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Assessment of debris flow multiple-surge
load model based on the physical process

of debris-barrier interaction

Abstract Debris-flow impact load is one of the key parameters
for design of engineering countermeasures. The multiple-surge
load model is a remarkable progress in estimating the debris-flow
impact load, which clearly delineates the contribution of each surge
to the total impact load and the corresponding acting points. In
order to better understand the impact process of channelized
debris flow against flexible barrier, a series of medium-scale flume
experiments with varying debris-flow volumetric solid concen-
tration (0.40/0.50/0.55) were conducted. Especially, surge impact
behavior is focused so that the predictability of the multiple-surge
load model could be assessed. The flume and model flexible bar-
rier were instrumented so that both the barrier dynamic response
and the debris-flow properties (flow regime) could be correlated
to facilitate the assessment. The results show that multiple-surge
load model well predicts the total impact load. However, due to the
simplification in the impact process, the interaction between the
mobile phase (surge) and the deposited phase is ignored, resulting
in discrepancy in the load distribution between the model predic-
tion and experimental result. The remixing of deposited debris by
the subsequent surges leads to downward momentum transfer to
the lower section of barrier, which should be regarded as an adverse
scenario of the design of flexible-barrier anchor capacity.

Keywords Debris flow - Multiple-surge impact - Load model -
Flexible barrier - Load profile

Introduction
As a common geological hazard in mountainous area, channelized
debris flow is characterized by its high mobility, multiple surges, and
strong destructive power (Iverson 1997; Rickenmann et al. 1999; Shi
et al. 2021). To protect human lives and properties under the threat of
debris flows, various countermeasures have been developed, where
steel-net flexible barrier is found effective in its functionality and
efficient in construction and maintenance (Wendeler et al. 2007).
Flexible barriers mitigate debris-flow hazards by intercepting the
solid components of debris flow (coarse debris, boulders, and tree
trunks) and draining debris materials to weaken the fluidity (Li and
Zhao 2018; Wendeler et al. 2018). Nevertheless, there is still vague-
ness on the mechanism of debris flow-flexible barrier interaction,
which hampers the establishment of accurate load models for engi-
neering design.

The establishment of a rational debris-flow load model should
be based on a full understanding of the kinematic and dynamic
characteristics of debris flow itself (Kong et al. 2021). First of all,

no matter what method is adopted to describe the movement of
debris flow, identifying the flow regime and rheological properties
is always the most important issue (Zhou and Ng 2010). Multiple
surge is one of the important characteristics of debris flow in natu-
ral settings. The repeated loading action of surges sharply increases
the destructive force and causes structural fatigue (Zanuttigh and
Lamberti 2007; Zhou et al. 2018; Tan et al. 2020). At present, the
understanding on multiple-surge debris-flow impact on flex-
ible barrier is still superficial. Furthermore, the characteristics of
multiple-surge debris flows indicate that there will be debris-flow
deposits behind the barrier during subsequent debris-flow impacts.
How the subsequent flows interact with the debris-flow deposits
remains an open question. For example, the pore fluid pressure
evolution within the deposits would affect the flow resistance of
the overlying flowing surges and the static load on barrier. Thus,
the state of debris-flow deposits behind the barrier is important for
evaluating the impact load against flexible barrier.

This study first briefly reviews the existing single-surge and
multiple-surge load models of debris flow. In order to evaluate the
rationality of multiple-surge load model, impact experiments of
multiple-surge debris flow with varying solid concentrations on
a model flexible barrier are then carried out in a medium-scale
flume. The kinematic and dynamic characteristics of multiple-
surge debris flows during the impact process are captured. Fur-
thermore, the changes in properties of debris-flow deposits during
consolidation and its influence on the static load are investigated.

Load models of debris flow

Currently, various load models have been developed to estimate
the impact force of debris flow on engineering countermeasures
(Huang and Zhang 2020). To facilitate engineering design, hydro-
static model and hydrodynamic model are widely used due to their
concise formulation (Hiibl et al. 2009). The hydrostatic formula can
be expressed:

F= %kpghzw (1)

where F is the debris-flow impact force (N), k is the hydrostatic
pressure coefficient, p is bulk density of debris flow (kg/m?), g is
acceleration of gravity (m/s*), h is the depth of debris flow (m),
and w is the width of barrier (m). In contrast, the hydro-dynamic
formula can be expressed:

F = apv*hw (2)
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where « is the hydrodynamic pressure coefficient, and v is frontal
velocity (m/s). Currently, the recommended o value by the Geotech-
nical Engineering Office of Hong Kong is 1.5 (GEO 2020).

