Experimental Investigation of Internal Erosion Behaviors in Inclined Seepage Flow
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[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Abstract
	Internal erosion is one of the most common causes of failure in hydraulic engineering structures, such as embankments and levees. It also plays a vital role in the geohazards (such as landslides and sinkhole developments) and more importantly, the earth landscape evolution, which has a broad environmental and ecosystem impacts. The groundwater seepage is multi-directional, and its multi-dimensional nature could affect the initiation and the progression of internal erosion. With a newly developed apparatus, we carry out nine internal erosion experiments under five different seepage directions. The results reveal that the critical hydraulic gradient increases as the seepage direction varies from the horizontal to the vertical. After a global erosion is triggered, preferential erosion paths distribute randomly from the bottom to the top of the specimen. If the seepage direction is not vertical, small preferential erosion paths merge into a large erosion corridor, in which the loss of fine particles is significant but negligible outside. Results of experiments manifest that the erosion is heterogeneous and three-dimensional, even in the unidirectional seepage flow. The particles are rapidly eroded at the early stage of the erosion, indicating a high erosion rate. With the erosion time increasing, the particle loss slows down and even ceases if the time is long enough. The erosion rate increases if the seepage direction approaches a vertical direction.  Overall, the erosion rate approximately decreases with erosion time exponentially. We proposed exponential equations to illustrate the variation of the erosion rate in the erosion process. 
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INTRODUCTION
Internal erosion is one of the leading causes of failure in hydraulic engineering structures, including embankments and levees. It is responsible for approximately half of the dam failures and incidents over the world (Foster et al., 2000; Hewlett et al., 2008).  It also plays a vital role in the geohazards (such as landslides and sinkhole developments) and more importantly, the earth landscape evolution, which has a broad environmental and ecosystem impacts.  Recently, Fell and Fry (2007) attributed the initiation of the internal erosion to four mechanisms, namely, backward piping erosion, concentrated leak erosion, contact erosion, and suffusion. 
[bookmark: OLE_LINK7][bookmark: _Hlk33391277]Many studies have focused on determining the critical condition for internal erosion. With laboratory experiments or theoretical analysis, these studies developed criteria for determining the initiation of the erosion (Léonard and Richard, 2004; Wan and Fell, 2004; Brivois et al., 2007; El Shamy and Aydin, 2008; Chang and Zhang, 2013; Kimiaghalam et al., 2016). Among all the criteria, the critical hydraulic gradient (CHG) is widely accepted. The CHG depends on properties of soil such as the particle size distribution (PSD), the gradation, the porosity, the particle shape, or even the soil properties due to wildlife activities (Kenney and Lau, 1985; Skempton and Brogan, 1994; Åberg, 2006; Nord and Esteves, 2010; McDougall et al., 2013; Saghaee et al., 2016; Liang et al., 2017a). However, not only the properties of soil, external factors, such as the stress state, can influence the critical hydraulic gradient (Richards and Reddy, 2010, 2012; Chang and Zhang, 2013; Marot et al., 2016; Liang et al., 2019a). Furthermore, the progression of the internal erosion is dictated by the erosion susceptibility (or erodibility) of materials---the inherent resistance of soils to internal erosion (Annandale, 1995; Bryan, 2000). In addition to the soil composition, external factors, the stress state can also influence the progression of erosion (Bryan, 2000; Sterpi, 2003; Bendahmane et al., 2008; Marot et al., 2011, 2016; Moffat et al., 2011; Indraratna et al., 2013; Sibille et al., 2015; Kimiaghalam et al., 2016; Mehenni et al., 2016).
Stresses such as gravity that pulls the particle downward and drag force that moves particle in the direction of seepage flow are the major controlling factors of the initiation and the development of the erosion (Moffat and Fannin, 2011). Since gravity always is downward and the seepage direction varies, the interaction of the two plays a role in the internal erosion behaviors. However, to implement and to control an inclined seepage condition for the study of internal erosion is a challenge in laboratory experiments. For this reason, previous studies of the internal erosion mainly focused on the vertical seepage, i.e., upward seepage or downward seepage parallel with the direction of gravity (Chang and Zhang, 2011; Luo et al., 2013; Fleshman and Rice, 2014; Liang et al., 2017b). They ignored the effects of other seepage directions.
