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Abstract: Conventionally, flexible barriers are rated
based on their ability to resist a free-falling boulder
with a particular input energy. However, there is still
no  well-accepted  approach  for evaluating
performance of flexible barrier under debris flow
impact. In this study, a large-nonlinear finite-element
model was used to back-analyze centrifuge tests to
discern the effects of impact material type, barrier
stiffness, and flow aspect ratio (flow height to flow
length) on the reaction force between the impacting
medium and flexible barrier. Results show that, in
contrast to flexible barriers for resisting rockfall, the
normal impact force induced by the highly frictional
and viscous debris is insensitive to barrier stiffness.
This is because the elongated distributions of kinetic
energy are mainly dissipated by the internal and
boundary shearing, and only a small portion is
forwarded to the barrier. Furthermore, a new stiffness
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number is proposed to characterize the equivalent
stiffness between a debris flow or a boulder, and a
flexible barrier. Under the circumstance of an
extremely elongated debris flow event, i.e., low aspect
ratio, the load on a barrier is dominated by the static
component and thus not sensitive to the barrier
stiffness.

Keywords: Debris flow; Flexible barrier; Impact;
Stiffness; Flow aspect ratio

Introduction

Flexible barriers are commonly installed in
mountainous regions to catch rock fragments and
boulders. A typical flexible barrier comprises a net
suspended by cables and posts. Energy dissipating
devices are installed on the cables and are
principally responsible for attenuating the impact
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load (Wendeler et al. 2006, 2007). The barrier
stiffness, more specifically, the cable stiffness
(along the retaining cable), is the key feature of a
flexible barrier. The rockfall flexible barriers are
rated based on their capacity to resist a free-falling
boulder with a particular input energy (energy
approach, EOTA 2016). Over the past decades,
flexible barriers designed for rockfall have been hit
by debris flows and these barriers have proven to
be quite effective (Brighenti et al. 2013; Canelli et
al. 2012; DeNatale et al. 1999; Kwan et al. 2014;
Wendeler 2008). More and more flexible barriers
are now being installed for mitigating debris flows.
In contrast to the concentrated rockfall impact,
open hillslope landslide or channelized debris flow
impact is a distributed and progressive loading
process (Major 1997). To account for the difference
in loading behavior, GEO (2012) recommended
using an energy reduction factor of 0.75 when
downscaling a rockfall barrier for resisting open
hillslope landslide or channelized debris flow.
However, the energy approach cannot provide
details like impact pressure and cable force (known
as force approach) which are instrumental for the
flexible barrier and barrier foundation design
(Song et al. 2019). There is certainly a need to
better understand the mechanisms of debris
impacting a flexible barrier to optimize flexible
barrier systems based on the force approach.
Insight on the impact mechanisms between
debris flows and a flexible barrier has been
hindered by the poor temporal predictability of
natural debris flow events (Kwan et al. 2014; Ma et
al. 2013; Wendeler et al. 2006; 2007; Chen et al.
2013) and the costly nature of large-scale testing
(Bugnion and Wendeler 2010; DeNatale et al.
1999). Furthermore, the vagaries of the natural
setting and soil material involved render large-
scale tests and field monitoring results less
reproducible (Iverson 1997; 2015; Iverson and
George 2014; Zhang 1993). Bugnion and Wendeler
(2010) carried out a series of large-scale tests to
model 50 m3 of debris flows impacting a 3.5-m-tall
flexible barrier installed at the end of a 40-m-long
natural channel. Findings provided insight on the
relevance of hydrodynamic models on estimating
the impact force exerted by a debris flow on a
flexible barrier. However, details on the response
of the energy dissipating devices were not available,
which limits a comprehensive understanding of the
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effects of flexible barrier stiffness on the resisting
forces required.

In this study, the response of flexible barrier
cables under concentrated and distributed loading
is compared to reveal the fundamental differences
between boulder and debris impact. Centrifuge
tests (Ng et al. 2016b) were then adopted to
calibrate and verify a nonlinear numerical model. A
systematic parametric study using the calibrated
numerical model was carried out to investigate the
effects of debris type, debris-barrier stiffness, and
aspect ratio of flow on flexible barrier response.
The cable stiffness is adopted as a basic barrier
stiffness to non-dimensionalize the results and
highlight the correlation between the barrier
property and reaction force. This study aims to
shed light on the mechanisms of debris-flexible
barrier interaction and to provide scientific
approach to streamline engineering design.

1 Concentrated and Distributed Loading

To reveal the fundamental difference between
boulder and debris impact on a flexible barrier, this
section compares the response of a single flexible
barrier cable, i.e., cable deflection and cable forces,
under concentrated and distributed loading.
Figures 1a and 1b show schematics (plan view) of a
flexible barrier cable with an initial length of L
under a point load F and distributed load p. The
point load F is assumed to be equal to the product
of distributed load p and initial cable length L, i.e.,
F = pL. The point load Fis applied at the middle of
cable and the deformed cable is represented
linearly. By contrast, the distributed load p is
applied uniformly and orthogonally to the cable
and its deformed profile is characterized as a
circular curve (Sasiharan et al. 2006).

The decomposition of the cable force T
includes a component normal to the barrier face Tt
and a horizontal component Ty (Figures 1a and 1b).
The normal components 71 on the right and left
sides of a flexible barrier cable give the impact load
F induced by the flow. While the horizontal
components Ty on both sides counterbalance each
other since they are same in magnitude but in
opposite directions.

