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Lateral slope deposits along a channel represent an important source of material for initiation and development of debris flows/floods that are typically observed in many headwater tributaries. This study found that the failure process of such a deposit reflects combined interaction between external hydrodynamic factors (inflow discharge and channel slope) and internal factors (compactness and fine particle content). The erosion process comprises two stages: runoff erosion toward the toe of the deposit body and soil failure owing to gravity. Spatially, the erosion rate is distributed unevenly across the deposit; the highest value occurs at the section close to the middle of the deposit, on the upstream face. Temporally, the erosion rate decreases exponentially. Overall, the average erosion rate decreases (increases) with bulk density (inflow discharge and channel slope). However, a slope of 7 is a threshold at which the tendency of the erosion rate in relation to the fine particle content differs. In comparison with the other three influencing factors, the effect of the fine particle content is much smaller. Although the bulk density of the deposit imposes the most significant effect, it is of the same order as that of both inflow discharge and channel slope. As the failure process can be summarized as repeated runoff scouring of the toe of the deposit, deposit failure, and entrainment of the failure body by runoff, we proposed a calculation method for the total time required for a complete lateral erosion process, and validation of the calculation suggested its reasonability. The findings of this study enhance the understanding of the mechanism of lateral soil deposit failure, which could help improve runoff-induced debris flood forecasting in headwater regions of mountainous catchments.
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INTRODUCTION
In many headwater tributaries, lateral slope deposits along the channel represent an important source of material available for debris flow/flood initiation and flow development (Bardou and Jaboyedoff, 2008; Brenna et al., 2020; Guo et al., 2016; Guo et al., 2020). Such deposits, which often partially block the channel, usually form following landslides and collapses or as screes, and thus can have different composition and degrees of compactness. Generally, such deposits remain stable under regular runoff, but are potential to fail under certain surface runoff conditions. Failure of such a deposit reflects combined interaction between hydrodynamic and gravitational forces (Cui et al., 2013; Zhou et al., 2013; Zhou et al., 2015). From the perspective of inducing factors, upstream inflow is the main trigger for the initiation of movement of the material at the toe of the deposit, and the effect of gravity on the soil body also has to be considered in the failure process.
The impact of lateral slope deposit failure on the formation and/or development processes of a debris flow is sometimes considered in the same category as that of landslide dams, which generally block the channel entirely (Cui et al., 2013; Zhou et al., 2015). However, the difference is that the gravitational effect is seldom considered in the landslide-dam failure process (Xiangang et al., 2018; Jiang et al., 2020). Another similar phenomenon is the process of lateral erosion of a river bank, the initiation process of which is suggested to reflect the effect of water shear (i.e., the drag force of runoff) versus river bank resistance. The effect of channel runoff on the initiation of movement of soil particles has been studied previously through consideration of river dynamics, for example, the conditions for movement of uniform sand, and relationships between the parameters of the curve and grain composition were also proposed (e.g., Qian and Wan, 1983; Osman and Thorne, 1988; Qian et al., 1989; Nagata et al., 2000; Couper, 2004; Jason and Raymond, 2006; Khosravi and Azhini, 2007; Rinaldi et al., 2008). It has been suggested that the shear force required for the initiation of movement of soil is influenced by the cohesion of the soil (Osman and Thorne, 1988; Cui, 1992; Takahashi, 1978; Takahashi, 1991; Takahashi, 2014), which depends on the physical characteristics (e.g., compaction, percentage of fines, and moisture content) of the soil body (Knapen et al., 2007; Cui et al., 2017; Cui et al., 2019). Shields (1936) developed an empirical approach that involves the dimensionless shear stress as a function of the grain size and Reynolds number. The work was updated by Yalin and Karahan (1979) using carefully scrutinized, available experimental data and subsequently improved further by Soulsby (1997). In practice, shear stress is also determined in the field or in the laboratory using flume tests, submerged jet-index tests, the erosion function apparatus, cylindrical erosion tests, or other test methods (e.g., Hanson and Simon 2001; Briaud 2008; Chang et al., 2011; Zhang et al., 2016; Zhu and Zhang 2016).
