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Small check dams are widely used in the Republic of Korea to mitigate and prevent sediment-driven damages by mountain torrents. This study aimed to quantify the combined effects of debris-flow impact forces and earth pressures from dam sedimentations on the structural stability of a dam by incorporating the change in the longitudinal profile of the channel bed owing to sediment deposition. A debris-flow simulation model (Hyper Kanako) was used to reproduce the debris-flow behavior from the 2011 Mt. Umyeon landslide (Seoul, The Republic of Korea). Finite element analysis was conducted to analyze the structural stability of the check dam under various debris discharge and sedimentation scenarios. The magnitudes of impact forces that were exerted on the check dam ranged from 81.76 kPa under a non-deposition scenario to 123.04 kPa under a 100% deposition scenario. The resultant tensile and compressive stresses were found to be up to 0.80 and 0.35 MPa, respectively, which were lower than the maximum allowable strengths of the dam, securing sufficient strength for the dam stability. Overall, the proposed approach can be applied to obtain a better understanding of the resultant internal stresses experienced during debris flow and sediment deposition, thereby providing valuable information for the structural analysis and safety assessment of check dams.
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1 INTRODUCTION
Debris flows, which are fast-flowing and sediment-laden flows, represent a severe geological hazard that occur in mountain streams worldwide. In the Republic of Korea, sediment-related disasters can occasionally occur in high-gradient mountain streams, which cause catastrophic consequences and thereby, threatening people living in downstream regions (Chae et al., 2017). Sediment-related hazards can usually be managed by the establishment of sediment-retaining structures in the upper or intermediate reaches of the stream of interest. In terms of torrent control structures, check dams are basic transversal structures that effectively control the sediment and debris discharges of mountain torrents over long periods of time (Hübl and Fiebiger, 2005; Marchelli and De Biagi, 2019). Dams perform an additional function of stabilizing a channel by trapping coarse sediment particles and weakening the longitudinal gradient of streams (Seo et al., 2016; Bernard et al., 2019).
Check dams require special consideration from the perspective of structural stability to be implemented successfully in steep terrains. According to previous studies of geomorphic changes around check dams (Victoriano et al., 2018; Cucchiaro et al., 2019a; Cucchiaro et al., 2019b), inadequate design of check dams can accelerate stream erosion, especially around the foundations and wings of the dams, and can result in long-term instability of debris flow barrier structures. Thus, forest engineers or professionals should consider sliding and overturning failure modes in the stability assessment of check dams (Hübl et al., 2009).
Additionally, a certain level of safety in check dams is necessitated in their response to the external forces exerted by the direct impact of debris flows. However, check dams often experience structural failure or damage as a result of fast debris flows accompanied by large stones, as highlighted by Baggio and D’agostino (2022). Therefore, check dams must be designed to endure high impact forces from debris flows (Chen et al., 2019).
Engineering concerns regarding the impact of debris flows on structural design of check dams have increasingly attracted the attention of researchers over recent decades (Hungr et al., 1984; Hübl and Holzinger, 2003; Chen et al., 2019). Many studies have been conducted to elucidate the dynamic interaction between debris flows and check dams, including flow dynamics and corresponding impact-force studies using real-time observations (Hu et al., 2011) or flume experiments (Hübl and Holzinger, 2003; Scheidl et al., 2013; Rossi and Armanini, 2019; Sanvitale et al., 2021).
Some countries, such as Japan, Austria, and Hong Kong, have formulated technical guidelines on considering the impact force of debris flows in engineering design. Austria has established a simple design method (ONR 24801 and 24802) that accounts for the impact force, which is empirically derived from the debris-flow velocity and its density (Huebl et al., 2017). Japan (NILIM, 2016a) considered both overflow and non-overflow conditions in dam designing and proposed check criteria for the potential of sliding failure due to internal and external forces, which are exerted by hydrostatic pressure, earth pressure, and debris-flow impact force. Similarly, Hong Kong (Kwan, 2012) evaluated structural stability against sliding, overturning, and distress failure. Hong Kong regulations imply that the lateral earth pressure, derived from sediment deposition, is regarded as an additional external force in the stability analysis. However, the influence of debris flows on dam stability in the Republic of Korea is poorly understood.
