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Suffusion is one of the main modes of internal erosion leading to selective erosion and gradual migration of fine soil particles through the voids of soil skeleton formed by coarse soil particles under seepage flow. Suffusion may induce deterioration and even failure of hydraulic geo-structures, such as embankment dams, dikes, levees, as well as landslide dams, if they are formed by gap-graded cohesionless soils. Soil mass in the hydraulic geo-structures is always subjected to overburden load and seepage through the soil mass generally has a large component along the horizontal direction. In the literature, however, little attention has been paid to the horizontal seepage-induced suffusion under controlled vertical stress. In this study, horizontal seepage-induced suffusion tests were carried out using a testing apparatus with controllable vertical stress and hydraulic gradient. The seepage flux and eroded fine particle mass, as well as local hydraulic gradients can be measured. The effects of initial dry density and initial fines content on suffusion characteristics of a cohesionless soil were investigated. Test results showed that after the initiation of suffusion, alternate decrease, and increase in the coefficient of permeability occurred possibly due to alternate clogging and dredging of soil pores by the movable fine particles. Uneven distribution of local hydraulic gradients along the flow path was observed and this could be regarded as a sign of the initiation of suffusion. Both initiation and failure hydraulic gradients increased with initial dry density and initial fines content.
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INTRODUCTION

Suffusion is one of the main modes of internal erosion leading to selective erosion and gradual migration of fine particles through the voids of soil skeleton formed by coarse particles under seepage flow. Seepage-induced suffusion is widely observed in hydraulic geo-structures, including embankment dams, dikes, levees, as well as landslide dams, and natural deposits (Foster et al., 2000; Fell et al., 2003; Xu and Zhang, 2009; Chang et al., 2011; Zhang et al., 2011; Peng and Zhang, 2012; Wang et al., 2019; Yang et al., 2019; Yuan et al., 2019a, 2020; Kang et al., 2020; Peng et al., 2020a). For a soil susceptible to suffusion, its hydraulic properties may change accordingly after some fine particles within the soil are eroded and migrated (Ke and Takahashi, 2012; Horikoshi and Takahashi, 2015; Sato and Kuwano, 2015; Yuan et al., 2019b). Hence, suffusion may lead to deterioration and even catastrophic failure of the hydraulic geo-structures which were formed by gap-graded cohesionless soils (Foster et al., 2000; Moffat and Fannin, 2006; Moffat et al., 2011; Ke and Takahashi, 2012; Peng et al., 2020b). Suffusion of gap-graded cohesionless soils has drawn the special attention of many researchers such as Kenney and Lau (1985), Skempton and Brogan (1994), Wan and Fell (2008), Indraratna et al. (2011, 2015); Wang et al. (2014), and Ouyang and Takahashi (2015), Marot et al. (2016), Mehdizadeh et al. (2017), and Zhong et al. (2018).

Skempton and Brogan (1994) found that the failure hydraulic gradient of suffusion in a sandy gravel was far lower than that given by the classical theory. The possible reason was that the major part of overburden load was carried by the soil skeleton formed by gravel particles, while the sand particles were less involved in the load transfer chains. Subsequently, many experimental investigations on suffusion have been carried out by various researchers. The investigations showed that the parameters affecting suffusion characteristics included particle size distribution of soils (Kenney and Lau, 1985; Indraratna et al., 2011, 2015; Chang and Zhang, 2013; Moraci et al., 2014), hydraulic gradient (Salehi Sadaghiani and Witt, 2011; Ke and Takahashi, 2012; Song et al., 2018), seepage flow direction (Richards and Reddy, 2012; Hosseini and Pachideh, 2018), hydraulic loading history (Luo et al., 2013a; Rochim et al., 2017), fines content (FC, i.e., the mass ratio of fine particles to total weight of the soil specimen; Ke and Takahashi, 2012, 2014; Ouyang and Takahashi, 2015) and others. In most of these investigations, the suffusion tests were along vertical seepage flow without consideration of external stress. However, in engineering practice, soil mass in hydraulic geo-structures is always subjected to overburden load and seepage through the soil mass generally has a large component along the horizontal direction. Recently, the influence of stress on suffusion behavior has received ever more attention (Bendahmane et al., 2008; Chang and Zhang, 2011, 2012; Luo et al., 2013a, 2017, 2019; Zou et al., 2013; Liang et al., 2017, 2019; Peng et al., 2019a,b, 2020c; Zhao et al., 2019). Experimental investigations showed the initiation and failure hydraulic gradients were significantly affected by stress states. It should be noted that in most of these investigations, the seepage direction was still vertical, which is largely different from that in engineering practice. As suggested by Richards and Reddy (2012), Zou et al. (2013), and Hosseini and Pachideh (2018), the suffusion behavior was significantly affected by the direction of seepage flow. Hence, it is necessary to carry out experimental investigations on the horizontal seepage-induced suffusion under controlled vertical stress.

