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Abstract: Forty-six ancient Tibetan star-shaped towers and a village are located on a giant slope,
which would be partially flooded by a nearby reservoir currently under construction. Ground survey,
boreholes, and geophysical investigations have been carried out, with results indicating that the slope
consists of loose deposit with a mean thickness of approximately 80 m in addition to an overlying
bedrock of micaceous schist and phyllite. Ground survey and Interferometric Synthetic Aperture
Radar (InSAR) indicated that the slope is experiencing some local deformations, with the appearance
of cracks and occurrence of two small landslides. Through using borehole logs with the knowledge
of the regional geological background, it can be inferred that the loose deposit is a result of an
ancient deep-seated translational landslide. This landslide was initiated along the weak layer of
the bedding plane during the last glaciation in the late Pleistocene (Q3) period, which was due to
deep incision of the Dadu River at that time. Although it has not shown a major reaction since the
ancient Tibetan star-shaped towers have been built (between 200 and 1600 AD), and preliminary
studies based on geological and geomorphological analyses incorporated with INSAR technology
indicated that the landslide is deformable. Furthermore, these studies highlighted that the rate of
deformation is gradually reducing from the head to the toe area of the landslide, with the deformation
also exhibiting relationships with seasonal rainstorms. The state of the toe area is very important for
stabilizing a landslide and minimizing damage. It can be expected that the coming impoundment of
the reservoir will increase pore pressure of the rupture zone at the toe area, which will then reduce
resistance and accelerate the deformation. Future measures for protection of the slope should be
focused on toe erosion and some bank protection measures (i.e., rock armor) should be adopted
in this area. Meanwhile, some long-term monitoring measures should be installed to gain a deep
understanding on the stability of this important slope.

Keywords: deep-seated landslide; ancient landslide; the last glaciation; high-density electric
resistivity method; InNSAR
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1. Introduction

Landslides triggered by the impoundment of reservoirs have been widely reported in the
literature [1-8]. For example, Jones et al. [1] reported that there were about 500 landslides caused
by destabilization of the land from impoundment of Grand Coulee Dam in the United States during
1942-1953, while Miiller [2] described the Vajont landslide in Italy in 1963, which claimed more than
2600 deaths and was the most catastrophic landslide trigged by reservoir impoundment. More recently,
Xu et al. [8] reported that a large displacement landslide, the Shanshucao landslide, had taken place
at 1:19 p.m. on 2 September 2014 in Zigui County, Hubei Province, Central China, which was about
42 km from the Three Gorges Dam.

Nowadays, there are many hydroelectric power plants and related reservoirs that have been or are
being built in the world, especially in the newly industrialized countries (e.g., China). As a result, there
have been multiple slope failures that have occurred from time to time due to reservoir impounding
as mentioned above. Seventy-five percent of the 105 landslides that occurred in 50 reservoirs of six
countries were found to be reactivation of ancient landslides, according to the analyses carried out by
International Commission on Large Dams (ICOLD) [9]. The statistical results showed that large-scale
catastrophic landslides occurred mainly as a part of or from the reactivation of ancient landslides.
Therefore, to mitigate the hazards of reservoir landslides, it is important to recognize the previous
occurrence of an ancient landslide before reservoir impounding. However, it is still a significant
challenge to recognize the occurrence of an ancient landslide in advance.

Meanwhile, stability problems of partially submerged slopes are of great concern [10-14].
Studies in this field of research can be roughly grouped into three categories: designing engineering
geological models [2,5,8,15-18], material property studies [19,20] and formulating mathematical
models [21-25]. All these categories of studies are equally important and none of these can be
excluded in evaluating the stability of a submerged slope. Due to geological complexity, it is most
difficult and controversial to design a correct geological model. For example, despite the Vajont
landslide having occurred over 60 years ago and the great scientific interest related to this catastrophic
episode, many geological, hydrogeological and geotechnical aspects of the Vajont rockslide still remain
unexplained [26]. Paronuzzi and Bolla [18] presented a detailed reconstruction of the entire structure
of the prehistoric Vajont rockslide and updated the geological model.