Japan (NILIM, 2016a) and Austria (Huebl et al., 2017) have used empirical approaches to reflect the influence of debris flows, which provide efficient solutions for robust check-dam designs. Hong Kong (Kwan, 2012) used numerical models to simulate flow behavior and quantified impact forces based on the simulated flow characteristics. The maximum stress, driven by debris-flow impact, represents an essential variable for dam stability. Notably, the maximum stress varies because the location of debris collisions can change with ongoing sediment deposition. Moreover, changing spatiotemporal patterns of sedimentation hamper the accurate estimation of the location and magnitude of the maximum stress, which are often induced by debris flows over the lifespan of the dam.
Various numerical approaches have been applied previously to examine the structural behavior of debris-flow barriers under different external forces (Bernard et al., 2019; Chen et al., 2019; Song et al., 2019; Wendeler et al., 2019; Leonardi and Pirulli, 2020; Brighenti et al., 2021). Recently, finite element analysis has been applied to estimate changes in sediment discharge and deposition near check dams by examining debris-flow behavior (Law et al., 2016; Shen et al., 2020). Chen et al. (2019) conducted a study on dam stability by analyzing the collapse of a dam, given that the structural displacement was caused by a debris flow. However, their analysis did not examine the stability of individual dams and only focused on determining the most suitable location and number of dams. Bernard et al. (2019) used hydraulic analysis to quantify the influence of debris-flow discharge and its corresponding impact force on an open-type check dam. They analyzed the debris-flow impact force on the fins of a check dam, but the structural behavior of the check dam was rarely discussed in terms of variable debris-flow discharges.
Meanwhile, closed-type check dams are characterized by a higher risk of damage when subjected to unplanned external forces compared to open-type structures; such forces are inflicted by debris-flow impact and sedimentation (Mizuyama, 1979). Owing to this, an accurate design of check dams requires a precise investigation of the distribution and magnitude of potential internal stresses in the context of debris-flow behavior and sediment deposition conditions.
This study examined the structural stability of check dams, subjected to external forces that were induced by debris flows and lateral earth pressure from sediment deposition. To this end, a debris-flow simulation model (Hyper Kanako) was used to reproduce the debris-flow behavior in the 2011 Mt. Umyeon landslide (Seoul, The Republic of Korea). To pursue the main aim of the study, we 1) incorporated the impact force, derived from the hydraulic characteristics of the simulated debris flow, and 2) analyzed the dam stability using different sedimentation scenarios.
2 MATERIALS AND METHODS
2.1 Study Site
Before assessing the stability of the check dam, we simulated the debris flow in the Hyoungchon watershed of Mt. Umyeon (Seoul, the Republic of Korea), as shown in Figure 1. The area of the analyzed watershed was 34.1 ha, while the main channel was approximately 663 m long with an inclination of 13.6° of the mean longitudinal slope (SMG, 2012). A fatal debris-flow event occurred on 27 July 2011, in Mt. Umyeon and its surrounding areas, resulting in 17 fatalities and causing extensive damage, including mud flooding and the collapse of houses.
[image: Figure 1]FIGURE 1 | (A) Location of the Hyoungchon watershed. (B) Boundary (yellow line) and debris flow channel (blue line) network of the watershed. The gray block in the downstream region is the check dam analyzed in this study.
A field investigation shortly after this 2011 event revealed that the debris flow in the watershed was a runoff-generated debris flow, the type of which was reported by Imaizumi et al. (2006) and Coe et al. (2008). It was initiated by surface runoff, which caused the erosion of soil materials on a steep slope at the uppermost part of the channel (SMG, 2012). The eroded soil mixtures were transported down steep channels and entrained sediments in the channel bed. The initiation process is similar to that of runoff-generated debris flow reported by Simoni et al. (2020). Approximately 3,800 m3 of sediment was discharged from eroded slopes in the source area and several tributary branches. After the debris-flow disaster, various countermeasures, including a series of check dams, were implemented to protect steep streams and unstable hillslopes from subsequent rainfall.
