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Abstract

Two-dimensional modelling of landslide motions has been
routinely used to assess landslide mobility in natural terrain
hazard studies. With the advance in digital and computer
technology, 3-dimensional modelling of landslide motions is not
uncommon. The 3-dimensional modelling module, 3d-DMM
(SPH Version 1.0), was developed in 2010 based on the numerical
technique of smoothed particle hydrodynamics (SPH) that
operates on the Microsoft Excel platform.

Three dimensional simulations of landslide debris
mobility require pre-processing and post-processing of a large
amount of three dimensional spatial data. In order to enhance
its efficiency in performing three dimensional landslide mobility
analyses, 3d-DMM (SPH Version 1.0) has recently been
revamped to 3d-DMM (SPH Version 2.0) that operates on the
ArcGIS platform.

The validation exercise of 3d-DMM (SPH Version 2.0)
includes a comparison of results of back-analyses of six historical
landslides with the field velocity and runout data. It is
demonstrated that 3d-DMM (SPH Version 2.0) produced results
that were consistent with the field data/observations.
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1 Introduction

Two-dimensional modelling of landslide motions has been routinely used to assess
landslide mobility in natural terrain hazard studies in Hong Kong. With the advance in digital
and computer technology, 3-dimensional modelling of landslide motions is not uncommon.
Back in the late 2000s, Kwan & Sun (2007) adopted the Particle-in-Cell (PIC) numerical
technique to solve the governing equations to simulate 3-dimensional landslide debris mobility.
The PIC numerical technique is similar to the material point method reported by Soga et al
(2016). Another 3-dimensional modelling module, 3d-DMM (SPH Version 1.0), based on
smoothed particle hydrodynamics (SPH) that operates on the Microsoft Excel platform was
developed in 2010. 3d-DMM (SPH Version 1.0) performs time marching analysis and
produces a series of result files in Excel format. These files are then visualised using the
Surfer (Version 8).

Three dimensional simulations of landslide debris mobility require pre-processing and
post-processing of a large amount of three dimensional spatial data. In order to enhance its
efficiency in performing three dimensional landslide mobility analyses, 3d-DMM (SPH
Version 1.0) has recently been revamped to 3d-DMM (SPH Version 2.0) that operates on the
ArcGIS platform.

The newly developed 3d-DMM (SPH Version 2.0) program operates on an improved
Graphical User Interface which guides users through defining a problem, solving the problem
through SPH modelling and analysing the simulation results on the ArcGIS platform in a
seamless manner. The core calculation module of 3d-DMM (SPH Version 2.0) has also been
improved over the original 3d-DMM (SPH Version 1.0) program by using optimised internal
data storage algorithm which enhances the computation efficiency.

This Technical Note presents the details of the validation exercise of the core calculation

module of 3d-DMM (SPH Version 2.0).

2 Introduction of Smoothed Particle Hydrodynamics (SPH)
2.1 Equations of Motion

Landslide debris is considered as an equivalent fluid in setting up the equations of
motion. The equations of motion follow the mass and momentum conservations presented

below:

Mass Conservation:

Oh ou ov _@
5+h(§+a—y)—at ....................................... @.1)

Momentum Conservation in x-direction:

ou ah ab
pha—ll =pg.h — k.o (5) Flihed T PUZ e (2.2)
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Momentum Conservation in y-direction:

ov oh ab
phg Zpgyh — ko, (a_y) Flyhed T PV e (2.3)

where x = the direction of motion
y = the direction perpendicular to the x and z axes
z = the direction normal to the channel base
u = velocity component in the x direction
v = velocity component in the y direction
p = debris density
g« = gravity acceleration in the x direction
gy = gravity acceleration in the y direction
0. = bed-normal earth pressure
h = debris depth
k. = tangential earth pressure coefficient in the x direction
k, = tangential earth pressure coefficient in the y direction
Twea = basal shear stress in the x direction
Typea = basal shear stress in the y direction
b = bed-normal erosion-entrainment depth.

According to McDougall (2006), the bed-normal erosion-entrainment depth, b, is also
known as the “erosion velocity”. The erosion-entrainment depth is considered to be positive
during erosion. The erosion-entrainment depth must be adjusted by trial-and-error in order to
obtain a reasonable distribution of entrained material.

In Equations 2.2 and 2.3, the terms on the left-hand side of the momentum equations
represent the debris accelerations in the respective directions, the first term on the right-hand
side relates to the body force, and the second term represents the internal pressure arising from
the effect of the debris depth gradient. The third term (zwes and zpes) in the momentum
conservation equations represents the base friction against the debris motion, which depends
on the rheology of the debris. The last term in the momentum conservation equations
represents the change of momentum due to entrainment. Ayotte & Hungr (1998) studied 20
landslides and debris flows in Hong Kong. They showed that Voellmy rheological model
(Equations 2.4 and 2.5) produces reasonable estimate for the base friction.

2
Tupeq = = Sgn() |oztan @ + S| Lo 2.4)

v2
Typed = — Sgn(v) [az tan J + ?] ................................ (2.5)
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where ¢ = Apparent basal friction angle at the debris base
& = Voellmy coefficient which account for the turbulent loss during the
landslide motions

0. = bed-normal earth pressure
u = velocity component in the x direction
v = velocity component in the y direction

Twea = basal shear stress in the x direction

Tyvea = basal shear stress in the y direction.

The Sgn(x) function in Equations 2.4 and 2.5 is defined as follows:

+1;x>0
Sen(x)=1 0;x=0 ... (2.6)
—1;x<0

3d-DMM (SPH Version 2.0) adopts the Saint-Vanent approximation to simplify the
calculation of motion of landslide debris. The assumptions of shallow flow and smooth flow
path, relative to the flow thickness, are implicit in modelling debris mobility using 3d-DMM
(SPH Version 2.0). Therefore, 3d-DMM (SPH Version 2.0) is not suitable for simulation of
debris dynamics involving abrupt change in slope gradient.

