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Analogical model tests on
repeated surficial failure of dry
granular slopes confined by
retaining walls

Hufeng Yang®, Bencong Xing?', Hu Jiang? and
Qiangong Cheng*

Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University, Chengdu,
China, 2Kunming Survey, Design and Research Institute Co, Ltd of CREEC, Kunming, China

In alpine and gorge regions, surficial failure of granular slopes has seriously
affected infrastructure construction and the safe operation of transportation
networks. This research focuses on dry granular slopes confined by retaining
walls. Repeated surficial failure of granular slopes has been explored through
indoor physical model tests. The results show that surficial failure presents low
frequency and large scale for granular slopes dominated by coarse particles.
The mass of debris that crosses retaining walls indicates activity level of granular
slopes. When this mass for each surficial failure gradually decreases, it is highly
likely that large-scale surficial failure will occur. As the amount of debris
deposited on the slope increases, it is probable that the debris mass falling
during a massive sliding event will be many times that of the previous sliding
event. In engineering practice, it is necessary during road cleaning processes to
record the volume of debris accumulated on the road. A continuous increase in
the slope angle indicates a high probability of large-scale surficial failure. For
each granular slope with a unique particle composition, there is a critical change
rate for early warning of surficial failure, which can be determined by long-term
monitoring.
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Introduction

Granular slopes are widespread in dry-hot valleys, high altitude environments, high
latitude regions, and high seismic activity zones (Gerber and Scheidegger, 1974; Statham,
1976; Curry and Morris, 2004; Pudasaini and Hutter, 2007; Sass and Krautblatter, 2007;
Davies and McSaveney, 2009; Otto et al., 2009; Takagi et al., 2011; Luckman, 2013; Ye
et al,, 2019; de Sanjosé-Blasco et al., 2020; Xue et al., 2021). In a natural granular slope,
with continual debris supply from the source area, volume of the granular slope will
continue to increase during the extension phase (Figure 1). When debris accumulation
reaches the source area, the slope is in the consolidation-and-stabilization phase
(Figure 1A). In contrast to the natural granular slope, granular slope evolution leads
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Natural granular slope (A) and granular slope confined by the retaining wall (B).

to repeated surficial failure, due to the slope toe being confined by
a retaining wall (Figure 1B). Generally, the mass of a single
surficial failure is not very large. However, repeated surficial
failure threatens construction and operation of roads and
railways (Luo et al., 2018; Xing and Wang, 2019).

Generally, the granular slope remains mostly stable with the
natural angle of repose (Curry and Morris, 2004; Bu et al., 2016;
Zheng et al.,, 2019). The angle of repose is a key parameter for
describing the motion state of granular systems and can be used
as the boundary angle to distinguish the dynamic and static
transformations of granular systems (Carson, 1977; Mehta and
Barker, 1994; Liu et al., 2005). Surficial failure occurs when the
slope angle of granular material accumulation is greater than the
angle of repose (Kleinhans et al., 2011; Beakawi Al-Hashemi and
Baghabra Al-Amoudi, 2018).

A model test is the main research method for studies on the
process of granular slope failure (De Blasio and Saeter, 2009;
Chen et al, 2011; Takagi et al., 2011). Generally, model test
research on granular slopes does not conform to a strict
geometric similarity with the prototype of slope in the field.
However, an analogical model test is appropriate for the study of
the evolution and failure process of granular slopes (De Blasio
and Seeter, 2015). Most of the physical tests carried out in
laboratories are simplified scale simulations, so the real failure
characteristics cannot be reflected in terms of volume (Iverson
etal., 2011; Bryant et al., 2015; Kesseler et al., 2018). However, the
model test results can establish a close relationship between the
experimental scale and realistic disaster behavior characteristics.
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According to the failure process emerging from analogical model
tests, many failure models were proposed, such as retrogressive
failure, progressive failure, and translational failure (Que et al.,
2003; Wang et al., 2007; Zhang et al., 2008). Some failure models
were proposed after considering inducing factors. These include
the progressive supply-induced failure model, slope excavation-
induced failure model, rockfall impact-induced failure model,
and surface erosion-induced failure model (Zhang and Shu,
2017).

