
63
© 2023 The Hong Kong Institution of Engineers HKIE Transactions   |   Volume 30, Number 1, pp.63-82  •  https://doi.org/10.33430/V30N1THIE-2022-0039

ABSTRACT

Over recent years, significant advances have been made in the modelling of the impact dynamics between debris flows and 
single and dual rigid and flexible barriers. Numerical tools and analytical formulations have been proposed to predict the 
impact force, runup height, barrier deformation, and overflow and landing dynamics. However, there remains a dearth of 
well-recognised tools that can be used in routine engineering design practice because their reliability is unclear. On 8 and 
9 May 2022, a virtual Class A Prediction Symposium on Debris Flow Impact Forces on Single and Dual Barriers was held 
to evaluate the reliability of existing design tools and identify areas for improvement to advance the current state of barrier 
design. The symposium was organised by The Hong Kong University of Science and Technology, Norwegian University 
of Science and Technology, Institute of Mountain Hazards and Environment of the Chinese Academy of Sciences, and the 
Geotechnical Engineering Office of the Civil Engineering and Development Department of the HKSAR Government. This 
paper summarises the existing research on flow-barrier interaction, and details of the symposium, including the prediction 
cases and results, roundtable discussion, and future research directions.
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al., 2015; Fang et al., 2022; Iverson et al., 2016), overflow 
and landing angles (Ng et al., 2018, 2022), and impact 
force on the next barrier in succession (Ng et al., 2021a). 
By revealing these design parameters, the spacing between 
barriers and the individual height of each barrier can be 
designed. However, advanced numerical and analytical 
tools are required to predict the design parameters for 
such a complex debris flow-structure interaction problem. 
The reliability of existing tools for predicting the required 
design variables remains poorly understood. 

Predictions in geotechnical engineering can be 
classified into three classes (Lambe, 1973). Class A 
predictions are made before an event has occurred. Class 
B predictions are made during an event with some data 
during the initial stages of the process. The outcome of an 
event being predicted may be unknown (Class B) or known 
(Class Bl). Class C predictions are made after an event 
has occurred. Most engineering decisions and actions are 
based on Class A predictions and sometimes on Class B 
predictions. However, most evaluations of design tools and 
prediction techniques are based on Class C1 predictions. 
This is because the back-analysis of field data is useful 
for identifying the underlying mechanisms of complex 
geotechnical engineering problems (Lambe, 1973), such 
as debris flow-barrier interaction. However, engineers 
must be cautious when using Class C1 predictions to 
prove the validity of any prediction tool or technique. A 

1. Background

With climate change causing an increase in the 
frequency of extreme rainfall events and urbanisation 
leading to encroachment onto natural hillsides, the threat 
posed by landslides is expected to increase (Cui et al., 
2019; Stoffel et al., 2014). Among the different types of 
landslides, debris flows are the most dangerous. These large 
discharges of soil and water have been reported to damage 
infrastructure and have buried entire settlements (e.g., 2010 
debris flow in Zhouqu, China, caused about 1,700 fatalities 
(Ren, 2014)). If sustainable development is to succeed in 
mountainous regions, scientists and engineers will need to 
design robust and cost-effective engineering solutions to 
arrest debris flows. 

The most commonly used engineering solutions 
for debris flow hazard mitigation are reinforced concrete 
rigid barriers (Hübl and Fiebiger, 2005) and flexible steel 
net barriers (Wendeler et al., 2008). To arrest large debris 
flow volumes, a single barrier may not have sufficient 
retention capacity. Therefore, a series of rigid or flexible 
barriers (Hübl and Fiebiger, 2005; SWCB, 2019) may be 
installed along a drainage line to create a cascading effect 
to progressively impede and retain a debris flow. The key 
to optimising the design of a multiple barrier system is to 
predict the impact force (Faug, 2020; Kwan, 2012; NILIM, 
2016), barrier deformation if any, runup height (Choi et 
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lucky engineer can still misuse theory to make a correct 
prediction. Moreover, Class C1 predictions may be 
inadequate to assess the performance of a prediction tool 
because the need to obtain a “good match” with results 
often masks the judgement decisions made at each stage 
of the process. More importantly, the success or failure of 
Class C1 predictions may only be relevant for a unique 
field case, which does not permit a conclusive evaluation of 
a prediction tool or technique. Class B predictions are less 
helpful for debris flow hazard mitigation, which must be 
conducted before an event to protect downstream facilities. 
Class A predictions are the most useful because they help 
to understand the reliability of the existing tools for debris 
flow hazard mitigation. Table 1 gives a summary of the 
different types of predictions.

Table 1. Classification of predictions (Lambe, 1973).

Prediction class When the prediction 
is made

Results at the time the 
prediction is made

A Before event -
B During event Not known
B1 During event Known
C After event Not known
C1 After event Known

To carry out a holistic assessment of the existing 
capabilities of design tools for predictions of the impact 
dynamics of debris flow on barriers, a Class A prediction 
symposium was held virtually on 8 and 9 May 2022. The 
test setup, test programme and procedures were provided to 
the participants to make Class A predictions. Physical tests 
of debris flow impacting single and dual rigid and flexible 
barriers were carried out using a 28-m-long field-scale 
flume. The predicted results were then compared with the 
measured physical test results. A roundtable discussion with 
local and international experts was held to identify areas for 
advancement. A summary of the symposium programme 
and round-table panellists is given in Table 2. 

Table 2. Symposium programme.

Time (GMT+8) Description
Day 1: 8 May 2022
Moderator: Charles Ng

9:00 to 9:05 Opening remarks
By Charles Ng

9:05 to 9:50
Keynote lecture 1: On numerical simulation of 
debris flow: it’s all about material behaviour
By Wei Wu

9:50 to 10:35

Keynote lecture 2: Mechanisms and consequences 
of fast rainfall-induced landslides: the experience 
gained in Campania Region, Italy
By Luciano Picarelli

10:35 to 11:00 Break

11:00 to 11:25 Presentation of physical test results
By Sunil Poudyal

11:25 to 11:55

Presentation of results and announcement of 
winners 
By Clarence Choi
Presentation of awards
By Ringo Yu

12:00 to 12:40 Presentation by winners

12:40 to 12:45 Closing remarks
By Charles Ng

Day 2: 9 May 2022
Moderator: Raymond Cheung

9:00 to 9:05 Opening remarks
By Raymond Cheung

9:05 to 9:50
Keynote lecture 3: Introducing emerging 
technologies for slope safety
By Kenichi Soga

9:50 to 10:35
Keynote lecture 4: Grain flows over wall-like 
obstacles: induced patterns and impact forces
By Thierry Faug

10:35 to 11:00 Break 

11:00 to 12:30

Roundtable discussion
By Raymond Cheung, Clarence Choi, Thierry Faug, 
James Sze, Johnny Cheuk, Thomas Hui, C K Lau and 
Sabatino Cuomo

12:30 to 12:45 Closing remarks
By Charles Ng

This paper provides a summary of the existing state 
of research on debris flow-barrier interaction, prediction 
cases, assessment criteria, prediction results, and roundtable 
discussion.

2. Existing state of research

2.1. Impact force

In existing design guidelines, the impact force exerted 
by debris flows on barriers is predicted using hydrostatic 
and hydrodynamic impact models. In the hydrostatic 
model, the debris impact pressure on a barrier is calculated 
as follows:
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debris impact pressure on a barrier is calculated as follows: 

𝑝𝑝! = 𝑘𝑘𝑘𝑘𝑘𝑘ℎ,           (1) 

where 𝑝𝑝! is the impact pressure (N/m2), 𝑘𝑘 is the static pressure coefficient (dimensionless), 𝜌𝜌 

is the bulk density of the debris (kg/m3), g is the gravitational acceleration (m/s2), and h is the 

flow depth of the impacting debris (m). Equation (1) is commonly used for practical design 

because only the bulk density and impacting flow depth of the debris are required (Hübl et al., 

2009; Proske et al., 2011; Vagnon and Segalini, 2016). Equation (1) is simple; however, as 

reported by Vagnon (2020), the hydrostatic model may only apply to low-velocity debris flows 

on shallow slopes.  

 ,� (1)

where pd is the impact pressure (N/m2), k is the static 
pressure coefficient (dimensionless), 

C W W NG ET AL. 

© 2023 The Hong Kong Institution of Engineers      
HKIE Transactions | Volume 30, Number 1, pp.63-XX   
https://doi.org/10.33430/V30N1THIE-2022-0039 

Presentation of awards 
By Ringo Yu 

12:00 to 12:40 Presentation by winners 
12:40 to 12:45 Closing remarks  

By Charles Ng 
Day 2:  9 May 2022                                                                                           
Moderator: Raymond Cheung 

9:00 to 9:05 Opening remarks  
By Raymond Cheung 

9:05 to 9:50 Keynote lecture 3: Introducing emerging technologies for slope safety 
By Kenichi Soga 

9:50 to 10:35 Keynote lecture 4: Grain flows over wall-like obstacles: induced patterns and impact 
forces 
By Thierry Faug 

10:35 to 11:00 Break  
11:00 to 12:30 Roundtable discussion 

By Raymond Cheung, Clarence Choi, Thierry Faug, James Sze, Johnny Cheuk, Thomas 
Hui, C K Lau and Sabatino Cuomo 

12:30 to 12:45 Closing remarks   
By Charles Ng 

 

This paper provides a summary of the existing state of research on debris flow-barrier 

interaction, prediction cases, assessment criteria, prediction results, and roundtable discussion. 

