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Abstract: This study investigates the load–displacement behavior and failure mechanisms of tapered walls using numerical 
methods validated against experimental data. A two-dimensional (2D) plane strain approach was adopted to effectively 
represent the behavior of tapered piles under vertical loading. Finite element method simulations (using both 
Mohr–Coulomb and hardening Mohr–Coulomb models) and limit analysis with LimitState GEO were employed to analyze 
three tapered wall configurations with taper angles of 0° (straight wall), 0.75° (moderately tapered), and 1.5° (sharply 
tapered) in dense sand. The results reveal the significant influence of taper geometry on load-bearing capacity and failure 
mechanisms, with the moderately tapered wall achieving the optimal balance of shaft friction and base resistance. 
Numerical predictions underestimated the experimental results by up to 30%, primarily due to installation effects, which 
were not incorporated into numerical models. This study underscores the necessity of incorporating installation-induced 
effects for realistic design and modeling of displacement piles. 
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1. Introduction 

Tapered piles have gained increasing attention in geotech-
nical engineering due to their potential for enhancing load-
bearing performance in foundation systems. Unlike conven-
tional straight piles, tapered piles have a decreasing cross-
sectional area along their length, which can lead to signifi-
cant improvements in both installation efficiency and load 
resistance. Understanding the behavior of tapered piles 
during installation and static loading is essential for opti-
mizing their design and practical applications. 

Several studies have demonstrated the effectiveness of 
tapered piles under different loading conditions. Fahmy 
and El Naggar [1] and Naggar and Sakr [2] reported sig-
nificant improvements in bearing capacity for tapered 
piles due to their ability to concentrate stress more effec-
tively at the base compared to uniform piles. Furthermore, 
Sakr and Hesham El Naggar [3] and Wei and El Naggar [4] 
found that tapering enhances shaft friction, a critical 
factor for achieving optimal performance in sandy soils. 
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The installation process is also pivotal in determining the 
performance of tapered displacement piles. They induce soil 
displacement and compaction, which alter the mechanical 
properties of the surrounding soil. Randolph et al. [5] demon-
strated that soil disturbance during installation significantly 
affects soil–pile interaction, influencing load–settlement 
behavior and ultimately dictating pile capacity. In sandy soils, 
compaction around the pile enhances shaft friction while 
facilitating the mobilization of base resistance at relatively 
small displacements [6]. 

Centrifuge testing has emerged as an effective method 
to study these interactions, replicating stress and strain 
conditions in controlled laboratory settings. Centrifuge 
tests simulate gravitational forces, allowing detailed ana-
lyses of pile behavior under diverse loading scenarios 
without the logistical challenges of field testing. Beijer 
Lundberg et al. [7] emphasized the value of centrifuge tests 
in understanding pile installation effects, including load 
transfer mechanisms and stress distributions. 

Numerical analysis is equally essential for predicting 
the behavior of tapered piles under varying conditions. 
Installation effects can be possibly considered by various 
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numerical methods. These include large-strain finite ele-
ment method (FEM) [8, 9], coupled Eulerian–Lagrangian 
methods [10-12], material point method [13-15], and DEM 
analysis [14, 16, 17]. Simplified approaches like the press and 
replace method with step-by-step analysis [18, 19] are also used. 
In this study, a simple FEM approach is used to estimate the 
bearing capacity of tapered piles under plane strain condi-
tions. Advanced software such as OPTUM G2 enables the simu-
lation of complex soil–structure interactions and material 
behaviors [20], while LimitState GEO provides analysis of 
failure mechanisms and collapse patterns [21]. Its capabilities 
in elastoplastic modeling and limit analysis (LA) provide 
detailed insights into load–displacement behavior and stress 
distributions. Notably, OPTUM G2 can estimate both lower 
(statically admissible solution) and upper (kinematically 
admissible solution) limit values of bearing capacity, with 
the upper value being particularly useful for comparison 
with solutions obtained from LimitState GEO. LimitState GEO 
software utilizes the discontinuity layout optimization (DLO) 
method to provide detailed insights into failure mechanisms 
and collapse patterns [22]. The DLO approach identifies poten-
tial slip lines or failure paths in the soil and optimizes their 
configuration to determine the upper bound solution of the 
bearing capacity problem. In this study, the Mohr–Coulomb 
(MC) soil model was employed in LimitState GEO, with input 
parameters similar to those of FEM. 

