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Abstract

:

The utilization of polymers can strengthen soil, but at a high price. In this study, value coefficients were proposed to evaluate the cost-effectiveness of fiber-reinforced roadbeds, and the effects of embankment-slope-influencing factors on the value coefficients were analyzed by response surface methodology. Ultrahigh-molecular-weight polyethylene fiber (UPEF) was used as the reinforcement material for soil. First, the shear strength parameters of fiber soil with different fiber diameters were obtained from the direct shear tests to set the parameters of the finite element models. Second, three factors, namely filling height, slope angle, and fiber diameter, were selected as input parameters based on the Box–Behnken Design (BBD) experimental design method, and their effects on the value coefficient of the fiber soil embankment slope were investigated. Finally, the design parameters at the maximum value coefficient of the fiber soil embankment slope were determined based on the results of the response surface analysis. The results indicated that the addition of UPEF could effectively improve the cohesion of the soil; the interaction between the filling height and fiber diameter is most obvious. The optimization of design parameters based on the value coefficient of the fiber soil slope is a slope-engineering design method considering comprehensive benefits.
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1. Introduction


High-grade roads require a high load-bearing capacity for embankment slopes, and nearby available soils may not always meet the requirements of high-grade roadbed soils. Therefore, soil often has to be reinforced to meet the relevant design criteria. Reinforcement methods for embankment slope soils are mainly divided into chemical stabilization and physical reinforcement [1]. Chemical stabilization is achieved by adding additives, such as cement and lime, to soil to improve its strength and stability [2]. However, there are some disadvantages to chemical stability. For example, the pH of the soil changes after the additives are mixed with the soil, and this will cause environmental pollution [3]. Therefore, methods of physical reinforcement are increasingly being chosen. Research related to fiber-reinforced soils as a physical-reinforcement method has been carried out extensively [4].



Fibers for soil reinforcement include natural fibers and synthetic fibers. Recently, many studies have been conducted on the use of natural fibers as soil reinforcement materials to improve the physical and mechanical properties of soils due to their advantages such as wide distribution of resources, good economic benefits, and environmental protection [5,6]. The incorporation of coir fiber into soil not only enhances its strength and stiffness [7] but also reduces the seepage velocity of the soil, thereby increasing the piping resistance of the soil [8]. Fine-grained soil mixed with jute fibers can improve its unconfined compressive strength under freeze–thaw cycles [9]. In addition, jute fibers with a content of 0.6% and a length of 6 mm have been added to expansive soil to effectively improve its shear strength [10]. Palm-fiber-reinforced silty sand with a fiber length of 30 mm and fiber content of 0.5% has the best shear-strength reinforcement performance [11]. The shear strength and deformation of silty clay can be improved with the addition of sisal fibers [12]. The addition of corn silk and corn starch to soft soils can improve their compaction properties, and the optimal contents of the additive are 0.5% corn silk and 4% corn starch [13]. A series of free pressure tests was conducted to examine the effects of human hair fibers on the reinforcement of clay soils under freeze–thaw cycles, and the results showed a significant increase in unconfined compressive strength due to the addition of 1.5% human hair fibers [14]. Similarly, when adding wool to clay, the fiber content of 1.5% remains the optimal content for compressive-strength enhancement after freeze–thaw action [15].



Despite their impressive performance, natural fibers generally have little moisture and few biodegradable characteristics, and this can affect the life of the fiber and increase the cost of the project [16]. Therefore, polymer fiber has gained momentum as one of the high potential reinforcement materials in road engineering due to its stable and easy construction [17]. Currently, polypropylene fibers and polyethylene fibers are commonly used in engineering. Diambra [18] conducted an experimental study on the addition of polypropylene fibers to Hostun RF sand with different densities and found that the triaxial compressive strength of fiber-reinforced sand increases significantly with the increase in polypropylene fiber admixture. A finite element model of the polypropylene fiber soil embankment slope was established, and the effect of freeze–thaw cycling on it was analyzed by Gong and He [19]. A series of consolidated drained triaxial tests were carried out by Med Bouteben to obtain the mechanical parameters of the polypropylene fiber-reinforced cement–sand soils, which were applied to the numerical analysis of the embankment finite element model [20]. Li conducted a model roadbed test to investigate the effect of polypropylene fiber reinforcement on the settlement of the model roadbed, and the experimental results illustrated that the settlement of the fiber-reinforced soil roadbed is substantially reduced under high pressure [21]. Akbulut used polyethylene fibers as a reinforcing material for clay and found that polyethylene fibers can effectively increase the strength of clay [22]. Notably, from the perspective of environmental protection, some scholars stirred waste bags or plastics with polyethylene as the main component into soil, and this method was found to increase the shear strength and deformation resistance of the soil to a certain extent [23,24]. However, the research results showed that the reinforcement effect of waste polyethylene fiber is poor, and the quality is difficult to be unified. Therefore, waste plastic as soil-reinforcement material is not recommended [25].



