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Load deflection of flexible ring net barrier in resisting debris flows
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ABSTRACT: Quantitative understanding of the load deflection mechanisms of a flexible barrier in
intercepting debris flows is critical for barrier design, but remains practically challenging due to difficulties
involved in capturing multi-phase, multi-way interactions. We employ a physics-based coupled
computational fluid dynamics and discrete element method (CED-DEM) to simulate a flexible ring net
barrier as a permeable, deformable multi-component system by DEM and model a debris flow as a mixture
of discrete particles and a continuous slurry by DEM and CED, respectively. The CFD-DEM coupling
framework offers unified treatments of in-flow solid-fluid interaction, flow-barrier interaction, and
interactions among barrier components. Numerical predictions of key flow-barrier interactions and cable
forces show reasonable consistency with large-scale experiments. Systematic simulations with varying
flow-barrier height ratios € and flow dynamics. are performed to examine the evolving mechanisms of load
sharing and transmission and quantify the e-dependent load-deflection modes. The ratio € is found to bear
a strong, positive correlation with key barrier response in three typical modes. The post-peak barrier
deformations experience shrinkages with'e < 0.6 and expansions when € > 0.6. The study helps to improve
our understanding of the load-deflection mechanisms for practical design of flexible barriers in mitigating
debris flows.

KEYWORDS: . debris flow; flexible ring-net barrier; load-deflection mechanism; geohazard mitigation,
numerical modelling, disaster risk reduction
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INTRODUCTION

Flexible barriers have been increasingly adopted worldwide to mitigate debris flows, debris/rock/snow
avalanches, and rockfalls, in the wake of increased frequency and magnitude of cascading geophysical flows
due to climate-driven rainstorms, severe wildfires, and changing landscape (Hoch et al., 2021; Li et al.,
2022; Pisano et al., 2017). Compared with rigid barriers (Marchelli et al., 2020; Ng et al., 2018), flexible
barriers arrest geophysical flows by virtue of their high permeability and structural deformability to mobilize
complicated load-deflection behaviour, thereby prolonging impact duration and attenuating the peak impact
(Ashwood & Hungr, 2016; Song et al., 2019). Understanding the load-deflection mechanisms.is critical to
evaluating the peak impact, barrier deformation, and retainment capacity for practical designs (Kwan &
Cheung, 2012; EOTA, 2016). However, challenges remain in realistically capturing and quantifying the
intricate multi-way interactions between a deformable, permeable barrier system andboth the solid and fluid
in impinging the flows. The impact process is featured by various mechanisms governing force sharing,
transmission and redistribution, energy dissipation and transformation, phase. separation, and flow regime
transition, posing great difficulties for modelling and analysis.

Existing studies on debris flows interacting with flexible barriers can be largely described by two
methodological categories: experimental and numerical approaches.. Both full-scale and large-scale
experimental tests have been carried out to examine the impact process.(Brighenti ef al., 2013; Bugnion et
al., 2012; Vicari et al., 2022). These studies provide valuable data and help to offer a better understanding
of the subject. However, they are mostly limited by various constraints and can be costly. Capturing the
overflow processes and examination of crucial force sharing and transferring among barrier components
remain practically difficult (DeNatale ef al., 1999; Ferrero ef al., 2015). Small-scale experiments have been
used as an alternative to investigating key controlling factors of the flow-barrier interactions under well-
controlled conditions (Ashwood & Hungr, 2016; Ng et al., 2017). Nonetheless, they commonly resort to the
use of idealized or simplified flexible barriers such as impermeable membranes (Ashwood & Hungr, 2016;
Song et al., 2021) and uniform plasticmeshes (Wendeler et al., 2019), which may fail to recover the inherent
permeability, nonuniformity and mechanical characteristics of flexible barriers.

Numerical approaches have been widely developed to analyse flow-resisting flexible barriers. Notable
studies include continuum-based methods (Material Point Method (MPM), Ng et al., 2020; Finite Element
Method (FEM), Zhao et/al., 2020; Smoothed Particle Hydrodynamics (SPH), Favero Neto et al., 2020; Bui
& Nguyen, 2021), discrete-based methods (Discrete Element Method (DEM), Zhu et al., 2019), and coupled
approaches (Lattice Boltzmann Method (LBM) coupled with DEM and FEM, Leonardi ef al., 2016; coupled
FEM-DEM, Liu et al.,2020; coupled CFD-DEM, Kong et al., 2021a). In practice, a flexible ring net barrier
commonly comprises a ring net, cables, and energy dissipators (Fig. 1a), which are rarely captured in a
unified method. Importantly, these components can highly interact with one another in addition to their
interactions with impinging flows. The in-barrier interacting processes such as cable-ring-ring frictional
sliding and curtain effect constitute crucial resisting mechanisms for the barrier (Coulibaly et al., 2018),
which is vital for accurate prediction of barrier deformation, load sharing and transmission. However,
current studies (Kong et al., 2021a; Leonardi et al., 2016; Liu et al., 2020; Zhao et al., 2020) commonly
generate the net units in a 2D plane by the ignoration of cable-ring-ring sliding in 3D space. Furthermore,
the solid-liquid nature of a debris flow plays a crucial role in predicting its propagation and impact (Iverson,
1997; Pudasaini & Mergili, 2019; Tayyebi et al., 2021) but has commonly been simulated as continuum
flows or dry flows (Albaba et al., 2017; Ng et al., 2020; Zhu et al., 2019). There is a pressing need for a
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physics-based, unified numerical tool that may consider all these aspects, such as the multi-way interactions
and cable-ring-ring frictional sliding.

