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Abstract

:

Glass fiber is a kind of polymer, which can effectively improve the mechanical properties of sand. However, the improvement effect of glass fibers with a reticular structure is different from that of ordinary fibers. At the same time, the sandy soil structure is diversified and part of the soil is layered, such as the lenticle in tailings dam, which often forms layered sandy soil with nearby tailings sand. The existence of the lenticle has adverse effects on the stability of the tailings dam. In order to study the reinforcement effects of reticular glass fibers on tailing sand with the lenticle (layered sand), a series of triaxial shear tests were carried out on the tailings sand by changing the layers of reticular glass fibers and the position of reinforcement. The results demonstrated the following five main points: (1) the shear strength of the tailings with the lenticle is significantly lower than the shear strength of the tailings fine sand, and the influence of the lenticle on the shear strength of the tailings is mainly concentrated on the cohesion. (2) When the reticular fiber is added to the tailings with the lenticle, the cohesion of the sample increases nonlinearly with the increase of the number of fiber layers, while the internal friction angle is basically unchanged. (3) The improvement effect of the reticular fiber on the shear strength of the sample varies with the position of the reinforcement, which is represented as the interface > tailings fine sand > lenticle. (4) Only when the axial strain develops to a certain extent, the reinforcement of the reticular fibers is reflected. (5) The reinforcement effects of reticulated fibers are determined by the interaction of forces at the interface between fibers and sand. The research results can not only provide a scientific basis for the construction of reinforced tailings dam, but also play a guiding role in disaster prevention and mitigation work of reinforced slopes with a weak zone, and even provide the reference for the reinforcement research of layered structures.
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1. Introduction


Natural sand has low cohesion and a loose structure, which can easily cause various geological disasters and endanger the stability of roadbeds, slopes and dam bodies. Therefore, sand reinforcement has always been the focus of geotechnical engineering. In recent years, fiber has been more and more popular in geotechnical engineering because of its strong tensile strength being applied in sand and other soil reinforcements [1,2,3,4,5]. Due to the hydrolysis of natural fibers being very common, it reduces their strength and affects the reinforcing effect. Therefore, the common fibers in the field of engineering are artificial fibers, such as glass fibers [6,7]. Research shows that the mechanical properties of glass fibers are greater than those of other artificial fibers [8]. If the glass fiber is woven into a mesh structure to form reticular glass fibers, the reinforcement effect will be different from that of filamentous glass fibers. The reticular glass fiber is a new alkali-resistant product, which is made of medium alkali or alkali-free glass fibers and acrylic acid copolymer, woven into the mesh structure. The reticular glass fiber is a kind of composite material of polymer and glass fibers, which has strong corrosion resistance and tensile resistance.



At present, there are more than 12,000 tailings ponds in China, of which 95% are constructed by the upstream method [9]. Under ideal conditions, due to the difference in carrying capacity, during the discharge process, the tailings sand successively deposits coarse sand, medium sand and fine sand according to the particle size, as shown in Figure 1a. However, in the process of upstream dam construction, the slurry is often affected by many factors, such as slurry concentration, tailings size, flow rate and discharge mode. Thus, the tailings dam often produces some interlayers with poor permeability [10]. These interlayers are called lenticle [11], as shown in Figure 1b. The existence of the lenticle reflects the normal deposition state of the tailings during upstream dam construction, and its distribution also seriously affects the stability of the dam [12]. Generally, when the lenticle is distributed at the dam crest, the stability of the dam is the best, the bottom is the second, and the middle is the worst. Studies have shown that the lenticle can seriously affect the stability of the sand-soil system, especially in the tailings dam [13,14]. The reason is that there are large differences in mechanical properties between the lenticle and the nearby tailings sand, which block the continuity of tailings during the discharge process. Additionally, the lenticles are fine particles, and fine particles have smaller permeability than coarse particles [15,16,17,18].



For this reason, the researchers have carried out some research on the lenticle in the tailings dam through mechanical experiments and numerical simulations, and found that the impact of the lenticle on the tailings dam is mainly reflected in the following two aspects [19]: (1) the influence of the geometric parameters (vertical distribution, horizontal distribution, area ratio, shape and size) of the lenticle on the tailings dam is mainly reflected in the displacement of the dam crest. In general, the larger the area ratio of the lenticle, the shallower the depth of the infiltration line, the greater the displacement of the dam crest and the worse the safety of the dam [20]. (2) The influence of the material parameters (permeability coefficient, stiffness parameter, poisson’s ratio and strength parameter) of the lenticle on the tailings dam is mainly reflected in the safety factor of the dam. Generally, the larger the permeability coefficient and the higher the shear strength, the greater the safety factor of the dam [21].



In summary, the lenticle has a serious impact on the stability of the tailings dam, so measures must be taken to reinforce the tailings dam with the lenticle. Professor Wei used the geosynthetic material [22] as the reinforced material to strengthen the tailings dam with a lenticle by using the reinforced terraced method (RTFM) [23]. It was found that this method can improve the stability of the dam by 10%–20%. However, this study only studied the overall stability of the dam, and did not conduct in-depth research on the strength characteristics of the reinforced composite.



