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Abstract 
Geological disasters occur frequently in China, and large-scale debris flow 
events have caused serious threats to people’s lives and property. Debris flow 
has the characteristics of high density and high velocity, especially the pres-
ence of large block in debris flow, which makes debris flow a great threat to 
engineering structures. In order to investigate the movement patterns of 
flat-shaped block in debris flow, a small-scale flume experiment with precise 
control was carried out. In the experiment, the flow characteristics of debris 
flow were measured by distributed sensors, and block model simulated by 
metal block. At the same time, the triaxial acceleration and angular velocity 
changes of debris flow block were measured by an embedded inertial mea-
surement unit (IMU). The experimental results show that the movement pat-
terns of block in debris flow is mainly represented by sliding and rotating on 
the flow plane, and the movement pattern is closely related to the solid vo-
lume concentration of debris flow and the density of block. The higher the 
solid volume concentration and the higher the density of the block, the 
smaller the peak value and amplitude of the acceleration and acceleration of 
the block, and the block’s movement pattern tends to slide. 
 

Subject Areas 
Geophysics 
 

Keywords 
Flat Block, Debris Flow, Flume Experiment, IMU 

 

1. Introduction 

Debris flows originating from mining activities represent frequent geological ca-
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lamities in mountainous regions and mining locales, invariably resulting in sig-
nificant human casualties and substantial property damage [1]. The nature of 
these mine-related debris flows is intricately tied to the composition of the slag. 
Notably, when waste slag comprises schist and phyllite, the propensity for debris 
flow formation is notably heightened. The specter of mine debris flow poses a 
substantial and undeniable peril to the execution of mining projects. The for-
midable presence of large block within debris flows underpins their immense 
destructive potential. Thus, efforts directed toward the prevention and mitiga-
tion of debris flow during engineering endeavors necessitate a laser focus on the 
influence exerted by these colossal boulders, with the overarching objective of 
minimizing the financial ramifications ensuing from debris flow disasters. 

Within the context of debris flows, flat block emerge as a distinctive particu-
late variant [2]. Their distinctive morphological attributes dictate that their dy-
namics and behavior within debris flows may diverge from those observed in 
other particles. Consequently, this study endeavors to undertake a comprehen-
sive investigation into the movement dynamics of flat block within debris flows. 

The investigation into the dynamics of block movement within debris flows 
holds paramount research significance, particularly concerning the design and 
implementation of engineering protective measures [3]. While extant literature 
predominantly focuses on elucidating the impact of block on protective struc-
tures [2] [4], scant attention has been afforded to comprehensively studying 
their intricate movement patterns within the context of debris flows. Unlike the 
movement of block within transparent fluids, which lends itself to direct obser-
vation [5], the opaque nature of debris flows necessitates the utilization of inter-
nally embedded inertial measurement unit (IMU) for accurate assessment and 
analysis [6]. 

This study employs flume experiments to meticulously investigate the move-
ment patterns exhibited by flat block within debris flows. Employing a multifa-
ceted approach, it integrates the utilization of triaxial load cells, pore water 
pressure sensors, and ultrasonic sensors to meticulously capture and quantify 
the flow characteristics inherent in debris flows. Additionally, the study leverag-
es embedded IMU sensors to meticulously measure the three-dimensional mo-
tion of block within the flow. The purpose is to conduct a preliminary study on 
the movement patterns of blocks in debris flow, and pave the way for the next 
step of predicting the travelt distance and deposition mode of large rocks in de-
bris flows. 

2. Experimental Setup 
2.1. Flume 

The experimental setup utilizes a small-scale flume (Figure 1) to replicate the 
flow dynamics of debris flows and their interaction with structural elements [7] 
[8]. This flume configuration comprises two distinct sections characterized by 
varying slopes and lengths: an upstream acceleration section and a downstream  
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Figure 1. Flume setup (a) Photo of small-scale flume; (b) side view; (b) top view. 
 

deposition section. The slopes are inclined at angles of 25˚ and 5˚, respectively. 
The upstream section spans 3 m in length, while the downstream counterpart 
extends over 6 m. The entire flume boasts a width of 0.3 m (Figure 1). 
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2.2. Material 

In the simulation of debris flow, the solid concentration is represented by sin-
gle-particle-size transparent glass beads, each measuring 0.6 mm in diameter 
and possessing a density of 2540 kg/m3. The liquid phase consists of a blend of 
glycerin and water. The concentration of debris flow in this experimental setup 
varies across three levels: 45%, 50%, and 53%. By modulating the concentration 
of the solid concentration, the debris flow can exhibit different Froude numbers 
(Fr) and liquefaction param (λ). The total volume of debris flow released during 
the experiment amounts to 50 L, with a density ranging between 1772.8 kg/m3 
and 1884.0 kg/m3. 