Despite the complexity of load-deflection process of flexible barrier in resisting debris flow impact,
the current practice of barrier design has been built upon using an oversimplified spring model, assuming a
constant barrier equivalent stiffness ky, to calculate the normal impact load Fy, by F, = ky Dy, where Dy,
denotes the maximum barrier deflection parallel to the flow direction. The model has been examined against
data from small-scale and full-scale tests (e.g. Ashwood & Hungr, 2016; Song et al., 2019; Wendeler, 2016).
Based on back calculation of field events, Wendeler (2016) reported a relationship between ky} and Dy, by
the neglect of possible occurring energy losses and outlet materials. Notably, Song et al. (2019) reported a
two-stage development trend of barrier stiffness based on small-scale centrifuging tests equipped with a
novel flexible barrier composed of membrane and cables. They calculated Fy, by the simplified solution
based on cable forces and deformed angles (Ng et al., 2017). Nevertheless, the estimation of Fy, is
challenging, as it is not directly measurable in experiments or fields. Thus, the combined effects of over-
simplified flexible barriers, idealized assumptions, and difficult-to-estimate variables (e.g. forces and
deformations) pose severe difficulties in clarifying the interplay among barrier loads, deflections, and
deformation features such as the barrier equivalent stiffness.

Moreover, flow features (e.g. dynamics, components and the flow-barrier height ratio €) are critical for
understanding the load-deflection mechanism and thus essential for analyzing and designing a flexible
barrier. Note that the ratio is defined as € = hy/hy,, where hg and hy, are the pre-impact flow height and the
height of an undeformed barrier, respectively. Current studies mainly focus on the effects of flow dynamics
and components on the impact behaviours (Ashwood & Hungr, 2016; Song et al., 2019; Wendeler, 2016).
Existing analytical models for the design of flexible barriers (e.g. Ferrero et al., 2015; Song et al., 2021)
also do not explicitly consider the ratio €. Nonetheless, several studies indicate that the ratio € could largely
affect the impact behaviours and mechanisms (Faug, 2015; Hakonardoéttir ef al., 2003; Ng et al., 2018). The
influence of the ratio € on the load-deflection reponses of flexible barriers in mitigating debris flows remains
an open question. To address this issue; a systematic numerical investigation based on coupled CFD-DEM
approach is conducted in this study.

METHODOLOGY AND MODEL SETUP

A unified, unresolved CED-DEM coupling method is employed to obtain three-dimensional solutions to
such multi-phase, multi-physics flow-structure interaction problems. The debris flow is treated as a mixture
of solid particles and viscous liquid (Fig. 2b) which are simulated by DEM and CFD, respectively. A flexible
barrier is modelled by DEM (Fig. 1b). The translational and rotational motions of each particle in DEM are
governed by Newton’s equations, and the fluid in CFD is controlled by the locally-averaged Navier-Stokes
equation’ for each fluid cell. The two-way coupling scheme offers a unified way for the convenient
description of solid-liquid interactions in a debris flow and between barrier components and the debris liquid.
Free surfaces are simulated by the Volume-of-Fluid (VOF) method implemented in CFD. The employed
method has been benchmarked with classic geomechanics problems (Li & Zhao, 2018; Zhao & Shan, 2013)
and has been shown to capture the complicated fluid-solid interactions in various engineering conditions,
including the flow-barrier interactions (Kong et al., 2021b; Li et al., 2021). This method has been further
extended to examine debris-flow impacts on flexible barriers (Kong et al., 2021a; Li et al., 2020), where
the modelling of different barrier components has been further enriched, calibrated, and verified. Details of
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the governing equations solved by the coupled CFD-DEM method have been described in Kong et al. (2021a)
and Zhao & Shan (2013) which will not be repeated here for brevity.

Modelling of a flexible ring net barrier system

We consider a typical trapezoidal-shaped flexible barrier system composed of a ring net, brake elements
and cables shown in Fig. 1a used in New Zealand (GEOVERT, 2016) for mitigating debris flows. It is
typically fixed on three sides (left, bottom and right) by anchors and nails driven into the ground. DEM is
used to model such a flexible barrier by assembling a ring net consisting of 382 interlocking rings, 5
supporting cables and 10 brake elements (Fig. 1b). The cables are designed to sustain the load transferred
from the ring net and further to anchored boundaries (Figs. 1a and b). The bottom cable and lateral edges of
both the top and middle cables (Fig. 1b) are fixed to mimic the anchored boundaries (Fig. 1a). Both ends of
a horizontal supporting cable are equipped with two brake elements (Figs. 1a and b) designed to dissipate
impact energy and lengthen significantly under debris-flow impact. Consequently, the lengthened cable can
better carry the orthogonal loads than the straight spanned one. Fig. 1c-1 presents the intricate connections
among interlocking rings, cables and brake elements where the cable-ring-ring frictional sliding and
collision are enabled.

All the barrier components are modelled by DEM using nodal particles connected with parallel bonds
(Kong et al., 2021a; Potyondy & Cundall, 2004). Figs. 1c-1 demonstrates that the interlocking ring elements
are idealized into numerical meshes with a set of nodal patticles placed at the physical nodes of the ring
(Fig. 1c-2). Figs. 1c-3 represents the parallel bond linking the nodal particles A and B in a ring element (Fig.
1c-2). This bond can sustain the axial and shear-directed forces and moments, which are denoted by F", FS
and M", M®, respectively. Specifically, five parameters are used to define a parallel bond: the normal and
shear stiffnesses per unit area, k™ and kS the tensilé-and shear strengths, . and 7,; and the bond-radius
multiplier A. The radius of a parallel bond Rp is defined as Ryg = Amin (Ry, Rg), Where R, and Ry are
radii of two connected particles A and.B. Interested readers may refer to the literature (Li et al., 2020;
Potyondy & Cundall, 2004) for detail.

Similarly, a cable is modelled with a set of connected nodal particles whose centres are along the cable,
and a brake element is modelled with two connected nodal particles. Different types of parallel bonds can
be handily adopted to capture various behaviours of the barrier components. Note that brake elements
exhibiting highly nonlinear behaviour are modelled by a piecewise linear plasticity model (Li et al., 2020;
Xu et al., 2018). Moreover, the total physical mass of the ring net and cables is assumed to be lumped over
these nodal particles;according to which their density is adjusted (Dugelas et al., 2019; Li et al., 2020). The
full model description (i.e. flexible barrier and key components), calibration and validation can be found in
Li et al. (2020). Key parameters for the modelling of a flexible barrier are summarised in Table 1.