Activity level and surficial failure scale of granular slopes
are the main factors in geo-disaster susceptibility and risk
assessment. Therefore, this research focuses on granular slope
confined by retaining walls. Based on the simulation of
continuous debris supply from the source area as the result
of physical weathering, accumulation processes of granular
slopes were explored through indoor physical model tests.
Repeated surficial failures of granular slopes composed of
different
determine risk assessment and early warning ability for

particles were compared and analyzed to

active granular slopes.

Model tests
Equipment design

The model test equipment was designed based on the general
accumulation phases of granular slopes confined by retaining
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FIGURE 2
Model test equipment (A) photograph; (B) schematic diagram.

walls (Figure 1B), and followed previous model tests for granular
slopes (De Blasio and Seter, 2009; Takagi et al., 2011; He et al,,
2012). The equipment included the following: debris supply
hopper, inclined flume, horizontal flume, and debris collection
plate (Figure 2). The debris supply hopper is designed to simulate
the debris supply from the source area. A debris collection plate is
used to collect debris across the retaining wall during surficial
failure. The length of the horizontal flume and the height of the
retaining wall are adjustable, in order to obtain different volumes
of granular slopes. Based on the general geological model of
granular slopes confined by a retaining wall in the field (Figure 1),
a slope scale was designed with a 5-cm high retaining wall and a
20-cm long horizontal flume (Figure 2B).

Granular material

For preparation of the granular material for model tests,
previous studies attempted to collect original granular material
from the field to simulate the actual granular slope by conducting
large-scale model tests (Wang et al., 2007; Zhang et al., 2008; He
et al., 2012). However, a limited amount of granular materials
cannot adequately replicate characteristics of the entire slope in
the field. The process of rock weathering involves fractal
dynamics. The defect structure of rock presents fractal
characteristics (Bagde et al, 2002; Tu et al, 2005; Crosta
et al, 2007). The evolution of rock fragmentation and
weathering is essentially a fractal development process of rock
damage and fragmentation. Therefore, fractal dimensions can be
used to characterize the degree of rock damage and fracture (Tu
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et al,, 2005). In the field, granules always present fractal features
as weathering products from the source area of the granular slope
(He et al, 2012). Therefore, in this research, the grain
composition of the granule material used for the model test is
based on the characteristics of the fractal self-similarity law.
Based on the mass-frequency fractal analysis of granular
materials, the empirical relationship between grain size and
frequency obeys the Weibull distribution (Turcotte, 1986) as

el 5]

where m (<r) is mass of grain size<r, m, is the total mass of

shown in Eq. 1.

m(<r)

1

my

granules, J is a constant related to the mean size of grain, and # is
an exponential constant.

Based on the description of § by maximum limit particle size
7, Tyler and Wheatcraft (1992) obtained the relation between m
and r, with the introduction of fractal dimension (D).

m(<r) _(r P
m. \n
With the same density of the granule, the m (<r) can be calculated
under different fractal dimensions (D) as shown below:

3-D
m(<r)= mt<£>
1

Usually, the fractal dimension of granules for landslides or

2

3

granular slopes is between 0 and 3. For example, Crosta et al.
(2007) described the fractal dimension as between 1.3 and 3.2. He
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FIGURE 3
Different grain sizes of granular materials.

TABLE 1 Grain mass of each grain size with different fractal dimensions.

Grain size (mm)

D=1.5
<0.25 270.0
0.25-0.5 493.6
0.5-1 1396.2
1-2 3949.0
2-5 18038.4
5-7 15852.8
Total 40000 g

et al. (2012) observed that the fractal dimension of granular
slopes is between 2 and 3 in Wenchuan County, Sichuan
Provence, China. Therefore, model tests in this study focused
on four values of fractal dimensions: D =1.5, 1.9, 2.3 and 2.7.
Quartz sand was selected for the granular material of the
model test for the following reasons: (1) The irregular shape of
calcium sand produced by mechanical crushing is generally
similar to debris resulting from physical weathering. (2)
Physical properties of calcium sand, such as density and
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Grain mass with different fractal dimensions (D) (g)

D=19 D=23 D =27
1023.7 3881.9 14720.2
1170.7 24243 3402.5
2509.4 3938.3 4188.9
5379.1 6397.7 5157.2
17543.2 14963.8 8690.6
12373.9 8394.0 3840.6
40000 g 40000 g 40000 g
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natural angle of repose, are similar to debris originating from
calcareous sandstone and granite in the field. According to the
size of slope model, there are six kinds of grain size: <0.25 mm,
0.25-0.5 mm,
(Figure 3).