The maximum deflection Dy and cable force
T resulting from the normal impact load Fy under



Ty r

(b)
Figure 1 Schematics of impact load on a horizontal
cable under (a) concentrated load F; (b) distributed
debris load pL=F along the chord of a circular curve. D
is the maximum deflection; T'm is the horizontal
component of cable force in the middle of cable; r is the
radius of the circle.

quasi-static conditions for both the point
(concentrated) and distributed loading cases are
shown in Figure 2a. Details of the calculation for
point load and distributed loading cases are
summarized in Appendixes 1 and 2, respectively.
The subscript “N” denotes the variables are non-
dimensionalized by proper normalization. A
comparison of deflection Dy and normal impact
load Fx profiles show that the distributed loading
case results in a stiffer response compared to the
concentrated loading case. More specifically, at Dy
= 0.6, the Fy resulting from distributed loading is
2.3 times of that of the concentrated loading case.
On the contrary, the cable force Ty induced by the
distributed loading is lower than that of the
concentrated loading (Figure 2a). This is because
the deflection angle y for distributed loading is
larger than concentrated loading (Figure 2b),
leading to a lower induced cable force Tx.

The stiffer loading response while maintaining
lower cable force are the key features of distributed
loading. Based on these features, any flexible
barrier capable of redistributing concentrated load
across the barrier width is beneficial for the flexible
barrier structural integrity. Note that the above
discussion is based on the same normal impact
loads F of concentrated and distributed loading, i.e.,
under quasi-static loading condition. For dynamic
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Figure 2 Relationships between (a) maximum
deflection and normal impact load, and cable force and
normal impact load; data points of “viscous, 1 k.’ will be
discussed in Section “5.2 Cable forces”; (b) impact load
and cable deflection angle. The variables are normalized
and marked as “N” in the subscript.

scenario, the normal impact load F is a result of
boulder or debris impact with certain momentum.
Assume a flexible barrier is under separate impact
of boulder or debris with the same momentum.
Based on the conservation of momentum, a stiffer
(distributed) loading response results in a higher
impact load, which in turn increases the cable force.
Hence the lower cable force as a feature for
distributed loading may not be valid for dynamic
impact. The sensitivity of flexible barrier response
to debris impact with distributed momentum and
single boulder impact with concentrated
momentum will be examined in details below.

2 Flow Characterization

Scaling ensures similarity between the model

1631



J. Mt. Sci. (2019) 16(7): 1629-1645

and the prototype (Iverson 2015). The Froude
number (Fr) governs the dynamics of open channel
flows (Choi et al. 2015). In this study, two Fr with
different characteristic lengths are defined to
quantify the macroscopic flow regimes (Figure 3),
specifically, the height Froude number Fry, and the
length Froude number Fri. The Fry is the ratio
between the inertial and gravitational forces acting
on the channelized flow and is given as follows:

Frh =—— (1)

T

where v is flow velocity (m/s), g is gravitational
acceleration (9.81 m/s2), and h is the flow depth
(m). The Fry has been well-established to govern
the prevailing impact mechanisms of channelized
flows (Armanini et al. 2011; Hiibl et al. 2009;
Vagnon and Segalini 2016). To provide a clearer
physical representation pertaining to the
anticipated impact load (Faug 2015), the Fry can be
further rearranged as follows:

B2 = V_2 _ pv'hL  Inertial force

h — - ) - . . (2)
gh pgh”L Gravitational force

where hL is the impact area on the barrier.

The length Froude number (Fri) characterizes
ratio between the flow velocity v and the free-fall
velocity Jel (Iverson et al. 2014). Alternatively, the
Fr is a ratio of time scales for debris motion under
gravity \/g and debris with length [ passing a

point [/v:
|1
Frlz—v __/g

eV &)

_ Time of debris motion under gravity

Inertial time of debris pass a point

Note that in dimensional analysis, physical
processes are usually simplified and dimensionless
constants can be neglected. For instance, the free-
fall velocity +/¢/ is used to represent the downward
debris motion along the slope (Iverson 2015) in Eq.
3.

The ratio of the two Fr in Egs. 2 and 3 gives an
aspect ratio ¢ of a flowing mass (Figure 3):

F ’”12 _h

Frl 1

4
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Figure 3 Schematic vertical cross section of a debris
flow surge. Relationship between the height Froude
number Fry, length Froude number Fri, and aspect ratio
e.

The aspect ratio ¢ reflects the shape factor of a
particular debris flow. A debris flow with a high ¢
can be characterized as a short and thick flow. Such
flows carry more momentum at flow front and
generate a higher peak impact force compared to a
flow with low &, which characterizes an elongated
and thin flow body (Ashwood and Hungr 2016;
Ishikawa et al. 2010). The aspect ratio is a key
factor for the design of debris flow protection
structure and more details are discussed in Section
“6.4 Effects of flow aspect ratio”.

3 Centrifuge Modelling of Debris Flows
Impact on Flexible Barrier

A series of centrifuge model tests (Ng et al.
2016b) using dry sand and viscous fluid flows
separately were back-analyzed. The centrifuge tests
were carried out at a gravitational acceleration of
22.4¢g. A model flexible barrier, equivalent to a 5.2
m (233 mm in model scale) wide and 4.5 m (200
mm in model scale) high barrier in prototype, was
installed perpendicularly to a 25° slope. The new
flexible barrier model comprises four instrumented
cables controlled using spring mechanisms to
replicate the non-linear cable response (Chan et al.
2012) of a prototype flexible barrier using a
simplified bilinear loading curve (Ng et al. 2016a).
An impermeable barrier was adopted to prevent
debris from passing and to isolate the effects of
barrier stiffness (Leonardi et al. 2016). In the
impact process, the displacement and force of
spring mechanisms are scaled by 1/N and 1/N2
times, respectively. Thus, the stiffness of flexible
has a scaling factor of 1/N. The well-established
scaling laws (Bowman et al. 2010; Ng et al. 2016a;
Schofield 1980) for the impact problem are



summarized in Table 1. Details of the centrifuge
tests are discussed in Ng et al. (2016b).

