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Abstract

In August, 2009, the Typhoon Morakot hit Taiwan and induced many

landslide hazards. An induced landslide event happened near the Yucheliao

settlement, Meishan town, Chiayi county, Taiwan. According to data and

research after Typhoon Morakot, slopes near Yucheliao are considered as

potential region for deep-seated landslide. In this study, the characteristics of

the Yucheliao Landslide event is examined with the particle image velocimetry

(PIV) analysis and numerical simulation.

The PIV results show that the landslide block slipped southwardly after

triggered. The block slip is 40 m averagely in horizontal distance, and the

maximum slip is 60 m. However, the inaccuracy of the results occurs in the PIV

analysis due to severe change in land cover and large interrogation window size.

From the numerical simulation, it is estimated that both the slope with

homogeneous rock and slope with layered rock are more stable than the slope

with pre-existing slip surface. The slip surface could be roughly interpreted by

surface displacement with numerical modeling, but the depth and geometry

have obvious differences from real situation. By considering the underground

deformation of the landslide, the accuracy of interpreting potential slip surface
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could be improved when other approaches are applied.

Keywords: deep-seated landslide, Yucheliao landslide, PIV, FEM, shear

strength reduction, slope stability analysis
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1. Introduction

With growing population, expansion of settlements and overexploitation

in mountainous areas, catastrophic slope failures have caused extensive

buildings damage and threatened human lives globally in the past decades

(Dai et al., 2002; Nadim et al., 2006; Keefer and Larsen, 2007; Highland and

Bobrowsky, 2008). There were more than fifty thousand people affected by

catastrophic landslides in the period of 2000-2018 around the world based on

the statistic of EM-DAT (Emergency Events Database) in International

Disaster Database (Guha-Sapir et al., 2019). While in Taiwan, according to

the database from National Science and Technology Center for Disaster

Reduction (NCDR), there were over 8,000 slope failures and landslide events

happened during 2000-2017, which resulted in about 970 deaths.

Many studies have investigated the basic physics of landslide triggering

or reactivation, and the main factors of landslide occurrence are generally

considered to be heavy rainfall and severe seismic shaking (e.g., Iverson,

2000; Keefer, 2000; Guzzetti et al., 2007; Jibson, 2007; Crosta and Frattini,

2008; Wasowski et al., 2011). Slow-moving or creeping slopes may further

evolve to rapid and destructive landslides (Chigira, 1992; Dramis and

Sorriso-Valvo, 1994; Kilburna and Petley, 2003; Petley et al., 2005).
1
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Therefore, detecting and monitoring slope deformation can provide better

clues to landslide forecast and identify potential landslide sites, and are

crucial in hazard risk management and assessment. The location and scale of

creeping landslides could be preliminary interpreted by the features of

topography from remote sensing images, with supporting information such

as geological maps, slope aspects, in situ monitoring data and field

observations (Kéib, 2002; Glenn et al., 2006; Kasai et al., 2009; Lillesand et

al., 2014). However, there still remain difficulties for detailed

characterization of slope deformation over greater spatial and temporal scales.

For the purpose of reducing casualties and property losses, not only mapping

the areas susceptible to potential landslides is important but also landslide-

affected area has to be considered the, as well as disaster prevention education

and evacuation of protected targets for the disaster mitigation.

For landslide hazard assessments, the monitoring of potential deep-

seated landslide is a significant issue. The application of Synthetic Aperture

Radar Differential Interferometry (D-InSAR) to detect an unstable slope

indicated the potential capability of this technique (Fruneau et al., 1996), and

the development of Multi Temporal Interferometry (MTI) technique

overcame the main factors including coherence loss in vegetated areas and
2
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atmospheric effects limiting the performance of D-InSAR in landslide

investigation (Hilley et al., 2004; Bovenga et al., 2006; Colesanti and

Wasowski, 2006). In Taiwan, MTI techniques are also applied for the

monitoring of potential landslides (Chen et al., 2017; Dong, 2017). However,

because the deformation is too large to be derived from phase change in radar

wave, D-InSAR and MTI techniques could hardly detect movement of

landslide body with several meters.

By comparing the ground objects in remote sensing images between pre-

event and post-event, the horizontal displacement over 10 m could be derived.

(Lin et al.,2004; Lin et al., 2014). The limitations of comparing the ground

objects are that the distribution of ground objects is uneven, and the

displacement with wide distribution cannot be derived. Therefore, an

alternative which can remedy the limitation of MTI techniques and ground

objects has to be considered.

Particle Image Velocimery (PIV) technique could be another attempt to

analyze displacement of landslides. Originally, the PIV technique was applied

in the hydromechanics field (Landreth rt al., 1988; Adrian, 1991; Lecordier

et al., 1994). With the advantage of analyzing displacement of whole image

by cross-correlation method, the PIV technique can provide displacement of
3
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landslide with large movement in wide distribution. Dominquez et al. (2003)

used SPOT satellite image with the cross-correlation method to measure

horizontal coseismic displacement along the Chelungpu fault in the 1999 Chi-

Chi earthquake. In other research work (Kééb et al.,2000; Kiib et al., 2002),

the cross-correlation method was applied for monitoring glacial movement

from repeated air- and spaceborne optical data. Chan et al. (2004) and Chen

and Lee (2005) analyzed the surface rupture resulted from the 1999 Chi-Chi

earthquake and the near-fault surface displacement for the 2003 Chengkung

earthquake in eastern Taiwan with the PIV technique. Tseng et al. (2009)

analyzed non-catastrophic landslide triggered by the 1999 Chi-Chi

earthquake in central Taiwan with the PIV technique applied to digital aerial

photos.

Slope stability and geometry of landslide subsurface are also crucial for

landslide hazard assessments. For stability evaluation of a slope, accurate

geotechnical site characteristics are essential. With limited site investigation

data constrained by exploration techniques, subsurface information used in

subsequent slope stability analysis involves uncertainty. Varnes (1978) and

Carter and Bentley (1985) introduced graphical methods for inferring

landslide subsurface from ground displacement. Bishop (1999) estimated the
4
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depth of landslide sliding surface in translational slide by geometrically

balancing along downslope cross-section, and this approach is similar to

balanced cross-section method in structural geology (Woodward, 1989).

Elastic dislocation model is an alternative for estimating subsurface slip and

commonly performed for modeling static elastic deformation. (Steketee,

1958; Okada, 1985, 1992). Nikolaeva et al. (2014) applied elastic model to

invert surface displacement of a landslide estimated by InSAR and inferred

the subsurface.

Slope stability analysis by finite element method (FEM) have been

developed in the past years (Zienkiewicz et al., 1975; Griffiths and Lanem

1999; Griftiths and Marquez, 2007; Zheng et al., 2006, 2009; Hammouri et

al., 2008; Le, 2014; Liu et al. 2015; Javankhoshdel et al. 2017; Zhang et al.,

2018). With the FEM based shear strength reduction analysis, stress, strain,

displacements and location of the critical slip surface could be obtained (Ugai

and Leshchinsky, 1995; Duncan et al., 1996; Griffiths, 1999; Matsui and San,

1992; Xu et al., 2005; Xu and Low, 2006; Zhang and Dai, 2010; Chen et al.,

2018; Liu et al., 2018; Moallemi et al.,2018). In contrast with the balanced-

cross section and elastic dislocation model, strength reduction analysis based

on the FEM is independent on ground displacement. This method depends on
5
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the properties of material and geometry of the slope. Moreover, the failure

process and development of strain distribution could be shown by the FEM

based shear strength reduction analysis (Duncan et al., 1996; Griffiths, 1999).

