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Drainage channels are widely used for discharging debris flows into deposition basins or rivers. However, the current drainage channel designs for guiding rapid debris flows downstream do not account for the variations of the gullies’ gradient and debris flow energy. In this study, we evaluated the performance of different step-baffle geometries (square, triangle, and trapezoid) in regulating debris flows. Specifically, their effects on the flow patterns, sediment transport, energy dissipation, and impact pressure are investigated using flume experiments. Results here showed that the square baffles promote highly turbulent flows which in turn result in the highest lift height relative to the triangular and trapezoidal baffles. Maximum sediment interception and highest energy dissipation are obtained using the trapezoidal baffle, whereas the triangular baffle exhibits minimal solid interception and the lowest energy dissipation. Trapezoidal baffles generally experience the greatest impact forces relative to both square and triangular baffles. However, when only the first baffle in the channel is considered, it is the square baffles that experience the largest impact forces. The present work improves the understanding of the effectiveness of step-baffle drainage channels in mitigating debris flows.
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INTRODUCTION
A drainage channel is an engineering mitigation measure designed to protect residents, facilities, and infrastructures from debris flows. Generally, it works in association with the channel control works (Chen X. et al., 2015; Ozturk et al., 2018; Bernard et al., 2019; Marchi et al., 2019). Drainage channels are widely implemented in the basins of downstream areas (VanDine 1996) with the primary goal of discharging the debris flows. Due to its relevance to disaster mitigation, several works have been dedicated to the improvement of debris flow drainage channel design.
Debris flows were previously treated as sand-carrying floods or hyper-concentrated flows. Hence, civil engineers have designed debris-flow drainage channels similar to spillways in hydropower dams. In most cases, the debris flow drainage channels were designed according to the general flood magnitude of flows along flat-bottomed trapezoidal or rectangular cross sections. However, since the solid content in debris flows is much larger than that of floods or hyper-concentrated flows, there is significant scouring, impact, and abrasion on the channel. To minimize the damage due to erosion and abrasion, two debris flow drainage channels were proposed, i.e., Dongchuan-type and V-type drainage channels (Figures 1A,B), which became widely adopted between the 1960s and 1980s in China. The Dongchuan-type drainage channels are characterized by a series of sills that are embedded in the soil. The sills minimize the erosion of the valley bed. When debris flows, mixed with the sediment soil, interact with the sills, flow energy is dissipated, thereby protecting the downstream area. This type of drainage channel is suitable for terrains having slopes of 5–20% (Li, 1997; Huang et al., 2009). However, at gentler slopes (less than 5%), debris flows tend to deposit due to having low velocities and high basal resistance. To overcome this limitation, the V-type drainage channels were proposed and applied in the Laogan gully, Yunnan province (You and Liu, 2008; You et al., 2011). The full section of concrete included in this design reduces the roughness of the drainage channel, which increases the flow velocity and discharge capacity, thereby alleviating siltation.
[image: Figure 1]FIGURE 1 | Different types of debris flow drainage channels (A) Dongchuan-type; (B) V-type; (C) SIS-type; (D) OSS-type; (E) PRCB-type.
External perturbations resulting from large earthquakes (e.g. 12 May 2008 Wenchuan MS 8.0 earthquake) can alter local geographic and geomorphic conditions in mountain areas which in turn change local debris flow characteristics. The steeper slopes (more than 20%) and smaller watersheds (less than 5 km2), which may result from the large earthquake events, increase debris flow velocities and bulk densities (Cui et al., 2010). In these situations, it is necessary to explore new technologies and drainage channel designs that improve energy dissipation and resistance from wearing (erosion).
