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Introduction: Many theories of consolidation for soils have been proposed in the past, but most of them have ignored the structural characteristics of clay, yet the natural layered soils are widely distributed around the world.Methods: A theoretical model is established to analyze the one-dimensional consolidation behavior of layered soils, in which a time-dependent drainage boundary and the structural characteristics of the soil are taken into account. Using the integral transform and characteristic function methods, the analytical solution is derived, the effectiveness of which is evaluated against the degradation of solutions and the numerical results calculated using the finite element method.Results and discussion: Finally, the influences of interface parameter, soil permeability coefficient and soil compressibility on consolidation behaviors are discussed. Results show that in structured soils, early dissipation of excess pore water pressure and consolidation rates are predominantly influenced by interface parameters, permeability, and volume compression coefficients. Higher values of these parameters accelerate early stages of consolidation, which is especially evident in the upper soil layers. Over time, the distinct effects of interface and permeability coefficients on consolidation diminish. Higher volume compression coefficients, while initially beneficial, eventually slow down the consolidation process, indicating an interaction with the ongoing soil structural changes.Keywords: consolidation, layered foundation, structured soil, continuous drainage boundary, the analytical solution
1 INTRODUCTION
Natural saturated soft clay, affected by its depositional history and formation condition, often has low permeability and high compressibility, thus typically showing long consolidation time, large deformation, and low bearing capacity in engineering projects (Burland, 1990; Poskitt, 1969). In addition, many laboratory and field tests indicate that soft soil exhibits significant structural characteristics and yielding phenomenon upon loading, and structural failure occurs only when the effective stress exceeds the structural yield stress (Leroueil and Vaughan, 1990; Shen, 1998; Zhang, 1983).
In the exploration of structured soil mechanics, significant efforts have been made through the development of analytical models that delineate the relationship between effective stress and key soil properties, i.e., the permeability and compression coefficients (Tang et al., 2007; Wang and Chen, 2003; Wang et al., 2004). These models are broadly categorized into linear segmented and nonlinear types, each stemming from rigorous experimental research. Linear models clarified the consolidation behavior of soils in simple and complex formation, providing a sound theoretical basis for practical applications (An et al., 2012; Xie et al., 2016a; Xie et al., 2016b). Furthermore, nonlinear models helped to advance the understanding of soil responses under variable loading conditions. These formulations integrated the nonlinearities of soil properties, and can be solved by machine learning (Li et al., 2024) and robust numerical techniques, such as the Crank-Nicolson method (Cao et al., 2006; Hu et al., 2018). The advancements in semi-analytical solutions, which account for the peculiarities of soil structure and loading variabilities, have enriched the theoretical framework and enhanced the predictive accuracy, especially through the integration of one-dimensional nonlinear large deformation consolidation analysis (Cui et al., 2018; Hu et al., 2020). Additionally, these models’ applicability to marine environments has been substantiated by explorations using the finite difference method, specifically examining the large deformation consolidation behavior of marine soft clay, and thereby offering valuable insights into marine soil mechanics (Li et al., 2020).
The consolidation theory, pioneered by Terzaghi, is based on the effective stress principle (Terzaghi, 1925), and provides the crucial theoretical framework underpinning the response of soil deformation. This theory incorporates a set of governing equations along with specific initial and boundary conditions. Traditional approaches often depict the boundary conditions as either entirely drained or undrained, which is inconsistent with the reality. Subsequently, Gray (1945) introduced a semi-permeable drainage boundary to bridge this gap, merging the features of both permeable and impermeable types, but significant complexities were introduced in derivation due to the lack of straightforward solutions. Alternatively, Mei et al. (2011) proposed the continuous drainage boundary that can capture the exponential decay of excess pore water pressure at the boundary. The continuous drainage boundary was further improved in subsequent research, enabling it to accurately describe the dissipation process of excess pore water pressure during loading (Feng et al., 2019a).
