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In this paper, finite element (FE) modeling is conducted for a high-speed railway embankment on soft soils in Sebou, Morocco. Discrepancies arise between predicted and measured behaviors when using standard creep models. To address this, an advanced anisotropic creep constitutive model, known as Creep-SCLAY1S, is applied for comparison, focusing on the prefabricated vertical drain (PVD) treated soft soils. This advanced model incorporates fabric anisotropy, soil structure, and time-dependent behavior. The time-dependent soft soil creep model (SSCM) is also employed for further comparison. Numerical predictions are then compared with field instrumentation data. Results indicate that Creep-SCLAY1S offers improved predictions of in situ measurements, particularly post-construction, and provides a more accurate peak excess pore pressure during the embankment’s rapid surcharge phase. 
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1 INTRODUCTION
Settlement problems for civil structures on soft soils are often tackled by means of 1D empirical methods based on simplified engineering parameters. Some go further into designing geotechnical engineering problems based on constitutive models, assuming that the subsoil is strictly isotropic (Huang and Griffiths, 2010). Using such simplified methods and constitutive models in practice leads to over-conservative designs and costly structures. In the majority of cases, the results disregard the long-term behavior in soft soils (Yildiz, 2009; Yildiz et al., 2009). Natural soil behavior is inherently anisotropic due to the sedimentary process and the likelihood of horizontally oriented deposition of the plate-shaped clay particles. Natural soft soils have a unique structure character (Guglielmi et al., 2024; Silva et al., 2024) that provides clay with additional undisturbed shear upon their remolded strength (Rezania et al., 2017). The clay soil particle structure at the micro-scale is geometrically arranged and called fabric. Additionally, the interparticle link “bond” reflects the clay composition, the stress state, and the deposition environment (Hosseinpour et al., 2017; Bagheri and Rezania, 2021).
Soft soils are known for their time-dependent character that affects their strength and long-term deformation (Rezania et al., 2017; Kelly et al., 2018; John, 2024). Employing a constitutive model that includes the clay inherent aspects is essential to precisely predict such complex soft soil responses (Taechakumthorn and Rowe, 2012; Hashemi et al., 2015; Nguyen and Indraratna, 2017; Rezania et al., 2017; Hosseinpour et al., 2017; Amavasai et al., 2018; Nguyen et al., 2018; Indraratna et al., 2018; Nguyen and Indraratna, 2020). Many researchers studied the issue of complex behavior of PVD-improved subsoil, including creep constitutive models (Rezania et al., 2017; Kelly et al., 2018; Nguyen et al., 2020; Cui et al., 2025) and discussed input parameters and modeling methods for the objective of better predicting soil deformations during the embankment construction in the short and long term. However, using advanced constitutive models in current practice for strategic projects with time constraints is still limited.
Due to the high computation effort of three-dimensional (3D) finite element (FE) modeling, the boundary value problems such as prefabricated vertical drain (PVD) improved ground are usually analyzed in the 2D plane-strain condition (Rezania et al., 2017; Kelly et al., 2018; Nguyen et al., 2022a; Nguyen et al., 2022b; Mridakh et al., 2022; Nguyen et al., 2023). In the field, water flows into PVDs in axisymmetric conditions; therefore, the conversion to a 2D representative analysis was based on a matching technique proposed by Chai et al. (2001) that is commonly used in this type of boundary problem.
The focus of this paper is to assess the long-term performance of an embankment on soft clay deposits improved by prefabricated vertical drains (PVDs) and to analyze the practicability of using standard and advanced constitutive models. For this study, a Sebou high-speed railway embankment located in Northwestern Morocco, constructed on deep alluvial Holocene deposits (Mridakh et al., 2019), is numerically simulated by using an advanced Creep-SCLAY1S model (Sivasithamparam et al., 2015). The results from the advanced creep model are compared with results obtained from standard time-dependent soft soil creep (Neher et al., 2001) and time-independent soft soil (Vermeer and Neher, 1999) models. The prediction results were compared with measured in situ deformation from a well-monitored section during the embankment construction and the preloading phase.
