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NUMERICAL ASSESSMENT OF THE IMPACT AREA AND
THE GEOMETRY OF A LANDSLIDE DAM:
THE NAN-SHI-KENG LANDSLIDE, TAIWAN

Jian-Hong Wu'* and Ping-Hsuan Hsieh 2

ABSTRACT

This study predicts the impact area and the stability of a landslide dam of the moving Nan-Shi-Keng landslide in Taiwan for
different joint friction angles using a three-dimensional distinct element code, 3DEC. When the landslide occurs, the sliding mass
moves longitudinally along the basal sliding surface. Then, rocks spread laterally and ascend after they collide with the hill on the
opposite side of the river. Increasing the joint friction angle substantially decreases the impact area and the height of the landslide
dam. The computational results reduce the variation of the three-dimensional geometry of the landslide dam from that obtained
using empirical formulas and suggest that the landslide dam is stable. The 3DEC is a potentially important tool for local disaster

mitigation policy assessments of the impact of large landslides.
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1. INTRODUCTION

The anti-dip slope is classified as the rock formation dipping
approximately opposing to dip direction of the slope. Landslides
occurring on anti-dip slopes have been reported in many different
places in the world, such as Sahara in North Africa (Busche 2001),
Putanpunas stream in Taiwan (Lo 2017), the Tangjiawan landslide
in China (Fan et al. 2018), and the Nattai North landslide in Aus-
tralia (Do and Wu 2020a). In the literature, most studies on the
anti-dip landslide were focused on the local lithology and minerals
(Busche 2001), triggering mechanism (such as intensive earth-
quake, river erosion, or mining activities) (Fan et al. 2018; Do and
Wu 2020a), and slope stability (Fan et al. 2018; Yang et al. 2018).

Prediction of the impact area of an unstable landslide site is
crucial to establish appropriate soft countermeasures. The predic-
tion methods can be generally classified into empirical and numer-
ical approaches. Although empirical prediction provides a quick
evaluation of the impact area, it does not fully consider the local
topography, which strongly affects the failure behavior and the
depositional pattern of a landslide. Scheidegger (1973) proposed
the relationship given in Eq. (1) to predict the run-out distance of
a landslide on the basis of the landslide volume, but this neglected
the impact of local topography.
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where V is the volume of a possible landslide, and L and / are the
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horizontal distance and vertical distance between the two end
points of the landslide, i.e., from the crown to the farthest distance
rock travelling. For predicting the length of a landslide dam,
Nicoletti and Sorriso-Valvo (1991) classified catastrophic land-
slides into low-energy, moderate-energy, and high-energy dissipa-
tive landslides based on the total mechanical energy dissipation
caused by the local morphology. The accuracy of the empirical
formulas is highly dependent on historical data.

In numerical approaches, the local landform can be explicitly
considered in the post-failure simulation of a landslide. Sliding
rocks are simulated by a block assembly (such as in the discrete
element method) or a viscous fluid (such as in the continuum ap-
proach). In the discrete element method (DEM), the sliding rocks
are modeled as an assembly of spheres (Cundall and Strack 1979)
or polyhedrons (Itasca 2016a; Wu et al. 2018; Wu and Hsieh 2021)
with contact interactions. When the sliding rocks are simulated as
an assembly of spheres, the complex judgment of contact between
polyhedrons is simplified to be spheres, increasing the computa-
tional speed. However, the block geometry and surface friction an-
gle are not consistent with the geometry of and the surface friction
angle between blocks with planar boundaries in a real rock mass
(Wu et al. 2018). In addition, the packing pattern affects the be-
havior of sphere assembly, which may not represent the real be-
havior of the in situ rock mass. In the polyhedron-based DEM, the
geometry of the joints in the numerical simulation is explicitly pre-
sented and must follow the in situ rock mass. Complex judgment
of contact between polyhedrons for simulating the post-failure be-
havior of a block assembly is time expansive, especially when the
simulation includes more than ten thousand blocks travelling a
long distance. In the continuum approach (Kuo et al. 2013), a rhe-
ology model dominates the post-failure behavior of a landslide,
but appropriate parameters are hard to predict for a forward anal-
ysis of landslide simulation. In addition, a rheology model cannot
easily describe the anisotropic behavior of joints in the rock mass.

Historical records indicate the ease with which failure of a
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landslide dam occurs (Ermini and Casagli 2003) and that the ge-
ometry of a landslide dam is essential for assessing dam stability.
Because the local landform and the mechanical properties of the
rock mass strongly govern the geometry of the landslide dam,
there is considerable variation in the estimation of the impact area
of the landslide dam by empirical approaches (Ermini and Casagli
2003; Kuo et al. 2011). In this study, the impact area and the ge-
ometry of the landslide dam of the Nan-Shi-Keng landslide are as-
sessed using the DEM, for the following reasons:
1. This landslide is moving continuously.
2. The landslide impact area and the geometry of the landslide
dam have not been evaluated in the local disaster mitigation
policy.