Note the above two models only consider single-surge impact.
More importantly, they are over-simplified. The load of debris flow
on barrier is composed of two parts: dynamic load and static load
(Faug 2015; Song et al. 2017). Models considering hydrostatic and
hydrodynamic components can be found in Armanini et al. (2020)
and Song et al. (2021a, b). Such models improve the rationality of load
calculation. However, natural debris flows always demonstrate char-
acteristics of multiple surges which are ignored by the above models.

Based on the observation of debris-flow impact from Illgraben
monitoring site and laboratory experiments, Wendeler et al. (2019)
proposed a multiple-surge load model. For the first impact (Fig. 1a),
the impact load F is expressed as a combination of both the dynamic
and static components:

F = apv*hw + %kpghzw (3)

For subsequent debris-flow impact (Fig. 1b), the impact load is
expressed:
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Fig. 1 Multiple-surge debris-flow loading scenarios. a First surge
impact when barrier is empty. b Subsequent surge impact, loading
contributed by both the deposited and flowing debris (Kwan 2012;
Wendeler et al. 2019)
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F = apv’hw + %kngzw (4)

In Eq. 4, H represents the total height (m) of both preceding
static deposit and the flowing debris (Fig. 1b).

There are several implicit assumptions for the multiple-surge
load model: (1) The two-phase debris flow is regarded as single-
phase fluid, and thus the regulation of pore fluid pressure to the
dynamics is neglected. (2) The debris material behind the bar-
rier is divided into two parts. One is the mobile phase (with flow
depth k) and the other is the deposited phase. There is no inter-
action between the mobile phase and deposited phase (Fig. 1b).
(3) The runup process of debris is neglected and the impact load
concentrates in the area of flow depth k. This is proved to be true
in the flows with vertical jet-up, as the runup part has velocity
(momentum) parallel to the barrier face (Song et al. 2021b). (4)
The impulse load of boulders has to be considered separately
(Kwan 2012) but could be neglected in design of flexible bar-
rier (Song et al. 2019a). Under the assumption that there is no
interaction between the mobile phase and deposited phase, the
dynamic load is exerted by the mobile phase and static load is
exerted by both the mobile phase and deposited phase (Kwan
2012; Wendeler et al. 2019).

Modeling debris-flow impact using a medium-scale flume

Scaling principle

It is essential to consider the similarity between model experiments
in reduced-scale flume and natural debris flows. Due to the low
frequency and complicated channel topography of natural debris
flows, it is difficult to carry out systematic research of debris-barrier
interaction on site. Small- and medium-scale physical experiments
have long been criticized by the scale effect, i.e., the effects of liquid-
phase viscosity in debris flow is amplified and pore fluid pressure
dissipates much faster (Iverson 2015). Yet, the experimental condi-
tions of small- and medium-scale physical experiments are fully
controllable, highly repeatable, easy to implement instruments, and
are currently the most widely adopted approach to study the micro-
scopic mechanisms of debris-flow movement and its interaction
with structures (Armanini et al. 2020; Song et al. 2021b).

To evaluate the influence of scale effect, in this study, a series of
dimensionless numbers are adopted to describe the macroscopic
and microscopic flow regime of debris flow. Dimensionless num-
bers are widely used in the design of debris-flow experiments for
consideration of dynamic similarity between models and prototype
debris-flow events (Iverson 2015). The Froude number Fr is widely
used for the dynamic similarity of fluids with free surfaces, mac-
roscopically characterizing the relative importance of fluid inertial
and gravitational forces (Choi et al. 2015):

v

\/ghcosé (5)

where 6 is the slope inclination (°).

The inertial-pore fluid pressure dissipation time ratio N, quanti-
fies the relative length of time scale that the debris flows along the
slope under gravity and the vertical dissipation time scale of pore
fluid pressure (Iverson 2015):

Fr =
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where [is the characteristic length of flow (m), y is the dynamic vis-
cosity of liquid phase (Pa-s), K is the intrinsic permeability of solid
phase (m?), and E is the compression modulus of solid phase (Pa).
The Bagnold number Ny represents the relative magnitude of
the inertial stresses caused by the instantaneous collision of parti-
cles and the liquid viscous stresses:
G pids

Ny = (—
=T,
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where C; is the volumetric solid concentration of debris flow, py is
particle density (kg/m?), 7 is shear rate (1/s), and d,, is the median
size of particles (m).

The Savage number Ny characterizes the ratio of instant grain

collision stresses and sustained grain contact stresses (Savage 1984):
52 42

N, = 2 ®)
c—p

where ¢ is the basal normal stress (Pa) and p is pore fluid pres-

sure (Pa). When basal stress measurement is available, o-p in the

denominator of Eq. 8 represents the effective stress of debris flow.