Traditionally, the erosion rate of a soil body has been investigated by building empirical relationships between the influencing factors and the extent of soil erosion (e.g., Khosravi and Azhini, 2007). The mechanism controlling the combined influence of soil mechanics and hydrodynamics on failure has also been proposed (Osman and Thorne, 1988; Darby and Throne, 1996; Nagata et al., 2000; Dapporto et al., 2001; Couper, 2004; Jason and Raymond, 2006; Khosravi and Azhini, 2007; Rinaldi et al., 2008). A governing equation of river and/or rill erosion was proposed to determine the change of channel width, which assumes that the water flow power is smallest, critical shear stress is largest, or the sediment transport rate is largest (Lavelle and Mofjeld, 1987; ASCE Task Committee et al., 1998; Zhu et al., 2001). Nevertheless, the erosion rate values are often very difficult to estimate since the soil resistance (erosion rate) does not represent an actual measurable soil property (Knapen et al., 2007). As a result, it becomes crucial to link the erosion rate to one or some easy-measurable soil properties or flow conditions. Although some empirical equations are available to estimate the erodibility parameters by identifying the shear stress (e.g., Hanson and Simon, 2001; Annandale, 2006; Chang et al., 2011), it is also indicated that the erosion rate to concentrated flow is influenced by almost any soil property, turning it into a complex concept with a high spatial and temporal variability (Nachtergaele and Poesen, 2002), that is not yet fully understood. Additionally, considering the differences among a river bank, a rill, and a slope deposit in terms of morphology and grain composition, the erosion–failure process of lateral slope deposits should be investigated independently.
This work observed the failure process of a soil lateral slope deposit in a channel and investigated the relationship between the erosion rate and the inducing factors based on the experiment. The effects of influencing factors were analyzed quantitatively, and a method for calculating the time required for complete erosion of the deposit was proposed by combining two classical theories of channel erosion.
EXPERIMENTAL DESIGN
Flume Setup
Flume-based experiments were designed and performed to investigate the failure process of a lateral slope deposit body, as shown in Figure 1. A cubic water supply box (dimensions: 80 × 80 × 80 cm) provided stable inflow conditions for the experiment, and the flow rate was controlled by a water tank valve. The angle of the flume (length: 400 cm, width: 40 cm, height: 40 cm) could be adjusted in the range of 0–15°. The bottom of the flume was coarsened manually. A rectangular weir (height: 25 cm) was placed in the flume 80 cm downstream from the water tank to allow stabilization and quantification of the upstream inflow. For ease in observing and recording the soil deposit failure at different times and determining the related parameters, the sides of the flume were constructed with toughened clear glass with marked coordinates.
[image: Figure 1]FIGURE 1 | Experimental flume system.
Factor Selection and Deposit Body Design
The research objective of this series of experiments was to investigate the erosion of a lateral slope deposit body, typical of channels in headwater regions of mountainous catchments. Prior to deciding on the experimental design, a detailed survey of such deposits was performed in the field. The results revealed that the geometry of a lateral slope deposit body generally has a semitriangular conical form, and that the slope is typically in the range of 30–35°. Consequently, the experimental deposit body used in this study was designed to have similar shape and slope. The experimental deposit body was located in the center of the flume 200 cm downstream from the water tank.
