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In this study, we investigated the rockfall motion characteristics for varying rock sizes and the structural responses of steel pipes with and without energy dissipation components. Specifically, we conducted rockfall tests under three conditions: (1) an inclined steel pipe, (2) an inclined pipe with a horizontal segment for energy dissipation, and (3) inclined and horizontal steel pipes combined with baffles. The results revealed that the velocity of the rocks of different sizes was similar in the steel pipes without energy dissipation components. The energy dissipation was primarily due to the friction between the rock and the steel pipe, and the friction coefficient was independent of the rock size. The use of horizontal steel pipes effectively dissipated the kinetic energy and reduced the rock velocities by an average of 72.23%. However, as the rock size increased, the velocity increased accordingly, resulting in reduction of the energy dissipation effect. The addition of baffles in the steel pipes increased the energy dissipation during the rockfall and decreased the rock velocity and the impact stress on the horizontal steel pipes. Compared to the single-baffle condition, the average impact stress on the horizontal steel pipes was reduced by 26.5% and 59.6% under the two-baffle and three-baffle conditions, respectively.
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1 INTRODUCTION
Rockfalls are a common natural phenomenon in mountainous areas (Caviezel et al., 2021; Crosta et al., 2015). The rock is often characterized by high velocities and substantial impact energy, and it is often challenging to accurately predict its trajectory (Briones-Bitar et al., 2020). An uncontrolled rockfall can lead to significant economic losses and personal injuries. Therefore, research on rockfall kinematics, energy dissipation, and rockfall management is of great importance.
Extensive research has been carried out on the motion characteristics of rocks and energy dissipation measures. Nagendran and Ismail (2019) conducted a laboratory experiment on rocks with various sizes falling from different slope angles on different ground surfaces such as soil, concrete, and asphalt materials. It was found that the smaller the rock size was, the steeper the slope was, and the harder the ground surface was, the larger the bounce heights and runout distance were. Liu et al. (2023) identified the rock shape as a key factor affecting the runout distance and proposed an equation for calculating the runout distance based on the rock shape. Asteriou et al. (2012) conducted laboratory and on-site experiments for varying rock masses, impact angles, and velocities, and they found that the impact angle had a significant influence on the rock trajectory. They also proposed a method for calculating the normal coefficients of restitution. Additionally, based o non-site tests, Spadari et al. (2012) concluded that variations in the natural rock properties and the randomness of the impact location greatly affected the test results, even under identical conditions. Considering the eccentricity and directional effects during impact, Dattola et al. (2023) proposed an ellipsoidal block impact model for evaluating the impact force, coefficient of restitution, and trajectory. Yan et al. (2020) simulated four motion modes of rockfalls, i.e., falling, bouncing, rolling, and sliding, using an algorithm for generating arbitrary shapes of falling rocks and terrain, a contact search algorithm, and a bilinear model for contact collision. Wang and Tonon (2011) employed the discrete element method to simulate rock fragmentation caused by impact, and their results showed that the fragmentation was significantly influenced by the impact velocity, incident angle, internal cracks, and ground stiffness. Giacomini et al. (2009) concluded that the impact angle plays a key role in schistose rock fragmentation based on the results of 20 rockfall tests. Dorren et al. (2006) studied the energy dissipation effect of forested slopes on rockfalls and developed a slope surface quantification and modeling method. De Blasio (2014) proposed a model for analyzing the friction and dynamics of rock avalanches on glaciers. Wu et al. (2019) designed an inclined steel rock shed for energy dissipation and studied its dynamic response through laboratory tests and numerical simulations. The above studies have made significant achievements in rockfall research; however, current energy-dissipation structures are complex and costly. Additionally, quantifying the energy dissipation during a rockfall remains challenging due to the complexity of the rock-ground interactions (Matas et al., 2020; Castanon-Jano et al., 2017).