In this study, the aim is to examine the characteristics of landslide

induced by the Typhoon Morakot in central Taiwan. The Typhoon Morakot

influenced Taiwan during August 6, 2009 to August 10, 2009 and triggered

more than 1,500 landslides. For example, the landslide event in the Shiaolin

Village, Kaohsiung caused 400 deaths and the landslide body were over 25

million m3 in volume. Another example is the Yucheliao Landslide, which is

in Chiayi County. In contrast with the case in the Shiaolin Village, the

Yucheliao Landslide is also triggered by the rainfall brought by the Typhoon

Morakot, but the landslide body almost remained and stayed on the slope (Fig.

1-1).

The purpose of this research is to estimate and characterize the

Yucheliao Landslide. The work includes: (1) Cross-correlate the orthoretified

aerial photographs with the PIV technique. (2) Discuss the PIV analysis to

evaluate the calculated results of ground displacement. (3) The FEM based

shear strength reduction analysis via numerical simulation. (4) Inverse the

geometry of the landslide subsurface with ground displacement by the FEM.
6
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In this study, there are three orthoretified aerial photos acquired from

Aerial Survey Office, Forestry Bureau, and they are taken in 2001, 2007 and

2009 respectively. These photos keep the information about displacement of

ground objects due to the Typhoon Morakot (Fig. 1-2). With orthoretified

images, the Yucheliao Landslide can be analyzed and measured by the cross-

correlation method of the PIV technique. The results of the horizontal

displacement near the Yucheliao Landslide are presented as a displacement

vector map. In addition, the PIV technique can show distinguishable regions

by the magnitude of displacement on the study area. Based on the results from

the PIV analysis, some inferences of the Yucheliao Landslide can be made.

For example, the characteristics of slope failure can be inferred, and the

mechanism of the Yucheliao Landslide would be discussed by combining

with other geological data, such as rock mechanics, well drilling, or

geological maps.

In numerical modeling, the shear strength reduction method is applied

for slope stability analysis. The Shear strength reduction method was

introduced by Dawson et al. (1999), and widely applied for slope stability

analysis and estimating potential landslide subsurface (Fig. 1-3). A simplified

slope model for the Yucheliao Landslide is introduced in this study, and the
7
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result from the shear strength reduction will be examined by limit equilibrium

method, which is another method applied for slope stability. With the ground

displacement from the PIV analysis and the FEM based shear strength

reduction method, the interpretation of the landslide subsurface will be on

trial with the FEM analysis. The result from the numerical modeling can

provide the stability of the Yucheliao Landslide, and the deformation

mechanism of the landslide block can be examined with the ground

deformation data.

po——

P’

Figure 1-1. The main scarp and lateral scarp are obvious in the photo taken
near Yuchelaio landslide (Lin et al., 2014). This photo is taken in the
direction toward north.
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Figure 1-2. Aerial photo taken after Typhoon Morakot overlain on the one taken
in the pre-event period. Green lines and green polygons represent roads and
construction before failure, and red lines and red polygons represent moved

roads and constructions after failure.
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Figure 1-3. Slope model which Dawson et al. applied strength reduction method.
(a) Numerical mesh of the slope model composed by homogenous soil. (b)
Velocity field at collapse, along with critical log-spiral surface. (Dawson et
al., 1999)
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2. Study Area

In 2009, Typhoon Morakot led to caused landslide events near Taihe

Village, Chiayi County in central Taiwan (Fig. 2-1). Near Yucheliao

Settlement, Taihe Village, a landslide was trigged due to the heavy rainfall,

and this landslide was named as Yucheliao Landslide. The width of the

Yucheliao Landslide is 250 m in E-W direction, and the length is 600 m in N-

S direction (Fig. 2-2). The height of the main scarp is 30 m, and the height of

the lateral scarp is about 5-10 m. Estimated depth of sliding surface is 50 m.

The area of landslide body is 14.3 hectares. The average slope angle is 26°

(Fig. 2-3). Yucheliao Landslide mainly slipped southwardly and the

maximum of displacement is 60 m. After the failure, the southern part of the

landslide body blocked the E-W trending river to the south, and a dammed

lake formed. The landslide body stayed on the slope after the failure was

triggered.

The Yucheliao Landslide is located in the region of Geological map of

Taiwan scale 1:50000, Yulin mapsheet (Liu et al., 2004). Rock units in the

near region are Miocene sandstone. The Yucheliao Landslide is mainly

composed of the Nanchung Formation (Nc) and Kandaoshan Sandstone (Kck)

(Fig. 2-4). Based on geological survey and borehole data, the Nanchung
11
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Formation could be divided into 4 units: Nc1~Nc4 (CGS, 2010, 2011; Lin et

al., 2014). Nc1 and Nc¢3 are interbedded sandstone and shale, and they contain

much sandstone. Nc2 and Nc4 are also interbedded sandstone and shale, but

they contain much shale. There are 9 boreholes near the Yucheliao Landslide

(Table 2-1). Based on the core of borehole data, it is estimated that the

landslide sliding surface is located at the interface between 10 m-thick

sandstone and 10-m thick sandstone and shale in Nc2 (Fig. 2-5). The

geological map and profile are shown in Figure 2-4 and Figure 2-6.

The geological structure near the Yucheliao Landslide is a system of

folds including anticline A, syncline B, and anticline C shown in the

geological map. Syncline B and anticline C are proposed to be minor folds

with the limbs of the main fold. Anticline A is NE-SW trending and plunged

in SW direction. The Yucheliao Landslide is located at the eastern limb of

anticline A, and anticline A plunged to the west of Yucheliao Landslide.

Controlled by anticline A, the Yucheliao Landslide is inferred to slip along

the dip direction of bedding. Therefore, the Yucheliao Landslide can be

characterized as a dip slope failure.

12
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Figure 2-1. (a) Location of the Yucheliao Landslide in Chiayi County, Taiwan.
Topography is based on the 40 m resolution DEM. (b) Aerial photo taken on
24/08/2009 around the Yucheliao Landslide, and the photo is draped over

topography based on the 5 mresolution DEM. Coordinate system applied on these
maps is the Taiwan Datum 1997 (TWD97).
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Figure 2-2. Landslide scarps determined from the 5 m resolution DEM and aerial
photos.
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Figure 2-3. Slope map around the Yucheliao Landslide. Generally, slope angle around
the Yucheliao Settlement ranges from 20" to 30",
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Figure 2-4. The geological map near the Yuchelaio Landslide. Coordinate system
applied on the map is TWD97. (modified from Liu et al., 2004; Lin et al., 2014.)
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Borehole Depth (m) Rock units
BO1 100 Nc4, Nc3

B02 80 Nc2, Ncl

B03 80 Nc2

B04 100 Nc3, Nc2, Ncl
BO5 80 Nc3, Nc2

B06 80 Nc3, Nc2

B0O7 80 Nc3, Nc2

BO8 60 Nc3, Nc2

El 80 Nc2

Table 2-1. Rock characteristics revealed by the boreholes near the Yucheliao Landslide.