In embankment-slope filling, the strength of the fiber-reinforced soil and the resistance of soil to deformation are critical [26]. The increase in strength can improve the stability of the slope, and the high modulus fiber can reduce the settlement of the slope. The optimal content is sought to achieve maximum strength. However, from the perspective of comprehensive benefits, higher fiber content means higher cost, which leads to poorer economic benefits, even though the structural load-bearing capacity is increased. Therefore, a comprehensive benefit evaluation method of fiber soil slope based on the value engineering method is proposed in this paper. The research process is shown in Figure 1. On the basis of the material parameters obtained from the direct shear test, a finite element model of the fiber soil embankment slope was established to analyze the stability of the slope model. From the perspective of cost-effectiveness, the response surface model was established based on the value coefficient of the fiber soil slope, and the best design parameters were fitted by the model.




2. Direct Shear Test


2.1. Materials and Sample Preparation


Soil sampling was performed in a subgrade fill in the northeast seasonal freezing area, China, which is yellowish in color and has a certain cohesiveness. Prior to the direct shear test, a series of tests were performed on the soil samples to obtain the basic physical properties of the soil, and this included specific gravity tests, compaction tests, and limit water-content tests. The basic physical properties of the soil samples are summarized in Table 1.



Ultrahigh-molecular-weight polyethylene fiber (UPEF) is a high-performance fiber with high specific strength, high modulus, and corrosion resistance, which can effectively improve the strength and deformation resistance of fiber soil as a reinforcing fiber. The UPEF used in the test was made by Shandong Fiber Building Materials Technology Co., Ltd, Qindao, China. It is slightly white and has good flexibility. The molecular weight of UPEF is 1.5 million. UPEF has a density of 0.98, very high tensile strength (3300 MPa) and elasticity modulus (95 GPa), and good high-temperature stability (melting point of 160 °C). The diameter of the fiber is an important factor for the shear strength, and the UPEF with different diameters can affect the project cost. The commonly used UPEF diameter specifications in the market are 0.02, 0.12, and 0.2 mm. In the direct shear test, the fiber content with the mixing ratio of 6‰ and the fiber length of 9 mm were selected based on previous research and pre-experiments [4]. Therefore, after precise cutting, the direct shear test was performed with the UPEF of 9 mm in length.




2.2. Test Procedure


The first step was to prepare the test specimen. The compaction test was conducted to determine the maximum dry density and the optimum water content of the test soil, which was the target water content of the direct shear test specimen. First, the initial soil was dried, crushed, and dried at 105 °C to completely evaporate the water. Second, the dried soil was sieved through a 0.5 mm sieve for the cylinder test piece of the direct shear test. The dry soil, target moisture content of water, and UPEF were mixed well in a cement mortar mixer made by Jinrui Test Instrument Co., Ltd, Cangzhou, China after 2 min of mixing. The variables for this test were fiber diameters of 0 (plain soil), 0.02, 0.12, and 0.2 mm. Compaction of 0.96 was achieved by using hydrostatic forming, according to the test protocol. Finally, the direct shear specimens were tightly wrapped with cling film to ensure constant moisture.



The prepared specimens were subjected to direct shear tests. The shear stress of the soil at the time of damage was obtained from the direct shear test, and the internal friction angle and cohesion of the soil were calculated based on the Mohr–Coulomb law. The shear strength of four main groups of soils was measured by the direct shear test. The four groups comprised plain soils and fiber-reinforced soils mixed with different UPEF diameters (0.02, 0.12, and 0.2 mm). In the direct shear test, each test group was composed of six test pieces with applied vertical loads of 50, 100, 150, 200, 250, and 300 kPa. During the test, when the horizontal displacement value started to decrease, the specimens were considered damaged, and the shear stress value at this time was recorded as the shear strength. The test procedure was performed according to the relevant code [27].




2.3. Test Results


Direct shear tests were performed in line with the test protocol, and the peak shear stresses obtained were processed. The shear strengths of the specimens with different pressure values were linearly fitted to obtain the shear strength parameters, c and φ, which were calculated by Equation (1):


  τ = σ tan φ + c  



(1)







The shear strength parameters of fibrous soils with different UPEF diameters are presented in Table 2.



A pattern was observed in the data in Table 2; the variation in fiber diameter had little effect on the internal friction angle of UPEF-reinforced soil, but it could effectively enhance cohesion. The main strengthening mechanism of UPEF was still the reduction of shear interface slip caused by the friction between soil particles and fibers [28]. Therefore, as the fiber diameter increased, the direct contact area between soil particles and fibers increased, and the increasing interfacial friction was the main factor for the increasing cohesion. The cohesion enhancement of the fiber soil was not effective as the fiber diameter exceeded 0.2 mm. Although the interfacial shear strength between a single fiber and the soil increased, the increase in fiber diameter caused a decrease in the number of interfacial shear fibers, because the fiber content was certain [4].





3. Finite Element Analysis


3.1. Computational Model


The numerical model of fiber soil embankment slope was established by the general finite element software ANSYS 12.1. The longitudinal length of the embankment slope is longer than the transverse width, and the disease of the embankment generally occurs mainly on the outward slope. Therefore, the embankment model can be simplified to plane model analysis [19]. In the calculation model, the height of the foundation was 50 m, the top width of the embankment was 36 m, and the fill height and slope angle were the geometric variables of this study. The geometric model was established in ANSYS and meshed; boundary constraints and loads were applied. The finite element model with a slope angle of 30° and an embankment filling height of 30 m is presented in Figure 2.