The distribution of the lenticle in the tailings dam is uneven, as shown in Figure 1c. Layered sandy soil will be formed between lenticle and adjacent tailings sand, and the mechanical properties of layered sandy soil are quite different from those of single-layer soil. In order to understand the mechanical properties of reinforced layered sandy soil, the reticular fibers are used as the reinforced material [24,25,26], and the reinforced density and the reinforced position are used as dependent variables. A series of mechanical tests were carried out on reinforced tailings with the lenticle. The research results can not only provide theoretical support for the construction of tailings dam, but also provide a reference for the reinforced engineering of layered soil.




2. Materials and Scheme


2.1. Test Materials and Sample Preparation


The test materials were taken from a tailings reservoir in Yunnan Province, China. Before the test, the tailings were divided into tailings medium sand, tailings fine sand, tailings silty sand and tailings silt, in which tailings fine sand and tailings silt were used as test soils. The physical and mechanical parameters of the test soil were obtained by laboratory soil test, as shown in Table 1. It is well known that glass is a hard and fragile brittle material, but after that it is drawn into wire, glass fibers will have strong tensile strength and low elongation. If the glass fiber is made into a network structure, as shown in Figure 2, the strength of the glass fiber will be greater and the elongation will be lower [27,28]. Therefore, the reticular glass fiber is used as the reinforced material, and its performance parameters are shown in Table 2. The reinforced material is made into a circular material with a diameter of 39.1 mm and a height of 80 mm, as shown in Figure 3. In this paper, the reticular glass fiber is simply referred to as fiber.



Triaxial compression tests have obtained a series of evaluations of the mechanical properties of poorly graded sand with different orientations under the action of small mesh inclusion with different concentrations and the aspect ratio, and analyzed the influence of micro mesh on the strength and stiffness of sandy soil [29]. Therefore, this article uses the same test method for research.




2.2. Experiment Scheme and Process


The test scheme consists of 10 groups, as shown in Table 3. It reflects the change in the thickness of the lenticle d, the number of reinforcement n and the reinforcement position. The interface refers to the contact surface between the tailings fine sand and the lenticle, because the lenticle is placed in the middle of the sample, the interface is divided into an upper interface and a lower interface. The test method is the consolidated undrained shear test with confining pressure of 100 kPa, 200 kPa and 300 kPa, and a shear rate of 0.4 mm/min. In order to reduce the test error, each sample was tested three times under three confining pressures, and the average value was calculated as the analytical value. A total of 90 tests were carried out to evaluate the mechanical properties of the tailings sand with lenticle reinforced by reticular fibers.



Test procedure: Install the sample in the pressure chamber, then open the drain valve to fully drain the sample and consolidate under the confining pressure. When the consolidation is completed (the computer default consolidation degree is 0.95), we close the drain valve, open the pore water pressure valve, and apply the axial stress to test. The test is terminated when the sample is sheared to about 10%–15% (ε1) of the axial strain, which was consistent with the deformation required to develop post-peak softening behavior in the unreinforced sand. By testing the 10 sets of experiments shown in Table 3, the strength parameters, the peak pore pressure, the shear peak, the secant stiffness corresponding to 0.3% axial strain and the axial strain at the shear peak were obtained. Additionally, the effects of the number of fibers and the position of reinforcement on the mechanical properties of tailings with lenticle were analyzed.





3. Test Results


3.1. Variation of Shear Strength and Peak Pore Pressure


Table 4 shows the shear strength parameters and the peak pore pressure of different specimens. It can be seen from the table that:




	
The cohesion of the sample containing the lenticle is smaller than the cohesion of the tailings fine sand. This cohesion is almost half of the cohesion of the tailings silt [30]. The internal friction angle of the sample containing the lenticle is larger than the internal friction angle of the tailings silt sample, but smaller than the internal friction angle of the tailings fine sand sample.



	
The cohesion and internal friction angle of the sample containing the lenticle are compared with the tailings fine sand sample, in which the cohesion changes by 3.2 kPa (d = 2 cm) and the internal friction angle changes by 1.24° (d = 2 cm), indicating that the lenticle had a greater influence on the cohesion than the internal friction angle.



	
No matter where the fibers are located, the cohesion of the specimens increase with the increase of fiber layers (within a certain range) [31], indicating that, in a certain range, the influence of the reinforced density on the cohesion of the specimens is greater than the reinforced position.



	
The improving effect of fibers on cohesion varies with the reinforced position. The overall performance is as follows: at the interface > inside the tailings fine sand > inside the lenticle.



