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This paper presents a typical 450 m high rock slope in a highly jointed and fractured rock mass at Pubugou (PBG) hydropower
station on the Dadu River. We established a set of multiphase field geological survey combined with GPS, inclinometers, and
piezometer monitoring system to analyze the deformation and failure mechanism of rock slope. The results show that small-
scale excavation in road construction disrupted the balance of the Pubugou rock slope (PBGRS), and several local retrogressive
failures occurred at the toe. Monitoring data regarding surface and subsurface movements show that the PBGRS is stable as a
whole. The deformation concentrated mainly in the loosened fractured zone, which was a feature with sliding-compression
cracking. Highly loosened rock mass was the predominant factor affecting the stability of the PBGRS, while the role of reservoir
water level fluctuation, though positive, was not significant. Overall, the PBGRS still has a high potential for further
development, especially in the slope’s upper zone. To reinforce the slope, measurements mainly consist of the concrete frame
combined with anchor cables constructed on the slope. In this study, the analysis was carried out of pre- and postreinforcement
measure slope stability with numerical simulation, and safety factor increased from 1.09 to 1.21. This study’s findings have
important implications to the analytical method and reinforcement design with geological settings like that of the PBGRS.

1. Introduction

The Western Sichuan Province is located on the eastern edge
of the Tibetan Plateau and is rich in hydropower resources.
Over the past few decades, there are more than 20 large-
scale hydropower projects (Table 1), which mainly settled
on the three major rivers [1, 2]. Usually, these areas are deep
down cutting river valleys, with high stresses, active tectonic
environment, and loosened rock mass. Therefore, rock slope
stability has been the most essential engineering problem [3-
9]. Many studies pointed out that slope stability can pose a
high risk to the operation of the hydropower station system
[10-15]. The disaster hazard chains that result from slides,

especially the formation and outburst barrier lakes, often
generate much more threats than slope failure [16-18].
Moreover, the slide deposits could result in the capacity
reduction of effectiveness. Therefore, it is essential to under-
stand these unstable slopes located in the reservoir regions,
particularly their possible failure modes.

In many studies, several influencing factors, such as exca-
vation [19], heavy rainfall [20-22], and water level fluctua-
tion in the reservoir [23-26], could highly affect the
stability of the bank slope. Some reported cases showed that
minor-scale excavations during road construction could also
cause a large deformation of rock slopes [27, 28]. Many
researchers prefer to analyze the dynamic changes of seepage
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TaBLE 1: Engineering geological problems of hydropower station slope in southwest China.
Name of the Natural slope Slope Dam Total storage Location of the Litholo Engineering
hydropower station height (m)  gradient (*) height (m)  capacity (m?) slope &Y geological issues
Jinping >1000 >40° 305 77.6 x 10° Left bank Marble, - Deep rupture and
sandstone creep
Xiluodu 300-350 >60° 276 128.0 x 10° Left Eraljknght Basalt Bedding rockslide
Shuangjiangkou >1000 >43° 312 76.0 x 10° Left ﬁgjknght Granite Deep rupture
Xijangjiaba 350 >50° 161 51.6 x 10° Left bank Sandstone Deep rupture
Baihetan 400-860 >42° 289 206.0 x 10° Left bank Basalt Deep rupture
Xiaowan 700-800 >47° 294 150.0 x 10° Right bank Gneiss Bedding rockslide
Nuozhedu 800 >43° 261 237.0 x 10° Spillway Granite Weathering,
fracture
Dagangshan >600 >40° 210 7.4% 10° Right bank Granite Deep rupture
Lo . 9 Left abutment .
Huangjingping >300 >25 95 1.4x10 intake slope Granite Deep rupture
Pubugou (this paper) 450 >35° 186 53.9 x 10° Right bank Tuff Deep rupture
50° 80° 50" fooc  [11o° I 130°
40
Beijir
China

Yellow River

30°
Chengdu
: o
Yapg® :

