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ABSTRACT

Natural terrain landslides pose a global threat as they often cause casualties and economic losses. Potential impacts of climate 
change could further aggravate the landslide risk and robust mitigation measures such as rigid debris-resisting barriers 
are particularly important in protecting lives and properties. Traditionally, rigid barriers are designed based on empirical 
approaches which generally oversimplify the dynamic nature of debris-barrier interaction. This often results in overly-
conservative designs where the barrier structures are not only bulky and environmentally intrusive, but also difficult to 
construct. There is thus a pressing need to optimise the design approach. In this regard, the Geotechnical Engineering Office 
has been endeavouring to enhance the process efficiency, in collaboration with top-notch experts, by capitalising on the latest 
advancement in computational simulations and physical testing, and improving the understanding of the physical process. 
A technical breakthrough has been achieved with respect to an improved knowledge in the debris flow dynamic and the 
complex debris-barrier interaction.  A novel design method covering geotechnical and structural aspects has been developed 
for use in Hong Kong. This would bring about more cost-effective barrier designs, with enhanced design reliability and 
robustness.  
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1. Introduction 
Natural terrain landslides are among the most dangerous natural processes 

worldwide, threatening lives and properties. While landslides can be rain-induced, the 

effect of climate change could further aggravate the risk of devastating landslides. 

Extensive scientific research on probable climatic changes (e.g. EB, 2015) indicates 

that extreme rainfall events will become more frequent and intense. For example, in 

Hong Kong, the hourly rainfall record at the Hong Kong Observatory was broken 

several times in the past few decades, whereas it used to take several decades to 

break such record in the past. The record-breaking rainstorm in 2008 triggered some 

2,400 landslides in Lantau (an outlying island in Hong Kong with a land area of less 

than 150 km2; see Figure 1). 

  
    

Figure 1. Photographs of natural terrain landslides in Hong Kong in 2008. 

 

Reinforced concrete rigid barriers have been widely used to mitigate large debris flow 

events, so as to ensure public safety. Traditional design methods (e.g. CAGHP, 2018; 

Hungr, 1984; Kwan, 2012) comprise some empirical design procedures containing 

oversimplified design parameters, which overlook the dynamic nature of boulder 

impact and barrier response (Figure 2). Based on local experience, barriers so 

designed are not only bulky in size and environmentally intrusive, but also contain 

extensive tie-back foundations and congested steel reinforcements. These impose 

many construction difficulties, especially if these barriers are situated in inaccessible 

hillsides, where construction works require extensive temporary accesses and 

working platforms (Figure 3). All in all, a holistic revamp in the design approach 

regarding rigid barriers has been advocated in the geotechnical communities. 
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Figure 2. Dynamic nature of boulder impact captured in a flume test of 

boulder-entrained debris flow (left); tip deflection of wall stem of rigid barrier measured 

in a boulder impact test using a pendulum setup (right). 

  

Figure 3. Common construction difficulties of rigid barriers. 

 
The Geotechnical Engineering Office has been endeavouring to enhance the process 

efficiency in rigid barrier design in Hong Kong. Extensive technical development work 

with respect to the following technical areas has been conducted:  

Area 1. Novel displacement approach for geotechnical stability assessment; 

Area 2. Rational assessment of flexure of rigid barriers under boulder impact; 

Area 3. Rational use of rockfill gabions as cushioning protection; and 

Area 4. Rational estimate of debris impact load. 

 

The above technical areas have been comprehensively studied through a stepwise 

approach involving analytical modelling, proof-of-concept physical testing and 

validated numerical parametric studies for extrapolating the scale of analyses. 