	
The difference of the shear strength parameters of the sample is small when the fiber (n = 1) is placed at the upper interface and the lower interface, but that is significantly larger than the fibers placed in the lenticle, the upper tailings fine sand and the lower tailings fine sand. It is indicated that when the fiber (n = 1) is placed at the interface, the improvement on the shear strength is the best. The difference in the shear strength parameters of the sample is small when the fibers (n = 2) are placed in the lenticle and the tailings fine sand, both of which are less than the effect of the fibers (n = 2), are placed at the interface on the mechanical properties of the sample.



	
When the confining pressure σ3 < 300 kPa, the change of the peak pore pressure of the sample will not exceed 10 kPa, of which the change is not obvious, and when the confining pressure σ3 = 300 kPa, the variation of the peak pore pressure will be more obvious (minimum 9 kPa, maximum 38 kPa), indicating that the influence of the fiber number n and the position of the reinforcement on the peak pore pressure of the sample will only become prominent under the larger confining pressure.



	
When the lenticle thickness is d = 0 cm, 1 cm, and 2 cm, the peak pore pressure of the sample under the confining pressure of 100 kPa were 14 kPa, 18 kPa, and 25 kPa, respectively, indicating that the lenticle increased the peak pore pressure of the sample; The thickness of the lenticle is d = 2 cm, and when the fibers are placed in the lenticle, the peak pore pressure of the samples with the number of fibers n = 0, 1, two under the confining pressure of 100 kPa are, respectively 25 kPa, 22 kPa, and 17 kPa, which indicates that the addition of fibers reduce the peak pore pressure of the sample, and the decreased degree increased with the increase of fibers.









3.2. Stress-Strain Curves of Reinforced Soil


Under the same confining pressure condition, when n = 1, the stress-strain curves of the fibers-reinforced soil at five kinds of reinforcement positions are shown in Figure 4; when n = 2, the stress-strain curves of the fibers-reinforced soil at three kinds of reinforcement positions are shown in Figure 5. Under the same position of the reinforcement, when n = 1, the stress-strain curves of the fibers-reinforced soil under different confining pressures are shown in Figure 6; when n = 2, the stress-strain curves of the fibers reinforced soil under different confining pressures are shown in Figure 7.



It can be seen from Figure 4 and Figure 5 that (1) under the condition of small axial strain, the deviatoric stress-strain curves of the reinforced soil were relatively close, and the smaller the stress, the higher the degree of coincidence. As the axial strain increases, the spacing between the curves increases gradually, and the smaller the stress, the smaller the strain corresponding to spacing mutation. Under the 300 kPa confining pressure, after the axial strain reaches 6%, the curve spacing was more obvious. (2) Compared to Figure 4a and Figure 5a, it can be seen that the peak deviational stress of reinforced soil increases with the increase in the number of fibers under the same confining pressure, which indicates that the fiber can increase the peak deviational stress of specimens, and the specimens with more fibers can be deformed or destroyed under larger loads than those with less fibers.



It can be seen from Figure 6 and Figure 7: (1) Under the action of 100 kPa confining pressure, no matter where the fiber was laid, the stress-strain curve of reinforced soil has a peak value, which is shown as strain softening type. After reaching the peak, the curve shows a downward trend and gradually becomes gentle, showing that the strain hardens gradually [32,33]. (2) It can be seen from Figure 7a that the peak deviational stress of the reinforced soil were about 470 kPa (σ3 = 100 kPa), 680 kPa (σ3 = 200 kPa), and 890 kPa (σ3 = 300 kPa), indicating that the peak deviational stress of reinforced soil increases with the increase of confining pressure under the condition that the number of fibers and the position of reinforcement remain constant. (3) The axial strain of the reinforced soil reaching the shear peak increases with the increase in the confining pressure, which indicates that the sample needs to undergo more deformation to break under the larger confining pressure. (4) Compared with Figure 7a–c, it can be seen that the peak deviational stress of reinforced soil were about 890 kPa (inside the lenticle, σ3 = 300 kPa), 1080 kPa (at the interface, σ3 = 300 kPa), and 990 kPa (inside the tailings fine sand, σ3 = 300 kPa). The results show that the improvement effect of the fibers (n = 2) at the interface is the best and the effect in the lenticle is the worst.




3.3. Secant Stiffness


The secant stiffness is the ratio of the total stress to the total elastic strain at any point on the deviatoric stress-strain curve, so the material has different secant stiffness under different axial strain conditions. In this triaxial test, the secant stiffness of the reinforced tailings (including the lenticle) is evaluated based on the secant stiffness of 0.3% axial strain [29] (as shown in Figure 8). The calculation equation of the secant stiffness is as follows:


    E   0.3   =     σ   0.3 %     0.3 %    



(1)







Where σ0.3% is the deviatoric stress at the 0.3% axial strain of the sample, and the secant stiffness E0.3 of each sample is calculated according to this equation, as shown in Table 5.