2.2 Method of SPH

McDougall & Hungr (2004) adopted SPH to develop a numerical model for simulation
of debris motions. Each of the particles in this method has a finite volume (), and bears an
influence zone defined by an interpolation kernel (W). Properties such as debris depth and
velocity at any location can be estimated by summation of the interplant of particles within the
local influence radius. For example, the total debris thickness, 4, at the position of particle i,
is calculated as:

where s; = distance between particle i and j
[ = radius of the influence zone.

The interpolating kernel, W, is a function of s; and /. s; is the separation distance
between the particle i and particle j, which is within the influence zone of the particle i. The
radius of the influence zone is /.  The summation is undertaken for all particles (i.e. j = 1 to n)
within the influence zone (Figure 2.1).
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Influence Zone
of particle i

‘. Interpolating Kernel of
\\ particle j

Lo
&
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Other particles within the particle / particle j
influence zone

Note: hj is the interplant given by the particle ;.

Figure 2.1 Summation of Interplant Given by Particles within Influence Zone

The kernel is represented by the following Gaussian function:

W (s 1) = =zexp [—( - )2] .................................. 2.8)

[, the radius of the influence zone, is defined as follows:

I=— (2.9)

N hi
Zis1y;
N

where B = smoothing coefficient, taken as 10 by McDougall & Hungr (2004)
V' = volume of the smoothed particle i
N = total number of particles used for representing the whole debris mass
s; = distance between particle i and j
| = radius of the influence zone
h; = total debris thickness at the position of particle i.

The debris depth gradient at particle i can be obtained as follows:
oW Xii

(%)i:zn: Vil ] (2.10)

=1 i /Xi2j+yi2j
oWl Y

n
&) 2[5 2=
o). il s |
8yi = 0s ij X%+y12J




ol _ 2y )
o, e p[( )] ...................................... (2.12)
where h; = total debris thickness at the position of particle i

j = index of particles within the influence zone of particle i
Wi; = kernel of particle i and j
sjj = distance between particle i and j
x; = x component of the distance between particle i and j
vij =y component of the distance between particle i and j
[ = radius of the influence zone
V; = the volume of particle ;.

With the above Equations 2.7 to 2.12, the debris thickness and depth gradient can be
calculated at each of the particles considered in the simulation. Having calculated debris
thickness and depth gradient, acceleration of each of the particles can be obtained based on the
momentum conservation equation.  The simulation is undertaken in a time-stepping
framework with an initial condition that all the particles are at rest. At each time step, the
velocities of the particles are updated based on the acceleration calculated via the momentum
conservation equation, and the particles are displaced to new positions.

There are special cases where the influence between smoothed particles located within
the influence zone are not reasonable. For example, two separate clusters of smoothed
particles, travelling on different but close drainage channels, will have their thickness and
acceleration averaged with each other, which is not permissible in reality.

2.3 Calculation of Tangential Earth Pressure Coefficient, k

As in the Rankine theory, the tangential earth pressure coefficients (i.e. kx and &, shown
in Equations 2.2 and 2.3 respectively) are limited by the Mohr Coulumb failure criterion. The
minimum and maximum limiting values correspond to the “active” and “passive” states,
respectively. The limits of the tangential earth pressure coefficient are calculated using the
following equations, after Savage & Hutter (1989):

[ )

I li\/l coszﬂ 1+ bed I
K (min/max) =24 = J¥ B R (2.13)

| [kt kx_l 2 Tb_ed 1 smﬂ,
ky(mm)_[( 2 () ] L0) 2.14)
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o |(222) + (1) (_)] (B09) e @.15)

where ky = tangential earth pressure coefficient in the x direction
k, = tangential earth pressure coefficient in the y direction
¢ = Apparent internal friction angle' of the landslide debris
Thea = base friction against the debris motion
0. = bed-normal earth pressure.

According to McDougall & Hungr (2004), the axes of principal stress is assumed to
align with the direction of motion. Also, the local x axis align with the direction of motion, in
order to eliminate the transverse stress and momentum terms in the governing momentum
equations.

In the formation proposed by McDougall & Hungr (2004), the & value is incremented at
each time step in proportion to the corresponding incremental strain (Hungr, 1995), up to the
limiting values of Equations 2.13 t0 2.15.  The kx and £, value is calculated using the following
equations.

b = k' C(AER) e (2.16)
ky = k' + C(AEY) o (2.17)
where k' and k' are the tangential earth pressure coefficient in x and y directions respectively
in the previous time step, and C is the dimensionless stiffness coefficient. The 4, and &, values
are taken as 1.0 at time equals zero.
2.4 Velocity Smoothing
According to McDougall (2006), a velocity smoothing is applied to the updated
velocities of smoothed particles to minimise the excessive relative motion between
neighbouring smoothed particles, especially in the absence of viscosity.
Ui = Ui T Co(AU) et (2.18)
Vi = Vit CAVi) e (2.19)
where u; and v; are the velocity of smoothed particle i in x and y directions respectively, Cs is

the user-specified velocity smoothing coefficient, and Au; and Av; are the following velocity
correction:

! By adopting the Saint-Vanent approximation, the SPH model does not use the apparent internal friction angle
to calculate the internal shear stress due to deformation. The apparent internal friction angle is only used to
calculate the &, and &,
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Au=Y, (,%,,j) T L (2.20)
2

Av=Y, (hzj) R L 2.21)
2

where ¥ is the volume of smoothed particle j; ;s the kernel between particle i and j calculated
by Equation 2.8, A; and 4; are the total debris thickness at the position of particle i and j
respectively.