State-of-the-art testing facilities have been used in collaboration with world-leading 

experts, and some debris impact experiments are of the largest scale as compared 

with those reported in the literature. The key technical breakthrough includes the 
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The Geotechnical Engineering Office has been 
endeavouring to enhance the process efficiency in 
rigid barrier design in Hong Kong. Extensive technical 
development work with respect to the following technical 
areas has been conducted: 

Area 1.	� N o v e l  d i s p l a c e m e n t  a p p r o a c h  f o r 
geotechnical stability assessment;

Area 2.	� Rational assessment of flexure of rigid 
barriers under boulder impact;

Area 3.	� Rational use of rockfill gabions as cushioning 
protection; and

Area 4.	� Rational estimate of debris impact load.

The above technical areas have been comprehensively 
studied through a stepwise approach involving analytical 
modelling, proof-of-concept physical testing and validated 
numerical parametric studies for extrapolating the scale of 
analyses. State-of-the-art testing facilities have been used in 
collaboration with world-leading experts, and some debris 
impact experiments are of the largest scale as compared 
with those reported in the literature. The key technical 
breakthrough includes the optimised debris impact load, 
introduction of a displacement-based geotechnical stability 
check and a structural design method which takes into 
account energy and momentum transfer.  A new design 
framework has been developed and promulgated in the 
latest design guidance in Hong Kong (GEO, 2020). The 
key features of the new design framework are summarised 
in Table 1.

Table 1. Revamping of design framework.

Traditional design 
framework (Kwan,2012)

Enhanced design 
framework (GEO, 

2020)

Effect of boulder 
impact

Pseudo-static force 
equilibrium analyses 
boulder impact load 

based on the modified 
Hertz model for both 

structural integrity check 
and geotechnical stability 

assessment

Displacement approach 
for geotechnical 

stability assessment 
(Area 1)

Enhanced Flexural 
Stiffness Method for 
structural integrity 

check (Area 2)
Cushioning 

protection against 
boulder impact

Prescriptive
Reduction in Impact 
Load based on 2DOF 

Model (Area 3)

Debris impact 
load

Hydrodynamic equation 
with a dynamic pressure 

coefficient α of 2.5

Hydrodynamic 
equation with a 

dynamic pressure 
coefficient α of 1.5

(Area 4)

In Section 2 of this paper, the traditional design 
framework adopted worldwide, and also in Hong Kong 
prior to the promulgation of the new design guidance 
(GEO, 2020), will be introduced, followed by the technical 
development of the new design framework in Sections 3 
to 5. Lastly, the overall savings brought by the new design 
guidance will be demonstrated in Section 6. 
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2. Highlights of traditional design practices developed 
since the 1980s

2.1. Background

In current practice, the design of rigid barriers mainly 
involves the assessment of geotechnical stability and 
structural integrity. The traditional static design method is 
commonly adopted in Hong Kong, and in many regions 
around the world. Amongst other design loads, the impact 
loads derived from entrained boulders often control the 
overall design.

2.2. Boulder impact load

Boulder impacts induce large magnitude, transient and 
localised stress on rigid barriers. The Hertz model, describing 
the compressive stress generated at the contact of collision of 
an elastic sphere with an elastic infinite plate, is extensively 
used to estimate such impact (See Equations 1 and 2). 
Because of the inherent conservatism of the Hertz model, 
an empirical load reduction factor KC is usually introduced, 
which ranges from 0.1 to 0.2 (Hungr et al., 1984; Kwan, 
2012; Lo, 2000; PWRI, 1988; Zhou et al., 1991).  

5 
 

other design loads, the impact loads derived from entrained boulders often control the 

overall design. 

 
2.2. Boulder impact load 
Boulder impacts induce large magnitude, transient and localised stress on rigid 

barriers.  The Hertz model, describing the compressive stress generated at the 

contact of collision of an elastic sphere with an elastic infinite plate, is extensively 

used to estimate such impact (See Equations 1 and 2). Because of the inherent 

conservatism of the Hertz model, an empirical load reduction factor 𝐾𝐾! is usually 

introduced, which ranges from 0.1 to 0.2 (Hungr et al., 1984; Kwan, 2012; Lo, 2000; 

PWRI, 1988; Zhou et al., 1991).   