2 CREEP-SCLAY1S
The Creep-SCLAY1S model is an advanced model based on the critical state formulation. The model accounts for anisotropy, structuration degradation, and rate-dependency. Creep-SCLAY1S is an extension of the SCLAY1 model proposed by Wheeler et al. (2003), incorporating the rate-dependency response of clays. A step was added by including anisotropy and degradation of structure in the SCLAY1S formulation that was developed by Karstunen et al. (2005). Sivasithamparam et al. (2015) proposed a more developed version, including the anisotropy and rate-dependency effect for soft soil. In its latest formulation, the Creep-SCLAY1S model includes both anisotropy and degradation of structure in the formulation from SCLAY1S and the rate-dependent viscoplastic component used by the anisotropic creep model (ACM) (Leoni et al., 2008) into the formulation.
The constitutive model is shown in Figure 1A in triaxial stress space and in Figure 1B in general stress space from Sivasithamparam et al. (2015). The model is composed of three yield surfaces, as shown in Figure 1A. The first surface (NCS) is the outer surface Figure 1A, named as the normal consolidation surface [image: image], and delimits small and large creep strains. The current stress surface (CSS) represents the current state of effective stresses based on the [image: image]. An intrinsic compression surface (ICS) is used to capture the effect of degradation of soil fabric.
[image: Figure 1]FIGURE 1 | Illustration of the Creep-SCLAY1S model constitutive surfaces (Sivasithamparam et al., 2015). (A) triaxial stress space, (B) general stress space.
In addition to the soil parameters required for SCLAY1S (as presented in Karstunen et al., 2005), three additional parameters, named viscous parameters, are required: reference time [image: image], the modified creep index [image: image], and the intrinsic value of the modified creep index [image: image].
3 FINITE ELEMENT ANALYSES
3.1 Soil conditions
The soil in the Sebou site was extensively studied during the high-speed railway line investigation campaign (Mridakh et al., 2019). For the studied section, a total of 18 boreholes, 11 cone penetration tests (CPTs), and eight pressiometers were conducted on site. In addition, samples from boreholes were prepared and then tested in the laboratory. Mainly, Atterberg limits tests, oedometer tests, direct shear tests, and triaxial tests were conducted for most soil layers based on the up-to-date standards for each test (NF P94-051, 1993; XP-94-090-1, 1997; NF P94-071-1&2, 1993; NF P94-074, 1994), respectively. Based on Figure 2, the Sebou site is composed of fill material of the Sebou watershed alluvial recent plio-quaternary deposits. The initial layers to 5 m are characterized by stiff clays with an over-consolidated ratio (OCR)>1 that was mostly due to aging and water level variation. The silty clay sediments found between 5 m and 10 m represent a soft soil behavior with a normally consolidated state, with higher water content values than the liquid limit. The underplayed layers between 10 m–35 m and from 35 m to 47 m present a conservative soft soil character followed by a soft silty clay character due to the varying sand and silty content, thus presenting a varying compression index [image: image] and water content (W) especially in the mid lower section.
[image: Figure 2]FIGURE 2 | Soil parameters under the Sebou Embankment: W, water content; LL, liquid limit; PL, plastic limit; [image: image], unit weight; e0, initial ratio; Cc, coefficient of compressibility; OCR, over-consolidated ratio.
3.2 Finite element model and soil properties
For precise predictions, the Sebou Embankment subsoil is divided into 11 layers based on the parameter variation seen in Figure 2. Fifteen node triangular elements are used under plain strain conditions while using the very fine mesh option. The 2D plane-strain condition is used due to the soil layer symmetry in the N-S and E-W direction in the field, in addition to its light computation effort with quasi-similar results to the 3D model in this kind of boundary value geotechnical problems. The 2D model resulted in 1982 elements and 13,681 nodes (Figure 3).
