Engineering Geology 289 (2021) 106188

FI. SEVIER

journal homepage: www.elsevier.com/locate/enggeo

.

ENGINEERING
GEOLOGY

Contents lists available at ScienceDirect

Engineering Geology

—

72

Quantifying the transition of impact mechanisms of geophysical flows

against flexible barrier

t.)

Check for
updates

Yong Kong?, Xingyue Li”, Jidong Zhao™"

2 Department of Civil and Environmental Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong SAR, China
Y School of Architecture, Civil and Environmental Engineering, Swiss Federal Institute of Technology, Lausanne, Switzerland

ARTICLE INFO

Keywords:

Geophysical flows

Flexible barrier

Impact mechanism transition
Runup

Pile-up

CFD-DEM

ABSTRACT

Flexible barriers have been increasingly used worldwide for mitigating natural hazards involving various
geophysical flows. The analysis and design of flexible barriers need to distinguish two major impact mechanisms,
runup and pile-up, which remain poorly understood due to complicated interactions between the impacting flow
and the deformable barrier. In this study, a unified computational approach based on coupled computational
fluid dynamics and discrete element method (CFD-DEM) is employed to examine the impact mechanisms of a
wide spectrum of geophysical flows against a deformable and permeable flexible barrier. We consider
geophysical flows including rock avalanche, debris avalanche, debris flow, debris flood and mud flow, and a
flexible barrier consisting of a barrier net, cables and brakes. The signatures of runup and pile-up mechanisms are
thoroughly analyzed, in terms of flow features and barrier responses. The effects of Froude numbers (Fr =
0.46-7.40), solid volume concentrations (0.1-1), and fluid rheologies (Newtonian and non-Newtonian fluids) on
the impact mechanism transitions are systematically examined. Two nondimensional indices, the static-peak load
ratio of the barrier and the momentum reduction ratio of the flow, are proposed for identifying the transition of
impact mechanism from pile-up to runup. The transition is found to occur with either an increase in Fr or solid
volume concentration of the flow. Increased viscosity of the fluid in a solid-fluid mixture may result in a tran-
sition occurring at a higher Fr. This study helps gain insights into the two impact mechanisms and their tran-
sitions and may provide a useful reference for the future design of flexible barriers in mitigating hazardous
geophysical flows.

1. Introduction

areas. The design of a safe flexible barrier system to resist geophysical
flows, however, remains empirically based approaches that are pre-

Geophysical flows are among the most destructive natural hazards
that cause heavy casualties and significant damages to key in-
frastructures worldwide every year. The ever-growing climate change
and extreme weather events have contributed to the increase in the
frequency, duration and intensity of these catastrophic flows (Guerreiro
et al., 2018). In practical combats of natural hazards, flexible barriers
have been increasingly used for intercepting a wide spectrum of
geophysical flows (Geobrugg, 2012; Wendeler et al., 2019), ranging
from rock avalanche and debris avalanche to debris flow, debris flood
and mud flow (see Table 1), to mitigate their hazardous impacts.
Compared to rigid mitigation measures (Hu et al., 2020; Su et al., 2021),
flexible barriers are easy and economical to be installed, maintained and
replaced, especially in mountainous regions. They may also offer visu-
ally non-intrusive options for geophysical flow mitigation in hilly urban
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dominantly modified from rigid barrier designs. The major challenges
root in poor understandings of the dynamic interacting mechanisms
between a permeable flexible barrier and a multiphase geophysical flow
(Pudasaini and Mergili, 2019) that frequently involve complicated
multi-scale, multi-phase, multi-body, and multi-way interactions during
a typical impacting process (Figs.1la and c). Except for limited small-
scale experiments, there are no analytical tools that enable systematic
investigations of such processes to provide theoretical bases for relevant
design.

The impact behavior of geophysical flows against resisting barriers
has been found governed by two main mechanisms: runup and pile-up
(e.g. Ashwood and Hungr, 2016; Kattel et al., 2018; Liu et al., 2020a;
Song et al., 2017). Observations based on experimental and field impact
tests of flows on permeable flexible barriers (e.g. Geobrugg, 2012;
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Table 1
Classification of rapid geophysical flows (modified from Coussot and Meunier,
1996; Hungr et al., 2001).

Name Solid material Fluid content Velocity
Rock Fragmented rock Varied, mainly dry Extremely
avalanche rapid
Debris Debris Partly or fully Extremely
avalanche saturated rapid
Debris flood Debris Free water present Extremely
rapid
Debris flow Debris, increased fine Saturated Extremely
solids rapid
Mud flow Fine, cohesive Atorabove theliquid  Rapid

materials limit

HKUST, 2019) suggest the schematic vertical cross-sections of the two
mechanisms as illustrated in Figs. 1b and d, respectively. Either of the
impact mechanisms is preceded by a frontal impact process as shown in
Stage I in Fig. 1 when a geophysical flow first impacts a flexible barrier.
In stage II, a ramp-like dead zone is formed in the flow in Fig. 1b,
showing the signature of the runup mechanism; meanwhile, the front of
the flowing layer over the dead zone impacts onto the barrier and then
either bounces back as a reflected wave or shoots up along the barrier
depending on the flow velocity vy and the flow-barrier height ratio hy/
Hjg. By contrast, a wedge-shaped dead zone is commonly observed in the
pile-up mechanism case in Fig. 1d where the flowing layer may hardly
directly impact the barrier before settling down to form a new layer of
the dead zone due to its low velocity. In stage III, the dead zone in both
types of flows is enlarged as more overlying debris mass is deposited
with a shape (i.e. ramp-like or wedge-like) largely similar to that in stage
II, until overtopping flow over the barrier is observed for both cases at
the end of stage III.

Differentiating the different impact mechanisms of geophysical flows
serves as a critical theoretical basis for developing analytical models for
the design of a flexible barrier. There are indeed certain attempts on

Flexible barrier

Stage Il

(b)
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establishing analytical models based on either the runup mechanism
(Brighenti et al., 2013; Song et al., 2017) or the pile-up mechanism
(Albaba et al., 2018; Faug, 2015) or both (Ashwood and Hungr, 2016;
Choi et al., 2015; Zhou et al., 2020). However, it is important to
recognize that the runup and pile-up mechanisms for the consideration
in a proper analytical model are never as simple as shown in Fig. 1 but
depend on a wide range of complex flow conditions (Choi et al., 2015;
Song et al., 2018), ranging from flow composition and rheology, channel
geometry and surface characteristics, the permeability and deform-
ability of barriers, among others. The current practice of identification of
the runup and pile-up mechanisms is predominantly based on macro-
scopic observations (e.g. Ashwood and Hungr, 2016; Zhou et al., 2020),
which may involve subjective judgments and personal experience and
thus are sometimes inconsistent (e.g. Ashwood and Hungr, 2016; Song
etal., 2018). There remains no clear criterion available that is built upon
systematic studies or sounded theoretical basis for the identification
between the runup and pile-up mechanisms.

