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Abstract: 

Debris flows are a hazardous geological phenomenon that occur in regions with steep mountainous terrain that has 
at least occasional rainfall. The poor predictability combined with characteristics as high flow velocity, high impact 
forces and long runout, makes debris flows one of the most hazardous landslide types. Their great destructive 
powers may cause loss of human lives, damage to communities, agriculture and infrastructure which all may have 
great direct or indirect costs. 

 
This master thesis gives an introduction to debris flows, debris flow countermeasures and the drainage screen type 
debris flow breaker. The drainage screen type debris flow breaker has only been studied in Japan where they named 
it debris flow breaker. Physical experiments are done to investigate the process and physics of debris flows and to 
evaluate the drainage screen type breaker as a countermeasure. Parameters studied are length, opening width and 
percentage opening. The effectiveness of the countermeasure is determined by the reduced runout compared to tests 
where there are no countermeasures in the physical model. A total of 27 tests were carried out and 6 different 
drainage screen type breakers were tested. 6 tests were also done on solid plates to see the effect of the breaker 
structure going horizontally out of the slope instead of being integrated into the slope. The main findings were: 
 

-! The values observed for the debris flow front velocity, flow height and slope of the energy line for the 
reference tests were within the normal values of a real debris flow 

-! The interaction between the drainage screen type breaker and the debris flow appeared to be as the theory 
suggested. Water drained through the opening widths and the debris flow front or body stopped on top of 
the drainage screen depending on the length of the screen. 

-! The most effective drainage screen was 1.0 m long and had 2 mm opening widths. This breaker had a 76% 
effectiveness where the effectiveness is measures in terms of reduced runout compared to the reference 
tests. 

-! All of the 1.0 m long drainage screens were more effective than the 0.5 m long screens, regardless of the 
opening width.  

-! The effectiveness of the 1.0 m long drainage screen was also better than all previously tested debris flow 
countermeasures which included check dams, slit dams and baffles.  

-! The results from the physical modeling of the drainage screen type debris flow breaker indicated that this 
type of breaker is an effective countermeasure that could be trusted and used. 
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BACKGROUND 
 
Debris flows are a natural phenomenon that occurs in mountainous terrain. This hazard has caught more 
attention over the years, and since the 1970’s the NPRA has registered around 1060 debris flow events.  It is 
often related to extreme weather, especially heavy precipitation. The triggering factors may be heavy rainfall 
or slope failure, and each year debris flows causes considerable damage and claim fatalities all over the 
world. Agencies as the Norwegian Public Roads Administration and the Norwegian Water Resource and 
Energy Directorate are focusing on researching how to handle these geohazards and protect communities, 
infrastructure and agriculture from their destructive powers. 
A physical debris flow model was built in 2009 by the NPRA for a pilot project testing deflection structures to 
channel debris flows under a bridge. In 2012 and 2013 two master students continued the work of testing debris flow 
countermeasures. Check dams, baffles and deflection structures were some of the countermeasures evaluated. Projects 
like KLIMA 2050 and the Ferry Free E 39 are also engaging in the research of effective debris flow countermeasures. 
 
TASK 
 
This master thesis gives an introduction to debris flows, debris flow countermeasures and the drainage screen type 
debris flow breakers as a countermeasure.  Physical experiments are done to investigate the process and physics of a 
debris flow event and to evaluate the drainage screen type breaker as a countermeasure. Parameters to be studied are 
the optimal length, opening width, percentage opening and effectiveness in terms of reduced runout.  
 
Task description 
 

x Understand the physics and process of debris flows through theory and  physical model tests 
x Test the drainage screen type breaker as a countermeasure in the physical model 
x Study the interaction between the debris flow and the drainage screen type breaker 
x Study the optimal length, opening width and percentage opening of the drainage screen type breaker 
x Compare the drainage screen type breaker  to other countermeasures tested in the same physical 

model 
x Evaluate the effectiveness of the drainage screen type breakers as a countermeasure 
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Summary and Conclusions

Debris flows are a hazardous geological phenomenon occurring in mountainous ter-

rain. In Norway the National Public Roads Administration has registered around

1060 debris flows since the 1970’s. The damages caused by a debris flow can be

severe and sometimes tragic. Countermeasures are therefore used to protect com-

munities, infrastructure and agriculture from its large destructive powers. Drainage

screen type debris flow breakers are a countermeasure developed in Japan, but is

not commonly used as local residents tend to be distrustful of its design. Japanese

researchers named it debris flow breakers and it is designed as a drainage screen

placed horizontally over the river bed where its purpose is to drain out the water

from the debris flow that flows over. By removing the water the excess pore pressure

along the shear surface is dissipated which then causes the debris flow to stop. In

this thesis the drainage screen type debris flow breakers are referred to as debris flow

breakers. This countermeasure is not mentioned in the NPRA’s guidelines for debris

flows and debris flow countermeasures, and there are only Japanese studies on the

effectiveness and design of the debris flow breakers.

To investigate the effectiveness of these debris flow breakers, 27 tests were carried out

in a physical debris flow model. First, three reference tests with no countermeasures

were done. Then, 6 tests with two solid plates were conducted to investigate the

effect of placing the breakers horizontally out of the channel instead of integrating

them into the channel. Finally, 18 tests were done with 6 different drainage screen

breakers with the lengths 0.5 and 1.0 m and 2, 4 and 6 mm opening widths. Their

effectiveness was evaluated in terms of reduced runout compared to the reference
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tests.

The interaction between the debris flow and debris flow breaker appeared to be

as the theory suggested. Water drained through and the debris flow front or body

stopped on top of the breaker, depending on the length of the breaker. As a result

of the stopped debris flow masses, the following part of the debris flow stopped as

it flowed into the front. This damming effect caused the debris flow masses to ac-

cumulate upstream while the water drained through the masses and breakers. This

upstream deposition height increased as the opening width of the debris flow break-

ers decreased. This was due to the amount of material that could pass through the

different opening widths, the smaller opening the less material could pass and there-

fore accumulated upstream.

The results showed that the most effective debris flow breaker was 1.0 m long and

had 2 mm opening widths. This breaker had a 76% effectiveness. All the 1.0 m long

breakers had an effectiveness between 73-76% and were more effective than the 0.5

m long breakers whose effectiveness was between 23-41%, where the breaker with 2

mm opening widths was the most effective. The 1.0 m long breakers were also more

effective than all the other countermeasures tested in the same model before. These

countermeasures included a check dam, slit dams and baffles. In conclusion, the

results from the physical modeling of the debris flow breakers indicate that they are

an effective countermeasure that can be trusted and could be used.
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Sammendrag

Flomskred er en hendelse i naturen som har kommet stadig mer i fokus de siste

årene. De består av granulære materialer og vann, og opptrer som et kontinuum hvor

bevegelsen av massene skyldes gravitasjonskraften. De kan påføre store og alvorlige

skader da det høye vanninnholdet gir dem høy mobilitet.

Flomskredrister er et flomskredtiltak utviklet i Japan, men er ikke mye i bruk da

innbyggerne ikke stoler på designet. De er utformet som rister som ligger horisontalt

over elver og bekker hvor formålet er å drenere ut vann når et flomskred flyter over.

Dette er et sikringstiltak som ikke er nevnt i Statens vegvesen sin håndbok om Flom-

og sørpeskred, og det finnes kun Japanske studier på området.

For å undersøke effektiviteten til flomskredristene ble det utført 27 forsøk. De tre

første forsøkene var referansetester hvor det ikke var noen flomskredtiltak plassert

i modellen. De 6 neste forsøkene var gjort med solide plater plassert hvor ristene

senere skulle plasseres. Disse testene var gjort for å undersøke effekten av å ha ristene

horisontalt ut av skredbanen isteden for å integrere dem inn i skredbanen. Til slutt

ble det gjort 18 tester på seks ulike flomskred rister. Lengden på ristene var 0,5 m og

1,0 m. Lysåpningene var 2, 4 og 6 mm. Effektiviteten av ristene ble målt i redusert

utløpslengde sammenlignet med referansetestene.

Testene viste at samspillet mellom flomskredet og ristene fungerte slik teorien tilsa.

Når flomskredet fløt over ristene ble vannet drenert gjennom og skredfronten eller

massene bak stoppet opp. Som en følge av de stoppede massene dannet det seg en

dam på ristene. Når resten av flomskredet fløt inn i denne dammen så stoppet dette
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også og det samlet seg opp skredmateriale uppstrøms for ristene. Høyden på disse

oppsamlede materialene økte når lysåpningene ble mindre. Dette skyldtes at mindre

material kunne passere gjennom lysåpningene i risten når disse var små.

Resultatene viste at den mest effektive flomskredristen var 1,0 m lang og hadde 2

mm lysåpninger. Denne risten reduserte utløpslengden med hele 76%. Alle ristene

på 1,0 m hadde en effektivitet mellom 73-76% og var alle bedre enn ristene på 0.5

m. Av disse var det den med 2 mm lysåpning som var den mest effektive, den re-

duserte utløpslenden med 41%. Sammenlignet med tidligere testet flomskredtiltak

så var de 1,0 m lange ristene mer effektive enn alle. Disse sikringstiltakene inklud-

erte kontrolldammer, både lukkede og åpne, og bremsekjegler. Konklusjonen er da

at flomskredristene viser gode resultater som indikerer at ristene er et effektivt flom-

skredtiltak som kan brukes.
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Chapter 1

Introduction

Debris flows are a hazardous geological phenomenon occurring in regions with steep

mountainous terrain that experience occasional rainfall. The triggering of a debris

flow is often related to extreme weather, especially heavy precipitation. Climate re-

search indicate an increase of extreme weather events in the future, which suggests

that debris flows are more likely to occur. Debris flows contain water and occur peri-

odically in establishes paths, usually rivers, gullies or drainage paths. It is considered

to be one of the most hazardous landslide types due to their poor predictability, high

flow velocity, high impact forces and long runouts. The damages they may cause

can be severe and sometimes tragic. Infrastructure, communities, agriculture and

human lives are all vulnerable to the destructive powers of a debris flow. In order

to protect them, countermeasures or mitigation measures are placed such that they

can stop the debris flow or reduce the damages. Non-structural countermeasures,

also called soft countermeasures are equally important as structural countermea-

sures and include regulation of hazard-prone areas and the avoidance of risk by tak-

ing refuge. In Norway there has not been a systematic approach to implement struc-

3
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tural debris flow countermeasures. Also, little is documented about the effectiveness

of the different countermeasures available, which makes it difficult to assess which to

use. This has resulted in engineers choosing countermeasures based on experience

instead of documented design criteria and calculations. Since the 1970’s, 1060 de-

bris flows have been registered by the National Public Roads Administration (NPRA),

many of which have caused damage (Lygre, 2014). Therefore, as long as debris flow

events occur, but cannot be predicted, documented effective countermeasures are

essential to provide security.

1.1 Background

One of the oldest torrent control structures recoded was built by the prince-bishop

Bernardus Clesius in 1537 in Italy (Armanini et al., 1991). Over the years different

countermeasures have been built, some more effective than others. Possibly the

most known and used debris flow countermeasure is the check dam, which is a verti-

cal solid dam structure. Other used countermeasures are deflection structures, flexi-

ble barriers, channels and baffles. Also more innovative countermeasures have been

designed, as the drainage screen type debris flow breaker. This countermeasure has

only been studied in Japan so far and is not mentioned in the Norwegian guidelines

given by the NPRA for debris flows and debris flow countermeasures. They consists

of a screen placed horizontally over the riverbed where its purpose is to drain out

the water of the overflowing debris flow. The few conducted studies on drainage

screen type debris flow breakers indicate that they are an effective countermeasure.

However, local residents in Japan tend to be distrustful of its effectiveness due to its
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design. More research and information on the breakers could possibly change this

view, and also make them a countermeasure used in Norway and other countries.

The most commonly used term for the drainage screen type debris flow breakers is

debris flow breakers which will be used in this thesis.