Model setup

The medium-scale concrete flume consists of a gate at the upstream,
a linear transportation zone, and a model flexible barrier at the
downstream (Fig. 2a). The distance from gate to model barrier is
7.15 m, and the width between two sidewalls is 0.7 m for simulat-
ing channelized debris flows. The inclination of flume is constant
at 12° which is a major limitation of this test setup. This relatively
low inclination enhances the basal flow resistance and limits the
maximum solid concentration of debris flow to about 0.60. While
debris flows with even higher solid concentration are featured
with complicated solid-fluid interaction and should be the focus
of debris-flow impact research. Maximum solid concentration of
0.55 is adopted in this study (see the section “Test program and
procedure”). The section upstream of the gate is used as a container
to store debris materials. Upon uplift of the gate, the debris can be
released to model a dam-break failure.

Model flexible barrier

Due to the complicated elasto-plastic loading behavior, it is
rather difficult to scale down the properties of a prototype flex-
ible barrier into the model scale (Ng et al. 2016). To reveal the key
interaction between debris flow and flexible barrier, a simplified
model flexible barrier is adopted. The 0.45 m high and 0.7 m wide
model barrier consists of a net and four steel strand cables which
are isometrically installed on the net with a spacing of 0.15 m
(Fig. 2c). The model barrier is installed adjacent to basal sensing
module 2 (Fig. 2a). The net is made of high-density polyethyl-
ene with mesh opening of 5 mm. When debris flow impacts the
model barrier, the debris first contacts the net surface, then the

net transfers the impact force to the cable. Slack is provided in
the net to ensure the debris impact load can be fully transferred
to the horizontal cables.

As reported by Song et al. (2019b), majority (>90%) of the
debris total (potential and kinetic) energy is actually dissipated
in the process of internal and boundary shearing of debris flow
itself. The key function of a deformable barrier is to provide
enough space for the debris to fully mix and deform. Thus, in
this barrier setup, flexibility provided by the energy dissipating
elements and deformable net is replaced by a 0.2 m prescribed
deformation in the horizontal cable, i.e., the length of each hori-
zontal cable is set as 0.9 m. Both sides of the cables are connected
to the concrete side walls using expansion bolts (for modelling
of anchor foundation in prototype). A side by side comparison
of the key characteristics between prototype flexible barrier and
model barrier of this study is listed in Table 1.

Instrumentation

Appropriate measurement of debris-flow properties is the key
to understand the complicated debris-barrier interaction and to
assess the existing load models. The normal/shear stresses and
pore fluid pressure are measured by two basal sensing modules
(Fig. 2b) which are installed into and with their surface flush with
the bed of flume (Fig. 2a). Basal sensing module consists of a tri-
axial load cell for measurement of basal normal stress and shear
stress (along the flow direction), and a pore pressure transducer
(PPT) for measurement of pore fluid pressure. Unlike normal
stress, the measurement of shear stress has greater technical
difficulty. There is a finite gap between the base plate and the
force plate, which is covered with a flexible membrane (Fig. 2b).
It avoids the entry and clogging of fine particles into the gap. On
the other hand, the thin membrane provides negligible stiffness
to the system so that guarantees the effectiveness of shear force
transmission. The open end of PPT is covered by a 0.4 mm steel
mesh, which prevents entry of coarse particles. Before the start
of each experiment, to ensure the accuracy of pore fluid pressure
measurement, water is injected into the pore pressure transduc-
ers through the steel mesh to its saturation. The two modules
are installed at 6 m and 7 m downstream of the gate (Fig. 2a),
respectively.

The flow depth of debris flow is measured by ultrasonic dis-
tance sensor. A total of three ultrasonic sensors are used, which
are installed at the gate and directly above the two basal sensing
modules. The ultrasonic sensor located at the gate serves as a
trigger to determine the moment of debris-flow release. Video
cameras are installed upstream and downstream of the model
flexible barrier (Fig. 2a) to record the impact, filling, and overflow
(if any) processes.

Six miniature tension load cells are installed on the four cables
of model barrier to record the tensile force induced by debris
impact. The top cable and the bottom cable are installed with
one load cell close to the side wall and one in the middle (Fig. 2¢),
respectively. The purpose of two load cells on one cable is to ver-
ify the circular profile assumption (see Fig. 5) under distributed
loading. The upper intermediate cable and lower intermediate
cable are installed with one load cell close to the side wall.
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Fig.2 Model setup and instru-
mentation. a Flume setup.

