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Abstract: In order to study the influence of falling rock shape on its rolling characteristics and realize
the optimization of falling rock protection design, the following research was carried out. Design
model experiments to explore the rolling characteristics of different shapes of rockfalls. Based on
the experimental results, it was found that the slenderness ratio, center of gravity, and rotational
inertia of the rockfalls can affect their rolling characteristics, leading to swaying and changing the
rolling axis during the rolling process, thereby affecting their rolling speed. On this basis, the
formation mechanism of rolling resistance is analyzed, and the main cause of energy loss is the
rolling resistance arm formed with the rolling surface during rockfall rolling, and a shape parameter
to quantify the rolling resistance is proposed. The parameters are substituted into the kinematic
formula, in which the influence of the rockfall shape, slope and slope roughness on the rolling speed
is considered. Combined with the offset and initial position of the rockfall, the formula can be used
to calculate the rolling speed and impact energy in the rolling region and any position in the region.
The calculation formula was validated using model experimental data, and the results showed that
the error between the experimental and calculated values was small. The error was corrected based
on the experimental data. After on-site testing and verification, it can provide reference for the
management of rockfall disasters.

Keywords: rock shape; rolling characteristics; model experiments; sensitivity parameters; rockfall
mitigation

1. Introduction

Rocks involved in collapses and landslides exhibit characteristics such as high destructiveness,
suddenness, scattered distribution, and complex and unpredictable trajectories [1,2]. They represent
a primary geological hazard in the mountainous regions of China. In 2022 alone, China witnessed
1,366 incidents of rockfall disasters, constituting 24.14% of the total geological disasters in the country
and posing a severe threat to the safety of people's lives and property. Figure 1 and Figure 2 illustrate
the devastation caused by rockfalls.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Rockfall in Guilin Diecai Mountain.

In the design of protection against rockfall, it is necessary to calculate the characteristics of
rockfall movement accurately, and the rockfall shape is very important to determine the rotation and
collision behavior, it is the key factor of energy consumption and trajectory change in rolling process.
The different shape of rockfall results in different moments of inertia, which affects the rotation
behavior of rockfall in contact with slope [3]. Such dynamics play a decisive role in determining the
extent of hazard and design of protection against rockfall. The data of rockfall position, velocity,
rotation, energy and impact force are used to determine the influence range and hazard degree of
rockfall, therefore, the optimized design of rock falling protection can be realized.

The current research methods related to the characteristics of rockfall movement mainly include
theoretical derivation [4], model experiments [5,8], numerical simulations [9,12], and mathematical
probability models for data analysis and statistics of historical rock collapse events [13,15].
Theoretical derivation is usually based on kinematic principles and contact mechanics to derive the
trajectory of a falling rock. Among them, Zhou [16] derived formulas for calculating motion
characteristics such as rockfall velocity and displacement. Cui et al. [17] established a model for
oblique throwing and impact of falling rocks, which can calculate the movement distance and impact
force of rockfalls. Yang et al. [18] considered the influence of the rotational inertia of rockfalls and
divided the motion of rockfalls into five stages, and provided calculation formulas for each stage. On
the basis of considering geometric similarity, physical similarity, and material similarity, indoor
model experiments will scale down the actual site in the model device. Among them, Oda et al. [19]
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pointed out based on indoor test results that rolling resistance not only comes from contact behavior
during the rolling process, but also from the shape of rockfalls. Ai et al. [20] believed that shape effect
is an important source of rolling resistance for rockfalls; Gao et al. [21] clarified that the sphericity of
rockfalls is a key shape parameter that affects rolling characteristics based on model test results; Giani
et al. [22] pointed out that the rotational speed of a block is a function of its rotational inertia on the
cross-section where it moves. Ushiro et al. [23] found through experiments that the rolling distance
and velocity of rockfalls are positively correlated with their volume. Cui et al. [24] used the ratio of
rock block volume to its minimum circumscribed circle volume as a parameter to describe its shape
characteristics, and proposed a rolling speed calculation model including the shape parameter of
rockfall based on indoor experimental data. Lii et al. [25] studied the fracture mechanism of rock
blocks and pointed out that the degree of fracture is closely related to the mechanical properties of
the rockfall, but not significantly related to the size of the rockfall. Therefore, for rockfalls with poor
mechanical properties in karst areas [26,27], the calculation should consider the occurrence of
fractures during the rolling process. Numerical simulation can be divided into rockfall software
simulation and code for developing rock fall simulation. Leine et al. [28] proposed a rock collapse
trajectory analysis model based on the framework of multi body dynamics and non smooth contact
dynamics, which can simulate rock collapse and rockfall events of any shape of rock blocks on
different characteristic slopes in full 3D. The trajectory analysis model proposed by Yan et al. [29] can
simulate rockfalls with different sphericity and convexity. Bourrier et al. [30] calibrated existing 2D
rock collapse prediction models and achieved accurate prediction of the farthest impact range of
rockfall. Zhang et al. [31] imported a three-dimensional geological model into simulation software
(RAMMS) to obtain the motion trajectory of rockfalls. Xu et al. [32] used the Energy Tracking Method
(ETM) to study the impact of rock fragmentation on its motion trajectory and pointed out that the
fragmentation process is accompanied by energy loss, leading to a decrease in rolling speed.