2.5 Difference between 3d-DMM (SPH) and DAN-3D

It should be noted that the method of calculating k& in 3d-DMM (SPH Version 2.0) is
different from that of DAN-3D, the SPH package for debris mobility analysis developed by
Prof. O. Hungr based on McDougall & Hungr (2004). In 3d-DMM (SPH Version 2.0), the
incremental tangential strains in the major and minor principle axes, Aex and Ag,, are calculated
in each time step. The major principle axis is assumed aligning with the direction of motion.
The active state (i.e. minimum lateral earth pressure coefficient, kmin) is assumed when the Ae
is smaller than 0 whereas the passive state (i.e. maximum lateral earth pressure coefficient, kmax)
is assumed when the Ae¢ is larger than 0. The lateral earth pressure coefficient corresponding
to the at-rest state (i.e. ko; ko assumed to be 1.0) is adopted if Ae equals 0.

k _ k(x or y)min if Ag(x or y)<0
X ory k(x o ypmax i AE,‘(X N y)>0 ............................

Also, in 3d-DMM (SPH Version 2.0), the particle velocity is not adjusted using the
velocity smoothing function (i.e. Equations 2.18 and 19).

2.6 Calculation of Distance between Smoothed Particles

The distances between each smoothed particles are calculated in each time step for the
calculation of the kernel (Equation 2.8) and the depth gradient (Equations 2.10 to 2.12). Itis
a classical fixed-radius near neighbours problem. In 3d-DMM (SPH Version 2.0), such
problem is solved by the “brute-force approach” which calculates all pair-wise distances of
particles. Such approach is efficient when the number of particles are limited. In cases
where over 10,000 particles are involved, alternative algorithms such as cell-linked list or Verlet
list (Dominguez et al, 2011) can be used. These alternative approach should be used with
caution since they can increase memory usage and introduce calculation errors.
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3 Key Improvements

The followings are the key improvements made in 3d-DMM (SPH Version 2.0):

(a) A Graphical User Interface (GUI) has been developed to
guide users through defining a problem, solving the problem
through SPH modelling and analysing the simulation results
on the ArcGIS platform; and

(b) The core calculation module has been improved by using a
better internal data storage algorithm which reduces the
computation time approximately by half. For example, the
time required for 3d-DMM (Version 2.0) to simulate the
landslide event of Verification Case No. 1 is less than one
hour, which is faster than that of 3d-DMM (Version 1.0)
which take more than two hours.

4 Validation of 3d-DMM (SPH Version 2.0)

Table 4.1 shows six historical landslides (Verification Cases No. 1 to 6) that were used
in the validation exercise of 3d-DMM (SPH Version 2.0). All of the six historical landslides
are Hong Kong cases. They include three channelised debris flows, viz. Yu Tung Road
landslide, Sham Tseng San Tsuen landslide and 1990 Tsing Shan landslide, a landslide which
travelled in a topographic depression, viz. Kau Lung Hang Shan landslide, and two open hillside
failures, viz. Fei Tsui Road landslide and Shum Wan landslide.

The results of 3d-DMM (SPH Version 2.0) were compared with field data/observations
and outputs of other geotechnical computer programmes on landslide mobility (e.g. 2d-DMM
(Version 2.0)) if available.

It has been shown that 3d-DMM (SPH Version 2.0) is capable of producing simulations
that match generally the field data/observations based on the rheological parameters similar to
those adopted by other debris mobility programmes including DAN-3D. Appendix A
summarises the rheological parameters adopted, Appendix B details a sensitivity study of the
key input parameters adopted in 3d-DMM (SPH Version 2.0) and Appendix C presents the
results of each of the validation cases.

It should be emphasised again that 3d-DMM (SPH Version 2.0) adopts Saint-Vanent
approximation. The flow path cannot contain any abrupt change in slope gradient in order for
the approximation to be valid.



Table 4.1 Summary of Cases in the Validation Exercise

Summary Table

Apparent Apparent
Ca Source Densit I];pa ael Internal Turbulent Smoothin Comparison Comparison
o Case Volume (ke /rsn% Prioor | Friction | Coefficient | T VS| with Field | with 2d-DMM Remarks
‘ (m?) & Angle W® (m/s?) Observations | (Version 2.0)
Angle (°) o
)
1 Yu Tupg Road 2.600 2,200 3 30 500 4 v y Channelised debris
landslide flow
Sham Tseng . .
2 | San Tsuen 600 | 2,200 8 30 500 4 v v Channelised debris
. flow
landslide
Channelised debris
. flow with
3 | 1990 Tsing 4000 | 2200 15 30 500 4 v v entrainment. Final
Shan landslide -
volume = 20,000
m
Kau Lung avelled in
4 Hang Shan 180 2,200 17 30 1000 4 v v : hi
landslide opographic
depression
s | FeiTsuiRoad |y 500 | 2200 | 22/35@ 30 00 4 v Open hillside
landslide failure
6 | ShumWan 1 55000 | 2200 19 33 0® 4 v Open hillside
landslide failure
Notes: (D Please refer to Appendix B for the sensitivity study of the apparent internal friction angle and the smoothing coefficient.

@ The apparent friction angle = 22° for landslide source area and 35° for movement of the landslide debris over Fei Tsui Road.

) Friction model is adopted in the simulation, and therefore turbulent coefficient = 0.

@ By adopting the Saint-Vanent approximation, the SPH model does not use the apparent internal friction angle to calculate the internal shear stress

due to deformation.

The apparent internal friction angle is only used to calculate the 4, and %,

81
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The key findings of the validation exercise are discussed below.

(a)

(b)

(©)

(d)

As shown in Verification Cases No. 1, 2 and 3, the results
between the field velocity data and the simulated velocity
profiles against time are in general consistent. Also, for
Verification Cases No. 1 to 4, the velocity profiles computed
using 3d-DMM (SPH Version 2.0) and 2d-DMM (Version
2.0) are in reasonably well agreement with each other. The
computed deposition profile fits with the measured one for
Verification Case No. 3. However, while the same set of
apparent basal friction angle and turbulent coefficient are
adopted in Verification Case No. 1 for the 2d- and 3d-DMM,
there are slight differences in the apparent basal friction
angles adopted by 2d-DMM (Version 2.0) and 3d-DMM
(SPH Version 2.0) in Verification Cases No. 2,3 and4. The
differences in the apparent basal friction angles for back
analysis are probably due to the difference in the method of
discretisation between the two computer programs.

