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Abstract

:

Slit dams can eliminate the risk of particle overload accumulation, which can be safer in controlling debris flow compared with a completely closed dam. In attempting to better use the energy dissipation effect of particle collision and reduce the impact of the dam body, referring to the traditional slit dam, this paper proposed one with tilted baffles in the downstream direction. Discrete element simulation and several flume model experiments were carried out herein to verify the advantages and explore the applicable conditions of this tilted baffle slit dam, in which the particle trapping efficiency and the change law of impact force of the tilted baffles under the conditions of different inclined angles, opening sizes, and particle sizes were studied. The results show that: 1. when the inclination angle is 30° ≤ θ ≤ 45°, the tilted baffles can dissipate more particle kinetic energy than the transverse baffles; 2. the maximum impact force and trapping efficiency of the tilted baffles decrease with the increase in the width diameter ratio b/d, with the opening width b of the slit to the particle diameter d; 3. with the given particle size of 6 mm ≤ d ≤ 14 mm, the range that the tilted baffles can effectively intercept the particles flowing down is 0 ≤ b/d ≤ 4, and it reaches the ideal interception state near 1 ≤ b/d ≤ 2, where, relatively, the impact force is weak, and the interception efficiency is high.
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1. Introduction


Debris particles in mountain debris flow often contain huge kinetic energy, causing great harm to the safety of buildings, roads, people, and property in mountainous areas [1,2]. To prevent and control this natural disaster, a variety of measures have been practiced, such as rigid barriers [3,4,5,6,7,8], flexible barriers [9,10,11,12,13], and barrier arrays [14,15,16]. Among them, rigid barriers (including check dams and slit dams) are widely used. To guide these practical projects, many scholars have conducted in-depth research on the interaction between particles and rigid barriers [17,18,19,20,21,22,23,24,25,26].



The rigid barrier mainly intercepts the dry particle flow by blocking the flow with its body. Therefore, the impact force of particles on the rigid barrier is the most direct index to evaluate the interaction between the particle and the barrier. Jiang YJ has done a series of research work on this, such as the empirical analysis of the impact force of dry particles during the particle flow avalanche of indoor model experiments [27,28,29]; the subsequent work involved the influence of particle size on the impact force studied using the DEM method [30], and the semi-empirical calculation formula proposed for the impact force of dry particle flow [31]. Compared with the completely closed check dam, the slit dam allows the accumulated particles to move downstream, eliminating the risk of particle overload damaging the dam, which can reduce the preventive maintenance cost of the structure and help to regulate the flow [32], making the management of dry particle flow more flexible and convenient. Therefore, it has received a lot of attention in research. Choi [33] and Goodwin [34] used glass ball particles as materials to study the impact force and trapping efficiency of particles under different conditions through flume experiments. It was found that the arching characteristics of particles played an important role in the process of the particle blockage of granular slit dams, which was also confirmed by the simulation study by Marcelli [35] on the interception efficiency of particles by slit dams. At the same time, some scholars [36,37,38,39] found that the collision and friction among particles and between particles and baffles can effectively dissipate the impact energy of dry particle flow, which can reduce the impact force of particles on the retaining structure and control disaster losses.



The above-mentioned studies on slit dams mostly adopt the transverse baffle structure. In contrast, to increase the collision effect between particles and baffles, a tilted baffle structure with different plane layouts is proposed in this paper. Through two-dimensional DEM simulation, the differences in particle impact velocity, system kinetic energy, the number of contacts between particles, and the maximum impact force in baffle structures with different inclined angles θ are compared. It is found that with θ between 30° and 45°, the baffle bears less particle impact force and has better particle kinetic energy dissipation performance. In addition, according to the simulation results, the flume model experiment with tilted baffles set in the downstream direction was carried out, in which the impact force and particle trapping efficiency of the dry particle flow with different particle sizes on the 45° inclined baffle under various opening widths were measured. In addition, the interception performance of the inclined baffle was evaluated through the trapping impact force (a combined factor to evaluate both the impact force and the interception efficiency). This study can deepen the understanding of the interaction between dry particle flow and baffle structure and provide new insights for mitigating debris flow disasters.