This work presents that the numerical analysis of displace-
ment piles is incomplete without considering the installation 
effects of stress and strain distribution in the surrounding soil. 
The author estimated the upper and lower bound solutions for 
the bearing capacity of this foundation in the case of non-
displacement (wish-in-place or bored) piles and determined 
the magnitude of the installation factor in the case of plane 
strain piles in dense sand. If the installation factor for the 
axisymmetric case was widely studied, the case of plane strain 
piles (walls) was not considered. The bearing capacity was 
estimated for the three shapes of model piles embedded in 
dense sand, simulating with two types of soil model and taking 
into account different dilatancy angles in the soil mass and at 
the soil–structure interface. It was found that the choice of an 
associated flow  rule  with a high interface  angle can  substan-
tially increase the calculated soil bearing capacity. The effect of 
the upper limit (cap) on soil dilatancy within the interface was 
also examined. In this way, the choice of higher dilatancy 
within the interface and in the soil mass could increase the 
bearing capacity of the bored pile and reduce the gap between 
the numerical modeling and experimental results. The esti-
mated installation factor was higher in the case of the hard-
ening soil model than for the Mohr–Coulomb model. 

This study presents part of a broader research effort 
investigating the installation effects of tapered piles using 

centrifuge modeling and numerical simulations. The current 
study focuses specifically on the bearing capacity of tapered 
piles in sand, based on both experimental data and numerical 
analysis. While this study quantifies the impact of installation 
effects on bearing capacity, the associated stress distribution 
in the surrounding soil has already been presented in our 
previous work [23]. The effects of installation on strain and 
displacement fields, examined using particle image veloci-
metry techniques during centrifuge testing, will be discussed 
in a forthcoming publication. The findings of this study 
demonstrate that neglecting installation effects in numerical 
models leads to a significant underestimation of pile capacity 
compared to experimental results. This comparison under-
scores the importance of accounting for installation-induced 
changes in soil behavior when evaluating the bearing perfor-
mance of tapered piles. 

2. Methodology 

This study utilizes a two-dimensional (2D) plane strain 
approach for modeling tapered walls, which allows for 
an effective representation of their behavior under var-
ious loading conditions. This 2D modeling framework is 
assumed to represent the behavior of piles, simplifying 
complex interactions while maintaining accuracy in simu-
lating the load–displacement behavior and failure 
mechanisms analogous to those observed in axisymmetric 
pile systems. Three tapered wall types with varying taper 
angles and having the same volume were analyzed using 
FEM and LA. The geometry of the model walls in the cen-
trifuge container was replicated in the numerical models. 

2.1 Centrifuge modeling 

A series of centrifuge tests were conducted at the Geotechnical 
Centrifuge Facility of Gustave Eiffel University to replicate field 
stress conditions and study the behavior of tapered piles. 
These tests aimed to provide insights into the performance 
of tapered piles and walls in dense sand during installation 
and static loading. 

2.1.1 Test setup 

The experiments were conducted using a strongbox con-
tainer measuring 800 mm × 450 mm × 200 mm, filled with 
dense Fontainebleau NE34 sand. The sand was prepared 
using the sand raining technique to achieve a uniform 
relative density of 68%. Figure 1 illustrates the preparation 
process, including the sand raining technique and the pre-
pared container. 
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Figure 1. Sand preparation process: (a) sand raining technique and (b) prepared strongbox. 
Source: Author’s contribution. 

