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ABSTRACT: The performance of bored pile foundations for hospital buildings must satisty
both axial capacity and serviceability requirements, as excessive settlement may adversely
affect structural and non-structural components, sensitive medical equipment, and overall
building functionality. This study evaluated the axial bearing capacity and displacement
response of a single bored pile at point P-86 of an Integrated Oncology Hospital Building
project by comparing two numerical approaches, finite element method (FEM) analysis and
AllPile Vertical Analysis, against field measurements obtained from a Pile Driving Analyzer
(PDA) test. The investigated pile had a diameter of 0.80 m, an embedded length of 25 m, and
a working load of 918 kN. Subsurface conditions were characterized using borehole BH-2 data,
with groundwater encountered at approximately 10.5 m below ground level. The FEM analysis
predicted an ultimate axial capacity of 985.98 tons and a displacement of 6.00 mm, whereas
AllPile predicted an ultimate capacity of 1,365.21 tons, an allowable compressive capacity of
455.17 tons, and a settlement of 3.119 mm. In comparison, the PDA test indicated an ultimate
capacity of 429 tons and a displacement of 7.60 mm. Relative to the PDA results, the FEM and
AllPile ultimate capacities were higher by 129.83% and 218.23%, respectively, while the
corresponding displacement differences were 21.05% and 58.96%. Thus, FEM provided
predictions closer to the PDA results for both axial capacity and displacement, although a
substantial discrepancy remained in the predicted ultimate capacity. The pile nevertheless
satisfied the adopted working-load and serviceability requirements. These findings
demonstrate that numerical predictions require site-specific calibration and validation against
field measurements. Moreover, PDA-derived capacity should be interpreted as a dynamic field
reference rather than as a direct substitute for conventional static pile load testing.

KEYWORDS: Axial capacity; bored pile; finite element analysis; load—settlement response;
PDA test; soil-structure interaction

1. Introduction

Deep foundations are commonly adopted when near-surface soils lack sufficient strength or
stiffness to safely support structural loads. Among these systems, bored piles are widely used
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for large and heavily loaded structures because they can transfer axial loads to deeper and more
competent soil layers through a combination of shaft and base resistance. Their performance,
however, is governed by complex soil—pile interaction involving soil stiffness and strength,
stratification, groundwater conditions, pile geometry, interface behavior, stress history, and
construction effects. For critical facilities such as hospitals, reliable foundation performance is
particularly important because excessive total or differential settlement may affect not only
structural and non-structural components but also architectural finishes, mechanical and
electrical systems, medical utilities, sensitive equipment, and the continuous functionality of
healthcare services.

The axial resistance of a bored pile is primarily developed through shaft resistance along
the pile—soil interface and base resistance beneath the pile tip. These resistance components are
progressively mobilized and may require different levels of displacement before reaching their
ultimate values. Consequently, pile performance cannot be adequately characterized by
ultimate bearing capacity alone; the associated load—settlement response must also be
considered to ensure compliance with both ultimate and serviceability requirements. Previous
studies have demonstrated that axial pile behavior is highly sensitive to nonlinear soil response,
soil stratification, stiffness assumptions, interface characteristics, construction conditions, and
the relative mobilization of shaft and base resistance [1-6]. Accurate prediction of these
mechanisms therefore remains an important challenge in geotechnical foundation design.

Finite element method (FEM) analysis provides a numerical framework for representing
the interaction between the pile and surrounding soil and for evaluating the development of
stresses, strains, and displacements under applied loading. Compared with conventional
analytical approaches, FEM can explicitly incorporate soil layering, groundwater conditions,
constitutive soil behavior, pile—soil interfaces, and nonlinear stress—deformation relationships
within a unified numerical model. Recent studies have demonstrated the effectiveness of FEM
for evaluating pile and foundation load—settlement behavior under various geotechnical
conditions [3, 7-9]. Nevertheless, the reliability of FEM predictions depends strongly on the
quality and representativeness of soil parameters, constitutive models, interface properties,
boundary conditions, mesh configuration, and other modelling assumptions. Consequently, a
sophisticated numerical model does not necessarily provide an accurate representation of field
pile behavior when these parameters are insufficiently calibrated to actual site conditions.

