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Abstract: In debris-flow disasters, boulders moving at high velocities cause significant
damage to houses and other facilities. Through a flume model test, this study explored the
influences of the length/width ratio of the boulders, the angle between the long axis of the
boulders and the flow direction, and the density of the mudflow on their starting movement.
The experimental results indicate that in the process of a mudflow impacting the boulders,
the angle between the long axis and the flow direction influences the magnitude of the
component forces of the dragging force in the long- and short-axis directions, thus causing
the boulders to deviate. Deflection changes the area of action of the debris-flow drag force
on the boulder. Once the boulder gains a certain velocity, it deviates toward a state in which
the long axis is parallel to the flow direction to reduce the resistance in the movement
process. When the long axis of the boulder is parallel to the flow direction, as the mass
of the boulder decreases, the efficiency of the mudflow in transferring the velocity of the
boulder increases. When there is an angle between the long axis of the boulder and the flow
direction, as the angle increases, the area of the drag force and efficiency of the velocity
transfer increase. The movement laws of boulders in mudflows are crucial for engineering
construction and sustainable development in mountainous areas.

Keywords: mudflow; boulder; length /width ratio; drag force; flume experiment; sustain-
able development

1. Introduction

Debris flows often move at high speeds along valleys, exhibiting suddenness, tran-
sience, and powerful impact forces. Every year, debris flow disasters in mountainous
regions cause significant damage to infrastructure, property loss, and casualties [1-3]. The
major hazards of debris flows include scouring, siltation, and impact damage, with the
most severe consequence being impact damage [4]. Boulders carried by debris flows can
inflict severe damage to towns, railroads, bridges, and other facilities downstream of the
gullies. For example, on 9 July 1981, on the Chengkun Railroad in Ganluo County, Sichuan
Province, a large debris flow occurred in the Lizi Yida Gully on the Dadu River that de-
stroyed the bridge abutment, resulting in an accident that killed more than 400 people [5].
On 11 August 2023, a debris flow broke out in the Jiwozi group in Chang’an District, Xi’an
City, Shaanxi Province, and boulders carried by the debris flow impacted houses and roads
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at the gully’s entrance, leading to the deaths of more than 40 people and considerable dam-
age. Additionally, boulders also appeared in the Aizigou debris flow and the Xiaogangjian
debris flow in Sichuan, China. Figure 1 shows the boulders used in debris flow disasters in
Sichuan and Shaanxi, China.

i,

(c) Jiwozi Debris flow, Shaanxi Province, China

Figure 1. Boulders at the debris flow scene.

Numerous studies have been conducted on the impact characteristics of debris
flows [6-9]. Relatively few studies have been conducted on the initiation, movement, and
impact force of boulders under the action of debris flows. The boulders in the debris flow are
jointly affected by many factors, such as buoyancy, friction, impact force between the boulders,
and the dynamic pressure of the debris flow, which includes forms such as rolling, sliding,
and bouncing. Many influencing factors have complex three-dimensional (3D) movement
characteristics [5]. As the destructive power of boulders in debris flows is extremely strong,
research on the movement characteristics of boulders in debris flows has guiding significance
for disaster prevention and reduction projects for mountainous debris flows.

Currently, there is relatively little research on the movement of boulders during debris
flow disasters. Numerical simulation calculations and theoretical analyses are mainly used
to study the movement of boulders. Xu established model equations for the motion of large
particles in a debris flow by analyzing the forces between the particles in a debris flow, as
well as the forces between the particles, debris flow, and riverbed [10]. Wang used FLOW-
3D to establish a boulder collision model after silting a sand barrage and investigated
the rolling characteristics of the boulders under a three-dimensional turbulence model [5].
Tang and Sun investigated the relationship between the initiation of large particles in debris
flows and water flow conditions [11]. Using the concept of probability theory to solve
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the problem of random distribution of particles on slopes, he solved moment balance
equations for the critical initiation of large particles. Tang established a reasonable and
concise calculation model for the initiation of large particles in viscous debris flows [12].
Si found that the irregular shape of a boulder significantly affects its impact [13]. Vicari
used numerical simulation techniques to simulate boulder impacts on gullies and debris
flows that reduced the mobility of debris flows [14]. Wang researched the movement and
sedimentary characteristics of boulders in debris flow using a fluid-solid coupling model
that simulated the change rules of the center-of-mass velocity, angular velocity, and kinetic
energy of boulders in different periods [15]. Sha proposed a procedure for evaluating the
impact force of a debris flow on an obstacle by combining simulation methods of the debris
flow transport of boulders and CEL [16]. It mainly uses numerical simulation techniques
to study the critical conditions for boulder initiation, the impact of boulders on the flow
characteristics of debris flows, the analysis of boulder impact force, and so on. There
have been few modeling experiments on boulder movement, and numerical simulation
techniques have some limitations.