In this paper, we focused on an important slope in the southwestern part of China, which would
be partially submerged by a reservoir under construction nearby. This slope has 46 Tibetan star-shaped
towers and a village with 40 inhabitants located on it. Therefore, it is clear that instability of the
slope would threaten the safety of the towers and the inhabitants of the village. Through a detailed
ground survey, we found that the slope has a thick loose deposit on the surface, which overlays on
the base rock, with past development of some ground fissures and small landslides. To understand
the formation of the slope, detailed geophysical prospecting, borehole drillings have been carried
out. Based on the investigation and the regional geological analysis, we discovered the existence
of an ancient landslide and presented its geological model, before giving a preliminary stability
assessment and some countermeasures to prevent a major reaction.

2. Geological Context Background and Geomorphological Analysis of the Slope

The study area is a huge slope located in the Eastern Qinghai-Tibet Plateau in the southwestern
part of China, which has dimensions of 3.98 x 2.05 km and an area of about 7.00 km? (Figure 1).
There are no major faults in the study area. However, a reverse fault is located about 2 km northeast
of the study site with a dip direction of 20°-30°. The Quaternary strata are widely distributed, with
bedrock outcropping locally. The bedrock mainly is the fourth formation of the upper subgroup of
the Maoxian group in Silurian system (Smx?), consisting mainly of metamorphosed soft rocks, i.e.,
micaceous schist and phyllite, which are vulnerable to weathering. The weathered rock is gradually
transformed into argillite with an accompanying dramatic reduction in strength, which results in slope
instability by sliding along bedding planes and cleavage. Besides the bedrock of the Maoxian group in



Remote Sens. 2017, 9, 383 3of 21

Silurian system, the fourth formation of the Weiguan upper group in Devonian system (Smx*) also
outcrops a little in the south, mainly consisting of metamorphosed soft rocks, i.e., the phyllite, the slate
interlayered carbonate rock (see Figure 1). Investigations indicate that there are four well-developed
joint sets as shown in Table 1 and Figure 2. Among these four joint sets, Joint Set 3 occurs most densely,
with a dip angle of 70°-90°, a dip direction of 100°-115°, and a spacing of 100-300 mm. In addition to
these joint sets, bedding planes and foliations are well-developed in the strata, with a dip direction
of 270°-280°, a dip angle of 25°—40° and a spacing varying from extremely close (less than 20 mm)
to close (60 mm —200 mm), according to the methods for quantitative description of discontinuities
in a rock mass suggested by the International Society for Rock Mechanics (ISRM) [27]. Joint Set 4,
the bedding plane joint, and the reverse fault nearby have a similar attitude, which may be formed
under a same tectonic environment. Rock masses are shaped by joints and form various polyhedrons.
Fractured rock mass is also one of the reasons for high occurrence of the landslides in the region.

5 km|
1 S
Legend

The study area | [?1' Elevation isoline Geological boundary

Reverse fault a River Dive’ The fourth formation of the Weiguan
E upper group in Devonian System
The second-fifth formation of the Maoxian

upper group in Silurian System

Figure 1. Location of the study area.

Table 1. Features of discontinuities in the bedrock.

Dip (°) Dip Direction (°) Spacing

Bedding plane 25-40 270-280 <200 mm
Joint Set 1 50-60 140-150 200-600 mm
Joint Set 2 75-90 210-220 500-1000 mm
Joint Set 3 70-90 100-115 100-300 mm

Joint Set 4 45-60 200-210 >600 mm
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Figure 2. Stereonet projection of discontinuities in the bedrock (Equal Angle, Lower Hemisphere).
Legend is as follows: 1 = bedding plane; 2 = J1—]Joint Set 1; 3 = J2—]Joint Set 2; 4 = ]3—Joint Set 3;
5 = J4—]Joint Set 4.