To sum up, the shape and size of rockfall are key factors affecting its rolling speed and determine
its moment of inertia, which in turn affects its rotation behavior in the air and contact with the ground.
The rolling resistance of rockfall comes from the mutual contact with the slope during the rolling
process, the contact between different shapes of rockfall and the slope is also different. Therefore, the
shape of rockfall determines the rolling resistance what need to overcome during the rolling process.
It can be seen that it is necessary to study and quantify the relationship between rockfall shape and
rolling resistance, to supplement the quantitative parameters of the influence of rockfall shape on
rolling velocity on the basis of the existing calculation formula.

As can be seen from Table 1, it is difficult to establish an ideal calculation model with a single
research method when considering the influence of the shape of falling rock on its rolling speed.
Therefore, in the follow-up research, model test research and theoretical analysis can be combined to
obtain the movement of different shapes of fallen rocks on the slope. Finally, according to the test
results, the influence mechanism of rockfall shape on its rolling characteristics is analyzed, and on
this basis, the influence of other factors is combined to establish a calculation model.

Table 1. Advantages and disadvantages of different research methods.

Method Advantage Disadvantage

It is assumed that the rockfall is a

. . The trajectory (2D), velocity, impact spherical particle without damage
Two-dimensional . . . .
. ] ] energy and bounce height of the spherical  or deformation, and the influence of
numerical simulation . .
rockfall can be calculated. rockfall shape is not taken into

account. [33]

. . . The accuracy of the simulation is
The shape, size and site characteristics of

. affected by the accuracy of the
. . the rockfall can be restored to a high . . .
Three-dimensional ] three-dimensional modeling of the
] . . degree, and data such as the trajectory . o °
numerical simulation site, and the operation is
(8D), speed and energy of the rockfall can

be obtained. [34] complicated and the architecture

and theoretical basis adopted by
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different software (models) are not
uniform, so the simulation results
obtained by different software
(models) under the same conditions
are different. [35]
The experimental variables are

controllable and the influence of various The model test can not restore the
Model test factors can be considered actual rockfall disaster, and the
comprehensively. The established model empirical model is not reliable.

has a wide range of application.
The rockfall disaster data is the most
Data statistics realistic, and when the amount of data is The empirical model is only
sufficient, the reliability of the established

model is higher. applicable to the data source region

or the region with similar
It can restore the rockfall disaster to the " hi & d hologi
opographic and geomorphologic
greatest extent, and the obtained data is pograp & p &
closest to the real data, and the established

empirical model has high reliability.

Field test characteristics.

In order to explore the influence of shape on the movement characteristics of falling rock, the
shape of falling rock that is prone to rockfall disaster is selected for model tests. Release test blocks of
different shapes from slopes of different heights and slopes, and observe the rolling characteristics
and changes in rolling speed of each test block at different release heights, slope roughness, and
slopes. Based on experiment results, the relationship between rock falling shape and rolling resistance
is analyzed, and the shape parameters which can quantify the rolling resistance of rock falling are
proposed. By introducing parameters into the kinematic formula and considering the influence of
specimen shape, size, release height, slope, and slope roughness, a formula for calculating the rolling
speed and energy of rockfall is derived. Finally, the accuracy and applicability of the above formula
were verified using the data obtained from model experiments. By combining the characteristics of
the site with the shape of rockfalls, the impact range of falling rock rolling can be inferred, providing
reference for the prevention and control of rockfall disasters.

2. Experiment Introduction

2.1. Experiment Apparatus

To investigate the rolling characteristics of rocks with varying shapes and sizes on slopes, an
experimental model apparatus made of aluminum alloy was designed, as depicted in Figure 3.

- 130
Voo S
Angle ] ‘ -
adjusdng: Rolling i~
hoke : slope ¥ >
o Aluminium alloy
bracing piece ||™ upper. gl'élom e

~ Aluminium alloy

units (m)
bottom frame

Figure. 3 Model Experiment Device
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The experimental device consists of two symmetrically arranged support rods, an upper frame
for placing the rolling surface material of the test block, and a bottom fixed frame for maintaining the
stability of the device. The upper frame is composed of aluminum alloy square tubes and connectors;
The bottom frame is connected by four aluminum alloy connecting components of the same length
and longitudinally arranged, with horizontally placed angle steel, using bolts. Preliminary
adjustment of the angle between the upper and lower frames by reserving holes for bolts on the
support rod; After approaching the required slope for the test, use the reserved interface of the angle
steel placed horizontally at the bottom to fine tune the slope and fix the support rod on the reserved
angle steel interface.

The rolling slope size is 1.3m x 1.7m, single or composite slope materials can be placed according
to experimental requirements. Among them, there are no barriers on both sides of the slope to avoid
energy loss caused by collision or friction between the test block and the side walls of the slope during
rolling. The slope adjustment range is 25 © —75 °, which ensures that the slope of the test block is
greater than its rolling friction angle when released, allowing the test block placed on the slope to tip
under gravity and develop into continuous rolling.

