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Abstract: Rockfalls on debris slopes are a major hazard for Canyon roads on the Tibetan Plateau. For risk 

assessment and engineering treatment, it is crucial to fully understand the movement characteristics and process of 

rockfalls. In this research, the UAV and three-dimensional (3D) laser scanner are employed to obtain images and 

data, Pix4D is employed to build the collected data into a high-precision 3D model. Unity3D is used to study the 

movement characteristics and deposit position of rockfalls, the movement characteristic indexes are computed and 

examined, for blocks with various shapes, sizes, and instability types on the debris slope and blocks with different 

slope materials and inclination, such as velocity, acceleration, displacement, energy loss, and deposit position, the 

movement mechanism of debris slope that differs from the common slope is obtained. The effectiveness of the 

Unity3D simulation approach was confirmed by field experiments. On this basis, Unity3D was used to establish a 

high-precision 3D simulation model for the debris slope of the G318 road on the Tibetan Plateau and to compute 

the movement characteristics, energy variation, and deposited position of rockfall. Then, the findings are 

compared with those of common models. This shows that the results of the high precision 3D simulation model 

computed by Unity3D are more accurate and reasonable than the common model, and the movement 

characteristics, energy variation, and deposited position of rockfall on debris slopes are characterized by 

specificity. Thus, the phenomenon and behavior of rockfall on debris slopes can be completely realized using 

Unity3D simulation analysis, to propose more reasonable engineering protection countermeasures. 

Keywords： Rockfalls; Movement characteristics; Debris slope; Experimental; Unity3D 

 

1 Introduction 

The debris slope, with loose rock debris, which essential component is Qesl such as broken stone and sandy 

gravel, is formed by unique geology and climatic conditions. There is no cementation or weak cementation 

between particles that are characterized by instability. Rockfall disasters caused by the debris particles down from 

the slope based on gravity, earthquake, and freeze-thaw. For the research on debris slope, (Sharpe, 1938) the 
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concept of debris slope had been proposed and classified. Caine (Caine, 1980) discovered that earthquakes and 

rainfall are the major factors of debris slope instability. Evans and Hungr (Evans and Hungr, 1993) evaluated the 

risk of rockfalls on debris slopes using geological evidence, an empirical approach, physical modeling, and an 

analytical model based on a calculating machine. After 2000 years, with infrastructural development in western 

China, (Zhang, et al. 2010; Ye et al. 2018), research on debris slopes has been conducted based on highway 

engineering. However, very few studies have focused on disasters caused by a broken stone falling from a debris 

slope; studies in the literature mainly focused on the reason, instability, and accumulated characteristics of the 

debris slope. 

There are many softwares for numerical simulation analysis of rockfall movement (Jones et al. 2000) such as 

Rockfall, STONE, GeoRock, and UEDC, all of which have their advantages and disadvantages (Chen et al. 2013). 

A multi-quality system approach is extremely popular, and it assumes that both the block and slope are in an ideal 

condition and that the block is in the dimensionless context, the mass is concentrated in the centroid, and the slope 

is homogeneous and smooth. The influence of the rock block’s geometry and size on its movement characteristics 

is neglected (Guzzetti et al. 2002); thus, the results of the numerical simulation approach are inconsistent with the 

actual rockfall phenomenon. The movement characteristics, energy loss, and deposited position of rockfall are not 

only affected by inclination, slope material, and rockfall instability type but also affected by geometrical shape 

and size. Thus, it is crucial to examine rockfall movement characteristics with a more ideal numerical simulation 

approach. 

Recently, data acquisition using unmanned aerial vehicles (UAV; Ruzgiene et al. 2015) and three-

dimensional (3D) laser scanners (Liu et al. 2019) has become more popular (Vu et al. 2011). A 3D high-precision 

simulation model (Dorren et al. 2006) has been developed for numerical analysis; the results are more accurate 

and reasonable, and the images are more realistic (Chiu et al. 2015). Thus, this modal is being increasingly 

favored by researchers. The Unity3D software developed by Unity Technologies company in Denmark is 

characterized by the following advantages: supporting several model formats, easy import of resources, and 

improved visualization effect (Wang et al. 2020); the blocks’ process and motion trail can be obtained by writing 

script in the analysis of the whole process of 3D movement of rockfalls (Wang, 2009). In the simulation 

computation, Phys X integrated with the Unity3D engine can simultaneously detect the continuous collisions of 

multiple rockfalls, simulate the physical conditions such as the rolling, sliding, and bouncing off the rigid body 

(Cui, 2012); solve the issues of motion velocity, energy, and movement trail; and finally solve the visualization 

(Ondercin, 2016) of the process and deposit. This approach not only enhances the accuracy of numerical 
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simulation effectively but also can detect the movement and deposit position of multiple rockfalls. (Sala, 2018). 

This result indicates that the Unity3D software has significant advantages in the research of rockfall movement on 

debris slopes.  

Whether the process and result of simulation are reliable or not, an effective appraoch to confirm the result is 

by performing a physical model experiment, which can provide parameters for the simulation computation. In the 

physical model experiment (Liu et al. 2019), it is essential to accurately obtain the motion state, contact collision, 

and deposit characteristics of rock blocks. A high-speed camera can not only acquire abundant and clear image 

data but also acquire its physical parameters such as movement characteristics. Thus, it is ideal to employ a 

binocular high-speed camera system in physical model experience to study the movement law and deposit 

position of rockfalls. 

