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Abstract: The prevention and the reduction of the rockfall are the common measures of the prevention and the reduction of disasters. When the rock-shed resists the impact of the rockfall, the force that acts on the structure consists of the cushion dead load and the impact-induced load, of which the dynamic process of the propagation of the impact-induced load is complex. Therefore, we conducted a numerical study to investigate the impact of the rockfall. Considering the highly discrete characteristic of the sand, we developed a numerical model on the basis of the discrete element method (DEM). The numerical model, which simulation results were validated by the results of real-scale experiments, was used to investigate the dynamic response of the impact force of the rockfall and the transmission of the impact force under the different magnitude of the falling height and the different thickness of the sand cushion. The results of our study indicated that the cushion thickness had little effect on the impact of the rockfall, and the dense sand cushion generated higher impact force than did the loose sand cushion. Although the high thickness enhanced the buffer performance of the sand cushion, the additional force induced by the dead load of sand cushion was significant. Therefore, to determine the appropriate thickness of the sand cushion, we suggested designers consider the buffer performance and the dead load of the sand cushion. The analysis presented in this paper provided a practical estimation of the impact-induced force of the thick sand cushion.

Keywords: Rockfall; impact; DEM; sand cushion; thickness; porosity; impact force; bottom force



1  Introduction

The topographical and the geological characteristics of western China are extremely complex. In the region, the earthquake, the extreme weather, and secondary disasters occur frequently. The rockfall is a common geological hazard, which occurs unexpectedly [1]. Regardless of the scale of the rockfall, the urgent attention is required to avoid casualties and the economic loss. Rock-sheds have been widely applied as protective structures [2]. According to the survey that was conducted by the Sichuan Communication Surveying & Design Institute on the rock-sheds and the open-cut tunnels that were built after the Wenchuan Earthquake, nearly 80% of the structural damage to the rock-sheds or the tunnels was induced by the rockfall [3,4]. Therefore, the ability of rock-shed to resist the impact of the rockfall needs to be deeply explored.

To improve the structural design, researchers have conducted a series of large-scale experiments, and discussed the effect of the structural type [5–7] and construction materials [2,8] on the impact resistance of structures. In addition to the structural design, the cushion filled on the slab also plays an important role on the impact resistance of structures. The properties of the cushion, such as the porosity, the thickness, the density, and the grain size, were investigated by laboratory or prototype experiments [2,4,9–12]. On the basis of the experiments, researchers obtained some sound achievements, which may be used to guide the rock-shed design.

The purpose of the cushion is to reduce the impact force of the rockfall and to protect the structure. During the impact, the impact force is transmitted through the cushion before acting on the structure. The transmitted force is directly related to the structural design. Hence, on the basis of experimental results, researchers discussed the transmitted force. For example, by real-scale impact experiments, Calvetti et al. [9,13] suggested that the stress distribution on the plate should be computed by considering the dynamic amplification effect. Lambert et al. [10] designed small-scale experiments and investigated the effect of the grain gradation and the boundary condition on the transmitted force. On the basis of a series of laboratory tests, Kawahara et al. [11] found that the earth pressure at the bottom of the soil increased with the soil density and decreased with the thickness of the soil. The propagation of the impact-induced force through the cushion is a highly complex dynamic process. Unlike continuous materials, the sand is a typical granular material. Because the impact-induced force is mainly transmitted through the contact between particles, the properties of the sand cushion, such as the porosity and the stiffness, are determined by the grain shape, the size, and the density of the sand. Hence, it is difficult to clearly define the propagation of the impact-induced force through the sand cushion. Although researchers have conducted laboratory and large-scale experiments to study the impact force of the rockfall, the researchers considered the limited working condition and limited influencing factors. Some conclusions that were obtained by the researches remain unaddressed. At present, there are several calculation methods to estimate the impact force of the rockfall, such as the algorithm of the Japan Road Association, the recommendations by the ASTRA of Switzerland, and the Specifications for Design of Highway Subgrades of China [14]. Unfortunately, the calculation methods are unable to estimate the transmitted force, which is the primary concern of designers.

