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To study how gap-graded soil reinforced with fibers of different types restrains suffusion in embankment dams, the hydraulic response of fiber-reinforced soil (FRS) containing polypropylene fibers (PPF), coir fibers (CF) or basalt-tape fibers (BTF) was investigated in one-dimensional seepage tests. The critical hydraulic gradient and fine-particle loss of the FRS were analysed quantitatively by changing the fiber type, fiber content, and reinforcement-layer thickness. The test results show that the three types of FRS all had restraining effect on the development of suffusion. The netting reinforcement effect of PPF was the best, followed by the water absorption and expansion of CF to reduce pore volume, and finally the effect of BTF was to block migration channels under the same reinforcement conditions. With increasing fiber content and the reinforcement-layer thickness, the critical onset hydraulic gradient ([image: image]), and critical failure hydraulic gradient ([image: image]) increased, improving the internal erosion resistance of gap-graded soils against suffusion. The fine-particles loss decreased and the restraint rate of fine-particle loss (RF) increased meant that the permeability stability of soil was enhanced. Linear regression analysis showed that the reinforcement-layer thickness has greater influence on restraining effect parameters than fiber content.
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INTRODUCTION
Internal erosion is divided into four failure modes: 1) backward erosion (i.e., general piping), 2) suffusion (i.e., segregation), 3) contact erosion, and 4) concentrated leak erosion (Fry 2012; Fell and Fry 2013). As a typical form of internal erosion, suffusion refers mainly to the seepage-induced migration and loss of fine particles along the pores between coarse grains with no change in volume of soils (Fannin and Slangen 2014). Soils susceptible to suffusion are considered as internally unstable soils, these generally being broadly graded or gap-graded soils (Wan and Fell 2008). In gap-graded soil, when fine particles migrate along the pore channels provided by coarse particles under the action of water flow, the internal particle arrangement of soil changes, resulting in the change of hydraulic and mechanical properties. Gap-graded soil in dams and levees can cause suffusion failure and affect safety (Fell et al., 2003; Zhang and Chen 2006; Zhang et al., 2013, 2016). Given their importance in conserving water, the safety and stability of embankment dams cannot be ignored. An investigation and statistical analysis of global embankment diseases and breaches showed that internal erosion has been responsible for roughly half of all global dike failures and breaches (Richards and Reddy 2007). Therefore, solving the problem of permeability stability of gap-graded soil is an important way to restrain internal erosion, maintain safe operation of the embankment and protect the lives and property of people downstream.
With the development of fiber materials in recent years, soil properties can now be improved effectively by mixing such as natural fiber (coir, jute, basalt etc.,) or synthetic fiber (polypropylene, polyester, glass etc.,) with soil randomly and uniformly, thereby filling the pores between the particles and forming isotropic bodies. Many studies have performed triaxial compression tests, unconfined tensile tests and direct shear tests to assess the strength of fiber-reinforced soil (FRS) (Ahmad et al., 2010; Das and Viswanadham 2010; Lovisa et al., 2010; Zheng et al., 2019; Lian et al., 2020; Han et al., 2021; Xu et al., 2021). After soil is mixed with fibers, the fibers fill the pores, and the contact mode of the soil changes from particle–particle to particle–fiber–particle; as the contact force between particles changes, so does the strength.
FRS is similar to soil reinforced by plant roots (Diambra et al., 2010; Divya et al., 2014), and adding fibers can be effective for improving the critical hydraulic gradient and reducing the seepage velocity. Given all of the above, various investigations of the hydraulic properties of FRS have been performed. By large-scale model tests and laboratory test, the effectiveness of FRS in enhancing permeability stability and resistance to suffusion was confirmed (Furumoto et al., 2002; Sivakumar Babu and Vasudevan, 2008; Das et al., 2009; Akay et al., 2016; Yang et al., 2017). Estabragh et al. (2014, 2016) performed comparative analysis on the restraining effects of polypropylene and polyester fibers on piping, and regression analysis was used to establish a model that was effective in predicting the seepage velocity and force for a randomly reinforced silty soil. FRS was considered as an effective way to improve bearing capacity and stability, enhance cohesion, increase piping resistance and reduce internal erosion (Santoni et al., 2001; Collins et al., 2015; Li and Senetakis, 2017; Mirzababaei et al., 2017), it has been used in geotechnical engineering widely (Laborel-Préneron et al., 2016; Bordoloi et al., 2017; Gowthaman et al., 2018).