2. SITE DESCRIPTION

The Nan-Shi-Keng landslide is located adjacent to Tainan City
Highway No. 175 (R-175) 25K+500 (23.205741°N, 120.46131°E)
in Taiwan (Fig. 1). The R-175 is a priority emergency route that con-
nects the Tseng-Wen Reservoir and the Wushantou Reservoir (Fig.
1(a)), and it is a main route linking residents living on the hillside area
around the Tainan City center. The average slope angle in the study

2.1 Local Geology

Geologically, the Nan-Shi-Keng slope is located between
the Jhongkeng Fault and the Wushantou Fault (Fig. 1(a)). The
rock strata at the landslide site belong to the Liuchungchi For-
mation, which is Pliocene—Pleistocene in age and made up
mainly of mudstone and sandstone. The strike of the rock strata
is approximately N15°E and their dip angle is 36-40°E. Fig. 1(b)
shows the rock outcrop (at point P in Fig. 1(a)) on a slope in the
north of the landslide site. Therefore, the landslide is located on
an anti-dip slope. The red dashed line (Fig. 2(a)) indicates the
extent of the sliding area based on published in situ investiga-
tions (Land Engineering Consultants Co. 2019), and the rock
mass on the slope can be divided into three layers based on rock
cores from five boreholes (boreholes 17-4, 17-5, 17-6, and BH-
1, BH-3) drilled on the lower slope of the highway (Fig. 2(b))
(Chen 2018; Cheien 2019; Land Engineering Consultants Co.
2019). The rock mass of the sliding area shown along the profile
of A-A’ in Fig. 2(a) is as follows (Fig. 2(b)):

1. Top layer: thin matrix-controlled yellowish colluvium at
shallow depths with occasional large sandstone blocks (for
which the standard penetration test blow count (SPT-N) is 5
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(a) Geological map of the study area

(b) Picture showing the eastward dipping rock layer at the north of the landslide (Point P in Fig. 1(a))

Fig. 1 Local geology and anti-dip slope picture at the Nan-Shi-Keng landslide



Wu and Hsieh: Numerical Assessment of the Impact Area and the Geometry of a Landslide Dam: The Nan-Shi-Keng Landslide, Taiwan

Retaining wall

157

5 Tainan city highway 175

Potential boundary
of the landslide

[ s s
0 400m

(a) Bird view of the slope and the locations of the inclinometer boreholes

17-6 17-5 BH-3 BH-1 17-4
DISPLACEMENT (cm) DISPLACEMENT (cm) 0 0 DISPLACEMENT (cm)
4 3 2 4 0 1. 2 3 4 0 8 6 4 2 2 2— 12 9 6 3 0.3 6 12
- 20180703 [ ~e- 2018/07/03
P oo 4 1o TR
< o621 i\ 18/06/21 5| = 20180703
2018/06/16 I o~ 2018/06/16 6 6— -o- 2018/07/01
iensor { o = oisoent e
- 201805716 +- 2018705716 s 8 10| & Biens
+ 201805708 ‘ 201870306 = otenerns
of - 2eosos ael 10 10 - 15 + 20180576 %
- 2018/05/06
18703723 201803723 i Ered
< 201803701 10] - 201870 = 12 - 20180404 H
2018/02/05 y 201802105 E £ A A
| Rkt < Ridois M £ T e
€ < 2007727450 £ - 201771271480 £ z P 1802708
€ E g16 E 16 44 E = 20180104
10 E 18} e 8 4 - 201772745
% 18 o )
8 5 ]
20 - 3|
20) 2 2 2 ol
& u 24 13 -
2% 26 by
25| 2 28 50)
=TT T o
-80 -40 0 40 80
= 80 40 0 40 80
S~ o i DISPLACEMENT () DISPLACEMENT (mm) T A
300 — ~o ~o ~ v ’
~<_ ~o N \ ’
- ~< ~ S \ ’
~ i ~ 5 *
g \
g
= n
£ 200
. -
=
g
5

400

500 600

Distance (m)

(b) Geometrical profile along A-A” with sliding rocks and fixed rock mass

Fig. 2 Locations of the inclinometers on the Nan-Shi-Keng landslide

2. Middle layer: yellowish, partially weathered, fractured sandy
mudstone (for which SPT-N is usually 11 — 20 but occasion-
ally larger than 100, and for which the rock quality designa-
tion (RQD) is 30 — 70);

3. Bottom layer: gray interlayered silty mudstone and sandy
mudstone (for which SPT-N is above 100 and RQD is 60 —
100). The dip angle of the bedding of the core is 35° — 65°
(Land Engineering Consultants Co. 2019), which is con-
sistent with measurements on rocks at the surface.

Based on inclinometer monitoring data (Chen 2018; Land En-
gineering Consultants Co. 2019) (Fig. 2(b)), the basal sliding sur-
face is located within the upper section of the bottom layer or at
the boundary between the middle and bottom layers.