We considered four parameters as the principal influencing factors of the stability of the deposit body under the runoff conditions: channel slope (θ), upstream water discharge (Q), fine particle content (δ), and bulk density of soil (ρ). In separate experiments, the value of θ was adjusted to 3°, 5°, 7°, 9°, 11°, and 13°; the value of Q was controlled to 1, 2, 3, and 4 L/S (10–3 m3/s); the value of δ was set to 5, 10, 15, 20, 30, and 40%; and the value of ρ was controlled to 1.4, 1.5, 1.6, 1.7, and 1.8 g/cm3 (Figure 2). In defining the content of fine particles, it is usually considered that the content of particles with diameter of <1 mm affects the moisture content of the deposit material, and has notable influence of its consolidation, plasticity, and flow state (Cui, 1992; Wang et al., 2017). Therefore, in this study, the threshold value between fine and coarse particles was set as 1 mm.
[image: Figure 2]FIGURE 2 | Influence factors of lateral slope deposit failure considered in this study.
Experimental Soil
The original experimental soil was collected from a single natural accumulation slope deposit body in the field, which is typically with a semitriangular conical form, and slope of 34°. The soils on the deposit were colluvium from the upper part of the slope. They were collected and then dried and screened, and the initial water content was controlled to 10%. The soil material with different particle size ranges was reorganized according to experimental requirements. Considering the influence of flume width, equivalent substitution (Guo et al., 2016) was used for reconfiguration of particles with size >10 mm. Ultimately, the final content of each particle group was obtained using the following formula:
[image: image]
where P>2 and P>10 represent the content of particles in the original soil with diameter >2 and >10 mm, respectively, and ΔPoi is the content of each particle group in the original grade.
The particle size parameters of the original and experimental soils are listed in Table 1. Among them, NM is the particle composition of the natural soil, ESNM is the particle composition of the natural soil after equivalent substitution using Eqs. 1, and S-1, S-2, S-3, S-4, S-5, and S-6 are the particle compositions of the soils with values of δ of 5, 10, 15, 20, 30, and 40%, respectively.
TABLE 1 | Particle size parameters of the natural and experimental soils.
[image: Table 1]The particle size distributions are also expressed in terms of their grain size distribution (GSD) parameters (Li et al., 2013; Li et al., 2017):
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where D is the particle diameter (mm); P(D) is the cumulative percentage content (%) larger than particle size D; C is a coefficient; μ is equivalent to the particle fractal index, which is related to soil structure (especially porosity); and Dc is defined as the characteristic particle size (mm), used to rescale the cumulative curve according to the real constant introduced by the accumulation curve.
Owing to substitution of particles with a diameter of >10 mm, the value of d50 in all the experimental soils was markedly smaller than that of the natural soil. However, as the GSD parameters of MC-4 are similar to those of the treated natural soil ESNM, MC-4 was considered representative of the natural soil.
Data Collection
An ultrasonic stage meter was used to measure the water level h(m) of the flow, and correction was performed on the basis of the graduated readings on both sides of the flume. Colored balls were used as tracers for the calculation of the mean velocity of the surface flow. Additionally, the video imagery was also used to validate the calculation. The inflow discharge was calculated using the basic equation Q = vA, where A is the section area (m2) that was determined on the basis of the measured water level h (m). Rules were pasted onto the glass sides of the flume to measure the erosion process of the soil deposit body. The video images were divided into a 2 × 2-cm grid to allow quantification of the spatial distribution and estimation of the volume of the deposit material.
SLOPE FAILURE PROCESS
General Process of Lateral Soil Deposit Failure
Observation indicated that the soil deposit failure process was similar in most of the experiments but with differences in specific details. Thus, for illustrative purposes, here we consider experiment E-1 (ρ = 1.6 g/cm3, θ = 5°, Q = 3 L/s, and δ = 20%).