2. Existing state of research 

2.1.  Impact force 

In existing design guidelines, the impact force exerted by debris flows on barriers is 

predicted using hydrostatic and hydrodynamic impact models. In the hydrostatic model, the 

debris impact pressure on a barrier is calculated as follows: 

𝑝𝑝! = 𝑘𝑘𝑘𝑘𝑘𝑘ℎ,           (1) 

where 𝑝𝑝! is the impact pressure (N/m2), 𝑘𝑘 is the static pressure coefficient (dimensionless), 𝜌𝜌 

is the bulk density of the debris (kg/m3), g is the gravitational acceleration (m/s2), and h is the 

flow depth of the impacting debris (m). Equation (1) is commonly used for practical design 

because only the bulk density and impacting flow depth of the debris are required (Hübl et al., 

2009; Proske et al., 2011; Vagnon and Segalini, 2016). Equation (1) is simple; however, as 

reported by Vagnon (2020), the hydrostatic model may only apply to low-velocity debris flows 

on shallow slopes.  

 is the bulk density 
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of the debris (kg/m3), g is the gravitational acceleration (m/
s2), and h is the flow depth of the impacting debris (m). 
Equation (1) is commonly used for practical design because 
only the bulk density and impacting flow depth of the debris 
are required (Hübl et al., 2009; Proske et al., 2011; Vagnon 
and Segalini, 2016). Equation (1) is simple; however, as 
reported by Vagnon (2020), the hydrostatic model may only 
apply to low-velocity debris flows on shallow slopes. 

As an alternative to the hydrostatic model, the 
hydrodynamic equation can be used to estimate the 
dynamic debris impact pressure:
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As an alternative to the hydrostatic model, the hydrodynamic equation can be used to 

estimate the dynamic debris impact pressure: 

𝑝𝑝! = 𝛼𝛼𝛼𝛼𝑣𝑣",           (2) 

where 𝛼𝛼	 is the dynamic pressure coefficient (dimensionless), and 	𝑣𝑣  is the velocity of the 

impacting debris (m/s). An additional sin 𝜃𝜃 term is introduced in Equation (2) in the design 

guidelines pertaining to Hong Kong (Kwan, 2012) and mainland China (CAGHP, 2018; MLR, 

2006) to consider the different impact angles 𝜃𝜃 with respect to the flow direction and force-

bearing surface. Equation (2) is applicable in practice because it only requires the bulk density 

and velocity of the impacting debris and an empirical coefficient. The derivation of the equation 

is based on conservation of linear momentum, borrowed from hydraulics for estimating the 

impact force on vanes by water jets (Chadwick and Morfett, 1986). However, debris flows are 

in reality much more complex than the scenario of an incompressible water jet impacting a 

vane.  

This dynamic pressure coefficient has been extensively studied by researchers using 

experimental, analytical, and numerical approaches, and a range of values have been reported. 

Proske et al. (2011) back-analysed eight field cases and reported that the dynamic pressure 

coefficient ranged from 0.38 to 18.76. Moreover, the dynamic pressure coefficient values differ 

across design guidelines for different regions. In Taiwan (SWCB, 2019), the coefficient is 

recommended to be from 0.5 to 2.0 for a rigid barrier. In the early versions of the design 

guidelines in Hong Kong, this coefficient was specified as 2.0 and 2.5 for flexible (Kwan and 

Cheung, 2012) and rigid (Kwan, 2012) barriers, respectively. These recommended dynamic 

pressure coefficients implicitly allow for the presence of particles smaller than 0.5 m (Kwan et 

al., 2018). Flexible barriers typically correspond to a lower dynamic pressure coefficient than 

those of rigid barriers because of their deformable and pervious nature that allows certain debris 

to pass through upon impact. Wendeler (2008) conducted laboratory-scale experiments and 

 ,� (2)

where α is the dynamic pressure coefficient (dimensionless), 
and v is the velocity of the impacting debris (m/s). An 
additional sinθ term is introduced in Equation (2) in the 
design guidelines pertaining to Hong Kong (Kwan, 2012) 
and mainland China (CAGHP, 2018; MLR, 2006) to 
consider the different impact angles θ with respect to the 
flow direction and force-bearing surface. Equation (2) 
is applicable in practice because it only requires the 
bulk density and velocity of the impacting debris and an 
empirical coefficient. The derivation of the equation is 
based on conservation of linear momentum, borrowed from 
hydraulics for estimating the impact force on vanes by 
water jets (Chadwick and Morfett, 1986). However, debris 
flows are in reality much more complex than the scenario 
of an incompressible water jet impacting a vane. 

This dynamic pressure coefficient has been 
extensively studied by researchers using experimental, 
analytical, and numerical approaches, and a range of values 
have been reported. Proske et al. (2011) back-analysed 
eight field cases and reported that the dynamic pressure 
coefficient ranged from 0.38 to 18.76. Moreover, the 
dynamic pressure coefficient values differ across design 
guidelines for different regions. In Taiwan (SWCB, 2019), 
the coefficient is recommended to be from 0.5 to 2.0 for a 
rigid barrier. In the early versions of the design guidelines 
in Hong Kong, this coefficient was specified as 2.0 and 2.5 
for flexible (Kwan and Cheung, 2012) and rigid (Kwan, 
2012) barriers, respectively. These recommended dynamic 
pressure coefficients implicitly allow for the presence of 
particles smaller than 0.5 m (Kwan et al., 2018). Flexible 
barriers typically correspond to a lower dynamic pressure 
coefficient than those of rigid barriers because of their 
deformable and pervious nature that allows certain debris 
to pass through upon impact. Wendeler (2008) conducted 
laboratory-scale experiments and recommended dynamic 
pressure coefficients ranging from 0.7 to 2.0 for the 
design of flexible barriers. Recently, the dynamic pressure 
coefficient for the design of rigid barriers in Hong Kong 
was decreased from 2.5 to 1.5 (GEO, 2020). In Austria 
(ASI, 2013) and Japan (NILIM, 2016), the dynamic 
pressure coefficient is set as unity for designing rigid 
barriers. 

Several researchers have proposed impact models 
based on regression analyses (Hübl and Holzinger, 
2003; Hübl et al., 2009), in which experimental and 
field measurements are scaled using the Froude number 
(
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recommended dynamic pressure coefficients ranging from 0.7 to 2.0 for the design of flexible 

barriers. Recently, the dynamic pressure coefficient for the design of rigid barriers in Hong 

Kong was decreased from 2.5 to 1.5 (GEO, 2020). In Austria (ASI, 2013) and Japan (NILIM, 

2016), the dynamic pressure coefficient is set as unity for designing rigid barriers.  

Several researchers have proposed impact models based on regression analyses (Hübl 

and Holzinger, 2003; Hübl et al., 2009), in which experimental and field measurements are 

scaled using the Froude number (𝐹𝐹𝐹𝐹 = 𝑣𝑣 0𝑔𝑔ℎ⁄ 	).  Ng et al. (2021a) proposed a modified 

approach to calculating peak impact force for dual rigid and flexible barriers by combining 

hydrostatic and hydrodynamic approaches: 

𝐹𝐹#$%& = 0.5𝑘𝑘𝑘𝑘𝑘𝑘ℎ"𝑤𝑤 71 +
2𝛼𝛼
𝑘𝑘 𝐹𝐹𝐹𝐹"; , (3) 

where, k = 1, 𝐹𝐹𝐹𝐹 = Froude number and 𝛼𝛼 = ?

1.5, first	rigid	barrier
1.0, second	rigid	barrier
1.0, first	flexible	barrier
1.0, second	flexible	barrier

 

Equation (3) is an improvement in physics over Equations (1) and (2). Equation (3) 

explicitly accounts for dynamic and static components of load, whereas Equation (1) only 

accounts for the dynamic load implicitly and Equation (2) only accounts for the static load 

implicitly. This semi-empirical formulation recommended dynamic and static pressure 

coefficients determined from dry sand, water, and debris flow impact data in the literature. The 

data include test results from laboratory scale to field scale (i.e., Kadoorie Centre). Details are 

described in Ng et al. (2021a). Based on these benchmark conditions, (i) 𝛼𝛼 = 1.5 and	𝑘𝑘 = 1 for 

the first rigid barrier, and (ii) 𝛼𝛼 = 1 and 𝑘𝑘 = 1 for the second rigid barrier and dual flexible 

barriers provides conservative estimates for debris flow impact.  

