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ABSTRACT

Debris-flows are forms of landslides in mountainous regions that can potentially
cause significant damage. Structural countermeasures to mitigate an entire debris-
flow may become unrealistically large and expensive. If the flow cannot be stopped
completely, one may alternatively consider reducing the impact and velocity of the
flow using energy dissipating structures. A debris-flow screen is such countermeasure
designed to dissipate energy. A screen is made by parallel grids, with some gap,
placed in the direction of the debris-flow on an elevated foundation. This structure
acts as a filter for separating water from the saturated debris-flow to reduce its flow
energy.

This work presents a laboratory model test investigating the effect of screen
length (0.5m and 1.0m) and opening width (2mm, 4 mm and 6 mm) in dissipating
the debris-flow energy. The effectiveness of the screens was determined in terms of
reductions in the run-out distance and flow velocity. The importance of the screen
length and opening width is demonstrated. A hypothesis that the optimum opening
size should be close to dso of the solid material seems to be validated. The application
of the laboratory observations to the field is indicated based on the energy line and
scaling principles.
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1. Introduction

A debris-flow is a destructive natural hazard that occur in regions with steep or moun-
tainous terrain. Depending on the place and time, debris-flows place human lives and
infrastructure in danger. Figure 1 shows a debris-flow that occurred by a steep moun-
tain with an average slope of ~ 35° and an initiation location 425 m above the road
level. The total run-out distance is estimated to be 750 m, with a maximum deposi-
tion width of 150 m and a thickness of 2m at the road section. The volume of such a
debris-flow is in the order of tens of thousands of cubic metres.

A debris-flow involves a rapid to extremely rapid downhill movement of a mixture
of water, soil, gravel and organic matter in a relatively long and steep channelled
terrain. Debris-flows significantly affect countries like Norway, which have abundant
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Figure 1. Example of a debris-flow in the coastal areas of Norway [Hunnedalen, Norway - occurred on 2 June
2016]. (Courtesy: Multiconsult and NPRA).

precipitation or water sources and such terrains. These vulnerable countries include
Austria, Canada, the Caribbean, China, Colombia, France, Indonesia, Italy, Japan,
Nepal, the Philippines, Taiwan, Switzerland, and Venezuela [1].

Because of the constituents of a debris-flow and the irregularity of the terrain where
it occurs, its flow mechanism is highly complex and is not fully understood. The exist-
ing literature contains numerous studies that attempt to understand the mechanism
and behaviours of debris-flow, e.g. ([2-6]); empirical or analytical approaches to quan-
tify the mobility of debris-flow, e.g. ([7—12]); mapping of debris-flow hazard zones,
e.g. ([13-18]; investigation of debris-flow triggering causes, e.g. ([19-21]); debris-flow
countermeasures, e.g. ([9,22-30]).

Debris-flow countermeasures are preventive methods designed to reduce the existing
risk of debris-flows to an acceptable level of residual risk, and they are generally
classified into two main categories: structural and non-structural countermeasures [22].
Structural countermeasures are physical barriers or partial obstacles to completely
or partly stop the debris-flow. However, non-structural countermeasures are mostly
methods focusing on reducing the damage and loss by setting up early warning systems,
hazard mapping and land-use zoning.

Structural countermeasures focus on reducing the probability of debris-flow occur-
rence or their damaging consequences by manipulating their flow course. These types
of countermeasures can be applied at the initiation, transportation or even deposi-
tion zones of expected debris-flow locations. The potential, working mechanism, and
design principles of structural countermeasures such as barriers, baffle and deflection
walls have been extensively studied and reported in the literature, i.e. open and closed
check dams or generally rigid and flexible barriers [24,25,28,29,31-38], baffle walls [26—
28,39,40], deflection and channel-side walls [9,22,41], and debris-flow screens [42-45].

Rigid barriers are those countermeasures designed to fully or partially stop a debris-
flow. A sabo dam with a sediment basin is a complete debris-flow stopping counter-



measure that is designed according to peak debris-flow discharge and total volume [23].
The possibility of the sediment storage basin being filled during a single debris-flow
event is high. Maintenance of this countermeasure requires excavation of several cubic
metres of debris, which is impractical. A closed check dam is a similar kind of counter-
measure but smaller in size and it only helps breaking the flow velocity while storing
part of the debris-flow at its back. This type of countermeasure is usually designed
and constructed sequentially along a stream to prevent bed erosion and to raise the
channel bed and reduce the stream gradient [22], which can control debris-flow energy.

Open check dams with steel grids are designed to trap larger-sized boulders from
the debris-flow, allowing the rest to pass through with a reduced flow velocity. Open
check dams are designed to be self-cleaning from the subsequent stream flows, although
most exhibit the deposition of finer sediments at the upstream due to boulders and
woody debris interlocking at the grid opening [22,23]. However, open check dams takes
approximately 3—10 times longer time to be filled by sediment than the fully blocking
dams [22]. A slit dam is another type of open dam that is designed to temporarily
retain bed-load, allowing some smaller-sized particles to pass while retaining large
boulders with high destructive potential [22]. A channel-side wall and a deflection wall
are similar structures that are implemented at different situations and locations. A
channel-side wall is implemented to protect stream banks from further erosion and
debris overflow. A deflection wall, however, is constructed to direct the debris-flow out
of its course and towards areas of low consequence [22].