Three model walls with varying taper angles were fab- experimental setup and positioning within the container is 
ricated for testing: a straight wall (S) with a 0° taper and a depicted in Figure 2, which provides a section view (Figure 
bottom width of 16 mm, a moderately tapered wall (T1) 2a) and a plan view (Figure 2b). 
with a 0.75° taper and a bottom width of 12 mm, and a 
sharply tapered wall (T2) with a 1.5° taper and a bottom 2.1.2 Experimental procedure 
width of 9 mm. The top widths were 16 mm for S, 19  mm  
for T1, and 22 mm for T2. All walls were 224 mm in The sand was placed in a strongbox container, and the 
embedded length and made from steel. The layout of the model walls were carefully positioned in the loading 
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Figure 2. Experimental setup layout: (a) section view and (b) plan view at the end of wall installation. All dimensions in mm. 
Source: Author’s contribution. 
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Figure 3. Experimental setup with model walls and loading frame configuration. 
Source: Author’s contribution. 

frame with their bases near the soil surface (Figure 3). The 
centrifuge was operated at an acceleration of 25 g to repli-
cate field stress conditions. During the installation phase, 
the walls were pushed into the sand at a constant penetra-
tion rate of 0.1 mm/s until a depth of 224 mm was reached. 
Displacement and load data were continuously monitored 
throughout the process to ensure accuracy. Following the 
installation, static loading tests were performed in com-
pression and tension. The vertical load was applied at a 
constant rate of 0.1 mm/min until the pile settlement 
reached its base diameter (16 mm for the straight wall). 

2.2 Numerical analysis 

Numerical simulations were conducted to complement the 
experimental findings and provide further insights into the 
load–displacement behavior and failure mechanisms of 
tapered walls. Two numerical approaches were employed: 
the FEM using OPTUM G2 and the LA using LimitState GEO. 

2.2.1 FEM 

2.2.1.1 Model setup 
A 2D plane strain model was developed for the three types 
of walls used in the experiment. The model dimensions 
were defined as 800 mm width (B) and 450 mm height (H) 
to replicate the container size used in the centrifuge tests 
(Figure 4). 

The straight wall (S) has a constant breadth (b) of  
16 mm, while the tapered walls (T1 and T2) were designed 

to have equivalent volumes. For T1, the bottom breadth 
was 13 mm, increasing to 19 mm at the top, and for T2, the 
bottom breadth was 10 mm, increasing to 22 mm at the top. 
They were characterized by a smaller base area compared 
with a straight wall. As the end-bearing mechanism dom-
inates in the bearing capacity, the lower base area of 
tapered walls will not compensate for the increased lateral 
friction mobilized on the wall [23]. All walls are embedded 
in the soil to a depth (h) of 224 mm. 

2.2.1.2 Material properties 

The soil behavior was represented using both MC and 
hardening Mohr–Coulomb (HMC) models, which account 
for different stress–strain responses under loading. The 
HMC model offers a significant advantage over the tradi-
tional MC model by incorporating strain-hardening and 
strain-softening behavior, allowing for a more accurate 
representation of the progressive development of plastic 
strains under loading [24]. This feature is particularly 
useful for modeling dense sands, where the stress–strain 
response is characterized by initial hardening followed by 
softening due to dilatancy and eventual shear failure. In 
contrast, the MC model assumes perfect plastic behavior 
beyond the yield point, which can oversimplify the actual 
soil response. The piles were modeled as rigid materials. 

The parameters for Fontainebleau sand were taken 
based on experimental tests by Andria-Ntoanina et al. 
[25], as shown in Table 1. For the non-associated flow 
rule in the HMC model, the Taylor flow rule was applied 
with a dilatancy angle of 5.37°, while in the MC model, a 

49 



Bearing capacity of tapered walls 

Figure 4. Numerical model setup in OPTUM G2. 

dilatancy angle of 5° was assumed. The effect of considering 
volumetric dilation cap was analyzed by assuming a unit 
value for  the dilatancy  in  the non-associated  flow rule of 
the MC model. The interface material has the same properties 
as the soil but with a reduced friction angle of 16° to account 
for lower resistance at the interface. The centrifuge experi-
ment on a model scale was considered in numerical analysis. 
The unit weight of the soil used in simulations was thus 
multiplied by a factor of 25 to account for increased gravity 
during centrifuge tests, resulting in an effective unit weight of 
400 kN/m3. Additionally, the rigid wall was assumed with a 
unit weight of 1,750 kN/m3. 