1.2 Objectives

The objectives of this work is to

1. understand the physics of debris flows using a physical model

2. test debris flow breakers as a countermeasure in a physical model

3. study the interaction between debris flows and debris flow breakers

4. study the optimal length, opening width and percentage opening of the debris

flow breakers

5. evaluate the effectiveness of debris flow breakers as a countermeasure

6. compare debris flow breakers to other countermeasures tested in the same phys-

ical model

where the debris flow breakers are the drainage screen type debris flow breaker.
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1.3 Structure of the Report

The rest of the report is structured as follows: Chapter 2 gives an introduction to

debris flows and debris flow countermeasures while chapter 3 describes debris flow

breaker more in detail. The term debris flow breaker is also used for other coun-

termeasures with the purpose of braking the debris flow. However, in this thesis the

term debris flow breaker only applies to the drainage screen type debris flow breaker.

Chapter 4 describes the experimental set up, the model, material and debris flow

breakers used for the experiments. Chapter 5 presents the results and analysis from

the experiments while chapter 6 discusses the results in light of the objectives of this

work. Chapter 7 is the conclusion and recommendation of further work.



Chapter 2

Basics of Debris Flow and Countermeasures

Although debris flows have always existed, research on the behavior of debris flows

started not that long ago. Around the 1960’s researchers in Japan began to study the

mechanisms and behavior of debris flows to understand how to protect themselves

from its destructive powers. Other regions and countries around the world have also

studied debris flows over the recent years, and in Norway the NPRA published their

first guideline on debris flows and countermeasures in 2014. This chapter is a short

summary on the basics of debris flows and different countermeasures in use today.

A more detailed description is given in the authors specialization project “Effective

Debris Flow Countermeasures”.

2.1 Debris flow

Debris flows are a hazardous geological phenomenon that occur in regions with steep

mountainous terrain that has at least occasional rainfall. The poor predictability

7
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combined with characteristics as high flow velocity, impact forces and long runout,

make debris flows one of the most hazardous landslide types. Their great destructive

powers may cause loss of human lives, damage to houses, agriculture and infrastruc-

ture which all may have great direct or indirect costs. Earlier, societies dealt with de-

bris flow hazards through experience and by avoiding the most exposed areas. This

is no longer a satisfactory approach as development proceed at a fast rate and does

not allow sufficient time to build experience and understanding. As a result, in the

late 1960s scientists started to research debris flows to understand its behaviour and

characteristics, and since the 1970s the Norwegian Public Road Administration has

registered around 1060 debris flows in Norway (Lygre, 2014).

In a debris flow there is both solid and fluid forces that act in concert which gives it

unique destructive power. This is what distinguishes debris flows from rock avalanches

and sediment-laden water floods where either the soil or fluid forces act. Debris

flows often occur with little warning when masses of poorly sorted sediment satu-

rated with water, surge down slopes in response to gravitational attraction. They may

occur both on continental and seafloor environments where they can exert great im-

pulse loads on objects they encounter. Hungr et al. (2001) defined "debris" as a loose

unsorted material of low plasticity such as that produced by mass wasting process,

weathering, glacier transport, explosive volcanism or human activity. Texturally, de-

bris is a mixture of sand, gravel, cobbles and boulders, often with varying proportions

of silt and a trace of clay. Debris may also contain a significant proportion of organic

material, including logs, tree stumps and organic mulch. It is usually non-plastic or

weakly plastic and its is characteristically unsorted, sometimes gap-graded (Hungr,

2005).
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There are many ways to define debris flows, Takahashi (2014) defined it as: “a flow

of sediment and water mixture in a manner as if it was a flow of continuous fluid

driven by gravity, and it attains large mobility from the enlarged void space saturated

with water or slurry”, and Stiny (1910) said this about an observed debris flow “a

viscous mass consisting of water, soil, sand, gravel, rocks and wood mixed together,

which flows like a lava into the valley” (Hungr, 2005). There are different kinds of

debris flows and different classification systems. Takahashi (2014) classified between

two kinds of debris flows; the quasi-static and the dynamic debris flow. The quasi-

static debris flow is where the Coulomb friction stress dominates and may only occur

when its solid concentration is more than the threshold value of about 0.5, while the

dynamic debris flows occur at a lower solid concentration than the quasi-static. If the

concentration is higher than 0.5 neither dynamic nor quasi-static debris flow may

occur. This is due to the absent particle dislocation within the body which makes it

rigid. Bagnold (1954) gives this threshold value to be 0.56 for beach sand. It is the

dynamic debris flow that is the used and most relevant kind of debris flow, and there

are three different kinds of dynamic debris flows:

• Turbulent-muddy type debris flow is where the turbulent mixing stress dom-

inates. This type of debris flow is mainly comprised of fine ash, although they

may contain many large boulders. It acts almost as a flow of water as it is wet

and the particles are set to move due to turbulence in the water. These kinds of

debris flows often occur in volcanic areas and near glaciers where fine grained

material can be found. In order for a debris flow to have such turbulence to

carry out materials and have enough transport capacity it has to have a limited

amount of material mass relative to the water masses. Therefore, turbulent de-

bris flows are unlikely to have greater volumetric density than 30%, and 75% of
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the particles have a diameter less than 1 mm Takahashi (2014).

• Viscous debris flow is where viscous stress dominates. This debris flow has a

higher volumetric density than the turbulent. This is due to smaller space be-

tween the particles and hence less movements. According to Takahashi (2014)

the mass density is normally 1.8-2.3 t/m3. To achieve this density it is essential

that the debris flow erodes mass as it develops.

• Stony-type debris flow is where grain collision stress dominates. This debris

flow behaves like the viscous debris flow, only with bigger sediments in front

and on the sides as a wave front. The large material will be around 50-70% of

the debris volume while the fine material is about 10-20%.

In Norway the NPRA classifies between two types of debris flows, turbulent and fully

developed debris flows (Statens Vegvesen, 2014). The fully developed debris flow is

characterized by a higher volumetric density than the turbulent debris flow. This

means that there is less movement and smaller space for the particles to move which

makes the flow act like a continuum of water and particles. In relation to the Taka-

hashi classification, the fully developed debris flow covers both the stony type and

the viscous type. These two classifications are only two of many, but they are the

ones that will be considered in this master thesis.

The flow path of a debris flow is usually divided in three different parts; the source

area, transport area/channel and the deposition area, this is illustrated in figure 2.1.
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The source area is where the debris flow starts and the main process is erosion or

an initial landslide. Usually the debris flow velocity will accelerate in this area. In

the transport channels the debris flow usually reach its terminal velocity and there is

transport of material but often also entrainment of new material so that the debris

flow volume increases. However, in steep turns or in flattening terrain sedimentation

may occur. In the depositional area the debris flow decelerates and sedimentation

occur. The coarse material is usually deposited first and then the finest material may

even deposit beyond the deposition area.
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Figure 2.1: The main parts of a debris flow path, the source area, transport channels and depositional
area (Calligaris and Zini, 2012).

It is known that debris flows derive most of their volume by entraining loose satu-

rated material from their path (Hungr et al., 2005). Thomas and Goudie (2009) de-

fines entrainment as:
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"the process by which surface sediment is incorporated into a fluid flow (such

as air or water) as a part of the operation erosion. Sediment is entrained into

a flow when forces acting to move a stationary particle overcome the forces

resisting movement”

If a debris flow entrain sediment by scouring channel beds or undermining channel

banks it can become especially mobile and destructive (Hungr et al., 2005). This is

caused by an increased volume, speed and runout. Iverson et al. (2011) conducted

a physical experiment to investigate the entrainment process. Here they released

a 6 m3 water saturated debris flow across a 47 m long and 12 cm thick bed of par-

tially saturated sediment. For each debris flow they measured the evolution of flow

thickness, basal total normal stress, basal pore-fluid pressure, and sediment scour

depth. What they found was that entrainment occurred by rapid (5-10 cm/s), pro-

gressive scour rather than by mass failure at depth. Overriding debris flows rapidly

generated high basal pore-fluid pressures when they loaded and deformed bed sed-

iment, and in wetter beds these pressures approached lithostatic levels. Reduction

of inter granular friction within the bed sediment thereby enhanced scour efficiency,

entrainment, and runout. However, if dryer bed sediment was entrained, the feed-

back became negative and flow momentum declined.

According to Statens Vegvesen (2014) there are mainly two triggering mechanisms

of debris flows. One of them is when the shear stress from a water flow exceeds

the shear strength of the underlying layer, resulting in failure and sediment trans-

portation. If the erosion velocity and transportation capabilities of the water is high

enough then the content of sediment in the water will gradually increase and de-
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velop into a debris flow. Most of the documented cases of debris flows in Norway are

triggered by this (Statens Vegvesen, 2014). The other triggering mechanism is when a

landslide or snow avalanche slide out and manages to release water so that the mix-

ture of water and sediment reaches a sufficient mobility. Figure 2.2 is an illustration

of the two triggering factors, and two specific examples of each.

Figure 2.2: The two triggering factors, initiated by water and initiated by a landslide. The two fig-
ures under the main triggering factors illustrates how the water or landslide may cause a debris flow.
(Statens Vegvesen, 2014)

In comparison to how the Norwegian Public Road Administration defines the trig-

gering factors, Takahashi (2014) says that debris flow initiation can be classified into

three types:
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• Erosion of gully bed by the supply of water from outside until the concentration

of solids in the surface water flow become as dense so that is can be called a

debris flow

• A landslide transforms into debris flow while in motion by the effects of storage

water in the landslide or by the supply of water outside

• A sudden collapse of a debris dam

The difference between Takahashi’s and NPRA’s classifications is that NPRA consid-

ers the collapse of a debris dam as the same as shear stress from water exceeding the

shear strength of the underlying layer.

A method to graphically present velocity and energy present in a debris flow is through

energy lines. An energy line is a line that represents the total head available to a fluid.

It can be used as a graphical tool/model to describe the movement of any avalanche

or landslide. It is common in evaluating the energy dissipation along the streamline.

The Bernoulli equation says that the energy remains constant along a stream line for

a steady inviscid, incompressible flow and is expressed as:

v2

2
+ g z + p

Ω
= const ant (2.1)

where

v = velocity

g = acceleration due to gravity
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z = elevation

p = pressure

Ω = density

For debris flow the equation can be simplified in terms of total head or energy head

H .

H = z +h + v2

2g
(2.2)

where

z = elevation [m]

v = velocity [m/s]

g = acceleration due to gravity (9,81 [m/s2])

h = flow height [m]

The energy line is then a line that represents the energy head available to the fluid

along the flow path. The potential energy is then equal to the elevation and the ki-

netic energy is equal to v2

2g which is also called the velocity head as seen in Figure

2.3.
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Figure 2.3: An energy line example showing the different parameters in the energy line/total head
(Statens Vegvesen, 2014)

This is one of the methods presented in the guidelines for debris flows given by the

NPRA.

2.2 Pore Pressure

As seen, water plays a major role in initiation and behaviour of debris flows. The

initiation can often be seen in relation to meteorological conditions, in particular ex-

treme weather events such as major storms with heavy rainfall, either short intense

precipitations, or rain accumulation over a longer period of up to 15 days (Sander-

sen et al., 1997). The short intense precipitation cause surface erosion while the rain
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accumulation over a longer time gives a slow build up of pore pressure, both being

triggers to debris flow. The pore pressure build up is very essential in the behaviour

and triggering of debris flows. Earlier it was assumed that it was mostly loose sed-

iments that could develop into debris flow because these sediments experience a

reduction in volume during shear stresses and due to volume change the sediment

has to dispose any excess pore water. However, later experiments (Sassa et al., 2007)

have shown that dense sediments may also develop into debris flow as rapid defor-

mation causes less contact between grains causing high pore pressures that can carry

the weight of the landslide. An other cause of rapid accumulation of pore pressure

short time after the initiating landslide may be the rapid loading of the ground under

the landslide. Sassa et al. (2007) explained the rapid pore pressure and erosion as a

loading happening as an undrained loading. When a landslide slides over drained

soil both the weight and the increased pore pressure will cause reduced stability for

the whole sediment and result in severe erosion. This is shown in figure 2.4.

