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Preface

In keeping with our policy of releasing information
which may be of general interest to the geotechnical
profession and the public, we make available selected internal
reports in a series of publications termed the GEO Report
series. The GEO Reports can be downloaded from the
website of the Civil Engineering and Development Department
(http://www.cedd.gov.hk) on the Internet. Printed copies are
also available for some GEO Reports. For printed copies, a
charge is made to cover the cost of printing.

The Geotechnical Engineering Office also produces
documents specifically for publication in print. These include
guidance documents and results of comprehensive reviews.
They can also be downloaded from the above website.

The publications and the printed GEO Reports may be
obtained from the Government’s Information Services
Department. Information on how to purchase these documents
is given on the second last page of this report.

3.

H.N. Wong
Head, Geotechnical Engineering Office
April 2015

SJUSUOD JO B|eL

SJUSUOD JO B|eL SJUSUOD JO B|eL

S)USU0D) JO B|geL



Foreword

This report presents the results of a study of an open
hillside failure impacting on a flexible rockfall barrier at Jordan
Valley, Hong Kong. This study was carried out by Dr J.S.H.
Kwan and Mr R.C.H. Koo under my supervision. It comprised
an investigation of the mobility of the open hillside failure and
structural analyses of the flexible rockfall barrier which was
impacted by the landslide debris. Mr T.H. Lo assisted in the
structural analyses. Computer program NIDA-MNN developed
by the Hong Kong Polytechnic University was adopted in the
structural analysis.

Draft versions of the report were reviewed by Professor
S.L. Chan of the Hong Kong Polytechnic University, Dr Benoit
Boutillier of Heaven Climber and Dr J.C.Y. Cheuk of AECOM.
Professor S.L. Chan is the developer of the computer program
NIDA-MNN. Dr Benoit Boutillier is the engineer of the
manufacturer of the flexible rockfall barrier. Dr J.C.Y. Cheuk
is the Landslip Investigation Consultants who carried out the
post-landslide inspection. Dr A.K.T. Chong of AECOM also
provided useful comments on the structural analysis.
Contributions from all parties are gratefully acknowledged.

-

7
Y.K. Shiu
Chief Geotechnical Engineer/Standards & Testing
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Abstract

Debris from an open hillside landslide struck flexible
rockfall barrier no. 11NE-A/NDS8 at Jordan Valley, Hong Kong,
in 2008. The landslide was sourced from a natural hillside.
The landslide scar is 10 m wide and 7 m long, and the landslide
volume is about 110 m’. The rockfall barrier was originally
designed to mitigate boulder fall at the site location. The
landslide debris was largely retained by the barrier but two of
the barrier posts were severely damaged and failed. This is so
far the only case history of landslide debris having been
intercepted by flexible barrier in Hong Kong.

Back analyses of this case history have been undertaken
with a view to obtaining a better understanding of the behaviour
of flexible debris-resisting barriers upon debris impact.
Numerical simulations of mobility of the landslide debris and
structural response of the flexible barrier have been carried out,
which reproduce some of the salient field observations.
Possible contributory factors to the failure of the posts and
insights established from the back analyses are documented in
this report.
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1 Introduction

An open hillside landslide in Jordan Valley was reported to the GEO in
December 2009. A subsequent aerial photograph interpretation study by the Landslip
Investigation Consultants (LIC) suggested that the landslide could have occurred during a
heavy rainstorm in June 2008. Ground mass of about 110 m’ in volume detached from a
natural hillside in the form of an open hillside failure. The landslide debris struck flexible
rockfall barrier no. 11NE-A/NDS8 near the toe of the hillside. So far, this is the only case
history of flexible barrier intercepting landslide debris in Hong Kong. Preliminary back
analyses of this case history have been carried out with a view to obtaining insights that are
pertinent to the design of flexible debris-resisting barriers.

2 The Landslide and Flexible Rockfall Barrier

The locations of the landslide site and flexible rockfall barrier no. 1INE-A/NDS§ are
shown in Figure 2.1. The flexible rockfall barrier was originally designed to mitigate
boulder fall hazard from the natural hillside (LMM, 2004). The height of the steel posts is
5 m but the minimum height of the ring nets is 4 m and its designed energy capacity is
1,000 kJ. Posts of the barrier are at 10 m spacing and supported on concrete pad footings of
400 mm by 400 mm in dimensions. The embedment depth of the footings is about 500 mm.
Barrier posts are made of 140 mm by 140 mm steel hollow section, with a steel thickness of
4 mm.
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Note : Base plan is extracted from 1 : 1000 survey sheets Nos. 11

Figure 2.1 Locations of the Landslide Site and Flexible Rockfall Barrier No. 11INE-A/ND8
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Site inspections by the LIC were carried out in December 2009 and April 2010. The
Standards & Testing Division joined the inspection in April 2010. It was observed that
landslide debris struck Post P1 and two ring net panels spanning across Posts P2-P1 and
Posts P1-P15 (see Figure 2.1). The debris was largely retained by the barrier. There were
no noticeable signs of overflow or marks left behind by a large amount of debris passing
through the ring net. Close inspection of the ring net indicated that landslide debris,
including fine grains, was arrested by the barrier (see Figure 2.2). Post P1 was severely
damaged by debris impact. No signs of damage to Post P2 were evident. Post P15, which
was located at the southern end of the barrier, was not subject to any direct impact by the
landslide debris. However, Post P15 had bent and failed. It was also observed during the
inspections that the energy dissipation devices attached to the uphill cable ropes of the barrier
had not been mobilised, and no tensile failure of any cable ropes was apparent. Details of
the site observations are presented in an inspection note prepared by the LIC. The inspection
note is reproduced in Appendix A.