The primary purpose of this study is to investigate the characteristics of the horizontal seepage-induced suffusion in gap-graded cohesionless soils under controlled vertical stress. Suffusion tests along horizontal seepage flow were carried out using a testing apparatus with controllable vertical stress and hydraulic gradient. Local hydraulic gradients, as well as the seepage flux and eroded fine particle mass were measured. The effects of initial dry density and initial fines content on suffusion characteristics of a cohesionless soil were investigated.



APPARATUS, MATERIALS, AND METHODOLOGY


Test Apparatus

A testing apparatus newly developed by the authors (Deng et al., 2017) was used in this study. As shown in Figure 1, it mainly consists of a horizontal seepage system, a vertical load applying system, a pressurized water supply system, a soil-water collection system and a data acquisition system.


[image: Figure 1]
FIGURE 1. Schematic illustration of the testing apparatus: (A) the layout of the testing system (B) the layout of pore water pressure transducers.


The main component of the horizontal seepage system is the permeameter chamber, which can accommodate a soil specimen of 300 mm in length, 285 mm in width, and 300 mm in height. The vertical load applying system includes a pressure source, a pressure bladder, and a pressure regulator. The applied vertical stress ranges from 5 to 600 kPa with an accuracy of 0.4% full scale (FS). The hydraulic gradient is applied by controlling water pressures at both water-inlet and water-outlet. Generally, the pressure at the water-outlet is kept at the atmospheric pressure. The pressure at water-inlet is controlled by a system which consists of an air compressor, a reducing valve and a gas-liquid exchange tank. The maximum applied water pressure can be up to 150 kPa with an accuracy of 0.2 kPa. The accumulative weight of eroded fine particles is monitored using the soil-water collection system. Nine pore water pressure transducers (PWPs) are used to measure the pore water pressure distribution within the soil specimen as shown in Figure 1B. The measurement range of PWP is from −100 to 200 kPa with an accuracy of ±0.2% FS. Hence, local hydraulic gradients can be obtained from the measurements of PWP at different locations in the soil specimen. All transducers are connected to the data acquisition system. For more details about this apparatus, please refer to Deng et al. (2017).



Test Materials

Artificial gap-graded soils were used in this study. The soils were the binary mixtures of two quartz sands with different mixing ratios. The particle size distribution curves of the three mixtures and two quartz sands are shown in Figure 2, in which the curve of the coarse sand is denoted as “C,” whereas the fine one as “F.” The “C” sand has a particle size range from 1.18 to 3.35 mm, which is regarded as the soil-skeleton particle for the mixture. The “F” sand has a particle size range from 0.106 to 0.212 mm, which is considered as the erodible fine particles through the voids of the skeleton formed by the coarse particles. According to the Unified Soil Classification System (ASTM D287-11, 2012), the two sands are classified as poorly graded sands (SP). The physical properties of the soils are summarized in Table 1. According to the geometric criteria proposed by Kenney and Lau (1985), Kenney et al. (1985), Moffat and Fannin (2006), and Indraratna et al. (2011), the three mixtures were internally unstable. In other words, suffusion might occur in these soils.
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FIGURE 2. Particle size distributions of soil materials.



