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Abstract

Debris flow normally occurs after heavy rains in mountainous regions with multiple
surges. Flexible barriers are installed in torrents to intercept debris flows in an early
stage. For the safer design of a flexible barrier installed in the upstream, the forces on
the barrier invaded by debris flows should be taken into consideration. An outdoor
physical modelling facility was utilized to study the interaction between debris flows
and a flexible barrier. Three continuous debris flow impact tests were conducted to
investigate the performance of a flexible barrier affected and overflowed by multiple
surges of debris flow. A parameter named Initial Block Ratio (IBR) is introduced in
this study to describe the initial condition of a flexible barrier filled by the earlier debris
flow surges. By analysing the results of these tests, the dynamic response of a flexible
barrier under the impact of multiple surges of debris flow is studied, and the influence
of IBR on the interaction of debris flow with the flexible barrier is investigated. Based
on the findings of the experimental study, a new simple method is proposed to calculate
the loads on a filled flexible barrier overflowed by debris flow. By comparing with the
measured impact force in the overflow test, this method has a good performance and

can be utilized in design analysis with further calibration.

Keywords: multiple surges of debris flow; flexible barrier; physical model,

impact force; simple method
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1. Introduction

In a natural gully with a large amount of loose sediment, large-amplitude, regularly
repeating debris-flow surges occasionally occur under heavy rains (Xu et al. 2012; Yagi
et al. 2009; Zanuttigh and Lamberti 2007; Chen et al. 2017; McCoy et al. 2010). Kean
et al. (2013) concluded based on the observations of two field sites that large-amplitude
regularly repeating surges could occur under the rain intensity larger than 30 mm/hr.
Those debris flows carry large boulders and tree trunks, which impose a threat to human
lives and infrastructure (Su et al. 2017; Cui et al. 2018). Alternatively, multi-level
barrier systems are utilized to retain debris material with the advantages of increasing
the retaining volume and reducing the dynamic impact loading progressively (WSL
2008; Shum and Lam 2011; Ng. et al. 2017; Glassey 2013). Flexible barriers have been
increasingly used to mitigate debris flows by arresting major components (debris,
boulders, and tree trunks) and dewatering debris material to weaken the mobility
(Volkwein et al. 2011; Wendeler et al. 2018; Kwan et al. 2014). Multi-level flexible
barriers have been placed in Europe for intercepting channelized debris flows
(Wendeler et al. 2008; Volkwein et al. 2011). In a multi-level barrier system, the
upstream barriers installed in the triggering areas are designed to be overflowed by a
large-scale debris flow which normally contains multiple debris surges (Glassey 2013;
Ng. et al. 2017). A few studies have considered flow-structure interaction for the
multiple-barrier system. Choi et al. (2014) investigated dry granular flow impacting
multiple baffle rows using flume experiments. Ng. et al. (2017) studied the interaction
of the dual-barrier system with a dry granular flow using physical modelling tests. They
concluded that the upstream barrier could reduce the impact pressure on the
downstream barrier due to momentum redirection and flow-thinning. Volkwein et al.

(2011) explored the loading situation of a filled flexible barrier being overflowed based
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on field observation. The dynamic response of a flexible barrier impacted, filled, and

overflowed by multiple debris flow surges requires further research.

The aim of this paper is to study the performance of a flexible barrier impacted and
overflowed by multiple debris flow surges and provide suggestions for the design of
debris-resisting flexible barriers which are allowed to be overflowed. Physical
modelling is utilized by many researchers in the study of geohazard initiation and
mitigation (Wendeler 2016; Paik et al. 2012; Cui et al. 2017). Scaling plays a crucial
role in experiment design aimed at studying the behaviours of debris flow and landslide
(Iverson 2015). Artificial debris flows generated in physical modelling experiments are
difficult to reach the same scale as real debris flow events. Even for the large-scale
physical modelling facility built by USGS with a debris capacity of 10 m® and a flume
length of 95 m (lverson et al. 1992), the flow depth and the Froude number of the
generated debris flows were different from real events (Hungr et al. 1984; Costa 1984;
Iverson et al. 2010). Geotechnical centrifuge has been utilized to investigate the
initiation and flow mechanisms of debris flows by reproducing the field-scale stress
states (Kailey et al. 2011; Bowman et al. 2010; Turnbull et al. 2015). However, for the
study on the dynamic response of a flexible barrier under debris flow impacts, a scale
model is difficult to realistically reflect the dynamic behaviour of different components
of a full-scale flexible barrier (Wendeler et al. 2018). As an alternative, physical
modelling experiments utilizing a field-scale flexible barrier are conducted in this study.
Debris flows are generated in an outdoor modelling facility with the kinetic energies
and impact forces comparable to real debris flow events, which are sufficient for
studying the dynamic response of a flexible barrier under the impact of a debris flow.