In recent years, supported by the development of the numerical analysis, the numerical simulation is a good technical tool to study the impact force of the rockfall. On the basis of a reliable model, several factors may be considered in the numerical simulation study, and some results have been achieved. Ouyang et al. [15] simulated the transient dynamic procedure of the impact of the rockfall and discussed the effects of various lightweight damping materials on the reduction of the impact force. Bhatti [16] developed a numerical model to study the energy dissipating capacity of the different thickness and density of expanded polystyrene cushions. Yan et al. [17] presented a numerical approach to reveal the influence of the rock shape on the impact force. More aforementioned numerical methods incorporated the finite element method (FEM). Although the maximum impact force can be approximated by the FEM, it is difficult to simulate the second wave [18]. The FEM treats the sand as a continuous material. At present, there is no suitable constitutive model to describe the sand deformation behavior under the impact load. The sand cushion is composed of discrete particles. The discrete element method (DEM) is more appropriate than the FEM to simulate the sand cushion. Recently, researchers used the DEM to discuss the impact of the rockfall and the transmitted force [19]. Calvetti et al. [13] established a linear correlation between the impact force and the stress on the plate and described the dynamic amplification effect. Shen et al. [20] found that the shape of the rock block had little influence on the peak stress distribution on the bottom floor. The researches attempted to use the DEM to discuss the transmitted force; however, the researchers rarely consider the characteristics of the cushion in the model. Moreover, the estimation of the transmitted force is scarce.

To understand the impact response of the rockfall, especially the transmitted force, we conducted systematic numerical analysis. Firstly, we developed a three-dimensional DEM model in Particle Flow Code (PFC). Secondly, we validated the results of the numerical simulation by the results of real-scale experiments. On the basis of a reliable numerical model, we discussed the impact force and the transmitted force of the rockfall. The effects of the falling height, the thickness of the sand cushion, and the sand porosity were investigated. Finally, we explored the relationship between the cushion dead load and the impact-induced load of the thick sand cushion.

2  The DEM Method and the Validation of the Model

2.1 The DEM Method

The DEM for the simulation of granular materials was proposed by Cundall et al. [21]. The translational and rotational motions of each granular particle are described by the Newton’s second law of motion as:


mx¨=F+mg,
(1)


Mi=Iw˙i,
(2)

where m is the particle mass; x is the position of the particle centroid; F is the resultant force acting on the particle; g is the gravity acceleration vector; Mi is the resultant moment acting on the particle; ωi is the angular velocity and I is the moment of inertia.

The interactions between particles can be calculated by the force-displacement law:


Fn=knun,
(3)


ΔFt=−ktΔut,
(4)

where Fn and Ft is the normal and tangential contact force; kn and kt is the normal and tangential contact stiffness; un is the overlapping distance between the two particles; ΔFt is computed incrementally from the relative tangential displacement Δut.

Compared to the deformation of a granular assembly, the particle deformation is very small. It is not necessary to calculate the particle deformation precisely to obtain a good approximation of the mechanical behaviour. Therefore, in PFC software, the particles are allowed to overlap one another at contact points. This overlapping behaviour takes the place of the particle deformation. The interactions between the particles are considered explicitly and the contact forces are defined as a function of the overlap. It should be noted, however, that these overlaps are small in relation to the particle sizes [21,22].

In the PFC software, the explicit finite difference method is used for the cyclic iterative solution. During every calculation cycle, the Newton’s second law of motion is applied to every particle and the force-displacement law is applied to every contact. Moreover, the positions of the particles and walls are updated constantly.

When developing a DEM model, the choice of the contact model is a key step. In this study, the linear model was employed to simulate the sand cushion, the contact between the sand cushion and the rockfall, and the contact between the sand cushion and the slab. In the PFC, the linear model consists of two parallel components, namely the linear component and the dashpot component. The linear component provides the linear elastic (no-tension) frictional behavior, and the dashpot component provides the viscous behavior (Fig. 1). Both components act on a vanishingly small area, thus, only transmit a force [22]. Further information on the linear model is available in the help document of the PFC3D software.
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Figure 1: The behavioral and the rheological components of the linear model