It is noteworthy that the construction details of Post P15 are different from the
intermediate Posts P1 and P2. The ring net was attached to Post P15 by about nine layers of
stainless steel bands (see Figure 2.3), whereas Posts P1 and P2 were not tied to any ring net
(see Figure 2.4).

Figure 2.2 Close Inspection to the Ring Net
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Figure 2.3 Photograph of Post P15 Figure 2.4 Photograph of Post P2

The salient observations made by the LIC are summarised below:

(a) two barrier posts (P1 and P15) were severely deformed and
failed,

(b) Post P15 did not exhibit any signs of direct impact by debris
but it had bent,

(c) the two posts P1 and P15, together with their concrete
footings, were found to have displaced forward by about 1
to 2 m,

(d) energy dissipation devices attached to the uphill extension
cable ropes of the barrier had not been mobilised (see

Appendix A), and

(e) no tensile failure of any cable ropes was apparent.

3 Mobility of Landslide Debris

Figure 3.1 shows a cross-section (Section B-B of Figure 2.1) along the centerline of
the landslide debris trail. The travel angle of the landslide debris, accounting for the
retarding effect of the flexible barrier, is about 27°.  This travel angle does not represent the
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true mobility of the landslide debris because the debris was obstructed by the flexible barrier.
If the frictional rheology is adopted to back analyse the landslide mobility, an apparent basal
friction angle (@) of less than 27° should be used. GEO (2012) presents a review of the
mobility of open hillside failures, which shows that the lower bound value of ¢ for open
hillside failures in Hong Kong is 25° for landslide volume less than 500 m®. It is therefore
assumed that the ¢ value of this Jordan Valley landslide could be around 25° to 26°, and a
¢ value of 25° has been adopted in the back analysis. Computer program 2d-DMM (Kwan
& Sun, 2006) was used for the analysis. Table 3.1 shows the debris velocity hydrograph and
the debris thickness hydrograph at the original barrier location based on the 2d-DMM
analyses.

Elevation (mPD)
Exposed surface comprises saprolitic
Steeply inclined (Approx. 40°) soil (IVTV to V) with scattered
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Figure 3.1 Cross-section of the Landslide Debris Trail

According to the results of the 2d-DMM analyses, the maximum frontal debris
velocity at the location of the flexible barrier was about 4 m/s. After the peak value, the
velocity drops to zero within 2 seconds. The calculated maximum debris thickness is about
1.2 m, which is generally consistent with the site observations.

Debris mobility analysis has been carried out without consideration of the obstruction
by the barrier. However, the analysis results can shed some light on how the landslide debris
could behave upon interception by the barrier. According to the debris velocity hydrograph
and debris thickness hydrograph, the debris velocity could have dropped rapidly and the
debris could be as thick as about 1 m. It is unlikely that the rear portion of debris mass
over-rode on the frontal portion to result in multiple impacts to the barrier. This is consistent
with the LIC’s site observation that the landslide debris slid down the slope as a lumped mass
and no evidence of multiple surge impact on the barrier was noted.
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Table 3.1 Results of Debris Mobility Assessment

Debris Velocity Hydrograph at Debris Thickness Hydrograph at
Original Barrier Location Original Barrier Location
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4 Energy Loading

The theoretical kinetic energy (KE) of landslide debris that travelled beyond the
original barrier location can be estimated by coupling together the debris velocity hydrograph
and debris thickness hydrograph using the following equation:

KE = Z%[v(t)h(t)WpAt][v(t)]z ...................................... (4.1)

t

where v(f) = debris velocity at barrier location at time ¢ (m/s)
h(t) = debris thickness at barrier location at time # (m)
w = debris width at barrier location, assumed to be constant
p = debris density (in kg/m’)
At = observation time interval (s).

According to the site inspection, debris width (w) is about 10 m. Debris density is
assumed to be 2,000 kg/m’>. With the velocity and debris hydrographs produced by the
debris mobility analysis, the kinetic energy of the debris is estimated to be 463 kJ using
Equation 4.1. The calculation of kinetic energy (KE) using Equation 4.1 does not consider
the obstruction effect of the barrier and it corresponds to the KE at an "uninterrupted" state.
In theory, this is the maximum energy loading that could be applied on the barrier.

The energy loading has also been estimated using the analytical solution developed by
Sun & Law (2012). Back analyses of landslide mobility presented in Section 3 indicate that
the thickness of the impacting front of the landslide debris could be in the order of 1 m.
Debris frontal velocity estimated by the 2d-DMM analysis is also used in the calculation.
Values of other parameters assumed for the calculation of the energy loading are listed below:

debris density: 2,000 kg/m’
debris width: 10 m
ground inclination behind barrier: 0°

angle of ramp in run up mechanism: 10°
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Sun & Law (op cit)'s analytical solution requires input of the dynamic pressure
coefficient (a). The energy loadings corresponding to @« = 1 and 2 respectively are
calculated. The results are presented in Table 4.1.

Table 4.1 Energy Loading Calculated Based on Pile-up Mechanism and Run-up

Mechanism

Pile-up Mechanism (kJ) Run-up Mechanism (kJ)
a=1 o=2 a=1 a=12
280 560 8 8

Since the landslide mass slid down the hillside as a lumped mass, the pile-up and run-up
mechanisms assumed in the analytical solutions developed by Sun & Law (2012) may not
describe the debris deposition mechanism of this case history very well. The calculated energy
loadings associated with the two mechanisms are presented in this report for completeness.

5 Structural Analysis

Field observations indicated that the landslide debris was largely retained by the flexible
rockfall barrier. However, it was found that Post P1 was severely deformed and had failed (see
Plate 5 in Appendix A). End Post P15 was also damaged, although there was no signs of direct
debris impact on this post (see Figure 3 and Plate 6 in Appendix A). It is worthwhile to
examine the possible structural behaviour of the flexible barrier subject to debris impact in this
landslide, which may shed some light on the possible failure mechanism of the barrier posts.