It is believed that pore fluid pressures larger than hydrostatic values are an important

factor that contributes to the commonly long runout distances of debris flows. This

excess pore pressure reduces the strength of the flowing material which causes the

long runout distances. The high pore pressures along the shear surfaces reduces the

energy loss which contributes to the long runout. There are several experiments and

studies that support this hypothesis.
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Figure 2.4: An illustration of the process that may cause an initial landslide to develop into a debris
flow when flowing over loose saturated soil. This soil experience rapid loading which result in high
pore pressured and reduced soil strength. (Statens Vegvesen, 2014).

Major and Iverson (1999) generated experimental debris flows of about 10 m3 vol-

ume at the U.S. Geological Survey (USGS) debris-flow flume to investigate the pore

pressure in debris flows. What they found was that the debris flow front surge exhib-

ited negligible positive pore fluid pressure while the debris masses behind the front

had pore-fluid pressures nearly sufficient to cause liquefaction. This was observed

during mobilization and acceleration of the flow and persisted in the debris flow in-

terior during deceleration and deposition. This excess pore pressure only dissipated

significantly during post depositional sediment consolidation. In conclusion they

said that debris-flow deposition results from grain-contact friction and bed friction
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concentrated along the flow perimeter, where high pore-fluid pressure is absent.This

study by Major and Iverson (1999) supports Iverson (1997) earlier observations of

measured basal fluid pressures, which indicate that the debris flow front surges gen-

erally lack much fluid pressure, whereas the finer-grained tails of surges are nearly

liquefied by high fluid pressure. Interior fluid pressures remain elevated at nearly

liquefaction levels even during deposition, indicating that deposition results mainly

from resistance at flow heads and margin. McArdell et al. (2007) found the same re-

sults that support the idea that excess pore fluid pressures are long lived in debris

flows. They observed that excess pore fluid pressure were present over most of the

duration of the flow and this contributes to the unusual mobility of debris flows.

Wang and Sassa (2003) did some physical experiments to investigate the pore pres-

sure generation effects of grain size and fine particle content. Among their results

they found that pore pressure within saturated sand increased with the moving ve-

locity and finer grains started to float at slower moving velocity.

2.3 Debris Flow Countermeasures

Countermeasures for debris flow may be divided into two categories, structural- and

non-structural countermeasures. The structural countermeasures are countermea-

sures that need some engineering work, but also tree planting may be categorized as

a structural countermeasure. The structural countermeasures are often considered

the most important ones. However, the non-structural or soft countermeasures such

as regulation of developing hazard-prone areas and the avoidance of risk by taking

refugee is equally important. Below is a summarized short version of the mentioned
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countermeasures in Laache (2015), however, debris flow breakers will be presented

in more detail in chapter 3.

Check Dams

Check dams are constructed to decrease sediment peak discharge and the total vol-

ume of sediment outflow to the downstream area. This type of countermeasures is

often used in rivers or channels where debris flow and sediment transportation often

occur. They can be used in singles or in series. The most used kinds of check dams

are the open and closed type. Both are traditional structures meant to control debris

flow either permanent or temporary. Figure 2.5 shows three different types of check

dams, slit dam, grid dam and closed check dam. The slit- and grid dam are open

check dams.

Figure 2.5: The left picture is a concrete slit dam in Madeira, Portugal (LCWConsult, 2015). The middle
picture is a grid dam (Nippon steel and Sumikin metal production, 2016) and the right picture is a
series of closed check dams (Remaître et al., 2008).

Closed check dams reduce the sediment transportation to the downstream river reaches

and stabilize river beds. They can be permanent or temporary with the intention of

slowing down the velocity of water and prevent erosion and promote sedimentation.
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Japan has more than 85,000 debris flow prone torrents and approximately 20% of

these torrents who has more than five houses or public buildings downstream con-

tain at least one check dam (Takahashi, 2014).

Open check dams are commonly used for two purposes, to reduce the kinetic energy

of the flow or temporarily store debris flow volume. When trying to reduce the kinetic

energy of the flow, the open check dams are usually located in the upper part of the

flow path where the available volume is small. For the other case where the purpose

is to temporarily store debris volume the check dams are located at the lower part of

the flow path. The open check dams allow a continually supply of safe and neces-

sary sediment downstream through large openings in the dam body which prevents

a buildup of bars behind the dam which is often a problem when using closed check

dams. Through the openings sediment runoff from normal flood flows are allowed

to pass while it works as a closed not yet filled check dam when a debris flow occur.

Debris Flow Baffles

Baffles are usually used in arrays and may be installed in front of a rigid barrier where

the aim is to reduce the flow velocity just before impact. They can also be installed

in an open stream course where the aim is to control the flow discharge. Both cases

can be seen in figure 2.6. The functionality of baffles arrays is to perturb the flow pat-

tern such that the flow slows down as it approaches each block, and then accelerates

towards the next row to accommodate the dissipation of flow energy upon impact

(Choi et al., 2014).
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Figure 2.6: The left picture shows debris flow baffles in arrays in an open channel in Kennedy Town,
Hong Kong. The right picture shows arrays of baffles in front of a rigid barrier in Lantau Island, Hong
Kong. (Choi et al., 2014).

In the case where baffles are used to control the discharge it is imperial to prevent

overflow to ensure that the debris is gradually discharged through the baffles down-

stream instead of passing uncontrolled over the baffles arrays.

Deflection Structures and Channels

A deflection structure can be a dike, wall or groyne, all with the same intention of

directing the debris flow to an area of low economic cost. They are usually the last

element in a systematic prevention system where they are to control any remaining

risk. However, they can also be used in the transport area, but the requirements for

impact and erosion control is higher in this part of the flow path.
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Figure 2.7: Illustration of a deflection structure that protects the road by leading the debris flow to a
planned area for it to deposit safely and without damaging the road. (Statens Vegvesen, 2014)

Figure 2.7 illustrates a deflection structure leading the debris flow away from the road

and to a planned deposition area where it will not cause any harm. The old drainage

path, the natural, is closed off and a new one is created in the sediment runout area.

Channels are used to channelize the debris flow to prevent it from spreading out or

flow over unwanted areas. Figure 2.8 illustrates this principle where the channel is

preventing debris flow from damaging the surrounding houses.
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Figure 2.8: Illustration of the usage of channels to safely guide the flow past vulnerable areas (Statens
Vegvesen, 2014)

When using channels the slope has to be steep enough so that the flow continues to

move without any significant velocity reduction. This is to avoid any over topping

of the channel walls. The channels should therefor have a steady slope and be as

straight as possible. VanDine (1996) observed little sedimentation in channels where

the slope was steeper than 12±, but the slope should preferably be steeper than this.

Flexible Barriers

A flexible debris flow barrier is a steel net supported by lateral ropes which are an-

chored to the ground. Figure 2.9 shows a multi-level flexible barrier system that has

successfully stopped a debris flow in the Merdenson torrent in Switzerland. A free

passage is often constructed between the lower net and the river bed where the nor-

mal flow may pass without causing any damage. This free space also provides a pas-

sage for animals where large nets are constructed. The height of the net typically

range from 2 to 6 meters depending on the size of the torrent (Volkwein, 2014).
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Figure 2.9: A multi-level flexible barriers in the Merdenson torrent in Switzerland after stopping a
debris flow (Volkwein et al., 2011).

In Norway this form of prevention is commonly used for rock fall, not debris flow.

Rock fall and debris flow have the same main dynamic force, however the forces in

debris flows is distributed and acts in surges. In addition to the distributed loads

there are also single impact loads from individual boulder. Both these loads are

transmitted to margins and support structures that must also resist. To avoid failure

it is important to consider aspects like ropes, anchoring, support, abrasion, retention

volume and energy absorption (Volkwein et al., 2011). If failure where to happen it

could lead to catastrophic consequences because of the large trapped volume. This

volume would then be released causing an increase in the disruptive potential.
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Debris Flow Breakers

Debris flow breakers are a countermeasure developed in Japan which consists of a

screen placed horizontally over the riverbed as seen in figure 3.1. The term debris

flow breaker is also used for other countermeasures with the purpose of braking the

debris flow. However, in this thesis the term debris flow breaker only applies to the

drainage screen type debris flow breaker.

The debris flow breaker is not mentioned in the Norwegian guidelines for debris

flows and debris flow countermeasures, and there is limited research on the field

elsewhere in the world. However, the research that do exist indicate that the break-

ers are an effective mitigation measure for debris flows. It is therefore of great inter-

est to study this countermeasure to see if it is suitable in the Norwegian context. In

Japan, debris flow breakers are considered cost-efficient, simply designed and easily

repaired and maintained. Despite all that, debris flow breakers are not a commonly

used countermeasure as local residents tend to be distrustful of their efficiency. They

prefer preventive measures that look more solid, like check dams (Mizuyama, 2008).

27
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More research and information on the breakers could possibly change this view, and

also make the breakers a countermeasure used in Norway and other countries.

Debris flow breakers are constructed upon the principle that a debris flow will stop

moving if water is removed from the flow. It is not the water itself that makes the de-

bris flow move fast and for long distances, but rather the excess pore fluid pressure

as discussed in chapter 2. By removing the water this excess pressure will dissipate.

As mentioned in chapter 2, excess pore pressure contributes to the high velocities

and destructive powers of a debris flow. The excess pore pressure creates low effec-

tive stresses which allows the debris flow to flow with high velocities without losing

much energy along the shear surface. By removing the water from the debris flow the

excess pore pressure will dissipate and cause energy loss which will make the debris

flow stop. Figure 3.1 illustrates this principle of the debris flow breaker. The debris

flow has high pore fluid pressures before flowing over the breaker, but as the debris

flow flows over the breaker water drains through the breaker and the pore fluid pres-

sure decreases. This causes the debris flow to stop..

Figure 3.1: Illustration of the principle of the debris flow breaker. The pore fluid pressure (the blue
line) is higher than hydrostatic (the black line) before it flows over the breaker, and lower than hy-
drstatic on top of the breaker as the pore water drains out of the debris flow throught the breaker. This
causes the debris flow to stop.
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The debris flow breaker have existed since 1956 when Professor Noriaki Hashimoto

of the Nagoya Institute of Technology conceived the idea of debris flow breakers. It

was tested and verified by the Public Works Research Institute in three pilot projects

in Japan. This was done to gather information about construction and maintenance.

Later on, a full scale project was carried out at mountain Tokachidake in Kokkaiodo,

Japan (ICHARM, 2008). Debris flow breakers have also successfully been used dur-

ing two volcanic torrents in Japan (Mizuyama, 2008). Figure 3.2 shows a debris flow

breaker in the Kamikami-Horisawa Valley, Mount Yakedake before and after a de-

bris flow. Similar to most debris flow countermeasures, the debris flow breakers also

require maintenance and clean up after a debris flow event in order for it to act suf-

ficient for any following debris flows.

Figure 3.2: A 20 meter long and 10 meter wide debris flow breaker in Mount Yakedake, Japan. The left
picture is before a debris flow has occured while the picture on the right is after stopping the debris
flow (Mizuyama, 2008)

Illustration of the debris flow breaker screen and its parameters which are the length,

width, opening width and blocking width is given in figure 3.3. The opening width
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also determines the percentage opening of the breakers which is

Percentage opening =
P

wo

W
(3.1)

where

wo = the opening width [m]

W = Total width of the debris flow breaker screen [m]

For the breakers that has been built out in the field like in figure 3.2 the blocking

width and the opening width has been 20 cm. This gives a 50% opening. The screen

of these breakers are constructed of square beams. It is important that the screen

can withhold the weight of the flowing debris flow because a collapse of the screen

would destroy the effect of the countermeasure.
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Figure 3.3: The different parameters that may vary on a debris flow breaker is the length, width,
opening- and blocking width. These parameters also influence the percentage opening of the debris
flow which is the total opening divided by the total area of the screen.