). Ng et al. (2021a) proposed a modified 
approach to calculating peak impact force for dual rigid 
and flexible barriers by combining hydrostatic and 
hydrodynamic approaches:
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Equation (3) is an improvement in physics over 
Equations (1) and (2). Equation (3) explicitly accounts for 
dynamic and static components of load, whereas Equation 
(1) only accounts for the dynamic load implicitly and 
Equation (2) only accounts for the static load implicitly. 
This semi-empirical formulation recommended dynamic 
and static pressure coefficients determined from dry sand, 
water, and debris flow impact data in the literature. The data 
include test results from laboratory scale to field scale (i.e., 
Kadoorie Centre). Details are described in Ng et al. (2021a). 
Based on these benchmark conditions, (i) α = 1.5 and k = 
1 for the first rigid barrier, and (ii) α = 1 and k = 1 for the 
second rigid barrier and dual flexible barriers provides 
conservative estimates for debris flow impact. 

2.2. Runup height

Debris flow impact on rigid and flexible barriers 
results in runup along the load-bearing barrier surface and 
over-spill. The prevailing runup mechanism is dependent 
on the flow type and Froude number before impact. The 
energy balance method (Choi et al., 2015) and momentum 
conservation method (Iverson et al., 2016; Johannesson et 
al., 2009) are the two commonly used methods to predict 
the runup height in design guidelines (Kwan, 2012). 

The runup height (hr) calculated using the energy 
balance method is as follows: 
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where 𝜌𝜌( is the density of the debris in contact with the barrier surface. The energy balance 

method is more suitable for fluidised biphasic flows while the momentum conservation method 

is more suitable for dry granular flows (Choi et al., 2015; GEO, 2020).   

2.3.  Multiple barrier design  

Instead of erecting a large terminal barrier by adopting a series of smaller barriers along a 

flow path, a cascading effect can be generated to progressively retain and decelerate debris 

flows (Ng et al., 2018; Takahashi, 2014). In the design of such multiple barriers, the spacing 

 ,� (4)

where θ is the slope angle. Equation (4) provides a 
conservative hr as the energy loss during runup mechanism 
is neglected. The debris flow is considered as a point 
mass in which the momentum flux from the entire flow 
mass pushing the flow front upwards is not considered. In 
comparison, the momentum conservation method considers 
the mass and momentum conservation for the reflected 
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shock that occurs at barrier impact (Kwan, 2012) and is 
given as follows: 
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method is more suitable for fluidised biphasic flows while the momentum conservation method 

is more suitable for dry granular flows (Choi et al., 2015; GEO, 2020).   

2.3.  Multiple barrier design  
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Instead of erecting a large terminal barrier by adopting a series of smaller barriers along a 

flow path, a cascading effect can be generated to progressively retain and decelerate debris 
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 is the density of the debris in contact with the 
barrier surface. The energy balance method is more 
suitable for fluidised biphasic flows while the momentum 
conservation method is more suitable for dry granular flows 
(Choi et al., 2015; GEO, 2020).

2.3. Multiple barrier design 

Instead of erecting a large terminal barrier by adopting 
a series of smaller barriers along a flow path, a cascading 
effect can be generated to progressively retain and 
decelerate debris flows (Ng et al., 2018; Takahashi, 2014). 
In the design of such multiple barriers, the spacing between 
barriers can be estimated to maximise the storage capacity 
of debris material (VanDine, 1996) or by considering the 
flow impact dynamics (Ng et al., 2021a). The method by 
VanDine (1996) recommends a minimum barrier spacing 
(Lmin) solely based on the maximum retained volume and is 
used in the existing guidelines (CGS, 2004; NILIM, 2007). 
However, this method does not consider the interaction 
mechanism between the flow and barrier resulting in 
underestimations of the spacing required (Ng et al., 2022). 

The multiple barriers should be spaced so that 
overflow impacts the channel to maximise energy 
dissipation before impacting the next barrier. To design for 
overflow, the launch angle and maximum overflow distance 
are required. The analytical approach proposed by Ng et al. 
(2021a) to predict the horizontal overflow distance (xi) is 
given as follows:
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and maximum overflow distance are required. The analytical approach proposed by Ng et al. 
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	𝑥𝑥, =
𝑣𝑣+"

𝑔𝑔 Ptan 𝜃𝜃 + Qtan" 𝜃𝜃 +
2𝑔𝑔𝑔𝑔
𝑣𝑣+"
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where 𝑣𝑣+ is overflow velocity and B is the barrier height. Equation (6) implicitly assumes that 

the overflow is horizontal from the barrier crest. The calculated overflow distance from 

Equation (6) provides a minimum design spacing between barriers.  The overflow velocity (𝑣𝑣+) 

is calculated by reducing potential energy loss when debris runs up to the barrier crest as 

follows: 

𝑣𝑣+ = 0𝑣𝑣" − 2𝑔𝑔 cos 𝜃𝜃 𝐵𝐵. (7) 

Furthermore, the landing angle with respect to the channel bed governs flow velocity after 

landing. The smaller the landing angle, the larger will be the downstream velocity. Ng et al. 

(2021a) provides comprehensive details of a multiple barrier design framework, including the 

calculation of landing velocity. 

2.4.  Full-scale certification of flexible barriers 

The design of flexible barriers for rock fall protection requires barriers to be certified using 

full-scale tests in compliance with ETAG027:2013, which has been superseded by EAD 

 , � (6)

where vm is overflow velocity and B is the barrier height. 
Equation (6) implicitly assumes that the overflow is 
horizontal from the barrier crest. The calculated overflow 
distance from Equation (6) provides a minimum design 
spacing between barriers. The overflow velocity (vm) is 
calculated by reducing potential energy loss when debris 
runs up to the barrier crest as follows:
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Furthermore, the landing angle with respect to the 
channel bed governs flow velocity after landing. The 
smaller the landing angle, the larger will be the downstream 
velocity. Ng et al. (2021a) provides comprehensive details 
of a multiple barrier design framework, including the 
calculation of landing velocity.

2.4. Full-scale certification of flexible barriers

The design of flexible barriers for rock fall protection 
requires barriers to be certified using full-scale tests 
in compliance with ETAG027:2013, which has been 
superseded by EAD 340059-00-016:2018. Rock fall 
barriers are rated based on the impact energy that they can 
withstand (Geobrugg, 2012; Maccaferri, 2021; Trumer, 
2015). The impact energy of a discrete boulder is simple 
to characterise (i.e., for free fall the kinetic energy at 
impact is equal to its potential energy). Certification tests 
for rockfall protection only require that a barrier brings a 
boulder with specified impact energy to rest even if some 
structural components of the barrier yield or fail. Designers 
can then use these tested barriers as standardised ones 
that can resist a specific energy level without the need for 
complex calculation design procedures. In contrast to rock 
fall impact, debris flow loading is more complex because 
of its surge-like nature, hard inclusions, and simultaneous 
static and dynamic contributions. More importantly, debris 
flow dynamics are scale-dependent, so the largest feasible 
facilities are required to simulate them (Iverson, 2015). 
Such facilities do not yet exist. As such, there are currently 
no certification tests or standardisation of flexible barriers 
for resisting debris flows. Consequently, flexible barriers for 
debris flow require complex design procedures that may be 
overdesigned. Evidently, some form of standardised testing 
would help to streamline the design process for debris flow 
resisting flexible barriers. 

2.5. Numerical tools for modelling debris flow

Most well-established numerical methods used to 
model debris flow are grid-based, such as the finite element 
or finite volume methods. However, the use of grid-based 
methods involves the challenges related to mesh distortion 
when large deformations are simulated. An alternative to 
traditional grid-based numerical methods is continuum-
based particle methods (Soga et al., 2016), which offer the 
potential for solving field-scale applications involving large 
deformation of geomaterials. Among existing continuum-
based particle methods, Smooth Particle Hydrodynamics 
(SPH) (Gingold and Monaghan, 1977; Lucy, 1977), 
Particle Finite Element Method (PFEM) (Larese et 
al., 2008) and Material Point Method (MPM) (Soga et 
al., 2016) have been gaining traction for solving large 
deformation problems. These particle-based methods have 
been successfully applied to solve geotechnical problems, 
including granular materials (Bui et al., 2008; Dávalos 
et al., 2015; Dunatunga and Kamrin, 2015), debris flows 
(Cuomo et al., 2021; Pastor et al., 2009; Wang et al., 2022), 
slope failure (Bui et al., 2011; Jin et al., 2022; Soga et al., 
2016), and barrier impact problems (Cuomo et al., 2021; 
Ng et al., 2020).   