In this study, we investigated the motion characteristics of rockfalls and the effects of energy dissipation approaches. Specifically, we developed an energy dissipation structure consisting of horizontal steel pipes and baffles and conducted rockfall tests under three conditions: (1) an inclined steel pipe, (2) an inclined pipe with a horizontal segment for energy dissipation, and (3) inclined and horizontal steel pipes combined with baffles. The sliding friction coefficient between the rock and the steel pipe was determined, and the effects of the horizontal steel pipes and baffles on the energy dissipation and the mechanical characteristics of the energy dissipation structure were analyzed. The findings of this study provide a reference for rockfall prevention and management on high and steep slopes.
2 ROCKFALL TESTS IN AN INCLINED STEEL PIPE
In order to obtain the sliding friction coefficient of rocks of different sizes in steel pipes, rocks with varying diameters (10, 15, 20, and 25 cm) were selected for the test (Figure 1). The steel pipe had a diameter of 1 m and a length of 20 m. The steel pipe was lifted using a crane and positioned at 45° from the horizontal plane. The rocks were allowed to fall freely from the top of the steel pipe. After the rock exited the steel pipe, the vertical distance h_1 and horizontal distance h_2 from the rock to the bottom of the steel pipe were measured using an electronic distance measuring device. Since the rocks move freely downward along the vertical direction with an initial velocity, and move at a constant speed along the horizontal direction. The relationship between the initial vertical velocity v_1 of the rocks sliding out of the steel pipe and the vertical distance h_1 is shown in Equation 1, where g is the gravitational acceleration, and t is the time for the rocks to fall from the steel pipe to the ground. The relationship between the initial horizontal velocity v_1 of the rocks sliding out of the steel pipe and h_2 is shown in Equation 2. Since the angle between the steel pipe and the horizontal plane is 45°, the initial vertical velocity v_1 is the same as the initial horizontal velocity v_2. Thus, the velocity v at which different-sized rocks slide out of the bottom opening of the 20 m steel pipe can be calculated as shown in Equation 3. When the rocks slide inside the steel pipe with an initial velocity of 0 m/s and an acceleration of a, the relationship between the acceleration a and the length H of the steel pipe is as shown in Equation 4. The sliding friction coefficient μ of the block stone within the steel pipe can be calculated based on the acceleration a, as shown in Equation 5.
h1=v1t+0.5gt2(1)
h2=v2t(2)
v=v12+v22(3)
a=v2/2H(4)
μ=g⁡sin⁡45°−a/g⁡cos⁡45°(5)
[image: Image (a) shows a steel pipe being lifted by a crane on a rocky slope using wire ropes. Image (b) depicts a person in a hard hat holding a rock near the interior of the steel pipe.]FIGURE 1 | Rockfall test in a steel pipe: (a) Layout, and (b) Rockfall test.Then, the acceleration a and sliding friction coefficient μ obtained by calculation are shown in Table 1.
TABLE 1 | Sliding friction coefficient of stone-steel pipe.	Rock diameter/cm	Vertical distance h1 (m)	Horizontal distance h2 (m)	Velocity v/(m/s)	Acceleration a/(m/s2)	Sliding friction coefficient μ	Average sliding friction coefficient μ¯
	10	4.09	3.56	15.28	5.83	0.157	0.153
	15	4.10	3.57	15.32	5.87	0.152
	20	4.09	3.57	15.31	5.86	0.154
	25	4.14	3.60	15.34	5.89	0.150


The velocities of the 10, 15, 20, and 25 cm rocks at the bottom of the steel pipe were 15.28, 15.32, 15.31, and 15.34 m/s, respectively; and their corresponding sliding friction coefficients were 0.157, 0.152, 0.154, and 0.150, respectively. It can be seen that the sliding friction coefficients of the different rocks were very close, with an average of 0.153.
3 ROCKFALL TEST IN AN INCLINED PIPE WITH A HORIZONTAL SEGMENT FOR ENERGY DISSIPATION
In order to decrease the sliding velocity of the rocks in the steel pipe, a 4 m horizontal steel segment was added at the bottom of the 20 m steel pipe for the purpose of energy dissipation. The angle between the steel pipes was 120° (Figure 2). Then, rockfall tests were carried out using the same samples (i.e., 10, 15, 20, and 25 cm). The average velocities of the rocks at the exit of the horizontal steel pipe were respectively 3.18, 3.79, 4.17, and 4.67 m/s, as shown in Table 2.