2.2 Debris-Flow Simulation
2.2.1 Debris-Flow Simulator
An accurate debris-flow simulation is essential for quantifying debris-flow behavior and for assessing its influence on structural stability with countermeasures designed in areas prone to sediment-related disasters. The debris-flow event in the Hyoungchon watershed in 2011 was quantitatively reproduced using a debris-flow simulation model. Although various models have been developed, Hyper Kanako (Horiuchi et al., 2012) was utilized in this study to simulate the debris-flow behavior. Kanako, initially developed in Japan, is a physical-based one-dimensional computational model that evaluates the influence of engineering structures on debris-flow propagation with a graphical user interface (GUI) (Nakatani et al., 2008). The updated release of Kanako, Hyper Kanako, embeds an integrated system with one- and two-dimensional (2-D) models to simulate debris flows with a GUI in a geographic information system (Uchida et al., 2013).
Kanako simulates debris-flow propagation in a channel and deposition forming an alluvial fan by using the mass and momentum conservation and entrainment rates. Notably, Kanako is advantageous because it can simulate the flow characteristics of a debris flow, which are affected by the installation of check dams (Nakatani et al., 2008; Nakatani, 2010). The model is fundamentally based on the following governing equations: the continuity equation (see Eq. 1), the mass conservation equation of sediment concentration (Eq. 2), the momentum conservation equation in the x-(Eq. 3) and y-directions (Eq. 4), and the entrainment sub-model (Eq. 5). The expressions for each equation in the 2-D simulations are shown below:
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where h is the flow depth, z is the height of the channel bed, H is the flow elevation (h + z), C is the volumetric sediment concentration, t is time, g is the gravitational acceleration, and ρ is the density of the interstitial fluids comprising the debris flow. u is the flow velocity in the flow direction, denoted as x, and v is the flow velocity in the lateral direction, represented by y.
The component i in Eq. 5 reflects the entrainment rate, proposed by Takahashi and Nakagawa (1991). They assumed that the entrainment of debris flows was mainly governed by sediment concentration and mobility, and the empirical formula for the entrainment was derived through a flume experiment; δd and δe are empirically derived coefficients of deposition and erosion, respectively.
C* is the sediment concentration in the movable bed layer, and C∞ is the equilibrium sediment concentration of the debris flow on the current channel slope, determined by Eq. 6:
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where ϕ is the internal friction angle, and the range of C∞ is 0.3 ≤ C∞ ≤ 0.9C*.
The rheological terms, τx and τy, reflect the shear stress that acts on the channel bed in the respective direction based on the dilatant model, introduced by Takahashi and Nakagawa (1991). The dilatant model, commonly used for stony debris flows where shear stress is dominated by the inertial grain stress (Takahashi, 2014), stipulates that the dissipation of kinetic energy, expressed as the shear stress, is dramatically increased due to particle collision in the debris flow when its velocity increases. Takahashi et al. (1992) conducted field investigations alongside flume experiments and introduced a 2-D rheological model with the coefficient Kd, dependent on the grain size and sediment concentration, as indicated by Eqs 7, 8:
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2.2.2 Model Parameters
Model parameters that describe debris-flow behavior should be adjusted to reconstruct the given debris-flow phenomenon. In this study, parameters were determined by referring to the geological and soil characteristics, such as density, internal friction angle, and mean coarse particle diameter, retrieved from the field investigation at the time of the debris-flow incident (SMG, 2014). As the values of the erosion and deposition coefficients were not obtained directly from the field investigation, we used estimates from previous studies. The parameters used in Hyper Kanako execution are listed in Table 1.
TABLE 1 | Summary of parameters and values used in Hyper Kanako.