Debris flow dynamics are governed by pore pressure 
changes (Iverson et al., 2005). However, the bulk of existing 
models in the literature neglect the solid-fluid interaction, 
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which leads to changes in pore pressures. Additionally, 
most practical debris flow models rely on depth-averaged 
(i.e., quasi-2D) formulations for computational efficiency. 
In reality, debris flow impact is an unsteady 3D process, 
especially flexible barrier impact, with obvious momentum 
exchange between the flow and the structure. Such 
scenarios render depth-averaged assumptions invalid. 

Recently, numerical simulations that explicitly 
consider the biphasic nature of debris flows have been 
developed. These tools include the coupled computational 
fluid mechanics-discrete element method (CFD-DEM), 
which has been used to simulate the impact of debris flows 
on rigid and flexible barriers (Li et al., 2020; Leonardi 
et al., 2016) and coupled biphasic SPH or MPM models 
used to model the impact on rigid barriers (Cuomo et 
al., 2021; Dai et al., 2017). Some of these models have 
relaxed depth-averaged assumptions but assume a plane-
strain approximation in modelling debris flow impact on 
rigid and flexible barriers (Cuomo et al., 2021; Dai et al., 
2017). Notwithstanding this, coupled models have not 
yet been systematically evaluated because dynamic pore 
pressure changes in debris flows are difficult to replicate 
and measure. Therefore, it remains unclear whether the 
constitutive behaviour for coupled models is physically 
correct. In addition, the effects of larger boulders are 
usually neglected in existing models. Boulders have 
profound effects on the prevailing impact dynamics (GEO, 
2020). Furthermore, rigid, and smooth boundaries are often 
adopted in lieu of erodible ones, which can be entrained to 
increase the momentum of a debris flow. 

3. Details of the prediction exercise 

3.1. Field-scale flume experiments

The largest feasible facilities are required to replicate 
the prototype dynamics of debris flows because of 
disproportionate timescale for pore pressure diffusion and 
contribution of viscous stresses from lab-scale models 
(Iverson, 2015). Therefore, an existing field-scale model 
in Hong Kong (Figure 1) is used to generate high-fidelity 
measurements to compare the results from the prediction 
cases. The flume model has a storage compartment that can 
hold 10 m3 of debris. A double gate system is used to retain 
the debris from the storage compartment. The bed of the 
storage compartment is inclined at 30°. Downstream from 
the storage compartment is a channel with a length of 15 m 
inclined at 20°. At the mouth of the inclined channel, there 
is a horizontal channelised runout section with the same 
width as the inclined channel and 4.2 m in length. At the 
end of the runout section, model barriers are installed.

C W W NG ET AL. 

© 2023 The Hong Kong Institution of Engineers      
HKIE Transactions | Volume 30, Number 1, pp.63-XX   
https://doi.org/10.33430/V30N1THIE-2022-0039 

 

Figure 1. 28-m-long flume at Kadoorie Centre in Hong Kong. 

 

3.1.1. Instrumentation 

Instrumentation cells are installed on the channel bed. Each cell measures basal normal 

and shear stresses using load cells and pore pressure changes using transducers. Laser 

displacement sensors are mounted above each cell to measure the flow depth. The normal stress 

combined with the flow depth is used to estimate the bulk density. An unmanned aerial vehicle 

(UAV) is deployed above the flume to capture the flow kinematics. Additionally, high-speed 

cameras are mounted around the model barriers to capture the impact kinematics.   

3.1.2. Barrier configurations 

The interaction between debris flow and dual rigid and flexible debris resisting barriers 

is modelled. A debris flow volume of 9.0 m3 is modelled for each test. Details of the barrier 

configurations modelled using the field-scale flume are summarised in Table 3. 

 

Figure 1. 28-m-long flume at Kadoorie Centre in Hong 
Kong.

3.1.1. Instrumentation

Instrumentation cells are installed on the channel bed. 
Each cell measures basal normal and shear stresses using 
load cells and pore pressure changes using transducers. 
Laser displacement sensors are mounted above each cell 
to measure the flow depth. The normal stress combined 
with the flow depth is used to estimate the bulk density. 
An unmanned aerial vehicle (UAV) is deployed above the 
flume to capture the flow kinematics. Additionally, high-
speed cameras are mounted around the model barriers to 
capture the impact kinematics.  

3.1.2. Barrier configurations

The interaction between debris flow and dual rigid and 
flexible debris resisting barriers is modelled. A debris flow 
volume of 9.0 m3 is modelled for each test. Details of the 
barrier configurations modelled using the field-scale flume 
are summarised in Table 3.
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Table 3. Test programme.

Case First barrier Second barrier
Rigid 
barrier

•	� Size: 1.95 m wide x 0.80 m 
high

•	� 20 mm thick Al6061 plate 
with reinforcement

•	� A load cell at each corner

•	� Size: 1.95 m wide x 1.50 m 
high

•	� Reinforced L-shaped 
concrete barrier with 20 mm 
steel front plate

•	� A load cell at each corner (Ng 
et al., 2021b)

Flexible 
barrier

•	� Size: 2.00 m x 0.80 m
•	� 100 mm diameter ring net 

mesh panel
•	� 25 mm square opening 

secondary mesh
•	� Two 16 mm diameter steel 

wire rope supporting cables
•	� No brake elements
•	� A load cell per cable

•	� Size: 4.00 m x 1.50 m
•	� 200 mm diameter ring net 

mesh panel
•	� 6 mm square opening 

secondary mesh
•	� Three 16 mm diameter steel 

wire rope supporting cables
•	� A brake element per cable
•	� A load cell per cable

3.1.3. Model barriers

Figure 2 shows a side elevation view of the dual rigid 
barrier model setup and instrumentation layout. The first 
rigid barrier is 0.80 m high and 2 m wide and is installed 
at a distance of 6.0 m downstream from the gate. The first 
rigid barrier is modelled as an aluminium plate supported 
by load cells at each corner. The second rigid barrier is 1.5 
m tall and 2 m wide and is installed at a distance of 19.2 m 
downstream from the gate in the runout section. The second 
rigid barrier is an L-shaped reinforced concrete wall with 
a 20 mm thick steel plate mounted in front of it. Load cells 
are sandwiched at each corner between the steel plate and 
concrete wall. C W W NG ET AL. 
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Figure 2. Dual rigid barrier model setup in the 28 m-long flume (inset (a) shows details of the 

first model rigid barrier; and inset (b) shows the second model rigid barrier).  

 

Figure 3 shows details of the dual flexible barrier model setup. Figure 3(a) shows the 

first model flexible barrier, which is made of a net panel of high-strength steel rings that are 

100 mm diameter rings. The first flexible barrier is supported by two steel wire rope cables that 

are 16 mm in diameter. Each cable is anchored to the side walls of the flume. Load cells are 

used to measure the axial load on each cable. A secondary mesh with 25 mm openings is used 

to cover the ring net panel to retain coarse debris material during impact. Figure 3(b) shows 

details of the second model flexible barrier. The second model flexible barrier is installed in the 

runout section and is 4.0 m wide. It has a net panel with 200 mm diameter rings. The panel is 

supported by three steel wire rope cables with a diameter of 16 mm. A brake element is installed 

on each main cable and the ends of the cables are anchored to a steel portal frame.  

Figure 2. Dual rigid barrier model setup in the 28 m-long 
flume (inset (a) shows details of the first model rigid barrier; 
and inset (b) shows the second model rigid barrier). 

Figure 3 shows details of the dual flexible barrier 
model setup. Figure 3(a) shows the first model flexible 
barrier, which is made of a net panel of high-strength steel 
rings that are 100 mm diameter rings. The first flexible 
barrier is supported by two steel wire rope cables that are 16 
mm in diameter. Each cable is anchored to the side walls of 

the flume. Load cells are used to measure the axial load on 
each cable. A secondary mesh with 25 mm openings is used 
to cover the ring net panel to retain coarse debris material 
during impact. Figure 3(b) shows details of the second 
model flexible barrier. The second model flexible barrier is 
installed in the runout section and is 4.0 m wide. It has a net 
panel with 200 mm diameter rings. The panel is supported 
by three steel wire rope cables with a diameter of 16 mm. A 
brake element is installed on each main cable and the ends 
of the cables are anchored to a steel portal frame. C W W NG ET AL. 
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Figure 3. Dual flexible barriers model setup in the 28 m-long flume (a) first flexible barrier; 

and (b) second flexible barrier. 

 

3.1.4. Modelling procedures 

The model barriers and instrumentation are installed in the flume. A premixed volume of 

9 m3 of debris material is prepared and placed into the storage container. The gate is then opened 

to initiate dam-break flow and to release the debris down the inclined channel. The debris 

accelerates downstream and impacts the model barriers. Data are sampled by a high-speed data 

logger. Concurrently, videos are captured from the UAV-mounted cameras and high-speed 

cameras. At the end of the impact test, the deformation of the flexible barriers and deposition 

profile of the debris material are measured. 

Figure 3. Dual flexible barriers model setup in the 28 m-long 
flume (a) first flexible barrier; and (b) second flexible 
barrier.

