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Flowslides, as one type of landslides, are becoming a research hotspot due to their high speed and long runout distance, which can
cause tremendous damage and economic loss..e scale of damage and deposit morphology of flowslide is closely related to factors
like deposit volume, slope height, and slope angle. In order to assess the influence of these factors, a sandbox apparatus is
developed, and the Taguchi method is used to design an experimental scheme to analyze the results of factors affecting the deposit
morphology of flowslide. .e results show that the factor that has the greatest impact on flowslide deposit morphology is slope
angle, followed by the influence of volume and slope height. As slope angle increases, the maximumwidth, maximum length, area,
and length-width ratio of the deposit first increase and then decrease. In addition, there should be a critical angle in the changes of
deposit morphology that is between 60° and 70° under the experimental conditions. When the volume is 5.4×10− 3m3, the slope
angle is 70°, the slope height is 0.90m, and the changes of deposit morphology of the flowslide are the largest. In this study,
considering the slope angle as a single variable, there is a single upheaval for a slope angle of 40° and 50° and a double upheaval at
60° and 70°. .e formation mechanism of the upheaval is analyzed based on the Mohr-Coulomb criterion and considered
properties of the material. .e apparent friction coefficient of a flowslide is spatially and lithologically different and increases
nonlinearly as the slope angle increases. .e initial benchmark of the slope angle and apparent friction coefficient curve are
affected by the friction coefficient of the material; the position of the inflection point at which the curve increases rapidly is affected
by the coefficient of velocity restitution.

1. Introduction

Landslides including slide and flowslide are often seen in the
Loess Plateau of northwest China since the loess features
metastable microstructure, high porosity, and water sensi-
tivity. .e hazards associated with flowslides are often
closely related to volume, slope angle, slope height, and so
on, because these conditions significantly affect a flowslide’s
moving distance [1–4]. Flowslides are becoming a research
hotspot recently since it has the characteristics of high speed
and long runout distance as well as leading to tremendous
damage and economic loss. A large number of field in-
vestigations have shown that the runout and area of a

flowslide increase with an increase in volume and slope
height, but decrease with an increase in slope angle [5–9]. In
fact, each flowslide is unique and nonrepeatable, and, as a
result, the characteristics and parameters of each are dif-
ferent. .erefore, in field research, it is impossible to sep-
arate out the various influencing factors for single factor
research. Similarly, data obtained through field investiga-
tions cannot accurately reflect the impact of various factors
on the characteristics of flowslide movement. Tomake up for
the shortcomings of field investigations, physical model tests
were introduced to study the deposit morphology and
movement rules of flowslides [10–12]. In the course of these
investigations, some rules and interesting characteristics of
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deposits that were in line with reality were reproduced well
by model tests. .ese modeling studies provide a reference
for understanding the dynamic characteristics of flowslides.
.e rationality of experimental method directly determines
the accuracy of experimental results [10, 13–15]. It is pre-
vailing to study the runout distance, influencing factors,
stress during movement, and other characteristics of flow-
slides using model experiments [11]. However, in the re-
search involving the field of flowslides currently, the method
is relatively monotonous, and those studies are conducted to
the movement and deposit characteristics under the influ-
ence of a single factor [4]. In addition, when the order of
influencing factors was obtained, a deep excavation on the
change laws of deposit morphology and the possible internal
mechanical mechanism under the greatest influencing factor
has not been performed.

.e flowslide flows to the slope break where a change in
its flow direction will inevitably cause collision and shearing;
the intensity of this effect increases with an increase in slope
break angularity and sharpness [13]. .e duration of a
flowslide increases with angle and volume and decreases
with aspect ratio [16]. In the study of the deposit mor-
phology of flowslides, scale effects would affect the overall
shape of the deposit including leading edge, highest point,
and trailing edge positions, but could be minimized by
accurately controlling the test variables [17]. Longitudinal
ridges developed on the surface of flowslide deposits caused
by radial propagation of the flowslide during movement, as
discussed by Dufresne and Davies [18]. .e properties of
granular materials are also an important factor affecting the
characteristics of flowslide deposits, including the granular
diameter, the grading index, and the roundness. Different
granular materials can lead to different granular effects,
which can increase the accumulation area and runout dis-
tance [19, 20]. .e apparent friction coefficient is an im-
portant parameter used to characterize the movement of a
flowslide, which has been widely studied under different
variable conditions [5, 7, 9, 21]. It is generally believed that
the apparent friction coefficient decreases with increasing
volume and increases with increasing slope angle, but the
related general relationship has not been proposed [3, 22].
Flowslide on alien planets shares the above-mentioned
characteristics and rules [23–25] but shows longer runout.
At present, research methods used in the study of flowslide
are limited, and research schemes are not systematic enough.
In addition, better knowledge of the overall rules governing
changes in and causes of flowslide deposit morphology is
needed.

In this paper, the Taguchi method [15, 26–29] is used to
design an experimental scheme and analyze the results of
factors affecting the deposit morphology of flowslide. .e
Taguchi method can be used to quantify test results and to
obtain the combination factors that cause the greatest
morphological changes in the deposits under test conditions.
.e specific objectives of this study are to (1) determine the
maximum influencing factors of flowslide deposit mor-
phology and the combination of factors that cause the largest
change in the morphology of a deposit using the Taguchi
method; (2) analyze the changes of the surface and profile

morphology of the deposit under the most influential factors
and compare them with actual flowslides; (3) explain the
rules governing changes in flowslide deposit morphology
and carry out the necessary stress analyses for particular
morphologies; (4) obtain and confirm the distribution
characteristics of the apparent friction coefficient by com-
bining test results with natural flowslides.