In the past decade, three representative debris flow drainage channels with energy dissipation structures were proposed: 1) staggered indented sills (SIS) (Chen et al., 2014) (Figure 1C), 2) oblique symmetrical sills (OSS) (Wang et al., 2018) (Figure 1D), and 3) pre-fabricated reinforced concrete boxes (PRCBs) (Figure 1E) (Chen et al., 2016; Chen J. et al., 2017). Compared to the Dongchuan-type and the V-type drainage channels, the SIS-type and OSS-type drainage channels increase the bed friction and improve the velocity reduction ratios by a factor of two, thereby increasing the energy dissipation. The PRCB-type drainage channel can effectively enhance the flow resistance and relieve bed erosion when the debris flow passes over the concrete boxes. Energy is dissipated through the strong interactions between the debris flow and the rocks in the box structure. The maximum energy dissipation ratio of the PRCB-type drainage channel may be more than 50%, as suggested by Chen et al. (2016). Although the abovementioned debris flow drainage channels have been studied and used in practice for more than 60 years, universal drainage channel designs are still not available. The continuous variation of geological settings induced by large earthquakes and extreme rainfall results in abundant sediment sources and steeper valleys which subsequently promotes larger and more frequent debris flows (Cui et al., 2010). These variabilities force us to design new types of drainage channels that are able to accommodate current debris flow characteristics.
Step-pool geomorphologic systems are a common phenomenon in steep mountain terrains (3–30%) (Figure 2A). This self-organized bed configuration can enhance channel resistance, decrease velocity, and extensively dissipate flow energy (Chin 2002; Comiti et al., 2009; Wilcox et al., 2011; Golly et al., 2019; Saletti and Hassan 2020; Zimmermann et al., 2022). In addition, stepped cascades (Figure 2B) are known to significantly dissipate hydraulic energy in hydraulic engineering (Chanson 2001; Matos and Chanson 2006; Bung et al., 2012; Felder et al., 2019; Zhang et al., 2019). Inspired by these two naturally occurring structures, a similar system, step-baffle drainage channels were introduced to mitigate debris flows (Figure 2C). This type of drainage channel is composed of a sequence of steps and baffles, resembling a staircase.
[image: Figure 2]FIGURE 2 | Overview of the inspiration for the present topic.
The goal of this study was to systematically investigate the performance of the new step-baffle drainage channel in terms of four evaluation indexes (Figure 2D). Previous works have shown that debris flow velocity has a positive relationship with channel gradients (Chen et al., 2014). Averaged velocities decreased by 14.2–51.1%, 28–40%, and 27.3–39.3% for OSS-type drainage channels (Wang et al., 2018), step-pool configurations (Chen X. et al., 2017), and energy dissipation baffles (Wang et al., 2017), respectively. Particularly, the energy dissipation in step-pool channels increases gradually with the length and width of the channel (Wang et al., 2012; Chen J. et al., 2015; Chen X. et al., 2015). Other key parameters, such as the step height, pool length, and step-pool gradient were investigated by Abrahams et al. (1995), Chin (1999), Chartrand and Whiting (2000), and Wooldridge and Hickin (2002). Chen et al. (2018) recommended an expression to calculate the roughness coefficient of a drainage channel with an energy dissipation structure. The work of Chen X. et al. (2017) proposed design guidelines for the shape and total length of a single step-pool configuration, as well as the slope of the step. Li et al. (2020) systematically studied the impact pressure on steps and baffles based on the stability of the drainage channel and recommended an expression to predict impact pressure by considering the baffle shape.
The abovementioned works have only considered one variable or aspect of debris flow drainage channels, and very few of them incorporate sediment transportation, energy dissipation, and impact pressure to make a comprehensive performance evaluation of drainage channel designs. There has also been no research that has focused explicitly on debris flow drainage channels with step-baffles.
In the present study, the authors reported detailed experimental tests on drainage channels with baffles having three geometric shapes (square, triangle, and trapezoid). Using these experiments, we investigated the relationships between baffle geometry and their regulation efficiency, specifically on (1) the variation of longitudinal debris flow patterns along with the step-baffle sequences; 2) the variation of the solid fraction in debris flows across the drainage channel; 3) the efficiency of step-baffles in dissipating debris flow energy; and 4) the performance of impact-resisting baffles. Finally, we briefly discussed the development of debris flow drainage channels, their applicability, and recommendations for different drainage channel designs.