3.1.4. Modelling procedures

The model barriers and instrumentation are installed 
in the flume. A premixed volume of 9 m3 of debris material 
is prepared and placed into the storage container. The gate 
is then opened to initiate dam-break flow and to release the 
debris down the inclined channel. The debris accelerates 
downstream and impacts the model barriers. Data are 
sampled by a high-speed data logger. Concurrently, 
videos are captured from the UAV-mounted cameras and 
high-speed cameras. At the end of the impact test, the 
deformation of the flexible barriers and deposition profile 
of the debris material are measured.

3.2. Assessment criteria

The prediction cases are categorised as rigid or 
flexible barriers and single or dual barriers. The rationale 
behind the assessment criteria for the single barriers is that 
if the flow depth and velocity predictions before impacting 
a barrier are not close to the measured ones, then it is 
unlikely that the prevailing impact force and runup height 
predictions would be close as well. Furthermore, in order 
for the impact force and runup predictions on the second 
barrier to be close to measured results, then the overflow 
distance and landing angle from the first barrier need to 
be close to the measured ones. Lastly, a higher weighting 
factor is given to the predictions of the impact dynamics on 
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Table 4. Details of assessment criteria.

Barrier type Single/Dual Parameter Unit Mark Weighting factor

Rigid

Single

Flow depth M 30

0.4

Flow velocity m/s 30
Peak impact force kN 30

Maximum runup height M 10
Total 100

Dual

First rigid barrier
Maximum overflow distance M 30

Flow front landing angle Deg 30
Second rigid barrier

Peak impact force kN 30
Maximum runup height M 10

Total 100

Flexible

Single

Flow depth M 30

0.6

Flow velocity m/s 30
Peak impact force kN 30

Maximum barrier deflection M 10
Total 100

Dual

First flexible barrier
Maximum overflow distance M 30

Flow front landing angle Deg 30
Second flexible barrier

Peak impact force kN 30
Maximum runup height M 10

Total 100

Table 5. Participating teams and adopted prediction methods.

Team Model 2D/ 3D References 
1a ALE finite-element method (LS-DYNA) 3D Kwan et al. (2019, 2021)
2b Discrete element method (ROCKY) 3D Hofmann and Berger (2022)
3c ALE finite-element method (LS-DYNA) 3D Kwan et al. (2019, 2021)

4d Nodal particle finite-element method (PFEM) and 
analytical formulation 2D Tan et al. (2020)

5e Continuum (particle-based) SPH 2D Peng et al. (2017, 2019)

6f LS-DYNA for incoming flow and analytical formulation 
for impact 3D

Song et al. (2019, 2021); Faug et al. (2012, 2015); Wang 
et al. (2022); Kwan et al. (2015); Hungr and McClung 
(1987)

7g Continuum (particle-based) SPH 2D Peng et al. (2019, 2022)

8h Continuum (particle-based) MPM 2D Cuomo et al. (2021); Di Perna et al. (2022); Martinelli 
and Galavi (2022)

9i Continuum (particle-based) SPH 2D Huang et al. (2012); Zhang et al. (2016)

a	� Ryan Tse, James Law, Arthur Cheung and Jack Yiu from Ove Arup and Partners Hong Kong Ltd., Hong Kong, People’s Republic of China
b	� Simon Berger and Robert Hofmann from Unit of Geotechnics, Faculty of Engineering Sciences, University of Innsbruck, Austria
c	� Max K H Ma, Jonathan W C Lau, Harris W K Lam and Thomas K C Wong from Geotechnical Engineering Office, Civil Engineering and Development 

Department, Hong Kong, People’s Republic of China
d	� Dao-Yuan Tan, Lu-Jia Yu, Zhen-Yu Yin, Jian-Hua Yin and Yin-Fu Jin from Department of Civil and Environmental Engineering, The Hong Kong 

Polytechnic University, Hong Kong, People’s Republic of China; Jian-Fei Chen from Department of Ocean Science and Engineering, The Southern 
University of Science and Technology, People’s Republic of China

e	� Chengwei Zhu, Yadong Wang and Wei Wu from the Institute of Geotechnical Engineering (IGT) of the University of Natural Resources and Life 
Sciences, Vienna, Austria; Chong Peng from ESS Engineering Software Steyr GmbH, Austria

f	� Dongri Song, Gordon G D Zhou and Xiaoqing Chen from Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu, 
China; Ruiwang Yu from Shenzhen Urban Transport Planning Center Co., Ltd, Shenzhen, People’s Republic of China

g	� Yadong Wang from the Institute of Geotechnical Engineering (IGT) of the University of Natural Resources and Life Sciences, Vienna, Austria
h	� Sabatino Cuomo and Angela Di Perna from Geotechnical Engineering Group (GEG), University of Salerno, Italy; Mario Martinelli from Deltares, Delft, 

the Netherlands
i	� Weijie Zhang from College of Civil and Transportation Engineering, Hohai University, Nanjing, China; Zili Dai from Department of Civil Engineering, 

Shanghai University, Shanghai, China; Bei Zhang and Yu Huang from Department of Geotechnical Engineering, College of Civil Engineering, Tongji 
University, Shanghai, People’s Republic of China
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the flexible barriers because modelling their deformation is 
more complex compared to a non-deformable rigid barrier. 
A summary of the assessment criteria is given in Table 4. 

3.3. Details of the participants 

3.3.1. Demographics of the participants 

Figure 4 shows a summary of the demographics of the 
nine teams that took part in the prediction exercise and the 
250 participants of the symposium. Seven out of the nine 
teams that participated were from academia and the rest 
were from industry. Among them, three teams were from 
Europe (e.g., Austria and Italy) and the rest were from Asia 
(e.g., Hong Kong, People’s Republic of China). Among the 
participants, 95%, 3%, and 2% were from Asia, Europe, 
and other regions, respectively. 
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Figure 4. Demographics: (a) predictors; and (b) participants. 

 

3.3.2. Prediction teams 

Prediction teams used commercial and in-house numerical tools, and analytical equations 

to carry out their predictions. The numerical tools include the discrete element method (DEM), 

Material Point Method (MPM), Smoothed Particle Hydrodynamics (SPH), and finite element 

method (FEM). A summary of the models used by each team is given in Table 4.  

 

4. Prediction results  

This section compares the predicted and measured debris flow mobility and impact forces 

on dual rigid and flexible barriers. For each bar graph, the abscissa shows letters randomly 

assigned to each prediction team for anonymity. The ordinate shows the predicted values, which 

are normalised measured values. A normalised value of unity corresponds to that measured 

value. Predictions above and below unity represent over and underpredictions, respectively. 
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3.3.2. Prediction teams

Prediction teams used commercial and in-house 
numerical tools, and analytical equations to carry out 
their predictions. The numerical tools include the discrete 
element method (DEM), Material Point Method (MPM), 
Smoothed Particle Hydrodynamics (SPH), and finite 
element method (FEM). A summary of the models used by 
each team is given in Table 4. 

4. Prediction results 

This section compares the predicted and measured 
debris flow mobility and impact forces on dual rigid and 
flexible barriers. For each bar graph, the abscissa shows 
letters randomly assigned to each prediction team for 
anonymity. The ordinate shows the predicted values, which 
are normalised measured values. A normalised value of 
unity corresponds to that measured value. Predictions 
above and below unity represent over and underpredictions, 
respectively. Reference lines show the prediction bounds 
within 20% of the measured values. For engineering 
purposes, it is assumed that predictions within 20% of the 
measurements are reliable. The same graphical approach is 
used to describe the prediction values for other assessment 
parameters herein.

4.1. Debris flow mobility

Figure 5 shows a comparison of the predictions of 
the debris flow depths at an inclined distance of 3.45 m 
downstream from the gate before impacting the first barrier.  
Figure 5(a) shows the flow depth before impacting the 
first rigid barrier. It can be observed that, except for one 
prediction case (i.e., G), predicted values generally fall 
within 20% of the measured one. Predictions H and I are 
within 11% of the measured value. In contrast, prediction G 
is two times larger than that predicted. Generally, the results 
support the notion that existing numerical tools can provide 
close approximations of the flow depth before impact. 

Figure 5(b) shows the flow depth before impacting 
the first flexible barrier. Only five predictions were 
submitted. All flow depths before impacting the flexible 
barrier are underpredicted. Prediction C exhibits the largest 
underprediction by 34%. It is expected that the flow depths 
before impacting the first rigid and flexible barriers should 
be identical because the flume conditions from the gate 
to the barrier location are the same. However, differences 
of up to 10% are observed for predictions A, D, and E. 
In particular, Prediction B exhibits a 30% shallower flow 
depth for the flexible barrier case compared to the rigid 
barrier one. 