2. Material and Method

2.1. Sandbox Experiment Setup. A sandbox experiment was
conducted to study flowslide deposit morphology. Plexiglass
was chosen for the experimental devices, which were
composed of four parts: a sand container, an inclined plate, a
horizontal plate, and high-speed cameras..e length of both
the inclined plate and the horizontal plate is 1.5m, and the
width of each is 1.2m (Figure 1(a)). .e specification vol-
umes of each sand container with a gate in the bottom are
1.8×10− 3m3, 3.6×10− 3m3, and 5.4×10− 3m3. .e angle of
the inclined plate can be adjusted freely through a rear
bracket, and the center gravity height of the sand container
can be adjusted through a track on the inclined plate. High-
speed cameras (120 frames/s) were used to record images
during the experiment.

During the experiment, medium-fine sand density was
controlled to 1.51 kg·m− 6. .e material flowed down an in-
clined plate with no boundary constraints to the horizontal
plate when the gate was opened. When the sliding material
stopped moving, a millimeter-level three-dimensional scanner
was used to collect digital elevation model (DEM) data of the
deposit surface (Figure 1(b)) through calibrated and extracted
key point coordinates to obtain flowslide deposit morphology
data.

2.2. Material. A medium-fine sand (Figure 2) was used as
the sliding material in the simulated sandbox experiment
because it shows a similar flow characteristic during sliding
compared with natural flowslides [30, 31]; its particle-size
distribution curve is shown in Figure 3. .e uneven coef-
ficient Cu is 2.39, the curvature coefficient Cc is 1.19, the
average diameter is 2×10− 4m, and the specific surface area is
0.02m2∙kg− 4. .e cumulative percentage of the particle size
in the range 0.075–0.5mm is 87.71%, the internal friction
angle φ is 36°, the cohesion c is zero, and the interface friction
parameter of plexiglass and sand is 0.538.

2.3. Method. .e experimental scheme was designed using
the Taguchi orthogonal method (Table 1) to comprehen-
sively analyze the influence of flowslide volume, slope angle,
and slope height on deposit morphology. .e following
design variables were used to assess influencing factors:
volumes 1.8×10− 3m3, 3.6×10− 3m3, and 5.4×10− 3m3; slope
angles 50°, 60°, and 70°; and slope heights 0.7m, 0.9m, and
1.1m.

.e principle of variable selection was as follows: A
K-means clustering of volume and slope height data from 28
flowslides [30] in the Jingyang South platform, Shaanxi
province, China, was conducted. Results showed that the
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deposit volume was divided into three levels of
1317.75×103m3, 545.44×103m3, and 184.82×103m3, re-
spectively, so the similarity ratio was approximately 1 :
2×108. Slope height was divided into three levels of
113.45m, 84.27m, and 63.07m, with a similarity ratio of
approximately 1 :100. .e slope angle of the Jingyang South
platformwasmainly within 40°–70° [31]..ere were, in total,
nine groups of experiments; two parallel experiments were
carried out for each group. If the experimental results were
greater than millimeter-level in difference, a third experi-
ment was conducted, eventually taking the average value of
two small differences in the results to determine the deposit
morphology of the flowslide.

3. Results

3.1. Sandbox Experiment Results. .e Taguchi method is a
test method commonly used in steel casting and other fields
within materials science to maximize production and re-
duce consumables. Its greatest advantage is to determine
the order of significance of evaluation indexes using fewer
tests and to determine an optimized combination scheme
of influencing factors [15, 26, 27, 29]. .e direct basis for
the analysis of the results is the signal-to-noise ratio (S/N),
which can be divided into three categories according to
three characteristics: larger-the-better, smaller-the-better,
and nominal-the-better (washing the test results closest to
the target value). .e larger the value of (S/N), the greater
the signal that the dependent variable responds to the
change of factors. .erefore, the larger-the-better char-
acteristic is used in this paper, and the calculation ex-
pression is as follows:
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Figure 1: Flowslides experimental research design: (a) structural of the experimental device; (b) 3D scanner for acquisition of deposit data.

Figure 2: Experimental material.
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Figure 3: Particle-size distribution curve for the experimental
material.
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where (S/N) denotes the signal-to-noise ratio; n denotes the
repeatable time of each variable combination; Y1j denotes
the observed data of evaluation index; i denotes a different
evaluation index, and j is the test number from 1 to n.

It is necessary to establish an evaluation index to analyze
the influencing factors of flowslide deposit morphology by
the Taguchi method, because the deposit morphology of
flowslide (Figure 4(a)) can be characterized by five elements,
maximum length (Ld), maximum width (Wd), maximum
thickness (Dd), area (A), and length-width ratio (Ld/Wd)

denoted by Y1j, Y2j, Y3j, Y4j, and Y5j, respectively. .e five
indexes used as evaluation indexes along with statistical
results and signal-to-noise ratio calculation results are
shown in Tables 2 and 3.