EXPERIMENTAL SETUP
The experimental tests are carried out in the Dongchuan Debris Flow Observation and Research Station (DDFORS), Chinese Academy of Sciences, in Yunnan Province, China. The experimental flume used for modeling is composed of a sequence of steps and baffles, resembling a staircase. The configurations and dimensions of the experimental tests are shown in Figure 3. The angle of inclination of the flume is fixed (θ = 8.5°, 0.45 m width, 0.40 m depth, and 6.0 m length). Debris flow materials are stored and released from a tank upstream, while a tailing pool is situated downstream. Five artificial step-pool sequences (from 1# to 5#) are installed starting at 1.8 m from the tank entrance with an interval of 0.27 m along the flume. The wall of the flume is in glass, which allows for observation of the flowing processes. The baffles used in this study have three shapes: square (0.04 m × 0.04 m×0.45 m), triangle (0.04 m × 0.04 m×0.45 m), and trapezoid (0.04 m bottom length, 0.02 m top length, 0.04 m height, and 0.45 m width), which come into contact with the debris flows with faces inclined at β = 90°, 63°, and 45°, respectively (Figure 3). At the start of each experiment, the debris flow samples are released onto the flume by a manual gate at the bottom of the tank and are collected at the end of the flume. To prevent sedimentation of the materials in the tank, a hand-held electric mixer continuously stirs the samples before the release of the mixture. The repeatability of manual operation is checked within an error of ±0.05s.
[image: Figure 3]FIGURE 3 | Schematic diagram of the test equipment, baffle configurations and impact pressure measurement points.
Instrumentation
Five impact stress sensors (LH-Y127B, 2000 Hz, with a range of 0–100 N, and accuracy of ±1.0 %) with a diameter of 25 mm are used to record the impulsive force on stationary load frames (Pa1-Pa5) placed on the center of the baffles along the flume (Figure 3). Other measuring devices are installed in two sections (i.e., 1-1 and 2–2), which are mounted near the start (1.5 m) and close to the end of the flume (1.0 m), respectively. The equipment set includes two mud level laser sensors (Leuze, ODSL 30/V-30M-S12, 10 Hz) with a resolution of ±1.0 mm to measure the temporal variations of debris flow depth. Three video cameras (SONY FDR-AX40, 1,440 × 1,080 pixels, 25 fps) are installed to capture the debris flow process and the debris flow impacts on the step-baffles. To measure the velocity of the debris flow front, we marked reference lines with an interval of 0.1 m at the bottom of the flume in sections 1-1 and 2–2. The debris flow velocity can be estimated (within an error of about ±0.1 m/s) from the video recordings of the motion of the flow front with respect to the reference lines.
Source Materials
The experimental mixture materials are prepared based on water combined with solid particles obtained from natural debris flow deposits in the Jiangjia Ravine, China, which has a bulk density of 2,680 kg/m3. The mass of dry sediment is kept constant at 200 kg, while the water content is varied. Material densities are controlled by varying the water content, namely, high water contents (or low solid volume fraction) correspond to bulk materials with low debris flow density (see Table 1). For each type of baffle, five source material sets (M1–M5) are used (i.e., 15 experimental tests in total). The sediment grain size ranges from 0.001 to 20 mm, with d50 = 5.1 mm. The maximum used grain diameter of 20 mm was defined in accordance with the maximum height of the baffles (40 mm), as well as the size of the impact area of each aluminum device (diameter equals 25 mm) within the force plate. Figure 4 shows the cumulative grain size distribution (GSD) curve of the granular materials. A summary of the source material properties (density, solid volume fraction, yield stress, and dynamic viscosity) and Froude numbers of debris flow at the 1-1 section is listed in Table 1.
TABLE 1 | Characteristic parameters of debris flow samples.
[image: Table 1][image: Figure 4]FIGURE 4 | The cumulative grain size distribution of the debris-flow materials adopted in this study and datasets from Jiangjia Gully (cf. Cui et al. 2005 and Kang et al. 2006).
Scaling
Directly measuring the regulation of drainage channels on debris flows in the field or in large-scale experiments usually does not require scaling considerations. However, it is difficult to obtain direct measurements in the field due to the infrequent, unpredictable, and destructive features of debris flow events, and large-scale experiments are costly. For these reasons, small-scale flume experiments are preferred for studying debris flows (Zhou and Ng 2010; Iverson 2015).