𝐹𝐹" = 𝐾𝐾!𝑛𝑛 $
5𝑚𝑚𝑣𝑣"#

4𝑛𝑛 )
$.&

…….……..………..…..…..……………. (1) 
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where 𝑟𝑟 is the radius of the boulder, 𝜇𝜇" and 𝜇𝜇( are Poisson’s ratio of boulder and 
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2.3. Geotechnical stability assessment

Limit equilibrium analysis is adopted in the 
assessment of geotechnical stability of rigid barriers. In 
essence, a resisting force should be provided to counteract 
the destabilising impact forces acting on the barriers, such 

that the static equilibrium in sliding and overturning can 
be maintained. Resisting force primarily comes from the 
interface frictional resistance between the barrier and the 
founding soils or extra structural force given by the tieback 
foundations.  

2.4. Cushioning protection

Occasionally large boulders are entrained in a debris 
flow. To protect rigid barriers against impacts from large 
boulders, cushioning materials are prescriptively provided. 
However, this cushioning effect is not quantified in the 
design in Hong Kong. In overseas practice, the cushioning 
effect of rockfill gabions in rockfall sheds is established 
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-value of 2.5 was recommended in the previous design 
guideline (Kwan, 2012).  Debris impact force is estimated 
using the hydrodynamic model, which is basically the 
momentum equation in fluid mechanics that is derived from 
Newton’s second law.  

3. Novel displacement approach for geotechnical 
stability analysis

3.1. Background

Limit equilibrium analyses are more applicable to the 
static design of structures, e.g. earth-retaining walls, which 
sustain primarily static loads. The application of traditional 
static design philosophy on rigid barriers to deal with a 
momentary boulder impact is not rational. For the design 
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of structures under transient seismic loading, displacement-
based design has been used extensively in lieu of traditional 
static limit equilibrium analyses.

Lam et al (2018a) first introduced a displacement 
approach for the geotechnical stability assessment of 
rigid barriers in view of the impulsive nature of boulder 
impacts.  Under this approach, if certain movement of a 
rigid barrier is allowed under a boulder impact scenario, 
the impact energy can be dissipated through work done 
against the movement of the barrier and does away the 
need of provision of unnecessary structural restraints for 
maintaining the barrier in static equilibrium.  In lieu of 
assessing the factor of safety of a rigid barrier against 
sliding and overturning, which is a force-based concept for 
static problems, this analytical approach aims to estimate 
the induced translational and rotational movement of the 
barrier (∆ and θ in Figure 4) using Equations 6 to 8.  The 
geotechnical stability of the rigid barrier is ascertained by 
limiting the barrier displacement.  Nevertheless, it has not 
been verified by means of large-scale impact experiments.  

Rotational movement
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Figure 4. Translational and rotational movement estimated 
based on displacement approach (Lam and Kwan, 2016).

3.2. Experimental verification of the displacement 
approach

To study the validity of the displacement approach, 
five large-scale flume tests have been conducted in 
collaboration with The Hong Kong University of Science 
and Technology. These tests involved the release of 
boulders of different sizes from the flume, which produced 
impacts on a model reinforced concrete barrier.  The test 
programme is summarised in Table 2. The model barrier 
was an L-shaped reinforced concrete barrier and its 
dimensions are shown in Figure 5.  Details of the setup are 
discussed in Kwan and Wong (2019).

Table 2. Test programme for verification of displacement 
approach.

Test No. No. of 
boulders

Boulder 
diameter

Mass of each 
boulder

Observed 
Impact 

Velocity (m/s)
K1 1 200 mm 11 kg 7.0
K2 10 200 mm 11 kg 7.0
K3 10 400 mm 90 kg 8.0
K4 1 600 mm 300 kg 6.5
K5 

(repeat of K4) 1 600 mm 300 kg 6.3

Photographs of the flume tests are shown in Figure 6.  
The barrier movement based on the displacement approach 
was predicted using the impact velocity of the boulders 
and the coefficient of restitution measured using a high-
speed camera.  The predicted movements in each test have 