2.2 Previous Slope Failures

Since the highway started to be operated in 1980, the slope
between the mileage of 25K +450 and 25K + 550 has been unstable.
Su (2007) and Chang (2013) concluded the disaster history of the
slope. In 1986, the slope started to deform significantly. The road-
bed sunk during every typhoon or heavy rainfall. In 1991, the road
sunk seriously due to a heavy rainfall. The highway maintenance
authority shifted the route close to the mountain side. However, the
typhoons and heavy rainfall continuously impacted the highway
stability by triggering the settlement and cracks on the pavement
during the rainy season from May to November. In July 1998, the
heavy rainfall sunk the roadbed and retaining wall by 1.5 m. The
local traffic was blocked. Comprehensive in-situ investigations,
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borehole drillings, and monitoring started to clarify the mechanism
and mitigate the slope deformation. Engineers designed a larger
slope stability protection hard measure, which was completed in
2000. The roadbed and the highway slope survived during the
heavy rainfalls induced by the typhoon of Toraji (2001) and Nari
(2001). Unfortunately, the road was damaged again by typhoon-
induced heavy rainfalls since August 2003. New investigations,
rectification designs and monitoring started. The first phase of
monitoring work was carried out from October 2005 to May 2006.
The emergency reinforcement and improvement project of the in-
stable slope was completed in February 2007. The second phase of
monitoring work was finished in 2009. The road slid during Ty-
phoon Kalmaegi (2008), Typhoon Morakot (2009) and other heavy
rainfalls. The highway maintenance authority added piles and pre-
stressed anchors to increase the stability of retaining wall in mid-
February 2012. However, cracks on the highway (Fig. 2(a)) and ex-
posing of the upper part of piles showed the significant slope move-
ment in 2018. In addition, the narrow creek channel near the toe of
the landslide (Fig. 2(b)) shows the possibility to generate a land-
slide dam after the landslide occurs.

Observations made in June, 2018 of cracks on the highway
pavement (Fig. 2(a)), where it borders the landslide, and in-situ
monitoring results of a long-range wire extensometer (Chien 2019)
and an inclinometer on the lower part of the slope (Chen 2018;
Chien 2019; Land Engineering Consultants Co. 2019) indicate that
the slope moves continuously and parallel to the dip direction to-
ward 300° of the slope. So far, engineers have succeeded in pro-
tecting the R-175 as well as farmhouses and orchards situated on
the upper and lower slopes of the highway through the use of re-
taining walls and drainage systems. However, the post-failure be-
havior of the landslide has not been studied even though the land-
slide may generate a landslide dam, which could greatly impact
the safety of downstream villages and the water source of the
Wushantou reservoir.

3. NUMERICAL AND EMPIRICAL APPROACHES
TO LANDSLIDE DEPOSITION

The objective of this study is to predict the possible impact
area of the Nan-Shi-Keng landslide based on detailed in situ ob-
servations (Kao 2006; Land Engineering Consultants Co. 2006; Su
2007; Chang 2013; Chung et al. 2013; Kao et al. 2014; Chien
2019) and numerical simulations. The accuracy of the impact area
prediction using numerical simulations is validated by empirical
approaches. The height and width of the landslide dam calculated
by the numerical simulations are then compared with those ob-
tained from statistical data and empirical formulas to assess the
stability of the landslide dam.

3.1 Numerical Approach

Discrete element methods (Wu 2010; Wu et al. 2017a,2017b,
2018; Chen and Wu 2018; Do and Wu 2019; Do and Wu 2020b,
2020c; Wu and Hsieh 2021) are numerical approaches that can
successfully simulate the post-failure behavior of different rock
avalanches. The distinct element method, which is a member of
the DEM family, models component rocks using polyhedrons.

The 3DEC (version 5.2) modeling software is a three-
dimensional (3D) numerical program using the distinct element
method to simulate the contact between polyhedrons with planar

boundaries. In the Nan-Shi-Keng landslide, the 3D landform ge-
ometry of the valley controls the movement and the deposition of
the sliding blocks. Therefore, the impact area of the landslide is
evaluated using 3DEC.

In the DEM, the behavior of both blocks and contacts at dis-
continuities must be considered. In this study, the blocks are as-
sumed to be rigid because movement along discontinuities be-
tween blocks accounts for most of the deformation in the rock
mass.

In 3DEC, the unknowns of each block (denoted by block i)
are the translational displacement and the angular displacement at
the block centroid in 3D coordinate directions (Hart et al. 1988).
Equations (2a) and (2b) are the governing equations for each block
in each time step.

a=0Q.F)/m (2a)

o, =3 M)/ 1T (2b)

where m is the block mass, @ is the acceleration vector, F in-
dicates the summation of external forces, 0., is the angular ac-
celeration vector, M represents the summation of moments, and
I indicates the moment of inertia of each block.

Figure 3 shows the calculation cycle in 3DEC. The force-
displacement law indicates that forces arise due to the block dis-
placements. The force-displacement laws are taken as incremen-
tal: that is, a change in displacement produces a change in force
that is added to the existing force stored for that contact. In one
time step, the incremental shear and normal displacements for a
given contact are evaluated from the incremental 3D displace-
ments at each block. New shear and normal forces are then calcu-
lated from the previous forces using incremental forces calculated
from the force-displacement equations. These contact forces are
then resolved into equivalent 3D forces and moments and added
to the other 3D forces and moments acting on each block. The
equation of motion in Fig. 3, that is, the summation of the force
built up at each block, is used to compute block accelerations, a,
in 3D by Eq. (2). The accelerations are numerically integrated to
obtain velocities, which are further integrated to give displace-
ments. With this new set of displacements, the calculation pro-
ceeds with the next time step.