0.5-1mm, 1-2mm, 2-5mm, and 5-7 mm

For the preparation of granular material with different fractal
dimensions, the grain mass of each grain size (<0.25mm,
0.25-0.5 mm, 0.5-1 mm, 1-2 mm, 2-5mm, and 5-7 mm) was

calculated according to Eq. 3. Table 1 shows the mass of each
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FIGURE 4
Grain size distribution curve of different fractal dimensions.

grain size per 40kg of granular material with different fractal
dimensions. The grain size distribution curves of the different
fractal dimensions are shown in Figure 4. The fractal dimension
represents the power law relationship between number-size and
mass-size in granular systems (Bak et al,, 1987, 1988; Tyler and
Wheatcraft, 1992). A small fractal dimension means a high coarse
particle size content and a low fine particle content in the system. On
the other hand, when the fractal dimension is large, the content of
coarse particles is low, and that of fine particles is high.
Fundamentally, the fractal dimension controls the degree of self-
similarity of the system through particle size. The purpose for this
element of material preparation is to apply the new findings to the
granular slope with similar fractal features.

Test procedure

This study focuses on the surficial failure of dry granular
slopes with different fractal dimensions. First, the model test

10.3389/feart.2022.973205

equipment was fixed as the design of the slope scale (Figure 2A).
Then, fully blended grains with designed fractal dimensions (D)
were supplied through a hopper at the top of the slope to simulate
debris supply by rock weathering at the source area. Debris
accumulated at the toe of the inclined flume, and then the space
behind the retaining wall was filled with granules. With a
continuous supply of debris, the granular slope will extend
upward until the slope angle reaches the natural angle of
repose (Figure 5). The purpose of the accumulation process
was to simulate the formation of a granular slope in the field.

The granular slope will be in a critical state when the slope angle
reaches the natural angle of repose. The continuous supply of
granules triggered surficial failure. The first obvious surficial
failure was defined as the initial state for model tests. Then, the
mass of the debris supply was measured during continuous debris
supply through the hopper. Surficial failure was recorded using a
camera.

To compare the geometric features of granular slopes before and
after surficial failure, the 3D slope surface was built based on the
oblique photogrammetry method for representative model tests of
four types of slope grain composition (D = 1.5, 1.9, 2.3, and 2.7).
First, photographs of slope surface from multiple orientations were
taken with a single CCD camera. Then, these photos were imported
into the automatic 3D photogrammetry software ContextCapture
4.0 for aerial triangulation to reconstruct the 3D topography of the
slope surface. Various data formats, such as digital surface models
(DSMs) and 3D point clouds, were generated from the
reconstructed 3D models, allowing the acquisition of surface
morphologies, isopach maps, and geometric parameters (Li et al,
2021). With its high resolution at the subpixel level, the accuracy of
this method in all tests was within 2 mm. Debris running over the
retaining wall was collected during each surficial failure using a
pallet placed on an electronic scale. The mass of the granular
material was recorded at the end of the surficial failure when the
reading was stable. The measurements and observations were
repeated more than 60 times in order to reveal the general
features of repeated surficial failure of the granular slope. It is
important to emphasize that the measurements and observations
were repeated more than 90 times for the granular slope with D =
1.5, due to the longer interval period of large-scale surficial failure.

FIGURE 5

Development processes of a granular slope confined by a retaining wall (A) debris accumulation behind the wall; (B) debris accumulation on the

slope; (C) granular slope extension; (D) critical slope angle.
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Surficial failure of granular slopes with different fractal dimensions (A) D = 1.5; (B) D = 1.9; (C) D =2.3; (D) D = 2.7.