To ensure that debris flow experiments are representative of their larger natural counterparts, certain similarity criteria need to be taken into account. In this study, we do not consider the geometric similarity because our work does not represent a specific real-world scenario. The kinematic similarity is characterized by the Froude number, Fr, which represents the ratio of bulk inertia to the gravitational forces acting on the flowing mass, i.e., Fr = v/(gh)0.5, where v is the flow velocity, g is the acceleration due to gravity, and h is the flow depth. Fr governs the dynamic behavior of mass flow in open channels, which has been identified and validated as a major parameter for scaling debris-structure interactions (Hübl et al., 2009; Armanini et al., 2011). The Fr used in the experiments is made similar to natural debris flow events which are usually less than 5.0 (Hübl et al., 2009; Cui et al., 2015). In this study, the flow velocities and depths measured in section 1-1 range from 2.8 to 3.4 (see Table 1) and are therefore representative of natural debris flows.
RESULTS
Flow Patterns in the Step-Baffle Channel
The debris flow pattern is one of the fundamental indicators used to evaluate the performance of step-baffle systems. The measurement time starts (t = 0 s) when the source material is released from the storage tank. The flow surface profiles of the five debris flow densities in section 1-1, before they make contact with the first baffle, are shown in Figure 5. The flow depth prior to coming into contact with the first baffle is generally similar in the different tests: it initially rapidly increases until it reaches a peak value after which it slowly decreases with several small magnitude surges. The peak flow depth slightly decreases with the increase in the solid volume fraction. It is also observed that the debris flow front arrives at section 1-1 after ∼ 0.4 s for all cases, with a slight delay for those with high solid volume fractions. This may be attributed to the difference in viscosity in debris flows since flows with a high solid fraction exhibit more evident viscous behavior which then results in greater internal resistance and lower velocity.
[image: Figure 5]FIGURE 5 | The flow depth of different solid fractions of debris flow at the 1-1 section.
The evolution of debris flow surface profiles for the three types of baffles in drainage channels for a typical debris flow having a solid volume fraction of Cs = 0.55 is shown in Figure 6. When the debris flow front impacts the first baffle, the flowing material is propelled sharply into the air, which later drops onto the downstream step-baffles. The downstream baffles in turn lift the debris flow materials again until they eventually reach the end of the flume. The maximum lift height is observed after the first baffle for all three types of step-baffle channels. Generally, the debris flows in the step-baffle drainage channel are similar to wave-like flows with very chaotic flow surface patterns. Also, the wavy flow is induced by step-baffle systems, which in turn increases the debris flow height.
[image: Figure 6]FIGURE 6 | The evolution of debris flow profiles (Cs = 0.55) in the drainage channel: (A) step + triangular baffle; (B) step + trapezoidal baffle; and (C) step + square baffle.
It is also observed in Figure 6 that the maximum heights of the flows propelled upon impacting the square, triangle, and trapezoidal baffles exceed the height of the sidewalls by 0.6, 0.35, and 0.2 m, respectively. These results indicate that a higher sidewall may be needed to avoid the debris splashing out for the step-baffle drainage channel. The position associated with the maximum lift height is closer to the second baffle in the square baffle system than it is for the triangle and trapezoidal systems in which they fall between the second and third baffles. These results are due to the different inclination angles of the upwind face of baffles (Figure 2). The upwind face of the square baffle, inclined at 90°, results in a greater and more abrupt change of the flow direction than the trapezoidal (60°) and triangular (45°) systems.
Regulation of the Step-Baffle Channel
A natural consequence of step-baffle channels is step pools which trap portions of the sediments in debris flows. The remaining debris and water mixture will continue to move downstream. The regulatory performance of the step-baffle channel varies with the geometry of the baffle and the property of incoming debris flows. In this study, the sediment-trapping ratio, κ, is used to quantify the regulatory performance of step-baffle channels on debris flows. The ratio κ is formally written as follows:
[image: image]
where Csori is the solid fraction of the source mixture, and Cs is the solid fraction collected behind each step-baffle. When κ < 1, Cs of the trapped volume is less than that of the source material. On the other hand, κ > 1 indicates relatively larger amounts of sediments confined behind a baffle.