The model flexible barrier is
installed 150 mm behind basal
sensing module 2. b Up side

and bottom side of basal sens- <z s
ing module. ¢ Model flexible (a) S —
barrier setup. All units in mm
Base plate
o
®)
Gap covered by
flexible membrane
(©)

Debris flow material

The granular material used in this series of experiments is
taken from the debris-flow deposits in the Jiangjia Gully, near
the Dongchuan Debris Flow Observation and Research Station
(DDFORS). The coarse particles in the deposits are removed using
a 20 mm X 20 mm steel mesh. The particle size distribution of the
material, with median particle size 2.84 mm and specific gravity
2650 kg/m?, is shown in Fig. 3. After sieving, the relative propor-
tion is clay:silt:sand:gravel = 2.0:6.5:32.7:58.8. Removal of coarse
particles increases the percentage of fine particles (clay and silt),
and this would result in a higher pore fluid pressure and low

| Landslides
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flow resistance in the modelled debris flow. Median particle size
2.84 mm means that majority of the particles are smaller than the
mesh opening (5 mm). However, effective clogging forms when the
opening is 4-6 times of the particle size. In this sense, majority of
the particles would be clogged by the net.

There is a certain amount of fine particles (clay and silt) in the
mechanical composition of debris flow. These fine particles, com-
bined with water, form a solid-liquid unsorted slurry, which is of
great significance to the movement of debris flow (Fei et al. 1991).
The slurry is an inseparable body of debris flow, where the water and
fine particles inside have the same kinetic characteristics (through
viscous drag, buoyancy, and virtual mass forces, Pudasaini 2012).



Table 1 Side by side comparison on debris-barrier interaction between prototype and model

Key characteristics Prototype

Debris material Clay to boulders up to meter level

Model

Less than 20 mm, with median particle size
2.84 mm

Barrier deformation With brake elements, elasto-plastic

Prescribed 0.2 m, elastic

Permeability of barrier net
Typical net opening: 100-300 mm
Median particle size: mm to dm

High or low, depending on particle gradation

Low, due to particle clogging
Net opening: 5 mm
Median particle size: 2.84 mm

Energy dissipation
brake elements

>90% by internal and boundary shearing, others by

About 100% by internal and boundary shearing

Peak impact load
through

Attenuated by large deformation and debris pass-

Close to that of rigid barrier

State of static debris

mation and degree of liquefaction

Active or at rest, depending on the amount of defor-

At rest. See the section “Assessment of load model
based on the state of deposits”

Obviously, the threshold value between solid and fluid phase varies
with flow regime, i.e., in fast-flowing state, larger particles would
move in-phase with the fluid and be regarded as slurry. In the field
observation at DDFORS, it was found that the solid mass content of
particles <2 mm generally does not vary with the total solid con-
centration (about 680 kg/m?, Fei et al. 1991), indicating that parti-
cles <2 mm could be regarded as slurry. In this study, the maximum
particle size of the debris-flow slurry is 1.2 mm (as suggested by Cui
et al. 2005). Given the fine material below 1.2 mm is considered as
part of liquid phase, the new median particle size is 4.30 mm (Fig. 3).

Test program and procedure

In order to study the impact of debris flows with different flow char-
acteristics on flexible barrier, the volumetric solid concentration

(including the fine particles with particle size smaller than 1.2 mm)
is set to 0.40, 0.50, and 0.55, covering a dilute to relative dense flow
regime. The corresponding bulk densities are 1651,1817,and 1880 kg/
m?, respectively. Based on the rheological tests on debris-flow slurry
in Jiangjia Gully (Yang et al. 2013), the viscosities are determined as
0.18, 0.40, and 0.54 Pa-s, respectively. In order to study the impact
characteristics of debris flow under multiple surges, each experi-
mental series is designed with three releases, and the volume of a
single release is 0.15 m’. Details of the test program are summa-
rized in Table 2. By adopting a concrete flume bed, this study does
not consider the entrainment of completely consolidated materials
of antecedent debris flow events; while the entrainment of loose
deposits of these three surges has to be considered.

Once the model is prepared, the configured debris-flow mixture
is loaded behind the gate and is repeatedly stirred to ensure the

dso = 2.84 mm
ds() =4.30 mm

Fig.3 Particle size distribution 100
of debris flow material
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=
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Q
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3
)
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solid-liquid mixture remain well mixed. Before the gate is uplifted
to release the first 0.15 m? of debris, the flume bed is manually wet-
ted using clear water (without running water on flume bed), and
the data acquisition system and video cameras are switched on.
After impacting the flexible barrier, the debris material accumu-
lates behind the barrier and the deposit continues to drain and
consolidate. It takes about 0.5 h for the second release and another
0.5 h for the third release. The stress change and pore fluid pressure
dissipation during the consolidation process are recorded. After
completion of the three debris-flow releases, the data acquisition
system keeps recording for another 3.5 h to ensure that detailed
consolidation information is collected. The sampling rate for the
impact stage is set to 1000 Hz and is manually changed to 1 Hz for
the consolidation stage.