Table 1 Relevant scaling laws

Parameter Dimension Szl oy
(model/prototype)

Gravity L/T> N

Density M/L3 1

Length (displacement) L 1/N

Mass M 1/N3

Velocity L/T 1

Inertial time T 1/N

Force (impact load) ML/T> 1/N2

Flexible barrier stiffness M/T?2 1/N

Load cells were installed along each horizontal
cable to measure the induced axial force. Laser
sensors were used to capture the elongation of the
cable of model barrier. The cable displacement and
force measurements were captured synchronously.
The interaction kinematics was captured using a
high-speed camera. The velocity attenuation and
impact mechanisms behind the barriers were
analyzed using Particle Image Velocimetry (PIV)
analysis (Take 2015; White et al. 2003).

Leighton Buzzard fraction C sand was used to
model dry granular flows. The sand comprises
fairly uniform grains with diameters of about 0.6
mm. The bulk density of the material held within
the storage container was about 1530 kg/m3. The
internal friction angle of the sand is 31°. The
viscous liquid has a density of 1580 kg/m3 and a
measured specific viscosity of 11.3 Pa-s. The high
viscosity of real debris flows is attributed to the
high solid fraction of debris flows. The prototype
volume of the debris is 250 m3 (22 Liter in model
scale).

4 Large-nonlinear Finite Element
Modelling of Debris and Boulder
Impact on Flexible Barrier

The most commonly adopted approaches for
modelling debris flow are based on depth-averaged
continuum models (Iverson and George 2014).
Continuum models are robust and very
computationally efficient. The advantages of 3D
continuum approach include its ability to allow for
vertical momentum transfer and thus to model
debris flow impact problems, i.e., debris run-up
and dead zone formation. In this study, 3D large-
nonlinear finite element software package, LS-
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DYNA, was adopted for back-analyzing the
centrifuge tests and carrying out a parametric
study. LS-DYNA uses an explicit time integration
to study nonlinear flow problems and has been
widely used for stress and deformation analysis of
structures subjected to impact (Hallquist 2007).
The  Arbitrary  Lagrangian-Eulerian  (ALE)
formulation discretizes the computational domain
into a mesh of elements (Donea et al. 1982), which
can move arbitrarily and optimize its shape to
prevent distortion, thereby enabling large
deformation to model debris flow. The numerical
model has been verified against several well-
documented case studies, including Yu Tung Road
debris flow in Hong Kong (AECOM 2012; Kwan et
al. 2015).

4.1 Numerical model setup

Figure 4 shows the three-dimensional finite
element mesh adopted in this study. The barrier
face (membrane, shell element), horizontal cables
(beam element), slope bed (shell element),
container (shell element), and the boulder (solid
element) were based on the Lagrangian description
(Leonardi et al. 2016). To solve numerical problem
of modelling the large deformation of the flow, the
debris was modelled wusing the Arbitrary
Lagrangian-Eulerian (ALE) approach. Debris
movements were constrained by the slope bed and
the side walls. The brake element (energy
dissipating device) was modelled as a bilinear
loading behavior (Figure 5). The opening of storage
container was calibrated to ensure the released
debris achieve the necessary Froude conditions.
For tests pertaining to boulder impact, a single
elastic ball with a prototype diameter of 2.42 m and

,f\‘\“
/ .
/ 7
/ Storage /
/ container /
/ ’
22 Liter (250 m’//
Horizontal cable
L-., / Bilinear spring HA\\K/ orizontal cable
\‘ /_ ey Membrane
./ /

\ Debris ~
—

(11.9 m)

Upper
WM:

200 mm
(4.5m)

Figure 4 3D FEM mesh of numerical model (Prototype
dimensions in the bracket).

1633



J. Mt. Sci. (2019) 16(7): 1629-1645

an initial velocity in front of the flexible barrier was
modelled.
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Figure 5 Load-displacement behaviors of flexible
barrier horizontal cable with varying stiffness (along the
cable direction, all dimensions in prototype scale)

Table 2 Properties of flexible barrier and debris
materials (all dimensions in prototype)

Key items Parameter Value
. Density p 1580 kg/ms3
Viscous Viscosity 1 11.3 Pa-s
Shear modulus G~ 5.0x105 Pa
Debris Bulk modulus K 1.0x10°6 Pa
Frictional Density p 1530 kg/m3
Friction angle ¢ 31°
Cohesion ¢ 0.1 kPa
Young’s modulus E  5.2x10'°Pa
Poisson’s ratio v 0.23
R Density p 2600 kg/m3
Diameter d 2.42 m
. Stiffness Ki 1.8x10° N/m
Flexible cable Stiffness K- (1 k) 2.0%105 N/m

4.2 Constitutive models and model
parameters

The rheology of the viscous fluid was described
using a viscous model with dynamic viscosity n =
11.3 Pa-s and density of 1580 kg/ms3. The dry sand
is modelled as a cohesionless medium with friction
angle of 31° and its behavior is described by the
Drucker-Prager yield criteria with an associated
flow rule and assuming constant volume. The dry
sand is referred to as “frictional” herein. To prevent
numerical instability, a non-zero value of cohesion
0.1 kPa (ARUP 2013; Kwan et al. 2015), which does
not pose obvious influence on the flow behavior,
was provided. The properties of boulder are
equivalent to a granite sphere with elastic modulus
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of 5.2x10% Pa and density 2600 kg/ma3. Table 2
provides a summary of the material properties for
this study.

4.3 Flow-barrier contact algorithm

Interaction between the debris (ALE), boulder
(solid element), and barrier (membrane, shell
element)/slope bed (shell element) is modelled
using finite-element contacts. The independent
motion of each contact is calculated over a small
time step in the order of microseconds (Hallquist
2007). Any penetration of the debris (boulder) into
the barrier or channel results in a normal reaction
force which is distributed evenly between
debris/boulder and the barrier/channel. The
magnitude of this force is proportional to the
amount of penetration and is determined using an
interface spring stiffness governed by an equivalent
modulus resulting from the debris/boulder and
barrier/slope bed (Koo 2017). In the preparation of
centrifuge tests, by using the tilting test method
(Hungr 2008), the interface friction angle between
channel bed and debris material was calibrated as
22.6°. In the numerical model, Coulomb friction
with a coefficient of 0.42 was adopted at the
interface between the debris/boulder and the
channel.

