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Abstract This paper presents an experimental investigation
into slope failure during water-level drawdown using trans-
parent soil. The internal characteristics of slope failure are not
well-known due to the limitations of the techniques used in the
experiments conducted to date. In this study, transparent soil is
used to visualize the process of slope failure. We developed a
water-level control system to implement simulation of the
drawdown of the water level at various speeds and used a
charge-coupled device camera to capture images during the
entire slope failure process. Particle image velocimetry was
used to measure the displacement of the sand particles and
identify the sliding zones. The flow paths of the fluid inside
the slope were illuminated using an organic dye. The results
show that the slope failure process can be divided into two
stages: surface and overall sliding. The overall sliding of the
slope is caused by the gradual development of partial instabil-
ity, and the failure mode is a cyclic failure. The slope angle is
different above and below the water level during the process
of sliding. In our experiments, the slope angle is about 20°
above the water level, which is the same as the final stable
slope angle, and about 35° below the water level, which is the
same as the initial slope angle. This means that the drawdown
influences the angle above the water level but has little influ-
ence on the angle below the water level. The results of this
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paper provide a better understanding of the physical behavior
and failure mode of soil slopes caused by drawdowns near the
coast.
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Introduction

The stability of a slope depends on the properties of the soil,
geometry of the slope, and the interaction between the internal
and external forces that are acting on the surface of the soil
(Berilgen 2007). However, changes in the internal and external
forces caused by water levels may reduce slope stability due to
rapid drawdown, which then leads to slope failure. Slope fail-
ures near the coast can be generated by sea-level change and
waves. They are a major threat not only to the oil and offshore
industries, but also to the marine environment and coastal
facilities. Much effort has been made to characterize and
understand slope failures that are related to water drawdown
conditions. Mayer (1936) first discussed the details of the fail-
ures of four earth dams caused by the drawdown of the reser-
voir. Della Seta et al. (2013) analyzed slope instability in coast-
al areas caused by sea-level changes. Their results show that
landslides occur not only in the process of sea-level rise, but
also in the process of sea-level drawdown. The work of Hutton
and Syvitski (2004) indicates that more sediment failures occur
during periods of falling sea levels than periods where they are
rising. Morgenstern (1963) used a method of slices to estimate
the safety factor of slopes under rapidly declining water levels
and presented a set of charts to analyze the stability of earth
slopes during rapid drawdown. The finite-element method and
kinematic approach of limit analysis have also been used to
analyze slope stability under drawdown conditions (Lane and
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Griffiths 2000; Viratjandr and Michalowski 2006). Other re-
searchers have used scale model tests to investigate slope sta-
bility failure induced by the drawdown of water levels (Jia et al.
2009; Li et al. 2008; Wang et al. 2012); the slip surface, slope
geometry, pore pressure changes, and the type of slope failure
were discussed in these previous publications.

Although the mechanisms of landslides under water
have been widely discussed, the characteristics of slope
failure, such as the sliding zones and variations of the
slope angle, and slope failure properties, such as the speed
of the landslide and the flow path, are uncertain due to
limitations when carrying out experiments. Ma and Duan
(2007) showed that the shape and speed of a landslide
under water as well as the slope angle play an important
role in generating tsunamis. Therefore, it is critical to
have a better understanding of the characteristics and
properties of slope failure under drawdown conditions.
Sensors and strain gauges can be embedded into the soil
to obtain the deformation information in scale model tests.
However, sensors and strain gauges can contribute to the
deformation of soils and continuous data on soil deforma-
tion cannot be always obtained. Therefore, the solution
used in this study is a technique utilizing transparent soil
in order to overcome these limitations and obtain data on
continuous movement and deformations with no other
influences.

This paper presents an experimental investigation on the
characteristics of landslides and the slope failure process un-
der drawdown conditions using transparent soil. The particle
motions, slope angle variations, and the flow paths are exam-
ined and discussed.

Materials and methods
Materials

Transparent soil is a two-phase medium made by
matching the refractive index (RI) of solids (which repre-
sent the soil skeleton) and saturating fluids so that there is
no difference between the two, or no refraction and re-
flection, and thus the mixed medium becomes transparent
(Iskander et al. 2015). Transparent soil has been used by
many researchers in their investigations, and the geotech-
nical properties of transparent soil were found to be sim-
ilar to those of natural sands or clays.