Within the same DEM framework, particle-wall interactions, in-flow interparticle interactions, and
interactions between barrier nodal particles and debris particles can all be readily handled. Meanwhile, the
interaction between barrier nodal particles and debris fluid can be considered in the same manner as the
fluid-particle interactions in a debris flow under the physics-based, unified CFD-DEM method. Thus, we
can model the loads of solid particles and the fluid in a debris flow exerting on the barrier nodal particles
via interparticle contact force and fluid-particle interaction force, respectively. Note that four fluid-particle
interaction forces including drag force, buoyancy force, viscous force, and virtual mass force are considered
in this work (Kong et al., 2021a).
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Fig. 1 Modelling of a flexible ring net barrier system: Comparison between (a) a full-scale flexible ring net barrier in
New Zealand (GEOVERT, 2016) and (b) a reduced-scale flexible ring net barrier (by DEM); (c-1) A zoom window
showing the connections among ring elements, cables and brakes; and (c-3) representing a parallel bond and its key
parameters (Li ez-al., 2020) adopted to describe the remote interaction between particles A and B in (c-2).

Model setup and case plan

Fig. 2 illustrates the model setup for a solid-fluid mixture and a flexible barrier constructed on an inclined
channel with a slope angle 8 The CFD domain is bounded by an upper atmosphere face, an outlet face at
the end of the channel, and 4 no-slip channel walls (Fig. 2a). In DEM, the sides and bottom of the flow
channel are modelled as rigid walls with Young’s modulus ten times the particles. The particle-wall sliding
friction and rolling friction coefficients are set to 0.5 and 0.15, respectively. A mixture sample composed of
tridisperse grains and viscous liquid (Fig. 2b) is initially assigned with prescribed velocities (Vi = 2.2 ~ 7
m/s) to flow down and impact on the barrier. hp, [, and wy, are the height, length and width of the initial
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sample, respectively. The total volume and solid volume concentration for debris flows are 7.2 m® and 0.5,
respectively. The mass percentages of the particles with diameters d;, of 0.08 m, 0.06 m and 0.04 m are
70%, 15% and 15%, respectively. The total number of simulated particles in each simulation is 44,725
(30,000 in a flow and 14,725 in a barrier). Compared to water as the fluid phase (Fang ef a/., 2021; Shan &
Zhao, 2014), the viscous slurry in a debris flow is treated as a more complicated non-Newtonian fluid
modelled with the Herschel-Bulkley model (Remaitre et al, 2005). Although debris flows cannot be
accurately predicted by a fixed rheological formula (Iverson, 2003; Major & Pierson, 1992), the interstitial
slurry fluid in a debris-flow mixture can be reasonably described by a Herschel-Bulkley model with shear-
thinning rheology (Coussot et al., 1998; Remaitre et al., 2005; Von Boetticher et al., 2016): At the initial
state, only fluid cells coinciding with the mixture sample portion are filled with liquid, and the rest of the
CFD domain is filled with air. Key adopted parameters are summarised in Table 1.

Flexible barrier

Fig. 2 Model setup: (a) Model geometry prior to the release of the mixture; (b) Illustration of a representative part of
a mixture sample. (c) Illustration of two representative cases with the flow-barrier height ratios € equal to 0.2 (left)
and 0.8 (right). o; denotes liquid volume fraction.
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To obtain a comprehensive understanding of the effects of the flow-barrier height ratio € on the barrier
load-deflection behaviour, the ratio € ranging from 0.1 to 1.0 is produced. It is wider than the measured
values of € (0.125 to 0.625) from field investigations by Wendeler et al. (2019). In this study, the large-
scale (10° ~ 10" m) simulations, instead of real-scale (10" ~ 10* m) ones, are conducted for computational
efficiency, and their dynamic similarity with real-scale geophysical flows is guaranteed by Froude similarity.
The Froude similarity is commonly used in numerical and physical modelling for flow-structure interactions
(Choi et al., 2015; Li et al., 2021; Wendeler et al., 2019). Indeed, the Froude number has been widely used
to characterise the flow dynamics in aiding the design of flow-resisting flexible barriers (Wendeler, 2016).
It is defined as the ratio of the flow inertia to the external field due to gravity:

Fr=vy/\/ghgcosO )
where vy and g denote the average velocity of incoming flows and gravitational acceleration, respectively.
Two test groups are generated: group / with varying vy, (2.2 ~ 7 m/s) and constant Fr (2.4), and group //
with varying Fr (1.7 ~ 5.4) and constant vj, (5 m/s). The obtained Fr is within the range measured from
real debris flows, which is from 0.5 to 7.6 (Choi et al., 2015). For convenient discussion, test IDs are defined
according to group ID and the ratio €. GI and GII denote groups / and“7L, respectively. Cases GIR20 and
GIIRS80 indicate the numerical tests of debris flows with € = 20% in"GL (vijn¢ = 3.1 m/s, Fr = 2.4, Fig. 2¢-
left) and € = 80% in GII (vint =5 m/s, Fr = 5.4, Fig. 2c-right), respectively. Test program is summarised in
Table 2. In addition to the flow-barrier height ratio and flow dynamics, the load-deflection behaviours of a
flexible barrier can also be affected by other factors, including the ‘specific barrier type and configuration
and the incoming geophysical flow types. This study has adopted a fixed solid volume concentration of 0.5
as a demonstrative example to simulate a typical.debris flow. In reality, the solid volume concentration
typically ranges from 0.4 to 0.8 for debris flows (Iverson, 1997), and this factor can affect the mobility of
debris flows and thus the impact mechanismagainst a flexible barrier (Kong et al., 2021a; Song et al., 2018).