The environment and key variables in physical modelling experiments can be well
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controlled, and the experiment data can be collected by the systematic arrangement of
instrumentation. In this study, a series of physical modelling tests are performed using
an outdoor physical modelling facility to quantitatively investigate the impact
behaviours of multiple debris flow surges and their interactions within a flexible barrier.
Three debris flow surges are generated with the interval of one week to study the
successive impacts of multiple debris flow surges. The dynamic response of the flexible
barrier under the impact of multiple surges and the deposition behaviors of the debris
flow surges arriving at different times are presented and analysed in this study. Based
on the findings from those tests, a new simple method is proposed to estimate the forces
on a filled flexible barrier overflowed by a debris flow surge. A comparison with the
measured impact force in the overflow test validates this newly proposed simple

method.

2. Description of the physical modelling facility

A physical modelling testing facility was built in an outdoor experiment site of the
Hong Kong Polytechnic University. This facility consists of three main components
(see Figure 1): (i) a reservoir with a capacity of 5 m?, (ii) a replaceable instrumented
commercial flexible barrier with a width of 2.48 m and a height of 1.48 m, and (iii) a
steel flume with a width of 1.5 m, a length of 7 m and an inclination of 35° to accelerate
the generated debris flows. The reservoir has a vent and a flip-up door facing the flume
to store debris material and initiate debris flows. The flexible barrier is supported by
two inclined posts, and each post is supported by two inclined strand cables. The posts
are hinged to the foundations and can rotate freely in the direction of debris flow impact
to transmit the impact force to the supporting strand cables. The flexible barrier is made

up of steel wire rings with a diameter of 300 mm (No. ROCCO 7/3/300, Geobrugg).
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Those components and structures have been commonly used in Hong Kong and Europe
for geo-hazards mitigation (Wendeler 2016; Ng. et al. 2012). Details of the physical
modelling facility were given in our previous study (Tan et al. 2018b). In this study, a
secondary wire mesh net with a mesh size of 50 mm was utilized to retain coarse
particles (coarse aggregate particles in this study have the diameters ranging from 20 to
50 mm) and allow slurry and small particles pass through. Sidewalls of the flume are
made up of tempered glass to provide a clear observation of the moving debris flow and

its interaction with the flexible barrier.

Instrumentation

The instrumentation arrangement of the physical model is plotted in Figure 2. Tension
link transducers with the capacity of 50 kN are installed on the supporting strand cables.
A data-logger (model name NI PXle-1082, National Instruments) capable of sampling
48 transducers at 1000 Hz simultaneously is used to collect the data of all transducers.
Two high-speed cameras (model name MacroVis EoSens, HSVISION) with the
resolution of 1024x768 pixels and the sampling rate of 1000 f/s are utilized to measure
the velocity of the debris flow before impact and capture the interaction between the
debris flow and the flexible barrier. One high-speed camera is located at the right side
of the barrier, and the other one is placed in front of the barrier, as illustrated in Figure

2.

3. Experiment material and procedures
The debris material was prepared by mixing Completely Decomposed Granite (CDG)
and aggregate with water using an electronic soil mixer before being poured into the

reservoir. The coarse aggregate content of the debris material used in the tests was
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managed referring to the Tsing Shan debris flow in Hong Kong (King 2013) to reflect
the particle size distribution (PSD) characteristics in a debris flow event. As a
comparison, The PSD curves of the debris materials used in this study and the Tsing
Shan debris flow are plotted in Figure 3. The percentage of coarse particles (diameter
larger than 10 mm) is similar to the debris flow event as a reference. Three successive
tests were conducted with the time interval of one week to study the dynamic response
of a flexible barrier impacted and filled by multiple debris flow surges. The measured
parameters of the debris flows in the tests are listed in Table 1. Because of the small
retaining ratio of the flexible barrier in Test 1, two adjustments were made for higher
trapping ratios in the following experiments. In Debris Tests 2 and 3, the debris volumes
were increased, and more coarse particles were added in the debris mixture, which led
to an increase of the coarse fraction and a decrease of the water content. The procedures
of one test are described as follows: at the beginning of the test, the door is flipped up
in less than 0.5 s with the help of a mechanical door-opening system. This door-opening
system is composed of a pair of levels as the lock of the door and four tensile springs
to assist the door opening progress. A detailed introduction of this system was given in
the literature (Tan et al. 2018b). Then, the data-logger starts to record data several
minutes before initiation of debris flow to obtain the initial values of the transducers.
The high-speed cameras capture the motion of the debris flow and its interaction with
the flexible barrier by loop recording, and the recording is triggered to stop at the end
of the test. The depth and velocity of the approaching debris front before impact are
measured from continuous photographs by the side-view high-speed camera, as listed
in Table 1. There are limitations to this measurement method. First, the flume boundary
may cause eddies of the flow whose velocity cannot be accurately measured from the

