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Abstract - This study investigates the consolidation settlement of a single pile by combining finite element modelling techniques
and field data validation. Using Plaxis 2D and 3D, the study considers a series of static load tests performed over time on a pile
driven in Florida and explores the performance of different modelling approaches. The pile is modelled with the soft soil
advanced constitutive model, embedded beam row and soil volume. Two different geometry configurations are considered in the
models. The average discrepancy between the numerical model values and the field measurement values is determined via the
Mean Absolute Error (MAE) and the bias error. It was observed that the embedded beam row feature in the model has given
satisfying results. The MAE is equal to 0.93, indicating a low discrepancy between the numerical model values and the reference

values. Parametric investigations were conducted to explore soft clay parameters influencing displacement changes. Findings
showed that the modified swelling index. k™ is a critical parameter for the analysis, contributing 56% to the overall variation in

the results. Cohesion and pile width also influenced, accounting for 22% and 13%, respectively.
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1. Introduction

Construction on soft ground areas presents considerable
challenges in geotechnical engineering. The soft clay soils are
intrinsically problematic due to their unique characteristics,
such as high compressibility and water content, as well as low
permeability. Consequently, consolidation settlement is
predominant in these soils. This unfavorable behavior is
largely attributed to the abundance of montmorillonite, a
swelling clay mineral typically derived from basic and
ultrabasic igneous parent rocks [1, 2]. In soft soils, structures
often experience different damages, such as cracks, lateral
movements, tilting, differential settlements, and collapse.
Such deterioration may manifest within a few months of the
construction's completion, progress insidiously over the years,
or remain unnoticed until a critical failure develops. The
associated maintenance and rehabilitation expenditures are
estimated to run into billions of dollars annually [3, 4]. In soil
profiles with deep, soft clay layers, shallow foundations'
performance is insufficient to prevent large settlements [4, 5].
For instance, the "Leaning Towers of Santos" in Brazil, which
fail to meet serviceability limit state requirements. Indeed, a
combination of soft, compressible, clayey soil deposits and
inadequate foundation design led to differential and excessive
settlement of high-rise buildings. Close to a hundred buildings

tilt at scary angles in the city [6]. Maffei & Goncalves [6]
presented in their work the plumb done for two buildings,
Tower A and Tower B (each approximately 57 m tall) of the
Condominium Nuncio Malzoni, with measured inclinations of
3.8% and 3.1% respectively.

To overcome the poor performance of shallow
foundations, deep foundations, especially piles, have become
the standard foundation solution for construction in soft soils
[6, 7]. The need for a deep foundation in any project usually
results from several factors, including subsurface conditions,
foundation loads, and acceptable foundation settlement
criteria [8, 9]. By transferring loads to competent strata at
depth, piles markedly reduce superstructure movements and
preserve serviceability [10]. However, excessive or any
residual pile settlements can still compromise performance,
making settlement control more important during design than
the bearing capacity of the soil [11, 12]. To perform
satisfactorily, foundations must have two main characteristics:
they must remain stable against shear failure, and their post-
construction settlement must stay within tolerable limits.
Settlement prediction is a major concern and is a key design
objective [13, 14].
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The long-term behavior of piles is primarily caused by
consolidation associated with the dissipation of installation-
induced excess pore pressures. Since pile driving often occurs
under undrained conditions in soft clay, significant excess
pore water pressure will be generated in the soil due to the soil
displacement. It results in larger settlement values and longer
settlement stabilization time compared to bored piles [15-18].
In their statistical analysis of the long-term settlement of Piles
in Shanghai Soft Clays, Wang et al. [18] showed that
normalized settlements of precast-driven piles are roughly
double those of bored piles and that stabilization occurs about
two years later. In soft, clayey ground, even when the ultimate
capacity of a pile foundation is met, the long-term settlement
under sustained vertical static load remains critical [19-21]. As
a case in point, the San Francisco Millennium Tower in the
western United States is supported by a reinforced concrete
slab constructed over 900 piles driven into marine clay. The
expected settlement was around 300 mm over its lifetime [22].
But since its completion, the building has been settling and has
reached, on average, a value of 400 mm in 2020 [23]. Tilting
has also been noticed towards the northwest direction, as
shown in Figure 1 [22]. This case highlights the need for
advanced numerical models to accurately predict pile
consolidation settlement in clay soils. Investigating the
consolidation settlement for structures is essential because
excessive settlements may create severe safety issues [20, 24,
25].