2.3. Instrumentation 

A series of basal sensing modules is strategically positioned at the base of the en-
tire flume, as illustrated in Figure 1. Each module incorporates a triaxial load 
cell and a pore pressure sensor, as depicted in Figure 2, tasked with measuring 
the normal stress, shear stress, and pore water pressure at the bottom, respec-
tively. Positioned directly above each basal sensing module is an ultrasonic sen-
sor (Figure 1), facilitating the measurement of debris flow depth at the corres-
ponding module. The data acquisition system employed enables synchronous 
capture of all sensor signals, with a sampling frequency set at 500 Hz. Further-
more, three DV cameras are strategically mounted atop the flume to capture the 
entire process from diverse perspectives, as delineated in Figure 1. 

2.4. Block Model 

The block model is crafted from stainless steel, boasting a density of 7800 kg/m3. 
Featuring a hollowed-out center, the metal block maintains structural symmetry, 
ensuring uniformity in its design. Block with densities of 2700 kg/m3 and 4500 
kg/m3 are attainable, each possessing relative densities of 1.5 and 2.5 when com-
pared to the debris flow. These blocks are meticulously fashioned into dimen-
sions of 40 × 40 × 10 mm m3. 

Embedded within the block model is an inertial measurement unit (IMU), as 
depicted in Figure 3. This module is equipped with its own power supply and  

 

 
Figure 2. Photo of sensors in flume test: (a) ultrasonic sensor; (b) basal sensing module 
consisting of a triaxial load cell and a pore water pressure sensor. 
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storage capabilities, facilitating operational longevity of 5 - 6 hours. With a sam-
pling frequency reaching 200 Hz, the module adeptly measures the three-axis 
acceleration and angular velocity of the block, crucial for delineating the specific 
movement patterns exhibited by block under the influence of the debris flow [7] 
[9]. The sensor boasts an acceleration range of ±16 g, with an impressive accu-
racy of 0.0005 g/LSB. Additionally, it features an angular velocity measurement 
range of ±2000˚/s, coupled with an accuracy of 0.061 (˚/s)/LSB. 

Prior to commencing the experiment, the inertial measuring unit is activated 
for data collection, and the block undergoes waterproofing procedures. Posi-
tioned between basal sensing modules 1 and 2, at a distance of 0.75 m from the 
downstream corner of the flume and 0.25 m from basal sensing module 1 
(Figure 1). This placement not only subjects the block to the continuous, steady 
impact of debris flow, but also facilitates meticulous monitoring of debris flow 
characteristics surrounding the block. 

2.5. Test Program 

To scrutinize the impact of debris flow regime and block density on block 
movement patterns, a comprehensive set of experiments was meticulously con-
ducted, comprising six distinct configurations achieved through variations in 
solid volume concentration and block density within the debris flow. The test 
program is delineated in Table 1. 

3. Experimental Results and Analysis 

The test program entails setting predefined solid volume concentration levels for  
 

 
Figure 3. Photo of Inertial Measuring Unit (IMU) inside the block model. 

 
Table 1. Test program. 

ID Concentration (%) Debris-flow density (kg/m3) Blok density (kg/m3) 

45 - 1.5 45 1772.8 2700 

45 - 2.5 45 1772.8 4500 

50 - 1.5 50 1839.4 2700 

50 - 2.5 50 1839.4 4500 

53 - 1.5 53 1884.0 2700 

53 - 2.5 53 1884.0 4500 
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various debris flows along with the density specifications for the block model. 
Measurements encompass triaxial acceleration and angular velocity of block 
within the debris flow, as well as param such as flow speed, flow depth, and in-
ternal stress (including normal stress, shear stress, and pore water pressure) 
within the debris flow. Subsequently, based on these measurements, calculations 
are performed to determine the Froude number and liquefaction ratio of the de-
bris flow. These comprehensive analyses enable the elucidation of the impacts of 
debris flow characteristics and block density on the movement patterns of block 
within debris flows. These test results are summarized in Table 2 for further 
analysis and interpretation. 

