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Abstract
This paper investigates the toppling deformation characteristics of the displacement evolution in
different portions for a reverse-dip rock slope, through a case study of Xiaodongcao slope in Chongqing
city, China. Firstly, the elevation, slope angle, and aspect were obtained by the �eld survey, and then they
were adopted in the partitioning process related to geological and geometrical conditions by the ArcGIS
packages. Secondly, the spatiotemporal cloud map of the displacement was obtained by discrete
monitoring data of surface displacement of the slope. Finally, the topping deformation was determined
by superposing the cloud map of the displacement and the geometrical partition, considering the change
of the reservoir level. The main �ndings are summarized as follows: (1) the horizontal displacement is
close to the total one, meaning that the slope topping deformation is mainly in the horizontal orientation.
(2) In the front and middle edges of the slope, the horizontal displacement is pronounced, which
increases with the increase of the reservoir level and vice versa. The vertical displacement mainly occurs
in the trailing of the slope, which increases when the reservoir level changes. (3) The area in relation to
the strong superposed displacement increases with the variation of the reservoir level. The largest area of
superposed displacement is distributed at medium gradient, low elevation and north aspect zones.

Introduction
Reverse-dip slope(Dong et al., 2020) indicates the dip direction of the strata is against the dip direction of
the slope. The reverse-dip is often considered as the favorable scenario in engineering practice, as the
potential sliding surface should pass through several bedding. Therefore, the geotechnical profession
pays little attention to the reverse-dip slope, and thus the corresponding studies are limited. However, a
number of natural hazardous occur in recent years in relation to the reverse-dip slope(Aydan and
Kawamoto, 1992; Huang, 2007; Huang et al., 2017; Martino et al., 2020). Many scholars increasingly
analysis the failure mechanism of topping deformation of the reverse-dip slope(Eberhardt, 2008; Lian et
al., 2017; Xie et al., 2018; Gschwind et al., 2019; Lh et al., 2020; Zhang et al., 2020; Ye et al., 2021).
Terzaghi and Peck (1957) described the toppling deformation and failure characteristics of reverse-dip
slopes from the perspective of engineering geology. Amini et al. (2008) considered the rock mass an
inclined superimposed cantilever beam, and analyzed the bending and toppling failure modes of the
layered slope, where the factors of safety between the layered rock masses were considered. Alzo’ubi et
al. (2010) reported that the tensile strength mainly induces the bending and toppling deformations.
Goodman (2013)de�ned three failure modes for reverse-dip slopes, including bending, block, and
bending-block failures. (Adhikary et al., 1997; Bhasin et al., 2004; Chen et al., 2015; Zheng et al.,
2019)conducted a series of model centrifugal tests to study the mechanism of bending and toppling
failures of jointed rock slopes.(Alejano et al., 2010); Li et al. (2015) used discrete element method to
investigate the failure mechanism of the open-pit mine, where the failure of the reverse-dip slope was
de�ned as a complex combination of dumping failures. Dong et al. (2020) investigated the in�uences of
lithology, dip angle and rock thickness on the anti-dipping deformation, by simulating the excavation
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process of the anti-dipping slope. Xie et al. (2020) analyzed the evolutionary characteristics of toppling
deformation in view of the energy �eld.

There were many in�uential factors to the toppling deformation and failure of the anti-dip slope, where
the in�uence of the reservoir level is particularly signi�cant (Bao et al., 2019; Gu et al., 2020).Xu et al.
(2005) used FLAC3D to investigate the deformation and failure mechanisms of the Jiefanggou reverse-
dip rock slope, considering the �uctuation of the reservoir level. (Huang and Gu, 2017) reported that the
periodic �uctuation of reservoir level and long-term immersion are the signi�cant triggers of landslides.
The previous studies of the toppling deformation and failure of slopes caused by the change of reservoir
level mainly focused on the global failure mechanism of slopes. Besides, most researchers only used
numerical simulations and centrifugal mode tests to analyze the deformation mechanism of reverse-dip
rock slopes. Up to now, the real monitoring data have not been adopted to investigate the deformation
mechanisms yet, which can re�ect the actual slope deformation more accurately. According to
monitoring results of the super�cial slope displacement, the toppling deformation characteristics of the
anti-dip slope were signi�cantly different in different portions considering the change of the reservoir
level.