The experimental shooting equipment was a high-speed camera produced by SONY, model AX-
700. The frame rate selected for the experiment was 1000 frames /s. Among them, in order to increase
the contrast during the rockfall movement and obtain better shooting effect, grid lines are drawn on
the slope material as the camera background.

2.2. Experimental Materials

2.2.1. Rock Materials and Shape Parameters

When selecting the shapes of rockfalls for the test, reference was made to the three typical shape
features of fallen rocks in mountainous areas that are prone to induce rockfall disasters, proposed by
Fityus [36], including three shape types: sphere type, cylinder type and disk type.

Shapes were defined based on their three-dimensional dimensions (dm - maximum dimension,
dmia - middle dimension, dmin - minimum dimension), where dmr represents the longest dimension of
the falling rock, dmin is measured perpendicular to dma, and dwiz is obtained by measuring a plane
perpendicular to both dwmax and duwin, as illustrated in Figure 4.

dm ax

Figure 4. Schematic of 3-D Measurement for Arbitrary Shaped Rolling Rocks

For rocks with nearly equal three-dimensional dimensions (dmax = dmid = dmin), they were classified
as spherical in shape, including spheres and regular polyhedra. For rocks where the maximum
dimension was significantly larger than the other two dimensions (dmex > (dmid = dmin)), they were
classified as cylindrical, including cylinders and prisms. For rocks where the two larger dimensions
were approximately equal ((dnax = dmid) > dmin), they were classified as disc-shaped, including discs and
hemispheres.

When selecting the test block material, considering the density and hardness of the material may
affect its rolling characteristics. In order to avoid the interference of other influencing factors in the
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model test, C60 concrete were used to made test blocks. The ingredients of C60 concrete are shown
in Table 2. The mold can be used to cast any shape test block, and the high hardness can ensure that
it does not break during the rolling process. The test block is shown in Figure 5, and the specific shape
parameters are shown in Table 3.

Table 2. Ingredients of C60 concrete grouting materials.

. Po52.5 8-20 Mesh 20-80 Mesh Silica
Materials Cement Quartz Stone  Quartz Stone Fly Ash Fume Water
Material
7 1 4 12.
Usage (%) 3 0 5 5 3 5
3 7Y808 ZY1100 PFastlc 7Y8121 Water MEKA400
Additive Expansion Reducing
Defoamer Cellulose
Agent Agent
Dosage per
2 1 1
100 kg (g) 30 0 30 5
Material
Usage (%) 37 10 45 5
Figure 5. Test Blocks.
Table 3. Shape Parameters of Test Blocks.
Size Test Block
Test Block h M
est bloc Shape Characteristic Length ass (g)
A Sphere Diameter 70 449
B Regular Hexahedron Edge Length 56 432
C Regular Octahedron Edge Length 72 432
D Cylinder Diameter/Height 50/90 434
E Four-sided Prism Length/Width/Height 45/45/88 437
F Four-sided Prism @ Length/Width/Height 50/55/64 440
G Octagonal Prism Edge Length/Height 20/90 427
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H Dodecagonal Prism Edge Length/Height 13/91 423
I Hexagonal Disc Edge Length/Height 50/27 432
J Decagonal Disc Edge Length/Height 28/29 429
K Dodecagonal Disc Edge Length/Height 23/30 436
Circular Disc Diameter/Height 90/28 437

2.2.2. Slope Surface Material Parameters

To ensure uniform roughness, the backside of ceramic tiles was selected as the slope surface
material for the experiments, as illustrated in Figure 6. Prior to the experiments, the sliding friction
coefficient between the test blocks and the ceramic tile surface was determined, following the
proposed method for calculating slope surface friction coefficients [37]. The rolling friction coefficient
p on the ceramic tile panel was measured to be 0.09. It was ensured that the sliding friction coefficient
of the test blocks exceeded the rolling friction coefficient, guaranteeing that the blocks would only
experience rolling after being released from the slope.

amk o R Koy W Wy

unit (mm)

Figure 6. Detailed Surface Roughness of the Slope.

2.3. Experimental Procedure

When determining the slope range of the model experiment, Wei [38] analysis results of multiple
historical rock collapse disaster event data were referred to, and 30 °, 45 °, and 60 ° were taken as the
test slopes. The distance from the test block on the slope to the bottom of the slope is defined as the
release height h. Within the range of 0.3m to 0.9m, take one height every 0.15m as the release height
for the test.

Initially, the slope was adjusted to the desired angle using support rods to simulate the single-
slope rolling of rocks. The slope angle at the time of release should exceed the rolling friction angle
to ensure continuous tilting of the test blocks. Secondly, the high-speed camera was set up in advance
to fully capture the motion plane of the entire experimental apparatus. Lastly, it was ensured that the
test blocks were in a stationary state at the time of release, ensuring that the reason for the blocks
tilting and subsequently rolling was that the torque resisting tilting was smaller than the tilting
torque.
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To ensure that the offset areas on both sides of the test blocks during their rolling on the slope
were of the same size, the test blocks were released from the midpoint of the slope during the
experiment. The specific position of the release point could be determined by the distance  from the
release point to the slope bottom.