The study area is surrounded by high mountains with elevations of 34004000 m, with snow
persisting throughout the year on some mountain-tops in addition to some glaciers being developed in
some distant mountains. The slope is located about 46 km upstream from the dam site of the Houziyan
reservoir (Figure 1). The Dadu River flows along the toe from northwest to southeast at a level of
1835-1839 m during the non-flood season and 1840-1841 m during the flood season with a perennial
flood level of 1844 m. The Sidao River, a branch of the Dadu River, begins downstream of the slope
and flows into Dadu River in a south-southwestern direction (Figure 1).

The topography clearly shows evidence of three landslides in the vicinity of the investigated
slope (Figure 3). The Chanong landslide is on the upstream side, which borders the slope cut by the
Shuangyuan gully and activates every year during the rainy season. The Sidaokou landslide is located
downstream and is manifested by flat and stable deposits with no deformation. The active Songda
landslide developed on the opposite side of the river and frequently blocks the highway from Luding
County to Danba County.

The investigated slope is almost completely covered by loose deposits, except at its upstream
boundary where there is an outcropping of bedrock. The loose slope deposits consist mainly of soil
detritus with a maximum block size of 10 x 10 x 2 m (Figure 4a).

The slope has a dip direction of 248° and a mean slope angle of 21°. The toe of the slope has
a length of 1850 m along the Dadu River with a fluctuating water level, which reaches a maximum of
1847 m and can drop to a minimum of 1841 m (Figure 3). There are some small terraces with length
of 60-150 m, width of 20-50 m and a slope of 8°-15°. The first one developed downstream of the
slope toe with a width of 10-20 m. This presents as a typical river terrace with silt and silt clay in the
upper part while there is rounded coarse sand and gravel in the lower part (Figures 3 and 4b). The toe
of the slope is convex to the river and has a cliff with a height of 18-20 m above the river (elevation
of almost 1860 m). There is only a gentle slope above 2200 m, with a mean slope angle of 16° from
2200 to 3300 m. There are 6 large tablelands developed at elevations of 2200-2280 m, 23902480 m,
2600-2680 m, 2780-2880 m, 3000-3120 m, and 3200-3280 m, respectively. Generally, the tablelands
are 100-200 m wide and 0.5-2.0 km long, with slopes of 6°~10°. There are two gullies developed.
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Shuangyuan Gully is at the upstream boundary of the slope, has a length of 1700 m and a maximum
incision depth of 20-30 m with two headstreams. The other gully has developed in the middle of the

slope, with a length of 1000 m and an incision depth of 1-10 m. Surface water from irrigation ditches
continually flows in this gully.
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Figure 3. Geological map of the slope.

@

Figure 4. (a) Rock block with size of 10 x 10 x 2 m. (b) The structure of the first river terrace (from site
of PHO1 in Figure 3).

Arc-shaped cracks are present in the southeastern part of the slope at an elevation of 2160-2178 m,
which formed after rainstorms 15 years ago. One of these cracks divided a block of farmland into
two blocks, with a scarp height of 1-2 m, length of over 500 m, and a width of 0.4-0.5 m (Figure 5a).
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Furthermore, some other cracks tilted powerline poles and trees nearby (Figure 5b). There is a small
circular slump at the toe of the slope, with a width of about 30 m, a length of over 60 m and a scarp of
2-3 m (Figure 5c). Cracks with a maximum width of 5 cm developed in the house of a local resident at
an elevation of 1970 m (Figure 5d).

Figure 5. (a) A block farmland sub-divided into two blocks by a crack (from site of PHO2 in Figure 3);
(b) tilted powerline poles and trees on the slope (from site of PHO3 in Figure 3); (c) a small circular
slump at the toe of the slope (from site of PH04 in Figure 3); (d) cracks developed at the ground surface
in the house of a local resident, with maximum width of 5 cm (from site of PHO5 in Figure 3).