Source: Author’s contribution. 

2.2.1.3 Analysis type 
OPTUM G2 was used to perform FEM simulations. The 
initial analysis focused on a standard wall (S), examining 
the effects of various parameters such as boundary size, 
mesh density, associated and non-associated flow rules, 
and the inclusion of a dilation cap on the load–displace-
ment behavior. Both the MC and HMC models were 
employed, with the MC model analyzed under both asso-
ciated and non-associated flow rules to account for their 
differing effects on load capacity. 

The effect of a dilation cap was also analyzed for the 
non-associated MC model, as it influences the volumetric 

Property 

Young’s modulus (E) 

Friction angle (φ′) 

Cohesion (c′) 

Poisson’s ratio (ν) 

Unit weight (γ) 

Reference Young’s modulus (E50,ref) 

Unloading modulus (Eur,ref) 

Earth pressure coefficient (K0) 

Dilatancy angle for non-associated 

flow (ψ) 

Reference stress (pref) 

Hardening parameter (m) 

MC model HMC model 

35 MPa 

31.5° 

0 

0.3 

0.47 

5.0° 

16 kN/m3 

31.5° 

0 

0.3 

40 MPa 

75 MPa 

0.47 

5.37° 

100 kPa 

0.5 

50 

Table 1. Properties of sand used in OPTUM G2 analysis [25]. 
Source: Author’s contribution. 
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response of the soil during loading. Static loading was 
applied incrementally until the pile settlement reached 
its base diameter (16 mm for the straight pile). The output 
from the FEM simulations is the load–displacement curve, 
which was analyzed under different scenarios, including 
variations in the taper angle, changes in mesh density, and 
behavior model for soil and interface. 

2.2.2 LA 

LA was conducted using LimitState GEO to investigate the 
failure mechanisms and failure loads of the tapered piles. 

2.2.2.1 Model setup 

For consistency with the FEM simulations and the experi-
mental setup, a 2D model similar to that used in FEM 
(Figure 4) was created for each wall. The model dimen-
sions, geometry, boundary conditions, and material prop-
erties were identical to those in the FEM analysis. The soil 
behavior in the simulations was represented using the MC 
model with the associated flow rule. These properties 
were adopted from FEM analysis to ensure consistency 
across the numerical methods. 

2.2.2.2 Analysis type 

The LA simulations were aimed at identifying the kine-
matic failure mechanism and collapse loads for each 
wall type. The analysis assumed static loading and mod-
eled the pile failure process by analyzing how the soil 
behaves under increasing loads. Mesh resolution sensi-
tivity tests were performed to assess the accuracy of the 
failure mechanisms. From LA, the effect of taper angle on 
the failure mechanisms was assessed. Additionally, failure 

load comparisons were made between each wall, and the 
results were compared with the experimental data. 

3. Results 

3.1 Centrifuge test results 

The results of centrifuge tests, including stress distribution 
in the soil mass, along the pile wall, and installation force– 
displacement behavior, were presented in Bałachowski et al. 
[23]. The models were continuously pushed into the sand 
mass, and this process was performed in-flight. The total 
force mobilization during wall installation was examined 
for each wall configuration (Figure 5). It was observed that 
the total force required for the monotonic installation was 
slightly lower for the walls with higher taper angles com-
pared to the straight one (S). At a final embedment depth, 
the penetration force for the sharply tapered wall (T2) was 
approximately 75% of the axial force required for the straight 
wall (S), while the moderately tapered wall (T1) required 
about 90% of the axial force of the straight wall. 