Figure 6 shows a comparison of the predicted 
frontal flow velocities at an inclined distance of 3.45 m 
downstream from the gate before impacting the first barrier. 
Figure 6(a) shows the predicted flow frontal velocities 
before impacting the first rigid barrier. Prediction C 
overpredicts the frontal flow velocity by 22% compared 
to that measured. The other eight predictions are within 
20% of that measured. Only prediction G underpredicts 
the frontal flow velocity. Predictions D and E match the 
measured frontal flow velocity. Predictions A, B, F, H, and I 
overpredict the frontal flow velocity.  
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predictions were submitted. All flow depths before impacting the flexible barrier are 

Figure 5. Comparison of flow depth before first (a) rigid; 
and (b) flexible barriers.

Figure 6(b) shows a comparison of the predicted 
frontal flow velocities before impacting the flexible barrier. 
Only five predictions are made for the frontal velocities 
for the flexible barrier cases. Prediction C overpredicts the 
frontal flow velocity by 22% compared to that measured. 
The other prediction cases fall within 20% of the measured 
value. Predictions A and D are within 5% of the measured 
velocity. Moreover, it is expected that the frontal flow 
velocities before impacting the first rigid and flexible 
barriers should be identical because the flume conditions 
from the gate to the barrier location are the same. However, 
differences of up to 20% are observed for predictions A, B, 
D, and E. Prediction B exhibits an 18% increase in frontal 
flow velocity for the single flexible barrier case compared 
to the single rigid barrier case. 
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overpredicts the frontal flow velocity by 22% compared to that measured. The other eight 
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velocity. Predictions D and E match the measured frontal flow velocity. Predictions A, B, F, H, 

and I overpredict the frontal flow velocity.   
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Figure 6. Comparison of flow velocity before first (a) rigid; 
and (b) flexible barriers.

Eight out of the 14 flow depth predictions are within 
20% of measured values. Twelve out of the 14 frontal flow 
velocity predictions are within 20% of measured values. 
Based on the flow depth and frontal velocity predictions 
before the first barriers, it can be assessed that existing 
numerical tools can reasonably predict the momentum of 
the flow, which is characterised by the product of the flow 
depth and velocity (Gray et al., 1999; Savage and Hutter, 
1989), before impacting a barrier.  Underpredictions of 
the flow depth or frontal flow velocity may be caused 
by difficulties in replicating dam-break initiation (Hogg 
and Pritchard, 2004; Kerswell, 2005) in the field-scale 
experiments or rheological models that cause the debris 
flow to spread to shallower flow depths (Laigle et al., 
2003; Rickenmann et al., 2006). The flow depth and frontal 
flow velocity play an important role in the hydrostatic and 
hydrodynamic forces induced on a barrier, respectively 
(Albaba et al., 2018; Armanini, 1997; Armanini et al., 2020; 
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Faug, 2020). Therefore, underpredictions of the flow depth 
are expected to lead to underpredictions in the impact force. 

4.2. Debris flow impact on the first barrier

Figure 7 shows a comparison of the predicted 
impact forces on the first rigid and flexible barrier to that 
measured. Impact forces predicted using existing design 
recommendations (GEO, 2020; Kwan and Cheung, 
2012; Ng et al., 2021a) are shown for comparison. The 
2-dimensional (2D) or 3-dimensional (3D) modelling 
approach utilised in the prediction exercise is indicated for 
each team. Although Prediction team F did not submit flow 
depth and velocity before impacting the flexible barrier, an 
impact force on the first flexible barrier was calculated by 
using an analytical approach.

(a)
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Figure 7. Comparison of impact force at first (a) rigid; and (b) flexible barriers. 
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rigid barrier. All impact forces from the prediction teams are underpredicted. Predictions B and 
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proposed by Ng et al. (2021a) overpredicts the impact force by 45%. The hydrodynamic 

approach for rigid barriers by GEO (2020) overpredicts the impact force by 32%. The calculated 

impact force by Ng et al. (2021a) is higher than that predicted using GEO (2020) because Ng 

et al. (2021a) additionally consider the hydrostatic force. It can be observed that a 

hydrodynamic impact coefficient of 1.5 is sufficient to predict the impact force induced on rigid 
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Figure 7. Comparison of impact force at first (a) rigid; and 
(b) flexible barriers.

Figure 7(a) shows a comparison of the predicted 
and measured impact forces on the first rigid barrier. All 
impact forces from the prediction teams are underpredicted. 
Predictions B and E underestimate the impact force by 
17% and 72%, respectively. Five out of the nine predictions 
fall within 20% of the measured impact force on the first 
rigid barrier from which two teams use 3D models and 
three teams use 2D models. Compared to the calculated 
approaches, predictions are unable to provide conservative 
estimates of the impact force. The approach proposed 
by Ng et al. (2021a) overpredicts the impact force by 
45%. The hydrodynamic approach for rigid barriers by 
GEO (2020) overpredicts the impact force by 32%. The 
calculated impact force by Ng et al. (2021a) is higher 
than that predicted using GEO (2020) because Ng et al. 
(2021a) additionally consider the hydrostatic force. It can 
be observed that a hydrodynamic impact coefficient of 1.5 
is sufficient to predict the impact force induced on rigid 
barriers. 

Figure 7(b) shows a comparison of the predicted and 
measured impact forces on the first flexible barrier. The 
peak impact force on the flexible barrier is underpredicted 
by all teams. Only one out of the six impact force 
predictions on the first flexible barrier is within 20% of 
the measured impact force. Notably, this prediction uses 
a 2D model. The approach proposed by Ng et al. (2021a) 
predicts an impact force that is 17% higher than that 
measured. In contrast, the approach proposed by Kwan 
and Cheung (2012) overpredicts the impact force by 
110%. The difference between the calculated peak impact 
forces is because the approach by Ng et al. (2021a) adopts 
a hydrodynamic impact coefficient of unity while the 
approach proposed by Kwan and Cheung (2012) assumes a 
hydrodynamic impact coefficient of 2.0. 

The predicted impact forces on the first rigid barrier 
except for case G are strongly correlated with the flow depth 
(Figure 5(a) and 5(b)) and flow velocity (Figure 6(a) and 
6(b)), with the highest correlations for cases A, B, C, D and 
H. Furthermore, for case D, the underprediction of impact 
force for the flexible barrier is larger compared to the rigid 
barrier by up to 82%. This is because of the complexity 
of modelling the stiffness of the flexible barrier (Ng et al., 
2020), especially using a 2D model. Except for case B, 3D 
models give closer predictions of impact force for flexible 
barriers compared with 2D models. However, the 3D model 
does not exhibit better performance in terms of estimating 
the impact force on the rigid barrier. This implies that the 
complex impact mechanisms of a debris flow on a flexible 
barrier require 3D modelling. The impact forces on the first 
barrier are underpredicted by all predictors for both rigid 
and flexible barriers. This suggests that existing numerical 
tools that are used generally underperform in the modelling 
of the complex interaction between the debris flow and 
barrier during impact. 

Figure 8 shows a comparison of the predicted and 
measured runup heights on the first rigid barrier. An 
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additional reference line for calculated runup height (hr) 
based on energy balance using Equation (4) is shown. 
Prediction F did not submit a runup height prediction 
for the first rigid barrier. The runup height is generally 
underestimated compared to that measured for all prediction 
cases. The runup height is related to the energy lost during 
the impact process and is indicative of whether the impact 
mechanism modelled is close to that observed in the field-
scale experiments (Choi et al., 2015). Only the prediction 
H is within 20% of that measured. Although the flow depth 
(Figure 5) and frontal flow velocities (Figure 6) before 
impact were closely simulated, the impact forces (Figure 
7(a)) and runup heights (Figure 8) are underestimated. This 
suggests that the modelled behaviour of the debris flow 
may be more dissipative compared to that of the field-scale 
experiments. The calculated runup height based on the 
conservation of energy also underpredicts the runup height 
by 25% because only a point mass is considered and the 
momentum flux from subsequent flow mass pushing the 
flow front upwards is not considered. The underpredicted 
runup heights indicate that further research is required to 
understand and elucidate the impact mechanisms. Although 
the flow velocity and flow depth before impact on the first 
barrier were closely predicted, underprediction of the runup 
height challenges the correct predictions of the impact 
process on subsequent barriers.  This indicates that although 
models can obtain close predictions for some parameters, 
it does not necessarily mean that models can holistically 
capture the entire impact phenomena. 
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mass is considered and the momentum flux from subsequent flow mass pushing the flow front 

upwards is not considered. The underpredicted runup heights indicate that further research is 

required to understand and elucidate the impact mechanisms. Although the flow velocity and 
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not necessarily mean that models can holistically capture the entire impact phenomena.  

 

Figure 8. Comparison of maximum runup height at the first rigid barrier. Figure 8. Comparison of maximum runup height at the first 
rigid barrier.