Table 1. Physical properties of soils tested in this study.
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Test Program

Two series of tests were performed in this study. The first series was to investigate the effect of initial dry density (ρd) on the horizontal seepage-induced suffusion behavior. As shown in Table 2, three values of dry density were considered in the first series (i.e., 1.6, 1.7, and 1.8 g/cm3). In this series, the initial FC was 40%. By referring the one with the dry density of 1.7 g/cm3 in the first series, two more values of FC (i.e., 20 and 40%), were considered in the second series to study the effect of FC on suffusion behavior. All tests were subjected to a vertical stress of 300 kPa to simulate the overburden pressure.


Table 2. Testing program.
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Test Procedure

The test process mainly included four stages: (1) preparation of soil specimen, (2) saturation of specimen, (3) application of vertical load and consolidation of specimen, (4) application of hydraulic gradient.

Soil specimen was compacted in six layers. To achieve uniformity, the thickness of each layer was 5 cm. Vaseline was smeared on inner walls of the permeameter chamber to prevent preferential flow along walls and to minimize friction effect between the walls and soil specimen. After specimen preparation, the pressure bladder was installed on the surface of specimen. A vertical stress of 25 kPa was initially applied in the pressure bladder for sealing the permeameter cell.

Soil specimen was saturated in the permeameter cell. This stage was carried out using the vacuum saturation procedure [The Ministry of Water Resources of the People's Republic of China (SL237-1999), 1999; ASTM D467-11, 2012]. Initially, vacuum was applied to the soil specimen for 2 h. Then, the inlet valve was connected to a de-aired water supply cylinder for de-aired water gradually entering the specimen from the bottom inlet. This process lasted ~6–8 h to ensure saturation quality. Generally, the B-value after saturation could be >0.90.

After saturation, the vertical stress of 300 kPa was applied to the soil specimen and both the inlet and outlet of the permeameter cell were opened for the consolidation of soil specimen. This stage was completed when the readings of PWPs were stabilized.

After consolidation, hydraulic gradient was applied to the soil specimen by increasing water pressure at the inlet. The hydraulic gradient was increased step by step as suggested by Chang and Zhang (2011). The applied hydraulic gradient at each step was kept more than 10 min for observations. The readings of PWPs and the mass of outflow were also recorded. If obvious soil erosion was observed, the applied hydraulic gradient was further maintained constant until no soil loss was observed. When the applied hydraulic gradient reached a critical value, it was observed that the seepage velocity increased rapidly and a large amount of fine particles was flushed out of the soil specimen. At this moment, the suffusion test was terminated and the applied hydraulic gradient at this step was denoted as the failure hydraulic gradient, if (Luo et al., 2013b).




TEST RESULTS AND DISCUSSION


Development of Seepage Velocity With the Applied Hydraulic Gradient

Figure 3 shows the development of seepage velocity, v, with the applied hydraulic gradient, i, in all tests. The v~i curves at different values of dry density and FC show a similar development pattern. At low values of hydraulic gradient, the seepage velocity increased approximately linearly with the hydraulic gradient. Meanwhile, the outflow was relatively clear and it might indicate no occurrence of suffusion, consistent with the observations by Ke and Takahashi (2012), and Zou et al. (2013). As the hydraulic gradient increased to a certain value, fine particles began to be dislodged by seepage flow and the corresponding outflow became slightly turbid. This observation could be considered as a sign of the initiation of suffusion as suggested by Ke and Takahashi (2012), and Liang et al. (2017). The corresponding applied hydraulic gradient is termed as the initiation hydraulic gradient, iin, in this study. Since the initiation of suffusion, the seepage velocity became to increase non-linearly with the applied hydraulic gradient. At this stage, fine particles might begin to migrate from one location within the soil specimen to the voids of soil skeleton formed by coarse particles at other locations until the re-arrangement of all particles reached a new equilibrium. As the applied hydraulic gradient was increased further, the migration of fine particles resumed within the soil specimen. When the applied hydraulic gradient reached a certain high value (i.e., the failure hydraulic gradient), it was found that the seepage velocity increased rapidly and abundant fine particles were flushed out of the soil specimen. As a result, the applied hydraulic gradient could not be maintained anymore and the measured value dropped down suddenly. The outflow became very turbid and it indicated that the connected pore channels for fine particles had been formed among coarse particles. The effects of initial dry density and initial FC on the initiation and failure hydraulic gradients are discussed later.