Results
Features of surficial failure

Figure 6 shows the 3D slope surface was built based on the
oblique photogrammetry method for representative model tests of
four kinds of slope grain composition (D = 1.5, 1.9, 2.3, and 2.7). For
the granular slopes with a small fractal dimension (D = 1.5 and 1.9),
most of the remaining debris accumulated at the upper part of the
slope. In contrast, the spatial distribution of grains was relatively
uniform on the entire slope surface for the granular slopes with large
fractal dimensions (D = 2.3 and 2.7) (Figure 7). The locations of the
longitudinal sections (A-A’) are presented in Figure 6. The
continuous increase of top load for the granular slopes with
1.5 and 1.9) induced sudden
surficial failure. The translational failure is more general for

small fractal dimensions (D =

granular slopes with large fractal dimensions (D = 2.3 and 2.7).
After the sudden occurrence of surficial failure, sliding channels
appeared on the slope surface for the granular slopes with small
fractal dimensions (D = 1.5 and 1.9) (Figure 6). The morphological
characteristic of channels presented as funnel shapes with wide tops
and narrow bottoms. The width of the channel also increased
gradually with an increase in fractal dimension. The surficial
failure of granular slopes with large fractal dimensions (D =
2.3 and 2.7) resulted in a shallow sliding of the entire slope
surface. Figure 8 shows the transverse sections (B-B’) for
granular slopes with different fractal dimensions, which were
located at a horizontal distance of 35 cm behind the retaining
wall. Generally, the roughness of the granular slope decreases
with an increase in fractal dimension. This result is related to
the proportion of fine particles. Since fine particles are the main
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part of the granular slope with large fractal dimensions, they can fill
and level the jagged surface to reduce roughness.

The roughness of the channel bottom significantly decreased
after surficial failure (Figure 8). Therefore, debris supplied for the
source area easily slid downward along the channel. In the
beginning, the slope was without accumulation ability. During
the channel flow of grains, the width and depth of the channel
continued to increase due to lateral and vertical erosion. Finally,
granular flow fingering appeared on the slope surface, due to its low
roughness. In this phase, more and more debris accumulated on the
slope surface, resulting in changes in slope topography. Surficial
failure of the granular slope was the result of the evolution process of
slopes, with continuous accumulation of debris on the slope surface.
When the slope angle reached the repose of the angle, the slope
reached a critical state. In that condition, even a small amount of
continuous debris accumulation will trigger surficial failure.
Numerous particles flowed downward and the slope angle
decreased by 1-3".

Surficial failure mass

Surficial failure of the granular slope will suddenly occur with
continuous debris supply from the source area. Figure 9 shows
the mass of the surficial failure of granular slopes with different
fractal dimensions. The horizontal axis indicates the sequence of
surficial failures. Each number presents one obvious surficial
failure during an entire test process. The vertical axis indicates
the mass of grains that crossed the retaining wall during surficial
failure. Material sliding during surficial failure of the granular
slope leads to different areas of collapse, which can be expressed
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Longitudinal sections for granular slopes with different fractal dimensions before and after surficial failure (A) D = 1.5; (B) D = 1.9; (C) D =2.3; (D)

D=27

by scale or area, both of which are related to the mass of surficial
failure. Large scale, or large area, usually corresponds to a greater
mass of surficial failure. In Figure 9, peak values represent
relatively large-scale surficial failures of the granular slope.
Meanwhile, low values at the bottom of the curve represent
the small-scale surficial failures. Therefore, repeated surficial
failures can be observed based on fluctuation of the curve.

For the granular slope with D = 1.5, there were several large-
scale surficial failures. The maximum mass of surficial failure
reached 3150 g. After a large-scale surficial failure, the granular
slope is mainly dominated by a small-scale surficial failure.
Small-scale surficial failure occurs approximately 20 times
between two occurrences of relatively large-scale surficial failure.

For the granular slope with D = 1.9, the frequency of
relatively large-scale surficial failures increased compared with
the granular slope with D = 1.5. However, the peak values were
smaller; that is, the sliding scale of surficial failure became
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smaller. Small-scale surficial failure occurred approximately
10 times between two incidents of relatively large-scale
surficial failure.