The problems related to foundations in soft soils exist
from field investigation to their modelling behavior [26]. The
Finite Element Method (FEM) is a widely adopted numerical
tool in civil engineering. It is employed both for research
studies and practical design of engineering problems [26, 27].
The complex behavior of soils can be modelled with more
advanced constitutive soil models. The soil's nonlinearity with
plastic deformations and the stress path can be more easily
captured. The FEM is especially effective in depicting
deformation modes and stress distribution throughout loading
up to failure [28, 29].
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Fig. 1(a) Millennium Tower in San Francisco, and (b) Tilting of the
tower in Northwest Direction [22].
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Sun et al. [30] studied the sensitivity of the influencing
factors of single-pile stability through a three-dimensional
finite element simulation model. The results provided valuable
insights, namely the main factors affecting the pile stability,
such as the elastic modulus, Poisson’s ratio, friction
coefficient, and the angle of internal friction. Despite this,
using a Mohr-Coulomb elastic-plastic model for soil doesn’t
allow the explicit modelling of the consolidation settlement in
clay soils. The study considered multiple soil layers, such as
sand, fine clay, coarse gravel, strongly weathered monzonite,
and medium-weathered monzonite. Moreover, the sensitivity
analysis lacks parameters specific to consolidation behavior.

Additionally, Wang et al. [31] examined the long-term
differential settlement of piled rafts and their influence on
building shortening. The model predicts a pot-shaped
settlement distribution (higher settlement in the core) for piled
rafts. A time-dependent soil-foundation-structure system with
equivalent springs is then developed to predict the vertical
shortening of shear walls and mega columns. The model uses
an empirical equation with parameters calibrated by finite
element analysis. While this approach is beneficial for
computational simplicity, it may not fully capture the
nonlinear consolidation behavior of the soil.

Using the case history of the Messeturm tower founded
on a piled raft in Frankfurt, Germany, Franzen & Reul [7]
conducted a detailed numerical back analysis with a three-
dimensional finite element model. The nonlinear behavior of
the overconsolidated Frankfurt Clay was simulated with a
hypoplastic material law. The model allows for time-
dependent effects analysis. In line with this, Ganal & Reul [32]
employed a visco-hypoplastic material model to capture the
time-dependent material behavior of the Frankfurt clay. The
numerical simulation of the SGZ-Bank building, founded
on a raft foundation, was presented and compared to the
measurements taken. The viscosity index, which controls
creep deformations, was found to have almost no influence on
the raft foundation settlement at the time of completion.
Moreover, different viscosity indices lead to different
settlement rates in the first years after completion, but the
effect decreases with time [32].

On the other hand, Franzen & Reul [7] identified that an
increase in the viscosity index results in an increase in creep
settlement over 40 years. However, these modelling studies
focused on the analysis of piled rafts and raft foundations in
overconsolidated clays with specific stiffness properties. The
variations in the hypoplastic model regarding the critical
compressibility properties in soft clays were poorly examined.

The reviewed studies have achieved worthwhile findings
in predicting settlement in soft clay soils through numerical
analysis. Nevertheless, the consolidation behavior of a driven
single pile and the influence of the parameters governing it
remains insufficiently explored.
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This work intends to bridge this gap by employing both
two-dimensional and three-dimensional finite element models
with Plaxis software. For that purpose, the well-documented
case study of the driven piles in Florida was used [33, 34]. The
field instrumentation included static load tests performed over
time under realistic loading scenarios, making it a rare and
valuable dataset for numerical models. Based on the results of
the Dilatometer Test (DMT) and Cone Penetration Test (CPT),
the material behavior of the site soil has been modelled with
the soft soil model, which allows us to account for
consolidation effects.

2. Methodology
2.1. Description of the Case Study

The research of McVay et al. [33] investigates the
behavior of five full-scale 457 mm square prestressed concrete
piles over time. Instruments were fixed on the piles, which
were then driven at active bridge construction sites owned by
the Florida Department of Transportation (FDOT) in northern
Florida. Many static tests were performed using an Osterberg
cell (O-cell) cast into the pile bottom, as shown in Figure 2.
Strain gages, DMT cells and piezometers were also installed
along the pile. Two methods were used to monitor the pile top
movement during the static load tests. Measurements were
obtained using both a wireline and a survey level. These two
measurements agreed well for all of the tests. In this paper, the
pile of interest is the pile driven at the Vilano Bridge north of
the west abutment. The site of Vilano West (VLW) has a
primary soil type ranging from Soft to medium-stiff silty clay.
Preliminary CPT and DMT soundings were performed, as
shown in Figures 3 and 4. The pile was dynamically tested to
estimate static capacity using a Pile Driving Analyzer during
initial driving and ~ short-term set checks. The shaft resistance
and end bearing estimated during restrike are respectively
465 kN and 422 kN.
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Fig. 2 Pile and Instrumentation used for static load test [33]