The duration of the entire failure process was 92 s. After the gate of the water tank was opened, as shown in Figure 3A, the partial blockage of the channel by the deposit body caused the inflow to become turbulent near the upstream side of the soil body, which led to water level rise and gradual expansion of the range of influence of the water flow. The particles of the slope toe were gradually mobilized, and the downstream water flow gradually became turbid (Figure 3B). With gradual erosion and frequent fluctuation of the water current, local small-scale failures occurred gradually in the upstream part of the soil body. As the deposit body was eroded, the shape of the slope toe in the upper part of the slope body changed, and the upper part of the slope body formed a free surface. Under the action of gravity, the upper part of the soil body underwent frequent intermittent and successive failures. The area of the soil body gradually shrank, the failure surface developed toward the downstream direction, and an obvious crack appeared at the top of the soil body (Figure 3C). This crack gradually widened and lengthened, which ultimately resulted in large-scale failure with a magnitude of approximately 500 cm3 (Figure 3D). Once the failed material fell into the channel, it dispersed quickly and accumulated loosely in front of the deposit body, temporarily (a period of 8 s) protecting the deposit body from further upstream erosion (Figures 3E,F). This process increased the flow and density of the downstream flow. This process occurred repeatedly during the remainder of the experiment. For instance, another crack appeared at t = 39 s, failure occurred at t = 42 s with magnitude of approximately 300 cm3, and the material was removed by the inflow by t = 46 s (Figures 3G–I). After t = 92 s, most of the soil body had failed and been eroded, which effectively removed the blocking effect of the channel by the deposit.
[image: Figure 3]FIGURE 3 | Typical features of the flow and deposit body during experiment E-1.
Morphological Variation and Erosion Process
The variation of the deposit body morphology, measured during the experiment, is plotted in Figure 4. The erosion was represented in both longitudinal and lateral directions. After repeated failure and entrainment of the soil material, the deposit body eventually evolved into a triangular or wedge shape, and the curvature of the outer contour gradually decreased before finally becoming aligned approximately parallel with the flow direction.
[image: Figure 4]FIGURE 4 | Morphological evolution of the deposit body.
Here, the erosion rate Eb, which is an important index of soil erosion, is used to represent the rate of failure. It is defined as the volume of the soil body eroded by the water flow per unit time:
[image: image]
where Eb is the erosion rate (m/s), Ws is the total eroded volume (m3), A is the eroded area, and T is the erosion duration (s).
As the soil body in the experiments was regarded as uniform, and the volume and the erosion distance have positive correlation, Eq. 3 can also be expressed as follows:
[image: image]
where L is the erosion distance (m).
Initially, we applied Eq. 4 to calculate the erosion rates, and used dx/dt and dy/dt to express the rates in both longitudinal and lateral directions (i.e., parallel and perpendicular to the inflow direction, respectively) to represent the effects of inflow and gravity, respectively.
EROSION RATE AND ITS INFLUENCING FACTORS
Overall Tendency of Erosion
All cases exhibited a linear relationship of positive correlation between dx/dt and dy/dt under the effects of the different influencing factors, although the relationships differed in each experiment, as shown in Figure 5. The relationships reflect the influence of both water flow and gravity. Overall, dx was >dy, although dx was <dy in the initial period of some of the experiments in which θ was 3°. It indicates that under conditions with a slight slope, lateral erosion is more prominent than erosion in the direction of the flow, whereas in most other cases, erosion in the direction of the flow is more prominent, suggesting greater effect of inflow power.
[image: Figure 5]FIGURE 5 | Linear positive correlation relationships between dx/dt and dy/dt under different influencing factors (ρ: bulk density, δ: fine particle content, θ: channel slope, and Q: upstream water discharge).
Temporal and Spatial Variations of the Erosion Rate
The temporal differences and spatial heterogeneities of the erosion rate of the slope deposit were investigated by measuring the morphology and the erosion process at different sections within the deposit at different times. Spatially, 15 sections were considered along the direction of flow (Figure 6). The dimensionless parameter x/L was used to determine the position of the section relative to the deposit body, that is, the location of Section 8 was at the central axis of the deposit, and its x-coordinate was set as 0. The coordinates of the beginning and end points of the deposit were −0.5 and 0.5, respectively, through which the coordinate of each individual section could be deduced.
[image: Figure 6]FIGURE 6 | Measurement sections of the experiment.
