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Abstract

:

River and lake dredging projects inevitably produce significant quantities of wastewater and sediment. This accumulation results in dredged soil with high moisture content, characterized by low strength, rendering it unsustainable for use. To facilitate environmentally friendly utilization of wastewater and sediment, solidifying agents and basalt fibers are introduced to solidify the wastewater within the dredged sediment. This process transforms the wastewater, sediment, solidifying agents, and basalt fibers into a novel, strengthened material. This transformation allows for their application as stabilized soil for engineering endeavors. Indoor experiments and scanning electron microscope analyses were performed to examine the deformation characteristics of fiber-stabilized soil and analyze its micro-mechanisms. Research findings suggest that as the curing age increases, the curing agent’s reaction becomes more comprehensive. Fibers have the potential to ameliorate soil damage. The proposed binary-medium model’s applicability and accuracy were validated through the analysis of triaxial test results employing the reinforcement principle. These findings establish a theoretical foundation for the resourceful utilization of wastewater and sediment.
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1. Introduction


Global water bodies possess abundant hydraulic conditions. The principal approach to the development, maintenance, and enhancement of waterways and port areas involves dredging and silt removal. Concurrently, dredging and silt removal offer advantages in mitigating internal pollution in river, lake, and reservoir sediments. They also contribute to environmental initiatives, augment the flood discharge and storage capabilities of rivers and lakes, and represent a vital measure in averting flood disasters. Dredging projects significantly contribute to diverse facets of national development. The swift expansion of our nation’s economy is intricately linked to the backing of infrastructure development. Recently, there has been a noteworthy surge in diverse dredging initiatives. Nevertheless, the substantial accumulation of discarded silt resulting from dredging projects has exacerbated the environmental impact. Consequently, ensuring the appropriate disposal of dredged sediments is imperative for the seamless execution of dredging projects. Dredged sediments characterized by high water content exhibit a deficiency in strength, rendering them unsuitable for direct utilization in engineering applications. At the same time, the volume of wastewater is large and difficult to effectively utilize [1,2]. Chemical solidification reactions can be induced by the addition of cement, lime, and other solidifying agents, transforming the sediment’s moisture into bound water. Simultaneously, the resultant solidified product acts as a structural framework, augmenting the soil strength to meet engineering standards and transforming it into a viable geotechnical material. Conversely, fiber reinforcement technology represents a prevalent method for enhancing soil properties. Incorporating fibers enhances multiple soil properties, including the shear strength, and proficiently mitigates the challenge of brittle failure observed in conventional solidified soil. In recent years, scholars worldwide have made significant progress in the study of solidified soil, fiber reinforcement technology, and micro-mechanisms. Common solidifying agents for solidified soil include cement, quicklime, and fly ash. Numerous scholars have conducted experiments employing various methods, with a primary emphasis on saline soil [3,4,5,6,7,8], loess [9,10,11,12,13,14], and other typical soil types [15,16,17]. The existing studies show a comparatively limited focus on the solidification of dredged sediment from rivers and lakes. Consequently, investigating the solidification of dredged sediment from rivers and lakes as raw material soil is imperative. This research is crucial for addressing the solidification challenges prevalent in a broad spectrum of soft soils characterized by high water content and organic matter. Fiber reinforcement technology is a frequently employed method for soil remediation [18]. Within the soil, fibers intertwine and aggregate, creating a mesh-like spatial structure that markedly enhances diverse mechanical indicators [19]. Present research on fiber reinforcement technology primarily focuses on factors including fiber type [20,21,22], fiber content [23,24,25,26], and fiber length [27,28,29,30], enhancing the analysis of how the addition of fibers influences soil. Presently, the raw materials for fiber reinforcement predominantly consist of sandy soil [31,32,33,34] and loess [35,36,37,38]. Studies on high-water-content soft clay require further refinement. Consequently, investigating fiber solidification technology utilizing river and lake sediments as raw materials can contribute to broadening the application scope of fiber reinforcement technology. Recent technological advancements have led to a growing engagement of scholars in micro-scale research. Numerous micro-scale studies have illustrated the efficacy of solidification [39,40,41] and fiber reinforcement [42,43,44] as highly effective soil remediation methods. Nevertheless, limited research has been conducted on the combination of solidification and fiber reinforcement for treating dredged sediments from rivers and lakes, along with microscopic mechanism studies. Hence, the integration of solidification with fiber reinforcement technology is imperative for treating dredged sediments from rivers and lakes. Performing microscopic mechanism studies on this integrated approach is crucial for addressing the disposal challenges associated with soft soils characterized by high water content and organic matter.



In this paper, we employ materials such as cement, lime, and fibers to convert the substantial volume of dredged sediments produced in dredging projects into fiber-stabilized soil suitable for engineering applications. One-dimensional consolidation compression tests were conducted on both fiber-reinforced and unreinforced stabilized soil to elucidate the compression characteristics specific to fiber-stabilized soil. Unconsolidated undrained triaxial shear tests were performed to examine the impact of fiber length and content on the stress–strain relationship. Utilizing these experimental data, adjustments were made to the binary-medium model. The microstructure of fiber-stabilized soil was examined using a scanning electron microscope (SEM) to analyze the microscopic structural features of the stabilized soil following fiber incorporation.




2. Sample Preparation and Experimental Procedure


The raw soil and wastewater used in this study were used to dredge the sediment of Nanhu Lake in Jiaxing. After collecting the soil and wastewater, large shell impurities in the dredged sediment were first removed. Then, the upper layer of wastewater was collected and stored in a light-sealed container. According to the “Standard Test Methods for Geotechnical Testing” (GB/T50123-2019) [45], the dredged sediment was placed in an electric oven at 105 °C for at least 8 h. The dried soil was then crushed with a hammer, ground in a grinding bowl, and sieved through a 1 mm mesh sieve to remove large particles and remaining impurities from the soil, and the basic indicators of the soil are shown in Table 1.