The erosion behaviors under an inclined seepage direction are likely different from those under a vertical seepage because the drag force direction is not parallel to the gravity direction. Albeit, some works have investigated the effects of the seepage direction (Richards and Reddy, 2012; Pachideh and Majdeddin Mir Mohammad Hosseini, 2019), its effects on the internal erosion behaviors in an inclined seepage flow remain to be explored. Therefore, this study aims to investigate the initiation and the progression of internal erosion by exploiting a direction-adjustable apparatus. Based on the experiment results, we unfold the behavior of the erosion process and explore the relationship between the seepage direction and the erosion behaviors.
LABORATORY EXPERIMENTS
Apparatus
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: _GoBack]We designed a new apparatus to investigate the effects of the seepage direction on the internal erosion behaviors. The layout of the main components of this apparatus is shown in Figs. 1 and 2. This apparatus consists of a specimen container, an air cylinder for loading, a water supply system, a particle collection system, a data acquisition system, and an adjustable frame (Fig. 2). The specimen container is made of a polymethyl methacrylate (PMMA) tube. The inner diameter and the thickness of the tube are 10.0 cm and 1.0 cm, respectively, and its length is 50.0 cm. The intact specimen is 32.0 cm long before being eroded during the experiment. And the specimen is supported by a bottom steel plate in the container. This plate has a thickness of 0.5 cm, is perforated with holes of 5.0 mm in diameter at a spacing of 6.0 mm. On the plate, a steel wire sieve with 75.0 μm-sized holes prevents falling out of the fine particles of the specimen. These holes provide uniform water flow to the bottom of the specimen in the experiment. The water is from the water supply system that includes a height-adjustable tank that can provide the desired hydraulic gradient to drive seepage in the specimen. The steel plate also applies axial stresses to the bottom of the specimen via a piston rod connecting to the air cylinder. The air cylinder connects to an air compressor supplying pressurized air. Between the air cylinder and the air compressor, there is a pressure-regulating valve utilized to supply air with stable pressurized air to the cylinder. The pressure of the air out of the valve is preset following the requirements of the experiment. The air cylinder is capable of providing stable axial stress to the specimen since the vale outputs constant air pressure.  
The water-sand separating system is used to collect and separated the water and the eroded particles flowing out of the specimen from the top of the column. A mesh on the top of the specimen prevents the loss of coarse particles but allows the passage of water and the eroded fine particles. The water and eroded fine particles then discharge into a sieve immersed in the water tank of the water-sand separating system. The sieve separates the particles from the water (Fig. 1). The eroded particles deposit and accumulate on the sieve. A weighing sensor monitors the buoyant weight of the accumulated eroded particles, recording the amount of the particle loss in the experiment. The water level in the water tank is fixed at a given height, letting the excess water spills out of the tank freely to establish a constant hydraulic head on the top of the specimen. The water separated from the eroded particles then flows into another water collection tank, which is monitored by a weighing sensor, as well. From the change of weight, the flux through the specimen is calculated. A data acquisition system records the data during the experiment. The recorded data set includes the weight detected by the sensors, water heads at both ends of the specimen container, stress applied to the bottom of the specimen, and the deformation of the specimen bottom along the column.
[bookmark: OLE_LINK1][bookmark: OLE_LINK11]The above-described column rests on an adjustable frame.  Adjustment of the frame changes the inclination angle of the column, and in turn, the seepage flow directions (Fig. 2). The frame mainly consists of two steel pedestals. One pedestal allows adjustment of the elevation of the top of the column. The other pedestal fixes the bottom of the column at an elevation but allows the column to rotate.  By adjusting the location of the pedestal and the height of the top of the specimen column container, the seepage direction θ can be set at any angle from zero to 90° (Fig. 2a). Specifically, the elevation of the top of the column can be lowered to the same elevation of the bottom. This situation is to simulate the internal erosion with a horizontal seepage condition, i.e., the seepage direction θ = 0° (Fig. 2b). The apparatus can also stand up by raising the top of the tube and rotating the bottom to conduct experiments with a vertical seepage condition, i.e., the seepage direction θ = 90° (Fig. 2c).