side view. Second, the flow depth at the center of the flume can be lower than that at
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the two sides due to continuous flow thinning in an accelerating slope. To increase the
accuracy of the measurement, two actions are taken: first, the location and the shooting
angle of the side-view high-speed camera are selected to be perpendicular to the
sidewall of the flume by overlapping two posts in the photographs ; second, the velocity
of the debris flow is averaging from the velocities of five individual particles measured
from five continuous photographs before impact with the assistance of the reference
lines attached to the flume. The starting time of the impact in each test is set to 0 second,
while the negative values indicate the times before impact. In the side-view photographs,
the motions of several selected particles are traced and plotted by vectors to represent

the moving and impact characteristics of the debris flow.

4. Test result analysis

Multiple debris flow impact tests with overflow

The flexible barrier before each test was blocked gradually by the deposited debris
materials in the previous tests (see Figure 4). The interactions of multiple debris flow
surges with the flexible barrier are investigated with the help of the high-speed
photographs and the measured impact forces. By comparing the impact behaviours of
the debris flow surges and the dynamic responses of the flexible barrier in Debris Tests
1-3, how the initial condition of the flexible barrier affects the impact characteristics of

debris flow is studied.

Initial conditions of the flexible barrier in the debris flow impact tests
The photographs illustrating the initial conditions of the flexible barrier in Debris Tests

1, 2 and 3 are plotted in Figure 4. The initial block areas in Debris Tests 2 and 3 were
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measured before each test as Aniock. FOr Debris Test 1, the flexible barrier was empty
before the test and Auiock 1S 0. To quantify the initial blockage of the flexible barrier, a
parameter is defined as the Initial Block Ratio (IBR):
IBR = b 1)
mpact
where Aimpact 1S the total impact area of the debris flow, which is equal to the cross-
sectional area of the flume width multiplied by the flexible barrier height. The Initial

Block Ratios of Debris Tests 1, 2, and 3 are 0, 0.44 and 0.78 as presented in Figure 5.

Impact force estimation and analysis
The impact force on the supporting structures is calculated from the measured tensile

forces on the strand cables using the equation delivered in Tan et al. (2018a):

|
Fc post [(FBL+FBR),Cosg.Cosﬂ_(FAL+FAR)-COS}/-COSO!] (2)

ables,equivalent = |
impact

where Fcablesequivalent iS the equivalent impact force on the supporting structures, lpost is
the distance between the rotation fulcrum of the post and the connecting point of the
cables, limpact is the distance between the rotation fulcrum of the post and the equivalent
impact height of the debris flow, FaL, Far, FsL, and Fgr are the measured tensile forces
on different supporting cables, where “L” and “R” denote “Left” and “Right”, a, £, y,
and ¢ are the included angles between the cables and the impact direction, as listed in

Figure 2. For the facility used in this study, « is 62°, £ is 24°, y is 76°, and ¢ is 60°.



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Results of the debris flow tests with different initial IBRs