This article utilizes artificial mixing methodology. Firstly, the materials, including the raw soil, wastewater, cement, quicklime, and fibers, are individually weighed on a balance according to predefined proportions. The raw soil is dried, ground in a mortar and pestle, and sieved through a 1 mm sieve. Additionally, the fibers utilized in this study require processing into varying lengths. Scissors and a ruler are employed for precise control over fiber length. Adequate fibers are prepared in advance and positioned in a porcelain bowl, ready for retrieval using forceps. To replicate real-world conditions, wastewater is initially mixed with the soil. Following thorough mixing of the water and soil, fibers, cement, and quicklime are sequentially added to the mixing pot and mixed uniformly for a minimum of 2 min to form a slurry. Once the sample is uniformly mixed, the slurry is gradually poured into the mold, which is pre-coated with Vaseline on its inner surface to facilitate easy demolding after the designated curing period; additionally, the bottom of the mold is lined with non-woven fabric. To prevent uneven gaps in the slurry within the mold, it is added incrementally in small portions. Following each addition, the mold is shaken vigorously in various directions before subsequent slurry additions. Any slurry adhering to the inner mold surface should be removed. Upon filling the mold with slurry, a scraper is employed to level it, and subsequently, the mold is sealed with non-woven fabric, labeled, and marked. Finally, the prepared soil sample undergoes a 3-day curing process within a curing box, following which it is demolded, wrapped in cling film, and subjected to further curing until reaching the designated test age.



The raw material employed in the experiments described in this paper primarily underwent triaxial tests. The mold used had a cylindrical shape with dimensions of an inner diameter of 39.1 mm and a height of 80 mm. Additional key tools and instruments comprised an electronic balance, graduated cylinder, geotechnical knife, mortar and pestle, oven, and ball mill. The solidifying agents employed in this study were ordinary Portland cement (P.O42.5) and calcium oxide (CaO). The fibers utilized were basalt fibers characterized by a single filament diameter ranging from 9 to 17 μm. They generally exhibited a brown hue with a metallic sheen.



We performed consolidation tests to characterize its deformation behavior. The fiber-stabilized soil underwent curing for durations of 7, 14, 28, and 60 days before the experimental procedures. Concurrently, a control group of solidified soil without fibers was introduced to enhance our comprehension of fiber’s impact on soil compression characteristics. The loading levels in the experiments were incrementally raised in a sequence of 25 kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, 800 kPa, 1200 kPa, and 1600 kPa. Each level underwent loading, and the process continued once the pressure gauge readings stabilized. The detailed experimental plan is presented in Table 2.



This paper aims to investigate the stress–strain curves of fiber-stabilized soil under various fiber contents and lengths using undrained and unconsolidated triaxial tests. The study employs the LFTD1805 advanced stress path triaxial apparatus as the experimental device. The testing system hardware comprises a triaxial pressure chamber, advanced loading frame, confining pressure controller, back-pressure controller, sensors, and other components. The triaxial pressure chamber is constructed with rigid organic glass and is capable of conducting standard UU/CU/CD shear strength tests. The applicable sample size is Φ39.1 mm * H80 mm. The loading frame has a vertical loading speed range of 0.001 to 40 mm/min, and the confining pressure controller ranges from 0 to 2 MPa, with a control accuracy of 1 kPa.



Considering the primary application of the fiber-stabilized soil developed in this paper as roadbed fill material, a relatively low confining pressure is chosen. The study adopts the undrained and unconsolidated (UU) scheme. For fiber-stabilized soil samples with a curing age of 28 days, confining pressures of 0 kPa, 25 kPa, 50 kPa, and 75 kPa are employed. The shear rate is fixed at 0.8 mm/min, and the maximum shear displacement is limited to 5%. The investigation delves into the stress–strain relationship of fiber-stabilized soil concerning changes in confining pressure, fiber content, and fiber length. The detailed experimental plan is outlined in Table 3.



The experiment utilized the JSM-7800F field emission scanning electron microscope. This instrument is applicable for the compositional analysis, cross-sectional morphology, microscopic structure, and defect detection of diverse samples, encompassing materials, biology, and geological minerals. Scanning electron microscopy experiments were performed on fiber-reinforced soils, cured for 7, 14, 28, and 60 days, at a magnification of 5000 times to scrutinize the microscopic mechanisms. Basalt fibers, with an approximate diameter of 17 μm, were employed in this investigation. Consequently, a magnification range of 300 to 1000 times was selected to scrutinize the distribution of basalt fibers within the soil. Notably, due to the smaller sample size in the SEM experiment compared to the fiber length, the fiber length of soil samples remained unaltered at 20 mm. The specific details of the experimental plan are presented in Table 4.




3. Results and Discussion


3.1. Compression Characteristics of Fiber-Solidified Soil


3.1.1. Compression Curve


The e-logP curve is shown in Figure 1. The e-logP curve depicted in Figure 1 illustrates the behavior of fiber-stabilized soil. Irrespective of the presence of fibers, the reduction in the pore ratio remains relatively gradual under low external loads. However, beyond a specific threshold of external load, a sharp decline in the pore ratio reduction becomes evident. This phenomenon can be attributed to the robust structural integrity exhibited by fiber-stabilized soil. When the applied load is below the structural yield stress, the soil structure remains intact, enabling it to support the soil framework under external forces with minimal alterations in pore size. In contrast, surpassing the structural yield stress compromises the internal soil structure, leading to significant relative particle sliding as the load increases. Consequently, the specimen undergoes compressive deformation, resulting in a notable increase in the pore ratio. The compression curve can be segmented into two phases: a gentle segment and a steep descending segment, with the structural yield point serving as the inflection point. As the curing age increases, there is a rightward shift of the structural yield point in the soil sample, indicating a gradual rise in the structural yield stress. At a 7-day curing age, the inflection point on the graph is less distinct, but with increasing curing age, it becomes more pronounced. This is attributed to the incomplete curing agent reaction within the soil at shorter curing ages. As the curing age advances, the curing agent reaction becomes more thorough, fortifying the soil structure and enhancing its resistance to compressive deformation. Consequently, a greater curing age results in a more pronounced inflection point and an increased structural yield stress.