Therefore, this paper investigates the deformation mechanisms of a reverse-dip slope in Xiaodongcao,
Chongqing city, China, considering the real monitoring data of surface displacement of the slope. The
slope displacement was superposed by the geometrical partition and the spatiotemporal could map of
the displacement. Herein, the could map was obtained by the inverse distance weighting interpolation of
the measured displacement using ArcGIS. Finally, this paper discusses the in�uence of the reservoir level
on the deformation mechanism of the displacement evolution in different regions of the reverse-dip
slope.

1. Case Description

1.1 Geological condition of the slope
Xiaodongcao slope is located on the right bank of the upper reaches of Xixi River in Zhonglian township,
Wuxi county, Chongqing city (Fig.1). It is 1.2 km away from Zhongliang Reservoir. The elevation of the
slope is in 540 - 1183 m, and the width of the slope is around 700 m. The topography of the slope is
steep, with the averaged aspect of around 345°. Herein, the middle portion of the slope is particularly
steep, with the slope angle being in 45° - 68°. The back edge of the slope is relatively stable, with the
slope angle being in 11° - 18° (some areas of the back part can exhibit 37° slope angle). The pro�le of the
slope is mainly composed of Quaternary residual and slope sediments (Q4el+dl), lower Triassic
Jialingjiang Formation (T1j), Daye Formation (T1d), upper Permian (P2), and Lower Permian (P1). After
the completion of the reservoir, the water level of the slope is nearly 100 m higher than the original one.
Besides, the slope deformations in the front and trailing edges of the slope are more pronounced.
Furthermore, tensile cracks can be observed in the trailing edge of the slope, indicating the slope may be
under a dangerous condition.
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1.2 Monitoring system of the slope
22 monitoring points were set to detect the surfacel displacement of the slope, which are uniformly
distributed. Herein, 17 monitoring points are deployed on the main slope body, and the other monitoring
points were deployed outside the slope boundary. The monitoring period is from December 2011 to April
2020, and the slope is divided into �ve cross-sections and three longitudinal planes, as shown in Fig. 2.

Fig. 3 shows that the slope is divided into 7 portions, and the deformation and failure characteristics of
each partition are respectively analyzed, according to the deformation magnitudes obtained from the
monitoring results. Herein, the deformation of the front part of the slope is signi�cantly different from
that of the back part. The deformation at the front part of the slope is the larger, and the shear
deformation is mainly dominated, associated with the local collapses. Bending fracture mainly occurs in
the central part of the slope. In addition. the trailing edge of the slope is generally �at, with some obvious
tension cracks. The �eld investigation indicates that the investigated slope displays the dip direction of
the strata being against the dip direction of the slope (i.e., reverse-dip slope) (Table 1).

Table 1 each partition’s characteristics of slope surface deformation failure
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Partition

number

Deformation
degree

Position Elevation(m) Area
(104

m)

Material
structure

Deformation
characteristics

I

 

Failure Trailing edge

 

1070 –
1180

 

4.9

 

Residual
slope mainly
silty clay

Cracks
housing
deformation

 

II

 

Weak

deformation

Ditch four

 

610 – 880 0.2

 

Landslide
layer,

block stone

Rock and soil
collapse

III

 

Failure Ditch four on
the right side

610 – 755

 

1.2 Strongly
weath-

ered rock
mass

Rock and soil
slippage

 

IV Weak
deformation

Ditch two on
the left side

650 – 720

 

 

0.5

Landslide
layer, gravel
soil

Rock and soil
slippage

 

V

Failure Ditch two on
the right side

610 – 755 2.4

 

Landslide
layer, gravel
soil

Rock and soil
slippage

 

VI

Failure  

Ditch two

610 – 1160 1.1

 