[image: Figure 3]FIGURE 3 | Geometry of the finite element model adopted for the simulation of the Sebou Embankment.
The water level is fixed at 2 m depth under the embankment base (while the updated mesh option is activated). Only half of the embankment is considered for symmetrical reasons. The model dimensions used are 60 m in the horizontal direction from the centerline of the full embankment and 47 m in the vertical direction. Lateral boundaries were restrained, and the drainage boundaries are considered to be at the piezometric level and at the bottom of the mesh.
The embankment is constructed from two filling materials: granular for the drainage layer in the embankment base and sandy material for the fill and the surcharge layers (see Figure 3). The Mohr–Coulomb model is selected for both materials, and the material parameters used are shown in Table 1.
TABLE 1 | Embankment parameter values.
[image: Table 1][image: image] is the Young modulus, [image: image] is the Poisons ratio, and [image: image] is the unit weight of the embankment materials. The state variables and model constants for the embankment subsoil selected from laboratory tests (mainly oedometer test and direct shear test) for soft soil (SSM) and soft soil creep (SSCM) models are presented in Tables 2, 3.
TABLE 2 | Soil constant values for SSM and SSCM.
[image: Table 2]TABLE 3 | Initial parameters.
[image: Table 3]The lateral earth coefficient is calculated based on the equation [image: image], and the permeability change index [image: image] is calculated based on the equation [image: image].
For Creep-SCLAY1S, the initial anisotropy ([image: image]) and its evolution uses soil constants [image: image] (rate of surface rotation) and [image: image] (rate of rotation due to deviator stress). The initial values of anisotropy and [image: image] are derived theoretically based on the stress ratio at critical state M values for one-dimensional consolidation, the Equations 1–3 describing the above mentioned parameters are deduced based on Wheeler et al. (2003). The calculation methods are as follows.
[image: image]
[image: image]
[image: image]
The parameter [image: image] is calculated based on Equation 4 below:
[image: image]
Koskinen et al. (2002) suggested a procedure for determining the initial value of [image: image], based on a fall cone test; the following Equation 5 is used:
[image: image]
where [image: image] is the sensitivity.
Krenn (2008) suggested both parameters [image: image] and [image: image] to have a good estimate for geomaterials of about [image: image] and [image: image]
The values from the intrinsic compression index [image: image] and intrinsic creep parameter [image: image] were carefully interpreted based on the assumption that [image: image] is a constant value for each layer, as mentioned by Mesri and Godlewski (1977). Values for [image: image] , [image: image] , [image: image] were obtained from Equations 6–8 below:
[image: image]
[image: image]
[image: image]
where e is the void ratio. Table 5 summarizes the parameter values for each soil layer.
TABLE 5 | Soil constant values for Creep-SCLAY1S.
[image: Table 5]3.3 Matching method
PVD installation influences soil stiffness and hydraulic conductivity of the surrounding soils. This impact and soil disturbance is difficult to assess, as different equipment is used by each soil improvement company (different mandrel types and dimensions). Hence, explicitly modeling drains and their smear zone area with highly estimated parameters can lead to discrepancies, in addition to high computational efforts and cost. Numerous methods can be adopted to calculate the equivalent permeability for the PVD-improved subsoil. In this paper, the matching approach described by Chai et al. (2001) is used in the matching process. This method uses the parameter of equivalent hydraulic conductivity ([image: image]) for the PVD-improved zone without explicitly including the drain elements in the numerical model; the [image: image] is presented below as Equation 9:
[image: image]
l = drainage length, [image: image] = diameter of a unit cell, and [image: image], [image: image] = horizontal and vertical hydraulic conductivity of subsoil. The parameter [image: image] is calculated by Equation 10:
[image: image]
where n = [image: image] ([image: image] = equivalent diameter of a PVD), s = [image: image] and ([image: image] is the equivalent diameter of the smear zone), [image: image] = horizontal permeability of the smear zone, and [image: image] = discharge capacity of a PVD. The adopted parameters related to the PVD-improved zone are given in Table 4.