Upon the addition of fibers to the soil sample, there is a reduction in the initial pore ratio of the soil. At low load stages, the variation trend of the pore ratio in the soil with added fibers mirrors that of the soil without fibers. The pore ratio of the soil with fibers consistently remains smaller than that of the soil without fibers. Under the same curing age, there is no significant difference in the position of the structural yield point between samples with and without fibers. However, upon surpassing the structural yield point, the rate of pore ratio reduction in the soil sample with fibers is less pronounced than in the soil sample without fibers. At the curing ages of 28 days and 60 days, post-soil yield, the pore ratio of the soil sample with fibers exceeds that of the soil sample without fibers. This indicates that after the soil structure yields, the ability of the soil sample with fibers to resist compressive deformation surpasses that of the soil sample without fibers.




3.1.2. Determination of Compression Index


The soil’s compression indices encompass parameters such as the compression coefficient (αv), compression index (Cc), compression modulus (Es), and volume compression coefficient (mv). Within this section, the assessment of soil compressibility focuses on calculating the compression coefficient (α) and compression modulus (Es) as evaluation criteria. These criteria, specifically, the compression coefficient (αv) and compression modulus (Es), are determined using the following formulas:


    α   v   =     e   i   −   e   i + 1       p   i + 1   −   p   i     ×   10   3    



(1)






    E   S   =   1 +   e   0       α   v      



(2)







In the equation:




	
αv—compression coefficient of the soil, MPa-1;



	
pi+1, pi—a certain unit of pressure value, kPa;



	
ei+1, ei—porosity corresponding to a certain level of pressure;



	
Es—compression modulus, MPa.








For the sake of comparability, soil compressibility is commonly evaluated within a pressure range that increases from p1 (0.1) to p2 (0.2) megapascals (MPa). The computed results are detailed in Table 5, and the curves illustrating the variation in compression indices with curing age are depicted in Figure 2 and Figure 3.



The compression coefficient reflects soil compression characteristics under pressure, with a higher coefficient indicating greater soil compressibility. As depicted in Figure 2, the compression coefficient increases with curing age, albeit at a diminishing rate. Notably, the difference in the compression modulus between 28 days and 60 days is negligible, prompting the adoption of the soil sample’s compression coefficient at a 28-day curing age as the standard for classifying the compressibility of fiber-stabilized soil. According to established soil compressibility classifications, fiber-stabilized soil falls under the category of moderately compressible soil. At a 7-day curing age, minimal differences exist between the compression coefficients of the soil samples with and without fibers. However, with increasing curing age, the compression coefficient of the soil sample with fibers significantly decreases compared to that of the soil sample without fibers.



Illustrated in Figure 3, the variation pattern of the compression modulus with curing age is opposite to that of the compression coefficient with curing age. For instance, at a 14-day curing age, the compression modulus of the soil sample without fibers is 6.67 MPa, whereas with fibers, it is 9.68 MPa, representing a 45.13% increase. Similarly, at a 28-day curing age, the compression modulus of the soil sample without fibers is 8.2 MPa, and with fibers, it is 11.12 MPa, indicating a 35.61% increase. The addition of fibers significantly enhances the compression modulus of the soil, underscoring their role in improving the soil’s resistance to compression. Consequently, fiber-stabilized soil presents advantages over traditional stabilized soil in practical engineering applications.





3.2. Stress–Strain Relationship of Fiber-Solidified Soil


The stress–strain relationship obtained from the triaxial tests is shown in Figure 4 and Figure 5. From Figure 4 and Figure 5, it is evident that the deviatoric stress of fiber-stabilized soil exhibits a rapid linear increase with axial strain when the strain is small. However, as the axial strain increases, the rate of deviatoric stress increment decreases, marking the transition from a linear to a nonlinear relationship between deviatoric stress and axial strain. Beyond a certain axial strain, a distinct inflection point is reached, indicating the occurrence of structural damage in fiber-stabilized soil. Subsequent to this point, the deviatoric stress tends to stabilize, signifying the specimen’s attainment of residual strength. The results highlight the significant influence of different confining pressures on the stress–strain curves of fiber-stabilized soil. For a given soil sample, lower confining pressures correlate with lower peak strength, and stress-softening occurs post-peak strengthening. With increasing confining pressure, the peak strength shifts leftward and increases. Stress-softening becomes less pronounced, and at confining pressures of 50 kPa or 75 kPa, stress-hardening occurs, leading to a shift from brittle failure to bulging failure, as illustrated in Figure 6. These variations in confining pressure substantially impact the stress–strain relationship in fiber-stabilized soil. The physical properties observed in this study directly correlate with the morphology of the specimens. Upon the onset of axial strain in the soil, the binder created by the soil stabilizer deteriorates, yet there is minimal relative movement among the soil particles. This binder contributes significantly to the cohesive strength. As the axial strain intensifies, the binder further deteriorates, leading to increased relative movement among the soil particles and initiating the role of fibers. In fiber-stabilized soil containing basalt fibers, the pressurization process results in a more compact bond between soil particles and basalt fibers. This enhances friction between them, effectively transmitting and dispersing longitudinal loads, thereby strengthening the overall integrity and toughness of the soil-cement. Hence, under high confining pressure, fiber-stabilized soil demonstrates bulging failure, significant stress-hardening, and substantial residual strength.



Figure 4 illustrates stress–strain curves for fiber-stabilized soil with varying fiber contents. Notably, during the elastic deformation phase, the slope of the stress–strain curve increases with rising confining pressure. At identical confining pressures, an augmented fiber content corresponds to an increased peak strength in the fiber-stabilized soil. Moreover, at the same confining pressure, higher fiber content shifts the stress–strain curve toward stress-hardening post-specimen failure. For instance, a 0.1% fiber content soil sample exhibits stress-softening at 50 kPa and 75 kPa confining pressures. However, with further increases in fiber content, stress-hardening occurs at 50 kPa and 75 kPa, and even the 0.3% fiber content soil approaches stress-hardening at 25 kPa. This underscores the effective enhancement of post-failure strain behavior by fibers [46], with the improvement becoming more pronounced with increased fiber content.