A preliminary numerical structural analysis has been carried out. The debris impact
load is modelled as a pseudo-static uniformly distributed pressure (UDP) acting orthogonally
on the barrier. Site observation suggests that landslide debris could have impacted on Post
P1 and the netting on the two sides of the post. The results of the mobility analysis
presented in Section 3 indicate that the thickness of the impact front could be in the order of
I m. In light of this, the loaded area of UDP against the netting and Post P1 1s assumed to be
1 m high. The width of the UDP is taken as 10 m, which is the observed width of the
landslide. The loaded area of UDP is centered at Post P1 to tally with the site inspection.
A single impact is considered in the back analysis, since no evidence of multiple surge
impacts was noted on site (see also Section 3 and Appendix A).

A non-linear finite element program NIDA-MNN (Version 8.0) developed by the Hong
Kong Polytechnic University is used in this study (Chan el at, 2012). This program was
benchmarked by Chan et al (op cit) against Geobrugg’s instrumented field data. The
structural model of the flexible barrier, including an assembly of ring nets, steel posts, energy
dissipating devices, rope cables, etc., has been set up in NIDA-MNN for assessing the
barrier’s structural response to the applied pseudo-static UDP.

The flexible barrier hit by the landslide debris is a proprietary rockfall fence with an
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energy capacity of 1,000 kJ. As-built drawings were retrieved from the project file by the LIC
(see Appendix A). The drawings provide information on the physical dimensions of different
structural components of the barrier for setting up the numerical model in NIDA-MNN.
Contact with the manufacturer of the rockfall fence had also been made to confirm the
structural properties of different components of the barrier (e.g. ultimate yield strength of
cable ropes, etc.) to facilitate the back analysis. Details are presented in Appendix B.

Different magnitudes of UDP are used in the analysis with an aim to replicating the
observations numerically. Results show that both Posts P1 and P15 could fail by buckling
when the applied UDP was increased to 50 kPa. According to the NIDA-MNN analysis, the
large bending moment of P1 could result from the direct impact of landslide debris. For
P15, analysis shows that the post is subject to bending moment and shear forces induced by
load transferred from the ring net attached to the post. P15 probably experienced an axial
compression load larger than that in P1. This larger compression load could be due to the
downward forces brought about by the uphill and inclined anchor cables attached to the top of
the post, as well as the deformed ring net that is connected to the post. Structural
calculations (see Section B.5) show that the combined actions of bending, shear and
compression could result in a buckling failure of the post. This is a possible failure
mechanism of P1 and P15. In addition, the calculated base shear forces of P1 and P15
exceed the estimated sliding resistance of the footings of the posts. This agrees with the site
observations that the corresponding footings had displaced from their original locations.

NIDA-MNN analysis assuming magnitudes of UDP higher than 50 kPa has also been
carried out. When UDP is increased to 66 kPa, the lower rope cable would be stressed to a
level that exceeds the ultimate tensile capacity (270 kN) of the cable as advised by the barrier
manufacturer. Therefore, analysis based on UDP of magnitude exceeding 66 kPa has not
been undertaken. For this range of UDP (i.e. 50 kPa to 66 kPa), the calculated forces,
including the base shear force, of Post P2 are not large, and structural failure or foundation
failure of P2 is not likely, which is consistent with the site observation.

The UDP magnitudes of 50 kPa to 66 kPa correspond to a dynamic pressure coefficient
(o) of 1.6 to 2.1 (p = a p v*; p = debris impact pressure, a = dynamic pressure coefficient, p =
debris density, and v = debris impact velocity), where p is assumed to be 2,000 kg/m® and v is
assumed to be 4 m/s.

The above preliminary analyses are by no means definitive. They are only intended
to shed some light on the potential order of magnitude of the operational o values. It should
be emphasised that various assumptions (e.g. dimensions of the impacting debris front,
orthogonal debris impact to the barrier, a constant and uniform impact pressure, fixed post
base, etc.) have been adopted in the back analyses. It should be noted that since the barrier
was close to the landslide initiation zone, the associated basal friction angle of the landslide
debris could have been lower than that assumed in the mobility analysis'. If that were the
case, then the debris impact velocity could have been underestimated.

' The present mobility analysis adopts a basal friction angle of 25°, which was obtained by back analyses of
selected Enhanced Natural Terrain Landslide Inventory (ENTLI) cases (see also GEO TGN No. 34). This
angle corresponds to the average basal friction angle over the landslide transportation process of the relevant
ENTLI cases. In theory, basal friction angle of landslide debris could vary along the runout trail, and within the
landslide initiation zone, the basal friction angle could be smaller as compared with the average value.
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To investigate the critical load transfer between netting and post, an additional
numerical analysis which does not consider the attachment of the netting to Post P15 is
carried out. Results of the additional analysis show that while there is no significant change
in bending moment (M) of Post 1, bending moment (#4,) experienced by Post P15 could be
significantly reduced by 95% at UDP of 66 kPa, and no buckling failure of Post 15 could have
been resulted in. It is concluded that the effect of load transfer from the netting attached on
the post could be critical and should be carefully considered in the design.

The calculated base horizontal reaction in y-direction of Post P1 is in the order of
350 kN to 450 kN for the range of UDP (i.e. 50 kPa to 66 kPa) considered in this study. It is
very likely that this reaction force has exceeded the sliding resistance of the shallow footings
of the posts. As such, the corresponding footings displaced from their original locations as
observed but this was not modeled in the analysis. Toe failure of P15 is also observed on
site and this is probably due to lateral deformation of the netting attached to the post.
However, the post-failure mechanism is not modelled by the present analysis, since a pin
connection at the base of the posts is assumed.

