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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.

These 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.

(e

W.K. Pun
Head, Geotechnical Engineering Office
February 2017
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Foreword

This report presents a series of back analyses of notable
landslide case histories of Hong Kong and several well
documented laboratory flume tests using the 3-dimensional
advanced numerical program LS-DYNA. Results of a
benchmarking exercise between the performance of LS-DYNA
and other debris flow simulation programs including 3d-DMM,
MADflow and TOCHNOG are also presented.

The initial phase of this study was carried out by Arup
(Hong Kong) as part of the Agreement No. 10/2009(GE) -
Landslide Investigation Consultancy for Landslides Occurring
in Kowloon and the New Territories in 2010 and 2011 under the
technical support and supervision of the S&T Division. More
recently, Mr R.C.H. Koo has repeated independently the
analyses undertaken by Arup under the supervision of Dr J.S.H.
Kwan. He also carried out a further study to identify the
ranges of key parameters that are suitable for debris mobility
assessment.

Dr Carlos Lam assisted in reviewing the derivation of the
Drucker-Prager Constitutive model by Arup. Mr C.H. Poon,
Mr WK. Ho and Ms Cherie Cheung provided technical
assistance in undertaking the LS-DYNA numerical analyses.
Their effort in developing a number of spreadsheets for pre- and
post-processing is much appreciated. Contributions from all
parties are gratefully acknowledged.

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

Debris mobility model has been developed using an
advanced finite element package LS-DYNA with a view to
facilitating coupled analysis of debris mobility and structural
response of debris-resisting barriers subject to debris impact.
The coupled analysis may assist in establishing optimised design
of debris-resisting structures. The debris mobility model is
equipped with a new user-specified module to calculate the
resistance to debris motions following Voellmy rheology. A
series of back analyses of notable landslide case histories of
Hong Kong and several laboratory flume tests using the model
of LS-DYNA has been carried out to identify the suitable
constitutive model of debris flows and the ranges of key
parameters for analysing the landslide mobility. The
performance of the LS-DYNA debris mobility model has also
benchmarked against other advanced programs including
3d-DMM, TOCHNOG and MADflow.
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1 Introduction

Experience shows that landslide debris-resisting structures can provide practical and
effective means for mitigating the natural terrain landslide risk. While state-of-the-art
engineering approach is being adopted, design of such structures involves a certain degree of
uncertainty. There is a need for enhancing the understanding of the dynamic interaction
between landslide debris and debris-resisting structures as well as the performance of
landslide debris-resisting structures.

Suitable and calibrated numerical models can help the study of the interaction between
landslide debris and debris-resisting structures. The numerical models should be able to
perform analyses which couples debris mobility modeling and simulation of structural
responses of debris-resisting structures (see Figure 1.1).

Depth-averaged continuum numerical models, viz 2d-DMM (Kwan & Sun, 2007; Law
& Ko, 2015) and DAN/W (Hungr, 1995), provide a practical means to assess the landslide
debris runout parameters for routine design of debris-resisting barriers where free field
conditions are considered. However, these models are not suitable for incorporation into
coupled analysis for the study of debris-barrier interaction. In the depth-averaged
formulations, landslide debris mass is discretised into a series of inter-connected slices or
columns. The connectivity requirement imposes constraints on the simulations of turbulent
mixing and deposition taking place when landslide debris impacts on barriers.

Development of a new debris mobility model using advanced numerical tools was
therefore initiated. In 2012, Arup (Hong Kong) was commissioned by Geotechnical
Engineering Office (GEO) to study the feasibility of using LS-DYNA for debris mobility
analysis. As part of the study, Arup back-analysed some selected landslide cases and
laboratory flume tests. In addition, a module of user-specified codes for modeling Voellmy
rheology was developed.

Recently, the Standards and Testing (S&T) Division has carried out additional
numerical analyses to identify the range of key modelling parameters suitable for the analysis
of debris mobility, and benchmarked the performance of LS-DYNA against other well
calibrated advanced programs including 3d-DMM, MADflow and TOCHNOG.

Study of the interaction between landslide debris
and debris-resisting structures

1T

Coupled Analysis

7N

Debris Mobility Model Structural Model

Figure 1.1 Numerical Framework of Debris-barrier Interaction
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2 LS-DYNA Numerical Modelling
2.1 LS-DYNA Package

LS-DYNA is a multi-purpose finite element program for analysing the nonlinear
response of structures. It has been adopted in different sectors of industry for analysing car
crash, metal forming, buildings subject to seismic load, structural damage due to blasting, etc.
The program is equipped with calculation modules for modelling dynamic impacts between
structures and deformable materials. Arup (2014) carried out a comprehensive review on
LS-DYNA and the other software, such as Plaxis 3D, FLAC 3D, MIDAS-GTS, ANSYS and
ABAQUS and recommended that LS-DYNA is a program potentially suitable for simulation
of debris-structure interaction.

2.2 Debris Mobility Modelling Using LS-DYNA

The debris mobility model developed using LS-DYNA carries out continuum analysis.
Landslide debris is considered as an undrained, elasto-plastic material. Drucker-Prager (DP)
yield criterion (Drucker & Prager, 1952) is assumed to describe the internal rheology of the
landslide debris. The DP yield criterion is a pressure-dependent model for determining
whether a material has failed or undergone plastic yielding. A conical yield surface is
adopted in the DP model to allow for a stable numerical computation (Crosta et al, 2003).

The ground surface of the debris runout path is modelled using rigid shell elements.
The resistance to debris runout included in the model comprises (i) basal friction at the
interface of the landslide debris and the ground surface, and (i1) damping force proportional to
the debris velocity. The Coulomb type basal friction, proportional to the normal stress acting
at the debris/ground interface, is assumed. The proportional constant, basal friction
coefficient (tang,), same as the conventional debris mobility analysis, such as 2d-DMM, is
adopted. This type of friction has been adopted to establish the basal friction of a rigid block
sliding down a ramp (Pudasaini & Hutter, 2007).

In the present LS-DYNA model, in addition to the Coulomb type basal friction, the
resistance to debris motion comprises a damping force which is proportional to the velocity
squared. The damping force models the resistance brought about by the energy loss due to
turbulence of the debris flow, similar to the velocity-dependent term in the Voellmy model
adopted by depth-averaged analysis. The damping force (F4) is calculated as per
Equation 2.1:

Fa=CamV e (2.1)
where Fas = damping force (in kN)
m = mass of debris (in t)
v = debris velocity (in m/s)
& = damping coefficient (in m™).

This damping force is applied to simulate the energy dissipation due to turbulence. In
depth-averaged calculations, similar resistance, proportional to V*, is considered in the Voellmy
rheology (Hungr, 1995). The turbulence resistance (Fy) in the Voellmy rheology is defined as:
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Fab =M G V27 EN oo (2.2)
where Fubw = turbulence resistance (in kN)
g = gravitational acceleration (in m/s?)
h = debris thickness (in m)
¢ = turbulence coefficient (in m/s?).

Voellmy rheology has proven to produce reasonable simulations of channelised debris
flows (GEO, 2011). The damping force applied in LS-DYNA analysis is therefore
established with reference to the Voellmy rheology. The accelerations (or decelerations)
resulted from F4 is pegged to that of Fy (i.e. Fg/ m=Fyy / m). It follows that:

A user-specified module to implement the above calculations of the damping resistance
was developed by Arup (2014) and has been incorporated into LS-DYNA. The above
equations are derived from the Voellmy rheological model, which is empirical in nature.

The LS-DYNA debris mobility model handles scalar advection in an Eulerian grid and
solves equations of motion based on an Arbitrary Lagrangian-Eulerian (ALE) description of
finite-element method. ALE is a finite element formulation in which the computational
system is not a prior fixed in space or attached to material. When using the ALE technique
in engineering simulations, the computational mesh inside the domains can move arbitrarily
to optimize the shapes of elements, while the interfaces of the domains can move along with
materials to precisely track the interfaces of a multi-material system (Arup, 2014).
Therefore, it can be used to perform comprehensive engineering simulations, including heat
transfer, fluid flow and fluid-structure interactions. The computational domain is discretised
into an array of hexahedral elements. The elements record the variables, e.g. velocity, strain,
etc., of landslide debris mass at various positions within the computational domain. Debris
mass transport between elements follows the results of the ALE descriptions.

The model cannot simulate explicitly ground surface erosion in the entrainment
process and the subsequent changes in the ground profile after the entrainment. However,
entrainment can be simulated by means of releasing additional debris materials at specified
locations. No entrainment is considered in this study for simplicity.

3 Debris Mobility Back Analysis

A series of back analyses of notable landslide case histories of Hong Kong and the
other laboratory flume test studies using the LS-DYNA based debris mobility model has been
carried out. The cases for the back analyses can be classified into 3 categories viz. (i)
laboratory tests, (i1) open hillslope failures, and (iii) channalised debris flows (see Table 3.1).

