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Abstract

In this study, a thorough numerical analysis of an embankment supported by deep cement mixing (DCM) columns
built on multilayered soft soils is presented. Utilizing four distinct constitutive soil models—Mohr-Coulomb (MC),
Modified Cam-Clay (MCC), Hardening Soil (HS), and Soft Soil (SS)—the main objective is to assess the
embankment's performance with regard to settlement. Laboratory test data is used to determine the input
parameters for PLAXIS 2D, which is used to perform finite element analyses. Through the use of various disparate
soil models, the study demonstrates how the selection of a constitutive model can have a substantial impact on
numerical results and indicates the variations in expected settlement behavior. With regard to the anticipated
reaction of soft ground conditions, the Modified Cam Clay (MCC) model exhibits the best agreement among the
models. The findings demonstrate the importance of model selection in geotechnical design and the synergistic
impact of suitable constitutive modeling and sophisticated ground improvement methods on improving
embankment stability.
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1 Introduction

Building embankments over soft, compressible soils has become more common because to the growing demand
for transportation infrastructure, especially in coastal and deltaic areas. However, because of its low shear strength,
high compressibility, and weak bearing capacity, soft ground is troublesome by nature (Dang et al., 2019). During
and after construction, it frequently causes excessive settlement, lateral deformation, and possible instability. In
order to overcome these obstacles, ground modification methods are required to guarantee long-term embankment
performance and improve the mechanical behavior of poor soils.

Deep cement mixing (DCM) is one of the improvement techniques that has become widely accepted because of
its affordability, versatility, and simplicity of use. Cementitious materials and in-situ soft soil are mixed to create
DCM columns, which increase the soil's strength and stiffness while decreasing its compressibility. This technique
has demonstrated efficacy in managing both differential and total settlement beneath embankments built on soft
ground (Chai et al., 2015). In soft subsoils, Venda Oliveira et al., (2011) showed how DCM can improve load
transfer and lessen deformation. Furthermore, it was demonstrated by Yapage et al., (2014) that surface settlement
and lateral spreading were significantly reduced in embankments supported by DCM. The finite element method
(FEM) is a popular numerical modeling technique for evaluating ground improvement system performance. The
creation of excess pore pressure, consolidation behavior, and soil-structure interaction may all be thoroughly
simulated with the use of programs like PLAXIS 2D. In their evaluation of column-supported embankments, Tan
et al., (2008) used FEM and stressed the significance of constitutive modeling for capturing soil response. But in
their research on floating column-supported embankments, Liu & Rowe, (2015) only used the Modified Cam-Clay
(MCC) model, whereas Huang & Han, (2010) employed the more straightforward Mohr-Coulomb (MC) model.
In both instances, the impact of different soil models was not examined. Sadiq et al., (2022) analyzed four soil
models in PLAXIS 2D and they discovered that the Soft Soil model best fit the Saga embankment's field data.

This work takes a new tack since it acknowledges that soft soils show extremely non-linear and time-dependent
behavior that traditional models like MC or MCC can miss. The single variable in this comprehensive numerical
analysis is the constitutive model used to represent the soft soil in an embankment built atop multilayered soft clay
and supported by DCM columns. Mohr-Coulomb (MC), Modified Cam-Clay (MCC), Hardening Soil (HS), and
Soft Soil (SS) are four distinct soil models that are compared under the same boundary conditions and material
properties (Dang et al., 2019). In soft soil analysis, Yapage et al., (2015) emphasized the increased precision of HS
and SS models, while other researchers illustrated their usefulness for column-supported embankments (Chai et
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al., 2015). The reliability of constitutive models and their effect on the results of geotechnical design are examined
in this work by assessing the effect of model selection on anticipated settlement and lateral displacement.

2 Methodology

PLAXIS 2D software has been used to generate a finite element model for the current study. The model has been
developed using a plane strain type and 15-noded elements. Only half of the domain has been simulated due to the
problem's symmetry. It has been determined that the boundary dimensions are 80 m in the X direction and 6 meters
above the ground to 30 m below it in the Y direction. While vertical borders have been left open to allow water
movement, horizontal bounds have been fixed. 1 m below the ground's surface has been used to estimate the
groundwater table. Mohr-Coulomb (MC), Modified Cam-Clay (MCC), Soft Soil, and Hard Soil (HS) are the four
soil models whose behavior has been compared. The soil parameters for PLAXIS of these models are shown in
Table 1.

Table 1. Material Parameter for Clay Layer

Surface Layer Soft Clay 1 Soft Clay 2 Stiff Clay
Saturated Unit Weight, ysac (KN/m?) 16 13.4 14.3 18
Materials Behavior Undrained (A)  Undrained (A) Undrained (A) Undrained (A)
Initial Void Ratio, einit 1.5 3.1 2.49 0.8
Slope of the Compression Line, A 0.25 0.87 0.43 0.12
Slope of the Swelling Line, k 0.025 0.087 0.043 0.012
Modified Compression Index, A" 0.626127029 3.5734322 1.5034061 0.2163895
Modified Swelling Index, k* 0.062612703 0.3573432 0.1503406 0.02163895
Odeometer Stiffness, Eoea™ (KN/m?) 1000 471.2643678 811.627907 1500
Secant Stiffness, Eso"f (kN/m?) 1250 589.0804598 1014.534884 1875
Unloadlng/Rel(ol?&i;:Illgz)Stlffness, Euf 15580 7341 12640 23370
Young’s Modulus, E’ (kPa) 380.3 257.61 783.87 1842.44
Poisson’s ratio, v 0.3 0.3 0.3 0.3
Cohesion, ¢'rer (KN/m?) 5 5 5 5
Friction Angle, @' (°) 25 25 25 25
Power (m) 1 1 1 1
Coefficient of permeability in the
hortontal Yodbree tion, k, {m day) 6.00E-04 4.40E-04 4.60E-04 2.50E-03
Coefficient of permeability in the
horizontal X- d?rec tion, ki {m /day) 9.10E-04 6.60E-04 6.90E-04 2.50E-03
Over Consolidation ratio, OCR 1.5 2.5 1.2 1.4