[image: Figure 3]
FIGURE 3. Development of seepage velocity with the applied hydraulic gradient (A) at various initial dry densities and (B) at various initial FCs.




Evolution of Permeability With the Applied Hydraulic Gradient

According to the Darcy's law, the coefficient of permeability can be derived from the data in Figure 3. For the suffusion tests, the change of coefficient of permeability is resulted from the migration of fine particles and hence some characteristics regarding the migration of fine particles within the soil specimen could be revealed by the evolution of permeability with the applied hydraulic gradient.

The evolution of permeability in three tests at various initial dry densities is shown in Figure 4. All curves show a similar variation in coefficient of permeability with the applied hydraulic gradient. Taking the test F40-P300-D7 as an example, the evolution of soil permeability with the increase in the applied hydraulic gradient can be divided into four stages. The first stage is the segment ab as shown in Figure 4. During this stage, the coefficient of permeability was decreasing with the applied hydraulic gradient. Initially, the coefficient of permeability was 0.050 cm/s. As the applied hydraulic gradient increased, the coefficient of permeability dropped to 0.043 cm/s. This observation might indicate the migration of some movable fine particles within the soil specimen induced by seepage force. Some pores at a certain section in the soil specimen might be clogged by the eroded fine particles, thereby leading to a trend of gradual decrease in coefficient of permeability. The second stage is the segment bc as the applied hydraulic gradient at the point c is the initiation hydraulic gradient. During this stage, the coefficient of permeability increased from 0.043 to 0.051 cm/s. As the applied hydraulic gradient increased further in this stage, the seepage flow started to dredge the clogged pores and some fine particles began to flow away from the soil specimen, resulting in an increase of porosity within the soil specimen. Subsequently, the coefficient of permeability increased gradually. The third stage is the development of suffusion, i.e., the segment cd with the applied hydraulic gradient at the point d being the failure hydraulic gradient. During this stage, the coefficient of permeability decreased first from 0.051 to 0.047 cm/s, then increased to 0.054 cm/s, subsequently decreased again to 0.048 cm/s, and finally increased again to 0.054 cm/s. The alternate decrease and increase in the coefficient of permeability might indicate that the soil specimen was subjected to alternate clogging and dredging of soil pores correspondingly during the development of suffusion. In the last stage (i.e., the segment de), the coefficient of permeability increased suddenly when the applied hydraulic gradient was beyond the failure hydraulic gradient. Correspondingly, the rapid increase in seepage velocity was found from Figure 3. The significant increase in the coefficient of permeability was due to that a large amount of fine particles was flushed out of the soil specimen and hence the flow channels for both water and fine particles were formed within the soil specimen.


[image: Figure 4]
FIGURE 4. Evolution of coefficient of permeability with the applied hydraulic gradient at various initial dry densities.




Evolution of Local Hydraulic Gradients

As shown in Figure 1B, pore water pressure transducers PWP2~PWP7 are distributed along the horizontal seepage flow path. Hence, local hydraulic gradients along the flow path can be obtained from the measurements of pore water pressure at points PWP2~PWP7. Figure 5 shows the evolution of local hydraulic gradients with the applied hydraulic gradient at the soil specimen of F40-P300-D7. In this figure, ikj denotes the hydraulic gradient between points k and j. For example, i23 means the local hydraulic gradient between points 2 and 3 (i.e., PWP-2 and PWP-3, respectively). When the applied hydraulic gradient was lower than the initiation hydraulic gradient, all local hydraulic gradients were almost the same (Yao et al., 2009). On one hand, this means that the soil specimen was initially homogenous due to well specimen preparation. On the other hand, it is suggested that fine particles could not be driven by the seepage force at this stage and hence the internal structure of soil specimen was maintained intact. When the applied hydraulic gradient was higher than the initiation hydraulic gradient, the local hydraulic gradients at different locations became different from each other and hence the occurrence of uneven distribution of local hydraulic gradients in the soil specimen along the seepage flow path could be regarded as a sign of the initiation of suffusion. The uneven distribution of local hydraulic gradients became more obvious with the increasing applied hydraulic gradient. At the failure hydraulic gradient, the local hydraulic gradient at the middle section of soil specimen [i.e., i45, was the largest, followed by that at the outlet section (i.e., i67)]. These two values were larger than the average value, which was equivalent to the corresponding applied hydraulic gradient across the soil specimen. The local hydraulic gradient at the inlet section i.e. i23, was close to the average value and both i34 and i56 were smaller than the average value. The above observations might indicate that fine particles begin to migrate within the soil specimen under the higher seepage force and hence the internal structure was altered, leading to non-uniform local permeability, and hence uneven distribution of local hydraulic gradients along the seepage flow path.