However, there have been few studies of the hydraulic properties of natural fibers, as well as few systematic studies to compare and evaluate the reinforcement modes and restraining effects of different types of fibers. To study the differences and advantages of the anti-permeability of different types of fibers considering the different effects due to the reinforcement-layer thickness, in the study reported herein, three typical types of fibers were selected, i.e., polypropylene fibers (PPF), coir fibers (CF), and basalt-tape fibers (BTF), as well as three fiber content and reinforcement-layer thickness schemes. PPF are representative of artificial fibers in engineering applications, CF are used widely as highly durable natural fibers, and the tape structure and toughness of BTF produced by minerals give them good mechanical properties. The main aims of this study were as follows: 1) to analyse the suffusion development process and reinforcement mode of the three types of fibers through one-dimensional seepage tests and microscopy observations; 2) to study comparatively the hydraulic response of FRS under different fiber content and the reinforcement-layer thickness and evaluate the restraining effect; 3) to analyse the influence of fiber content and reinforcement-layer thickness on the suffusion restraining effect. By analysing the suffusion failure process and the results of suffusion and by comparing the suffusion restraining effects of the different types of FRS, the best fiber type, fiber content, and reinforcement-layer thickness were obtained, which have reference value for eliminating risk and protecting embankment dams by using FRS.
EXPERIMENTAL PROGRAM
Seepage test system
The test instrument was a self-designed one-dimensional seepage device that could self-circulate the water resources. As shown in Figure 1, it had four main parts: 1) a hydraulic head lifting device, 2) the soil specimen, 3) a fine-particle collecting and weighing device, and 4) data-acquisition equipment. The water reservoir was connected to the crank by wire rope, and the crank was turned to achieve different heights of hydraulic head. The soils were loaded in a transparent acrylic cylindrical cell, ensuring that the movement of fine particles can be observed through the containing wall. The soil specimen was divided into four layers labelled 1–4 from top to bottom and the glass beads were placed on bottom to buffer the water flow. A permeable plate and filter screen were placed between the glass beads and the soil layer and filter screen was affixed to the outlet of the fine-particle collecting to ensure water permeability and prevent the loss of fine particles. The data-acquisition equipment mainly includes pore-pressure sensors, paperless recorder, signal converter, and flow meter. The pore-pressure sensors save the pore pressure values in different time periods on the paperless recorder through the electrical signal. The flow meter requires a signal converter to convert the pulse signal into an electrical signal to be stored on the paperless recorder. The tautness meter inputs the changes in fine-particle loss mass to the paperless recorder in the form of electrical signals.
[image: Figure 1]FIGURE 1 | Experimental apparatus: (A) schematic; (B) photograph.
As the water reservoir height changes, the hydraulic gradient between any two pore-pressure sensors under different hydraulic head can be calculated as
[image: image]
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where [image: image] and [image: image] are the hydraulic gradient and hydraulic head loss between any two pore-pressure sensors, respectively, [image: image] is the length of the seepage path, and [image: image] and [image: image] are the readings of pore-pressure sensors m and n, respectively.
Before a test, the fine-particle collecting box was filled with water at its overflow port and hung on the tautness meter. As shown schematically in Figure 2, the mass loss of fine particles was calculated as
[image: image]
[image: image]
where [image: image] is the fine-particle volume after collection, [image: image] is the water mass before collection, [image: image] is the total mass of fine particles and water after collection, [image: image] is the specific gravity of the fine particles, [image: image] is the specific gravity of the water, [image: image] is the mass loss of fine-particle, [image: image] is the volume after overflow of the collecting box and [image: image] is the volume of water after collection.