Another energy-dissipating structure is a baffle wall, which is usually used in com-
bination with rigid barriers and is implemented in several rows, with a systematic
staggered arrangement to reduce the debris-flow’s impacting force on the downstream
rigid barrier. The empirical-approach design of baffle walls is improved using flume
model studies that provide the optimum spacing between baffles and between rows of
baffles, as well as the ideal baffle height with respect to the flow height of the expected
debris-flows [26,27,39]. A debris-flow screen is another countermeasure designed to re-
duce debris-flow energy [46], and it is usually located at the most upstream position
in a system of debris-flow countermeasures, and it has a capacity to retain at least the
volume of a debris-flow surge wave [22]. Unlike debris-flow screen that is implemented
horizontally across a debris-flow channel, flexible barrier that is made of steel rope is
placed vertically and is designed to trap major part of a debris-flow while allowing the
water and some of the fine soil particles. Due to successful application of flexible barrier
in mitigating rock fall hazards, it has been implemented and tested for its potential
in mitigating debris-flows, mainly in Switzerland and Hong Kong [19,24,32,33].

Not many structural countermeasures are used in Norway to mitigate debris-flows;
however, deflection walls are widely used for guiding snow avalanches to protect down-
stream infrastructures and inhabitants. Flexible barriers have also been used to mit-
igate rock falls in some parts of Norway. In recent years, the destruction of road
infrastructures and the interruption of traffic by debris-flow events in Norway have
been increasing due to the rapidly changing climate, according to the report from the
Norwegian Water Resources and Energy Directorate, NVE [47]. The report explains
the strong relation between the changing climate and an increased frequency of debris-
flow events in Norway. This gives rise to the need to study and implement appropriate
countermeasures for such debris-flows. Check dams and baffle walls are studied for
their potential in reducing the run-out distance of debris-flows in a laboratory model
[40]. Different combinations of deflection and inclination angles of deflection walls are
also tested in the same laboratory model to investigate the run-up height potential
of debris-flows [41]. A general guideline in application of various countermeasures to



mitigate debris-flow hazards is given by the Norwegian Public Roads Administration
[48].

The south-western and northern parts of Norway are highly susceptible regions for
debris-flow-related hazards [49]. These regions have highways that run under the feet
of mountains and by the sides of fjords or lakes. Occasionally, debris-flows interrupt
traffic, as shown in Figure 1. For such relatively small volume debris-flows, mitigation
measures, like energy-dissipating structures and/or guide walls with an underpass at
the road section, can be more suitable. At a known location of debris-flow hazard,
it might be more economical and easier to implement an energy-dissipating structure
to prohibit stream erosion or a small landslide from developing into a debris-flow,
assuming the area is accessible for installation and maintenance.

A debris-flow screen is one of such flow energy-dissipating structures, and it can
be made from one-directional arrangement of a certain length of steel rods or wooden
logs, with a specified gap to separate the water and fine-grained soil from the saturated
debris-flow. This study attempts to investigate the applicability of debris-flow screens.
As a first step in this direction, physical model tests were conducted to investigate
the potential and effectiveness of debris-flow screens. Two screen lengths (0.5 m and
1.0m) and three opening widths (2 mm, 4 mm and 6 mm) were used to study the flow
energy and the run-out distance reductions of a 50 litre (0.05m?) debris-flow in a 9m
long and 0.6 m wide flume model. The experiment investigates the optimal opening
width and length of debris-flow screen in relation to the dsg of the debris(soil) material

property.

2. Debris-flow screen

The idea of the debris-flow screen was conceived in Japan in the 1950s to reduce the
energy in debris-flows and, thus, contribute to mitigating damage in downstream areas
[50]. The main purpose of the debris-flow screen is to separate water from the moving
debris. As a result, the pore-water pressure will dissipate from the shearing zone and
the rest of the debris-flow mass. In return, the soil particles regain their contact friction
and thereby increase shearing resistance of the moving debris [42,45,51]. A schematic
representation of a debris-flow screen is illustrated in Figure 2.

Numerous researchers have tested debris-flow screens, and a field trial in the
Kamikami-Horisawa Valley, Japan has also been reported in the literature (e.g.[23,
42,43]). The debris-flow screen in the field trial was 20m long and 10m wide. The
screen grids are made from 0.2m x 0.2 m square steel tubes that were 8 mm thick and
resting on 0.4m x 0.4m wide flange beams at a spacing of 0.2m [42].

Due to their simple construction and cost effectiveness, debris-flow screens have been
implemented and used in other countries, including China [44,52] and the Philippines
[50,53]. Debris-flow screens have been used to protect mountain roads by installing
them in narrow sections of streams where recurrent debris-flows occur.

To study the performance and effectiveness of debris-flow screens, Gonda [42] con-
ducted a small-scale model study with different opening widths on the debris-flow
run-out distance, using three different uniform-sized materials of 700 cm? volume. The
study found that the reduction in run-out distance increases with an increase in the
opening width of up to approximately 2 mm. Kim [43], however, investigated three dif-
ferent bed sediments of 13300 cm® volume with three different blocking and opening
widths of debris-flow screens. The study showed the effect of opening width percentage
in reducing the run-out distance. However, the above two studies used the debris-flow
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Figure 2. Schematic representation of a debris-flow screen’s performance.

screen as a deposition area and in all the tests, the debris-flow’s mass was retained on
the screen.