There have been large-scale and small-scale experiments and nu-
merical studies investigating the impact behavior of geophysical flows
against flexible barriers. Full-scale and large-scale tests (e.g. Brighenti
et al., 2013; Bugnion et al., 2012; Ferrero et al., 2015; Wendeler et al.,
2006) have been conducted to examine the impact processes which offer
valuable data for validating analytical impact models. Small-scale lab-
oratory experiments, serving as a rational, economical alternative, have
been developed to investigate key controlling factors of the impact
mechanism under well-controlled conditions (e.g. Canelli et al., 2012;
Song et al., 2017; Wendeler et al., 2019). For example, Song et al. (2017)
conducted a series of flume tests to examine the effect of flow solid
fraction on the transition from a pile-up mechanism to a runup mech-
anism. Notably, however, it has been common that oversimplified
flexible barriers were used in these small-scale experiments, including
uniform plastic meshes (Wendeler et al., 2019) and impermeable
membranes (Ashwood and Hungr, 2016; Song et al., 2019), which
indeed expedites the convenience for testing but may not properly
reflect the nonuniformity and permeability of a typical flexible barrier

- Flowing layer

Dead zone

Passing through material

Stage Il

(d)

Fig. 1. Illustration of two impact mechanisms, runup (a, b) and pile-up (c, d), of a flexible barrier against multiphase geophysical flows. (a) and (c) show the large-
scale flume test in Hong Kong (HKUST, 2019) and the full-scale field test in Switzerland (18 May 2006 debris flow event, Geobrugg, 2012), respectively. (b) and (d)
are schematic of the vertical cross-sections presenting runup and pile-up mechanisms, respectively. vo and hg respectively denote the pre-impact flow velocity and
flow thickness. Hp is the original height of the flexible barrier. 6 and 04 denote the channel inclination and the wedge angle of the dead zone, respectively. g denotes

the gravitational acceleration.
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and thus its intricate interactions with multi-phase debris flows (Puda-
saini, 2012; Pudasaini and Mergili, 2019) during the impact process
(Kattel et al., 2018; Liu et al., 2020a). Meanwhile, various numerical
approaches have been developed to simulate geophysical flows against
flexible barriers, including discrete methods (e.g. Discrete element
method (DEM), Albaba et al., 2017, 2019), continuous methods (e.g.
Finite element method (FEM), Yu et al., 2019; Material Point Method
(MPM), Ng et al., 2020), and coupled frameworks (e.g. Lattice Boltz-
mann Method (LBM) coupled with DEM and FEM, Leonardi et al., 2016;
coupled FEM-DEM, Liu et al., 2020b). However, geophysical flows have
commonly been simulated as continuum mixture flows or dry flows
(Albaba et al., 2017, 2019; Liu et al., 2020b; Ng et al., 2020; Yu et al.,
2019). For example, a recent study by Pudasaini and Mergili (2019)
presents a multi-phase, multi-mechanical model that is capable of
capturing dynamic interactions among various materials and is appli-
cable for different geophysical flows, from avalanches to debris flows to
debris floods. Another notable exception is the study by Leonardi et al.
(2016) where a coupled LBM-DEM-FEM investigation was performed to
capture the solid phase (by DEM) and the fluid phase (by LBM) in a
debris flow, and a flexible barrier simulated as a membrane (by FEM).
Nevertheless, the membrane therein has been considered non-
permeable for the solid phase in debris flow and the interaction be-
tween the fluid phase and the barrier has not been taken into account.
In this study, we employ a coupled computational fluid dynamics
and discrete element method (CFD-DEM) to uniformly consider the
multi-phase, multi-way interactions during the impact of a wide range of
geophysical flows (Table 1) on a permeable and nonuniform flexible
barrier and to quantitatively examine the runup and pile-up mechanisms
and their transitions. The methodology and model setup will be briefly
introduced in Sect. 2. In Sect. 3, both flow features (e.g. dead zone
formation and flowing layer behavior) and barrier responses (e.g. sus-
tained force and barrier deformation) will be used to characterize the
runup and pile-up mechanisms. In Sect. 4, impact mechanism transitions
will be quantitatively identified with two newly proposed nondimen-
sional indices, namely, static-peak load ratio and momentum reduction
ratio, which are based on the sustained load in barrier cables and mo-
mentum change of the flow, respectively. The analysis in this study may
help offer clearer identification of the runup and pile-up mechanisms
towards the future development of robust analytical models in the
design of flexible barriers for mitigating different geophysical flows.

2. Methodology and model setup

A unified approach based on coupled CFD-DEM is employed for the
study. For a given geophysical flow composed of solid particles and
viscous fluid, the CFD-DEM approach resolves its mixture nature by
treating the solid and fluid systems with DEM and CFD, respectively, and
solving the intricate inter-phase solid-fluid interactions by exchanging
interaction forces and other information (e.g. particle position and
momentum) between DEM and CFD (Zhao and Shan, 2013). The DEM
can meanwhile be used to treat a nonuniform and permeable flexible
barrier consisting of a barrier net, supporting cables, and brakes.
Consequently, the multi-way, multi-phase interactions during a typical
impact process of such flow onto a flexible barrier, including in-flow
solid to solid, in-flow solid-fluid, debris solid and barrier component,
debris fluid and barrier component, and between barrier component
interactions, can be conveniently captured in a unified manner within
the CFD-DEM framework. Note that the unresolved CFD-DEM is
employed in this study to offer a balance between computational effi-
ciency and accuracy.

This unresolved CFD-DEM coupling approach has been benchmarked
with classic geomechanics problems (Zhao and Shan, 2013; Li and Zhao,
2018a), and is capable of capturing complicated fluid-solid interactions
in various engineering conditions including the flow-barrier interactions
(Kong et al., 2021; Li and Zhao, 2018b; Li et al., 2020a, 2020b). For
instance, this method has been extended to examining impacts of debris
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flow on flexible barriers (Li and Zhao, 2018b; Li et al., 2020b), where the
modeling of different barrier components has been elaborated, cali-
brated and verified. Built upon these bases, the focus of this study will be
placed on examining the transition of impact mechanisms of a wide
spectrum of geophysical flows with a broad range of Froude numbers
against a flexible barrier. In what follows, the key ingredients of coupled
CFD-DEM modeling of geophysical flows, flexible barriers, and their
interactions will be briefly introduced.

2.1. Modeling of the fluid system, solid system and their interactions in
geophysical flows

The flow of the fluid system (i.e. air or viscous liquid composed of
water and fine-solid materials) in a geophysical flow is simulated by the
CFD. The following continuity equation and locally averaged Navier-
Stokes equation are solved for the fluid in each cell:

9(rpy)

StV (gpU) =0 e
3(ep,U;
%‘FV’(S{/&U’FUQ = —Vp—t'+&V-ttepg+t )

where U/ and p are the averaged velocity and pressure for the fluid in a
cell, respectively. g is the gravitational acceleration. ef = Vy4;q/v, denotes
the void fraction or porosity. v,;q is the total volume of the void in a cell
which may contain either air or liquid or both. v, is the cell volume. Note
that the porosity calculation method refers to Zhao and Shan (2013). f’ is
the fluid-solid interaction force acting on the fluid in a cell imposed by
particle(s) inside the cell. The surface tension force f° is based on the
Continuum Surface Force (CSF) model by Brackbill et al. (1992). The
stress tensor 7 in three dimensions for Newtonian and non-Newtonian
fluids are reduced to the following functions. The constitutive equa-
tion of a Newtonian fluid reads as:

T= ﬂf}.’ 3

where 1, yi, 7 are the shear stress, viscosity, shear rate of the fluid,
respectively. Compared to water simulated as a Newtonian fluid (Li and
Zhao, 2018b; Shan and Zhao, 2014), the viscous-plastic slurry further
considered in this study is treated as a more complicated non-Newtonian
fluid modeled with the Herschel-Bulkley model (Huang and Garcia,
1998; Pudasaini and Mergili, 2019):

T="T0+ k)" 4

where g and « are the yield stress and consistency index of the fluid,
respectively. n is the flow index of the fluid. n > 1 gives a shear-
thickening fluid while n < 1 corresponds to a shear-thinning fluid. n =
1 leads to a Bingham fluid. Slurry and mud flow normally have a flow
index smaller than 1 (Remaitre et al., 2005).