[image: Figure 2]FIGURE 2 | Schematic of calculation of fine-particle loss.
For a better evaluation of the loss degree of fine particles in the soil, the restraint rate of fine-particle loss (RF) is proposed, which is calculated as
[image: image]
where [image: image] is the mass loss of fine particles without fibers.
Material properties
Silica sand from the lower reaches of the Yangtze river in China was used in the tests, with sub-angular particle shapes. The specific weight of coarse particles was 2.71 and that of fine particles was 2.69, accounting for 82% and 18%, respectively. The particle grading curve is shown in Figure 3, and the soil properties are given in Table 1. The internal stability of the soil was evaluated using four typical criteria (Istomina 1957; Kézdi 1979; Kenney and Lau 1986; Li and Fannin 2008). By calculating, the basis for discriminant and results for the internal stability of the present soil specimens are given in Table 2.
[image: Figure 3]FIGURE 3 | Particle size distribution curve and photographs of soils.
TABLE 1 | Soil properties.
[image: Table 1]TABLE 2 | Evaluation of internal instability of tested soils.
[image: Table 2]PPF, CF, and BTF were chosen for the seepage tests. According to the classification by Mohajerani et al. (2019), PPF are polymeric (i.e., plastic) fibers, CF are natural plant fibers, and BTF are natural mineral fibers. PPF are used widely in soil reinforcement: they are effective for improving the mechanical properties of soil and have the advantages of being relatively inexpensive and easy to transport. Previous results show that PPF are good at preventing internal erosion of soils (Diambra et al., 2010; Estabragh et al., 2014; Yang et al., 2017). CF are found widely in tropical areas, and their surfaces are rough and they bend easily; they have a high lignin content, degrade slowly and have high water-absorption and expansion characteristics (Hejazi et al., 2012; Gowthaman et al., 2018). BTF are used widely for they were cost-effective and have become substitutes for glass fibers (Zheng et al., 2019). Figure 4 shows photographs of the three types of fibers, and Table 3 gives their properties. In previous studies, the authors mainly took fiber content and fiber length as variables to study the restraining effect of fiber, and fiber length and restraining effect generally had a positive and linear increasing relationship. Meanwhile, the suffusion phenomenon of PPF is most obvious at 19 mm and can be better compared with the other two fibers (Yang et al., 2019). Herein, the influence of fiber length is not considered, so all the fiber lengths are 19 mm.
[image: Figure 4]FIGURE 4 | Photographs of three types of fibers.
TABLE 3 | Fiber properties.
[image: Table 3]Test schemes
Table 4 lists the test schemes and results. Twenty-eight tests were carried out on the three types of fibers with different reinforcement-layer thickness and fiber content, one of which was on soil with no fibers for comparison. The three cases for the reinforcement-layer thickness were 1) fibers in the first layer (quarter), 2) fibers in the first and second layers (half) and 3) fibers from the first to forth layers (all). The volumetric fiber content was 0.2%, 0.4%, and 0.6%, respectively. The name of the test schemes indicates the type of fiber, the reinforcement-layer thickness, and the fiber content in this group. For example, Pq-0.2 indicates the incorporation of polypropylene fiber with volumetric content of 0.2 in the first layer of soil specimen.
TABLE 4 | Summary of test results.
[image: Table 4]Specimen preparation and test procedure
To prepare a specimen, it was divided into four 5-cm-thick layers and loaded with a relative density of [image: image]. The required weight of dry soil for the target relative density was determined using the relative density equation:
[image: image]
where [image: image], [image: image] and [image: image] are the maximum, minimum and target void ratios, respectively, of the soil.
