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Abstract: Debris flows pose severe threats to infrastructure and
lives globally. Multiple flexible barriers offer a sustainable
alternative to single rigid structures by progressively retaining
and decelerating debris flows. This study investigates dynamic
interactions between debris flows and dual flexible barriers
through physical flume tests and numerical back-analysis. A 9.0
m?3 debris flow impacts two flexible barriers in a 28-m flume,
revealing mechanisms like frontal impact, runup rollback,
overflow, and landing. The numerical model captures key
kinematics and stress evolution. Results show the first barrier
significantly reduces peak impact pressure on the second
barrier, enhancing design efficacy for multi-barrier systems.

Keywords: Debris flows, Flexible barriers, Impact, Flume
experiment.

Debris flows, classified as flow-like landslides, consist of
rapidly moving mixtures of soil, rock, water, and debris,
endangering infrastructure and human life worldwide
(Froude and Petley, 2018). Traditional mitigation relies on
singlelargeconcrete barriers, but multiplesmaller flexible
barriers along flow channels provide a promising
alternative by intercepting and retarding debris
progressively, stabilizing gradients and minimizing
environmental impact (Kramer et al. 2025). Existing
guidelines for rigid barriers (SWCB, 2019; NILIM, 2022)
address spacing but overlook dynamic flow-barrier
interactions, particularly for flexible types that are
lightweight, sustainable, and less carbon-intensive than
rigid structures.

Flexible barriers have become popular for mitigating
geophysical flows in steep terrains due to their robustness
and non-intrusive nature. However, field measurements of
responses to debris impacts are limited and numerical
studies on multiple barriers are scarce (Ng et al., 2024),
with designs often ignoring velocity effects like Froude
number. Few cases document interactions with series
installations allowing overflow (Wendeler et al.,2008). The
challenge of understanding debris flow interaction with
multiplebarriers is intensified by the limited availability of
rigorously validated numerical simulations on debris flow
interactions with flexible barriers (Lam et al., 2022), none
of which explore responses in multi-barrier configurations.
Thus, a comprehensive analysis is essential to clarify the
performance of multiple flexible barriers arranged
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sequentially in a flow path that accommodates overflow
during debris impacts. This study combines physical and
numerical modeling to examine dual flexible barrier
responses to dynamic debris flow, focusing on impact
mechanisms, forces, and deformations.

Physical experiments modelled debris flow impact on dual
flexible barriersin a 28-m-long flume facility with 2 mwidth
and 1 m height, featuring a transparent sidewall for high-
speed imaging. Debris (9.0 m3) was prepared ina concrete
mixer and released via dam-break from a 5-m-long, 30°-
inclined storage container into a 15-m-long, 20°-inclined
transport zone, ending in an 8-m horizontal runout pad.
Figurel shows the sideelevation schematic diagram of the
test setup in the 28-m long flume. The first barrier (FB1),
0.8 m high and 2.0 m wide steel ring net, was placed 6 m
from the gate, supported by two horizontal cables with
load cells. The second (FB2), 1.5 m high and 3.6 m wide,
was 13 m downslope, anchored to a steel frame with three
cables andloadcells.Flow depth, velocity, and kinematics
were measured using laser/ultrasound sensors and UAVs.
Details of the flume facility includinginstrumentations and
the debris material used in this study is the same as that
used by Ng et al.(2020).The flexiblebarrieris thesame as
reported in Poudyal (2024).

Numerical back-analysis employed a 3D coupled
Arbitrary Lagrangian-Eulerian and Finite Element Method
(ALE-FEM)) to model debris flow flexible barrier
interactions. Debris was simulated with a Drucker-Prager
constitutive model (friction angle 12°, cohesion 1.0 kPa,
density 2150 kg/m3®) in total-stress formulation. The
barrier's ring net used elastoplastic behavior (Young's
modulus 200 GPa, yield strength 800 MPa), while cables
were elastic (100 GPa). The flume was analytically rigid.
Model geometry matched the physical setup, capturing
three-dimensional effects like spillover. Details of
constitutive models and modelling procedures are
providedin Poudyal (2024).
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Figure 1, Schematic of test setup in the 28-m flume.

Results

Observed impactkinematics revealed debris frontreaching
FB1 at 6.0 m/s and 0.53 m depth, causing runup, rollback,
and overflow with fines discharging through the mesh.
Overflow spilled laterally and landed 6.4 m downslope,
reducing incoming momentum to FB2. At FB2, impact
began at t=3.0 s, with higher runup but no overflow,
leading to deposition by t=8.0 s; the numerical model
captured deformed shapes and deposition volumes,
though underestimating velocity due to constant friction
coefficientused inthe material model.