Materials
The materials used in this study are the natural soil collected from the Yangtze River beach in Chongqing, China. The collected materials are socked in pure water for 24 hours and then washed in a blender to remove the clay and the impurities. The sieving method suggested by (ASTM, 2007) then selects the particles with diameters ranging from 0.075 to 10.0 mm. These selected particles are classified into different groups according to the diameter. The particles with size 0.075 to 0.25 mm and size 1.0 to 10.0 mm are used to prepare the specimens, Fig. 3a. 
[bookmark: OLE_LINK42]The specimen preparation follows the particle size distribution (PSD) shown in Fig. 3b. The PSD used in this study is gap-graded since the particles with size 0.25 to 1.0 mm are excluded. The particles with size 0.075 to 0.25 mm are the fine fraction. The particles with size 1.0 to 10.0 mm are the coarse fraction. On the basis of the USDA particle-size classification, the textural classes of the material are coarse-grained soils including gravels and sandy particles (García-Gaines and Frankenstein, 2015). The geometric and mechanic properties of the particles used in this study are listed in Table 1. Listed in this table, d85 is the diameter of the 85% mass passing in the fine component, and D15 is the diameter of the 15% mass passing in the coarse component. These two parameters are used for determining the internal instability of the soils (Kezdi, 1969). Likewise, Kenney and Lau (1985) used the parameter (H/F)min as the internal instability criterion, in which F is the mass fraction at any grain size d and H is the mass fraction between grain size d and 4d.  According to these two criteria and the parameters listed in Table 1, the materials used in this study are internally unstable.
Experiment Procedure
The first step of the experiment is the preparation of the specimen. The particles with different sizes are chosen proportionally following the PSD, and then mixed thoroughly with a water content equal to 4.0 %, which is close to the optimum water content. To detect the movement of the fine particles, we dye the fine particles and packed them in the specimens (Fig. 3a). Fine particles with four different colors, i.e., natural color, green, red, and blue, are packed into Sections Ⅰ, Ⅱ, Ⅲ, and Ⅳ of the specimens, respectively (Fig. 4). The length of each section is 8.0 cm. Before loading the particles into the specimen container, the specimen container is set to a vertical position (Fig. 2c). Then the soil particles are packed with a moist tamping method suggested by Ladd (1978) in order to prevent segregation of the different sized particles. The method is developed based on the fact that when typical sand is compacted in layers, the compaction of each succeeding layer may further densify the layers below (Ke and Takahashi, 2014). Following this method, the specimen is compacted to the target dry density by 16 layers, each layer being 2.0 cm thick. Each specimen is prepared by compacting soils with a targeted dry density equal to 1.92 g/cm3. When the specimen preparation is completed, the specimen container is adjusted to the desired angle.
The second step is to apply the desired vertical stress to the bottom of the specimen to imitate a static earth pressure state. The vertical stress is generated by importing pressurized air into the air cylinder. The air cylinder then drives the piston rod to deliver the desired forces to the bottom of the specimen. During the loading and experiment processes, deformation on the bottom of the specimen is continuously monitored with the displacement sensor to determine the volumetric strain. 
The third step is to saturate the specimen. In this step, we inject distilled water from the water supplying tank into the bottom of the specimen via a pipe. Lifting the water supplying tank raises the water level in the specimen until the water fills the top cap of the specimen container. The rate of water level rise is controlled at about 2.0 mm/min to prevent seepage deformation in this stage. Then, we close the valve on the pipe connecting the water supplying tank and the specimen tube and vacuum the specimen via the outlet on the top cap. The vacuuming process lasts for four hours to ensure the full saturation of the specimen. 
The fourth step is starting the experiment and capturing the critical hydraulic gradient (CHG) of the internal erosion. In this step, we lift the water supplying tank to gradually increase the hydraulic head difference between the bottom and the top of the specimen. The increase in the head difference provides an incremental hydraulic gradient, which drives water to flow from the bottom to the top of the specimen. We control the increment rate of the hydraulic gradient at about 0.05 per 10 min and terminate the increment of the gradient when we observe a sustained erosion in the specimen and determine CHG.  