Figure 9 shows a comparison of the predicted and 
measured maximum deformation of the first flexible barrier. 
Only four prediction groups provided barrier deformations. 
All four predicted barrier maximum deformations 
underpredict the measured value. It is expected that 
underpredictions of the deformation should result in a 
higher impact force compared to that measured because of a 
stiffer barrier response. However, the impact force predicted 
on the first flexible barrier for all prediction cases was 
underestimated regardless of the 2D or the 3D modelling 
procedure used. More interestingly, none of the deformation 
prediction results are within 20% of the measured value. 
This highlights that there is a modelling mismatch between 
the deformation of the simulated barriers and the barrier 
impact. Evidently, the existing numerical tools are deficient 
in modelling the internal frictional dissipation of the flow 
interacting with the deformed barriers in order to obtain 
accurate barrier responses (Ng et al., 2020). 
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Figure 9. Comparison of maximum barrier deflection at the first flexible barrier. 

 

Figure 9. Comparison of maximum barrier deflection at the 
first flexible barrier.

4.3. Dynamics of debris overflow atop the first barrier

Figure 10 shows a comparison of the predicted 
overflow distance from the first barrier compared to that 
measured.  
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4.3. Dynamics of debris overflow atop the first barrier 

Figure 10 shows a comparison of the predicted overflow distance from the first barrier 

compared to that measured.   

 

Figure 10(a) shows a comparison of the results for the predicted overflow distances 

from the first rigid barrier. It can be seen that the overflow distances are underpredicted 

compared to that measured. None of the predictions are within 20% of the measured value. In 

addition, the approach proposed by Ng et al. (2021a) (i.e., Equation (6)) also underpredicts the 

overflow distance by 46%. This underprediction might be due to the assumptions of point mass 

and horizontal overflow launch angle.  

This underprediction of the overflow distance is because Ng et al. (2021a) do not 

consider energy dissipation during flow-barrier interaction. The study also does not consider 

the overflow launch angle and assumes a horizontal overflow direction. Furthermore, a point 
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Figure 10. Comparison of maximum overflow distance for dual (a) rigid; and (b) flexible 

barriers. 
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Figure 10. Comparison of maximum overflow distance for 
dual (a) rigid; and (b) flexible barriers.

Figure 10(a) shows a comparison of the results for the 
predicted overflow distances from the first rigid barrier. It 
can be seen that the overflow distances are underpredicted 
compared to that measured. None of the predictions 
are within 20% of the measured value. In addition, the 
approach proposed by Ng et al. (2021a) (i.e., Equation 
(6)) also underpredicts the overflow distance by 46%. This 
underprediction might be due to the assumptions of point 
mass and horizontal overflow launch angle. 

This underprediction of the overflow distance 
is because Ng et al. (2021a) do not consider energy 
dissipation during flow-barrier interaction. The study also 
does not consider the overflow launch angle and assumes 
a horizontal overflow direction. Furthermore, a point mass 
approach to model a debris flow yields lower overflow 

distances because the momentum flux of incoming debris 
material is ignored. 

Figure 10(b) shows a comparison of the results 
between predicted and measured overflow distances 
from the first flexible barrier. All overflow distances are 
underpredicted. The closest predictions (i.e., B and C) 
both underpredict the overflow distance by up to 72%. 
Moreover, the analytical approach proposed by Ng et al. 
(2021a) underpredicts the overflow distance by 36%. In 
contrast to the value calculated by Ng et al. (2021a) for the 
rigid barrier case, a lower underprediction is observed for 
the flexible barrier. 

In the numerical models used for the Class A 
predictions, the overflow distance evolves with the 
momentum of the incoming debris flow. Debris overflow 
occurs continuously after flow runup at the first barrier. 
With an underprediction of flexible barrier deformation 
(Figure 9), it is unlikely that the flow runup and subsequent 
overflow processes are correctly captured by the numerical 
models. The underpredictions of overflow distance 
in flexible barriers are most likely a by-product of the 
dissipative behaviour of the modelled flow. Research to 
improve debris constitutive models and implementation of 
appropriate boundary conditions is warranted to improve 
the modelling of flow-barrier interaction. 

Figure 11 shows a comparison between the predicted 
and measured landing angles from the first barrier.  Figure 
11(a) shows a comparison of the predicted landing angles 
from the first rigid barrier. Both over and underpredictions 
are exhibited. Eight out of the nine predictions are within 
20% of that measured. The closest predictions (i.e., A and B) 
exhibit a difference of only 5% compared to that measured. 

Figure 11(b) shows a comparison of the predicted 
landing angles from the first flexible barrier. Only five 
predictions were provided for the flexible barrier case. 
Both over and underpredictions are exhibited. Three out 
of the five predictions are within 20% of that predicted. 
Prediction A is the same as the measured landing angle. 
The discrepancies in predicted landing angles are smaller in 
the case of the rigid barrier compared to the flexible barrier. 
In the case of rigid barrier, the runup travels along the 
surface of the barrier before launching downstream. Since 
the barrier geometry is known, the ballistic trajectory of 
a point mass projectile and its landing angle can be easily 
calculated for a given launch velocity. However, for the 
modelled flexible barriers, the change in curvature due to 
barrier deformations likely affected the launch as well as 
landing angles of debris flow (Vicari et al., 2022). A higher 
landing angle means that the flow momentum is dissipated 
more when the overflow impacts the channel bed (Ng et 
al., 2022). Therefore, improved predictions of impact force 
on downstream barriers require accurate predictions of the 
landing angle at preceding barriers.
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Figure 11. Comparison of flow front landing angle for dual (a) rigid; and (b) flexible barriers. 

 

Figure 11(b) shows a comparison of the predicted landing angles from the first flexible 

barrier. Only five predictions were provided for the flexible barrier case. Both over and 

underpredictions are exhibited. Three out of the five predictions are within 20% of that 

predicted. Prediction A is the same as the measured landing angle. The discrepancies in 

predicted landing angles are smaller in the case of the rigid barrier compared to the flexible 

barrier. In the case of rigid barrier, the runup travels along the surface of the barrier before 

launching downstream. Since the barrier geometry is known, the ballistic trajectory of a point 

mass projectile and its landing angle can be easily calculated for a given launch velocity. 

However, for the modelled flexible barriers, the change in curvature due to barrier deformations 

likely affected the launch as well as landing angles of debris flow (Vicari et al., 2022). A higher 

landing angle means that the flow momentum is dissipated more when the overflow impacts 

the channel bed (Ng et al., 2022). Therefore, improved predictions of impact force on 

downstream barriers require accurate predictions of the landing angle at preceding barriers. 

(b)

C W W NG ET AL. 

© 2023 The Hong Kong Institution of Engineers      
HKIE Transactions | Volume 30, Number 1, pp.63-XX   
https://doi.org/10.33430/V30N1THIE-2022-0039 

  

(a) (b) 

Figure 11. Comparison of flow front landing angle for dual (a) rigid; and (b) flexible barriers. 

 

Figure 11(b) shows a comparison of the predicted landing angles from the first flexible 

barrier. Only five predictions were provided for the flexible barrier case. Both over and 

underpredictions are exhibited. Three out of the five predictions are within 20% of that 

predicted. Prediction A is the same as the measured landing angle. The discrepancies in 

predicted landing angles are smaller in the case of the rigid barrier compared to the flexible 

barrier. In the case of rigid barrier, the runup travels along the surface of the barrier before 

launching downstream. Since the barrier geometry is known, the ballistic trajectory of a point 

mass projectile and its landing angle can be easily calculated for a given launch velocity. 

However, for the modelled flexible barriers, the change in curvature due to barrier deformations 

likely affected the launch as well as landing angles of debris flow (Vicari et al., 2022). A higher 

landing angle means that the flow momentum is dissipated more when the overflow impacts 

the channel bed (Ng et al., 2022). Therefore, improved predictions of impact force on 

downstream barriers require accurate predictions of the landing angle at preceding barriers. 
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(a) rigid; and (b) flexible barriers.

4.4. Debris flow impact on the second barrier

Figure 12 shows a comparison between predicted and 
measured peak impact forces on the second barrier. The 
peak impact forces calculated by using Equation (1) (GEO, 
2020) and Equation (3) (Ng et al., 2021a) are shown for 
reference. The 2D or 3D modelling approach utilised in the 
prediction exercise is indicated for each team. 

Figure 12(a) shows a comparison of the peak 
impact forces on the second rigid barrier. Both over and 
underpredictions of the peak impact force were reported. 
Only two predictions (i.e., D and H) are within 20% of the 
measured value. Interestingly, these two predictions use 2D 
modelling to achieve these close values which highlights 
that 2D modelling is sufficient to accurately model a rigid 
barrier response in relatively simple terrain. Six out of the 
nine predictions underestimate the impact force. Unlike 
the prediction results for the first rigid barrier, which are 

all underpredicted, three of the predicted impact forces on 
the second rigid barrier are overestimated. The calculated 
normalised impact force by using Equation (1) by GEO 
(2020) and Equation (3) by Ng et al. (2021a) overpredicts 
the impact force by 2.7 and 1.5 times, respectively. The 
approach proposed by Ng et al. (2021a) (i.e., Equation (3)) 
adopts a smaller hydrodynamic impact coefficient (α) for 
the second barrier compared to that used in the approach 
proposed by GEO (2020) (i.e., Equation (1)). The smaller 
α in the approach proposed by Ng et al. (2021a) (i.e., 
Equation (3)) considers the deceleration as well as partial 
retention of debris flow by the first barrier. Additionally, 
the approach proposed by Ng et al. (2021a) assumes that 
the flow depth impacting on the second barrier is the same 
as that on the first barrier, which allows conservative 
estimation of impact force on the second barrier. 