In engineering practice, specialized pile-analysis programs such as AllPile provide a
more computationally efficient alternative for estimating axial bearing capacity and settlement
using established analytical and semi-empirical procedures. Such approaches require fewer
modelling decisions than continuum-based FEM and are therefore attractive for routine
foundation assessment and design. However, their simplified representation of soil-pile
interaction may not fully reproduce the stress redistribution, progressive resistance
mobilization, and deformation mechanisms occurring in heterogeneous ground conditions. The
use of different analytical frameworks can consequently produce substantially different
estimates of ultimate capacity and settlement even when the same pile geometry and subsurface
information are adopted.

This methodological uncertainty creates an important engineering problem. Numerically
predicted pile capacity and settlement may differ considerably from the response measured
under field conditions, making it difficult to determine whether a design model provides a
sufficiently realistic representation of actual pile performance. This issue is particularly

291



Civil and Sustainable Urban Engineering 6(2), 2026, 290—308

relevant to bored piles because their field behavior is influenced not only by the inherent
properties of the surrounding soil but also by construction-related factors, including drilling
disturbance, borehole stability and cleaning, groundwater conditions, sediment accumulation
at the pile base, slurry management, and concrete placement [5, 6]. These effects are difficult
to reproduce completely in numerical or semi-empirical models and can alter the mobilization
of both shaft and base resistance. Field measurements are therefore essential for assessing the
extent to which calculated pile responses represent actual site behavior.

Despite the extensive application of numerical and analytical methods in pile foundation
design, project-specific studies that directly compare continuum-based FEM and practical
AllPile Vertical Analysis using identical pile geometry, loading conditions, subsurface data,
and a common field-test reference remain limited. Previous investigations have generally
demonstrated the capabilities of individual modelling approaches, whereas less attention has
been given to quantifying the magnitude of disagreement between different prediction methods
and field observations for the same bored pile [3, 7-9]. Moreover, comparisons based solely
on ultimate capacity provide an incomplete assessment because a model may adequately
predict bearing resistance while providing a substantially different estimate of settlement. An
integrated comparison of both axial capacity and displacement is therefore required to evaluate
the practical reliability of alternative modelling approaches.

The present study addresses this gap through a project-specific assessment of a single
bored pile at point P-86 of an Integrated Oncology Hospital Building project. The investigated
pile has a diameter of 0.80 m and an embedded length of 25 m. Its axial response is evaluated
using two distinct approaches: a two-dimensional FEM model and AllPile Vertical Analysis.
Predictions from both methods are compared with the reported Pile Driving Analyzer (PDA)
test response for the same pile. The novelty of the study lies not in proposing a new numerical
formulation, but in providing an integrated evaluation of two commonly applied engineering
approaches against a project-specific field reference while simultaneously considering ultimate
axial capacity and displacement. This comparison enables the magnitude of prediction
discrepancies to be quantified and provides a basis for examining the potential influence of
modelling assumptions, subsurface characterization, construction conditions, and field-test
interpretation.

Accordingly, this study aimed to evaluate the axial performance and serviceability of the
P-86 bored pile by comparing FEM and AllPile Vertical Analysis predictions of axial bearing
capacity and settlement with the reported PDA field response, thereby quantifying model—field
discrepancies and assessing the suitability of the investigated pile under the adopted working-
load and settlement criteria. The AllPile procedure is referred to throughout this study as A//Pile
Vertical Analysis rather than p—y curve analysis. The p—y method is primarily used to
characterize the lateral soil—pile response, whereas the present AllPile model applies vertical
axial loading with zero applied shear force and bending moment. Accordingly, the scope of
this study is restricted to axial compression behavior and does not include an assessment of
lateral pile capacity.
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2. Materials and Methods
2.1. Study Data and Foundation Geometry.