Impact force-time history of the flexible barrier

The accumulated impact forces on the supporting structures are plotted in Figure 6.
Since the interval between two tests is one week due to the long preparation period, it
is difficult to continuously monitor the forces on the flexible barrier for the three tests.
As a compromise, the static force finally recorded in the previous test is considered as
the initial load from the trapped debris flow on the flexible barrier in the following test.
The peak of the dynamic impact force occurred at the beginning of the impact in Debris
Test 1, followed by an oscillating impact loading and a static earth pressure. The
oscillating response is attributed to the elastic deformation of the flexible barrier under
the dynamic impact of the debris flow. After the impact process, the trapped debris
material with the mass of only hundreds of kilograms and the flexible barrier composed
an oscillating system. The static earth pressure after impact decreased gradually due to
dewatering and pore-pressure dissipation of the debris deposition, which may affect the
calculation of the incremented impact force in the following test. The static earth
pressure in each test was recorded until the signal was stable. In Debris Test 1, the
dynamic impact loading and the static earth pressure are relatively low compared to the
other two tests. In Debris Test 2, the impact force increases gradually during the impact
process, drops from the loading peak, and keeps stable afterward, which is similar to
the tests performed in the literature (Wendeler et al. 2018; Ashwood and Hungr 2016;
Song et al. 2019). The gradual increase of the impact loading indicates that the static
earth pressure due to debris material deposition plays a key role in the test. In Debris
Test 3, an instant impact peak, a consecutive dynamic impact loading lasting 1.5 s, and
a stable static earth pressure coexist in the overflow process. The magnitude of the

incremented impact force in Debris Test 3 is the largest among the series of tests. Beside
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the different impact mechanisms which can affect the impact forces on the flexible
barrier in the three tests, various debris volumes and water contents in the tests may

also affect the impact forces.

Impact behaviour of Debris Test 1 with IBR of O

The flexible barrier before Debris Test 1 was empty. Thus, the IBR value in this test
was 0. The impact process of Debris Test 1 is plotted in Figure 7 by high-speed
photographs. A certain percentage of small particles and slurry passed through the
flexible barrier with a residual velocity. In fact, only 10% of the debris material was
trapped by the flexible barrier, which led to a relatively low impact force on the flexible

barrier among the tests (see Figure 6).

Impact behaviour of Debris Test 2 with IBR of 0.44

The flexible barrier before Debris Test 2 was partially blocked by the trapped debris
material in Debris Test 1 (see Figure 4b). Based on the above definition, the Initial
Block Ratio (IBR) of Debris Test 2 was 0.44. The impact process in Debris Test 2 is
plotted in Figure 8 by high-speed photographs. Due to the delayed triggering of the
high-speed cameras, the recording time started at 0.78 s. A certain percentage of the
debris material was trapped by the flexible barrier during the interaction. At the end of
the test, the deposited debris material filled the flexible barrier as a wedge with the
deposition height nearly equal to the height of the deformed flexible barrier. From the
measurement of the retained debris material volume, nearly 45% of the debris material
was trapped by the flexible barrier, which caused that 78% of the flexible barrier was

blocked. The impact force on the flexible barrier increased gradually and kept stable
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afterward (refer to Figure 6), which is similar to the centrifuge debris flow impact tests
described in Song et al. (2019). They concluded that the gradually increased impact
force and the static load were attributed to the formation of the dead zone, which has
also been observed in Debris Test 2 (see the formation of the debris deposition wedge
in Figure 8). In analogy with the impact behaviour of the debris flow presented in the
literature, the impact force in Debris Test 2 mainly comes from the static earth pressure
of the gradual deposition of the trapped debris material. It can be observed from Figure
6 that the maximum impact loading in Debris Test 2 is much larger than Debris Test 1
despite a 10 % difference in total volume and slight differences in PSD as well as impact

velocity.

Impact behaviour of Debris Test 3 with IBR of 0.78

Figure 4c shows that the flexible barrier was almost filled by the debris deposition
wedge before Debris Test 3, and the mesh net in the impact area was almost fully
blocked. In Debris Test 3 (see Figure 9), the debris flow shot up via the top surface of
the deposition wedge and overflew the flexible barrier at the beginning of the impact
instead of passing through the net (like Debris Test 1) or being trapped (like Debris Test
2). From the side-view photographs in Figure 9, almost no deformation of the flexible
barrier occurred in the impact process. Thus, we deduced that the flexibility of the
flexible barrier has been seriously jeopardized by the debris deposition trapped in the
flexible barrier. Some researchers considered the loading situation in the overflow
scenario as a combination of the drag force from the overtopping debris flow and the
static earth pressure of the debris deposition (Kwan and Cheung 2012; VVolkwein 2014).
However, from the force-time history in the overflow stage (see Debris Test 3 in Figure

6), three force components are identified in this study: an instant impact loading, an
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impact thrust lasting almost 1.5 s, and a static loading. The largest impact force
combination occurred at the beginning of the impact. From Figure 9, the debris flow
shot up and changed the moving direction at the beginning of the impact process, which
imposed a dynamic impact on the flexible barrier. The momentum redirection was also
observed by Ng. et al. (2017) in the study of the dual-barrier system impacted by a dry
granular flow. By comparing the force-time history with the high-speed photographs,
the instant impact loading comes from the debris flow redirection, the impact thrust
lasting 1.5 s originates from the drag force between the overflowing debris flow and
the debris deposition, and the static loading is attributable to the earth pressure of the

debris deposition.