Before analyzing the finite element model of an engineering structure, the element type and material parameters of the element must be determined. Since the longitudinal length of the long slope is much larger than the transverse size, the slope stability problem can be classified as a typical plane strain problem. Plane 182 element is a two-dimensional element model with eight nodes; it is a favorable element to reflect the stress state and deformation of soil [19]. The element density was set to 1.725 g/cm3, which was the maximum dry density of the soil obtained from the compaction test. In addition, the constitutive model of soil was established. The Drucker–Prager (D–P) model was selected as the soil constitutive model of embankment slope, and it is a commonly used constitutive model to simulate slope soil in ANSYS software. There are two important soil shear strength parameters in the D–P model: cohesion (C) and internal friction angle (φ), which were derived from the direct shear test (Table 2).



The finite element geometric model was established based on the geometric parameters. For plane strain problems, Plane182 element has good adaptability. In mesh generation, each side of the model was divided into at least 10 equal parts to ensure sufficient accuracy based on the results of the pretest. By uniform division, the non-convergence of model calculation caused by triangular elements and sharp element angles can be avoided. After the mesh division of the model, the constraint conditions and loads were set. For both sides of the foundation boundary, the horizontal displacement was constrained, and the lower boundary was fully constrained. In addition to setting the self-weight of the embankment slope as the loading condition, a strip load of size 10.5 kN/m was applied on the top of the embankment to simulate the traffic load according to the design specification [29].



The stability of the embankment slope was analyzed by the reduction coefficient method. The shear strength parameters (cohesion and internal friction angle) of the tested slope soil were converted by the reduction coefficient. On the basis of the reduction coefficient method, the stability of the embankment slope was analyzed. The shear strength parameters (cohesion and internal friction angle) of the tested slope were converted by the reduction coefficient method. After selecting an initial reduction coefficient, F, the internal friction angle, c′, and cohesion, φ′, of the reduced slope soil mass were calculated according to Equations (2) and (3):


  c ’ =  c F   



(2)






  t a n  φ ′  =   t a n φ  F   



(3)




where c and φ are the initial cohesion and internal friction angle of the soil, respectively.



For slope stability calculation, the discounted shear strength parameters were substituted into the finite element model for calculation. If the calculation results converged, the slope was stable. The reduction coefficient increased for numerical calculations until the results diverged, at which point, F is the stability coefficient of the slope [30].




3.2. Stability Analysis


After the analysis was completed, the results, such as strain and displacement, were viewed through the postprocessing module of ANSYS. The calculated results of the plain soil slope and the UPEF slope with 0.2 mm fiber diameter at a slope angle of 45° were selected for comparison to illustrate the contribution of adding fibers into the soil to the slope stability of the embankment.



After performing stability analysis and solution, viewing the results in ANSYS postprocessing revealed that the horizontal displacement in the X-direction changed as the plastic strain developed faster with the increase in the reduction coefficient. When the reduction coefficient of the plain soil slope increased to 1.5, the calculation result showed no convergence, which demonstrated that the slope was unstable. The stability coefficient of the plain soil slope was 1.4, but the stability coefficient of the UPEF slope was 1.7. The plastic strain of the embankment slope under different fills when the reduction coefficient, F, was 1.4 is shown in Figure 3.



As shown in Figure 3, the plastic strain of the plain soil slope developed more significantly compared with the fiber soil slope when the reduction coefficient, F, was 1.4. The plastic strain in the plain soil slope extended upward from the foot of the slope, and a narrow plastic strain zone was about to run through the whole slope, which would make the slope unstable. The increase in shear strength of UPEF soils resulted in better stability of embankment slopes, and this result was more significant in practical engineering, considering the local restraint effect of UPEF on the soil.



The x-directional displacement extremums for each strength reduction factor are shown in Figure 4. The x-directional displacement increased continuously as the reduction coefficient increased and the shear strength decreased. The x-directional displacement extremums of slope increased rapidly when it was close to instability, so there was a critical point to reflect the accelerated increase of the x-direction displacement of the slope at a certain reduction coefficient. The critical point was 1.3 for plain soil slopes and 1.5 for UPEF slopes, and the extreme value of x-direction displacement for UPEF slopes was always smaller than that for plain soil slopes with the same reduction coefficient, which fully demonstrated the high stability of UPEF slopes.





4. Response Surface Analysis


4.1. Theory and Method


4.1.1. Response Surface Method


The response surface method is a parameter optimization method for experimental design and statistical analysis proposed by Box and Wilson [31] in 1951 that has good robustness [32]. The response surface method was used for data analysis, which combined the experimental design method with data analysis and statistics for optimization and used explicit polynomial expression to express the implicit function. In the response surface method, the relationship between the imported variable and the response value is explained by the following Equation (4):


  y = f    x 1  ,  x 2  ⋯  x i    + ε  



(4)







According to the Taylor formula, the response value, y, can be fitted by the response variables, x1, x2 … xi, with polynomial functions, and ε is residual. A common quadratic polynomial equation is represented in Equation (5) [33]:


  Y =  β 0  +   ∑  i = 1  k    β i   x i    +   ∑  i = 1  k    β  i i    x  i i     2    +   ∑  i = 1   k − 1      ∑  j = i + 1  k    β  i j    x i   x j      + ε  



(5)




where Y represents the shear strength parameters of soil, and  β  is the undetermined coefficient estimated by the polynomial fitting function; the most commonly used estimation method is the least square method;    β 0    is a constant;    β i    (i = 1, 2, 3) is the linear coefficient;    β  i i     is the quadratic coefficient of    x  i i    ; and    β  i j     is the interaction coefficient.