2. Materials and Methods


The discrete element method can accurately monitor the energy, velocity, and other key variables of moving particles and can play an important role in the analysis of the interaction between particles and baffles. Therefore, it is widely used in studying the impact process of dry particles [39,40,41]. Herein, the discrete element method was adopted to study the particle impact on baffle structures with different inclined angles, in which the particle velocity, system kinetic energy, contact number between particles, and the maximum impact force were obtained. According to the simulation results, the optimal inclined angle was selected to design the flume experiments. Subsequently, in the experiment, the particle impact force and interception efficiency of the inclined baffle structures with various opening widths and particle sizes were studied.



2.1. DEM Method


The DEM method adopted here is mainly used to qualitatively demonstrate the kinetic energy dissipation effect of the tilted baffle structure on the particle flow system. To better understand the energy dissipation caused by this tilted baffle structure, the disturbance of the bottom plate of the flume should be excluded. Therefore, a two-dimension model was conducted for studying the influence of different baffle angles on the particle system. With the guidance of the simulation results, an optimal lined angle of the baffle was then selected for the flume model experiment.



2.1.1. Numerical Simulation Model


To compare the effects of baffle structures with different inclined angles on dissipating particle kinetic energy during the particle flow impact, as shown in Figure 1a, baffle structure models with inclined angles of 0°, 15°, 30°, and 45° were established. The flume, with a width of w = 250 mm, was tightly stacked with 2200 spherical particles (diameter d = 10 mm) on the top, and the height of the transverse partition below the particles from the bottom of the flume was h = 1400 mm. When the transverse clapboard disappeared, the particles moved downward under the action of gravity and impacted the bottom of the flume.




2.1.2. Parameters and Process of DEM


To make the simulation results more credible, some parameters used in the simulation were selected referring to similar research [42], while the rest of the parameters were obtained through measurement, as shown in Table 1. When the DEM method was used for simulation, as shown in Figure 1a, firstly, the particles were closely stacked and held by a transverse baffle at a height of 1400 mm from the flume bottom, and then the transverse baffle was removed to let the particles fall naturally under the action of gravity until the particles were stably stacked at the bottom of the flume. During the dropping and the impact of the particles, the particle velocity, the kinetic energy of the particle system, the number of contacts between the particles, and the maximum impact force of the particles on the baffle were recorded.





2.2. Flume Experiment


To explore the interaction between inclined baffle structure and dry particle flow, the impact force and trapping efficiency of particle flow with different particle sizes on a 45° inclined baffle structure were studied using flume experiments under the conditions of various slit widths and openings.



2.2.1. Experimental Device


The experiment was carried out in the flume device as indicated in Figure 1b. The flume was made of PVC material with side walls of height h = 200 mm, the width w = 250 mm, and a total length of L = 2100 mm, and erected at an angle of 20° with the ground. As indicated in Figure 1b,c, a door plate was placed 300 mm from the flume top for storing spherical glass particles. The door plate could be bolted by the side wall and pulled out to release the stored glass spherical particles. As shown in Figure 1d, the inclined baffle was installed on the side wall 400 mm away from the bottom of the flume through hinges. According to the reference [8], the maximum impact force in the traditional slit dam occurred at both sides of the slit opening. Therefore, a pressure sensor was set at the end of the baffle along the normal direction of the baffle, with a range of 0~10 N and a measurement accuracy of 0.01 N so that the normal impact force on the baffle could be measured during the movement of particles. According to the simulation results, the included angle between the inclined baffle and the side wall was fixed at θ = 45°, and the slit width b was controlled within the range of 0~40 mm by changing the baffle lengths.




2.2.2. Experiment Particles


Glass balls have clear characteristic grain diameter and good uniformity. To study the influence of different particle sizes on the impact behavior, as in Figure 2, glass ball particles with diameters d = 6 mm, 10 mm, and 14 mm were used in this experiment. The properties of the glass balls are shown in Table 2.