Table 1 Key model parameters

Items Properties Values
Particle in a flow Particle number 30,000
Density * (kg/m?) 2,500
Diameter (m) 0.04, 0.06, and 0.08
Young’s modulus (particle-particle contact) (GPa) | 70
Young’s modulus (particle-wall contact) (GPa) 700
Poisson’s ratio * 0.3
Restitution coefficient * 0.4
Interparticle friction coefficient 0.7
Particle-wall friction coefficient 0.5
Rolling friction coefficient 0.15
Particle in a barrier T | Diameter (m) 0.006
Number 14,725
Density for ring element, cable, brake (kg/m?) 7,800, 12,000, 20,000
Young’s modulus (GPa) 10
Poisson’s ratio 0.3
Restitution coefficient 0.1
Friction coefficient 0.1
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Bond in a barrier T | Normal stiffness of ring element (N/m) 3x10!
Shear stiffness of ring element (N/m) 9%x108
Normal stiffness of cable (N/m) gx10!"
Shear stiffness of cable (N/m) 8x 108
Stiffnesses of the brake at stages 1 and 2 (N/m) 8x 10!, 8101
Activation force of the brake element (kN) 2
Air * Density (kg/m®) 1
Viscosity (Pa's) 1.48x107
Fluid ¥ Density (kg/m®) 1,350
Consistency index (Pas") 21.30
Flow index 0.24
Yield stress (Pa) 17.86
Simulation control Cell size in CFD (m) 0.15*0.15*0.15
Time step in DEM (s) 5%1077
Time step in CFD (s) 5%10°
Simulated real-time (s) 2 ~12

Notes:

* Refer to typical values of physical properties for debris flows (Iverson; 1997);
T Refer to key parameters in the modelling of a flexible barrier (Dugelas ef al.;2019; Li et al., 2020; Xu et al., 2018).

I Refer to typical values of the non-Newtonian fluids (Remaitre'et al., 2005);

Table 2 Modelling program

Groups Properties Values

GI &Gl | ¢ 0.1/ 02..03 04 05 06 07 08 09 1
h,, (m) 0.1 02 03 04 05 06 07 08 09 1
I, (m) 4020 133 10 8 67 57 5 44 4

G Ve m/s) [22 3.1 38 44 5 54 59 63 66 7.0
Fr 24 24 24 24 24 24 24 24 24 24

Gl v (mfs) |5 5 5 5 5 5 5 5 5 5
Fr 54 38 31 27 24 22 21 19 18 17

For each case; the computational time on an 8-core Intel CPU (3.7 GHz) desktop computer varies from
90 hours to 390 -hours, depending on the targeted real time (2 ~ 12 s). Furthermore, the size of the simulated
barrier is determined according to the scale of the setup in Fig. 2a. The barrier ring net size (i.e. ring diameter

equal to 70 mm) is determined to retain large particles in a flow while allowing small particles to pass
through, which recovers the major function of a flexible barrier in reality. Note that the unresolved CFD-
DEM approach employed in this study requires a maximum particle diameter smaller than the typical CFD
cell size, and thereby it cannot fully resolve the detailed fluid motion around each particle (Kloss et al.,
2012; Zhao & Shan, 2013). The chosen size ratio of the fluid cell to the maximum or average particle
diameter is considered reasonably accurate for solving the three-way flow-barrier interactions while

maintaining affordable computational cost. Large-scale 3D simulations of debris flow against a flexible
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barrier using fully resolved CFD-DEM method (Yu & Zhao, 2021) can help to provide greater physical
details, which can be explored in the future with further development of the coupled CFD-DEM method
and the increase in computing power.

IMPACT DYNAMICS, LOAD COMPONENTS AND TRANSMISSIONS

Impact dynamics and load components

Figs. 3a and b show the comparison of key flow-barrier interactions for flow-resisting flexible batriers
observed between a large-scale flume test (25m-long, 2m-wide) performed by a reduced-scale flexible ring
net barrier (HKUST, 2019), and a representative numerical case GIR50 (€ = 0.5, vjpe =5 m/s, Fr = 2.4).
Noted that the green surface of the fluid visualizes the contour surface with a; = 0.5 (Fig. 3b). Three typical
stages are identified, namely, frontal impact process (stage /), runup process (stage /) and overflow process
(stage III). Experimental observations (Fig. 3a) witness a certain volume of .the fluid and small particles
passing through the barrier, which has been well captured by our numerical result (Fig. 3b).

Fig. 3¢ shows the fluid-barrier interactions in terms of fluid volume fraction «; (background colour and
streamlines) and fluid velocity U (coloured arrows). The velocity-field of fluid is compounded shown for
better visualization of dead zones (Kong et al., 2021b; Faug, 2015) coexisting with the flowing layers. The
boundaries of dead zones (blue dash-dotted lines in Figs. 3c’and.d) are approximately determined based on
a velocity threshold (i.e. below 5% of v,) suggested by Faug ef al. (2009). Moreover, the distribution density
of streamlines indicates local flow discharge. The flows passing through the barrier rapidly decrease from ¢
=0.25 s to ¢ = | s as the dead zone traps more solid particles, resulting in a low void ratio compared to
flowing materials and thus a lower permeability.

Fig. 3d demonstrates the solid-barrier interactions by the interparticle contact force (F¢) networks. The
magnitude of F€ is denoted by the thickness and colour of a tube. Strong contact forces are denoted in red
and are relatively thicker than weak contact forces in blue. Strong force chains are observed at the bottom
of the barrier at stage / and occur at both.the lower and higher portions of the ramp-like dead zone at stages
II and [II (Fig. 3d). The dead:zone isinitially formed upstream of the barrier where the retained particles
form a contact structure at stage /I. More solid materials are then trapped in the dead zone, serving as a ramp
surface for subsequent flows to override and eventually overflow the barrier at stage //1.