The transparent soil used in this study is made of fused
silica and mineral oils with the same RI. Fused silica with
a grain size that ranges from 0.1 to 2.0 mm is used, which
is manufactured by Jiangsu Kaida Silica Co., Ltd. China.
Figure 1 shows the particle gradation curve of the marine
sand sampled from coast of the Yellow Sea and fused
silica used in this experiment. Fused silica has been wide-
ly used in transparent modeling (Bathurst and Ezzein
2015; Guzmana et al. 2015; Ferreira and Zornberg
2015). Mineral oils A and B were mixed and applied as
the pore fluid. Mineral oils A and B have a specific grav-
ity of 0.812 and 0.844, a kinematic viscosity of 5 and
10 x 10°° mz/s, and an RI of 1.4662 and 1.4397, respec-
tively. The mixture was mixed using oil A and B at a ratio
of 2:1 by volume. Its RI is equal to that of the fused silica
when the temperature reaches 30 °C. The temperature
maintains at 30 °C during the test due to the fact that
the RI of the oils varies with temperature (Sui et al.
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7a Granular fused silica

Sl ot CEPIN

b Tr_ahspérent soil model
Fig. 2 Materials and model setup: (a) granular fused silica; and (b)
transparent soil model

2015). Figure 2a shows the dry fused silica and Fig. 2b
shows the transparent soil model. The physical properties
of the fused silica used in this study are summarized in
Table 1 along with those of Chinese standard sand obtain-
ed from China ISO Standard Sand Co. LTD and marine
sand obtained from the Yellow Sea. It should be noted

that the fused silica can be used to simulate marine sand
in this experiment.

Experimental setup

Figure 3 shows the experimental setup, which is placed onto a
precision optical table. The setup consists of a transparent
model, a water-level control system, an image acquisition sys-
tem, and an image processing system.

A transparent Plexiglas® mold with internal dimensions
of 41 x 10 x 20 cm was used to accommodate the trans-
parent slope model, and the geometry of the slope model is
shown in Fig. 3b. The slope model consisted of a homoge-
neous soil slope with an up-slope portion that was 17 cm
thick and down-slope portion that was 3 cm thick. The
slope angle was 35 © and the net height of the slope model
was 14 cm. The distance extended backward from the crest
was 5 cm. The distance extended beyond the toe of the
slope was 10 cm.

A water-level control system was developed to simulate the
drawdown, which consisted of a Plexiglas® model, peristaltic
pump, stepper motor, and sliding table. Liquid flowed in from
the inlet opening through the peristaltic pump and flowed out
through the outlet opening. The outlet opening was fixed onto
the sliding table, which was controlled by the stepper motor.
Liquid flowed out from the water-level control hole if the
water level was higher than the set value. There were two
filters in the model; the one on the left was used to ensure
the stability of the hydrostatic pressure on the left side of the
slope, and the filter on the right was used to stop the sand from
being washed away by the liquid.

The image acquisition and analysis system consisted of a
charge-coupled device (CCD) camera and a laser light for
illuminating purposes. The CCD camera has a resolution of
1024 x 768 pixels and a maximum frame rate of 30 frames per
second (fps). The CCD camera was controlled by a computer.

Particle image velocimetry (PIV) was used to measure the
velocity of the sand particles and identify the sliding zones.
PIV is also known as digital image correlation (DIC) or cross-
correlation. It is a classic pattern-recognition technique where
two images are compared to obtain the relative displacement

Table 1 Physical properties of

fused silica, Chinese standard Gy Prmax 5 Pmin N €max €min K "2
sand, and marine sand (g/em”) (g/em”) (cm/s) )
Fused silica 2.2 1.46 1.22 0.8 0.51 0.0074 42
Standard sand 2.65 1.75 1.50 0.76 0.51 0.0067 40
Marine sand 2.69 1.74 1.51 0.76 0.54 0.0072 43

Note: Gs is specific gravity, ppax the maximum and pp,;, the minimum dry density, ey, the maximum and e, the
minimum void ratio, K Hydraulic conductivity and ¢ angle of internal friction.
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between these particles (Liu and Iskander 2010). In geotech-
nical engineering applications, DIC has been used to measure
and analyze soil deformation (Iskander et al. 2015; Mehdi et
al. 2015; Ahmed and Iskander 2011; Liu 2009).

Test procedures

The model box was first partially filled with the mineral oils.
The total volume of the slope model was 3150 cm® and the
relative density of the fused silica was set to 50%. A total of
4.2 kg of soil was used to construct the slope model. The fused
silica was divided into five parts and gradually immersed into
the mineral oils. A vacuum pump was used to de-aerate the
mixture for about 1 h until the fused silica was saturated and
turned transparent. This procedure was repeated until all of the
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fused silica were immersed into the mineral oils to create the
transparent soil slope.