In real debris-flow cases (as shown in Figure 2), the entire debris-flow volume might
not be deposited on the debris-flow screen. Therefore, in the current study, it is in-
teresting to look into the run-out and velocity reduction potential of different screen
lengths in combination with different opening widths. The details of the debris-flow’s
working mechanism are discussed in Section 2.1.

2.1. Working mechanism of a debris-flow screen

The body of a debris-flow surge consist of a water-saturated, muddy, granular slurry
liquefied by high pore-water pressure, whereas the front of a debris-flow surge consists
of unsaturated, coarse-grained, granular rubble that is pushed from behind by the
liquefied slurry [3]. The high pore-water pressure in excess of the hydrostatic water
pressure facilitates the high mobility of the debris-flow and is maintained through the
entire course of the flow. Savage and Iverson [54] expressed the components of the
total normal stress, o, as a sum of the effective stress between grains, the hydrostatic
water pressure and the excess pore-water pressure. A schematic representation of this
total normal stress distribution of debris-flow on a solid surface is seen in section A in
Figure 3(a) and (b).

Widespread natural decay of pore-water pressure in the flow margin does not con-
tribute to debris-flow deposition, rather it is the grain-contact friction and bed friction
concentrations [55]. Major and Iverson [55] showed that the pore-water pressure per-
sisted until the debris-flow was deposited, and then it dissipated significantly during
post-depositional sediment consolidation. Therefore, one can introduce a debris-flow
screen that helps facilitate the dissipation of pore-water pressure. This results in in-
creasing of the grain-contact friction and grain-bed friction concentration by the sud-
den removal of the liquid, i.e. dissipation of the pore-water pressure, as schematically
shown in Figure 3(a) and (b) in section B.

The energy grade line (energy line) of debris-flow in section A and B can be expressed
as the total energy in terms of head, H, which can be given by the Bernoulli equation.
Considering an open channel flow situation, the Bernoulli equation of debris-flow just
before the beginning of the screen, in section A, can be expressed as:

(va)?
29

Hp=zp4+ha+ (1)
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Figure 3. Pore-water pressure development during debris-flow and its dissipation when it hits a screen-type
countermeasure.

where H 4 is the total head in m; z4 is the elevation of a point from a reference datum
in m; hy is the flowing debris pressure head, which is equal to o4/ in m; o4 is the
total normal stress in kN/m?; 7 is the unit weight of the debris kN/m?3; v4 is the flow
velocity and g is the gravitational acceleration. Similarly, the energy head at the end
of the screen, in section B, can be expressed as:

(vp)?
fg (2)

Hp =2+ hp+

The effectiveness of debris-flow screen can be shown by the energy-dissipation factor,
FEp, which is expressed as:

Ep=1_:B (3)

where Ep = 0 represents no energy dissipation, while Ep = 1 represents the maximum
possible energy dissipation.

2.2. Scaling aspects of the physical modelling

In spite of the disproportionately large effects of viscous shear resistance and cohesion,
as well as disproportionately small effects in pore-water pressure in small-scale labora-
tory model tests, it is also important to systematically study debris-flow by simplify-
ing the complex natural processes in scaled-down laboratory models. The mechanism
of dissipation of the pore-water pressure and the hydrostatic water pressure while a
debris-flow travels over a screen is yet to be fully understood.

To illustrate the working mechanism and effect of the debris-flow screen, either a
field experiment or physical modelling in a laboratory is required. Therefore, this study
uses physical modelling in a laboratory to systematically study the effects of a debris-
flow screen in reducing a debris-flow run-out distance and flow velocity. Monitoring
fluid pressure inside a moving debris can be demanding. Therefore, in this study, the
energy dissipation of the debris-flow over a given debris-flow screen will be studied by
comparing the energy in the moving debris when entering and leaving the debris-flow
screen.

The correct scaling is required when setting up a laboratory physical model to
maintain the geometric, kinematic and dynamic similarities of the debris-flow terrain
and behaviour. The geometric similarity can be achieved by maintaining the shape by



a linear factor, A, which can be given as:

Ly
A= M 4
L )

where A can be referred to as the linear model scale, which is approximately 1/20
for this study; Lp is any linear dimension in the field (nature); and Ljs is any linear
dimension on the model.

The kinematic similarity, which is based on velocities, should also have a certain
scaling factor to relate between the field and model velocities. To estimate this factor,
geometric and dynamic similarities are required. A dimensionless number, called the
Froude number (F;), is used in relating model tests with field cases. It is given by the
square root of the ratio between the inertia and gravitational forces of the flow, and
it is simplified and shown in Equation 5.

v

o

where v is the velocity of the moving debris in m/s; g is the gravitational acceleration
in m/s?; and h is the flow height of the moving debris. To conduct a laboratory
experiment on debris-flow, the F'r value should be equal to that of the field. However,
the resulting F'r for most model tests is observed to be higher than that of a typical
debris-flow at the field. From data collected from the field and miniaturised model test
measurements, an F'r value less than 2 is seen in real debris-flow cases, while a range
of 1.2-12 has been observed in small-scale model tests [56].