2.2.3. Experimental Steps


In this study, a series of flume experiments were carried out on inclined baffle structures with different opening slit widths using particles with the same mass and different particle sizes. The detailed experiment conditions are given in Table 3. As in Figure 1c, for each parallel experiment, particles with a mass of mtotal = 1.5 kg were first naturally stacked on top of the flume and then released under gravity until the particles were completely stationary; the normal force on the inclined baffle during each parallel experiment was recorded using the pressure sensor with 0.2 s time interval. After each release, the particle mass trapped by the inclined baffle was recorded as mtrap. Each experiment combination was measured at least 3 times until the deviation of the recorded impact force was less than 10%.






3. Results


3.1. DEM Simulation Results


The velocity changes of particles impacting the baffle structure with different inclined angles θ obtained from the DEM simulation are shown in Figure 3. At time t = 0.52 s, the particles began to contact the baffle; the particle velocity changed, but the particle velocity distributions within the baffles with different inclination angles were different. In the baffle structure with inclination angle θ = 0°, the maximum velocity of the particles first appeared in the upper part of the particle group and then decayed downward layer by layer, with the velocity decay direction perpendicular to the baffles. While in the other baffle structures where θ was not 0°, the maximum velocity of the particles was concentrated in the middle part of the particle group and gradually converged downward with the increase of θ; the velocity decay direction was parallel to the baffle structure. At t = 0.53 s, as the particles continued to move downward, the overall velocity of the particles in all baffles significantly decreased. Combining Figure 4a,b, it can be found that in the time period of t = 0.525 s~0.535 s, the number of contacts between particles in all baffle systems greatly increased, and the kinetic energy of the system rapidly decayed.



From t = 0.54 s, the difference in the energy dissipation of the four baffle structures on particles was gradually becoming more obvious; the contact number of particles in the θ = 0° and θ = 15° baffles rapidly decreased to nearly zero, while the contact number in the θ = 30° and θ = 45° baffles remained at the original level. Meanwhile, the kinetic energy of the system was opposite to the changing trend of contact numbers; the kinetic energy of the system slowly decreased in the θ = 0° and θ = 15° baffles, while it rapidly decreased to zero in the θ = 30° and θ = 45° baffles. Corresponding to t = 0.54 s in Figure 3, at this time, the particles have completed the impact collision on the baffle structure. In the baffle structure θ = 0° and θ = 15°, the particles located at the upper part of the particles rebounded and moved upward and diffused, so the collisions between particles were reduced and the kinetic energy dissipation was slow. However, in the baffle structures θ = 30° and θ = 45°, the particles located at the upper part of the particle group did not rebound and diffuse upward; the particles made full contact and collided with each other, so the overall kinetic energy dissipation of particles was more significant. Therefore, when t = 0.55 s, the particles in the baffle structures with θ = 30° and θ = 45° were almost stationary, while some particles in the baffle structures with θ = 0° and θ = 15° were still in diffusion motion.



Figure 5 depicts the normalized results of the maximum impact force on baffles with different inclined angles during the particle impact; the ordinate Fθ=0° in the figure is the maximum impact force on baffles with θ = 0°. With the increase of θ, the maximum impact force on the baffle gradually decreased. When θ ≥ 30°, the maximum impact force on the baffle could be kept at a low level. Based on Figure 3, it can be found that with the same opening width, increasing θ can delay the impact of particles on the baffle and increase the collisions and frictions among particles at the same time, which may be a factor to reduce the maximum impact force of particles on the baffle. Therefore, considering the kinetic energy dissipation performance of the particle system and the maximum impact force on baffles, a θ = 45° baffle structure was selected for the flume experiment.