The final step is to investigate the erosion process in the specimen. After a global erosion is observed at the end of the last step, the hydraulic gradient is immediately increased to and is kept at a desired constant value by quickly raising and fixing the elevation of the water supplying tank. Under this hydraulic gradient, the specimen is eroded continuously until few fine particles are observed in the outflow. As the erosion vanishes, and the experiment is ceased. During this step, we continuously monitor the loss of the fine particles, the variations of the volumetric deformation, and the seepage velocity in the soil-water separating and the water collecting systems. By repeating the first step to the fourth step and using a different constant hydraulic gradient in the last step, we investigate the effects of the hydraulic gradient on the erosion behaviors.
Experiment scenarios
In this experiment, we choose different seepage directions, i.e., 0°, 30°, 45°, 60° and 90°, and different axial stresses, i.e., 40 and 120 kPa, to explore the roles that the seepage direction and the stress state play on the erosion behaviors. The experiment schemes are listed in Table 2. All the specimens used in these experiments are prepared with the same materials and the same preparation method. 
TEST RESULTS
Initiation of the erosion 
Once the experiments begin, the flux through the specimen with the incremental hydraulic gradient is monitored and recorded. Figure 5 shows the relations between the seepage velocity and the hydraulic gradient in the beginning stages of each experiment listed in Table 2. It shows that the seepage velocity is linearly proportional to the hydraulic gradient at low gradient values, namely less than 0.8. This result indicates that the flow obeys Darcy's Law (i.e., laminar flow) in this stage when the specimen is intact and stable. No fine particle is observed in the outflow. Using Darcy's law, the hydraulic conductivities of the specimens before eroded are calculated and listed in Table 2. The mean value of these hydraulic conductivities is 0.125 cm/s, and the variance is 3.28 ×10-6 (cm/s)2. The variability of the permeability is small, indicating a high consistency of the specimens prepared in this study.  
As the hydraulic gradient continuously increases, we observe some local movements of fine particles through the profile of the PMMA specimen tube. Fine particles bounce around their original locations as long as the hydraulic gradient is increased further. According to previous studies (Liang et al., 2017b, 2017a, 2019b), the hydraulic gradient that initiates such a local motion of fine particles is defined as the low critical hydraulic gradient (LCHG). This critical gradient represents a lower limit of the critical state of the fine particles. That is, as long as the hydraulic gradient does not exceed this threshold value, the soil is stable, and the specimen is intact. The LCHG is a critical state that a part of the fine particles in the specimen reaches their force balance by the drag effect of flow water. The particles roll or move up and down in the pore of soil, but few particles loss unless the hydraulic gradient is further increased or the specimen is disturbed. For example, in Fig. 5, the red cross on the left-hand side represents the start of the local motion of the fine particles in experiment No. SD-2-2. The corresponding LCHG is 0.815. When the hydraulic gradient exceeds this LCHG, the relationship between the flux and the hydraulic gradient becomes nonlinear.  Afterward, the seepage velocity accelerates rapidly with the increase of hydraulic gradient, an indication of non-Darcian flow. If the hydraulic gradient keeps increasing, the specimen will reach another critical state, which triggers a global moving and continuous erosion of the fine particles. This triggering gradient is termed the high critical hydraulic gradient (HCHG). This critical gradient represents an upper limit of the critical state, indicating the specimen will suffer an irreversible loss of the soil composition. Therefore, the HCHG is also a critical state indicating continuous seepage erosion. For example, in Fig. 5, the red cross on the right-hand side represents the start of the global movement of the fine particles in experiment No. SD-2-2. The corresponding HCHG is 0.924. The values of the LCHG and the HCHG in every experiment are listed in Table 2. 
Progression of the erosion
Once the hydraulic gradient applied to the specimen exceeds the HCHG, the erosion of the specimen continues. To investigate the erosion behaviors under a given gradient, we adjust the water supplying tank to a fixed elevation, such that the hydraulic gradient is higher than the HCHG, and the global erosion starts. This gradient is 1.78 for every experiment in this study, as listed in Table 2. Under this constant gradient, erosion has occurred, and a video camera records the erosion process. We observe that the erosion process could sustain an extended period, i.e., more than five hours after the gradient is higher than the HCHG. We also observe that the erosion behaviors under inclined or horizontal seepage flow are different from the suffusion in vertical flow. 
