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Abstract 
The falling stones caused a lot of damage to the concrete structure, Continuous methods 
such as finite element calculation object impact damage of large deformation problems 
exist insufficient. Using the coupling of SPH and finite element here, to carry on the 
fragmentation analysis to the shield tunnel by rockfall impact, the falling stones to break 
rules impact shield-tunnel structure in different velocity method. Which provides 
guidance for effective defense to rockfall for the protective structure design. 
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1. Introduction 

After the earthquake, rolling stone can be seen everywhere in mountainous areas of China, especially 
along roads, railways and oil (gas) pipelines in western mountainous areas, with a wide distribution 
range. It occurs suddenly, with high frequency and is impossible to prevent, posing a serious threat 
to CO2 geological storage areas [1], various structures and human activities within the damage range 
[2]. 

For rockfall disaster, it has super dynamic characteristics and causes huge impact damage to the 
structures along the path[3-4]. The study of dynamic interaction between rockfall disaster and 
disaster-bearing body and the failure mechanism of disaster-bearing body is the theoretical basis for 
studying the vulnerability of rockfall disaster and the optimization design of anti-impact engineering 
structure.  

Philippe (2003) [5] establishield relatively complete models of rockfall, gable slab and cylindrical 
shell by using finite element ABAQUS. PRM (Pontiroli-Rouquand-Mazars) model was selected as 
concrete constitutive model to study the mechanical response of gable slab under the impact of 
rockfall. M. Mommessin (2007) [6] used ANSYS implicit module to establish the rockfall -shield 
cave-plate-particle spring model, and selected willam-Warnk failure model as the concrete 
constitutive model to study the failure of concrete under the condition of rockfall impact on shield 
cave-slab in the middle. Mougin et al. [7] used the model test method to study the impact of rockfall 
on the concrete slab of shield, and Kishi et al. [8] carried out an experimental study on the ultimate 
impact resistance of prestressed reinforced concrete protected structures.  

He siming et al. [9-10] (2010,2011) used elastic-plastic contact theory and dynamic finite element 
method to study the impact of rockfall on shield structure. Wang Dongpo [11] used theoretical 
solutions and dynamic finite element to conduct a comparative study on the dynamic response of the 
roof slab of the soil cushion and EPS cushion structure under the impact load of rockfall. Through 
experimental design, Yuan Jinke [12] selected different influential factors such as rockfall mass, 
impact velocity, incident Angle, buffer material properties and thickness, and obtained the change 
rule of impact force. Lu Qing [13] establishield a formula to calculate the trajectory of rockfall 
movement in slope, and discussed the impact recovery coefficient, rolling friction coefficient and 



International Core Journal of Engineering Volume 8 Issue 8, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202208_8(8).0061

 

477 

other important parameters that affect rockfall movement. Liu Chengqing et al. [14] studied the 
dynamic coefficient of reinforced concrete shield structure under the impact of rockfalls.  

In this paper, SPH and Finite Element coupling algorithm are used to carry out numerical analysis, 
and the damage of the concrete structure under the impact of rockfall is studied, which provides 
theoretical and technical support for the design of rockfall prevention.  

2. Modeling and Analysis 

2.1 Problem Description 

The typical protective structure of rockfall shown in figure 1 is generally composed of two parts: one 
is reinforced concrete frame; The other is the cushion material covering the top of the frame with a 
certain thickness. The cushion material is generally sand and gravel or clay material. Under the impact 
of rockfall, part of the impact pressure is transferred to the protective structure through the cushioning 
effect of cushion material, which becomes the main load that needs to be considered in the design of 
the protective structure of rockfall. 

The impact load imposed on the protective structure of rockfall is closely related to the quality, shape, 
impact velocity, impact Angle, thickness of cushion material, physical and mechanical properties of 
rockfall and other factors. How to quantitatively evaluate the impact pressure of rockfall and analyze 
the damage caused by rockfall to shield and cave become the key to the design of protective structure 
of rockfall. 

 

 
Fig. 1 Shield structure of rock-fall in highway 

 

For the convenience of the study, the damage caused by rockfall is mainly discussed without cushion, 
the rockfall is simplified as a rigid sphere, and the protective structure is simplified as a concrete slab 
structure. The deformation and stress of beams and supports are ignored, and the stress, deformation 
and failure of concrete slab at the roof of the shield is only considered. And establish the calculation 
model of rockfall impacting the shield as shown in figure 2. It is assumed that the rockfall impacts 
the shield cavity structure at different impact velocities. Considering that the stiffness of gravel 
cushion material is much less than that of rockfall, rockfall is simplified as rigid sphere for the 
convenience of study. 
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Fig. 2 Calculation model of impact of rock fall on rock shield 

2.2 The Numerical Modeling 

SPH is also a pure Lagrange method, which can avoid the interface problem between Euler mesh and 
material in Euler description, so it is especially suitable for solving dynamic large deformation 
problems such as high-speed collision. 