To investigate the movement characteristics and deposit position of rocks on the debris slope of the Tibetan 

Plateau and to guarantee that the data is more accurate, images more realistic and analysis results more reliable, 

UAV tilt photography had been performed to obtain a Digital Surface Model of debris slope; moreover, 3D laser 

scanning was employed to obtain the position and size of the rocks on the slope in this research (Fu et al. 2021). 

Then, Pix4D was employed to develop a high-precision simulation model, and Unity3D was employed to examine 

and simulate the process. Therefore, the data and images, such as movement characteristics, the process of contact 

collision, the law of energy variation, and rock deposit position on the debris slope could be obtained. Finally, 

making physical model experience and verifing the results of the simulation in the field by employing a binocular 

high-speed and high-definition camera system. Comparing these results with Unity3D, the effectiveness of 

Unity3D and the movement characteristics of rockfalls can be confirmed and investigated, respectively. 

Furthermore, Unity3D numerical parameters can be determined as per the results of experience. The movement 

characteristics and disaster process of rockfall on the debris slope of G318 road are quantitatively examined using 

Unity3D based on a field experiment. 

2 High-precision modeling 

In the research of debris slope, it is particularly difficult to accurately obtain 3D data on the slope and geometric 

parameters of rock fall. The key to examining the movement characteristics of rockfalls is establishing a 3D model 

of the slope with high-precision and geometric parameters of the rockfalls. Thus, this study employs RTK and UAV 

to collect a 3D model, then uses ILRIS-3D to obtain the geometric parameters and rockfalls’ position, and finally 

employs Pix4D to develop a high-precision 3D simulation model. 

2.1 Data acquisition and processing handled by UAV 
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(1) Date surveying and mapping of the slope 

Real Time Kinematic is an approach of differences for the real-time processing of carrier phase observations 

of two measuring stations, the user receiver can receive the carrier phase collected by a base station, compute the 

difference, and coordinate, which can achieve centimeter-level accuracy, this approach has the advantages of fast 

speed and high-precision (Famiglietti et al. 2021). Thus, RTK is employed in this study to obtain 3D coordinates 

(longitude, dimension, and elevation) of marking points in different parts of the slope, the points are selected in 

the place where the position can be accurately recognized by UAV, and the number of the points should be more 

than three. To ensure accuracy, the marker points are generally arranged in different parts of the slope, with a 

number of nine or more. Furthermore, marker boards or marker paper are attached to the marker points, and 

parameters, such as the coordinates of the marker points are measured with RTK and used in the 3D modeling. 

(2) Slope image acquisition 

UAV has the advantages of simple and convenient operation, low price, clear images, abundant information 

and it is not restricted by spatial position. Thus, the DJI UAV has been used to obtain images (Naus and Angel, 

2017). As per the region of image acquisition and the requirement of post-processing for the date, the flight range, 

velocity, route, height, photo overlap, and shooting time of the UAV can be determined; furthermore, it is essential 

to take the whole photo and local photo. To guarantee the accuracy of 3D data processing for the latter slope, the 

repeatability of the photos was controlled to >70%, flight speed was controlled at 3 m/s, and speed was maintained 

at one photo per second. 

2.2 3D laser scanner for data acquisition and processing 

In the analysis of movement characteristics for rockfalls, it is crucial to ensure the spatial position and 

geometric data of rockfalls such as size, shape, and location. The 3D laser scanner (ILRIS-3D) is characterised by 

high-speed, high-density, high precision, and 3D spatial data that can be obtained without touching rock blocks (Liu 

et al. 2019). Thus, a 3D laser scanner (ILRIS-3D) is employed to collect the data on rockfalls in this study (Yan et 

al. 2013). First, it is crucial to determine the position of the rockfalls, and then determine the location, distance, and 

acquisition parameters of the 3D laser scanner. To ensure accuracy, in this study, the distance between a 3D laser 

scanner and rockfalls has to be controlled within 100–300 m, to fulfill the accuracy requirement of rockfall blocks. 

Finally, PolyWorks 15, which is installed in the binocular high-speed camera sysrem, can be employed to read the 

geometric parameters and positions of gravel blocks in field data. 

2.3 Establishing high-precision model 

First, screen the images collected by UAV, process the data, and delete unclear photos. Then, Pix4D was 
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employed to deal with the photos captured by the UAV (Li and Shi, 2020); in this process, it is necessary to export 

the image and find landmarks, then marking RTK coordinate data, Digital Surface Model file for slope can be 

generated. The next step is trimming the 3D point cloud operated using 3D MAX software and translating it into 

DSM format. Finally, PolyWorks15 was employed to process the data collected by the IlRIS-3D laser scanner; thus, 

the data, such as spatial position and geometrical shape of rockfall, can be obtained, then calibrated, and generated 

on the debris slope. Based on these steps, the Unity3D high-precision simulation computation model can be obtained, 

as shown in Figure 1. 