Y
\\Studv rea
d

E Study area |I| Dam County road
[~ |Expressway City
National road Rivers
[~ | Railway

N

P

FIGURE 1: Location map of the study area and its nearby cities.

flow in groundwater by numerical simulation. However, a
special case study from the Guantangkou landslide [29, 30]
reveals that the fluctuation of reservoir water level has no sig-
nificant effect on the slope stability. Due to severe slope fail-
ure consequences [31-35], most slopes in large hydropower
stations need to be reinforced. Therefore, a detailed stability
analysis of these slopes is required in engineering design,
such as ensure the shear surface, slide direction, and geome-
chanical parameters. These parameters can usually be
obtained through field surveys or laboratory tests, but slope
stability results have huge parameter uncertainty because of
sample disturbance and method errors [36]. Besides, due to

the indoor slope scale model test’s size limitation, the results
may differ significantly from the actual responses. In recent
years, although aerial and airborne remote sensing technolo-
gies provide new methods for landslide research [37-39],
these methods require a lot of manpower, cost-effectiveness
[40-42], and topography limitation of covered by dense veg-
etation [43, 44]. The key point is that remote sensing cannot
obtain deep deformation characteristics, and this evidence is
the most critical parameter for determining reinforcement
measures.

This paper focuses on the stability of a rock slope only
780 m from the dam of the Pubugou hydropower station in
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nearly 150 m, and the pull-out width is generally 0.5-2 cm, of which the largest pull-out width is 10 cm; Site.2: the grooved slumps and cracks;
Site.3: echelon tension cracks; Site.4: the cracks of P02; Site.5: the cracks of P05; Site.6: the strike is near SN, sinking 5-10 cm; Site.7: the strike is
N29°E, the depth is 1.0 m-1.2 m, and fresh yellow attached soil can be seen on the bedrock wall; Site.8: characteristics of the shear surface along
a slope; Site.9: the grooved slumps and GPS monitoring point No.T2.
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FIGURE 4: Distribution of monthly average precipitation.

Sichuan Province (Figure 1). Field investigation, deformation
monitor, and numerical analysis were carried out to deter-
mine the causes and deformation mechanism of the PBGRS.
The analysis was carried out with the pre- and postreinforce-
ment measures in numerical simulation to evaluate the effec-
tiveness of the engineering measures. According to these
results, the slope’s possible evolution mode is proposed, and
the development tendency of the PBGRS is assessed.

2. Methodology

The PBGRS was investigated using field mapping, geological
drilling, in situ monitoring, and numerical modeling. The
field survey and the topographic map of 1:1000 are compre-
hensively used to determine the deformation range’s bound-
aries and deformation characteristics (Figure 2). The drilling
sampling was performed at several important locations to
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TaBLE 2: Characteristics of the rock mass in the drill holes. Their locations are shown in Figure 2.

Drill hole Depth (m) Core features Detailed core description of DH 01
10.1~28.62 Diabase and tuff, intense rust Ero Tawny soil, rubble (9-17 cm)=20%,
= grave (2-6 cm)=65%,0.5-1 (cm)=~15%
DH 01 29.7~46.0 Columnar diabase, 4-9 cm, fissure inclination 65°-80 Els Gray core ntense rust coluzmmar taff, .11 cn,
46.8~50.1 Intact diabase 12-48 cm 40‘{ 10 1;?: fissure inclination: 30-45° and 65-80°
. . ) L :
29 12.26 m! Columnar core, 2-6 cmintense rust
3.6~40.1 Columnar diabase, 3-8 cm, intense rust [-15 . Gray core,intene rust columna tuf, 511 cm,
. .. . o one 18 am fissure inclination: 30-45° and 65-80°
DH 02 40.1~44.3 Columnar diabase, 5-20 cm, fissure inclination 65°-80 L2 ssure inclination an
57; . .
44.3~50.4 Columnar dlabase, 3-10cm 23 L5 Clastic core: 0.2-2 cm, intense rust
20
7.8~15.0 Columnar tuff, 1-4 cm, partially cement-like 3“%-30 »Ime
15.0~45.9 Fractured tuff, intense rust, fissure inclination 65°-80° e ) )
1 ‘| Celadon diabase, fragmentation: 2-6 cm,
141_L40 and 4-9 cm columns, medium rust,
DH 04 2 fissure inclination: 65-80°
F45
. . T o opo 17 165
45.9~50.12 Intact diabase, 8-18 cm, intense rust, fissure inclination 65°-80" | R ety complte cose. cuamane g 10380
60 40 20 0O
RQD (%)