In 3DEC, the common plane (c-p) is used to determine the
contacts between blocks (Cundall 1988). Figure 4 shows the posi-
tion of the c-p in response to the block geometry. The c-p is located
midway between the centroids of the two blocks, with a unit nor-
mal vector pointing from one centroid to the other. When block
contact occurs in 3DEC, the normal contact spring, k., and normal
contact damper, N, are connected in parallel (Fig. 5(a)). In addi-
tion, in the shear direction, the shear contact spring, ks, and shear

new position of blocks ———

For all blocks
(Equation of Motion)

For all contacts
(Force/Displacement Law)

+———> contact forces

Fig. 3 Calculation cycle of DEM (Cundall 1988)
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Fig. 4 Sketch of common-plane in 3D DEM (Cundall 1988)
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Fig. 5 Mechanical behavior of contacts in DEM

contact damper, 7s, are connected in parallel and connected to the
Coulomb slider, ¢ (Fig. 5(b)). Both contact springs and contact
dampers are numerical parameters. The details of 3DEC theory
and calculation algorithms are described in Cundall (1988), Hart
et al. (1988), and Itasca (2016a).

3.2 Empirical Approach

The Nan-Shi-Keng landslide is geomorphologically classi-
fied as a high-energy dissipative landform (Fig. 1) because of the
narrow river channel at the slope toe and a hill at the opposite side
of the slope (Nicoletti and Sorriso-Valvo 1991). The width of the
landslide dam can be calculated from:

WIiW.=0.21-0.51 3)

where W is the landslide width and W, is the landslide dam width.
Tsai et al. (2016) gave an alternative estimate for the landslide dam
width in Taiwan using:

W W=15-2.0 @)

In addition, Kuo et al. (2011) and Van Woerden (2018) in-
vestigated landslide dams triggered by heavy rainfalls in Taiwan
and New Zealand, respectively, and their correlations between the
volume and height of a landslide dam are plotted in Fig. 6. The
landslide dam in New Zealand is higher than the Taiwan dam even
though the dam volumes are the same. The empirical assessment
of the landslide dam height is site dependent, which means that it
is controlled by the mechanical properties of the local rock mass
and geometry of local topography. In addition, it is practically dif-
ficult to use Fig. 6 to predict the dam height from the volume of
the dam because, as shown by Ermini and Casagli (2003), there is
a wide variation in the proportion of landslide volume involved in
dam formation, ranging from approximately 100% to less than 1%.
Therefore, in the empirical approach, the landslide volume can
only be assumed to be the maximum volume of a landslide dam
when predicting the maximum height of the landslide dam.
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Fig. 6 Statistical relation between volume of dam and dam
height

4. NUMERICAL SIMULATION

4.1 Geometrical Considerations

Triangular prisms were applied to generate the 3D terrain in
3DEC. The top and the side views of the local 3D topography and
the source area of the landslide are shown in Figs. 7(a) and 7(b),
respectively. The triangles in Fig. 7 indicate the three monitoring
points (the crown and road are at the ground surface, while the
lower slope is located at the middle elevation of the sliding rocks),
and the red dots represent local farm houses. Figure 2(b) shows the
geometric cross section along the dip direction of the slope toward
300° in 3DEC. The gray blocks represent the fixed slope rock mass
and the brown blocks represent the inferred sliding rocks and soil.
Unstable geomorphic precursors and disaster histories define land-
slide boundaries on the ground surface (Kao 2014). A 300-m elec-
trical resistivity survey of the transverse section of the landslide
near the toe of the highway retaining wall conducted using the
pole-pole method with an electrode interval of 5 m showed a trap-
ezoidal cross section of the sliding rocks and soil (Land Engineer-
ing Consultants Co. 2006) and a 30° dip angle of the two legs. The
basal sliding surface along the A-A” cross section in Fig. 2(a) is
divided into three sections to simulate the curved basal sliding sur-
face (Fig. 2(b)):
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1. Section 1: The sliding surface at the crown dips at 60° toward
300°.

2. Section 2: The siding surface in the middle dips at 20° toward
300°. The surface was obtained by connecting sliding sur-
faces measured in boreholes BH-1 and 17-4;

3. Section 3: The sliding surface along the downslope dips at
14° toward 300°. The surface corresponds to the sliding sur-
face from inclinometer data from boreholes 17-6, 17-5, BH-
3, and BH-1;

In Fig. 2(b), the sliding rocks comprise colluvium, fractured
rocks, and part of the inherent silty or sandy mudstones. While the
matrix-controlled colluvium governs the top layer of the rock mass,
the joints and beddings in the middle and bottom rock layers dom-
inate the sliding rocks and soil. The colluvium at shallow depths
in the landslide site makes it difficult to clarify the discontinuity
geometries in the sliding rock mass. In addition, clear orientation
of the discontinuities in the cores has not been reported (Chang
2013). Chigira (2013) proposed that two joint sets that strike par-
allel and in the longitudinal direction of the landslide slope are
usually observed in deforming landslides. Therefore, in this study,
the following discontinuity sets cut the sliding rock mass as shown
in Fig. 8(a). The geometrical relation between the discontinuity
sets and slope is shown by the stereo net in Fig. 8(b) and is sum-
marized below.