Results and interpretation

Characterization of incoming flow regime

The basal normal stress/shear stress/pore fluid pressure and flow
depth during the three releases of test with 0.50 solid concentra-
tion are shown in Fig. 4. The pore fluid pressure is roughly equal to
the normal stress, indicating a fully liquefied state with no effec-
tive stress. The recorded data points of pore fluid pressure fluctu-
ate, which is caused by the interaction between solid and liquid
phases. While the fluctuation in normal and shear stresses reflects
the frequent collision of solid particles. The recorded shear stress
is roughly proportional to the normal stress. In Fig. 4c, the sensors
record the reflected wave induced by the barrier. The wave moves
upstream and thus the recorded shear stress goes below zero.

The deduced Froude number (Fr) values are between 1 and 5
and decrease with increasing solid concentration (Table 2). The
change of inertial-diffusional time scale ratio (Np) values with the
debris-flow surges is not significant, but as the solid concentration
increases, the N, value decreases significantly. This is because the
vertical drainage time scale of the debris-flow material increased
significantly with the increase of solid concentration. Thus, the N,
value can be used to qualitatively describe the drainage capacity
of debris materials with different solid concentration. The Bag-
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increasing solid concentration. With Ny <200 (Iverson 1997), the
viscous stress dominates over the collisional stress. Since there is
no effective stress in the experimental debris flows (even for those
with 0.55 solid concentration), Savage number (Ng) approaches
infinity. Except the Savage number, which adopts the measurement
of effective stress from the flume bed (Nagl et al. 2020), the range
of dimensionless numbers of this study generally falls within the
range of natural debris flows (Iverson 1997), so the similarity to the
real debris flow is guaranteed. Detailed flow regime information is
summarized in Table 2.

Impact kinematics

The impact processes of multiple surges against flexible barrier
captured by the upstream video camera can be viewed in the Sup-
plementary video. For the first surge, when the debris is released, a
high surge front approaches the barrier with a uniform tail. After
the surge front impinges on the barrier, a reflected wave is formed,
which collides with the subsequent flow and an intense breaking
wave is formed. At the same time, a small amount of debris passes
through the barrier net. The amount of debris passing through the
net decreases with increasing solid concentration. Due to the high
flow resistance, the first surge of 0.55 solid concentration reaches
the barrier base with limited frontal velocity and flow depth
(Table 2) and fails to impose effective impact onto the barrier (see
Fig. 8a).

In the two subsequent surges, the surge fronts run over the
deposit of previous surge. The two-phase flow fronts are charac-
terized as obvious jump with sharp change in flow depth through
the jump interface, similar to the hydraulic jump phenomenon. The
resulting frontal flow depth is higher than that of the first surge
(Table 2). The subsequent surges demonstrate obvious mixing
process with the deposited debris in front of the barrier, and this
will be analyzed in combination with the basal measurement in the
section “Evolution of basal stresses and pore fluid pressure.” At the
same time, a small amount of debris starts to run up along the bar-
rier face and splashes out of the barrier. Owing to the limited vol-
ume of debris material, steady overflow is not formed. The amount
of splash-out in the third surge is higher than that in the second
surge. Due to the clogging of particles within the net opening, the
amount of debris passing through the net is negligible.

It should be noted that, due to the continuous filling after the
flow front impact of each surge, the final deposition height at the
barrier is much higher than the flow depth. For example, in the 0.50
solid concentration impact, flow depth of the first surge of is 33 mm,
yet the final deposition height is as much as 150 mm (see Fig. 10b).
This deposition depth has to be considered in the calculation of
total impact load of the second surge (Eq. 4).