Furthermore, the analyses are subject to the following limitations: (i) the simulations
do not consider the post-failure mechanism of the structural system, such as redistribution of
loads among the structural elements of the barrier system and the possibility of progressive
failure, and (i) the weight of debris retained in the bulged portion of the ring nets is
neglected. =~ The results of the present analyses infer both foundation failure and
bending/buckling failure of the posts, however, the actual sequence of failure cannot be
determined. In theory, once a post fails, it would shed its load to the adjacent posts through
the structural elements (e.g. rope cables). Hence, the loading in the barrier system will be
redistributed. It may lead to a progressive collapse until no further elements fail. However,
the computer program does not consider load redistribution and hence the sequence of failure.
In spite of these limitations, the preliminary back analyses could provide a basis for
sensitivity analysis to give a feel of the possible load transfer mechanism of a flexible barrier
upon debris impact.

6 Discussion

Some interesting observations pertaining to the possible structural behaviour of a
flexible barrier that can be derived from the preliminary back analyses are summaried below:

(a) the combined action of axial force and bending moment
induced by debris impact and the downward force of uphill
anchor ropes and lateral anchor ropes could be critical to the
post design;

(b) the location of debris impact load on barrier should be
carefully chosen for design check, as in some cases, loading
acting on the end panel of the barrier could represent one of
the critical loading cases for design of the end posts;

(c) detailing, especially connections of structural elements,
should be duly considered in the structural assessment of
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flexible barrier;

(d) the need for checking the structural performance of barrier
posts and brake elements that are not directly hit by
landslide debris should not be overlooked;

(e) the foundations of barrier posts should be properly designed
to guard against possible failure due to debris impact on the
barrier; attention should be paid to the post connecting to
lateral anchor, since displacement of the post may result in
bending moment and shear forces on the lateral anchor (see
also Figure 6.2); and

(f) due attention should be paid to proper detailing in order to
ensure the mobilisation of the brake elements as per the
design intent.

Site inspections revealed that brake elements attached to the uphill anchor cables were
not activated and hence item (f) above is pertinent. Based on the details shown on as-built
records (see Fig. X6.3 and Fig. X6.4 on Drawing no. P-010/AS/02 in Appendix A), the cables
were threaded through small holes (120 mm in diameter) in the barrier posts and were
connected to the top and bottom ropes. Activation of the brake elements would have
required adequate extension of the uphill cables before failure of the posts. According to
LMM (2004), the uphill cables are supposed to slide through the holes in the posts, in order to
create sufficient cable extensions so as to mobilise the brake elements (see Figure 6.1).
However, it was observed that movement of the cables could have been restrained by the
friction between the cable and the post. This might be one of the factors that led to the
observed non-performance of the brake elements. Apart from this, there could be other
possible contributory factors. The brake elements of the flexible barrier were positioned
close to the ground surface and as such, they might have been buried by the landslide debris
before or when the barrier was struck, which could impede the mobilisation of the brake
elements (see Plates 10 and 11 of Appendix A). Displacement and deformation of the posts
resulting in structural failure and foundation failure could also have played a role in this
regard, as these could affect the movement of the cable through the hole in the post.

It may be beneficial in terms of design robustness if the post foundation be able to
dissipate energy during the impact. However, the energy dissipation would be associated
with a certain amount of deformations or movements, which calls for repairing works
afterwards. The repairing work for foundation is difficult and the performance of foundation
involving deformations or movements is not easy to ascertain.

With reference to item (e) regarding failure of post foundation, it is noteworthy that the
foundation of Post P15 was displaced along the direction of debris impact by about 1 m.
This displacement direction is perpendicular to the lateral cable, which resulted in bending
actions on the ground anchor of the lateral cable. This probably caused the damage in the
grout core of the anchor as observed on site (see Figure 6.2). Therefore, displacement of the
posts, depending on the direction of the displacement, could have implications on anchor
foundations of the lateral cables.
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Cables slidethrough-
the holes-on-the-posts;
to-enable-cable-
extension.

Figure 6.1 Activation of Brake Elements and Extension of Cables (LMM, 2004)

1. Original positions of lateral cables

2. Post displaced upon
debrisimpact
Anchor of the
lateral cables
4. Anchor damaged due to
bending action by the
lateral cables

3. Lateral cables displaced
by the post

Figure 6.2 Bending of Lateral Anchor
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There have been reported case histories that flexible rockfall barriers intercepted snow
avalanches in Europe. Although flexible rockfall barriers could stop certain type of snow
avalanches, barriers were found damaged by snow avalanches of high energy level. Impact
load patterns induced by snow avalanches and landslide debris could be similar. They could
be both represented by areal loads. Some of the observations made by Margreth & Roth
(2008), who examined some of the flexible rockfall barriers damaged by snow avalanches in
Austria, are consistent with the present study. Margreth & Roth (2008) summarised their
observations made over four winters from 2003 to 2006. They noted that barrier post
foundations could be vulnerable to damage when barriers are subject to impact by snow
avalanche, and recommended that post foundation should be properly reinforced and post
spacing be reduced.

6.1 Further Work

It is acknowledge that the present preliminary back analyses only provided a relatively
crude indication of the possible load transfer pattern of the flexible barrier through sensitivity
analyses. It would be worthwhile to undertake more refined modelling work using advanced
numerical tools to examine the structural response of the flexible barrier with due
consideration of the post-failure mechanism, including possible load redistribution and
progressive failure of the barrier system. Simulation of the interaction between the ground
and the footings of the posts should also be considered in the future study. In the present
case study, the foundations of two of the barrier posts failed upon the impact of landslide
debris. The rigid connection at the post and the base plate could have played a role in this
respect. Numerical analyses also indicate that the loading on the post foundations in the
Jordan Valley barrier could have been up to about 350 kN to 450 kN which was liable to
cause sliding failure. Attention to the loading on post foundation of barriers subjected to
landslide debris impact is warranted in future research.