Dynamics of dry sand flows were studied in the laboratory flume tests. Friction
rheology is therefore used in the back analyses. The measured internal friction angle and
basal friction angle reported by the researchers who conducted the experiments have been
adopted. It is shown that LS-DYNA model is capable of replicating tests numerically with
satisfaction. The calculated debris velocity and debris thickness match well with the
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laboratory measurements (see Appendix A).

Friction rheology and Voellmy rheology have been used in the back analyses of the
open hillslope failures and the channelised debris flows respectively. The rheological
parameters recommended in previous studies (see references listed in Table 3.1) are adopted
in the present study. The internal friction angle (¢y) is back calculated based on the debris
velocity records, if available, and the run-out distance observed from field mapping studies.
The back analyses of the open hillslope failure cases are presented in Appendix B.
Appendix C documents the analyses of the channelised debris flow cases.

Table 3.1 Back Analysis Cases

Case No. Category Name Reference

1 USGS Flume Test Iverson et al (2004)
Laboratory Fl Test

2 aboratoly Tiume “es Deflected Sand Flow Manzella (2008)

(Dry Sand Flow)

3 HKUST Flume Test Choi et al (2014)

4 1995 Shum Wan Road Landslide | Knill & GEO (2006a)
Open Hillslope Failure

5 1995 Fei Tsui Road Landslide Knill & GEO (2006b)

2008 Yu Tung Road
6 Debris Flow GEO (2012)
7 Channelised Debris Flow 2005 Kwup Yam Shan MGS (2008)
Debris Flow
1999 Sham Tseng San Tsuen
8 Debris Flow FMSW (2005)

4 Benchmarking with Other Advanced Programs

The LS-DYNA model has been benchmarked with two advanced debris mobility
models viz. TOCHNOG and MADflow. Crosta et al (2003 & 2004) used the two programs
to back analyse the 1987 Val Pola Landslide in Italy. The Landslide involved a source
volume of about 40 million m’. Ground mass detached from the landslide source traveled
down into a valley and ran up to the opposite bank of the valley. The reported run-up height
1s 300 m. The total runout distance on plan is over 1.5 km. Flow separation at the southern
flank was observed as indicated in Figure 4.1.

TOCHNOG can carry out two-dimensional or three-dimensional continuum landslide
mobility analyses, which is developed based on an Eulerian-Lagrangian finite element code.
Eulerian approach is adopted for the analysis in which state variables (e.g. material strain,
velocity, etc.) are transported through a stationary mesh. In contrast, MADflow adopts a
Lagrangian numerical strategy. It solves depth-averaged shallow water flow equations.
Landslide debris mass is discretised into an array of the debris columns. Connectivity
between those debris columns is required. MADflow uses adaptive mesh technique to cope
with the large distortions of the debris column geometry during simulations.
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Flow separation

Figure 4.1 Val Pola Landslide (extracted from Crosta et al, 2004)

Crosta et al (2003) modelled the 1987 Val Pola Landslide using TOCHNOG. A plain
strain analysis (i.e. two-dimensional analysis) was conducted. The landslide debris was
assumed to be an elasto-plastic material. Drucker-Prager yield criteria were applied. An
internal friction angle of 45° was assumed. A friction model was adopted in the analysis
(Voellmy rheology is not included in the TOCHNOG package). The friction angle at the
debris-ground interface was taken as 18° (i.e. tang, = 0.32).

The Lagrangian finite element model used by Crosta et al (2004), namely MADflow as
referred by Chen & Lee (2007), does not require the specification of a soil constitutive model,
instead, an equivalent pressure coefficient to describe the internal pressure within the debris
mass is required. Voellmy rheology was assumed in the calculation of the resistance to
debris motion. According to Crostal et al (2004), the MADflow analysis produced the
results that best fit site observations when tang, = 0.1 and & = 200 m/s*. The calculated
mean debris velocity is about 31.4 to 34.6 m/s before the debris reached the valley. The
corresponding mean debris thickness was estimated to be in the order of 40 m. The
equivalent basal friction coefficient can be estimated as 0.25 (=tang, + V> / & h = 0.1 +
35%/(200 x 40)), which is in the same order of magnitude of that used by Crosta et al (2003),
i.e. 0.32.
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In the present benchmarking exercise, LS-DYNA model has been used to carry out a
three-dimensional analysis of the Val Pola Landslide. The input parameters same as the
TOCHNOG analysis are adopted because both models simulate the internal rheology of the
landslide debris using Drucker-Prager yield criteria.

Figure 4.2 compares the debris frontal location calculated by LS-DYNA, TOCHNOG
and MADflow. It shows that results of LS-DYNA and MADflow are similar. Both
programs conduct three-dimensional analysis. They estimated that landslide debris front
could have arrived at the bottom of the valley at 34 seconds after the onset of the landslide.
This compares well with the estimation of Crosta et al (2004) of which the arrival time could
be around 35 seconds. However, TOCHNOG estimates that the arrival time is 50 seconds.

This could be due to the over-estimation on the basal friction by the plain strain analysis of
TOCHNOG.

2000
B TOCHNOG (Crosta et al, 2003)
1800 ® MADflow (Crosta etal, 2004) —
A LS-DYNA (This study)
3 S o Y
h| ,__l
1600 -
] R |
» N B
5 A .
N - | "
S 1400 AN
B .II\ O
- A |
]
[ Y i
1 o4 -
1200 N Lk m A= AT T
'I\ -~
A At = 1
N
- .. T
1000 1
I_. Crostaetal (2004) reported thatbased
oninterpretation of seismolograph
records, debris could have reached the
1 valley bottomatt=35s.
800 f f
0 10 20 30 40 50 60
Time (s)

Figure 4.2 Simulated Debris Frontal Locations against Time

LS-DYNA reproduces the flow separation observed at the southern flank of the
landslide (see Figure 4.3). However, MADflow could not capture this salient feature due to
the constraint of depth-averaged formulations. Appendix D presents details of the
benchmarking exercise.
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Time=50s

Time =24 s

Figure 4.3 Val Pola Landslide - LS-DYNA’s Simulations

5 Discussion

5.1 Key Parameters Adopted for Back Analysing Landslide Case Histories in Hong Kong

Case Nos. 4 to 8 in Table 3.1 pertain to the local landslide case histories. The
LS-DYNA back analysis of those landslides adopted the same basal friction and turbulence
coefficient recommended by previous studies (see references listed in Table 3.1). Typical
values of debris density of 1,900 to 2,000 kg/m3, shear modulus of 6 MPa, bulk modulus of
12 MPa and Poisson ratio of 0.3 are assumed. The internal friction angle has been back
calculated for each of the case histories. Table 5.1 summaries the parameters used and the
internal friction angle obtained. The internal friction angles of open hillslope failures are in
the range of 25° to 30°, and the internal friction angles of channelize debris flows are between
15° and 20°.

Table 5.1 Summary of Key Parameters Used

Case N T Name Basal Friction Turbulence |Internal Friction
o & Angle, ¢, Coefficient, & Angle, ¢
4 Shum Walr} Road 200 ] )50

Open Hillslope Landslide
Failure Fei Tsui Road | 22° (failure scar) ]
> i 30°
Landslide 35° (road) }
Yu Tung Road o ]
° Landslide 8 500 15
Channelised | Kwun Yam Shan o ]
! Debris Flow Landslide 15 500 20
Sham Tseng San R ]
i Tsuen Landslide ? 250 15
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5.2 Other Observations

Other noteworthy items are summarised below:

(a)

(b)

(©)

(d)

(e)

®

The results of the LS-DYNA mobility analyses are not
sensitive to debris density, shear modulus, bulk modulus and
Poisson ratio. The exact value of debris density does not
affect the debris mobility calculation, since the effects of the
body force that drives the debris runout motions are
counter-balanced by the resistance calculated proportional to
the mass of the landslide debris. The debris flow material
undergoes significant deformations and is yielded during
almost the entire runout process. Hence the shear and bulk
moduli are not sensitive to the analyses. The Poisson ratio is
taken as a typical value of soil and it is also not sensitive to the
results of mobility associated with large material deformations.

Attention should be made to the need for internal stress
initialisation within the landslide debris materials before
commencement of the mobility analysis.

Spacing of ALE grids for the analysing debris flow can be
optimised for enhancing the computational efficiency. It is
noted that the optimum grid size is dependent on the scale of
the computational domain. For the flume tests studied in
the back analysis, grid sizes in the range of 2 to 50 mm are
found suitable. For landslide case histories, larger grid size
in the order of 1 m should be used to facilitate efficient
analysis without compromising the resolution of the results.
The grid size should be comparable with the dimensions of
the shell elements which model the runout path.

For forward prediction purposes, iteration runs to identify a
suitable representative debris thickness for establishing the
damping coefficient (4) would be needed.

A nominal value of cohesion of 1 kPa should be specified
for the debris material in the analysis to avoid unreasonable
dispersion of the debris flow during the simulation.