Cable force and normal impact force

In order to calculate the normal impact force (normal to the barrier
face) of debris flow on flexible barrier, the load model (relationship
between cable axial tension force and flow impact force) proposed
by Song et al. (2018, Fig. 5) has to be briefly introduced. The impact

Flow direction

<<--------

Fig.5 Schematic diagram of the relationship between axial tension
force and flow impact force of the cable (Song et al., 2018)

pressure of fluidized debris flow on the net can be regarded as a
uniform load p. Under the uniform load, the flexible barrier bulges
and the horizontal cables form a circular profile, where the cable
force T remains unchanged along the arc of the circle (Fig. 5). The
normal impact force F on one cable is in balance with the compo-
nent of cable force T along the flow direction:

F = pL = 2Tsiny (9)

where y is the deflection angle (°) and can be derived based on a
chord length of L =0.7 m and an arc length of 0.9 m. To verify this
load model, as introduced in the section “Instrumentation,” two
tension load cells are installed at different locations on the top and
bottom cables (Fig. 2c). Experimental results demonstrate that the
measured cable forces at different locations of one cable are close
with each other. Therefore, the assumption of a circular profile
under uniform load is appropriate.

Figure 6 a shows the time history of cable forces under multi-
ple-surge impact with solid concentration of 0.40. Figure 6 b-d
show the detailed characteristics of the normal impact force on
the cable during the three surge impacts. Each surge impact is
highly transient and followed by a quasi-static consolidation
stage. The first two consolidation stages last about 0.5 h and the
third lasts about 3.5 h (not fully shown in Figs. 6-8, further see
Fig. 11). The lower intermediate cable (blue line) has the high-
est cable force (Fig. 6a) which is consistent with the results of a
deformable flexible barrier by Song et al. (2018). While the top
cable (red line) is characterized with the lowest cable force. The
bottom cable (green line) has a higher initial value and is over-
taken by the upper intermediate cable (black line) in the latter
surge impacts. This is because the bottom cable is gradually
buried by the static debris and is not further subjected to the
dynamic impact of flowing debris.

As can be seen from Fig. 6b-d, the impact-induced force fluc-
tuation lasts for about 3-4 s and then approaches static state. The
total normal impact force (summation of normal impact force
on the four cable, brown line) is consistent with the evolution of
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impact force of each cable. The comparison of three surge impacts
indicates that the peak impact load of the second impact almost
doubles from the first impact, but increment of the third impact is
minor. In addition, as the impact sequence proceeds, fluctuation of
the impact force tends to be mild. The mild fluctuation of impact
force implies the control of static deposit by previous surges in dis-
sipating the kinetic energy. The experimental results of 0.50 and
0.55 solid concentration series demonstrate similar characteristics
(Figs. 7 and 8). Note there are only two effective impacts in 0.55
solid concentration tests (Fig. 8).

Assessment of multiple-surge load model and discussion

Assessment based on total impact force

Figure 9 shows the comparison between the measured total impact
force and the calculated values (with dynamic pressure coefficient
a=1.5 and static pressure coefficient k=1) based on the multiple-
surge load model (Fig. 1, Egs. 3 and 4). The dotted diagonal line in
the figure indicates the measured values well match the theoretical
values predicted by the model. For surges with solid concentration
0.50, the peak loads under the successive impacts are close to the
theoretical prediction. For surges with solid concentration o0.40,
the peak loads are slightly under-predicted. For surges with solid
concentration of 0.55, the peak loads are slightly over-predicted.
This reflects the effects of debris-flow property (solid concentra-
tion and related energy dissipation mechanisms) on the distinct
impact response. In terms of prediction in total impact force, the
multiple-surge load model generally works well.

Assessment based on cable load profile

It is the horizontal cables that transfer the debris impact pressure to
the deep force-bearing stratum through anchors. Thus, the bearing
capacity of anchors is the key component of debris-flow flexible barrier
design, and this is further verified in this section. Figure 10 shows the
load profile of flexible barrier cable at the moment of peak force. In
Fig. 10, the abscissa represents the normal impact force and the ordi-
nate represents the height of flexible barrier. The four cables are located
at 0.00, 0.15, 0.30, and 0.45 m, respectively. Terms h,, h,, and h, repre-
sent the incoming surge-flow depth and the dashed lines represent
the position of the surge flow upon impact. Note the height (thicker
than the flow depth) between surges denotes the gradual deposition
of debris after the frontal impact, which only contributes to the static
load in Eq. 4. The measured peak load distribution shows similar load
profile (Fig. 10). Specifically, for the third surge impact, the height of
the mobile layer is close to the upper intermediate cable, and therefore
the maximum cable force should appear on it. However, the measured
result shows that the maximum load stays on the lower intermediate
cable. This is contradictory to the prediction of the multi-surge load
model (Fig.1).