It can be seen from Table 3 that when the volume is
5.4×10− 3m3, the slope angle is 70°, the slope height is 0.9m,
and the signal-to-noise ratio values of Ld, Wd, and A are the
largest: 40.55, 40.49, and − 0.6, respectively. .erefore, under
the influence of this combination, the change responses of
Ld, Wd, and A are the largest. It can also be seen that when
the volume is 5.4×10− 3m3, the slope angle is 50°, the slope
height is 1.1m, and the change response of Dd is the largest.
When the volume is 1.8×10− 3m3, the slope angle is 60°, the
slope height is 0.9m, and the change response of (Ld/Wd) is
the largest. Based on a comprehensive comparison of a
combination of influencing factors A3B3C2—namely, when
the volume is 5.4×10− 3m3, the slope angle is 70°, and the
slope height is 0.9m—the change response of the flowslide
deposit morphology is the largest.

3.2. Morphology of the Flowslide. .e calculation results of
the Taguchi method and multivariate analysis of variance
both indicate that slope angle has the greatest influence on
the deposit morphology of flowslide. To further analyze the
morphology of flowslide under the change of slope angle
only, an experiment using four sets of sandboxes with a
constant volume of 3.6×10− 3m3, a constant slope height of
0.9m, and slope angles of 40°, 50°, 60°, and 70° was carried
out (Figure 4(b)).

(1) Analysis based on Taguchi method: According to the
signal-to-noise ratio values of different combinations
determined using equation (1) as listed in Table 3, the

values of the maximum minus minimum (extreme
difference) of the signal-to-noise ratio between the
three levels under the same factor are obtained
(Table 4) and shown in Figure 5. .e bigger the
extreme difference value of the influencing factors,
the greater the influence of this factor on the results
[26, 28].
.e results show that the values of extreme difference
of Ld,Dd,A, and (Ld/Wd) are 2.77, 5.51, 4.54, and 1.7,
respectively. .e largest value reflects the influence of
slope angle as compared with other factors. .e next
largest value of extreme difference reflects the influ-
ence of flowslide volume. .e value of extreme dif-
ference as influenced by slope height is relatively the
smallest. .e value of Wd is most affected by volume;
the corresponding value of extreme difference is 2.78.
In summary, the most significant factor affecting the
deposit morphology of flowslide is slope angle, fol-
lowed by volume and slope height.

(2) Multivariate analysis of variance: To further verify
and analyze the impact of flowslide volume, slope
angle, and slope height on deposit morphology, a
multifactor analysis of variance is conducted on five
evaluation indexes influenced by the three factors
(Figure 5); the statistical results are shown in Table 5.
Partial η2 (the ratio of the within-group variance to
the overall variance of an independent variable)
indicates the significance of the effect caused by the
influence factor, where the larger the value, the more
obvious the effect of the influence factor. .e results
of multivariate analysis of variance are consistent
with the calculation results of the Taguchi method.
.e values of Ld, Dd, A, and (Ld/Wd) corresponding
to the biggest partial η2 are 0.64, 0.79, 0.56, and 0.73,
all as a result of the effect of slope angle, while for
Wd, the biggest value is 0.87, which is the effect of
volume of the flowslide. Similarly, the value of partial
η2 under the influence of slope height is relatively the
smallest among the five evaluation indexes, which
are 0.1, 0.24, 0.45, 0.06, and 0.05, respectively.
.erefore, slope angle is the factor that has the
greatest influence on the deposit morphology of
flowslide, followed by volume and slope height.

Table 1: Orthogonal experimental scheme.

Number Orthogonal combination Flowslide volume (10− 3m3) Slope angel (°) Height (m)
1 A1B1C1 1.8 50 0.7
2 A1B2C2 1.8 60 0.9
3 A1B3C3 1.8 70 1.1
4 A2B1C2 3.6 50 0.9
5 A2B2C3 3.6 60 1.1
6 A2B3C1 3.6 70 0.7
7 A3B1C3 5.4 50 1.1
8 A3B2C1 5.4 60 0.7
9 A3B3C2 5.4 70 0.9
Note: A, B, and C denote flowslide volume, Slope angle, and height, respectively.
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3.3. Planar Morphology at Different Angles. After correcting
the digital elevation model (DEM) data obtained by the
scanner, the three-dimensional coordinates of the flowslide
deposit are extracted and the contour maps of the surface
morphology are drawn (Figure 6). At smaller slope angles of
40° and 50°, the deposit surface is relatively flat, its long axis

lies along the width of the flowslide, and it is generally
tongue-shaped. At 40°, the length, width, length-width ratio,
and area are 0.53m, 0.70m, 0.76, and 0.29m2, respectively.
At 50°, the length, width, length-width ratio, and area are
0.89m, 0.80m, 1.11, and 0.44m2, respectively, while at larger
slope angles of 60° and 70°, the deposits tend to be thickest at

Flowslide deposit
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Figure 4: Schematic illustration of devices: (a) .e flowslide deposit characteristics; Ld Maximum sliding length of flowslide deposit on the
surface; Wd Maximum width of flowslide deposit; Dd Maximum depth of flowslide deposit; A Area of flowslide deposit projected on
horizontal plane; θ slope angle; HHeight of sandbox measuring from center of gravity; L Total sliding distance of flowslide deposit. (b) .e
process of center gravity constantly.

Table 2: Statistics on flowslide deposit morphology.

Orthogonal combination Y1jLd(10− 2m) Y2jWd(10− 2m) Y3jDd(10− 2m) Y4jA(m2) Y5j(Ld/Wd)(1)

A1B1C1 65.42 61.55 2.88 0.36 0.94
A1B2C2 68.33 70.51 1.40 0.43 1.03
A1B3C3 74.63 75.01 1.32 0.47 1.01
A2B1C2 73.33 52.00 2.79 0.32 0.71
A2B2C3 94.13 90.00 1.37 0.78 0.96
A2B3C1 79.27 64.51 3.23 0.44 0.81
A3B1C3 88.12 67.36 4.29 0.43 0.76
A3B2C1 95.08 88.50 2.68 0.71 0.93
A3B3C2 105.76 106.50 2.78 0.93 1.01
Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.