Yield function parameters of ap, a; and a, to define the
Drucker-Prager constitutive model should be calculated
following the guidelines given in Appendix E. The tension
cut-off of the model has been assumed to be -10” kPa for
back analysing the local landslide case histories.
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6 Further work

Koo & Kwan (2014) demonstrated the capability of LS-DYNA for simulation of
dynamic responses of flexible barriers subject to impacts of drop weights and replication of
full-scale rockfall tests. Further study to examine the performance of LS-DYNA for
carrying out coupled analysis of debris impacting flexible barriers should be carried out. An
example of using LS-DYNA to simulate debris flow impacting a rigid barrier (see Figure 6.1)
prepared by Kwan et al (2015) can serve as a basis for the further study. Figure 6.1 shows a
LS-DYNA simulation of a debris flow impacting on a rigid barrier (Kwan et al, 2015). The
velocity vector plots of the debris flow reveal the dynamics involved in the debris-barrier
interaction. When debris flow reaches the barrier, it is impeded by the obstruction of the
barrier. Debris at the frontal portion runs up against the barrier. A plug is then formed by
the debris stopped and trapped behind the barrier. The extent of the plug enlarges when
more debris is brought to rest behind the barrier. The debris flow subsequently rides on the
plug and overtops the barrier.

7 Conclusions

LS-DYNA has been used to carry out debris mobility analysis of dry sand flows in
experiments, and several notable landslide case histories including open hillslope failures and
channelised debris flows. Performance of the LS-DYNA has also been benchmarked against
other advanced numerical models for debris mobility assessment.

The results of this study indicate that LS-DYNA can produce reasonable simulations of
landslide dynamics including landslide runout distance and velocity. The ranges of key
parameters required for the LS-DYNA analysis have been identified. This facilitates the use
of the LS-DYNA model for coupled analysis which simulates explicitly landslide debris
impacting on debris-resisting structures in the next phase of study in future.
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(a) time=27s (b) time=28s

(c) time=29s (d) time=30s

(e) time=31s (f) time=32s

(g) time=33s

H [ R H

15 135 12 105 9 7.5 6 45 3 15 0
Velocity (m/s)

Figure 6.1 LS-DYNA Simulation on Interaction between Debris Flow and Rigid
Barrier (Kwan et al, 2015)
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A.1 USGS Flume Test
A.1.1 Physical Test Setup

Iverson, et al (2004) carried out two small scale flume experiments in a bench top
flume of 0.2 m wide and approximately 1 m long (see setup in Figure Al). A head gate was
installed at the upslope portion for storage of dry sand source. The upper portion of the
flume basal surface behind the head gate was lined with Formica and the steep part of the
flume was coated with an urethane to form an irregular basal surface. The two experiments
were carried out using different irregular topography, named Experiment A and Experiment B
respectively.

Figure A1 Photographs of the Miniature Flume Used in the Experiments (Iverson et al,
2004)

Two types of sand materials were used for the flume tests. Their internal friction
angles and basal friction on flume basal surface i.e. Formica and urethane, were measured
using a series of tilt table tests. Other parameters such as sand mass and bulk density were
also reported. A summary of the experimental conditions and sand properties, reproduced
from Iverson et al (2004), is presented in Table A1.

Digital photography and laser cartography were used for capturing the movement of
the sand flow at an interval of 0.2 second.

A.1.2 LS-DYNA Model Setup

The topography mesh was made up of 5,655 nos. quadrilateral rigid shell elements.
The resolution of the topography mesh is approximately 5 mm by 5 mm. In the flume tests
there was a small step of ~0.2 mm in height at the interface of Formica and the urethane
coating at the upslope side. For simplicity this step is not included in the LS-DYNA model.
Figure A2 shows the LS-DYNA models.
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Table A1 Testing Parameters of the Flume Experiments A and B (extracted from

Iverson et al, 2004)
Conditions/Properties Experiment A Experiment B
Orientation of flume topography “regular” “inverted”
Aperture width of flume head gate, cm 12 4
Ambient relative humidity, % 36 66
Ambient temperature, °C 21 17
Shape of sand grains Angular Rounded
Diameter of sand grains, mm 0.5-1 0.25-0.5
Sand volume, cm’ 308 308
Sand mass, g 388.2 476.5
Sand bulk density, g cm™ 1.26 1.55
Basal friction angle, and on 23.47+0.35 25.60 + 5.60
Formica, ¢peq, deg

Basal friction angle, sand on 19.85 £ 1.11 22.45+£2.45
urethane, @peq, deg

Internal friction angle of sand, @iy, deg 43.99 al fri 39.39 +£9.39

Head gate Head gate

Experiment A Experiment B

Figure A2 LS-DYNA Models of Experiments A and B

Vertical rigid shell elements were assigned at the upslope of the flume to model the
head gate attached to the sand storage box. The gate width was specified in accordance with
the reported experimental setup. The dry sand flow was modelled in LS-DYNA as ALE
material. An array of grids (or “ALE container mesh’) comprising regular tetrahedral solid
elements was setup in the computational domain. The resolution of the ALE container mesh
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is approximately 5 mm by 5 mm on the planes parallel to the topography and 2 mm in the
direction perpendicular to the runout plane. Rigid boundaries were assigned on the two
sides of the sand storage box to prevent the ALE material from flowing out sideway.
Figure A3 shows the layout of the ALE container mesh for Experiment A.

ALE container mesh

Figure A3 ALE Container Mesh for Experiment A

The topography and the head gate were modelled as rigid materials. The density and
stiffness properties are not relevant to the analysis. Reasonable values that allow the
simulation to proceed would suffice. The most important parameter required for an accurate
modelling of debris mobility is the coefficient of the contact friction between the sand flow
and the ground topography. The modelling of the topography material in LS-DYNA
followed the descriptions in Iverson et al (2004) that the base behind the head gate was made
of Formica whereas the floor of the irregular terrain was made of urethane. Table A2
summarises the input parameters adopted for modelling the materials.

Drucker-Prager constitutive model was well-tested for simulating sandy material in the
ALE environment in LS-DYNA (Arup, 2014). This yield surface model provides a better
smooth yield surface than the commonly used Mohr-Coulomb model. In the present study,
the input property parameters for the ALE material representing the sand flow follow the
parameters reported by Iverson et al (2004) as presented in Table Al. Stiffness of the dry
sands was not given by Iverson (op cit), therefore typical values had been selected and
adopted for the analysis. Sensitivity analysis was carried out, which indicates that results of
the mobility assessment are not sensitive to stiffness parameters of the soil model. A
reasonable assumption of shear modulus equals to 500 kPa can be adopted. In addition to
the above, a small cohesion value of 1 kPa had been specified on top of the friction angle to
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avoid unreasonable dispersion of the sand flow during the simulation. Table A2 summarises
the input parameters adopted for the sand flows in the model.

Table A2 Input Parameters Adopted for the Sand Flow in the LS-DYNA Models of the
USGS Experiments

Material Property Adopted Input Parameters

Experiment A = 19.85°

Contact friction of urethane with the sand Experiment B = 22.45°

Experiment A = 23.47°

Contact friction of Formica with the sand Experiment B = 25.60°

Experiment A = 44.39°

Internal friction angle Experiment B = 39.39°

3

Experiment A = 1,260 kg/m
3

Material density of sand Experiment B = 1,550 kg/m

Shear modulus of sand 500 kPa

Bulk modulus of sand 1,000 kPa

A.1.3 Simulation Results

The LS-DYNA model is first initialised by applying gravity load to the ALE material
while the head gate is still closed. The gravity acceleration is increased gradually from 0 to
9.81 m/s* in 1 second. After full gravity load had been applied, the centre portion of the
head gate is set to move forward by approximately 0.5 m to simulate the sudden release of the
sand in the flume tests (See Figure A4). Velocity and internal pressure of the sand flow have
been captured throughout the computation.

Figures A5 and A6 provide a side-by-side comparison of the LS-DYNA simulation
results and the experimental data of the thickness of the sand flows. The LS-DYNA
simulation generally reproduces the test results very well for both Experiment A and
Experiment B in terms of the movement with respect to time and the deposition extent. In
addition, the simulation is able to correctly predict the development of the sand prisms remain
in the sand storage box. Flow discontinuity is observed in the simulation, for examples, in
the mid-slope region at t = 1.97 s in Experiment A, andt=1.11s,t=299sandt=3.83 s in
Experiment B. This is a graphical illustration issue rather than calculation error. As seen
in the corresponding flume test experiment results, the sand flow at those locations were very
thin. Under the current resolution setting in the LS-DYNA simulation, i.e. the density of the
ALE container mesh, such thin layer of sand is not correctly depicted. Nevertheless, the
actual calculations of sand flow movement and deposition are not grossly affected.
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It has been observed that the LS-DYNA simulation slightly overestimates the
thickness of the sand prisms behind the head gate, and underestimates the maximum thickness
of the deposition at the distal end. This could be caused by the difference in the head gate
opening direction considered in the analysis. In the simulation, the gate is open instantly,
while in the experiment the gate was probably lift up in a more gradual manner. Also,
friction coefficient of the head gate used in the simulation may deviate from that in the
experiment.