 

Fig.1 High precision 3D simulation model 

 

3 Numerical methods 

The interaction between rockfalls and slopes was examined using simulation; this situation may involve 

multiple collisions, rebounds, rolling, sliding, impact fragmentation, and deforming of the slope (Agliardi and 

Crosta, 2003). In Unity3D, the coefficient of kinetic friction, coefficient of static friction, and bouncing modulus 

from the physics engine Phys X were employed to control the interaction between objects. In the process of solving, 

the displacement and deformation of the rock block is the variable or unknown quantity, and the solving approach 

of the balanced equation is similar to other numerical approaches. The dynamic behavior of the block can then be 

computed by writing a script (Cui, 2012). 

3.1 Block Displacement and deformation 

Assumed that the block is rigid, the movement states are translation and rotation during the block is in the 

process of displacement, and the block of any shape has homogeneous stress and strain. In 3D space. Assume that 𝑥, 𝑦, 𝑎𝑛𝑑 𝑧 are the coordinates of any point within block 𝑖; 𝑥𝑐 , y𝑐 , z𝑐 are the coordinates of the centroid 
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point;𝑢, 𝑣, 𝑤 are the displacements of any point within block 𝑖; 𝑢𝑐 , 𝑣𝑐, 𝑤𝑐  are the rigid body translation of 

centroid within block 𝑖; and 𝑟𝑥 , 𝑟𝑦 , 𝑟𝑧 are the rigid body rotation of centroid within block 𝑖. Moreover, assume 

that the normal strain and shear strain of block 𝑖 are  𝜀𝑥 ,  𝜀𝑦 , 𝜀𝑧 and   𝛾𝑦𝑧 , 𝛾𝑧𝑥 , 𝛾𝑥𝑦, respectively. Then, the 

correlation between the displacement of any point and 12 displacement variables can be obtained as follows:  [𝑫𝒊] = (𝑢𝑐 𝑣𝑐  𝑤𝑐 𝑟𝑥 𝑟𝑦  𝑟𝑧 𝜀𝑥 𝜀𝑦  𝜀𝑧 𝛾𝑦𝑧 𝛾𝑧𝑥 𝛾𝑥𝑦)𝑇              (1) 

Furthermore, assume that [𝑇𝑖](𝑥, 𝑦, 𝑧) is the displacement transformation matrix defined by: 

[𝑻𝒊](𝑥, 𝑦, 𝑧) = [  
 1 0 00 1 00 0 1   0 𝑧 − 𝑧𝑐 𝑦𝑐 − 𝑦𝑧𝑐 − 𝑧 0 𝑥 − 𝑥𝑐𝑦 − 𝑦𝑐 𝑥𝑐 − 𝑥 0     𝑥 − 𝑥𝑐 0 00 𝑦 − 𝑦𝑐 00 0 𝑧 − 𝑧𝑐    

0 𝑧−𝑧𝑐2 𝑦−𝑦𝑐2𝑧−𝑧𝑐2 0 𝑥−𝑥𝑐2𝑦−𝑦𝑐2 𝑥−𝑥𝑐2 0 ]  
 
    (2) 

As per Equations (1) and (2), the complete first-order approximation of block displacements has the 

following form: (𝑢, 𝑣, 𝑤)𝑇 = [𝑫𝒊][𝑻𝒊](𝑥, 𝑦, 𝑧)                        (3) 

 

3.2 Total equations of movement 
For the system formed by contact and displacement constraints between rock blocks, the displacement 

function can be defined from Equation (1). Combined with the quantity of the potential energy of the rock block, 

it can be assumed that [𝑀] and [𝑲]  are mass matrix and stiffness matrix, respectively, [�̈�] and [𝑫] are 

acceleration and displacement matrix, and [𝑭] is the external force matrix as follows: [𝑀][�̈�] + [𝑫][𝑲] = [𝑭]          (4) 

According to Equation (4), the total potential energy is equal to the sum of the body loading, point loading, 

elastic stresses, initial constant stresses, inertia forces, displacement constraints, and contact interactions among 

the blocks. 

Assuming that [𝑫𝑖]（𝑖 = 1,2,… , 𝑛）is a 12 × 1 displacement submatrix of any rock block and [𝑭𝒊]（𝑖 =1,2,… , 𝑛）is a 12 × 1 loading submatrix of any rock block, then each block is represented by 12 displacement 

variables and each block has 12 degrees of freedom.Thus, [𝑲𝒊𝒋]（𝑖, 𝑗 = 1,2,… , 𝑛）is a 12 × 12 stiffness 

matrix, where [𝐾𝑖𝑖] is relevant to the material properties of block 𝑖 and [𝐾𝑖𝑗](𝑖 ≠ 𝑗) is defined by the contact 

between blocks 𝑖 and 𝑗, and 𝑲𝒊𝒋 = 𝑲𝒋𝒊. If the rock block 𝑖 is not in contact with 𝑗, then 𝑲𝒊𝒋 = 0, otherwise 𝑲𝑖𝑗 ≠ 0. For a block system that comprises n blocks, the balanced equation can be expressed in the submatrix 

form as follows: 
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[  
  [𝑲11][𝑲21]⋮[𝑲𝑛1]

[𝑲12][𝑲22]⋮[𝑲𝑛2]
⋯⋯⋱…

 [𝑲1𝑛][𝑲2𝑛]⋮[𝑲𝑛𝑛]]  
 [[𝑫1][𝑫2]⋮[𝑫𝑛]] = [[𝑭1][𝑭2]⋮[𝑭𝑛]]    (5) 

In numerical simulation calculation, equation (5) can be employed to solve the movement of multiple rock 

block systems. Interested readers are encouraged to refer to Shi (2001). 