Debris-flows generally have velocities between 5m/s and 10m/s where the terrain
slope angle is close to 20° [48]. NPRA [48] assumes the slope of the energy line to
have a gradient between 0.2:1 and 0.3:1 in the run-out zone after the 20° point. The
slope angle is an important parameter to fulfil the model-scale laws, which should be
maintained when building a laboratory model for debris-flow study.

Fr = (5)

3. Physical Modelling

3.1. The model set-up

The flume model used for this study is 9m long and has two parts: a run-out channel
and a deposition area. The run-out channel has two inclinations, 23° and 14° slopes,
and it is 0.6 m wide and 0.3 m high. The deposition area is 3.6 m long and 2.5 m wide,
with a 2° inclination. Figure 4 provides a schematic representation of the model.

Two identical wooden crates (boxes), measuring 0.9m x 0.6m x 0.8 m, were used
for containing the debris-flow material. One crate was used for releasing the debris,
and the other is used for collecting it before and after each test. The debris-flow screen
was placed at the end of the run-out channel. The flume model was instrumented with
two flow-height sensors before and after the debris-flow screen. The first sensor was
used to measure the flow height in the run-out channel, while the second measured the
deposition thickness at the deposition area. Three video cameras were used to capture
the flow behaviour, in which Cam-1 was placed above the run-out channel, Cam-2
was placed above the deposition area and Cam-3 was placed at the front of the flume
model. Cam-1 was used to record the debris-flow’s behaviour when it interacted with
the debris-flow screen.
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3.2. Methodology

A 100 kg soil-water mixture was prepared by mixing 80 kg of soil and 20 kg of water
to simulate a saturated debris-flow. These weighted amounts of soil and water were
added to the releasing box and were then thoroughly mixed. The soil-water mixture
corresponded to a total of 50 litres (0.05m3) of fully saturated debris material with
a solid concentration of Cy = 60% by volume. This saturated debris represents well-
developed and fast-moving debris-flow material upon release. In the experiments, the
releasing mechanism simulated a dam break by releasing the whole mass at once, as
the focus of the study was to investigate the behaviour of a well-developed debris-flow
interaction with different debris-flow screen types.

To conduct a given test, the releasing box with the saturated debris material was
lifted by crane and placed on the top end of the run-out channel, as shown in Figure 4.
Before releasing the debris mass from the box, video recording started in all cameras,
and the flow-height sensors were checked. The debris material was then thoroughly
mixed using a hand mixer to create a well-mixed, less-segregated debris-flow upon
release. Finally, the gate was opened, and the saturated debris was released.

Two debris-flow screen lengths (0.5m and 1.0m) and three screen opening widths
(2mm, 4mm and 6 mm) were chosen to be tested. The screens were made by the
systematic arrangement of rectangular steel rods with a cross-section of 10mm x
15 mm, using spacers 2mm, 4mm and 6 mm in size (see Figure 5(b)). Figure 5(a)
shows the placements and starting point of these screens. The starting point of the
screens, which is considered as a reference point for measuring the debris-flow’s run-
out distance, is 2.25m away from the releasing box and 1.0m before the start of
the deposition area (see Figure 4). In addition, two scenarios that represent only the
terrain alteration of the screens are included and used as reference tests, and they
are made from 0.5-m- and 1.0-m-long solid plates in which their opening widths are
referred to as zero.

After each test, the run-out distance (with reference point ‘x’ in Figure 5(a)), maxi-
mum deposition width and maximum deposition thickness of the soil in the deposition
area were recorded. In addition, the maximum deposition thickness on the debris-flow
screen was recorded. After taking all the important measurements and representative
photos, soil samples from selected tests were taken from different parts of the flow
area to evaluate how the grain size distribution of the debris material changed from
the original released material. Finally, the model was cleaned and made ready for the
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Figure 5. Details and measurements of the run-out channel, the screens and the deposition area.

next test.

3.3. Test plan

The test plan is given in Table 1. The 24 tests are named based on the various scenarios
and are given the code ‘s-I-w-n’; where s is scenario, [ is the length of a screen in m,
w is the width of a single opening on a screen in mm, and n is the scenario repetition
number. Each scenario was repeated three times and numbered as n = 1, 2 and 3. The
opening percentage is the percentage ratio of the cumulative opening and the width
of the screen.

3.4. The test material

The debris material used for this test is a sandy soil with a grain size property of
dmaz = 8.0mm, dgg = 6.0mm, dsp = 1.8mm and dip = 0.11 mm. The grain size
distribution (GSD) of the sand is given by Figure 6. The coefficient of uniformity is
Cy = 25, and the coeflicient of curvature is C, = 1.96, which indicates a well-graded
material. The specific gravity of the soil is 2.71 at 20°c. This GSD was maintained
without any significant variation throughout the tests.



Table 1. Test plan and description of dimensions of the debris-flow screens used.