[image: A construction site with a sloped terrain shows a vertical and horizontal steel pipe. The steel pipe is labeled, along with a crane in the background. The soil is covered with a green protective netting.]FIGURE 2 | Rockfall test in a steel pipe.TABLE 2 | Energy dissipation test of 4 m horizontal steel.	Rock diameter/cm	Vertical distance h1 (m)	Horizontal distance h2 (m)	Velocity v/(m/s)	Average velocity v¯/m/s
	10	4.5	2.47	3.09	3.18
	4.88	2.71	3.27
	15	5.52	3.18	3.62	3.79
	5.75	3.52	3.96
	20	6.31	3.98	4.30	4.17
	6.07	3.69	4.07
	25	6.54	4.31	4.60	4.67
	6.42	4.37	4.73


Compared with the condition without the horizontal segment, the velocities of the 10, 15, 20, and 25 cm rocks were 79.2%, 75.3%, 72.8% and 69.6% lower, respectively. Thus, the addition of the horizontal steel pipe was effective in terms of the energy dissipation. Compared to the small-sized rocks, due to the larger mass and greater inertia of the large-sized rocks, the impact time on the horizontal section is shorter, and the energy loss is less. After the impact, the speed at which they slide out of the horizontal steel pipe will be greater than that of the small-diameter rocks.
4 ROCKFALL TEST IN INCLINED AND HORIZONTAL STEEL PIPES WITH BAFFLES
4.1 Test setup
For the case of a 20 m inclined steel pipe and a 4 m horizontal steel pipe, varying numbers of baffles (one, two, and four) were added to the inclined steel pipe, with an angle of 45° between each baffle and the steel pipe. When the rocks strike the baffle in the pipe with the baffle, they will be ejected to the other side of the pipe. Therefore, the baffle can be arranged alternately at certain intervals on both sides of the pipe. During the sliding process of the rocks, most of them are concentrated in the lower part of the pipe. To balance the alternating arrangement and save the baffle material, the shape of the baffle is selected as a quarter circle, with a 1 m diameter and a 1 cm thickness. The stress of the steel pipe was monitored at the end of the horizontal pipe near the intersection of the two segments (Figure 3). In addition, two strain gauges were placed at the lower 1/3 and upper 1/3 of the baffle. The strain gauges on baffles 1, 2, 3, and 4 were labeled id-1 and id-2, id-3 and id-4, id-5 and id-6, and id-7 and id-8, respectively. The odd-numbered strain gauges were located at the bottom and the even-numbered strain gauges were located at the top. One strain gauge, id-9, was placed on the horizontal steel pipe. The positions of the strain gauges for a single baffle are shown in Figure 4a, the layout of the strain gauges along the steel pipe is shown in Figure 4b, and the setup of the on-site test is shown in Figure 4c. The sampling frequency of the strain gauges was 50 Hz, and the exit velocity of the rocks was measured.
[image: Diagram showing three configurations (a, b, c) of a vertical steel pipe with varying baffles and stress monitoring points. Each configuration has a labeled horizontal steel pipe and specific baffles at different heights along the vertical pipe, marked with numerical labels and measurements.]FIGURE 3 | Rockfall test in inclined and horizontal steel pipes with baffles: (a) One baffle, (b) Two baffles, and (c) Four baffles.[image: (a) Close-up of a steel pipe showing attached strain gauges. (b) Horizontal steel pipe on a slope with data lines. (c) Person with a helmet working on a laptop connected to a steel pipe, labeled as data collection.]FIGURE 4 | Rockfall test in inclined and horizontal steel pipes with baffles: (a) Stress monitoring points on each baffle, (b) Test layout, and (c) Stress data collection.4.2 Single-baffle test
For the condition of a single baffle, the structural stresses on the baffle and the horizontal steel pipe are shown in Figure 5. As can be seen, the stress spiked when the rock hit the baffle and the horizontal steel pipe, and the stresses measured at id-1 and id-2 were the same. For the 10, 15, 20, and 25 cm rocks, the maximum impact stresses on the baffle were 11.838, 13.721, 12.826, and 13.402 MPa, respectively, and the maximum impact stresses on the horizontal steel pipe were 6.166, 12.287, 14.105, and 17.099 MPa, respectively. That is, the impact stress increased as the size of the rock increased.