3.3 Energy variation 

Energy variation is related to the linear and angular velocities of rock blocks when the blocks are moving; the 

linear angular velocities of rock blocks depend on the coefficient of restitution and friction (Asteriou et al. 2012). 

Thus, energy loss is usually treated by employing contact functions of the coefficient of friction and coefficient of 

restitution. In the Unity environment, the surface collision is decomposed into two contact points, thus resulting in 

the doubling of the friction force. The friction angle’s tangent value is known as the coefficient of static friction as 

follows: φ = arctan (2𝜇)       (6) 

where φ represents the friction angle and 𝜇 represents the coefficient of static friction. 

The friction coefficient is then used to simulate the ratio of normal force to rockfalls and slopes; moreover, 

the ratio is used to compute the friction force when the blocks are in motion. Note that the friction force is 

opposite to the tangential component of the input velocity vector as follows: 𝐹𝑓 = 𝜇 ∙ �⃑⃑�        (7) 

where 𝐹𝑓 is the frictional force and 𝑁 is the normal force between rockfalls and slopes. 

The coefficient of restitution only works in the normal direction, and this coefficient is equal to the ratio of the 

relative velocity of the block before and after each collision as follows: 𝐻𝑣 = 𝑣𝑖𝑣𝑗       (8) 

where 𝐻𝑣 is the coefficient of restitution, 𝑣𝑖 and 𝑣𝑗 represent the relative velocities before and after the 

collision, respectively. Then, the energy variation can be solved using the contact function of friction and 

coefficient of restitution. For detailed process, the interested readers are encouraged to refer to the basic Unity 

references (Sala , 2018). 

 

4 Numerical simulation and analysis of rockfall movements 

Unity3D has a PhysX physics engine, and it is a popular software employed in system simulation and virtual 

reality; multiple block collisions and free fall can easily be simulated in an authentic manner using this software 
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(Wang and Wang, 2019). Thus, this approach can simulate the movement mechanism of rockfall. After extracting 

the inclination, slope material, block size, instability mode, the velocity of different conditions in block shape, 

acceleration, accumulated displacement, and energy data, respectively, using the C# script, the movement 

characteristics and disaster process of the block on debris slope can be easily examined.  

The physical and mechanical parameters, such as the friction angle and cohesion, are based on the geological 

survey data of slopes, the field rebound test, and laboratory experiments of rock mechanics after conducting the 

field sampling, as illustrated in Table 1.  

 

Table 1 Physical and mechanical parameters of numerical simulation 

Parameters Notation  Value Unit 
Density ρ  2.66 g/cm3 

Acceleration of gravitational g -9.8 m/s2 

Internal friction angle ɸ  35 ° 

Cohesion force C 0.0 kPa 

Young’s modulus E  5.5 GPa 

Poisson’s ratio υ 0.29 —— 

Normal spring stiffness Kn  1.21 GN/m 

Shear spring stiffness Ks  0.42 GN/m 

Time step size ∆t  0.1 ms 

 

4.1 Slope Inclination 

The inclination not only reflects the steepness of the slope but also affects the energy variation and 

movement characteristic of rockfall blocks on the slope. Based on the investigation and measurements of field 

debris slope, the inclination of debris slope is between 30° and 70°. Thus, square blocks were set at 0.2 m, and the 

instability movement was performed on the slope where the material is gravel debris particles with 570 m away 

from the slope’s bottom. In this manner, the movement characteristics, energy variation, and final deposit position 

of the slope with an inclination of 30°, 40°, 50°, 60°, and 70° are analyzed. 
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(a)                                          (b) 

        

(c)                                              (d) 

Fig.2 Movement characteristics of different slope angles: displacement–time curves, b velocity–time curves,  

c acceleration–time curves, and d kinetic energy–time curves 

Fig. 2 demonstrates that blocks between 30°and 70° rested at 25, 425, 565, and 570 m, respectively; the 

larger the inclination, the greater the displacement. When the inclination is >60°, the rockfalls reach the bottom of 

the slope and deposit at the highway. According to comparing velocity with acceleration, it can be seen that with 

the development of the inclination, velocity and acceleration also showed an increasing trend. When the 

inclination is between 30° and 70°, the maximum speeds are 3.47, 3.56, 18.46, 23.23, and 27.94 m/s, and the 

maximum acceleration are 1.82, 1.96, 3.29, 3.64, and 6.13 m/s2. Based on the energy variation, the variation law 

of energy is consistent with velocity and acceleration with the development of inclination; moreover, velocity, 

acceleration, and cumulative displacement will increase when the inclination increases and it is more likely to 

result in rockfall disaster. 