Influence of initial conditions on impact and deposition behaviours

For Debris Test 1, the flexible barrier was empty (IBR=0). In this test, slurry and small
particles passed through the flexible barrier, and the flexible barrier deformed obviously
under the impact of the debris flow surge. The passing-through of slurry and the large
deformation of the flexible barrier led to relatively low dynamic impact loading and
static earth pressure from the debris flow. In Debris Test 2, nearly half of the mesh net
was blocked by the trapped debris in the previous test (IBR=0.44). In this test, 45% of
the debris material was trapped by the flexible barrier, and no obvious passing-through
of debris flow was observed in this test. Different debris trapping ratios in Debris Test
1 (10%) and Debris Test 2 (45%) indicate that the initial block ratio of a flexible barrier
can obviously affect the deposition behaviour of debris flow. The flexible barrier before
Debris Test 3 was almost filled by the trapped debris material in the previous tests. In
Debris Test 3, the debris flow climbed up the deposition wedge and overflew the

flexible barrier. From the impact force-time history plotted in Figure 6, the largest



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

impact force occurred in the overflow stage (Debris Test 3). Song et al. (2019)
compared the impacts from a debris flow on rigid and flexible barriers and found that
the impact force on a flexible barrier had a much lower peak loading. They attributed
the impact force reduction to the extension of the impact duration in the debris flow-
flexible barrier interaction. The peak loads on the flexible barrier could be attenuated
by up to 50% due to the large deflection of the flexible barrier based on the study using
centrifuge tests (Song et al. 2018). In this study, the jeopardized flexibility and
permeability of the flexible barrier by the previous debris flow surges could also be the
main reason that the largest dynamic impact force occurred in Debris Test 3 (overflow
stage). Under this circumstance, the loading situation in the overflow stage should be
considered in the design analysis of debris flow-resisting flexible barriers which are
allowed to be overtopped (e.g. upstream barriers in a multiple debris-resisting flexible
barrier system). We also find that the IBR (Initial Block Ratio) of the barrier can affect
the impact characteristics and the peak impact forces by comparing the impact forces
of debris flows impacting on a flexible barrier with different initial blockage areas. For
the maintenance of debris flow-resisting flexible barriers, the barrier should be cleaned
in time after the occurrence of a debris flow event. Even a small-scale debris flow can
block a certain part of the barrier and weaken the capability of the flexible barrier in

mitigating new debris flows.

5. Calculation of the impact force in the overflow stage

By analyzing the impact characteristics in Debris Test 3, the peak impact load on the
flexible barrier in the overflow stage (Fpeax) can be divided into three force components,
which consists of the static earth pressure from the debris deposition (Fstatic), the drag

force from the overtopping debris flow (Farag), and the instant peak loading due to
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momentum redirection (Finstant):

F.. =F

static

+F

instant

+ Fdrag (3)

peak =
In the above equation, the static force (Fstatic) can be calculated using the earth pressure
theory, which was first proposed by Armanini (1997) and further developed by

Wendeler (2008). According to this method, the impact force is calculated as:
Fstatic = 0'5’(‘10bulkghdzepositw (4)

where hgeposit IS the total deposition height of the debris flow, w denotes the channel
width (m), and « is the earth pressure coefficient. For rigid barriers, Lichtenan (1973)
proposed a range of values between 2.8 and 4.4, while Scotton and Deganutti (1997)
suggested the range between 2.5 and 7.5. For flexible barriers, a reduced static
coefficient of 1.0 was suggested by Kwan and Cheung (2012) and Wendeler et al.

(2018).