The accuracy of the response surface was determined by mathematical statistics. Analysis of variance (ANOVA) was used to assess the variance of the test sample data. Response surface models were fitted in accordance with the value coefficients calculated for different embankment slope models. ANOVA and interaction were used to determine the effect of different geometric parameters and fiber incorporation on the slope value coefficients.




4.1.2. Value Engineering Method


The value engineering method is a commonly used method to obtain the best cost–performance ratio. By calculating the value coefficient of the research object, the most cost-effective conditions of use in the study were determined. For embankment slope engineering, the value engineering method mainly considers three aspects for parameter design: cost performance ratio (V), safety stability coefficient (FI), and project cost (CI). The relationship among these aspects is shown in Equation (6) [34].


   V i  =   F  I i    C  I i     



(6)




where V is the value coefficient, FI is the function coefficient, CI is the cost coefficient, and i is the label of the implementation scheme for completing the product.



There are specific requirements for the functional requirements of the project in different engineering environments, so the functional coefficient in value engineering should be specified in advance. In the analysis of the slope, the function coefficient is mainly determined by considering the safety and stability of the slope. The cost coefficient of this study mainly considered the cost of materials used to fill the slope. In this paper, the main influencing factor of the project cost was the amount of fiber. The total cost was obtained by multiplying the cost of fiber per unit area and the total area. The value coefficients were selected to judge the cost effectiveness of different slope-filling solutions, as well as to determine the most cost-effective parameter design solutions based on the value coefficients of slopes with different design parameter conditions.





4.2. Response Surface Test Result


The Box–Behnken Design (BBD) is the most widely and commonly used design in response surface methodology due to its fewer experimental requirements and excellent results [35]. The stability coefficient of the fiber soil embankment slope was analyzed by the value engineering calculation method. A higher value coefficient indicates that it has a relatively high safety coefficient at a lower price cost, which conforms to the principle of safety and economy in engineering design. In this paper, the slope angle, filling height, and fiber diameter were used as the response variables, and the value coefficient was used as the response value to evaluate the comprehensive economy of the UPEF soil embankment slope under the corresponding design parameters. The corresponding response surface fitting equation was established based on the calculation results obtained by the value engineering method.



It is worth noting that the commonly used design parameters are mainly considered as analysis variables when selecting parameters. In this paper, there are three design parameters, namely fill height, slope, and fiber diameter. These three factors affect the geometry and material parameters of the finite element model and are related to the slope stability and cost. The fill height and slope angle were commonly used design values for slopes, and the design value of fiber diameter was also the most commonly used value in the market. Three levels of the three design parameters were set. The slope angle of the embankment slope was designed between 0.3 and 0.6; the fiber diameters of 0.02, 0.12, and 0.2 mm were used. The fiber filling height was 0-layer filling, half filling, and all filling in three ways. The response surface test scheme was designed by using the professional test design software Design Expert. A response surface design with three levels and three factors was obtained by using the BBD experimental design method. The design of the response surface test protocol requires the coding of the influencing factors. The high, medium, and low values of the influencing factors correspond to the codes 1, 0, and −1, respectively, and the coding table is shown in Table 3. The response surface test protocols designed based on Table 3 are listed in Table 4, which also contains the response values (value coefficient) corresponding to the different run numbers.




4.3. Statistical Analysis


The value coefficients obtained from the analysis were fitted, and a trivariate regression fitting formula was obtained as shown in Equation (7):


    F = 7.83 − 0.091 × A + 0.022 × B - 11.93 × C - 2.28 ×  10  - 5   × A B + 1.1 × A C     - 0.027 ×  A 2  C + 0.21 × B C - 1.97 ×  10  - 3   ×  A 2  - 3.39 ×  10  - 4   ×  B 2  - 10.19  C 2     



(7)







The accuracy of the value coefficient response surface of fiber soil slope was determined by statistical method. ANOVA is a commonly used method to evaluate the difference in value coefficient changes caused by design parameters. A fitted regression model expressed by Equation (9) was constructed based on the value coefficient calculation results provided in Table 4, and the accuracy of the model simulation was determined by ANOVA. The value coefficients in Table 4 were entered into Design Expert for ANOVA, and the ANOVA results are presented in Table 5.



The F-test was performed on the regression fit equation, and the magnitude of the discriminated p-value determined the significance of the fitted equation; the smaller the p-value, the higher the significance [36]. The Model F-value of 18.37 implied that the model was significant. There was only a 0.10% chance that a “Model F-value” this large could occur due to noise. Values of “Prob > F” greater than 0.10 indicated that the model terms were not significant. Values of “Prob > F” less than 0.05 indicated that model terms were significant. In this case, A, C, AC, BC, A2, and A2C were significant model terms.