CHAPTER 3. DEBRIS FLOW BREAKERS 32

3.1 Physical Experiments and Modeling of Debris Flow Breakers

There are only two articles on debris flow breakers in English. These are studies in-

volving physical and numerical modeling of debris flow breakers, both from Japan.

Gonda (2009) developed a numerical model for debris flow breakers and conducted

physical experiments to test the numerical model. Six types of breakers with differ-

ent opening widths were tested using three different materials. However, the mate-

rial used was nearly uniform gravel which is not representative for a real debris flow

event. The debris flow volume used was 7000 cm2 and the opening widths were 0, 1,

2, 4, 8 and 12 mm while the slope was 16± and 19.7±. The channel length was 335 cm

and had a width of 20 cm, the model can be seen in figure 3.4.

Figure 3.4: Illustration of the physical model of the debris flow channel used by Gonda (2009) for the
physical experiments on the debris flow breakers. (Gonda, 2009)

In this experiment they measured the runout of the debris flow over the debris flow

breaker. What they found was that the runout decreased as the size of the openings
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increased. However, when the opening widths exceeded a certain width the travel

length remained constant. This threshold value, S*, increased as the diameter of the

material increased. This is seen in table 3.1.

d [mm] S_* [mm]
Material A 1.8 1.1
Material B 3.4 1.3
Material C (16°) 4.7 2.4
Material C (19.7°) 4.7 2.4

Table 3.1: The treshold value for the debris flow breakers openings of the different materials used by
Gonda (2009).

For material C they also tested two different slopes (16± and 19.7±). They found that

the threshold value S* was almost equal for the two different slopes, indicating that

the slope did not play a major role in the S* value.

The drawn conclusion from the numerical and physical modeling was that the change

in pore water pressure dominated the behaviour of the debris flow, not the change in

concentration due to drainage of pore water through the debris flow breakers. This

conclusion supports the theory presented in chapter 2 on the excess pore fluid pres-

sures being the causes of the high velocities and long runouts.

Kim et al. (2012) continued the work of Gonda (2009) and conducted similar experi-

ments only they did not use uniform gravel. They also changed one of the factors in

the numerical model developed. Kim et al. (2012) tested three different materials to

find the most effective combination of opeing- and blocking widths. They found the

10 mm blocking and 6 mm opening to be the most effective. The combination which

gave the poorest result was 60 mm blocking and 2 mm opening. These results sug-

gest that the percentage opening has a high impact on the effectiveness of the debris

flow breakers. From their analysis they found that to achieve a 50% reduction in the
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travel length the percentage opening had to be bigger than 19-24% (depending on

the sediment). They also found that the opening had to be 1.1-1.3 (depending on the

sediment) times the d95 (the 95 percentile diameter size of the material) to achieve a

50% reduction of the travel length.

The numerical model developed by Gonda (2009) and Kim et al. (2012) both have

the assumption of hydrostatic pore pressure in the debris flow before the debris flow

flows over the breaker. Figure 3.5 illustrates this assumption in the numerical model.

Figure 3.5: Illustration of the hydrostatic pore pressure in a debris flow before it flows over the breaker.
An assumption made for the numerical model by both Gonda (2009) and Kim et al. (2012). (Kim et al.,
2012)

This assumption of hydrostatic pore pressure in a debris flow does not agree with

the theory presented in chapter 2. Research done on the pore pressure in debris

flows suggest that it is only in the debris flow front that the pore pressure may be

hydrostatic. In the internal body the pore-fluid pressure is often nearly sufficient to

cause liquefaction. Due to this assumption and limited time it was decided not to

look any closer at the numerical model, but focus on the physical modeling instead.
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3.2 Similar Structures

It is not unknown to use screens or grids to block out unwanted material from a

flow. Jernbaneverket, the Norwegian government’s agency for railway services, are

using something they call self-cleaning grids. These have some similarities to debris

flow breakers, but are not intended to be used for debris flow. The grids are used

in front of culverts where clogging during flooding may occur. The clogging is often

caused by earth, threes and stones transported by a stream during flooding. Inten-

sive rainfall can even cause small streams to transport masses. These masses then

end up clogging the culvert partly or completely which in short time can result in

over-flooding. The over-flooding may cause great damages to roads or railways. Fig-

ure 3.6 shows these self cleaning grids in Langhelle for low and high flows. These

self cleaning grids have been installed several places in Voss municipality where they

are very pleased with their effectiveness. However, neither hydraulic or hydrological

assessments have been done.

Figure 3.6: Self cleaning grids in Langhelle. On the right is the self cleaning grid during a flooding
(Photo: John Endre Fossmark) and the left when there is normal flow (Photo: Jeanette Gundersen).
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These self cleaning grids are used in other parts of the world, but often called bot-

tom rack intake. Kim (2013) did a literature review where he looked at the hydraulic

behaviour and description of these grids for his study on debris flow breakers. The

general conclusion he found by looking at studies conducted by Brunella et al. (2003),

Orth et al. (1954), Ract-Madoux et al. (1955) and Kuntzmann and Bouvard (1954) was:

• knowledge of the water and sediment discharge is important for the design

• the rack should be constructed with rounded profiles in the stream direction

• The bottom slope of the rack should be more than 20% to obtain minimum risk

of sediment clogging

• Acceptable rack spacing for mountainous regions is 0.10 m

These studies are restricted to rectangular channels with an opening in the bottom

made of racks. The purpose of the bottom racks is to divert sediment and to produce

an intake structure in which sediment sizes larger than the bar spacing are excluded.

Neither of these studies involve debris flows, only water, and a debris flow is more

complex than a pure water flow.



Chapter 4

Physical Model and Experimental Setup

To test the effectiveness of the debris flow breaker 27 physical experiments were

planned. Different lengths, opening widths and percentage openings were to be

tested to find the most effective debris flow breaker. In this chapter a description

of the model, debris flow material, debris flow breakers and the experimental plan

and procedure will be given.

4.1 The Debris Flow Model

A scale model as used in this master thesis enables us to demonstrate the behaviour

of a debris flow and debris flow breakers without examining the original object itself.

The debris flow model used in this master thesis was first built in 2009 for an assign-

ment given by the Norwegian National Road Administration. The assignment was

carried out by Hiller and Jenssen (2009) where they investigated the effect of deflec-

tion structures to channel debris flows under a bridge. Figure 4.1 shows the model in

37
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2009.

Figure 4.1: The debris flow model in 2009 when it was used to investigate the effect of channeling
debris flows under a bridge by using deflection structures (Hiller and Jenssen, 2009).

The model is a principle model with an approximate scale of 1:20. Using a princi-

ple model means that the model represents a typical debris flow event, not a specific

event. The model is located at the Department of Hydraulic and Environmental En-

gineering at NTNU, but belongs to NPRA.

In 2012 the model was further developed when Fiskum (2012) used it to investigate

the effectiveness of check dams, slit dams and baffles. He added a table where the

debris flow could run out. This made it possible to study the runout distance and

pattern. In 2013, when Christiansen (2013) investigated the effect of deflection struc-
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tures and channels she expanded the run-out table even more. Figure 4.2 shows how

the runout table looks today.

Figure 4.2: The runout table of the debris flow model after it was repainted. The table is 360 cm long
and the grid is 20 x 20 cm.

The grid on the runout table and the lines in the channel needed to be repainted

before the model could be used. During testing some of the lines were worn out, but

these were repainted again.
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Figure 4.3: Illustration of the model seen from above and from the side. All the measurements are
taken from Christiansen (2013). Adapted from Christiansen (2013)

4.1.1 Model Laws

In order to compare the results from the physical model to real debris flows simili-

tude for all dimensionless quantities must be equal for both scaled model and the

real prototype. The Froude number has been used by both Fiskum (2012) and Chris-
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tiansen (2013) and is the most used model law for rapid mass movements. This num-

ber expresses the relationship between the gravitational forces and the inertia forces

and should be approximately the same for the model and in nature. The Froude

number is expressed as:

F r = v
p

g h
(4.1)

where

v = velcity of the debris flow [m/s]

g = acceleration due to gravity (9,81 [m/s2])

h = flow height [m]

Debris flows in nature usually have a velocity between 5-10 m/s, and a height around

1 m (can be 3 m for very large debris flows). This gives a Froude number between

1.60-3.19.

The scale of the model is:

∏= model
natur e

= 1
20

(4.2)

The Froude number can be used to compare or predict the velocity and flow height

of a natural debris flow to the model experiments.

F rmodel = F rnatur e
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vmodelp
g hmmodel

= vnatur ep
g hnatur e

hnatur e

hmodel
=

v2
natur e

v2
model

vmodel = vnatur e ·
p
∏ (4.3)

hmodel = hnatur e ·∏ (4.4)

Based on the velocity and flow height of real debris flows the expected values in the

model becomes:

vmodel = 5[m/s] ·
r

1
20

= 1.12[m/s]

vmodel = 10[m/s] ·
r

1
20

= 2.24[m/s]

hmodel = 1[m] · 1
20

= 0.05[m]
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4.2 Debris Flow Material

The material present in a debris flow is complex and may vary from clay sized solids

to boulders of several meters in diameter. It is therefore no exact answer to what

kind of material to be used when physically modeling a debris flow. For previous

experiments carried out on the debris flow model at NTNU the same material was

used for all successful tests. This is mostly due to the difficult release of the debris

flow in the model. Both Fiskum (2012) and Christiansen (2013) tried to do test with

different materials and combination of water and solids but they encountered prob-

lems when the debris flow did not easily flow out of the release box. Due to this and

limited time it was decided to use the same material and combination of water and

solids that was the most successful for Hiller and Jenssen (2009), Fiskum (2012) and

Christiansen (2013). This was 80 kg of material and 20 kg water. However, there was

little left of the material and no one knew exactly where it came from. One of the

engineers working at the laboratory thought it might originate from Spain or Greece.

Therefore, a new material had to be made. In order to avoid problems with the re-

lease it was decided to make the material as similar as possible to the material that

had been used before. This would also allow for comparison of the countermeasures

tested now and the ones that had been tested before. The new material was made

out of different material available at the Road laboratory at NTNU. Three kinds of

materials were sieved separately and in combinations to find the best fit. The NPRA

sieving procedure was used to obtain the grain size distribution (GSD) curves for

comparison (Statens Vegvesen, 2005). The different d values were also established

to compare these and their deviations from the old material. The material available

was:
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1. 0-4 mm from Steinkjer

2. 0-8 mm from Steinkjer

3. 4-8 mm from Lauvåsen

The GSD curve of the old material is given in figure 4.4. From the three materials

available at the road laboratory only the 0-8 mm material could be a good match.

The GSD curve of this material is also given in figure 4.4.

Figure 4.4: Grain size distribution curve of the old material (blue) and the 0-8 mm material from
Steinkjer (red).

From these curves one can see that the 0-8 mm material was not so far off from the

old material, but it had too much fine grains and too little coarse grains. To see if

an even better match could be found, different combinations of the materials were

sieved. Figure 4.5 shows all the grain size distribution curves of the tested combina-
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tions. The combinations that seemed to fit the best were sieved 3 times to make sure

that they all would get the same GSD curve.

Figure 4.5: Grain size distribution curves for all the sieved materials and material combinations.

Even though the 0-8 mm material seemed to be a good fit, it was the combination

of 25% 4-8 mm and 75% 0-4 mm that proved to be the best. The GSD curve of this

combination can be seen in figure 4.6 where it is called the new material. The GSD

curve of the old material used first by Hiller and Jenssen (2009) is also in figure 4.6.
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Figure 4.6: The grain size distribution curve of the debris flow material used for this master thesis (red)
and for the material used in previous master thesis and experiments (red).