The following methods were employed for video processing based on the grid lines drawn on
the apparatus:

Determine the corresponding proportionality relationship between actual dimensions and
dimensions in the video: Lactua: Linage = k:1, for converting experimental data.

stablish a coordinate system on the rolling surface using grid lines and determine the test block's
rolling trajectory based on the coordinates. The initial position coordinates are (xo, yo), and after
continuous rolling, the coordinates of the test block are (x», y»). Calculate the distance between the
two points, which, after scaling, represents the actual length, denoted as L [39], i.e.,

L=k\(x, — %)’ +(, = %)} (1)

Y ) R o A
2At
+ k\/(xn+1 _xn)z +(yn+l _yn)2
2At

2

Analyze the entire rolling process frame by frame, recording the test block's rolling trajectory
from the moment of release until it comes to a stop, thus obtaining the actual rolling distance S on
the slope surface.

2.4. Analysis of Experimental Results

2.4.1. Influence of Block Shape on Rolling Speed

As evident from Figures 7 to 9, under identical conditions, spherical block A exhibits
significantly higher rolling speed compared to blocks B and E. Analysis suggests that the rolling
resistance experienced by spherical block A during rolling depends on the roughness of the rolling
slope. In contrast, blocks B and E primarily experience rolling resistance based on their contact with
the rolling surface, specifically the contact area between the block and the surface after each roll.
Blocks B and E have much larger contact areas with the slope during rolling compared to block A,
substantially increasing the rolling resistance torque they need to overcome. Hence, for blocks rolling
on a hard slope surface, their shape is the primary factor leading to energy consumption.

Y
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Figure 7. Block Rolling Speed at 30° Slope.
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Figure 8. Block Rolling Speed at 45° Slope.
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Figure 9. Block Rolling Speed at 60° Slope.

From Figure 9, it can be observed that at a 60-degree slope, for blocks E (roundness of 0.9) and
G (roundness of 0.97) with equal mass, released from a height of 90 cm, the actual speeds are 2.71 m/s
and 3.08 m/s, respectively. Block E's speed is 13.65% lower than that of block G, and this phenomenon
is consistently observed in experiments with blocks of different shapes. This indicates that the rolling
speed of the blocks is somewhat related to the two-dimensional cross-sectional roundness of their
rolling surface and is positively correlated with the roundness perpendicular to the rolling surface

During the test, it was found that when the test block rolled downwards from the slope, it tended
to roll around the rolling axis with the least rolling resistance. This aligns with the conclusion drawn
by Azzoni [40] through the analysis of field rockfall test data. A parameter called the length-to-width
ratio (1) was defined, where A = lnin/lmax, with Imx being the maximum length of the block and Imi» being
the minimum length. Analysis of the experimental data revealed that when A < 0.33, the blocks
typically roll around the axis with the minimum rolling resistance and rarely change their rolling
axis, as shown in Figure 10. The lateral offset of the test block in the rolling process is small, which is
attributed to the small rolling resistance of the test block itself and the slope surface, so that the test
block can maintain the same rolling direction. When 1 > 1>0.33, the test block is usually accompanied
by the transformation of the rolling axis in the rolling process, as shown in Figure 11, and the
transformation times of the rolling axis positively correlate with the magnitude of A. For test block E,
its rolling resistance is relatively large and the difference in rolling resistance between any two-
dimensional sections is not significant. During the rolling process, the rolling axis is easily
transformed, and the process of changing the rolling axis will increase energy loss, thereby reducing
the rolling speed of the test block. For test block D, its slenderness ratio is also within the range of 1
> A>0.33, but due to the small resistance of the initial rolling section when it is released, it does not
change the rolling axis and has a small lateral offset, just like the test block G. From this, it can be seen
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that when rolling on a slope without obstacles, the transformation of the rolling axis of the test block
is positively correlated with both the slenderness ratio and the rolling resistance originating from the
shape of the test block itself.

N

Figure 10. Actual Rolling of Block G at a Height of 45 ¢ and 60° Slope.
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Figure 11. Actual Rolling of Block E at a Height of 45 cm and 60° Slope.

From Figure 9, it is evident that at a release height of 45 c¢m, despite block D having slightly
greater roundness compared to block K, its rolling speed (2.23 m/s) is slightly lower than that of block
K (2.26 m/s). The reason for this phenomenon is that during the rolling process, block K's moment of
inertia is greater than that of block D, allowing block K to possess more rotational kinetic energy
when rolling down the slope, as depicted in Figures 12 and 13. Consequently, block K overcomes
some of the rolling resistance caused by its shape, leading to its rolling speed approaching that of
block D, and in some cases, even surpassing it. And the contact area between test block K and the
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rolling surface is smaller than that of test block D, but the center of gravity is higher than that of test
block D, resulting in the left and right shaking of test block K during the rolling process. But under
the action of rotational inertia, it can still maintain the initial rolling axis rolling. The shaking of test
block K during the rolling process consumes some of the rolling kinetic energy, resulting in a decrease
in the rolling speed of the test block.

Figure 12. Actual Rolling of Block D at a Height of 45 ¢ and 60° Slope.
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Figure 13. Actual Rolling of Block K at a Height of 45 cm and 60° Slope.