The displacements of the sand flow front obtained from the experiment and the
LS-DYNA simulation are compared. The displacement-time curves have been plotted and
shown in Figures A7 and A8 for Experiment A and Experiment B respectively. Whilst for
both Experiments A and B the predicted values and experiment measurement match
reasonably, it can be seen that LS-DYNA under-predicts the frontal displacement starting
from about t = 0.5 s in Experiment B. It is probably because the phenomenon of dispersion
of the sand flow is more evident in this case. Spherical sand gains used in the Experiment
has a relatively strong tendency to saltate as observed by Iverson et al (2004). The saltated
sand is much diffused at the front and therefore has not been simulated.

The final deposition plan and cross-section profiles are presented in Figures A9 and
A10. The maximum thickness of the deposits predicted by LS-DYNA and measured values
are in good agreement, with a difference of not more than 3 mm. The final deposition
profiles between the LS-DYNA simulations and experimental results are comparable.

Head gate removed from sand storage box

Figure A4 Sand Flow LS-DYNA Simulation for Experiment A
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Physical flume test result

Numerical simulations
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Physical flume test result

Numerical simulations
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LS-DYNA Simulation for Experiment B
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Figure A7 Frontal Displacement-Time Curves of the Sand Flow Obtained from the
Experiment Results and LS-DYNA Simulation for Experiment A
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A.2 Deflected Sand Flow
A.2.1 Physical Test Setup

Manzella (2008) carried out a laboratory experiment of dry sand flow. In the
experiment, dry sand was released from a box of dimensions 20 cm (high) x 40 cm (wide) x
65 cm (long) fixed on an inclined plane. This plane is inclined at 37.5° and it adjoins with
another plane inclined at 22.6°.  Figure A11 shows the experimental setup.

22.6°

400

300

300 |

Sections

Figure A11 Setup of the Deflected Sand Flow Experiment (extracted from Manzella,
2008)

The basal friction of the sand was measured using a tilting test and the internal friction
angle was estimated as the angle of repose of a sand pile. The density of the sand was
1,260 kg/m’.  The sand was released by a sudden removal of the downslope facing sidewall.
Table A3 presents details of the experiment.

Manzella (2008) reported the thickness of the final deposition profile (see Figure A12).
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Table A3 Details of the Deflected Sand Flume Experiment

Material Hostun Sand (Fine)
Internal friction angle of sand 34°
Base material Forex
Basal friction angle 32°
Volume of sand used 52 ecm’ (ie. 5.2 x 100 m?)

20 .
Green lines:

Thickness contours of final

0] $ T % deposition of sand (in cm)
2 Red lines:
) v Elevations of the final
deposition of sand (in cm)
-40 \\
\\ g0 Black lines:
B 3 2 N| ¥ Contours of the ipclined planes
=) F s, \ \\ : . for sand runout (in cm)
2 g 4, PA

o X

-100

45
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-120-{
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Figure A12 Depth Contours of the Final Deposition of Sand

A.2.2 LS-DYNA Model Setup

A LS-DYNA simulation has been carried out using the same internal frictional angle
and base friction angle as measured in the laboratory, which are 34° and 32° respectively.
The volume of sand is 5.2 x 10° m®. The flume is modelled using 2 mm thick quadrilateral
rigid shell elements. The dimensions of the shell element are 10 mm by 10 mm. The ALE
container mesh comprises regular tetrahedral solid elements. The resolution of the ALE

container mesh is 20 mm cubic in shape. Vertical rigid shell elements are assigned at the
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upslope of the flume to model the release box. Rigid boundaries are assigned on the two
sides of the release box to prevent the ALE material from flowing out sideway. Figure A13
shows the setup of the LS-DYNA model.

The basal frictional angle and the internal friction angle of sand reported by Manzella
(2008) are adopted in the analysis (see Table A3).

ALE
container mesh

Front gate

Figure A13 Setup of the LS-DYNA Model of the Deflected Sand Flow Test
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A.2.3 Simulations and Results

The LS-DYNA model was first initialised by applying gravity load to the ALE
material for 1 second and the front gate was set to move upward by approximately 0.5 m,
simulating the sudden release of the sand in the flume test. Figure A14 shows the final
deposition profile produced by LS-DYNA. The calculated extent of sand deposition is
largely comparable with the laboratory measurement. However, discrepancy is observed at
the tail of the deposition profile. This may be caused by the thin layer of dispersed sand that
cannot be simulated in the continuum analysis of LS-DYNA. Comparisons of the transverse
and the longitudinal deposition profiles of the sand materials are shown in Figure AlS.
LS-DYNA slightly under-predicts the deposition thickness but the extent of the deposition is
well predicted.

LS-DYNA W
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Figure A14 Final Deposition of the Sand Flow of LS-DYNA Simulation
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A.3 HKUST Flume Test
A.3.1 Physical Test Setup

HKUST was commissioned by the GEO to carry out a series of debris flow tests in a
5 m long flume with a channel base width of 0.2 m. Choi et al (2014) reported details of the
experiments. Dry Leighton Buzzard Fraction C sand was composed of fairly uniform silica
grains with specific gravity of 2,650 g/m’ was used in the flume tests. The particle size of
the sand ranged between 300 and 600 um. The angle of repose of the sand is about 30° and
the friction angle between the sand and flume bed is 22.6°. The initial bulk density of the
sand mass was about 1,680 kg/m’. At the top end of the flume is a sand storage tank. Sand
can be released into the flume by opening a flip gate that is attached to the tank. Details of
the flume setup are shown in Figure A16.

Storage container

Deposition container

Figure A16 The HKUST Flume Setup

The flume inclination was selected to be 26° to facilitate development of sand flow
corresponding to a Froude number of 2.6 (F, = v / (g h)’>, where v is debris velocity, g is
gravitational acceleration and h is debris depth normal to the flume bed), similar to the typical
local design scenarios where F, = 3. Instrumentation of the flume test included
photo-sensors which measured debris frontal velocity along the flume, a laser sensor and
high-speed camera installed at 0.8 m downstream of the flip gate which measured debris
thickness and captured high-resolution images respectively. Figure A17 presents the images
of the sand flow at the observation location, i.e. 1.0 m downstream of the flip gate. With the
use of software ‘GeoPIV’ developed by White et al (2003), velocity hydrograph is determined
(see Figure A18). The velocity presented in Figure A18 refers to the depth average velocity
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at the observation position. Sand thickness hydrograph measured by the laser sensor at the
observation location are also shown in the figure.

\

a \
1.0 m downstream ——
from the source

Time after gate open = 0.6 s

Time after gate open=1.5s

Time after gate open =2.5s

Figure A17 The Debris Flow Images Captured by the High Speed Camera at the
Observation Point of 1.0 m Downstream from the Source
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Observation point at 1.0m downstream from the source

4 T | | 0.2
i : A Velocity (HKUST Flume Test) L
35 : !
: ® Thickness (HKUST Flume Test)
3 : 0.15
5 25 A
n 2. $
E ] H "‘ —~
> : E
) 2 & 01 @
o
o { © ° 4 o
g 0 g
i s 0 o
2 15 1 9 o =
2 i ° 0 o ° ) =
(@] . H A
1 : 0.05
] H A
05
0.00 1.00 2.00 3.00 4.00 5.00

Time after gate open (s)

Figure A18 Velocity and Thickness Hydrographs at 1.0 m Downstream from the
Source

A.3.2 LS-DYNA Model Setup

The same internal frictional angle and base friction angle as measured in the laboratory,
which are 30° and 22.6° respectively, are adopted in the LS-DYNA analysis. The side
friction of the release box and flow channel is calibrated with the frontal velocity after the
gate opened. The volume of ALE debris is 0.06 m’, the same as the volume of sand used in
the flume test. The floor and the side walls of the flume are modelled using rigid shell
elements of dimensions 50 mm by 50 mm. The ALE container is made up of regular
tetrahedral solid elements to cover the whole path of the sand flow. The resolution of the
ALE container mesh is 25 mm (high) x 50 mm (long) x 50 mm (wide). Vertical rigid shell
elements are assigned at the upslope of the flume to model the release box. The release box
is set to move upward by 450 mm to mimic the effect of gate open (the gate used in the
experiment was 450 mm high). Figure A19 shows the setup of the LS-DYNA model.

Table A4 presents the input parameters used. The measured density, basal friction
and the internal friction angle of sand are adopted. The shear modulus and bulk modulus are
the same as those used for modeling other flume tests (see Sections A.1 and A.2).