The numerical model is shown in figure 3. The proposed ceiling beam is 4m×4m in length and width 
and 0.12m in thickness. Assuming that the rockfall is limestone, it is simplified as a sphere with a 
radius of 0.2m and a density of 2400kg/m3, and the corresponding mass of the rockfall is m 
=80.384kg. Since the stiffness of rockfall is much larger than that of concrete, rockfall can be 
equivalent to rigid body, and the normal impact velocity of rockfall is V0=15m/s normal impact shield.  

Due to the large size of the plate relative to that of the rockfall, the numerical calculation model was 
establishield as shown in figure 4 below. Three parts were establishield, namely, the central area of 
the plate, the area around the plate and the rockfall. The center of the plate is a circular area with a 
radius of 0.8m. The rockfall and the surrounding area of the plate are calculated by finite element 
method. In case (b), the central area of the plate is calculated by SPH, and the material properties of 
the peripheral area and the central area are consistent. Thus, a coupled model based on SPH and finite 
element was establishield.  

 

 
Fig. 3 Model graph of numerical simulation 
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3. Material Parameters 

Concrete shield structure adopts damage plastic constitutive model, and relevant calculation 
parameters are shown in Table 1. 

 

Table 1. Mechanical properties of concrete 

Materials ρ(kg/m3) E(Gpa) v φ ε σb0/σc0 Kc μ 

Rock fall 2400 - - - - - - - 

Concrete 2400 26.48 0.167 15 0.1 1.16 0.6667 13 

4. Results Analysis 

The accumulation morphology and velocity field of rockfall at different dip angles of flume are 
analyzed. 

4.1 Analysis of Damage of Shield Cave Impacted by Rockfall 

The damage diagram of the shield under normal impact of rockfall with a speed of 15m/s is shown in 
figure 4 (the figure is a half model). (a) and (b) are respectively the central area impacted by rockfall 
simulated by finite element method and SPH method. Comparison cloud images of failure patterns at 
0.00015s, 0.00045s and 0.015s respectively. 

 

 
Fig. 4 The impact damage for different time 

 

The results show that at a certain time when rockfall impacts the shield, the stress in the center area 
is concentrated by finite element simulation, while the stress in SPH simulation is scattered. For 
example, the maximum mises stress is 2.226×107 by finite element simulation and 1.221×107 by 
SPH simulation at 0.00075s. Due to the large size difference between the local area refined mesh and 
the peripheral mesh, there is a stress concentration phenomenon at the connecting part. In order to 
avoid this phenomenon, there should be a gradual mesh at the connecting part. For the finite element 
simulation, the plastic region increases with time, and finally is larger than the diameter of rockfall. 
For SPH simulation, the plastic region increases with the increase of impact time, and becomes stable 
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soon. Finite element simulation from beginning to end plate just deformation increases, and the grid 
is not damaged, and the SPH simulation with collision time growth, shield at the bottom of the hole 
is the rockfall center area are the concrete debris in the bottom of the stripping, squirt below, until 
finally the Rockfalls, however, due to the plate at the bottom of the center broken hole diameter 
smaller than the diameter of the Rockfalls, so the final rockfall was stuck in the concrete slab.  

4.2 The Relation between Impact Contact Pressure and Time 

Finite element and SPH simulate the impact position of rockfall, and the relationship between the 
change of normal impact force of rockfall over time is shown in figure 5. The results show that: 
Method to the biggest impact in a very short period of time at the upper end of the FEM model and 
the SPH model is not synchronous, SPH model some lag, the biggest impact slightly higher than the 
FEM model of FEM is only one peak, and the SPH model after two small peaks, maximum peak, 
after rapid attenuation, and two slightly smaller peak experience, after the area smooth. When 
Rockfalls hit the shield, a small part exceeded its maximum strength, separating the concrete body. 
As the impact contact surface increased, more debris escaped from the body, and the impact force 
experienced several peaks. However, in the FEM model, when the impact force exceeds the maximum 
strength, there is only residual resistance after the wave peak. As the element of the finite element 
model cannot be separated from the main body, the curve is relatively smooth except for one peak 
value. There is slight fluctuation after the peak of impact force, and then the region is flat. The impact 
duration of finite element simulation is higher than that of SPH simulation, indicating that some 
particles in SPH simulation are impacted by rockfall, and when the plastic limit is exceeded, some 
particles are separated from the concrete slab, which makes the effective impacted concrete slab 
thinner and finally connected. Although the finite element simulation reaches the plastic limit, the 
mesh is not damaged all the time and is still resistant. The longer the impact lasts. When the time was 
0.027s, the resistance was lost. It can be concluded that the SPH simulation results are closer to the 
real situation. See Table 2 for details. 