2.4.2. Influence of slope and release height on rolling speed of test blocks with different shapes

For spherical test block A, which can ignore the rolling resistance caused by its own shape, under
the premise of the same release height, its rolling distance and offset of the slope will decrease with
the increase of the slope, and the rolling resistance required to overcome the slope characteristics will
also decrease. From this, it can be seen that for spherical test blocks, under the same conditions as
other influencing factors, the rolling speed is positively correlated with the slope angle. In other
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words, for test blocks with high rolling resistance, a decrease in slope at the same height will increase
the rolling distance of the test block on the slope, thereby increasing the energy consumption of the
test block. When the slope is gentle and the rolling distance is too long, there may be a situation where
the rolling speed of the test block continues to decrease and eventually stops on the slope.

As can be seen from Figure 7 to 9, for the test block released at rest, with the increase of the
release height, the test block has greater gravitational potential energy when it is released, and the
rolling speed of the test block with all shapes increases with the increase of the release height.
However, the increasing amplitude of the rolling speed of different test blocks with the increase of
the release height is very different. The most obvious difference is the change of the rolling speed of
test block A and test block B with the increase of the height in Figure 7. The rolling speed increase of
test block A is much greater than that of test block B. It can be seen that for test block with large
rolling resistance, increasing its release height on the slope has no obvious effect on its rolling speed.
However, this phenomenon mainly occurs when the slope is small. As shown in Figure 8, when the
slope is 45°, the increase of the rolling speed of all test blocks can be obviously observed with the
increase of the release height. The reason for this may be that the overturning moment of the test
block is smaller when the slope is smaller, the resistance needed to overcome each roll is larger, and
the distance required to leave the slope is longer. Therefore, even if the release height increases, for
the test block with large rolling resistance, a large part of the increased height potential energy is still
consumed during rolling, resulting in an insignificant increase in rolling speed.

To sum up, it can be seen that the rolling resistance in the rolling process of rockfall comes from
the roughness of the slope and the shape of the rockfall. The difference in shape makes the rockfall
have different roundness, moment of inertia, slenderness ratio and the contact area with the slope
during the rolling process, thus affecting its rolling speed. The rolling speed of different shapes of
rockfalls on the slope is also affected by the release height and slope, and these factors should be
integrated in the calculation formula.

3. Theoretical Analysis

3.1. Model Derivation

The current research has made it clear that the shape of falling rock will affect its rolling
characteristics, and pointed out that falling rock with different shapes will suffer different rolling
resistance during rolling, but no clear definition of rolling resistance has been given. In order to
accurately describe the influence of rock fall shape on its rolling characteristics, two concepts related
to rolling - rolling resistance and rolling resistance distance - need to be established [41]. For the same
test block placed stationary on the slope, its rolling resistance arm 6 is determined by the size of the
contact surface between the test block and the slope, as shown in Figure 14.

Figure 14. Schematic Representation of Block Rolling.

Through the analysis of data obtained from model experiments, the mechanisms by which rock
shape influences its rolling speed have been identified. Consequently, this paper defines a shape
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parameter that reflects the overall shape and local convex-concave characteristics of a rolling stone.
This parameter is based on the difference between the two-dimensional cross-sectional area
perpendicular to the shortest and longest dimensions of the falling stone and the area of its minimum
circumscribed circle, as seen in Figure 15. The rolling resistance coefficient ¢, stemming from the
shape of the rolling stone, is defined as follows.
U, —u,
Y= ©)
u

u1—The area of the smallest circumscribed circle of the 2D cross-section of the rolling stone

perpendicular to the slope.

u2—The area of the 2D cross-section of the rolling stone perpendicular to the slope.

Intermediate / minimum
size , size

Figure 15. [llustration of Three Categories of Rock Scales [42].

Additionally, the rolling resistance of a rock also arises from factors such as slope angle and
roughness. Taking into account the rolling friction coefficient related to the roughness of the slope
[43], the rolling resistance f for rock rolling is defined as:

f=W+y)N )

p—Rolling friction coefficient related to the roughness of the slope.
The assumptions made during the derivation are as follows:

(1) The rolling stone experiences rolling but not sliding on the slope. The slope angle 6 must
satisfy the following condition:

H
arc tan 5 <@f<arctan u (5)

Where: 6—Rolling resistance arm of the rolling stone.

H—Distance from the center of gravity of the rolling stone to the slope.

pu—Rolling friction coefficient related to the roughness of the slope.

(2) The rolling stone and the slope do not deform during the rolling process.

(3) The rolling stone remains intact while rolling on the slope.

According to the principle of conservation of energy, the energy calculation formula for the
rolling stone on a rigid slope can be derived as:

1 1
E=Em(vf+v§)+31a)2+fs (6)

vx, vy— Velocities of the rolling stone in the x and y directions during rolling (im/s).
I—Moment of inertia (kg/m?).

w—Angular velocity of the rolling stone (rad/s).

f—Rolling resistance of the rolling stone (N/m).

doi:10.20944/preprints202312.1966.v1
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S§—Actual rolling distance (m).