Screen | Screen
Test Test length  opening opening Test Test Length  opening opening
Number Name [m] [mm] (%] Number Name [m] [mm] [%]
T1 S-0.5-0-1 T13 S-0.5-4-1
T2 S-0.5-0-2 0.5 0 0 T14 S-0.5-4-2 0.5 4 29
T3 S-0.5-0-3 T15 S-0.5-4-3
T4 S-1-0-1 T16 S-1-4-1
T5 S-1-0-2 1.0 0 0 T17 S-1-4-2 1 4 29
T6 S-1-0-3 T18 S-1-4-3
T7 S-0.5-2-1 T19 S-0.5-6-1
T8 S-0.5-2-2 0.5 2 17 T20 S-0.5-6-2 0.5 6 38
T9 S-0.5-2-3 T21 S-0.5-6-3
T10 S-1-2-1 T22 S-1-6-1
T11 S-1-2-2 1 2 17 T23 S-1-6-2 1 6 38
T12 S-1-2-3 T24 S-1-6-3
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Figure 6. Grain size distribution of the test material.
4. Results

These results are from the experiment made for a Master’s thesis by Laache [57], and
are re-analysed by the first author. The run-out distance (L), maximum width of de-
position (B), maximum upstream flow height (hps4.), maximum deposition thickness
on the screen (t,) and downstream at the deposition area (¢4), and average front-flow
velocity at the beginning (v4) and the end (vg) of a screen were recorded for all 24
tests and are summarised in Table 2. Tests T1 to T6 are the reference tests without
debris-flow screens, where solid plates of 0.5-m- and 1.0-m-long were used. Tests T7-
T24 were conducted using 0.5-m- and 1.0-m-long screens with three opening sizes, i.e.
2mm, 4 mm and 6 mm. The reference tests were used as the benchmark to evaluate the
performance of the debris-flow screens. The model geometry was identical in each test.
Therefore, changes in the debris-flow run-out distance and flow velocity are attributed
to the debris-flow screen.

The flow-front velocity was measured by analysing the Cam-1 video using Tracker
(Tracker v4.11.0), a video processing software. Due to the homogeneous-looking flow of
the debris-flow’s body and tail, only the flow-front was tracked to compute velocity. In
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Table 2. Summary of the test results (Based on data from Lacche [57]).

Lrr B hatas ty tq vA vB
Test Number  Test Name

[m] [m] fem] [em] [em] [m/s] [m/s]
T1 S-0.5-0-1 2.35  0.90 3.20 3.35  1.90 2.63 2.23
T2 S-0.5-0-2 2.60 0.87 3.40 2.49 1.70 2.28 1.73
T3 S-0.5-0-3 3.05 1.12 5.40 1.44 1.60 2.00 1.80
T4 S-1-0-1 2.65 1.08 3.50 4.39 1.00 2.63 1.97
T5 S-1-0-2 2.75  1.08 4.90 2.61  0.90 2.47 1.97
T6 S-1-0-3 2.10 0.98 4.00 3.83 1.40 2.87 2.80
T7 S-0.5-2-1 1.95 0.66 3.50 771 1.20 3.13 2.57
T8 S-0.5-2-2 1.80 0.98 4.00 5.64 1.30 2.63 1.65
T9 S-0.5-2-3 2.28 0.90 3.20 3.81 1.30 2.93 2.37
T10 S-1-2-1 0.95 0.60 3.60 6.78 0.80 3.03 0.00
T11 S-1-2-2 0.90 0.60 3.40 5.62  0.30 - -
T12 S-1-2-3 0.90 0.60 3.70 5.89  0.40 2.67 0.43
T13 S-0.5-4-1 2.25 1.18 3.90 5.20 2.00 3.10 2.27
T14 S-0.5-4-2 2.50 1.08 3.50 3.75 1.70 2.90 2.43
T15 S-0.5-4-3 2.95 1.02 3.90 5.36  1.60 2.77 1.83
T16 S-1-4-1 0.75  0.60 3.70 5.40 0.40 - -
T17 S-1-4-2 1.00 0.60 3.10 4.22  0.70 2.82 0.57
T18 S-1-4-3 1.00 0.60 3.20 5.07  0.30 3.08 1.10
T19 -0.5-6- 2.40 0.85 4.90 6.34 1.20 2.23 1.53

S-0.5-6-1
T20 S-0.5-6-2 3.00 1.00 3.60 3.70 1.10  3.20 2.17
T21 S-0.5-6-3 2.50 0.70 3.40 6.17 1.30 2.77 1.63

T22 S-1-6-1 0.90 0.60 4.30 4.86  0.80 2.77 0.10
T23 S-1-6-2 0.90 0.60 3.50 4.39 0.70 2.87 0.40
T24 S-1-6-3 0.90 0.60 4.30 5.85  0.90 2.90 0.50

many of the model test cases, the flow-front velocity was non-uniform across the width
of the flow channel because of flow surges. As a result, the average flow-front velocity
is computed by considering velocities at the left, centre and right of the flow. The
values presented in Table 2 as v4 and vp are the average approach and the average
exit-velocities to and from a debris-flow screen, respectively. Figure 7 presents the
flow-front velocities of six representative tests from each scenario group, except for the
two reference test scenarios. This is due to limitations of the output video recordings
that only the v4 and vp values were computed and given in Table 2.

Two distinguishing parts of the debris deposit are observed. The first is water mixed
with very fine soil particles that continued to flow and ended up in the collecting box.
The second is the solid debris that accumulated in the deposition area or on the screen.
The Lp; and B measurements given in Table 2 are for the solid debris. The photos
showing the final deposition shape, along with Lr; and B of the four representative
tests, are presented in Figure 8. This figure illustrates how the debris material flowed,
spread and segregated in the deposition area when using the 0.5-m-long plate and
screens.