3.2 Numerical results 

3.2.1 FEM analysis 

OPTUM G2 was used to perform FEM simulations. The 
initial parametric analysis (Figures 6–10) was conducted 
on a standard straight wall, examining several factors 
such as the impact of boundary size on load–displacement 
curves, the effect of associated and non-associated flow 
rules on the wall performance, the role of the dilation 

Figure 5. Load at pile head–displacement curves of walls from centrifuge experiments during the installation phase. 
Source: Author’s contribution. 
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Figure 6. Effect of boundary conditions (container size) on the load–displacement curves: (a) HMC – lower bound, (b) HMC – upper 
bound, (c) MC – lower bound, and (d) MC – upper bound. 

cap, and the influence of mesh density. Additionally, the 
comparison between the MC and HMC models was also 
considered. Following this, the analysis was extended to 
tapered walls, focusing on how the taper angle affects the 
load–settlement behavior. For the load–displacement curves, 
the head load was calculated by multiplying the stress at the 
top of the wall by the area of the wall (breadth × length). The 
wall length for all types was 20 cm (Figure 2b). The following 
sections present the results of FEM analysis, which address 
these key topics. The walls were modeled as wish-in-place at 
a depth  of  224  mm (model scale), so the installation effects 
related to model continuous penetration in the sand mass 
were not taken into consideration. 

3.2.1.1 Effect of boundary size 

The influence of the container size on the load–displace-
ment behavior was investigated using FEM analysis. While 
maintaining a constant domain height of 450 mm, the 

Source: Author’s contribution. 

domain lengths were varied at 800, 1,000, and 1,200 mm. 
For this case, the mesh density of 1,000 elements was con-
sidered. The results, presented in Figure 6, show the load– 
displacement curves for both the upper and lower bound 
values obtained from the HMC and MC models with asso-
ciated flow rules. These results indicate that the variation 
in the domain size has a negligible impact on the load– 
displacement behavior, suggesting that boundary effects 
are minimal under these conditions. Moreover, the lower 
and upper bound solutions are relatively close to each 
other. 

3.2.1.2 Effect of the number of mesh elements 

The influence of mesh density on FEM results was ana-
lyzed considering four mesh densities: 1,000, 2,000, 4,000, 
and 6,000 elements. The effects were examined for both 
the upper and lower bounds of the HMC and MC models 
(Figure 7). The analysis shows that as the number of 
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Figure 7. Effect of mesh density on load–displacement curves: (a) HMC – lower bound, (b) HMC – upper bound, (c) MC – lower bound, 
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elements increased, the gap between the upper and lower 
bounds consistently decreased up to 4,000 elements. Spe-
cifically, the lower bound values increased, while the 
upper bound values decreased, indicating a convergence 

18 

Source: Author’s contribution. 

of results. Beyond 4,000 elements, for example, at 6,000 
elements, this effect became negligible, suggesting that 
further mesh refinement did not significantly improve 
the solution (Figure 7) but may propagate some numerical 
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Figure 8. Load–displacement curves for different combinations of MC models with associated and non-associated flow rules. 
Source: Author’s contribution. 
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errors. Thus, the domain of 800 mm with 4,000 elements 
was assumed for further analysis. 

3.2.1.3 Effect of associated and non-associated flow 
rules for the MC model 

The difference between associated and non-associated flow 
rules within the MC model for the sand mass and wall–soil 
interface was also investigated. Four cases were considered: 
(a) associated flow rule for both soil and interface, (b) asso-
ciated flow rule for soil and non-associated flow rule for the 
interface, (c) non-associated flow rule for soil and associated 
one for the interface, and (d) non-associated flow rule for 
both soil and interface. The results revealed that cases with 
associated flow rules (a and b) exhibited higher stiffness 
and load capacity. Among these, case a (associated soil and 
interface) showed the highest response, followed by case b 
(associated soil and non-associated interface). Conversely, 
cases with non-associated flow rules (c and d) exhibited 
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load–displacement behavior with lower stiffness and capa-
city compared to cases with associated flow rules. Case c 
(non-associated soil and associated interface) demonstrated 
higher capacity than case d (non-associated soil and inter-
face), with case d yielding the lowest load capacity among all. 
These trends are illustrated in Figure 8, where all load–dis-
placement curves (a–d) present a significant influence of 
flow rules on the predicted wall performance. 