The range of soil restrained by unit volume of fiber is limited. If gravimetric fiber content is used, the range of soil controlled by fiber will be different due to the different specific gravity of fiber (Das and Viswanadham 2010), which is not conducive to the comparison of restraining effects. However, by using the volumetric fiber content, in the same specimen, even if the fiber is different, the fiber volume in the unit volume of soil is the same, so that the control range is the same. The volumetric fiber content [image: image] was selected to calculate the required fiber content, and it was calculated as
[image: image]
where [image: image] is the volume of fibers and [image: image] is the volume of particles.
To prevent uneven mixing of coarse and fine particles and fibers, the wet specimen method was used. First, the soil and fibers were weighed according to the density and fiber content of each scheme, then ca. 2% water was added and the mixture was stirred. Second, Vaseline was applied evenly on the containing wall of the soil specimen before loading to prevent the formation of potential migration channels that otherwise would have affected the test results. Third, the moist soil-fiber mixture was filled in four layers. Filling in three or four times every layer was to ensure the uniformity of the soil-fiber mixture through the entire specimen. Each layer was tamped with a metal hammer to the appropriate height and density. The soil specimen was loaded and tamped to the design elevation of 20 cm.
Before the formal start of a test, the water tank was raised to a liquid level of 1 cm above the top of the specimen for no less than 24 h of saturation. In the initial stage, to better capture the change of critical hydraulic gradient, the water reservoir was raised by 1 cm every 2.5 min and then by 2 cm every 5 min after reaching 10 cm, and the hydraulic head holding time at each stage is 5 min to allow suffusion to develop fully. After the hydraulic head had been raised to 50 cm and maintained for 5 min, the valve was closed to end the test. During the experiment, a camera was used to record the state of particles at different stages.
Determination of critical hydraulic gradient
The onset of suffusion is affected by four main factors: 1) seepage condition, 2) geometric condition, 3) physical condition, and 4) stress condition. As one of the seepage conditions, the critical hydraulic gradient is an evaluation criterion for the onset of suffusion. It was affected by the geometric and physical conditions of soil and the surrounding stress conditions. In FRS, the fiber mixing changes the geometric condition of the pore size between particles, and the restraining effect can be evaluated quantitatively by the hydraulic gradient. Yang et al. (2019) defined three critical hydraulic gradients from 1) the phenomenon of fine-particle migration at the top of the specimen, 2) changes in soil permeability or flow conditions, and 3) mass loss of fine particles. On this basis, the critical onset hydraulic gradient ([image: image]) is defined as the hydraulic gradient when fine particles begin to bounce in the specimen, and the critical failure hydraulic gradient ([image: image]) is defined as the hydraulic gradient when fine particles migrate out of the specimen and the tautness reading changes.
RESULTS AND DISCUSSION
From analysing the pore water pressure, seepage velocity, the loss of fine-particle and other results, the reinforcement modes and restraining effects of the different types of fibers are discussed under different fiber content and different reinforcement-layer thickness. The i–v curves were used to discuss the relations between hydraulic gradient and seepage velocity and analyse the suffusion process and restraining effect for further comparison.
Fiber-reinforcement mode
To compare the restraining effects of the different types of fibers, the present experimental design used volumetric fiber content so that the soil volume affected by fibers per unit volume was the same. It is concluded that compacting the sand–fiber mixture causes the fibers to approach horizontal during specimen preparation (Diambra et al., 2007). Therefore, without the influence of fiber distribution direction, the restraining effect under the same fiber content and reinforcement-layer thickness is related mainly to the reinforcement mode. The interaction between the three types of fibers and the soil particles is analysed from Figure 5. Figure 5A mainly depicted the contact relationship and interaction between fibers and fine particles during the test, while Figure 5B illustrated the different pattern of restraining effect of fibers.
[image: Figure 5]FIGURE 5 | Reinforcement mechanisms: (A) microscope photographs; (B) schematics.