From the upstream flow-height sensor, variations in the average flow heights with
time for all the tests are given in Figure 9. For each test, two peak values were extracted
from a respective plot. The first peak represents the hjs,, while the second, stabilized
and horizontal line represents t,,, which are given in Table 2.
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Figure 7. Representative plots showing the flow-front velocities at the left, centre and right sections of the
run-out channel over the 0.5-m- and 1-m-long screens; for 2mm, 4 mm and 6 mm opening widths from top to
bottom.

5. Discussion

The reference test results from T1 to T6 will be used as a benchmark for discussing
the performance of the debris-flow screens. The average run-out distance, Lgy, for
the 0.5-m-long reference test (T1-T3) is 2.67 m, with a standard deviation of 0.35m,
while for the 1.0-m-long reference test (T4-T6), the average Lry, became 2.5m, with
a standard deviation of 0.35m. As expected, the resulting Lpy, is found to be shorter
for the longer slope-alteration length than the shorter.

The average value of the maximum deposition width, B for the 1.0-m-long reference
test, is found to be slightly wider than that of the 0.5-m-long reference test. A wider B
can be an indication of slower flow-front in the deposition area, which forced the flow-
tail to spread side ways, causing a shorter Lgy. Similarly, a lower average upstream
deposition, t,, and a higher average downstream deposition, t4, were observed in the
case of the 0.5-m-long plate than for the 1.0-m-long plate. The average t, for both
reference tests can be seen in Figure 9 between t = 4s and t = 5s.

In both cases, the flow velocities were decreased at the end of the plates when
compared to the velocity at the beginning of the plates. The average flow-front velocity
decrease was observed to be in the order of 15%, which can be considered as a channel
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Reference test 0.5m screen —2mm 0.5m screen —4mm 0.5m screen —6mm

(5-0.5-0-1) (5-0.5-2-1) (5-0.5-4-1) (5-0.5-6-1)
L =2.35m L, =1.95m L =2.25m Ly, =2.40m
B=0.90m B=0.66 m B=1.18m B=0.85m

Figure 8. Photos showing deposition pattern and run-out distance of selected tests from 0.5-m-long cases
(Photos from Laache [57]).

alteration contribution.

5.1. The run-out distance

The recorded Ly, are plotted against the opening width of the screen for each length
in Figure 10. The plot shows the average Lp; along with the lower- and upper-bound
values represented by error bars. The lower- and upper-bound values are those given
in Table 2.

The average Ly, when using the 0.5-m-long screen is observed to decrease to 2.01 m
with the provision of a 2mm opening width. However, the average Lp; showed no
significant change from the reference test when using 4 mm and 6 mm screen opening
widths (T13-T15 and T19-T21). The respective average Lpy, were 2.57m and 2.63 m,
which are not far from the reference average of Lry = 2.70m. One possible reason
for these relatively longer Lpy values may be the mixing of the sufficiently fast liquid
and solid fractions filtered through the screen with the material that jumped over the
screen.

The 1.0-m-long screen is observed to be sufficient for the debris-flow volume, as it
retains almost the entire granular part of the test material. The Lp; were also found
to be relatively consistent, with an average value of around 0.9m for all the three
opening widths. All were less or equal to the total screen length. However, some solid
fractions that had filtered through the 4 mm and 6 mm screens were observed in the
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Figure 9. Average flow height variation with time at the upstream of the countermeasures.
deposition area. In addition, for test T17 and T18 of the 4 mm opening screens in

particular, a saturated surge on one side of the channel was observed to travel the
whole length of the screen, which produced a 1-m-long Lgy.
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Figure 10. Run-out distance with respect to the opening widths of the 0.5-m- and 1-m-long screens

5.2. Flow wvelocity

The average flow velocities recorded approaching, v4, and exiting, vp, the respective
plate or screen are given in Table 2. As expected, the average v, is consistent and
between 2.65m/s and 2.95m/s, except some outliers were observed in T3 and T20
with very low and very high velocities. This variation is a result of different surges
observed in different sections of the flow channel, as shown in Figure 7.

Although average velocity reductions are observed due to the terrain alteration in
the reference tests and the water-draining effect in the screens, the value of vp was
affected by small surges of highly-saturated debris mass. Some of the vp values of the
1-m-long screen shown in Table 2 are non-zero; this is the effect of a small flow-front
part, either in the left or right of the channel, which shoots until the end of the screen.
In the cases of T17 and T18, the average exit-velocity value was as high as 1.1m/s.
However, the average exit velocities when using 0.5-m-long screen vary, and more will
be discussed based on the energy dissipation.
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5.3. Maximum flow height and deposition thickness

Like the approach flow velocity, v4, the maximum flow height, hpsq., recorded at
the upstream sensor was expected and observed to be uniform. The average hpsqr Was
around 3.5 cm (see Figure 9). Some outliers were observed in T3, T5 and T19 that gave
hiraz between 4.9 cm and 5.4 cm. These thick flow heights are due to some saturated
frozen (lumped) masses that were not fully mixed with the rest of the fluidized debris.