Cross section A-A

1200 - r 1200
274° . Area 2 X Area 1
1150 7 r 1150
Cracks 2003
Cracks 2008
1100 1 r 1100
1050 - r 1050
1000 - r 1000
E 950 - L 950
=]
g
s
£ 900 F 900
23]
850 . F 850
800 y -Pre—slmanbasall L s00
. -Qumemary colluvial deposit
730 [0 custemary il deposi 7%
700 Qualemaryalluvlalsedlmen! L 200
Tuff of lower Sinian Suxiong formation
650 650

Distance (m)

T T T T T T T T T
0 50 100 150 200 250 300 350 400 550 500 550 600

Moderately loosened border Ifgﬁ;‘;‘:}z ter

[Zl Loosened fractured border Cracks
Surface displacement -

II' of monituang station Adit

Cross-section direction
IZ] Potential slip surface

d

EET @ ey R SEDY
© 9 20 TS SETD 7o«
@47 e PAe

(b)

| Rl SEREN

G rw@ER @5 13
CER e TP
PTe” R 50
P T R B
N - G TS

(d)

FIGURE 5: (a) Engineering geological profile of the PBGRS; (b) photo of gravelly soil; (c) intense rusty short columnar core of loosened

fractured zone; (d) intact core of heavily loosened zone.

obtain more information about the properties of the stratum
and the features of the rock mass. Several filed investigations
were conducted from 2003 to 2015, mainly including record-
ing the macrodeformation characteristics of ground cracks in

the study area, such as new cracks and the expansion of old
cracks. A total of 486 crack morphology were measured to
analyze the slope deformation characteristics. The monitor
installed on the study area recorded the following: (i) a total
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FIGURE 6: Contour plots of basal joints in the horizontal adit.

of 12 GPS devices were used from November 2009 to Sep-
tember 2014 to measure surface displacements, (ii) deforma-
tion characteristics at different depths can be explained by 10
inclinometers from November 2009 to March 2019, and (iii)
a total of 2 piezometers are used to analyze the influence of
reservoir water level on slope deformation. Figure 2 shows
the situations of the monitoring sites. A numerical analysis
of pre- and postreinforcement measure slope stability was
conducted, and the safety factor along the observed sheer
surface was calculated.

3. Project Background

The PBG hydropower station is located in Hanyuan County,
Sichuan Province, China (Figure 1). The maximum design
dam height is 186 m on Dadu River. It creates a reservoir of
53.9x 108 m> at the normal pool level of 780.00m. The
power station’s designed capacity is 3300 MW, and the
annual power generation is 145.8 x 108 kw-h. The reservoir
was first stored in November 2009 and reached its highest
water level in October 2010. The PBRGS is located 780 m
upstream of the dam axis on the right bank of the hydro-
power station.