B06(80m) B08(B0m)
B04(100m) -
BOS(BOm) inclinometer

o)
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oA silt
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gravel
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=]
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cm,

— gravel

>
)
S
|

+— sand

S5 in

Figure 2-5. Stratigraphic columns derived from the borehole B03, B04, B06 and B0S.
Red part is interlayer shearing, and the pink dot line is the location of the landslide
sliding surface (modified from Lin et al., 2014).
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Figure 2-6. The geological profile along A-A’ direction in figure 2-4. (modified from
Lin et al., 2014)
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3. Methodology

3.1 Particle Image Velocimetry (PIV)

Particle image velocimetry is a whole-flow-field technique which can

provide instantaneous velocity vector measurement by the cross-correlation

method applied to a flow (Landreth et al., 1988; Adrian, 1991; Lecordier et

al., 1994). Originally, the PIV system consists of a double-pulse laser, charge

coupled device, target flow, and data analysis (Fig. 3-1). The general method

of measuring velocity of the targeted flow is to place sensor in the target.

However, this method may cause inaccuracy of velocity due to direct

contacting between sensor and target. Without direct contacting, the PIV

technique can provide the movement of the targets in two images taken at

different times. For measuring displacement, the PIV technique is a

convenient method to derive movement from remote sensing images. In this

study, the procedure of the PIV analysis contains the cross-correlation and

data analysis on the orthorectified aerial photos. The aerial images of

Yucheliao Landslide are orthorectified by Aerial Survey Office, Forestry

Bureau, and they were taken in 01/2001, 07/2007 and 08/2009, respectively

(Fig.3-2 to 3-4). In this study, three image frames are selected in the PIV

analysis. Test frame is selected for the parametric test of the PIV processing.
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Frame A includes the area of the Yucheliao Landslide, and frame B includes

another landslide in the east of Yucheliao landslide. The software for the PIV

analysis is PIVview version 3.6 2C, which is developed by PivTec GmbH,

Germany.
° ° /}Ilel‘mgatmn
egion
v il e Data output
® o0
© ®
° & ﬂ
o ® ® e N Y N
®

Cross-correlation
Frame A ) \ N Y N\

% - NN N
‘@ Particle
displacement Vector field
-~ |9 e
N J P .
@
‘e ‘@l @
4
Frame B
Figure 3-1. The procedure in PIV process.
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(d)

2604600

2604400

221200 221400 221600 221800

Figure 3-2. Orthorectified aerial photos taken on 2001/01/17 around the Yucheliao
Settlement. The resolution of each image is 0.5 m/pixel. (a) The whole region of
the original image. (b) Aerial image in the test frame. (c) Aerial image in frame A.

(d) Aerial image in frame B.
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(d)

2604600

2604400

221200 221400 221600 221800

Figure 3-3. Orthorectified aerial photos taken on 2007/01/29 around the Yucheliao
Settlement. The resolution of each image is 0.25 m/pixel. (a) The whole region of
the original image. (b) Aerial image in the test frame. (c) Aerial image in frame A.

(d) Aerial image in frame B.
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(d)

2604600

2604400

221200 221400 221600 221800

Figure 3-4. Orthorectified aerial photos taken on 2009/08/24 around the Yucheliao
Settlement. The resolution of each image is 0.25 m/pixel. (a) The whole region of
the original image. (b) Aerial image in the test frame. (c) Aerial image in frame A.

(d) Aerial image in frame B.

3.1.1 Image preprocessing

Before importing images to the PIVview, image preprocessing is needed.

In the PIV processing, the cross-correlation method is applied for calculation

on grayscale value of images. That is, images must be transformed to

grayscale images if images are colored. Besides, whether images in the same

pair are in the same resolution is concerned. In the PIVview, coordinates of

the imported images are not based on geodetic datum but the size of images

(Fig. 3-5). In this research, the resolution of all images is adjusted to 0.5
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m/pixel. Moreover, the brightness and contrast of the images are also adjusted.

The same objects in the images taken in different times would be obviously

different in brightness and contrast due to the difference in sunlight (Fig. 3-

6). The procedure of image preprocessing in this study is shown in Figure 3-

7. Detailed information of the parametric tests on the image preprocessing is

shown in Table A-1.
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Figure 3-5. The aerial photo near the Yucheliao Landslide. (a) Original image exported
from GIS software. The datum ofthe coordinate system is TWD97. (b) is grayscale
image with 2.0 m/pixel resolution imported into the PIVview. The coordinate

system is based on number of pixels.
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Figure 3-6. The same construction shown in the grayscale images. (a) from the image
taken on 2001/01/17, and (b) from the image taken on 2007/01/29.

Transform Adjust Resample
images into — brightness and — images into the
grayscale images contrast same resloution

Figure 3-7. Procedure of image preprocessing.

3.1.2 Cross-correlation

To obtain precise results, the cross-correlation is a standard method

estimating the degree to which two series are correlated. It is also one of the

methods for the PIV technique to evaluate the displacement of every pixel

which may include ground objects, such as roads, trees, houses, and etc. (Fig.

1-2). Each pixel has its gray-scale value distinguishing itself from other pixels.

The cross-correlation operations are conducted in the frequency domain by

executing the fast Fourier transform (FFT) on each patch to reduce the time

of computation.
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In the cross-correlation, the input images are divided into a grid of
patches. Each patch consists of the image matrix of pixels which are the unit
of the calculation of the cross-correlation.

The equation for cross-correlation is:

¢ = [[ 100 LG+ s)ax (Eq.3-1)
IA

C(s) is the degree of correlation, 11 and I, are interrogation area (IA,
Chrominance matrix), and s is displacement.

The cross-correlation of I1(X) and I»(X+s) is evaluated, and normalizes
by the square root of the sum of the square values of [>(X+s) over the range
of X occupied by the I; patch. The correlation value C(s) indicates the degree
of match between 11 and I over the displacements. In interrogation window,
the degree of correlation at all position would be calculated, and where the
peak value locates would be determined as the location of moved pixel (Fig.
3-8). Therefore, the displacement in each interrogation window can be

derived.
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(a) (b)

(c)

Degree of correlation
10 20 30 40 50 60 70 80 90 100

(d)

Figure 3-8. Correlation peak location corresponds to the separation of the two images.
(a) and (b) are interrogation windows of the sample images taken on 2007/01/29
and 2009/08/24, respectively. (c) is the correlation plot of the interrogation window.
(d) is correlation map in plane view in grayscale, and brightest region indicates the

peak value of correlation.

34

doi:10.6342/NTU201901977



3.1.3 Sub-pixel peak interpolation

The PIVview provides following peak fit algorithms to recover the sub-

pixel displacement of the cross-correlation peak (PIVview User Manual,

2015).