As shown in Verification Cases No. 5 and 6, the measured
and computed deposit profiles of the open hillside failures are
in general consistent. Also, the deposit extent simulated
using 3d-DMM (SPH Version 2.0) also match reasonably
well with the computed deposit profiles reported by Kwan &
Sun (2007) using 3d-DMM (PIC Version). (It should be
noted that the computed program presented by Kwan & Sun
(2007) is currently not a pre-accepted computed program
and the comparison between the two computer programs
could therefore be considered as reference only.) The
values of the apparent internal friction angle adopted in the
back analysis of Verification Cases No. 1 to 5 are the same
and are equal to 30°, which is the recommended value
elaborated in the sensitivity study presented in Appendix B.
A slightly larger apparent internal friction angle, 33°, was
back-calculated for Verification Case No. 6 in order to match
the observed debris deposition profile.

The computed results of 3d-DMM (SPH Version 2.0) is in
general consistent with that of the LS-DYNA.

In all cases, the smoothing coefficient (i.e. B value) and the
time step was taken as 4 and 0.01 s respectively. These
values are the recommended values elaborated in the
sensitivity study presented in Appendix B.
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6 Conclusions

The validation exercise demonstrates that the core calculation module of 3d-DMM
(SPH Version 2.0) produces results that are consistent with the field data/observations of
selected landslide cases, the computed results of 2d-DMM (Version 2.0) and other debris
mobility programs.
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Appendix A

Summary of Input Parameters Adopted in 3d-DMM (SPH Version 2.0),
3d-DMM (PIC Version), 2d-DMM (Version 2.0) and LS-DYNA
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Table A1 Summary of Input Parameters Adopted in 3d-DMM (SPH Version 2.0), 3d-
DMM (PIC Version), 2d-DMM (Version 2.0) and LS-DYNA
Apparent Basal Turbulent
Friction Angle (°) Coefficient (m/s?)
3d-DMM (SPH Version 2.0) 8 500
Case No. 1 3d-DMM (PIC Version) @ - -
Yu Tung Road 2d-DMM (Version 2.0) 8 500
jandslide LS-DYNA 8 500
DAN-3D 8 500
Case No. 2 3d-DMM (SPH Version 2.0) 8 500
Sham Tseng 3d'DMM (PIC Vel‘sion) 12 500
San Tsuen 2d-DMM (Version 2.0) 11 500
landslide LS-DYNA 9 250
Case No. 3 ¥ 3d-DMM (SPH Version 2.0) 15 500
1990 Tsing 3d-DMM (PIC Version) 15 500
Shan landslide 2d-DMM (Version 2.0) 18 700
Case No. 4 3d-DMM (SPH Version 2.0) 17 1000
Kau Lung Hang 3d-DMM (PIC Version) @ - -
landslide 2d-DMM (Version 2.0) 18 1000
3d-DMM (SPH Version 2.0) 22/35 0
C;S? IT\TO; S 3d-DMM (PIC Version) 22/35 0
ei Tsui :
landslide 2d-DMM (Version 2.0) © - -
LS-DYNA 22/35 0
3d-DMM (SPH Version 2.0) 19 0
Case No. 6 3d-DMM (PIC Version) 20 0
Shum Wan - 3
landslide 2d-DMM (Version 2.0) © - -
LS-DYNA 20 0
Notes: (M Verification Cases No. 3 and 4 are not covered in Koo (2015).
@ Verification Cases No. 1 and 4 are not covered in Kwan & Sun (2007).
@ Verification Cases No. 5 and 6 are open hillside failures and were not studied
using 2d-DMM (Version 2.0).
References
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Appendix B

Effects of Apparent Internal Friction Angle, Smoothing Coefficient (B)
and Time Step on Simulation Results
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B.1 Introduction

The sensitivity of apparent internal friction angle (i.e. not used in 2d-DMM), smoothing
coefficient (i.e. not used in 2d-DMM) and time step (i.e. different numerical scheme between
2d-DMM and 3d-DMM) on the calculated mobility of landslide debris was assessed. This
Appendix presents the findings of the sensitivity study. A set of suggested values of these
parameters are also presented based on the study. Verification Cases No. 1, 2, 5 and 6 were
used in the sensitivity study.

B.2 Apparent Internal Friction Angle

Apparent internal friction angle (¢4;) refers to the total stress (i.e. apparent) friction angle
of the assumed homogeneous landslide debris. Figures B1 and B2 illustrate two examples that
shows the effect of apparent internal friction angle (¢;) on the computed time history of the peak
velocity and average thickness. The peak velocity refers to the average velocity of the
smoothed particles which have the top 10% of the tangential velocity at any time step, thus
representing the most dynamic part of the landslide debris. The apparent internal friction
angle varies at 20°, 25°, 30°, 35° and 40°. The smoothing coefficient (B) and time step (A?)
are fixed at 4 and 0.01 s respectively. Other key input parameters (e.g. apparent basal friction
angle) adopted in the sensitivity study follows the values given in Table 4.1. It is observed
that both the peak velocity and average thickness of the landslide debris are in general
insensitive to the apparent internal friction angle chosen. Based on the findings, a value of
30° for apparent internal friction angle is considered reasonable for the back analysis. It
should, however, be noted that the temporal analysis presented above may not reflect the effects
of apparent internal friction angle on the longitudinal and lateral spreading of landslide debris.
For example, the spreading of the landslide debris in Verification Case No. 6 needs to be
restrained by increasing slightly the apparent internal friction angle from 30° to 33° in order to
avoid the landslide debris on the shipyard from spreading excessively.