3.2.1.4 Effect of dilation cap 

The effect of considering a dilation cap was investigated for 
both the non-associated MC model and the HMC model. In 
this analysis, a volumetric dilation (εv,cr) of unit value was 
applied to both the soil and soil–wall interface. The results 
indicated that the inclusion of the dilation cap led to slightly 
lower load–settlement curves compared to cases without the 
dilation cap in both the MC and HMC models (Figure 9). The 
dilation cap was not applied in further analysis. 
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Figure 11. Load–displacement curves for the T1 wall using (a) HMC model, (b) associated MC model, and (c) non-associated MC model. 

3.2.1.5 MC and HMC models 
FEM analysis using OPTUM G2 shows distinct differences in 
load–displacement behavior between the MC and HMC 
models. The MC model with an associated flow rule provided 
a baseline representation, capturing linear-elastic behavior 
followed by plastic deformation at failure. In contrast, the 
HMC model, with its ability to simulate strain hardening 
and softening, offered more accurate predictions of soil beha-
vior at higher settlements. This distinction is evident in the 
load–displacement curves (Figure 10), where the HMC model 
produces a smoother transition to failure compared to the 
MC model. The MC solution with a non-associated flow rule 
gives much softer load mobilization without a distinct failure 
load as the soil dilatancy is limited. 
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3.2.1.6 Modeling of tapered walls 
After parametric studies concerning the standard wall, the 
focus was extended to the analysis of tapered walls (T1 and 
T2). A mesh density of 4,000 elements was adopted, based 
on the findings from the standard walls, as it provided 
optimal accuracy and convergence. A container size of 
800 mm, consistent with the experimental setup, was 
used, given the negligible impact of boundary conditions 
previously established. 

The results are presented as load–displacement curves 
for each tapered wall (Figures 11 and 12). For both walls, 
three sets of results are shown: HMC, associated MC, and 
non-associated MC models. The associated MC model con-
sistently produced the highest load capacities due to its 
assumption of full dilation, followed by the HMC model. 
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Figure 12. Load–displacement curves for the T2 wall using (a) HMC model, (b) associated MC model, and (c) non-associated MC model. 
Source: Author’s contribution. 
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Figure 13. Failure mechanisms of the straight (S), moderately tapered (T1), and sharply tapered (T2) walls. 
Source: Author’s contribution. 

The non-associated MC model yielded the lowest load of load capacity. The T1 wall exhibited relatively higher 
capacities due to the reduced dilation angle. The HMC load capacity compared to the T2 wall, reflecting the ben-
model, by incorporating stress-dependent variations in efits of a moderate taper angle in balancing shaft friction 
soil stiffness, provided a balanced and realistic prediction and base resistance. 
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failure patterns. For all models, the failure mechanisms 
exhibited a deep failure mode, with slip lines concentrated 
near the wall base, extending into the surrounding soil 

0 0.75 1.5 

L
o

ad
 (

k
N

)

10 

0 

Taper angle (degrees) 

Figure 14. Failure load comparison for S, T1, and T2 walls at the 
end of installation. 

(Figure 13). The results consider upper-bound solution 
with a kinematic mechanism. 