Research on the movement of boulders in debris flows can be inspired by studies on
the movement of objects, such as boulders, containers, vehicles, and boats, on the shore
caused by storms or tsunamis. Nott developed hydrodynamic equations for evaluating the
wave characteristics required for the transport of coastal boulders triggered by tsunamis
or storms, and these equations have been widely cited and used [17,18]. Many scholars
have analyzed the motion of boulders under the action of tsunami waves by employing
three-dimensional (3D) fluid dynamics coupled with rigid body dynamics to simulate the
study [18-23]. In addition to the shape, size, and density of boulders, the environment
in which coastal boulders are transported determines the wave heights required to move
them [18]. Goto suggested that boulders carried by tsunamis are typically deposited below
the high tide line [19]. Paris studied the morphology and distribution of coastal boulders
and estimated the size of movable particles using the simulated flow velocity of tsunami
waves to deduce the movement of finer sediments in the coastal ocean [20]. The results
showed that the spatial distribution, particle size distribution, and source of boulders on the
coast were controlled by the initial distribution of boulders, hydrodynamic characteristics
of the tsunami, and topography. Numerical models can simulate the wave flow velocity,
particle size range of moving particles, and wave-breaking height required for boulder
movement. However, there are always differences between simulation and reality, and there
are still some unknown parameters that can affect the accuracy of the numerical model.

Other scholars have conducted flume experiments to study the boulder transportation
process under tsunami action using equal-scale boulder models [24-28]. Imamura sug-
gested that boulders are mainly carried under tsunami action by rolling or jumping rather
than sliding [24]. Bressan investigated the critical relationship among the mass, geometry,
location, flow velocity, and flow depth of boulders when initiated [25]. Liu suggested that
the movement of boulders is mainly divided into three phases: acceleration, deceleration,
and relatively stable movement [26]. Oetjen experimented with real boulders to simulate
waves on three shore types [27]. In comparison to numerical simulation techniques, physi-
cal modeling experiments can visualize the real situation of boulder movement, but the
experiments are subject to many errors owing to human manipulation; therefore, a large
number of experiments need to be conducted to minimize the effects of errors. Research on
the stability of automobiles in floods can provide ideas and methods for studying boulder
movement in debris flows as well [29-31]. Xiao analyzed the force on a car in a partially
submerged state in a flood based on the sediment initiation theory to derive a formula for
the initiation flow rate of a car in a flood [29]. In the research fields of tsunami-carrying
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boulders and flood-impacting vehicles, scholars have primarily focused on boulder size,
density, shape, and wave characteristics.

This study focuses on rectangular boulders to investigate the effects of loess mudflow
density, boulder length/width ratio, and the initial angle between the long axis of the
boulder and the direction of the mudflow on its initiation velocity, movement distance,
and movement form. The results of these studies can provide references for studies on the
initiation and movement of boulders in mudflows, calculation of boulder impact force, and
risk assessment. It is of vital importance to the engineering construction and sustainable
development in mountainous areas.

2. Materials and Methods
2.1. Experimental Setup

The experiment device consists of three parts: a water tank for storing and releasing
pre-configured mudflow, a tailings pond located below the flume to collect debris-flow
waste, and a flume for simulating the interaction with boulders during mudflow movement.
The flume is 8.5 m long, 0.45 m wide, and 0.5 m deep, made of steel plate at the bottom
and transparent toughened glass at the two sides. At the junction between the tank and the
channel, there is a rectangular sluice gate, which is used to release the mudflow. The volume
of the tailings pond was 1.2 m3, and the inclination angle of the flume was 9°. A laser
sensor (Leuze, Owen, Germany, ODSL, at a rate of 10 Hz, named laser) and three cameras
(Canon LEGRIA with resolutions of 1440 x 1080 pixels and frame rates of 25 frames per
second (fps), named cameras 1, 2, and 3) were used in the experiment. A laser rangefinder
was placed upstream of the boulder to monitor changes in the mud depth and the mudflow
in the flume during the test. Camera 1 was placed above the boulder to monitor the motion
characteristics of the boulder model. Camera 2 was placed downstream of the flume to
record the possible motions of the boulder (sliding, deflection, rolling, bouncing). Camera
3 was located at the side of the flume to record the boulder’s motion. The experimental
setup is illustrated in Figure 2.

Tank

¥ Lasersensor

i) Digital camera

Camera 3 Resevoir

<>
m £ Camera 2

Figure 2. Experimental setup diagram.
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2.2. Test Material

The soil used to prepare the mudflow was obtained from Baoji City, Shaanxi Province,
China, with a natural moisture content of approximately 18.7%, a density of 1.63 g/cm?,
and a dry density of 1.37 g/cm?. The loess had a particle size of 0.05 mm for dgs, 0.025 mm
for dgp, and 0.008 mm for d3g. The distribution of the soil particle sizes is shown in Figure 3.

100
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Figure 3. Particle size diagram of the experiment soil.

The required density of the mudflow is configured according to the experimental
scheme, and an electric mixer is used to make it uniform to reduce the phenomenon of solid
particle agglomeration and precipitation; thus, the motion characteristics of the configured
mudflow are more in line with reality. The configuration of the mudflow and mixing
operation are shown in Figure 4.

Figure 4. (a) Pre-configured mudflow. (b) Mix the mudflow.