The Voellmy model was first proposed to calculate the rheological properties of snow
avalanches (Voellmy 1955; Yifru 2014). This model has been widely applied to back-
analyse the runout distance and the velocity of the debris flow (Ayotte et al. 1999;
Rickenmann et al. 2006; Naef et al. 2006; Bertolo and Wieczorek 2005; Hussin et al.
2012). This model was also suggested to calculate the drag force (Farag) in the overflow
stage (Kwan and Cheung 2012). In the Voellmy model, the shear stress between two

Iayers can be calculated by the combination of a frictional term and a turbulent term:
V2 ( )
z=h tanp+— 5
Pouic 9 ( (4 hfj

where g is the gravity acceleration, v, h and ppui are the velocity, the height, and the

bulk density of the debris flow respectively, ¢ and & are the friction angle and the
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turbulence coefficient of the debris flow, Hungr (1998) suggested to use ¢=11° and
(=500 m/s? for channelized debris flows based on the back analysis of debris flow

events in Hong Kong.

The effective area of the drag force is simply estimated by multiplying the top length
of the deposition wedge with the width of the channel (Kwan and Cheung 2012). Thus,
the drag force can be calculated using the following equation:

design W

(6)

= =h tan o + ﬁ . Creduced * h
drag — pbulkg (0 hé: Sin5

In this equation, the deposition angle (o) is an important parameter. From the sketch of
the overflow stage plotted in Figure 10a, the deposition angle is the combination of the
slope inclination (dsiope) in the retention area and the sedimentation angle (Jseq) Of the
trapped debris material, which can be written as:

o =0,

stope + 0 e ()
In this study, the deposition angle (o) is 40°, which is measured from the photograph
by the side-view camera in the overflow stage (see Figure 10a). The designed flume
inclination of the physical modelling facility is 35°, thus the sedimentation angle in the
overflow stage is 5°. Kwan and Cheung (2012) suggested 10° for the design analysis of
debris flow-resisting flexible barrier, which was obtained by the back-analysis of debris

flow events. Considering the various sedimentation angles of different debris materials,

the conservative value of 10° is also selected in this study for design analysis.

Another coefficient named Creduced iS defined in this study to represent the height
reduction ratio of the filled flexible barrier. Wendeler et al. (2018) concluded from field

experiments that the filled height of the flexible barrier is 0.75 time of the original
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height before the event. From the observation of the physical modelling experiments in
this study, the height of the filled flexible barrier is 0.6 time of the design height (/design).
Due to the initial slack of the flexible barrier by its self-weight, the height of the

installed flexible barrier is normally shorter than the design height on the drawings.

Thus, c =0.6 (reduced from the design drawing) measured in this study and

reduced

C =0.75 (reduced from the installed flexible barrier) suggested by Wendeler et al.

reduced

(2018) are both reasonable. The estimated reduction coefficient ¢ =0.6 from the

reduced
findings of the physical modelling experiments is selected in the calculation because

this value can be easily obtained based on the design drawing of a flexible barrier.

By analysing the impact behavior of the debris flow in Debris Test 3, we conclude that

the instant loading mainly comes from the momentum redirection of the debris flow.

Based on the impulse-momentum theorem, a simple method is derived to estimate the

instant loading. Following the hypotheses made by Armanini (1997) in the derivation

of the hydro-dynamic method, two assumptions are made in the calculation:

(@) The debris flow is an incompressible homogeneous continuous medium travelling
with a uniform velocity vo and a uniform cross-sectional area, which is a rectangle

with the width of the channel w and the height of the debris flow h;

(b) Based on the continuum mechanics, the speed and the height of the debris flow

before and after momentum redirection are constant.

Thus, the mass of the debris flow (m) can be calculated as:

m= tinstanchprulk (8)
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where tinstant IS the duration of the instant loading, vo is the impact velocity of the debris
flow, pouik is the bulk density of the debris flow, h and w are the height of the debris

flow and the width of the channel.

Based on the impulse-momentum theorem and the momentum redirection during the
impact (see Figure 10a):

Fsantlingane = MV —MV-COS S + MV, -Sin S 9)
Substituting Eq.(8) into Eq.(9), tinstant in both sides can be eliminated, thus:

F

instant

=v’hwp,, (1—Cos S +sin &) (10)

Substituting Eq.(4), Eq.(6), and Eq.(10) into Eq.(3), the peak impact force in the

overflow stage can be calculated as follows:

2 . Vz Creduced * h ign - W
Fea = 0.560, 0 CragozaNsign ) W-+V?hWpy (1= OS5 +5in 8) +hpy 9 {tan P % 1)

Debris fronts reaching the flexible barrier at different times may have different
combinations of debris depths, velocities, and densities (Kwan and Cheung 2012,
Wendeler et al. 2018). To be reasonably conservative in the design, the maximum

values of those parameters should be used in the impact force calculation.