1. Joint Set 1 (Js1): The joint set is at 90° toward 38°; it trends
northwest-southeast parallel to the landslide boundaries on
the ground surface and corresponds to the discontinuities
striking in the longitudinal direction of the slope.

(b) Side view (triangles are the monitoring points)

Fig. 7 Geometry of the local topography and the sliding blocks

(b) Stereo-net of the joint sets and slope

Fig. 8 Geometries of joint sets and sliding plane

2. Joint Set 2 (Js2): The joint set is at 14° toward 300° and is
parallel to section 3 of the basal sliding surface. Js2 corre-
sponds to the discontinuities striking parallel to slope.

3. Joint Set 3 (Js3): The joint set is at 40° toward 105°, which
corresponds to the bedding of the local anti-dip slope for-
mation.

The landslide width, which is the maximum width of the slid-
ing zone, is 116 m, as measured from the sliding zone of the nu-
merical model. The spacing of each joint set (Jsp) in this study was
assumed to be 5 m to complete computations within a reasonable
time. In the 3DEC simulations, the volume of the sliding rocks is
279,758 m, and the total number of sliding blocks is 9696.

4.2 Parameter Installations

Parameters for the 3DEC simulations include physical and
mechanical parameters and numerical parameters. Table 1 lists the
parameters used in this study. Physical and mechanical parameters
relate to the properties of blocks and discontinuities, whereas nu-
merical parameters are applied to ensure numerical stability in the
3DEC simulations.

4.2.1 Physical and Mechanical Parameters

Figure 1(a) shows that the sliding slope, the valley near the
slope toe, and the opposite slope constitute the Liuchungchi
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Formation. One set of physical properties applies to all blocks,
and one set of joint mechanical properties applies to all joints
and ground surfaces (Table 1). The block density is set at 2,200
kg/m® (Kao 2006), and the driving gravity is 9.8 m/s?. The nor-
mal direction and shear direction of joints follow the elastic
spring model and Coulomb-slip joint model, respectively, in the
total stress (Itasca 2016a). The slope is moving, and the joints
are assumed to be in the residual state and the joint cohesion is 0
kPa. Table 2 shows the range of friction angle of the soil in the
colluvium (¢ = 15.0° — 23.3°) and the weak planes of rocks (¢ =
21.0° — 33.6°), which were obtained from the literature. The
mean of the friction angles of the soil of the colluvium and the
weak plane of rocks are 19.6° and 22.1°, respectively. Therefore,
the mean value of the friction angle of the weak plane of rocks is
2.5° higher and has a wider variation than that of soil in the col-
luvium. In this study, the friction angles of the colluvium zone
and the fractured rock zone are assumed to be the same to sim-
plify the calculation. The joint friction angle is assumed to be
less than 14°, which is the dip angle of the basal sliding surface
of Js2 described in Section 4.1 because the post-failure simula-
tion is the main target of this study. Pore pressure fluctuations
associated with the joint movement are not explicitly considered.
By sensitivity analysis, the effect of pore pressure is simulated
by decreasing joint friction angles. Therefore, the simulation
with the worst scenario, ¢ = 10°, was conducted first. Subse-
quently, sensitivity analysis was performed to investigate the ef-
fect of three cases of friction angles of all the joints and surfaces
on the impact area and the geometry of the landslide dam:

1. Case 1: ¢ = 10°; this is the minimum value from the direct
shear tests on a joint adjacent to the basal sliding surface (Kao
2006), and it corresponds to the worst scenario of the post-
failure simulation.

Case 2: ¢ = 12°.
3. Case 3: ¢ = 14°; this is the smallest dip angle of the moving
basal sliding surface (Fig. 2(b)) and can be considered the up-

per bound of the joint friction angle to the post-failure simu-
lation.

Table 1 Parameters for the numerical analysis

Item | Value | Remarks
Physical and mechanical parameters
Block Density (kg/m®) 2,200 Kao 2006
Cohesion (kPa) 0.0
Joint Friction angle (°) 10,12, 14 Table 2
Tensile strength (kPa) 0.0
Numerical parameters
Normal contact sprin, Shear contact sprin,
stiffness, &, (Pal/)m) i 3x10° stiffness, &, (Pg/m)g 3x107
Normal contact damper, 0.0 Shear contact damper, 1 0.0
M. (MNsec/m) ) (MNsec/m) )

Table 2 Friction angle of the joints and soils of the study site

Sample Fr1ct1<(>cx)1) angle Test method Reference
15.0-19.5 Triaxial tests Chang (2013)
Soils in the colluvium Back calculgtlon Chung et al.
233 from numerical
. . (2013)
simulations
Rocks containing 21.0-33.6 |Direct shear tests| Chang (2013)
weak plane

4.2.2 Numerical Parameters

In 3DEC, to increase the numerical stability in the dynamic
calculations, numerical parameters including time step, damping
constant, and contact spring stiffness are considered. The time step
is calculated automatically by the 3DEC. Determining the appro-
priate damping constants has the following two difficulties:

1. When they are physical parameters, suitable damping con-
stants cannot be obtained for the computations without con-
ducting in situ tests. Unfortunately, we did not conduct in situ
tests or obtain in situ damping data;

2. When they are numerical parameters, to mitigate unwanted
vibrations in the discrete element calculations, block contacts
change remarkably in each step with large block displace-
ment.