Under the same volumetric fiber content, PPF are thinner than the other two types of fibers, so there are more fiber number in per unit volume of soil and dense interweaving can be seen in the Figure 5A. Fibers cross-stack each other in the pores, forming a netting effect that is the same as the pattern in the study by Yang et al. (2019). This netting effect reduces the cross-sectional area of the migration channels, and the fine particles are blocked by the fiber mesh and cannot migrate easily out of the soil, thereby preventing the development of suffusion.
As natural plant fibers, CF are characterised by water absorption and expansion. Before a test, the CF were dried, then during specimen saturation and testing, they absorbed water and expanded, thereby reducing effectively the volume of migration channels. Figure 5A clearly shows that CF occupies the pore volume after expansion. Meanwhile, because of the coarse surfaces of CF, the contact between fine particles and CF will produce a certain friction that consumes the energy of particles moving out of the soil. As the migration of fine particles becomes more difficult, suffusion can be restrained.
BTF block the migration channels of fine particles mainly by their shape characteristics, because their tape structure blocks the cross section of the migration channels, thereby improving the seepage resistance. However, as the hydraulic gradient increases, fine particles move along the fibers and then migration occurs, bypassing the fibers. Figure 5A shows that fine particles migrate out from the edge of the BTF. With increasing fiber content and the reinforcement-layer thickness, the fine particles are blocked more in the migration process, thereby producing an effective restraining effect.
Comparison of erosion process
Because the suffusion process was similar for different specimens, four typical tests, i.e., G, Pa-0.4, Ch-0.4, and Bq-0.4, were selected to discuss the suffusion process in detail.
Figure 6 shows the i–v curve when no fibers were mixed with the soil (test G), and Figure 7 shows the corresponding experimental phenomenon during the development of suffusion. In the initial seepage stage, the i–v curve is relatively flat and the fine particles remain static. When the hydraulic gradient reaches i = 0.1, many fine particles bounce on the upper layer and surface of the specimen, but the phenomenon occurs in only a small local range. As the hydraulic gradient increases, the regions in which fine particles are in motion expand, and when the hydraulic gradient reaches 0.178, these regions were connected and the seepage velocity increases. Under the action of the seepage force, particles migrate out of the specimen along the channels, and fine particles begin to accumulate on the top surface of the specimen and are lost with the water flow. After the test, obvious suffusion outlets were observed on the surface. As shown in Figure 6, the slope of the i–v curve tended to steepen after fine-particle migration, indicating that the permeability coefficient increased gradually after fine-particle loss.
[image: Figure 6]FIGURE 6 | i–v curve for unreinforced gap-graded soil.
[image: Figure 7]FIGURE 7 | Test phenomena for unreinforced gap-graded soil (test G). (A) i = 0.1: fine particles bounce. (B) i = 0.178: fine particles are lost. (C) i = 0.316: finished. (D) Changed. 
Figure 8 shows the i–v curve when all four layers are mixed with PPF and the content is 0.4%. Compared with test G, [image: image] and [image: image] increase obviously, being now 0.197 and 0.586, respectively, and the change rate of [image: image] increases greatly by 228.37%. Figure 9C shows that the accumulation of fine particles on the top surface is greatly reduced, and the loss of fine particles is only 18.9 g, approximately a fifth of test G. The i–v curve shows that the slope tends to flatten after the loss of fine particles. Therefore, in the migration process of fine particles blocked by PPF, the particles gradually block the pores, the permeability coefficient decreases, the loss of fine particles decreases and RF increases obviously.
[image: Figure 8]FIGURE 8 | i–v curve for test Pa-0.4.
[image: Figure 9]FIGURE 9 | Phenomena in test Pa-0.4. (A) i = 0.197: fine particles bounce. (B) i = 0.586: fine particles are lost. (C) i = 0.835: finished.
Figure 10 shows the i–v curve for test Ch-0.4, in which the specimen had 0.4% CF in the first and second layers. The i–v curve for test Ch-0.4 is similar to that for test G. When the hydraulic gradient exceeds [image: image], the i–v curve steepens gradually, the migration channels develop continuously and the permeability coefficient increases. Figure 11 shows multiple suffusion outlets on the surface, and the range of fine-particle accumulation is larger than that in Figure 9C.