 

 
Fig. 5 Relation between normal force and impact time 

 

Table 2. Maximum impact force of falling stone 

Rockfall gathers pace 

15(m/s) 
FEM modeling SPH modeling 

Maximum impact time 

(s) 
0.00075 0.003751 

Maximum impact force 

（KN） 
223.83 263.73 
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When the rockfall speed is 15m/s, the normal impact force reaches the maximum value at t=0.00075s, 
which are 223.83kN and 263.73kN respectively. 

4.3 The Relation between Impact Displacement and Time  

The relation curve between normal displacement and time of rolling stone is shown in figure 6. The 
results show that the trend of the two curves is basically the same, but the maximum normal 
displacement is different. The maximum displacement of finite element simulation occurred at 
0.0245s, corresponding to the maximum displacement of 0.1216m, that is, the rolling stone velocity 
is zero, then the rolling stone rebound, the shed tunnel compression deformation also partially 
recovered. SPH simulated maximum displacement occurred at 0.00875s, corresponding to the 
maximum displacement of 0.051m, the rolling stone speed is zero, then the rolling stone rebound. 
When the rolling stone velocity is zero, the finite element simulation time lags behind that of SPH. 

 

 
Fig. 6 Relation between normal displacement and impact time of rolling stone 

4.4 Kinetic Energy Analysis of Rockfall 

The relation curve between kinetic energy of rockfall and time is shown in figure 7. The results show 
that SPH model dissipates the kinetic energy of rockfall faster than FEM model, and the kinetic 
energy of rockfall is close to zero after 0.7s, while the kinetic energy of FEM model is relatively large. 
This indicates that part of SPH model was broken when it was impacted by rockfall, absorbing part 
of the energy of rockfall, and the concrete fragments broken by impact flew down. In actual 
engineering, concrete structure will be destroyed when its strength limit is exceeded, and SPH model 
is closer to the real situation. 

 

 
Fig. 7 Relation between kinetic energy and impact time of rockfall 
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5. Conclusion 

SPH and finite element method were used to simulate the damage analysis of the shield tunnel 
structure impacted by rockfall. The conclusions are as follows: 

(1) At a certain moment when rockfall impacts the shield, the stress in the central area of finite 
element simulation is concentrated, while the stress in SPH simulation is relatively scattered. 

(2) Different failure modes, the plastic region of finite element simulation is larger than that of SPH 
simulation. Finite element simulation from beginning to end plate just deformation increases, and the 
grid is not damaged, and the SPH simulation with collision time growth, shield at the bottom of the 
hole is the rockfall center area are the concrete debris in the bottom of the stripping, squirt below, 
until finally the rockfalls, however, due to the plate at the bottom of the center broken hole diameter 
smaller than the diameter of the rockfall, the rockfall was stuck in the concrete slab. 

(3) The maximum normal impact force synchronously reaches the maximum in a very short time, but 
the maximum impact force is different. The maximum impact force of SPH model is slightly higher 
than that of finite element model. The impact duration of finite element simulation is higher than that 
of SPH simulation, indicating that some particles in SPH simulation are impacted by rockfall, and 
when the plastic limit is exceeded, some particles are separated from the concrete slab, which makes 
the effective impacted concrete slab thinner and finally connected. Although the finite element 
simulation reaches the plastic limit, the mesh is not damaged all the time and is still resistant. 

(4) Relation curve between normal displacement and time of rolling stone. The trend is basically the 
same, but the maximum normal displacement is different, and the finite element simulation time lags 
behind that of SPH.  

(5) SPH model dissipates the kinetic energy of rockfall faster than FEM model. After 0.7s, the kinetic 
energy of rockfall is close to zero, while the kinetic energy of FEM model is still relatively large. The 
broken part of SPH model under the impact of rockfall absorbed part of the energy of rockfall, and 
the broken concrete fragments under the impact flew down. 
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