After preparing the sample, the laser light source was
adjusted to illuminate the section of interest. The CCD
camera was then connected at an acquisition rate of 3.75
fps. Background images were taken before the water level
started to decline. Next, the peristaltic pump was turned
on and the water-level drawdown was adjusted to a rate of
8 cm/min. Once the peristaltic pump and the stepper mo-
tor were activated, a series of images were taken during
the drawdown process. The tests were stopped when the
particles on the slope stopped sliding. Then the rate of the
drawdown was varied to 4, 2, 1, and 0.5 cm/min for the
four tests that followed. Finally, an oily fluorescent dye
was injected into the transparent soil model to identify the
flow paths inside the slope.



An experimental investigation on slope stability

981

Results

About 1020 images for each test were obtained during the
entire modeling of the slope failure process. This process
can be examined in two stages: surface sliding and overall
sliding. Figure 4 shows 12 of the selected images with a time
interval of about 24 s to visualize the slope failure process for
a drawdown rate of 4 cm/min. Figure 5 shows the contour
maps of the sliding field at different times that correspond to
the process shown in Fig. 4. The dotted curves represent the
initial water level and the solid lines represent the continually
decreasing water levels. During sliding, the sand particles be-
gan to slide at the top of the liquid surface when the water
level dropped to 12.40 cm. The sand particles on the slope
gradually rolled to the toe of the slope. The maximum sliding
velocity was 1.80 cm/s during this stage, which occurred at the
surface of the slope and changed the slope angle, but the slope
was not damaged. In the overall failure stage, which started

Fig. 4 Images captured by
charge-coupled device (CCD)
camera at different times: (a) 0 s;
(b)325s;(c) 565;(d) 80s; (e) 104
s;(H) 128 s;(g) 152 55 (h) 176 s; (1)
200 s; (j) 224 s; (k) 248 s; and (1)
272's

aos

dsos

from the 104th second, the sand particles began to slide due to
seepage erosion on the face of the slope (Figs. 4e and Se). The
maximum sliding velocity was 1.65 cm/s during this stage.
This stage changed the shape of the slope.

Figure 5b shows that the particles began to slide at the point
where the liquid level was reduced, i.e., when the water level
declined to a certain point. With continual decline of the water
level, the speed of the particle sliding and the area of the
sliding zone both gradually increased. It was found that the
sliding speed on the surface is greater than that inside the
slope, and the sliding speed at the center of the sliding body
is higher than that at the edges. The sliding zone area in the
second stage (overall sliding) is larger than that in the first
stage (surface sliding). Figure 5 also shows that the overall
sliding of the slope is caused by the gradual development of
partial instability, and the failure mode is a cyclic failure.

Figure 6 shows the relationships among sliding speed,
water level drawdown, and time, while Fig. 6a shows the

b3 C 565

I 200s

12725
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relationship between sliding speed and time. It is obvious
that the horizontal speed of the sand particles is greater
than their vertical speed. Figure 6b shows the relationship
between the rate of drawdown and sliding speed. It was
found that a higher rate of drawdown results in a landslide
that moves with greater speed. This is because a higher
rate of drawdown caused a greater hydraulic gradient and
a greater seepage force from upstream to downstream.
When the rate of drawdown is 0.5 cm/min, the sliding
speed of the particles is greater than that for a rate of
1 cm/min when the water level decreased to 9 cm. This
is because the second stage (overall sliding) started when
the rate of drainage is 0.5 cm/min.

Figures 4 and 5 also show that there are two different slope
angles due to the water level during particle sliding. The slope
angle is about 20 ° above the water level, which is the same as
the final stable slope angle. Below the water level, the slope
angle is about 35 °, which is the same as the initial slope angle.

Figure 7 shows the final geometry of the slope when the rate
of drawdown is 4 cm/min. The final geometries of the slope
for the different rates of drawdown were then drawn into one
schematic, and it was observed that the rate of drawdown has
little influence on the final geometry of the slope.

Organic dye was injected into the slope during the slope
failure process to obtain the flow paths. Figure 7 also
shows the flow paths inside the slope 50 min after injec-
tion. It should be noted that the liquid is flowing horizon-
tally and exits the slope surface, thus creating seepage on
the slope.