Compared with continuum methods such as the FEM, the DEM simulates the actual mechanical properties of granular materials. There were three objects involved in the development of the DEM model to simulate the impact of the rockfall, namely, the rock block, the protective structure, and the sand cushion. The rock block was regarded as a rigid spherical body and was simulated by a “ball” element. The protective structure was simplified to a rigid slab and was represented by a “wall” element. The sand cushion was simulated by a large number of spherical particles. Therefore, the size of the spherical particles was a key parameter. The actual size of the sand grain was approximately 0.1 mm. However, it was unpractical to simulate the sand cushion with the particle size of 0.1 mm, especially in the actual engineering scale. Naito et al. [18] examined the effect of the particle size of the sand on the maximum impact force and defined K as the ratio of the diameter of the falling block to the maximum diameter of the sand particle. The results indicated that the larger particle size of the sand, the lower the impact force. Moreover, when the value of K was higher than 10, the value of the maximum impact force stabilized. Therefore, in the simulation of the sand cushion by the DEM model, we set the particle size of the sand to the higher value than the actual grain size of the sand.

The mechanical parameters that were used in DEM model were equally important. In continuum methods, a constitutive model is generally applied to describe the mechanical behavior of a material, and relevant parameters or curves are obtained through laboratory tests. However, the DEM model that was built in the PFC3D software was unable to directly embed macro constitutive models or mechanical parameters into the sand cushion model. Moreover, basic contact parameters (Fig. 1) are difficult to obtain from experimental results. Due to the complexity of the sand meso-structure and the limitation of the research, the researchers did not obtain a reliable mechanical theory to establish a quantitative relationship between meso parameters and macro parameters. Currently, the most common method to determine basic contact parameters is the transformation of the macroscopic mechanical properties of samples or large-scale experiments via trial-and-error approach [23].

2.2 The Validation of the Model

To ensure the reliability of the simulation method developed in this paper, we validated the DEM model and model parameters by a real-scale prototype experiment [9]. In the experiment, a spherical falling block with a diameter of 0.9 m and a mass of 850 kg was dropped on a sand stratum that covered a rigid concrete plate embedded into the ground. The sand was compacted to the thickness of 2 m. To investigate the effect of the falling height on the dynamic response of the structure, five falling heights were arranged and the impact position was maintained. After each impact test, the crater induced by the impact of the rockfall was replenished and compacted. Then, the influence of the previous impact test on the following test was neglected. The detail of the real-scale experiment is described in the relevant thesis [9].

The above mentioned experiments employed the PFC3D software to simulate the impact of the rockfall. The three-dimensional numerical model is shown in Fig. 2. The radius of the particle ranged from 2–4 cm to ensure that the value of K was higher than 10. When the width of the sand cushion is four times the diameter of the falling block, the influence of lateral boundaries can be neglected [24]. In the DEM model, the width of the sand cushion was set to 5 m and the number of the element was set to 112,334. By repeatedly adjusting contact parameters (the effective modulus, the normal-to-shear stiffness ratio, and the friction coefficient) and the damp coefficient of the ball, we obtained a good agreement between simulation results and experimental results (Table 1 and Fig. 3). The simulation parameters that were used in the DEM model are listed in Table 2.
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Figure 2: The numerical model of the impact of the rockfall

On the basis of the numerical simulations, we obtained the values of the maximum impact force under the five values of the falling height (Table 2). As shown in Table 2, simulation results are consistent with experimental results. The average error is 5% and the maximum error is below 10%. For example, the evolution of the impact force at the falling height of 36.4 m is shown in Fig. 3a. Herein, the impact force was defined as the force of the falling block that acted on the sand cushion. When the rigid block hits the sand cushion, the impact force quickly increases. Because the grain size of the model was higher than the actual grain size, the increase rate of the impact force that was obtained by experiments was higher than that obtained by the simulation. After the impact force reaches the maximum value, it gradually decreases to zero. At this stage, the two curves exhibit a similar characteristic. Fig. 3b shows the relationship between the penetration depth of the falling block and the falling height. In the real-scale experiment, the penetration depth was measured by the depth of the crater induced by the impact. Under the low impact energy (i.e., the low falling height), there is a small difference between the penetration depth obtained from the simulation and the experiments. When the falling height increases, the difference increases, and the maximum error was approximately 20% (by a few centimeters). The comparison of the penetration depth required a more accurate experimental measurement.
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According to the above analysis, we obtained an acceptable agreement between simulation results and experimental results. Therefore, we concluded that the three-dimensional DEM model developed in this paper was reliable to simulate the impact process of the rockfall.
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Figure 3: The numerical simulation results and the experiment results of: (a) the impact force of the rockfall at the falling height of 36.4 m; and (b) the penetration depth under the different falling height