[image: Figure 10]FIGURE 10 | i–v curve for test Ch-0.4.
[image: Figure 11]FIGURE 11 | Phenomena in test Ch-0.4. (A) i = 0.512: fine particles bounce. (B) i = 0.294: fine particles are lost. (C) i = 0.596: finished.
Figure 12 shows the i–v curve for test Bq-0.4, in which BTF with a content of 0.4% were incorporated in only the first layer. Compared with test G, the i–v curve again steepens after [image: image], and [image: image] is increased somewhat, but the increase range is small. The range of fine-particle accumulation is close to test G. It can be seen from the containing wall of the specimen in Figure 13D that BTF has a certain blocking effect on fine particles.
[image: Figure 12]FIGURE 12 | i–v curve for test Bq-0.4.
[image: Figure 13]FIGURE 13 | Phenomena in test Bq-0.4.(A) i = 0.131 fine particles bounce. (B) i = 0.217: fine particles loss. (C) i = 0.371: finished. (D) Blocking.
Overall discussion of test results
Table 4 and Figure 14 show that after the fibers were mixed with the soil, [image: image] and [image: image] of the soil were improved effectively. The test results of unreinforced soil (Test G) was also plotted in Figure 14 to provide a contrast for FRS. The increase range of [image: image] is less than that of [image: image], mainly because the soil range affected by each fiber is limited in the random incorporation of fibers into the soil. Therefore, with increasing hydraulic gradient, particles beyond the influence range of the fibers will definitely bounce. The change rates of[image: image] for the three types of fibers are similar, and the maximum values are 95.69% (PPF), 96.7% (CF), and 88.75% (BTF), respectively. Compared to test G, [image: image] increases significantly, and the maximum change rates of[image: image] for the three types of fibers are 228.37% (PPF), 166.28% (CF), and 134.64% (BTF), respectively.
[image: Figure 14]FIGURE 14 | i–v curves for three types of fiber-reinforced soil: (A) PPF; (B) CF; (C) BTF.
The slope of the i–v curve reflects the change in the permeability coefficient. From Figure 14A, the critical failure hydraulic gradient line bends downward, and the permeability coefficient is higher when the PPF content is 0.6% than when it is 0.4%, mainly because there is slightly more PPF and it is difficult to distribute it evenly in the soil, resulting in clustering; this phenomenon was also noted by Das et al. (2009). The clustering of fibers provides channels for fine particles to migrate, thereby reducing the restraining effect. After reaching [image: image], the i–v curve changes into one of two types, i.e. rising or gentle. In tests Ph-0.4, Pa-0.2, Pa-0.4, Pa-0.6, and Ca-0.6, they were gentle, and the permeability coefficient varied slightly. The fibers were effective at restraining fine particles in the soil, and most prominent was the PPF netting effect.
From Figures 14B,C, the i–v curves of FRS were gradually slower than that of test G, indicating that the restraining effect of CF and BTF was gradually enhanced with the increase of fiber content and reinforcement-layer thickness. The permeability coefficient of Ca-0.6 varied slightly, indicating that the content of CF at this time can effectively restrain fine particles in the pores without loss.
Having lost fine particles, there is a lack of filling in the pores between coarse particles, and the overall strength decreases while also providing channels for migrating particles in the lower part, which is a vicious cycle until the channels are finally connected. There was no significant difference in the maximum values of RF among the three types of fibers, but for the minimum values, that for PPF was 1.6 and 3 times those for the other two types of fibers. The mass loss and RF values from each test are summarised in Table 4, and from analysing the changes in the critical hydraulic gradient, permeability coefficient and fine-particle loss, it is concluded that the order of the restraining effects of the three types of fibers is PPF > CF > BTF.