2.3. Boulder Models

In the experiment, four boulder models were created by pouring concrete into pre-
made plastic molds. The height and width of the four boulder models are the same (8 cm),
and the difference lies in the length/width ratio (1), n = a/b, where a, b, and c refer to
the length, width, and height of the boulders, respectively. The dimensions and physical
objects of the boulder model are shown in Figure 5. In the research on the movement of the
boulders under the effect of the tsunami, (a + b)/2¢ was used to indicate the flatness indexes
of the boulders, which were used to classify boulders of different sizes [32]; however,
because only the long axis dimensions were changed in this experiment, to respond more
clearly to the effect of the length change, the n of the boulder models were used to classify
the boulders. The n values of boulder models 1, 2, 3, and 4 were 2, 1.625, 1.375, and 1.
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Figure 5. Characteristics and objects of the boulder model. a, b, and c refer to the length, width, and
height of the boulders, respectively. The n values of boulder models 1, 2, 3, and 4 were 2, 1.625, 1.375,
and 1.

2.4. Experimental Scale

Because the flow characteristics of debris flows are very complex, to make the debris
flow in the experiment configured closer to the natural debris flow state, the debris flow
configured in the experiment and the natural debris flow should follow the gravity similar-
ity (Froude) criterion [33]. The Froude number (F;) is a dimensionless parameter used to
characterize the relative magnitudes of fluid inertial forces and gravity. F; as expressed in
Equation (1) [34,35]. The F; of the debris flows configured in the experiment ranged from
4.53 to 6.39, which is in the range of the Froude number for normal debris flows, making
this experiment feasible.

F= M)

In the formula, v is the debris flow velocity (m/s), h is the debris flow depth (m), g is
the gravity acceleration (m/s?), and 6 is the slope of the flume (°).

In the experiment, the boulder model made of concrete pouring is used to simulate
the boulders in the mudflow event, and the given length scale (A1) is shown as in Equa-
tion (2). According to the gravity similarity criterion, the velocity scale (Ay) is as shown
in Equation (3) [36-38]. The experimental scale set was 1:50, and the four boulder models
simulated boulders with widths and heights of 4 m and, respectively, 4 m, 5.5 m, 6.5,
and 8 m.

Ap=1:50 )

Ay =A% =1:71 (3)

2.5. Experiment Design

The experiments were divided into two groups to investigate the effects of the
length /width ratio of the boulder, the angle between the long axis and flow direction,
and the density of the mudflow on the movement of the boulder. In test one, the long axis
of the boulder was parallel to the flow direction, controlling for changes in the length /width
ratio of the boulder and the density of the mudflow. In Test 2, the length/width ratio of the
boulder was 2, controlling for variations in the angle of the long axis of the boulder with
the flow direction, as well as for variations in the density of the mudflow.
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The complexity of field conditions, with different source conditions in different areas
and different rainfall conditions, makes the density of mudflows very different. The
movements of boulders under different types of mudflows are also different. To simulate
the movement of boulders in floods, dilute mudflow, and neutral mudflow, we set up floods
with a density of 1000 kg/m? and mudflows with densities of 1150 kg/m?, 1300 kg/m?,
and 1450 kg/m3.

The sizes of boulders are often different, and boulders with different length/width
ratios have different motions under the impact of mudflows. Therefore, four boulder
models with different length-to-width ratios were used to simulate the effect of the length-
to-width ratio of boulders on boulder movement in Test 1, and the length/width ratio of
the four types of boulders were 2, 1.625, 1.375, and 1, respectively.

The initial positions of the boulders in the channel were different, and the angle
between the long axis of the rectangular boulder and the direction of the mudflow was
related to the magnitude of the impact force received by the boulder from the mudflow.
Four different angles of 0°, 33.3°, 66.6°, and 90° were set for the angle between the long
axis of the boulder and flow direction in Test 2.

The position of the boulder model in the sink is illustrated in Figure 6. Each test
was performed 16 times, for a total of 32 times. The experimental parameters are listed in
Table 1.

Debris flow

Debris flow

Figure 6. The position of the boulder model in the flume. « is the angle between the long axis of the
boulder and the flow direction of the debris flow.

Table 1. Experimental variables.

V (m®) n « (°) p (kg/m3)
1
1.375
Test 1 0
1.625
2
0.05 0 1000, 1150, 1300, 1450
33.3
Test 2 2
66.6
90

Notes: V is the experimental volume of the mudflow, 7 is the length/width ratio of the boulder, « is the angle
between the long axis of the boulder and the flow direction, # is the length/width ratio of the boulder.
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2.6. Experimental Procedure

During the testing process, the boulder models are placed in pre-designed positions
in the flume, the prepared mudflow is placed into the hopper, and the laser rangefinder
and camera are set up and ready for the test to begin. The valve at the hopper outlet is
opened, and then a marker ball is quickly placed into the hopper outlet. The mudflow
travels through the channel and impacts the boulder. The measurement items and methods
used in the test are as follows:

(1) Mudflow velocity: The velocity of the mudflow was obtained by recording the motion
of the marker ball in the mudflow using Camera 1.

(2) Variation in mudflow depth. Changes in the mudflow depth during the experiment
were recorded using a laser distance-measuring device.

(38) Changes in boulder velocity during boulder initiation. The change in boulder velocity
during boulder initiation was recorded using Camera 1. Starting from the instant the
mudflow touched the boulder, the change in boulder velocity was recorded every
1/6s. The average velocity during each period was used as the instantaneous velocity
at the next moment to facilitate data processing.