For granular slopes with D = 2.3 and 2.7, the frequency of
surficial failures demonstrably increased compared with the
granular slopes with D = 1.5 and 1.9. Granular slopes were
mainly dominated by small-scale surficial failures (peak values
were less than 1260 and 630 g, respectively).

Slope angle

Fluctuation of the slope angle of granular slopes with
different fractal dimensions is shown in Figure 9. For the
granular slopes with D = 1.5 and 1.9, the fluctuation of the
slope angle is consistent with the mass of surficial failure. The
slope angle continuously increased before the occurrence of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.973205

Yang et al.

Vertical height (cm)

D=2.7
28 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 ’
B Width (cm)
before failure  after failure
FIGURE 8

Transverse sections for granular slopes with different fractal
dimensions before and after surficial failure.

A 5000 38 B
L p=15 —o— slope angle |
C) ’ —2— mass of surficial failure &)
> 4000 37 ]
5 o -
F < 3
= 3000 68 =
= o=
) § 2
= > £
= 2000 35 & ;
5 Z-
12} 17}
3 1000 34 ]
= =
(e . . . . : — — 33
0 10 20 30 40 50 60 70 80 90
Sequence number of surficial failure
C D
3500 35.0
L D=3 —o— slope angle
’ —2— mass of surficial failure
2800

2100

1400

700

Mass of surficial failure (g)

10
Sequence number of surficial failure

20 30 40 50

FIGURE 9

Slope angle (°)
Mass of surficial failure (g)

10.3389/feart.2022.973205

large-scale surficial failure. After surficial failure, the slope angle
became smaller. When the slope angle began to increase again,
it indicated that the next large-scale slope failure would occur
soon. The fluctuation range of the granular slope with D =
1.9. The
fluctuation ranges of the slope angle were 3.3° and 2.1°

1.5 was larger than the slope with D
respectively.

However, for the granular slopes with D = 2.3 and 2.7, the
fluctuation of the slope angle did not consistently correspond to
the mass of surficial failure. The fluctuation range of the slope
angle was significantly less than the granular slopes with small
fractal dimensions. The fluctuation ranges of the slope angle for
granular slopes with D = 2.3 and 2.7 were 1.3° and 0.7,
respectively.

Mass accumulation

The mass of accumulation is defined as the mass of the debris
supply minus the mass of surficial failure, that is, the net mass of
debris accumulation on the slope surface. When the mass of
accumulation is a positive value, it means that more granules
deposit on the slope surface; that is, the total volume of granular
slope increases. Conversely, a negative value means that more

5000 38
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365
on
=
<
35 &
n
34
0 E 33
0 10 20 30 50 60
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e
h.
oh
1000 36.0 §
o
o
)
17

10
Sequence number of surficial failure

20 30 50

Mass of surficial failure and fluctuation of the slope angle for granular slopes with different fractal dimensions (A) D = 1.5; (B) D = 1.9; (C) D =2.3;

(D)D =27.
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Mass of accumulation and surficial failure for granular slopes with different fractal dimensions (A) D = 1.5; (B) D = 1.9; (C) D =2.3; (D) D = 2.7.

granules cross over the retaining wall, that is, the total volume of
the granular slope decreases.

When the mass of accumulation becomes a negative value, the
value is less than -100 g, and it is defined as one occurrence of
surficial failure. For the granular slope with D = 1.5, a relatively large-
scale surficial failure occurred five times out of 90 total surficial
failures. The interval mass of grain supply between these five times of
relatively large-scale surficial failure was 10247.5, 10143.5, 10801.5,
and 112325 g, respectively. For the granular slope with D = 1.9,
relatively large-scale surficial failure occurred seven times during
60 total surficial failures. The interval mass of grain supply for these
seven times of relatively large-scale surficial failure were 2278.0,
5111.0, 2688.5, 5146.5, 4853.0, 4288.5, and 7292.5 g respectively.
For the granular slopes with D = 2.3 and 2.7, the interval mass of
grain supply was significantly reduced. Generally, the interval mass of
the grain supply decreased with the increase of fractal dimensions
(Figure 10). This indicates that the capacity of grain accumulation for
the granular slope with a large fractal dimension is limited, resulting
in a high frequency of small-volume surficial failure.
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Discussion