2.2. Numerical Modelling
2.2.1. General Considerations

The finite element analyses were carried out with Plaxis
software in both two-dimensional (2D) and three-dimensional
(3D) configurations. The pile was modelled as plane strain.
The model size and the meshing significantly impact how the
detailed stress-strain response and deformations are captured.
To avoid model disturbances due to too-close boundaries, a
sensitivity analysis was done, and two geometries were used
to evaluate the influence of domain size and mesh refinement
on the results.
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Fig. 3 CPT Sounding at Vilano West site [34]
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Fig. 4 DMT results from Vilano West site [34]

2.2.2. Geometry

To ensure a comprehensive evaluation of the pile
behavior in soft soil, two different geometries were used for
the numerical simulations. Model 1: a 20 x 22 m model size
(20 x 20 x 22 m in 3D) and a larger Model 2: 40 x 40 m (40
x 40 x 40 m in 3D), in Figures 5 and 6. The geometry of model
1 was chosen based on the CPT soil profile data, which
indicated that a smaller domain would be sufficient to capture
the pile's settlement behavior under the given soil conditions.

2.2.3. Pile Model

Pile-soil interaction being intrinsically a three-
dimensional phenomenon. Conventional models in two
dimensions are unable to capture it fully. To mitigate this
shortcoming, the embedded beam row feature represented the
pile. Accurately modelling pile-soil response is challenging.
The traditional method with plate elements or discrete node-
to-node anchors idealization to approximate the pile is subject
to notable limitations. The embedded beam row provides more
realistic pile-soil interaction behavior compared to other
methods. The beam element with the pile behavior option can
interact and connect with soil with special interface elements
(shaft and base resistance). It has been validated by many
studies [35-38]. In the 3D model, the square pile of 18.5 m in
length was modelled using a volume element with positive
interface elements embedded within a 3D soil volume. The
linear elastic behavior was assumed due to the high stiffness
of the pile material relative to the surrounding soil.

2.2.4. Boundary Condition

The pile was centrally positioned, ensuring sufficient
distance to minimize boundary effects. Boundary conditions
were applied to simulate realistic constraints. The model is
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assumed to be fully fixed at the bottom of the mesh and
normally fixed for the vertical boundaries.

2.2.5. Mesh Generation

To optimize computational efficiency, a global mesh
coarseness factor of 0.70 was applied for model 1, ensuring a
balance between accuracy and computational time. In
contrast, the model 2 (40 x 40 m) domain, which was larger,
was used to assess the impact of domain size on the numerical
results, particularly regarding boundary effects. For this case,
the mesh was refined within a 5 m radius from the pile. This
was done to account for areas of high stress and displacement
concentration around the pile shaft and surrounding soil
(Figure 6). Refining the mesh in these critical regions where
there are high stresses and displacement concentration
improves the accuracy of the results by capturing localized
soil-pile interactions more effectively. For all the soil
elements, 15-noded tetrahedral elements were used for
meshing. The 15-node triangular element utilizes fourth-order
displacement interpolation and evaluates stresses at 12
integration points, offering high computational accuracy [36].
A fine mesh is generated for the whole model to optimize the
convergence.

2.2.6. Constitutive Model

For the simulation of the behavior of the soil, the Soft Soil
(SS) model was used. Unlike the Mohr-Coulomb material
model, the soft soil model is a more advanced constitutive
material model and is more suitable for saturated soft soils,
where significant nonlinearity is expected. It can represent
both elastic and plastic material states and is used for highly
compressible soil. It also takes account of the memory for pre-
consolidation stress [39-41]. The SS model uses effective
stress-based formulations, essential for modelling accurate