(4) Variation in attitude during boulder movement. Changes in attitude during boulder
movement were recorded using Camera 2.

(5) Final movement distance and attitude of the boulder. At the end of the experiment, the
final distance moved, and the attitude of the boulders was recorded using a camera.

3. Experimental Result

The movements of the boulders under different conditions showed different patterns.
Under different experimental conditions, the movement velocity and depth of the mudflow,
as well as the movement velocity and distance of the boulder, were different. Based
on the experimental data, the relationship between the boulder’s movement distance,
movement velocity, movement mode, and each experimental parameter can be analyzed.
The experimental data for the mudflow impacting boulders are listed in Table 2.

Table 2. Experimental data.

1%

« v hm U1 Vo U3 U4

P
TestiD  go/md) @® ) " (ml) (mm) (mls) (ms) (mls) (misy Tr L@
1 2.88 021 066 102 102 639 259
1375  2.64 003 024 054 066 586 0875
1000 0.05 1625 276 21 0 018 054 072 612 251
2 2.88 0 0 0 0 6.39 0
1 2.64 024 084 108 12 566 341
1375 252 0 003 027 066 540 2615
1150 005 1625 252 @ 229 0 003 024 048 540 317
2 2.64 0 0 0 0 5.66 0
Test 1 0
1 2.16 024 06 102 114 453 2965
1375 216 009 027 054 084 453 1255
1300 0.05 1625 228 235 006 045 072 084 478 26
2 228 0 0 0 0 478 0
1 2.64 018 066 09 108 531 2765
1375 2.8 012 018 048 072 580 253
1450 0.05 1625 264 25 006 018 048 054 531  1.89

2 2.88 0 0 0.06 0.3 5.80 1.98
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Table 2. Cont.
I \% « () hm 1 () U3 U4
TestiD  go/md) @ ) " (ml) (mm) (mls) (ms) (mls) (misy Tr L@
0 2.88 0 0 0 0 6.39 0
333 2.76 0 003 018 03 612 0508
1000 005 466 2.88 21 018 036 084 108 639 106
90 276 03 066 096 108 612 2166
0 2.64 0 0 0 0 5.66 0
333 252 003 024 045 06 540 058
1150 005 g6 264 225 018 066 102 114 566 2
90 252 024 078 114 132 540 3705
Test 2 2
0 228 0 0 0 0 478 0
333 216 003 024 054 072 453 06l
1300 005 466 216 35 021 063 102 114 453 137
90 228 03 084 105 138 478 457
0 2.88 0 0 006 03 58 198
333 2.88 0 0 003 027 580 064
1450 005 466 264 5 012 066 08 107 531 101
90 2.88 024 072 09 108 580 2285

Notes: p represents the density of the mudflow, V is the experimental volume of the mudflow, « is the angle
between the long axis of the boulder and the flow direction, # is the length/width ratio of the boulder, vy is the
velocity of the mudflow, /i, is the maximum depth of the mudflow, v1, v, v3, v4 are the velocities of the boulder
at each of the four moments. F; is the Froude number. L is the final distance moved by the boulder.

3.1. Velocity Variation During Boulder Initiation

Figure 7 shows the velocity of the boulder’s motion at various moments in Test 1,
where the long axis of the boulder was always parallel to the direction of the mudflow.
Figure 7 shows that when the long axis of the boulder is parallel to the flow direction, the
boulder with a length /width ratio (1) of 2 does not move under the impact of mudflows
with densities of 1000 kg/m3, 1150 kg/m?, 1300 kg/m?, and only moves under the scouring
of the mudflow with a density of 1450 kg/m?>. However, the boulders did not initiate when
they first came into touch with the mudflow but rather between 0.33 and 0.5 s. Three
phenomena occurred during the experiment: one in which the boulder was immediately
initiated upon touching the mudflow, another in which the boulder was initiated after
touching the mudflow, and the other in which the boulder was initiated sometime after
touching the mudflow. For example, the experiments with n = 1.625 in Figure 7a, n = 1.375
and 1.625 in Figure 7b, and n = 2 in Figure 7d all belong to the cases where the boulders
move after being eroded by mudflow for some time. The movement state of boulders
after contact with a mudflow is related to their force state in the mudflow. In Test 2, the
boulder initiating but requiring a response time was more likely to occur when the n value
was large.
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Figure 7. Initiation process of boulders with different length /width ratios. ((a—d) are four different

density conditions).

As shown in Figure 8, the motion velocity of the boulder each time in Test 2. In Test 2,
the length /width ratio (1) of the boulder was 2. It can be seen from Figure 8 that when the
angle between the long axis of the boulder and the direction of the mudflow («) is 0°, under
the impact of the mudflow with densities of 1000 kg/m?, 1150 kg/m3, and 1300 kg/m?,
no movement occurs, and only movement occurs under the action of the mudflow with
a density of 1450 kg/m3. However, the boulder did not initiate when it first came into
contact with the mudflow but moved within 0.33 to 0.5 s. In Test 2, the boulder initiated but
took some response time, such as the test with a of 33.3° in Figure 8a and the tests with « of
0° and 33.3° in Figure 8d. In Test 2, the phenomenon of the boulder initiating but requiring
a response time is more likely to occur when the «a value is small.
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Figure 8. Initiation process of boulders with different initial angles. ((a-d) are four different density
conditions).