Table 3: .e signal-to-noise ratio of elements of deposits morphology.

Orthogonal combination
Signal-to-noise ratio (dB)

Ld (10-2m) Wd (10-2m) Dd (10-2m) A (m2) (Ld/Wd) (1)

A1B1C1 35.79 36.31 9.19 − 8.76 − 0.53
A1B2C2 36.97 36.69 2.92 − 7.29 0.27
A1B3C3 37.5 37.46 2.41 − 6.51 0.04
A2B1C2 34.32 37.31 8.91 − 9.91 − 2.99
A2B2C3 39.09 39.48 2.73 − 2.1 − 0.39
A2B3C1 36.19 37.98 10.18 − 7.08 − 1.79
A3B1C3 36.57 38.9 12.65 − 7.3 − 2.33
A3B2C1 38.94 39.56 8.56 − 2.95 − 0.62
A3B3C2 40.55 40.49 8.88 − 0.6 0.06
Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.
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the front and back and are nearly round; upheaval and wash
are arranged alternately on the surface. At 60°, the length,
width, length-width ratio, and area are 0.90m, 0.90m, 1.0,
and 0.57m2, respectively. At 70°, the length, width, length-
width ratio, and area are 0.74m, 0.75m, 0.99, and 0.42m2,
respectively. .e morphologies of the flowslides formed at
each of the four angles are symmetrically distributed about
the sliding central axis.

Comparing the shape of the deposits formed at each of
the four angles, we can see that, with an increase in slope
angle, the values of Ld, Wd, A, and (Ld/Wd) for the flowslide
deposit first increase and then decrease. .e main reason is
that, by increasing slope angle from 40° to 60°, the sum of
kinetic energy loss by the sliding body due to friction and
collisional energy loss on the slope break is reduced.
However, in increasing the slope angle from 60° to 70°, the
sum of the kinetic energy loss and the collisional energy loss
increases. In the experiment, the slope height was kept at a
constant value of 0.90m to each of the four angles, so the
initial potential energy was the same for each (Figure 4(b)).

.e smaller the slope angle, the greater the moving dis-
placement of the sliding body on the inclined plate, resulting
in greater kinetic energy loss caused by friction. When the
flowslide flows to a slope break where there is a change in the
direction of motion to a horizontal direction, and kinetic
energy loss will inevitably occur; kinetic energy loss is
positively related to the slope angle [32]. Under the con-
dition of changing angles, the increase in the length of the
flowslide deposit is significantly higher than the width. .is
is explained by the feature of straightness [33], which the
flowslide has during high-speed movement.

.ese laboratory findings can be examined in the context
of flowslides that occurred naturally. In Xihetan, Shaanxi
province, China, a low-angle flowslide deposit formed at a
45° slope angle and had a length of 289m, a width of 329m,
and a length-width ratio of 0.88 (Figure 7). Another low-
angle deposit formed in Shenzhen, China [34, 35], on a slope
angle of 24° with a length of 700m, a width of about 550m,
and a length-width ratio of about 1.27 (Figure 8). A large
slope angle (more than 60°) slide on the steep cliffs along the
coast of Northern Europe is shown in Figure 9..e following
are shown: in Figure 9(a), the deposit with a length 330m, in
Figure 9(b), the deposit with a length 150m, in Figure 9(c),
the deposit with a length 150m and width 120m, in
Figure 9(d), the deposit with a length 270m and width
300m, all of these deposits with a length-width ratio close to
1, alternating upheaval and wash on the surface of the
deposit, and an overall circular shape (Figure 9) [36, 37]. .e
actual flowslides at small angles and large angles are similar
to the deposit morphology and state of motion formed
during the current experiment. However, due to the dif-
ference in topography and the scale of the actual flowslides, it
is difficult to compare in terms of dimensional parameters,
such as the length and width of the deposit, leaving the
dimensionless length-width ratio, surface morphology, and
overall shape for comparison. In both the natural and the
modeled deposit morphology, a flat surface and a generally

Table 4: .e main factors of influence.

Morphological elements of deposit Influencing factors Level1 (dB) Level2 (dB) Level3 (dB) Extreme difference (dB) Influence order

Ld (m)
A 36.75 36.52 38.69 2.16 2
B 35.56 38.33 38.08 2.78 1
C 36.97 37.28 37.72 0.75 3

Wd (m)
A 36.82 38.25 39.65 2.78 1
B 37.51 38.58 38.64 1.08 2
C 37.95 38.16 38.66 0.71 3

Dd (m)
A 4.82 7.28 10.03 5.21 2
B 10.25 4.74 7.16 5.51 1
C 9.31 6.91 5.93 3.38 3

A (m2)
A − 7.52 − 6.37 − 3.62 3.90 2
B − 8.66 − 4.11 − 4.73 4.54 1
C − 6.27 − 5.93 − 5.31 0.96 3

(Ld/Wd) (1)
A − 0.07 − 1.72 − 0.97 1.65 2
B − 1.95 − 0.25 − 5.61 1.70 1
C − 0.98 − 0.90 − 0.89 0.09 3

Note: A, B, and C denote flowslide volume, slope angle, and height, respectively. Ld, maximum sliding length of flowslide deposit on the surface; Wd,
maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A, area of flowslide deposit projected on horizontal plane; θ, slope angle;
(Ld/Wd), length-width ratio.
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Figure 5: Statistical results using Taguchi method and multivariate
analysis of variance.
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tongue-shaped deposit form at low angles, while alternating
upheaval and wash on the deposit surface and a generally
circle-shaped deposit form at large angles.