The dvalues of the new and old debris flow material is given in table 4.1. The dry

density of the new material is 2.71 g /cm3 (Mingbo, 2016).

Table 4.1: The dvalues for the old and new debris flow material.

d_value d_10 d_20 d_30 d_40 d_50 d_60 d_70 d_80 d_90
New material 0.11 0.3 0.7 1.2 1.8 2.5 3 4 5.5
Old material 0.15 0.5 0.9 1.5 1.9 2.5 3 4 5

All the grain size distribution curves and d values are given in Appendix A.

4.3 Debris Flow Breakers

In the physical experiments carried out by Gonda (2009) and Kim et al. (2012)) the

debris flow breaker was integrated into the channel so that it had the same slope as
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the channel. Due to time and resources the channel could not be remodeled, so the

breakers had to be implemented differently. The solution was to make the breakers

go horizontally out of the slope as this would not require remodeling of the chan-

nel. Frank Staeli, engineer at the Department of Civil and Transport Engineering,

designed and crafted the debris flow breakers. The breakers were made like a puzzle

with pieces consisting of flat bars, discs and rods as seen in figure 4.7.

Figure 4.7: The 1.0 m long breaker with 2 mm opening width. The breaker has three rods keeping
the flat bars and discs together. There are 50 flat bars and 49 discs (for each rod, 147 in total) in this
breaker. The white rope in the picture was used to lift the breaker into the channel.
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This design makes it possible to change the opening width of the breakers by placing

discs in between each flat bar. The discs are 2 mm thick and one can vary the number

of discs to change the opening width. The rods are there to keep the flat bars and

discs together and are fastened by screws at each end. The process of rebuilding the

breaker takes about 45 minutes as each flat bar and disc has to be cleaned before

building a new breaker. Figure 4.8 shows the 0.5 m long breaker being built with a 6

mm opening width.

Figure 4.8: The 0.5 m long breaker leaning against a leca block while being built with 6 mm opening
width.

Since the width of the breaker had to be 60 cm as the width of the channel, the param-

eters that had to be set for the debris flow breakers were the length and the opening-

and blocking width. The blocking width was set to 10 mm as this was the thickness
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of the flat bars. As a result, the opening width became the main parameter determin-

ing the percentage opening. Since Kim et al. (2012) had experienced the best results

with the percentage opening being 36%, one opening was set to 6 mm which gave a

38% opening. In the light of the pore pressure theory presented in chapter 2 and the

principle of debris flow breakers presented in chapter 3, it was decided that 2 mm

openings should be tested to see if this was sufficient enough to drain out the wa-

ter and decrease the pore fluid pressure present in the debris flow body. Also, to see

if there was a linear relationship the third opening width was set to be 4 mm. This

gave three different opening widths, 2, 4 and 6 mm which gave 17%, 29% and 38%

opening. To see the effect of having the debris flow breaker going horizontally out

of the channel, breakers with an opening width of 0 mm, solid plates, were also to

be tested. To test the length parameter it was decided to use a 0.5 and 1.0 m long

breaker, in nature these would be 10 and 20 m long. This allows for interpretation of

how long the debris flow has to flow over the breaker before the water starts to drain

out and the pore fluid pressure start to decrease. Altogether, this gives 6 different de-

bris flow breakers and two solid plates. Table 4.2 gives the name of each breaker and

their parameters.

Table 4.2: The different debris flow breaker to be tested in the physical model and their parameters.

Name Length Width Opening width Blocking width Percentage opening
0.5 m - 0 mm 0.5 m 600 mm 0 mm 10 mm 0 %
1.0 m - 0 mm 1.0 m 600 mm 0 mm 10 mm 0 %
0.5 m - 2 mm 0.5 m 600 mm 2 mm 10 mm 17 %
1.0 m - 2 mm 1.0 m 600 mm 2 mm 10 mm 17 %
0.5 m - 4 mm 0.5 m 600 mm 4 mm 10 mm 29 %
1.0 m - 4 mm 1.0 m 600 mm 4 mm 10 mm 29 %
0.5 m - 6 mm 0.5 m 600 mm 6 mm 10 mm 38 %
1.0 m - 6 mm 1.0 m 600 mm 6 mm 10 mm 38 %

Another interesting aspect considering the opening width of the breakers is how
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much of the material could potentially pass through them. This can be found by

looking at the GSD curve of the debris flow material and find the d value at the open-

ing widths. Figure 4.9 shows the GSD curve of the material and the d value of the

material for the 2, 4 and 6 mm openings. This shows that 54% of the material could

pass through when the opening width is 2 mm, and 80% for 4 mm openings and 92%

for the 6 mm openings which is almost all of the debris flow.

Figure 4.9: The GSD curve of the new material and the percentage of the material that can pass
through the 2, 4 and 6 mm openings in the debris flow breakers.

4.4 Experimental Plan

Table 4.3 is an overview of all the planned tests and their parameters. Test 1-3 are the

reference tests where there are no debris flow breakers in the channel. These tests are

essential to have in order to compare the effect of the debris flow breakers in tests 4-

27. However, since the debris flow breakers are built as a "jump" it is important to
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see the effect of the jump. Test 4-9 are therefore done with a solid plte, 0 mm opening

widths. The 0.5 m long solid plate can be seen in figure 4.10 and were also designed

and crafted by Frank Staeli. A 1.0 m long solid plate was also made.

Table 4.3: List of all the planned tests and their parameters.

Test Name Length Width Opening width Blocking width
Percentage

opening
Test 1

Reference tests - - - - -Test 2
Test 3
Test 4

0.5 m - 0 mm 0.5 m 600 mm 0 mm 10 mm 0 %Test 5
Test 6
Test 7

1.0 m - 0 mm 1.0 m 600 mm 0 mm 10 mm 0 %Test 8
Test 9
Test 10

0.5 m - 2 mm 0.5 m 600 mm 2 mm 10 mm 17 %Test 11
Test 12
Test 13

1.0 m - 2 mm 1.0 m 600 mm 2 mm 10 mm 17 %Test 14
Test 15
Test 16

0.5 m - 6 mm 0.5 m 600 mm 6 mm 10 mm 38 %Test 17
Test 18
Test 19

1.0 m - 6 mm 1.0 m 600 mm 6 mm 10 mm 38 %Test 20
Test 21
Test 22

0.5 m - 4 mm 0.5 m 600 mm 4 mm 10 mm 29 %Test 23
Test 24
Test 25

1.0 m - 4 mm 1.0 m 600 mm 4 mm 10 mm 29 %Test 26
Test 27
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Figure 4.10: The 0.5 m long solid plate which represents the debris flow breaker with 0 mm opening
width. Two clamps are used to keep the structure in place. Duct tape is also used to create a smooth
transition from the channel and onto the solid plate.

To compare the effectiveness of the debris flow breakers it was decided to evaluate

the runout and the energy lines. To make the energy lines one needed the flow veloc-

ity and the flow height of the debris flow. The velocity was obtained by analysing the

videos afterwards and the flow height from the ultrasound sensors placed upstream

and downstream of the debris flow breaker. Table 4.4 shows all the equipments used

for the physical experiments while figure 4.11 illustrates where the equipments was

placed.
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Table 4.4: List of the equipment used in the physical experiments.

Equipment Usage
Video camera 1 Films the whole model as a overview (25 frames per second (fps))
Video camera 2 To film upstream of the countermeasure and on the debris flow breaker (50 fps)
Video camera 3 To film downstream of the debris flow breaker (25 fps)
Video camera 4 To film the display of the ultrasound sensor (24 fps)

Ultrasound sensor
To measure the flow height of the debris flow before the
countermeasure (13 updates per second)

Figure 4.11: Illustration of the model profile and where the cameras and ultrasound sensors are
placed. The triangles going out of the cameras represents the view from the cameras. Camera 4 does
not have a triangle as this camera was only used to film the display of ultrasound sensor 1.

4.4.1 Test procedure

In order to check if the experiments were repeatable a test procedure was kept con-

stant. Before any tests were carried out the weight of box A and B was registered in

order to keep track of the weight of the debris flow material. For the first test one of
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the boxes was filled with 80 kg of material and 20 kg of water, adding up to 100 kg of

debris flow. Before and during a debris flow test this list had to be checked:

• Clean the model for water and sediment

• Weigh the box containing the debris flow and fill with water if there is some

weight missing

• Lift the box containing the debris flow in place at the top of the model

• Check that the second box is closed and placed at the end of the model

• Place, focus and start the recording on all cameras

• Indicate which test by holding a paper with the test number in front of each

camera

• Push the debris flow up against the box opening

• Use the mortar mixer to keep the suspension in the debris flow for approxi-

mately 15 seconds. The last rotations are done in the middle

• The release of the debris flow is to happen right after the the mortar mixer is

pulled out of the box.

After a debris flow test this list had to be checked:

• Stop the recordings
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• Take pictures of details that are not visible on the video recordings such as the

remaining material in the box and runout

• Push all the debris flow into the box at the end of the table using a squeegee to

collect all the water and small sediments

• Change the debris flow breaker if new conditions were to be tested next

• Weigh the box which the debris flow was released from and clean the openings

to prevent leakage in the next test

The cleaning after a debris flow is time consuming and takes about 30-60 minutes

depending on which countermeasures that was used and how many people working.

Also, the personnel operating the crane was not always available so there was some

downtime in between the tests. The 1 m long breakers were so heavy that it required

a crane to lift them in place. This also made it difficult to clean under them after each

test. A small plastic plate and a dish brush was used to get out the material clogged

between the flat bars.



Chapter 5

Results and Analysis

This chapter presents the results from the 27 debris flow tests conducted at the De-

partment of Hydraulic and Environmental Engineering at NTNU. The results include

the debris flow front velocity, runout and flow height. The analysis includes GSD

curves for the material samples, energy lines and the effectiveness of the breakers in

terms of reduced runout compared to the reference tests and the tests with the solid

plates. There is no discussion in this chapter, only a presentation of the results.

5.1 Velocity

The velocity of the debris flow is measured by analysing the videos from each test. It

is not possible to find the velocity of the whole debris flow mass, only the debris flow

front. This was done by measuring the distance traveled over time by looking at each

frame of the video.

56
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Figure 5.1: The debris flow front velocity of the 0.5 m long breaker with different opening widths. The
reference test is the dash line each graph.

Figure 5.2: The debris flow front velocity of the 1.0 m long breaker with different opening widths. The
reference test is the dash line each graph.

Figure 5.1 shows the velocity of the debris flow front for the average test for the 0.5
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m long breakers while figure 5.2 is for velocity the 1.0 m long breakers. The dash line

is the average reference test while the black line is the terrain of the model and the

debris flow breaker. The velocity of the average test for each condition is given in

appendix B.

5.2 Runout

The runout distance was measured in the flow direction from point 0,0 which is

marked by the red “X” in figure 5.3 and figure 4.11. Table 5.1 gives the runout dis-

tance of all 27 tests and the effectiveness of the different breakers in terms of reduced

runout distance compared to the reference tests and the tests with the solid plates.

Figure 5.3: Point "X" indicates where the runout distance is measured from in the physical model. The
red arrow shows the flow direction.
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Table 5.1: The runout distance for all the tests, and the average runout distance for each condi-
tion/breaker. The effectiveness is measured in terms of reduced runout distance compared to the
reference tests and the breakers with 0 mm opening width.