3.2. Initiation Velocity of the Boulder
3.2.1. Effect of Length/Width Ratio on the Initiation Velocity

Figure 9 shows the change in the velocity of boulders with different length/width
ratios during initiation in Test 1. It can be observed that the boulder with n = 1 had the
largest increase in velocity under the impact of mudflows with different densities, and
the boulder with n = 2 had the smallest increase in magnitude. The acceleration stage of
the boulders shown in the figure is mainly concentrated within 0 to 0.5 s, while within
0 to 0.167 s, the acceleration of the boulders shown in the figure is relatively small, and
within 0.167 to 0.5 s, the acceleration is at the peak value. After 0.5 s, the acceleration of the
boulders appears to decrease or be 0. As shown in Figure 9a, the boulder with # of 1 has
a relatively small acceleration from 0 to 0.167 s. Within the phase from 0.167 to 0.5 s, the
acceleration is at a maximum, and after 0.5 s, the acceleration of the boulder is almost 0.
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Figure 9. Boulder initiation velocity under different length/width ratio conditions in Test 1. ((a-d) are
four different density conditions).

When the density of the mudflow is larger, the time of decrease in the boulder acceler-
ation shifts relatively later. As shown in Figure 9d, the acceleration of the four boulders in
the debris-flow impact at a density of 1450 kg/m? did not exhibit a noticeable decreasing
trend after 0.5 s. In the boulder initiation process, the velocity of the boulder successively
exhibited four stages: slow growth, rapid growth, slow growth, and stabilization. When the
long axis of the boulder is parallel to the direction of flow, the larger the length/width ratio
of the boulder, the more friction the boulder is subjected to, and the smaller the acceleration
and velocity of the boulder during initiation.

3.2.2. Effect of Angle on Initiation Velocity

Figure 10 shows the velocity changes in boulders with different initial positions during
the initiation process in Test 2. Similar to the initiation of the boulders in Test 1, the
initiation velocity of the boulders in Test 2 successively exhibited four stages: slow growth,
fast growth, slow growth, and stabilization. Since the initial position of the long axis of the
boulder in Test 1 was parallel to the flow direction, while the long axis of the boulder in
Test 2 formed an angle with the flow direction, the angle between the boulder and the flow
direction affects the area of action of the drag force of the mudflow on the boulder, which
resulted in the area of action of the drag force being generally larger than that of Test 1 in
Test 2. So, the acceleration and velocity of the boulder in Test 2 were generally larger than
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those in Test 1. As shown in Figure 10, the boulder with a of 90°has the largest increase
in velocity, while the boulder with a of 0°has the smallest increase in velocity due to the
smallest area of action of the drag force. When the n of the boulder is the same, the larger
the « of the boulder, the larger the drag force obtained by the boulder in the startup process,
and the larger the startup velocity obtained.
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Figure 10. Boulder initiation velocity under different angle conditions in Test 2. ((a—d) are four
different density conditions).

3.3. Distance of Boulder Movement
3.3.1. Effect of Length/Width Ratio on the Distance of Boulder Movement

As shown in Figure 11, when the « is 0° and the 7 is 2, movement occurs only under
the action of a mudflow with a density of 1450 kg/m?. This is because the mass of the
boulder with n = 2 is too large, the dragging force produced by the three mudflows with
lower densities cannot initiate the boulder, and the area of action of the dragging force does
not change.

Boulders with 1 = 1.375 mostly moved less distance than boulders with n = 1.625 at
the same density because the mass of the boulder with n = 1.375 was less than that of the
boulder with n = 1.625. The boulders are unevenly impacted by mudflows on both sides of
the boulders, which makes them subject to deflection. As the boulder can be activated, the
greater the boulder mass, the greater the degree of deflection of the boulder.
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Figure 11. Relationship between the distance of boulder movement and each parameter in Test 1.

3.3.2. Effect of Angle on Distance of Boulder Movement

From Figure 12, it can be seen that there is a clear pattern between the angle between
the long axis of the boulder, the flow direction («), and the boulder movement distance.
Whether in floods or under the impact of three different densities of mudflows, the boulder
movement distance increases with the increase in «, and the larger the value of «, the larger
the increase. This is mainly because the a affects the change of the area of the drag force
acting on the boulder by the mudflow. When the size of the boulder was fixed, with an
increase in the angle between the long axis of the boulder and the flow direction, the change
in the boulder’s movement distance gradually increased.

45 F —8— p—1450kg/m’
4 —o— p=1300kg/m’
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Figure 12. Relationship between the distance of boulder movement and each parameter in Test 2.