3.4. Profile Morphology at Different Angles.
Multidimensional analysis of the morphology of flowslide
deposit can help researchers gain a deeper understanding of
morphology characteristics. Figure 10 shows the profiles of
the four flowslides depicted in Figure 6. Combining the
profile (Figure 10) with planar morphology (Figure 6), it can
be seen that, at smaller slope angles of 40° and 50°, a generally
single upheaval with heights of 0.027m and 0.018m can be
recognized with corresponding peak positions of 0.28m and
0.50m, respectively, although the surface of each deposit is
slightly undulated. .e position of the center of gravity is
consistent with the peak position of the upheaval. At larger
slope angles of 60° and 70°, the surfaces of the deposits are
undulated and there is double upheaval. .e maximum
height differences between adjacent upheaval and wash are
0.005m and 0.023m, respectively. .e heights of the front
upheaval are 0.009m and 0.026m with corresponding peak
positions of 0.67m and 0.40m, respectively. .e heights of
the back upheaval are 0.012m and 0.035m with corre-
sponding peak positions of 0.10m and 0.06m, respectively.
.e heights of the middle wash are 0.006m and 0.011m with
corresponding positions of 0.41m and 0.22m, respectively.
.e positions of the center of gravity are relatively consistent
with the position of the middle wash.

Comparing the four profiles shows a single upheaval
shape at smaller angles of 40° and 50° and a double upheaval
shape at larger angles of 60° and 70°. In the flowslides with
double upheaval, the height of the front upheaval is smaller
than that of the back upheaval. As the slope angle increases,
the average thickness of the deposit first decreases and then
increases, and the position of the center of gravity first
advances and then retreats. Based on the above comparison,
it can be considered that there should be a key angle in the
change laws of flowslide deposit morphology. If the slope
angle is less than or larger than the key angle under the same
conditions, the length and width of the deposit will decrease.
.e key angle is between 60° and 70° under the experimental
conditions in the paper. However, actually, the key angle of
flowslides should be different values depending on the
material of the sliding body and the terrain conditions.

.e profile figures of chalk flows [36] on the steep cliffs of
the European coast show similarities with the profile
morphology of the sandbox experiment for the larger angles,
especially the feature of double upheaval (Figures 11 and 12).
.ese two deposits shown in Figures 11 and 12 are 320m
and 200m in length, respectively. It can be seen from the
picture that the leading edge of the flowslide deposit is flat
and the surface shows double upheaval. .e front upheaval
is lower than the back upheaval. .e height difference be-
tween the middle wash and the back upheaval is greater than
that of the front upheaval. .e center of gravity is located
slightly in front of the middle wash. It is noticed that there is
a difference although the morphology of the double

Table 5: Variance analysis statistics.

Morphological elements of deposit Factors Quadratic sum DOF Mean square error Partial η2

Ld (m)

A 686.28 2 343.14 0.55
B 987.32 2 493.66 0.64
C 59.7 2 29.85 0.1

Error 564.58 2 282.29
Total 2297.87 8

Wd (m)

A 1083.03 2 541.51 0.87
B 224.48 2 112.24 0.59
C 48.97 2 24.49 0.24

Error 158.35 2 79.17
Total 1514.83 8

Dd (m)

A 2.89 2 1.44 0.76
B 3.42 2 1.71 0.79
C 0.73 2 0.37 0.45

Error 0.91 2 0.45
Total 7.95 8

A (m2)

A 0.11 2 0.06 0.52
B 0.13 2 0.07 0.56
C 0.01 2 0 0.06

Error 0.11 2 0.05
Total 0.36 8

(Ld/Wd) (1)

A 0.04 2 0.02 0.69
B 0.05 2 0.03 0.73
C 0 2 0 0.05

Error 0.02 2 0.01
Total 0.11 8

Note: Ld, maximum sliding length of flowslide deposit on the surface; Wd, maximum width of flowslide deposit; Dd, maximum depth of flowslide deposit; A,
area of flowslide deposit projected on horizontal plane; θ, slope angle; (Ld/Wd), length-width ratio.
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upheaval is the same. .e center of gravity of flowslide
deposit is located in the middle wash in experimental
conditions. However, the center of gravity is located in front
of the middle wash in actual flowslides. .e possible reason
mainly is the difference of properties of granular materials,
because the movement and accumulation process of flow-
slides are also affected by internal factors such as the particle
size and roundness of sliding body materials [14].

3.5. Mechanical Analysis of the Deposit Morphology.
Before the mechanical analysis, the properties of the
medium-fine sand and plexiglass should be noticed as a
basis for this analysis. .e friction coefficient 0.727 of the
medium-fine sand is larger than 0.538 of the interface of
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Figure 6: Contour map of flowslides topography at different slope angles: (a), (b), (c) and (d) corresponding to 40°, 50° 60° and 70°, respectively.

N

Figure 7: Xi Hetan flowslide, in China (34°29′32″N 108°50′13″ E).