4.4 Numerical modelling procedure

Each simulation subjects the model to the
influence of gravity by increasing the gravitational
acceleration gradually from o to 22.4 g. After
reaching the desired g-level, the debris in the
storage container is released on to the slope. For
the boulder, the initial velocity was set the same as
that of the debris flow velocity (12 m/s) before
impact. The momentum of the boulder is only 10%
that of the viscous and frictional debris flows
because the overall volume is less. The impact
pressure induced by debris/boulder on the barrier
face is further transferred to the cables and the
dynamic response is recorded using the beam
elements.

4.5 Numerical simulation plan

In total 28 numerical simulations were carried
out. The focus of this study is to investigate the



response of barrier subjected to distributed debris
flow loading (viscous and frictional flow cases) and
concentrated boulder loading. Figure 5 shows the
bilinear behavior of the cable used to replicate the
complex prototype load-displacement response of a
flexible barrier. The bilinear behavior of the cable
comes from the elasto-plastic load-displacement
response of energy dissipating devices attached to
the cable (Castanon-Jano et al. 2017). The first
stage of the bilinear behavior denotes the elastic
deformation of the cable and energy dissipating
devices, while the second stage denotes the plastic
deformation of the energy dissipating devices. Only
the second linear stage of the bilinear response (K>)
is varied. The reference stiffness k. = 2.0x105 N/m
(Table 2; Ng et al. 2016b). The stiffness is varied as
nk., where n = 0.5, 1, 5, 10, 20, 40, and 80. A cable
stiffness that is equal or greater than 10 k. is
considered as linear rather than bilinear. The cable
stiffness marked as “Brake element” is the loading
behavior of a brake element from a proprietary
prototype flexible barrier (Zhou et al. 2011). In
order to obtain a better understanding of the
effects of flow aspect ratio on the dynamic response
of flexible barrier, the discharge rate of the debris
flows was tuned to study a range of aspect ratio
ranging from 0.019, 0.020, 0.022, to 0.023. A
summary of the parameters investigated is given in
Table 3.

5 Calibration of Numerical Model

5.1 Impact mechanisms

To compare test results, the initial time of all
28 tests is set to 1.0 s just as the flow front impacts
the barrier. All results are presented in prototype.
Figure 6 depicts the impact kinematics of a viscous
flow impacting a flexible barrier with stiffness 1 k..
The flow decelerates and jumps along the barrier
face, thereby inducing large deformation of the
barrier (Figures 6a and 6b). The jump eventually
rolls back towards the channel (Figures 6¢ and 6d).
The change in color of the flow demonstrates that
the velocity decreases after impacting the flexible
barrier. Figure 7 shows a typical comparison of the
observed impact kinematics, corresponding
Particle Image Velocimetry (PIV) analysis, and the
computed impact kinematics (with velocity vectors)
for the viscous and frictional flows. The impact of
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Table 3 Summary of parameters considered in the
impact on flexible barrier

Debris Cable stiffness Aspect
FRmIELaE rheology  (nk.) Fry rat]?oe
0.5
1
Cable Viscous Brake element*
stiffness Frictional 3.67 0.019
(nke) Boulder 10
20
40
8o
3.67 0.019
Flow . 3.59 0.020
regime VST 1 3.62 0.022
3.56 0.023

* “Brake element” is the loading behavior of a brake
element from a proprietary flexible barrier (Zhou et al.
2011).

the viscous flow against the flexible barrier exhibits
a pronounced jump, herein referred to as a run-up
mechanism. By contrast, the frictional flow
develops a pile-up mechanism where sand
progressively layers on top of a static deposit (Choi
et al. 2015; Wendeler and Volkwein 2015;
Wendeler 2016). A comparison of the impact
kinematics corroborates that the selected
constitutive models and input parameters are
capable of capturing key features of viscous and dry
sand flows impacting a flexible barrier.

5.2 Cable forces

Figure 8a shows a comparison of the
computed and measured axial loads in the top,
upper intermediate, lower intermediate, and
bottom cables. The discrepancy in the top cable is
attributed to the difference in time for the debris to
reach the top of barrier. To further examine the
performance of the numerical model prediction,
the computed normal impact force and maximum
deflection of the bottom cable are shown in Figure
2a. Although the loading behavior of the model
barrier cable, with stiffness 1 k., is characterized as
bilinear (Figure 5), the computed data for
distributed loading shows reasonable agreement
with the theoretical prediction. When cable load
exceeds the inflection point for the bilinear curve
(40 kN), the influence of high stiffness in the first
stage of bilinear loading tends to be negligible
compared to the low stiffness of the second stage of
the loading curve. Comparison of the normal
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Figure 6 Interaction kinematics of viscous, 1 ke: (a) t =1.3 s; (b) t = 1.8 s; (¢c) t =2.3 s; and (d) t = 2.8 s.

impact force for viscous and frictional debris
materials shows that the difference between the
measured and modelled total force is less than 10%
(see Section “6.1 Effects of impact material type”).

6 Result Interpretation

6.1 Effects of impact material type

The forces exerted by the viscous flow
impacting a flexible barrier with stiffness 1 k. are
shown in Figure 9a. The computed peak value of
the normal impact force F agrees well with that
predicted using hydrodynamic equation F = apv2hL
(a = 1.0, WSL 2009). By contrast, the boulder
impact force, a shorter duration impact, exhibits a
much higher normal peak load (Figure 10a).