As mentioned above, there are 46 Tibetan star-shaped towers located in the slope apart from the
local inhabitants. The Tibetan star-shaped towers are the ancient stone buildings constructed at the
high mountain area by ancient Tibetan people for living in and as a defense mechanism, using local
slab stone as building material [28]. Their heights range from 30 m to 60 m, with structural outlines
varying greatly to include shapes, such as triangular, square, pentagon, hexagon, octagon and complex
thirteen corners (Figure 6a,b). The French explorer, Frederique Darragon, collected 108 samples and
dated them using the isotope Cy4 carbon-dating technique. Her results confirm that these towers
were built between 200 and 1600 AD [28,29]. The Tibetan star-shaped towers are key cultural relics
under protection in the Sichuan Province and are also in the tentative lists of World Cultural Heritage
in China.

According to ground investigations conducted at different times, most of Tibetan star-shaped
towers on the slope are in good condition, but some of these towers have been damaged to different
degrees. Some have already collapsed while some have become leaning towers. Most of these damages
were caused by local uneven deformation of the slope (Figure 6c), resulting in tensile forces within the
tower body and generating tension cracks, which destroyed and caused collapse of the whole structure.
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Figure 6. (a) Tibetan star-shaped towers on the slope; (b) Tibetan star-shaped towers with
13 outward-pointing corners; (c) a leaning tower caused by local uneven deformation of the landslide.

3. Recognition of the Ancient Landslide

To understand the formation of the slope and to evaluate the impact of future reservoir flooding,
7 boreholes have been drilled in addition to a detailed ground survey as indicated in the previous
section. Meanwhile, a high-density electric resistivity method was adopted to investigate the structure
of the slope. Three cross-sections (electrode arrays) were placed perpendicular to the river (ie.,
Ao—A1434, Bo—B143a, Co—Ci434), while eight transverse sections (electrode arrays) were placed parallel
to the river (i.e., Do-Dgos, Eo=Esos, Fo—F714, Go~Gr14, Ho—H714, lo=I714, Jo-J714, Ko—K714). This is shown
in Figure 3, in which the subscript A denotes the cross-section, Ay denotes the electrode (marked as
a circle in Figure 3), and the subscript denotes the distance of the electrode from the start electrode.
Each cross-section has the same length of 1434 m, while each transverse section has a length of 714 m,
except Dy—Dgg4 and Ep—Eggs, which have lengths of 894 m.

Some results from the high-density electric resistivity method are presented in Figure 7 as contour
maps of electrical resistivity. At the depth of 70-90 m, there exists an obvious continual layer marked
in light green with an electrical resistivity of 250 (2-m. The material above this layer has an electrical
resistivity of 30-500 (3:m and the material below the layer has an electrical resistivity of 250-3500 (2-m
in general. This is consistent with the constraints from the data of the boreholes. In other words,
the slope consists of loose deposit and the bedrock of micaceous schist or phyllite from the fourth
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formation of the upper subgroup in the Maoxian group (Smx*). The loose deposit has an electrical
resistivity of 30-500 (-m in general, while the bedrock has an electrical resistivity of 250-3500 (2-m.
The light green layer with an electrical resistivity of 250 (3-m in the contour maps can be considered as

83

a boundary between the loose deposit and bedrock.
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Figure 7. The contour map of electrical resistivity determined from multi-electrode resistivity method:
(a—g) show the geophysical survey lines and their interpretations.

According to the borehole data, the loose deposit consists of light yellow soil containing rubble
gravel, gray yellow-black silt containing gravels and solitary boulders of phyllite, which has been
depicted in the borehole logs shown in Figure 7a—e. Moving down the slope surface, all boreholes have
a layer rich in clay at a depth of 45-95 m, with a thickness of 1-3 m. The main exception is borehole
BHO04, which has no layer rich in clay. Moving further down the slope surface, bedrock has developed
with a disturbed zone at the top. In some boreholes (i.e., BH01, BHO3), obvious sliding traces can be
observed on the bedding plane of the base rock (Figure 8). Borehole BH04 is located at the toe area of
the slope (Figure 3). In this borehole, fine silty sand is located at a depth of 44.57-48.91 m, while plant
roots and charred wood presented at a depth of 48.16 m (Figure 9). A soil layer containing boulders,
cobbles and gravel at a depth of 64.0-90.60 m was discovered with glaciofluvial facies, while the sand
and gravel layer with fluvial facies presented at a depth of 72.17-75.07 m and 76.5-81.0 m respectively.
The intact bedrock contains micaceous schist presenting below 90.60 m with a corresponding elevation
of 1771 m, with this elevation is being over 50 m lower than the present riverbed. Therefore, it was
hypothesized that the loose deposit is a result of an ancient landslide, leading to the buried plants and
charred wood.