The sediment-trapping ratio κ at the different types of baffles as well as at the outlet of the channel is shown in Figure 7. Generally, the sediment-trapping ratio is less than 1.0 at the first step-baffle and at the channel outlet, whereas κ > 1 at the 3rd and 5th step-baffles (Figures 7A–C). In other words, less amount of sediments are trapped in the 1st step-baffle; however, since the trapping is highly efficient at the middle baffles, very little solid material is transported downstream. The sediment-trapping ratio at the outlet of the channel is less than 1.0 (in the range of 0.96–0.98, see Figure 7D), which confirms that the solid fraction is decreased after the regulation by step-baffle systems. This consequently results in the reduction of damage caused by solids in debris flows. These results indicate that all three types of baffles are able to regulate debris flows well. The value of κ at the channel outlet decreases with the increase in Csori (Figure 7D). This implies that the regulatory performance of the step-baffle channel is better when the incoming debris flow becomes viscous.
[image: Figure 7]FIGURE 7 | The sediment-trapping ratio for the (A) triangular baffle; (B) square baffle; (C) trapezoidal baffle; and (D) channel outlet.
It can also be observed from the values of κ in the 3rd and 5th step-baffles in Figure 7 that a trapezoidal design results in the most efficient trapping of sediments. This is followed by the square baffles and the triangular baffles. This is somewhat surprising since one would expect the design with the steepest face angle would be more effective in stopping and trapping flowing sediments. The reason for this is not clear, but it may be related to the maximum height of the propeller flow.
Energy Dissipation of the Step-Baffle Channel
The primary purpose of drainage channels is to quickly discharge debris flows downstream. However, high-speed debris flows with immense energy may cause severe damage to the downstream area. Therefore, the drainage channel should be able to dissipate as much energy as it is discharging the debris flow. In this study, the addition of step-baffle systems in the conventional drainage channel is to dissipate debris flow energy.
The energy dissipation principle of the step-baffle drainage channel lies in two aspects. 1) Due to the drop space between the upper and lower steps, a cavity is often formed there. Under the shear of the high-speed debris flow in the upper part of the cavity, the debris flow inside the cavity is driven to form a strong turbulent vortex in the cavity. The cyclic shear in the vortex cavity reduces the energy of debris flow. 2) The baffles and steps roughen the channel bed and provide resistance to the debris flows and effectively consume the debris flow energy.
Debris flows are special fluids; therefore, the energy balance governing the debris flow in the flume experiments from initiation to end can be described in terms of fluid mechanics. The energy balance approach is commonly used to calculate the energy dissipation in debris flow drainage channels (Chen J. et al., 2015; Choi et al., 2015; Chen X. et al., 2017). It is assumed that the movement of debris flows in a flume is similar to uniform flows. Then, the total energies at the cross sections 1–1 and 2–2 (Figure 3) are as follows:
[image: image]
[image: image]
Hence, the expression of the energy dissipation ratio, η, can be calculated as follows:
[image: image]
where Δz is the potential energy difference between sections 1-1 and 2–2; θ is the channel slope; h1 and h2 are debris flow depths, and v1 and v2 are the time-averaged surface velocities of debris flows at sections 1-1 and 2–2, respectively; α1 and α2 are the kinetic energy correction factors (α1 = α2 ≈ 1.0); g is gravity acceleration.
Figure 8 shows that the energy dissipation ratio η clearly increases with the debris flow solid friction Cs for different types of baffles. This implies that the step-baffle channel dissipates more energy when debris flows hold a higher solid fraction (i.e., viscous debris flow). The most surprising result in Figure 8 is that the energy dissipation ratio in the trapezoidal baffle is the largest, while that of the triangular baffle is the smallest.
[image: Figure 8]FIGURE 8 | Variation of the energy dissipation ratio κ with solid fraction of the with incoming debris-flow.
Impact Resistance of the Step-Baffle Channel
The impact force of debris flows quantifies its destructive potential toward structures. A good step-baffle channel should have a strong impact-resisting ability. The baffle, being the key component in step-pool systems, is the most vulnerable to the impacts of debris flows and ought to be the pivotal object to study.