Landslide
layer, block
stone

Rock and soil
slippage

VII Weak
deformation

The whole
slope

526 – 1180

 

62.8 Dolomitic
limestone,

Bend toppling

 

2. Geometrical Conditions Of The Slope
2.1 Geological and geometrical factors

According to the geological survey and monitoring results, the elevation, slope angle and aspect were
selected as the geometrical factors, by analyzing the geometrical characteristics of the slope using
ArcGIS (Fig. 4). The elevation, slope angle and aspect were classi�ed into 10, 6, and 8 categories,
respectively, using the Jenks natural break method. Table 1 presents the area for the each category. As
can be indicated from Fig. 5 and Table 2, the slope is relatively steep (slope angle is generally larger than
41° ) except for the trailing edge (the slope angle is in 0 ° − 26 °). The portion with angle in 63 ° − 71 °
accounts for the largest area of the slope (28685. 10 m2). The gullies in slope are developed, and the
shape of the valley is V-shaped. The topography of the study area is �uctuated. The area of the north
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aspect is the largest (40,186.80 m²), and the area of the north-west aspect is 20,052.41 m². In general, the
north and north-west aspects are dominated in the study area.

Table 2
Geometrical characteristics of the slope.

  Elevation Area (m2) Slope Area (m2) Aspect Area (m2)

level 620 ~ 677 m

734 ~ 789 m

734 ~ 789 m

790 ~ 847 m

848 ~ 902 m

903 ~ 957 m

1015 ~ 1068 m

1069 ~ 1122 m

11123 ~ 1180 m

1,2858.00

1,0646.70

9615.08

8769.33

9674.51

8894.84

8668.65

1,0579.30

7244.57 m2

0° ~ 26°

27° ~ 41°

42° ~ 53°

54° ~ 62°

63° ~ 71°

72° ~ 90°

2401.55

8508.11

1,4106.80

2,9164.60

2,8685.10

1,4195.50

North

Northeast

East

Southeast

South

Southwest

West

Northwest

40186.80 m2

1,0102.6 m2

3917.44 m2

965.06 m2

680.89 m2

6547.95 m2

1,4518.42 m2

2,0052.41 m2

3.2 Superposed Characteristics
The elevation, slope and aspect were reclassi�ed and superimposed to obtain the partition map, based on
the standards presented in Table 3. Consequently, the slope is divided into 118 zones by ArcGIS, with a
total area of 96140.22 m² (Fig. 5). The portion with an area larger than 1500m² in Fig. 6 accounts for
56.05% of the total area of the slope. From Fig. 6, it can be seen that the zone with the largest area is 312
(6201.76 m²) (i.e., medium slope angle, low elevation, and north aspect zones).

Table 3
Basis for the geometrical zone of bank slope.

Type Slope Elevation Aspect

Level1 1:
0°-39°

2:
40°-54°

3:
55°-66°

4:
67°-90°

1: 620–
736m

2: 737
-868m

3: 869
-1017m

4: 1018–
1180 m

It is divided into 8 directions, in which the north is represented by
1, and the others are assigned clockwise

number hundred decade unit
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3. Spatiotemporal Cloud Map Of The Displacement
Since the impoundment of Zhongliang Reservoir began in 2011, the reservoir level has risen by around
100 m (Fig. 1 b). Local deformation and failure occurred on the bank slope, and cracks can be observed
on the rear edge. There were a number of tension cracks along the road, and a large collapsed area in the
valley (Figs. 1c ~ f). In the current work, the reservoir is numbered. Considering the monitoring data of the
super�cial displacement, distance inverse distance weighted interpolation method was used to generate
the spatiotemporal cloud map of the total displacement and that in the horizontal direction. The
spatiotemporal cloud map of the water level was also generated.\

Table 4 Serial numbers of the reservoir level

Serial
number

A B C D E F G I J

Reservoir

lever (m)