TABLE 4 | Parameter values adopted for matching.
[image: Table 4]4 SEBOU EMBANKMENT AND FIELD MONITORING
Sebou Embankment is 4 m high and 14 m wide at the crest, with a footing of 38 m and 1:2 slope gradients. At first, a 0.3 m drainage layer was constructed from gravel, followed by a sandy filling material for the upper layers, including a 1.5 m thick preloading. As presented in Figure 4 the embankment construction timeline extended to over 3 years during the three main phases, fill construction, surcharge, and consolidation periods. All materials were compacted during the construction, attaining a density of 20 [image: image]. The embankment is constructed on improved subsoil with PVDs to meet the project specifications. In addition, to accelerate consolidation time, PVDs were installed in a rectangular pattern with 1 m spacing and a depth of 35 m. The embankment was monitored by field instrumentation that included settlement cells (SC), interstitial pressure sensors (IPS), and a piezometer (Figure 5).
[image: Figure 4]FIGURE 4 | Embankment construction phases.
[image: Figure 5]FIGURE 5 | Cross section of the Sebou River Embankment.
Settlement cells were installed under embankment crests, slope toes, and the embankment centerline. The settlement measurements were taken based on a hydraulic comparison between the fixed settlement cell (reference settlement cell) and the settlement cells under the embankment. The measurements were taken with regular time intervals of approximately 3 days during the embankment construction, and the interval increased to one measurement each week during consolidation. Similarly, the pore pressure was measured in parallel with settlement measurements for the four interstitial pressure sensors. The measurement is done using a pressure gauge placed on the surface and connected to the probe by a tube filled with incompressible liquid. In addition, the water level was checked continuously.
5 NUMERICAL MODELING OF PVD-IMPROVED GROUND
The calculated settlement based on standard constitutive models under the embankment at three locations, SC3, SC4, and SC5 (at the center, under the crest, and under the toe of the embankment, respectively) versus time is compared with the measured settlement and presented in Figure 6. As seen in Figure 6, there are some pronounced differences between the predicted settlement based on the soft soil model (SSM) versus the measured settlement. This is due to cumulative creep behavior that was captured when the soft soil creep model (SSCM) was included. As shown in Figure 6, during the embankment construction (between the 400-day mark and the end of settlement measurement), the SSM highly underestimated settlement versus when using SSCM (Figures 6A–C). Based on the comparison, the SSCM underestimated the settlement by an acceptable 12% under the embankment centerline and crest (Figures 6A, B) while underestimating the settlement by about 11% under the embankment toe. In contrast, the SSM underestimated the settlement with a significant 30% value compared to the measured settlement in all positions.
[image: Figure 6]FIGURE 6 | Time-settlement plot (A) at the center, (B) under the crest, and (C) at the Toe.
The settlement underestimation in the Sebou area, as presented by Mridakh et al. (2019), is due to the pronounced creep behavior in the alluvial deposits. For that, including a creep (time-dependent) component into the constitutive model is mandatory to tackle underestimated deformation, especially in the long term.
Figure 7 shows the predicted and the measured excess pore pressure (EPP) at a depth of 8 m. The predicted pore pressure based on SSM was larger than the measured one during the embankment construction phase (the first 400 days), which explains the main reason for good fit settlement immediately after the construction of the embankment, which is due to overestimation of the pore pressure build-up and dissipation rate when using SSM. The time-dependent model (SSCM) matched the measured EPP during the embankment construction. However, both SSM and SSCM underpredicted EPP during the consolidation process after the end of the embankment construction.
[image: Figure 7]FIGURE 7 | Excess pore pressure during construction at 8 m depth.