Gbénihon Céleste-Amour Kenoukon et al. / IJCE, 12(5), 42-55, 2025

simulation of consolidation processes and excess pore water
pressure dissipation around the pile due to loading. As shown
in Figure 7, the failure condition in the SS model can be
described by a Mohr-Coulomb failure line. However, the
volumetric hardening is predicted and expressed in terms of
the modified compression index. A* and modified swelling
index k" . These indices account for the high compressibility
of soft soil, providing a realistic representation of how the soil
deforms under loading conditions [42].
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Table 1. Model input parameters
Soil 1 Soil 2 Soil 3 Pile
Type Silty Soft Silty Embedded
and clay sand beam row/
clayey volume
sand element
Model Soft soil Elastic
Type of Undrained A
drainage
Yunsat 16 15 17
(kN/m*) -
Ysat 16.97 17.11 19.10 _
(kN/m®)
ey 1.28 1.25 0.74 _
c' (kP,) 20 30 15 _
©'(®) 38 25 40 _
A 0.065 0.081 0.037 _
K* 0.005 0.01 0.005 _
POP 58.76 76.3 82.2 _
(kFy)
K, 0.69 0.68 0.5 _
Rinter 0.9 0.8 0.9
E (kP) _ _ _ 30.68 *10°
Fpax (N) | _ _ _ 422
Tskin _ _ _ 60
(kN/m)

2.2.7. Materials Properties

The soil conditions correspond to a coastal plain area. A
soft clay is found along the bottom half of the pile (10.7 m),
topped by a mix of silty and clayey sand over 7.3 m. The soil
stratigraphy was generated by the borehole from the field CPT
data with a groundwater level of -0.89 m. A notable amount of
ground investigation data is available from the McVay et al.
[34] database.

The SS model parameters have been deduced from these
test results. For each layer, the average representative means
values of the parameters have been chosen (See Table 1). The
soil unit weight from the dilatometer test was used to calculate
the void ratio. The relationship for saturated soils is given by
Equation (1) [43].

_Gsyw—v

Y Y 0
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Where, G¢= specific gravity of solids, y the soil bulk unit
weight, y,, = unit weight of water (9.81 kN/m?). Based on the
material models manual of Plaxis [41], the modified
compression and swelling index was estimated using Equation
(2), and the ratio ’1*/ i assumed to be equal to 3. The plasticity
index I, was calculated from the friction ratio of the CPT
results. The over-consolidation ratio OCR and the pre-
consolidation stress oy, are directly taken from the DMT results
available in the case study report [34]. Equations (3) and (4)
from [41] were used to deduce the pre-overburden pressure
POP value. The pile elastic modulus value was calculated by
back analysis of the applied load versus strain data during
testing. The value is reported in the study report [34]. The skin
resistance and base resistance of the embedded beam row
element are derived from the dynamic testing of the driven
precast pile. The CAPWAP (Case Pile Wave Analysis
Program) was used to estimate the resistance distribution
along the shaft and toe of the pile. The values, testing and
calculation details are mentioned in the case study reports [33,
34].

X = 1,(%)/500 @)
OCR = g, /0y, 3)
POP = |0, — gy, | ()]

Where I, is the plasticity index, g, the pre-consolidation
stress and gy, the in-situ effective vertical stress.

2.2.8. Construction Stages for the Static Load Test Modelling

To be able to represent adequately the field conditions, the
calculation steps of the model were divided into nine (9)
construction stages. This allows for agreement with the pile
construction, monitoring and testing. The initial stress
distribution was calculated with K, analysis in the initial
phase.

The procedure was adopted because the surrounding
terrain is essentially level around the pile, eliminating
potential equilibrium issues at the initialization stage. The
second stage considered the pile installation. As the authors
have mentioned, only single drops of the ram were required to
drive the pile due to the soil's relatively low resistance. The
pile installation is just modelled by activating the embedded
beam row material in the 2D model and the soil volume in the
3D.

In the following phases, consolidation analysis was
performed with adequate time intervals, considering the time
at which the static tests were carried out. The time corresponds
to the elapsed time after the completion of pile driving. Each
consolidation phase was followed by a plastic analysis to
calculate the pile settlement under the maximum sustained
load at the time. A plastic analysis was considered as the load
was applied for only 4 min during the testing [33]. The load
values and corresponding times are shown in Table 2.
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Table 2. Load test modelling stages

Stage Calculation | Duration | Applied
type (day) load (kN)
Initial K, analysis ) )
Phase 0
Pile . - -
installation Plastic
Phase 2 Consolidation 0.26 -
Phase 3 Plastic - 469
Phase 4 Consolidation 2.58 -
Phase 5 Plastic - 581
Phase 6 Consolidation 16.13 -
Phase 7 Plastic - 697
Phase 8 Consolidation 138 -
Phase 9 Plastic - 845

3. Results and Analysis
3.1. Static Load Test Modelling

The first part of the analysis investigates the different
models’ abilities to reproduce the real measurements in situ.
The results of the models (see Figures 8-11) are then compared
to the field measurements, as shown in Figure 12.