The above ANOVA on the response surface model of value coefficient showed that the slope angle, filling height, and parameters of fill material had a large influence on the value coefficient of the fiber soil slope. The analysis of the F-value demonstrated that the fiber diameter had the greatest significance on the value coefficient, and the UPEF soil filling height had the lowest F-value; therefore, its influence was relatively less significant. The F-value of the multiple-times term was larger, thereby indicating that the influence of several influencing factors on the value coefficient had a non-linear influence.



In the analysis process of the response surface method, the accuracy of the regression equation was verified by testing the residual normality distribution of the response values (value coefficients) and by comparing the predicted values with the analyzed values. These inspections are shown in Figure 5 and Figure 6.



The residual value level is also a powerful condition to reflect the quality of the mathematical model. The closer the residual normal distribution plot is to a straight line, the denser the observations near the regression line are, and the better the fit is [35]. A probability plot of the normal distribution of residuals for the response surface model was plotted (Figure 5). The value coefficients of the fibrous soil slopes were mainly distributed on a sloping straight line, which indicated that the results of the value coefficient analysis showed an approximately normal distribution. In addition, the residual distribution indicated that the residuals were usually random and showed the accuracy of the model [37].



Figure 6 shows a good fit for the response surface model. According to Figure 6, most of the analyzed data points were concentrated above the 45-degree sloping straight line, and only a few calculated points were discrete, which showed that the actual values were very close to the predicted values of the model. Therefore, the fitted equation obtained by regression, using the response surface method, could accurately predict the value coefficient of the fiber soil slope.



In addition, the applicability and significance of the model were checked by various statistical factors in Table 6. The coefficient of variation (CV) is the ratio of the standard deviation (SD) to the mean, which is a normalized measure to reflect the degree of dispersion of the model. In this case, the coefficient of variation was 1.49%, which indicated the high accuracy of the model. R2 is a common metric used to test predictive models, comparing how well the predicted results match the actual occurrence. The proposed model showed an R2 of 0.9684, which was a high value indicating a strong agreement between the predicted and true values based on the response surface. “Pred R-Squared” was a negative value, which implied that the overall mean was a better predictor of response than the current model.



The value coefficient was not only related to the safety coefficient but also closely related to the project cost. The three factors were closely related to the above two. The interaction between factors was studied to determine the change in response value under the coupling of multiple factors. The response surface and contour map could intuitively reflect the impact of interaction on the response value. The steeper the surface and the denser the contour, the more significant the impact, and the stronger the interaction between the two factors. The contours of the factor interactions and the response surfaces are shown in Figure 7.



Figure 7 shows that the three influencing factors of slope angle, filling height, and incorporated fiber diameter had a significant interaction; the interaction between the filling height and fiber diameter was the most obvious. As the fiber diameter increased, the safety coefficient of the soil increased, but so did the cost; the increase in filling height not only changed the value coefficient caused by itself, but it also made the interaction more pronounced due to the fact that the increase in filling height was accompanied with an increase in fibers. The interaction between the fiber diameter and slope angle was very strong, whereas the interaction between the fill height and slope angle was strong to some extent. Thus, each influencing factor did not independently affect the value coefficient of UPEF soil slope, and this result was consistent with the ANOVA results of the interaction term.



In the interaction between fiber diameter and slope angle, the response surface was mainly an oblique upward surface, because the value coefficients all increased with the increase in the influencing factor. Its oblique direction was mainly toward the direction of fiber diameter, so the influence of fiber diameter on the value coefficient was large. The response surface of filling height versus slope angle was spherical, and the contour arrangement was sparser when the slope angle of the side slope was larger. In the interaction between filling height and fiber diameter, the response surface was a complex surface similar to the saddle surface, the contour arrangement was very dense, and the interaction between the two was very significant. The value coefficient increased and then decreased as the filling height increased, and this indicated that the interaction of the two factors had a complex effect on the value coefficient.



The above contour map and response surface map showed that the contour map under the interaction of the three influencing factors in the whole boundary range was in the shape of opening, thus showing that the extreme value of the UPEF slope value coefficient may not appear in the selected parameter design range. On the basis of the obtained response surface equation, combined with the optional conditions for the design value coefficient of fiber soil slope, the optimal design parameters were obtained. The optional conditions were set, as shown in Equation (8):


     Max FT =     f   ( A ,   B ,   C )        s . t .        30 ≥ A ≥ 0        60 ≥ B ≥ 30        0.2 ≥ C ≥ 0.02     



(8)







In the above equation, FT is the fitted response value; A, B, and C are the filling height, slope angle, and fiber diameter, respectively. As shown in Equations (9) and (10), the optimal design parameters for determining the soil slope based on the value coefficient of UPEF soil slope were obtained as follows: the filling height of 18.52 m, the fiber slope angle of 56.11°, and the fiber diameter of 0.19 mm (value coefficient of 8.48).