It can be seen from the table that: (1) The existence of lenticle reduces the stiffness of the tailings fine sand, and the stiffness of the specimen decreases with the increase of the thickness of the lenticle. However, the addition of fibers increases the stiffness of the tailings sample containing the lenticle under triaxial pressure. Under the same reinforced condition, the secant stiffness increases with the increase in confining pressure. (2) Under the same confining pressure, the stiffness of the sample is not much different when the fiber (n = 1) is placed in the lenticle, in the upper tailings fine sand and the lower tailings fine sand. When n = 1, the secant stiffness of the specimen has the following relationship: at the upper interface > at the lower interface > inside the upper tail fine sand > inside the lower tail fine sand > inside the lenticle. At the same confining pressure (n = 2), the stiffness of the specimen is the largest at the interface, the second inside the tailings fine sand, and the smallest inside the lenticle.





4. Discussion


4.1. Reinforcement Mechanism


The strength and stiffness of the tailings containing lenticle are improved by adding the fibers into the tailings, especially under the condition of two layers of fiber reinforcement. The strength of sand will be increased after reinforcement, due to the interaction of the force between fibers and sand, including the friction between fibers and soil, and the passive impedance effect of transverse ribs and longitudinal ribs of fibers due to soil action.



Friction between fibers and soil can be explained by the friction reinforcement principle. As stated in document [34], if dF > dT (dF is the total friction force between sand particles and reinforced material; dT is the tensile force of the horizontal thrust of the soil on the reinforced material), then the lateral stress of sand soil can be overcome by the friction force between the particles and reinforced material, so there is no dislocation between particles and reinforced material, and the micro-element body of the reinforced sand remains stable.



However, the friction force between sand particles can also overcome the horizontal thrust of sand, the friction force is much smaller than that between particles and reinforced material. Therefore, when sand is subjected to higher horizontal thrust, only the friction force between soil particles cannot overcome this horizontal thrust, and then the friction force between reinforced material and particles will play a good role. Therefore, the reinforced soil has higher strength than the unreinforced soil.



When the soil particles are in contact with the grids, it will be subjected to the passive impedance of transverse ribs and longitudinal ribs of the fibers, thus constraining the lateral displacement of the soil particles. The impedance action of ribs is defined as the “interlocking effect” of grids, and its principle is shown in Figure 9.



The reticular fibers only depend on the friction of the rib-soil interface at the initial strain. As the displacement increases, the passive impedance of the mesh ribs gradually plays a dominant role and bears most of the load. When the soil particles overcome the friction force to extrude the transverse and longitudinal ribs of the fibers, the reticular fibers mainly rely on the passive impedance force of the ribs to restrict the lateral deformation of the soil. At the same time, the soil transfers the stress to the grids by interlocking action with the grids. The grids use its unique structure to play the role of stress diffusion, as shown in Figure 10.




4.2. Strength and Stiffness of Reinforced Soil


Since the mechanical model of layered reinforced soil is quite complex, only the strength and stiffness of non-layered soil reinforced with reticular fiber are discussed here. The reinforcing effect of fibers on soil is mainly reflected in the restraint effect of strong tensile properties of fibers’ on lateral displacement of soil particles. The increase in strength caused by the constraint of the contact surface is interpreted as the homo-cohesion generated by the constraint of contact surface [35]. Additionally, the shear strength of reinforced soil with fibers can be expressed as:


    τ  r  = τ +   c  r   



(2)




where τr is the shear strength (kPa) of the fibers-reinforced soil, τ is the shear strength (kPa) of the plain soil, and cr is the homo-cohesion (kPa) of the fiber acting on the soil particles.



At the same time, the homo-cohesion of the fiber acting on the soil particles can be expressed by the following Equation:


    c  r  =  T a   



(3)




where T is the tensile strength (n) of the fiber and a is the soil area (m2) in contact with the fiber.



Therefore, the shear strength of reinforced soil with fiber is as follows:


    τ  r  = τ +  T a   



(4)







According to Mohr-Coulomb strength theory, Equation (4) can be changed into:


    τ  r  = c + σ tan φ +  T a   



(5)




where c is the cohesion of plain soil, and φ is the internal friction angle of the plain soil.



It can be seen that the factors affecting the shear strength of reinforced soil include the cohesion and the internal friction angle of plain soil, the tensile strength of the fiber and the soil area contacted by the fiber. The relevant parameters can be obtained by a triaxial test, direct shear test and pull-out test.



The increase in the strength of the tailings containing the lenticle caused by the fibers can be evaluated by the ratio of the cohesion/internal friction angle of the reinforced tailings sand, c(reinforced), φ(reinforced), to the cohesion/internal friction angle of the unreinforced tailings, c(unreinforced), φ(unreinforced). The factor that improves the strength of tailings sand is defined as IF, and IF includes IFc and IFφ, and is defined as:


         I F   c  =     c    (  r e inf o r c e d  )        c    (  u n r e inf o r c e d  )             I F   φ  =     φ    (  r e inf o r c e d  )        φ    (  u n r e inf o r c e d  )         }   



(6)







The values of IF are shown in Table 6. It can be seen from the table that when the fiber (n = 1) was located in the lenticle, the strength of the fiber on the tailings sand was significantly improved, wherein the cohesion was increased by 193% and the internal friction angle was increased by 0.5%. When the fibers (n = 2) were located at the upper (lower) interface, the improvement effect of the fibers was more obvious, wherein the cohesion was increased by 592% and the internal friction angle was increased by 3.4%; it shows that, within a certain range, the greater the reinforced density of the interface between the lenticle and the tailings and the higher the fiber content, it is more beneficial to improve the strength of the tailings containing the lenticle.