In experiments, the actual rolling distance of the test block can be determined by analyzing the
entire process of the block's rolling captured by a high-speed camera during model tests. In practical
applications, the shortest and longest rolling distances S: and S: of the rolling stone on the slope can
be estimated based on the stone's height and the corresponding maximum offset 1 [44]. The actual
rolling distance and the extent of damage can then be estimated based on the specific shape of the
falling stone and slope characteristics, as shown in Figure 16

h
N 7
' sin@ @)
2 2
S, = (.hj{.h ] (8)
sin & sin 8n

h—Height of the rolling stone's position above the bottom of the slope ().

Rockfall location
S

Rolling stone offset

Figure 16. Schematic Illustration of Determining Rolling Distance and Damage Impact Range.

In the calculation of the rolling speed of blocks with different length-to-width ratios (A), it is
necessary to consider the situation where the rolling axis changes during the rolling process. For
falling stones with 0.33 < A < 1, it is necessary to calculate the moments of inertia for both the
minimum and maximum rolling axes, along with the corresponding rolling friction coefficients and
minimum circumscribed circle radii of the two-dimensional cross-sectional shape. These values are
used to determine the upper and lower bounds of the rock's rolling speed. For falling stones with A
< 0.33, only the parameters corresponding to the rolling axis with the minimum rolling resistance
need to be determined as the theoretical values for calculating the rock's rolling speed.

The formula for calculating the angular velocity of a rolling stone is as follows:

2 2
V. +v
N o Y 9)

TR TR
vz, vy— Velocities of the rolling stone in the x and y directions (/s).
v—Rolling speed of the rolling stone (m/s).
R’—Minimum circumscribed circle radius of the two-dimensional cross-section perpendicular
to the slope (m).
For non-circular cross-sectional shapes of rolling stones, the following modification can be made:

o=— (10)

dr— Circularity of the cross-section, di=27tR’/c.
c¢—Circumference of the minimum circumscribed circle of the cross-section ().
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By combining formulas (4) and (8) to solve formula (6), the range of the rolling speed of the
rolling stone (v < v < v2) can be obtained, where v1 and vz represent the upper and lower bounds of
the rolling stone's rolling speed, respectively:

_ |2[mgH =Sy, + )N

1

m+

(Rid,,)’

_ |2[mgH - S(y, + u)N]

2

to e
(Ryd,,)

(11)

(12)

di1, de—Maximum and minimum circularities of the two-dimensional cross-sectional shape
perpendicular to the rolling axis.

Y1, p2—Maximum and minimum rolling friction coefficients corresponding to the shape.

I;, h—Maximum and minimum moments of inertia corresponding to the shape (kg/m?).

Ri’, R2"—Minimum circumscribed circle radii corresponding to the maximum and minimum

circularities of the shape (m).

Similarly, the maximum and minimum rolling energies of the rolling stone (E: and Ez) can be

obtained:
| | ’
v
E =—mvi+—=1I|— (13)
2 2 '\ R4,
1 1 ’
v
E, =—mv; +—1,| =2 J (14)
2 2\ R,
Specific calculation parameters for the test blocks are provided in Table 4.
Table 4. Calculation Parameters for Test Blocks.
i L/
Test Block A R:'/R:" (mm) dia/dx (x104) Y1/

A 1 35 1 2.2 0
B 1 40 0.9 2.29 0.36
C 1 50 0.9 2.28 0.34
D 0.56 25/51.5 1/0.87 1.38/5.74 0/0.44
E 0.51 31.8/49.4 0.90/0.86 1.5/3.63 0.36/0.48
F 0.86 37/40.6 0.9/0.89 2.03/2.61 0.36/0.38
G 0.59 26.1/52.3 0.97/0.71 1.2/5.9 0.1/0.45
H 0.55 25.1/52 0.99/0.69 1.12/5.78 0.06/0.44
I 0.27 50 0.96 4.11 0.17
] 0.31 47 0.95 4.06 0.13
K 0.34 44 0.99 4.09 0.04
L 0.31 45 1 4.51 0
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4. Experimental Data Comparative Analysis

4.1. Calculation of Speed v1, v2, and Comparison with Experimental Values

For blocks with A < 0.33, their rolling speeds can be calculated using Formula (11), and the
calculation results are compared with experimental results, denoted as the experimental speed values
and theoretical speed values for each block.

In Figures 17 to 19, the maximum error between the theoretical values and experimental values
for blocks of different shapes is 10%, with an average error of 5.126%. Through the analysis of
experimental data, the reasons for the occurrence of errors are summarized as follows:
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0.3 0.4 0.5 0.6 0.7 0.8 0.9
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0.3 0.4 0.5 0.6 0.7 0.8 0.9
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(a) Spherical test block (b) Disk shaped test block

Figure 17. Comparison of Rolling Speeds for a 30° Slope.
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Figure 18. Comparison of Rolling Speeds for a 45° Slope.
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Figure 19. Comparison of Rolling Speeds for a 60° Slope.

(1) In the process of formula derivation, sliding friction losses during the rolling process were
not considered. However, it was observed in the experiments that as the slope angle increases, some
blocks with relatively high rolling friction coefficients (e.g., blocks B and C) tend to experience a small
amount of sliding friction when rolling on the slope. These blocks have higher overturning moments,
and when the slope angle approaches the sliding friction angle, the forces acting on the slope surface
after rolling can result in a small amount of sliding friction. This phenomenon gradually decreases
with increasing rotational kinetic energy.