HKIE Transactions  |   Volume 28, Number 4, pp.199-212
203

been compared with the measured movement of the barrier 
using laser sensors, which showed that the extent of sliding 
and rotational movements of the barrier predicted by the 
displacement approach are greater than those observed in 
the experiments.  This is probably due to the fact that the 
predictions by means of the displacement approach are 
based on an assumption that the kinetic energy gained by 
the barrier after impact was dissipated through a specific 
mode of movement, i.e. either sliding or rotation. In reality, 
upon an impact, energy dissipation in different modes, e.g. 
sliding, rotation, structural deformation (e.g. bending, local 
indentation, internal fracturing), etc. would co-exist.   More 
details of the interpretation of these test results can be found 
in Wong and Lam (2019b).  Based on the experimental 
results, it was found that the displacement approach 
produces conservative estimates of barrier displacement.
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3.3. Parametric studies on real-scale impact scenarios

Two numerical analyses were conducted to simulate 
impact scenarios involving boulder impact on rigid barriers 
in real-scale impact scenarios.  The analyses aim to overcome 
the limitations of scale and impact energy in the flume 
tests above. A validated three-dimensional finite-element 
computer package namely LS-DYNA was used. Photographs 
and key outputs of these analyses are given in Figure 7. 
More details of the numerical analyses are presented in 
Kwan and Wong (2019). Based on the comparison, it was 
found that the displacement approach can generally provide 
conservative estimates of a barrier’s movement as compared 
with the outputs of numerical simulations. For a barrier with 
a sufficient mass, translational and rotational movements 
are deemed to be insignificant for typical boulder impact 
scenarios and, thus displacement check is generally not 
necessary (GEO, 2020).
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Figure 7. Results of numerical parametric studies on the 
displacement approach.

4. Rational assessment of flexure of a rigid barrier 
under boulder impact

4.1. Background 

In the structural design of rigid barriers, an assessment 
of boulder impact force is required (see Section 2.2).  Lam 
and Gad (2016) introduced the Enhanced Flexural Stiffness 
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Figure 8. Photographs showing the model barrier and the 
solid steel impactors SS280 and SS435.

In each impact test, an impactor was used to produce 
a strike to the wall stem of the model barrier using a 
pendulum setup. In the first series of tests, two different 
steel impactors, weighing 280 kg and 435 kg, were used (see 
Figure 8). In the second series of tests, four different natural 
boulders were used as impactors (see Figure 9).

A high-speed camera and laser sensors were adopted 
to capture the impact velocity of the impactor and the 
deflection profile of the wall stem of the model barrier. 
Strain gauges were installed on the concrete surface of 
the wall stem and the vertical reinforcement bars for the 
measurement of the concrete and steel strains. 

The main objective of these impact tests is to verify 
EFSM in different impact scenarios. A photograph taken in 
one of these tests and a typical deflection time-history of the 
crest of the model barrier are given in Figure 10. In these 
impact tests, EFSM consistently provides close estimates 
of flexural response of the model barrier in various impact 
scenarios. More details of the experiments are given in 
Wong and Lam (2018b and 2019a). 
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(a)

(b)

(c)

Figure 10. Impact test for verification of EFSM and a test 
result (deflection-time history of model barrier).

4.3. Numerical study of the Enhanced Flexural Stiffness 
Method

To further verify EFSM, numerical analyses were 
conducted systematically using the commercially available 
LS-DYNA programme.  These analyses aimed to assess 
the behaviour of a rigid barrier under impact scenarios 
which are similar to real-scale landslide case histories (up 
to 470 kJ). The numerical model had been validated using 
published large-scale impact experiments on reinforced 
concrete structures (details in Wong and Lam, 2018a).  