In addition, the Savage-Hutter theory adopted in 3d-DMM (SPH Version 2.0) is valid
when the apparent internal friction angle is greater than or equal to the apparent basal friction
angle. When the designer determines that an apparent basal friction angle exceeding 30°

should be adopted for a landslide simulation, a larger value of apparent internal friction angle
should be adopted.
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Figure Bl Comparison of Computed Frontal Velocity Using Different Apparent
Internal Frictional Angles (¢:) in Verification Case No. 2
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0 5 10 15 20 25 30
time (s)

Figure B2 Comparison of Computed Average Thickness Using Different Apparent
Internal Frictional Angles (¢:) in Verification Case No. 2
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B.3 Smoothing Coefficient

Figures B3 and B4 show two examples of the effects of smoothing coefficient (B) (see
Equation 2.9) on the computed frontal velocity and average thickness. Different values of
smoothing coefficient were used. The apparent internal friction angle and time step (Af) are
fixed at 30° and 0.01 s respectively. Other input parameters (e.g. apparent basal friction angle)
adopted in the sensitivity study follows the values given in Table 4.1. It is noted that a smaller
B in general produces a higher flow velocity while its effects on average flow depth is less
consistent. It is noted that the time history of frontal velocity converges as the smoothing
coefficient decreases to 4.

The observation can be explained by the fact that the velocity values of the frontal
particles are the weighted average with the neighbouring particles that follows the debris front
(which are usually slower than the debris front). By adopting a large smoothing coefficient, a
larger number of slower neighbours are involved in determining the velocity of the frontal
particles, thus reducing the calculated debris velocity. Based on the findings, a smoothing
coefficient of 4 is considered reasonable for the back analysis. The choice of B =4 is also the
recommendation by McDougall & Hungr (2004).

14 +

Peak velocity (m/s)

0 5 10 15 20 25 30
time (s)

Figure B3 Comparison of Computed Frontal Velocity Using Different Smoothing
Coefficients (B) in Verification Case No. 2
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B.4 Time Step

Apart from apparent internal friction angle and smoothing coefficient, a sensitivity study
is performed on the time step A¢.  Figures B5 and B6 illustrate two examples of the effects of
time step (Af¢) on the computed peak velocity and average thickness. The time step varies at
0.1 s, 0.05 s and 0.01 s. The apparent internal friction angle and smoothing coefficient are
fixed at 30° and 4 respectively. Other input parameters (e.g. apparent basal friction angle)
adopted in the sensitivity study follows the values given in Table 4.1. The output files were
produced every 0.1 s of prototype time. It is observed that the computed peak velocity
decreases with smaller time step, and converges when A7 =0.01 s. In contrast, the average
thickness is in general insensitive to the change in the time step. It is therefore considered that
a time step of 0.01 s or less is appropriate for simulating landslides. However, it is noted in
Verification Case No. 2 that the computed peak velocity is insensitive to the three time steps
(i.e. 0.1 s,0.05 s and 0.01 s, see Figure B7). The optimum time step (i.e. the largest time step
which, when further reduced, does not influence the computed result) is therefore case specific
and should be determined on a case-by-case basis, but Az = 0.01 s would generally be small
enough to produce reasonable results for typical landslide cases.
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B.5 Recommendations
Based on the findings of the sensitivity study discussed above, the following values of
apparent internal friction angle, smoothing coefficient and time step are recommended for use
in the validation of 3d-DMM (SPH Version 2.0).
o ¢ =30°-33°
e B =4
e Ar=0.01s.

B.6 References

McDougall, S. & Hungr, O. (2004). A model for the analysis of rapid landslide motion across
three-dimensional terrain.  Canadian Geotechnical Journal, vol. 41, pp 1084-1097.
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Appendix C

Detailed Input and Output of the Validation Exercise
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C.1 Validation Case No. 1 - Yu Tung Road Landslide

The June 2008 Yu Tung Road debris flow event involved a single landslide source.
The landslide debris reached Yu Tung Road, resulting in blockage of both westbound lanes and
flooding of the adjacent Cheung Tung Road. About 2,600 m® of debris was involved which
had a runout distance of about 600 m, and all the debris reached Yu Tung Road. The lower
portion of the channelised debris flow was captured on video by a member of the public,
although the exact time of the failure is not known.

Figure C1 shows the velocity profiles of debris front along chainage for Verification
Case No. 1. Both the published velocity data from GEO (2012) (shown in dots) and the
computed data using both 3d-DMM (SPH Version 2.0) (shown in red dotted line), 2d-DMM
(Version 2.0) (shown in green solid line) and LS-DYNA (shown in blue solid line) are presented
in the figure. Table C1 presents the input parameters adopted by the two computer programs.
In the 3d-DMM (SPH Version 2.0) analysis, the frontal velocity was calculated by the average
tangential velocity of the foremost 10% of the smoothed particles that simulate the landslide
debris. In the 2d-DMM (Version 2.0) analysis, the velocity of the foremost boundary block
represents the frontal velocity of the landslide debris. The same set of the friction angle and
the turbulent coefficient were adopted for 3d-DMM (SPH Version 2.0) and 2d-DMM (Version
2.0). It is noted that the frontal velocities calculated using 2d-DMM (Version 2.0), 3d-DMM
(SPH Version 2.0) and LS-DYNA match reasonably well with the field data.

20

¢ Field observations
2d-DMM (Version2.0)
3d-DMM (SPH Version2.0)

16 A

—_
[\S)
L

oo
L

Frontal velocity (m/s)

0 50 100 150 200 250 300 350 400 450 500
Chainage (m)

Figure C1 Comparison between the Computed Velocity Profiles Using 2d-DMM
(Version 2.0), 3d-DMM (SPH Version 2.0), LS-DYNA and Field Evidence of
Debris Flow above Yu Tung Road in June 2008



Table C1 Input Parameters Adopted for the Validation Case No. 1

Input Parameters for 2d-DMM (Version 2.0)

0t

Debris Properties Section 1

Density (kg/m?): 2,200 | Friction angle ¥ (°): 8 Entrainment start location (m): 0
Source volume (m?): 2,600 | Turbulent coefficient (m/s?): 500 | Entrainment end location (m): 0
Initial horizontal length of flow mass (m): 50 Pore pressure for friction: 0 Entrainment rate (m>/s): 0
Ki: 0.8 Section 2