The solid system of geophysical flows is modeled by the DEM
(Cundall and Strack, 1979). The translational and rotational motions of
each particle i are governed by the following Newton's equations:

vy " e B
=S E A E AT ®)
dw; n
I = > (M M) ©)

where m; and I; are the mass and momentum of inertia of particle i,
respectively. U? and @; denote the translational and angular velocities of
particle i, respectively. nf is the total number of contacts for particle i. F§,
M, ; and M,, ; are the contact force (Li and Zhao, 2018b), tangential
torque and rolling torque imposed on particle i from particle j or the
walls, respectively. F is the gravitational force acting on the particle i. 24
is the fluid-particle interaction force acting on the particle i.

The fluid-solid interactions are considered by exchanging interaction
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forces F/ between the CFD and DEM computations. Four interaction
forces are considered, including buoyancy force F?, drag force F¢, virtual
mass force F"™ and viscous force F¥ (Zhou et al., 2010; Zhao and Shan,
2013):

F=F+F +F"+F %)

Details of these fluid-solid interaction forces can be found in the
literature (Di Felice, 1994; Zhao and Shan, 2013; Zhou et al., 2010)
which will not be repeated here for brief. Interested readers can find
other advanced analytical models (e.g. Pudasaini, 2019a, 2019b) on the
fluid-solid interaction forces, including drag and virtual mass forces.

A sequential iterative procedure is followed for the coupling pro-
cedures between the DEM and the CFD computations. At each time step,
the DEM first provides such information as the velocities and positions of
particles. The positions of all particles are then matched with the fluid
cells to calculate relevant information (e.g. porosity and assembled
" F)) of each cell. When all state
variables (e.g. averaged velocity and pressure) for each fluid cell are
resolved by the CFD, the particle-fluid interaction forces acting on the
centroid of each particle are updated and transferred back to the DEM to
solve the particle system for the next time step. Detailed solution pro-
cedures can be found in Zhao and Shan (2013).

momentum source term = 1
X

2.2. Modeling a nonuniform and permeable flexible barrier

A typical non-uniform and permeable flexible barrier (Fig. 2a) is
modeled in Fig. 2c as one consisting of a barrier net, supporting cables,
and brakes. In particular, the barrier net consists of hexagonal meshes
(Fig. 2b), whose opening is designed according to the particle size of the
solid phase in a geophysical flow. Ideally, the barrier should be able to
block large solid particles while allowing small particles and fluid to pass
through. Cables are designed to sustain the load transferred from the
barrier net and to transform the load to anchored boundaries. The bot-
tom and lateral edges of the barrier are fixed to mimic the anchored
boundaries in the field (Fig. 2¢). To reduce the peak impact load, brakes
are embedded at the ends of the cables to help dissipate impact energy
during the impact.

All the barrier components are modeled with DEM by using particles
connected with parallel bonds (Figs. 2b, c and d). As shown in Fig. 2b, a
typical hexagonal mesh in a barrier net is simulated by six nodal parti-
cles and six parallel bonds, which are placed at the vertexes and the
edges of the hexagon, respectively. The bonds link the nodal particles to
form a hexagonal mesh. Different bond properties (i.e. stiffness and
strength) are adopted for the modeling of the double-twist wires (ver-
tical in Fig. 2b) and the single wires (inclined in Fig. 2b). The total mass
of the barrier net is assumed to be distributed onto these particles, ac-
cording to which their density is adjusted. Similarly, a cable is modeled
with a set of connected particles whose centers are along the cable
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(Fig. 2c). A brake is modeled with two particles connected by a parallel
bond. Importantly, different types of parallel bonds can be adopted to
capture various behaviors of the barrier components. Both the barrier
net and cables are assumed to be elastic responses with constant stiffness
and are simulated with parallel bonds following a linear force-
displacement relation (Li and Zhao, 2018b). The brakes are modeled
with parallel bonds governed by a tri-linear force-displacement law,
which captures the changing stiffness of brakes at different load levels
(Li et al., 2020Db).

As shown in Fig. 2d, a parallel bond can sustain the axial and shear-
directed forces and moments, which are denoted by F,F and M", M,
respectively. Specifically, five parameters are used to define a parallel
bond: the normal and shear stiffnesses per unit area, K'and & ; the tensile
and shear strengths, 6. and 7.; and the bond-radius multiplier 1. The
radius of a parallel bond R, _p is defined as R4_g = Amin(Ry, Rg), where
R4 and Rp are radii of two remotely connected particles A and B.
Interested readers may refer to some early studies (Li and Zhao, 2018b;
Potyondy and Cundall, 2004) for detail of the bond model. The full
model description (i.e. flexible barrier system and key components),
calibration and validation can be found in Li and Zhao (2018b) and Li
et al. (2020b).

Note that the interaction between the barrier particles and the fluid
in a debris mixture can be considered in the same manner as the inter-
action between the solid particles and the fluid in the debris mixture,
whereas the interaction between barrier particles and debris particles
can be naturally executed under the same umbrella of the DEM. In other
words, the solid particles and the fluid in a geophysical flow can exert
load on barrier particles via interparticle contact force Fjj and fluid-solid
interaction force F, respectively. Consequently, this proposed CFD-DEM
model offers a direct, unified framework to handle the three-way in-
teractions among the solid, fluid, and flexible barrier.

2.3. Model setup and case plan

Fig. 3 illustrates the model setup for the CFD-DEM simulations of
geophysical flows impacting on a flexible barrier, where a flow con-
sisting of solid and fluid phases is taken as an example. A mixture sample
(Hp = 0.55 m, Lp = 20 m, W = 1.2 m) with a velocity of vy is initially
placed at the top of the flow channel before being released to flow down
the slope under gravity and further impacting against the flexible bar-
rier. The solid and fluid systems of the mixture are assumed as tridis-
perse grains and a viscous liquid (Fig. 3b), respectively. As shown in
Fig. 3a, the CFD domain is bounded by an upper atmosphere face, an
outlet face at the end of the channel and four channel walls with an
assumed no-slip boundary condition. At the initial state, only fluid cells
in the mixture sample are filled with liquid, while the rest of the CFD
domain is assumed to be air. In the DEM simulation, the sides and bot-
tom of the flow channel are modeled as fixed, rigid, and frictional walls

o . ’6

g r):}—\"

I3 ‘ / 1\_/[5

—s#7_\_ N
{n i P \M

(d)

Fig. 2. Model setup for a flexible barrier. (a): A field flexible barrier with hexagonal-shaped net units, cables and brakes in Scottish (Winter et al., 2009); (b):
Comparison of the hexagonal-shaped barrier net units in practice and DEM simulation; (c): Configuration of the simulated flexible barrier; (d): A parallel bond

between particles A and B in (b) and its key parameters (see Sect. 2.2).
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Flexible barrier

Fig. 3. Model setup for geophysical flows against a flexible barrier. (a): Model
geometry prior to the release of the mixture; (b): Illustration of a representative
part of the mixture sample consisting of tridisperse particles and a viscous
liquid. r, and o; denote particle radius and liquid volume fraction, respectively.

with Young's modulus ten times of the particles.