[image: Four line graphs labeled (a), (b), (c), and (d) display impact stress in megapascals (MPa) against the number of excitations. Each graph shows three lines in red, blue, and yellow, representing id1, id2, and id9. Graph (a) and (b) both show peaks around 400 excitations. Graph (c) shows a peak around 300 excitations, while graph (d) has peaks around 400 and 500 excitations. Each graph records varying levels of impact stress up to approximately 14-20 MPa.]FIGURE 5 | Impact stresses under the single-baffle condition: (a) 10 cm, (b) 15 cm, (c) 20 cm, and (d) 25 cm.4.3 Two-baffle test
For the condition of two baffles in the inclined pipe, the stresses on the baffle and horizontal steel pipe are shown in Figure 6. As can be seen, for the 10, 15, 20, and 25 cm rocks, the maximum impact stresses on baffle 1 were 9.644, 11.085, 11.7236, and 12.341 MPa, respectively, and the maximum impact stresses on baffle 2 were 6.217, 0.216, 8.488, and 5.583 MPa, respectively. The maximum impact stresses on the horizontal steel pipe were 7.214, 8.604, 9.542, and 11.156 MPa, respectively. In the test, the 15 cm rock did not hit baffle 2, resulting in a small stress (0.216 MPa). Nonetheless, the impact stress still increased with increasing rock size.
[image: Four line graphs labeled (a) to (d) displaying impact stress in MPa against the number of excitations. Each graph presents data for five identifiers: id1, id2, id3, id4, and id9, using various colors. Graphs (a) and (b) have similar trends over a range up to 1500 excitations, while graphs (c) and (d) show data up to 1000 excitations, highlighting different peak patterns across the identifiers.]FIGURE 6 | Impact stresses under the two-baffle condition: (a) 10 cm, (b) 15 cm, (c) 20 cm, and (d) 25 cm.4.4 Four-baffle test
For the condition of four baffles in the inclined pipe, the stresses on the baffle and horizontal steel pipe are shown in Figure 7. As can be seen, the stresses on the different baffles and the horizontal steel pipe were similar, indicating that this setup effectively reduced the impact energy.
[image: Four line graphs (labeled a, b, c, d) show impact stress in MPa versus the number of excitations. Each graph features nine lines representing different datasets (id1 to id9), highlighting variations and peaks in stress responses across different excitation counts.]FIGURE 7 | Impact stresses under the four-baffle condition: (a) 10 cm, (b) 15 cm, (c) 20 cm, and (d) 25 cm.4.5 Comparison of different conditions
The stresses on baffle 1 and horizontal steel pipe under the above three conditions were analyzed. As the rock size increased, the impact stresses on both the baffle and the horizontal steel pipe increased (Figures 8a,b). As the number of baffles increased, the impact stress decreased. Compared to the single-baffle condition, the average impact stresses on baffle 1 and the horizontal steel pipe under the two-baffle condition were 13.5% and 26.5% lower, respectively. For the four-baffle condition, the average impact stresses on baffle 1 and the horizontal steel pipe were 54.1% and 59.6% lower, respectively.
[image: Two graphs comparing impact stress and velocity for different baffle types as rock diameter increases. Graph (a) shows impact stress in megapascals against rock diameter for single, two, and four baffles, with single-baffle showing highest values. Graph (b) presents velocity in meters per second versus rock diameter, displaying a similar trend with single-baffle showing the highest velocity.]FIGURE 8 | Comparison of different working conditions: (a) Id-1 stress, (b) Id-9 stress, and (c) Exit velocity.Figure 8c shows the exit velocities of the rocks under the three conditions. It can be seen that the velocity increased with increasing rock size and decreasing number of baffles. The average velocities of the rocks under the single-baffle, two-baffle, and four-baffle conditions were 3.56, 3.32, and 2.51 m/s.