Discussion
The image analysis showed that slope seepage occurs when

the water level declines to a certain point. Figure 8 is a sche-
matic diagram of the stress found when there is slope seepage,

Fig. 5 Contour maps of the
sliding field at different times: (a)
0s;(b)32s;(c) 56s;(d) 80 s; (e)
104 s; (f) 128 s; (g) 152 s; (h) 176
s; (I) 200 s; (j) 224 s; (k) 248 s;
and (1) 272 s
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and the expression of the factor of safety in this condition is as
follows:
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Fig. 7 Final geometry of the slope and flow paths inside the slope

using Eq. 1.

Viratjandr and Michalowski (2006) analyzed slope stability
during water level drawdown when cohesion is 0, and provid-
ed an expression of the factor of safety as follows:

Li\? L\ ?
W_vv(l_#) W—(lﬂ 4 cos?
i Y

2
[I—VTW <1%) ] sinfBcosf3

The factor of safety was calculated before the sand particles
began to slide; according to the results, the sand particles
began to slide when the water level declined to different points
for different rates of drawdown. Next, the factor of safety was
calculated when the particles began to slide. Figure 9 shows
the relationships among the factor of safety, sliding speed, and
water level. It should be noted that the sand particles begin to
slide when the factor of safety is about 1 at the rate of draw-
down of 2, 1, and 0.5 cm/min. However, the factor of safety is
less than 1 when the rate of drawdown is 4 and 8 cm/min. This
indicates that the theoretically calculated results are less than
the actual values when the drawdown is faster.

This work aims to investigate the features of the slope
failure during drawdown conditions, and large-scale model
tests will be more costly. Therefore, this study did not match
a specific slope prototype. However, according to general
principles of soil mechanics, the stability of a slope composed

F = tanp

(2)

Table 2 Final slope angles under different drawdown conditions

Rate of drawdown (cm/min) 8 4 2 1 0.5
Final slope angle (°) 21 20 21 19 20

@ Springer



984

W. Sui, G. Zheng

—®— (0.5 cm/min ' ' I I '
0.5 -
./I .\ ./l
] g -
0.0 kmmmmuu A " u_ _/ \-,l\_,l\_/.
: ® | cm/min
05 o*
’ /.../ \Q\ ° @ [
I o® ®e0 e 0 oo' °e®®
0.0 - - -
1.0 4 2cm/min 4
A
i AA L AAA AA A ALA )
gosp |4 AT L
) A
= 0.0 ftetsss
g 2 —A— 4 cm/min N i
2 | AN A AA.AA_
a0 A‘AAA A atana ) ]
- A/A/
OMaasasanand
2 | —v—8cm/min v
L v
1F v A
[ v
0k - 1
151 -
b F=1 ]
&40 “‘.96."
s AL 2 TIIN 1
‘e
05F ARAAAASAAAALIT TV

14 12 10 8
Water level (cm)

Fig. 9 Relationships among factor of safety, sliding speed, and water
level

of granular materials is mainly determined by the slope angle
and angle of internal friction of the material rather than the
height of the slope. The similarity of the angle of internal
friction of the sand used in the experiment and that of natural
sand ensures the reliability of the scale model test. The deci-
sion on the model size was based on a very simplified engi-
neering geological conditions. Obviously, the experimental
conditions should be modified to be more representative of
geological conditions in future work. Other properties of sand,
such as permeability, density, and particle size distribution
also have significant influence on the stability of slopes; there-
fore, further investigation is needed.

Conclusions

Particle sliding, slope angle changes, and the flow paths in the
process of slope failure under drawdown conditions are ob-
served in this study using transparent soil. The following con-
clusions are made:

(1) The process of slope failure during water-level draw-
down can be examined in two stages: surface sliding
and overall sliding. The horizontal speed of the sand
particles is greater than their vertical speed during failure.
The overall sliding is caused by the gradual development
of particle instability.

@ Springer

(2) The rate of drawdown influences the sliding speed but
has little influence on the final geometry of the slope.
The factor of safety calculated using a theoretical equa-
tion is less than the actual value when the rate of draw-
down is fast.

(3) The slope angle is different above and below the water
level during the sliding process. The final slope angle
obtained from the tests is in good agreement with those
calculated using an equation that takes into consideration
the seepage force.

(4) In the slope failure process, the liquid flows horizontally.
Finally, the liquid exits the slope surface, creating seep-
age on the slope.

This paper provides an improved understanding on slope
failure under drawdown conditions. The results can be used to
design the rate of drawdown and slope anti-seepage and pre-
dict the final geometry of slopes in costal engineering. In
addition, this paper provides a new method to research coastal
landslides.
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