3.3.3. The Effect of Mudflow Density on the Distance of Boulder Movement

The difference between a debris-flow impact on a boulder and a tsunami impact on
a boulder is that the nature of the mudflow is complex, the velocity of movement of the
mudflow is different at different densities, and the impact effect on the boulder is also
different. Figure 13 shows the effect of mudflow density on the movement distance of the
boulders. As shown in the figure, the movement distance of the boulder first increased
and then decreased with an increase in density. Changes in mudflow density involve
changes in velocity, mudflow depth, and drag force coefficients, and the situation is highly
complex. As shown in Figure 13a, only a mudflow with a density of 1450 kg/m? can initiate
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a boulder with a long axis parallel to the direction of the flow and an aspect ratio of 2. From
Figure 13b, it can be seen that the movement distance of the boulder with 7 of 2 and « of
33.3° is influenced least by the density of the mudflow.
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(a) Test 1 (b) Test 2

Figure 13. Relationship between boulder movement distance and mudflow density.

3.4. Process of Boulder Movement

In practice, boulders move differently under the impact of mudflows, which is similar
to the movement of boulders under the action of tsunamis. Depending on their shape and
the forces applied, boulders exhibit three different types of movement: sliding, rolling, and
bouncing [24,25]. During the experiment, the boulder was always in a semi-submerged
state, and it permanently moved forward in a sliding manner without rolling or bounc-
ing [15]. This is because the mudflow volume was set to be minor, and it was difficult for
buoyancy and drag force to be generated by the mudflow under this volume. As shown in
Figure 14, a boulder with 7 of 1 and & of 0° moves under the impact of a mudflow with a
density of 1450 kg/m?3, and the boulder only slides and deflects in the process of movement,
and no bouncing or rolling phenomenon occurs.

Figure 14. Photos of mudflow impacting boulders. p = 1450 kg/m?, n = 1.
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According to the experiment results, it is found that a affects the area of the effective
drag force acting on the boulder by the mudflow, which makes the boulder show different
deflection tendencies after touching the mudflow, and the different deflection rules will
affect the area of the effective drag force acting on the boulder by the mudflow. In the
experiments, the boulder, regardless of the initial state, was deflected toward the state in
which the long axis was parallel to the flow direction after a certain velocity was obtained
during the impact of the mudflow. The movement laws of the boulders are shown in
Figure 15.

Debris flow Debris flow

g :

Debris flow Debris flow Debris flow

Debris ﬁow.

&

Debris flow Debris flow Debris flow

'] 3 4

Debris flow Debris flow

() a = 66.6° (d) @ =90°

Figure 15. Deflection of boulders by mudflow forces.

Figure 15a shows that a boulder with a of 0°, upon contact with the mudflow, will first
be deflected toward a state where the long axis is perpendicular to the direction of the flow
and will subsequently move toward a state where the long axis is parallel to the direction
of the flow.

Figure 15b shows that the boulder with a of 33.3°, upon contact with the mudflow,
will first be deflected toward a state where the long axis is parallel to the flow direction.
Then, the long axis of the boulder will be deflected back and forth between the two sides
of the flow direction, and the magnitude of the deflection will be larger when the density
of the mudflow is larger. Finally, it will be moved toward a state where the long axis is
parallel to the flow direction.

Figure 15¢ shows that the boulder with « of 66.6° will first deflect toward the state
where the long axis is perpendicular to the flow direction when it comes in contact with
the mudflow and when the boulder moves until the long axis is perpendicular to the flow
direction, the boulder will move toward the state where the long axis is parallel to the
flow direction.

Figure 15d shows that the boulder with a of 90° will first deflect toward the state with
its long axis parallel to the flow direction after contacting the mudflow, and then it will
move toward the state with its long axis parallel to the flow direction. When « is 0°and
66.6°, the long axis of the boulder will initially move toward a state perpendicular to the
flow direction, increasing the surface facing the flow in order to obtain a larger drag force.
This is similar to the movement pattern of boulders under tsunami action [21-25]. It can,
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but the deflection tendency is reversed when « is 33.3° and 90°, which may be caused
by the difference in the nature of the mudflow and seawater, where the boulders are in
different states of stress in the two.

4. Discussion
4.1. Analysis of Boulder Forces

Both domestic and foreign scholars have researched the forces acting on boulders in
mudflows [24,39]. The boulders were subjected to different forces in the mudflow and
tsunami because the tsunami moved from the low terrain on the far shore to the high
terrain on the near shore, while the mudflow moved from the high terrain to the ground
terrain in the gully; therefore, the boulders were subjected to the opposite direction of the
dragging force in the two cases. Owing to the setting of the debris-flow volume in this
experiment, the boulder was in a semi-submerged state. In this experiment, the boulder
was subjected to four forces, namely buoyancy, gravity, drag force, and friction, during the
impact of the mudflow, and its force state is shown in Figure 16.

Figure 16. Forces on boulders under the impact of mudflows.

The boulder is subjected to the boulder’s gravitational force Fg, the buoyant force F,
exerted on the boulder by the flow, the drag force F; exerted on the boulder by the flow,
and the friction force Fy acting on the contact surface between the boulder and the bottom
of the flume in the mudflow, where the formulas for Fg, Fj, F;, and Ff are as follows:

Fg =msg (4)

Fi = pegVi (5)

Fy = speAdCa? ©

Fp = p(msg cos — pcgVi) (7)

When the boulder just touched the mudflow, it was not surrounded by the mudflow
and was not subject to buoyancy. Here, Ff can be expressed as

Fy = pmsg cos 6 8)

In the formula: m; is the mass of the boulder (kg); V} is the volume of the boulder
submerged in the slurry; o, is the density of the slurry (kg/m?3); & is the depth of the
mudflow (m); u is the effective flow velocity of the mudflow actually acting on the boulder
model; p, is the density of the slurry (kg/m?); A, is the area of the drag force acting on the
surface of the water of the boulder perpendicular to the direction of incoming flow; C; is
the drag force coefficient, which is affected by the shape of the object, the relative position
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Velocity transfer percentage K (%)

45

in the mudslide slurry, and the Reynolds coefficient; y is the coefficient of friction, which is
mainly affected by the boulder morphology and the roughness of the channel.