In Figure 5, stress–strain curves for fiber-stabilized soil with varying fiber lengths are presented. Notably, during the elastic stage, changes in the confining pressure do not significantly affect the slope of the stress–strain curve. This implies that fiber length has minimal impact on the initial deformation modulus of fiber-stabilized soil. At identical confining pressures, a longer fiber length results in a slight peak-strength enhancement, although the overall magnitude is not substantial. In the plastic deformation stage, under 0 kPa confining pressure, all soil samples exhibited stress-softening, whereas at 50 kPa and 75 kPa, they exhibited stress-hardening. This difference is primarily attributed to the changes in confining pressure. At 25 kPa confining pressure, an increase in fiber length initially tended toward stress-hardening and then reverted to stress-softening. The soil sample with a 20 mm fiber length was closest to stress-hardening. This suggests the existence of an optimal fiber length for fiber-stabilized soil, maximizing its effectiveness in influencing the soil’s failure mode [47]. Figure 6 depicts the failure modes of specimens under different confining pressures.




3.3. Establishment of Binary-Medium Model


3.3.1. Model Applicability Analysis and Modification


This study aims to investigate the impact of confining pressure on model parameters and elucidate the evolution mechanism of the internal soil structure. The process of parameter determination is as follows:




	(1)

	
Utilize the initial slope of the stress–strain curve obtained from triaxial tests as the elastic modulus of the cementitious element.




	(2)

	
Temporarily neglect the contribution of the frictional element stress. Adjust the damage rate function to position the peak point of the stress–strain relationship of the cementitious element approximately in line with the test curve, with the peak slightly smaller than the test curve’s peak. Ensure a post-peak trend similar to that of the experimental curve.




	(3)

	
Gradually adjust the frictional element parameters to align the stress–strain curve of the binary-medium model with the test curve.




	(4)

	
Adhere to the basic rule that higher confining pressure corresponds to greater frictional element stress. Establish the constitutive relationship of the binary-medium model for multiple curves under varying confining pressures. Simultaneously, ensure a smooth transition of the damage rate curve with changes in confining pressure. Throughout the adjustment process, achieve an improved fitting effect by adjusting the local strain coefficient.









Following the previously outlined parameter determination approach, the parameters for the binary-medium model are established and presented in Table 6. By inputting the data from Table 6 into the model, a predicted curve is generated and subsequently compared with the triaxial test results curve of fiber-stabilized soil featuring a 0.2% fiber content and a 20 mm fiber length. The comparison is illustrated in Figure 7.



Upon examining Figure 7, it is apparent that employing the previously mentioned approach to determine the parameters allows the binary-medium model to roughly depict the stress–strain characteristics of fiber-stabilized soil under varying confining pressures. Notably, at lower confining pressures, the model manifests stress-softening, while at higher pressures, it demonstrates stress-hardening. The predicted curve aligns closely with the experimental results before reaching the peak stress. However, after the peak stress, discrepancies emerge, particularly at higher confining pressures, where the predicted curve significantly deviates from the experimental results, displaying distinct variations. Consequently, adjustments to the model are deemed necessary.



The disparities between the predicted and experimental results primarily emerge in the later stages. Following the peak stress, the frictional elements within the soil assume the majority of the stress. Hence, it becomes imperative to consider modifications to the model pertaining to the stress of the frictional elements. Conversely, the predicted results before reaching the peak stress generally align with the experimental results, underscoring the model’s reliability for the cementitious element. In summary, adjustments to the binary-medium model should center on the frictional element component, with specific emphasis on analyzing the stress variation pattern of the frictional elements with strain, as depicted in Figure 8.



As depicted in Figure 8, the frictional shear stress gradually increased with the augmentation of strain, aligning with the foundational principles of Coulomb’s friction law. Nevertheless, at larger strains and elevated confining pressures, a noticeable convergence in the frictional shear stress was absent. However, it is noteworthy that, at this juncture, the deviatoric stress of the soil sample stabilizes, attaining residual strength. Consequently, the anticipated frictional shear stress curve for the model deviates from the observed scenario. In response to this, we introduce a correction function, denoted as f(ε), to amend the frictional element model. Subsequently, the relationship between frictional shear stress and strain can be articulated as follows:


    σ   f   = λ   c ε   a + b c ε   × f ( ε )  



(3)







Compare the experimental results with the predicted model outcomes. Through calculations, the expression for the correction function can be obtained:


  f   ε   = 0.04903 +   1.06739   − 0.208002 ×     ε − 2.9475     2      



(4)







For idealized cohesive elements and frictional elements with nonlinear elastoplastic characteristics, their average stress–strain relationships can be expressed as:


  σ =   1 − λ     E   b     ε   b   + λ   E   f     ε   f    



(5)







Substituting Equation (4) into Equation (3), the modified frictional shear stress curve can be obtained, as shown in Figure 9:



The modified frictional shear stress exhibits pronounced signs of convergence at larger strains, aligning consistently with the observed behavior. Upon substituting the corrected frictional element model into Equation (5), a comparison is made between the predicted curve of the model and the experimental results, as depicted in Figure 10. From Figure 10, it is evident that the modified model curve aligns well with the experimental results, indicating that the model is applicable to fiber-reinforced soil.




3.3.2. Modified Model after Adding Fiber Parameters


The introduction of fibers constitutes a pivotal element that significantly shapes the stress–strain characteristics of fiber-reinforced soil. Consequently, in the formulation of a dual-medium model for such soil, the integration of two crucial fiber parameters—namely, fiber length and fiber content—is imperative. These parameters, fiber length and fiber content, exhibit an inherent interrelation. In order to characterize the distribution of fibers within the soil, we introduce a dimensionless parameter denoted as C, which serves to replace the correlation between fiber content and fiber length. The definition of parameter C is expressed by the following equation:


  C =   M   L    



(6)






  M =   m   0.2 %    



(7)






  L =   l   20    



(8)







In the equation, C represents the parameter reflecting the distribution of fibers. M is the dimensionless parameter for fiber content, defined as the ratio of fiber content to the content at 0.2%; m is the fiber content; L is the dimensionless parameter for fiber length, defined as the ratio of fiber length to the length at 20 mm; and l is the fiber length.