To study the impact mechanisms of different flows, five types of
rapid geophysical flows (see Table 1), including rock avalanche, debris
avalanche, debris flow, debris flood and mud flow, are considered. There
are various criteria for the classification of geophysical flows (Coussot
and Meunier, 1996; Hungr et al., 2001). This study focuses on the
different material components and fluid models that distinguish various
geophysical flows. The five types of geophysical flows are modeled by
using different solid volume concentrations and fluid rheological prop-
erties as summarized in Table 2. The solid volume concentration & is
defined as the ratio between the solid volume and the total volume of a
solid-liquid mixture, ranging from 0.1 to 1 in reference to the typical
values of geophysical flows (Coussot and Meunier, 1996; Hungr et al.,
2001; Iverson, 1997). Rheological properties of the fluid phase in
different geophysical flows can be distinguished empirically (Coussot
and Meunier, 1996; Pierson, 2005) or mechanically (Pudasaini and
Mergili, 2019). As listed in Table 2, the fluid phases in mud flows, debris
flows and debris avalanches are modeled as non-Newtonian slurries
(Huang and Garcia, 1998; Remaitre et al., 2005), while water is adopted
to model debris floods. Rock avalanches are simulated as dry granular
flows. Except for mud flows, a gap-graded tridisperse particle sample is
adopted for the solid phase in these geophysical flows. The mass per-
centages of the particles with radii r, equal to 0.06 m, 0.04 m, and 0.02
m are 50%, 40%, and 10%, respectively. A monodisperse packing of
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Table 2
Test program for the coupled CFD-DEM simulations.
Flow type Fluid Particle & Vo [m/s] Test ID with vg
(Group ID) phase number [%] =6m/s
Mud flow Slurry 1 39,392 10 1, (1.5), 2, 4, MFV6
(MF) 6, 8,10, 12,
14, 16
Debris flood Water 16,984 20 1,2,(3),4,6, DFDV6
(DFD) 8,10, 12, 14,
16
Debris flow Slurry 2 16,984 20 1,2,(3),4,6, DFWS20V6
(DFWS20) 8,10, 12, 14,
16
Debris flow Slurry 2 29,720 35 1,2,(3),4,6, DFWS35V6
(DFWS35) 8,10, 12, 14,
16
Debris flow Slurry 2 42,458 50 1,2,4,(5),6, DFWS50V6
(DFWS50) 8,10, 12, 14,
16
Debris Slurry 2 48,034 68 1,2,4,(5),6, DAV6
avalanche 8,10, 12, 14,
(DA) 16
Rock None 48,034 100 1,2,4,6,(7), RAV6
avalanche 8,10, 12, 14,
(RA) 16

particles with r, = 0.02 m is adopted for mud flows to ensure that the
particles are smaller than the barrier net opening (i.e. d, = 0.02 m, dj =
0.04, see Fig. 2b) during the impact and thus allow the passage of the
particles.

The adopted particle sizes of the geophysical flows are determined
according to the scale of the model setup in Fig. 3. The particle number
along the flow width direction needs to be sufficiently large to avoid
boundary effect from the lateral walls and meanwhile small enough to
save computational cost. Moreover, we have explicitly simulated the
small particles (r, = 0.02 m) to naturally recover their interactions with
the large particles and the liquid in a geophysical flow as well as the
barrier. Consideration of small particles into the slurry phase of a
geophysical flow could save computational cost but needs careful cali-
bration and validation to recover the flow and impact behavior.

Having generated the five types of geophysical flows, seven test
groups are conducted (Table 2), namely, MF, DFD, DFWS20, DFWS35,
DFWS50, DA, and RA. For the convenience of discussion, test IDs are
assigned to different cases according to their flow type, & and vg. As
exemplified in Table 2, tests DFWS35V6 and DAV6 denote the numerical
tests of debris flow (es= 35%, vo = 6 m/s) and debris avalanche (vo = 6
m/s), respectively. The pre-impact velocities of flows in each group are
varied from 1 m/s to 16 m/s to obtain a wide range of Froude numbers
(0.46-7.40). The Froude number is defined as Fr = vy/+/ghocost (see
Caption in Fig. 1b), which is universally adopted in the design of flexible
barriers for mitigating geophysical flows such as debris flows (Wendeler
etal., 2019; Wendeler and Volkwein, 2015). The obtained range of Fr is
generally consistent with that of debris flows in the field, which is from
0.5 to 7.6 (e.g. Hong et al., 2015; Wendeler et al., 2019; Zhou et al.,
2020). Note that, in the column of v( in Table 2, the flow velocities listed
in the brackets correspond to additional cases that are added to accu-
rately identify the mechanism transitions between runup and pile-up,
which will be detailed in Sect. 4.2. The adopted model parameters are
summarized in Table 3.

This study employs small-scale simulations instead of real-scale ones
for computational efficiency. Their dynamic similarity with real-scale
geophysical flows is guaranteed by Froude similarity (Li et al., 2020b;
Wendeler et al., 2019). Note that for each simulation case, the compu-
tation time on an 8-core Intel CPU (3.7 GHz) desktop computer varies
from 20 h to 192 h, depending on the particle number in the geophysical
flows (16,984-48,034) and the simulated real-time (2-12 s). The size of
the simulated flexible barrier was determined according to the scale of
the setup in Fig. 3. The barrier mesh size (d, = 0.02 m, d;, = 0.04 m, see
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Table 3
Key parameters adopted in the coupled CFD-DEM simulations.
Item Parameter Value(s)
Particle in a flow Density * [kg/m?] 2650
Radius [m] 0.02, 0.04 and
0.06
Young's modulus (particle-particle 70
contact) [GPa]
Young's modulus (particle-wall contact) 700
[GPa]
Poisson's ratio * 0.3
Restitution coefficient * 0.35
Interparticle friction coefficient 0.7
Particle-wall friction coefficient 0.5
Interparticle rolling friction coefficient * 0.15
Particle-wall rolling friction coefficient *  0.15
Air * Density [kg/m®] 1
Viscosity [Pa-s] 1.48x107°
Water * Density [kg/ms] 1000
Viscosity [Pa-s] 0.001
Slurry 1% Density [kg/m®] 1900
Consistency index [Pa-s"] 120
Flow index 0.34
Yield stress [Pa] 230
Slurry 2% Density [kg/m°] 1365
Consistency index [Pa-s"] 21.30
Flow index 0.24
Yield stress [Pa] 17.86
Particle in a Diameter [m] 0.01
barrier’ Density [kg/m°] 5300
Young's modulus [GPa] 10
Poisson's ratio 0.3
Restitution coefficient 0.3
Friction coefficient 0.7
Bond in a barrier! Stiffness of single wire [x108 N/m] 2.2
Stiffness of double-twisted wire [x108 N/ 4.2
m]
Stiffness of cable [x10% N/m] 8
Stiffnesses of brake at the three stages 20, 1.3 and 3.2
[x10® N/m]
Force limits of brake at the three stages 50, 80 and 100
[kN]
Simulation Time step (DEM) [s] 1x1077
control Time step (CFD) [s] 1x107°
Simulated real time [s] 2-12
Notes

* Refer to the typical values of physical properties for geophysical flows (Iver-
son, 1997; Shan and Zhao, 2014);

# Refer to typical values of the non-Newtonian fluids (Huang and Garcia, 1998;
Remaitre et al., 2005);

T Refer to key parameters in the modeling of wires and cable (Li and Zhao,
2018b) as well as brake element (Li et al., 2020b; Xu et al., 2018). The bond
stiffness here is calculated by multiplying the stiffness per unit area (i.e. E", x)
by the cross-section area of the bond.