(1) 3-Point Gauss Fit: It gathers the four closest neighbors of the

highest correlation to fit a 3-pont Gaussian.

(2) Least Squares Gauss Fit: It is similar to the 3-point Gauss fit but

gathers surrounding eight points. The noise in the results is less

than that with more simple fits, because it gathers more data for the

position of the correlation peak.

(3) 3-Point Parabolic: It is similar to 3-point Gauss fit expect that it

only fits a parabola through the three points.

(4) Center-of-Mass Fit: This algorithm gathers specific number of

correlation values surrounding the maximum, and then calculates

the associated first moment or center of mass. Generally, it is not

suitable for the narrow correlation peaks which are recovered from

typical images, and it could be well applied for images with lager

features.

(5) Whittaker Reconstruction: It reconstructs the correlation function
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from all the correlation value along horizontal and wvertical
direction which crossed the brightest correlation peak. Then, it
estimates the maximum correlation value from the function.

(6) Nonlinear Peak Fit: This method gathers up to N? points for
parametric fit to a Gaussian-shaped function which allows for peak
ellipticity. The peak shape is estimated by the auto-correlation
function of the input images which may reduce processing speed.

3.1.4 Patch size

The unit of calculation of the PIV analysis within an image is a patch
consisting of a matrix of specified pixel intensity in the range from 0 to 255.
In thr PIV analysis, patch size affects the result from the cross-correlation
method. White et al. (2003) tested a series of six PIV analyses, in which the
whole 500 pixels x 500 pixels random image was covered in square patches
with the side length to be 8, 16, and 32 pixels. Each PIV result revealed a
scatter of values, being distributed close to zero. Large patches produced less
scatter and improved precision (Fig. 3-9)

The empirically derived curve UB in Figure 3-9 is an upper bound on

the precision error, and is given by the following equation: (White et al.,2003)
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_ 0.6 N 150000
L 18

p (Eq. 3-2)
p is the precision error determined by the image width in pixels, and L
is patch size.
The patch size can decide the reasonable magnitude of displacement.
That, from the test above, larger patches in the PIV analysis improve.
However, smaller patches allow input images to have larger number
displacement gradient precision, but are worse in precision. Thus, a series of
tests are needed in the PIV analysis. Results of parametric tests on patch size
are shown in Table A-2. Considering the results of parametric tests and
recorded maximum displacement of Yucheliao landslide, the size of the

interrogation window is set to be 32 pixels in the pre-event pair, and it is set

to be 256 pixels in the post-event pair.
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Figure 3-9. The precision of the PIV technique against patch size. In these experiments,
DBS means Dog’s Bay Sand in Ireland. (White et al., 2003)

3.1.5 Multi-pass and multi-grid interrogation

In the PIVview, three interrogation methods are available to define

correlations applied on images (PIVview User Manual, 2015).

(1) Standard, single-pass interrogation: In the single pass interrogation,

classical interrogation would be applied without additional passes

to improve the result. Generally, standard interrogation is preferred

while starting the PIV processing with a new image set in unknown

signal quality.

(2) Multiple-pass interrogation: In this interrogation method, the

interrogation of the image is repeated at least once. In following

passes, the image sample positions are offset by the integer
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determined in the preceding pass. Once the residual shifts are less

than one pixel, the re-evaluation is no longer necessary.

(3) Multi-grid interrogation: This method uses a coarse-to-fine

pyramid approach by starting with larger interrogation windows on

a coarse grid and refining windows in each pass.

Results of parametric tests on interrogation methods are shown in Table

A-2.

3.2 Finite Element Method (FEM)

Finite Element Method is a method for numerical simulation. For

engineering, calculating the strain or the stress of a complex model is

impossible since the simultaneous equation of this model is hardly derived.

In the FEM, a complex object could be divided into several small units, which

are called elements. Since the geometry of each element is simplified after

dividing the object, the equation for the deformation of each element can be

derived.

In this study, the software for the FEM analysis is Abaqus version 2018,

which is developed by Dassault Systémes, France. Abaqus includes following

three modules: standard, explicit, and pre- and post-processing. The first two

modules are applied for the FEM analysis, and they can process structural
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analysis, and non-linear, transient and dynamic analysis. The third module

provides numerical analysis and displays results, such as stain-stress contour,

vector maps, and user-defined X-Y plot.

3.2.1 Basic of FEM

The concept of the FEM is that any continuous quantity can be

approximated by discontinuous functions, and the boundary of each

discontinuous function is a continuous quantity. In physical condition, the

continuous quantity is divided into several units (elements), and the stiffness

equation of each unit can be derived. After the stiffness matrix composed of

the stiftness equation is derived, the simultaneous equations can be solved by

matrix method. Then, the approximation of the target can be derived.

There are two methods of FEM: displacement method and energy

method.

In displacement method, it is assumed that the variation of physical

property is continuous. The displacement on a node is the nodal displacement,

and the force on a node is the nodal force. According to the Hooke’s Law:

F=KX (Eq. 3-3)

(F: force; K: elastic modulus; X: displacement)

In each unit, this relationship could be expressed as:
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[f]={k}[x] (Eq. 3-4)
([f]: nodal force; [k]: element stiffness matrix; [X]: displacement matrix)
According to the relationship between nodes, all elements could be

combined to the global stiffness equation:

[F]={K}X] (Eq. 3-3)
([F]: global nodal force; [K]: global stiffness matrix; [X]: global nodal

displacement)

Then, Gaussian elimination method and iteration method are applied to
solve the matrix, and the displacement, force or other physical quantities
could be derived.

However, displacement method is hardly applied on two-dimensional or
three-dimensional continuums because the stiffness matrix cannot be directly
derived. Therefore, the energy method is considered.

First, the object could be divided into smaller units (elements). The
shape of the element is fixed, and the shape function of the element is fixed.
Considering the elastic behavior, the strain energy is:

U= | Fax (Eq. 3-6)
Taking one-dimensional rod element as example, if the deformation of

the rod element is linear approximation, the displacement function is:
41

doi:10.6342/NTU201901977



u=Ap+Ax (Eq. 3-7)
The eq. 3-7 could be expressed in matrix form:

u=[1 x](ﬁo} (Eq. 3-8)
1

While x=0, u=ui. While x=1, u=uz. Then eq. 3-6 could be expressed

as:

un_1m1 o Ao}

{uz} - [1 1 {A1 (Eq. 3-9)
or:

d=CA (Eq. 3-10)

d is modal displacement.

From eq. 3-7, matrix A could be derived.