3.2. Experimental Results of the Particle Impact Force


Figure 6a–h contains the experimentally measured impact force-time curve of the θ = 45° inclined baffle structure with different slit opening widths after the initial contact of the particles and the baffle structure. All impact force curves share similar change laws; that is, the peak impact force is quickly reached at first, and then it decreases until it reaches a stable value or zero. As in Figure 6i, under the same slit opening width, the larger the particle size is, the larger the impact force peak is; with the increase of the slit opening width, the peak value of the impact force on the baffle structure of each size of particle gradually decreases according to an approximately linear change. Under the condition of different opening widths, the impact force time history curve of the same kind of particles after the peak value of impact force is also different. As an example, take the d = 10 mm particles when the ratio of the slit opening width to the particle size b/d ≤ 2 (as in Figure 6a–d), the impact force (4.5~6 N) rapidly decreases to the stable value (2.5~3.5 N) within about 0.4~0.6 s after the peak appears, and the decay rate is about 4~5 N/s. However, when b/d ≥ 2, the particle impact force slowly decreases, lasting about 3~4 s after the peak value (2.5~4 N) until it reaches a stable value (0~1 N), and the decay rate is about 0.83~1 N/s, as in Figure 6e–h. While the impact time history curves of the other two sized particles also have the same change patterns, the change regularity can be explained by the different arching stability [36,37] caused by the different width diameter ratios b/d.




3.3. Experimental Results of the Trapping Efficiency


Figure 7 depicts the trapping efficiency of the θ = 45° baffle structure with different slit opening widths for different size particles, where the trapping efficiency E is expressed by Equation (1):


  E =      m  trap        m  total      



(1)







Herein, mtrap and mtotal are, respectively, the mass of particles intercepted by the baffle structure and the total mass of particles, where mtrap takes the average value of multiple stable results.



It can be seen from the figure that the trapping efficiency curve of the inclined baffle structure for the three particle sizes has the same change pattern; that is, as the ratio b/d of the slit opening width to the particle size increases, E gradually decreases according to the nonlinear change. Taking d = 10 mm particles as an example, when b/d increases from 0 to 2, E decreases from 100% to 80%; when b/d increases from 2 to 4, E decreases from 80% to 5%. It can be seen from the d = 6 mm result that when b/d ≥ 5, E = 0, i.e., the interception fails, and the number of trapped particles is zero. Under the same relative opening width b/d, the trapping efficiency E of small size particles is slightly larger than that of larger size particles because the smaller particles have less kinetic energy in the flow direction and thus are more likely to form an arching structure of particles. In combination with the change in the impact force (when stable) in Figure 6 and the trapping efficiency E in Figure 7, it can be found that during the impaction, when the ratio b/d ≤ 2, the particles are compressed and compacted by the gravity of the upper particles, which makes it easier to form a stable arch structure over the slit [33], resulting in the stopping of the particle flow and a fully blocked state in the baffle structure. When the ratio b/d ≥ 2, with the increase of the slit width, the arch structure formed by particles at the slit opening becomes unstable and tends to be damaged under the impact of external particles, resulting in a semi-blocked or non-blocked state in the baffle structure.





4. Discussion


4.1. Influence of Baffle Inclination Angle θ on Particle Kinetic Energy Dissipation (DEM Simulation)


As can be seen from reference [27], when other conditions are the same, impact velocity determines the impact force of particles on the baffle structure so enhancing the kinetic energy dissipation of particles is the key to weakening the impact effect. The DEM simulation results of Figure 3 and Figure 4b indicate that under the same particle properties and baffle projected area, the baffle structure has a better particle kinetic energy dissipation effect when θ ≠ 0°, and the kinetic energy dissipation efficiency will be higher for larger angle (θ ≥ 30°) baffles than the smaller angle (15°) one. This may be due to the different rebounding forms of the particles. As in Figure 8, the red arrows represent some of the particles that did not collide with the baffle structure, and the black arrows represent the particles that collided with and bounced back from the baffle structure. When θ = 0°, after the particles in the lower part of the particle swarm collide with the baffle, they only collide with the upper part of the particle swarm in the direction of motion to dissipate the kinetic energy of the particle system. However, when θ ≥ 0°, the particles on both sides of the particle swarm first collide with the baffle and bounce to the middle and then collide with the particles in the middle of the particle swarm in three directions to dissipate the kinetic energy. According to the law of conservation of momentum, in the baffle with θ = 0°, there is a big difference in the velocities of the two parts of the colliding particles, and the particle momentum cannot be canceled. Therefore, after the collision, the upper particles rebound and diffuse, while, in the baffle with θ > 0°, particles bouncing towards the middle after the collision have almost the same velocity. After the collision, the momentum of particles offsets, and then the particles accumulate in the baffle structure. This concludes that the inclined baffle structure has more advantages in consuming particle kinetic energy than the transverse baffle structure. However, when the baffle angle is small, the main particle collisions still occur in the flow direction other than in the transverse direction; momentum is easier to occur in the flow direction as well, which is why the decrease in the kinetic energies of the particle swarm with a smaller baffle angle was less than that with a larger baffle angle. Therefore, increasing the baffle angle increases the number of collisions between particles. In addition, by increasing the number of collisions between particles, a stronger kinetic energy dissipation effect can be achieved. Herein, it was found that θ = 45° is a relatively suitable angle to reduce the impact of particles.