For the straight model (S), the slip lines were localized 
directly below the base and extended vertically down-
ward, reflecting a concentrated stress zone typical of uni-
form geometry. This failure mechanism resulted in limited 
mobilization of the surrounding soil, with the load pri-
marily transmitted by end-bearing at the wall base. The 
moderately tapered model (T1) displayed a more distrib-
uted failure pattern. The slip lines emanated from the base 
but extended outward along the taper region, indicating 

Source: Author’s contribution. 
enhanced soil mobilization and redistribution of stresses 
due to the taper angle. This mechanism increased the con-

3.2.2 LA tribution of shaft friction to the overall load-bearing capa-
city while maintaining stability near the base. The sharply 
tapered model (T2) showed a similar deep failure mode 
but with slip lines concentrated closer to the pile tip and a 
reduced outward spread. The pronounced taper angle led 
to higher stress concentrations at the base and shaft. 
However, due to a smaller base area, this resulted in lower 
bearing capacity compared to the T1 wall. 

3.2.2.2 Failure loads 

LA was employed to investigate the effect of taper angles 
on the failure load and failure mechanisms of each wall 
under static loading. This analysis provided insights into 
the impact of wall geometry on load-bearing capacity and 
the development of slip surfaces. The soil was modeled 
using the MC failure criterion with the associated flow 
rule. The parameters used for the soil were the same as 
those used in the FEM analysis. 

3.2.2.1 Failure mechanisms 
The failure loads at the end of installation for the three 
wall types were evaluated (Figure 5) and are compared in The failure mechanisms of the straight wall (S), moder-
Figure 14. The straight wall (S) achieved the highest failure ately tapered wall (T1), and sharply tapered (T2) were 
load of 18.78 kN, followed by the moderately tapered (T1), analyzed to evaluate the effect of taper geometry on 
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Figure 15. Comparison of numerical and experimental analysis (prototype scale) for (a) non-associated flow rule and (b) associated 
flow rule. 

Source: Author’s contribution. 
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which reached 14.68 kN. The sharply tapered wall (T2) 
exhibited the lowest failure load of 12.9 kN. This trend is 
consistent with the findings from FEM analysis, con-
firming the substantial effect of pile geometry on load 
capacity. The results emphasize that while the straight 
pile (S) offers the greatest load-bearing capacity due to 
its largest base area, moderate tapering in the T1 pile pro-
vides a balance between the base capacity and soil–wall 
interaction. In contrast, excessive tapering in the T2 pile 
significantly reduces load capacity due to stress concentra-
tions and reduced base area. 

3.3 Comparison of numerical results with
the experimental data 

To validate the FEM and LA models, numerical results 
were compared with centrifuge test data at the end of 
monotonic penetration. It is essential to note that the walls 
in the numerical models were analyzed as wish-in-place, 
meaning the installation effects were not considered. During 
the centrifuge experiments, the walls were progressively 
pushed into dense sand, inducing significant stress and defor-
mation changes in the surrounding soil. These changes, 
including densification, displacement, and stress redistribu-
tion, substantially enhanced the load-bearing capacity 
observed in the experiments. Figure 15 shows a summary 
of the upper bound solution obtained from the FEM analysis 
(both MC and HMC models), LA, and centrifuge experimental 
results. For clarity of presentation, the results are given in 
prototype scale for 1 m of continuous wall. The design value 
of head load from centrifuge tests was estimated according to 
EC-7 standard based on physical modeling results and Design 
Approach 2 (DA2). The characteristic value of head load at the 
end of continuous penetration was divided by the bearing 
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capacity partial factor for compression piles (γt = 1.1). The 
correction coefficients for the bearing capacity of piles sub-
jected to axial loading based on static load tests (ξ1, ξ2) were 
assumed to be 1.0. 

The LA results consistently predicted higher load 
values than FEM models. However, even the highest LA 
predictions were below the experimental values, which 
shows the critical influence of installation effects. The 
MC-associated flow rule provided the upper bound for 
load predictions, showing higher values compared to the 
MC non-associated and HMC models. FEM provides 
detailed predictions of load–displacement behavior and 
deformation mechanisms, while LA focuses on failure 
mechanisms and collapse loads. 