N

Figure 8: Shenzhen flowslide. Source: Aerial image form Sou-
hu.com, in China (22°43′04″ N 113°56′31″ E).
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the plexiglass with the medium-fine sand. .e difference
of the friction coefficient between the interface and the
sliding body itself also existed in actual flowslides because
the interface will be lubricated by water or the liquefaction
effect [30, 38]. .erefore, the sliding body tends to flow
along the interface of the plexiglass, and the sand forms a
thin sand layer like an erodible bed before the main sliding
body arrived on both inclined and horizontal plates
[39, 40]. It provides an essential condition of the shear
action. Figure 13 shows the cross-sectional state of the
sliding body at three phases, in which phase 3, indicated
by a solid line, represents the final deposit state of the
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Figure 9: Topography of typical flowslides. (a) and (b) located in Folkestone Warren (51°05′03″ N 1°20′36″ E), (c) and (d) located Dover,
Kent (51°07′53″ N 1°20′36″ E). Source from Hutchinson [36].
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Figure 10: .e deposit profiles of flowslides at different angles.
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Figure 11: Flowslide occurred in May 1981 at Le Chien Neuf
(49°46′59″ N 0°25′19″ E). Source from Hutchinson [36].
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Figure 12: Flowslide occurred in May 1958 at Wissower Klinken,
Rügen, Germany (54°32′09″ N 13°40′42″ E). Source from
Hutchinson [36].
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sliding body. In this paper, the Mohr-Coulomb criterion is
used in the analysis of the formation of single and double
upheaval as follows:

τ � c + σ tanφ. (2)
Taking the numbers① and② as two microelements in

the sliding body, under a stress condition whereby the
maximum principal stress σ1 of the microelement at the
slope break is parallel to the direction of the inclined plate
and the confining pressure σ2 � σ3 is perpendicular to the
direction of the inclined plate (the microelements are small
enough, so it is considered that σ2 � σ3), shear behavior
occurs [22, 30, 31].

.e angle between the shear plane and the maximum
principal stress is defined as 45°− (φ/2), and the friction angle
φ in the sand material is 36°. For a microelement ① at
smaller slope angles of 40° and 50°, the counterclockwise
angles between the shear action direction and the overall
movement direction of the flowslide are 167° and 157°,
respectively, tending to horizontal, which is approximately
the same as the direction of the maximum principal stress in
the state of the microelement ②, which will be a source of
power for the morphology of single upheaval. Afterwards,
the microelements located on the horizontal plate move
along the shear plane at an angle of 27° counterclockwise
with the movement direction of the sliding body on the
horizontal plate under the obstruction of the other particles
in the front and the push of rear particles, similar to a thrust
nappe in macroscopic performance, resulting in deposit
morphology as a single upheaval.

.e formation of double upheaval is more complicated.
Here, it will be described according to the order of the front
upheaval, the wash, and the back upheaval. First, based on the
same calculation method as for the smaller angles, the
counterclockwise angles between the shear-action direction of
the microelement ① and the movement direction of the
sliding body on the horizontal plate are 93° and 83° at the
larger slope angles of 60° and 70°, respectively. At this point,
the sliding body deposits part of its load under the actions of
shear force and thrust force to form a rudiment of the front
upheaval, while the part of the sliding body on the horizontal
plate keeps moving under the inertial force and the thrust

force of the back part sliding body (the force state is similar to
the microelement②) and continues development of the front
upheaval gradually. Next, themicroelements at the back of the
front upheaval stop their shearing motion when the equi-
librium condition of equation (3) is satisfied; climbing is
stopped, and the wash is formed. However, mechanical
conditions still allow the microelements to move horizontally.
When the equilibrium condition of equation (4) is satisfied,
the horizontal movement stops. Assuming that the micro-
elements are small enough, the equilibrium condition can be
listed as follows:

m · g � τ · sin 45° −
φ
2

 , (3)

m · a � τ · cos 45° −
φ
2

 , (4)

where m is the mass of the microelement, g is the accel-
eration of gravity, τ is shear stress, a is the horizontal ac-
celeration of the microelement, and φ is the friction angle of
sand material.

Eventually, under the balance of equations (3) and (4),
the sliding body that is still moving at the trailing edge is very
small, as the speed, so the shear force provided can be re-
duced accordingly. At this time, if the internal shearing force
of the sliding body at the trailing edge is greater than the
shearing strength of the sliding body, the subsequent sliding
body is deposited at the foot of the slope to form the back
upheaval and conducts a localized shear motion based on the
shear force similar to the microelement ①; however, if the
shear force is less than the shear strength of the sliding body,
then the sliding body deposits at the slope break to form the
back upheaval. In general, the order of the formation process
of the double upheaval is front upheaval, wash, and back
upheaval.

.e formation of double upheaval morphology is also
owing to properties of the granular material. In this study,
there is a double upheaval morphology; nevertheless, this is
not in the study by Hu [14]. .e range of the granular
particle from 5×10− 6m to 4×10− 4m in this article is ob-
viously less than the range of the granular particle from
10− 3m to 1.6×10− 2m in the research by Hu [14]. .erefore,
the internal friction angle and cohesion of the experimental
material in this study are larger than those in the research by
Hu [14]..emore the internal friction angle and cohesion of
granular materials are, the more the difficult to disturb the
state of the deposit morphology [19] is. When the front
upheaval is formed, the granular material with a particle size
of 5×10− 6m to 4×10− 4m is more likely to keep its mor-
phology of the front upheaval in the disturbance of the back
sliding body compared with a particle size of 10− 3m to
1.6×10− 2m. If the backsliding body can not disturb the
formed front upheaval, it will accumulate in the slope break
forming the back upheaval meanwhile, whereupon the
double upheaval is formed.