Figure 6 shows the snapshots of the progression of the erosion process along the entire length of the specimen in experiment No. SD-2-2 , where the incline angle of the specimen is 30°, at four different times (0, 8.5, 167.0, and 284.0 mins) after the HCHG is reached. The change of color of the specimen manifests the loss of fine particles during the erosion process. The color change varies spatially and temporally in the specimen, indicating the particle erosion is not spatially uniform. The loss of the fine particles follows preferential flow paths. These preferential flow paths merge and form larger paths over the erosion time. Near the end stage of the erosion process, most of the fine particles in the preferential paths disappear, and some isolated patches of particles remain (Fig. 6d). Besides the isolated patches in the preferential paths, we also observe areas that are almost unaffected by erosion (areas below the yellow lines in Figs. 6b, 6c, and 6d). According to Figure 6, the occurrence and development of the preferential path mainly distribute on the upper portion of the specimen profile. This phenomenon is particularly evident near the outlet of the container. That is, the fine particles in the large portion of the left side of the specimen are spared as evident from the lack of any obvious penetrating flow path or isolated patches. This spared portion will shrink with the increase of the erosion time as manifested by the slow migration of the yellow line over time. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figure 7 gives the cross-section view of Section Ⅲ of the specimen at the early and late stages of the erosion process of the inclined seepage flow. It displays that the fine red particles almost disappear in the area above the yellow line while they remain nearly intact in the area below the line. This finding implies that the loss of the fine particles is spatially varying and takes place on the upper part of the cross-section, forming preferential paths. This preferential path expands with the erosion time. In Fig. 7(b), the preferential path enlarges significantly and occupies about half of the cross-section at the late stage. The results of the experiments also show that this intact area will be larger if the angle of seepage direction approaches 0° (or the tube is flat). When the seepage direction gets close to the horizon, a concentrated preferential flow path forms on the upper portion of the cross-section of the specimen container soon after the global erosion is triggered. Such a result indicates that a unidirectional seepage flow will yield a selective internal erosion if the seepage direction is at an angle to the direction of the gravity. That is, the fine particles in the specimen closing to the top side of the specimen container are eroded, while the rest area of the specimen is nearly intact. This is because the erosion yields volumetric deformation owing to the particle loss and the soils matrix reconstruction (Chen et al., 2017; Hu et al., 2019). When the specimen container is inclined at an angle, the volumetric deformation will lead to the uniformly downward movement of the soil particles because of gravity. This deformation means the soil will detach from the top side of the specimen container, forming a gap between the specimen and the container. The gap provides a preferential path for the water flow and particle erosion, causing dramatic erosion along the top side of the specimen (Figs. 6 & 7).  When the angle is close to 90°, i.e., the vertical seepage state shown in Fig. 2c, the volumetric deformation is parallel with the specimen container, which will not lead to detachment between the specimen and the container. The preferential flow paths distribute randomly over the cross-sectional area of the specimen, which is identical to the discoveries in previous studies (Skempton and Brogan, 1994; Bendahmane et al., 2008; Chang and Zhang, 2011; Xiao and Shwiyhat, 2012; Benamar et al., 2019; Nguyen et al., 2019). Therefore, the preferential erosion area will be more concentrated if the seepage direction is closer to the horizontal direction. On the contrary, the preferential erosion area will enlarge if the seepage direction gets closer to the vertical direction, meaning the erosion of the specimen is relatively uniform in an upward seepage flow.
Plots in Figs. 8a and 8b exhibit the accumulative mass of collected fine particles eroded as a function of erosion time of the experiments with different seepage angles and stress conditions. As indicated in Fig. 8a, when the inclination angle equal to 90o , the mass of the fine particles surges rapidly with a steep slope at the early time---a high erosion rate after the initiation of the erosion. After some time, the slope flattens, indicating a smaller rate. The slope of the erosion rate at the early stage decreases with the angle of the seepage. The change of the slope over the entire erosion time becomes less obvious as the angle is reduced from 90o. The time to reach the same amount of accumulative mass of eroded particles also becomes longer. The relation curves between the erosion mass and the erosion time become convex if the erosion time progresses.  The curves tend to be flat if the erosion lasts long enough time. This finding indicates the erosion rate will descend and even cease with the progressions of the erosion. Then the accumulative mass of the eroded particles tends to climb to a constant value. The erosion progress is suspended if the hydraulic gradient no longer rises.  