622.62 617.08 610.31 592.95 601.41 605.20 609.32 620.2 623.84

States Down Down Down Down Up Up Up Up Up

3.1 Evolution of the horizontal displacement
Fig. 7 shows the spatiotemporal cloud map of the horizontal displacement, which is divide into 10 zones,
using the natural breaks (Jenks) method. The zone with the horizontal displacement > 145 mm is de�ned
as the pronouncedly deformed zone, which is mainly distributed in the front and middle right sides of the
slope. These zones gradually expand from the front edge of the bank slope to the middle part, which are
gradually from points to strip shape. The deformation in the middle part is more signi�cant, and the
deformation in the right side changes more signi�cantly than that in the left side. The maximum
horizontal displacement occurs at the central axis of the front side. It can be seen from Fig. 8, that the
zone with pronouncedly horizontal displacement decreases with the decrease of the water level and vice
versa. When the reservoir level drops to around 592.95 m, the area of this zone reaches a minimum value
of 18798.95 m2. On the other hand, when the reservoir water level rises to around 622.62 m, it reaches a
maximum value of 36480.23 m2.

3.2 Evolution of the vertical displacement
Fig. 9 shows the spatiotemporal evolution of the vertical displacement, which is divide into 10 zones,
using the natural breaks (Jenks) method. The portion with the vertical displacement deformation > 85mm
is de�ned as the pronouncedly deformed zone, which is mainly distributed in the front and rear edges of
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the slope. These zones gradually extend from the front and rear edges of the slope to the middle portion,
and large tensile cracks can be observed on the rear edge. That indicates the rear edge mainly exhibits
the vertical deformation. As shown in Fig. 10, in general, the zone with pronounced vertical displacement
increases when the reservoir level changes. When the reservoir level is around 617.08 m, the zone with
pronounced vertical displacement is the minimum (35058.83 m2), and when the reservoir level rises to
around 623.84 m, it reaches the maximum value (55683.54 m2).

3.3 Evolution of the total displacement
Fig. 11 shows the spatiotemporal evolution of the total displacement. The portion with the total
displacement deformation > 171 mm is de�ned as the pronouncedly deformed zone, which is mainly
distributed in the front and middle parts of the slope. As shown in Fig. 13, the zone with pronounced total
displacement decreases with the decrease of the reservoir level and vice versa. When the reservoir level is
around 610.311 m, the zone with pronounced total displacement is the minimum (17492.34 m2). On the
other hand, when the reservoir water level rises to around 620.02 m, it reaches the maximum value
(34480.56 m2). It can be seen that the horizontal displacement deformation is larger than the vertical
displacement, and the spatiotemporal evolution of the total displacement is similar to the horizontal one,
which indicates that the slope deformation is mainly in the horizontal orientation.

 

4. Evolution Of The Superposed Displacement

4.1 Evolution of the superposed displacement in the
horizontal direction
Considering the change of the reservoir level, the magnitude of the horizontally displacement is divided
into three levels by the natural breaks method (Jenks). Herein, the zone with displacement of 0 111.8 mm
is the small deformation zone, which is represented by 1. The zone with displacement of 111.8 145 mm
is the medium deformation zone, which is represented by 2. The zone with the displacement larger than
145mm is the large deformation zone, which is represented by 3. Based on the geological and
geometrical characteristic partition (Fig. 5), the evolution of the superposed displacement in the
horizontal direction was obtained by adding the value to the thousandth, as shown in Fig. 13.

Based on the results in Fig. 13, ignoring the impact of small areas on the results, the large deformation
zone with an area greater than 500 m² is de�ned as the strong deformation zone of displacement
superposition in the horizontal direction. The area of the strong deformation zone and its proportion is
obtained, as shown in Fig. 14. It can be seen that with the change of the reservoir level, the area of the
strong deformation zone of superposed displacement in the horizontal direction increases. When the
reservoir level drops to around 622 m, the area of the strong deformation zone in the horizontal direction
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reaches the minimum (12146.31 m2) and its proportion to the total area is 45.18 %. On the other hand,
when the reservoir level rises to 620 m, it reaches the maximum value of 25572.58 m2 and the percentage
is 57.20 %.