In addition, the time increment in each time step significantly
governs the system vibration. Therefore, the numerical vibration
pattern changes remarkably in each step, and it is difficult to pre-
dict the suitable damping constants to properly mitigate the un-
wanted system vibration in each step. In this study, numerical
damping is not considered in the simulations in order to reduce the
number of numerical parameters.

The solution for the distinct element method is only condi-
tionally and numerically stable if the time increment At is less than
the critical value, Atuiical. The critical time increment can be deter-
mined by the inter-block relative displacement, which can be de-
termined by calculating the limiting time increment from the mass
of the smallest block in the system, Mmin, and the maximum con-
tact stiffness, Kmax, in Eq. (4) (Itasca 2016a):

1/2
= FRAC x 2(M—mj )
K

max

At

critical

where FRAC is a user-defined factor that accounts for the fact that
a block may be in contact with several blocks with a default value
of 0.1 (Itasca 2016a).

In this study, contact spring stiffness is a numerical parameter
to ensure both numerical stability and large critical time increment
to complete the post-failure simulation. Because the mass of the
smallest block, Mmin, in a blocky system is determined physically
on the basis of block volume and density, a soft contact spring in-
creases the critical time increment. Then, the post-failure behavior
of a landslide can be simulated by fewer calculation steps. In ad-
dition, a soft contact spring also decreases the unwanted contact
vibrations and the calculation cycles for a system to approach the
equilibrium state (Cundall and Strack 1979). The contact spring
stiffness k» = ks ensures an elastic contact (Cundall and Strack
1979). However, if the contact spring stiffness is too small, insuf-
ficient contact force results in abnormal block penetration in the
calculations. Therefore, the appropriate value of contact spring
stiffness is determined by trial and error based on the following
two criteria: no block penetration and no abnormal block move-
ment, such as abnormal block flying, can occur in the landslide
simulation. In Fig. 9(a), some sliding rocks penetrate to the bottom
blocks when ki = ks = 1x10° Pa/m and ¢ = 13 s. In addition, when
t =50 s, the simulation result of final block deposition with k. = ks
=1 x 10° Pa/m (Fig. 9(b)) is different from those with k, = k; = 3
x 107 Pa/m (Fig. 9(c)) and 3 x 10® Pa/m (Fig. 9(d)). Although the
simulation results with k» = ks =3 x 107 Pa/m (Fig. 9(c)) and
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Penetrating blocks "

(a) k, = ks =1 x 10° Pa/m (side view)  (b) k, = k, = 1 x 10° Pa/m (bird view)

Lo 4

(¢) ky = k; =3 x 107 Pa/m (bird view)  (d) k, = k, = 3 x 10® Pa/m (bird view)

Fig. 9 Simulation results with different contact spring stiffness

3 x 108 Pa/m (Fig. 9(d)) are similar, in this study, the former con-
dition is considered for the sequential 3DEC simulations because
a soft contact spring results in high numerical stability and lower
computational cost.

4.3 Boundary Condition

The gray blocks in Fig. 9 are fixed by setting the zero veloci-
ties at the centroid point of each block (Itasca 2016b). In addition,
when blocks are in contact to each other, the joint boundaries of
the sliding blocks and those between the sliding blocks and fixed
blocks also follow the Coulomb-slip joint model and the elastic
spring model in the directions parallel and normal to the joint, re-
spectively (Itasca 2016a). The physical parameters of the joints are
shown in Table 1.

5. COMPUTATION RESULTS

5.1 Landslide Simulation with ¢ =10°

Figure 10 shows the landslide process with ¢ = 10° in the
3DEC simulations. At the beginning of the landslide (= 10 s), the
blocks slide mainly parallel to the dip direction of the basal sliding
surface (Fig. 10); this sliding direction is very close to the domi-
nant sliding direction given by the inclinometer data. At 15 s (Fig.
10(b)), the sliding blocks climb the opposite slope. At 20 s (Fig.
10(c)), the sliding blocks spread laterally upstream and down-
stream of the Nan-Shi-Keng creek. Lastly, at 50 s, the final depo-
sition of the sliding blocks is as shown in Fig. 10(d). In this study,
the simulation is terminated when the velocity of each block de-
creases below 1 m/s (Fig. 11(a)). Most sliding rocks move 100 m
to 300 m by the end of the landslide (Fig. 11(b)). Figure 11(c)
shows the time-dependent velocity changes of the three monitor-
ing points (crown, road, and lower slope) with maximum values of
14.11 m/s, 19.74 m/s, and 18.11 m/s at 30.96 s, 24.78 s, and 14.11 s,

sliding direction N

\ 4

(a) time = 10s

Ry

(b) time = 15s

W

(c) time = 20s

> @

(d) time = 50s

Fig. 10 Failure process of the Nan-shi-keng landslide with
0 =10°

respectively. In addition, the final displacements of the three mon-
itoring points are 277.51 m, 290.06 m, and 162.85 m, respectively

(Fig. 11(d)).
5.2 Sensitivity Analysis of the Joint Friction

In this section, landslide simulations with ¢ equal to 12° and
14° are added to discuss the effect of the joint friction angle on the
landslide behavior. Many sliding rocks remain on the slope at the
end of the calculations when the angle is 12° and 14° (Fig. 12).
Compared with the case where ¢ = 10° (Fig. 11(b)), the dominant
block displacements depositing on the slope are 100 — 200 m (in
green) when ¢ = 12° (Fig. 12(a)) and 50 — 75 m (in blue) when
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Fig. 11 Computational block velocity and displacement with
o=10°

& = 14° (Fig. 12(b)). In addition, the number of blocks with dis-
placement exceeding 250 m (in red) decreases as the joint friction
angle increases.