3.1. Debris-Flow Mobility 

Debris flows tend to deposition in areas where the downstream slope exhibits 
gentleness [8] [10]. With a consistent release volume of 50 L in each experiment, 
the formation of depositions was observed in simulated debris flows. Subse-
quently, the height of the deposition area was meticulously measured at intervals 
of 0.5 m along the deposition zone, facilitating the construction of deposition 
curves, as depicted in Figure 4. 

Through comparative analysis of experimental outcomes, notable distinctions 
emerge: depositions of low-solid-concentration debris flows exhibit greater 
length but smaller thickness, whereas those high-solid-concentration debris 
flows deposition-length reduced area yet increased thickness. To quantitatively 
assess debris flow mobility, the ratio of horizontal flow distance (L) to vertical 
drop height (H), denoted as L/H, is employed as a metric [11] [12]. By plotting a 
relationship curve between solid volume concentration and mobility, as illustrated  

 
Table 2. Test results. 

ID 
relative 
density 

front velocity 
(m/s) 

flow depth 
(kg/m3) 

Deposition 
length (m) 

Froude number 
Fr 

Liquefication 
ratio λ 

mobility 
L/H 

45 - 1.5 1.5 1.98 0.036 4.05 3.33 0.85 4.17 

45 - 2.5 1.5 2.08 0.039 4.10 3.35 0.73 4.19 

50 - 1.5 1.5 1.29 0.046 2.73 1.92 0.72 3.61 

50 - 2.5 2.5 1.09 0.048 2.21 1.59 0.65 3.37 

53 - 1.5 2.5 0.06 0.050 1.29 0.09 0.66 2.90 

53 - 2.5 2.5 0.07 0.048 1.06 0.10 0.61 2.78 

 

 
Figure 4. Photo of Inertial Measuring Unit (IMU) inside the block model. 
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in Figure 5, a discernible trend emerges: an increase in solid-phase concentra-
tion correlates with a concomitant decrease in debris flow deposition length and 
L/H ratio. This observation underscores the notion that, for debris flows of identic-
al volumes, heightened solid concentration engenders a diminishment in mobility. 

3.2. Debris-Flow Regime 

The basal sensing modules and ultrasonic sensors are systematically positioned 
along the deposition area, with measurements taken at intervals of 0.5 m, 1.5 m, 
2.5 m, and 3.5 m within the deposition zone. These measurements encompass 
normal stress, shear stress, and pore water pressure recorded by the four basal 
sensing modules, along with flow depth measured by the top ultrasonic sensor, 
as delineated in Figure 6. Effective data collection is contingent upon sensor 
placement in areas directly traversed by the debris flow. Consequently, in scena-
rios where debris flow with a 45% solid concentration exhibits optimal mobility, 
all four positions yield responsive sensor readings (Figure 6(a1)). Conversely, in 
experiments involving debris flow with a 53% solid concentration, only basal 
sensing module 1 and ultrasonic 1 register valid data (Figure 6(c1)). 

Flo velocity of the debris flow is ascertained via analysis of images captured by 
the camera. Subsequently, leveraging the flow depth data obtained from the ul-
trasonic sensor, the Froude number of the debris flow can be meticulously cal-
culated [13]: 

cos
vFr

gh θ
=                         (1) 

where v is the flow velocity, h is the flow depth, g is the gravity acceleration, and 
θ is the slope. 