Generally, the peak impact pressure is the critical factor causing structural damage to baffles. Therefore, the ratio of the peak impact pressure (R) on each baffle’s upstream face is adopted to evaluate the performance of step-baffles to resist the impact of debris flows. Here, R can be expressed as follows:
[image: image]
where Pa_X and Pa_Squ are the peak impact pressure on each baffle for X type (X represents the triangular and trapezoidal baffles) and square baffles, respectively. The square baffles were adopted as the standard for comparison in accordance with the common baffle shape used in practice engineering. R > 1 means the peak impact pressure on the baffle is larger than that on the square baffle (i.e., the impact resistance of this baffle is much higher).
The ratio of the peak impact pressure on triangular and trapezoidal baffles over the peak impact pressure on the square baffles, i.e., “Pa_Tri/Pa_Squ” and “Pa_Tra/Pa_Squ,” is shown in Figure 9. Generally, the value of “Pa_Tra/Pa_Squ” is greater than the value of “Pa_Tri/Pa_Squ” for all tests. This implies that the impact resistance of trapezoidal baffles is larger than the triangular counterparts. It is also observed that the value of R on the 2nd and 3rd baffles (the blue shaded area) is greater than 1.0 (represented by the red dashed line, where the impact force is equal to that on the square baffles), whereas at the other three baffles (1st, 4th, and 5th), it is less than 1.0. These results mean that the impact pressure on the 2nd and 3rd square baffles is smaller than that on both triangular and trapezoidal baffles, while it is larger on the 1st, 4th, and 5th square baffles. This may be caused by the differences in the inclinations of the upwind faces of the baffles (45°, 63°, and 90° for the triangular, trapezoidal, and square baffles, respectively). For square baffles (90°), the 1st baffle plays a major role in blocking the incoming flow (see the highest lift height of debris flow in Figure 6) and experiences the maximum impact. Thus, the impact pressure on the 1# square baffle is the largest among the three types of baffles. However, for triangular (45°) and trapezoidal baffles (63°), the first baffle becomes a ramp over which the debris flow is lifted. The whole jet front or the main jet then falls onto the region between the 2nd and 3rd baffle and induces the largest peak impact pressure. These results indicate that changing the angle of the upwind face may have a notable difference in the impact pressure. This implies that the impact resistance of step-baffle systems is highly dependent on the inclination of the baffle surface.
[image: Figure 9]FIGURE 9 | Variation of the peak pressure attenuation on baffles along the channel for (A) Cs = 0.48; (B) Cs = 0.51; (C) Cs = 0.55; (D) Cs = 0.59; (E) Cs = 0.65. The red dashed line means the impact force on the triangle or trapezoid baffles is equal to that on the square baffles.
DISCUSSION
Debris flow drainage channels play a significant role in mitigating debris flow hazards at the headwaters of the deposit fan, where communities, highways, railways, and infrastructures are highly vulnerable to debris flows. Basically, the main purpose of drainage channels is to discharge the debris flow safely, quickly, and smoothly to protect the downstream areas.
Effective and efficient step-baffle drainage channels should be able to transport debris flows downstream while minimizing the solid material content, maximizing the dissipated energy of debris flow, and maintaining its strong impact resistance, thereby ensuring their long-term operation. Considering the debris flow patterns in the drainage channel, the step-baffles lift the debris flow and cause a flow wave in the drainage channel until the movement of the debris flow eventually ceases (Figure 6). The wave-like flow is induced by the step-baffle system, which in turn increases the debris-flow depth. The experiment results indicate that the square baffle requires the highest sidewalls, whereas the trapezoidal baffle requires the lowest sidewalls among the three types of step-baffle drainage channels. This result may be attributed to the difference in the angle of the upwind faces. As shown in Figure 10, the inclinations of the upwind face of the triangular, trapezoidal, and square baffles are 45°, 63°, and 90°, respectively. The square baffle, having the steepest upwind inclination, provides the strongest blocking effect and induces an abrupt vertical uplift of the debris flow. Although the upstream-facing angle of the trapezoidal baffle is larger, the streamline of the debris flow is smoother when passing over the triangular baffle, resulting in a relatively greater lifting height. However, this conjecture is based only on the observation of flow patterns and needs to be further verified using experiments involving strongly turbulent flows in the step-baffle channels.