In triaxial tests, the secant stiffness of the specimens increases with the addition of fibers, which can be evaluated by the ratio of secant modulus of reinforced tailings, E0.3(reinforced) to that of unreinforced tailings under 0.3% axial strain, E0.3(unreinforced). The improvement factor of secant stiffness of tailings sand is defined as IFE0.3, which is:


     I F    E 0.3   =        E   0.3       (  r e inf o r c e d  )           E   0.3       (  u n r e inf o r c e d  )       



(7)







The values of IFE0.3 in the whole triaxial test are shown in Table 6. As can be seen from the table, all the tests show that the fibers can increase the secant stiffness of the sample, but the increment varies with the confining pressure, the number of reinforcement, and the position of reinforcement. The higher secant modulus were exhibited for higher reinforcement density. For example, when the fiber layer number is large for a given confining pressure (n = 2, σ3 = 200 kPa, at the interface), the secant stiffness of the specimens was increased by 68%; while the secant stiffness of the specimens was increased by only 8% when the fiber layer number is small for the same confining pressure (n = 1, σ3 = 200kPa, inside the lenticle). The reason is that, when n = 2, the dislocation trend of more soil particles is limited by the interlocking effect of grids in the fibers.



The coupling effect between fiber density and reinforcement location plays an important role in the mechanical properties of specimens. Higher reinforcement density (n = 2) and the reasonable reinforcement location greatly improve the comprehensive strength and stiffness of the specimen, especially at the interface between the tailings fine sand and the lenticle, where the cohesion, internal friction angle and secant stiffness of the specimens were increased by 592%, 3.4% and 68% (σ3 = 200kPa). The reason is that there are differences in the properties of two types of soil, and it is easier to dislocate at the interface, where reinforcement can greatly improve the composite strength and composite stiffness of the specimens. It can also be seen from Table 6 that the fiber has the greatest improvement in the cohesion of the sample and the minimum improvement in the internal friction angle. For example, when the fiber was placed at the upper interface (n = 1, σ3 = 200kPa), the cohesion, secant stiffness, and internal friction angle of the sample were increased by 221%, 29%, and 1.6%, respectively, as compared to those without reinforcement.



It is found that, in a certain range, the strength and stiffness of the specimen increase with the increase of the fiber density. This only shows that the greater the reinforcement density, the better the mechanical properties of the specimen. It does not mean that the greater the reinforcement density, the better the properties of the tailings dam, because the saturation line and the mechanical properties of the tailings sand all have a great influence on the stability of the tailings dam in the actual site. If the reinforced materials are increased blindly, the strength of the tailings dam will be increased, but at the same time, the permeability of the tailings dam will be reduced, and then the height of the saturation line of the tailings dam will be raised. The saturation line is an important factor affecting the stability of tailings dam. Generally speaking, the higher the saturation line, the worse the dam’s stability.



The position of the reinforcement played an important role in the reinforcement effect. In the whole test, the reinforcement effect at the interface is the best, followed by inside the tailings fine sand and the worst inside the lenticle. The reason may be that: (1) the cohesion of the soil increases with the decrease of the particle size, and the particle size of the tailings fine sand is larger than that of the lenticle, so the degree of occlusion between particles is smaller than that of the lenticle; (2) The laying of fibers increases the bite force between particles, and reduces the tendency of the particles to dislocate. Since the bite force of the lenticle particles is large, the increase of fibers has little effect on the cohesion of lenticle. On the contrary, the tailings fine sand particles have poor bite force, so the effect of fibers on the cohesion of tailings fine sand is obvious; (3) the interface is a complex of tailings fine sand and lenticle, which is non-uniformly mixed. It is more likely to dislocate at the interface between two materials, so the enhancement effect of cohesion at the interface is the best.