The exploration of consolidation research with continuous drainage boundaries also includes linear and nonlinear analyses. Techniques, such as the Laplace transformation and finite Fourier transform, have facilitated the development of linear analytical models, addressing the effects of various factors, such as soil’s self-weight (Feng et al., 2019b), loading conditions (Liu and Lei, 2013) and soil stratification (Yang et al., 2024). In the realm of nonlinear consolidation, studies have focused on material behaviors and large deformation impacts, with notable models addressing one-dimensional consolidation of viscoelastic soil under dynamic loads (Chen et al., 2021; Feng et al., 2023; Zong et al., 2022; Zong et al., 2023). However, the role of soil structural properties in the consolidation responses under continuous drainage boundaries remains unclear, presenting an opportunity for further research. Feng et al. (2024) derived a semi-analytical solution of consolidation for single-layer structured soil with continuous drainage boundaries. However, the consolidation theory of layered structured soil with continuous drainage boundaries has not yet been reported in the literature.
In this study, a mathematical model for one-dimensional consolidation under continuous drainage boundaries considering soil structural properties and soil stratification is established. Then, the corresponding analytical solutions of the model are derived, and the correctness of the proposed solutions is evaluated by comparing with the results of boundary condition degradation and numerical calculation using the finite element method. Subsequently, the influences of interface parameters and soil structural properties on the consolidation process of layered foundation are discussed through numerical analyses.
2 MODEL DESCRIPTION
The settlement rate of clay soils is controlled by two consolidation processes (Cosenza and Korošak, 2014; Liu et al., 2018). However, this paper mainly considers the primary consolidation and does not consider secondary consolidation issues, as secondary consolidation does not involve the process of excess pore water pressure dissipation. As illustrated in Figure 1, the continuous drainage boundaries of the calculation model for layered soft soil foundation are characterized by an interface parameter [image: image] and an impermeable bottom surface. It is worth noting that although the permeability of the upper and lower soil layers is different (Ng et al., 2024a; Ng et al., 2024b), the perched water table at the interface of two-layered soil was not considered in this paper. The imposed load on the foundation surface is kept constant at [image: image]. The primary assumptions are as follows: (1) The foundation soil is normally consolidated, saturated, and consists of layered homogeneous soft clay; (2) Both soil particles and pore water are incompressible; (3) The seepage process within the soil adheres to the Darcy’s law; (4) Soil deformation occurs only in the vertical direction, i.e., the deformation of foundation can be considered as one-dimensional consolidation. However, it should be noted that the permeability coefficient and compression modulus of the soil is changing during the consolidation process, and the model described in this study is valid under the classic Terzaghi hypothesis.
[image: Figure 1]FIGURE 1 | Schematic of the one-dimensional consolidation model applied to layered soils.
Within the interval [image: image], the effective stress at the boundary of the soil does not exceed the structural yield stress, indicating that the soil structure is in an undamaged state. The associated consolidation problem during this phase is characterized as a one-dimensional consolidation problem for a layered foundation under continuous drainage boundary.
During the interval [image: image], the effective stress at the soil boundary exceeds the structural yield stress, triggering the onset of soil structure failure. At this stage, foundation deformation is analyzed as a one-dimensional consolidation problem for an [image: image] layered soil with an initial non-uniform excess pore water pressure distribution [image: image], under continuous drainage boundary. Figure 2 depicts the division of soil layers. It is postulated that the structural failure surface forms within a specific layer, located at [image: image] [image: image], dividing the [image: image] soil layer into two parts with distinct consolidation parameters and thicknesses [image: image] and [image: image]. This transition expands the soil from [image: image] to [image: image] layers, with the consolidation characteristics of the soil above the failure surface changing to those of remolded soil, whereas those below remain consistent. The layer number above the failure surface remains unchanged, while the layer below transits from [image: image] to [image: image].
[image: Figure 2]FIGURE 2 | Assessment of the proposed solution by degenerated analyses.
Once [image: image] exceeds [image: image], the effective stress at the soil’s lower boundary exceeds the structural yield stress, resulting in complete failure of the soil structure. This phase is identified as the stage of absolute soil structure failure. In the calculation, one can obtain [image: image], where [image: image] is the time coordinate. Currently, the consolidation problem is addressed as a one-dimensional consolidation of an n-layer foundation with a non-uniformly distributed initial pore pressure [image: image] under continuous drainage boundary.
3 SOLVING PROCEDURES
3.1 Undamaged stage
During the period where the soil structure remains undamaged, namely, [image: image], the soil deformation is governed by the one-dimensional consolidation theory of layered foundations (n layers) with continuous drainage boundary conditions. The governing equation and its boundary conditions are presented as follows:
Governing equation:
[image: image]
Boundary conditions:
[image: image]
[image: image]
Initial conditions:
[image: image]
Initially, the non-homogeneous boundary is homogenized, i.e.,
[image: image]
Substituting Equation 5 into the governing equation of Equation 1 and solving conditions of Equations 2–5, one can get Equations 6–9
[image: image]
where [image: image].