Fig. 2) is designed to block large particles in a flow while allowing small
particles to pass through, which recovers the major function of a flexible
barrier in reality. The barrier parameters should be well calibrated
before being implemented to investigate a real-scale flexible barrier.
Please note that the scale of the setup (e.g. barrier size and flow size)
may affect the permeability, deformability and mechanical character-
istics of the barrier, as well as the flow behavior. Therefore, the
following discussion will be predominantly based on dimensionless
analyses. In Sect. 3, we will characterize the runup and pile-up mecha-
nisms through two representative cases, DFWS20V2 and DFWS20V4, in
terms of the flow features and the barrier responses. All the simulated
cases will then be analyzed to identify the impact mechanism transitions
between the runup and pile-up in Sect. 4.
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3. Runup and pile-up mechanisms
3.1. Features of geophysical flows in the runup and pile-up mechanisms

Fig. 4 shows two cases (DFWS20V2 in a-c and DFWS20V4 in d-f) with
the same flow constituents and different releasing flow velocities at t =
2 s. The different flow features are due to the distinct incoming veloc-
ities, which give different flow discharges and impact loads on the
barrier. Figs. 4a and d demonstrate the three-way interactions among
the solid and fluid phases of debris flows and the deformed barrier. The
particle velocity fields are shown in Figs. 4b and e for better visualiza-
tion of the hydrodynamic dead zones coexisting with the flowing layers.
The boundary of the dead zones (denoted by black dash-dotted lines in
Figs. 4b and e) is approximately determined based on a velocity
threshold (i.e. below 5% of v() suggested by Faug et al. (2009). Figs. 4c
and f present the force chain network of the particles. Note that the
metastable dead zone (Kong et al., 2021) is an identifiable region formed
at the upstream of the barrier where the solid particles constitute a
quasi-static contact structure, presenting a mechanically stable jammed
zone. As shown in Fig. 4, the two flows have distinct features in terms of
the dead zone formation, the flowing layer, and the contact force
network.

As shown in Fig. 4b, the shape of the dead zone in Case DFWS20V2 is
wedge-like and agrees well with the pile-up mechanism observed by Ng
et al. (2016) and that illustrated in Fig. 1d. In comparison, Case
DFWS20V4 presents a ramp-like dead zone coexisting with a flowing
layer (Fig. 4e), which is consistent with the runup mechanism observed
by Song et al. (2018) and that illustrated in Fig. 1b. Furthermore, the
flowing layer over the dead zone in the two cases shows a notable dif-
ference as well. The flowing layer is significantly thinned from the up-
stream to the top of the dead zone in Case DFWS20V2 (Fig. 4b), whereas
in Case DFWS20V4 it does not show much reduction (Fig. 4e). Accord-
ingly, the velocity of the flowing particles tends to vanish along the flow
direction in the pile-up case (Fig. 4b), but those flowing particles in the
runup case (Fig. 4e) firstly decelerates from the toe of the dead zone
before accelerating from the top of the barrier. It is rare to observe direct
impacts of debris particles on the flexible barrier in Case DFWS20V2
(Figs. 4a and b), due to limited debris mass climbing upon the dead zone.
In comparison, the flowing debris particles in Case DFWS20V4 (Figs. 4d
and e) have frequent and direct impacts on the top of the barrier. These
features indicate that a wedge-like dead zone formed with the pile-up
mechanism may serve better in attenuating and dissipating the impact
of the incoming flow than a ramp-like dead zone formed with the runup
mechanism.

Figs. 4c and f show the interparticle contact force networks of the
solid phase in the debris flow and the dead zone for both cases. Strong
contact forces are denoted in red thicker lines and weak contact forces in
blue and thin lines. As observed in Figs. 4c and f, the contact force
networks in the two cases differ from each other in both the shapes of the
contact networks and the locations of strong force chains. Case
DFWS20V2 shows strong contact chains at the lower part of the wedge-
like dead zone, whereas the strong contact chains in Case DFWS20V4
occur at both the lower and higher parts of the ramp-like dead zone and
the top of the flexible barrier (Fig. 4f). Notably, in both cases, both the
static load induced by the dead zone and the dynamic load resulting
from the flowing layer can be transferred through the contact networks
(Figs. 4c and f) to the flexible barrier. The relative dominance played by
the static or dynamic load for the two mechanisms at different stages
will be further discussed in Sect. 3.2.

3.2. Barrier responses under impacts of the runup and pile-up flows

As the flow and the barrier are interactively affecting each other
during the impact process, the differences of flow features observed from
Cases DFWS20V2 and DFWS20V4 indicate distinct barrier responses.
This is indeed confirmed by Fig. 5 which shows the distribution of the
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Fig. 4. Comparison of two representative cases of geophysical flows, DFWS20V2 (a-c) and DFWS20V4 (d-f), impacting a flexible barrier and the corresponding pile-
up and runup mechanisms. The free surface of the liquid in green is determined with liquid volume fraction o; = 0.5. The arrows in the flows indicate the magnitude
and direction of particle velocities UP. The magnitude of interparticle contact force FC is denoted by the thickness and colour. (b) and (e) show the dead zones
coexisting with flowing layers. (c) and (f) present the locations of metastable dead zones and strong contact force chains. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

flow-barrier interaction forces (Figs. 5a, b, e and f) and barrier internal
bond force (Figs. 5c and g), and the barrier deformation (Figs. 5d and f)
at three impact stages (see Fig. 1). Specifically, three forces are
considered, including the solid debris-barrier contact force Fi, the
fluid-barrier interaction force F{, and the barrier internal bond force FZ.
The subscript k denotes the initial location of the forces along the barrier
height direction. The forces at initial position No. k from 1 to 13 are
outputted from the bottom to the top of the barrier (Figs. 5a and e). The
red solid points denote the initial locations of the cables. F§  is calcu-
lated as F{ 7= EieNHFg’{H, where N represents the total number of
barrier particles at initial position No. k and Fﬁf is the total contact force
induced by debris particles acting on barrier particle i at initial position
No. k. Analogously, Ff = ZieNHFg || and Ff = ZieNHF{ kll. These forces
are respectively normalized by their maximum values at the three
stages.

The maximum F{” for Cases DFWS20V2 and DFWS20V4 are
respectively 1739 N and 2828 N. By contrast, the maximum F, for Cases
DFWS20V2 and DFWS20V4 are respectively 116 N and 195 N. There-
fore, the impact load acting on a flexible barrier is dominantly induced
by the solid debris-barrier contact force F¢. Asshownin Fig. 5a, similar
distributions of the F{ ¥ are observed at the three stages in a pile-up case.
The F{ 7 decreases from the bottom to the upper part of the barrier,
which is closely related to the static load exerted by the trapped particles
in the dead zone (see Fig. 4b and c). Indeed, hydrostatics-based
analytical models are recommended for the design of flexible barriers
with a pile-up mechanism (e.g. Song et al., 2018). By contrast, the runup
case (Fig. 5e) has distinct distribution trends of Fg‘f at the three stages.
The distribution of F{ / in the runup case (Fig. 5e) at stage I is similar to
that in the pile-up case (Fig. 5a). However, at stages II and III in the
runup case (Fig. 5e), the F¢ sustained at the upper part of the barrier
becomes comparable with that at the barrier bottom, differing markedly
from the pile-up case. The evolution in Fig. 5e is due to the competitive

roles of the three load components, including the static load induced by
the trapped debris (forming a dead zone), the dynamic load from the
incoming flow at the toe of the dead zone, and the drag or shear load
from the flowing layer above the dead zone. Consequently, hybrid
models comprised of both hydrostatic and hydrodynamic components
(e.g. Ashwood and Hungr, 2016; Wendeler et al., 2019) are suggested for
the design of flexible barriers with a runup mechanism.