7 Conclusions

Preliminary back analyses of the structural response of a flexible barrier upon debris
impact have been carried out using a non-linear structural program. The analyses appear to
have reproduced some of the salient field observations. Sliding failure of the post
foundation and buckling failure of the posts are inferred by the structural analysis. Given
that there are no instrumented data (e.g. measured cable forces) for calibration purposes, the
back calculated results cannot not be verified but they serve to provide a sensitivity analysis
and give a feel of the possible behavior of flexible barrier upon debris impact. Through this
study, some useful observations relevant to the design and detailing of flexible debris-resisting
barriers are gained.

Instrumented field data or physical test results are pre-requisites for making advances
in enhancing the fundamental understanding of the behaviour of flexible debris-resisting
barriers. In addition, numerical tools that are capable of (i) assessing post-failure
mechanism and energy dissipation of flexible barrier system, and (ii) accounting for the
self-weight of debris retained in the bulged portions of ring nets would be useful for further
review of this case history.
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The preliminary back analyses provide a starting point to enhance the understanding of
the possible structural response of flexible barriers subject to impact by landslide debris. It
is intended to stimulate further thoughts and advances in respect of the subject.
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Appendix A

Note of Landslide Inspection by
Landslide Investigation Consultants
(Reproduced from the Original Note)
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Failure of Boulder Fence No. 11NE-A/ND8
above Slope No. 11NE-A/C872 near Choi Wan Road and Jordan Valley

1 General Information

1.1

1.2

1.3

1.4

1.5

1.6

The open hillslope failure (Incident No. LI/2009/12/2001) occurred on a west-facing
hillside above Slope No. 1 INE-A/C872 (Figure 1 and Plate 1). The failure volume was
about 110 m®. The landslide debris damaged an approximately 10 m section of boulder
fence No. 1 1NE-A/ND8 (Plates 2 and 3).

The boulder fence is 5 m high and 128 m long. It was erected as part of the site
formation project — Formation and Associated Infrastructure Works for Development at
Choi Wan Road and Jordan Valley.

The boulder fence was designed by Scott Wilson Ltd in 2008. The design capacity is
1,000 kJ for retaining boulders up to 1 m®>. The equivalent impact velocity is 38.3 m/s
for a 1 m diameter boulder. The supplier of the bounder fence is EI Montagne, and the
fence was installed by Wai Luen Machine Works Company, the sub-contractor of the
main contractor, China State Construction Engineering Corporation.

The failure was reported in December 2009. However, based on November 2007 and
July 2008 aerial photographs, the failure was likely to have occurred during the heavy
rainstorm in June 2008.

The failure is within the site boundary of the project which was still ongoing at the
probable time of failure.

There is no past recorded landslide in the vicinity based on ENTLI and GEO’s landslide
database.

2 The Failure

2.1

2.2

23

The open hillslope failure occurred below an area of exposed rock outcrop with
overhanging boulders. The scar measured approximately 18 m long by 10 m wide, up
to 3.5 m deep (Figures 2 to 4). The displaced volume is about 110 m>.

The upper portion of the source area comprises predominately saprolitic terrain, and is
steeply inclined (> 50°) with adverse dipping joints (Figure 2 and Plate 4).

The lower portion of the source area comprises predominately matrix-supported debris
overlying saprolite. The debris was dry at the time of inspection in December 2009.
After the debris was removed, it can be seen that the lower portion of the landslide
source area is sloping at 30° to 40°.
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2.5

23

Deposition of the debris extends approximately 12 m from the toe of rupture on gently
sloping (< 10°) ground. It consists of matrix-supported debris mixed with rounded to
sub-rounded boulders and vegetation. Its thickness increases towards the frontal end
from the rear end of deposition. No inspection was carried out during excavation of the
debris. Therefore, it is unable to provide more details on the structure of the debris
matrix. However, boreholes were sunk at the site for design of site formation works.
The soil descriptions given in the borehole logs are silty, fine to coarse sand with some
angular to subangular, fine to medium gravel sized quartz and granite fragments.

No signs of multiple surges of debris were observed. It is likely to have been a single
surge impact by the landslide debris, which slid down the hillside as a whole lumped
mass. Also, no sign of debris run-up against the fence was apparent.

3 The Boulder Fence

3.1

3.2

3.3

3.4

Boulder Fence No. 11NE-A/NDS consists of two sections, both being 5 m high. The
first section spans between posts Nos. P1 to P9 and P15 to the south, and the second
section spans from post No. P10 to post No. P14 to the north. Debris from the probable
June 2008 failure was within the first section, among the first three posts (i.e. posts Nos.
P1, P2 and P15 at the southern end (Figure 1)). A sketch plan of this part of the boulder
fence is shown in Figure 5 and the as-built drawings of the whole boulder fence system
are given in Drawings Nos. P-010/AS/01 to 03.

The system comprises a netting, which is held up by a 20 mm diameter link cable
supported on steel posts at 10 m apart. The netting is composed of circular steel rings
of 350 mm in diameter and a wire mesh with an aperture of 25 mm x 25 mm. The link
cable is secured in position by a shackle at both ends of the steel post (Figure 6), and
fastened to the uphill anchor through an extension cable equipped with a braking system
(Figure 8 and Plate 11). The braking system comprises four tailor-made steel plates
each of which holds a 16 mm diameter steel extension rope in place and the steel plates
are in turn secured in position with four 12 mm bolts. The extension ropes could move
by up to 2.5 m if the load reaches a certain level.