SJUBUO0D JO 3|geL SJUaUO0D JO el SjUaU0D JO 3|geL

SjUaU0D JO 3|geL



45

Release box

Figure A19 Setup of the LS-DYNA Model for HKUST Flume Test

SJUBUO0D JO 3|geL SJUaUO0D JO el SjUaU0D JO 3|geL

SjUaU0D JO 3|geL




46

Table A4 Input Parameters Adopted in the LS-DYNA Models of the HKUST Tests

Material Property Adopted Input Parameters
Contact friction at the interface between 27.6°
sand and flume channel surface '
Internal friction angle 31°
Density of sand 1,680 kg/m’
Shear modulus 500 kPa
Bulk Modulus 1,000 kPa

A.3.3 Simulation Results

The same technique of application of gravity load to the ALE material until 2 seconds
is used. The simulations of sand flow with velocity vectors are presented in Figure A20.
The average frontal velocity interpreted from photosensor data is compared with the
simulated results in Figure A21. At upstream locations, LS-DYNA provides a better
agreement with the measured data but it slightly overestimates at the downstream frontal
velocity. In general, the simulation of LS-DYNA is in a good agreement with the measured
data.

Figure A22 shows the comparison of the velocity and thickness hydrographs between
the measurements and simulated results. The simulated velocity and thickness profiles are
compared well with the test results.
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Figure A20 Simulations of the LS-DYNA Model
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Figure A22 Velocity and Thickness Hydrographs of the HKUST Test
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B.1 Shum Wan Road Landslide on 13 August 1995
B.1.1 Background

The 1995 Shum Wan Road Landslide (Knill & GEO, 2006a) involved a landslide mass
of 26,000 m®>. It occurred on a 30° natural hillside during heavy rainfall. A planar,
slab-like ground mass detached and slid down from the hillside. The landslide debris was
stopped after hitting a shipyard at the slope toe up to around 7 m high. Site observations
suggested that the landslide mass might remain intact during the sliding process. A series of
back-analyses was carried out using 3d-DMM by Kwan & Sun (2007). The best match
results were produced where frictional rheology with basal friction angle 20 degrees was
adopted. The landslide density was taken as 2,000 kg/m’®. The peak average velocity of
debris was 10 m/s. Figure B1 shows the calculated deposition profile of the landslide debris
by 3d-DMM (Kwan & Sun, 2007) with the observed extent of the landslide scar.

| s served extent'o -!-*«f'w 3—\—

[ I I I 1 I I 1 I [ [

Figure B1 Calculated Deposition Profile by 3d-DMM and the Observed Extent of the
Scar of Shum Wan Road Landslide (Kwan & Sun, 2007)

B.1.2 LS-DYNA Model Setup

The adopted basal friction angle is 20° to tally the back analysis by Kwan & Sun
(2007). A ‘landslide source container’ is created in the model setup to hold landslide debris
at the landslide source location. The dimensions of the topography shell elements are 2 m x
2m. The ALE container mesh comprising regular tetrahedral solid elements is used to cover
the whole runout path of the landslide. The resolution of the ALE container mesh is
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approximately 1.5 m (high) x 5 m x 5 m (plan). Verticals wall that follow the outline of the
landslide scar and a ‘lid’ that follows the pre-landslide profile over the landslide source
location were set up to contain the debris material at the landslide source prior to the
commencement of the mobility analysis. Similar to the analysis of the flume tests presented
in Appendix A, gravity acceleration is applied to the debris materials before commencement
of the mobility analysis. When the mobility analysis starts, the debris materials are released
by moving the walls and the lid upwards for a distance of 10 m. Figure B2 shows the setup
of the LS-DYNA model.

Landslide source
container

Figure B2 LS-DYNA Model of the Shum Wan Road Landslide

The parameters of the basal friction angle and the soil model are summarised in
Table B1. The internal friction angle shown in the Table is back calculated to match the
runout and the deposition profile observed on site. The shear stiffness and bulk stiffness do
not have noticeable effect on the mobility analysis, values relevant to typical soil materials are
therefore assumed.

Table B1 Input Parameters Adopted in the LS-DYNA Models of the Shum Wan Road

Landslide
Material Property Adopted Input Parameters
Basal friction angle 20°
Internal friction angle 25°
Material density 2,000 kg/m’
Shear modulus 6,000 kPa
Bulk Modulus 12,000 kPa
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B.1.3 Simulation Results

Figure B3 shows the calculated final landslide profiles. The extent of debris
remained in the source area and the debris deposition profile at the slope toe area are
comparable with the field observation. Further comparison between the simulations of
LS-DYNA and 3d-DMM analyses is shown in Figure B4. The landslide extents produced
by LS-DYNA and 3dDMM agree well. The maximum thickness of the debris deposition
calculated by LS-DYNA matches the field observation closely, which is in an order of 7 m.
Larger landslide extent is predicted by 3d-DMM, and this is probably due to the numerical
dispersion at the non-constrained edge boundary. Both LS-DYNA and 3d-DMM estimate
that debris motions could have come to rest in around 30 seconds. It is considered that the
back analysed internal friction angle and basal friction angle adopted for the LS-DYNA
analysis provide satisfactory simulation.

B.2 Fei Tsui Road Landslide on 13 August 1995
B.2.1 Background

The incident of Fei Tsui Road Landslide (Knill & GEO, 2006b) was a man-made cut
slope failure along Fei Tsui Road, Chai Wan. The width and length of the landslide scar are
33 m and 90 m respectively. The maximum depth of the landslide mass is up to 15 m
deposited at the slope toe. A corresponding landslide volume of 14,000 m’ slid out from the
scar crossing the fenced-off level ground and Fei Tsui Road. The landslide debris was
brought to stop after hitting a reinforced concrete building on the opposite side of the road.
The maximum height of debris abutting the building was 5 m. Figure B5 shows the
photograph of the Fei Tsui Road Landslide (Knill & GEO, 2006b).

B.2.2 LS-DYNA Model Setup

Based on the back analysis by Kwan & Sun (2007) using 3d-DMM, the basal
resistance to movement of the landslide mass was calculated using frictional rheology. A
low basal friction angle of 22° was used to account for the presence of the kaolinite-rich layer
in the landslide source area. In contrast, a higher basal friction angle of 35° was used for the
portion of runout path on Fei Tsui Road.

A LS-DYNA model is setup to simulate the landslide based on the site topography and
the basal friction angle obtained from Kwan & Sun (2007). The resolution of the
topography shell elements is 1 m x 1 m. ALE container mesh is placed over the entire
landslide trail and the mesh dimensions are approximately 0.5 m (high) x 1 m x 1 m (plan).
A ‘lid’ following the pre-landslide topography above the landslide source was established
using rigid shell elements in the numerical model to retain the landslide debris material placed
on the scar. The lid moved upwards for 10 m to release the source mass at the start of the
analysis. Figure B6 shows the setup of the LS-DYNA model.
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Figure B4 Comparison of Simulations between LS-DYNA and 3d-DMM of the Shum
Wan Road Landslide

SJUBUO0D JO 3|geL SJUaUO0D JO el SjUaU0D JO 3|geL

SjUaU0D JO 3|geL



57

Figure BS Photograph of the Fei Tsui Road Landslide (Knill & GEO, 2006b)

Landslide scar in source area

Church (RC building)

Fei Tsui Road

o

Source of landslide

ALE container \

Figure B6 LS-DYNA Model of the Fei Tsui Road Landslide
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The basal friction angle and the soil model are summarised in Table B2. The internal
friction angle has been back analysed to match the runout distance and the deposition profile

observed on site.

Table B2 Input Parameters Adopted in the LS-DYNA Models of the Fei Tsui Road

Landslide
Material Property Adopted Input Parameters
Basal friction angle of source area 22°
Basal friction angle of Fei Tsui Road 35°
Internal friction angle 30°
Material density 1,900 kg/m’
Shear modulus 6,000 kPa
Bulk Modulus 12,000 kPa

B.2.3 Simulation Results

Figure B7 shows the simulated landslide debris profile and the topographic survey data
of (Knill & GEO, 2006b). The deposition profile generated using 3d-DMM (Kwan & Sun,
2007) is also included in Figure B7 for comparison. The results of LS-DYNA are in good
agreement with the field observation and the prediction of 3d-DMM. The debris is stopped
and accumulated at the southern corner of the opposite church building. The velocity and
thickness hydrographs at this location are plotted in Figure B8. They compared well with
the results of 3d-DMM by Kwan & Sun (2007). It is shown that LS-DYNA gives a better
result of debris height comparing with 3d-DMM. The debris height calculated by
LS-DYNA i1s 44 m c.f. 5 m as observed on site. The velocity hydrographs shown in
Figure B8 indicate that debris impacted on the church at a velocity of 3.8 m/s. Both
LS-DYNA and 3d-DMM show similar results on velocity hydrographs and LS-DYNA
predicted a closer match on maximum thickness of debris with the filed observation.