Fig. 3e illustrates the impact loading history with dynamic load FS Y from flowing debris, the static
load F5* induced by.dead zone and flowing layer, as well as the passive pressure Fg’ % and drag or shear

force ngra produced by the flowing or overtopping layer. Hereby, the macroscopic F, can be cast as
Fp = FY™ + FS® + FP*S 4 Fdra @)

where the direct-impact induced force dominates at stage / while forces produced by the dead zone and

flowing layer play substantial roles at stage //I (Ashwood & Hungr, 2016). FS e, Fg’  and Ft‘,ira can be
transferred through the contact networks to the barrier (Fig. 3d). These difficult-to-estimate load
components are crucial for evaluating impact loads on flow-resisting rigid and flexible barriers (Albaba et
al., 2018; Faug, 2021; Jiang et al., 2021; Tan et al., 2020; Vagnon & Segalini, 2016). In addition to well-
explored factors (e.g. flow dynamics and components), the influences of € on the relative dominance played
by these forces at different stages will be discussed later.

9
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Fig. 3 Key flow-barrier interactions for debris flow impacting a flexible ring net barrier: Comparison between (a)

experimental observations (HKUST, 2019) and (b) Case GIR50; (c) fluid-barrier interactions; (d) solid-barrier
interactions; and (e) sketches of the impact load components and history.

Evolving load components and transmissions

Fig. 4 presents time histories of impact load components and transmissions sustained by the barrier and
cables in Case GIR50. Both the solid and the fluid in impinging flows can exert impact forces on a flexible
barrier and its cables, including solid-barrier contact force F_y, fluid-barrier interaction force Fy_p, solid-
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cable contact force F;_., and fluid-cable interaction force Fr_.. The inset in Fig. 4b demonstrates typical
forces acting on the nodal particle j in cable k. The interparticle bond force Fg’j acting on the cable nodal
particle j is contributed by impinging flows (st_C and Ffj_ o)> gravity ng , and the portion through in-barrier
load transmission (ring-cable contact force Frj_c). Specifically, F;_. is calculated by F;_c= Y jen, FSj_C,
where the n; denotes the total number of nodal particles in cable k. Likewise, Fr_¢ = X jen, Frj_C ;
Fr_c=Y jen, Ffj_ .- For the entire barrier, Fy, is calculated by F, = ¥eqn, Fsi_b + Yien, Ffi_b, where ny, is the
total number of nodal particles in the barrier. T = MaX(th d ) denotes the maximum tensile force in a cable.

Consequently, the employed fluid-solid approach enables physics-based measurement, which
delineates the load components and transmissions. For instance, Fig. 4a shows that the maximum-F_y, (258
kN) is around 10 times larger than the maximum Fr_y, (24.5 kN, inset in Fig. 4a). It'indicates that Fs_, is
the dominant load contributor to a flexible barrier, mainly resulting from high barrier permeability.
Furthermore, Fg’ eak — Max(Fy) occurs at stage /] in Case GIR50 (Fig. 4a), whilst.impact stages / and /I are
commonly considered critical in predicting th) eak for rigid countermeasures (Ng et al., 2017; Song et al.,
2019). This finding implies the significance of considering overtopping in the analysis and design of flexible
barriers, especially for multi-level barriers.

Figs. 4b and ¢ show load components contributed by impinging flow (F;_. and F¢_.) and those portions
through in-barrier load transmission (F,._. and T) for the middle and top cables, respectively. Note that the
bottom cable is fixed to mimic the anchored boundaries in the field. F._. is the dominant contributor for T
for cables since the developing trends of T generally coincide with F._.. Meanwhile, Max(F,_.) for both
middle and top cables are around 5 times that of Max(F;_.). This implies that cable force mainly results
from ring-cable force sharing, rather than'the direct debris-flow impact. During stages / and /I, F;_., F._.
and T in the middle cable show a sharp increasing-decreasing trend (Fig. 4b) while both F._. and T in the
top cable increase continuously (Fig. 4c). The rapid increase of F._. and T in both cables indicates the
effective force shearing of impact load induced by frontal and runup impacts. The decrease of forces
sustained by the middle cable is possibly caused by the formation of dead zone at stage //, which diminishes
the degree of direct debris-flow impacts. At the beginning of stage /II, F;_., F._. and T in both cables

sta

indicate a quick increase until t/ty = 0.25 (Figs. 4b and c). It is likely due to the increase of Fy;“ induced

by dead zone and more FY** and F™@

produced by the overtopping flows. Therefore, the relative
dominance played by the forces in Eq. (3) at different stages controls the evolving load distributions and
transmissions among different barrier components. After t/t, = 0.25, forces sustained by cables experience
a continuous decrease until t/ty = 0.5, owing to the less kinetic energy carried by subsequent tail flow and
a progressive reduction of hydrostatic load induced by the drained debris cone. These forces tend to be

stable as the trapped debris becomes stationary.
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(b and c) cables in GIR50 over time. The gray regions visualize stages / and /I before overtopping.
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Flow-barrier height ratio vs. maximum cable force

Cable tensile forces are key data frequently measured in fields and experiments (Bugnion ef al., 2012; Vicari
et al., 2022; Wendeler, 2016). Fig. 5 shows the influence of the ratio € on Max(T) sustained by both middle
and top cables. The colour of solid symbols denotes v, for cases in GI with Fr = 2.4, while the colour of
half-solid symbols indicates Fr of cases in G/I with v;,; = 5 m/s. A two-stage increase of Max(T) with € is
observed. Specifically, the mean increasing rate of Max(T) with € is higher in the range of € > 0.5 than
when € < 0.5. Higher € likely leads to reduced interaction duration before overtopping. Beyond a certain
value of €, i.e. € > 0.5 in this work, key flow-barrier interaction mechanisms (e.g. development of’'dead
zone, barrier deformation behaviour) may change and hence results in different load=deflection behaviour
to be examined later. For both cables, Max(T) in GI is slightly smaller than that in’GI/ when € < 0.4,
whereas it is bigger in G/ than in GII when € > 0.6 (Fig. 5). As expected, this transition occurs at around €
= (.5, due primarily to the smaller v;,,; in G/ than in GII when € < 0.4 and bigger vj,¢in G/ than in GII
when € > 0.6 (listed in Table 2). At the same €, the increase of v;,; indicates-growth.in both flow discharge
and pre-impact kinetic energy, leading to more intense impacts and thus larger Max(T). Moreover, Max(T)
sustained by the middle cable is always larger than that by the top cable (Fig.'5). This implies that the middle
cable is critical for supporting the barrier and should be a primary focus forpractical design and analysis of
flow-resisting flexible barriers.