Figs. 5b and f further show that the maximum fluid-barrier force B
appears at stage I for both the pile-up and runup cases. Unlike debris
particles that can be effectively blocked by the flexible barrier, the fluid
phase of the flows can pass through the barrier. In addition, the Ff tends
to decrease from stage I to stage III in Figs. 5b and f, due to the pro-
gressive formation of the dead zone at the upstream of the barrier. The
dead zone has a low void ratio compared to the flowing material and
thus a lower permeability, which decreases the fluid velocity in miti-
gating the overall impact (Wendeler et al., 2006, 2019).

Figs. 5¢ and g show the distribution and evolution of the barrier
internal bond force F} in the pile-up and runup cases. In both cases, the
F} increases from stage I to stage III, indicating the dominance of the
debris solid-barrier interaction (Figs. 5a and e) over the fluid-barrier
interaction (Figs. 5b and f). The maximum impact load acting on the
barrier for both the two mechanisms occurs in the overflow stage.
Therefore, the loading at stage III should be considered as a critical
condition in the design of flexible barriers with overtopping (e.g. the
upstream barriers in a multiple-barrier system, Zhang and Huang,
2021). Furthermore, the distributions of Fz in the two cases are similar
except for the top parts of the barriers (Figs. 5¢ and g). In the pile-up
case, two local peaks of Fﬂ are observed in the two lower cables at
stages II and III (Fig. 5c¢), indicating effective load transfer from the
barrier net to the cables. In comparison, the runup case has three local
peaks of F{ at stages II and III (Fig. 5g). The local peak of F? at the top
cable in the runup case (Fig. 5g) is contributed from a large amount of
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Fig. 5. Comparison of the pile-up (top panel: Case
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debris mass overtopping the barrier. Importantly, the highest local F}
occurs in the cables for both cases, agreeing with experimental and field
records (Tan et al., 2018, 2019; Wendeler, 2016).

Figs. 5d and h show that the barrier deformation in Case DFWS20V4
is larger than that in Case DFWS20V2 for all three stages. It is due to the
larger magnitude of the impact load in the former case, as the flow in
Case DFWS20V4 has larger flow velocity and hence more severe impacts.
The maximum elongations of the deformed flexible barriers are
observed at stage I, as a result of the more deposited debris mass and
the more flowing debris impacting on the barrier. Bulges between the
cables of the deformed barrier are observed for both cases at stage II and
III, which is consistent with field observations with similar barrier
configurations (Geobrugg, 2012; Wendeler, 2016).

4. Transition of impact mechanism between runup and pile-up

Based on the analyses of flow features and barrier responses in Sect.
3, the impact mechanism of a geophysical flow, either runup or pile-up,
can be tentatively identified. Nevertheless, as mentioned in the intro-
duction, the identification is sometimes difficult due to various un-
certainties involved, especially for cases where transitional impact
behavior emerges. In this section, two nondimensional criteria are
proposed, based on which the impact mechanisms of all the simulated
geophysical flows will be quantitatively examined. It may constitute a
first attempt that quantifies the impact mechanism transitions from the
perspectives of both the flow behavior and the barrier responses when a

FiMax[F4]

wide spectrum of geophysical flows are considered impacting a flexible
barrier. Prior to the discussion of the two criteria, typical flow-barrier
interaction processes captured from the simulated seven groups of
geophysical flows (see Table 2) are firstly summarized.

4.1. Flow-barrier interaction processes

Fig. 6 shows the three typical impact stages of seven representative
geophysical flows impacting against a permeable and deformable flex-
ible barrier. The pre-impact velocity (vo = 6 m/s) and the Froude
number (Fr = 2.78) of these flows are identical. The debris-barrier and
slurry-barrier interactions in all the cases are reasonably captured as
observed in Fig. 6, where the particles and the slurry are intercepted and
deflected by the barrier during the impact process. In addition, small
solid particles (and fluid if any) pass through the barrier by virtue of the
barrier permeability. The impact behavior varies significantly in the
seven cases of rapid geophysical flows with different solid volume
concentrations (¢; = 0.1-1) and fluid rheological properties. As shown in
Figs. 6a and g, the impact behavior in Case RAV6 (&5 = 1) shows notable
differences compared to Case MFV6 (¢ = 0.1), in terms of the flow-
barrier interactions, the formation of the dead zone as well as the
overspreading. Furthermore, compared to Case DFV6 where the fluid
phase is water (Figs. 6b), less fluid in Case DFWS20V6 (Figs. 6¢) is found
to pass through the barrier, due to the larger viscosity, yield stress and
density of the slurry used in the latter case. Indeed, more viscous slurry
gives rise to higher shear resistance during its flowing process compared
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Fig. 6. Snapshots showing the flow-barrier interaction processes for seven typical geophysical flows (vo= 6 m/s, Fr = 2.78) against a flexible barrier. Three typical
impact process including stage I (frontal impact, t = 0.3 s), stage II (runup or pile-up process, t = 0.6 s) and stage III (runup & overflow or pile-up & overflow, t =1 s)
are observed. A clip of the fluid system in the middle of the flow channel is presented to better visualize the solid system. See Fig. 4 for detailed captions.

to the water in Case DFV6 and hence less passing of fluid through the
barrier. As shown in Figs. 6¢, d and e, an increase of & results in more
trapped particles in a larger dead zone which more effectively restrains
the fluid motion and leads to less fluid overtopping and passing through
the barrier.

It should be noted that, in addition to the distinct flow parameters
focused in this study, barrier configurations (e.g. number of supporting
cables, mesh type, activation force of brakes) may also affect the flow-
barrier interaction. Unlike rigid barriers with no notable deflection
during the impact, a flexible barrier can rearrange itself during the
entire impacting process (Canelli et al., 2012). When subjected to the
impact of a geophysical flow, the flexible barrier may deform and reduce
in height, which in turn influences the barrier containment capacity and
further affects the force sustained in the barrier. This complicated
interactive responses between the barrier and the flow complexify the
flow-barrier interaction. It is thus important to evaluate the impact
mechanism in terms of both the barrier response (i.e. static-peak load
ratio in Sect. 4.2) and the flow feature (i.e. momentum reduction ratio in
Sect. 4.3).

4.2. Static-peak load ratio of the barrier

According to the distinct signatures of the runup and pile-up impact
mechanisms (see Figs. 1, 4 and 5), all the simulated flows are tentatively
classified based on their flow features (e.g. dead zone formation and
shape, overflowing behavior) and barrier responses (e.g. distribution
and evolution of sustained forces). As shown in Fig. 7, the solid and
empty symbols denote cases in the pile-up and runup mechanisms
determined by numerical observations, respectively. The half-filled
symbols (between the black dashed lines in Fig. 7) represent cases in
which the impact mechanism is difficult to be determined with subjec-
tive judgment and experience.