[image: Figure 10]FIGURE 10 | Sketch of the flow structure of debris flows passing over (A) triangular (B) square and (C) trapezoidal baffles.
In step-baffle drainage channels, the magnitude of energy dissipation decreases from the trapezoidal baffles to the square baffles with the lowest being the triangular baffles (see Figure 8). We attempt to explain these results using generalized diagrams of the flow structure in step-baffle systems, as illustrated in Figure 10. The debris flow structure between the adjacent step-baffles is divided into two regions: the recirculation vortex zone characterized by eddies and vortices and the redirected zone that re-adjusts the flow toward the main flow. The energy dissipation mainly occurs in two regions. However, the recirculation vortex zone plays a minimal role in dissipating energy, while the redirected zone dissipates considerable energy, especially for skimming debris flow. The energy dissipation for the redirected zone depends mainly on the momentum transfer. Among the reasons why square baffles dissipate more energy than the triangular baffles is that the area of the redirected zone is greater for the square baffle configuration. Although, the area of the redirected zone for square baffles (Figure 10A) is larger than that of trapezoidal baffles (Figures 10B,C), the influence of the baffle shape (90° of upwind stream face) in adjusting the flow toward the main flow is too strong and instead propels the debris high into the air. These will result in high additional potential energy which later contributes to the increase in momentum, compensating for the reduction in energy.
The effectiveness of the step-baffle drainage channel to regulate the solid phase in debris flows can be ranked according to trapezoidal, square, and triangular baffles (see Figure 7D). The trapezoidal baffles experience greater impact forces than triangular baffles, and at least for the first baffle in the channel, it is the square baffles that experience the greatest impact force (see Figure 9). In other words, in a step channel with square baffles, it is the first baffle that will most likely be damaged by the debris flow impact, while it is the second baffle in both triangular and trapezoidal baffles that are likely to be destroyed by debris flow impacts.
In practice, it is difficult to guarantee that all the evaluation indices of any type of baffle are optimal at the same time. It is recommended that for a specific creek valley, field surveys and measurements of the topography, scale, and velocity of possible debris flow events should be conducted in advance from which suitable types of drainage channels can be designed.
CONCLUSION
In this study, the flume model is adopted to study the mitigation of step-baffle drainage channels on debris flows. A series of tests with varying source material densities and baffle shapes (triangular, trapezoidal, and square) are carried out to demonstrate the performance of each baffle type in terms of the induced flow pattern, sediment transportation, energy dissipation, and impact pressure. The conclusions are summarized as follows:
1) The flow pattern in the step-baffle drainage channel is a very complex wave-like flow. The lifting height of debris flows induced by square baffles is the largest, whereas the lowest lifting heights are recorded for trapezoidal baffles.
2) Trapezoidal baffle systems trap the largest volume of sediments whereas triangular baffles trap the least. Similarly, trapezoidal baffles also dissipate the most energy while the triangular baffles dissipate the least.
3) The impact forces experienced by trapezoidal baffles are larger than those of triangular baffles. The impact on the first baffle in square systems is the largest among the three geometries under similar flow conditions, while the impact pressure on the second baffle of both triangular and trapezoidal baffle systems is greater than that on square baffles. The results give insight into potential strategies for designing debris-resisting barriers in debris flow drainage channels.
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Series Mass (k) Density, p Solid volume Yield stress Dynamic viscosity Froude number

(kg/M?) fraction (Cs) (Pa) (Pas) F.
M1 280 1,833 0.48 14.36 0.0689 3.34
M2 270 1,891 0.51 18.81 0.0903 329
M3 260 1,959 0.55 25.66 0.1231 3.26
M4 250 2,037 0.59 36.88 0.1770 3.18
M5 240 2,129 0.65 49.57 0.2379 289

Note: Rheological parameters are measured using a rheometer. The yield stress was determined by the extrapolation of the flow curve (shear stress versus shear rate) (o a shear rate
of 26ro.
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