Temporally, the failure period was divided evenly into nine subperiods (T-1−T-9), and the erosion rate at each section in each subperiod was measured.
It was found that the erosion rate exhibited notable nonuniform characteristics in both spatial and temporal perspectives. Taking periods T-1, T-4, and T-7 as examples, it can be seen from Figure 7 that the erosion rate first increased and then decreased with the increase of the relative position x/L of the observation section. The point of the peak erosion rate generally appeared to the left of the central axis (i.e., upstream of the deposit body) and then gradually moved downstream with time.
[image: Figure 7]FIGURE 7 | Erosion rate at different measurement sections with time.
Additionally, the average erosion rate of each time period was calculated and found to decrease exponentially with time, as shown in Figure 8. This is because the flow section becomes broadened with the ongoing progress of lateral erosion, and the erosion effect becomes weakened owing to the reduction of flow height, which decreases the shearing force of the flow. However, it should be noted that the erosion rate also fluctuated at certain periods owing to the randomness of the soil failures.
[image: Figure 8]FIGURE 8 | Decrease of the erosion rate with time.
Effects of Influencing Factors on the Mean Erosion Rate
(1) Fine Particles
We investigated the influence of individual factors on the erosion rate of the deposit body under conditions in which other factors were held constant. For example, in the set of experiments with ρ = 1.5 g/cm3, θ = 7°, and Q = 3 L/s, the value of δ was set at 5, 10, 15, 20, 30, and 40%, separately. It was found that the average erosion rate in both the longitudinal and the lateral directions (dx/dt and dy/dt) decreased with increasing δ, as shown in Figure 9A.
[image: Figure 9]FIGURE 9 | Relationships between the average erosion rate and different influencing factors.
We considered the set of experiments with δ = 20%, θ = 5°, Q = 3 L/s, and ρ controlled to 1.4, 1.5, 1.6, 1.7, and 1.8 g/cm3, separately, to investigate the influencing effect of ρ. The results revealed that the average erosion rate in both the longitudinal and the lateral directions (dx/dt and dy/dt) decreased with increasing ρ (Figure 9B).
Investigation of the effect of θ was conducted in the set of experiments with δ = 30%, ρ = 1.8 g/cm3, and Q = 3 L/s. Both the lateral and the longitudinal average erosion rates were correlated positively with θ, and the relationships could be expressed exponentially. The growth rate of dy/dt was slower than that of dx/dt, indicating that θ has greater influence on the erosion rate in the direction of flow (Figure 9C).
Investigation of the effect of Q was conducted on the basis of the set of experiments with δ = 30%, θ = 11, and ρ = 1.8 g/cm3. It can be seen in Figure 9D that both the lateral and the longitudinal erosion rates were correlated positively with the upstream flow rate; each increased exponentially and dx/dt was >dy/dt, similar to the effect of θ.
Under the same external (inflow and channel) conditions, the erosion rate of a soil deposit is affected mainly by the soil structure. The resistance forces (e.g., the Coulomb force, van der Waals force, and capillary force) within soil are greater in material with higher content of fine particles, resulting in the reduction of the erosion rate. Similarly, as soil compactness increases, soil shear strength and erosion resistance are enhanced, also resulting in a reduced erosion rate. However, as shown in Figure 8B, decrease of the erosion rate in the lateral direction (dy/dx) was more evident, which is consistent with the findings of Osman and Throne (1988), who reported that the lateral retreat distance of a cohesive river bank decreases with the power function of the bulk density of the soil.
For soil deposits, the hydraulic force is the main factor that induces failure. The water shear and water flow power are generally used as indices that combine the inflow and slope conditions (Bagnold, 1977; Hairsine and Rose, 1992; Elliot and Laflen, 1993; Nearing et al., 1997; Wang et al., 1998; Zhang et al., 2003), as shown in the following equations:
[image: image]
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where τ is the water power (Pa), γ = ρg (N/m3), ρ is the flow density (103 kg/m3), h is the flow depth (m), J is the hydraulic gradient, and v is the flow velocity (m/s).