To identify the impact mechanisms of these unclear cases (half-filled
symbols in Fig. 7), the barrier response in terms of the normalized cable
force Fmb/Ff,‘éEk is further examined. Since the cables play a crucial role
in supporting the barrier and transferring impact loads to the ropes and
anchors, and their tensile forces are normally measured in the field and
experiments (Brighenti et al., 2013; Tan et al., 2018, 2020). It is found
that these cases with unclear mechanisms have a similar ratio between
the static force and the peak force sustained in the cables of the barrier, i.
e, Fgfg’ﬁc/Ff,‘éﬁk =~ 0.8. Therefore, the static-peak load ratio, defined as § =
Fgﬂ’ﬁc/Ff,‘ele, is proposed for the identification of the mechanism
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Fig. 7. Mechanism transitions between runup and pile-up determined by nu-
merical observations and the static-peak load ratio § = Ffﬁ,bﬁc/Ff,‘;Zk with a
threshold value of § =~ 0.8. The solid and empty symbols respectively denote
cases of the pile-up and runup mechanisms determined by the numerical ob-
servations, whilst the half-filled symbols (between the black dashed lines)
represent cases showing the transitional impact behavior. Based on the criterion
of 5, the gray and pink areas (separated by a red dash-dotted line) further
visualize the pile-up and runup mechanisms, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

transitions with threshold value § = 0.8. Given F°® as the total force
sustained in all the three cables of a barrier, F<2;. and Ff,‘égk are the static
and peak values of F, respectively. Specifically, F® is calculated by

Feob — ZiEN‘

in all the three cables at time t. F; is the bond force acting on nodal
particle i. When having the temporal evolution of F® from the entire
flow-barrier interaction process, Ff,‘e‘Zk is the peak value of the evolution,
and FS%,  is the value at the end of the evolution. The static load FS2;. is
mainly contributed from the static debris trapped by the barrier at the
end of the impact. The red dash-dot line in Fig. 7 separates the two
groups of cases with different 5. The cases with § > 0.8 are characterized
as the pile-up mechanism (the gray region in Fig. 7), whereas the cases
with 6 < 0.8 are recognized as the runup mechanism (the pink region in
Fig. 7).

Based on the criterion of § demonstrated in Fig. 7, the red dash-
dotted line shows the critical Fr values at which the impact mecha-
nism transitions happen in seven groups of geophysical flows. The range
of the critical Fr is approximately from 0.7 to 3.7, depending on the flow
type (i.e. MF, DFD, DFW, DA and RA) and the solid volume concentration
&s. Furthermore, the effect of ¢; on the impact mechanism transitions can
be observed from the three groups of debris flows (i.e. DFWS20, DFWS35
and DFWS50). A larger ¢, of a debris flow tends to give a larger critical Fr
at which the transition occurs. Given the same Fr, the increase of ¢; may
lead to the transition from the runup to pile-up, as observed from Case
DFWS20V4 and Case DFWS35V4 when Fr = 1.85 (Fig. 7). Indeed, the
larger ¢ in Case DFWS35V4 results in more particles trapped in the dead
zones, leading to a larger static force acting on the barrier and thus a
higher 6.

It is worthy to note that the criterion with a sharp threshold (6 =~ 0.8)
is proposed to offer convenience in identifying different mechanisms to
avoid excessive ambiguity. The impact mechanism transitions under the
effect of Fr and ¢, are indeed gradual. Taking four simulation cases with
different velocities (and thus Fr) as an example, Fig. 8 shows the tem-
poral evolution of the load ratio F““b/F;‘é‘Zk, where the end of each curve
is the static-peak load ratio § = Fgffﬁc/Ff,ﬁZk. F$. is measured at the end
of the flow-barrier interactions after the impact ends. Cases DFWS20V2
(6 = 0.98, black solid line) and DFWS20V3 (§ = 0.82, green dashed line)

F;||, where N; denotes the total number of nodal particles
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Fig. 8. Load ratio versus time for the large-scale laboratory test RA by Tan et al.
(2018), the full-scale field test DFW by Bugnion and Wendeler (2010), and
numerical cases DFWS20 with v,y ranging from 2 m/s to 6 m/s.

undergo the pile-up mechanism, whilst cases DFWS20V4 (5§ = 0.71, red
short-dashed line) and DFWS20V6 (S = 0.38, red dot line) experience the
runup mechanism. With the increase of vy from 2 m/s to 6 m/s, §
gradually decreases from 0.98 to 0.38, showing the gradual transition
from the pile-up to runup mechanisms. Note that a higher velocity re-
sults in a higher impact force and a larger barrier deformation at rest,
and consequently resulting in a reduced barrier height and retainment
capacity. In addition to our simulation cases, two flows in different
mechanisms from large-scale experiments performed by Tan et al.
(2018) and Bugnion and Wendeler (2010) are also illustrated in Fig. 8.
The rock avalanche against a flexible barrier in the large-scale labora-
tory tests (Tan et al,, 2018) gives § = 0.92, indicating the pile-up
mechanism. Indeed, the motion of the avalanche and the formation of
the ramp-like dead zone reported in Tan et al. (2018) agree reasonably
well with the signatures of the pile-up mechanism. The debris flow
impacting on a flexible barrier in the full-scale test (Bugnion and
Wendeler, 2010) presents § = 0.54, which is classified as the runup
mechanism. The reflected waves observed after the impact on the bar-
rier in Bugnion and Wendeler (2010) are consistent with the runup
mechanism. The two experimental cases partly verify the identification
of the impact mechanism transition based on § = 0.8. In addition to the
characteristics of anticipated flows, the criterion of static-peak load ratio
could differ with varying barrier deformability and configuration, which
need to be further explored in the future.

4.3. Momentum reduction ratio of the flow

The momentum reduction of the flow is commonly calculated by
assuming no change in the discharge rate along the flow path during the
impact process (runup or pile-up with overtopping) (e.g. Ashwood and
Hungr, 2016; Song et al., 2019; Zhou et al., 2020). This could be valid to
a certain extent for geophysical flows in the runup mechanism when
impacting on a rigid barrier. In the flexible barrier case, however, a non-
negligible amount of debris would be gradually trapped in the dead zone
or continuously pass through the permeable flexible barrier (see Figs. 1a
and c¢). In this study, a momentum reduction ratio ¢

(mafvo 7moﬁof> / MyVo = (vo 7%«) / Vo is proposed to quantify the

mechanism transition between the runup and pile-up with consideration
of the flowing debris that overtops the flexible barrier, by which the
momentum change before and after the impact can be calculated for the
same flowing debris. Specifically, mys and Vs respectively denote the
mass and mean velocity of a certain amount of flowing debris that firstly
overtops the flexible barrier. They are extracted from the overflow
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mixtures in the region (xp< x < xp+Hp/2) at the time instant after
1x107° s (i.e. 100 DEM steps) of the first overtopping particle and fluid.
Note that Hg/2 is around the maximum barrier deflection along the x-
direction (see the coordinate in Fig. 3a). Therefore, { denotes the
dissipation ratio of momentum for a certain amount of flowing debris
with mass mf, whose momentum is dissipated from its incoming flow
path to the top of a barrier. This momentum reduction is mainly
contributed by the change of flow potential energy, the friction and
collision between the flowing layer and dead zone, and the friction and
collision inside the flowing layer. Note that the change in mass during
the flow-structure interactions is possibly due to the separation between
particles and fluid (Kattel et al., 2018; Pudasaini and Fischer, 2020),
which is beyond the scope of this study.