[image: image]
[image: image]
[image: image]
The following dimensionless parameters are taken into account in the analysis, i.e., Equation 10,
[image: image]
The formulation for excess pore water pressure is assumed to follow the form of Equation 11, namely,
[image: image]
where [image: image], and [image: image].
The coefficients [image: image] and [image: image] in parameter [image: image] can be calculated by the following recursive formula, i.e., Equation 12,
[image: image]
Parameter [image: image] can be derived by the following equation, i.e., Equation 13,
[image: image]
where the calculation formulas for the coefficients [image: image] and [image: image] in the matrix are as follows, i.e., Equation 14,
[image: image]
Parameter [image: image] is the positive root of the following transcendental equation, i.e., Equation 15,
[image: image]
where [image: image], [image: image].
The undetermined coefficients [image: image] can be determined by the following integral equations, i.e., Equation 16,
[image: image]
Finally, the solution of excess pore water pressure can be expressed as Equation 17:
[image: image]
where [image: image], and [image: image] is the consolidation coefficient of the first layer of soil before structural failure.
3.2 Failure stage
During the structural failure stage of the soil, specifically when [image: image], the soil structure commences failure, transiting from an [image: image]-layer foundation to an [image: image]-layer foundation. Adopting [image: image] as the time coordinate, the problem evolves into the consolidation of an [image: image]-layer foundation under continuous drainage boundary, with the initial excess pore water pressure denoted by [image: image].
Governing equation:
[image: image]
Boundary conditions:
[image: image]
where [image: image].
[image: image]
Initial conditions:
[image: image]
First, the non-homogeneous boundary is homogenized by setting
[image: image]
Substituting Equation 22 into the governing equation of Equation 18 and solving conditions of Equation 19 - Equation 21, one can get Equations 23–26
[image: image]
where [image: image].
[image: image]
[image: image]
[image: image]
Assuming the solution satisfies the above equation, one can derive Equation 27:
[image: image]
where [image: image], [image: image], [image: image] is the consolidation coefficient of the first soil layer after the soil structure is damaged.
The coefficients [image: image] and [image: image] in [image: image] are calculated using the following recursive formula, i.e., Equation 28,
[image: image]
The matrix [image: image] can be calculated using the Equation 29:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] is the positive root of the following transcendental equation, i.e., Equation 30,
[image: image]
Where [image: image].
[image: image] and [image: image] are determined by the integral formulas of Equation 31:
[image: image]
On this basis, the solution of excess pore water pressure in the failure stage can be expressed as Equation 32
[image: image]
In the aforementioned expressions, [image: image] is an unknown variable associated with [image: image], and its interrelation can be derived by setting the effective stress at [image: image] equal to the structural yield stress at the base of the jth layer.
If [image: image], then [image: image], namely,:
[image: image]
where [image: image].
The above Equation 33 represents the corresponding relationship between [image: image] and [image: image]. Given any moment [image: image], the depth [image: image] of the corresponding moving boundary can be determined using the iterative method.
3.3 Complete failure stage
In the phase of complete soil structural failure (occurring when [image: image]), it is assumed that [image: image] and [image: image] is the time coordinate. The structure then shifts from an [image: image]-layer configuration back to [image: image] layers. The consolidation challenge changes from dealing with an [image: image]-layered foundation under continuous drainage boundary to solving a one-dimensional consolidation problem for an [image: image]-layered foundation. The initial excess pore water pressure is calculated as [image: image]. Based on the solving process previously described, the excess pore water pressure at the stage of complete soil structural failure can be determined as Equation 34
[image: image]
where [image: image], [image: image], and [image: image].
The average consolidation degree defined by excess pore water pressure can be expressed as Equation Equation 35
[image: image]
where [image: image].