Ko: 1 Start location of section 2 (m): 1,000 | Entrainment start location (m): 0
K,: 2.5 Friction angle (°): 8 Entrainment end location (m): 0
Pore pressure ratio (Ry): 0.5 Turbulent coefficient (m/s?): 500 | Entrainment rate (m?/s): 0
Initial location of landslide debris (m): 0 Pore pressure for friction: 0

Initial velocity (m/s): 0 Threshold entrainment depth (m): 0

Input Parameters for 3d-DMM (SPH Version 2.0)

Density (kg/m?): 2,200 | Apparent basal friction angle 8 Number of particles: 5,000
between landslide debris and flow
path (°):
Source volume (m?): 2,600 | Apparent internal friction angle of 30
landslide debris (°):
Smoothing coefficient (B): 4 Turbulent coefficient (m/s?): 500
Note: () When the pore pressure for friction is set to be zero, the “Friction angle (°)” in 2d-DMM is equivalent in concept to the “Apparent

basal friction angle between landslide debris and flow path (°)” for 3d-DMM.
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Figure C2 shows the computed displacement of the debris front against time. With
reference to the video footage that the debris travelled from chainage = 320 m to 530 m in
approximately 20 - 21 seconds, it can be seen that the 3d-DMM (SPH Version 2.0) simulation
run is able to meet this requirement.

700

—3d-DMM

600 - === Chainage =320 m

500

400

300

Chainage (m)

200

100

~21s ~42's

0 10 20 30 40 50 60
Time (s)

Figure C2 Debris Frontal Location versus Time Estimated by 3d-DMM (SPH
Version 2.0) Analysis

Figure C3 shows the maximum velocity profiles of the landslide debris with time for
Verification Case No. 1. The computed results using 3d-DMM (SPH Version 2.0) (shown in
blue solid line) and DAN-3D (shown in red solid line) are presented in the figure. It is noted
that the maximum velocity calculated using 3d-DMM (SPH Version 2.0) and DAN-3D match
reasonably well with each other. The fluctuation in the maximum velocity calculated using
DAN-3D is observed to be less than that of 3d-DMM (SPH Version 2.0), probably due to the
presence of the velocity smoothing (see Section 2.4) in DAN-3D, but not in 3d-DMM (SPH
Version 2.0).

References

GEO (2012). Detailed Study of the 7 June 2008 Landslides on the Hillside above Yu Tung
Road, Tung Chung (GEO Report No. 271). Report prepared by AECOM.
Geotechnical Engineering Office, Hong Kong, 124 p.
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C.2 Validation Case No. 2 - Sham Tseng San Tsuen Landslide

In the morning of 23 August 1999, landslides occurred on the natural hillside above
Sham Tseng San Tsuen. The landslide debris, of a total volume of 600 m?, ran into a
streamcourse and developed into a channelised debris flow. The debris flow demolished
several dwellings at the outlet of the streamcourse.

Figure C4 shows the velocity profiles of debris front along chainage for Verification
Case No. 2. Based on the superelevation level of the observed debris marked along the flow
path, the velocity of the debris flow at chainage = 121 m and chainage = 217 m were about
11 m/s and 7 m/s respectively (GEO, 2005). The computed frontal velocities from 2d-DMM
(Version 2.0) and 3d-DMM (SPH Version 2.0) were compared with the field observations (see
also Table C2 for the input parameters). While the turbulent coefficient in both simulations
were chosen to be 500 m/s?, a different values of the friction angle were adopted for 2d-DMM
(11°) and 3d-DMM (8°). A relatively lower value of the friction angle adopted in 3d-DMM
(SPH Version 2.0) could possibly be explained by the presence of bends which slowed down
the landslide debris in 3d-DMM (SPH Version 2.0). However, this retarding effects of the
bends would not have been simulated by 2d-DMM, thus a larger friction angle in 2d-DMM
(Version 2.0) was required to mimic the deceleration at bends. There is no computed velocity
data before chainage = 20 m since the frontal debris is located close to chainage =20 m. It is
noted that the frontal velocities calculated using 2d-DMM (Version 2.0), 3d-DMM (SPH
Version 2.0) and LS-DYNA match reasonably well with the field data.
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Figure C4 Comparison between the Computed Velocity Profiles Using 2d-DMM
(Version 2.0), 3d-DMM (SPH Version 2.0) and Field Evidence of Debris
Flow above Sham Tseng San Tsuen in August 1999
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Table C2 Input Parameters Adopted for the Validation Case No. 2

Input Parameters for 2d-DMM (Version 2.0)

Debris Properties Section 1
Density (kg/m?): 2,200 | Friction angle (°): 11 Entrainment start location (m): 0
Source volume (m?): 600 | Turbulent coefficient (m/s?): 500 Entrainment end location (m): 0
inmi‘;i:al horizontal length of flow mass 20 Pore pressure for friction: 0 Entrainment rate (m%/s): 0
Ka: 0.8 | Section 2
Ko : 1 Start location of section 2 (m): 10,000 | Entrainment start location (m): 0
K, : 2.5 | Friction angle (°): 11 Entrainment end location (m): 0
Pore pressure ratio (Ry): 0.5 | Turbulent coefficient (m/s?): 500 Entrainment rate (m%/s): 0
Initial location of landslide debris (m): 0 Pore pressure for friction: 0
nitial velocity (m/s): 0 ;Féll;:eshold entrainment depth 0
Input Parameters for 3d-DMM (SPH Version 2.0)
Density (kg/m?): 2,200 | Apparent basal friction angle 8 Number of particles: 5,000
between landslide debris and flow
path (°):
Source volume (m?): 600 | Apparent internal friction angle of 30
landslide debris (°):
Smoothing coefficient (B): 4 Turbulent coefficient (m/s?): 500

9%
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C.3 Validation Case No. 3 - 1990 Tsing Shan Landslide

Tsing Shan debris flow in September 1990 involved a significant entrainment behaviour
throughout the transportation process. Given the availability of field evidence of flow
velocity, this debris flow case is ideal to validate the capacity of 3d-DMM (SPH Version 2.0)
in modelling entrainment.