To explain this discrepancy, we further explore the model assump-
tion (see the section “Load models of debris flow”) and experimental
observation. The multi-surge load model assumes that the flowing
layer and the deposited layer do not interact with each other, there-
fore the dynamic load is completely determined by the flowing layer
(Fig. 1). However, it is found in the experiment that the subsequent
surge approaches and mixes with the deposited material in front of
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the barrier, which is also discussed in Wendeler (2008) and Wendeler
et al. (2019). This leads to an increase in the depth of flowing layer and
part of the dynamic load (momentum) is transferred to the previously
deposited layer. As a result of the combination of downward momen-
tum transfer and static load, the lower intermediate cable bears the
maximum load.

Evolution of basal stresses and pore fluid pressure

To further explain the load profile on the barrier (Fig. 10), the state of
debris flow deposits behind the barrier are analyzed through the meas-
ured normal/shear stresses and pore fluid pressure at basal sensing mod-
ule 2 (Fig. 2a). After each impact, the pore fluid pressure deviates from
normal stress, which is the process of pore pressure dissipation. The pore
fluid pressure catches up with the normal stress due to the remixing of
next surge, indicating that the deposited debris is re-liquefied (Fig. 11).
The re-liquefaction is a prerequisite for the downward momentum
transfer and the anomalous load profile in Fig. 10.

During the consolidation process of deposited debris with dif-
ferent solid concentrations, the normal stress (red line) generally
remains unchanged (Fig. 11). This indicates limited lateral drainage
through the net, and solid-liquid separation mainly occurs in the
vertical direction. In the impact process, the opening of net is quickly
clogged by the well-graded debris material (Fig. 2c), which substan-
tially reduces the permeability of barrier net. This further contra-
dicts the intuition that the highly permeable barrier net enhances
the lateral drainage and facilitates to stabilize the deposited debris
behind the barrier. On the other hand, comparison between the
measured pore fluid pressure (blue line) and the deduced hydrostatic
pressure (using the deposited height and water density, green line)
indicates that deposits with solid concentration 0.50 and 0.55 remain
untrained (with high excessive pore pressure). While deposits with
solid concentration 0.40 has been rapidly de-saturated (air entry)
after impact. Although de-saturated, due to the high clay content of
the debris material, much of the water remains within the deposit as
capillary type water, resulting in a minor change in the bulk density
and normal stress (Fig. 11a). This also creates the condition for re-
liquefaction during the re-mixing of subsequent surge impact.

The characteristics of shear stress and pore fluid pressure varia-
tion are quite different from the normal stress. As shown in Fig. 11a,
the pore fluid pressure of deposited debris with solid concentration
0.40 drops exponentially. The pore fluid pressure with solid concen-
tration of 0.50 rises first and then slowly decreases (Fig. 11b). This
is because the consolidation and gradual filling of the subsequent
debris occur simultaneously. The latter dominates, causing pore
fluid pressure to rise, and then consolidation dominates, causing the
pore fluid pressure to slowly dissipate. The shear stress maintains a
nearly linear increase, reaching 2 kPa after 3.5 h. The pore fluid pres-
sure with solid concentration of 0.55 decreases in a much lower rate
(Fig. 11c). During this period, no significant shear stress is observed,
which contradicts with the measurement in Fig. 11b. This is because
the deposited debris maintains a nearly liquefied state and therefore
the effective grain contact (shear stress) to the flume bed is negligi-
ble. As the solid concentration changes from 0.40 to 0.55, the rate of
pore fluid pressure dissipation decreases drastically, which reflects
the huge difference in the permeability (Iverson and George 2014).
Although the inertial-diffusional time scale ratio N, value in Table 2
only represents the status of pore fluid pressure dissipation of the
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flowing debris, it appears to be a good indicator for the pore fluid
dissipation in deposited debris.