AO} B 1 0 |ru,
{ )= [—1/l 1, ] (Eq. 3-11)
From eq. 3-6 and eq. 3-7, u and A could be expressed as:

u=(aC1)d =Nd

Eq. 3-12
A=Cld (Eq. 3-12)

N is called as shape function or shape matrix and expressed as:

1 0 (Eq. 3-13)
N=aCt=11 _
[1 x] I 1, 1 /ll
The relationship between strain and displacement function is:
du [dn -1 1.
== |=|d=1——= = Eq. 3-14
& dx dx]d [ l l]{uz} (Eq. 3-14)

or:
42

doi:10.6342/NTU201901977



&, = Bd (Eq. 3-15)

If the volume of the rod element is V, and strain energy could be

expressed as:

1
Up=5 j ole,dV (Eq. 3-16)

v
For elastic deformation:
o.x — EEx (Eq 3-17)

E: Young’s modulus

With eq. 3-15 and eq. 3-17, eq. 3-16 could be expressed as:

1 1 1
U, = Ef oiedV = Ef d'B'EBddAV = Ealf(f B'EBdV)d (Eq. 3-18)
v v v
If K is defined as:
K= f BYEBAV (Eq. 3-19)

v
Then, the strain energy is:

1
Uy = 5d'Kd (Eq. 3-20)

The work form force is:
W = dtF (Eq. 3-21)

So that, the total potential is:
— _1 t
p_Up_W_Ede_dF (Eq. 3-22)

Considering principle of minimum potential energy, then
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om, oU, W
_9U% oW _ Eq. 3-23
9d ~ 9d _ad " i

Therefore, it could be derived that:

KD—-F=0 (Eq. 3-24)
or:

F=KD (Eq. 3-25)

The matrix equation derived from the energy method is same as eq. 3-5

derived from the displacement method, and it coincides with the force

equilibrium  and the principle of minimum potential energy.

3.2.2 Mohr-Coulomb yield criterion and Extended Drucker-Prager yield

criterion in Abaqus

In Abaqus, two models are applied for the plastic part of the elastic-

plastic behavior. One is the Mohr -Coulomb model, and the other one is the

Extended Drucker-Prager model (Abaqus Analysis User’s Guide, 2014).

The Mohr-Coulomb failure or strength criterion has been widely used

for geotechnical applications. Indeed, a large number of the routine design

calculations in the geotechnical area are still performed using the Mohr-

Coulomb criterion.

The Mohr-Coulomb criterion assumes that failure is controlled by the

maximum shear stress and that this failure shear stress depends on the normal
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stress. This can be represented by plotting Mohr's circle for states of stress at
failure in terms of the maximum and minimum principal stresses. The Mohr-
Coulomb failure line is the best straight line that touch es these Mohr's circles
(Fig. 3-10). Thus, the Mohr-Coulomb criterion can be written as
T=c+otang (Eq. 3-26)
Where 7 is shear strength, c is cohesion, ¢ is average normal stress, and

¢ is internal friction angle.

i

al

Figure 3-10. The diagram of Mohr-Coulomb criterion (Abaqus Analysis User’s Guide,
2014).

From Mohr's circle,
T=SC0SQ (Eq. 3-27)
0 =0, +Sssing (Eq. 3-28)

Substituting for Tt and ¢, the Mohr-Coulomb criterion can be rewritten
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as:

s+ 0o,sing —ccosp =0 (Eq. 3-29)
where
01— 03 (Eq. 3-30)
S =
2
0y + 03 (Eq. 3-31)
Om ==

In Drucker-Prager yield criterion, the yield strength is controlled by
confining pressure, and the yield function is:
f(I3,],) =], —al; — k (Eq. 3-32)
(k: unconfined shear strength; I;: first invariant of stress tensor; J,:
second invariant of stress deviator tensor)
The definition of I; is:
L =0x+0,+0,=0, (Eq. 3-33)
The definition of ], is:

1 2 2
I, = ‘ [(ax - ay) + (ay —0,) + (0, — Z)Z] +

(Eq. 3-34)
Ty + 15, + 75, = = SijSij
The eq. 3-32 could be modified to:
f(¢,p) = p — V6ag —V2k (Eq. 3-35)

In eq. 3-27:
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§=1,/ V3
P =+/2]2
In eq. 3-27, k and a could be compared with cohesion and angle of
internal friction in Mohr-Coulomb criterion. Figure 3-11 shows the eq. 3-32
plotted on stress space. The Drucker-Prager yield criterion displays as a
circular cone and the radius increases with the confining pressure.
Drucker-Prager yield criterion in Abaqus is an extended Drucker-Prager

elastoplastic model as the following equation (Hibbitt et al., 1996, 1997):

f=t—ptanf—d=0 (Eq. 3-36)
In eq. 3-36:

t—1 1+1 (1 1><r>3 Eq. 3-37

1
d= (1 - §tan,8> O, (Eq. 3-38)
1 1

p=3 (01 + 0y+03) = 511 (Eq. 3-39)
3 Eq. 3-40

q= ESijSij =3/ (Eq. 3-40)

319 3’1
r = ESiijkSik =3 213 (Eq 3-41)

(B, d, k: material parameter; o.: uniaxial compressive strength)
Comparing with Mohr-Coulomb criterion, [ is similar to angle of

internal friction, and d is similar to cohesion. In triaxial condition, the
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relationship between 3, d and ¢, c listed below:

6 sin ¢

tan,B = m (Eq 3-42)
cos ¢

d= 6Cm (Eq 3-43)

In Abaqus, eq. 3-37 is applied to simulate Mohr-Coulomb criterion by

substituting parameters related to K (Desai et al.,1977), and K is:

_3—sin¢

K=o ——* . 3-
3+ sin ¢ (Eq. 3-44)

Figure 3-12 displays the relationship between extended Drucker-Prager
criterion and Mohr-Coulomb criterion in in the deviatoric plane. Unlike the
Drucker-Prager criterion, the Mohr-Coulomb criterion assumes that failure is
independent of the value of the intermediate principal stress. The failure of
typical geotechnical materials generally includes some small dependence on
the intermediate principal stress, but the Mohr-Coulomb model is generally
considered to be sufficiently accurate for most applications. In eq. 3-44, to
keep the yield surface as a convex surface in the Drucker-Prager criterion, K
should be in the range from 0.778 to 1.0. Thus, ¢ is suggested to be less
than 22° when the Drucker-Prager model is applied. Generally, most
geotechnical materials have ¢ > 22°. In this study, the Mohr-Coulomb
criterion is considered since the materials in numerical simulation are not

suitable for the Drucker-Prager criterion.
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Figure 3-11. Drucker-Prager yield criterion on the stress meridian plane.
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Figure 3-12. Extended Drucker-Prager yield criterion in Abaqus and Mohr-Coulomb

criterion on the deviatoric plane.

3.2.1 Shear Strength Reduction Analysis

FEM models of slopes are established based on the elastic behavior in

this study. The elastic behavior of the material in a slope is assumed to be

linear elastic which is defined by the Young’s modulus, E, and the Poisson’s

ratio, v.

The Mohr-Coulomb failure is chosen to simulate the plastic behavior of

the material in slope and follows the eq. 3-26. The shear strength reduction
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(SSR) technique (Zienkiewicz et al. 1975; Griffiths and Lane 1999; Griffiths

and Marquez 2007; Liu et al. 2015) is adopted to determine the factor of

safety (FOS) of a slope. The shear strength parameters in the Mohr-Coulomb

failure criterion shown in eq. 3-26 are divided by a series of strength

reduction factors (R) until the slope failure starts.