Figure 12(b) shows a comparison between predicted 
and measured impact forces on the second flexible barrier. 
All of the peak impact forces are underpredicted. None of 
the predicted forces are within 20% of the measured value. 
The calculated normalised impact force using Equation 
(1) by Kwan and Cheung (2012) is higher by 4.5 times 
compared with measured values. The calculated normalised 
impact force using Equation (3) by Ng et al. (2021a) is 
only 1.3 times higher than the measured values. Similar 
to the closer prediction by Equation (3) in Figure 12(a) 
for the second rigid barrier, a closer prediction is achieved 
for the second flexible barrier by using Equation (3). This 
observation shows the importance of considering the 
dissipation of energy resulting from flow interaction with 
the upstream barriers prior to predicting the downstream 
barrier impact forces. 

Moreover, a potential reason for the underestimation of 
the impact forces on the second barrier includes deficiencies 
in the rheological models adopted. It is expected that the 
first barrier may retain the soil in the debris flow and reduce 
its solid fraction. Consequently, the rheology of the debris 
flow impacting the first and second barriers is different. 

Sophisticated numerical models may not always yield 
a better prediction of debris flow impact forces. A simple 
hydrodynamic equation (GEO, 2020) (i.e., Equation (2)) or 
an equivalent equation proposed by Ng et al. (2021a) (i.e., 
Equation (3)) gives consistent and safe predictions of the 
impact force on single and dual rigid and flexible barriers 
(Figure 7 and Figure 12). To err on the side of caution, an 
engineer should not be influenced by the sophistication 
of prediction techniques and instead appreciate that the 
basic techniques may provide consistent and conservative 
predictions of design impact force.
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Figure 13 shows a comparison of the maximum 
runup heights on the second barrier. Equation (4) is used 
to calculate the runup height for reference. Figure 13(a) 
shows a comparison of the maximum runup heights on the 
second rigid barrier. It can be observed that the predicted 
runup height is underestimated for all prediction cases. In 
contrast, the calculated runup height from Equation (4) 
overpredicts the runup height by 24%. Compared to the 
runup prediction at the first barrier, runup at the second 
rigid barrier is underpredicted, which further reinforces 
the notion that simulated debris flows are more dissipative 
than the experiments.  Figure 13(b) shows a comparison 
of the maximum runup heights on the second flexible 
barrier. It can be observed that the predicted runup height 
is underestimated for all prediction cases. In contrast, the 
calculated runup height from energy balance overpredicts 
the runup height by 1.2 times. 

The underprediction of the overflow distance for 
the first barriers (Figure 10) might also have led to the 
underprediction of runup height at the second barrier for 
both rigid and flexible barrier cases. Underpredictions 
of overflow distance led to overpredictions of energy 
dissipation at flow-rigid bed interface which ultimately 
leads to underprediction of the runup height on the second 
barrier.
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Figure 13. Comparison of maximum runup height at the second (a) rigid; and (b) flexible 

barriers. 
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which led to the underprediction of the impact forces. This suggests that the constitutive models 
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5. Summary of Round-table Discussion

On the second day of the symposium, a roundtable 
discussion was organised. A summary of the discussion, 
including key observations, comments and future areas 
of required research put forward by the panellists and 
participants, is given below.
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5.1. Debris flow rheology

Panellists agreed that although rheology is a 
fictitious concept, it enables engineers to simplify the 
complexities of modelling debris flow. It was evident 
from the prediction results that frictional rheology cannot 
capture the spatiotemporal heterogeneity of a debris 
flow, especially when it impacts a barrier. Most of the 
prediction teams adopted frictional rheology, which led to 
the underprediction of the impact forces. This suggests that 
the constitutive models adopted may be too dissipative. 
It is clear that further research is required to reveal the 
constitutive behaviour of a heterogonous solid-fluid 
mixture, especially the pore pressure changes. 

5.2. 2D vs 3D models

Reasonable predictions were obtained from the 2D 
simulations in this prediction exercise. The panellists 
agreed that for simple geometries, such as a relatively 
uniform and straight channel, a 2D approximation of a 
flow-structure interaction may be sufficient. However, 3D 
modelling may be inevitable for more complex field cases 
and terrain. Debris flow impact is a complex process that 
likely requires the use of 3D models. With the advancement 
of computational capabilities, 3D models may not be 
as expensive to solve. Moreover, it was agreed that the 
complex impact mechanisms of a debris flow on a flexible 
barrier require 3D modelling. 

5.3. Existing state of design practice

Current prediction results of debris flow impact force 
on the first barrier using flow velocity and flow depth at 
barrier locations are encouraging. However, after impact, 
the complicated mechanisms for runup, overflow and 
landing were largely not well captured. The panellists 
stressed the importance of analytical approaches for design. 
For multiple barrier designs, an analytical framework 
has been developed and verified by Ng et al. (2021a), 
which serves as a foundation for further development. 
Furthermore, the panellists acknowledged that predicting 
overflow and landing of debris flows still requires 
additional research in view of the prediction results in this 
symposium. Additionally, multiple barrier design guidelines 
should consider whether a barrier is cleaned after an impact 
event. 

5.4. Erodible beds

The panellists acknowledged that the flume tests in 
this prediction symposium were conducted on non-erodible 
beds. As such, modelling the effects of erodible beds is a 
pressing scientific challenge that needs to be addressed. It 
was agreed that the flume or centrifuge models with non-
erodible beds are a prerequisite to more complex boundary 
conditions. The panellists suggested the possibility of a 

future prediction exercise for debris flow entrainment 
models.

5.5. Full-scale test facilities

Currently, rock fall barriers are certified using 
standard testing procedures (EAD 340059-00-016, 2018). 
A similar standardisation would be beneficial for the design 
of flexible barriers for resisting debris flows. In practice, 
different proprietary products that use different mechanisms 
and designs are used in Hong Kong. A standardised test 
would simplify the design procedure leading to cost and 
time savings. 

Foreseeable challenges for standardised tests include 
complexities involved in characterising the heterogeneous 
nature of debris flows. Furthermore, it was suggested that 
the 172 m-long flume in Kunming, China, which is under 
construction, may be used by designers to demonstrate the 
performance of a debris-resisting flexible barrier. In addition, 
such a unique facility enables the performance of individual 
components, such as brake elements, supporting cables and 
intercepting meshes, to be systematically evaluated.

6. Conclusions

Over recent years, significant advances have been 
made in the modelling of the dynamics between debris 
flows and single and dual rigid and flexible barriers. This 
paper summarised the state-of-the-art in flow-barrier 
interaction, details of the symposium, including the 
prediction cases, prediction results, and discussion from 
the roundtable discussion. Some key conclusions can be 
summarised as follows:

a)	 I�t is evident that most of the numerical results 
tend to underpredict the impact forces. Therefore, 
sophisticated numerical models for the prediction 
of debris flow impact dynamics may not always 
be better in terms of design applications. In 
contrast, Equation (3) provides conservative 
estimates for debris flow impact with the dynamic 
and static coefficients as (i) α = 1.5 and k = 1 
for the first rigid barrier (ii) α = 1 and k = 1 for 
the second rigid barrier as well as dual flexible 
barriers. It should be noted that these design 
recommendations have only been validated by 
tests with a maximum debris flow volume of 9 
m3. As debris flow is scale-dependent, further 
validation with much larger flow volume is still 
warranted. 

b)	� Existing numerical models remain far away from 
capturing realistic debris dynamics, including 
boulder inclusion and erodible beds, because 
these complex flow mechanisms are not well 
understood, let alone the impact dynamics 
on barriers. It is clear that more systematic 
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experimental evidence is needed. Owing to the 
scale-dependent behaviour of debris flows, the 
discipline urgently needs field-scale facilities 
that can produce high-fidelity data with well-
controlled initial and boundary conditions to 
enable model evaluation. The unique 172 m-long 
flume that is under construction in Kunming, 
China, will be crucial for advancing the state-of-
the-art modelling.

c)	� Despite the relatively good prediction of velocity 
and flow depth of debris flow prior to the first 
barrier impact, the subsequent impact and flow 
processes were not captured accurately. This was 
quite evident by the general underpredictions of 
the impact forces and runup heights on the first 
barrier and the overflow distances. It is clear that 
substantial research is still required to understand 
and elucidate the impact mechanisms, especially 
those on deformable flexible barriers. 
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