Figure 11 shows the response of a flexible
barrier with stiffness of 1 k. impacted by viscous
and frictional debris flows and a boulder. The
normal impact force resulting from the different
materials impacting the flexible barrier is
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normalized by the impact force (749 kN) exerted by
the viscous flow (Figure 9a). The measured impact
forces of the viscous and frictional flows from the
centrifuge model tests (Ng et al. 2016b) are also
shown for comparison. The impact force exerted by
the viscous flow, characterized by a run-up impact
mechanism, is almost twice that of the frictional
pile-up impact mechanism. Although the boulder
only carries 10% of the momentum of the debris
flow before impact, the normal impact load (1403
kN) is about twice as much as the viscous flow
impact (749 kN). This impact force on flexible
barrier is higher than the characteristic value (1000
kN) on rigid structures as recommended by
(Austrian Standards Institute 2010; Huebl et al.
2017). This is because the size (2.42 m in diameter)
and velocity (12 m/s) of boulder in this study are
far beyond the design scenario of ONR 24801 (e.g.,
boulders of 0.5 m in diameter, 1300 kg in mass,
and 9 m/s in velocity, or 1.0 m in diameter, 10000
kg in mass, and 3 m/s in velocity).

Debris-resisting flexible barriers originate
from rockfall flexible barriers, but the mechanisms
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Figure 77 Comparison of impact kinematics, PIV analysis, and computed impact kinematics (with velocity vectors):
(a) Viscous at t = 1.8 s showing run-up mechanism; (b) Frictional at ¢ = 2.1 s, showing pile-up mechanism. The
deflection of flexible barrier in the high-speed image was hidden by the rigid post.

that govern the dissipation of energy are quite
different. A single boulder exerts a concentrated
load on the face of the barrier. The impulse leads to
localized deformation and the kinetic energy of the
boulder is mainly absorbed by the barrier itself. In
contrast, when a debris flow impacts a flexible
barrier, there is a significant attenuation of kinetic
energy within the flow body itself. A debris flow
front may impose an impulse load on the barrier
over a distributed area, however subsequent flow is
attenuated by interaction with the deposited
material in front of the barrier in a relatively mild
manner (Moriguchi et al. 2009; Ng et al. 2016b).
The kinetic energy is mainly dissipated through the
internal shearing enhanced by the velocity gradient

between flowing debris and static deposit (Song et
al. 2019). The role of the static deposit is critical to
the flexible barrier design. Thus the impact pattern
of a distributed load on a single cable (without
static load, Figure 1b) cannot fully represent the
impact scenario of debris flow interacting with a
whole flexible barrier. The discussion of distributed
loading induced high impact load in Section 1
“Concentrated and Distributed Loading” is not
confirmed by this numerical study. Furthermore, a
debris flow with more momentum concentrated on
the flow front, as the boulder impact does, could
induce larger impact load, because the influence of
static deposit is not significant at the frontal impact.
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6.2 Effects of barrier stiffness

1638

Figure 8b shows the change in cable force with
time for a viscous liquid impacting a flexible



barrier with a stiffness of 10 k.. The peak cable
force becomes larger as the barrier stiffness
increases. The cable force at the bottom cable is
more than two times of that on a barrier with
stiffness 1 k.. As expected, the boulder impact load
induced on the flexible barrier increase
dramatically with barrier stiffness 10 k. (Figure
10b). More importantly, the tangential force
exceeds the normal force. The flexible barrier
response is highly sensitive to the cable stiffness,
suggesting that cable stiffness may govern the
structural integrity of a flexible barrier, for instance,
potential failure of cables and anchor foundations.
The influences of cable stiffness and type of
material impacting the barrier on the normal
impact force exerted on the barrier are shown in
Figure 12a. The cable stiffness is varied from 0.5 to
80 k.. The impact force is normalized by the impact
force of viscous flow against a barrier with stiffness
of 1 k.. Neither the normal impact forces of the
viscous nor frictional debris flows are sensitive to

barrier stiffness. The impact forces only vary by 20%

within the range of stiffness investigated in this
study. By contrast, the boulder impact force shows
high sensitivity to barrier stiffness.

Unlike the normal impact force, the tangential
force Tu (refer to Figure 1 for definition) increases
with barrier stiffness regardless of the type of
material impacting the barrier (Figure 12b). A
threefold difference in tangential force is exhibited
for viscous debris flow when the stiffness is varied
from 1 to 80 k.. This suggests that an increase in
cable force (see Figures 7a and b) is predominantly
contributed by the tangential component Tw. This
implies an impact load exerted on a flexible barrier
is mainly governed by the effects of geometry. More
specifically, the different deflection angles that
result from different cable stiffness. As one would
expect from trigonometry (Figures 1a and b), stiffer
cables exhibit smaller deflection, which leads to
smaller deflection angles w and larger tangential
cable forces (Appendix 2). A softer barrier can
reduce the cable force T, despite the normal impact
force F not being reduced.

Intuitively from the conservation of
momentum, one would expect that an increased
normal impact force is expected for a stiffer barrier,
since the interaction duration is shortened.
However, results show that only the tangential
force is sensitive to the effect of varying the
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stiffness of the barrier. The normal impact force in
this study is remains nearly constant as the
stiffness of barrier cable varies from 0.5 to 80 k..
This finding is consistent with that reported by
Ashwood and Hungr (2016). In their numerical
simulations, when the deflection is less than 25% of
the flow depth, the force is almost constant,
thereby mimicking the behavior of a rigid barrier.
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The effects of flexibility only exhibit a substantial
effect on reducing the impact force when the
deflection is close to the flow thickness. However,
in this study, even though the deflection is
approximately the same as that of the flow depth,
the normal impact force still remains constant. The
viscous liquid in this study has a high viscosity,
denoting a much efficient energy dissipation rate.
Subsequently, the computed peak normal impact
forces are not that distinct compared to the static
loads (Figure 9a), leaving limited space for the
flexible barrier to buffer. The influencing factors on
the normal impact force are further discussed
based on the aspect ratio in Section 6.4 “Effects of
Flow Aspect Ratio”.

The response of the “Brake element” nonlinear
stiffness is very close to that of the barrier with a
stiffness of 1 k. in terms of both normal and
tangential forces (Figure 12 a & b). This suggests
that the influence of nonlinearity on the load-
displacement behavior of the Brake element has a
minor effect.