It can be found from Figure 10 that the average erosion rate increases exponentially with water shear and water flow power, which is in accord with the aforementioned results.
[image: Figure 10]FIGURE 10 | Relationship among mean erosion velocity and (A) water shear and (B) water flow power.
Coupling Effects of Influencing Factors
We investigated the coupling effects of influencing factors by conducting experiments with more than one variable to provide a reference for comparison with the effects of the individual factors.
(1) Fine Particle Content and Bulk Density
As both dy and dx always exhibited a linear positive relationship, we used the lateral retreat of the deposit body (dy/dx) to represent the erosion rate. It can be seen from Figure 11A that the erosion rate decreased with ρ for all values of δ, which is in accord with the aforementioned results. Multivariate nonlinear regression analysis was performed (Figure 11B, Eq. 7), which indicated that the effect of δ on the average erosion rate was much greater than that of ρ, as shown in the following equation:
[image: image]
where Eb is the erosion rate (10–2 m/s), and F and C represent the effects of δ and ρ, respectively.
[image: Figure 11]FIGURE 11 | Relationship of the erosion rate with bulk density and fine particle content: (A) relationship between average erosion rate and bulk density with different values of fine particle content, and (B) multivariate nonlinear regression curve.
(2) Fine Particle Content and Slope
The relationship between the erosion rate (dy/dt) and δ was analyzed under conditions of different θ. It was found that the trend varied with respect to θ. For example, in the experiment with θ = 3°, the erosion rate increased with δ. In the experiment with θ = 7°, the erosion rate first increased and then decreased with δ. However, in the experiment with θ = 11°, the erosion rate decreased as δ increased. Additionally, the standard deviation under the condition of θ = 7° was the smallest among all the experiments. Therefore, it is considered that θ = 7° is the critical value above and below which δ plays a smaller and greater role, respectively, in relation to the erosion rate (Figure 12).
[image: Figure 12]FIGURE 12 | Relationship of the erosion rate with slope and fine particle content: (A) relationship between average erosion rate and fine particle content with different values of slope, and (B) multivariate nonlinear regression curve.
On the basis of the above, we divided the experimental slope into two sections and determined the fitted relationships between the erosion rate and δ for each section. Significant correlation was found in the formulas of the erosion rate fitted by δ and θ (Eq. 8), in which S represents the effects of θ. The equations indicate that the effect of θ is much more significant than that of δ:
[image: image]
(3) Bulk Density and Inflow Discharge
The results regarding the erosion rate (dy/dt) of the experiments coupling δ and Q are investigated. In the cases with δ = 1.4 and 1.8 g/cm3, the average erosion rate increased markedly with the increase of Q. The results of multiple nonlinear regression analysis are shown in Figure 13 and Eq. 9. It is indicated that the effect of δ had slightly more influence than Q on the average erosion rate; however, the values are of the same order of magnitude and very similar, as shown in the following equation:
[image: image]
[image: Figure 13]FIGURE 13 | Relationship of the erosion rate with inflow discharge and bulk density: (A) relationship between the average erosion rate and inflow discharge with different values of bulk density, and (B) a multivariate nonlinear regression curve.
(4) Bulk Density and Slope
The results regarding the erosion rate (dy/dt) of the experiments coupling δ and θ are also investigated. In the cases with δ = 1.4 and 1.8 g/cm3, the average erosion rate increased markedly with θ. The results of multiple nonlinear regression analysis are shown in Figure 14 and Eq. 10. It is also indicated that the effect of the δ had slightly more influence than that of θ on the average erosion rate; however, the values are of the same order of magnitude and very similar, as shown in the following equation:
[image: image]
[image: Figure 14]FIGURE 14 | Relationships of the erosion rate with slope and bulk density: (A) relationship between the average erosion rate and slope with different values of bulk density, and (B) a multivariate nonlinear regression curve.