B.3 References
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C.1 Yu Tung Road Debris Flow on 7 June 2008
C.1.1 Background

A large scale landslide occurred on the hillside above Yu Tung Road, Tung Chung
Northern Lantau, on 7 June 2008 during a Black Rainstorm. Yu Tung Road was affected
directly by the channelised debris flow which gave rise to about 3,500 m? of debris. Both
westbound lanes of Yu Tung Road were closed for more than two months. A video showing
the debris flow event is available online at http://youtu.be/R2uTKyK1c9k. A detailed
geotechnical investigation of the event is reported in AECOM (2012). Figure C1 shows the
catchment taken after the debris flow event. The debris flow was a result of a massive
landslide with a 2,350 m® failure volume at the head of the drainage line. The landslide
materials entered into the incised drainage line, mixed with surface runoff and developed into
a debris flow with an additional volume of 1,000 m’. The debris flow travelled about 600 m
and disrupted the traffic of Yu Tung Road immediately downstream of the drainage line
outlet.

A detailed back-analysis of Voellmy parameters has been carried out by Kwan et al
(2012) to fit the observation of the Yu Tung Road Landslide case. Voellmy rheological
parameters comprising basal friction coefficient of 0.14 (= tang,, where ¢, is 8°) and
turbulence coefficient of 500 m/s> were back obtained.

Incised drainage line

Figure C1 Catchment of the Yu Tung Road Debris Flow
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C.1.2 LS-DYNA Model Setup

The runout distance of Yu Tung Road debris flow exceeded 600 m and the width of
some sections of the runout trail was over 30 m. The computational domain is discretised
into an array of cells of dimensions 2 m (wide), 2 m (long) and 0.5 m (deep). Over 930,000
cells are used in the model. The topography is modelled using shell elements of 2 m x 2 m.
The topography is established using the post-landslide topographic survey data. Again, in
order to contain the debris mass at the initial position for internal stress initialisation, an
artificial rigid tube and lid was specified in the model to restrict the debris mass movement
before the debris mobility analysis. The tube and lid were modelled using rigid shell
elements. A very low contact friction between debris materials and the shell elements was
specified, such that there would be minimal disturbance to the debris when the “gate” was lift
up for the release of the debris mass. The setup of the LS-DYNA model is shown in
Figure C2.

The Yu Tung Road debris flow is watery as shown in the video record and the
sedimentology of the event could mainly comprise sandy and coarse materials (AECOM,
2012). In theory, it is a cohesionless material. However, specification of a non-zero value
of cohesion is required for LS-DYNA analysis. Therefore, a nominal value, or a very low
value of cohesion, 1 kPa, is assumed. Drucker-Prager yield criteria are adopted. An
internal friction angle (@) of 15° has been back-calculated based on the velocity determined
from the video record and the super-elevation data mapped on site (AECOM, 2012).
Voellmy rheology is used. The basal friction coefficient (tang,, where ¢, is 8°) of 0.14 same
as the one used for 2d-DMM analysis was adopted. The turbulent friction of the Voellmy
rheology was modelled as the damping force proportional to the square of the debris velocity
as described in Section 2. A Voellmy turbulence coefficient ¢ of 500 m/s is adopted. The
average debris thickness was taken to be 2 m, therefore, 3 for the LS-DYNA analysis is
0.01 m™ (see also Equation 2.3 in Section 2). Key parameters which define the properties of
the debris flow materials are listed in Table C1.

r The gate confining
the landslide debris

Topography

ALE
container

Figure C2 LS-DYNA Model of the Yu Tung Road Landslide
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Table C1 Input Parameters Adopted in the LS-DYNA Models of the Yu Tung Road

Debris Flow
Material Property Adopted Input Parameters
Basal friction angle 8°
Voellmy turbulence coefficient 500 m/s”
Internal friction angle 15°
Material density 1,900 kg/m’
Shear modulus 6,000 kPa
Bulk Modulus 12,000 kPa

C.1.3 Simulation Results

Figure C3 shows the frontal debris velocity of Yu Tung Road debris flow calculated by
2d-DMM and LS-DYNA. Both numerical models produce comparable results which
generally match the observed debris velocity from the video record and super-elevation data
mapped in the field. 2d-DMM and LS-DYNA adopt different numerical strategies. 2d-DMM
is developed based on depth average approach, whereas LS-DYNA is a full 3-dimensional
analysis with consideration of the yield criteria of the materials being modelled. The 2d-DMM
analysis requires a pre-defined debris trail width whereas LS-DYNA does not. These factors
may also contribute to the difference between the two simulation results. LS-DYNA conducts
undrained analysis, the internal friction should be regarded as an apparent friction angle which
incorporates the effects of pore water pressure. In view that the debris flow is watery, the
back calculated internal friction angle (i.e. 15°) is of a reasonable order of magnitude.
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Figure C3 Frontal Debris Flow Velocity against Chainage

Figure C4 presents the calculated the travel of the debris flow extents at different times.
The youtube video shows the progress of main debris pulse running down the channel.
According to the footage of the debris flow, the debris flow front took about 20 seconds to
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travel from Ch 320 m to Ch 530 m. This generally agrees with LS-DYNA'’s simulation.
Figures C4(c) and C4(e) show that the debris front could have transported from about Ch 300 to
Ch 500 in 20 seconds. Figure C4(f) shows that the calculated length of debris flow could have
been about 200 m and this is generally consistent with the one determined from the footage.

Figure C4 Simulation of Yu Tung Road Debris Flow Using LS-DYNA Analysis
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C.2 2005 Kwun Yam Shan Debris Flow
C.2.1 Background

A landslide incident (Incident No. 2005/08/0422) occurred on a natural hillside at
Kwun Yam Shan, below Tate’s Ridge. The landslide was reported in the early morning of
22 August 2005 following heavy rainfall on 19 and 20 August 2005. No casualties were
reported as a result of the landslide. Figures C5 and C6 show the aerial photograph and the
longitudinal profile of the landslide trail respectively. About 1,000 m® of material detached
from the source and developed into a debris flow. The travel angle was about 22° and the
runout path was inclined at an angle of about 35° to the horizontal. The inclination of the
slope profile was gradually reduced to 12° at the debris deposition zone.

At about 220 m from the landslide source, landslide debris changed its direction of
movement following a sharp bend of a drainage line with observed super-elevation of 6.8 m
high. The debris travelled a total distance of about 330 m down the drainage line, finally
coming to rest within the drainage line when it was blocked by two pre-existing boulder dams
at about Chainage 270 m. Details of the incident are documented in the GEO Report
No. 239 (MGS, 2008).

Landslide source

~ Approximate location where
% — the August 2005 landslide
/ debris came to rest

3-storey village houses
Sl

Streamcourse

Figure C5 An Aerial Photograph of the Site (MGS, 2008)
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Figure C6 Longitudinal Profile of the Landslide Trail (MGS, 2008)

C.2.2 LS-DYNA Model Setup

The dimensions of the ALE computational domain is 1 m (wide), 1 m (long) and 0.2 m
(deep) and over 540,000 elements were used in the model. The topography was established
using 1 m by 1 m shell elements. A relatively finer ALE computational domain was adopted
when compared to the LS-DYNA model of the Yu Tung Road Landslide, since the length of
the runout trail is shorter in this case history. The method of internal stress initialization and
the use of an artificial rigid tube and lid to confine debris materials at landslide source are the
same as other LS-DYNA runs. The setup of the LS-DYNA model is shown in Figure C7.

The turbulence coefficient of 500 m/s* and the basal friction of 15° are adopted
according to the back-analysis of 3d-DMM by Kwan & Sun (2007). Drucker-Prager yield
criteria were also adopted. ~ After a number of trials, it is found that LS-DYNA can produce a
debris runout distance that best match the site observation when an internal friction angle of
20° was used. Key parameters which define the properties of the debris flow materials are
listed in Table C2. The other input parameters (e.g. bulk modulus, density of debris flow,
etc.) same as those of the 2008 Yu Tung Road Debris Flow were adopted (see Table C1).
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Figure C7 LS-DYNA Model of the Kwun Yam Shan Debris Flow

Table C2 Input Parameters Adopted in the LS-DYNA Models of the Kwun Yam Shan

Debris Flow
Material Property Adopted Input Parameters
Basal friction angle 15°
Voellmy turbulence coefficient 500 m/s”
Internal friction angle 20°

C.2.3 Simulation Results

The LS-DYNA simulation with Voellmy resistance for the Kwun Yam Shan Debris
Flow successfully predicted that the debris would stop at a location between the two
pre-existing boulder dams. It calculated that debris could have reached this location at about
40 seconds after the landslide event. Figure C8 shows the simulation results of LS-DYNA,
the results of 3d-DMM analysis by Kwan & Sun (2007) are also included for comparison.
Figure C9 plots the calculated debris flow front location against time. The estimations of
LS-DYNA and 3d-DMM are very similar.