After incorporating the fiber parameters into the model, the modification is considered in two aspects. First, there is a correction to the cohesive element, where changes in fiber parameters result in differences in the initial elastic modulus and peak stress of fiber-reinforced soil. Therefore, an amendment function h(C) is introduced for the cohesive element. Second, there is a correction to the frictional element, and this correction method is similar to the one discussed in the previous section. Here, a frictional element correction function f(ε,C) is introduced. The modified dual-medium model is expressed as shown in Equation (9):


  σ =   1 − c λ     E   b   ε × h   C   + λ   c ε   a + b c ε   × f ( ε , C )  



(9)







The correction function h(C) for the cohesive element primarily focuses on the correction of the initial elastic modulus. Taking the initial elastic modulus of the soil sample with 0.2% fiber content and 20 mm fiber length as the reference, the ratio of the initial elastic modulus for other soil samples to this reference is taken as the value of h(C), as illustrated in Figure 11.



From Figure 11, the expression for h(C) can be calculated as shown in Equation (10):


h(C) = 0.77297 + 0.3698 × C − 0.14671 × C2



(10)







The solution method of the correction function f(ε,C) of the friction element part is divided into two steps. First, the correction function related to ε is obtained according to the correction method. Here, Equation (4) is written as Equation (6). Solving soil samples with different C values to obtain the correction function can determine the undetermined parameters A, B, E, and F corresponding to the correction function at different C values. Then calculate the relationship between the parameters A, B, E, F, and C, and then substitute the relationship into (6) to get the correction function f(ε,C) after considering the fiber parameters.


  f   ε   = A +   B   − E ×     ε − F     2      



(11)







According to the above method, A, B, E, and F corresponding to different C values can be obtained, as shown in Table 7 and Figure 12.



From Figure 12 above, we can obtain the relationship between parameters A, B, E, F, and C as follows:


  A = 0.03257 + 0.02776 × C − 0.012 ×  C 2   



(12)






  B = 1.31187 − 0.31779 × C + 0.13068 ×  C 2   



(13)






  E = − 0.04538 − 0.24776 × C + 0.10399 ×  C 2   



(14)






  F = 4.29546 − 1.40394 × C  



(15)







Substituting Equations (12)–(15) into Equation (11) and then using Equation (9) to obtain the predicted results of the formula, a comparison with the experimental results is shown in Figure 13. The comparative results in Figure 13 indicate a high level of agreement between the predicted and experimental results. The credibility of the modified predictive model results is confirmed.




3.3.3. Changes in Model Parameters with Confining Pressure


As previously indicated, fiber-reinforced soil manifests robust structural characteristics, and its stress–strain behavior is notably influenced by confining pressure. Examining the alterations in dual-medium model parameters under varying confining pressures enhances our understanding of how confining pressure shapes the internal stress distribution in fiber-reinforced soil. Concurrently, the development of a confining pressure-related normalized dual-medium model elevates the model’s applicability.



To enhance the general applicability of the model with the inclusion of confining pressure, a dimensionless confining pressure P is introduced, defined as follows:


  P =     σ   3       P   a      



(16)







In the equation: σ3 represents the confining pressure; Pa is the atmospheric pressure.



In this article, the binary-medium model has a total of 6 parameters: initial elastic modulus Eb; local deformation coefficient c; nonlinear material coefficients α, n; and material parameters a, b. According to the above parameter determination idea, its dimensionless range can be obtained. The variation curve of pressure P is shown in Figure 14.



From the fitting results in Figure 14, it can be concluded that the fitting formula for each parameter of the binary-medium model and the dimensionless confining pressure P is as follows:


     α = 0.24693 + 1.72926 P ,    R 2  = 0.99665       n = 1.21979 × exp ( − P / 0.29689 ) + 0.72914 ,    R 2  = 0.9956       c = 0.01426 × ( − P / 0.74728 ) + 0.97575 ,    R 2  = 0.99964       Eb = 1409.44553 × P + 280.70239 ,    R 2  = 0.98242       a = 0.00124 × exp ( − P / 0.47048 ) + 0.00448 ,    R 2  = 0.95589       b = 0.00387 × exp ( − P / 0.73914 ) + 0.00025284 ,    R 2  = 0.9898     











Based on the above fitting results and the correction function after fiber parameters are added, the binary-medium model can be enriched into the relationship between stress and strain, confining pressure, and fiber parameters:


   σ   ε , P   = (  1 − c   P     1 −   exp  ⁡    − α   P     ε   n   P            )   E   b   ( P ) ε × ( 0.77297 + 0.3698 ×   10   4   ×     m   l     − 0.14671 ×   C   2   )  + ( 1 −   exp  ⁡  (  − α   P     ε   n   P      )   )   c ( P ) ε   a   P   + b   P   c ( P ) ε     × ( 0.03257 + 0.02776 × C − 0.012 ×   C   2   )  +   ( 1.31187 − 0.31779 × C + 0.13068 ×   C   2   )   − ( − 0.04538 − 0.24776 × C + 0.10399 ×  C 2  ) ×     ε − 4.29546 − 1.40394 × C     2       











In the formula: C =     10   4   ×     m   l      ; m is the fiber content, %;   l     is the fiber length, mm.




3.3.4. Stress Sharing Analysis of Friction Elements and Cementing Elements


The foundational premise of the dual-medium model involves formulating a homogenization theory for heterogeneous soil, conceptualizing the soil as a composite of cohesive and frictional elements. In triaxial tests, as strain increases, internal damage ensues in the soil, with cohesive elements gradually transitioning into frictional elements, inducing alterations in stress distribution within the soil. Consequently, within the dual-medium model, the volume damage ratio emerges as a pivotal parameter that establishes a correlation between the frictional and cohesive elements. The examination of the damage ratio holds substantial significance for comprehending the model. To illustrate, considering a soil sample with 0.2% fiber content and 20 mm fiber length, Figure 15 depicts the variation curve of the damage ratio with strain.