When ¢ = 12°, the maximum velocities of the three monitor-
ing points (crown, road, and lower slope) are 7.85 m/s, 7.40 m/s,
and 12.93 m/s at 19.33 s, 8.66 s, and 18.30 s, respectively (Fig.
13(a)). In Fig. 13(b), the final displacements of the three monitor-
ing points are 83.52 m, 103.73 m, and 135.15 m, respectively.
When ¢ = 14°, Fig. 13(c) shows that the maximum velocities of
the three monitoring points are 6.60 m/s, 5.28 m/s, and 6.52 m/s at
10.21 s, 9.07 s, and 13.28 s, respectively. The final displacements
of the three monitoring points are 47.39 m, 53.50 m, and 79.31 m,
respectively. Comparison of Figs. 11(c) and 11(d) with Fig. 13 in-
dicates that the maximum velocities and displacements of each
monitoring block decrease as the joint friction angle increases.

Figure 14 shows the impact area of the landslide at different
joint friction angles (¢ = 10°, 12°, and 14°) simulated by 3DEC
and the locations of possible damage to the local farmhouses. The
rock volume sliding into the river channels, the lateral spreading

of the deposit zone, and the horizontal distance that the rocks climb
on the opposite slope increase as the joint friction angle decreases.
The red hollow circles represent the farmhouses that may be im-
pacted by a future Nan-Shih-Keng landslide. The red dots repre-

sent the houses with low possibility of being impacted by the land-
slide.
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Fig. 14 The impact area of sliding blocks with different joint
friction angles

In addition, computation results confirm that the landslide
generates a landslide dam (Figs. 14 and 15). The width of the land-
slide dam, W,, is defined to be the longest distance of the highly
concentrated deposited blocks in the simulation and is 478 m (for
& = 10°; Fig. 15(a)), 355 m (for ¢ = 12°; Fig. 15(b)), and 300 m
(for ¢ = 14°; Fig. 15(c)).

In the case of ¢ = 10°, the side view along the profile B-B’ in
Fig. 7(a) shows that the dam height (Fig. 16(a)) is 21 m in the val-
ley, and the horizontal deposit distance is 191 m. When ¢ = 12°
and 14°, the dam height along B-B’ (Fig. 7(a)) in the valley is 14
m (Fig. 16(b)) and 9.4 m (Fig. 16(c)), respectively. In addition, the
horizontal deposit distance is 336 m (Fig. 16(b)) and 354 m (Fig.
16(c)), respectively.

The deposits thickness along profile C-C” (Fig. 7(a)) in Fig.
17 can be divided into two groups according to the thickness.
When ¢ = 10° (Fig. 17(a)), the deposit thickness is 20 m in the
upstream and 7 m in the downstream areas. When ¢ increases to
12° and 14°, the deposit thickness in the upstream region changes
to 15 m (Fig. 17(b)) and 12 m (Fig. 17(c)) and that in the down-
stream region decreases to 5 m (Fig. 17(b)) and 0 m (Fig. 17(c)).

Using empirical approaches, the landslide dam width,
Wa, was estimated to be 232 — 552 m from Eq. (3) (Nicoletti and
Sorriso-Valvo 1991) and 174 — 232 m from Eq. (4) (Tsai et al.
2016). In Figs. 15(a) to 15(c), the minimum and the maximum
landslide dam widths from the empirical formulas are shown as a
red line and the summation of the red and yellow lines, respec-
tively. All scenarios (¢ = 10°, 12°, and 14°) show that the landslide
dam width yielded by the 3DEC analysis is close to the results ob-
tained from the empirical formula of Nicoletti and Sorriso-Valvo
(1991) but substantially larger than the results obtained from the
empirical formula of Tsai et al. (2016).

In addition, the height of the landslide dams in Taiwan is sta-
tistically calculated as 0 — 10 m (Fig. 6(a)). Clearly, assessing the
height of the landslide dam following Kuo et al. (2011) is difficult,
especially for the prediction of a landslide, because the dam vol-
ume is unknown. In this study, the landslide volume is assumed to
be the maximum dam volume in Kuo ef al. (2011). Regarding the
3D depositional geometry after the landslide obtained from the

100m

(©) ¢ =14°

Fig. 15 Top view of the landslide depositions calculated by 3DEC
(the empirical formulas are shown as a red line and the
summation of the red and yellow lines)
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Fig. 16 Block deposition along B-B’ profile
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Fig. 17 Block deposition along C-C’ profile

3DEC simulations, the height of the landslide dam along pro-
file C-C" is 20 m (¢ = 10°), 15 m (¢ = 12°), and 12 m (¢ = 14°);

thus, the variation of the height of the landslide dam is reduced
compared with that obtained from the conventional statistical cal-
culations (Kuo et al. 2011).