Just a few hours after the pile driving, the significant
changes in the axial force (an increase of respectively 23.88%,
48.61% and 80.17%) were also reflected in the settlement. As
underlined by many authors such as Hosseini and Rayhani
[44] and Jiang et al. [45], the increase of driven pile capacity
with time is mainly due to the dissipation of excess pore water
pressure generated around the pile during driving. The
consolidation and ageing of the disturbed soil near the pile are
also subsequent factors. Consequently, this affects the pile
settlement evolution, which tends to increase with time as the
soil adjacent to the pile shaft reconsolidates and becomes
progressively stable. This trend can be observed in the field
measurement where the maximum settlement starts from 6.35
mm on the first day and reaches 8.38 mm on the second, 3.63
mm and 6.48 mm, respectively, on 18.98 and 157 days. The
pattern is, moreover, consistent with the results of Zhao et al.
[17].

The error metrics between the predicted values and the
reference values were calculated using the Mean Absolute
Error (MAE) given by Equation (5):

n
1
MAE = ;ZIPredictedi — Reference;|  (5)
=1

MAE represents the average absolute difference between
predicted and reference values, providing a general measure
of prediction accuracy. The Bias errors given by Equation (6)
were also used to identify underprediction or overprediction
trends. It provides the average deviation between the predicted
and reference values, showing whether predictions tend to
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overestimate (positive bias) or underestimate (negative bias)
[46-48].

n
1
Bias = ;Z(Predictedi — Reference;) (6)
i=1

The 2D model 2 has the lowest errors. The average
discrepancy between the numerical model values and the
reference values is MAE = 0.93, indicating the most accurate
prediction. The average difference between maximum
settlement values is 7%, indicating a high reliability of the data
obtained with this model. The performance of this model
configuration can be attributed to the inherent advantages of
the embedded beam row feature in Plaxis 2D, as discussed in
previous literature [35, 37, 38, 49-52]. A key factor might also
be the combination of sufficient domain size and mesh
refinement in critical areas near the pile. The embedded beam
row in the 2D model simplifies the interface behavior while
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maintaining sufficient accuracy. It incorporates line-to-line
spring-slider interface elements that capture localized stress
and displacement concentrations. It is associated with a mesh
continuity, unlike other elements that introduce artificial
discontinuities. Mesh distortion and dependency are avoided
due to its superimposed beam structure with the soil mesh.
Additionally, the larger domain effectively minimizes
boundary effects that could otherwise distort the results. In
contrast, the discrepancy in the 3D model with full-volume
element representation can be attributed to the numerical
complexities, resulting in some limitations.

The bias errors calculated showed negative values for all
cases, as presented in Figure 13. This indicates that the
numerical models have an overall under-prediction trend.
This observation could be attributed to the assumptions made
in the constitutive model, which may underestimate certain
soil behaviors, such as localized plastic deformations.

Output Version 20.3.0.80

-1200 -800 -400 000 400 800 1200 1600 2000 2400 2800 3200 |"10°m|
TP AT AT Dy AT VRTINS T v ATV P TSt Vi Pul s AP
50
0.00_=
z b 45
-4.00 40
35
-8.00.
30
I7.007_ 25
20
16.00
= 15
18.00 = v 10
B .
5
-20.00 =X
0
Total displacements u, (scaled up 500 times) (Time 0.2628 day)
Maximum value = -4.454*10°m (Element 1 at Node 78138)
Minimum value = -5.404*10~'m (Element 177 at Node 77430)
E PLAXIS 2D ilc .a Pile - 1/24/2025
(&) comectesin Florida Pile 16
Output Version 20.3.0.80
<1200 -800 -400 000 400 800 1200 1600 2000 2400 2800 32.00 [10°m|
3 50
0.00_ (
d 45
-4.00 - I40
0.00= I
] 30
12.00 - 2
< 20
1600~ |
15