3  Numerical Simulation Results

Analyzing numerical simulation results, we discussed the buffer performance of the sand cushion, the impact force of the rockfall, and the force that acted on the slab. The force that acted on the slab was a critical parameter for the design of the protective structure. Additionally, we discussed the effect of the properties of the sand cushion (the sand porosity and the cushion thickness) on the buffer performance of the sand cushion.

3.1 Simulation Cases

On the basis of the validation of simulation results by experimental results, we maintained the parameters related to the falling block and the sand cushion (except the thickness of the sand cushion) in the DEM model. To study the effect of the cushion thickness on the rockfall impact, we set the cushion thickness to 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 and 2.5 m, respectively. Moreover, we considered the different densities of the sand, which is described by the porosity of 0.05 (the dense sand), 0.2 (the medium sand) and 0.35 (the loose sand). The maximum and the minimum number of elements were 140,445 and 7,700, respectively. Twenty-four types of the sand cushion were simulated in this paper. The buffer performance of the sand cushion was tested under the five values of the falling height (10, 20, 30, 40 and 50 m). The analysis involved a total of 80 combinations of the operating conditions.

3.2 The Dynamic Process of the Impact of the Rockfall

Fig. 4a shows the variation in the impact force of the rockfall at the falling height of 50 m. As shown in Fig. 4a, once the falling block hits the sand cushion, the impact force increases quickly. After the impact force increases to the maximum value (Fig. 5a), the impact force gradually decreases until the two objects are separated from each other (Fig. 5b). The interval between the two stages was referred to as the impact time. The effect of the sand porosity (n) on the impact time is negligible. However, the thicker the sand cushion, the longer the impact time. In the first stage, the low sand porosity (n = 0.05) induces the increase rate of the impact force, of which the increase rate is independent of the cushion thickness. In the second stage, the impact force of the thin sand cushion is initially higher and then lower than the impact force of the thick sand cushion. The trend in variation of the impact force is exhibited by the dense and the loose sand cushion. During the impact, the force that acted on the rigid slab was defined as the cushion force, and the curves shown in Fig. 4b display the evolution of the cushion force. When the cushion thickness is similar, the sand porosity has little effect on the variation in the cushion force. Compared with the thin sand cushion, the thick sand cushion exhibits less variation in the cushion force. The maximum values of the impact force and the cushion force were the key issues that are discussed in the following sections.
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Figure 4: The evolution of (a) the impact force and (b) the cushion force
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Figure 5: The dynamic impact process of (a) the decrease in the velocity of the falling block to zero and (b) the rebound of the falling block from the sand cushion. The color bars indicate the displacement of the balls

3.3 The Maximum Impact Force of the Rockfall

Fig. 6 shows the values of the maximum impact force (Fmax) under the different thickness of the sand cushion. The values of the Fmax of the sand cushion with the lowest thickness (h = 0.2 m) are very high. The increase in the cushion thickness to h = 0.4 m quickly decreases the Fmax due to increase the buffer performance of the sand cushion. However, the increase in the cushion thickness to h = 0.6 m has little effect on the Fmax of the sand cushion, especially at the range of the falling height value between 10 and 40 m. For the thick sand cushion (h > 0.6 m), the Fmax remains constant due to the negligible buffer performance of the sand cushion. Moreover, the dense sand cushion (Fig. 6a) and the loose sand cushion (Fig. 6b) express a similar trend in the variation of the Fmax. In the practical engineering, the cushion thickness is higher than 0.6 m. Thus, we considered that the Fmax was independent of the cushion thickness.
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Figure 6: The Fmax of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different cushion thickness