Correlation between particle size and
surficial failure mass

The cumulative distribution probability of a mass of surficial
failure presents the variation of debris mass during surficial
failure and the probability of surficial failure for various
granular slope debris compositions (Figure 11). The minimum
mass in surficial failure was about 100 g for four kinds of granular
slopes (D = 1.5,1.9, 2.3, and 2.7). As seen, the difference in debris
composition did not affect the debris mass of small-scale surficial
failure. However, the maximum debris mass of surficial failure
decreased from 31553 to 643.4g, which was negatively
correlated with the increase in fractal dimension. In addition,
when slope fractal dimension D is 1.5, 1.9, 2.3, and 2.7, the mass
range of surficial failure was 3020.1, 2903.2, 1088.1, and 588.0 g,
respectively. The fractal dimension obviously controls the
dispersion degree of slip failure. With the increase in slope
fractal dimension, the dispersion degree of slip mass decreased
significantly, and the probability of a mass collapse event also
decreased.

Energy is transferred and consumed by friction and collision
between granular particles (Drake, 1990; Campbell, 2006;
2008). the
accumulation and release process of particles on the slope

Forterre and Pouliquen, Surficial failure is
surface. Therefore, based on the change in particle size, the
reason for the difference in surficial failure mass can be
explained from the perspective of energy dissipation. Particle
size obviously controls particle flow behavior, such as shear rate,
flow velocity, and vibration state (Iverson, 1997; Hsu et al., 2014;
Dai et al., 2022). In these mode tests, the change in particle size
significantly changed the range of transverse failure of the slope
body in the sliding process, and the width of the sliding groove
expanded laterally with the increase in fine particle content
(Figure 6). This shows that particle size is an important factor
in determining failure mode. The smaller the particle size, the
smaller the vibration of the particles in the vertical direction
when flow occurs. In the particle contact process, because the
oscillation penetrates fewer particles inside the flow layer, less
energy is consumed when moving the same distance, so fine
particle flow has higher mobility (Cagnoli and Romano, 2010,
20125 Lietal, 2021). The experimental results are in line with the
theoretical explanation. When the slope fractal dimension is
large, fine particles dominate the failure mode of the slope
body. In this state, particles have better fluidity and higher
mobility. The high frequency of surficial failure leads to the
slope being unable to accumulate the debris-bearing large mass,
resulting in a small mass of surficial failure. With the decrease in
fractal dimension, the main composition of the granular slope
changes from fine particles to coarse particles. The fluidity and
mobility of particles decrease gradually, so that the slope can
carry more mass debris, the surficial failure mass range can be
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continuously expanded, and the probability of mass failure
increases.

The reason for the mass difference in surficial failure can also
be explained from a mechanics viewpoint. When the fractal
dimension D is 1.5, 1.9, 2.3, and 2.7, the corresponding
maximum load mass was 3155.3, 2995.5, 1186.4, and 643.4 g,
respectively. With the increase in fractal dimension, the
maximum debris mass that the slope can carry decreases; that
is, the maximum shear strength of the slope decreases gradually
with the increase in the composition of fine particles. This means
that the increase of fine particles reduces the contact shear
behavior between particles, so that the shear strength in the
slope decreases with the increase of fractal dimension, resulting
in a decrease in the mass range of slippage debris on the slope
surface. According to studies by scholars in the field, the shear
strength inside particles decreases with the increase in fractal
dimension (Lai et al., 2021), which accounts for the difference in
slip quality from the variation characteristics of shear strength.

Evaluation of the activity level of granular
slopes based on the mass of surficial
failure

The accumulation curve is obtained by adding the mass of
each surficial failure (Figure 12). Fluctuation in the accumulation
curve presents three different characteristics: steady increasing
stage, slowdown increasing stage, and sudden increasing stage.

The steady increasing stage presents a similar mass of debris
crossing the retaining wall for each surficial failure. The slope of
the
phenomenon is reflected in the actual slope, as the volume of

accumulative curve is basically unchanged. This
debris accumulated on the road does not change significantly for
each surficial failure.