Each steel post is made of square hollow sections (Figure 7) founded on a concrete pad
foundation of 400 mm (L) x 400 mm (W) x 500 mm (D) (Drawing No. P-010/AS/03).
The post is secured in position by 12 mm diameter guy ropes connecting to two downhill
anchors and an upper anchor through half bent plates. The steel posts at both ends of
the boulder fence are tied to the netting by stainless steel bands (Fig. X6.5, Drawing No.
P-010/AS/02). Each end post is also supported by a lateral anchor equipped with the
braking system.

The steel posts serve to keep the netting in upright position, and are not designed to take
any direct impact from falling boulders or landslide debris. When boulder or debris hit
the netting, the kinetic energy of the boulders or debris will be absorbed by the plastic
deformation of the netting, and the frictional resistance from the extension of the rope in
the brake elements at the uphill and lateral anchors.
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4 Failure of the Boulder Fence

4.1

4.2

43

4.4

The debris was contained by the first and second span of the boulder fence (Figure 1).
The netting of the first and second span, together with the intermediate post (i.e. post
No. P1), was pushed forward by the debris and displaced up to 2.2 m in the downslope
direction (Figure 4). Post No. Pl was severely deformed (Plate 5). The other
components of the system, which have been damaged as a result of the incident, included
side post No. P15 in the south (Figure 3 and Plate 6) and the lateral anchor connected to
post No. 15 (Plate 8). No apparent signs of damage or movement were observed on
Post 2.

The deformed steel posts are shown in Plates 5 to 7. The foundations of Posts Nos. P1
and P15 also failed.

The head of the lateral anchor (connected to post No. P15) displaced about 1 m (Plate 8),
leading to failure of the front part (about 0.9 m) of the grout (Plate 9). The half bent
plate connected to the anchor head (Figure 8) remained intact. The extension ropes in
the braking system were frayed and extended slightly (Plates 10 and 11). No significant
lateral displacement of Post 1 was observed (Plate 5).

Post-failure inspection in April 2010 during the construction of the remedial works
(which included the construction of a buttress (Plate 12) at the failure scar) found the
remains of the braking system for the uphill anchor of post No. P15. No signs of
damage were observed at the braking system.

5 Observations

5.1

52

53

Although the landslide debris severely damaged post No. P1 and pushed it some 2 m
forward, the brake cable connecting post No. P1 and the uphill anchor did not appear to
have extended significantly. This suggests that the impact energy of the debris has
largely been absorbed by the deformation of the netting.

As the netting was deformed, the impact force due to the debris was transmitted to the
end post No. P15 through the stainless steel bands (Fig. X6.5, Drawing No.
P-010/AS/02), which fasten the netting to the end post. The stainless steel bands tend
to behave as "rigid" connection restraining any movement of the net. This would have
resulted in a large force being transmitted to post No. P15, causing failure of the steel
post and its foundation, which are not designed to take any significant load.
Consequently, post No. P15 deformed severely towards the direction of cable alignment
and displaced about 1 m forward in the downhill direction. It is noted that in some
other boulder fence systems (e.g. Geobrugg), the netting is not fixed to the end post.

There is no sign of direct impact of debris on the end post No. P15. Large forward
displacement of the end post No. P15 due to the landslide debris would have resulted in a
significant shear force on the lateral anchor (which acts almost perpendicular to the
direction of the movement of the post), leading to bending of the anchor and local failure
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of the surrounding grout. This may explain why despite there was a significant
movement of the whole system of barrier, the brake elements were not mobilised.

5.4 The area in front of the barrier was inspected, and no noticeable evidence of landslide
debris travelling beyond the secondary mesh of the flexible barrier (e.g. in the form of
debris deposition or signs/marks left by landslide debris transportation in front of the
barrier) has been observed.

by AECOM Asia Company Ltd.
under Landslide Investigation Consultancy Agreement No. CE41/2007(GE)
December 2010
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Figure 4 Section B-B through the Damaged Post No. P1
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¢ 20 mm
extension cables
e ™ The netting, see Plate 5
cable / shackle
Z
[ 7
Hollow steel post
m™aTp2
|¢ 12 mm guy ropes 1
Pl
m
Half bent plate ll:’gs(tplfg)-
To connect to %
downhill anchor

Direction
of debris

Stainless bands, see Plate 6

To connect to

&] uphill anchor

Braking System,

\ 16 mm dia. steel sleeve

N

cables (see Fig. X6.2)

Frayed ropes, see Plates 10
and 11

To connect to
lateral anchor

Figure 5 Sketch Plan of Boulder Fence at Posts Nos. P1 and P15

REP ITEM
5 Shackle
8 Upper extension
11 Uphill wire guy rope
20 Downhill wire guy rope
21 Post
23 ASM net
28 Link cable / Shackle
29 Upper perimeter rope

Figure 6 Details of the Arrangement at the Upper End of a Steel Post
(Abstract of Fig. X6.3 from Drawing No. P-010/AS/02)
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REP ITEM
21 Galvanised post
22 Post stakes

Fia. X6.5

Figure 7 Details of Middle Steel Posts
(Abstract of Fig. X6.5 from Drawing No. P-010/AS/02)

REP ITEM
Anchor bolt Spare course
Shackle stroke =2.5 m
Monobloc brake
Upper extension cable
Lower extension cable
Wire rope clamp

WIR ||| =

—
s

See also Plate 11

Figure 8 Details of Braking Systems for Uphill and Lateral Anchors

(Abstract of Fig. X6.2 from Drawing No. P-010/AS/02)
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See Plate 2
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Slope No. 11NE-A/C872
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Plate 1 — Location of the Slope and Failed Boulder Fence

'S

Deformed boulder fence

Plate 2 — General View of the Landslide

Original alignment of
boulder fence

Plate 3 — View of Boulder Fence from the Landslide Source Area
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B
Deformed steel post No Pl
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The netting