[image: Figure 5]
FIGURE 5. Evolution of local hydraulic gradients within the soil specimen of FC40-P300-D6 with the hydraulic gradient applied across the soil specimen.




Effect of Initial Dry Density

As shown in Figure 3, at a given hydraulic gradient, the seepage velocity decreased with the initial dry density. This was mainly due to the decrease of coefficient of permeability with the initial dry density (see Figure 4). Figure 6 shows the effect of initial dry density on initiation and failure hydraulic gradients as well as the cumulative loss of fine particles. As expected, both hydraulic gradients increased with the initial dry density due to the smaller size of pores resulting from higher dry density (Zhang et al., 2009; Zhu et al., 2016; Chen et al., 2019). Smaller pores could increase the erosion resistance of soils and make it more difficult for fine particles to migrate. Hence, higher dry density led to a smaller cumulative weight of eroded fine particles as shown in this figure.


[image: Figure 6]
FIGURE 6. Effect of initial dry density on initiation and failure hydraulic gradients as well as cumulative loss of fine particles.




Effect of Initial FC

Figure 7 shows the effect of initial FC on suffusion behavior. Both initiation and failure hydraulic gradients increased with the value of FC. For the soil specimen with a smaller FC, most fine particles were “freely” filled in the voids of soil skeleton formed by coarse particles and they were not involved in the load transfer chains within the soil mass subjected to loading. Hence, the fine particles in the soil specimen with a smaller FC might be moved easily by seepage force, thereby leading to a low initiation hydraulic gradient (Seghir et al., 2014). As the value of FC became larger, some fine particles were involved in the load transfer chains. Thus, the initiation and failure hydraulic gradient increased with the FC. When FC was 40%, most fine particle might be fixed in the load transfer chains and hence it led to the initiation hydraulic gradient higher than 1 even subjected to the horizontal seepage flow. Possibly due to the increased amount of movable fine particles, the cumulative loss of fine particles increased with the initial FC.


[image: Figure 7]
FIGURE 7. Effect of initial FC on initiation and failure hydraulic gradients as well as cumulative loss of fine particles.





CONCLUSIONS

Two series of tests on horizontal seepage-induced suffusion in gap-graded cohesionless soils were conducted in this study and the following main conclusions can be drawn.

1. Before the initiation of suffusion, the seepage velocity increased approximately linearly with the hydraulic gradient. But their relationship became non-linear since the initiation of suffusion. At the failure hydraulic gradient, the seepage velocity increased rapidly.

2. The evolution of soil permeability with the increase in the applied hydraulic gradient can be divided into four stages. After the initiation of suffusion, alternate decrease and increase in the coefficient of permeability was observed, indicating that the soil specimen was subjected to alternate clogging and dredging of soil pores by the movable fine particles.

3. When the applied hydraulic gradient was higher than the initiation hydraulic gradient, the local hydraulic gradients became unevenly distributed along the flow path and this observation could be regarded as a sign of the initiation of suffusion.

4. Both initiation and failure hydraulic gradients increased with initial dry density and initial fines content. The higher initial dry density led to a smaller cumulative weight of eroded fine particles but the larger initial fc showed an opposite effect.
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