*X

i o
2 2
8 8
.
— —
o v =
3

Total displacements u_(scaled up 500 times) (Time 18.98 day)
Maximum value =-1.939*10"m (Element 21 at Node 78057)
Minimum value = -2.136* 10" m (Element 177 at Node 77430)

] 112412025
el

138

Fig. 8 Total displacement u, in 2D for model 1: (a) consolidation analysis contours of displacement at 0.26-day, (b) Pile settlement distribution at 0.26-
day, (c) consolidation analysis contours of displacement at 18.98 days, and (d) Pile settlement distribution at 18.98 days.
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3.2. Modelling of the Pile behavior under Permanent Load
and Sensitivity Analysis

The pile was modelled under different loading ranges
over time to assess the evolution of the settlement. The 2D
model 2 was used for its best performance in reproducing the
field behavior.

In-depth analyses were then conducted to evaluate the
settlement sensitivity to the soft clay soil parameters in the
model. The construction stages used for the analysis are shown
in Table 3.

Consolidation analysis was performed by successively
increasing the overload on the pile from 300 kN to 1000 kN.
The load application time varies from 150 days to 1000 days,
and the reached time at the end of the analysis (phase 6) is
2000 days. The sensitivity analysis starts by calculating the
SensiScore, which indicates how much a selected parameter
influences the pile settlement. The most significant parameters
are presented in Table 4.

Figure 14 shows that the pile settlement evolves
continuously, presenting a time-dependent settlement
behavior. This trend of the settlement has been mentioned in
the works of [31, 45, 53]. It can be seen in Figure 14(a) that a
greater value of k™ makes the settlement increase more rapidly
than a lower value.

At day 150, the settlement is 6.12 mm for k* = 0.008 but
reaches a value of 8.89 mm when k* = 0.02. At day 2000, the
settlement value is 31.72 mm for k* = 0.008 and 40.45 mm
for k* = 0.02.

This sensitivity is due to the control of this parameter over
soil deformation under reloading. A higher x* indicates
increased soil compressibility, which accelerates settlement,
particularly in soft soils where consolidation is time-
dependent.
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Table 3. Modelling stages for sensitivity analysis

Time at
Stage Calculation Applied the end
type load (kN) of the
stage
(day)
Initial K, analysis - -
Phase
Pile Plastic - -
installation
Phase 2 300 150
Phase 3 500 300
ase Consolidation
Phase 4 800 600
Phase 5 900 1000
Phase 6 1000 2000
Table 4. Parameters range of values
Min | Max | SensiScore
Parameters
K 0.008 | 0.02 56
c’' 10 40 22
Q' 20 30 9
Width d 03 0.5 13

Moreover, Figure 14(b) highlights that with a lower value
of ¢', the pile settles more with time. The settlement value
reaches 35.86 mm at day 2000 for ¢’ = 10 kP,, but 32.38 mm
for ¢’ = 40 kP,. Which corresponds to a diminution of 9.7%
for a higher cohesion value. However, in Figure 14(c), it can
be seen a slightly faster settlement with ¢’ = 30° than ¢’ =
20°. In Figure 14(d), it was observed that pile settlement
increased with a decrease in pile width. For a lower value of
d = 0.3 m, the settlement is slightly higher, 34.85 mm at 2000
days, but equal to 33.67 mm for d = 0.5 m.
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4. Discussion

The settlement of piles presents different variations over
time depending on the soil behavior. Therefore, depending on
the soil model and its parameters. Lin et al. [54], in their
modelling of pile-supported embankments in deep soft
soil, used the soft soil creep model. The study highlighted the
sensitivity of the settlement to the modified compression
index A*, swelling index k*, and modified creep index u*. It
was pointed out that the impacts of these parameters on the
deformation of soft soil are significant and complex. The
influence of the strength parameters ¢ and ¢ of soft layers to
pile displacement was mentioned by Wang et al. [55]. A suite
of numerical simulations revealed that the cohesion and the
internal friction angle of the soft strata are dominant
controlling parameters. A higher value of these parameters
was linked to reducing the maximum deformation. According
to Xu et al. [56], the contribution of ¢’ tends to be more
predominant when the loading reaches three times the design
bearing load. Vardanega [57] has also concluded the
contribution of those parameters. His study shows that a pile
found in strata with a stronger cohesion profile can carry a
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higher load, leading to a smaller settlement. In addition, the
pile diameter affects the pile’s bearing capacity and ability to
resist settlement. A larger diameter increases the contact area
between the pile and the surrounding soil, reducing settlement
for a given load. Figure 15 shows the normalized time-
settlement responses obtained from this current numerical
modelling and previous studies. The normalized curves help
to reveal trends in the rate and extent of consolidation
independently of scale differences. It showcases the
consistency and variability inherent in pile performance over
time. The curves presented distinctive consolidation
settlement behaviors with both similarities and deviations.
These differences underscore the influence of varying soil
models, parameters and loading conditions. The differences
primarily appear at early and intermediate times, which denote
the construction process and early structural response
dissimilarities.