4.2 Slope Surface Materials 

Movement characteristics are influenced by the frictional force produced in the contact process between 

rockfalls and slope material. Thus, with the change in slope material, the movement characteristics, energy 

variation, and deposit position of rockfalls will change (Dorren et al. 2006). There were trees and weeds or gravel 

debris particles or rock slope of bedrock in the debris slope based on a field investigation. Therefore, the square 

blocks with rock diameters of 0.2 m were set, and the instability movement is conducted on the slope. Note that 

the inclination is 40° and 570 m away from the slope’s bottom, and then the movement characteristics, energy 

variation, and deposit position of rockfalls on three types of slopes can be examined. 
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(a)                                              (b) 

    

(c)                                              (d) 

Fig.3 Movement characteristics of different slope materials: a displacement–time curves, b velocity–time curves, 

c acceleration–time curves, and d kinetic energy–time curves 

Fig.3 illustrates that the rockfall movement characteristics of different slope materials are quite different, and 

the displacements of rockfall blocks on a rock slope, debris slope, and weed shrub slope are 450, 390, and 320 m. 

This shows that the rockfalls on the debris slope and weed shrub slope do not reach the toe of the slope, and there 

is a danger of secondary rolling. According to the curve of velocity and acceleration, both velocity and 

acceleration of rock slope, debris slope, and weed shrub slope decreased, the maximum speeds were 36.35, 21.59, 

and 17.37 m/s, whereas the maximum acceleration were 18.35, 7.54, and 7.22 m/s2. According to the curve of 

energy variation, energy is attenuated at the fastest speed, followed by debris slope, and the attenuation of rock 

slope is not significant. This conclusion agrees with the actual situation. 

4.3 Block Size 

The contact area and energy between the rockfall blocks and slope will be affected by the blocks’ size, thus 

affecting their movement and accumulation characteristics (Bartingale, 2009). According to the field investigation 
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data, the diameter of the extremely dangerous rockfall blocks on the slope is primarily concentrated between 0.1 

and 1.0 m. Thus, the square blocks with rock diameters of 0.2, 0.4, 0.6, 0.8, and 1.0 m were set, and the instability 

movement is conducted on the slope where the material is gravel debris particles, the inclination is 40° and the 

distance is 570 m away from the slope’s bottom. In this manner, the influence of the size of rockfall blocks on the 

debris slope on the movement characteristics, energy variation, and final accumulation position is examined. 

           

(a)                                              (b) 

      

(c)                                              (d) 

Fig.4 Movement characteristics of Rockfall of different sizes： a displacement–time curves, b velocity–time 

curves, c acceleration–time curves, and d kinetic energy–time curves 

Fig.4 illustrates the displacement of rockfall blocks with diameters of 0.2, 0.4, 0.6, 0.8, and 1.0 m are 430, 

530, 540, 540, and 570 m, respectively; it shows that the larger the rockfall blocks, the easier it rolls down to the 

bottom and is more prone to disasters. From the analysis of velocity and acceleration, the larger the diameter of 

the rockfall blocks, the greater the velocity and acceleration. The maximum speeds are 8.97, 9.95,13.19, 14.26 , 

and 17.58 m/s, whereas the maximum accelerations are 5.75, 6.28, 7.74, 10.02, and 15.62 m/s2. From the analysis 

of energy variation, the larger the diameter of the rockfall blocks, the greater the energy variation, and the more 
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severe the rockfall disaster. 

4.4 Instability type 

The instability type of rockfall affects its initial velocity and may affect its motion characteristics, energy 

variation, and accumulation position.In addition to the falling type, sliding type, and dumping type of rockfall 

blocks instability on the debris slope, a square block with a rock diameter of 0.2 m was set, and the instability 

movement was performed on the slope where the material was gravel debris particles, the inclination was 40°, and 

the distance is 570 m away from the slope’s bottom. In this way, the influence of instability type on the movement 

characteristics of rockfalls on debris slopes is investigated. 

        

(a)                                              (b) 

       

(c)                                              (d) 

Fig.5 Movement characteristics of different instability types: a displacement–time curves, b velocity–time curves, 

c acceleration–time curves, and d kinetic energy–time curves 

The displacements of the falling type, sliding type, and dumping type of rockfall blocks on debris slope are 

570, 520, and 495 m, respectively, as illustrated in Fig.5. This shows that the falling type has the largest 

displacement, followed by the sliding type and the toppling type. From the analysis of velocity and acceleration, 
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the maximum velocity is: the falling type is the largest, followed by the toppling type and sliding type, which are 

15.85, 12.91, and 9.89 m/s, respectively. The maximum acceleration is the dumping type is the largest, followed 

by the sliding type and falling type, which are 9.01, 7.64, and 6.56 m/s2, respectively. From the analysis of energy 

variation, the law of variation is similar to that of velocity. Thus, the falling type of rockfall blocks has the fastest 

instability velocity and the largest energy, and it is the most prone to disasters.