Fig. 5 presents valuable experimental data of Max(T) (denoted by empty square and circle) obtained
from the large-scale flume (25m-long, 2m-wide) test V6-B1 (€ =0.2, vy= 6.1 m/s, Fr =3.6) on debris flow
impacting a flexible barrier performed by Vicari.et al. (2022) for comparison. The inset in Fig. 5 shows the
reduced-scale flexible barrier (1.5m-height, 2m-wide) consisting of a ring net and top, middle and bottom
cables equipped with brakes, which is overall consistent with the configuration of our numerical model (see
Fig. 1b). Nonetheless, their barrier permeability is much smaller, resulting from the two-layers net: a
reduced-sized main ring net and a secondary fine wire mesh net (Vicari et al., 2022). Consequently, even
fine solids and slurry can hardly pass_ through the barrier (inset in Fig. 5). In addition, the height of the
experimental barrier (1.5 m) is higher than the numerical model (0.9 m), resulting in more debris material
being trapped. The two salient differences contribute possibly to the following discrepancies: 1) Max(T)
(41.5 kN) sustained by the'middle cable in the experiment is much larger than the numerical prediction
(Max(T) = 10.6 kN) under the same ratio € (0.2) since the experiment adopts a higher, low-permeability
barrier; ii) The difference of Max(T') between the middle and top cables in the experiment is larger than our
numerical results. Because Max(T) of the top cable usually occurs at a well-developed overflow process,
whilst the experiment (Vicari et al., 2022) only observed a single surge impact. In Case GIR50 (see Figs.
4b and ¢), Max(T) from the middle cable occurs before overtopping, whereas Max(T) in the top cable takes
) play
substantial roles. In addition, a lower barrier permeability in the experiment also contributes to this

place at a’well-developed overflow process when flowing layer induced forces (Fé)  and Ft‘fra

discrepancy. Max(T) for the top and middle cables extracted from the experiment (Vicari et al., 2022) are
around 14.1 kN and 41.5 kN, respectively. In consideration of the above circumstances, their magnitudes
are generally consistent with our numerical predictions on Max(T) ranging from 7.2 kN to 33.8 kN.
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Fig. 5 The e-Max(T) relations for middle and top cables in both GI (coloured by v;,)-and GII (coloured by Fr).
¢-DEPENDENT LOAD-DEFLECTION MECHANISMS

Estimated nonlinear load-deflection-stiffness relations

Fig. 6 presents the e-dependent load-deflection. (F,-Dy,) relations of a flexible barrier in arresting debris
flows. In reality, barrier deflection is a 3D phenomenon varying across both the width and height of a barrier,
depending on the competitive roles of different load components in Eq. (3). The simple definitions of
maximum barrier deflection Dy, and equivalent barrier stiffness ky, are highly idealized.

Figs. 6a and c display the bi-linear, positive Fy,-Dy, relations in both GI and GII with € < 0.6. This load-
deflection mode comprises two major stages before the peak FZ: ky ; at the initial barrier deformation stage
and ky ;; at the following barrier deformation stage. Initially, kg ; is small under debris-flow impacts until
Dy, reaches the deflection point, since the entire barrier structure behaves rather flexibly. After the inflection
point, the stiffness increases dramatically from kg ; to ky ;;, due to the exhaustion of flexible features of the
barrier structure after most rings have deformed and the entire structure gets progressively stiffer. Moreover,
the ratio € presents positive correlations with ky ;, ky ;;, the maximum values of Fy, and Dy, as well as Dy, at
the inflection point when € < 0.6.

Beyond a certain value of €, i.e. € = 0.6 in this study, the development of F,-D;, becomes much more
complicated.. For instance, kf in GI with € = 0.6 presents an increasing-decreasing trend before the
inflection point at Dy, = 0.45 (Fig. 6b). Then F,, dramatically increases to Fg’ eak with an extremely large
kp; (~ 100 MN/m). A possible attribute lies in the faster formation of dead zone and hence overtopping
process with e = 6 than with smaller €. A similar trend is also observed in GII with € = 0.6 (Fig. 6d).
Therefore, ky, ; in case GIR60 is approximately measured for simplicity. Moreover, Figs. 6b and d show that
ky ; is rather close to ky ;; with 0.7 < € < 0.9, while kg ; dramatically decreases to a marginally small value
with € = 1, which is even smaller than the cases with € = 0.1. The flow-barrier interactions will present a
distinct behaviour when the flow thickness reaches the barrier height. It is likely due to that the overtopping
can occur instantly and a dead zone is formed synchronously when € = 1.
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by Fr). The insets in (a) and (d) are snapshots at FF3* from Cases GIR50 and GIIR100, respectively.