ESTIMATION OF EROSION TIME
Surface runoff can create a substantial scouring effect on slope deposits. As mentioned above, the lateral erosion process of a slope deposit body can be summarized as repeated episodes of runoff scouring of the toe of the deposit, deposit failure, and entrainment of the failure body by runoff. As the failed material generally falls rapidly into the channel, the duration of the stage of failure is short. As such failures are temporally intermittent, the repetition of such a process causes continuous erosion of the deposit body in both the flow and the lateral directions.
The empirical formula for calculating the lateral scour rate, based on laboratory experiments by Hooke (1975), was used to estimate the runoff scouring time before the first failure:
[image: image]
where Ge is the scour rate (103 g/m2/s), τ is the channel shear ptforce (N/m2), τc is the initial critical shear stress of the soil (N/m2), τ − τc is the residual shear force (N/m2), and Geo is the erosion rate when the soil is in the critical state of initiation of movement (kg/m2/s), and the following empirical formula is available:
[image: image]
where C is the lateral scour coefficient (m), the empirical value of which is recommended as 2.23 × 10–2 m by Osman and Throne (1988), and k is a constant (=1.3).
[image: image]
where dB/dt represents the distance of lateral erosion per unit time (m/s) and γb is the soil bulk density (KN/m3). The time required for lateral erosion of a deposit body can therefore be calculated as follows:
[image: image]
where W is the deposit width (m).
For the second stage of the process, that is, entrainment of the failure body by channel runoff, Wang et al. (1998) conducted many tests of sediment scour, and proposed that the scour rate is proportional to the water flow power and depends on particle size and bulk density. The proposed formula for the scour rate is as follows:
[image: image]
where Er is the scour rate (103 g/m2/s); γs and γ represent the density of the soil particles and that of the inflow water runoff (kg/m3); J is the flow slope; d is the average sediment diameter (m), and d50 is traditionally used; g is gravitational acceleration (m/s2); and U is the average flow velocity (m/s). The time required for a single deposit failure body to be transported by runoff can be estimated using Eq. 14, and the total time for stage two can be expressed as follows:
[image: image]
where Trx and Tr represent the time required for the xth and total failure of the body (s), respectively; ρs is the density of the soil (103 kg/m3); and Vx is the volume of the xth failure body (m3):
[image: image]
As recorded in the experiments, the entire failure process is actually a failure sequence that can be regarded as repetitions of two such stages. Therefore, the total failure time (T) required for complete erosion of the deposit body can be cumulated according to the recorded failure sequences as follows:
[image: image]
Given the complexity of the collapses as part of the widening process of lateral erosion, the widening model and estimation method proposed in this article represent a simple and preliminary generalization. Comparison of the calculated and the actual measured erosion time is presented in Figure 15. The strong correlation between the two indicates that the estimated value is largely in agreement with the actual value, suggesting the reasonableness of the proposed methods for the estimation of the duration required for erosion of the lateral slope deposit.
[image: Figure 15]FIGURE 15 | Relationship between theoretical erosion duration and actual erosion duration.
DISCUSSION
Using flume-based experiments, this work investigated the effect of factors that influence the erosion rate of a slope deposit along a channel. Despite certain limitations that included the selection of the deposit material and the influence of the experimental dimensions, the general impact of various influencing factors on the failure process was determined.
It is known that the average rate of lateral erosion of gully bank deposits is affected by the nature of the soil (compactness and fine particle content) and external hydrodynamic conditions (slope and inflow), but each of these factors has a different level of influence on the average erosion rate. On the basis of our analyses, the effect of fine particle content was established as being less important than that of the other three factors. Of the remaining three factors, the impact of compactness, which was represented by bulk density in our analyses, was found to be greatest in the form of the exponent in the fitted relationships, although it was of the same order of magnitude as that of slope and inflow discharge.