C tan
CrR ==; tandpyr = ¢ (Eq. 3-45)

R R

While the failure starts during shear strength reduction, the
corresponding value of R equals to the factor of safety (FOS). Various shear
strength reduction strategies may influence the estimated FOS values
(Pantelidis and Griffiths 2013; Zhao et al. 2015). The definition of a slope
failure is the key issue in the shear strength reduction analysis and different
criterions are proposed (Zienkiewicz et al, 1975; Matsui and San, 1992;
Dawson et al.,1999; Griffiths and Lane,1999; Kanungo et al., 2013). In this
study, the criterion of slope failure is followed the concept introduced by
Dawson et al. (1999). In this criterion, the non-convergence of the solution
was the symptom of the initial failure, and then the distribution of strain

accumulation

51

doi:10.6342/NTU201901977



3.2.3 Interpretation of landslide sliding surface
From the numerical modeling or remote sensing, the ground
deformation would also be estimated. In a 2D-profile, the deformation can be
expressed as a function related to the spatial distribution, and the
displacement vector consists of two components in horizontal and vertical
direction.
D(x, ) = u(x, )i + v(xy)] (Eq. 3-46)
D: displacement vector
u: horizontal displacement

v: vertical displacement

If the surface deformation is only considered, the wvariation of

deformation with depth could be ignored, and eq. 3-41 could simplified as:
D(x) = u(x)i + v(%)j (Eq. 3-47)

Therefore, two fitting curves of displacement could be derived. One
curve is to fit the horizontal displacement, and the other one is to fit vertical
displacement. In this study, the fitting curve is applied as a boundary
condition in the numerical simulation. From the deformation in the FEM

analysis, the geometry of landslide slip surface could be roughly estimated.

52

doi:10.6342/NTU201901977



3.2.4 Models in Numerical Simulation

There are three models applied to simulate the Yucheliao Landslide: (1)

Slope with homogeneous rock (2) Slope with pre-existing slip surface (3)

Slope with layered rock (Fig. 3-13). The geometry of these models is 2D-

section along AA’ in Figure 2-4. The height of the slope model is 350 m, and

the width 1s 1100 m.

In model (1), the slope is composed of homogenous sandstone, and this

model is aimed to roughly characterize the behavior of a rock slope. Model

(2) follows the concept of slope stability analysis by Lin et al. (2014). In this

model, the pre-existing failure surface is defined. Model (3) are based on the

borehole data of BO3 shown in Figure 2-4, and sandstone-shale interlayering

is adopted instead of pre-existing failure surface.

There are five parameters of each material defined in the numerical

simulation: Young’s modulus, Poisson ratio, density, cohesion, and internal

friction angle. Parameters of sandstone and shale are based on the artificial

rocks by Wang (2000). For material applied for failure surface, Young’s

modulus and Poisson ratio are based on the fault rocks by Isaacs et al. (2008),

and other parameters are based on slip surface by Lin et al. (2014). The

parameters applied in the modeling are shown in Table 3-1.
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Figure 3-13. Slope models of the Yucheliao Landslide for numerical simulation. (a)
Model (1): slope with homogenous sandstone. (b) Model (2): slope with pre-

existing slip surface. (c¢) Model (3): slope with sandstone-shale interbedding.

Table 3-1. Parameters applied in Abaqus.

Sandstone Shear zone Shale
Young’s modulus, E (GPa) 1.84 16.2 1.3
Poisson ratio, v 0.34 0.263 0.21
Unit weight, (kN/m?) 17.4 20.59 18.1
Cohesion, ¢ (kN/m?) 2100 98.06 2300
Internal friction angle, ¢ ( © ) 34 20 16
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4. Results

4.1 PIV analysis

In the PIV analysis, directions and magnitude of displacement of the

Yucheliao Landslide were calculated and described. The analyzed cases

include the time interval through Typhoon Morakot and the time interval

before Typhoon Morakot.

4.1.1 Pre-event: Before Typhoon Morakot

In the time interval of pre-event, 2001/01/17 ~2007/01/29 was chosed.

Displacement vectors in frame A revealed by the PIV analysis are shown near

the Yucheliao Landslide. (Fig. 4-1). The displacement magnitude ranges from

0 to 17 m. The largest magnitude is about 17.11 m, and average magnitude is

about 5.52 m. Both slip direction and distribution of the Yucheliao Landslide

are hardly defined (Fig. 4-2 and 4-3). Similarly, displacement vectors shown

within frame B displays no significant displacement in the pre-event pair (Fig.

4-4 to 4-6).
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Figure 4-2. Scatter map of displacement vectors in the pre-event image pair within
frame A.

58

doi:10.6342/NTU201901977



"y oweyy urgm Jred 1udAd-a1d oy ur JudwddedsIp Jo spmyugew oy, ‘'g-¢ 94nbi4

0£€02T 0020TT 0$00TC 00661T 0SL61T

(wr) yuoweoe|dsiq

d1eos JIP|SPULT]

59

doi:10.6342/NTU201901977



g dwel} urIm A woiy poALdp Jred judad-a1d o Jo dewr 10309/ -7 aanbi4

w00y 00€ 00T 001 0

00L1TT [USY) k44 00¥IcT 0szicT 0011CT

00Tr09T

(wr) Juowaoedsiq

00t+09¢C

wer |

009709T

60

10.6342/NTU201901977

do



16 - ‘ -

12

il

Y dispalcement (m)

-16

-20 T T T T T
-20 -16 -12 -8 -4 0 4 8 12 16 20

X displacement (m)

Figure 4-5. Scatter map of displacement vectors in the pre-event image pair within
frame B.
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4.1.2 Post-event: Through Typhoon Morakot

The image pair of the post-event were taken on 2007/01/29 and

2009/08/24, relatively. The time interval through this image pair crosses

when Typhoon Morakot hit. In the image taken on 2009/08/24, the main scarp

and lateral scarp can be observed in frame A and frame B. From the PIV

analysis, the displacement of the Yucheliao Landslide is revealed (Fig 4-7).

Within frame A, the maximum of magnitude derived from the PIV analysis

is about 120 m, and the average is 32.61 m. Displacement vectors of the block

is near the recorded data in the previous studies. The direction of

displacement within the landslide body is mainly south (Fig. 4-8), which

matches the direction after the landslide triggered. The higher magnitude is

roughly concentrated in the landslide region (Fig. 4-9). Within frame B, the

vector map does not show the displacement in a uniform direction (Fig. 4-10

and 4-11), and the higher magnitude is also roughly concentrated in the

landslide region (Fig. 4-12).

63

doi:10.6342/NTU201901977



2603800

AN S

A,
2

S

120 m

T

2603600

Displacement (m)

64

2603400

2603200

200 300 400 m

100

Figure 4-7. Vector map of the post-event pair derived from PIV within frame A.
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Figure 4-8. Scatter map of displacement vectors in the post-event image pair within
frame A.
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Figure 4-11. Scatter map of displacement vectors in the post-event image pair within
frame B.
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4.2 Numerical modeling

In the numerical modeling, three models are introduced for the slope

stability analysis by the FEM based shear strength reduction method (Fig. 3-

13). Then, the displacement along the slope surface would be set as the

boundary condition in the FEM analysis to interpret the potential slip surface

of the landslide.