Assessment of load model based on the state of deposits

The state of deposited debris reflected by the lateral load on flex-
ible barrier is another important evidence for the cable load profile
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Fig.9 Comparison between theoretical impact load (with dynamic
pressure coefficient a=1.5 and static pressure coefficient k=1) and
measured impact load on flexible barrier
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(Fig.10). Figure 12 shows the evolution of static debris load on flexible
barrier with three solid concentrations. Owing to the prescribed defor-
mation of horizontal cables, the model flexible barrier is not deform-
able during impact and consolidation; thus, the state of static debris
finally approaches state at rest, rather than an active state for a deform-
able barrier (Ng et al. 2016; Song et al. 2018). The abscissa represents the
state at rest obtained through theoretical calculation, and the ordinate
represents the measured lateral load on barrier. The dashed line with
“Liquefied k=1" denotes a liquefied state of the debris. The diagonal
line with “At rest k, = 0.5” denotes the debris is close to the state at rest.
Jaky’s equation k, =1-sing (Jaky 1944) is adopted to calculate the coef-
ficient of earth pressure at rest, with effective friction angle ¢ =30° for
the debris material in this study (Zhou and Ng 2010). The data points
of lateral load immediately after the surge impact and right before the
next surge impact are adopted. For the last surge impact, data point
after 3.5-h consolidation is adopted. For surge impacts with solid con-
centration 0.40 and 0.50, the data points show a clear zigzag trend. The
rise in load denotes that the surge impact increases the total amount
of debris behind the barrier, and more importantly, due to the impact
induced remixing, the state of debris bends towards the liquefied state
(k=1). The drop in load denotes the consolidation process (increase
of the grain contact stress) of the debris and the state of debris tends
to state at rest (k,=o0.5). For the two surge impacts with solid concen-
tration 0.55, the low permeability of deposited debris and the gradual
filling of subsequent debris material make the zigzag trend unclear.
This remixing (re-liquefaction) process revealed by the state
of static deposit (Fig. 12) well explains the downward momentum
transfer and the bilinear cable load profile in Fig. 10, which is the
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key discrepancy between the finding of this study and the multiple-
surge load model (Fig. 1). It is noted that, due to the reduced scale of
the model tests, the dissipation of pore fluid pressure shall be faster
than that in the prototype. Thus, the liquefied state of deposited
debris might persist for even longer duration in natural settings.
Also, note that the removal of coarse particles (>20 mm) in this
study would reduce the intrinsic permeability of debris material,
which enhances the time scale of pore fluid pressure dissipation
(Eq. 6). Nevertheless, we suggest a detailed site investigation of the
fine content of debris source material for debris hazard mitigation,
which is the key factor controlling the permeability of solid phase
and viscosity of the fluid phase. This would facilitate an accurate
estimation of the flow regime (i.e., the inertial-diffusional time
scale ratio N,,) and thus to ascertain whether the deposited debris
could be remixed by the subsequent surges. Once remixed, the
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Fig. 11 Evolution of normal/shear stress and pore fluid pressure at
basal sensing module 2: a 0.40 solid concentration; b 0.50 solid con-
centration; and ¢ 0.55 solid concentration

determination of the cable load (and anchor capacity) along bar-
rier height must be considered with caution.

Conclusions

This experimental study reports a unique set of data of multiple
surges impacting a model flexible barrier. By comparing the meas-
urement with the model prediction, the multiple-surge impact
model is evaluated from the perspective of total impact load, cable
load profile, and state of static deposit. Main conclusions of this
study can be drawn as follows:

1. The multiple-surge load model (Kwan 2012; Wendeler
et al. 2019) is a remarkable progress in estimating the debris-
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flow impact load, since it reflects the physical processes of
surge debris impact: the total load is a combination of the
static load of preceding as well as current surges and dynamic
load of the current surge. In the range of solid concentration
0.40-0.55, the multiple-surge impact load model is reasonable
and reliable in predicting the total impact load.

2. However, in terms of load profile along barrier height, there is
substantial discrepancy between the experimental results and
model prediction. Specifically, the impact load concentrates on
the lower intermediate cable, rather than the position of flow-
ing debris layer. Analysis of the state of static deposit reveals
that the remixing process (interaction between the mobile
layer and deposited layer) is the cause of the re-liquefaction
of deposited debris and downward momentum transfer to the
lower part of barrier.

3. Debris flow is usually simplified as single-phase fluid in engi-
neering design. This study reveals that the fundamental physi-
cal properties of debris flow are very important for the accurate
assessment of debris-flow impact behavior. The amount of fine
content in the debris source area affects both the flow mobility
and the subsequent impact behavior through reducing perme-
ability and maintaining substantial pore fluid pressure. The
inertial-diffusional time scale ratio N,, could be a useful index
in estimating the impact load of debris flow and evaluating the
safety of existing barrier structures.

The simplification of model flexible barrier hinders the direct
application of findings of this study to real debris-flow flexible bar-
riers. Specifically, the prescribed deformation in the model barrier
makes the response (peak impact load and state of static debris)
resemble that of a rigid barrier. Furthermore, the removal of coarse
particles modifies the rheology of modelled two-phase debris flow
and maintains the pore fluid pressure. Idealized transparent debris
materials, i.e., mono-sized spherical glass beads and Newtonian
fluid, could be adopted to reveal the fundamental processes of

\ Landslides

downward remixing, which is hidden in the opaque slurry. On the
other hand, large-scale debris-barrier interaction is warranted
to further confirm the findings of this study. More importantly,
a physics-based multi-surge impact model with consideration of
the downward remixing process would substantially enhance the
design of debris-resisting structures.
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