The model of Lin et al. [54] based on soft soil creep,
highlighting the creep effect, presents a curve aligned with the
current study. Both of the curves predict similar settlement
trends and rates. In general, they show notably gradual
consolidation behaviors to the maximum settlement.
Moreover, a relatively moderate and consistent settlement rate
was achieved in their initial responses. Approximately 70% of

the maximum settlement was reached at t/t =04,
max

compared to nearly 90% for Wang et al. [31] and Franzen &
Reul [7]. The model of the latter exhibits much steeper initial
responses. Despite the compressibility of the soft clay layers
in the current study (k* = 0.01) and in the study by Lin et al.
[54] (x* = 0.0127 and k* = 0.0068), the distribution
observed for these studies can be explained by the presence of
different soil layers with varying x*. Lin et al.’s [54] moderate
consolidation rate can also be attributed to their specific
construction methodology. A methodology that involved
staged surcharge preloading followed by long-term



Gbénihon Céleste-Amour Kenoukon et al. / IJCE, 12(5), 42-55, 2025

embankment loading, resulting in an extended primary
consolidation phase. However, the Soft Soil Creep Model with
relatively balanced x* values (0.0068-0.0184) produced more
pronounced settlement in the middle time range compared to
the current study. The model's explicit creep component
amplifies the effect of the k* values.

The homogeneous overconsolidated Frankfurt Clay soil
condition with a single k" value in Franzen & Reul's [7]
model appears to facilitate rapid initial settlement. It suggests
that uniform soil conditions may promote consistent
consolidation rates early in the loading process. Incorporating
rate-dependent deformation in Masin's hypoplastic model [7]
can also explain the intensification of the consolidation
response, whether the rapid initial response or the continued
settlement development after the main consolidation phase.
The fluctuations of the groundwater level and the combined
loading effect of the massive structure (1860 MN) also
considerably influence the modelling. These factors contrast
with the current study considerations, namely the stable
groundwater conditions and the smaller loads applied. The
model of Wang et al. [31] also presents rapid settlement
progression. It is characterized by a fast attainment of high
percentages of the maximum settlement. The normalized
curve of the model shows irregular settlement behavior in the
early stages, displayed by fluctuations. Such behavior reflects
the complex soil-structure interactions in their super-tall
building scenario. It might also suggest sensitivity to
differential settlement effects influenced by structural stiffness
and loading variations during the construction phase. Over the
longer term, the settlement curve converges smoothly. It
demonstrates stabilization as the primary consolidation is
complete, and differential effects diminish under a balanced
structural load. This tendency can be explained by the
Hardening Soil Model used, which emphasizes stress-
dependent stiffness rather than time effects.
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5. Conclusion

This study investigated the behavior of a driven pile
foundation in soft ground, subjected to external loads and soil
consolidation. Numerical analyses of the foundation were
achieved using Plaxis 2D and 3D. The results demonstrated
the capability of numerical modelling, particularly when
performed with suitable geometry size, mesh refinement and
efficient approaches, to predict the pile settlement. A good
correlation between the static load test model and the observed
field measurements was observed at 0.26,2.84, 16.98 and 157
days. A comprehensive sensitivity analysis was conducted to
identify the key parameters influencing pile settlement over
time. The vertical displacements of the foundation were
investigated throughout 2000 days. Consolidation analysis
was realized with overloads of 300 kN, 500 AN, 800 kN, 900
kN and 1000 kN. The results indicated that the modified

swelling index x*, cohesion ¢’, friction angle ¢’ and pile width
are notable factors affecting the rate and magnitude of
settlement. An increase of k* the significantly accelerated
settlement, reflecting the impact of soil compressibility on
time-dependent behavior. Lower values of ¢’ led to increased
settlement, demonstrating the critical role of soil shear
strength in resisting deformation. The effects of the friction
angle ¢’ and pile width d were found to be secondary, with
relatively minor variations in settlement observed.
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