4.2. Influence of the Particle Arch Effect on Trapping Efficiency (Experimental Analysis)


Firstly, according to the experimental results, the particles are directed by the baffle during the dropping. In the transverse baffle structure (θ = 0°), the flowing down direction of particles does not change; a considerable amount of particles may accumulate in the corners on both sides of the baffles, forming a “dead zone”. In the tilted baffle structure, the tilted baffles guide the particles to fall along the inclined baffle direction, eliminating the “possibility of dead zone formation”. This also makes the arching effect and blocking [43,44] over the baffle slit the only way to trap particles. As in Figure 9, when the particles arrive at the baffle structure, the particles in area B move towards the opening under the guidance of the inclined baffle and gradually squeeze and compact due to the impaction of area C, providing good arch foot conditions for arch forming in area A. In addition, the particles in area C constantly impact area A, which may damage the formed stress arch structure. This means that the particle impact in area C not only is conducive to the formation of the arch foot but also hinders the stability of the arch span. Therefore, it can be deduced that there should be a ratio b/d (width diameter ratio) range between the baffle opening width b and the particle diameter d so that the impact of the particles is generally conducive to the formation of the stress arch effect, i.e., make full use of the stress arch effect to capture and intercept the particle flow. It can be found from Figure 6 and Figure 7 that when the b/d ≤ 2, the time difference between the peak value of particle impact force and the stable value is about 0.2~0.4 s, with the decay rate of the impact force generally greater than 4 N/s, and the trapping efficiency E of the baffle to particles remains above 80%. This indicates that the front particles quickly form a stable arch structure after reaching area A, which cannot be damaged even under the impact of subsequent particles, thus preventing particles from flowing out of the baffle opening. When 2 ≤ b/d ≤ 4, the time between the peak value of particle impact force and the stable value is maintained for more than a few seconds, with the decay rate of the impact force generally less than 1 N/s. At this time, the trapping efficiency E of the baffle to particles drops to 5%, which indicates that the strength of the arch structure formed by the particles in area A is reduced, which is continuously destroyed and reformed under the impact of subsequent particles. When the pressure of the residual particles in the baffle is no longer enough to destroy the arch structure, the particles stop flowing. When 4 ≤ b/d, the trapping efficiency E of the baffle to particles drops to zero, indicating that under this opening condition, particles cannot form an arch structure in area A, and eventually, particles completely flow out of the inclined baffle structure; the inclined baffle fails to intercept particles. That said, the width diameter ratio range of the inclined baffle structure to intercept the particle flow is 0 ≤ b/d ≤ 4.




4.3. Trapping Impact Force under Different Relative Opening Widths (Experimental Analysis)


According to the experimental results, it can be found that apart from the trapping efficiency of retaining dams, the impact effect of particles on the safety of retaining dams is also an important consideration when evaluating the performance of normal retaining dams. It can be predicted from the law of conservation of energy that the impact of particles on a completely sealed dam is stronger than that on an open dam under the same conditions. (The release of some particles at the opening reduces the impact.) Therefore, there is likely to be a most appropriate ratio within the effective interception range of the inclined baffle structure 0 ≤ b/d ≤ 4, which can ensure a relatively high trapping efficiency and a weak impact effect, i.e., the ideal interception state. Therefore, this paper proposes an index that can measure both the interception efficiency and dam safety at the same time, with the trapping impact force Ftrap. The specific expression can be given as in Equation (2):


   F trap    =      F  max    E     =       F   max         ·   m    total      m  trap      



(2)







Herein, Fmax is the maximum impact force measured by the sensor during the impact process; E is the trapping efficiency calculated by Equation (1). The trapping impact force Ftrap is a combined factor to evaluate both the impact force and the interception efficiency, which can reflect the change in the interception state. The calculation results of the trapping impact force of each group of experiments are given in Figure 10.