Figure 11 shows two numerical parametric studies 
on the effect of the boulder impact velocity and the size of 
boulder on the flexural response of the rigid barrier, which 
indicate that EFSM produces more a realistic prediction 
than the traditional design methods (i.e. Equations 1 to 3).
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5. Optimisation of structural design through rational 
use of rockfill gabions as cushioning protection

5.1. Background 

As shown in the bottom-right chart in Figure 11, the 
flexural response of a rigid barrier increases non-linearly 
with the size of the boulder. As a result, barriers subjected 
to large boulder impacts have to be designed with a thicker 
wall section and with congested steel reinforcements.  
Alternatively, cushioning materials could be used to reduce 
the impact load acting on the rigid barrier. Rockfill gabions 
cushion is one of the commonest types of cushioning 
material (see Figure 12), and can dissipate impact energy as 
a result of deformation of rockfill.

Figure 12. Use of rockfill gabions cushion to protect a rigid 
barrier.

5.2. Experimental study of cushioning protection 

To quantitatively examine the cushioning ability of 
rockfill gabions, four series of large-scale impact tests on 
model cushioned rigid barriers were conducted. The first 
two series of tests involved 500 mm thick gabions infilled 
with 70 to 100 mm diameter crushed granite cobbles. Steel 
impactors of 280 kg and 435 kg were used and the impact 
velocity ranged from 2.51 m/s to 5.24 m/s. The model 
barrier had the same dimensions as that adopted in Section 
4.2. In the remaining two series of tests, spherical concrete 
impactor of 1961 kg, involving a higher impact velocity 
(4.5 m/s to 8.4 m/s) was adopted.  A stiffer model barrier 
of 3 m wide x 1.5 m high x 1.5 m thick with 1 m thick 
rockfill gabion cushion was adopted in these two tests. 
Photographs of the two series of impact tests are given in 
Figure 13 below. These impact tests provided quality data 
for the further analytical study of the cushioning response 
of rockfill gabions.
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5.3 Two degree-of-freedom lumped mass (2DOF) system 
based on viscos-elastic contact model

An analytical model to predict the contact force and 
flexural response generated during a collision has been 
developed by Sun et al (2014). This model adopts a spring-
connected two degree-of-freedom lumped mass (2DOF) 
system (see Figure 14) that can capture the time histories of 
the contact force of an impactor, indentation and the global 
flexural response of a barrier in an integrated manner. 
The contact process in the 2DOF system is assumed to be 
simulated by a damper and a spring based on the visco-
elastic contact model developed by Hunt and Crossley 
(1975). The damper is to allow for energy dissipation in the 
cushioned layer in the vicinity of the contact area during 
the impact process, which includes plastic deformation 
of the cushion, work done on re-arrangement of rockfill 
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Figure 13. Photographs of two series of large-scale impact tests of cushioned rigid 

barriers (Lam, 2016; Wong and Lam, 2019a: p.22-23). 
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Figure 14. 2DOF Spring Mass System utilising Hunt and 
Crossley Model.

The visco-elastic model is a non-linear contact model 
with a hysteresis loop in force-displacement space.  The 
area under the hysteresis loop represents the strain energy 
absorption by the gabion cushion materials.  Details of the 
analytical model are discussed in Wong and Lam (2019c).

To assess the applicability of the 2DOF model in a 
rigid barrier design, the 2DOF model has been used to 
estimate the model barrier’s response under the impact tests 
discussed in Section 5.2. It was found that the predicted 
barrier’s response based on 2DOF analyses, in terms of 
peak barrier deflection, were generally comparable to the 
test results. An example of comparison is given in Figure 
15 below.  
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Figure 15. Comparison of measured deflection-time history 
and predicted deflection-time history based on 2DOF 
analysis (Wong and Lam, 2019c: p.12).

In the derivation of the 2DOF model, the rigid 
barrier is assumed to be a cantilever wall.  In other words, 
energy loss due to global displacements (i.e. translational 
and rotational movements) of the barrier are neglected.  
In reality, the impact energy of the boulder converts to 
different sources of energy of the barrier. The problem of 
energy partitioning is complex and the above assumption 
ensures that the boulder impact force so calculated will not 
be underestimated.