4.2. Analysis of Boulder Initiation Velocity

From the test results, it can be observed that when the long axis of the boulder is
parallel to the flow direction, the larger the n of the boulder, the smaller the acceleration
of the boulder in the initiation process, and the smaller the velocity of motion obtained.
The density of the boulder is the same; the larger the 7, the greater the mass of the boulder.
From Equation (7), when the long axis of the boulder is parallel to the flow direction, the
effective drag force of the boulder is in the same area, and the smaller the mass of the
boulder, the smaller the friction and the greater the velocity. When the 7 of the boulders
are all 2, the larger the « of the boulder, the larger the velocity obtained by the boulder. It
can be seen from Equation (6) that the & of the boulder affects the area of the effective drag
force acting on the boulder by the mudflow. When « is larger, A, is larger, and the velocity
obtained by the boulder is larger.

In the process of a mudflow impacting a boulder, the maximum instantaneous velocity
that the boulder can obtain is different because of differences in the density of the mudflow,
the size of the boulder, and other factors. Define K as the ratio of the maximum velocity of
the boulder to the velocity of the mudflow, from 0 to 0.67 s. The relationship between the
value of K and each parameter for different sets of experiments is shown in Figure 17.
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Figure 17. Transfer efficiency of boulder velocity.

From Figure 17a, it can be seen that as n increases, the boulder velocity transfer
efficiency appears to decrease because boulders with a smaller n are more likely to be
deflected in the debris-flow impact, which increases the effective area of action of the drag
force and results in a larger drag force and velocity. In Figure 17b, as a increases, K also
increases, which is due to the fact that the boulder will first move toward the state where
the long axis is perpendicular to the flow direction in the course of all the movements,
which increases the effective area of action of the drag force and obtains a larger drag force
and initiation velocity. The greater the starting velocity obtained, the higher the velocity
transfer efficiency will be.

4.3. Analysis of Boulder Movement Distances

The experimental results show that when the long axis of the boulder was parallel to
the flow direction, the movement distance of the boulder first decreased, then increased,
and then continued to decrease with an increase in n. The movement distance of the boulder
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with the n of 1.375 is mostly smaller than that of the boulder with the n of 1.625, which is
due to the mass of the boulder with the n of 1.375 being smaller than that of the boulder
with the n of 1.625. Both sides of the boulders were deflected due to the uneven impact of
the mudflow. Because the drag force has the same area, both types of boulders are subjected
to the same effective drag force by the flow, and boulders with n = 1.625 are subjected to
greater friction and are deflected more under an uneven impact. The boulder deflection
created an area over which the drag force increased, the boulder received a larger drag
force and velocity, and the distance traveled increased. A boulder with n = 1.375 is more
likely to start owing to the smaller friction, and the inertial force generated by the boulder
at the time of initiation reduces the effect of the uneven impact on the boulder, resulting in
a smaller boulder deflection, a smaller area of effective drag force, and a smaller distance
of movement.

When the size of the boulder is fixed, with the increase in «, the change rule of the
boulder movement distance shows a gradual increase. From Equation (6), it can be seen that
this is because it will affect the change of the drag force acting area (A;). With the increase
in &, the mudflows on the boulder A4 will also become larger so that the boulder obtains
a larger drag force, and the movement distance is farther. « value is larger, the boulder’s
movement distance is farther, which is the same as the tsunami boulder’s movement
rules [8,24].

In contrast to boulders under tsunami action, boulders in mudflows are affected
by mudflow density, gully slope, gully roughness, and other factors [13,15]. In order to
comprehensively consider the effects of p, 1, and «, the experimental data were organized
and analyzed, and the relationship between the final movement distance of the boulder and
various experimental parameters was obtained. Figure 18 shows the relationship between
the boulder movement distance and p, «, and n. From Figure 18a, it can be seen that
when the boulder 7 is 1, the boulder’s motion distance is the farthest in the group of tests.
When n was 1.375, the motion distance showed a decreasing trend; when n was 1.625, the

motion distance increased again, and when n was 2, the motion distance decreased. From
Figure 18b, it can be seen that when the « is 90°, the movement distance of the boulder
is the farthest in this group of tests. From the figure, it can be seen that the correlation
between the boulder movement distance, boulder length/width ratio, and angle between

the long axis and flow direction is stronger.
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Figure 18. Integrated relationship between boulder movement distance and each parameter.
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4.4. Initiation Conditions for Boulders

As shown in Figure 19, the experiment showed that boulders with the same initial
position were partially displaced and partially remained stationary at all times under the
impact of four different mudflow densities. A boulder with a length/width ratio of 2 was
placed in the flume in the same state as the mudflow direction; it was not displaced under
the impact of the mudflow with densities of 1150 kg/m? and 1300 kg/m? as well as under
the impact of the water flow, and was only displaced under the impact of the mudflow
with a density of 1450 kg/m°.
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Figure 19. Velocity variation of the boulder initiation process. n =2, a« = 0°.