It can be seen from Figure 10 that with the width diameter ratio increasing from 0, the trapping impact force Ftrap of the three sized particles experience a process of first decreasing and then increasing; that is, the change in peak impact force Fmax is not linearly related to particle trapping efficiency E. There is an extreme value of b/d, which makes the inclined baffle rest in the ideal interception state. In Figure 10, the minimum value of the trapping impact force curve of 6 mm particles appears at about b/d = 1.0, while the minimum value of the trapping impact force curve of 10 mm and 14 mm particles appears at about 1 < b/d < 2. When b/d > 2, the decline rate of the trapping efficiency of the baffle to particles is much faster than the decline rate of the maximum impact force until the trapping efficiency is reduced to zero. This shows that when the particle size is in the range of 6~14 mm, the optimal width diameter ratio of the inclined baffle in the ideal interception state is 1 ≤ b/d ≤ 2.





5. Conclusions


Based on the existing research on slit dams, in this paper, a downstream tilted baffle structure was proposed to innovate the traditional slit dam (with transversely set slabs). To verify its advantage over the transverse slab slit dam and explore its applicable conditions, firstly, the discrete element method was used to simulate the impact process of spherical particles on the baffle structure with different inclined angles. Successively, a series of spherical particle flume experiments with tilted baffles were designed and carried out to study the variation laws of particle interception efficiency and the impact force on the baffles under different slit widths and particle sizes. The main conclusions of this paper are as follows:




	
The DEM simulation results indicate that the change of the inclination angle θ of the tilted baffles affects the number of particle collisions, thereby affecting the ability of the baffle structure to dissipate the kinetic energy of particles; when the inclination angle is 30° ≤ θ ≤ 45°, the baffle structure bears less impact force and has better particle kinetic energy dissipation performance.



	
The flume experiment results indicate that the particle size d and the baffle opening width b have an influence on the impact force and trapping efficiency of the inclined baffle structure; with the increase of the width diameter ratio b/d, the peak impact force of the inclined baffle structure decreases nearly linearly, while the trapping efficiency decreases nonlinearly; and the tilted baffles can successfully intercept the flowing down particles when the width diameter ratio range is 0 ≤ b/d ≤ 4.



	
In this paper, the ratio of the maximum impact force to the trapping efficiency (trapping impact force) is proposed to evaluate the interception effect of the tilted baffles. By analyzing this index, it has been found that when the particle size is in the range of 6~14 mm, a suitable width diameter ratio lies in 1 ≤ b/d ≤ 2, which can ensure an ideal interception state for the tilted baffles with relatively weaker impact force and higher trapping efficiency.








As a pilot experiment, this paper considered the impact and accumulation effects of standard spherical particles with the same particle size during the flowing down process. Although the experiment materials deviate from the actual debris flow, it can provide inspiration and reference for preventing and blocking the actual debris flow. As a next step, the application performance of the tilted slit dam in practical engineering will be studied using materials from the real debris flow.
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Figure 1. (a) schematic diagram of DEM method simulating flume model; (b) schematic diagram of flume experimental device; (c) particle hopper; (d) baffle impact force measuring sensor. 






Figure 1. (a) schematic diagram of DEM method simulating flume model; (b) schematic diagram of flume experimental device; (c) particle hopper; (d) baffle impact force measuring sensor.