5. Conclusions


The shear strength parameters of UPEF soil were measured through direct shear tests, and the slope stability was analyzed by using the finite element analysis model. The value coefficient of fiber soil slope was calculated based on the value coefficient method. The following conclusions were obtained by analyzing the value coefficient of the fiber soil embankment slope based on the response surface method:




	(1)

	
Compared with plain soil, the internal friction angle of fiber-reinforced soil showed no obvious change, but the cohesion was significantly enhanced. When analyzing the slope with ANSYS, the stability of the fiber-reinforced soil embankment slope showed a significant improvement.




	(2)

	
The results of the ANOVA indicated that the fiber diameter had the most significant effect on the value coefficient; the response surface illustrated the interaction between the three influencing factors, and the interaction between the fiber diameter and filling height is the most significant.




	(3)

	
The cost-effectiveness of the fiber soil slope was obtained by studying the strength reduction coefficient and value engineering method, and a regression polynomial with significant fitting effect was obtained to provide a reference for the actual project.













Author Contributions


Conceptualization, Y.H.; methodology, Y.G. and J.S.; formal analysis and investigation, Y.G. and J.S.; writing—original draft preparation, Y.G. and J.S.; writing—review and editing, Y.H.; funding acquisition, Y.G.; resources, G.M.; supervision, G.M. All authors have read and agreed to the published version of the manuscript.




Funding


The research was funded by the National Key R&D Program of China (2021YFB2600604, 2021YFB2600600), the Technological Developing Scheme Program of Jilin Province (20200403157SF), the Key Project of Department of Transportation of Heilongjiang Province of China (2022-1, 2022-2), the Transportation Technology Program of Jilin Province of China (2021-1-1), and the Transportation Technology Program of Jilin Province of China (2022-1-8).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors would like to thank anonymous reviewers for their constructive suggestions and comments that improved the quality of the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



DeJong, J.T.; Mortensen, B.M.; Martinez, B.C.; Nelson, D.C. Bio-mediated soil improvement. Ecol. Eng. 2010, 36, 197–210. [Google Scholar] [CrossRef]

	



Winterkorn, H.F.; Pamukcu, S. Soil Stabilization and Grouting; Springer: Boston, MA, USA, 1991; pp. 317–378. [Google Scholar]

	



Chen, C.; Wei, K.; Gu, J.; Huang, X.; Dai, X.; Liu, Q. Combined Effect of Biopolymer and Fiber Inclusions on Unconfined Compressive Strength of Soft Soil. Polymers 2022, 14, 787. [Google Scholar] [CrossRef]

	



Han, C.; He, Y.; Tian, J.; Zhang, J.; Li, J.; Wang, S. Shear strength of polypropylene fibre reinforced clay. Road Mater. Pavement Des. 2020, 22, 2783–2800. [Google Scholar] [CrossRef]

	



Sharma, V.; Vinayak, H.K.; Marwaha, B.M. Enhancing compressive strength of soil using natural fibers. Constr. Build. Mater. 2015, 93, 943–949. [Google Scholar] [CrossRef]

	



Ibrahim, M.; Dufresne, A.; El-Zawawy, W.K.; Agblevor, F.A. Banana fibers and microfibrils as lignocellulosic reinforcements in polymer composites. Carbohydr. Polym. 2010, 81, 811–819. [Google Scholar] [CrossRef]

	



Babu, G.L.S.; Vasudevan, A.K. Strength and Stiffness Response of Coir Fiber-Reinforced Tropical Soil. J. Mater. Civ. Eng. 2008, 20, 571–577. [Google Scholar] [CrossRef]

	



Babu, G.L.S.; Vasudevan, A.K. Seepage Velocity and Piping Resistance of Coir Fiber Mixed Soils. J. Irrig. Drain. Eng. 2008, 134, 485–492. [Google Scholar] [CrossRef]

	



Güllü, H.; Khudir, A. Effect of freeze–thaw cycles on unconfined compressive strength of fine-grained soil treated with jute fibre, steel fibre and lime. Cold Reg. Sci. Technol. 2014, 106–107, 55–65. [Google Scholar] [CrossRef]

	



Yixian, W.; Panpan, G.; Shengbiao, S.; Haiping, Y.; Binxiang, Y. Study on Strength Influence Mechanism of Fiber-Reinforced Expansive Soil Using Jute. Geotech. Geol. Eng. 2016, 34, 1079–1088. [Google Scholar] [CrossRef]

	



Ahmad, F.; Bateni, F.; Azmi, M. Performance evaluation of silty sand reinforced with fibres. Geotext. Geomembr. 2010, 28, 93–99. [Google Scholar] [CrossRef]

	



Wu, Y.K.; Li, Y.B.; Niu, B. Investigation of mechanical properties of randomly distributed sisal fibre reinforced soil. Mater. Res. Innov. 2014, 18 (Suppl. S2), 953–959. [Google Scholar] [CrossRef]

	



Yong, L.L.; Emmanuel, E. Effects of Corn Starch and Corn Silk Binary Blends on the Strength Properties of A Soft Clay: A Preliminary Study. J. Nat. Fibers 2021, 39, 1–15. [Google Scholar] [CrossRef]

	



Yarbasi, N. Effect of Freezing-Thawing on Clayey Soils Reinforced with Human Hair Fibers. J. Nat. Fibers 2019, 17, 921–931. [Google Scholar] [CrossRef]

	