The degree of liquefaction is the ratio of pore water pressure and normal 
stress in the debris flow (Figure 6(a2)) [14] [15]: 

Pore water pressure
Normal stress

λ =                      (2) 

 

 
Figure 5. Relationship between debris-flow solid volume concentration and mobility. 
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Figure 6. Data of the basal sensing modules and ultrasonic sensosr (a) test 45 - 1.5; (b) test 50 - 2.5; (c) test 
53 - 2.5; (d) relationships between solid volume concentration and liquefication ratio and Froude number. 
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In the experimental setup, alterations in the Froude number and liquefaction 
degree were solely achieved by varying the solid volume concentration of the 
debris flow. As the solid volume concentration increased, both the Froude num-
ber and the liquefaction degree exhibited a discernible decreasing trend, as illu-
strated in Figure 6(d). The liquefaction ratio ranged from a maximum value of 
0.85 to a minimum of 0.61, while the Froude number spanned from a maximum 
of 3.35 to a minimum of 0.09, as detailed in Table 2. Given the relatively dimi-
nutive volume of block in comparison to the experimentally simulated debris 
flow, their influence on the Froude number and liquefaction degree of the debris 
flow remains negligible. 

3.3. Block Movement Patterns 

The three-axis acceleration and three-axis angular velocity results, as measured 
by the IMU, are delineated in Figure 7. Here, the x-axis, y-axis, and z-axis cor-
respond to the pitch angle, roll angle, and heading angle, respectively. 

While theoretically, integrating the acceleration in the direction of the block's 
movement enables derivation of its velocity, and subsequent integration yields 
displacement, practical integration often entails significant error [6]. Conse-
quently, this study exclusively focuses on analyzing the instantaneous motion 
state of the block as measured by IMU. 

Theoretically, the impact force of debris flow can be expressed as [16]: 
2F vαρ=                            (3) 

where α represents the empirical coefficient, ρ denotes the density of the debris 
flow, and v signifies the flow velocity of the debris flow. The uniformly stirred 
debris flow is released through the gate of the upstream hopper, culminating in 
the formation of a uniform and stable flow. Upon contact with the block, the 
debris flow front imparts impact upon them, thereby causing a sudden increase 
in the y-axis acceleration of the block, as depicted in Figure 7. 

Throughout the movement process, gravitational influence ensures that the 
acceleration in the z-axis direction remains constant. This signifies that, during 
movement, the positive direction of the z-axis of the block remains unaltered, 
indicating non-rotational movement with the block rotating solely around the 
z-axis within the xoy plane. Upon cessation of debris flow movement, the rela-
tive magnitudes of acceleration values along the x-axis and y-axis undergo re-
versal, as depicted in Figure 7(a). This indicates a 90˚ rotation of the block angle 
post-debris deposition compared to the initial angle. 

Furthermore, as illustrated in Figure 7(b), following the cessation of debris 
flow movement and deposition, the x-axis and y-axis of the sensor exhibit iden-
tical accelerations, indicating a 45˚ rotation around the z-axis relative to the ini-
tial position. Additionally, in Figure 7(e), the angular velocity of the block dur-
ing movement displays minimal fluctuation amplitude, with the three-axis accele-
ration post-deposition mirroring that of the initial state. This observation implies 
that the block solely undergoes translational sliding without rotational motion. 
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Figure 7. Measurement data of IMU (a) test 45 - 1.5; (b) test 50 - 1.5; (c) test 53 - 1.5; (d) test 45 - 2.5; (e) test 50 - 2. 
 

During the movement of the block, there exists a propensity for forward fall-
ing under the compressive influence of the debris flow. In Experiment 50 - 2.5 
(Figure 7(e)), where the density of the block is 2.5 times that of the debris flow 
and the mobility of the debris flow is poor, the block do not undergo vigorous 
rotation within the xoy plane but rather slide slowly in the direction of flow. 
Notably, the acceleration of the block in the flow direction (y-axis) continues to 
increment in the negative direction, indicative of a change in the pitch angle of 
the block. 

While there is a tendency for the block to pitch forward during movement, 
flipping does not occur. This can be attributed to the flat shape of the block and 
its height-to-length ratio of 1:4. Given this configuration, the block encounters 
difficulty in toppling over, thereby necessitating a sliding pattern of movement. 
It's worth noting that when the height-to-length ratio of the block approaches 
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1:1, the block may transition to a rolling pattern of movement (See Figure 8). 