6.3 Equivalent debris-barrier stiffness

Blanco-Fernandez et al. (2016) modelled a two-
dimensional unstable slope mass impacting a flexible
membrane using the SPH method. Results revealed
that internal failures inside the unstable mass have
more influence on the impact pressure, while the
influence of elastic modulus is negligible. Based on
this finding, the relative stiffness between the debris
and a flexible barrier was proposed as a ratio of the
debris flow impact force using the hydrodynamic
approach (Kwan 2012; WSL 2009) to the resisting
force of the cable once it is fully elongated:

apv*hL
Ry =—""—7 (5)
nk. L

where apvzhL is the impact force exerted on an
area hL. The relative stiffness can also be regarded
using the Johnson Number (Randolph and White
2012), which provides the relative magnitudes of
the impact force to the resisting force from a
structure. To preserve a clear physical meaning, the
variables with same length dimensions, h in the
numerator and L in the denominator, have been
cancelled out. Also, the dynamic pressure
coefficient a is neglected. The final expression of
the stiffness ratio Rp is a ratio of debris impact
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pressure pv2 to the barrier stiffness per unit width
nk. /L:
2

P
nk, /L

(6)

D

For a single boulder, the stiffness is
characterized as the reaction force under contact
and given as follows:

R,=—2
L
k. / )
where Ep is the Young’s modulus of the boulder

(Pa).

The combined influence of debris flow and
barrier stiffness on the flexible barrier response can
be represented as an equivalent stiffness given as
follows:

_(p)nk, /L) _ pv?
pv: +nk, /L R,+1

Sp
)

and for boulder impact, the expression is given as
follows:

S _Ey(nk. /L) E,
b Eg+nk /L R,+1

(9)

The physical meaning of the equivalent
stiffness Sg is analogous to the equivalent modulus
in contact mechanics (Johnson 1985) whereby the
two objects in contact both contribute to the overall
reaction force. When the barrier is infinitely stiff,
the equivalent stiffness becomes pv2, which is the
hydrodynamic expression for fluid impacting a
perfectly rigid plate. Under this condition, the
normal impact force is governed by the properties
of the debris, rather than the barrier. A summary of
the values of equivalent stiffness with varying cable
stiffness is given in Table 4.

The equivalent stiffness values Sp and Sg can
be normalized by pv2 to provide a stiffness number
for debris flow impact:

1
R+l . (10)

NS, =
and for boulder impact:

Ey/(pv*)
NS, ===
i R, +1 (11)



Table 4 Summary of the generalized stiffness (all
dimensions in prototype)

ke Debris Boulder

Rp Sp(kN/m) NSp Rs S (kN/m) NSz
0.5 13.3 16.0 0.07 3.0%10° 17 0.1
1 6.6 29.8 0.13 1.5X10° 34 0.2
5 1.3 97.8 0.43 3.0X105 172 0.8
10 0.7 136.8 0.60 1.5%X105 343 1.5
20 0.3 170.9 0.75 7.6x105 687 3.0
40 0.2 195.2 0.86 3.8x104 1373 6.0
80 0.1 2101 0.92 1.9x104 2747 12.1

Notes: nk., Stiffness; Rp, Stiffness ratio of debris; Sb,
Generalized stiffness of debris; NSp, Generalized
dimensionless stiffness of debris; Rs, Stiffness ratio of
boulder; Sp, Generalized stiffness of boulder; NS,
Generalized dimensionless stiffness of boulder.
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Figure 13 Relationship between the stiffness number
(NSp and NSz, generalized dimensionless stiffness) and
(a) normal impact force F; (b) tangential force Tu. Inset
figures show the details close to the origin point.

Figures 13a and 13b show the relationship
between the stiffness number and the normal
impact force and the tangential force Tu. For debris
flow impact, the cable stiffness, varying from 0.5 to
80 k., falls within a limited range (0-1) after
normalization. In contrast, the stiffness number for
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boulder impact covers a much wide range of values
as the barrier stiffness increases. The huge contrast
in stiffness numbers between debris flow and a
boulder implies that debris flow properties affect
the flexible barrier response. A summary of the
stiffness numbers for both debris flow and boulder
impact are given in Table 4. The low sensitivity
exhibited by debris impact force to the barrier
stiffness can also be explained by narrowing the
range of stiffness numbers in Figure 13a. By
contrast, the high stiffness of boulder itself leads to
a wide range of stiffness numbers. Although this
study separates the impact of debris flow and
boulders, in reality natural geophysical flows
contain both. More importantly, boulders tend to
migrate to the front of flows via particle-size
segregation (Johnson et al. 2012) and induce large
concentrated loads. Flexible barriers in turn can
provide a significant attenuating effect on the peak
force of boulder-enriched flow fronts.

Due to the effects of geometry, the tangential
force for both debris and boulder loading increases
with barrier stiffness (Figure 13b). However, the
magnitude of the tangential forces resulting from
debris loading is limited compared to boulder
loading.

6.4 Effects of flow aspect ratio

Boulder impact imposes significantly higher
normal impact forces on a flexible barrier. This is
mainly attributed to the highly-concentrated
momentum acting on the barrier as well as the high
stiffness of the boulder itself. By contrast, debris
loading imposes progressive and prolonged
distribution of momentum on the barrier.
Furthermore, during debris impact, subsequent
flow is strongly influenced by the previous deposit
at the barrier base (see Figure 7). The extent to
which momentum is distributed during impact
depends on the flow aspect ratio e. In this section,
the aspect ratio ¢ which reflects the momentum
distribution of the viscous flow is varied (Table 3).