5 DISCUSSION
In the absence of baffles and a horizontal steel pipe, the exit velocities of the rocks of different sizes were similar, this was because the energy dissipation was mainly due to the friction between the rock and the inclined steel pipe, which was independent of the rock size. When a horizontal steel pipe was added, the average velocity of the rocks decreased by 72.23% after impacting the horizontal pipe, suggesting that the horizontal steel pipe had a good energy dissipation effect. Furthermore, when baffles were added to the system, the impact velocity of the rocks was reduced further. Compared with the condition when a horizontal steel pipe was used, the rock velocities were 9.9, 16.0, and 36.5% lower, respectively, under the conditions with one, two, and four baffles. The number of baffles affected the impact stress on the horizontal steel pipe. Compared with the single-baffle condition, the average impact stresses on the horizontal steel pipe under the two-baffle and four-baffle conditions were 26.5% and 59.6% lower, respectively.
The data of each stress monitoring point during the impact of different-sized rocks under different numbers of baffles were summarized, as shown in Table 3. The stress at the lower monitoring points was overall greater than that at the upper monitoring points. The main reason for this is that during the sliding of the rocks in the steel pipe, they mostly fell at the lower part of the pipe, and the lower part directly bears the impact probability is higher. When the number of retaining plates was 1 or 2, and the spacing between the retaining plates was 19.2 m or 9.6 m respectively, the impact force of the rock sliding and impacting the retaining plates from top to bottom showed an increasing trend. When the number of retaining plates was 4 and the spacing was 4.8 m, the impact force of the rock sliding on each retaining plate from top to bottom tended to be the same. This indicates that when the spacing between the retaining plates was 4.8 m, the kinetic energy of the rock sliding onto each retaining plate was relatively consistent, and each retaining plate could play a very good energy dissipation role.
TABLE 3 | Monitoring data of impact stress.	Number of baffles	Rock sizes (cm)	Horizontal steel pipe (MPa)	Baffle 1 (MPa)	Baffle 2 (MPa)	Baffle 3 (MPa)	Baffle 4 (MPa)
	id9	id1	id2	id3	id4	id5	id6	id7	id8
	1	10	6.17	11.84	4.29	-	-	-	-	-	-
	15	12.29	13.72	11.1	-	-	-	-	-	-
	20	14.1	12.83	7.23	-	-	-	-	-	-
	25	17.1	13.4	9.09	-	-	-	-	-	-
	2	10	7.21	9.64	6.8	6.22	3.12	-	-	-	-
	15	8.6	11.09	6.8	−0.04	−0.22	-	-	-	-
	20	9.54	11.72	11.7	7.95	8.49	-	-	-	-
	25	11.16	12.34	9.27	5.58	1.83	-	-	-	-
	4	10	3.94	5.01	5.09	4.99	5.17	0.46	5.31	2.92	3.73
	15	4.34	5.51	6.87	4.7	5.07	2.23	−0.07	4.51	2.15
	20	6.16	6.25	5.38	5.19	2.38	5.43	2	1.63	1.52
	25	5.62	7.07	5.28	6.42	5.13	6.3	7.77	5.77	6.21


6 CONCLUSION
In order to investigate the rockfall motion characteristics of varying rock sizes and the structural responses of steel pipes with and without energy dissipation components, we conducted rockfall tests under three conditions: (1) an inclined steel pipe, (2) an inclined pipe with a horizontal segment for energy dissipation, and (3) inclined and horizontal steel pipes combined with baffles. The following conclusions were obtained through the tests.
	(1) The velocities of the 10, 15, 20, and 25 cm rocks at the bottom of the steel pipe were 15.28, 15.32, 15.31, and 15.34 m/s, respectively. It can be seen that the sliding friction coefficients of the different rocks were very close, with an average of 0.153.
	(2) The horizontal steel pipe effectively reduced the impact stress. However, as the rock size increased, the exit velocity gradually increased, indicating the energy dissipation effect decreased with increasing rock size.
	(3) Under different conditions, the impact stresses on the baffles and horizontal steel pipe increased with increasing rock size.
	(4) As the number of baffles increased, the exit velocities of the rocks decreased. The average velocities under the conditions with zero, one, two, and four baffles were 3.95, 3.56, 3.32, and 2.51 m/s, respectively.
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