To explore the impact of the rockfall further, we regarded the average value of the Fmax of the thick sand cushion (h≥ 0.6 m), the Fave, as the nominal impact force. Fig. 7a shows the relationship between the Fave and the falling height (H): the Fave is a nearly linear function of the H. To investigate the effect of the sand porosity on the Fave, we considered two types of the sand cushion, namely the dense sand cushion (n = 0.05) and the loose sand cushion (n = 0.35). The porosity is an important factor that affects the macroscopic mechanical properties of the sand. To resist the rockfall impact, the dense sand cushion generated higher deformation stiffness than did the loose sand cushion. As shown in Fig. 7a, the dense sand cushion (n = 0.05) generates higher Fave than dose the loose sand cushion (n = 0.35). The dense sand cushion exhibited a relatively poor buffer performance. Under the high impact energy, the difference in the buffer performance of the two sand cushions increases. For example, when H is 10 m (Fig. 7a), the Fave of the dense sand cushion is 0.73 MN and that of the loose sand cushion is 0.56 MN. When H increases to 50 m, the Fave of the two sand cushions are 2.23 and 1.71 MN, respectively. Under the similar impact energy, the ratio of the Fave of the dense sand cushion to that of the loose sand cushion is comparable. The Fave of the dense sand cushion was approximately 1.3 times the Fave of the loose sand cushion. Therefore, the loose sand cushion was more favorable to reduce the impact of the rockfall than the dense sand cushion.

The parameter ζ was defined as (F0.2–Fave), of which the F0.2 was the maximum impact force at h = 0.2 m. The parameter ζ was used to describe the attenuation of the Fave of a given sand cushion. The variation in the ζ with respect to the variation in the falling height is shown in Fig. 7b. A similar trend is observed for the sand cushion with the different sand porosity. When H is 10 m, the values of the ζ of the three sand cushions are similar. However, when H increases, the ζ of the dense sand cushion is lower than that of the loose sand cushion. The results indicate that when the thickness of the sand cushion increased from a low value (h = 0.2 m) to the designed value (h > 1 m), the Fave of the sand cushion with the higher sand porosity decayed more quickly than did the Fave of the sand cushion with the lower sand porosity.
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Figure 7: The effect of the sand porosity on (a) the Fave and (b) the attenuation of the Fave

3.4 The Bottom Force

When the rockfall hit the sand cushion, the impact force propagated quickly through the sand cushion and then acted as the external load on the structure. During the impact, the maximum force that acted on the rigid slab was defined as the bottom force (Fbot). The variation in the Fbot reflected the role of the sand cushion. The values of the Fbot under the different conditions are shown in Fig. 8. Unlike the variation in the Fmax with respect to the cushion thickness, the variation in the Fbot exhibits a concave shape (except H = 10 m for the dense sand cushion). The Fbot consisted of two components, namely the dead load of the sand cushion and the force induced by the impact. When the cushion thickness is 0.2 m, the values of the Fbot are very high due to the poor buffer performance of the sand cushion, especially under the high impact energy. When the thickness of the sand cushion increases (h = 0.4–1.0 m), the Fbot decreases gradually due to the quick decrease in the impact force and the improvement on the buffer performance of the sand cushion. When the cushion thickness increases to h = 1.0–2.5 m, the Fbot remains approximately constant. Although the high thickness enhanced the buffer performance of the sand cushion, the additional force induced by the dead load of the sand cushion, which exceeded the buffer effect of the sand cushion, was significant. Therefore, as shown in Fig. 8, the Fbot gradually increases with the increase in thickness of the sand cushion. The effect of the cushion thickness and the falling height on the Fbot of the dense sand cushion and the loose sand cushion is similar. When H is 10 m, the curve that is shown in Fig. 8a is different from that shown in Fig. 8b. The Fbot of the dense sand cushion increases when the thickness of the sand cushion increases. In contrast, the Fbot of the loose sand cushion exhibits a concave shape when the thickness of the sand cushion increases. In the actual engineering practice, the evaluation of the appropriate cushion thickness should consider the effect of the buffer performance and the dead load of the sand cushion. Under the simulation condition (the falling height and the sand porosity) presented in this paper, we regarded that the appropriate thickness of the sand cushion was 1.5 m.