3.1. Engineering Geology. The study area is located in the
transition zone between the western edge of the Sichuan
basin and the Hengduan Mountains and is situated at the
Hanyun Gorge, which is one of the Three Gorges by the
Dadu River (namely, Hanyuan Gorge, Jinkou Gorge, and
Ebian Gorge). The regional tectonic setting is the Hanyuan-
Zhaojue left-hand thrust inverse fault belt (SN/E£60°-80),
with 120km in length and 20-60 m in width. This fault belt
was inactive since the Late Pleistocene (Figure 3(b)).
Hanyuan belongs to the subtropical climatic zone in the
mountains and southwest of Sichuan. The mountains and
valleys are highly undulating, with significant vertical
changes and concentrated rainfall. The annual average tem-
perature is 17.7°C, the highest temperature is 40.9°C, and
the extreme minimum temperature is -3.3°C. The average
annual evaporation is 1395.6mm. The average relative
humidity is 68%, the maximum wind speed is 15.3 m/s, the
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average annual precipitation is 748.4 mm, and the maximum
daily precipitation is 168.2 mm. The precipitation is concen-
trated from May to October and accounts for 80-90% of the
annual (Figure 4).

3.2. Basic Description of the PBGRS. The PBRGS area’s eleva-
tion is between 730 m and 1150 m, and the maximum eleva-
tion difference is approximately 420 m. The slope gradient is
nearly 50” below the 980 ma.s.], and nearly 40° upper the 980
ma.s.]. The geomorphological pattern is a comb-like type.
The slope aspect is approximately EW, and gullies on both
sides were 10m to 35m. The maximum length and width
dimensions of the PBGRS are 400 m and 360 m, respectively.
It has an area of approximately 0.15km” According to the
topography, rock mass features, and deformation character-
istics, the entire research area can be divided into two parts:
the upper unstable dangerous rock mass area which is above
980 ma.s.l (area I) and the lower unstable area that is below
980 ma.s.I (area II). Among them, the gradient in area I is rel-
atively gentle. There is a quaternary loose accumulation layer
with an average thickness of 10 m. The outcrop of the bed-
rock has a fragmentation-debris structure (Site.3 in
Figure 3). Area II includes three subzones according to the
characteristics of deformation and failure. The II-1 area dis-
integrated from the toe in May 2003 and formed a tension
fracture groove, and the volume of this part is approximately
1000 m®. Area II-2 is a potential failure part, which is contin-
uously expanding in the retrogressive pattern since 2003. The
area from the right boundary of area II-2 to gully II is called
I1-3, which found a residual ancient collapse body in this
area.

3.3. Geological Drilling and Rock Mass Properties. The bed-
rock exposed in the region is the rhyolite tuffs of the Suxiong
Formation in the Sinian and the shallow metamorphic
basalts in the pre-Sinian. During the long renovation process,
these rocks have been altered by river incision and a series of
tectonic events (such as the Yanshan movement and Hima-
laya orogeny), thus creating very complex structures [45,
46]. According to the lithostratigraphy and structure of the
PBGRS which were obtained by drill holes and site investiga-
tions, the slope’s rock mass has been extensively fractured.
The degree of fracturing and jointing increases toward the
ground surface, resulting in an increasingly loosened rock
mass (Table 2, and detailed core description of DH 01). As
shown schematically in the cross-section (Figure 5(a)),
except for gravel soil a few meters thick below the surface
(Figure 5(b)), the loosened fractured zone extends to a depth
of about 20-60 m, and the heavily loosened zone extension
depth is approximately 65-90 m. Drilling lithology samples
indicate that the drill core sample of the loosened fractured
zone is fragmental with a short column, and the crack surface
is severely rusty (Figure 5(c)). In contrast, that of the heavily
loosened zone is relatively intact (Figure 5(d)). The borehole
sampling’s core fracture angle indicates that steep dip cracks
(inside or outside the steep slope) are absolutely dominant,
and rock debris fills with the gaps reflects the mutual dis-
placement between the blocks. In addition, the extended
depth of the loosened fractured zone is thick at high
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elevations. The entire slope’s rock mass is extensively frac-
tured and highly permeable; stable groundwater levels were
not found during field investigations.