4.3. Stress and Strain of Reinforced Soil


Since the mechanical model of the layered reinforced soil is quite complex, only the stress and strain of non-layered soil reinforced with reticular fiber are discussed here. Assume that the tensile stress and strain are negative, while the compressive stress and strain are positive. It is assumed that the macroscopic stress and strain of the reinforced soil has the following relationship with the microscopic stress and strain of the fiber and plain soil:


        σ   i j   = ( 1 −  n 1  )      σ   i j     s  + n      σ   i j     r        ε   i j   = ( 1 −  n 1  )      ε   i j     s  + n      ε   i j     r     }   



(8)






        σ  x  =       ( 1 −  n 1  ) σ   x    s  + n      σ  x    r        σ  y  =       ( 1 −  n 1  ) σ   y    s  + n      σ  y    r     }   



(9)






        ε  x  =      ε  x    s  = −      ε  x    r        ε  y  ≈      ε  y    s       n 1  =  e  Δ h      }   



(10)




where σij, εij, σijs, εijs, σijr, εijr are the microscopic stress and strain of reinforced soil, plain soil and fiber, respectively; σx, σxs, σxr are the horizontal stress of reinforced soil, plain soil and fiber, respectively; σy, σys, σyr, εx, εxs, εxr are the axial stress and transverse strain of reinforced soil, plain soil and fiber, respectively; εy, εys are the axial strain of reinforced soil and plain soil, respectively; n1, e, Δh are the volume reinforcement ratio, thickness and spacing of the fibers, e = 0.001mm (thickness of fibers commonly used in laboratory).



When the soil is in the elastic stage, under the condition of plane strain, the axial and transverse strain have the following relations [36]:


           ε  x    s  =   1 −      υ  s    2      E  s    (      σ  x    s  −     υ  s    1 −   υ  s         σ  y    s  )          ε  y    s  =   1 −      υ  s    2      E  s    (      σ  y    s  −     υ  s    1 −   υ  s         σ  x    s  )    }   



(11)




where υs and Es are the poisson’s ratio and deformation modulus of plain soil, respectively.



The relationship between the stress σxr of fiber along the length direction and the tensile force R of the unit width is as follows [37]:


   n 1       σ  x    r  = −    10   3   R  Δ h    



(12)







The relationship between the stress σyr of fiber along the thickness direction and the pressure p of the unit width is as follows [37]:


   n 1       σ  y    r  =    10   3   p e   



(13)







Equations (8)–(10) are substituted for (11) to obtain:


        ε  x  =   1 +   υ  s      E  s     [    ( 1 −   υ  s  )   1 −  n 1      σ  x  −     υ  s    1 −  n 1      σ  y  −   ( 1 −   υ  s  )  n 1    1 −  n 1         σ  x    r   ]        ε  y  =   1 +   υ  s      E  s     [    ( 1 −   υ  s  )   1 −  n 1      σ  y  −     υ  s    1 −  n 1      σ  x  −   ( 1 −   υ  s  )  n 1    1 −  n 1         σ  y    r   ]     }   



(14)







From Equation (10), it can be seen that the volume reinforcement ratio of fibers is very small, so (1-n1) → 1, and the strain of reinforced soil in the elastic stage can be obtained by combining Equations (12) and (13), as follows:


        ε  x  =   1 +   υ  s      E  s     [  ( 1 −   υ  s  )   σ  x  −   υ  s    σ  y   ]  +   ( 1 −      υ  s    2  )     E  s  Δ h      10   3  R       ε  y  =   1 +   υ  s      E  s     [  ( 1 −   υ  s  )   σ  y  −   υ  s    σ  x   ]  −   ( 1 −      υ  s    2  )     E  s  e      10   3  p    }   



(15)







It can be seen from Equation (15) that the strain of reinforced soil is related to tensile stress, compressive stress, fiber thickness, spacing of reinforced layers, Poisson’s ratio and deformation modulus of plain soil per unit width of fiber. While the axial strain of reinforced soil is given in this paper, in fact, the compressive strain of fiber has little change, so the compressive strain of reinforced soil can be approximately equal to that of plain soil, so only the transverse strain of reinforced soil can be considered in practical calculation. In this paper, the purpose of Equation (15) is to discuss the stress and strain of reinforced soil, so it has not been verified and analyzed.



Under the condition of small strain, the test is in the stage of pore-fissure compaction, the pores among soil particles decreases gradually, and the specimen is compacted gradually. At this stage, the fiber had no obvious reinforcement effect. Therefore, the deviational stress-strain curves of the specimens were in good agreement under the condition of any reinforcement density and location, as shown in Figure 4 and Figure 5. The greater the contact area between fiber and soil, the stronger the stability of the specimen. Thus, in a certain range, the strength of the reinforced soil increases with the increase of the reinforcement density. Therefore, the specimen with a large amount of fibers has a large bearing capacity when it is broken. For example, when the fibers were located in the lenticle for a given confining pressure (σ3 = 300 kPa), the peak deviatoric stress of the specimen under different reinforced densities was 770 kPa (n = 1, Figure 4c) and 861 kPa (n = 2, Figure 5c). Confining pressure restricts the lateral development of soil particles, and the original mechanical structure of soil is not easy to be destroyed. Therefore, reinforced soil needs to develop to a larger displacement under greater axial stress to cause damage, as shown in Figure 4 and Figure 5.