Debris pressures evolved dynamically: at FB1 impact
(t=0.0-1.0 s), peak 28 kPa (1.7 times hydrostatic)indicated
passive stress from compression. Overflow (t=2.0 s)
sustained 24 kPa drag on deposits, with landing
compression droppingas flow accelerated. By t=4.0 s, FB2
registered 10 kPa near the base; final pressures reduced to
hydrostatic 16 kPa at FB1 and 8 kPa at FB2 (active state), a
sixfold reduction versus single-barrier cases. The first
barrier mitigated downstream pressures through
decelerationand overflow.

Conclusions

The dual flexible barrier system effectively managed 9.0 m?
debris flow, with FB1 reducing peak pressure on FB2 by up
to six times via overflow and momentum loss. Barrier
deformation and mesh perviousness drove runup rollback
and fines discharge, while passive stresses dominated
initialimpacts. Numerical ALE-FEM back-analysis validated
kinematics and elucidated stress evolution. Computed
results of pressurewithin the debris revealed that the peak
impact pressure is governed by a passive state of stress in
the material due to compression from overriding flow. The
first barrier in a dual flexible barrier system is shown to
reduce peak impact pressure on the second barrier by up
to sixtimes. These findings support optimized, low-carbon
multiple flexible barriers as useful tools for mitigating
debris flowhazards.

Acknowledgement

The authors would like to express their gratitude for
financial support from the State Key Laboratory of Climate
Resilience for Coastal Cities (ITC-SKLCRCC26EG01) and the
Area of Excellence project AoE/E-603/18 provided by the

342

Innovation and Technology Commission and the Research
Grants Council and of HKSAR, respectively.

References

Froude, M. J., and Petley, D. N. (2018). Global fatal
landslideoccurrencefrom 2004 to 2016. Natural
Hazards and Earth System Sciences, 18 (8),2161-2181.
https://doi.org/10.5194/nhess-18-2161-2018

Kramer, M., Schultes, S., Sodnik, J., Kozmus Trajkovski, K.,
and Bezak, N. (2025). Impactof flexiblenet barriers on
torrential processes under different hydrological
conditions, includingthe extreme flood of August 2023
inSlovenia.Natural Hazards.
https://doi.org/10.1007/s11069-025-07673-7

Lam, H. W. K., Sze, E. H. Y., Wong, E. K. L., Poudyal,S., Ng,
C.W. W.,, Chan, S. L., and Choi, C. E. (2022). Study of
dynamic debris impactload on flexibledebris-resisting
barriers and the dynamic pressure coefficient. Canadian
Geotechnical Journal,59 (12), 2102-2118.
https://doi.org/10.1139/cgj-2021-0325

Ng, C. W. W, Choi,C. E,, Liu, H,, Poudyal,S., and Kwan, J.
S. H. (2020). Design recommendations for singleand
dual debris flow barriers with and without basal
clearance.InK. Sassa, M. Mikos, S. Sassa, P.T.
Bobrowsky, K. Takara, and K. Dang (Eds.),
Understandingand reducinglandslidedisaster risk:ICL
contribution to landslidedisaster risk reduction (pp.33—-
53). Springer International Publishing.
https://doi.org/10.1007/978-3-030-60196-6_2

Ng, C. W.W,, Li, Z, Poudyal,S., De Silva, W.A. R. K.,
Bhatta, A., andLiu, H. (2024). Experimental and SPH
modeling of debris-flowimpacton dual rigid barriers
with deflector. Journal of Geotechnical and
Geoenvironmental Engineering, 150 (5), 04024023.
https://doi.org/10.1061/JGGEFK.GTENG-12192

National Institute for Land and Infrastructure
Management (NILIM). (2022). Technical guidelinefor
establishing Sabo master planagainstdebris flowand
driftwood (Technical Note). Sabo Planning Division,
Sabo Department.

Poudyal,S. (2024). Mechanisms and design of debris flow
impacton multipleflexiblebarriers [Doctoral
dissertation, The Hong Kong University of Scienceand
Technology].

Soil and Water Conservation Bureau (SWCB). (2019). Soil
and water conservation handbook (p. 523). Soil and
Water Conservation Bureau, Taiwan.
http://scwb.gov.tw

Wendeler, C., Volkwein, A., Roth, A., Herzog, B., Hahlen,
N., and Wenger, M. (2008). Hazard prevention using
flexible multi-level debris flowbarrier.In
INTERPRAEVENT 2008 — Conference Proceedings (Vol. 1,
pp. 547-554). INTERPRAEVENT.


https://doi.org/10.5194/nhess-18-2161-2018
https://doi.org/10.1007/s11069-025-07673-7
https://doi.org/10.1139/cgj-2021-0325
https://doi.org/10.1007/978-3-030-60196-6_2
https://doi.org/10.1061/JGGEFK.GTENG-12192
http://scwb.gov.tw/