According to King (2013), the debris flow was initiated by a landslide of about 350 m?.
The volume of the detached landslide debris reached about 4,000 m? at chainage = 100 m. The
landslide debris subsequently developed into a debris flow through heavy entrainment along its
runout path. The debris volume was increased to 20,000 m* before reaching its final
deposition. A considerable portion of the landslide deposit is located between
chainage = 500 m to chainage = 700 m. Depositions of landslide debris were also observed
further but King (2013) stated that the heavy rain during and after the debris flow was probably
important with respect to the form of the final debris deposit and its runout distance. The field
mapped runout distance may not correspond to actual debris mobility.

Superelevation data of the debris flow were recorded at chainage =350 m and

chainage =475 m where the trail followed bends in the valley. At chainage =350 m the
average velocity calculated was 16.5 m/s and at chainage =475 m was 12.5 m/s.

Table C3 Input Parameters Adopted for the Validation Case No. 3

Input Parameters for 3d-DMM (SPH Version 2.0)

Apparent basal friction angle
Density (kg/m?): 2,200 | between landslide debris and flow 15
path (°):
Source volume (m?): 4,000 | Apparent internal friction angle of 30
Final volume (m?): 20,000 (» | landslide debris (°):
Smoothing coefficient (B): 4 Turbulent coefficient (m/s?): 500
Number of particles: 5,000
Note: () An entrainment rate of 0.0035 m™' is adopted in 3d-DMM (SPH Version
2.0).

Being classified as a debris flow, the landslide debris is laterally confined, at least for a
significant portion of the flow path, which fits with the modelling assumptions of 2d-DMM
(Version 2.0). A comparison of the field evidence (i.e. velocity, major deposition between
chainage = 500 m to chainage = 700 m) and computed results of 3d-DMM (SPH Version 2.0)
and 2d-DMM (Version 2.0) are conducted.



47

Figure C5 shows the comparisons. The frontal velocities calculated using 2d-DMM
(Version 2.0) and 3d-DMM (SPH Version 2.0) match reasonably well with each other, and with
the field observations. A good match of the trends indicates the validity of 3d-DMM (SPH
Version 2.0) in modelling entrainment.

It should be cautioned that the apparent friction angles and the turbulent coefficients
adopted are different in 3d-DMM (SPH Version 2.0) (¢ = 15° and &= 500 m/s?) and 2d-DMM
(Version 2.0) (¢ = 18°and & =700 m/s?), probably due to the difference in the method of
discretisation and the dimensions of the computational domain.

Figure C6(a) shows the comparison between the simulated debris profiles and the
measured extent of the debris flow event (shown as the red dotted line). A significant portion
of the landslide debris is deposited between chainage =500 m to chainage = 700 m, which
match with the field measurement. The extent of the simulated debris flow also agrees with
the field observed extent before chainage = 700 m.

The simulated debris profiles using 3d-DMM (PIC Version) (Kwan & Sun, 2007) is
given in Figure C6(b) and the computed profiles of the two computer programs are consistent.
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Figure C5 Comparison between the Computed Velocity Profiles Using 2d-DMM
(Version 2.0), 3d-DMM (SPH Version 2.0) and Field Observation of Debris
Flow on Tsing Shan in September 1990
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C.4 Validation Case No. 4 - Kau Lung Hang Shan Landslide

According to GEO (2006), the landslide involved an estimated failure volume of about
200 m? from the source area. Approximately 180 m? of the failed material detached from the
source area and travelled down an ephemeral drainage line as a debris flow (20 m?® of debris
was deposited within the source area). The deposition of fine grained fluvial outwash material
reached the boundary of two village houses. No damage to these village houses was observed
and no casualties were reported. The superelevation data of the debris flow were recorded at
four chainage locations where the trail followed bends in the flow path.

The failure involved landslide debris travelling in topographic depression. A
comparison between the field evidence (i.e. velocity interpreted from the superelevation data)
and the computed frontal velocities profiles of the landslide debris using 3d-DMM (SPH
Version 2.0) and 2d-DMM (Version 2.0) was made.

Figure C7 shows the velocity profiles of debris front along chainage for Verification
Case No.4. The computed frontal velocities from 2d-DMM (Version 2.0) and 3d-DMM (SPH
Version 2.0) are compared with the field observations. Similar to Verification Case No. 2, a
slightly different values of the friction angle were adopted for 2d-DMM (18° for Version 2.0)
and 3d-DMM (17° for SPH Version 2.0). The same explanation (i.e. 3D analysis is able to
capture the retarding effect of bends but not 2D analysis) given in Verification Case No. 2
applies equally to this verification case. The turbulent coefficient in both simulations were
chosen to be 500 m/s>. It is noted that the frontal velocities calculated using 2d-DMM
(Version 2.0) and 3d-DMM (SPH Version 2.0) match reasonably well with each other, and with
the field data.

12

® Field Observations
10 A ® —2d-DMM (Version2.0)

® —3d-DMM (SPH Version 2.0)

Frontal Velocity (m/s)

0 20 40 60 80 100 120 140 160
Chainage (m)

Figure C7 Comparison between the Computed Velocity Profiles Using 2d-DMM
(Version 2.0), 3d-DMM (SPH Version 2.0) and Field Evidence of Debris
Flow at Kau Lung Hang Shan Tai Po in 2003



Table C4 Input Parameters Adopted for the Validation Case No. 4

Input Parameters for 2d-DMM (Version 2.0)

[4S

Debris Properties Section 1

Density (kg/m?): 2,200 | Friction angle V (°): 18 | Entrainment start location (m): 0
Source volume (m?): 180 Turbulent coefficient (m/s?): 1,000 | Entrainment end location (m): 0
Initial horizontal length of flow mass (m): 20 Pore pressure for friction: 0 Entrainment rate (m>/s): 0
K. 0.8 Section 2