4.5 Block Shape 1 

The shape of rockfalls affects their contact type and contact area with the slope and may affect their energy 2 

variation, movement type, and deposited position when the blocks are moving. Thus, six different forms of 3 

rockfall blocks were set, e.g., irregular, short column, long column, plate, spherical, and square. Furthermore, the 4 

instability movement was conducted on a slope with an inclination of 40°, a rock diameter of 0.2 m, and a 5 

distance of 570 m away from the slope’s bottom. In this manner, the movement characteristics, energy variation, 6 

and final accumulation position of rockfalls are analyzed. 7 

(a)                                         (b) 8 

(c)                                         (d) 9 

Fig.6 Movement characteristics of different rockfall shapes: a displacement–time curves, b velocity–time curves, 10 

c acceleration–time curves, and d kinetic energy–time curves 11 
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As illustrated in Fig.6, the displacement of the long column, plate, square, irregular, short column, and 12 

spherical rockfall blocks are 210, 410, 520, 590, 590, and 630 m, respectively. This shows that the more 13 

approaches the shape of the rockfall blocks is to spherical, the easier it is to roll down to the bottom, the greater 14 

the displacement, and throw over the road. The maximum velocity and acceleration of the spherical blocks are 15 

16.83 and 0.54 m/s2, respectively, while the maximum velocity and acceleration of the long columnar blocks are 16 

6.26 m/s and 3.59 m/s2, respectively. From the analysis of energy variation, the spherical or near-spherical blocks 17 

have the largest energy and greatest danger; the long columnar blocks have the smallest energy and much less 18 

danger. 19 
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5 Experimental Study 

The reliability of the Unity3D software simulation of debris slope rockfall movement 

characteristics, energy variations, and accumulation locations is now analyzed using a field 

rockfall experiment, and the errors are compared and analyzed. 

5.1 Slopes and Blocks 

The slopes for this rockfall physical model experiment were selected from natural debris 

slopes in the field, the primary material composition of the slope is medium-coarse sand and 

gravel, with a content of 92.4%, and contains scattered gravel particles, the inclination is between 

32° and 36° and there is a small amount of weed growing on the slope, as shown in Fig. 7. In this 

experiment, the rock blocks were diorite with a rock density of 2.69 g/cm3 and a Poisson’s ratio of 

0.28. The rock’s shapes were produced in the stone processing plant as cubes, rectangles, and 

square octahedrons. Each shape of the rock block was made in five size levels of 0.2, 0.4, 0.6, 0.8, 

and 1.0 m, with three rocks of each size class, for 45 rock blocks. To ensure the accuracy of the 

experiment, the mass and size errors of rock blocks were <1%. Coding markings were applied to 

each surface of each rock block before the experiment. 

 

Fig. 7   Field experimental slope 

5.2 Experimental Apparatus  

As illustrated in Fig. 8, the equipment designed for the test consists of a rockfall initial 

motion control system and a data acquisition system (Liu and Chen, 2019). The rockfall block’s 

initial movement control system is self-made and comprsies a release height adjustment device 

and a release control device that can control the height and attitude of the initial movement of the 
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rock blocks. The data acquisition system comprises two HD high-speed camera units, two 

computers, an AcuteSync-20K synchronization controller, a mobile power supply, and a total 

station and equipment connection cable. Data acquisition systems enable image and data 

acquisition, storage, and analysis functions using acute image data processing software that can 

extract images at any point during the movement of a rockfall block to show the clear movement 

process. A 3D simulation model can be established if the image overlap is controlled >70%. 

Moreover, the software can monitor the movement characteristics of rockfall blocks using coded 

markers on the blocks to read the velocity, acceleration, displacement, trajectory, and deposit 

position of the rockfall blocks. 

 

Fig. 8  Experimental stereovision system of the binocular camera 

5.3 Experimental Indices 

To confirm the simulating effect of Unity3D and provide calculation parameters for 

numerical simulations, each test was repeated five times during the experiment and the average 

values of velocity, acceleration, and displacement were computed. Moreover, the rockfall blocks’ 

kinetic energy was computed from the velocity. Assume that the block’s mass is 𝑚, the number 

of trials under the same working conditions is 𝑛, and the velocity of the 𝑖th release is 𝑣𝑖, the 

kinetic energy is defined by the following equation: 

              𝐸𝑘 = 12𝑚𝑣2 = 12 𝑚(∑ 𝑣𝑖 𝑛⁄𝑛𝑖=1 )2                   （9） 
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In the kinetic energy calculation, 𝑛 = 5, the mass 𝑚 is derived from the weighing of the 

rock blocks and the velocity is the average of the velocities of the five trials. A 3D simulation 

model of the rockfall movement was established based on the test, computations were performed 

using Unity3D and the results obtained were examined compared with the experimental results. 

5.4 Experimental Program 

To ensure the accuracy of the experiment data acquisition, it is important to determine the 

debris slope before the rockfall field test and measure the slope inclination, slope material, and 

vegetation. The coded markers are then uniformly placed on the selected debris slope in quantities 

of eight or more and are not parallel, co-planar, or obscured from each other and their coordinate 

data are measured by a total station. Simultaneously, set a height benchmark with a height of 5 m 

and a quantity of 10 or more. The shooting angle between the two cameras should be controlled at 

~60° when setting up a binocular high-speed HD camera, and the overlap of the shooting area 

should be controlled at >70%. The experiment must be conducted in clear weather with wind 

speeds below level 3. Finally, debug the equipment and calibrate errors using the calibration 

software to analyze the error. The result of the calibration error is represented by 𝑒; determine 

whether the results meet the accuracy requirements, can refer to Table 2. 