For these change laws, as the slope angle increases, the
maximum width, maximum length, and area of the deposit
first increase and then decrease, similar to the results by Hu
[14] at the condition of the mass of fine particles changes.

Phase 1
Phase 2
Phase 3

m1 m2  

σ1

σ1

σ2

σ2

α

ατ1 τ1

1
2

Figure 13: Schematic illustration of shear force of flowslide.

10 Advances in Civil Engineering



Based on those results, a conclusion was proposed that there is
an optimum proportion of fine and coarse particles in the
granular materials, because the shear strength and friction
coefficient are increasing with the mass of fine particles in-
creases [41, 42]. In the condition that the internal friction
angle and cohesion are the smallest, the maximum width,
maximum length, and area are maximum. Hence, the de-
duction mentioned before is reasonable that there should be a
critical slope angle in the changes of the deposit morphology.

3.6. Apparent Friction Coefficient. To further understand the
rules that govern changes in the apparent friction coefficient
with slope angle and the distribution characteristics of the
apparent friction coefficient in different lithologies and dif-
ferent regions, the apparent friction coefficients and corre-
sponding slope angle data were collected for research from
three places. .ere are 28 soil flowslides in the Jingyang South
platform (34°29′32″N, 108°50′13″ E), Shaanxi province, China
[30], consisting of loess..e accumulation area is the even river
terrace, comprised of the loess deposit, underlain by the silty
clay deposit with interbedded sand layers occasionally. Along
the coast of northern Europe(51°05′03″ N, 1°20′36″ E), there
are 27 chalk flows [22] with a porosity ranging from 9% to 52%
and dry density ranging from 24.13 to 12.65 kN/m3. In
Wenchuan (31°00′00″ N, 103°40′00″ E), Sichuan province,
China [2], there are 44 rock flowslides that occurred in the
mountainous area and consisted of the sand-mudstonemainly.
.e accumulation area is relatively flat though it is hard to
compare with flowslides that occurred in Jingyang and coast of
northern Europe. An important reason why the above three
flowslide groups are taken as research objects is that they have
similar flow characteristic and long runout distance. In ad-
dition, the topographical condition of the accumulation area is
similar to the model test conditions. It can be seen from
Figure 14 that the overall relationship between the apparent
friction coefficient of flowslide and the slope angles shows a
nonlinear growth relationship. .is conclusion is consistent
with Crosta [22]. .e growth relationship is as follows:

H

L
�

tan θ
1 + (cos θ + ε sin θ)2 · ((tan θ/μ) − 1) 

, (5)

where θ represents the slope angle; H represents the slope
height; L represents the moving distance of the flowslide; ε is
the coefficient of velocity restitution when the sliding body
reaches the slope break to change its moving direction to
horizontal; μ is the friction coefficient.

.e difference in regional lithology determines the
difference between the friction coefficient μ and the co-
efficient of velocity restitution ε, so two different μ values
and three different ε values are set in this paper. When μ is
0.2 and ε is 0, 0.2, or 0.4, the curve better reflects the
overall trend of the three natural flowslide groups. When
the friction coefficient, μ, between the inclined plate and
the experimental material is 0.55 and ε is 0.4, the curve
shows good correlation with the experimental points. It
can be said that the friction coefficient determines the
height of the initial benchmark of the curve. .e larger the
value of the friction coefficient, the higher the initial

benchmark of the curve. .e coefficient of velocity res-
titution determines the change of the inflection point
when the curve changes from flat to rapid. .e larger the
value of the coefficient of velocity restitution, the larger
the horizontal coordinates of the inflection point.

From the point of energy conversion, energy loss at the
slope break is closely related to terrain and lithology. .e
kinetic energy loss is small when the junction of slope and the
accumulation area is a curved slope break; when the junction
has sharp edges, the kinetic energy loss is larger [13, 22].
Under the experimental conditions, in which slope height H
and volume are constant, as the slope angle increases, energy
loss also increases due to the collision of the flowslide and the
horizontal plate at the slope break [43, 44], which results in
shorter distance of movement of the sliding body. .e slope
angle in the chalk flow area is too large, and the energy loss is
excessive though the sliding path is lubricated by water be-
neath the accumulation area 1-2m. .e flowslides in Wen-
chuan affected by lubrication due to water are few. Besides,
there are many obstacles in the movement path because these
flowslides are located in a mountainous area though the
accumulation area is relatively flat, so energy loss is large.
However, for the flowslides in Jingyang, the path is flat and
straight as well as lubricated by the liquefied effect [31], and
the energy loss is small. .e flowslides in the model exper-
iment fall between the three natural flowslide groups, to the
left of chalk flows, above loess flowslides, and intersecting
with rock flowslides. .e apparent friction coefficient in the
condition of this model experiment is not the smallest al-
though the condition is ideal flat, for the reason that there are
no lubrications. .erefore, the lubrication effect plays a key
role in affecting the apparent friction coefficient.