On the downstream side, there is a block of river terrace developed on the toe of the landslide as
mentioned in Section 2 (Figure 4b), which means that the ancient landslide had formed before the first
river terrace.
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Figure 8. Landslides traces found in samples from (a) borehole BH01 at a depth of 95 m and (b) borehole
BHO3 at a depth of 62.8 m.

T S R T
W
45) / 5

Sl

Figure 9. Charred wood presented at a depth of 48.16 m in borehole BH04.

4. Boundary of the Ancient Landslide

The ancient landslide has experienced a change in landscape over a long period of time due to
natural and artificial effects. There is no obvious main scarp that has developed, with the boundaries
and scarp area being difficult to identify from the landscape nowadays. Therefore, we delineated the
boundary using the results from the high-density electric resistivity method.

Figure 7a shows that the loose deposit has an almost identical thickness of 90 m in the cross-section
of Ag—A1434, as measured by both electrode Aj434 and borehole BH13. From BH13 to Ay, the thickness
reduces gradually to 0 at an elevation of about 2250 m. Therefore, we can deduce that the crown
(the term is after International Association of Engineering Geology and the Environment (IAEG)
Commission’s Suggested Nomenclature for Landslides [30]) of the landslide is located at an elevation
of about 2250 m in the cross-section of Ag—A1434. Similarly, we can infer that the crown of the landslide
is located at an elevation of about 2200 m in the cross-section of By—B1434 (Figure 7b).

Figure 7c is obviously different from Figure 7a,b. This difference shows that the buried depth of
the light green layer is decreasing gradually from the toe area to the upper part and almost crops out
to the surface at an elevation of 2170 m. Thus, we can deduce that the crown area of the landslide has
an elevation of 2170 m in the cross-section of Cy-Cy434 (Figure 7c). Similarly, the boundary between
the upstream and downstream side can be delineated by the transverse sections of Dy—Dgg4, Eo—Egoa,
Fo—F714, Go—G714, as shown in Figure 7d—g.

From the data of all boreholes and the results from the high-density electric resistivity method,
it can be concluded that the landslide deposit gradually becomes thicker from the upslope to the
downslope and from the upstream to the downstream area. Overall, there is a mean thickness of about
80-90 m (Figure 7).
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5. Discussion of the Geological Model of the Landslide

To better understand the formation and build a geological model of the ancient landslide,
we investigated the sporadically developed river terraces near the region and collected data from
investigations of several dams under construction on the Dadu River. It has been noted that there
is a layer of thick, loose glaciofluvial deposits in the Dadu River valley with a varied thickness of
70-130 m in the section from Luding to Danba (Figure 10), which is consistent with the data from
borehole BH04 as mentioned in Section 3 (Figure 11). The river has been deeply incised throughout
history, with the riverbed having been deeply buried over time.
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Wang et al. [32] dated the Quaternary sediment from the Dadu Riverbed in Luding by Electron
Spin Resonance (ESR) and found that the gravel and pebbles at the depth of 5 m in the borehole
were formed 3000 £ 1000 years ago, while the muddy silt sand layers at depths of 40 m and 68 m
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were formed 17,000 & 2000 years and 19,000 £ 2000 years ago, respectively. Sun et al. [33] dated
the Quaternary sediment from the Dadu Riverbed in Danba by ESR and found that the sediment
was formed 19,000 = 2000 years ago as well. These imply that the rock surface of the valley bottom
was formed 25,000 years ago by an intensive erosion event, which was related with the second
interglacial era of the last glacial period [32,34]. Therefore, it can be inferred that the layer of thick
loose glaciofluvial deposits located at a depth of 64-90.6 m had been formed during the last glaciation
around the late part of the Pleistocene period (Q3).