Test Name
Runout
distance

[cm]

Average
runout

[cm]

Standard
deviation [cm]

Effectiveness
compared to the

reference tests

Effectiveness
compared to the
0 mm openings

1
Reference tests

330
340 22 - -2 365

3 325
4

0.5 m - 0 mm
240

267 34 22 % -5 255
6 305
7

1.0 m - 0 mm
265

250 35 26% -8 275
9 210
10

0.5 m - 2 mm
195

200 23 41 % 25 %11 180
12 225
13

1.0 - 2 mm
80

82 3 76 % 68 %14 85
15 80
16

0.5 - 6 mm
240

263 32 23 % 1 %17 300
18 250
19

1.0 - 6 mm
90

87 3 75 % 66 %20 85
21 85
22

0.5 m - 4 mm
220

252 39 26 % 6 %23 240
24 295
25

1.0 m - 4 mm
75

92 14 73 % 64 %26 100
27 100

Figure 5.4 shows a graphical presentation of the runout distance of the different de-

bris flow breakers. The dotted horizontal line at 340 cm is the average runout for the

reference tests.
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Figure 5.4: Variation in the runout distance with change in the opening width of the debris flow
breaker.

After the debris flow stops water seeps out and continues to flow as a after flow down

the runout table. However, when determining the runout distance and runout pat-

tern it was decided to only look at where the debris flow first stopped, and not where

the after flow stops. Figure 5.5 from test 9 shows this boundary which is indicated

by the red line. When the 1.0 m debris flow breakers were tested the after flow was

larger than the one from the reference tests and the 0.5 m long breaker. In these flows

there were also very fine sediments that had passed through the opening widths of

the breaker. Figure 5.6 shows the after flow that forms under the 1.0 m long breaker

with the 2 mm opening width and where the debris flow front stopped on the breaker.

Also for these cases it was decided to use the runout of the debris flow front, and not

the runout of the after flow. One reason for not considering the runout of the after

flow is that this flow does not hold the same destructive powers as the debris flow

front. One example is if the after flow were to flow over a road, the drainage system

of the road would most probably handle the watery after flow. However, if the debris
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flow front were to hit the road it would cause large damages.

Figure 5.5: The red line indicates the debris flow runout distance and pattern for test 9.

Figure 5.6: Video frames from test 14, 1.0 m long breaker with 2 mm openings. The debris flow front
stops on the debris flow breaker. but an after flow forms of the water and fine sediments that drains
through the debris flow openings.
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To document the runout and runout pattern pictures were taken of each debris flow

test. This was to compare and see if there were any major differences in how the

debris flow runout appeared on the table. Figure 5.7 shows the runout for test 1-9

which are the reference tests and tests with the 0.5 m and 1.0 m solid plate.

Figure 5.7: The runout of test 1-9. Test 1-3 is the reference tests, test 4-6 is the 0.5 m long solid plate
and test 7-9 is the 1.0 m solid plate.

Figure 5.8 shows the runout for test 10-12 and 13-15 which are the tests with 2 mm

opening widths for the 0.5 and 1.0 m long breaker.
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Figure 5.8: The runout for test 10-15. Test 10-12 is the 0.5 m long breaker with 2 mm opening widths.
Test 13-15 is the 1.0 m long breaker with 2 mm opening widths.

Figure 5.9 shows the runout for tests 16-21 when the opening widths of the debris

flow breakers were 6 mm. The pictures from test 21 were lost.
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Figure 5.9: The runout for test 16-21. Test 16-18 is the 0.5 m long breaker with 6 mm opening width.
Test 19-21 is the 1.0 m long breaker with 6 mm opening width. The picture of test 21 was lost.

Figure 5.10 shows the runout for test 22-24 and 25-27 which are the tests with 4 mm

opening widths for the 0.5 and 1.0 m long breaker.
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Figure 5.10: The runout for test 22-27. Test 22-24 is the 0.5 m long breaker with 4 mm opening width.
Test 25-27 is the 1.0 m long breaker with 4 mm opening width.

Table 5.2 shows the reduced runout achieved by the different countermeasures tested

by Fiskum (2012). These countermeasures included check dams, slit dams and baf-

fles, alone or in combination. The reduced runout varied between 33% to 67%, where

the check dam was the most effective.

Table 5.2: The effectiveness of the different countermeasures tested by Fiskum (2012) in terms of
reduced runout compared to his reference tests.

Countermeasure Effectiveness compared to reference tests
Check dam 67%
Slit dam - 2 slits 31%
Slit dam - 4 slits 42%
Baffles 14%
Baffles and slit dam (2 + 4) 44%
Baffles and slit dam (4 + 4) 40%
Baffles and wings 33%

For the countermeasures tested by Christiansen (2013) it was not possible to find the
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reduced runout distance. She tested deflection structures and channels which does

not work the same way as the debris flow breakers or any of the countermeasures

tested by Fiskum (2012).

5.3 Flow Height

The original plan included two ultrasound sensors to log the flow height upstream

and downstream of the debris flow breakers. However, a computer was needed for

this and at the time it was not available. Instead a camera was used to film the display

of the sensor and then the flow height was registered by looking at each frame of

the video (24 fps). Figure 5.11 shows the display of the ultrasound sensor placed

upstream of the debris flow breaker. Unfortunately there was only enough cameras

to film the upstream sensor, and not the downstream. However, the downstream

flow height was registered at the end of each debris flow.

Figure 5.13 and 5.14 shows the flow height upstream for the average test for the dif-

ferent 0.5 m and 1.0 m long breakers and table 5.3 gives the deposition height down-

stream of the breaker. Both the upstream and downstream deposition height gives

an indication of how much debris flow deposited upstream and downstream of the

breakers. The upstream flow height of the reference tests gives a longitudinal profile

of the debris flow, this is seen in figure 6.3 which is the flow height for test 1-3.
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Figure 5.11: The display of the ultrasound sensor placed upstream of the debris flow breaker in the
center of the channel at x= -115.

Figure 5.12: The flow height upstream of the reference tests 1-3 over a 5 second time period.
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Figure 5.13: The flow height of the average debris flows of the different 0.5 m long breakers, and the
flow height of the average reference test.

Figure 5.14: The flow height of the average debris flows of the different 1.0 m long breakers, and the
flow height of the average reference test.
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Table 5.3 shows the average deposition height of the stopped debris flow upstream

and downstream of the debris flow breaker.

Table 5.3: Average slope of the running average trend line of the energy line upstream and downstream
of the debris flow breakers.

Condition Deposition height upstream [cm] Deposition height downstream [cm]
Reference tests 0.4 1.5
0.5 m - 0 mm 2.45 1.7
1.0 m - 0 mm 3.7 1.1
0.5 m - 2 mm 5.73 1.3
1.0 m - 2 mm 6.2 0.5
0.5 m - 4 mm 4.7 1.2
1.0 m - 4 mm 4.9 0.8
0.5 m - 6 mm 5.37 1.8
1.0 m - 6 mm 5.1 0.5

5.3.1 Material Samples

Material samples were collected upstream and downstream of the 0.5 m long de-

bris flow breakers for test 10, 16 and 24. This material was sieved to obtain the GSD

curves which give an indication of what material was keep upstream and what mate-

rial drained through or flowed over the breakers. Figure 5.15 shows the GSD curves of

the samples for the 0.5 m long breakers with 2, 4 and 6 mm openings. The upstream

samples were collected from the debris flow breaker as indicated in figure 5.16 while

the downstream samples were collected from the runout table.
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Figure 5.15: The different GSD curves of the material samples collected upstream and downstream for
the debris flow breakers for tests 10, 16 and 24. Test 10 is the 2 mm opening, test 16 the 6 mm opening
and test 24 is the 4 mm opening.
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Figure 5.16: The material sample is collected from the front of the debris flow breaker where the arrow
is pointing.

5.4 Energy lines

The energy lines for the different opening widths for the 0.5 m and 1.0 m long break-

ers are given in figure 5.17 and 5.18 together with the energy line of the average refer-

ence test. Due to the uneven energy lines a trend line of the running average is added

to each one. The slopes of the trend line upstream and downstream of the breakers

are given in table 5.4 and the energy line and trend line of the average test for each

condition are given in appendix C.
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Figure 5.17: Energy line for the average test for all the 0.5 m long breakers and the solid plate.

Figure 5.18: Energy line for the average test for all the 1.0 m long breakers and the solid plate.
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Table 5.4: The average slope of the running average trend line of the energy lines upstream and down-
stream of the debris flow breakers. For the 1.0 m long breakers there was no debris flow downstream
of the break with the exception of the breaker who had 0 mm opening.

Debris flow breaker
Average slope of the trend line
Upstream Downstream

0.5 m - 0 mm 0.31 0.34
1.0 m - 0 mm 0.28 0.24
0.5 m - 2 mm 0.19 0.49
1.0 m - 2 mm 0.42 -
0.5 m - 4 mm 0.44 0.33
1.0 m - 4 mm 0.40 -
0.5 m - 6 mm 0.40 0.27
1.0 m - 6 mm 0.60 -



Chapter 6

Discussion

In this chapter the results and analysis will be examined and discussed in the light

of the objectives of this work. First, the physical modeling of the debris flow will be

discussed, this is the reference tests. Then the results and analysis of the debris flow

breakers will be discussed. The topics addressed for the reference tests are velocity,

flow height and energy lines. For the breakers the discussion will be in the light of

the objectives related to the breakers stated in Chapter 1.

6.1 Physical Modeling of the Debris Flow

To evaluate the physical modeling of the debris flow one can look at the reference

tests to see if what is observed in these tests correspond to what is expected for this

modeled debris flow. The parameters and results that can be compared to a real

debris flow is the velocity, runout, flow height and the energy lines. However, no

prediction was done for the runout so this will not be discussed in the same manner

74



CHAPTER 6. DISCUSSION 75

as the other parameter.

6.1.1 Velocity

From section 4.1.1 the expected velocity of the debris flow in the model was 1.12-2.24

m/s. This was calculated from the model laws using the Froude number. Figure 6.1

shows the velocity of the debris flow front for the average reference test.

Figure 6.1: The velocity over the model length of the average reference test.

The maximum velocity reached was 3.08 m/s which is higher than the expected value.

For a real debris flow this would equal 13.8 m/s which is fast for a debris flow. How-

ever, the average velocity down the channel was 2.31 m/s which is more like the ex-

pected velocity but still in the upper bound. The maximum velocity was reached at

x= 0.45 m which is in the 13.9 ± slope. It is believed that the slope has to be steeper

than 16 ± for a debris flow to initialize, this indicates that in this part of the channel
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the debris flow should start to slow down which it does after x= 0.45 m. There is also a

peak right before the debris flow stops. This is probably due to problems interpreting

the velocity as this procedure involved measuring the time the debris flow front used

to travel a certain length by looking at each frame of the videos. However, the debris

flow front often changed shape as some parts of the flow had larger velocities than

other parts. Trying to keep the interpretation constant, the velocity was measured

along the center line although this was not always where the front of the debris flow

front was.

Figure 6.2 shows four different frames from the upstream video camera for test 2. In

these frames one can see the debris flow front changes shape and that it is not always

on the center line. This indicates that the whole debris flow front does not have the

same velocity and that variations in the front velocity should be expected. Despite

this the average velocity observed was close to what was expected considering the

model laws and normal velocity values for real debris flow.

Figure 6.2: Four frames from the upstream camera from test 2 that illustrates the problem of the
changing shape of debris flow front.
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To avoid the variations in the velocity measurements a better method should be

used. Some kind of tracking method of both the debris flow front and body would

have been beneficial as the method used was time consuming and imprecise. It

would remove the error of which the human eye may make when interpreting the

distance traveled over time.

6.1.2 Flow Height

The flow height was measured using an ultrasound sensor placed at x= -0.15 m. This

sensor logged the height 13 times per second. Since it was fixed at one place the

logged height gave a longitudinal profile of the passing debris flow. Figure 6.3 shows

the flow height of tests 1-3.

Figure 6.3: The logged debris flow height for the three reference tests.