Figures 9a and 9b show the normal and
tangential forces induced on a flexible barrier, with
stiffness 1 k., by debris flows with aspect ratios €
varied from 0.019 to 0.023 (Table 5). A slight
change in e can induce up to 20% increase in the
normal impact force. The peak normal impact force
and tangential force are normalized by the
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Table 5 Summary of flexible barrier response under different aspect ratio (all dimensions in prototype)

g:gﬁgz %ﬁgﬁ}é f;st];)gct Normal Normal Tangential Normalized Normal g(:ln:;tlilezf d
number Fr number Fry e Fpeak (kN) Ftatic (kN) Fpeak (kN) normal Fpeak Fpeak/ Fitatic Fpea%(
3.67 0.501 0.019 749 430 430 1.00 1.74 1.00
3.59 0.512 0.020 789 445 445 1.05 1.77 1.03
3.62 0.538 0.022 883 451 469 1.18 1.96 1.09
3.56 0.545 0.023 902 450 481 1.20 2.00 1.12

corresponding forces of viscous flow with & = 0.019
(Figure 14). Results show that an increasing € leads
to higher normal and tangential cable forces. These
trends demonstrate an increasing contribution of
concentrated frontal momentum as the flow front
thickens upon impact. Higher aspect ratio means a
higher flow depth 4, higher impact area 4L, and thus
higher impact force F = apv’hL on flexible barrier.
The term apv*hL actually can also be regarded as the
frontal momentum flux passing through the cross
section where the flexible barrier is installed.

—B-Normal impact force f

14 A Tangential force Ty L 23

=©=Normal impact FIF, ;.

Normal and tangential force

Normal impact F/F

1.0 T T T T T
0.018 0.019 0.020 0.021 0.022 0.023 0.024

Aspect ratio &

Figure 14 Influence of aspect ratio € on the normal,
tangential forces, and the peak-static force ratio.

The aspect ratio ¢ also helps to explain the
low sensitivity of normal impact force exhibited by
the flexible barrier upon debris impact in Figure
13a. No matter how the barrier stiffness varies and
how the barrier deflects, the debris flow with a low
aspect ratio carries limited amount of momentum
at the flow front and hence can only impost limited
impact force on the flexible barrier. As a result, the
limited frontal impact is further covered by the
gradual accumulation (static load) of the
subsequent flow. The large barrier deflection might
mainly be caused by the static load, not the
dynamic frontal impact load. The limited impact
force is reflected by the low peak-static force ratio
(about 1.1; Figure 14) at € = 0.019, leaving no space
(10% of the static load) for the flexible barrier to
attenuate. Contrary to the low sensitivity of normal
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impact load in this study, the two-phase (sand-
liquid mixture) impact on rigid and flexible
barriers carried out by Song et al. (2018) clearly
demonstrated the barrier stiffness effect. The
normal load on the flexible barrier could be 50%
lower than that on the rigid barrier. Note that the
two-phase flows were characterized as surge flows
(high aspect ratio). This in turn elaborates that the
debris-barrier stiffness could affect the normal
impact load, as long as the flows are featured as
high aspect ratio.

Natural debris flows differ from near-source
debris flows carried out in physical modelling
because natural flows can travel up to several
kilometers away from their point of initiation
(Major 1997). Before impacting structures, debris
flows elongates and only have limited flow
thickness and this in turn influences the frontal
impact. As a result, the thin flow layers and
deposits on top of each other over a long period of
time and develops a deposit where the static load
dominates instead of the dynamic component. A
well-documented case portraying this phenomena
is the Illgraben Torrent on 18th May 2006
(Wendeler et al. 2007). The debris flow event had
an estimated volume of 15000 ms3, density of around
1600 kg/m®, and was intercepted by a flexible
barrier installed along its flow path. The distance
between the point of initiation and the flexible
barrier was about 13 km (Berger et al. 2011) and
the loading duration on the flexible barrier was
about 120 s. From the time histories of the
instrumented cables and the flow depth
measurements, debris loading was predominantly
quasi-static loading and the frontal impact was
fully covered by the large amount of accumulated
debris from the subsequent flow.

With the assistance of numerical tools (e.g.,
Hungr 1995; Kwan and Sun 2006), estimation of
the macroscopic debris flow parameters, (e.g., flow
velocity, flow depth, and flow length) and estimation
of the related dimensionless indices, (e.g., Froude
number Fry and flow aspect ratio €), are generally



not difficult problem. The height Froude number
Fry, is currently adopted in the engineering design
(Hiibl et al. 2009) and the scaling of the length [
(aspect ratio &) is not explicitly considered. Under
the circumstance of an extremely elongated debris
flow event, it may be appropriate to only consider
the static load on the barrier. However, more
experimental and field monitoring data is needed
to quantify the range of aspect ratios relevant for a
design relying mostly on static loading.

=7 Conclusions

Numerical back-analysis and a parametric
study were carried out to study the effects of
distributed debris flow and concentrated boulder
impact on the dynamic response of a flexible
barrier with different cable stiffness. New force
approach, based on the stiffness number and
aspect ratio, to determine the impact force induced
by debris flows on flexible barrier is proposed.
Findings are drawn as follows:

1) The normal impact force exerted by a
debris flow is not sensitive to the stiffness of the
flexible barrier because the momentum in a debris
flow rapidly diminishes via internal and boundary
shearing. However, this finding only applies to the
flows with low aspect ratios. As long as the flow is
featured with high aspect ratio (surge flow, Song et
al. 2018), the impact load of fine debris on flexible
barrier could also be affected by the barrier
stiffness. By contrast, the impact force generated
by boulder impact is highly sensitive to the stiffness
of the barrier. Different from the progressive and
distributed loading of debris with dead zone
forming at the base, the concentrated momentum
of boulder impact is mainly attenuated by the
flexible barrier itself.

2) Both stiffness of debris and stiffness of
boulder influence the distinct response of flexible
barrier. The equivalent stiffness is proposed to
characterize the impact between a debris flow or
boulder, and a flexible barrier. The equivalent
stiffness of debris collapses into a narrow range,
denoting that the high compliance of debris
controls the equivalent stiffness for debris-barrier
interaction. The narrow range of debris-barrier
stiffness also helps to explain the insensitivity of
normal impact force. While the equivalent stiffness

J. Mt. Sci. (2019) 16(7): 1629-1645

of boulder covers a wide range of stiffness number,
about 10 times of that of debris impact, indicating
that both properties of boulder and barrier control
the dynamic barrier response under boulder
impact.