3.5 The Fbot/Fmax

The sand cushion dissipates the impact energy of the rockfall and reduces the load that acts on the structure. Although the impact force can be calculated by several methods, the design of the rock shed is dependent on the Fbot. Currently, there are limited formulas to evaluate the Fbot. Thus, it is very important for designers to understand the relative magnitude of the Fbot and the Fmax. Due to the dead load of the sand cushion and the complexity of the transmission of the impact force through the sand cushion, the variation in the values of the Fbot/Fmax (Fig. 9) is complex. When the thickness of the sand cushion increases, the Fbot/Fmax curves, except the Fbot/Fmax curve of the dense sand cushion at H = 10 m, exhibit three stages, namely the first rise stage, the decline stage, and the second rise stage. The minimum Fbot/Fmax value occurs at the thickness of the sand cushion of 1.5 m. In the second stage, the increase in the impact energy quickly decreases the Fbot/Fmax. However, in the third stage, the sand porosity influences the increase rate of the Fbot/Fmax. The Fbot/Fmax of the dense sand cushion is relatively stable, and under the high impact energy, the values of the Fbot/Fmax can be regarded as a constant value (Fig. 9a). On the other hand, the Fbot/Fmax of the loose sand cushion increases when the thickness of the sand cushion increases above 1.5 m (Fig. 9b).
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Figure 8: The Fbot of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different thickness of the sand cushion
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Figure 9: The Fbot/Fmax of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different thickness of the sand cushion

The relative magnitude of the Fbot/Fmax is shown in Fig. 10. As shown in Fig. 10, the effect of the falling height, the thickness of the sand cushion, and the sand porosity on the Fbot/Fmax is highly significant. When the thickness of the dense sand cushion is h≤ 0.6 m, the Fbot is higher than the Fmax (Fig. 10a). When the thickness of the dense sand cushion increases to h≥ 0.8 m, under the low impact energy (H≤ 30 m), the Fbot/Fmax is higher than 1, otherwise, the Fbot is lower than the Fmax. Thus, when the value of the falling height is high and the sand cushion is thick, the Fbot is lower than the Fmax. On the basis of the safety perspective, designers may regard the Fmax as the force that acts on the structure. Except the Fbot/Fmax of the loose sand cushion at h < 0.6 m and H≤ 20 m, the Fbot/Fmax of the loose sand cushion is lower than 1 (Fig. 10b), which indicates that the approximation of Fbot≈Fmax was applicable to the wider work condition.
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Figure 10: The ratio of the Fbot and the Fmax (k = Fbot/Fmax) of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different conditions

4  Discussion

When designing the rock shed, designers consider the Fbot an important load. Currently, the unclear magnitude of the Fbot is a major issue of the rock shed design. For designers, there are limited reliable reference methods to estimate the Fbot. Hence, the research on the Fbot is urgently needed. Generally, the Fbot consists of the static cushion dead load (Fdead) and the dynamic Fadd induced by the impact of the rockfall. Unlike the simple calculation of the Fdead, the calculation of the Fadd involves the complex dynamic process and the sand deformation property; thus, the Fadd is difficult to estimate. In the practical engineering, a simple and practical method to evaluate the Fadd is urgently needed.

Fig. 11 shows the values of the Fadd (Fadd = Fbot – Fdead) under the different conditions. When the thickness of the sand cushion increases, the Fadd stabilizes, which indicates that the Fadd hardly contributed to the increase in the Fbot when the thickness of the sand cushion increased. For example, as shown in Fig. 12, when the thickness of the sand cushion increases from 0.2 m to 2.5 m, the Fadd/Fbot of the dense sand cushion decreases from 92% to 25% and the Fadd/Fbot of the loose sand cushion decreases from 93% to 18%. Moreover, the Fadd/Fbot is insignificantly affected by the falling height. Therefore, we concluded that when the thickness of the sand cushion was very high, the contribution of the Fadd to the increase in the Fbot could be ignored; thus, the load that acted on the structure was easily identified and the difficulty of the structural design was greatly reduced.