The expected flow height calculated in section 4.1.1 for the physical modeled debris

flow was 5 cm. For tests 1-3 the maximum observed flow height was between 3-
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4.25 cm. This flow height equals 0.6-0.85 m for a real debris flow, which is close to

normal flow heights. From the graphs in figure 6.3 it is visible that there is a debris

flow front surge that is larger than the following surges of the debris flow body. These

graphs corresponds to the theory presented in chapter 2 on how the debris flow act

in surges. Either one large surge or several smaller surge. In this case there is one

larger surge with smaller surges in the back. This could also explain why the velocity

did not smoothly increase and decrease but instead had some variations as the main

body would push the debris flow front in surges. It is believed that the debris flow

front does not have excess pore fluid pressures as the main body does. There has not

been any pore pressure measurements in these tests, so there is no way of saying if

this is true for these tests. However, from the videos it looks as if the debris flow front

in the beginning is dry and consists of "frozen masses" as Christiansen (2013) called

it. This was a problem that she encountered which she thought was a result of the

debris flow masses not being in suspension when released. Figure 6.4 is video frames

from the upstream camera from tests 1-3 where the frozen masses are visible in the

debris flow front as these are darker than the masses behind.

Figure 6.4: Frames from the upstream camera from test 1-3. The frozen masses in the debris flow
front is visible as they are darker than the following the debris flow masses. This problem was also
encountered by Christiansen (2013)



CHAPTER 6. DISCUSSION 79

These frozen masses has a lower water content than the following masses and has a

higher internal friction and friction along the shear zone which caused energy loss.

However, this dry debris flow front seem to disappear as it flows down the channel.

By looking at the debris flow where it had its peak velocity one can observe that there

is less visible frozen masses at this point than in the start of the channel. Figure 6.5

shows the tests 1-3 further down the channel than figure 6.4. The red line indicates

x= -0.45 m which is where the highest velocity was recorded.

Figure 6.5: Frames from the upstream camera from test 1-3 where the red line indicates x=-0.45 m
which is where the highest velocity was observed. The frozen masses are the darker areas of the debris
flow, and is mainly observed in the debris flow front but is also occasionally visible in the following
debris flow masses.

The debris flow accelerates up until x= -0.45 m and then decelerates until it stops on

the runout table. The slope of the channel at this point is 13,8 ± which is below 16 ±

which is the slope needed for a debris flow to occur. So, in relation to the velocity,

if the debris flow masses had been properly in suspension from the release it might
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have reached its peak velocity at an earlier time. In figure 6.5 it is also visible that

there are some frozen masses in other parts of the debris flow body, not only in the

front. There are some darker masses on the right of the debris flow in test 1 and some

in the middle of test 3. This suggests that suspension problem is a problem for the

whole mass and not only the debris flow front.

The method used to record the flow height was successful, but using a computer

instead of filming the display would have been time saving. This would also allow

for the use of multiple ultrasound sensors which could give more information about

how the debris flow profile evolved down the path.

6.1.3 Energy Lines

The energy line of a debris flow normally has a slope between 0.2-0.3 for the lower

part of the debris flow path according to Statens Vegvesen (2014). The energy lines

for tests 1-3 are given in figure 6.6, 6.7 and 6.8. The average slope of the trend line for

the lower part of the path is given in table 6.1.

Table 6.1: Calculated average slope of the running average trend line of lower part of the energy lines
for the reference tests 1-3.

Test Average slope of the trend line
1 0.24
2 0.22
3 0.20

The values for the average slope falls within the normal values given by Statens Veg-

vesen (2014). This indicates that the model and the debris flow generated could be a

small scale of a real debris flow event.
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Figure 6.6: Energy lines for tests 1 and the trend line of the running average.

Figure 6.7: Energy lines for tests 2 and the trend line of the running average.
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Figure 6.8: Energy lines for tests 3 and the trend line of the running average.

The energy line analysis was difficult as a result of the variations in the velocity mea-

surements. The same variations in the velocity was observed in the energy head.

Therefore, a better method for the velocity measurements would result in better en-

ergy lines.

6.2 Debris Flow Breaker

The flow height of the debris flow front for the tests with the breakers was equal to

the reference tests as seen in figure 5.13 and 5.14 presented in the results. A more

interesting aspect of the flow height when the debris flow breakers was placed in the

channel was the deposition height of the debris flow upstream of the debris flow

breaker. Figure 6.9 shows the deposition height of all the tests with the different

opening widths of the breaker.
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Figure 6.9: The deposition height of the debris flow upstream of the debris flow breaker with different
opening widths.

There are large variations in the deposition height even for the same tests. However,

for the average deposition height for the different opening widths it is clear that the 2

mm opening width breakers accumulate the most debris flow upstream. This accu-

mulation is an interesting aspect of the debris flow breakers. From the videos one can

observe debris flow accumulate and create a dam on top of the debris flow breaker as

the debris flow flows. This dam grows larger as it accumulates more masses from the

debris flow. Also, as the dam is located on the debris flow breaker the water drains

through making the dam solid. Figure 6.10 are frames from the upstream camera for

test 15. The red arrow indicated where the debris flow tail hits the accumulated dam

and loses energy.
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Figure 6.10: Frames from the video upstream of test 15 with the 1.0 m long breaker with 2 mm opening
widths. The red arrow indicates where the debris flow hits the accumulated dam and causes the debris
flow tail to stop.

The draining effect of the debris flow breaker can also be seen in figure 6.10. In frame

t=0 s the debris flow front is fully saturated while in the three following frames the

front has stopped on the breaker and for each frame it holds less water. Following

the drainage of water is the after flow. This flow is visible in the two last frames of

figure 6.10. This after flow has not been given any focus in this work as it is assumed

that it will not cause any harm to what it may encounter downstream. As mentioned

earlier one example is that a road can handle a water flow much better than a debris

flow. Let alone, debris flows occur in established drainage paths where water already

flows, so the additional water from the drained debris flow would not increase the

existing flow remarkably.

On the other hand, for the 0.5 m long breakers the debris flow front did not stop on

top of the breaker. The debris flow front flowed over the breaker and took a jump.

However, the damming effect observed on the 1.0 m long breakers was also present
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in the tests with the 0.5 m long breakers. Figure 6.11 shows both the jump and the

damming effect. The red arrow indicates the accumulated dam.

Figure 6.11: Four frames from the upstream video of the debris flow test 12. The breaker is 0.5 m long
and has 2 mm opening widths. The red arrow indicates where the damming effect is visible.

The average accumulated debris upstream of three different 0.5 m long breaker was

only a few millimeters from the accumulated debris for the 1.0 m long breakers. But

the variation in the deposition height for the 0.5 m breaker tests was larger than for

the 1.0 m breaker tests. Table 6.2 shows the average deposition height and standard

deviation for the different breakers.

Table 6.2: The average deposition height upstream of the different debris flow breakers.

Breaker
0.5 m 1.0 m

Average deposition
height [cm]

Standard deviation
[cm]

Average deposition
height [cm]

Standard deviation
[cm]

2 mm 5.73 1.90 6.2 0.49
4 mm 4.7 0.78 4.9 0.99
6 mm 5.37 1.45 5.1 0.60

This could also be interpreted as the 1.0 m long breaker being a more predictable

countermeasure than the 0.5 m long breaker. When considering the effectiveness
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in terms of the reduced runout compared to the reference tests, the 1.0 m breakers

were all performing better than the 0.5 m long breaker. Figure 6.12 illustrates the

effectiveness of the breakers in terms of reduced runout compared to the reference

tests. The solid plates (0 mm opening width) are also included in this figure.

Figure 6.12: The effectiveness of the different breakers in terms of reduced runout compared to the
reference tests.

From figure 6.12 one can see that all the tests with the 1.0 m breakers are more effi-

cient than the 0.5 breaker tests. A larger variation in the runout for the 0.5 m breakers

than for the 1.0 m breakers is also observed. The average runout and standard devi-

ation for the breakers is given in table 6.3.
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Table 6.3: The average runout distance and standard deviation for the different breakers.

Breaker
0.5 m 1.0 m

Average runout
[cm]

Standard deviation
[cm]

Average runout
[cm]

Standard deviation
[cm]

0 mm 267 34 250 35
2 mm 200 23 82 3
4 mm 252 39 92 14
6 mm 263 32 87 3

The standard deviation for the 1.0 m solid plate (0 mm opening width) is in the same

range as the standard deviation for all the 0.5 m long breakers. This indicates that the

1.0 m long breaker with an opening width larger than 0 mm is more predictable as it

does not have larger variations for the same condition tests.

From the tests it is evident that length of the breaker should be 1.0 m to obtain the

best effectiveness in terms of reduced runout. However, the opening width of the

breaker does not seem to influence the effectiveness in such a large manner as the

length. For the 1.0 m long breaker all opening width larger than 0 mm has an effec-

tiveness around 75%. The opening width also determines the percentage opening

due to the constant blocking width of the breakers and it is therefore not possible to

determine if the percentage opening is an important factor influencing the effective-

ness.

The results obtained through the physical experiments support the theory behind

the debris flow breakers. This theory says that by removing the water one also re-

moves the excess pore fluid pressures in the debris flow that creates the low effective

stresses along the shear zone. The results show that by going from a solid plate to

a breaker with a 2 mm opening width the effectiveness increased by 25% for the 0.5

m breaker and 68% for the 1.0 m breaker. This indicates that by removing the water
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through the openings in the breaker, the debris flow stops due to the increase in ef-

fective stress along the shear zone. The test results indicate that 0.5 m long breaker

does not provide sufficient length for the debris flow front to dissipate water through

the openings as the front flows over the breaker and continues downstream. An inter-

esting observation was that the 2 mm opening width was the only opening width of

the 0.5 m long breaker that had a larger effectiveness than the solid plate. The 4 and

6 mm opening width had almost the same effectiveness as the solid plate. However,

when looking at the deposition height it is observed that all the 0.5 m long breakers

accumulate much debris flow upstream of the breaker. This indicate that the 0.5 m

long breaker does not provide a sufficient length for the debris flow front to dissipate

enough water to stop, but it is sufficient for the main debris flow body as this stops

on the breaker where it creates the damming effect discussed earlier. One explana-

tion for the longer runout observed for the 0.5 m long breaker with the 4 and 6 mm

opening width could be the stronger after flow created by the drained water and ma-

terial. Because, for the 4 and 6 mm opening widths around 90% of the debris flow

can pass through the opening width, while for the 2 mm only 54% of the material

can pass. This flow will therefore be weaker than the after flow created for the 4 and

6 mm opening width. The stronger after flow could therefore push the debris flow

front further than the weaker after flow could and then create a longer runout. Mate-

rial samples were taken to analyse what material would pass the debris flow breaker

and what material was held back. Table 6.4 gives the d50 of the downstream material

which is the material of the debris flow front and the material that created the after

flow.
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Table 6.4: The d50 value of the material samples collected downstream

Debris Flow Breaker d_50 downstream
(0.5 m - 2 mm) 1.0
(0.5 m - 4 mm) 1.4
(0.5 m - 6 mm) 1.6

These d50 values indicate that the after flow created when using the 4 and 6 mm

opening width might be stronger than the after flow created by the 2 mm opening

width due to the higher d50 value. In theory the same amount of water should be

present in all the after flows as this passes through the opening withs independent of

the width. However, larger material has larger forces which can be the cause of the

longer runout as the after flow pushes the debris flow front further.

When comparing the effectiveness of the debris flow breakers to other countermea-

sures tested in the same physical model it is clear that the breakers are more effec-

tive than other countermeasures. Table 6.5 gives the effectiveness in terms of re-

duced runout for the countermeasures tested by Fiskum (2012). The countermea-

sures tested by Christiansen (2013) were not possible to compare as she tested de-

flection structures and channels where the runout distance was not measured in the

same manner.
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Table 6.5: The effectiveness of each countermeasure tested in the physical debris flow model. The
effectiveness is measures in terms of reduced runout compared to the reference tests for the debris
flow material used.