[image: Table 1]2.2.3 Channel Geometry
One of the important datasets for debris-flow simulation is the topographic features of channels. However, due to the lack of topographic data prior to the 2011 debris-flow event, the channel geometry of the Hyoungchon watershed was derived from the 10 m × 10 m digital elevation model (DEM) extracted from the 2009 National Digital Topographic Map of the National Geographic Information Institute (NGII, 2019). The National Topographic Map was generated by combining aerial photographs and ground survey data, and had a 1:5000 scale (NGII, 2019). The geometry of the channel used in this study is shown in Figure 2. Meanwhile, Hyper Kanako assumes a uniform channel with a rectangular cross-section in a given portion of stream. The debris-flow channel width was set to 10 m according to the average width of the field investigation results (SMG, 2014). As the erodible layer depth had a broad range of 0.5–2.0 m according to field measurements, an average value of 1.5 m was applied to all sections for the simulation.
[image: Figure 2]FIGURE 2 | Schematic design of the debris flow channel. The black solid line is the fixed channel bed, and the brown dashed line is the erodible layer. The location of the check dam is represented as a black trapezoid.
2.2.4 Input Hydrograph
The empirical formulae, expressed in Eqs 9–11 (NILIM, 2016b), derived from the initial volume of discharged sediment were utilized to generate the input hydrograph of the debris flow, as shown below:
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where Q is the total discharged amount of debris flow (m3), Vdpq is the initial volume (m3), C* is the volumetric sediment concentration of the channel bed, and Qsp is the maximum discharge rate of the debris flow (m3 s−1). Cd, the volumetric sediment concentration of debris flow on the mean channel slope (θ0), was proposed by Takahashi and Nakagawa (1991), with the range of 0.3 ≤ Cd ≤ 0.9C*. Here, θ0 is the mean slope of the channel that is calculated on the portion of the channel from the dam location to 200 m upstream (NILIM, 2016b), and specified as 8.39°. ρ is the density of the interstitial fluid of the debris flow (kg m−3), σ is the particle density of the debris in the debris flow (kg m−3), and ϕ is the internal friction angle.
Figure 3 shows how the hydrograph was set, representing a Cd of 0.32, Q of 7,127.49 m3, and Qsp of 71.27 m3 s−1, with a duration of 200 s. These estimates were based on the initial volume of the debris flow (3,800 m3), approximated at the contributing source area in the Hyoungchon watershed.
[image: Figure 3]FIGURE 3 | Hydrograph of simulated debris flow discharge.
2.3 Estimation of Debris-Flow Impact Force
The external force exerted by a debris flow is generally considered as a temporally variable dynamic load. Note that the time-dependent interaction between debris flow and structure is a significant concern in stability analysis. Specifically, some studies on a single debris-flow surge (Scheidl et al., 2013; Lee et al., 2019; Wang et al., 2020) have reported that the impact force was substantially triggered by the collision of the first flow surge. Subsequently, the preceding surge of debris flow was sequentially deposited along the upstream reach of a dam, which acted as a buffering barrier against the following sediment flow (Shen et al., 2018; Ng et al., 2021). These results indicated that the maximum impact force exerted by the debris-flow surge seemingly represents the most important trigger for dam stability.
Various estimation methods have been used to quantify debris-flow impact force (Hungr et al., 1984; Armanini, 1997; Hübl and Holzinger, 2003; Scheidl et al., 2013). In this study, the empirical model, developed by Hübl and Holzinger (2003), was applied to quantify the debris-flow impact force (Eq. 12). This model reflects the hydrodynamic behavior of debris flows (Proske et al., 2011; Scheidl et al., 2013; Koo et al., 2017) and, most importantly, it can be applied to a wide range of Froude number conditions (Hübl et al., 2009; Suda et al., 2009), thereby reflecting variations in the empirical coefficient in the model according to Froude numbers (Proske et al., 2011; Scheidl et al., 2013). The maximum debris-flow impact force was estimated from the maximum velocity and depth of the debris flow approaching the check dam using Eq. 12:
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where Pmax is the maximum impact force (kN m−2), ρm is the density of the debris-flow mixture (kg m−3), u is the debris-flow velocity in the flow direction (m s−1), g is the gravitational acceleration (9.807 m s−2), and h is the flow depth (m). To calculate the impact force on the check dam, ρm, u, and h are taken at the position of the check dam where the impact force reaches the maximum value.