[image: images]

Figure 11: The Fadd of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different cushion thickness
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Figure 12: The Fadd/Fbot of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different cushion thickness

To improve the structural safety and the structural resistance to the extreme impact load that is greater than the design load, designers should consider the Fadd. Hence, we evaluated the relationship between the Fadd and the Fdead to simplify the estimation of the Fadd. On the basis of simulation results, we obtained the values of the Fadd/Fdead under the different thickness of the sand cushion (Fig. 13). As shown in Fig. 13, the variation in the Fadd/Fdead with respect to the variation in the cushion thickness is linear. At h = 2.5 m, the values of the Fadd/Fdead under the range of the falling height value between 10 and 50 m are comparable, which indicates that the estimation of the Fadd of the thick sand cushion was more convenient and simpler than was that of the Fadd of the thin sand cushion.

However, the actual impact of the rockfall is more complex than is the impact of the rockfall simulated by the numerical model presented in this paper. In the future work, the numerical simulation will be conducted under the higher impact energy and the multi-impact process. Moreover, the shape of the falling block and the properties of the sand cushion will be considered in the numerical model to replicate the actual engineering design.
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Figure 13: The Fadd/Fdead of (a) the dense sand cushion (n = 0.05) and (b) the loose sand cushion (n = 0.35) under the different cushion thickness

5  Conclusions

The numerical analysis presented in this paper focused on the dynamic response of the sand cushion to the impact of the rockfall, of which the main conclusions of the numerical analysis were:

(1)   When the thickness of the sand cushion was increased above 1 m, the additional thickness had little effect on the buffer performance of the sand cushion. The dense sand cushion generated higher impact force than did the loose sand cushion. Under the high impact energy, the difference in the buffer performance of the dense and the loose sand cushion was more significant than that under the low impact energy. When the thickness of the sand cushion increased from a low value to the designed value, the impact force of the dense sand cushion decayed more quickly than did the impact force of the loose sand cushion.

(2)   The variation in the bottom force with respect to the variation in the cushion thickness was depicted by a concave curve. Although the high thickness enhanced the buffer performance of the sand cushion, the additional force contributed by the dead load of the sand cushion was significant. For the dense and the loose sand cushion, the effect of the cushion thickness and the falling height on the bottom force was similar. In the practical engineering design, we suggested designers to determine the appropriate thickness of the sand cushion on the basis of the buffer performance and the dead load of the sand cushion.

(3)   When the thickness of the sand cushion increased, three stages were observed on Fbot/Fmax curves, namely the first rise stage, the decline stage, and the second rise stage. Among the three stages, the second rise stage exhibited the most significant difference in the Fbot/Fmax of the dense sand cushion and the loose sand cushion. The influence of the falling height, the thickness of the sand cushion, and the sand porosity on the Fbot/Fmax was highly significant. The Fbot≈Fmax simplification that is used in the actual engineering design should be examined carefully.

(4)   When the cushion thickness increased, the Fadd hardly contributed to the increase in the Fbot. The variation in the Fadd/Fdead with respect to the variation in the thickness of the sand cushion was approximately linear. When the thickness of the sand cushion was above 2 m, the values of the Fadd/Fdead under a range of the falling height value between 10 and 50 m were comparable, which indicated that the estimation of the Fadd of the sand cushion with the high thickness was more convenient and simpler than that of the sand cushion with the low thickness.
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Table 1: The experimental value and the numerical simulation value of the maximum impact force

Falling height/m  Maximum impact force/MN

49
6.3
8.6
19.4
36.4

Experimental value (Fy)

0.49
0.55
0.64
1.05
1.73

Numerical simulation value (F>)

0.46
0.54
0.67
1.15
1.76

Error (Fi-F>)/Fy

6%
2%
—5%
9%
-2%
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Table 2: Simulation parameters

Parameter Value
Sand particle radius, m 0.02-0.04
Rock particle radius, m 0.45
Sand particle density, kg/m? 2,228
Rock particle density, kg/m? 2,500
Sand porosity, % 5
Effective modulus, N/m> 2E7
Normal-to-shear stiffness ratio 1
Friction coefficient 0.1

Damp coefficient 0.7
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