5.4. Parametric studies on real-scale impact scenarios

To assess the amount of reduction in impact load in 
real-scale impact scenarios, a series of parametric studies 
of the cushioning effect was conducted using the validated 
2DOF model. The boulder impact scenarios adopted are 
those commonly encountered in routine designs in Hong 
Kong (e.g. impact velocity and diameter of the boulder, 
dimensions and reinforcement contents of the rigid barrier 
and thickness of rockfill gabions cushion). Based on the 
sensitivity studies, it was found that the flexural response of 
the rigid barrier in routine design scenarios (i.e. estimated 
using EFSM, also see Section 4) can be further optimised 
by approximately 35%. Direct use of the 2DOF model 
is not straightforward since it requires some parameters 
obtained from physical experiments, e.g. back-calculation 
of parameters k1 and D1 from impact tests data. As such, as 
a simplification in the enhanced design guidance, designers 
can estimate the boulder impact load using EFSM, and 
apply a 35% load reduction factor if a minimum of 500 
mm thick rockfill gabion cushion is provided.  More details 
on the model validations and parametric studies above are 
given in Wong and Lam (2019c).

6. Optimisation of debris impact load

6.1. Background

Various technical development works have been 
conducted to study the debris impact load models.  In 
the hydrostatic model, the suggested Kstatic-value ranges 
from 2.5 to 7.5 (e.g. Armanini et al., 2019; Scotton and 
Deganutti, 1997).  In the hydrodynamic model, the  
α-value ranges from 0.4 to 12 (e.g. ASI, 2013; Bugnion 
et al., 2012; CAGHP, 2018; Daido, 1993; Hungr et al, 
1984; Kwan, 2012; Lo, 2000; MLR, 2006; NILIM, 2007; 
SWCB, 2019; Watanabe and Ikeya, 1981; Zhang, 1993 ).  
Song et al. (2021a; 2021b) showed that the debris impact 
load is a function of the dimensionless Froude number. 
Some practitioners suggest a hybrid of hydrodynamic and 
hydrostatic model in estimating the debris impact pressure 
(e.g. Li et al., 2020).

Early studies of the hydrodynamic model reported 
large α-values of 2.5 and 3 (e.g. Du et al, 1987), which 
aims to account for debris impact with an allowance of 
boulder impact load.  Wong and Lam (2019d) suggested to 
assess the debris and boulder impact separately, taking due 
account of the more transient nature of boulder impact as 
compared with that of debris. 

6.2. Experimental study of debris impact lad

To study debris impact load, a series of large-scale 
flume tests have been conducted using the flume setup and 
reinforced concrete model barrier as described in Section 
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3.2.  The scale of the simulated debris flow was less than 
5 m3.  To capture the overall debris impact load, a special 
setup comprising a series of load cells and a steel plate, as 
shown in Figure 16. This setup avoids the extrapolation 
of impact load based on the measurement of localised 
pressure taken from a small load cell.  Details of these 
tests, including setup, instrumentation, test results and 
data interpretation, have been discussed in Lam and Wong 
(2021).  Photographs of two of the tests involving pure 
debris flow and boulder-entrained debris flow are shown 
in Figure 17.  By discounting the effect of boulder hard 
inclusions, the peak α-value was found, ranging from 0.76 
to 1.01.
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Figure 17. Simulated debris flow (Left) and boulder-
entrained debris flow with 30 model boulders 200 mm in 
diameter.

6.3. Numerical analysis

To overcome the scale-effect associated with the flume 
tests and to further assess the debris impact load for design 
events typically encountered in Hong Kong in the order of 
a hundred square metres, numerical analysis was conducted 
using LS-DYNA.  Debris materials are simulated using 
the Arbitrary Lagrangian-Eulerian technique.  The internal 
rheology and debris-barrier interaction has been validated 
against the data of flume test conducted.  A photograph of 
the validation is shown in Figure 18.
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Figure 18. Validation of numerical simulation of debris-barrier interaction using 
large-scale flume test data. 