(2) For some blocks with relatively low rolling friction coefficients, during the process of shifting
direction until stabilization, the two-dimensional cross-section used for calculation is not exactly
perpendicular to the actual rolling axis, leading to a slightly larger actual rolling resistance than the
calculated value. For example, blocks D and L exhibit this behavior, and during the directional shift
in the rolling process, the two-dimensional shape that is approximately perpendicular to the rolling
axis resembles an ellipse, as shown in Figure 27. However, calculations are still performed assuming
a circular shape, resulting in errors. In contrast, for spherical blocks, the roundness of any cross-
section is 1, so even if there is a directional shift during rolling, the two-dimensional cross-section
perpendicular to the rolling axis remains consistent with the one used for calculation, resulting in
smaller errors between the calculated and theoretical values.

(3) For some blocks with small contact areas with the slope surface and a high center of gravity,
rocking may occur during the rolling process, consuming some energy. For example, blocks I, J, K,
and L exhibit this phenomenon, and it becomes more pronounced as the contact area with the slope
surface decreases. The position of the rolling axis oscillates with the change in the center of gravity,
causing the entire rolling process to be unstable. However, for blocks rolling on either side, the
rotational inertia keeps them in a balanced state, as shown in Figure 20. In contrast, blocks J and K,
which have the same circularity and volume as blocks G and H, do not exhibit rocking during rolling
because they have larger contact areas with the slope surface and a lower center of gravity. As shown
in Figure 21, no energy loss occurs due to rocking during rolling, reducing the error between
calculated and experimental values
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Figure 20. Test block sways left and right during rolling.
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Figure 21. Block Rolling Without Swinging, Maintaining the Initial Rolling Axis.

For blocks with 0.33 <A <1, it is necessary to consider the situation where the rolling axis changes
during the rolling process. Therefore, for such blocks, both the high and low values of the calculated
speeds are given using Formulas (11) and (12), denoted as the block with index " and the block with
index ”’, as shown in the figures below.
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Figure 22. Comparison of Rolling Speeds for Block D on a 60° Slope.
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Figure 26. Comparison of Rolling Speeds for Block H on a 60° Slope.

In Figure 22, the experimental speed of Block D closely matches the theoretical high-speed value.
This is because Block D has significantly different rolling resistance arm, moment of inertia, and
minimum circumscribed circle radius for its two rolling cross-sections. When such-shaped blocks roll
on a flat slope, a longer rolling distance is required to change the rolling axis, so the entire process
mainly involves rolling around the axis with lower rolling resistance. The actual speed from a 0.6m
height release is situated between the high and low theoretical values. During the actual rolling
process of the model experiment, there was a slight deviation in the rolling axis, as shown in Figure
27, but the deviation was small, and the block did not complete the change of the rolling axis after
rolling off the slope. However, the process of changing the rolling axis involves an increase in the
rolling resistance arm, which increases energy consumption during rolling, leading to the rolling
speed leaning towards the lower calculated value.

(—@The shape of the rolling
Rolling trajectory line section at the moment when offset
& oceurs is determined by

Se ® -0
& 1 @—@The shape of the rolling
il 2) scction after the rock block is
LN .d' offsct is determined by
(i
;f@‘; ® -0

Figure 27. Deviation of the Rolling Axis During Block Rolling.

For the cases where the experimental speed is less than the minimum theoretical speed in
Figures 23 and 24, the reason is the energy loss caused by slight jumping and rocking of Blocks E and
F during rolling. This characteristic is similar to that of disc-shaped blocks. However, due to the
similar moment of inertia and rolling resistance arm for rolling around different axes, the rotational
inertia required for rolling around the initial rolling axis cannot be maintained. During the rolling
process, these blocks go through several consecutive bounces and swings, completing the axis change
process at a position before reaching the slope bottom, as shown in Figure 28. With the change in the
rolling axis and the axis itself, the rolling resistance arm, deviation, and rolling speed of the block
vary to different extents. In addition, comparing the errors between the theoretical and experimental
values for Block B and Blocks E and F under the same conditions, it is observed that as the block's
aspect ratio increases, the number of axis changes during the rolling process also increases, showing
a positive correlation. Therefore, for such-shaped blocks, it is possible for the actual rolling speed to
lean towards the lower calculated value or even slightly below it.

For these types of blocks, it is possible to determine the two-dimensional cross-sectional shape
perpendicular to the slope surface during the process of changing the rolling axis and calculate the
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corresponding rolling friction coefficient. This coefficient can then be substituted into the calculation
formula to obtain the corresponding rolling speed. The calculation results are shown in Figures 29

and 30, where the experimental values for Blocks E and F fall within the range of the theoretical high
and low values.