[image: Water 14 02772 g001]







[image: Water 14 02772 g002 550] 





Figure 2. Schematic diagram of granular material: (a) d = 6 mm; (b) d = 10 mm; (c) d = 14 mm. 
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Figure 3. Schematic diagram of the velocity variation of the particle impacting the baffle structure with different inclination angles obtained from the DEM simulation. t is the time that the particles begin to move and fall. 
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Figure 4. DEM simulation statistical results of the particle system under different baffle angle conditions. (a) changes in particle contact number; (b) changes in kinetic energy of the system. 
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Figure 5. Maximum impact force under different baffle angle conditions, normalized with the maximum impact force of the baffle with θ = 0°. 
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Figure 6. Variation of particle impact force with time in the flume experiment when θ = 45°. (a) b = 0 mm; (b) b = 10 mm; (c) b = 15 mm; (d) b = 20 mm; (e) b = 25 mm; (f) b = 30 mm; (g) b = 35 mm; (h) b = 40 mm; (i) summary of maximum impact forces for different slit widths. All impact force time history curves were recorded from the moment the particles first contacted the baffle structure. 
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Figure 7. Particle trapping efficiency of inclined baffle structure with θ = 45° under different slit widths. 
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Figure 8. Schematic diagram of particle rebound form in baffle structure with different inclination angles (a) θ = 0°; (b) θ = 45°. The red arrow represents the part of particles that do not collide with the baffle structure, and the black arrow represents the part of particles that collide and bounce with the baffle structure. 
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Figure 9. Schematic diagram of particles jamming in the inclined baffle structure, in which the white circle is the divided particles that have different effects on jamming, and the red dotted line is the arch structure formed by the particles at the opening. (A) is the arch forming area; (B) is the extrusion area; (C) is the impact area. 
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Figure 10. Trapping impact force of particles on inclined baffle structure under different relative opening widths. 
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Table 1. DEM input parameters.






Table 1. DEM input parameters.





	Parameters
	Values





	Wall normal stiffness (N/m)
	1 × 108 [42]



	Wall normal-to-shear stiffness ratio (dimensionless)
	1 [42]



	Particle normal stiffness (N/m)
	1 × 108 [42]



	Particle normal-to-shear stiffness ratio (dimensionless)
	1 [42]



	Ball radius (mm)
	5



	Ball density (kg/m3)
	2550



	Inter-ball friction coefficient (dimensionless)
	0.36 [42]



	Interface-ball friction coefficient (dimensionless)
	0.4 [42]



	Gravitational acceleration (m/s2)
	9.81 [42]



	Coefficient of restitution (dimensionless)
	0.78 [42]
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Table 2. Properties of granular materials.
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Parameters

	
Values






	
Diameter(mm)

	
6

	
10

	
14




	
Density (kg/m3)

	
2550

	
2550

	
2550




	
Initial bulk density (kg/m3)

	
1549

	
1487

	
1380




	
Young’s modulus (GPa)

	
60

	
60

	
60




	
Poisson ratio

	
0.25

	
0.25

	
0.25




	
Dynamic friction angle (°)

	
17.2

	
16.6

	
14.7




	
Static friction angle (°)

	
28

	
30

	
34











[image: Table] 





Table 3. Flume experiment conditions.
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	Experiment ID
	Slit Size, b (mm)
	Particle Diameter, d (mm)
	Slit Size to Particle Size Ratio, b/d





	B0-D6
	0
	6
	0.00



	B0-D10
	0
	10
	0.00



	B0-D14
	0
	14
	0.00



	B10-D6
	10
	6
	1.67



	B10-D10
	10
	10
	1.00



	B10-D14
	10
	14
	0.71



	B15-D6
	15
	6
	2.50



	B15-D10
	15
	10
	1.50



	B15-D14
	15
	14
	1.07



	B20-D6
	20
	6
	3.33



	B20-D10
	20
	10
	2.00



	B20-D14
	20
	14
	1.43



	B25-D6
	25
	6
	4.17



	B25-D10
	25
	10
	2.50



	B25-D14
	25
	14
	1.79



	B30-D6
	30
	6
	5.00



	B30-D10
	30
	10
	3.00



	B30-D14
	30
	14
	2.14



	B35-D6
	35
	6
	5.83



	B35-D10
	35
	10
	3.50



	B35-D14
	35
	14
	2.50



	B40-D6
	40
	6
	6.67



	B40-D10
	40
	10
	4.00



	B40-D14
	40
	14
	2.86
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