3.4 Evaluation of the proposed solution
3.4.1 Comparison against degenerated cases
An et al. (2012) provided an analytical solution for the consolidation of layered structured soil, where the upper boundary condition is considered as a completely permeable boundary. In order to evaluate the correctness of the solutions proposed in this study, the proposed solution is degenerated when the interface parameter [image: image] takes 1,000. On this basis, a numerical analysis of four-layer soil system is employed to compare the consistency between the proposed solution and the solution provided by An et al. (2012). The parameter values required for calculation are specified as follows: (1) the thickness of each soil layer is 5 m; (2) the ratios of consolidation coefficients before and after soil structure failure for each soil layer are given by [image: image], respectively; (3) the magnitude of the imposed load on the foundation surface is 100 kPa; (4) the structural yield stress of the soil is 50 kPa. The solutions obtained from the two methods are depicted in Figure 2. It can be found that the degenerated results of the proposed solution shows a good agreement with the solution calculated by An et al. (2012), which preliminarily demonstrates the correctness of the present solution.
3.4.2 Comparison against numerical calculations
To further assess the correctness of the proposed analytical solutions, numerical analyses are conducted using the finite element method for comparison. The computational model consists of four soil layers, and the parameter values of each soil layer are as follows: (1) the permeability coefficients for each soil layer are [image: image] m/s, [image: image] m/s, [image: image] m/s, and [image: image] m/s, respectively; (2) the bulk moduli for each soil layer are [image: image] 1/Pa, [image: image] 1/Pa, [image: image] 1/Pa, and [image: image] 1/Pa, respectively; (3) the ratios of the bulk moduli before and after soil structure failure for each soil layer are 1, and the ratios of the permeability coefficients before and after soil structure failure for each soil layer are 1, 1, 5, 1, respectively; (4) the interface parameter [image: image] is set to 10 and the other parameters are consistent with those mentioned above. In addition, as shown in Figure 3A, the computational region was discretized with equal spacing computational units when performing the finite element numerical calculations, where n is the node number, e is the unit number. there are a total of N nodes and E units, and N=E+1. The time step is [image: image], where the superscript j represents the variation of time step. Figure 3B depicts the distribution of excess pore water pressure with depth of a layered structured soil foundation with continuous drainage boundary at different times, comparing the proposed analytical solutions with the numerical solutions obtained using the finite element method. It can be seen that there is high consistency between the analytical solutions and the numerical results, thus demonstrating the correctness and reliability of the proposed solutions.
[image: Figure 3]FIGURE 3 | (A)Schematic diagram of numerical model and unit discretization. (B) Comparison of calculated results using the presented solution and the numerical approach.
4 RESULTS AND DISCUSSIONS
In this section, a four-layer structured soil with continuous drainage boundary is taken as a case study to analyze the impact of interface parameter, permeability, and compressibility of the soil on the soil consolidation characteristics. The calculation parameters for remolded soil are shown in Table 1.
TABLE 1 | Calculating parameters of remolded soil for a four-layer structured soil foundation.
[image: Table 1]4.1 Influence of interface parameter
Figure 4 illustrates the impact of interface parameter on the vertical distribution of excess pore water pressure in the foundation soil, in which the parameters vary from [image: image], [image: image], to [image: image]. It can be seen that the greater the interface parameter, the faster the dissipation of excess pore water pressure. The differences in excess pore water pressure at the upper part of the soil decrease over time, while those at the lower part increase. This is because in the early stages of consolidation, the soil structure is not damaged, and thus the rate of excess pore water pressure dissipation is only related to the interface parameters. However, as the consolidation progresses, different interface parameters result in different structural damages. The larger the interface parameter, the earlier the structural damage. This leads to a decrease in permeability coefficient and an increase in compressibility coefficient at the upper part of the soil, thus slowing down the dissipation of excess pore water pressure and gradually reducing the differences in dissipation of excess pore water pressure across different interface parameters.
[image: Figure 4]FIGURE 4 | Influence of interface parameter on the profile of excess pore water pressure with depth.
The effect of interface parameters on the consolidation degree of layered structured soil is shown in Figure 5. It can be seen that the greater the interface parameter, the faster the consolidation rate, and the larger the early differences in consolidation. In the later stages of consolidation, the differences in consolidation degree between different interface parameters gradually decrease. This indicates that the impact of interface parameters on the average consolidation degree of structured soils is significant in the early stages of consolidation.
[image: Figure 5]FIGURE 5 | Influence of interface parameter on average degree of consolidation.