The basal joints are composed of various primary and
tectonic fissure types at the most basic level and randomly
developed in the rock mass [47, 48]. In this study, we inves-
tigated the distribution of approximately 486 basal joints in
the adits (Figure 6). The results showed that the discontinu-
ities on the PBRGS are abundant; no persistent and dominat-
ing discontinuity trends were identified. The most basal
joints account for only 5.1% of the total number of cracks,
i.e., 25 basal joints.

4. Brief History of Instabilities

The earliest deformation history of the PBGRS dates back to
February 2003. Several very small-scale collapse sites in area
I1-1 have been observed (Figure 3(a)), induced by excavation
during the construction of a road, and it did not attract much
attention. Subsequently, in May 2003, a heavy rainfall
induced a collapse with more than 1000 m>. The retrogressive
disintegrations failed towards the upslope and formed the
first collapse groove (Site.2 in Figure 2). The depth of the col-
lapse groove is about 12 m. By the end of 2004, the range of
instability had expanded, and a second collapse groove had
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FiGure 11: Monitoring curves of three inclinometers located at the cross-section A-A: (a) In01; (b) In10; (c) In06.

been formed. During this time, intermittent ground cracks in
all areas have been reported since February 2003. Several
long-lived extending in the direction of N29°E tensile cracks
with maximum widths and lengths of 10cm and 150m,
respectively, have been observed near the 980 to 1100 ma.s.l
(Site.1 in Figure 2). In order to guarantee the stability and

security of the PBGRS, a series of engineering control mea-
sures were applied according to emergency plans.

During the construction of the reinforcement measures
in 2008, a small-scale collapse occurred at 974.5 ma.s.] (lower
monitoring pile T04) in area II-2 (Site.2 in Figure 3). Due to
the scraping of the lower deposits, a total volume is
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FiGURE 12: Reinforcement solution under construction as of 2015.

TaBLE 3: Mechanical parameters of different strata in the PBGRS.

. Density Elastic modulus Poisson’s Friction angle Cohesion . I
Material (kg /m?) (GPa) ratio ) (MPa) Yield criterion
Colluvium deposit 2250 0.3 0.38 30 0.06 Mohr-

Coulomb
Loosened and fractured 2600 0.6 0.34 0 028 Mohr-
zone Coulomb
. Mohr-
Heavily loosened zone 2600 1.2 0.31 34 0.4
Coulomb
. Mohr-
Slightly fresh zone 2600 10.0 0.29 43 1.2 Coulomb
Slightly weathered basalt 2650 12,0 0.28 46 13 Mohr-
Gl ’ ’ ’ Coulomb
Alluvial deposit 2200 0.8 0.32 — —
Artificial deposit 2250 3.0 0.35 — —

approximately 50 m® and injured several workers. Several
tensile cracks were observed in the collapse grooves formed
in 2003 and 2004 (Site.2-1 in Figure 2). The dislocation
cracks with an opening width of approximately 20cm of
drainage ditches (Site.2-2 in Figure 2).

On October 19, 2014, the local inspectors observed that
fresh tension cracks (Site.3, Site.4, and Site.5 in Figure 2)
appeared on the road to T15, and the width increased from
10cm to 15cm in the next two days. Since October 23, 16
groups of wooden piles have been buried on both sides of
the edge crack to monitor the change trend of crack width.
The typical P02 (Site.4 in Figure 2) and P05 crack change
trends are shown in Figure 3, within 18 days of observation;
the crack width at P05 increased from 20cm to 28.2cm
(Figure 7).

In March 2015, several fresh tensile cracks are observed at
around 1055 ma.s. (Site.6 and Site.7 in Figure 2) with an
opening width of approximately 5cm-15cm and length
exceeding 100 m, and the averaged strike nearby SN. An
arc-shaped crack develops at 1010 to 1040 ma.s.] and extends

to the old crack on the right side of the collapse groove
formed in 2003, with a maximum opening width and sinking
distance of 30 cm and 40 cm, respectively.