£
A"“ L1 /
e 3
A v,

o

Plate 5 — Steel Post No. P1 was Pushed Forward Together with the Nettlng
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The net was firmly
tied to post No. P15
by stainless bands

¢ 12 mm rope through ¢
110 mm hole at end of post

Pl posiNo. PIS \T -
/ Al»d ¢ 20 mm cables

\S
"
y 9\ "93 ﬁw ]5

Plate 7 — Connection of Post No. P15 and its Foundation Block
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IR,

4 Damaged lateral
anchor, see Plate
SN, ¢

Plate 9 — Anchor Bent Leading to Failure of the Front Part of Grout Block
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)
[

Plate 11 — Ropes Might Have Been Extended Slightly at the
Monobloc Brake Connected to the Lateral Anchor

6 mm frayed ropes, i
see Plate 10
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Plate 12 — Remedial Works for the Landslide Scar
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B.1 Introduction

A flexible barrier system exhibits a highly non-linear structural behavior. A
non-linear finite element program “NIDA-MNN Version 8.0” developed by the Hong Kong
Polytechnic University was used in this study. Details of the program and validation of the
program against field testing of instrumented flexible barriers are reported by Chan et al
(2012). According to the program developer, NIDA-MNN is capable of analysing large
deformations of structural elements, such as ring net and cables, and large elasto-plastic
deformations of brake elements by considering structural deformations in the iterations of the
force equilibrium calculations (Chan et al, 2012).

B.2 Method of Back Analysis

In the structural analysis, sliding cable elements have been used for simulation of ring
nets and rope cables. The analysis model is three-dimensional comprising two panels of the
flexible barrier impacted by landslide debris. Both geometrical non-linearity and material
non-linearity are considered.

B.3 Structural Components

The flexible rockfall barrier system consists of ring nets, hollow steel posts, energy
dissipating devices, rope cables and ground anchor at end supports as shown in Figure 5 of
Appendix A. Details of structural components are given below:

Ring net

(1) Diameter of ring: 350 mm

(2) Diameter of ring wire: 3 mm (7 spirals)
(3) Six rings connection

Hollow steel post
(1) Height: 5m
(2) Size: 140 mm x 140 mm
(3) Thickness: 4 mm
(4) Radius of gyration: 55.2 mm
(5) Cross section area = 2.14 x 10> mm
(6) Second moment of area = 6.52 x 10°® mm*
(7)  Section modulus =93.1 x 10° mm’
(8) Yield stress =235 MPa
(9) Elastic modulus = 200 GPa
(10) Founded on shallow concrete footing
of dimensions 400 mm x 400 mm x 500 mm depth

2

Energy dissipating device (brake element)
Refer to Figure B1 for the force and displacement characteristic curve.
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Extension rope cables

(1) Diameter of top rope cable is 20 mm (6 threads of 19 wires)

(2) Diameter of bottom rope cable is 20 mm (6 threads of 19 wires)
(3) Tensile failure load is 270 kN.

3
2l

n
w
4
i

ny

(&)
i
<
i

ok
wm

T 8 s 2 gl W e LR i A 00 B ST S SRR NS M

INITIAL WIRE ROPE SLIPPAGE

(&)

i §
Q
i

TENSILE LOAD (Kips)
5 kips = 22.25 kN

TESTING MACHINE MOVEMENT (Inches)
5 inches = 0.13 meters

Figure B1 Force - Displacement Characteristic Curve of Energy Dissipating Device

B.4 Structural Modelling

In the analysis, the connection point between every two ring nets is moveable. This
is achieved by using sliding cable elements. Similarly, the sliding cable elements are also
used to model the extension of the rope cables. A sliding cable element is a group of
conventional cable elements that dynamically pass through a number of prescribed nodes
which can be either fixed or movable (see Figure B2), and it takes tension only. The tension
force along the length of the cable at any segment is the same, since frictional force acting on
the cable is not considered in the analysis.
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Original Shape

®  General Node i Y

O  Ssliding Node ' \

(a) Support Rope (b) Ring Net

Figure B2 Sliding Cable Element for Support Rope and Ring Net (Zhou & Chan, 2011)

The energy dissipating devices exhibit non-linearity in terms of both geometrical and
material behaviour. The energy dissipating devices attached to the uphill cables were not
activated as observed in the site inspections. This could have been related to the friction
developed at the connection between the uphill cables and the posts. The brake elements
attached to the uphill rope cables were therefore not included in this analysis.

The post foundation is modelled as a pin support, since the shallow footing could not
have provided a high rotational restraint. This agrees with the site observation that the
footings of Posts P1 and P15 significantly rotated following the impact of the landslide debris.
Due to the limitation of the computer program, simulations of the post failure, e.g. sliding of
the footing, is not allowed.

The two panels of the rockfall barrier spanning across Posts P1, P2 and P15, which were
struck by landslide debris, are considered in the numerical analysis. The model set-up and
assumed boundary conditions are shown in Figure B3.
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B.5 Back Analysis

Based on the back-analysis results of debris mobility, the estimated thickness of debris
hitting the barrier is in the order of 1 m. The observed width of retained debris behind the
barrier was about 10 m. Hence, impact debris thickness of 1 m and width of 10 m against
the barrier were adopted in the analysis.

In the numerical analysis, the impact load is modelled as a uniformly distributed
pseudo-static pressure. The magnitude of the uniformly distributed pressure (UDP) applied
to the barrier is increased until a preset value is reached.