Tan et al. (2018a) concluded from physical modelling tests that the force transmitted to
the supporting structures was much lower than the impact force on the flexible barrier.

Therefore, the calculated impact force on the supporting structures should be reduced
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correspondingly by introducing the Impact Residual Ratio (IRR, ). This value is
defined to quantify the ratio of the impact force transmitted from the flexible barrier to

the supporting structures as:

F
__ Support 12
B=r"" (12)

barrier

The impact loading on the supporting structures (including the supporting posts, the
supporting strand cables, and the foundations) in the overflow stage can be estimated

using the following equation:

2
Fpeak,s = Fstatic,s + Finstant,s + Fdrag,s = OSIBKpdg (Creduced ’ hdesign) W
H Vz Cr duced * hdesi "W (13)
+ pvihwp,, (L-cosd +sin &) + Shp,,. 9 {tan o+ E} : %

The IRR value (f) can be determined from the results of the dry granular flow impact
tests using the same physical modelling facility (Tan et al. 2018a). In that study, around
30% of the impact force from the granular flow was attenuated by the large deformation
of the flexible barrier. Thus, 0.7 is selected in this study as the IRR value. The measured
force-time history on the supporting structures in the overflow stage (see Figure 6) is
used to verify the proposed simple method in this study. The force components on the
supporting structures: Fstatic,s, Fdrags, and Finstants in EQ.(13) are calculated separately

using the parameters listed in Table 2, while the calculated forces are listed in Table 3.

The newly proposed simple method containing three force components, the simple
method proposed by Kwan and Cheung (2012) containing the drag force (Farags) and
the static earth pressure (Fstatics), and the simple method proposed by Wendeler et al.
(2018) containing the vertical stress of the overflowing material (¢) and the static earth
pressure (Fstatics) are compared in this study. The comparison results are plotted in

Figure 10b. From this comparison, the measured peak impact force at the time of 23 s
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( F

measured , peak

) fits well with the combination of the force

+F

instant,s

+F

drag,s

components( F, ), and the simple methods in the literature

tatic,s
underestimate the maximum impact force. Afterwards, the impact thrust lasting 1.5 s

(from 23.2 s to 24.7 s) is underestimated by the force combination of F; , +F

drag,s *
The underestimation is due to the reason that the turbulence parameters used in the
calculation of the drag force are predefined following the suggestions of Hungr (1998),
which may not be suitable for the calculation of the debris material used in this study.

However, the static earth pressure from the debris deposition is accurately estimated by

the hydro-static method ( F,,,. . ) using the density of the debris deposition ( o, ), which

tatic,s
is measured from the debris material trapped in the flexible barrier after the test. From
the comparison results, the simple method can feasibly predict the peak impact force
(Fmeasured,peak) and the static earth pressure in the overflow stage. Moreover, the
parameters in this simple method are predefined or can be easily measured. Therefore,
this method can be practically applied in the design of flexible barriers to determine the

design impact loading in the overflow stage.

6. Conclusions

The performance of a flexible barrier impacted and overflowed by multiple debris flow
surges (Debris Tests 1, 2, 3) was studied using an outdoor physical modelling facility
with a well-established data collection system. A parameter named IBR (Initial Block
Ratio) was defined to quantify the proportion of the blocked area of a flexible barrier
before impact. For the flexible barrier with different IBRs, the impact and deposition
characteristics of debris flows were captured and analysed. Among those tests, the
debris flow in Debris Test 3 overflowed the flexible barrier via the top surface of the

debris deposition wedge formed in the previous tests. Three force components were
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identified from the measured loads on the supporting structures in the overflow stage.
A simple method was proposed to calculate the maximum impact force in the overflow
stage. This method was verified by the force-time history of the supporting structures.
From the experiment data and their analysis, key findings and conclusions are

summarized and presented as below:

(a) With the increase of the Initial Block Ratio (IBR), the trapping ratio of the debris
material increased correspondingly. In this study, the trapping ratio increased from
10% in Debris Test 1 (IBR=0) to 45% in Debris Test 2 (IBR=0.44).

(b) Before Debris Test 1, the flexible barrier was empty initially (IBR=0). The dynamic
impact force acting on the flexible barrier was much smaller than the dynamic
impacts in Debris Tests 2 and 3 because a large percentage of debris material passed
through the flexible barrier.

(c) Before Debris Test 2, the flexible barrier was partially blocked by the debris
deposition in Debris Test 1 (IBR=0.44). A large percentage of debris material was
trapped by the flexible barrier in Debris Test 2. The impact force in this test
gradually increased with the increment of the debris deposition.