3.4. Effects of Debris Flow Regime and Mobility on Block  
Movement Patterns 

During the sliding process of the block, frictional collisions between the block 
and the bottom of the flume induce fluctuations in three-axis acceleration and 
angular velocity. Notably, the z-axis direction experiences the most significant 
change in angular velocity, while the y-axis direction exhibits the most noticea-
ble acceleration variation. The amplitude of these fluctuations correlates with the 
solid volume concentration of the debris flow. Debris flows characterized by low 
solid volume concentration demonstrate heightened dynamics and accelerated 
flow velocity. Consequently, the impact force exerted by block on the debris flow 
is amplified, resulting in more pronounced fluctuations in both acceleration and 
angular velocity of the block. 

Moreover, these fluctuations in acceleration and angular velocity serve as in-
dicative markers of the duration of the entire movement process. For instance, 
during experiments involving the pushing of block with a 53% solid-phase de-
bris flow, fluctuations in acceleration and angular velocity persisted for approx-
imately 20 s. Conversely, in experiments with 45% solid-phase debris flow, these 
fluctuations were limited to a mere 5 s. This discrepancy underscores the pro-
found impact of debris flow mobility on the duration of block movement. In this 
study's small flume experiments, higher solid volume concentration in debris 
flows of identical volumes corresponds to diminished mobility and consequently 
prolonged flow times. 

3.5. Effect of Block Density on Movement Patterns 

Comparative analysis of the impact of block density on movement patterns re-
veals discernible distinctions. High-density block exhibit a smaller peak accele-
ration along the y-axis (flow direction) upon initial impact by a debris flow, as 
depicted in Figure 9(a), in contrast to low-density block. This discrepancy can be 
attributed to the greater inertia of high-density block, rendering them more resis-
tant to displacement by debris flow and thus resulting in smaller accelerations. 

Furthermore, during the movement of high-density block within the debris 
flow, the peak angular velocity along the z-axis (xoy plane) is also observed to be  

 

 
Figure 8. Schematic diagram for block flipping. 
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smaller compared to low-density block, as illustrated in Figure 9(b). This ob-
servation further underscores the more stable movement pattern of high-density 
block, with fluctuations in both acceleration and angular velocity markedly re-
duced in comparison to low-density block. 

Moreover, as depicted in Figure 7, high-density block exhibits a movement 
pattern characterized by enhanced stability during motion, with a tendency to-
wards sliding. 

4. Conclusions 

In summary, this study delves into the movement patterns of flat block within 
debris flows, examining the influence of varying solid volume concentration and 
block density on block movement. The following key findings emerge: 

1) The mobility and flow behavior of debris flows are intimately linked to 
their solid volume concentration. Debris flows with lower solid volume concen-
tration exhibit superior mobility, resulting in larger deposition areas, higher 
Froude numbers, and greater degrees of liquefaction. 

2) Flat block within debris flows primarily undergo rotational sliding within 
the xoy plane, with rolling and jumping movements being negligible. Notably, in 
experiments with highly fluid debris flows, block experience maximum accelera-
tion upon impact, accompanied by violent fluctuations in three-axis acceleration 
and angular velocity. Conversely, in less fluid debris flows, acceleration peaks are 
minimal, with correspondingly reduced fluctuations in acceleration and angular 
velocity. 

3) High-density block present greater resistance to movement compared to 
low-density counterparts. Upon impact, high-density block exhibit smaller acce-
leration amplitudes, with corresponding reductions in three-axis acceleration 
and angular velocity fluctuations during movement. The movement pattern of 
high-density block in debris flows with high solid volume concentration is cha-
racterized by sluggish movement, with block inclined to tilt forward. 

4) When designing protective structures for mining projects, careful consid-
eration should be given to the impact of flat block, such as schist and phyllite, 
within low-solid debris flows. Structural design should account for factors such  

 

 
Figure 9. Relationship between block density and (a) peak acceleration and (b) peak angular velocity. 
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as impact direction, velocity, and potential impact force of the debris flow. Through 
strategic structural design and layout, the impact force on structures can be mi-
tigated, thereby enhancing overall structural resilience. 

Presently, the ongoing investigation merely initiates a preliminary examina-
tion into the motion characteristics of planar blocks within debris flows. The 
experimentally replicated debris flow scenarios and block models represent idea-
lized conditions, thus deviating from real-world scenarios to a certain extent. 
Future research endeavors will necessitate a comprehensive analysis of block 
movement patterns. 
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