4.2.1 Model (1): Slope with homogeneous rock

In model (1), the factor of safety derived from the shear strength

reduction method is about 6.53 (Fig. 4-13). From the displacement map, it is

estimated that a circular failure will develop in model (1) and the depth of

slip surface is about 80 m (Fig. 4-14). The magnitude of displacement along

the slope surface is shown in Figure 4-15. Figure 4-16 shows the X distance

shown in Figure 4-15. Then, curves in Figure 4-15 is set as a boundary

condition in the static analysis of the FEM, and the distribution of

displacement displays the potential slide area (Fig. 4-17). Comparing with

the result from the shear strength reduction, the geometry of failure surface

is also a circular surface. However, the estimated depth is about 50 m and

obviously less than the previous result.
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Figure 4-13. The reduction factor — displacement curve of model (1).
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Figure 4-14. Displacement contour map of model (1). Unit for the displacement is

meter in the legend.
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Figure 4-15. Displacement curves along slope the surface in model (1)
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Figure 4-16. The axis of X distance and Y distance in the slope model. The length of
the slope surface in X direction is 400 m.
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Figure 4-17. Displacement contour map of model (1) when the displacement curve is

set as boundary condition.

4.2.2 Model (2): Slope with pre-existing slip surface

In model (2), the factor of safety derived from the shear strength
reduction method is about 1.60 (Fig. 4-18). From the displacement map, it is
obvious that failure will develop along the pre-existing failure surface in
model (2) (Fig. 4-19). The magnitude of displacement along the slope surface
is shown Figure 4-20. Figure 4-16 shows the X distance shown in Figure 4-
20. Then, curves in Figure 4-20 is set as a boundary condition in the static
analysis of the FEM, and the distribution of displacement displays the
potential slide area (Fig. 4-21). Comparing with the result from the shear
strength reduction, the geometry of failure surface is similar to the result from

the shear strength reduction method.
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Figure 4-18. The reduction factor — displacement curve of model (2).

U, Magnitude
+5.044e-01
+4.6248-01
+4.2048-01
+3.783e-01
+3.363e-01
+2,943e-01
+2,522e-01
+2,102e-01
+1.681e-01
+1.261e-01
+8.407e-02
+4.204e-02
+0.000e+00

[ AVATA TAVAV)
he'AVAVA‘AVAVAVAVAYA'A‘A'AVA

YAV
¥
O VAVATAVAVAVAVAVAAVAUZ SIS

hd 0DB: SSR.odb Abagus/Standard 3DEXPERIENCE R2018x  Mon Jun 17 12:13:00 GMT+08:00 2019

Step: reduce
X Increment 166 Step Time = 0.1158

Prirary ‘ar: U, Magnitude

Figure 4-19. Displacement contour map of model (2). Unit for the displacement is

meter in the legend.
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Figure 4-20. Displacement curves along slope surface in model (2)
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Figure 4-21. Displacement contour map of model (2) when the displacement curve is

set as boundary condition.
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4.2.3 Model (3): Slope with sandstone-shale interbedding

In model (3), the factor of safety derived from the shear strength

reduction method is about 6.47 (Fig. 4-22). From the displacement map, it is

estimated that a circular failure will develop in model (3) and the depth of

slip surface is about 60 m (Fig. 4-23). The magnitude of displacement along

the slope surface is shown in Figure 4-24. Figure 4-16 shows the X distance

shown in Figure 4-24. Then, curves in Figure 4-24 are set as a boundary

condition in the static analysis of the FEM, and the distribution of

displacement displays the potential slide area (Fig. 4-25). Comparing with

the result from the shear strength reduction, the geometry of failure surface

is nearly a planar surface, and the estimated depth is about 40 m.
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Figure 4-22. The reduction factor — displacement curve of model (3).
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Figure 4-23. Displacement contour map of model (3). Unit for the displacement is

meter in the legend.
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Figure 4-24. Displacement curves along the slope surface in model (3).
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Figure. 4-25. Displacement contour map of model (3) when the displacement curve is

set as boundary condition.

4.2.4 Interpreting landslide sliding surface from PIV displacement data

The position of numerical model is along the A-A’ profile shown in

Figure 2-4 and similar to N-S direction. For the boundary condition on the

slope surface, the X displacement is set to be 60 m, which is the maximum

displacement within landslide block, and Y displacement is set to be 0 m to

30 m, which is based on the height of the main scarp (Fig. 4-26). This

boundary condition is applied to model (2) and model (3) in the static analysis

of the FEM, and the distribution of displacement displays the potential slide

area (Fig. 4-27). The depth estimated in model (2) is about 50 m, and that

estimated in model (3) is about 30 m.
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Figure 4-26. Displacement curve applied for interpreting landslide sliding surface.
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Figure. 4-27. Displacement contour map in the numerical model when the PIV
displacement is set as a boundary condition. (a): PIV displacement applied to
model (2). (b): PIV displacement applied to model (3).
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5. Discussion

5.1 Feasibility assessment on PIV analysis

In the pre-event pair of images, the obvious problem is that the

displacement derived from the PIV could not display the distribution of

landslide and the slip direction. The displacement derived from the PIV

analysis is mainly affected by the size of the interrogation window and

correlation between the images in the same pair. Considering the size of the

interrogation window, the size of interrogation window is set to be 32 pixels

x 32 pixels in pair 1. With small interrogation window, the small displacement

of one target (or ground objects) could be detected. However, the

displacement derived from small interrogation window is doubted once the

target is larger than interrogation window (Fig 5-1). In the contrast, larger

window size may include other target and cause errors (Fig 5-1f). Moreover,

the displacement would be overestimated in the PIV analysis while larger

interrogation window is applied (Table 5-1). Considering the degree of

correlation, the peak value of the cross-correlation is estimated as the same

object in PIV analysis. However, in the case of change in land cover, the

location of peak value would change because the original position is occupied

by other thing instead of the original target (Fig. 5-2), and the degree of
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correlation would decrease. To eliminate the error from change in land cover,

filtering the displacement vector with lower correlation is considered.

(a) (b)

oo - »

(c) (d)

i
(e)

» (9

Figure 5-1. Correlation plane of the unmoved construction in different sizes of the

interrogation window. (a) 32 pixels x 32 pixels (b) 48 pixels x 48 pixels (c) 64
pixels x 64 pixels (d) 96 pixels x 96 pixels (e) 128 pixels x 128 pixels (f) 256 pixels

x 256 pixels.
Window size (pixel) X displacement (pixel)
32 6.78
48 5.18
64 7.46
96 11.1
128 8.35
256 8.21

Table 5-1. Displacement of the construction in Figure 5-1 derived from different

window size in the PIV analysis.
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I

Figure 5-2. Correlation plane ofthe location where the forest area has been transformed

to the farmland.

In the post-event pair, the distribution of landslide region could be

roughly determined in the magnitude map, but it is hard to determine the slip

direction from the vector map. (Fig. 4-7 to 4-12). Averagely, the degree of

correlation is lower in the post-event pair than in the pre-event pair due to

severe change in land cover and larger interrogation window size (Fig. 5-3).