The slope investigated is a consequent slope as indicated before, which is prone to sliding along
the weak layer of micaceous schist. If the weak layer of micaceous schist was examined by deep
incision of the intensive erosion, the landslide would have been initiated as a translational failure along
the weak layer, and overlaid on the glaciofluvial deposit. Thus, we infer that the slope has a structure
as shown in Figure 11 at the toe area.

Based on evidence above, we suggest that the landslide has experienced four stages: (1) the Dadu
River deeply incised and the weak layer of the slope composed of micaceous schist was exposed; (2) the
landslide occurred, resulting in its toe moving into the Dadu River and covered on the glaciofluvial
deposits; (3) part of the toe was eroded by the river, with river facial sediments being deposited on the
landslide toe; (4) the first river terrace was formed and covered on the toe of the landslide.

6. Preliminary Stability Analyses on the Landslide

Preliminary geological investigations indicated that the landslide has undergone some obvious
deformation as indicated in Section 2. However, the two factors listed below are favorable to
the stability.

(1) From Figure 11, it can be seen that the existing sliding zone was buried under the first river terrace,
which resists shear forces that occur along the existing fracture zone at the toe of the landslide.
Meanwhile, the stability of the river terrace indicates that the landslide has not undergone a major
reaction since the terrace formed.

(2) The ancient Tibetan star-shaped towers located on the landslide have a history of at least
800 years according to references and written records [28,29]. Most of the existing ancient
Tibetan star-shaped towers are in good condition, which indicates that the landslide has not
experienced complete reactivation since the ancient Tibetan star-shaped towers were constructed,
even though there have been almost 80 earthquakes that have occurred during this period with
magnitude scales above Ms 5.0, according to Chinese historical earthquake records [35] and
annual rainstorms during the rainy season. This also implies that the landslide has not undergone
a major reaction even under scenarios of rainstorms or earthquakes since the ancient Tibetan
star-shaped towers were built on it.

Furthermore, to understand the stability and deformation of the landslide at present, INSAR
technique was used. As it uses synthetic radar imaging theory and electromagnetic wave
interferometric technology, differential synthetic aperture radar interferometry (DInSAR) is a powerful
remote-sensing tool for ground deformation monitoring [36]. Conventional DINSAR mainly analyzes
the interferometric phase of one pair of SAR images. Many studies have shown that the surface
displacement of landslides can be derived with DINSAR when the interferometric pair maintains good
coherence [37-41]. However, conventional DINSAR is often limited by some factors, such as inaccurate
Digital Elevation Model (DEM), atmospheric disturbance, and vegetation changes [42], especially
in landslide areas. After the introduction of time series analysis, many advanced DInSAR methods
focusing on the phase information of highly coherent targets have been developed and applied [43—-46].

We used 20 ALOS(Advanced Land Observing Satellite) PALSAR (Phased Array type L-band
Synthetic Aperture Radar) images acquired in FBD (Fine Beam Dual Polarization) or FBS (Fine Beam
Single Polarization), covering the time span from December 2006 to January 2011. With the image
20090930 selected as the super master image, the parameters of the dataset are shown in Table 2. SRTM
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(Shuttle Radar Topography Mission) DEM data with a resolution of about 30 m was used to remove the
topographic phase. To deal with the ALOS PALSAR images, ENVI (the Environment for Visualizing
Images) and SARscape (Synthetic Aperture Radar, SAR) software were applied. The Small Baseline
Subsets (SBAS) method was applied to analyze the time series SAR data [43].

1)

)

@)

®)

(6)

Table 2. Parameters of the used ALOS PALSAR data.