Figure 15 elucidates the variation in the damage ratio of fiber-reinforced soil with strain. At a confining pressure of 0 kPa, the increase in the damage ratio is modest at relatively low strains. Subsequently, as strain amplifies, the rate of damage ratio escalation accelerates. This phenomenon arises due to the persistence of voids between soil particles at lower confining pressures. These voids, acting as a cushion during axial deformation, impede significant damage to cohesive elements. With escalating confining pressure, the soil undergoes initial compaction, resulting in an upwardly concave shape of the damage ratio curve. In the early stages of axial strain, the damage ratio experiences rapid augmentation, while at larger axial strains, the growth rate tends to plateau. The higher the confining pressure, the more pronounced the initial slope of the damage ratio curve.



The fluctuation in the damage ratio (λ) also influences the stress distribution between cohesive and frictional elements. Examining the stress distribution between these elements provides insights into the internal structural evolution of fiber-reinforced soil during strain. Figure 16 illustrates the patterns of stress variation with strain for cohesive and frictional elements under different confining pressures.



In Figure 16, the stress distribution pattern exhibited by cohesive elements within the soil is generally uniform. With an increase in confining pressure, the initial growth rate of cohesive elements also intensifies. As the overall deviatoric stress of the soil attains its maximum value, the stress sustained by cohesive elements nearly reaches its zenith. Furthermore, subsequent to surpassing the peak deviatoric stress, the stress sustained by cohesive elements experiences a sharp decline. This observation signifies that following the attainment of peak stress, the cohesive structure within the soil has reached its limit, initiating extensive damage. At this juncture, numerous cohesive elements undergo a transformation into frictional elements, and the stress sustained by frictional elements continues to ascend.



Figure 16a,b depict stress-softening curves, while Figure 16c,d illustrate stress-hardening curves. Under both curve types, there is no significant divergence in the stress distribution pattern of cohesive elements. Cohesive elements bear the majority of the stress during the elastic stage. Upon reaching peak stress, the internal structure of the soil undergoes damage, cohesive elements transform into frictional elements, and the stress sustained by frictional elements increases. At this juncture, alterations in confining pressure exert a noteworthy influence on the stress sustained by frictional elements. The higher the confining pressure, the more substantial the augmentation in stress sustained by frictional elements, along with the maximum stress they endure. When the confining pressure is set at 50 kPa and 75 kPa, following the structural damage of the soil, the stress within the soil is predominantly attributed to frictional effects. Due to the elevated confining pressure, the stress sustained by the frictional elements surpasses the peak stress sustained by the cohesive elements, rendering the stress–strain curve of fiber-reinforced soil indicative of a stress-hardening behavior.





3.4. SEM Photo of Pores


Figure 17 presents the microscopic morphology of fiber-reinforced soil at 5000-times magnification under various curing ages. As depicted in the figure, the microscopic characteristics of fiber-reinforced soil undergo changes in conjunction with curing age and closely resemble those of conventional solidified soil. The presence of abundant fibrous materials, particle clusters, and reduced porosity in the interparticle spaces of the solidified agent signifies thorough internal hydration reactions and a significant enhancement in strength. Notably, the SEM image in Figure 17 reveals a reduction in pore size and an increase in density with the progression of curing age. This phenomenon is attributed to the solidification material in fiber-reinforced soil undergoing hydration reactions, resulting in the generation of a substantial amount of cohesive material.



With the advancement of curing age, the ongoing reaction leads to an augmentation in fibrous cohesive materials, filling the original pores and subdividing large pores into smaller, irregular ones. The hydration reactions within the internal solidification materials of fiber-reinforced soil become more extensive as the curing age increases. Augmenting particle clusters, combined with fibrous cohesive materials and cementitious bodies, interweave to establish a spatial structure. Acting as the soil’s skeletal material, they occupy the pores, markedly reinforcing its strength [48]. Consequently, alterations in the pore characteristics correspond to variations in the soil strength. A comparison between a 7-day curing age and a 28-day curing age reveals a noticeable reduction in pore area at 28 days, indicating a more comprehensive reaction between solidification materials. Conversely, at a 60-day curing age, the reaction progresses slowly. This microscopic analysis provides insights into the fluctuations in the strength of fiber-reinforced soil.




3.5. Establishment of Binary-Medium Model


The main curing agents used in fiber-solidified soil are cement and lime. The force between the reinforcement and soil includes bonding force and friction force. This section proposes a schematic diagram of the friction principle of fiber reinforcement based on the microscopic morphology of the fiber surface.



3.5.1. Curing Agent Reactants


Figure 18 illustrates that the surfaces of the fibers are coated with a substantial quantity of reaction products resulting from the combination of cement and lime. In Figure 18a, the principal products stem from the carbonation of lime. Lime undergoes processes such as ion exchange and ash binding, reacting with the soil. This interaction covers soil particles, giving rise to lime–soil aggregates. The hardening process exerts compression on the fibers by quicklime. Additionally, the rough and uneven surface of the solidified lime significantly enhances interlocking between the soil and the reinforcement. Consequently, when relative displacement occurs within the soil, the fibers offer frictional resistance to deformation, contributing to the soil’s cohesiveness and resilience.



As shown in Figure 18b, the primary products consist of cementitious materials generated during cement hydration. Cement crystals intertwine, forming a porous yet dense network structure. This structure exhibits high strength and contributes to the formation of a new framework within the soil. It establishes robust initial bonding forces between the soil particles and fibers in fiber-reinforced soil. The even distribution of fibers results in a stronger bonding force, particularly as the fiber content increases. This observation aligns with the earlier mentioned phenomenon that the cohesion (c) of fiber-reinforced soil increases with a higher fiber content.