At about 220 m from the landslide source, landslide debris changed its direction of
movement following a sharp bend of the drainage line. MGS (2008) reports that a
super-elevation of 6.8 m high was observed at this location. Figure C10 presents a
cross-section at the location showing the calculated debris profile. LS-DYNA estimates that
the super-elevation is 7.1 m high.
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LS-DYNA 3d-DMM (Kwan & Sun, 2007)
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Figure C8 Simulations of LS-DYNA Run and Comparison with the Results of 3d-DMM
by Kwan & Sun (2007)
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Figure C10 Section at Sharp Bend (Ch 220 m)
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C.3 Sham Tseng San Tsuen Debris Flow on 23 August 1999
C.3.1 Background

On 23 August 1999, landslides occurred at the natural hillside above Sham Tseng San
Tsuen, giving rise to a debris flow down a stream course. The debris flow demolished a
number of squatter dwellings constructed over, and in close proximity to, the stream course in
Sham Tseng San Tsuen. One fatality was reported and 13 injured persons were rescued.
Figure C11 shows the site layout plan and the aerial photograph after the incident. The
landslide debris, of volume 600 m3, ran into a streamcourse and developed into a channelised
debris flow. The maximum gradient of some of the sections of the debris trail was over 45°.
This could have resulted in a high degree of turbulence and low degree of basal friction within
the debris flow. The landslides were probably caused by elevated water pressure within the
slope-forming material following the severe rainfall that preceded the failures. Details of the
incident were available in GEO Report No. 169 (FMSW, 2005).

Landslides B to D

Location of
House No. 38

otz : Base map is extacted from Survey Sbects Nos. 65E-174 and 65E-17C (scale 1:1 000).

Figure C11 Site Layout Plan and the Aerial Photograph of Sham Tseng San Tsuen
Debris Flow (FMSW, 2005)
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C.3.2 LS-DYNA Model Setup

The dimensions of the ALE computational domain are 0.85 m (wide), 0.85 m (long)
and 0.5 m (deep) and over 380,000 elements were used in the model. The topography was
made up of shell materials of 1 m (wide) x 1 m (long). The method of internal stress
initialization and the use of an artificial rigid tube and lid to confine debris materials at
landslide source are the same as other LS-DYNA runs. The setup of the LS-DYNA model is
shown in Figure C12.

A 2d-DMM mobility analysis of the debris flow has been carried out based on Voellmy
rheology. Veollmy model with basal friction angle of 9° and turbulence coefficient of
250 m/s* were adopted in the 2d-DMM analysis to match the debris frontal velocity
determined from the super-elevations observed on site. Using the same basal friction angle
and the same turbulence coefficient, a best fit internal friction angle of 15° for the LS-DNYA
analysis was obtained. Key parameters which define the properties of the debris flow
materials are listed in Table C3.

Source

Topography

ALE
container

Location of
the squatter
dwellings

Figure C12 LS-DYNA Model of the Sham Tseng San Tsuen Debris Flow

Table C3 Input Parameters Adopted in the LS-DYNA Models of the Sham Tseng San
Tsuen Debris Flow

Material Property Adopted Input Parameters
Basal friction angle 9°
Voellmy turbulence coefficient 250 m/s
Internal friction angle 15°
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C.3.3 Simulation Results

Figure C13 shows the calculated debris frontal velocity. Sensitivity runs using
different combinations of rheological parameters are carried out. In all the runs, the average
thickness of the debris flow for determining t was taken as 1.5 m to tally the field observation
made by FMSW (2005). When using Voellmy turbulence coefficient of 500 m/s®, the
calculated debris frontal velocity exceeds the site observations (Run 13 and Run 16). It can
be seen in general that LS-DYNA simulation Run 10 predicts a smoother debris velocity
profile than the 2d-DMM results but both gave sufficiently close prediction of debris velocity
as compared with the observed velocity at Ch 120 m and Ch 220 m. The results of Run 10
and Run 11 are similar, which indicate that basal friction angle in the range of 9° and 11° does
not play a key role on varying the results.

75 A Site observation
== == GEO DMM Result (fb =9 deg, tur = 250)
smmgums Run 10 (th = 9 deg, =15 deg, tur =250, t=1.5)
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s Run 13 (fh = 11 deg, f= 15 deg, tur =500, t=1.5)
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£ 15 f, is the basal friction angle
:: fis the internal friction angle
_E t is average debris thickness
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Figure C13 Debris Frontal Velocity
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D.1 Background of the Landslide

The Val Pola landslide (Crosta et al, 2003 & 2004) occurred in Italy on 28 July 1987.
Crosta et al (2004) reported that the velocity of the centre of mass determined using energy
line approach was between 43 and 68 m/s. The landslide volume was in the order of 34 to
43 Mm®. It moved down the western valley flank to reach the valley bottom, raised for 300
m on the opposite valley flank and flowed both upstream and downstream (see Figure 4.1 of
Section 4) along the valley. The landslide entrained 5 to 8 Mm® of debris along the track.
The runout distance was about 1.5 km. The maximum debris deposit thickness was about
90 m (see Figure D1). Bulk weights between 19.8 and 21.6 kN/m® were determined and
triaxial tests resulted indicated that the angle of internal friction ranged between 45° and 47°.
The seismic motions associated with the landslide were recorded by a seismograph. Crosta
et al (2004) conducted an interpretation of the seismic records and reported that the landslide
could have reached the valley at 35 s after the landslide onset.

Max longitudinal runout 2420 m
2035 m
m a.s.l. A 550 ™ .
2300 ‘

Center of mass displacement 1500 m

2100

1900 | Q)

1700
1500
1300
1100

900 B
400 800 1200 1600 2000 2400 m

Figure D1 Profile of the Val Polas Rock Avalanche (extracted from Crosta et al, 2003)

D.2 LS-DYNA Model Setup

A landslide source container is created to model the active volume of 40 million m”.
The resolution of the topography shell elements is 20 m x 20 m. The resolution of the ALE
container mesh is approximately 10 m (high) x 20 m x 20 m (plan) in rectangular shape.
Vertical rigid shell elements are used to contain the volume of landslide debris at the source
area. A lid is also created in the model to hold the landslide debris at the source area before
debris mobility analysis started. Figure D2 shows the setup of the LS-DYNA model. The
landslide source mass is released after the source container and the lid move upward by 50 m.
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Landslide so .
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container
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Topography

Figure D2 LS-DYNA Model for the Val Pola Landslide

Crosta et al (2003) used the program TOCHNOG to back-analyse the landslide.
Drucker-Prager soil constitutive model was used. The back calculated basal friction angle of
18° and internal friction angle of 45° were reported. In the present study, the same basal
friction angle and internal friction angle were adopted in the LS-DYNA model.
Drucker-Prager soil constitutive model was also used. Other key input parameters adopted
in the LS-DYNA analysis are summarised in Table D1.

Table D1 Input Parameters Adopted in the LS-DYNA Models of the Val Pola

Landslide
Material Property Adopted Input Parameters
Contact friction with the landslide 18°
Internal friction angle 45°
Material density 2,100 kg/m’
Shear modulus 6,000 kPa
Bulk Modulus 12,000 kPa
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D.3 Simulations and Results

Figure D3 shows the simulations of the landslide flow. The simulated debris slide
down along the slope and reaches the valley and then spreads out laterally as observed in the
field. LS-DYNA also replicates the flow separation observation at the southern flank of the
landslide. The front of debris runs up to a maximum height of about 280 m on the opposite
side of the valley in the LS-DYNA simulation which is consistent with the site measurement
of about 300 m reported by Crosta et al (2003 & 2004).

Time=30s Time =34 s Time=50s

Figure D3 LS-DYNA Simulation of the Landslide Deposition of the Val Pola Landslide

Crosta et al (2003 & 2004) used TOCHNOG and MADflow respectively to simulate
the Val Pola landslide. The TOCHNOG model adopted by Crosta et al (2003) is a type of
combined Eulerian-Lagrangian method that can avoid large distortions of the finite element
mesh. Crosta et al (2003) carried out a plain strain analysis (i.e. 2-dimensional analysis).
Flow velocity along the debris depth had been calculated. However, debris width was not
considered in the analysis.

The MADflow model adopted by Crosta et al (2004) referred to a (quasi)
3-dimensional dynamic model using the Lagrangian frame of reference. The model applies
depth-integrated laws of mass and momentum conservation approach. In the MADflow
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model, a finite moving mass is represented by a column connecting with the adjacent ones.
The plan geometry of the columns is free to deform but volumes of debris column conserve
when sliding down a slope. The properties of debris remain constant through material
columns and no intra-column exchange of internal flow of debris material is considered.