Table 3 lists the results from the empirical and statistical ap-
proach and the 3DEC simulations. Assessing the impact area using
3DEC has the following advantages over that using an empirical
approach:

1. The 3DEC simulations clarify the 3D post-failure behavior of
the landslide. The Nan-Shi-Keng landslide moves parallel to
the dip direction of the basal sliding surface. The sliding
blocks collide with the opposite hill and spread laterally up-
stream and downstream of the river.

2. The 3DEC simulations explicitly consider the geometry of
the local landform and reduce the variations of the geomet-
rical parameters. The computational results indicate the se-
vere damage of the R-175 highway and classify the local
houses that have high and low damage risk (Fig. 14). Table 3
provides dam geometry to evaluate the stability of the dam in
the next step.

Table 3 Movement and geometrical data from the 3DEC simu-

lations
Case 0=10° 0=12° 0=14°
Maximum Crown 14.11/30.96 | 7.85/19.33 | 6.60/10.21
velocity (m/s) Road 19.74/24.78 | 7.40/8.66 5.28/9.07
/ time (sec) Lower slope 18.11/14.11|12.93/18.30 | 6.52/13.28
Final displace- Crown 277.51 83.52 47.39
ment (m) Road 290.06 103.73 53.50
Lower slope 162.85 135.15 79.31
Dam height (m) 21 14 9.4
, Horizontal distance
B-B'profile | ¢ ihe depositional | 191 336 354
zone (m)
Landslide dam This study 20 15 12
éh‘ék’;fzzfel‘zg Kuo ef al. (2011) 0-10%
This study 478 [ 355 [ 300
Landslide dam | Nicoletti and Sor-
width (m) | riso-Valvo (1991) 232-552
Tsai et al. (2016) 174 -232
Watershed area 4, (m?) 588,712
DBI 204 | 18 | 180

* The landslide volume is considered as the maximum dam volume for the
empirical assessment in Fig. 3 of Kuo ef al. (2011) to be maximum dam
thickness

5.3 Landslide Dam Stability Analysis

Ermini and Casagli (2003) proposed a dimensionless blockage
index (DBI), which uses watershed area (4;), dam height (H,), and
dam volume (7,) to calculate the stability of a landslide dam:

DBI = log (—A” xH, j ©)
Va

The watershed area upstream of the landslide dam is 588,712
m?. The dam height and dam volume are individually defined as
the distance and the deposit volume between the lowest point in
the dam crest and the base of the valley (Nash 2003). The dam
height and dam volume of the Nan-Shih-Keng landslide dam with
different joint friction angles according to 3DEC simulations are
presented in Table 3. The DBI of the Nan-Shih-Keng landslide
ranges between 1.80 and 2.04, which is less than 2.75. Therefore,
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the landslide dam is regarded as stable (Ermini and Casagli 2003).

In this study, the computation time for each case is 4 days
(with an Intel Core 17-9700 CPU@ 3.00 GHz and 16 GB RAM)),
and the computational efficiency is the major concern when deter-
mining the block size with a joint spacing of 5 m. When the joint
spacing follows the actual in situ RQD, which is 30 — 70 and 60 —
100 for the rock mass of the middle and bottom layers, respectively,
the joint spacing in 3DEC simulation should be much less than 5
m. Such small joint spacing significantly increases the number of
sliding blocks and thus the computation time, which may be too
high to be acceptable for the current commercial 3DEC program
and computer hardware. Improving the computational efficiency
to simulate landslide movement with the exact in situ block size
within an acceptable computation time remains a challenge. Nash
(2003) provided an alternative approach to discuss the effect of the
landslide dam geometry: a larger average block size generates a
higher dam height. The landslide dam height from 3DEC with a
joint spacing of 5 m in this study overestimates the actual potential
dam height. However, the effect of block size on the impact area
remains unclear. Clarifying the effect of block size on the width
and length of the landslide dam is an essential topic for future
study.

6. CONCLUSIONS

This study successfully performed sensitivity analysis to sim-
ulate the post-failure behavior of the Nan-Shi-Keng landslide in
3D with different joint friction angles (¢) and estimated the possi-
ble effect of joint friction angle on the impact area of the landslide.
The computation results indicated that the R-175 highway and the
farmhouses and orchards on the upper and lower slopes of the
county road are at high risk to landslide impact. The sliding rocks
not only move longitudinally along the sliding surface but also
spread laterally after they collide with the hill on the opposite side
of the river. A three-dimensional distinct element (3DEC) simula-
tion with ¢ = 10° yielded the maximum landslide dam width and
thickness, 478 m and 21 m, respectively. The width of the land-
slide dam estimated using 3DEC is consistent with that calculated
using the empirical formula proposed by Nicoletti and Sorriso-
Valvo (1991) but larger than that using empirical formula pro-
posed for Taiwan by Tsai et al. (2016). The simulation results
showed that the stable landslide dam geometry changes substan-
tially when the joint friction angle is increased from 10° to 14°.
Therefore, 3DEC is a potentially important tool for estimating the
3D impact zone of a landslide occurring on an anti-dip slope.
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