The slowdown increasing stage shows that debris crossing
the retaining wall in each surficial failure gradually decreased,
and the slope of the accumulative curve decreased and presented
a convex shape. At this stage, the particles on the slope surface
have a relative movement trend under the force of gravity, which
led the particles to closely occlude. Granular debris aggregated on
the slope surface to form an arch bulge. The slope angle exceeded
the natural angle of repose. In the process of an arch forming on
the slope surface, surficial failure occurred in the non-arch part or
part of the arch body due to reaching critical stress. However, the
scale of failure and the mass of slippery debris on the slope
surface are usually smaller than before because the arching effect
bears part of the stress. This indicates that debris was increasingly
deposited on the slope surface. Corresponding to the continuous
negative process of slip debris in Figure 10, it is also an indication
of large-scale surficial failure on the granular slope.

The sudden increasing stage led to a large-scale surficial
failure of the granular slope. The accumulative curve is
sudden increase in debris

characterized by a mass
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(Figure 12A). In the process of large-scale surficial failure, there
will be strong collision and shear between particles, which will
increase vertical vibration (Cruden and Hungr, 1986; Chen et al.,
2014; Wang et al, 2015). This vibration action also provides
space for particle migration. In the vertical direction, slope
particles are sorted to form the reverse grain sequence of the
accumulation body. After the sliding event, a slippage groove
formed by a layer of fine particles can be observed in the middle
of the slope surface (Figure 6). Due to the vertical sorting of
particles, the fine particles formed in the middle of the slope
become the soft surface on the slope, which reduces the shear
strength of the slope as a whole and promotes the occurrence of a
large-scale sliding phenomenon.

The failure mode of the granular slope dominated by fine
particles obviously differs from that of the one dominated by
coarse particles. In the failure process, the events in the large-scale
surficial failure disappear, the slip weakening stage is gradually
shortened, and the slip stage gradually changes from the original
three stages to the steady increasing stage (Figure 12B). Symptoms
of the destruction phenomenon gradually disappeared, and the
slip gradually turned into a high-frequency event.

Therefore, the mass of debris crossing the retaining wall
indicates the activity level of the granular slope, especially for one
with a small fractal dimension. In engineering practice, recording
the volume date of debris accumulated on the road during the
road-cleaning process is required. When the mass of debris for
each surficial failure gradually decreases, it is highly likely that
large-scale surficial failure will occur. As the amount of debris
deposited on the slope increases, it is highly likely that the mass of
debris falling during massive slides will be many times that of the
previous slide.
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Evaluation of activity level of granular
slopes based on slope angle

Slope angle increases gradually in successive small-scale slides
before large-scale surficial failure of the granular slope occurs.
After surficial failure, the slope surface is in an unstable, easily
disturbable state, and the slope angle gradually decreases. As seen if
Figure 9A, slope angle was continuous (Figure 9A). Therefore, the
increase in slope angle means that the probability of the next large-
scale surficial failure is greater, and the continuous increase in the
slope angle indicates that the mass of surficial failure from the slip
event is also larger. Here, the variation characteristics of the slope
angle behavior can be studied by analyzing the rate of slope angle
change, which is defined as the change value of the slope angle in
two adjacent slip failure events (Figure 13).

When coarse particles dominate the slope surface sliding
failure mode, such as fractal dimension D = 1.5, the rate of slope
angle change has obvious periodicity, showing the alternating
characteristics of weak and strong fluctuation periods
(Figure 13A). In the weak fluctuation period, the rate of slope
angle change fluctuated slightly up and down around zero, slope
was relatively stable, the scale of surface slides was small, and
there was not significantly different in debris quality each time.
The strong fluctuation period was composed of single or multiple
abrupt fluctuation periods, in which the fluctuation range of the
rate of slope angle change increased several times that of the weak
fluctuation period, and slope angle activity increased greatly. The
entire process was accompanied by the occurrence of large-scale
slides, which is the most dangerous stage of slope surficial failure.

The single strong fluctuation cycle of the slope angle can be
divided into four stages: rapid growth period, growth-and-

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.973205

Yang et al.