5. Monitoring Results

5.1. Relative Surface Displacements. The first emergency mit-
igation was completed in September 2009. During the next
four years monitoring period, the results of 12 surface dis-
placement monitoring and reservoir water level changes are
plotted in Figure 8. We can see that

(1) The cumulative displacement and average displace-
ment velocities increased faster when the first
impoundment was accomplished from 780 to 850
ma.s.] (Figure 9). Over the next 4 years, cumulative
displacement increases slowly yearly. The cumulative
displacement and average displacement velocities of
TO1 (approximately 980 ma.s.l) are much larger than
other points, and their values are 152 mm (Figure 8),
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FIGURE 13: Numerical calculation results: (a, b) potential failure surface and the total displacement before the implementation of engineering
measures; (c) potential shear surface reinforced by concrete frame combined with anchor cables; (d) factor of safety with pre- and

postreinforcement measures.

2.5mm/month (Figure 9(b)), and 2.3 mm/day
(Figure 9(a)), respectively, and TO1 is located in the
collapse groove formed in 2003 and 2004, respec-
tively. This further suggests that area II-1 is relatively
unstable. Besides, the slope at T01 monitoring point
is steep, and the surface layer mainly consists of elu-
vium and slope deposits, which is also the reason
for the large displacement of TO1. The overall moni-
toring data show that the cumulative displacement
and average monthly and daily displacement veloci-
ties (Figure 8) vary gently, verifying the reinforced
mitigation’s effectiveness to decrease the deformation
of the PBGRS

(2) The reservoir water level has a minor effect on surface
displacement. This law can be explained by piezome-
ters and reservoir water level results (Figure 10). The
calculated water level (the sum of the pressure head
and the buried elevation) of the two piezometers is
almost the same as the reservoir water level. There
is no head loss and lag, which proves loosened frac-
tured rock mass and high permeability, and this rock
mass structure is like a leaky bucket full of mesh

5.2. Inclinometer and Piezometer Measurements. The shear
surface location can be obtained from an interpretation of
inclinometric measurements [49-52]. The detailed data from
10 inclinometer monitors are shown in Figure 11, and
Figure 2 shows the layout of inclinometers (A-A profiles in
Figure 5(a)). According to the time-series deformation data,
the subsurface movement was progressive over a continuous
monitoring period of ten years. The cumulative displacement
decreased towards the downslope, and the cumulative dis-
placement at In06 is only 22 mm (Figure 11(c)). For incli-
nometers In01, the shear surface is located at 22 m, which

coincides with the DH 01. Notably, monitoring data from
In10 indicates that the cumulative displacements at different
depths were not uniform. There are at least 3 apparent shear
surfaces at different depths, and the thickness of each surface
is limited. A sawtooth-shaped cumulative displacement
curve was observed at 40-60 m, indicating that the rock mass
in this area is loosened, and the relative dislocation is obvi-
ous. Besides, the shear surface at 22 m depth forms a contin-
uous failure surface with the In01, and this result can be
represented by the red line in Figure 2. Monitoring data from
In06 show that the shear surface was located at a depth of
approximately 40 m below the ground surface. Notably, rela-
tive dislocation can be clearly observed in the depth range of
20-40 m, although these data values have some fluctuations.
In view of the In01 (Figure 11(a)), In10 (Figure 11(b)), and
In06 (Figure 11(c)) monitoring results, the cumulative dis-
placement at the top of the inclinometers is 210 mm,
119mm, and 22mm, respectively, indicating the zone in
which In06 is located serves as a locked segment. The com-
plete continuous failure surface is not formed in the A-A
cross-section. Because the average displacement velocity of
the In01 inclinometer was slow before July 2012, from May
2014 to August 2014, the average displacement velocity
increased to 5mm/month. Then, it decreased to
1.2mm/month in the next year. The most recent increase
occurred from June 2018 to July 2018, and the cumulative
displacement values increased from 167 mm to 202 mm.