Countermeasure Effectiveness
Debris flow breaker (0.5 m - 2 mm) 41%
Debris flow breaker (0.5 m - 4 mm) 26%
Debris flow breaker (0.5 m - 6 mm) 23%
Debris flow breaker (1.0 m - 2 mm) 76%
Debris flow breaker (1.0 m - 4 mm) 73%
Debris flow breaker (1.0 m - 6 mm) 75%
Check dam 67%
Slit dam (2 slits) 31%
Slit dam (4 slits) 42%
Baffle wall 14%
Slit dam and baffles (2 + 4) 44%
Slit dam and baffles (4 + 4) 40%
Baffles and wings 33%

Figure 6.13 shows the effectiveness of each countermeasure in a bar diagram. This

diagram makes it easier to see which countermeasures are the most effective.
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Figure 6.13: Bar diagram of the effectiveness of the different countermeasures in terms of reduced
runout compared to their reference tests.

All of the 1.0 m long debris flow breakers were more effective than any other coun-

termeasure tested before. This indicates that they are an effective countermeasure

that should be further studied and developed for so to be used. However, research

on where and how to place them in nature needs to be done before implementing

them.

Both Fiskum (2012) and Christiansen (2013) used energy lines to evaluate the effec-

tiveness of the countermeasures tested. The wanted outcome from the energy line
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analysis is a steeper slope on the countermeasure and downstream than upstream

of the countermeasure. A steeper energy line means a higher energy loss over this

distance. The energy lines obtained for the debris flow breakers were difficult to read

as a result of the variations in the velocity measurements. A trend line of the running

average was therefore added. The slope of this line showed various results and did

not give any useful information.



Chapter 7

Conclusion

In this chapter conclusions answering the objectives stated in chapter 1 will be given,

and recommendations to further work.

7.1 Conclusions

Through the physical modeling, theory on the physics and process of debris flows

had to be understood in order to evaluate whether the debris flow was realistic and

could simulate an actual debris flow. The results from the reference tests showed

results which were within the expected values for the debris flow front velocity, flow

height and slope of the energy line.

The interaction between the debris flow breaker and the debris flow appeared to be

as the theory suggested. The water drained through the opening widths and the de-

bris flow front or body stopped on top of the breaker depending on the length of the
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breaker. As the debris flow stopped the following part of the debris flow flowed into

the stopped masses which were now dry. This damming effect caused the debris flow

masses to accumulate upstream while the water drained through the dry masses and

breakers. This upstream deposition height increased as the opening width of the de-

bris flow breakers decreased. This was due to the opening width and material, for the

6 mm opening width 94% of the debris flow material could pass through the breaker

while for the 2 mm opening width only 54% of the material could pass through.

The results from the 6 different debris flow breakers, excluding the solid plates which

are not debris flow breakers showed promising results. The 1.0 m long breakers were

all more effective than the 0.5 m long breakers, regardless of the opening width.

The effectiveness is measured in terms of reduced runout compared to the reference

tests. The most effective debris flow breaker was the 1.0 m long breaker with 2 mm

opening widths with an effectiveness of 76%. Since the blocking width was kept con-

stant the percentage opening was not changed and the effect of this parameter was

therefore not checked.

All three of the 1.0 m long breakers had a greater effectiveness than all other coun-

termeasures tested in the physical model. These countermeasures included check

dams, slit dams and baffles. The check dam had a effectiveness of 67% which was

the closest to the 73-76% effectiveness the 1.0 m long breakers had. In conclusion,

the results from the physical modeling of the debris flow breakers indicated that they

are an effective countermeasure that could be trusted and used as a mitigation mea-

sure.
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7.2 Recommendations for Further Work

Due to the difficult release of the debris flow in the existing model a new initiation

method could be advantageous. One idea is to use a cement mixer and initialize

the debris flow by pouring it out of the mixer. This would also solve the observed

problem of frozen masses that is a result of separation in the suspension. If this could

also remove the requirement of using a crane the process would be more flexible as

there would not be necessary to have a licenced crane operator available for each

test.

To study the pore pressure present in the debris flow along the flow path would

be an important aspect to investigate in relation to debris flow breakers. By in-

stalling instruments to measure the pore pressure in the channel and on the debris

flow breaker one could obtain valuable information about the excess pore pressure

present in the debris flow and study more in detail the interaction between the debris

flow and debris flow breaker.

For these experiments only one material was tested. To investigate the effectiveness

of the breakers in-depth different material should be tested to see what effect the

breakers have when the material changes. Also larger and smaller debris flow vol-

umes should be tested.

How to implement the debris flow breaker in real life is also an important aspect to

consider, a large scale physical experiment would be a good start.

A numerical model would also be interesting to develop and compare to the already
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existing models developed by Kim et al. (2012) and Gonda (2009).
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Appendix A

Grain Size Distribution Curves

A.1 GSD of the 0-4 mm material

Figure A.1
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Table A.1: The d values for the 0-4 mm material and the material used by Hiller and Jenssen (2009).

d Hiller & Jenssen (2009) 0-4 mm ¢

d_10 0.15 0.085 0.065
d20 0.5 0.19 0.31
d30 0.9 0.36 0.54
d40 1.5 0.65 0.85
d50 1.9 1 0.9
d60 2.5 1.5 1
d70 3 1.9 1.1
d80 4 2.5 1.5
d90 5 3 2
Sum 8.27

A.2 GSD of the 0-8 mm material

Figure A.2: Grain size distribution curve of the 0-8 mm material and the material used by Hiller and
Jenssen (2009).
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Table A.2: The d values for the 0-8 mm material and the material used by Hiller and Jenssen (2009).

d Hiller & Jenssen (2009) 0-8 mm ¢

d_10 0.15 0.09 0.06
d20 0.5 0.3 0.2
d30 0.9 0.65 0.25
d40 1.5 1.25 0.25
d50 1.9 1.9 0
d60 2.5 2.5 0
d70 3 3.3 0.3
d80 4 4.5 0.5
d90 5 6 1
Sum 2.56

A.3 GSD of the 25% (4-8 mm) 75% (0-8 mm) material

Figure A.3: Grain size distribution curve of the 25% (4-8 mm) 75% (0-8 mm) material and the material
used by Hiller and Jenssen (2009).
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Table A.3: The d values for the 25% (4-8 mm) 75% (0-8 mm) material and the material used by Hiller
and Jenssen (2009).

d Hiller & Jenssen (2009) 25% (4-8 mm) 75% (0-8 mm) ¢

d10 0.15 0.2 0.05
d20 0.5 0.85 0.35
d30 0.9 1.9 1
d40 1.5 2.8 1.3
d50 1.9 3.7 1.8
d60 2.5 4.4 1.9
d70 3 5.1 2.1
d80 4 6 2
d90 5 7 2
Sum 12.5

A.4 GSD of the 30% (4-8 mm) 70% (0-4 mm) material

Figure A.4: Grain size distribution curve of the 0-8 mm material and the material used by Hiller and
Jenssen (2009).
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Table A.4: The d values for the 30% (4-8 mm) 70% (0-4 mm) material and the material used by Hiller
and Jenssen (2009).

d Hiller & Jenssen (2009) 30% (4-8 mm) 70% (0-4 mm) ¢

d10 0.15 0.1 0.05
d20 0.5 0.28 0.22
d30 0.9 0.65 0.25
d40 1.5 1.2 0.3
d50 1.9 1.9 0
d60 2.5 2.5 0
d70 3 3.5 0.5
d80 4 4.5 0.5
d90 5 6 1
Sum 2.82

A.5 GSD of the 20% (4-8 mm) 80% (0-4 mm) material

Figure A.5: Grain size distribution curve of the 20% (4-8 mm) 80% (0-4 mm) material and the material
used by Hiller and Jenssen (2009).
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Table A.5: The d values for the 20% (4-8 mm) 80% (0-4 mm) material and the material used by Hiller
and Jenssen (2009).

d Hiller & Jenssen (2009) 20% (4-8 mm) 80% (0-4 mm) ¢

d10 0.15 0.1 0.05
d20 0.5 0.25 0.25
d30 0.9 0.55 0.35
d40 1.5 1 0.5
d50 1.9 1.5 0.4
d60 2.5 2 0.5
d70 3 2.8 0.2
d80 4 3.5 0.5
d90 5 5 0
Sum 2.75

A.6 GSD of the 25% (4-8 mm) 75% (0-4 mm) material

Figure A.6: Grain size distribution curve of the 25% (4-8 mm) 75% (0-4 mm) material and the material
used by Hiller and Jenssen (2009).
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Table A.6: The d values for the 25% (4-8 mm) 75% (0-4 mm) material and the material used by Hiller
and Jenssen (2009).

d Hiller & Jenssen (2009) 25% (4-8 mm) 75% (0-4 mm) ¢

d10 0.15 0.11 0.04
d20 0.5 0.3 0.2
d30 0.9 0.7 0.2
d40 1.5 1.2 0.3
d50 1.9 1.8 0.1
d60 2.5 2.5 0
d70 3 3 0
d80 4 4 0
d90 5 5.5 0
Sum 1.34



Appendix B

Debris Flow Front Velocity

B.1 Reference Tests

Figure B.1: Debris flow front velocity for the average reference test (test 1-3).
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B.2 Solid Plates

B.2.1 0.5 m

Figure B.2: Debris flow front velocity for the average tests for the 0.5 m long solid plate (test 4-6).
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B.2.2 1.0 m

Figure B.3: Debris flow front velocity for the average tests for the 1.0 m long solid plate (test 7-9).
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B.3 0.5 m Debris Flow Breaker

B.3.1 2 mm opening width

Figure B.4: Debris flow front velocity for the average tests for the 0.5 m long breaker with 2 mm open-
ing widths (test 10-12)
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B.3.2 4 mm opening width

Figure B.5: Debris flow front velocity for the average tests for the 0.5 m long breaker with 4 mm open-
ing widths (test 22-24)
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B.3.3 6 mm opening width

Figure B.6: Debris flow front velocity for the average tests for the 0.5 m long breaker with 6 mm open-
ing widths (test 16-18).
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B.4 1.0 m Debris Flow Breaker

B.4.1 2 mm opening width

Figure B.7: Debris flow front velocity for the average tests for the 1.0 m long breaker with 2 mm open-
ing widths (test 13-15).
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B.4.2 4 mm opening width

Figure B.8: Debris flow front velocity for the average tests for the 1.0 m long breaker with 4 mm open-
ing widths (test 25-27).
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B.4.3 6 mm opening width

Figure B.9: Debris flow front velocity for the average tests for the 1.0 m long breaker with 6 mm open-
ing widths (test 19-21).



Appendix C

Energy Lines

C.1 Reference Tests

Figure C.1: Energy line of the average reference test, and the running average (test 1-3).
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C.2 Solid Plates

C.2.1 0.5 m

Figure C.2: Energy line of the average test of the 0.5 m long solid plate (test 4-6).
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C.2.2 1.0 m

Figure C.3: Energy line of the average test of the 1.0 m long solid plate and the running average (test
7-9).
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C.3 0.5 m Debris Flow Breaker

C.3.1 2 mm opening width

Figure C.4: Energy line of the average test of the 0.5 m long breaker with 2 mm opening widths, and
the running average (test 10-12).
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C.3.2 4 mm opening width

Figure C.5: Energy line of the average test of the 0.5 m long breaker with 4 mm opening widths, and
the running average (test 22-24)

C.3.3 6 mm opening width

Figure C.6: Energy line of the average test of the 0.5 m long breaker with 6 mm opening widths, and
the running average (test 16-18).
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C.4 1.0 m Debris Flow Breaker

C.4.1 2 mm opening width

Figure C.7: Energy line of the average test of the 1.0 m long breaker with 2 mm opening widths, and
the running average (test 13-15).
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C.4.2 4 mm opening width

Figure C.8: Energy line of the average test of the 1.0 m long breaker with 4 mm opening widths, and
the running average(test 25-27).

C.4.3 6 mm opening width

Figure C.9: Energy line of the average test of the 1.0 m long breaker with 6 mm opening widths, and
the running average(test 19-21).



Appendix D

Debris Flow Test Videos

All the videos and pictures from test 1-27 can be found in the .zip file videos handed

in together with the master thesis on DAIM.
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