As the friction resistance between soil particles and fibers limits the tendency of particle dislocation, the reinforced soil has strong shear strength. In the test, the reinforced specimens of the eight kinds of reinforcement positions showed the properties of plain soil in the non-reinforced area, and the properties of the reinforced soil in the reinforced area, where the whole specimen was the heterogeneous specimen. Under the action of load, the first deformation area of the fiber reinforced soil is the unreinforced area, and the force is always blocked in the reinforced area during the transfer process, which makes the non-reinforced area relatively weak. Under the condition of small confining pressure, the confining pressure has less constraint on the outward development of soil particles. At this time, the constraint of soil mainly comes from the reinforcing effect of fibers, but under the condition of large confining pressure, the confining pressure can exert obvious binding force on soil particles; at this time, the constraint of reinforced soil is provided by both the reinforcing effect of fibers and the lateral restraint of confining pressure.





5. Conclusions


In this study, a series of triaxial shear tests were carried out on lenticular tailings by changing the number of layers and reinforcement positions of reticular fibers. The mechanical properties of layered reinforced soil were obtained and discussed in depth. The research results can not only provide a scientific basis for the construction of reinforced tailings dam, but also provide reference for the study of layered reinforced soil. From the study presented in this paper, the following conclusions may be drawn:




	
The cohesion and internal friction angle of the tailings containing the lenticle are lower than the cohesion and internal friction angle of the tailings fine sand, and the influence of the lenticle on the cohesion is much greater than the influence on the internal friction angle. Therefore, if the tailings dam contains lenticle, the stability of the tailings dam will be greatly reduced. In the construction of tailings dam, it is of great significance to simulate the construction of tailings dam and to predict the influence range of the lens, so as to strengthen the construction of tailings dam by using the mesh fiber.



	
The addition of reticular fibers improves the shear strength, stiffness and deformation resistance of the specimen, but the increase amplitude varies with the reinforced density and reinforced position, and the reticular fibers also reduce the peak pore pressure of the specimen. The shear strength, stiffness and deformation resistance of the tailings sand with a layer of reticular fiber is significantly lower than that of the two layers of the reticular fiber.



	
The influence degree of the reticular fiber on the shear strength parameters of the sample varies with the position of the reinforcement, which is represented by at the interface > inside the tailings fine sand > inside the lenticle, and the improvement effect of the reticular fibers on the cohesion is much greater than that on the internal friction angle. When the lenticle is sandwiched by two layers of reticular fibers, bounded by fibers, and the tailings with lenticle are divided into the lenticle and the tailings fine sand, the mechanical properties of the tailings containing the lenticle are the strongest, which is the most beneficial to the stability of the tailings dam. It can be seen that, in the construction of tailings dam, we need to make reasonable analysis and judgment to select the position of reinforcement, so as to get the best effect of the application of materials, so as to reduce the risk of tailings dam.



	
The reinforcement effects of reticulated fibers are determined by the interaction of forces at the interface between fibers and sand. Friction, interlocking force and bond strength at the interface are the main factors controlling the benefit of fiber reinforcement, especially the friction force of fibers and interlocking force of grids. In order to strengthen the construction of tailings dam and to deal with the actual situation of complex tailings dam engineering, we can continue to study the application of various reticulation fiber materials in the future.
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Figure 1. Cross-section of tailings dam constructed by the upstream method. (a) Ideal cross-sectional of tailings dam, (b) Typical cross-sectional of tailings dam, (c) Typical cross-sectional of reinforced tailings dam. 
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Figure 2. Reticular glass fiber. 
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Figure 3. The samples. 
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Figure 4. Deviatoric stress-strain curves of reinforced soil in different reinforcement positions, n = 1. (a) Confining pressure σ3 = 100 kPa, (b) Confining pressure σ3 = 200 kPa, (c) Confining pressure σ3 = 300 kPa. 
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Figure 5. Deviatoric stress-strain curves of reinforced soil in different reinforcement positions, n = 2. (a) Confining pressure σ3 = 100 kPa, (b) Confining pressure σ3 = 200 kPa, (c) Confining pressure σ3 = 300 kPa. 
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Figure 6. Deviatoric stress-strain curves of reinforced soil under different confining pressure, n = 1. (a) Inside the lenticle, (b) At the upper interface, (c) At the lower interface, (d) Inside the upper tailings fine sand, (e) Inside the lower tailings fine sand. 
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Figure 7. Deviatoric stress-strain curves of reinforced soil under different confining pressure, n = 2. (a) Inside the lenticle, (b) At the interface, (c) Inside the tailings fine sand. 
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Figure 8. Secant stiffness calculation model. 
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Figure 9. Schematic diagram of the grid interlocking effect. 
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Figure 10. Schematic diagram of the force diffusion. 
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Table 1. Physical parameters of the experimental materials.






Table 1. Physical parameters of the experimental materials.