No. Acquired Time  Normal Baseline (m) Time Baseline (d) Image Mode
1 20061223 20131034.51 —1012 FBS
2 20070207 —128.10 —966 FBS
3 20070810 539.47 —782 FBD
4 20070925 570.64 —736 FBD
5 20080210 1814.88 —598 FBS
6 20080327 1855.50 —552 FBS
7 20080512 2333.52 —506 FBD
8 20080627 —87.80 —460 FBD
9 20081112 —1476.38 —322 FBS
10 20081228 —1461.09 —276 FBS
11 20090212 —802.85 —230 FBS
12 20090630 —350.02 -92 FBD
13 20090815 —422.68 —46 FBD
14 20090930 0 0 FBD
15 20091231 553.48 92 FBS
16 20100215 965.81 138 FBS
17 20100703 1553.38 276 FBD
18 20100818 1634.35 322 FBD
19 20101003 1866.55 368 FBD
20 20110103 2144.52 460 FBS

The SBAS processing strategy is concisely summarized as below.

Connection graph generation. The space, time and Doppler baselines of all possible image
pairs were estimated. According to the principle of small baseline, a super master image and
the retained pairs were decided. The temporal and perpendicular baseline was plotted as the
connection graph.

Generation of differential interferograms. The other SAR images were co-registered to the super
master image and interferometry was performed on the image pairs. Based on the satellite state
vectors and DEM, we subtracted the parts of the interferometric phase due to viewing geometry
and topography. After adapted filtering, the differential phases were simplified by the Minimum
Cost Flow (MCF) algorithm.

Refinement of space baselines. Based on the selection of ground control points, the space
baselines of all the pairs were refined and the differential interferograms were re-produced
and re-unwrapped.

Selection of coherent pixels. According to the coherence maps of all interferometric pairs, the
pixels with high coherence in the time series datasets were chosen as coherent pixels, whose
phase information would be analyzed later on.

First inversion. Applying the linear movement model and singular value decomposition (S5VD)
algorithm, the deformation velocity and height error of coherent pixels were calculated. At the
same time, the atmospheric phase screen (APS) of every pair was generated.

Second inversion. After the subtraction of APS and the residual phase corresponding to
height error, the retained differential phases of coherent pixels were calculated again. Finally,
the deformation history and the ensemble coherence in the time series datasets of all coherent
pixels were produced. The FBD images are interpolated in order to get the same pixel size with
FBS images. After this, all the images are co-registered to the super master image. While selecting
the small baseline interferograms, the threshold for normal baseline was set to 8 percent of the
critical baseline and the threshold for time baseline to 1200 days. At last, 54 interferometric pairs
were processed for SBAS analysis.
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It should be noted that the displacement results of InNSAR are in direction of the line of sight.
Thus, we have derived the relative deformation since 23 December 2006. In this paper, we listed four
deformation maps of the landslide on 25 September 2007 (Figure 12A), 12 May 2008 (Figure 12B),
30 September 2009 (Figure 12C), and 3 October 2010 (Figure 12D), respectively. It can be seen that the
deformation mainly occurred in the upstream side (above El. 2020 m) and the head area (above EL
2200 m). Meanwhile, there was a little stronger deformation zone at an elevation range of 2060-2100 m.
In general, the deformation decreases gradually from the head area to the toe area. All these are
consistent with the conclusion from the ground survey.

Then, the average deformation rate over the landslide from the acquired time 23 December 2006
to 3 January 2011 was successfully mapped, as shown in Figure 12E.
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Figure 12. The relative deformation since 23 December 2006 on 25 September 2007 (A); 12 May 2008 (B);
30 September 2009 (C); 3 October 2010 (D). (E) The average deformation rate of the landslide from m to
3 January 2011 from ALOS PALSAR data.

It can be seen that the deformation rate has a value in the range of 1-39 mm/yr, while the head
area and the right side near the deep gully has a higher value of 26-35 mm/yr. This rate reduces
gradually from the head to the toe area. All cracks located in the area have a higher deformation
rate value (Figure 12). At the same time, we noticed that the deformation rate reached by the INSAR
technique has a close relationship with local topography, as a steeper local slope resulted in a higher
deformation rate. The deformation direction varied with local topography. All these may indicate
that some potential small shallow landslides are developing on the deep-seated landslide, with the
deep-seated landslide not showing a major and overall reaction along the sliding zone.