Yarbasi, N. Effect of Freeze-Thaw on Compressive Strength of Clayey Soils Reinforced with Wool. J. Nat. Fibers 2021, 19, 382–393. [Google Scholar] [CrossRef]

	



Gowthaman, S.; Nakashima, K.; Kawasaki, S. A State-of-the-Art Review on Soil Reinforcement Technology Using Natural Plant Fiber Materials: Past Findings, Present Trends and Future Directions. Materials 2018, 11, 553. [Google Scholar] [CrossRef]

	



Kutanaei, S.S.; Choobbasti, A.J. Triaxial behavior of fiber-reinforced cemented sand. J. Adhes. Sci. Technol. 2015, 30, 579–593. [Google Scholar] [CrossRef]

	



Diambra, A.; Ibraim, E.; Wood, D.M.; Russell, A. Fibre reinforced sands: Experiments and modelling. Geotext. Geomembr. 2010, 28, 238–250. [Google Scholar] [CrossRef]

	



Gong, Y.; He, Y.; Han, C.; Shen, Y.; Tan, G. Stability Analysis of Soil Embankment Slope Reinforced with Polypropylene Fiber under Freeze-Thaw Cycles. Adv. Mater. Sci. Eng. 2019, 2019, 5725708. [Google Scholar] [CrossRef]

	



Bouteben, Y.M.; Zeineddine, B. Mechanical behaviour of sandy soils embankments treated with cement and reinforced with discrete elements (fibres). Frattura ed Integrità Strutturale 2022, 16, 174–186. [Google Scholar] [CrossRef]

	



Li, Y.; Su, L.; Ling, X.; Wang, J.; Yang, Y. Model Studies on Load-Settlement Characteristics of Coarse-Grained Soil Treated with Geofiber and Cement. Polymers 2018, 10, 621. [Google Scholar] [CrossRef]

	



Akbulut, S.; Arasan, S.; Kalkan, E. Modification of clayey soils using scrap tire rubber and synthetic fibers. Appl. Clay Sci. 2007, 38, 23–32. [Google Scholar] [CrossRef]

	



Consoli, N.C.; Montardo, J.P.; Prietto, P.D.M.; Pasa, G.S. Engineering Behavior of a Sand Reinforced with Plastic Waste. J. Geotech. Geoenviron. Eng. 2002, 128, 462–472. [Google Scholar] [CrossRef]

	



Al-Adili, A.; Azzam, R.; Spagnoli, G.; Schrader, J. Strength of soil reinforced with fiber materials (Papyrus). Soil Mech. Found. Eng. 2012, 48, 241–247. [Google Scholar] [CrossRef]

	



Cavey, J.K.; Krizek, R.J.; Sobhan, K.; Baker, W.H. Waste fibers in cement-stabilized recycled aggregate base course material. Transp. Res. Rec. 1995, 1468, 97–107. [Google Scholar]

	



Wang, W.; Cao, G.; Li, Y.; Zhou, Y.; Lu, T.; Zheng, B.; Geng, W. Effects of Freeze–Thaw Cycles on Strength and Wave Velocity of Lime-Stabilized Basalt Fiber-Reinforced Loess. Polymers 2022, 14, 1465. [Google Scholar] [CrossRef] [PubMed]

	



Ministry of Transport of the People’s Republic of China. Test Methods of Soils for Highway Engineering; Ministry of Transport of the People’s Republic of China: Beijing, China, 2017. (In Chinese)

	



Tang, C.-S.; Shi, B.; Zhao, L.-Z. Interfacial shear strength of fiber reinforced soil. Geotext. Geomembr. 2010, 28, 54–62. [Google Scholar] [CrossRef]

	



Ministry of Transport of the People’s Republic of China. Technical Standard of Highway Engineering; Ministry of Transport of the People’s Republic of China: Beijing, China, 2014. (In Chinese)

	



Zienkiewicz, O.C.; Taylor, R.L. The Finite Element Method, 4th ed.; McGraw-Hill: New York, NY, USA; pp. 319–355.

	



Box, G.E.P.; Wilson, G. On the Experimental Attainment of Optimum Conditions. J. R. Stat. Society. Ser. B Methodol. 1951, 13, 1–45. [Google Scholar] [CrossRef]

	



Fan, W.L.; Zhang, C.T.; Li, Z.L.; Feng, H. An adaptive response surface method with cross terms. Eng. Mech. 2013, 30, 68–72. [Google Scholar] [CrossRef]

	



Singh, K.P.; Gupta, S.; Singh, A.K.; Sinha, S. Optimizing adsorption of crystal violet dye from water by magnetic nanocomposite using response surface modeling approach. J. Hazard. Mater. 2011, 186, 1462–1473. [Google Scholar] [CrossRef]

	



GB/T 8223-1987; Value Engineering-General Terms and Work Program. Standards Press of China: Beijing, China, 1988. (In Chinese)

	



Guo, L.; Guo, Y.; Zhong, L. Research on the back analysis and failure mechanism of recycled concrete aggregate meso-parameters based on Box-Behnken Design response surface model. J. Build. Eng. 2022, 51, 104317. [Google Scholar] [CrossRef]

	