Given the same erosion time, when the seepage angle is small, that is, the seepage direction is near horizontal, the accumulative erosion mass is less than that when the seepage angle is large. Therefore, the vertical seepage direction yields the largest amount of the erosion particles given the same other conditions. This result is likely attributed to the fact that the erosion progression in an inclined specimen is much heterogeneous when the seepage angle is small, leading to concentrated preferential flow path forms much earlier in the erosion process (Fig. 6 & Fig. 7). On the contrary, the erosion in a vertical specimen is relatively even. More small preferential flow paths, instead of one path, can form and grow over the whole specimen. Such a uniformly distributed preferential flow paths give more opportunities to the fine particles to escape from the matrix of the soils, resulting in more particle loss in a vertical erosion experiment. 
The influences of the stress on the erosion are not obvious. The erosion behaviors under the two axial stresses, i.e., σ=40.0 kPa in Fig. 8a and σ=120.0 kPa in Fig 8b, are similar. But under the higher axial stress, the relation curves in Fig. 8(b) are more congregated, indicating that the seepage angle has less influence on the erosion process comparing to the conditions with lower axial stress. 

DISCUSSION
Based on the experimental results, we define a low critical hydraulic gradient (LCHG) that initiates the local erosion and a high critical hydraulic gradient (HCHG) that triggers the global erosion. These critical hydraulic gradient values for the experiments are listed in Table 2. The relations between the CHG values and the seepage directions are plotted in Fig. 9.  According to this figure, LCHG increases from 0.72 to 0.85 while HCHG increases from 0.86 to 0.92 when the seepage angle changes from 0° to 90° and the axial stress is equal to 40.0 kPa.  As the axial stress increases to 120.0 kPa, the LCHG and the HCHG increase from 0.72 and 0.88 to 1.05 and 1.15, respectively, as the seepage direction increases from 0° to 90°. These results indicate that both the LCHG and the HCHG increase noticeably when the seepage varies from the horizontal direction to the vertical one. The effects of the seepage direction on the CHG can be attributed to gravity. The previous studies of the internal erosion in vertical flow reported that the gravity could enhance internal erosion if the seepage direction is the same as the gravity direction (Li, 2008; Moffat and Herrera, 2014; Liang et al., 2017b, 2019b). On the other hand, the gravity deters the erosion if the flow direction is opposite to gravity or the component of gravity along the seepage direction. This study explores the effects of the angle between seepage flow direction and gravity. It finds the impeding effect of the gravity ascends if the seepage flow varies from the horizontal direction (angle =0) to the vertical direction (90 degrees).  Besides, we find that the increment of the seepage angle increases the CHG value, meaning the internal erosion is much more limited if the component of gravity parallel to the seepage direction is greater than that perpendicular to the seepage direction. 
The erosion rate is defined as the increment of the total mass of the eroded particles within a unit of time (Fujisawa et al., 2010), representing the severity of the erosion under a give hydraulic condition. It is an essential parameter of the internal erosion, besides the critical hydraulic gradient (Liang et al., 2019a). The critical hydraulic gradient triggers erosion, while the erosion rate indicates the erodibility of the materials (Annandale, 1995; Hanson et al., 2010). This rate is crucial for estimating the severity of the erosion in practice. It is also indispensable in mathematical models and numerical simulations of internal erosion(Fox et al., 2010; Fujisawa et al., 2010; Liang et al., 2013; Kaunda, 2015; Sibille et al., 2015).
The erosion rates of the experiments in this study are calculated from the slope of the accumulative mass of the eroded particles-time curves shown in Fig. 8. According to this figure, the slope is steep at the beginning and decreases as the erosion continues. That is, the erosion rate is high in the initial stage of the erosion and descends with the erosion progression. Figure 8 also suggests that the erosion rate correlates with the seepage direction. The erosion rate tends to rise when the seepage direction varies from a horizontal state to a vertical state, especially in the beginning stage of the erosion. However, high axial stress mitigates this effect of the seepage direction (Liang et al., 2019a). 