2.4 External Load Scenarios With Sedimentation
As sediment particles are continuously deposited in the upstream reaches of check dams over a long period, the stress distribution applied on a check dam varies with sediment deposition. In this study, five sedimentation scenarios were introduced, ranging from the no-deposit condition immediately after dam construction to the entire-deposit condition. In other words, this study considered heights of sediment deposits of 0%, 25%, 50%, 75%, and 100% in relation to the dam height. Sediment deposition in the upstream reach causes a change in the longitudinal profile of streams, thereby modifying the flow characteristics, such as flow velocity. Seo et al. (2016) indicated that the channel bed slope became gentle at one-half to two-thirds of the mean channel slope gradient (in percent) due to the sediment storage effect of the check dam. Given this concept, we assumed that the channel bed slope decreased to half of the mean channel bed slope in the 200 m section upstream of the dam (Figure 4). Consequently, the debris-flow impact force was quantified by considering the mitigated channel bed slope for each deposit scenario.
[image: Figure 4]FIGURE 4 | Changes in the gradient of the upstream reaches of the dam according to the deposit scenario. The location of the check dam is represented as a black trapezoid.
2.5 Structural Stability Analysis
A finite element analysis was applied to examine the structural stability of the Hyoungchon watershed check dam against simulated debris flows, where the sediment deposition and debris-flow impact force were considered. The check dam stability was estimated using a 2-D plane for the central cross-section under a prismatic debris-flow impact force. The geometry of the central cross-section of the check dam is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Geometry of the central cross-section of the check dam. The height to crest is 5 m. The upstream face has a slope of 1:0.2, and downstream face 1:0.3. The base width is 4.05 m, and the width at the crest is 1.55 m.
Two-dimensional finite element analysis was performed using the COMSOL Multiphysics 5.3 software (COMSOL AB, 2017). COMSOL is a finite element solver, which is widely used in single and multi-physics simulations. We further utilized the Structure Mechanics Module in COMSOL to perform a principal stress analysis. In this way, the tensile and compressive stresses were quantified using the linear elastic model.
Furthermore, the structural stability was scrutinized by comparing the estimated tensile and compressive stresses with the allowable strengths of the check dam. The allowable strength (21 MPa, Table 2) of the concrete material (KMLIT, 2012) was applied as the compressive strength. As the analyzed dam is a plain concrete structure without rebars, the tensile strength induced by debris-flow impact force should be considered in stability analysis. The tensile strength of the check dam was estimated to be 2.89 MPa (Table 2) by considering the relationship between the compressive strength and the tensile strength ([image: image], where ft is the tensile strength and fck is the compressive strength) from KMLIT (2012). Moreover, the common properties of concrete materials were applied by referring to KFS (2014) for assigning the physical properties of density, modulus of elasticity, and Poisson’s ratio.
TABLE 2 | Summary of parameters and values used in COMSOL Multiphysics.
[image: Table 2]We compared the allowable strengths and maximum stresses acting on check dams through structural analysis. The uncertainty in the load estimation was considered by multiplying the respective factors of predefined loads. The load factors of 1.2 and 1.6 were utilized for the dead and live loads, respectively. The hydrostatic pressure, sediment earth pressure, and debris-flow impact force were regarded as live loads (KMLIT 2012).
Generally, concrete structures, including check dams, suffer from time-dependent degradation of their mechanical properties. However, it is difficult to define the age degradation rate of strength induced by various environmental conditions. Therefore, this study simply considered structural stability with the strength reduction set at 0%, 25%, and 50% to ensure the long-term stability of the structure.