 
Using the rheology parameters for debris and material models of reinforced concrete, 

a large-scale debris flow event with a debris volume of approx. 400 m3, travelling at a 

frontal flow velocity of 12 m/s and a debris flow thickness ranging from 1.25 to 1.5 m, 

was simulated to impact onto a reinforced concrete barrier of 10 m wide, 5 m high and 

1 m thick.  Based on the output debris mobility data and the impact pressure on the 

model barrier from the LS-DYNA model (see the photographs in Figure 19), the 

α-value is found to be 0.97. 

 

Figure 19. Photograph of debris impact scenario in a 400 m3 volume simulated design 

Figure 18. Validation of numerical simulation of debris-
barrier interaction using large-scale flume test data.

Using the rheology parameters for debris and material 
models of reinforced concrete, a large-scale debris flow 
event with a debris volume of approx. 400 m3, travelling at 
a frontal flow velocity of 12 m/s and a debris flow thickness 
ranging from 1.25 to 1.5 m, was simulated to impact onto 
a reinforced concrete barrier of 10 m wide, 5 m high and 1 
m thick.  Based on the output debris mobility data and the 
impact pressure on the model barrier from the LS-DYNA 
model (see the photographs in Figure 19), the α-value is 
found to be 0.97.
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6.4. Discussions

Based on the experimental results, numerical analyses 
and some latest overseas design guidelines (e.g. ASI, 2013; 
CAGHP, 2018; MLR, 2006; NILIM, 2007), there is room 
to optimise the α-value from 2.5 to 1.5.

In the enhanced design guidance, the effect of boulder 
impact is not taken into account in the hydrodynamic 
equation with a larger α-value.  Boulder impact is more 
transient than debris impact, and the effect of the flexural 
stiffness and mass ratio of the barrier are key factors 
affecting the boulder impact load, whereas these factors are 
less critical in debris impact.  It is thus suggested that the 
effect of boulder impact should be considered separately 
using the displacement approach in geotechnical stability 
analysis and EFSM in structural design.  

7. Discussions on the improvement of the enhanced 
design guidance

This section explains a design of rigid barrier which 
follows both (a) the previous generation of guidelines 
(Kwan, 2012) as well as (b) the enhanced design guidance 
(GEO, 2020). The rigid barrier is subjected to a design 
debris flow event, which comprises entrainment of 1 
m diameter boulders, travelling in surges at an impact 
velocity ranging from 4.9 to 7.0 m/s according to debris 
mobility analysis.  Barrier design following (a) and (b) is 
summarised in Figure 20 below:

(a)
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Figure 20. (a-b)  Design following (a) the previous design guidance (top) and (b) the 

enhanced design guidance (bottom). 

 
As shown above, tieback foundations are no longer necessary as a small amount of 

displacement is allowed under the displacement approach. In addition, rational use of 

rockfill gabions cushion alongside the novel EFSM enable an optimisation of the 

structural design of the barrier, giving rise to a saving of 30% by volume of concrete, 

and also 30% by weight of steel reinforcements. 

 
8. Summary 
As presented in Sections 3 to 6 above, a novel design approach for geotechnical 

stability and structural integrity assessment of rigid barriers has been developed. The 

transient nature of boulder impacts and the dynamic response of rigid barriers have 

been duly addressed.  The enhanced design approach has been well proven by 

experimental and numerical simulations. It involves simple analytical solutions, which 

are easy to implement in practice. It would bring more cost-effective and lean barrier 

designs, with enhanced design robustness and reliability. The enhanced design 

guidance has been promulgated in 2020 for practical use in Hong Kong.   
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of rockfill gabions cushion alongside the novel EFSM 
enable an optimisation of the structural design of the barrier, 
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also 30% by weight of steel reinforcements.

8. Summary

As presented in Sections 3 to 6 above, a novel 
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integrity assessment of rigid barriers has been developed. 
The transient nature of boulder impacts and the dynamic 
response of rigid barriers have been duly addressed.  
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