The comparative importance of the influencing factors was also reflected in the failure process observed in the experiments. Failures can be categorized as collapses or slides according to the Varnes classification (Varnes, 1978; Hungr et al., 2001, 2014). Although the use of the terminology here might differ slightly from that adopted in reference to field collapses and slides, the underlying mechanisms are similar in that a collapse (slide) is dominated by tensile (shear) forces. It is known that external conditions (e.g., inflow discharge and slope) only affect the time of failure, that is, the erosion rate, whereas soil conditions (e.g., bulk density and fine particle content) affect the failure type. The principal failure mode of a loose deposit tends to be sliding, whereas that of a dense deposit primarily collapses following the appearance of vertical cracks. On the basis of the experiment, the threshold of demarcation between the two modes has been determined as approximately 1.6 g/cm3. Moreover, a soil body with low content of fine particles is more susceptible to large-scale overall slip, and the particles are dispersed. Our experiments indicated that a fine particle content of 30% is the threshold value between the two failure modes. This is in agreement with the theory, which suggests that when the content of fine particles is <25%, the soil structure is composed largely of coarse particles without fine particles filling the pores between the coarse particles (Vallejo and Mawby, 2000).
Another factor also considered to influence the erosion process is the blockage rate (W*), which is expressed as the ratio of the width of the deposit (W) to the channel width (WC). In this study, this ratio was considered as 0.4, 0.6, 0.7, 0.8, and 1.0 under the conditions of ρ = 1.5 g/cm3, θ = 7°, δ = 20%, and Q varying as 1, 2, 3, and 4 × 10–3 m3/s. The details of the set of experiments showed that W* had no substantial effect on the erosion time or the erosion rate under the experimental conditions with the same total deposit volume (Table 2). Moreover, the failure type showed no obvious difference according to the experiment records, whereas the effect of the total deposit volume was much more influential.
TABLE 2 | The experiment set and results considering the blockage rate W*.
[image: Table 2]CONCLUSION
Slope deposits, typically observed along channels in many headwater tributaries, represent an important source of material for the initiation and development of debris flows. This type of deposit generally fails under the effect of scour by surface runoff. This study investigated the relative influence of internal factors (compactness and fine particle contents) and external factors (inflow discharge and channel slope) on the rate of erosion of a deposit body in an experimental flume. Despite certain experimental limitations, the main findings can be summarized as below.
The process of soil deposit failure is the result of combined action of hydrodynamic and gravitational forces on the soil. The process consists of two stages: runoff erosion toward the toe of the deposit body and soil failure owing to gravity. The erosion rate in both the direction of the flow and the lateral direction exhibited positive correlation with all influencing factors, although that of the former was slightly stronger. Spatially, the erosion rate was distributed unevenly across the deposit; the highest value occurred at the section close to the middle of the deposit, on the upstream face. Temporally, the erosion rate decreased exponentially.
Overall, the average erosion rate decreased with bulk density, and increased with inflow discharge and channel slope. A channel bed slope of 7° was determined as the critical slope in the relationship between the erosion rate and fine particle content. When the bottom bed slope was <7°, the average erosion rate increased with fine particle content, whereas the relationship exhibited a decreasing trend when the bottom bed slope was >7°. Multivariate nonlinear regression analysis suggested that the effect of fine particle content was much smaller than that of the other three factors. Although the bulk density of the deposit imposed the most notable effect, it was of the same order of magnitude as that of inflow discharge and channel slope. The blockage rate was also considered in the experiments; however, the results indicated that it had no significant effect on the erosion rate and failure type in comparison with the other factors.
The failure process can be summarized as repeated runoff scouring of the toe of the deposit, deposit failure, and entrainment of the failure body by runoff. As the second stage is very rapid, estimation of the total time required for a complete lateral erosion process is proposed as the summation of the durations of the first and third stages, and validation of the calculation suggested its reasonability.
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