NIDA-MNN analysis indicates that the steel posts could have been subject to an axial
load together with bending moments about both of the principal axes of the cross section.
Failure of the posts can be determined using the plastic analysis recommended in the Code of
Practice for Structural Uses of Steel, Hong Kong (BD, 2011). According to BD (2011),
buckling failure of a column would take place when the section capacity factor (R) as defined
in Equation B.1 is greater than unity (see Figure B4; i.e. when stress ratio (R) is greater
than 1, it is considered that the column has buckled):

R=Z e o e, (B.1)
Py Mcx  Mcey
where P = calculated axial force
My, My = calculated bending moments about x- and y-axes

Mcx, Mcy = bending moment capacity about x- and y-axes
Py, squash load = gy;.s * sectional area
oyiela = critical yield strength (174 MPa in this case history).

Also, shear failure can be checked by the following equation:
Shear failure of the posts has been checked if

V/V.<1 (i.e. no shear failure) .........cccceevrriiininenenne (B.2)

where V' = calculated shear stress
V. = allowable shear stress.
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Debris impact in y-direction

>

Figure B4 Schematic Diagram for Axial Load Plus Biaxial Moment for Slender
Column

B.6 Results

Based on the site inspections, Posts P1 and P15 failed but not P2. The back analysis
shows that both Posts P1 and P15 fail when the applied UDP is increased to 50 kPa. The
large bending moment in P1 is induced by the UDP directly acting on the post, and the
bending moment in P15 is induced by the lateral deformation of ring nets attached to the post.
Failure of both P1 and P15 is due to the combined actions of bending moment and the axial
compression load. The combined actions could have resulted in buckling failure of the
posts. This may explain the reason for the failure of P15, which was not subject to direct hit
by the landslide debris. The shear forces induced in the posts were found to be small and not
critical.

The analysis also shows that the calculated maximum deformation of the ring net is
about 2.5 m. The order of magnitude of the calculated deformation generally agrees with the
site observation. The calculated results for P1, P2 and P15 are summarised in Table B1.

An attempt to estimate the upper limit of the applied UDP to cause an overall failure of
the barrier has been made. It is noted that when the applied UDP is increased to 66 kPa, the
tension developed in the lower rope cable reaches its ultimate tensile strength of 270 kN.
The computed deformations of the flexible barrier panels and the calculated bending moment
and shear force diagrams on the posts for an UDP of 50 kPa and 66 kPa respectively are
shown in Figures B5 to BS.

In all the analyses, the calculated forces in Post P2 remained low. Structural
assessments indicate that these calculated forces do not exceed the structural capacity of
Post P2, which is consistent with the site observations.
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Table B1 Summary of Calculated Results for Posts P1, P2 and P15

UDP = 50 kPa
Values at the Maximum Combined Maximum Values
Stress Ratio (see Equation B.1)
Post év[trae’;s P M, M, AN A ;’e‘fcttiisfn Cable
No. Ratio (R) (kN) | (kNm) | (kNm) | (kN) | (kN) y-dir. (kN) Force (kN)
P2 0.1 21 0 0 0 0 47 227
P1 1.0° 68 13.9 0.2 1.2 86.6 333 227
P15 1.6 92 4 20.4 15.6 3.4 51 227
UDP = 66 kPa
P2 0.1 25 0 0 0 0.1 62 271"
P1 1.4 83 19.8 0.1 1.6 | 123.3 438 271
P15 2.1° 107 5.5 26.6 20.7 4.8 67 271"
Notes: (1) The calculated critical stress, o, is 174 MPa and yield stress is 235 MPa

for the designed post in this case (see Section B.5). As the calculated
maximum shear force does not exceed the shear capacity of 263 kN for
the post, shear failure of the post does not occur, which agrees with the
site observations.

(2) The second order buckling equations presented in the Hong Kong code of

3)

practice for structural use of steel (BD, 2011) have also been used for
carrying out the buckling analysis. It can be shown that the second
order buckling equations provide similar results as shown above for the
present case history.

" Post fails in buckling. " Cable fails in tension.

SJUSUOD JO B|eL

SJUSUOD JO B|eL SJUSUOD JO B|eL

S)USU0D) JO B|geL



51

2 Pl P15
5 :
»o! :
Ritestes ;
o2} - - HH i
1 088 220 R W O
i Xi
y
Axial Forcemax. 21 kN Axial Force max. 68 kN Axial‘Force max. 92 kN
Bending Moment Bending Moment Bending Moment
M,=0kNm, M,=13.9kNm, M,=4.0 kNm,
M,=0kNm M,=0.2kNm M,=20.4kNm

SJUBU0D JO BBl

S1ULluU0D JO ||qe |

Figure B5 Bending Moment Diagrams of the Posts under UDP of 50 kPa
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Figure B6 Shear Force Diagrams of the Posts under UDP of 50 kPa
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Figure B8 Shear Force Diagrams of the Posts under UDP of 66 kPa
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The calculated base reaction in the debris impact direction at the foundation of Post P1
is 333 kN at UDP of 50 kPa, which is larger than the sliding resistance (R;) of the shallow
footing as estimated below:

Assumed soil friction angle, ¢@" = 35° (for medium dense CDG, LMM (2004)
refers)
Passive resistance, Rp =05k, yH w (see Figure B9 for notations)
where k, =8 (Geoguide 1, GEO (1994))
7 =18 kN/m? (assumed footing above the existing
groundwater table)
H =05m (Height of footing)
w =04m (Width of footing)
Hence, Rp =7 kN
Sliding resistance, Rs =N tan ¢’
where N =68 kN (Axial compression force when UDP =

50 kPa, with self-weight and side
friction neglected)

Hence, Ry =48 kN

Total ultimate sliding resistance of the shallow footing = 7 + 48 = 55 kN <333 kN.

Post

Debris impact

<—

—

AN H
R P . /
———— | Footing &,
Rs .

Figure B9 Schematic Drawing for Post and Footing
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