The characteristic zone with the change of the strong deformation of superposed displacement in the
horizontal direction greater than 15% was selected (Fig. 15). With the variation of the reservoir level, the
characteristic zone with the largest area is the zone 312 (i.e., medium slope angle, low elevation and north
aspect zones). In general, the characteristic zone in the horizontal direction shows an increasing trend
with the change of reservoir level. The characteristic zone with the largest area changing under different
reservoir levels is de�ned as the active zone of the superposed displacement, as shown in Fig. 16. When
the reservoir level drops from around 617.08 m to 610.31 m, the most active characteristic zone of the
strong deformation of superposed displacement in the horizontal direction is 321 (the maximum area is
1083.51 m²) (i.e., the middle-low slope angle, middle elevation, and north aspect zones).

4.2 Evolution of the superposed displacement in the
vertical direction
Considering the change of the reservoir level, the magnitude of the vertically displacement is divided into
three levels by the natural breaks method (Jenks). Herein, the zone with displacement of -63.1 5 mm is
the small deformation zone, which is represented by 1. The zone with displacement of -89.3 -63.1 mm is
the medium deformation zone, which is represented by 2. The zone with the displacement of -141 -89.3 is
the large deformation zone, which is represented by 3. Based on the geological and geometrical
characteristic partition (Fig. 5), the evolution of strong superposed displacement in the vertical direction
was obtained by adding the value to the thousandth, as shown in Fig. 17.

Based on the results in Fig. 17, ignoring the impact of small areas on the results, the large deformation
zone with an area greater than 500 m² is de�ned as the strong deformation zone of displacement
superposition in the vertical direction. The area of the strong deformation zone and its proportion is
obtained, as shown in Fig. 18. It can be seen that with the change of the reservoir water level, the area of
the strong deformation zone of superposed displacement in the vertical direction increases. When the
reservoir level rises to around 620 m, the area of the strong deformation zone of superposed
displacement in the vertical direction reaches the maximum value (28720.42 m2) and its proportion to the
total area is 45.18%.

The characteristic zone with the change of the strong deformation of superposed displacement in the
vertical direction greater than 15% was selected (Fig. 19). With the variation of reservoir level, the
characteristic zone with the largest area is the zone 312 (i.e., medium slope angle, low elevation and north
aspect zones). In general, the characteristic zone in the vertical direction shows an increasing trend with
the change of reservoir level. The zone with the largest area changing under different reservoir levels is
de�ned as the active zone of the superposed displacement, as shown in Fig. 20. When the reservoir level
rises from 609 m to 610.31 m, the most active zone of the strong deformation of superposed
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displacement in the vertical direction is 322 (the maximum area is 1497.37 m²) (i.e., low slope angle,
medium elevation, and north aspect zones).

4.3 Evolution of the total superposed displacement
Considering the change of the reservoir level, the magnitude of the total displacement is divided into three
levels by the natural breaks method (Jenks). Herein, the zone with displacement < 121 mm is the small
deformation zone, which is represented by 1. The zone with displacement of 121 171 mm is the medium
deformation zone, which is represented by 2. The zone with the displacement > 171 mm is the large
deformation zone, which is represented by 3. Based on the geological and geometrical characteristic
partition (Fig. 5), the evolution of the total superposed displacement was obtained by adding the value to
the thousandth, as shown in Fig. 21.

Based on the results in Fig. 21, ignoring the impact of small areas on the results, the zone with an area
greater than 500m² is de�ned as the strong deformed zone. Also, the characteristic zone with the change
of superposed total displacement greater than 15% was selected (Fig. 23). With the variation of the
reservoir level, the characteristic zone with the largest area is the zone 312 (i.e., medium slope angle, low
elevation and north aspect zones). In general, the characteristic zone with total superposed displacement
shows an increasing trend with the change of reservoir level. The zone with the largest area changing
with different reservoir levels is de�ned as the active zone of the total superposed displacement, as
shown in Fig. 23. When the reservoir level drops from around 622.62 m to 617.08 m, the most active zone
of the total superposed displacement is 312 (the maximum area is 3712.67 m²) (i.e., low slope angle, low
elevation, and north aspect zones).