Figure D4 shows the frontal velocity produced by using the three programs viz.
TOCHNOG, MADflow and LS-DYNA. The plotted maximum velocity data refer to the
depth average velocity along the centreline of the coherent frontal portion of the simulated
landslide debris. The prediction by MADflow gives higher velocity than the other two
methods before reaching the valley at about 34 s. This is caused by the use of the lowest
internal friction angle of 35° in MADflow instead of 45° in the other programs LS-DYNA and
TOCHNOG. TOCHNOG gives relatively lower velocity prediction than LS-DYNA and
MADFlow. Crosta et al (2004) commented that the 2-dimensional plane-strain idealisation
of the TOCHNOG analysis could have under-predicted the debris velocity, as the analysis
ignored the effects of change in flow direction and lateral spreading. In general, LS-DYNA
gives a good matching with the measured arrival time of debris at the toe of slope and
reproduces a flow separation as observed at the southern flank of the landslide.
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Figure D4 Simulated Frontal Velocity Profiles against Time of the Val Pola Landslide
by 3 Different Methods
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Appendix E

Yield Function Coefficients of Drucker-Prager Constitutive Model
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E.1 Derivation of Drucker-Prager Model Input

The Drucker-Prager (D-P) yield criterion can be expressed as:

VI = A+ B e (E.1)
where 1 = the first invariant of the Cauchy stress
J, = the second invariant of the deviatoric part of the Cauchy stress
A, B = material constants.

Equation E.1 can also be expressed in terms of Haigh-Westergaard coordinates:

5P VIBE=A it (E.2)

where p=,/2J, and &= %11.

The Mohr-Coulomb (M-C) yield criterion expressed in Haigh-Westergaard coordinates

[V3sin(0+ 2)-sing cos(0+ 5)| p V2 sin($) E= V6 ccos g ..o (E.3)

where 6= Lode angle and ¢ = internal friction angle of the material.

If the D-P and M-C yield surfaces are assumed to coincide at pure shear mode, that is,

0= g , Equation E.3 then becomes:
V3p-V25sin(@) € =V6 CCOSP o, (E.4)
Rearranging this equation to match the form of Equation E.3:
% 0- Sig‘”f: CCOSP rmmmrmrrreieeseeesseeeessessseeeenee (E.5)
Thus,
A =ccos (d)
B 51n3(¢)

The back analyses conducted in this study adopt Material Model No. 5 (Soil and Foam)
of LS-DYNA. The yield criterion of this material model is expressed as:

Jr =00+ AP AP oo (E.6)
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Rearranging Equation E.1 gives:
J,=A*+24B + B*

. 1
Since p = ;1

Jy =A> + 64Bp + 9B P oo,

Comparing Equations E.6 and E.7 gives:

ay =A*=2 I /) N

where a,, a; and a, are the yield parameters to be input to LS-DYNA.

calculated following Equations E.8 to E.10 based on a specific ¢ value.

They should be
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333 Java Road, North Point, Hong Kong.

Tel: (852) 2231 3187

Fax: (852) 2116 0774

Requests for copies of Geological Survey Sheet Reports and
other publications which are free of charge should be directed to:

For Geological Survey Sheet Reports which are free of charge:
Chief Geotechnical Engineer/Planning,

(Attn: Hong Kong Geological Survey Section)
Geotechnical Engineering Office,

Civil Engineering and Development Department,
Civil Engineering and Development Building,
101 Princess Margaret Road,

Homantin, Kowloon, Hong Kong.

Tel: (852) 2762 5380

Fax: (852) 2714 0247

E-mail: jsewell@cedd.gov.hk

For other publications which are free of charge:
Chief Geotechnical Engineer/Standards and Testing,
Geotechnical Engineering Office,

Civil Engineering and Development Department,
Civil Engineering and Development Building,

101 Princess Margaret Road,

Homantin, Kowloon, Hong Kong.

Tel: (852) 2762 5346

Fax: (852) 2714 0275

E-mail: florenceko@cedd.gov.hk
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MAJOR GEOTECHNICAL ENGINEERING OFFICE PUBLICATIONS

42 FE 2 BT

GEOTECHNICAL MANUALS

Geotechnical Manual for Slopes, 2nd Edition (1984), 302 p. (English Version), (Reprinted, 2011).
FIBLA [+ T A M](1998) > 308F1(1984F BV SAVH[1Y FA) -

Highway Slope Manual (2000), 114 p.

GEOGUIDES

Geoguide 1 Guide to Retaining Wall Design, 2nd Edition (1993), 258 p. (Reprinted, 2007).

Geoguide 2 Guide to Site Investigation (1987), 359 p. (Reprinted, 2000).

Geoguide 3 Guide to Rock and Soil Descriptions (1988), 186 p. (Reprinted, 2000).

Geoguide 4 Guide to Cavern Engineering (1992), 148 p. (Reprinted, 1998).

Geoguide 5 Guide to Slope Maintenance, 3rd Edition (2003), 132 p. (English Version).

P FRpEn ) RBREISE R - 5= 45(2003) 0 120F1(FIEAY) ©

Geoguide 6 Guide to Reinforced Fill Structure and Slope Design (2002), 236 p.

Geoguide 7 Guide to Soil Nail Design and Construction (2008), 97 p.

GEOSPECS

Geospec 1 Model Specification for Prestressed Ground Anchors, 2nd Edition (1989), 164 p. (Reprinted,
1997).

Geospec 3 Model Specification for Soil Testing (2001), 340 p.

GEO PUBLICATIONS

GCO Publication  Review of Design Methods for Excavations (1990), 187 p. (Reprinted, 2002).

No. 1/90

GEO Publication ~ Review of Granular and Geotextile Filters (1993), 141 p.

No. 1/93

GEO Publication = Foundation Design and Construction (2006), 376 p.

No. 1/2006

GEO Publication  Engineering Geological Practice in Hong Kong (2007), 278 p.

No. 1/2007

GEO Publication  Prescriptive Measures for Man-Made Slopes and Retaining Walls (2009), 76 p.

No. 1/2009

GEOQ Publication Technical Guidelines on Landscape Treatment for Slopes (2011), 217 p.

No. 1/2011

GEOLOGICAL PUBLICATIONS
The Quaternary Geology of Hong Kong, by J.A. Fyfe, R. Shaw, S.D.G. Campbell, K.W. Lai & P.A. Kirk (2000),

210 p. plus 6 maps.

The Pre-Quaternary Geology of Hong Kong, by R.J. Sewell, S.D.G. Campbell, C.J.N. Fletcher, K.W. Lai & P.A.
Kirk (2000), 181 p. plus 4 maps.

TECHNICAL GUIDANCE NOTES

TGN 1

Technical Guidance Documents
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協助工具報告





		檔名： 

		er325links.pdf









		報告建立者：

		



		機構：

		







[由「偏好設定」>「身分」對話方塊輸入個人與組織資訊。]



摘要



檢查程式發現可能會阻止完全存取文件的問題。





		需要手動檢查: 5



		已通過手動檢查: 0



		未通過手動檢查: 0



		已略過: 1



		已通過: 20



		失敗: 6







詳細報告





		文件





		規則名稱		狀態		描述



		協助工具權限旗標		已通過		必須設定協助工具權限旗標



		純影像 PDF		已通過		文件不是純影像 PDF



		標籤化 PDF		已通過		文件是標籤化 PDF



		邏輯閱讀順序		需要手動檢查		文件結構提供邏輯閱讀順序



		主要語言		已通過		文字語言已指定



		標題		已通過		文件標題顯示於標題列



		書籤		失敗		書籤存在於大型文件中



		色彩對比		需要手動檢查		文件包含適當的色彩對比



		頁面內容





		規則名稱		狀態		描述



		標籤化內容		失敗		所有頁面內容皆已標籤化



		標籤化註解		失敗		所有註解皆已標籤化



		跳位順序		已通過		跳位順序和結構順序一致



		字元編碼		已通過		可靠的字元編碼已提供



		標籤化多媒體		已通過		所有多媒體物件皆已標籤化



		螢幕閃爍		需要手動檢查		頁面不會導致螢幕閃爍



		程式檔		需要手動檢查		沒有不可存取的程式檔



		限時回應		需要手動檢查		頁面不需要限時回應



		導覽連結		已通過		導覽連結不重複



		表格





		規則名稱		狀態		描述



		標籤化表格欄位		已通過		所有表格欄位皆已標籤化



		欄位描述		已通過		所有表格欄位都具有描述



		替代文字





		規則名稱		狀態		描述



		插圖替代文字		失敗		插圖要求替代文字



		嵌套的替代文字		已通過		無法讀取的替代文字



		與內容相關		已通過		替代文字必須與若干內容關聯 



		隱藏註解		已通過		替代文字不應隱藏註解



		其它元素替代文字		已通過		其它要求替代文字的元素



		表





		規則名稱		狀態		描述



		列		已通過		TR 必須為 Table、THead、TBody 或 TFoot 子元素



		TH 和 TD		已通過		TH 和 TD 必須為 TR 子元素



		表頭		失敗		表應有表頭



		規則性		失敗		表中每列必須包含相同的欄數，每欄必須包含相同的列數



		摘要		已略過		表中必須有摘要



		清單





		規則名稱		狀態		描述



		清單項目		已通過		LI 必須為 L 子元素



		Lbl 和 LBody		已通過		Lbl 和 LBody 必須為 LI 子元素



		標題





		規則名稱		狀態		描述



		適當的嵌套		已通過		適當的嵌套
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