4.2 Influence of soil permeability coefficient
Figure 6 illustrates the effects of soil permeability coefficient on the vertical distribution of excess pore water pressures in layered structured soil, in which the parameters are [image: image], and [image: image]. Figure 6 reveals that at different time factors, such as Tv = 0.05 and Tv = 0.1, there are significant differences in excess pore water pressure at the upper part of the foundation, showing a faster dissipation rate with the parameter [image: image] compared to the case of [image: image]. However, these differences diminish at later times (e.g., Tv = 0.3 and Tv = 0.5), and at the bottom of the foundation, where the excess pore water pressure dissipation at [image: image] is slower than that at [image: image]. This is because, during the phase when the soil structure is intact, a higher permeability coefficient leads to faster dissipation of excess pore water pressure, as seen in the early stages of consolidation where the upper part of the soil at [image: image] dissipates faster. During the structural damage and complete destruction phases, the differences in the upper pore pressure at [image: image] decrease, and lower pore pressure dissipates more rapidly.
[image: Figure 6]FIGURE 6 | Influence of permeability coefficient on the profile of excess pore water pressure with depth.
The impact of permeability coefficient on consolidation is shown in Figure 7, which indicates that different permeability ratios have little effect on the later stages of consolidation. In the early stages, the ratio of [image: image] has the greatest impact on consolidation, resulting in higher initial consolidation degrees. This is because, in the early stages of consolidation, the soil structure is undamaged, and the average consolidation is mostly influenced by the upper soil layer (shorter drainage path). The higher the permeability of the upper soil layer, the higher the consolidation degree; while in the later stages, as the soil structure is damaged, the pore pressure in the lower soil dissipates quickly, reducing the differences in average consolidation.
[image: Figure 7]FIGURE 7 | Influence of permeability coefficient on the average degree of consolidation.
4.3 Influence of soil compressibility
Figure 8 shows the impact of volume compression coefficient on the distribution of excess pore water pressure in layered structured soil, in which the parameters are [image: image], and [image: image], respectively. It indicates that at [image: image] and [image: image], the spatial variation in excess pore water pressure across different time factors resembles the impact of permeability coefficient: at smaller consolidation time factors (such as Tv = 0.05 and Tv = 0.1), there is a significant difference in excess pore water pressure in the upper part of the soil, with faster dissipation for [image: image] compared to [image: image]. As time progresses, this difference diminishes (as seen at Tv = 0.3 and Tv = 0.5), and at [image: image], the dissipation of pore pressure at the base of the soil is slower than at [image: image].
[image: Figure 8]FIGURE 8 | Influence of compression coefficient on the profile of excess porewater pressure with depth.
Figure 9 shows the impact of volume compression coefficient on the consolidation of layered structured soil with continuous drainage boundary, in which the interface parameter is [image: image]. It is observed that at [image: image], the consolidation curve exhibits the fastest consolidation rate in the early stages, having the most significant impact, but the slowest rate in the later stages. Conversely, at [image: image], the consolidation curve is the slowest in the early stages but the fastest in the later stages, with an increasing impact. The consolidation curve for [image: image] falls between these two trends. This is because, in the early stages of consolidation, the soil structure remains undamaged, indicating that the volume compression coefficient at the bottom has a greater impact on the average consolidation degree of structured soil.
[image: Figure 9]FIGURE 9 | Influence of compression coefficient on the consolidation degree.
5 CONCLUSION
To fill the knowledge gap in consolidation solutions for layered structured soil foundation with continuous drainage boundary, an analytical solution is then proposed by using integral transform methods. The effectiveness of the proposed solution is discussed by comparing against a degenerated case and the numerical results calculated using the finite element method. Parametric analysis is carried out to study the influence of interface parameter, soil permeability coefficient and soil compressibility on consolidation behaviors of foundation soils. The main conclusions in this study are summarized as follows:
(1) Initial soil consolidation is markedly affected by the permeability coefficient, with higher values accelerating excess pore water pressure dissipation in the upper layers. As the consolidation progresses, these effects become less pronounced, indicating that higher permeability leads to more rapid initial consolidation stage, but it has minimal impact in later stages.
(2) The volume compression coefficient markedly influences the early dissipation of excess pore water pressure in structured soil, with pronounced effects in upper layers that diminish over time.
(3) Higher interface parameters significantly accelerate the dissipation of excess pore water pressure and enhance the initial consolidation rate in structured soil. However, the differences in consolidation due to varying interface parameters diminish over time.
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