4. Discussion

In this paper, the Taguchi method was employed inno-
vatively to study quantitatively the order of significance
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Figure 14: Comprehensive relationship between slope angle and
apparent friction coefficient. Formula comes from Crosta [22].
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and the maximal responses of combinations of factors
affecting flowslide deposit morphology. .e calculation
results in Figure 5 confirm that slope angle is the most
influential factor. .e maximum influencing combination
is a volume of 5.4 ×10− 3 m3, at a slope angle of 70°, and a
slope height of 0.90m, which will be useful to evaluate the
hazards of potential flowslides. Based on the accepted
knowledge that slope angle is the largest influencing
factor, further experimental research was performed. .e
conditions of small slope angles and large slope angles
show interesting phenomena of single upheaval and
double upheaval, respectively; the Mohr-Coulomb crite-
rion is used to explain the action of the shear motion
during the process. .e comprehensive study of apparent
friction coefficient shows a nonlinear increase with slope
angle as well as spatial and lithological differences in
distribution, which are affected by the friction coefficient
and the coefficient of velocity restitution.

Similar model experiments have been carried out to
analyze the movement rule of flowslide [4, 12, 21] and
deposit morphology [3, 16, 18, 22, 25]. Previous studies
focused on the influence of a single factor, and the research
content is more in-depth [8, 11, 45, 46], but the research
process is not systematic enough, as flowslide movement and
deposit morphology are determined by multiple factors,
including volume, slope angle, slope height, sliding body
material, and slip bed material. Of course, some scholars
have conducted multifactor experiments; for example,
Manzella [13] studied the influence of flowslide volume,
initial height, slope of slip bed, and the slope break on
movement characteristics, but the relative significance of
various factors governing the movement of flowslide has not
been revealed although the factors considered are com-
prehensive. An orthogonal experiment was used to study the
motion characteristics (velocity, acceleration) of flowslide
under the influence of various factors and found that slope
angle was the largest influencing factor [33], which is
consistent with the findings of this article though the re-
search content was different.

.e morphology of the double upheaval of flowslide was
also observed in an experiment similar to the current study
[1], which examined wave propagation in the macroscopic
view. .at experiment was also carried out with bulk ma-
terials. A wave would be formed when the experimental
materials slid or fell into the accumulation area; the initial
wave would accelerate suddenly as it was pushed by a
subsequent wave propagating forward. .e wave crest
formed when motion stopped due to resistance may be one
of the reasons for the formation of upheaval, and the wave
trough can be regarded as wash [1] in this paper. According
to the motion rule of the object, the flowslide is partially
reflected at the slope break [22] and then propagates in the
form of waves, which were observed somewhat during the
experiment of larger slope angles. Macroscopic wave
propagation may be the cause of the formation of upheaval
and wash on the surface of flowslide, but if the phenomenon
is deeply understood from the interior of sliding body, the
internal shear behavior in the movement of flowslide may be
reasonable. In addition, the morphology of actual flowslides

is also affected by properties of sliding materials [14, 19, 20].
With an increase of the mass of fine particles, the length and
width of the flowslide deposit increase first and then de-
crease [14]. .erefore, the difference of properties of
granular materials is contributing to the formation of the
double upheaval.

.e apparent friction coefficient is often involved in the
study of flowslide, but the focus here is on its relationship
with volume [5, 7, 9, 21, 38]. .ere are few studies that use
slope angle as a variable, including Lied and Bakkehoi [47]
and Okura [3], both of which proposed that the apparent
friction coefficient of flowslide was directly proportional to
the slope angle, but the results were based on the analysis of
only about 20 flowslides, so the conclusion was limited. .e
analysis in this paper involved 99 landslides in three areas,
and the conclusion is consistent with the viewpoint of Crosta
[22] in finding that the apparent friction coefficient increases
nonlinearly as the slope angle increases. In the comparison
made in this study, spatial and lithological differences in the
apparent friction coefficient are also found.

In this paper, an experimental idea of constant height of
the center of gravity is provided, but when the angle changes,
the sliding distance of the flowslide on the inclined plate
(Figure 4(b)) will inevitably increase, and the loss of kinetic
energy due to friction will increase accordingly. .erefore,
further improvement of the experimental device is needed to
reduce the kinetic energy loss due to the increase in the
sliding distance on the inclined plate. Modeling should also
include more influencing factors.

5. Conclusions

(1) .e combined influence factor obtained by the
Taguchi method demonstrates that when flowslide
volume is 5.4×10− 3m3, the slope angle is 70°, the
slope height is 0.90m, and the changes of deposit
morphology of the flowslide is the largest. .e ex-
treme differences of maximum length (Ld), maxi-
mum thickness (Dd), area (A), and the length-width
ratio (Ld/Wd) at three different levels under various
factors are 2.77, 5.51, 4.54, and 1.7, respectively. .e
calculation results indicate that the factor that has the
greatest impact on the deposit morphology of
flowslide is slope angle, followed by volume and
slope height.

(2) With an increase in slope angle, the width, length,
area, and length-width ratio of flowslide deposits first
increase and then decrease, and the maximum ac-
cumulation thickness first decreases and then in-
creases. And, there should be a critical angle in the
change laws of the flowslide deposit morphology,
that is, between 60° and 70° under the experimental
conditions. When the volume is 3.6×10− 3m3 and
the slope height is 0.90m, the slope angles at 40° and
50° both result in a single upheaval, while slope
angles of 60° and 70° both result in a double upheaval,
which has been explained by shear behavior in the
sliding body based on the Mohr-Coulomb criterion.
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(3) .e apparent friction coefficient of flowslide in-
creases nonlinearly as the slope angle increases and
shows spatial and lithological difference. .e greater
the friction coefficient of the sliding material, the
higher the initial benchmark of the curve; the larger
the coefficient of velocity restitution, the larger the
abscissa corresponding to the position of inflection
point when the curve changes from flat to rapid.
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