When this boulder was impacted by a mudflow with a density of 1450 kg/m?, the
movement was not generated at the moment of contact with the mudflow, but the velocity
only changed by 0.5 s. This is because at the beginning of the mudflow, the velocity and
flow depth are unstable, and the dragging force of the mudflow alone cannot make the
boulder move. During the mudflow, the stone was gradually surrounded by the mudflow
in a semi-submerged manner. Under buoyancy, the drag force on the boulder gradually
became greater than the friction force experienced by the boulder, and the boulder began
to move under the influence of the dragging force.

As shown in Figure 16, the initiation condition of the boulder is

Fy + Fgsinf > Ff )

The force state of the boulder in the mudflow is different from the force under the
action of the tsunami on the boulder. The boulder in seawater is always under the action of
buoyancy, whereas in the process of mudflow impact, the boulder will only be under the
action of buoyancy when it is surrounded. Therefore, when the mudflow comes into contact
with a boulder, the boulder does not receive the buoyancy produced by the mudflow, and
Fris expressed as Equations (8) and (9) and can be written as

1
EpcAdCduz + msgsin® > pmsg cos 6 (10)

When the mudflow touches a boulder, it is initiated under the following condition:

5  2msg(pcosf —sinb)
>
"= pcAdCd (11)
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A mudflow surrounded the boulder. The boulder is subjected to buoyancy, Fy is
expressed by Equations (7) and (9) can be written as

1
EpcAdCduz + msgsin® > p(msgcost — pcgVy) (12)

When a boulder is surrounded by mudflow, it is subjected to buoyancy, which is the
starting condition for the boulder.

2 2msg(pcosb —sin@) — 2upgVy

u
pcAqCy

(13)

4.5. Principle of Deflection of Boulders

The initial position of a boulder in a gully affects its velocity, distance of movement,
force, and deposition position under the impact of a mudflow. This is closely related to the
prevention and control of mudflow disasters in mountainous areas.

There were four different values set for the angle between the long axis of the boulder
and the flow direction («) in the experiment, and according to the experiment results and
Figure 15, it can be seen that when the « is 33.3° the boulder will be first deflected toward
the state in which the long axis is parallel to the flow direction, whereas when the « is
66.6°, the boulder’s long axis will be first deflected toward the state in which the boulder is
perpendicular to the flow direction. As shown in Figure 20, the boulder deflection is due
to the fact that the angle between the long axis of the boulder and the flow direction («)
affects the drag force on the boulder, as shown in Figure 20a, when a < 45°, the drag force
F,; on the boulder generated by the mudflow in the direction perpendicular to the long axis,
F;1, is smaller than the drag force in the direction of the long axis, F;,, which causes the
boulder to deflect toward a state where the long axis is parallel to the flow direction. As
shown in Figure 20b, when a > 45°, the drag force F;; generated by the mudflow on the
boulder in the direction perpendicular to the long axis is larger than the drag force F;, in
the direction of the long axis, causing the boulder to be deflected toward the state in which
the long axis is perpendicular to the flow direction.

(a) a < 45° (b) a > 45°

Figure 20. Schematic of the force deflection of the boulder.

5. Conclusions

This study mainly focuses on the impact motion process of mudflows on boulders. In
this study, we designed a flume model experiment for mudflows impacting rectangular
boulders. By impacting boulders of different sizes with mudflows of different densities,
the impact of the mudflow density, the length/width ratio of the boulders, and the an-
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gle between the long axis and flow direction on the starting velocity, displacement, and
movement state of the boulders were analyzed. The following conclusions were drawn:

(1) During the impact process of the mudflow on the boulders, the long axis of the boulder
deflects under the uneven impact of the mudflow on both sides, increasing the area
of the acting drag force and obtaining a more significant drag force. When the initial
long axis of the boulder is parallel to the flow direction, the smaller the mass of the
boulder, the less likely it is to deflect. However, when the boulder can be started, the
difference between the drag force and the friction force is small, and the deflection of
the boulder is obvious.

(2) The velocity during the boulder movement successively exhibited four stages: slow
growth, rapid growth, slow growth, and stabilization. In the test, the acceleration of
the boulder stabilized at a lower value from 0 to 0.167 s, stabilized at the peak state
from 0.167 s to 0.5 s, and then entered into the acceleration decrease stage. When the
long axis of the boulder is parallel to the flow direction, the smaller the boulder mass,
the greater the transfer efficiency of the mudflow on the boulder velocity. When an
angle exists between the long axis of the boulder and the flow direction, the larger the
angle, the larger the drag force area and velocity transfer efficiency.

(3) The difference between the boulder force in the mudflow and tsunami was that the
boulder in the seawater was always buoyant, whereas the boulder was buoyant only
when the mudflow surrounded it, and the direction of the drag force of the boulder
was different in the two cases.
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