Interestingly, the backward and forward lines with arrows in Fig. 6 indicate two opposite developing
trends of Dy, after the peak Fy, within a certain duration: shrinkage and expansion. This implies that Dy, will
begin to decreaseafter Flf eak (shrinkages with € < 0.6) or continuously increase (expansions with € > 0.7).
The post-peak barrier expansion is likely caused by the combined effects of those trends that the interaction
duration before overtopping is shorter, the downward load and deformation become more important, and
forces induced by the overtopping layer are greater for cases when € > 0.7. For instance, the insets in Figs.
6a and d present two snapshots at Fit ®3X from GIR50 (€ = 0.5, Fr=2.4) and GIIRI00 (€ = 1, Fr = 1.7) with

the same v, (5 m/s), respectively. The Fg’ eak gecurs at a well-developed overflow process with € = 0.5,
whilst it takes place at the initial stage of overtopping with € = 1. Larger € produces greater Fl? 3 and Fgra
from the overtopping layer, which contributes to the forward barrier deflection more than the dead zone
induced F®. It is anticipated that the two forces in GIIRI00 will further increase after Fyy ®3X despite the
decrease of Fy,. To the best of the authors’ knowledge, there remains no experimental observation or

theoretical analysis of this interesting phenomenon. However, estimation of debris-flow impacts on a
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flexible barrier is challenging, as it is not directly measurable in experiments or fields (Ng et al., 2017;
Wendeler, 2016). In contrast, the post-peak barrier shrinkage is mainly due to the sharp decrease of Fy, that
cannot maintain the excessive deformation of the barrier. Notably, barrier shrinkage has been observed by
large-scale flume tests conducted (DeNatale ef al., 1999).

Three e-dependent load-deflection modes

Based on representative cases with € equal to 0.4, 0.8 and 1 in GII (Figs. 6¢ and d), three generalized modes
of the e-dependent Fy,-Dy, relations are further examined in Fig. 7a. Their key estimated determining
parameters are crucial factors for developing analytical impact models and engineering designs, including

kp; and kf} ;;, the normalized maximum barrier deflection Max(Dy,)/(W;,/2), and Fy eal

presented in Figs.
7b, ¢ and d, respectively. The colour of solid symbols indicates v;,; in GI with Fr = 2.4, whereas the colour
of half-filled symbols denotes Fr in GII with v;,; = 5 m/s. Note that big boulders commonly observed in
natural debris flows (Iverson et al., 2011; Ng et al., 2021) can produce brief but much higher peak impacts
and generate destructive responses to a flexible barrier. This critical aspect'will be explored in the future.
The three generalized modes and their determining parameters presented in Fig. 7 are only applicable to
debris flows with continuous and distributed loading characteristics:

As illustrated in Fig. 7a, the load-deflection mode 7 (solid red line) with € < 0.6 has two distinctive
characteristics: ky; at the initial barrier deformation stage being significantly smaller than kg ;; at the
following barrier deformation stage and the post-peak barrier shrinkage. Notably, mode / should be critical
in the design of flow-resisting flexible barriers since field measured € ranges from 0.125 to 0.625 (Wendeler
et al.,2019). Mode /I (black dot line) is simplified.froma much more complicated F,-Dy, relations with 0.7
< € 0.9, where ky; is close to ky;; or.even larger than ky;; and the post-peak barrier expansion is
observed. Furthermore, key features of mode 72/ with € ~ 1 (blue dash line) include ky ; being significantly
smaller than ky) ;; and the post-peak barrier expansion.

Moreover, the shaded areas for the three load-deflection modes (Fig. 7a) indicate the strain energy
stored by the flexible barrier to a certain extent. Conceptually, assuming the linear increase of Fy, plotted
against the deformation Dy ,.produces the strain energy of the barrier at Fg’ eak By comparing the shaded
areas before Fg eak for three modes (i.e. Mode 1 > Mode I or Mode I1]), a flexible barrier can store more
impact energy from.impinging flows with 0.7 < € < 0.9 than € < 0.6 or € < 1. This implies that the
structural deformability of flexible barriers in dissipating impact energy and thus attenuating the peak impact
load can be utilized to the best advantage subjected to impinging flows with 0.7 < € < 0.9. In reality, the
energy-sinking . flow-barrier interactions involve complex energy dissipation and transformation in
impinging flows (e.g. viscous shearing, frictional sliding and collision in both flowing layer and dead zone)
and by the barrier (e.g. barrier deformation, frictional sliding, and energy dissipator). Therefore, quantitative
examinations of the F,-Dy, relations may provide a new way to quantify the barrier strain energy for possibly
improving our understanding of the entire energy-sinking process.

Fig. 7b shows the effect of € on stiffnesses ky ; and ky ;;. The ratio € shows a positive correlation with
kyp; and ky ;; under Mode 7, wherein kg ; is much lower than ky ;. As € increases from 0.1 to 0.6, ky
increases dramatically from 1.2 MN/m to 10 MN/m, whereas kg ; only increase from 0.15 MN/m to 0.55
MN/m. Based on the back-calculation of debris-flow event data, Wendeler (2016) calculated ki, = 0.063
MN/m (empty black circle) according to the Timoshenko beam theory. Wendeler (2016) also reported a
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continually decreasing trend of ky with Dy, based on the conservation of energy, which ignores possible
occurring energy losses and outlet materials. Notably, Song ef al. (2019) reported that barrier stiffness at
the initial deformation stage was larger than at the following stage with an impermeable barrier made by
membrane and cables. Nonetheless, the numerical results indicate that ky ; is much lower than ky, ;; with €
< 0.6 (Fig. 7b). It is conceivable that the initial barrier deformation process with kg ; is predominated by
the inherent barrier flexible features instead of flow dynamics (e and vy) when the barrier behaves flexibly.
Meanwhile, a stiffer flexible barrier at the subsequent deformation process results in more dramatic and
much faster flow-barrier interactions with a larger €. Moreover, with increasing €, kp ; presents a sharp
increase before dropping, whereas ky, ;; experiences a decrease before increasing, when € > 0.6 (Fig. 7b).
As discussed in the previous section, the flow-barrier interactions show distinct features when € > 0.6.
Despite vin, or Fr is changing in GI or GII, the developing trends of e-kg ; or €-kyy; are quite consistent,
indicating that € can dominate barrier deformation characteristics compared with either Fr or v, of
anticipated flows.