In discussing the upstream deposition thickness, t,, Figure 9 shows that the flow
height increases after the ¢ ~ 1.5s mark. This is due to the damming effect from the
decelerating flow-front, which is the first to lose its water content. As the flow proceeds,
the amount of dry flow-front increases, as well as the grains’ resistance through grain-
contact friction and grain-bed friction, while the flow-tail still pushes. However, after
a short time (~ 1s), the major part of the flow-front stops completely and acts as
a dam to halt the entire flow-tail, including the remaining liquid. After the debris
mass was deposited on the debris screen, the liquid held at the back of the debris-dam
continued to drain slowly through the mass and the screen. In some tests, a turbulent
flow behind the debris-dam was observed, and one of them is visible on the plot of
(S-1-2) in Figure 9(b).

The resulting average t, vary between 4.7cm and 6.1 cm for both screen lengths,
whereas for the reference tests, the average t, was recorded as 2.5cm and 3.6 cm for
the 0.5-m- and 1-m-long plates, respectively. The average t,, almost doubled from their
respective reference test results when using the 2 mm opening width (T7-T12), while
a relatively lesser increase was seen when using 4 mm and 6 mm opening widths.

In comparing the downstream deposition thickness ¢4, the 1-m-long screens gave
an average tq thickness of less than 1cm, as there is no significant debris mass in
the deposition area. When using the 0.5-m-long screen, the lowest average t; were
observed during the 2mm and 6 mm opening widths, while a similar average t; was
recorded as that of the reference test when using the 4 mm opening width. This can
also be considered as a measure for the decrease in the amount of the debris passing
the screen. Therefore, all opening widths from the 1-m-long screen, and the 2 mm and
6 mm opening widths from the 0.5-m-long screen were found to reduce the downstream
deposition thickness by up to 33%.

5.4. Effectiveness of the screens

5.4.1. Run-out distance reduction

Effectiveness of the screens can be evaluated using the percentage decrease in average
Lpy, in comparison with the average Lpy, of the respective reference test. This calcu-
lated effectiveness is presented in Figure 11 and plotted against the opening width for
each screen length.

The 2mm opening width reduced the average Lp; observed in the reference tests
of 1m and 0.5m by 63% and 25%, respectively. For the 0.5-m-long screen, this is the
highest percentage reduction on average Ly, while the 1-m-long screen keeps almost
the same percentage reduction for all opening widths. However, the percentage de-
crease in average Lpy, for the 4mm and 6 mm opening widths in the 0.5-m-long screen
case are less than 4% and 1.3%, respectively. The reason for these small percentage
reductions is the result of the fast-moving water and soil fractions passing through the
screen and mixing with the debris that jumped over the screen to travel longer. The
resulting percentage reduction when using the 2 mm opening width for both screen
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lengths can be an indication of an interesting relationship between the opening width
and the dsg = 1.8 mm of the testing material used.

A similar experiment done in Kyoto, Japan, by Kim [43], showed assessment of the
effectiveness of the screen-type debris-flow countermeasure based on the percentage
of the ratio between the cumulative opening width and the total width of the screen.
The screen was, at the same time, used as a deposition area for the tested material,
which makes it suitable to compare it with the 1-m-long screen used in this study.
Therefore, the data from Kim [43] with dsop = 1.78 mm is plotted against the data
from the present study and given in Figure 12. The blocking width of the screens,
in the present study, is a constant 10 mm, while Kim [43] varied it along with the
opening widths, which might explain the slight variations in the results when it comes
to the low-percentage openings of 17% and 29%. The 0.5-m-long screen case is not
comparable, as the debris material run beyond the screen.
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Figure 12. Comparison of percentage opening versus percentage run-out distance reductions with data from
Kim [43].

5.4.2. Energy dissipation

Energy dissipation potential is another aspect for evaluating the effectiveness of a coun-
termeasure. Because of the horizontally aligned provision of the debris-flow screens and
an extremely low-pressure head compared to the velocity head, the energy dissipation
between the beginning and end of each screen will be assessed by the velocity head

16



term only i.e. v2/(2g), (from Equation 1 and 2). Then Equation 3 is simplified as:

Ep~1-(2y (6)

where v4 and vp represent the average velocities given in Table 2.

Figure 13 shows the average percentage energy dissipated in each case. In both the
0.5-m- and 1.0-m-long screen cases, the major amount of energy is dissipated when
using the 2mm opening width. When using the 4 mm and 6 mm opening widths, no
significant increase in energy dissipation beyond what is obtained by the 2 mm opening
width is observed in the case of the 1.0-m-long screen. However, a gradual increase
in energy dissipation is observed when using the 0.5-m-long screen. In the case of the
4 mm opening width and 1-m-long screen, the energy dissipation is seen to be small
and out of the data trend. This might be attributed to the high flow velocity observed
at the end of the screen by some small portion of the debris-flow front.

Generally, the average percentage energy dissipation presented in Figure 13(b) im-
plies that, without the contribution of the terrain alteration, the 1-m-long debris-flow
screen can reduce the flow energy up to 70%, while the 0.5-m-long screen is able to
reduce the flow energy between 25% and 50%.
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opening width. to energy-dissipation factor by terrain alteration
(from reference tests).

Figure 13. Illustration of energy-dissipation factor for evaluating effectiveness of debris-flow screen-types.