3) Due to the effect of geometry, the
tangential force induced on a flexible barrier cable
by debris flows and boulders is highly sensitive to
barrier stiffness. The tangential cable force can be
reduced by allowing larger deflection. A lower
barrier stiffness facilitates larger barrier deflection
and deflection angle. The tangential component of
the cable force is reduced accordingly, even though
the normal impact force remains constant. With
the stiffness ranging from 1 to 80 k., the tangential
force for viscous debris impact is increased three
times. By providing a lower stiffness and long
braking displacement of flexible barrier, the larger
deflection angle will effectively control the amount
of tangential component mobilized.

4) Only when the flow is characterized as high
aspect ratio, the effect of flexible barrier stiffness
could be exhibited. The aspect ratio quantifies the
flow shape and momentum distribution along the
flow length and has generally been neglected in the
engineering design. The relationship between the
aspect ratio and normal impact force shows that a
minor change in aspect ratio (0.019 to 0.023)
induces a 20% increase in normal impact force.
Under the circumstance of an extremely elongated
debris flow event, a decoupled analysis, which only
considers the static load on the barrier, should be
enough for the flexible barrier design.
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The following Appendixes (Appendixes 1-2) are the Electronic Supplementary Material of the article
entitled “Debris flow impact on flexible barrier: effects of debris-barrier stiffness and flow aspect ratio” at
https://doi.org/10.1007/s11629-018-5314-6

The maximum deflection D and forces of a single cable under boulder induced concentrated normal impact force F
(Figure 1a of the main text) and the debris induced distributed normal line load pL = F (Figure 1b of the main text) are
discussed. For simplicity, a cable with single linear stiffness nk. is assumed, where kcis the reference cable stiffness
(N/m) and n ranges from 0.5 to 80 in this study. The varying stiffness of the flexible barrier cable can be provided by
the brake (energy dissipating) elements attached at the end of cable.

Appendix 1 Deflection and forces under concentrated loading

The elongation AL of cable with initial length L under concentrated normal load F

T F 1
AL = = - (A1)
nk, nk, 2siny
where, T is cable force, and p is the deflection angle.
By trigonometry of the elongated cable
L
cosy =—— (A.2)
L+AL
Substitute Eq. (A.1) into Eq. (A.2)
F,
cosy+—N—=1 (A.3)
2tanyy
where, Fx = F/(nkcL), is a concentrated impact load by the combination of initial length L and stiffness nke.
The normalized maximum deflection Dx = D/(L/2) by half of the initial cable length L/2
D, =tany (A.g)
Based on Eq. (A.3) and (A.4), the load-deflection (Fx-Dn) relationship
2D
F,=2D -—— (A5)
J1+ D}
The induced force along the cable, normalized cable force Tx
T F
Iy = =—2X (A.6)
nk, L 2siny
The horizontal component of total cable force Tx, normalized Thy, is tangential to the barrier face
T F
THN = H = N (A'7)
nk, L 2tany

The normal component 71~ equilibrates the concentrated force Fx
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T =—-Ix (4.8)
2

Appendix 2 Deflection and forces under distributed loading

Since the debris is always compliant with the cable and the pressure is perpendicular to the cable, a circular curve is
the best approximation of the deformed cable under distributed load (Figure 1b of the main text, Sasiharan et al. 2006).
The pressure p on a circular line can be decomposed into uniform p across the initial length L and uniform p along
the deflection D. Note most literatures assume only the horizontally distributed p on the initial length L (approximated
as a parabola or catenary curve) and the vertical component is neglected. This assumption is acceptable for the impact
with minor deflection and is nontrivial as the deflection keeps increasing. The cable force T is not uniform for a
distributed loading case with the uniform p along the deflection direction. Here the brake element (nk.) is assumed to
be connected at the cable end.
The arc length S of a whole circular line under distributed load, with its horizontal component pL = F

T r
S=L+—=L+2C (B.1)
nk, nk,
where, r is the radius of the circle.
The arc length S can also the deduced from the definition of a circle circumference
2
= v rr (B.2)
180
Hence
ro 2
nk, 180

nk L L moWL '

C

. . L
Sincesiny = —,

2r
nk L 2L 180 2r° L
1+FNL=—7Z arcsin()c)l (B.6)
2x 180 X

where Fx = F/(nkcL), is a normalized impact load by the combination of initial cable length L and stiffness nkc. x = L/(2r)
= sin p is a non-dimensionalzed variable that helps to solve the deflection angle p.
The maximum deflection D of can be determined as follows

D =r(1-cosy) (B.7)

II



J. Mt. Sci. (2019) 16(7)

D 1—-cos
p, =2 _(I—cosy) (B.8)
L/ siny
Egs. (B6) and (B8) characterize the load-deflection (Fx-Dx) relationship of the distributed loading.
The normalized normal component 71 (normal impact force) at the cable end
T F
nk L 2
The total cable force T at the cable end
T F,
= - N (B.10)
nk, L 2siny
The normalized horizontal component Tun (tangential force) at the cable end
F
Ty =Ty cosy =—— (B.11)

2tany

The cable force T is not uniform for a distributed loading case because of the uniform p along the deflection
direction. The normalized horizontal component T’xx in the middle of cable

T'yn =Tyn + FyDy (B.12)

The relationship between maximum deflection Dx and impact load Fx for the distributed loading is shown in Figure
A. Different from the Fx in Eq.(B6), the impact load is normalized by kcL. As expected, the deflection Dx of the cable
decreases with the increasing cable stiffness nkec.

1.0 4

ke T
08 8- -
z -
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5 -7
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= 04 -
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Normalized impact force Fy

Figure A Relationship between the impact load and the maximum deflection. A plot normalized by nk.L is shown in
Figure 2a of the main text.
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