3 RESULTS
3.1 Simulation of Debris Flow and Impact Force
Figure 6 shows the overall profiles of simulated flow velocity and depth at 200, 400, and 600 m. Simulations revealed a maximum flow velocity of 14.15 m s−1 that occurred 177 m from the source area after 42 s of flow. The maximum flow depth of 1.81 m was found to be 236 m from the source area at 46 s of runtime. On the channel reaching 200 m downstream from the source area, where the channel slope dramatically changed (from 33% to 16%), the flow velocity decreased, and sediment deposition occurred owing to the gentle slope (Figure 7A). The design input for the sediment discharge exhibited a peak discharge of 71.27 m3 s−1, resulting in the highest flow 400 m downstream from the source area, with a velocity of 9.72 m s−1 and depth of 1.32 m. It was found that, after the peak flow passed, sediment mixtures started to deposit in the 200–250 m reach and consequently accumulated in the dam reservoir and deposit fan (Figure 7B).
[image: Figure 6]FIGURE 6 | Time-series profiles of flow velocity (A) and depth (B) at 200 m (blue solid line), 400 m (orange dotted line), and 600 m (gray dashed line) from the source area.
[image: Figure 7]FIGURE 7 | Change in the erodible layer after debris flow simulation without a dam after (A) 80 s, (B) 140 s, and (C) post-simulation. The black line is the fixed channel bed; the brown dashed and red dotted lines represent the movable layer before and after debris flow, respectively. Note that movable layers (brown dashed and red dotted lines) are not drawn at a realistic scale; they are exaggerated by five times their actual values for visibility.
The simulated debris flow entirely eroded the active layer in the upper reach, and in-stream sediment was deposited 280 m upstream from the dam site (Figure 7C). Note that the 2011 field observations had previously indicated that sediment deposition occurred approximately 300 m upstream of the dam (SMG, 2012). Therefore, Hyper Kanako can accurately reproduce the location and the type of sediment deposition along the stream. Moreover, the model is applicable for simulating the entrainment pattern of debris flow in steep mountain streams. Close agreement of the observed and simulated debris volumes was discerned for the 2011 event. The simulation results revealed that the debris flow immediately filled the dam reservoir and then overflowed to the downstream channel. This was identical to the debris-flow tracks, estimated by the airborne image taken after the disaster, as shown in Figure 8. Moreover, although the simulated deposit area was discontinuous because of the coarse spatial resolution (10 m × 10 m) of the computations, the extent of the deposit pixels was comparable to that of the actual deposit area in the 2011 event (Figure 9). During the simulation with 3,800 m3 of sediment input, 4,898.21 m3 of sediment was eroded along the channel. The total deposit amounts of sediments were estimated to be 8,434.13 m3, comprising 4,216.43 m3 deposited in the channel and 4,217.70 m3 in the deposit fan. Reflecting that some parts of the debris flow were discharged beyond the simulation boundary, the simulated debris flow satisfied the sediment balance within the dam‒channel network.
[image: Figure 8]FIGURE 8 | Result of debris flow simulation using Hyper Kanako. Flow depth at (A) 200 s, (B) 300 s, and (C) 400 s shows that the simulated flow path in the deposit fan is similar to the observed damaged area (orange line).
[image: Figure 9]FIGURE 9 | Result of simulated sediment using Hyper Kanako at 1,200 s. Although the simulated deposit fan is discontinuous, the sediment deposition in the reservoir (yellow deposition pixels) was well simulated; the total extent of deposition is also comparable to the actual deposit area in the 2011 event (orange line).
Regarding the trace of the debris flow, the Hyper Kanako result seemingly exhibited close comparison to the actual 2011 debris-flow event, despite some parameters being indirectly derived from previous studies without adjustment. However, due to the lack of data on the volume and area of erosional and depositional areas, the model results could not be validated quantitatively against the observed data.
The flow characteristics and impact force exhibited considerable differences across the different deposit condition scenarios (Table 3). The simulations with no dam condition revealed that the maximum impact force was approximately 132 kPa at a depth of 0.81 m, and the velocity was 7.17 m s−1. When the check dam was installed along the reach, the simulated depth, velocity of debris flow, and associated impact force all decreased, to 0.59 m, 5.36 m s−1, and 81.76 kPa, respectively, for the no-deposit scenario. The simulation under the entire-deposition (100%) scenario indicated that the flow depth, velocity, and resultant maximum impact force increased, to 0.77 m, 6.99 m s−1, and 123.04 kPa, respectively (Figure 10).