Similar to the determination of § = 0.8 in Sect. 4.2, the critical mo-
mentum reduction ratio for the impact mechanism transition is deter-
mined as { = 0.5, according to the cases showing unclear mechanisms (i.
e. half-filled symbols in Fig. 7). The momentum reduction ratios of all
the simulated geophysical flows are summarized in Fig. 9. The cases
with ¢ > 0.5 are characterized as the pile-up mechanism (gray region),
while the cases with ¢ < 0.5 are identified as the runup mechanism (pink
region). The solid and empty symbols in Fig. 9 denote cases respectively
identified as the pile-up and runup mechanisms based on the criterion of
§ (see Fig. 7). Notably, there are some cases where impact mechanisms
are identified differently based on the two criteria (i.e. § = 0.8 and { =
0.5). For instance, Case DFWS20V3 (red solid circle below the dash-dot
line in Fig. 9) is characterized as the pile-up mechanism based on its 6 =
0.82 but is recognized as the runup mechanism using its { = 4.85. Be-
sides, there are two empty symbols above the dash-dot line in Fig. 9,
indicating the conflicting mechanisms identified based on the two
criteria. These cases where the two criteria give different mechanisms
are indeed close to the transition line (a red dash-dotted line in Fig. 9)
since the proposed two criteria are made artificially sharp. Therefore, if
the impact mechanism of a flow is determined differently with the two
criteria, it may well indicate that the flow is close to the mechanism
transition, under which condition both mechanisms should be carefully
analyzed to choose the conservative one for practical design.

Moreover, Fig. 9 reveals the effects of Froude number Fr and solid
volume concentration &; on ¢ for seven groups of geophysical flows. For
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Fig. 9. Mechanism transitions between runup and pile-up quantified by the
momentum reduction ratio { = (vo 7v,,f) / vo with a threshold value of ¢ =

0.5. The gray and pink regions (separated by a red dash-dotted line) visualize
the pile-up and runup regimes based on the { - Fr correlations, respectively.
Solid and empty symbols of the tests respectively denote the identified pile-up
and runup mechanisms according to the criterion of § (see Fig. 7). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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each type of geophysical flows, ¢ decreases with Fr, while the decreasing
rate reduces and tends to vanish with the growth of Fr. A higher Fr in-
dicates a larger flow velocity, which leads to a flowing layer that over-
rides the dead zone and overtops the barrier with less momentum
reduction. This may imply that the mitigation efficiency of a resisting
flexible barrier tends to reduce with the increase of Fr of the geophysical
flows. Furthermore, the vertically aligned data points (from group MF to
group RA) in Fig. 9 demonstrate a significant effect of ;. The higher the
solid volume concentration ¢, the larger the momentum reduction ratio
¢. This might be related to the different efficiency of solid particles and
fluids in dissipating energy. Indeed, grain shear stress (friction and
collision) is commonly considered as more effective in energy dissipa-
tion compared to fluid viscous shearing during the debris-structure in-
teractions (Choi et al., 2015; Song et al., 2017).

5. Discussion and conclusions

This study provides a comprehensive analysis of the impact mecha-
nism transitions for seven groups of geophysical flows against a flexible
barrier. To cover a wide range of geophysical flows, the simulated flows
are varied in terms of their flow dynamics, components and rheological
properties, by which the effects of solid volume concentrations (&5 =
0.1-1), Froude numbers (Fr = 0.43-7.40), and fluid rheologies (New-
tonian and non-Newtonian), have been investigated. Meanwhile, a
flexible barrier is considered as a system consisting of hexagonal-shaped
meshes, cables and brake elements. To capture the fundamental three-
way interactions among the flexible barrier, the solid and the fluid of
flows, a unified CFD-DEM framework has been adopted, in which the
fluid is modeled with CFD and the solid in a flow and the barrier are
simulated with DEM. Major conclusions are summarized as follows.

1. Two representative debris flows showing the runup and pile-up
mechanisms have been thoroughly analyzed to distinguish the sig-
natures of the two mechanisms, from the perspectives of both flow
features and barrier responses. In particular, flows in the two
mechanisms exhibit distinct characteristics in terms of the shape of
the dead zone (i.e. ramp-like shape for runup and wedge-like shape
for pile-up), the thickness of the flowing layer, and the locations of
strong force chains. Furthermore, the distribution and evolution of
the flow-barrier interaction forces and internal forces sustained by
the barrier also show a notable difference between the two mecha-
nisms. Based on the study, for the practical design of flexible barriers,
hydrostatic-based models are recommended for a pile-up mecha-
nism, and hybrid models are suggested for a runup mechanism. It is
also found that the most critical force in the barrier occurs at the
overflow stage for both mechanisms, indicating the significance of
considering overtopping, especially in the design of multi-level
flexible barriers.

2. The typical flow-barrier interaction process has been examined for
seven geophysical flows with different constituents. Although the
natures of the seven geophysical flows differ, their flow features (e.g.
flow deceleration and redirection) and barrier responses (e.g. barrier
deformability and permeability) have all been captured by the
employed method. Compared to the mixture of water and solid
particles (i.e. debris flood), the mixture consisting of slurry and solid
particles (i.e. debris flow) has less fluid passing through the barrier. A
higher solid volume concentration leads to more particles trapped in
the dead zone and more effectively restrains the fluid motion, lead-
ing to less overtopping fluid.

3. For the first time, two dimensionless indices, the static-peak load
ratio of a barrier () and the momentum reduction ratio of a flow (¢),
have been proposed to identify mechanism transitions between the
runup and pile-up for a wide spectrum of geophysical flows with
different flow components and Froude numbers. Built upon the two
criteria, the critical Froude numbers (Fr) have been quantitatively
examined for the impact mechanism transitions in seven groups of
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geophysical flows. It is found that the transition from pile-up to
runup occurs with an increasing Fr for geophysical flows with the
same components. For flows with different components, both the
growth of solid volume concentration and the replacement of water
by slurry in a solid-fluid mixture lead to a transition occurring at a
higher Fr.

This study helps us gain a deeper understanding of the runup and
pile-up mechanisms and offers quantitative identification of the mech-
anism transitions for a wide spectrum of geophysical flows. The analysis
in this study may help reduce subjective uncertainties in identifying the
two mechanisms and provide analytical bases in flexible barrier design
according to anticipated flow dynamics and properties. Note that in
reality the impact behavior of a geophysical flow could start with a
runup mechanism and transform into a pile-up mechanism (Zhou et al.,
2020). Such transitional behavior within a single flow impact will be
studied in the future. Furthermore, the mechanism transitions may also
be affected by a variety of other factors, including flow composition,
successive surges and flow-barrier height ratio, slope inclination, and
the configurations and deformability of the flexible barriers. For
instance, boulders with destructive power and successive surges could
significantly affect the impact behavior (e.g. Albaba et al., 2017; Su
et al., 2020). These factors will be a focus of future study.

In this study, the same range of Fr has been adopted for all the
investigated types of geophysical flows for consistent model setup and
convenient comparison. Nevertheless, extreme Fr might not be realistic
for some of the geophysical flows and careful attention should be paid
when interpreting the results. For instance, the common Froud-numbers
and pre-impact velocities for avalanches and mud flows could be lower
than the adopted maximum values (e.g. Fr = 7.40, vo = 16 m/s).
Moreover, a direct simulation of a real-scale flow with the proposed
coupled CFD-DEM approach may demand too expensive computational
cost to be realistic. Alternatively, it may be more efficient and feasible to
model real-scale geophysical flows (e.g. Mergili et al., 2020a, 2020b)
with advanced continuum mechanics based multi-phase mass flow
models (e.g. Pudasaini, 2012; Pudasaini and Mergili, 2019).
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