5.5. Segregation of the debris material

Soil samples from the deposition area and from the top of the countermeasures were
collected to study the segregation or change in grain size distribution of the original
debris-flow material. The selected tests are T7 (S-0.5-2-1), T13 (S-0.5-4-1) and T19
(S-0.5-6-1).

The samples that are taken from the top of the screen were collected from the end
of the screens because the material deposited in the middle or at the back of the
screen is affected by the debris-tail (subsequent flow surges), while the front material
is interacted fully with the screen to show the effect of the screen.

A sample GSD plot (Figure 14) from T7 (S-0.5-2-1) shows that the material ac-
cumulated on the screen was coarser than the original material, while finer materials
were observed in the deposition area. Table 3 shows a comparison using the dsg values
of the tested samples. The values given in the table demonstrate that the screens can
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Figure 14. Change in grain size distribution (GSD) of the debris-flow material on the screen and at the
deposition area.

retain the major coarse part of the debris-flow. This also shows that debris-flow screens
are not only breaking the flow but also have the potential to retain coarser debris that
might have significant destructive powers.

Table 3. Values of dso for the samples at deposition and
on the 0.5-m-long screen

Test number  Scenario dso dso
screen end  deposition area

T7 S-0.5-2-1 3.0 1.0

T13 S-0.5-4-1 4.2 14

T19 S-0.5-6-1 2.7 1.6

In general, the performance of the debris-flow screen with respect to the opening
width can be discussed in light of the soil material grain size property, dsgo. The ds5g
of the test material is 1.8 mm. In the case of the 4 mm and 6 mm opening widths, the
dso values in the deposition area are found to be greater than that of the 2 mm cases.
This indicates that the mass in the deposition area is not only the soil that is pushed
over the screen but also the soil that is filtered through the openings along with the
muddy liquid. This phenomenon is observed in the case of the 1-m-long screen as well,
where some soil grains escaped through the 4 mm and 6 mm screens.

If not for the frictional force between the soil grains, 6 mm and 4 mm opening widths
could allow 94% and 80% of the debris solids, respectively, while the 2mm opening
width could allow 54% of the debris solids through the openings of the screen. This
gives another perspective on why the first two allowed some soil fractions and were
less effective than the latter. This might be an interesting observation that relates the
debris material property, dsg, with the opening width on the performance of debris-
flow screens. Thus, this observation during the use of the 2 mm opening width in both
screen lengths may contribute to the possible use of dsg as a design criterion for the
optimal opening of debris-flow screens.
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5.6. Scaling effect

In laboratory model studies of debris-flows, the slope of the energy line is one of
the important model scale laws that must be maintained. According to NPRA [48],
the slope of the energy line is expected to fall between 0.2:1 and 0.3:1. Three model
calibration tests, without any structure in the flume channel and deposition area,
were carried out, and the slope of the average energy line was 0.22:1, satisfying the
requirement [57].

From the recorded maximum flow heights and flow velocities, the F'r values were
calculated, and the maximum and minimum values were 5.5 and 2.75 for test numbers
T3 and T18, respectively. This ensures that the F'r of the model test results are with
in the range given as 1.2 < Fr < 12 by Huebl et al. [56]. However, a typical debris-flow
in nature has an F'r value around 2.

The scaling effect can be discussed in terms of the geometric linear scale A. The
model is assumed to have an approximate linear scale of A\ = 1/20. According to
the linear scale factor, the initial volume used in the model, i.e. 0.05 m3, will give an
approximate scaled-up volume of around 400 m®. Such volume can be related to a small
debris-flow, which can be said that a 20-m-long debris-flow screen could dissipate a
major part of the debris-flow energy. The Kamikami-Horisawa Valley field experience
on debris-flow screen [23,43,58] can give an overview of the size and volume of flow
along with the tested screen length.

Encouraging results are found in the model tests. A comparison of these results with
field trial in a controlled condition will consolidate the findings. The optimal length
of debris-flow screen with different opening widths shall be tested with different flow
discharges and volumes. The effect of multiple surges on debris-flow screen performance
should also receive close attention.

6. Conclusion

This work attempts to investigate the debris-flow screen on a laboratory model for
its potential to dissipate the flow energy of debris-flows. The assessment was done
by comparing the effects of different lengths and opening widths of the debris-flow
screen on the resulting run-out distances, flow velocities, flow heights and deposition
thicknesses.

The 1-m-long debris-flow screen is found to be sufficient to halt the flow of the
entire debris-flow volume regardless of the opening width. However, the 4 mm and
6 mm opening widths, which are widths greater than the dsy size of the debris-flow
material, are found to allow some solid fractions through their openings along with
the draining water.

A general observation about the 0.5-m- and 1-m-long debris-flow screens is that
the run-out distance and flow velocity decreases with an increase in screen length.
However, among the three screen opening widths, the 2mm (=~ d5p) opening width
was found to be optimal regarding reducing both the run-out distance and flow velocity
of the debris-flow. A further increase in the opening width exhibits a relatively small
improvement in the reduction of run-out distance and flow velocity.

Further study on different screen lengths and opening widths with varying debris-
flow volume will add to this result and consolidate the interesting relationship found
between dsy and the screen opening width in flow mobility reduction. In addition,
validation from a field experiment will be vital to develop robust design criteria for an
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effective debris-flow screen.
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