//\- Process(O—@Rolling resistance arm 5
A : \ is determined by a— (a*>+h*) "0.5
|
( - \ Process@—@Rolling resistance arm &
= & I P@) \\is determined by (a’+h?) “0.5—h

Figure 28. Variation of Rolling Resistance Arm 6 as the Rolling Axis Changes.
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Figure 29. Comparison of Corrected Rolling Speeds for Block E on a 60° Slope.
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Figure 30. Comparison of Corrected Rolling Speeds for Block F on a 60° Slope.

Based on the above analysis, for blocks with 0.33 < A <1, the experimental speeds obtained from
the model tests are close to the high and low theoretical speeds calculated by the formulas. The issues
identified have also been addressed, further improving the accuracy of the calculation formulas.
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5. Discuss

5.1. Countermeasures when there is randomness in the calculation parameters

When encountering discontinuity in slope roughness and slope in practical applications, the
rolling situation of the test block on the slope can be segmented according to the changes in roughness
and slope (1), where n is taken based on the changes in roughness and slope. As shown in Figure 31,
formulas (7) and (8) are used to calculate the shortest and longest rolling distances Si» and Sz of fallen
rocks on different rolling slopes, and the rolling distances and corresponding slope 6» and roughness
un are substituted into formulas (11) and (12), and can be obtained:

_ [2[mgh =5, + 1, )mg cos 6, = S,, (v, + 1, )mg c0s 6, —...= S,, (¥, + 4, )mg 056, ]

Y

me D (15)
(Rid,)
Vo= ]2 [mgh - Sla (Wl + /'la )mg Cos 9a - Slb (Wl +/’l/7)mg CoSs 0}) T Sln (Wl +/’ln )mg Cos en]
| \/ e L (16)
(Rid,,)
Sln
Shortest movement distance ————— 8

Friction coefficient of the rolling surface is 17,

ooooo

259008 ;3. e,
g -:g-:-.-
Re0ess 255s —- hi:g,‘:'i_r

wwwww

distance

Figure 31. Schematic diagram for calculating rolling speed of composite slope and roughness.

5.2. Countermeasures when there is randomness in the calculation parameters

The calculation formula can be used to calculate the speed and energy of rockfalls in the
continuous rolling stage, but is not applicable to the stages of continuous sliding, jumping, and free
falling, as well as the situation where rockfalls break during the rolling process. For potential threats
of rockfall on unobstructed and potholed flat sloping surfaces, after mastering the location, three-
dimensional size, density, slope roughness, and other information of the rockfall, the formula can
calculate the speed and impact energy range of the rockfall as it rolls off the slope. At the same time,
combined with the maximum offset of the rockfall, the rolling range of the rockfall and the rolling
speed of the falling stone at any position within this range can be predicted.

6. Theoretical Analysis

6.1. Conclusions

(1) Through model experiments, the influence of the shape and size of rockfalls on rolling speed
was analyzed, and it was found that the shape of rockfalls is the main factor affecting their rolling
speed. Under the same conditions, the rolling speed of rockfalls is positively correlated with the
roundness of their two-dimensional rolling cross-section shape. For circular rockfall, the initial rolling
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state can be maintained during the rolling process under the action of rotational inertia, indicating
that the rotational inertia of the rockfall also affects its rolling characteristics.

(2) The influence degree of slope and release height on different shapes of rockfalls is different.
When the slope is small, for the rockfall with large rolling resistance, the increase of the release height
has little effect on its rolling speed, while the rockfall with small rolling resistance has no such
situation. After the increase of slope, the growth rate of rockfall rolling speed has increased
significantly.

(3) The relationship between rockfall shape and rolling resistance is analyzed. It is concluded
that the magnitude of the rolling resistance depends on the rolling resistance moment in contact with
the rolling surface during rolling, and the rolling resistance arm 6 is determined by the size of the
contact surface between the rockfall and the slope. On this basis, the shape parameter 1, which
quantifies the rolling resistance of rockfall, is proposed by combining the overall shape and local
convex and concave characteristics of rockfall.

(4) By introducing the shape parameter 1) into the kinematic equation, the formulas for
calculating the rolling velocity and kinetic energy of falling rocks with different shapes and sizes on
different roughness slopes are derived. The variable axis phenomenon in the rolling process is taken
into account in the formula, and the theoretical range of rolling speed and kinetic energy can be
obtained when the rockfall rolls around different rolling axes. When the formula is used in practice,
it can be combined with the maximum offset 1 of different shapes of fallen rocks to estimate the
rolling speed and kinetic energy of the rolling region on the slope and any position in the region.

(5) Experimental data were compared with the results from the theoretical formulas, revealing
a maximum error of 10% and an average error of 5.126%. Discrepancies between experimental and
theoretical values were analyzed, and corrections were made to address these errors. The
experimental results fell within the theoretical formula range, confirming the validity of the
theoretical calculation formulas for describing block motion characteristics.

5.2. Prospects

In the derivation of the formulas, it was assumed that rigid blocks undergo pure rolling on a flat
slope, without considering the possibility of collisions, jumps, breakage caused by different rockfall
materials, or the presence of large irregularities and obstacles on the slope. The applicability of the
formulas is thus limited. In future research, we aim to investigate the impact mechanisms of
collisions, jumps, and other motion characteristics on blocks of various shapes. We will develop
formulas to quantify the relationship between block shape and these motion characteristics.
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