Ky: 1 Start location of section 2 (m): 1,000 | Entrainment start location (m): 0
K,: 2.5 Friction angle (°): 18 Entrainment end location (m): 0
Pore pressure ratio (R,): 0.5 Turbulent coefficient (m/s?): 1,000 | Entrainment rate (m%/s): 0
Initial location of landslide debris (m): 0 Pore pressure for friction: 0

Initial velocity (m/s): 0 Threshold entrainment depth (m): 0

Input Parameters for 3d-DMM (SPH Version 2.0)

Density (kg/m?): 2,200 | Apparent basal friction angle 17 Number of particles: 5,000
between landslide debris and flow
path (°):
Source volume (m?): 180 Apparent internal friction angle of 30
landslide debris (°):
Kernel length (m): 4 Turbulent coefficient (m/s?): 1,000
Note: (U When the pore pressure for friction is set to be zero, the “Friction angle (°)” in 2d-DMM is equivalent in concept to the “Apparent

basal friction angle between landslide debris and flow path (°)” for 3d-DMM.
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C.5 Validation Case No. 5 - Fei Tsui Road Landslide

The landslide occurred on a man-made cut slope along Fei Tsui Road, Hong Kong.
The landslide investigation revealed that there was an extensive kaolinite-rich layer on the base
of the landslide scar dipping towards Fei Tsui Road. Within the landslide source area, a low
base friction angle of 22° was used to account for the presence of the kaolinite-rich layer. In
contrast, a higher base friction angle of 35° was used for movement of the landslide debris over
Fei Tsui Road. The measured deposit profiles (GEO, 1996) were compared with the computed
deposit profiles by 3d-DMM (SPH Version 2.0), as well as the computed deposit profile
computed using 3d-DMM (PIC Version) (Kwan & Sun, 2007) and LS-DYNA (Koo, 2015).

Table C5 Input Parameters Adopted for the Validation Case No. 5

Input Parameters for 3d-DMM (SPH Version 2.0)

Apparent basal friction angle 2
Density (kg/m?): 2,200 | between landslide debris and flow 35 ()
path (°):
3. Apparent internal friction angle of
Source volume (m°): 14,000 landslide debris (°): 30
Smoothing coefficient (B): 4 Turbulent coefficient (m/s?): 0®
Number of particles: 5,000
Notes: (D' The apparent friction angle = 22° for landslide source area and 35° for

movement of the landslide debris over Fei Tsui Road.
@ The friction model is adopted in the simulation.

Figure C8 shows the comparison between the simulated debris profiles and the field
evidence (shown as the red dotted line). The simulated debris deposit spreads across Fei Tsui
Road by an extent which match with the site measurement (i.e. red lines in the figure). The
deposit extent simulated using 3d-DMM (SPH Version 2.0) also matches reasonably well with
that by Kwan & Sun (2007) and Koo (2015).

Figure C9 shows a comparison of the computed velocity and thickness of landslide
debris reaching the southern corner of the opposite church building with time. The velocity
reaching the corner was calculated in 3d-DMM (SPH Version 2.0) by the average velocity of
smoothed particles that were within 5 m of the location of the corner. The average velocity
was only recorded when the number of smoothed particles exceed 20 as recommended by
McDougall & Hungr (2004). The velocity profiles calculated using the three codes match
well and the thickness calculated using 3d-DMM (SPH Version 2.0) and 3d-DMM (PIC
Version) are in general comparable. The thickness calculated using LS-DYNA is larger than
that of 3d-DMM (SPH Version 2.0) and 3d-DMM (PIC Version).
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(a) 3d-DMM (SPH Version 2.0)

(b) 3d-DMM (PIC Version)
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Comparison between the Field Evidence (red lines) and the Simulated

Debris Profiles Using 3d-DMM (SPH Version 2.0) and 3d-DMM (PIC

Version) (Kwan & Sun, 2007)
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C.6 Validation Case No. 6 - Shum Wan Landslide

The Shum Wan Landslide 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 and the landslide debris was stopped after hitting a shipyard at the slope
toe. Site observations suggested that the landslide mass might remain intact during the sliding
process. The measured deposit profiles (GEO, 1996) was compared with the computed
deposit profiles by 3d-DMM (SPH Version 2.0), as well as the computed deposit profile
computed using 3d-DMM (PIC Version) (Kwan & Sun, 2007) and LS-DYNA (Koo, 2015).

Table C6 Input Parameters Adopted for the Validation Case No. 6

Input Parameters for 3d-DMM (SPH Version 2.0)

Apparent basal friction angle

Density (kg/m?): 2,200 | between landslide debris and flow | 19
path (°):
Apparent internal friction angle of

3.

Source volume (m”): 26,000 landslide debris (°): 33

Kernel length (m): 4 Turbulent coefficient (m/s?): 0w

Number of particles: 5,000

Note: (D" The friction model is adopted in the simulation.

Figures C10 and C11 show the simulated deposit profiles. The extent of the landslide
affected zone is also shown on the figures. The simulated debris deposit spreads across the
shipyard by an extent which matches reasonably well with the site observation (i.e. red lines in
the figure). Also, the deposit extent simulated using 3d-DMM (SPH Version 2.0) also
matches with that by Kwan & Sun (2007) and Koo (2015).

The values of the apparent internal friction angle adopted in the back analysis of the
Verification Case No. 1 to 3 are equal to 30 . In this Verification Case, however, a slightly
higher apparent internal friction angle, 33°, was required for a close match with the measured
deposit profile. Apparent internal friction angle reduces the spreading of the landslide debris
deposition. The larger required internal friction angle possibly represents the resistance
against the landslide debris motions given by the shipyard structures.
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Figure C10 Comparison between the Field Evidence (red lines) and the Simulated
Debris Profiles Using (a) 3d-DMM (SPH Version 2.0) and (b) 3d-DMM
(PIC Version) (Kwan & Sun, 2007)
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