We plot the erosion rates of the experiments as a function of the erosion time in this study in Fig. 10. It shows that the logarithmic values of the erosion rate decrease linearly with the erosion time. Sterpi (2003) proposed an exponential relation to describe the relationship between the erosion rate and the erosion time. This exponential relationship is. 

																		(1)
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]where, fe is erosion rate; t is erosion time; C and A are constant coefficients. The values of C and A are 4.82 and -0.00852, respectively, by fitting the data in Fig. 10. The fitting line L, i.e., the red dash line in Fig. 10, represents the average relationship between the erosion rate and the erosion time of all the experiments. The equation of line L is

																(2)
If we equidistantly offset this fitting line upwards and downwards in Fig. 10, we obtain line L1 and line L2, whose equations are

																(3a)
and

																(3b)
It can be seen that most of the erosion rates locate in the area confined by L1 and L2. 
CONCLUSION
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]In this study, we carry out a set of internal erosion experiments using a newly designed apparatus. This apparatus is capable of imitating the initiation and the progression of suffusion in different seepage directions and stress conditions. With this apparatus, five seepage directions, from horizontal to vertical, and two axial stresses, i.e., 40.0 and 120.0 kPa, we conduct nine experiments. In these experiments, we use dyed fine particles in different sections of the soil column to visualize the progression of the erosion process.   
[bookmark: _Hlk33525838]Based on the results of the experiments, we find the newly developed apparatus is useful and reliable for exploring the internal erosion behaviors with different seepage directions. From the experiment, we first determine the critical states of the erosion according to the seepage velocity- hydraulic gradient relations and the observations of the triggering of the particle loss. We define a low critical hydraulic gradient (LCHG) and a high critical hydraulic gradient (HCHG) to determine the initiation of the local erosion and global erosion. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]We find that the values of LCHG and HCHG increase with the seepage direction (i.e., from the horizontal to the vertical). Once the global erosion is triggered, seepage removes fine particles rapidly along randomly distributed preferential erosion paths. These individual paths ultimately merge into a large erosion corridor, leaving a large portion of the specimen intact if the seepage direction is not vertical. The experiments also reveal that the erosion paths disperse uniformly with the increase of the inclination angle of the seepage direction. These findings suggest that the inclining seepage direction exacerbates the development of large-scale preferential erosion paths because of the effects of gravity. The erosion of the fine particles takes place vigorously in the early stage of erosion and then becomes gradual as the erosion progressing.  Finally, the removal of the fine particles ceases if the erosion time is long enough. The erosion rate approximately decays exponentially with the erosion time.
[bookmark: OLE_LINK27]Although this study does not involve the investigations on internal erosion in downward inclined seepage flow, we can predict the erosion should be magnified if the component of gravity assist the loss and escaping of the fine particles, based on the experimental and analytical results in this and previous studies. Moreover, while the results of this study are based on soil column experiments, they may have great implications to the development of large-scale geohazards such as the slope instability and riverbank erosion, and the understanding of the relationship between soil erosion and landscape evolution.
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Figure captions:

Fig. 1 Sketch map of the apparatus used in this study
Fig. 2  Realization of different seepage direction: (a) arbitrary direction from 0-90°; (b) horizontal direction; and (c) vertical direction.
Fig. 3 Materials used in the study: (a) photographs of the used particles; and (b) the particle size distribution.
Fig. 4 The photographs of the specimen: (a) the lateral view; and (b) the cross profiles 
Fig. 5 The relations between the seepage velocity and the hydraulic gradient
Fig. 6 Photographs of the specimen at different erosion stage in experiment No. SD-2-2: (a) Te = 0; (b) Te = 85 min; (c) Te = 167 min; and (d) Te = 284 min;
Fig. 7 Cross-section diagrams of Section Ⅲ in development of the preferential flow path: (a) early erosion stage; and (b) later erosion stage
Fig. 8 The relations of the accumulative mass of the eroded particles and the erosion time: (a) σ=40.0 kPa; and (b) σ=120.0 kPa.
Fig. 9 The relations between the critical hydraulic gradient and the seepage direction
Fig. 10 Relations between the erosion rate and the erosion time.
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