3.5.2. SEM Photos of Fiber Distribution


The function of fibers in soil is intricate and subject to various influencing factors. Depending on the manner in which fibers are present in the soil, the interaction modes between fibers and soil particles can be classified into contact action, bending action, and interweaving action, among others. An examination of the microscopic distribution of fibers enhances our comprehension of the mechanisms dictating the influence of fibers in the soil. Given the fibers’ diameter of approximately 17 μm, the selected magnification for fiber observation ranged from 300 to 1000 times, as illustrated in Figure 19.



SEM images of fibers in the soil are presented in Figure 19. In Figure 19a, fibers aggregate into bundles, and the likelihood of this occurrence increases with higher fiber content. However, the aggregation of fibers diminishes the frictional effect between them due to the relatively smooth surface within the bundles. This phenomenon elucidates the decrease in soil strength when fiber content becomes excessively high. Figure 19b,c illustrate a more desirable fiber distribution, depicting an interwoven network that connects with surrounding soil particles. This arrangement restrains the relative movement of soil particles, thereby enhancing the overall soil integrity. In summary, the effectiveness of fibers in the soil is significantly influenced by their distribution. Generally, a high dispersion and dominant interweaving pattern result in superior fiber performance. Figure 19d,e display SEM images of a single fiber magnified 1000 times. Figure 19d reveals the interaction between the fiber, soil particles, and the reaction products of the solidifying agent. The fiber surface is densely covered with cementitious material, forming a crucial connection with soil particles. Under load, the fiber generates interfacial shear stress with the soil, reducing the tendency for relative movement between soil particles. In Figure 19e, one end of the fiber is positioned in the “anchoring” zone of soil particles, while the exposed end is considered as pulled out from the soil. The photo illustrates that the exposed fiber surface is adorned with numerous small cementitious materials, indicating a substantial interlocking action between the fiber and soil interface during the pulling process. This results in the retention of a considerable amount of cementitious material on the fiber surface after extraction.




3.5.3. Analysis of Reinforced Friction Principle


Based on the above SEM (scanning electron microscopy) photo characteristics of the fibers and the experimental results mentioned earlier, a schematic diagram illustrating the reinforcement friction principle of fibers in the triaxial shear test of fiber-stabilized soil is proposed, as shown in Figure 20.



Figure 20 is a diagram of the reinforcement/soil interface between basalt fiber and soil particles, cement hydration products, and lime reactants inside the soil under ideal conditions. From the analysis of the SEM photos above, it can be seen that lime and soil undergo ion exchange, ash caking, etc., covering the soil particles to form lime soil aggregates; the cement hydration product is a flocculent cement, which connects soil particles, fibers, etc. and provides cohesion. Assume that the length of the basalt fiber micro-unit in Figure 20 is dl; the contact area between the side of the fiber micro-unit and the cement and soil particles is A; the average friction coefficient between the fiber and the surrounding soil particles and cement is f; and the confining pressure is σ3. It can be approximately regarded as the normal stress perpendicular to the fiber micro-element body, so then the total friction force dF generated by the micro-segment fiber is:


  ⅆ F =   σ   3   × ⅆ l × A × f  



(17)







During the triaxial shear test, when the axial strain was small, the cementing effect of the cement bore the main stress. At this time, the cement did not undergo a large amount of damage, as shown in Figure 20a. When the axial strain continued to increase and the deviatoric stress reached the peak stress, the cement was destroyed in large quantities and filled in the pores between soil particles and fibers. At this time, more cement is directly in contact with the fiber micro-units, which can be regarded as the contact area. A increases, and due to the existence of confining pressure σ3, part of the cement will penetrate into the fibers after breaking, that is, the average friction coefficient f will increase, as shown in Figure 20b.



In the triaxial shear test, the presence of cementitious material led to an approximate elastic deformation process before reaching the peak stress, accompanied by a rapid stress escalation. Subsequent to surpassing the peak stress, substantial destruction of the cementitious material, coupled with the presence of fibers, induced heightened friction. Furthermore, as the confining pressure (σ3) increased, the intensification of this frictional effect became evident. Under confining pressures of 50 kPa and 75 kPa, an increase in axial strain resulted in a further rise in stress, displaying a stress-hardening curve. The proposed reinforcing friction principle, based on the microscopic morphology of fiber surfaces, corresponds with the earlier analyzed transformational relationship between frictional and cementitious elements using the binary-medium model. This reiterates the suitability and precision of the binary-medium model for fiber-stabilized soil.






4. Conclusions


This paper presents a solution to the substantial annual generation of dredged sediment, with the goal of converting waste into valuable resources. The integration of solidifying agents, including cement and lime, enables the conversion of river and lake dredged sediment into geotechnical materials directly suitable for use. Moreover, the addition of fibers aims to enhance the deformation characteristics of the sediment. The impact of fibers on deformation characteristics was examined through consolidation and triaxial tests. Mechanism research was carried out via scanning electron microscopy experiments, yielding the following conclusions:




	(1)

	
At smaller maintenance ages, no significant difference in the compression coefficient of fiber-stabilized soil is observed. With increasing maintenance age, the stabilizer’s reaction becomes more complete, leading to a more pronounced inflection point in the compression curve of fiber-stabilized soil and an increase in structural yield stress. Incorporating fibers into the soil sample can decrease its initial porosity. Fiber-containing soil samples exhibit greater resistance to compression deformation compared to fiber-free samples.




	(2)

	
The stress–strain relationship of fiber-stabilized soil is significantly influenced by confining pressure. Under low confining pressures, fiber-stabilized soil undergoes stress-softening, whereas under high confining pressures, it experiences stress-hardening. Fibers can effectively ameliorate post-damage strain conditions in the soil, with enhancement improving as fiber content increases. An optimum fiber length exists for fiber-stabilized soil.




	(3)

	
We constructed a binary-medium model for fiber-stabilized soil and determined the relationship between stress and strain, confining pressure, and fiber parameters. Utilizing this model, we conducted stress-sharing analyses of frictional and cementitious elements, elucidating the evolutionary laws governing the soil’s internal structure.