TABLE 3 | Simulation result for debris flow characteristics and impact force in each deposit scenario.
[image: Table 3][image: Figure 10]FIGURE 10 | Changes in debris flow impact force according to different deposit scenarios.
Under the no-deposit condition, sedimentation occurred at two gentle sections with a gradient of less than 4%. Because of the deposition in these sections, the sediment concentration could have been decreased, which potentially affected the flow characteristics of the debris flow. However, when sedimentation scenarios were applied, the gradient of these sections was 7%, which was steeper than the initial slope due to sedimentation, as shown in Figure 4 in Section 2.4. As a result, the debris flow could run downstream with a faster flow velocity and less sediment deposition.
The flow depth was also affected by the deposition induced by a gentle slope gradient. If sediment deposition in the check dam reservoir was suppressed owing to a steeper slope, compared with the original channel slope, the debris flow would contain more sediment with increased flow rate, thereby deepening the flow. Moreover, increasing the deposit height seemingly induces changes in the flow characteristics and sediment concentration, thereby affecting the debris-flow impact force.
3.2 Check Dam Stability
The results of the dam stability analysis, which elucidates the influence of sedimentation and debris flow, are shown in Table 4. This shows that the maximum tensile and compressive stress values were lowest in the no-deposit condition, at 0.38 and 0.14 MPa, respectively. As the deposited depth increased, the resultant tensile and compressive stresses increased to 0.80 and 0.35 MPa, respectively. The point at which the maximum compressive stress was produced varied with the sediment deposition; it was exerted on the middle of the collision section in the face of the dam until 50% deposition was achieved; under deposition conditions of more than 75% it was exerted at the collision section of the debris flow and the bottom of the downstream face (Figure 11).
TABLE 4 | Results of structural stability analysis.
[image: Table 4][image: Figure 11]FIGURE 11 | Results of tensile and compressive stress for each deposit scenario. Tensile stress distribution at (A) 0%, (B) 25%, (C) 50%, (D) 75%, and (E) 100% deposition conditions; compressive stress distribution at (F) 0%, (G) 25%, (H) 50%, (I) 75%, and (J) 100% deposition conditions.
Figure 11 shows that the maximum tensile stress occurred at the bottom of the upstream face for all the deposition scenarios. Our results demonstrated that the check dam had sufficient strength against the maximum compressive and tensile stresses, even under a 50% strength reduction by aging degradation. Notably, this finding indicates that the check dam satisfies the stability criteria for distress failure under the combined conditions of sediment deposition and debris-flow impact (Table 4).
4 DISCUSSION
Sediment deposition and debris-flow discharge are essential for producing the external load to check dams; however, it is inherently challenging to accurately reproduce debris-flow characteristics by using numerical models. As a debris flow approaches a dam, the flow velocity is attenuated because of the rip current of the debris flow. When a debris flow reaches a rigid wall, such as a check dam, it immediately runs up in the vertical direction along the slope of the dam body (Iverson et al., 2016; Koo et al., 2017; Shen et al., 2018; Ng et al., 2021). According to Sanvitale et al. (2021), the vertical jet of debris discharge might overflow the check dam in an inertial-dominated condition (higher Froude number); it falls down and becomes a reflected wave into the upstream direction in a low Froude number condition. This reflected wave induces a reduction in the kinetic energy of the subsequent flow. Consequently, debris materials are sequentially deposited in the upstream face of check dams, which acts as a buffering barrier to reduce subsequent debris-flow impact forces. However, as the deposit depth increases, the piled-up debris extends to the top of the check dam, and subsequent debris flows can overflow the dam. Reflected wave and debris buffer effects can be somewhat prolonged until the overflow occurs. Sediment deposition in the check dam reservoir decreases the effective height of the dam on the upstream side, thereby reducing the storage capacity for sediment trapping and shortening the time to overflow. Therefore, the dissipated impact energy may be weakened as the deposit height increases, thus exacerbating the debris-flow impact force.