5. Conclusion
This paper investigates the displacement evolution characteristics of the topping deformation of a slope
in different portions with the change of the reservoir level, based on the geological and geometric
partition and real monitoring data of surface displacement, using ArcGIS. The main �ndings are
summarized as follows:

1. The distribution of the elevation, slope angle, and aspect are obtained by the 3D spatial analysis tool
in the ArcGIS package, and characteristics of the geological and geometric partition of the slope are
obtained through layer superposition. The largest partition is located in the medium gradient, low
elevation, and north aspect zones.

2. The horizontal displacements is mainly distributed in the front and middle right sides of the slope,
and the pronouncedly deformed zone increases with the rise of the reservoir level and vice versa. By
contrast, the vertical displacements mainly occurs at the front and rear edges of the slope, which
generally increases with the change of the reservoir level. In addition, the deformation characteristics
of the horizontal and total displacements are similar, indicating that the toppling deformation of
bank slope is mainly in the horizontal orientation.
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3. Under the effect of the reservoir level, the area of the strong deformation zone of displacement
superposition increases with the variation of the reservoir level, and it reaches the maximum value
when the reservoir level rises to around 620.02 m. The geological partition that is the largest area of
superposed displacement is distributed at the medium gradient, low elevation and north aspect
zones. When the reservoir level drops from around 617.08 m to 610.31 m, the most active
characteristic zone of the strong deformation of superposed displacement is in the horizontal
direction (i.e., middle-low slope angle, middle elevation, and north aspect zones), When the reservoir
level rises from 609 m to 610.31 m, the most active zone of the strong deformation of superposed
displacement is in the vertical direction (i.e., low slope angle, medium elevation, and north aspect
zones). When the reservoir level drops from around 622.62 m to 617.08 m, the most active zone of
the total superposed displacement is related to the low slope angle, low elevation, and north aspect
zone).
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Figure 1

Topping deformation and failure of the slope in�uenced by the reservoir level
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Figure 2

Layout of monitoring points of the slope.
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Figure 3

Portions of the slope with various deformation magnitudes

Figure 4

Distribution of the elevation, slope angle, and aspect.
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Figure 5

Partition map of the slope based on the geometrical conditions
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Figure 6

Statistical results of geometric partitioning unit area of bank slope
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Figure 7

Spatiotemporal evolution of the horizontal displacement (unit: mm)
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Figure 8

Area of pronouncedly horizontal displacement
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Figure 9

Spatiotemporal evolution of the vertical displacement (unit: mm)
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Figure 10

Area of pronouncedly vertical displacement
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Figure 11

Spatiotemporal evolution of the total displacement (unit: mm)
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Figure 12

Area of pronouncedly total displacement
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Figure 13

Evolution of the superposed displacement in the horizontal direction based on the geometrical partition
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Figure 14

Area and percentage of the strong deformation zone in the horizontal direction
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Figure 15

Area of each characteristic zone versus reservoir level in relation to the strong deformation of superposed
displacement in the horizontal direction
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Figure 16

Diagram of area of active characteristic zone in relation to the superposed displacement in the horizontal
direction
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Figure 17

Evolution of the superposed displacement in the vertical direction based on the geometrical partition
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Figure 18

Area and percentage of the strong deformation zone in the vertical direction.
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Figure 19

Area of each characteristic zone versus reservoir level in relation to the strong deformation of superposed
displacement in the vertical direction.
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Figure 20

Diagram of area of active characteristic zone in relation to the superposed displacement in the vertical
direction
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Figure 21

Evolution of the total superposed displacement based on the geometrical partition.
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Figure 22

Area of each characteristic zone versus reservoir level in relation to the strong total superposed
displacement
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Figure 23

Diagram of area of active characteristic zone in relation to the total superposed displacement