(d) Before Debris Test 3, the flexible barrier was almost filled by the debris deposition
in the previous tests (IBR=0.78). Thus, most debris overflowed the flexible barrier
via the top surface of the deposition wedge. From the force-time history of the
supporting structures in the overflow stage, three force components were identified:
the drag force from the overtopping debris flow, the impact force from the debris
flow redirection, and the static earth pressure from the debris deposition.

(e) A simple method was proposed to estimate the impact force in the overflow stage
by calculating the force components with corresponding equations. By comparing

with the force-time history of the supporting structures in the overflow stage, the
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proposed simple method can accurately predict the loads in the overflow stage with

simple parameters and coefficients.

From the findings in this study, we suggest that the flexible barrier should be cleaned
frequently to keep its capability in preventing debris flows. For an upstream debris
flow-resisting flexible barrier in a multi-level flexible barrier system that is allowed to
be overflowed, the force situation in the overflow stage could be the severest and should
be considered in the design analysis. The new simple method proposed in this study has
a great potential for being adopted in the design analysis because all parameters in this
simple method have specific physical meanings that have been predefined in this study
or can be determined easily. At present, there are still some restrictions on
implementing this method. Wendeler and VVolkwein (2015) concluded from laboratory
tests that the ratio of the mesh size to the particle diameter can affect the retaining rate
and the impact force in the interaction of a debris flow with a flexible barrier. Choi et
al. (2019) found that the basal clearance of a barrier can obviously reduce the impact
forces from a granular flow. While the influences of the mesh size and the basal
clearance have not been covered in this study. The definition of IBR (Initial Block Ratio)
simplifies the blockage zone, which is normally a 3D deposition wedge, into a 2D
blockage area on the flexible barrier. For the debris flows with different debris materials
and the natural slopes with different angles of inclination, the shapes of the deposition
wedges could be various. Besides, the coefficients suggested by Hungr (1998) for
impact force calculation are based on the back analysis of debris flow events in Hong
Kong. For the design analysis in other countries and regions, further calibrations of the
coefficients are needed for higher prediction accuracy. Considering the importance and

complexity of the interaction between a debris flow and a flexible barrier, researches
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should be progressively conducted to provide more reliable explanations and update the
existing guidelines in order to define a more rational design procedure of flexible

barriers for mitigating debris flows.
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Table 1. Parameters and measured values of the debris flow tests

Parameters Multiple debris impact tests with overflow
Debris Test 1 | Debris Test 2 | Debris Test 3

Bulk density (kg/m®) 1604 1811 1708

Water content (%) 89.4 50.5 67

Total volume of debris flow | 2.00 2.30 2.28

mixture (m®)

Retained volume of debris 0.2 1.0 N/A

flow mixture (m?) (Overflowed)

Trapping ratio (%) 10 45 N/A
(Overflowed)

Initial Block Rate (IBR) 0 0.44 0.78

Velocity before impact (m/s) | 6.7 6.5 6.1

Flow depth (m) 0.1 0.1 0.2

Ero_Vo 6.76 6.56 4.36

Jan
Equivalent incremented 1.3 5.4 13.9

maximum impact force on
supporting structures (kKN)




Table 2. Parameters for calculation of the impact force in the overflow stage

g Nbarrier | W K Phulk pd v h € )] &
(m/s?) | (m) | (m) (kg/m®) | (kg/m®) | (mfs) | (m) | (°) [(°) | (m/s)
9.81 0.89 15 |1 1708 2075 6.1 0.2 |40 11 500

Table 3. Calculated forces on the supporting structures in the overflow stage using Eq.(13)

Type of force | Representative equation Calculated force
(kN)
Finstant,s Finstant,s = (1— IB)V(:)Zthbulk (l—coso +sin o) 11.7
Fatic, 2 8.4
saties Fstatic,s = 05(1_ IB) Kpd g (Creduced hdesign ) W
Fdrag,s VZ Cre uced h esign * W 2.8
Fdrag,s :(1_13) hpbulkg|:tan(p+h_og:|' . dS|nd5 :
Fimpact,1,s Fimpact,l,s = Fpeak,s + Finstant,s + Fdrag,s 22.9
Fimpact,Z,s impact,2,s Fstatic,s + Fdrag,s 112
Fimpact,S,S Fimpact,?:,s = Fstatic,s 8.4