Based on the previous analysis, it is believed that Sebou alluvial deposits have an inherent time-dependent behavior that contributes to the EPP rate dissipation, especially in the long term. This inherent character can present some further deformation at a specific mean effective stress after the embankment construction. In addition, other mechanisms can be the cause for underestimating settlement and excess pore pressure.
Based on our interpretation, SSCM loses its advantage when used in over-consolidated soft soils by underpredicting the time-dependent behavior and underestimating the shear deformation for the first 3 m (L1), as presented in Figure 2 OCR. After a systematic evaluation of discrepancies in the predicted settlement and EPP, some points were raised and are summarized below:
• The permeability varies significantly between layers L3 and L4
• SSCM mostly predicts incorrect shear strains for a shear mobilization larger than [image: image]-line for layers L1 and L2.
Based on these possible reasons for discrepancies, we pushed the numerical modeling analysis to explore a more advanced constitutive model, Creep-SCLAY1S.
Figure 8 shows settlement prediction versus time at SC3, SC4, and SC5; it is observed that settlement prediction by the Creep-SCLAY1S model matches well with the measured settlement. Although some higher rates of consolidation, as seen during the embankment construction period (first 400 days), can be due to the effect of stress concentration when using the critical state constitutive model, the model demonstrates a better capability of providing a precise simulation for higher number of layers with PVD treatment.
[image: Figure 8]FIGURE 8 | Time-settlement plot (A) at the center, (B) under the crest, and (C) at the Toe.
Due to the effect of stress concentration discussed previously, some slight variation in the predictions is seen in the long term (after the 400-day mark). Under the embankment centerline Figure 8A, a slight overestimation is observed of no more than 3% under the embankment crest (Figure 8B). In addition, the matching was nearly exact under the embankment toe (Figure 7C), and an underestimation of no more than 4% is measured.
Considering the plot of EPP prediction versus time in Figure 9, the predicted EPP when using the Creep-SCLAY1S model presented a rather high peak during the embankment construction (the first 400 days) while having an exact matching during the dissipation phase. After the construction phase, the Creep-SCLAY1S model presented a good match with the higher EPP measured in the field.
[image: Figure 9]FIGURE 9 | Excess pore pressure during construction at 8 m depth.
The Creep-SCLAY1S model showed a high-quality resemblance to the field behavior when including creep, destructuration, and fabric. Based on the results, both creep and destructuration mechanisms influenced the behavior of the Sebou deposits, especially in the long term. Those effects can only be captured simultaneously while including a constitutive model with a yield surface shape with a rotational component that can go higher than the [image: image]-line and the failure M-line (Figure 1), especially when over-consolidated soft soil is present
6 CONCLUSION
This paper details the prediction procedure and data selection for prefabricated vertical drain (PVD) improved soft alluvial soils. A case study of the high-speed railway embankment in Sebou, Morocco, was analyzed numerically using two standard constitutive models, the soft soil model (SSM) and the soft soil creep model (SSCM), alongside an advanced model, Creep-SCLAY1S, to address the challenge of underestimating soil deformation in the naturally compressible soft alluvial deposits in the Sebou area. Based on the results, several conclusions were drawn:
✓ Incorporating creep and destructuration effects into the prediction process is crucial for accurate long-term behavior predictions in the Sebou area.
✓ The Creep-SCLAY1S model reasonably matches the measured behavior in Sebou.
✓ The time-independent soft soil model (SSM) is inadequate for predicting the delayed soil response in Sebou alluvial deposits.
✓ The soft soil creep model (SSCM) is suitable only for normally consolidated layers for settlement predictions in Sebou but does not accurately capture the delayed peak in excess pore pressure (EPP) after embankment construction.
✓ Although parameter selection for the Creep-SCLAY1S model is time-consuming, reliable methods and sensitivity analysis can lead to a better understanding of complex behaviors, which is beneficial for research and practical engineering applications
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