The four distinct soil models have been used to construct four distinct models. The next step involves carrying out
the structural setup, starting with the embankment. After choosing the 'Create Soil Polygon' option, the coordinates
(0,0), (0,6), (10,6), and (20.80,0) have been entered to finish the embankment shape. Following the instructions in
the table below, lines have been drawn on the embankment using the 'Create Line' tool. Fiber Lime Soil has been
used to mimic the first 0.5 m of the embankment, while regular Embankment soil has been used to model the
remaining 5.5 m. Table 2 summarizes the input soil parameters for the fiber-lime-soil, embankment fill, and DCM
columns.
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Table 2. Material Parameters of fiber-lime soil, embankment fill and DCM columns
Fiber-lime-soil Embankment fill DCM
columns
Depth (m) 0.5 6 10~30
Material model MC MC MC
Unit weight Y (KN/m?) 12.5 19 15
Young’s modulus, E (MPa) 125.8 1 100
Poisson’s ratio, p 0.32 0.4 0.15
Effective cohesion, ¢’ (kPa) 75 20 500
Effective friction angle, ¢’ (°) 42 35 0
Initial void ratio (eo) - -
Vertical Permeability coefficient, kv (m/day) - - 4.60E-04
Horizontal Permeability coefficient, kn (m/day) - - 4.60E-04
Material behavior Undrained (A) Drained Undrained (B)

Following the placement of the embankment, DCM columns have been installed. The dimensions of each column
have been modelled as being 10 meters long, 0.6 meters thick, and 1.9 meters center to center. Using the given
table, material attributes have been allocated. Following the completion of the structural setup, a very fine mesh
was applied. Following the definition of the construction phases, the modelling was finished in ten steps, as the
table below illustrates. The DCM columns have been turned on, and the embankment has been placed. The analysis
has finally been started after consolidation was chosen as the computation type. The following figure shows the
fill height variation over time for the embankment (Figure 1).
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Figure 1. Time-Fill height plot of embankment

The PLAXIS 2D finite element model (FEM) has been displayed in Figure 2.
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Figure 2. FEM Model
3 Results and Discussion

The variation of settlement with respect to time has been illustrated in Figure 3.
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Figure 3. Variation of settlement against time

Time versus settlement curves have been drawn for each of the four soil models. Furthermore, data from the
reference publication for the 0.5 m high Fiber Reinforced Load Transfer Platform (FRLTP) has been used to
construct a comparative graph. It has been noted from the examination of the natural soil settlement graph that
within the first 100 days, all four soil models closely matched the reference data. The data have most closely
matched the Mohr-Coulomb (MC) model between about 100 and 150 days. The Soft Soil model has matched the
settlement pattern from around 150 to 400 days, while the Hard Soil (HS) model has matched it from 400 to 830
days.

3.1 Constitutive Model’s accuracy

The accompanying figure (Figure 4) clearly shows that the coefficient of determinant has followed the following
order: MCC > SS> HS > MC. The Modified Cam-Clay (MCC) model's values have been found to be the most
similar to the data from the reference publication after the standard deviations of the four soil models have been
analyzed. The Modified Cam-Clay model has thus been selected for more analysis.
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Figure 4. Constitutive model’s accuracy

3.2 Effect of DM column Length

The Modified Cam-Clay (MCC) model has been used for additional studies since the results produced are most
comparable to the standard deviation of the reference data. The initial model of DCM columns had a length of one-
third of the 30 m total soil depth. They have now been used to build three more models with DCM column lengths
of 15 m, 20 m, and 30 m, respectively, to examine their impact on settlement. Figure 5 shows how the settlement
changes over time for various DCM column lengths.
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Figure 5. Settlement over time using the MCC model with paper data for different DCM column lengths

It has been clear from the previous picture that the settlement values have been determined in this manner:
according to the reference study, 655 mm, 180 mm, 161 mm, and 140 mm for a 15 m, 20 m, and 30 m column,
respectively. According to IRC:75-2015, a flexible pavement's allowable settlement cannot be greater than 300
mm. As a result, 15 meters of column length has been thought to be the most economical choice.
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4 Conclusion:
The study described above has led to the following conclusions:
i. Our study's findings have been found very similar to those in the reference literature.

ii. The Modified Cam-Clay (MCC) model has been identified as the one that best reflected the field
settlement behavior out of the four soil models.

ii. The amount of settlement has been decreased by lengthening the columns.

iv. The most cost-effective choice has been a column that is 15 m long.
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