Table 2 Judgment criteria for accuracy requirements 

Value of calibration error Result Requirement 

 𝑒≤ 0.3 mm Successful can be carried out 

0.3 mm <  𝑒 ≤ 1.0 mm Available but not ideal better to recalibrate 𝑒 > 1.0 mm Failure must be recalibrated 

Calibration failure reason: It is generally caused by an oblique shot at a large angle, image blur, a 

test error of the total station, etc. 

5.5 Experimental results and error analysis 

In the field experiment, combined with the Unity3D simulation numerical analysis, the effect 

of the size and form of the rockfall blocks on their movement characteristics, energy variation, and 

deposition position was compared and analyzed. The rockfall blocks’ diameters are 0.2, 0.6, and 

1.0 m, respectively, and the block forms are cuboid, cube, and regular octahedron, respectively. 

The velocity, acceleration, displacement, and energy variation of the rockfall block movement of 
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the debris slope were obtained from the experiment and compared with the numerical analysis 

results of the Unity3D simulation. 

  

(a)                                            (b)  

  

(c)                                              (d) 

Fig.9 Movement characteristics of the block size:  a resting positions at the slope foot, b 

velocity–time curves, c acceleration–time curves, and d kinetic energy–time curves 
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    (a)                                   (b) 

      

     (c)                                    (d) 

Fig.10 Movement characteristics of rockfall shape: a resting positions at the slope foot, b 

velocity–time curves, c acceleration–time curves, and d kinetic energy–time curves 

As shown in Figure 9, comparing the numerical simulation results of various sizes of rockfall 

blocks with the experimental results, the displacement, velocity, acceleration, and energy variation 

are the same, with minimal differences, and the maximum errors are 2.61%, 3.47%, 3.32%, and 

2.58%, respectively, by analying the errors of the two data. Comparing the numerical simulation 

results for various rockfall shapes with the experimental results, the maximum errors for 

displacement, velocity, acceleration, and energy changes are 2.87%, 4.41%, 3.84%, and 2.37%, 

respectively, as illustrated in Figure 10. The field test results are consistent with the results of 

Unity3D simulation numerical analysis, and the errors are <5%, which confirms the accuracy and 

reliability of Unity3D simulation numerical analysis. 

6 Application of Unity3D in debris slope analysis on the Tibetan Plateau 

6.1 Engineering Background 

The debris slope is located at 3929+800 of G318 National Trunk Highway near Zongba, 

Yupu Town, Bome County, Tibet Autonomous Region, China. National Highway G318 passes 

through the debris slope’s front edge, with an altitude of around 3338 m, a longitude of 

96°22′19.1″, and a latitude of 29°36′48.5″. Fig.11a shows the panorama of the slope. Because of 

the special climate and environment of the Tibetan Plateau, the slope is covered with a thin layer, 

the bedrock is exposed, and cold weathering is extremely serious. Some weeds and low shrubs 

grow on the slopes (Ma et al. 2021). The top of the slope is the formation area, and the rock is 

monzonitic granite, the bedrock exposed and weathered, the joints developed and the inclination 
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angle is around 70°, large-scale potential instability rock blocks are thus formed, as illustrated in 

Fig. 11b. The center of the slope is a long and narrow circulation area, which is steep and narrow 

and the inclination is around 50°. The slope’s lower part is a debris particle accumulation area, 

whose main component is gravel of crumbling slope accumulation, scattered debris, debris particle 

accumulation, and the natural inclination is around 34°, with weeds and low shrubs growing on 

the slope, as shown in Fig. 11c. 

 

Fig.11 Rockfall slope along National Highway 318 on the Tibetan Plateau: a panorama of the 

debris slope, b potentially unstable rock mass, and c Rockfalls 

In the past few decades, the rockfall blocks occasionally fell from the top of the slope, and 

some of them might collide with the highway, even threatening the pedestrians and vehicles 

passing by, which is a major geological hazard in this section of National Highway G318. After 

the rockfall accumulation at the bottom of the slope was cleared, there is still a large amount of 

debris or small pieces of rock accumulation on the side of the road. The remnants of the previous 

rockfall are fresh and visible, indicating that recent rockfalls occurred. 

6.2 Model and Parameters 

In this study, the UAV was employed to collect data from the research area with 1 vertical 

direction and 4 inclined directions. During the process of data collection, the overlap percentage 

of the sailing directions of the UAV was 80%, the side overlaps was 70%, and the route was 150 m 
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higher than the take-off point. A total of 569 images were obtained, and 539 usable images were 

obtained after removing blurred images and improving the color. RTK equipment was employed 

to obtain the coordinates and elevation of significant points on the debris slope, and then Pix4D 

mapper software was employed for high-precision modeling. Finally, a 3D laser scanner was 

employed to collect the rockfall blocks on the slope, and the geometric parameters of rock blocks 

were extracted by its self-bring software. To facilitate observation and differentiation, the rockfall 

blocks are endowed with red, as shown in Fig.12. The modeling process includes selecting and 

adding images, adjusting image attributes, selecting output coordinate attributes, selecting 

processing options templates, adjusting output parameters, and establishing models. 

 

Fig. 12  The 3D- cloud atlas of debris slope: rockfall movement and accumulation 

The physical and mechanical parameters, such as the friction angle and cohesion, are based 

on the geological survey data of slopes along National Highway G318 in the Tibetan Autonomous 

Region, the field rebound test, and laboratory experiments of rock mechanics after conducting the 

field sampling, as shown in Table 3.  