This study had several limitations, including: 1) the reproducibility of Hyper Kanako; 2) coarse spatial resolution; 3) simplicity of the entrainment model; and 4) difficulties in simulating strict physical processes.
In terms of the reproducibility, the results of numerical simulations should be quantitatively validated by comparisons with observed data, including the area and volume of entrainment (Gregoretti et al., 2019). This comparison was achieved with the help of 3-D topographic data obtained from airborne photogrammetry or LiDAR (Cucchiaro et al., 2019a; Cucchiaro et al., 2019b; Gregoretti et al., 2019). In this study, only airborne orthoimage was available to trace debris-flow movement; therefore, the erosional and depositional areas in the channel could not be quantified. Although a digital topographic map was taken within a month of the debris-flow event, most debris‒sediment mixtures in the deposit fan had already been removed because they covered public roads and residence areas.
The spatial resolution of the DEM obtained from the digital topographic map was also a critical limitation of this study. When a debris-flow impacts a check dam, the impact force distribution continuously varies owing to the debris-flow impact dynamics, such as the hydraulic processes of run-up or reflected waves. As these dynamic phenomena only occur locally, the spatial resolution for addressing the impact dynamics should be sufficiently high to consider the interaction between the debris flow and the check dam. However, the spatial resolution of the DEM used in this study was 10 m × 10 m, and the interval between spatial nodes in the channel area was approximately 15 m. Given a dam width of 4 m and height of 5 m, the data used in the simulation were insufficient to reproduce the local dynamics of debris-flow impact. Owing to this, we suggest that further studies should analyze the debris-flow impact force exerted on the check dam with higher precision and at a higher spatial resolution, using data taken before and after a debris-flow event, compared to those herein.
Moreover, the entrainment process in Hyper Kanako, which is represented as an empirical relationship between the flow velocity and sediment concentration, is likely insufficient to simulate the impact dynamics. When Hyper Kanako simulates a debris flow under the installation of check dams, this model assumes that the momentum of the debris flow instantaneously becomes zero with rapid sediment deposition until overflow occurs to avoid numerical errors induced by discontinuous flow phenomena, such as run-up or hydraulic jump when debris-flow impacts (Nakatani, 2010). This simplification ensures stable numerical solutions for deposit fans situated downstream of check dams. However, it could reduce the accuracy of the estimation of the debris-flow impact load.
Further analysis is needed to ensure the long-term stability of a check dam by considering several factors. First, the impact force can be set to reflect an extreme debris-flow event in the watershed. In this context, KFS (2014) and NILIM (2016a) suggest that design flood discharge should be quantified based on a return period of 100 years. The debris-flow evidence from 2011 has a 20-years recurrence interval, which is rather short to embrace an extreme disaster within the Hyoungchon watershed. Second, check dams suffer from aging and lose their strength over time (Lee, 2015). Thus, check dams with reduced strength are vulnerable to debris-flow impact forces. To address this issue, check dams need to be designed considering time-dependent strength reduction for providing long-term protection against debris flows.
5 CONCLUSION
In this study, we simulated a debris flow and the associated impact force in a small mountain stream to examine the structural stability of a check dam. The combined effects of the debris-flow impact force and lateral earth pressure were considered through finite element analysis. This analysis revealed that the check dam would be stable under all the simulations considering sediment deposition on the upstream face and debris-flow impact force. The debris-flow impact force resulted in concentrated tensile stress on the upstream face of the dam foundation.
These results were achieved for a specific debris-flow event, thereby constraining us from providing a broader conclusion that similar stress distributions can be observed in various other watershed environments. Nevertheless, our proposed framework for distress stability analysis of check dams will be more widely applicable. With a reasonable estimation method for debris-flow magnitude, the methods and results of this study can provide practical guidance for check-dam design and maintenance, taking into account sediment deposition and debris-flow impact force.
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