6. Discussion

6.1. Mechanisms and Formation Process of PBGRS. The rock
mass of the PBGRS is found loosened and fractured, with the
characteristic that is closely related to the regional tectonic
event and the rapid down cutting caused by the river, which
provides topographic conditions and abundant material
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FiGure 14: Typical monitoring results of anchor cable varied with time: (a) forces in anchor cables (3 measurement points); (b) force

reduction of prestressed anchor cable (3 measurement points).

sources for the kinematic feasibility. Firstly, we present a geo-
mechanical failure model for the PBRGS in area II-3
(Figure 3(a)). As discussed in “Brief History of Instabilities,”
excavation breaks the initial equilibrium conditions, which
induced kinematic release. Besides, owning to broken rock
mass, it is hard for relatively sliding mass to maintain integ-
rity during creep. The tensile stress is high enough to crack
the rock and induce new ruptures. Meanwhile, cracks create
new free space for the posterior sliding mass and form chan-
nels for rainfall. Overall, area II-3 presents retrogressive dis-
integration deformation-failure mode.

The stability of the rock mass in area II-2 is most noting.
To better understand the failure mechanism, inclinometer
measurements may provide some evidence. According to
Figure 11, the intermittent deformation trend indicates that
the loosened fractured zone went through three stages: (1)
sliding and compression cracking, (2) compaction due to
the antislip effect of the locked segment, and (3) sliding and
compression cracks again. After multiple cycles, a continu-
ous shear surface is finally formed, and the destruction finally
occurred; the free surface formed by the failure of the area II-

2 may promote the formation of high-altitude, extremely
energetic rock avalanches. A more detailed analysis of the
failure mechanism will be described later in the FEM verifica-
tion section.

6.2. Mitigation Measures and Effect Evaluation

6.2.1. Mitigation Measures. Based on extensive field surveys
and continuous monitoring results, the leading engineering
reinforcement measures, including concrete frame combined
with anchor cables, large area concrete shotcrete, and inter-
cepting ditch, were applied to stabilize the PBGRS
(Figure 12). The premise of these reinforcement measures is
to remove loose deposits on the surface. The total length of
the anchor cable is between 45 and 70 m. The single anchor
cable (10 x ¢15.2 unbonded steel stranded wire) is designed
to have an anchoring force of 1500 kN, with a standard area
and density of 140 mm?® and 1101 kg/km, respectively. The
tensile strength is 1860 MPa, the elastic modulus is 1.95 x

10° MPa, and the anchor hole diameter is 140 mm. The emer-
gency mitigation plan was divided into two phases: The first
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stage is mainly aimed at the water level fluctuation zone with
780-850 ma.s.l. To obtain maximum antisliding force, the
anchoring angle of the anchor cables is tilted up 5°, which
the engineering audit was completed in October 2009. Based
on ensuring the loosened fractured zone’s stability, in the sec-
ond stage treatment, the anchoring angle is inclined down-
ward 15°. As of September 2015, 912 anchor cables have
been implemented, and 1020 anchor cables have not been
completed.

6.2.2. The FEM Verification. The purpose of the numerical
analysis is to evaluate the PBGRS stability after the installa-
tion of reinforcement measures. Since no major discontinu-
ities were recognized as well as the deformation
characteristics were similar to the particles, the slope rock
mass was modeled as a continuous material [1]. Many studies
pointed out that rock slopes with faults and joints; the
strength reduction FEM can provide more accurate stability
evaluation results [53-55].