Table 3 Physical and mechanical parameters of numerical simulation 

Parameters Notation  Value Unit 
Density ρ  2.66 g/cm3 

Acceleration of gravitational g -9.8 m/s2 

Internal friction angle ɸ  35 ° 

Cohesion force C 0.0 kPa 

Young’s modulus E  5.5 GPa 

Poisson’s ratio υ 0.29 —— 
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Normal spring stiffness Kn  1.21 GN/m 

Shear spring stiffness Ks  0.42 GN/m 

Time step size ∆t  0.1 ms 

6.3 Simulation data analysis of rockfall 

 

   

   (a)                                  (b) 

    

 (c)                                    (d) 

Fig.13 Movement characteristics of rockfalls along debris slope: a resting positions at the slope 

foot, b velocity-time curves, c acceleration-time curves, and d kinetic energy-time curve 

Figs.12 and 13 show that the debris slope rockfall occurs suddenly, and the maximum 

velocity, acceleration, and energy of movement of rockfall blocks are great. Finally, most rockfall 

blocks are accumulated on the highway, and only a small part of their deposit is on the slope. This 

is a major security threat to passing vehicles and pedestrians. 

6.4 Comparative analysis of simulation results 

To further verify the accuracy of the Unity3D simulation approach for high-precision 

modeling, combined with the field investigation to obtain the rockfall displacement and 

accumulation position of the debris slope of National Highway G318 in the Tibetan Autonomous 
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Region, in this study, the Unity3D simulation results of the high-precision model were compared 

with the numerical simulation results of the ordinary model. See Table 4. 

Table 4 Accuracy comparison of numerical simulation results 

Item 
Measured 

data 

Ordinary model High-precision model 

Result Error Result Error 

Displacement 473.62 m 495.78 m 4.68% 472.51 m -0.23% 

Accumulation 

position 

deposited on 

the highway 

deposited in 

the river 
—— 

deposited on 

the highway 
—— 

As shown in Table 4, the error of numerical simulation of the ordinary model is 4.68%, the 

rockfall has crossed National Highway G318 and was deposited in the Palong Zangbu river. 

However, the error of high-precision model numerical simulation is -0.23%, and the rockfall 

deposited on the National Highway G318, is 1.11 m different from the field investigation 

deposition position. This shows that the numerical simulation results of the high-precision model 

are more accurate. Through the Unity3D simulation of rockfall movement characteristics, kinetic 

energy change, and accumulation position of field debris slope, rockfall phenomena, and behavior 

of debris slopes could be fully understood. Thus, this research can realize the prediction of 

rockfall disasters and the reasonable design of protective countermeasures. 

7 Conclusions 

In this research, the movement characteristics, energy variation, and deposit locations of 

rockfall blocks on debris slopes were investigated using a combination of Unity3D simulations and 

field experiments. The following conclusions were drawn from a systematic analysis of the 

experimental indicators of rockfall movement characteristics, e.g., lateral velocity, acceleration, 

energy variation, and rest position: 

(1) The data collected using UAV and 3-D laser scanners were employed to develop a high-

precision 3-D ground simulation model by Pix4D software. Compared with the numerical 

simulation results of the ordinary model, the displacement error of the high-precision 3D ground 

simulation model is reduced to 0.23%, and the rockfall blocks’ rest position is consistent with the 

actual measured position of the field investigation. This shows that the high-precision 3D ground 

simulation model of the rockfall movement process is more realistic and reasonable, and the 

computation results are more accurate. 
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(2) For the movement characteristics of rockfalls of debris slope: 1) When the inclination is 

greater than 30°, the greater the inclination, the greater the velocity, acceleration, and kinetic 

energy, and the farther the moving distance; 2) For different slope surface material: The velocity, 

acceleration and kinetic energy of the rock slope are greater, and the displacement is farther than 

that of the slope with debris and bushes; 3) The block’s size has a visible influence on the rockfall 

movement: the velocity and acceleration with diameters of 0.2, 0.4, 0.6, 0.8, and 1.0 m increase 

with the increase in the block, and the farther the moving distance; 4) The velocity and 

acceleration of falling unstable block are larger and the displacement is farther than that of 

toppling and sliding unstable block; 5) The closer the shape of a rock block is to a sphere, the 

greater the speed, acceleration, and displacement of its movement. 

(3) This study shows that the movement characteristics and deposited position of rockfalls on 

debris slopes are different from that on an ordinary slope. This is mainly shown in the following 

aspects: 1) The velocity and acceleration of rockfalls on the debris slope are smaller than that on 

the ordinary slope; 2) The energy loss in the contact process between rockfalls and debris slope is 

significantly higher than the ordinary slope;3) Rockfall is easier to rest at the debris slope, forming 

secondary instability and downward movement. 

Using the Unity3D simulation computation approach to establish a high-precision 3D ground 

simulation model can help analyze the movement characteristics, movement trajectory, and 

predicted rest position of rockfall blocks and propose more reasonable and reliable prevention 

measures. Based on the research results and the actual situation, an open-cut tunnel, shed tunnel 

and other engineering measures should be set at the bottom of the debris slope, which can 

efficiently eliminate the threat of rockfall disaster on the debris slope. 
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