Change in land cover is mainly caused by erosion when Typhoon Morakot

hit and the formation of the landslide scarp. Larger interrogation window is

set to detect larger displacement, but the degree of correlation would decrease

expectedly. Generally, it is difficult to distinguish the error from change in

land cover or size of interrogation window while window size is adjusted to

be larger to detect larger displacement. Therefore, once the slip distance of

the landslide is large enough, the accuracy would decrease in the region of

whole image while interrogation window is needed to be large to detect real
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displacements.

The result from both image pairs shows that a series of test on window

size is needed before the PIV analysis. In the case that the deformation is not

obvious, the windows size should be smaller, but it cannot be smaller than

the average size of targets in the image. In the base that deformation is

obvious, the window size can be larger, but it would affect the result while

the size is too large, or an interrogation window include two or more objects.
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Figure 5-3. Histogram of correlation of vectors in different pairs within frame A. (a) is
the result in the pre-event pair, and the window size is 32 pixels x 32 pixels. (b) is
the result in post-event pair, and the window size is 256 pixels x 256 pixels.
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5.2 Result from PIV analysis

In frame A, where the Yucheliao Landslide is, the result from the PIV

analysis shows a southward slip in the post-event pair (Fig. 4-7 to 4-9). Within

the landslide block, the magnitude of displacement reaches 60 m in the upper

part, and that in the lower part is average 40 m. The difference in

displacement between upper part and lower part of the Yucheliao Landslide

indicates that the slip rate of the lower part is lower than the upper part while

the landslide is triggered.

In the frame B, only a small part of the landslide block remained on the

slope after the landslide event. From the magnitude map in the post-event pair,

the highest displacement concentrates where the scarp is. However, most of

the high value results from the severe change in the land cover. The slip

direction of the landslide in frame B is estimated from the original aerial

photo, and it is in S-E direction.

5.3 Numerical modeling

The results of the slope stability analysis on model (1) to model (3) show

that slope is relative stable before the slip surface develops (Fig 4-13, 4-17

and 4-21). In the comparison between model (1) and model (3), the geometry

of the potential slip surface is mainly circular, but the displacement would
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occur little along sandstone-shale interface (Fig. 4-14 and 4-22). It is inferred

that the failure would tend to develop as a planar failure while the slope is

composed by layered rocks, and the deformation would develop along the

boundary between the different rocks. From the model (2), it is noticed that

the stability decreases in the slope the with pre-existing slip surface.

Considering the model (3), the landslide block tends to deform along the

formation boundary first. If the pre-existing deformation or fracture along the

boundary is considered, the stability of a slope with layered rock may be

overestimated.

From model (1) to model (3), the trial on interpreting the slip surface by

ground deformation is applied, and the displacement derived from the PIV

analysis is applied to model (2) and model (3). In model (2), the deformation

is highly controlled by the pre-existing slip surface so the estimated slip

surface is close to the pre-existing slip surface (Fig. 4-20 and 4-25b). Both in

model (1) and (3), the estimated slip surface is shallower than the slip surface

derived from the shear strength reduction method, and the geometry tends to

be planar. In this study, only the displacement of the ground surface is

considered in the static analysis of the FEM, while the change in displacement

with depth is ignored. Therefore, both the depth of the slip surface and the
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underground displacement are underestimated. To solve this problem, the
model for interpretation could be applied with other approaches, like

balanced cross-section (Bishop, 1999) or elastic dislocation (Okada, 1985,

1992).
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6. Conclusion

® PIV analysis

The PIV analysis is applied for the displacement and distribution of the

Yucheliao Landslide. In the PIV analysis, velocity vector measurement on the

Yucheliao Landslide can be derived by the cross-correlation method.

1. In the pre-event pair of images, the displacement derived from

small interrogation window is doubted once the target is larger than

interrogation window.

2. Inthe post-event pair of images, larger interrogation window is set

to detect larger displacement, but the degree of correlation would

decrease expectedly.

3. In both the pre-event pair and the post-event pair, the change in

land cover obviously caused the errors of the displacements derived

from PIV analysis. Especially, change in land cover is mainly

caused by erosion when Typhoon Morakot hit and the formation of

the landslide scarp in the post-event pair.

4. Parametric tests on the size of the interrogation window is needed

before the PIV analysis to avoid inaccuracy in result. Larger

displacement can be detected when large interrogation window is
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set, but the degree of correlation would decrease.

5. The distribution of landslide region in the Yucheliao Landslide and

other landslides can be roughly determined since the region with

larger displacement tends to occur within the landslide region. The

direction of displacement vectors indicates that the slip direction of

the Yucheliao Landslide is mainly southward.

® Numerical modeling

In the numerical modeling, the slope stability analysis by shear strength

reduction method is applied, and the geometry of landslide slip surface is

interpreted by the FEM analysis.

1. By the shear strength reduction method, the results show that both

the slope with homogeneous rocks and the slope with layered rocks

are relatively stable than slope with the pre-existing slip surface.

2. Ifthe previous deformation or fracture along the strata boundary is

considered, the stability of a slope with layered rocks may be

overestimated.

3. The slip surface interpreted by surface displacement derived from

the numerical modeling is shallower than the slip surface derived

by the shear strength reduction method.
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4. The geometry of the interpreted slip surface tends to be a planar

failure, which is different from the geometry of slip surface derived

by the shear strength reduction method.
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Appendix A. Parametric test on PIV

f. C: Average of degree of correlation

Window size (pixel) 32 48 64 96
Step 1 © Dpax (pixel) © 23.0136 34.0602 45.5265 67.9687
P C (%)f 34.54 32.69 31.75 31.02

Step 2° Dpax (pixel) 22.9467 34.201 45.2993 67.7109
C (%) 32.04 30.23 29.46 28.95

Step 3 ¢ lzmax (pixel) 22.7459 34.0355 45.3645 67.6158
C (%) 46.83 42.87 40.44 37.11

Step 4 ¢ lzmax (pixel) 22.7912 34.1629 45.4216 67.7695
C (%) 48.88 45.32 42.48 38.78

a. Images are only transformed into grayscale images.

b. Brightness and contrast of images are adjusted after step 1.

c. Contrast of images is enhanced after step 2.

d. Ground objects are emphasized by adjusting contrast of images after step 3.

€. Dyax: Maximum of displacement derived from PIV

Table A-1. Parametric tests on size of interrogation window.

Window size (pixel) 32 48 64 96
Single-Pass interrogation g’;’;‘l) 227912 | 34.1629 | 45.4216 | 67.7695
C (%) 48.88 45.32 42.48 38.78
Multi-pass interrogation * | Dy,qx 43.0317 | 60.658 | 81.9873 | 144.579
(pixel)
C (%) 50.34 46.64 43.65 39.86
Multi-grid interrogation ® | Dpqx 55.7377 | 80.7493 | 75.5898 | 105.249
(pixel)
C (%) 37.23 22.94 21.46 19.55

b. Initial grid size is 128 pixels.

a. Maximum number of interrogation passes is 3.

Table A-2. Parametric test on different interrogation methods.
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