	(4)

	
A schematic diagram illustrating the reinforced friction principle is proposed based on the analysis of fiber SEM photos and triaxial test results. The applicability and accuracy of the binary-medium model were further validated through an analysis of the triaxial test results employing the reinforcement principle.
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Figure 1. Plotted e-logp curve of fiber-solidified soil. (a) Maintenance time: 7 days; (b) maintenance time: 14 days; (c) maintenance time: 28 days; (d) maintenance time: 60 days. 
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Figure 2. Compression coefficient changes with age. 
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Figure 3. Compression modulus change curve with age. 
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Figure 4. Stress–strain curves with different fiber contents. (a) Fiber content is 0.1%; (b) fiber content is 0.15%; (c) fiber content is 0.2%; (d) fiber content is 0.25%; (e) fiber content is 0.3%. 
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Figure 5. Stress–strain curves of different fiber lengths. (a) Fiber length is 10 mm; (b) fiber length is 15 mm; (c) fiber length is 20 mm; (d) fiber length is 25 mm; (e) fiber length is 30 mm. 
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Figure 6. Failure modes of specimens under different confining pressures. (a) Low confining pressure; (b) high confining pressure. 
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Figure 7. Comparison of test results and model prediction curve results. 
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Figure 8. Friction element stress versus strain curve. 
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Figure 9. Corrected friction element stress versus strain curve. 
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Figure 10. Comparison of test results and revised model prediction curve results. 
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Figure 11. Cement element correction function. 
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Figure 12. Parameter change curve with C. (a) Parameter A; (b) parameter B; (c) parameter C; (d) parameter D. 
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Figure 13. Comparison of test results and model prediction curve. 
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Figure 14. Fitting curve of binary-medium model as P changes. (a) Changes in nonlinear material coefficients α and n with P; (b) changes in initial elastic modulus Eb and local deformation coefficient c with P; and (c) changes in material parameters a and b with P. 
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Figure 15. The development law of damage rate λ with strain. 
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Figure 16. Stress borne by cementing elements and friction elements inside the soil under different confining pressures. (a) Confining pressure 0 kPa; (b) confining pressure 25 kPa; (c) confining pressure 50 kPa; (d) confining pressure 75 kPa. 
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Figure 17. Microscopic morphology at different ages. (a) Maintenance period 7 days; (b) maintenance period 14 days; (c) maintenance period 28 days; (d) maintenance period 60 days. 
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Figure 18. Microscopic morphology of curing agent product. (a) Lime hydration products; (b) lime hydration products. 
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Figure 19. SEM photo of fiber. (a) Fiber bundle (300 times); (b) fiber interweaving (300 times); (c) fiber interweaving (500 times); (d) single fiber (1000 times); (e) fiber anchoring (1000 times). 
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Figure 20. Schematic diagram of reinforced friction principle in triaxial shear test. (a) Before peak stress; (b) after peak stress. 
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Table 1. Basic physical and mechanical indicators of raw soil.






Table 1. Basic physical and mechanical indicators of raw soil.





	Soil Name
	Moisture Content

ω/%
	Density

ρ/kg · m−3
	Proportion

Gs
	Void Ratio
	Liquid Limit

ωL/%
	Plastic Limit

ωp/%
	Organic Matter Content/%





	Dredged bottom mud
	46.9
	1848
	2.6
	1.7
	48.6
	28.9
	6.2–7.7










 





Table 2. Consolidation test plan.






Table 2. Consolidation test plan.





	

	
Age/Day

	
Load/kPa






	
Incorporated fiber

	
7, 14, 28, 60

	
25→50→100→200→400→800→1200→1600




	
No fiber











 





Table 3. Conventional static triaxial (UU) test plan.






Table 3. Conventional static triaxial (UU) test plan.





	
Age/Day

	
Confining Pressure/kPa

	
Fiber Content/%

	
Fiber Length/mm






	
28

	
0, 25, 50, 75

	
0.1, 0.15, 0.2, 0.25, 0.3

	
20




	
0.2

	
10, 15, 20, 25, 30











 





Table 4. Scanning electron microscope test plan.






Table 4. Scanning electron microscope test plan.












	
	Age/Day
	Fiber Content/%
	Fiber Length/mm
	Gain





	Pore analysis
	7, 14, 28, 60
	0.2%
	20
	5000



	Fiber distribution
	28
	0.2%
	20
	300~1000










 





Table 5. Compression coefficient and compression modulus results.






Table 5. Compression coefficient and compression modulus results.





	
Compression Index

	
7 Days

	
14 Days

	
28 Days

	
60 Days




	
Contains Fiber

	
No Fiber

	
Contains Fiber

	
No Fiber

	
Contains Fiber

	
No Fiber

	
Contains Fiber

	
No Fiber






	
αv

	
0.595

	
0.559

	
0.277

	
0.403

	
0.233

	
0.317

	
0.211

	
0.307




	
Es

	
4.47

	
4.78

	
9.68

	
6.67

	
11.12

	
8.2

	
11.99

	
8.37











 





Table 6. Model parameter statistics.






Table 6. Model parameter statistics.





	Confining Pressure/kPa
	n
	α
	c
	Eb
	a
	b





	0
	1.95154
	0.27125
	0.99
	316.7
	0.00571
	0.00411



	25
	1.23993
	0.64229
	0.986
	607.6
	0.00526
	0.00315



	50
	0.98173
	1.1125
	0.983
	928.4
	0.00484
	0.00216



	75
	0.81262
	1.5557
	0.981
	1384.3
	0.00476
	0.00169










 





Table 7. Parameter statistics.






Table 7. Parameter statistics.





	C
	A
	B
	E
	F





	0.5
	0.043
	1.191
	0.139
	3.666



	0.67
	0.046
	1.160
	0.163
	3.433



	0.75
	0.047
	1.143
	0.175
	3.214



	0.8
	0.048
	1.136
	0.182
	3.061



	1
	0.049
	1.122
	0.193
	2.948



	1.25
	0.049
	1.118
	0.192
	2.673



	1.33
	0.048
	1.121
	0.189
	2.354



	1.5
	0.046
	1.138
	0.178
	1.896



	2
	0.041
	1.196
	0.128
	1.656
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