Yetilmezsoy, K.; Demirel, S.; Vanderbei, R.J. Response surface modeling of Pb(II) removal from aqueous solution by Pistacia vera L.: Box–Behnken experimental design. J. Hazard. Mater. 2009, 171, 551–562. [Google Scholar] [CrossRef] [PubMed]

	



Scrivener, K.L.; Crumbie, A.K.; Laugesen, P. The Interfacial Transition Zone (ITZ) Between Cement Paste and Aggregate in Concrete. Interface Sci. 2004, 12, 411–421. [Google Scholar] [CrossRef]








[image: Polymers 14 04295 g001 550] 





Figure 1. Technology roadmap. 
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[image: Polymers 14 04295 g001]







[image: Polymers 14 04295 g002 550] 





Figure 2. Finite element model of the embankment slope. 
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Figure 3. Plastic strain diagram with reduction coefficient of F = 1.4. (a) Plain soil slope. (b) Fiber soil slope. 
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Figure 4. Extreme values of displacement in the x-direction of embankment slope with different reduction coefficients. 
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Figure 5. Residual distribution diagram of the response variable. (a) Internally studentized residuals vs. run number (The red line is the residual range line). (b) Normal probability vs. internally studentized residuals (The red line is the residual regression line). 
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Figure 6. Comparison of calculated and predicted values (The black line is a 45 degree diagonal). 
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Figure 7. Response surface and contour plots. (a) Interaction between fiber diameter and slope angle. (b) Interaction between filling height and slope angle. (c) Interaction between filling height and fiber diameter. 
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Table 1. Basic physical properties of soil samples.






Table 1. Basic physical properties of soil samples.





	Properties
	Specific Gravity
	Maximum Dry Density (g/cm3)
	Optimum Water Content (%)
	Liquid Limit (%)
	Plastic Limit (%)
	Plasticity Index (%)





	Value
	2.42
	1.725
	12.2
	34.3
	25.0
	9.5
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Table 2. Shear strength parameters of fiber soil.
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	Fiber Diameter
	0.02 mm
	0.12 mm
	0.2 mm
	Plain Soil





	Cohesion (Pa)
	47,540
	62,272
	60,291
	40,747



	Internal Friction Angle (°)
	21.186
	21.653
	22.568
	22.053
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Table 3. Code of influencing factors.
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	Coding Levels
	Filling Height (h)/m
	Fiber Diameter (d)/mm
	Slope Angle (s)/°





	−1
	0
	0.02
	30



	0
	15
	0.12
	45



	1
	30
	0.20
	60
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Table 4. Calculation table of value coefficients.
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Run Number

	
Influencing Factors

	
Response Values




	
A: h (m)

	
B: s (°)

	
C: d (mm)

	
Value Coefficient






	
1

	
0.00

	
60.00

	
0.02

	
7.7381




	
2

	
0.00

	
60.00

	
0.12

	
7.7381




	
3

	
0.00

	
30.00

	
0.12

	
7.19697




	
4

	
0.00

	
45.00

	
0.20

	
7.07071




	
5

	
15.00

	
60.00

	
0.02

	
6.92226




	
6

	
15.00

	
30.00

	
0.02

	
7.3776




	
7

	
15.00

	
45.00

	
0.12

	
7.86218




	
8

	
15.00

	
60.00

	
0.20

	
8.4317




	
9

	
15.00

	
30.00

	
0.20

	
7.8264




	
10

	
30.00

	
45.00

	
0.02

	
7.15488




	
11

	
30.00

	
30.00

	
0.12

	
7.24638




	
12

	
30.00

	
60.00

	
0.12

	
7.76398




	
13

	
30.00

	
45.00

	
0.20

	
7.80533
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Table 5. ANOVA for response parameters.
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	Source
	Sum of Squares
	Degree of Freedom
	Mean Square
	F-Value
	p-Value

Prob > F





	Model
	2.38
	10
	0.24
	18.37
	0.0010



	A-h
	0.17
	1
	0.17
	13.39
	0.0106



	B-s
	9.92 × 10−3
	1
	9.92 × 10−3
	0.77
	0.4153



	C-d
	0.19
	1
	0.19
	14.90
	0.0084



	AB
	1.09 × 10−4
	1
	1.09 × 10−4
	8.42 × 10−3
	0.9299



	AC
	0.80
	1
	0.80
	61.75
	0.0002



	BC
	0.32
	1
	0.32
	24.55
	0.0026



	A2
	0.16
	1
	0.16
	12.32
	0.0127



	B2
	0.026
	1
	0.026
	1.97
	0.2099



	C2
	0.026
	1
	0.026
	2.02
	0.2055



	A2C
	0.55
	1
	0.55
	42.42
	0.0006



	Residual
	0.078
	6
	0.013
	-
	-



	Cor Total
	2.46
	16
	-
	-
	-
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Table 6. ANOVA for models.






Table 6. ANOVA for models.





	Statistic Factors
	Value
	Statistic Factors
	Value





	SD
	0.11
	R-Squared
	0.9684



	Mean
	7.62
	Adj R-Squared
	0.9157



	CV %
	1.49
	Pred R-Squared
	−0.1629



	PRESS
	2.86
	Adeq Precision
	16.734
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