Figs. 7c and d show that both Max(Dy,)/(W,/2) and Flf eak are strongly,positively correlated with €,
despite the decrease of Fr with the growth of € in G/I. It is evidenced that € can strongly affect both Max(Dy,)

and Flf eak

more than Fr. Consequently, the widely adopted Fr-based empirical coefficients used in various
analytical impact models for flexible barriers (Kwan & Cheung, 2012; Wendeler, 2016) may provide
unreasonable predictions. Thus, the ratio € is recommendedto be explicitly considered in analytical impact
models and engineering designs for flow-resisting flexible barriers.

Fig. 7c¢ shows that Max(Dy,)/(W)},/2) obtained from both the field (Wendeler et al., 2019) and our
numerical predictions are larger than that extracted from experiments (DeNatale et al., 1999). This is likely
due to that no overtopping is observed in experimentsy(DeNatale et al., 1999). Moreover, Vicari et al. (2022)

reported Feak =

55 kN based on the large-scale flume test (inset in Fig. 5), which is significantly lower
than numerical predictions under similar Fror e conditions (Fig. 7d). This is antithetical to expectation since
the experiment adopts a higher and/low-permeability flexible barrier, and the measured Max(T) of the
middle cable is much larger than our numerical results (see Fig. 5). Vicari ef al. (2022) calculated Fg’ eak
according to a widely adopted simplified solution originally proposed by Ng et al. (2017), which mainly
involves cable load and deformed angles. Our results imply that this cable-based simplified solution may
underestimate Fy eak for flow-resisting flexible barriers. Therefore, it remains critical to evaluate whether
the various simplified solutions in measuring debris-flow impacts on flexible barriers (e.g. Ng et al., 2017,
Song et al., 2022; Tan-et al., 2019) give consistent, accurate predictions on the impact process. They also
need to be further scrutinized, e.g. by proper physical tests, to assess their validity in predicting the inter-

twined relations among impinging flow properties, cable force, barrier deformation, and barrier load.
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Fig. 7 Three e-dependent load-deflection (F,-Dy,) modes (a) and their estimated key determining parameters (b ~ d) of
a flexible ring net barrier in mitigating debris flows.

CONCLUSIONS

We numerically examined the intricate load-deflection relations of a flexible ring net barrier in arresting
two-phase debris flows. A coupled CFD-DEM is employed to model the complicated multi-way, multi-
phase interactions among the debris particles, debris fluid, and all constituent barrier components. We
demonstrate that the employed method enables a unified consideration of essential physics involved in the
impact process, such as cable-ring-ring frictional sliding, dewatering, and small particles passing through.
Numerical predictions of key flow-barrier interactions and cable forces show reasonable consistency with
large-scale experiments. The main findings and perspectives are summarised as follows.

(a) This work enables physics-based estimation of debris-flow load on a flexible barrier that delineates
the contributions of debris-solid and debris-fluid to the total impactload acting on the barrier and
its components, providing quantitative investigations on evolving load sharing and transfer
mechanisms. The results highlight the overtopping process and the solid-barrier contact force being
the dominant load contributor to a flexible barrier. Cables act.as major load bearers, and their
locations significantly differentiate their roles in loading'carrying. The collective ring-cable contact
forces control the cable tensile force, serving as a key mechanism for effectively transferring debris
impact loads received by individual rings. Moreover, the competitive roles of macroscopic load
components from the dead zone and flowing layer at different stages drive the characteristics of
load distribution and transmission, and the prevailing load-deflection behaviour.

(b) A diagram is obtained to firstly uncover the flow-barrier height ratio € dependent relations among
barrier deflection, impact load and equivalent barrier stiffness, and its novelty is four-fold. i) The
ratio € bears strong, positive correlations with the peak values of impact load and barrier deflection,
which are key parameters for engineering designs. In addition to Fr, the ratio € is recommended to
be explicitly considered in analytical impact models and engineering designs for flexible barriers.
i1) The bi-linear, positive load-deflection relations before the peak barrier load are observed with €
< 0.6, wherein equivalent barrier stiffness ky ; at initial barrier deformation stage is significantly
smaller than kg j; at the subsequent stage. iii) The post-peak barrier deformation experiences a
shrinkage with € < 0.6 and expansion under € > 0.6. This is possibly controlled by the competitive
roles of different load components acting on the barrier, which can be significantly affected by €.
iv) Three e-dependent load-deflection modes and estimated determining parameters have been
clarified for the first time, which gives deep insights into the barrier load-deflection mechanisms
and provides crucial information for practical flexible barrier design.

ACKNOWLEDGEMENTS

The research reported in this study was financially supported by the National Natural Science Foundation
of China (Project #11972030 and #51909227) and the University Grants Council of Hong Kong (RGC/GRF
Project #16205418, #27202419).

19



494  NOTATIONS
Dy,

dp
Fr
Fb: Fé’eak
Fs_p, Frp
Fs—c, Ff—c: E‘—c
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Fb yn’ tfta
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maximum barrier deflection parallel to the flow direction

particles diameter

Froude number

normal impact load and maximum normal impact load on a barrier
solid-barrier contact and fluid-barrier interaction force

solid-cable contact, fluid-cable interaction and ring-cable contact forces
interparticle contact force and interparticle bond force in a flexible barrier
drag force and passive pressure produced by a flowing layer

dynamic load from impinging flow and static load induced by a dead zone

axial and shear-directed forces

magnitude of gravitational acceleration vector

height of incoming flow front, height and width of a flexible barrier

height and length of the initial sample

equivalent barrier stiffness, equivalent barrier stiffnesses at the initial barrier
deformation stage, and the subsequent barrier deformation‘stage

normal and shear stiffnesses per unit area

axial and shear-directed moments

total number of nodal particles in a flexible barrier and the cable k

radii of a parallel bond, connected particles A‘and B

maximum tensile force in a cable

averaged velocity for the fluid in a cell

averaged velocity of incoming flow front and initial velocity of a flow sample
coordinate axes

liquid volume fraction

flow-barrier height ratio

slope angle

bond-radius multiplier

tensile and shear strengths of a parallel bond
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