	

	
Parameters

	
Dry Density ρ/(g.cm−3)

	
Cohesion c/kPa

	
Internal Friction Angle φ/°

	
Permeability Coefficient K/(cm/s)

	
Compression Coefficient a1-2/kPa−1

	
Effective Particle Size d10/mm




	
Material

	






	
Tailings fine sand

	
1.93

	
10.16

	
32.68

	
1.32 × 10−3

	
1.73 × 10−4

	
6.5 × 10−3




	
Tailings silt

	
1.82

	
13.23

	
31.11

	
1.26 × 10−4

	
2.10 × 10−4

	
9 × 10−3
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Table 2. Strength indexes of unidirectional glass fiber.
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Parameters

	
Ultimate Tensile Strength/(KN/m)

	
Tensile Strength at Different Strains (%)/(KN/m)




	
Material

	

	
2

	
5






	
Fiber

	
40

	
15

	
27
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Table 3. The experiment scheme.
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	Condition
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Lenticle thickness

d/cm
	1
	2
	2
	2
	2
	2
	2
	2
	2
	2



	Fiber quantity

n/layer
	0
	0
	1
	1
	1
	1
	1
	2
	2
	2



	Reinforcement position
	/
	/
	At the upper interface
	At the lower interface
	Inside the lenticle
	Inside the upper tailings fine sand
	Inside the lower tailings fine sand
	At the interface
	Inside the lenticle
	Inside the tailings fine sand
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Table 4. The shear strength parameters and peak pore pressure of different samples.
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Condition

	
Tailings Fine Sand

	
Tailings Silt

	
d = 1,

n = 0

	
d = 2,

n = 0

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 2

	
d = 2,

n = 2

	
d = 2,

n = 2




	
Results

	

	
/

	
/

	
/

	
/

	
Inside the Lenticle

	
At the Upper Interface

	
At the Lower Interface

	
Inside the Upper Tailings Fine Sand

	
Inside the Lower Tailings Fine Sand

	
Inside the Lenticle

	
At the Interface

	
Inside the Tailings Fine Sand






	
Cohesion

c/kPa

	
10.16

	
13.23

	
6.56

	
6.96

	
20.36

	
22.36

	
22.13

	
20.86

	
20.65

	
46.68

	
48.16

	
47.13




	
Internal friction angle φ/°

	
32.68

	
31.11

	
32.29

	
31.44

	
31.60

	
31.95

	
31.87

	
31.69

	
31.64

	
32.15

	
32.51

	
32.28




	
Peak pore pressure u/kPa

	
100kPa

	
14

	
28

	
18

	
25

	
22

	
20

	
20

	
21

	
21

	
17

	
20

	
18




	
200kPa

	
30

	
56

	
36

	
40

	
37

	
33

	
34

	
34

	
35

	
30

	
33

	
32




	
300kPa

	
40

	
90

	
68

	
79

	
70

	
50

	
52

	
55

	
64

	
41

	
46

	
43
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Table 5. The stiffness parameter of the tailings sand.
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Condition

	
Tailings Fine Sand

	
d = 1,

n = 0

	
d = 2,

n = 0

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 1

	
d = 2,

n = 2

	
d = 2,

n = 2

	
d = 2,

n = 2




	
Stiffness

	

	
/

	
/

	
/

	
Inside the Lenticle

	
At the Upper Interface

	
At the Lower Interface

	
Inside the Upper Tailings Fine Sand

	
Inside the Lower Tailings Fine Sand

	
Inside the Lenticle

	
At the Interface

	
Inside the Tailings Fine Sand






	
Secant stiffnessE50/MPa

	
100kPa

	
19.02

	
17.73

	
18.31

	
19.40

	
21.46

	
20.68

	
20.32

	
19.93

	
23.43

	
26.80

	
24.70




	
200kPa

	
20.59

	
18.27

	
19.45

	
21.08

	
25.09

	
24.83

	
23.89

	
22.46

	
26.79

	
32.76

	
29.03




	
300kPa

	
31.32

	
27.46

	
29.33

	
32.26

	
36.78

	
35.75

	
34.50

	
33.46

	
38.42

	
42.44

	
40.46
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Table 6. Strength improvement coefficient of tailings under different reinforcement schemes.
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Condition

	
n = 1, Inside the Lenticle

	
n = 1, Upper Interface

	
n = 1, Lower Interface

	
n = 1, Upper Tailings Fine Sand

	
n = 1, Lower Tailings Fine Sand

	
n = 2, Inside the Lenticle

	
n = 2, At the Interface

	
n = 2, Inside the Tailings Fine Sand




	
Improvement Coefficient

	






	
IF

	
IFc

	
2.93

	
3.21

	
3.18

	
3.00

	
2.97

	
6.71

	
6.92

	
6.77




	
IFφ

	
1.005

	
1.016

	
1.014

	
1.008

	
1.006

	
1.023

	
1.034

	
1.027




	
IFE0.3

	
100kPa

	
1.06

	
1.17

	
1.13

	
1.11

	
1.09

	
1.28

	
1.46

	
1.35




	
200kPa

	
1.08

	
1.29

	
1.28

	
1.23

	
1.15

	
1.38

	
1.68

	
1.49




	
300kPa

	
1.10

	
1.25

	
1.22

	
1.18

	
1.14

	
1.31

	
1.45

	
1.38
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