10.3389/feart.2022.973205

A 25 B 25
2T ] o 20r i i
1.5 | period of weak fluctuation large-scale surficial failure 15k period of weak fluctuation
1.0 |+ 1.0 F

S
n

Rate of change of slope angle (°)
[=1
(=}

Rate of change of slope angle (°)

-0.5
-1.0 | -1.0
-15 F period of rapid period of weak -1.5 F
growth N\ ™ growth |
2.0 iodofrapid = I, eriod of weak 2.0 F
period of strong fluctuation pe?e%ugti(:ﬁpl —H—" reduction |
_2.5 1 1 1 1 1 1 1 1 _2.5 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60

Sequence number of surficial failure

FIGURE 13
Rate of slope angle change (A) D = 1.5; (B) D = 2.7.

decline period, rapid decrease period, and decrease-and-decline
period. The rapid growth period corresponds to the rapid
increase in the slope angle during the early formation of slope
surface arch. In the weak growth period, the increasing speed of
the slope angle gradually decreases, and the accumulation state of
the slope surface gradually approaches the critical state. When
the rate of slope angle change drops to zero, it reaches the limit
state of the slope surface, which is usually the node where large-
scale slip events occur. After large-scale surficial failure, the rate
of slope angle change enters a period of rapid decrease, which is
also related to the fine particle layer generated on the slope
surface due to sorting. From the foregoing discussion, we know
that fine particles increase with the decrease in the shearing
strength of the surface of the particle layer of the particle
migration rate. The fine particle layer disappeared gradually
with the addition of debris at the top of the slope, and the
sliding stage entered the weakening stage. The rate of slope angle
change increases with a negative value, and the decreasing rate of
slope angle slows to zero. Then, the slope surface reaches a stable
state and starts to accumulate particles again, and the rate of slope
angle change repeats into the next weak fluctuation cycle.

Compared with the slope surface slide failure dominated by
coarse particles, the one dominated by fine particles had only a weak
fluctuation period, and the rate of slope angle change only fluctuated
around the zero value, without a sudden increase or decrease
(Figure 13B). The decrease in coarse particles in the slope
structure is the main reason for the disappearance of a strong
fluctuation period, which causes the bearing capacity of the slope to
decrease and leads to the accumulation of large debris, and a small
amount of debris will lead to slip failure. Therefore, surficial failure
dominated by fine particles occur most frequently.
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The aforementioned analysis demonstrates that the change
rate of the slope angle for the granular slope has a natural
periodic law. Monitoring the slope angle can determine the
state of the granular slope and help prevent and/or provide
early warning of surface failure. For example, in the slope
structure composed mainly of coarse particles, it can be
inferred that the slope of coarse particles is in a period of
strong fluctuation, according to the change in slope angle.
Growth ~ and  weakness  periods  during  strong
fluctuation  predict the occurrence of large-scale
events, and corresponding inducing measures can be
taken in advance to avoid or reduce the disastrous impact
of slides.

Conclusion

This research focuses on dry granular slopes confined by
retaining walls. Based on the simulation of continuous debris
supply from the source area as a result of physical weathering,
repeated surficial failure of granular slopes with different fractal
dimensions was compared and analyzed to understand failure
features and evaluate their activity level, which can be
summarized as follows:

1) Repeated surficial failure showed different features for
granular slopes with different particle compositions. When
fine particles dominated the granular slope, surficial failure
presented high frequency and small scale. On the other hand,
surficial failure presented low frequency, and large scale, for
granular slopes dominated by coarse particles.
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2) Mass of debris crossing the retaining wall indicated activity
level of the granular slope, especially for the one dominated by
coarse particles. When mass of debris for each surficial failure
gradually decrease, it is highly likely that large-scale surficial
failure will occur. As the amount of debris deposited on the
slope increases, it is highly probable that the mass of debris
falling during a massive slide will be many times that of the
previous slide. In engineering practice, it is necessary to
record the volume of debris accumulated on the road
during road cleaning.

3) It is possible to have early warning of repeated surficial
failures of granular slopes, based on monitoring the change
rate of the slope angle, especially for granular slopes
dominated by coarse particles. Continuous increase in
slope angle indicates a high probability of large-scale
surficial failure. For each granular slope with a unique
particle composition, there is a critical change rate for
early warning of surficial failure, which can be obtained by
long-term monitoring.
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