To further investigate the impact of installation, rela-
tive installation effects were calculated by comparing the 
experimental ultimate loads with numerical results, as 
shown in equation (1): 

Relative installation effect ( )% 

Experimental value − Numerical solution (1) 
= × 100,  

Experimental value 

Numerical solution 

Upper bound  value  +  Lower bound  value  (2) 
= . 

2 

Figure 16 illustrates the relative installation effects of 
walls with their respective taper angles. The results indi-
cate that the relative installation effects vary significantly 
depending on the analysis method and taper angle. The 
MC-non-associated model consistently gives the highest 
relative installation effect, close to 75%, followed by the 
HMC model with relative effects close to 65%. 

In contrast, the MC-associated model and LA gave 
lower relative installation effects. Specifically, the LA 
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Figure 16. Relative installation effects (%) as a function of taper angle. 
Source: Author’s contribution. 
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solution presents the values closest to the experiment with 
the lowest relative installation effect of about 35–40%. The 
relative installation effect tends to increase with taper angle. 
These variations emphasize that taper geometry and the 
choice of analysis method significantly influence the esti-
mated installation effects on load-bearing performance. 
This finding is consistent with previous studies [15, 26],  
which reported notable differences in numerically predicted 
load capacities when installation effects are omitted. 

4. Conclusions and perspectives 

This study presents a detailed analysis of the load–displa-
cement behavior and failure mechanisms of tapered walls, 
validated through experimental centrifuge tests. LA and FEM 
using the MC model with associated flow rules provided 
comparable failure load predictions but underestimated 
experimental values. FEM analyses, utilizing both MC and 
HMC models, accurately captured load–displacement trends 
and stress distributions, while LA provided valuable insights 
into failure mechanisms and collapse loads. 

Among all numerical approaches, the HMC model 
demonstrated the best performance in simulating bored 
pile behavior. This is likely due to its ability to represent 
nonlinear stress–strain behavior, stiffness degradation, 
and density-dependent strength in the sand, making it 
more suitable for simulating pile–soil interactions under 
varying stress paths. 

The result shows the significant impact of taper geo-
metry, with the moderately tapered wall achieving a 
better balance between shaft friction and base resistance. 
These differences are primarily attributed to installation-
induced effects, such as soil densification, lateral stress 
increase, and stress redistribution, which were not taken 
into consideration in numerical analyses. These findings 
emphasize the importance of considering taper geometry 
and installation effects in the design and analysis of foun-
dation systems, offering a validated framework for inte-
grating numerical and experimental approaches in geo-
technical engineering. The analyses were performed for 
walls under plane strain conditions. These conclusions can 
also be used to qualitatively describe the behavior of 
tapered piles. 

The study reveals the importance of the dilatancy angle in 
the soil behavior and pile–soil interface. The use of associated 
flow with a high dilatancy angle reduces the gap between the 
behavior of the model and numerical simulation. 

The perspective of this study is to improve the realism 
of numerical simulations, and future studies should 

incorporate pile installation effects using stepwise pre-
loading or staged load application  [18] to simulate stress 
build-up around the pile prior to loading. This simplified 
approach provides a practical alternative to more com-
plex large deformation modeling techniques. Alterna-
tively, more simplified techniques, such as applying 
initial stress fields with imposed lateral stress coefficient 
and prescribed stress distribution after installation, can 
also approximate the stress state without fully modeling 
the process. Here,  one can  use the  contact stress distribu-
tion registered in centrifuge model tests. The perspective 
of this study could also be related to a more advanced 
analysis of the influence of interface parameters on the 
obtained numerical results. The interface shear tests 
with different boundary conditions, including constant 
volume tests, imposed constant normal stiffness of the 
interface, or other loading paths, can be performed to 
better simulate the soil–structure interaction and to 
determine the interface friction angle at a wide range 
of stress levels, plate roughness, and boundary condi-
tions. Here, one can also consider ring shear tests to 
simulate large deformation during the continuous pene-
tration of the wall. 
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