It should be pointed out that significant deformation can be still observed above an elevation
of 2325 m, in the area outside of the landslide, with a maximum deformation rate of 39 mm/yr in
Figure 12. According to field investigations, there are some small landslides developed in the loose
deposits formed by continuous rock fall from the steep cliff, with an elevation of above 2325 m.
Between the small landslides and the deep-seated landslide we discussed, there is a tableland
developed, as mentioned in Section 2.

Two points of P1 (with an elevation of 2272 m) and P2 (with an elevation of 2060 m) were selected
respectively, as marked in Figure 12, with the deformation variations from 23 December 2006 to
3 January 2011 from ALOS PALSAR data being shown in Figure 13. It can be seen that the two
points have similar deformation courses, although the deformation of P1 is slightly larger than the
corresponding value of P2, with the rate of the former also being slightly higher than that of the latter.
P1 had its maximum deformation of 153.40 mm in October 2010, while correspondingly P2 has had
a slightly smaller value of 131.17 mm, with a total difference of 22.23 mm.
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Figure 13. Variation in deformation (mm) of two points P1 and P2 in the slope from 23 December 2006
to 3 January 2011 from ALOS PALSAR data vs. monthly precipitation (mm).

The two points deformed downward continuously except the abnormal deformation from 12 May
to 12 November in 2008. This abnormal deformation would have a close connection with the Wenchuan
earthquake, occurred approximately 170 km away in the northeastern direction at that time [47].
The monitored data from InSAR was a little sparse in time series, i.e., there was no data between
25 September 2007 and 10 February 2008; meanwhile, the deformation was a little lagging behind the
rainfall, so we can roughly deduce that the deformation of the study site has some relations to rainfall
data. The deformation increases of these two points occurred during or immediately after the rainy
season (August to February) were often larger than the corresponding values occurring from February
to July, as the deformation of P1 had a sharp increase of 26.28 mm from 10 August to 25 September
in 2007. This result means that the reaction has some correlations with precipitation. This is also
consistent with the occurrences of the cracks immediately after the rainstorm events as mentioned in
Section 2.

The InSAR result indicates differential displacements are common after a large landslide, while
their pattern sheds light on the mechanical behavior of the unstable slope. This mechanical behavior
involves the landslide being reactivated, with this reactivation having some relation to the seasonal
rainstorm. Furthermore, the upslope, especially at an elevation over 2070 m is continuously deforming
and is pushing on the downslope area to deform it gradually. Therefore, the state of the toe area is
very vital for the stability of the whole landslide. It can be expected that the coming impoundment of
the reservoir will increase the pore pressure of the rupture zone at the toe area, which will reduce the
resistance and inevitably speed up the reaction of the landslide.

7. Conclusions

In summary, we have the following conclusions:

(1)  The slope investigated is covered by loose deposit, which has a thickness of 70-90 m. These thick
loose deposits on the slope were formed by an ancient deep-seated landslide, which began along
a weak layer of micaceous schist in the bedrock. The landslide probably occurred during the
late era of the Pleistocene period about 10,000-30,000 years ago as a result of deep incision of the
Dadu River.
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(2)  The results from geological and geomorphological analysis incorporated with InNSAR technology
indicated that the slope is deformable, although it has not shown a major reaction since the
ancient Tibetan star-shaped tower were built. The reaction of the landslide is related to the
seasonal rainstorm.

(3) Some ancient star-shaped towers are tilted due to local uneven deformation of the landslide.
To protect these valuable and unique cultural heritages, increased attention should be paid to
prevent uneven deformation and the partial disaggregation of the landslide.

(4) The toe of the landslide has a significant effect in preventing the major reaction of the landslide.
Thus, it is important to protect the toe area from erosion due to unreasonable regulation and
controlling, i.e., quick drawdown. Some bank protection measures, such as rock armor, should
be adopted in this area. Some long-term monitor measures, such as benchmarks, borehole
inclinometers, piezometers and rain gauges, should be installed to provide a deep understanding
of the state of this important slope. Meanwhile, a further comprehensive stability study should
be carried out after detailed analysis on the strength and permeability of the slope material,
especially in the rupture zone.
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