Influence of parameters
Figure 15 shows how fiber type, fiber content and reinforcement-layer thickness influence [image: image], [image: image] and RF. Figure 15A shows that [image: image] increases with increasing fiber content and reinforcement-layer thickness, but the amplitude of increase is limited and even decreases, which is determined mainly by the influence range of per unit volume of fibers. The decrease may be due to slightly uneven fiber distribution because of excessive fiber content. Figure 15B shows that PPF are far more effective than the other two types of fibers. The value of [image: image] for the three types of fibers increase with increasing fiber content and reinforcement-layer thickness, and it decreases only when the PPF content reaches 0.6%. Figure 15C shows that the influence degree for RF is similar to that in Figure 15B: with increasing [image: image], it is more difficult for fine particles to migrate out of the soil, thereby increasing RF. The results demonstrated that suffusion restraining effect is effectively enhanced by adding a small amount of fiber into the soil. With the increase of fiber content, the reinforcement modes of different fibers are enhanced, and it is more difficult for fine particles to migrate out of soil. The increase of the reinforcement-layer thickness extended the restraint distance of migration channel of fine particles, which makes the fine particles need to consume more energy in the process of migration. Therefore, under the same seepage condition, the fine particles in FRS were less likely to be lost.
[image: Figure 15]FIGURE 15 | Influences of fiber parameters on [image: image], [image: image] and RF: (A) [image: image]; (B) [image: image]; (C) RF.
For a better comparison of the influence degrees of fiber content and reinforcement-layer thickness on each parameter, multiple linear regression analysis was used, and the results are given in Table 5. The values of B and β reflect the degree of influence on seepage parameters. R2 represents the quality of regression equation fitting, and the closer it is to 1, the better the fitting effect. Through the value of R2, it can be found that the regression curves fitting effect were better. The analysis shows that the fiber content and reinforcement-layer thickness have positive influences on the parameters. By comparing the values of B, it can be concluded that the influence degree of the reinforcement-layer thickness is greater than the fiber content. β reflects the influence of multiple independent variables on dependent variables, and its variation rule shows clearly that the reinforcement-layer thickness has a high degree of influence.
TABLE 5 | Summary of linear regression parameters.
[image: Table 5]CONCLUSION
In the study reported herein, one-dimensional seepage tests were conducted on soil reinforced by PPF, CF, and BTF with differing content and reinforcement-layer thickness. The reinforcement modes were explored via microscopy observations of particle–fiber interactions, and the process of suffusion occurrence and development was analysed, as were the variation rules for the hydraulic gradient and fine-particle loss. The following conclusions are drawn.
1. PPF, CF, and BTF all play a positive role in restraining suffusion. The microscopy analysis shows that the reinforcement mode of PPF is netting reinforcement, CF reduce the channel spaces because of their water absorption and expansion, while BTF block the migration channels because of the large contact area of its tape structure.
2. The order of the restraining effects on suffusion is PPF > CF > BTF. The maximum change rate of [image: image] for PPF is 228.37%, while those for CF and BTF are nearly twice that for unreinforced soil, and the suffusion resistance of FRS is improved significantly. With increasing fiber content and reinforcement-layer thickness, the values of [image: image] and [image: image] are increased effectively, the mass loss of fine particles is reduced, RF is improved except when the PPF content reaches 0.6%, and the integrity and permeability stability of the soil are maintained.
3. The increase of fiber content enhances the effect of reinforcement mode, and the increase of reinforcement-layer thickness extends the restraint distance for fine particles migration. Through multiple linear regression analysis, it was found that the influence degree of the reinforcement-layer thickness is greater than fiber content.
4. According to the analysis, the optimal fiber type and content for restraining suffusion are PPF and 0.4% when all the layer were reinforced, in which case RF is nearly 80%. When CF or BTF are used in FRS to restrain suffusion, it is best to reinforce all layers with a content of 0.6%. The present results offer theoretical guidance for preventing risk and protecting embankments.
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