The geologic engineering profile A-A (Figure 5(a)) was
analyzed. The total numbers of the elements and nodes in
the mesh for the strength reduction FEM were 17743 and
18045, respectively. The boundary conditions of the model
are as follows: left and right boundaries limit horizontal dis-
placement, and the bottom boundary is fixed. The selection
of material parameters is based on the “Deformation Mecha-
nism and Stability Evaluation of Rock Slope on the Right
Bank of Pubugou Hydropower Station” [56]. The Mohr-
Coulomb model was applied in the loosened fractured zone,
heavily loosened zone, moderately loosened zone, and collu-
viums. Due to the alluvial deposits and artificial deposits at
the toe of the slope which are far away from the research area
of interest in this article, to avoid untimely yielding during
the calculation, these areas use linearly elastic mode constitu-
tive. The detailed material parameters and constitutive com-
ponents used in the FEM are shown in Table 3.

6.2.3. Analysis Results. Figures 13(a) and 13(b) show the cal-
culation results without reinforcement measures. As
expected, the predicted failure surface mainly occurs at the
bottom of the loosened fractured zone (780-1050 ma.s.l).
Above the 950 ma.s.], a discrete shear surface appears at the
bottom of the heavily loosened zone. From the numerical
simulation results, we can predict if the PBGRS does not take
reinforcement measures, and with continuous dislocation
deformation. Finally, the loosened fractured zone was
completely cut-off to form a huge slide body and a new head
scarp. After adopting the concrete frame combined with
anchor cables, the FEM results are shown in Figure 13(c).
The continuous shear surface in a loosened fractured zone
was effectively blocked. The most dangerous shear surface
moves around the anchor cables to the bottom of the heavily
loosened zone but only forms the partially discrete shear sur-
face, so anchor cables also improve the stability of the heavily
loosened zone. By comparing pre- and postreinforcement
measures of concrete frames and ground anchors, safety
increased from 1.09 to 1.21 (Figure 13(d)), which basically
meets the 2012 Professional Standards of the People’s Repub-
lic of China.
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6.2.4. Monitoring Data Verification and Recommendations.
As shown in Figure 14, the anchor cable generally experi-
enced relatively minor relaxation and less than 13% in 7
years. Although these analyses prove that the reinforcement
measures are very effective, most anchor cables do not pene-
trate the heavily loosened zone and cause discontinuous
shear surfaces. The dislocation still went on due to shearing,
and the main zone of movement is concentrated in area I
(Figure 11(a)). We still recommend that the anchor cables
should be long enough to extend as far as possible into the
more stable zone (such as bedrock). Besides, the remaining
1020 anchor cables should be implemented as soon as
possible.

7. Conclusions

This paper studies a case of the stabilization of a high and
steep rock slope, characterized by a highly jointed and frac-
tured rock mass. The main culprit for the relaxation of the
rock mass can boil down to the rapid down cutting caused
by the river. Extensive investigations have shown that
small-scale excavation is considered an essential factor that
causes PBGRS movement. Drilling data and monitoring
inclinometer displacement show that there is multiple shear
surface inside the rock mass. The whole PBGRS underwent
slow creep deformation in the loosened fractured zone. The
movement occurred locally in the PBRRS, and the entire rock
slope did not form a continuous shear surface. The position
of failure at the toe of the slope in 2003 (area II-1) is consid-
ered a typical retrogressive motion mode. The stability of the
toe is vital because it plays an essential supporting role. As
revealed by the inclinometer displacement, the PBGRS would
probably deform in a complex pattern: progressive
compression-induced rupture occurred in the loosened frac-
tured zone. The lower locked segment is continuously
squeezed. With the interval movement cycle, PBGRS stability
will be gradually worsening even a loosened fractured zone
will form a continuous cut-out channel. The concrete frame
combined with anchor cables has been performed and come
into effect, and comparative analysis was carried out on the
PBGRS before and after reinforcement measures. As revealed
by the results, the potential shear surface is in the loosed frac-
tured zone. After the anchor cables are applied, the stability
of the slope is much improved. Finally, the piezometer data
show that the reservoir water level has a minor effect on the
PBGRS deformation, due to the extensively fractured rock
mass and high permeability of the rock mass, which is bene-
ficial to the good operation of the PBG.
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