This study employed secondary project data comprising the BH-2 borehole investigation,
geotechnical parameters, bored pile geometry, design working load, AllPile output, finite
element method (FEM) output, and Pile Driving Analyzer (PDA) test results. The analysis
focused on a single bored pile located at point P-86 and subjected to axial compression. The
investigated foundation consisted of a 0.80 m diameter bored pile with an embedded length of
25 m and a cross-sectional area of 0.503 m?. The applied vertical working load was 918 kN,
equivalent to approximately 93.61 tons. The principal geometric, loading, and field-reference
parameters are summarized in Table 1.

Table 1. Main foundation and loading parameters.

Parameter Value
Analysis point P-86
Foundation type Bored pile
Pile diameter, D 0.80 m
Embedded length, L 25m
Cross-sectional area 0.503 m?
Working vertical load 918 kN
Working load 93.61 tons
Groundwater level 10.5m
Field reference PDA test

The subsurface profile was established from borehole BH-2 and consisted predominantly
of silty clay in the upper strata, followed by silty sand and increasingly dense sandy materials
at greater depths. The Standard Penetration Test (SPT) resistance and interpreted soil stiffness
generally increased with depth, indicating progressively stronger and stiffer foundation
materials. Groundwater was encountered at approximately 10.5 m below ground level. Because
BH-2 was the only borehole available for the present analysis, its profile was adopted as
representative of the subsurface conditions at P-86. This assumption introduces uncertainty
because soil strength, stiffness, stratification, and groundwater conditions may vary spatially
within the same construction site. The BH-2 profile was therefore treated as a project-specific
representation of the investigated pile location rather than a complete characterization of the
entire hospital foundation area [10—12].

2.2. Analytical Framework.

The axial performance of the investigated bored pile was evaluated in terms of ultimate bearing
capacity, allowable capacity, and settlement. Ultimate axial resistance was considered to
comprise shaft resistance developed along the pile—soil interface and base resistance mobilized
beneath the pile tip. The relative contribution of these components depends on soil properties,
interface conditions, pile displacement, and the progressive mobilization of resistance along
the pile [1, 4]. Previous field and numerical investigations have also demonstrated that pile-
base resistance can be strongly influenced by settlement, construction conditions, and the
degree of resistance mobilization [3, 5, 13—15]. For the AllPile analysis, allowable axial
capacity was determined using the factor-of-safety procedure adopted in the original project
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calculation. Factors of safety of 3.0 and 2.0 were applied to shaft and base resistance,
respectively. These values were retained to reproduce the original project analysis and should
therefore be regarded as project-specific engineering assumptions rather than universal design
factors applicable to all bored piles.

The assessment also considered pile deformation because satisfactory ultimate capacity
does not necessarily ensure acceptable serviceability performance. The project adopted an
allowable settlement criterion of 80 mm, corresponding to 10% of the pile diameter. This value
was treated exclusively as the project-adopted serviceability criterion and not as a universal
settlement limit prescribed by SNI 8460:2017. Numerical predictions were compared with the
PDA field reference in terms of ultimate axial capacity and reported displacement. The
percentage difference between each numerical result and the corresponding PDA value was
calculated as:

Numerical result — PDA result
| L x100%

Percentage difference = T (1)

The investigated pile was considered satisfactory under the analyzed loading condition
when the applied working load remained below the adopted allowable axial capacity and the
predicted settlement remained below the project-adopted settlement criterion. Because PDA
testing derives pile response from dynamic measurements, the PDA result was treated as a
project-specific field reference rather than as a direct equivalent of a conventional static axial
pile load test. This distinction is important because field and numerical studies have
demonstrated that pile response depends on the adopted loading and interpretation procedures
[16—18].

2.3. AllPile Vertical Analysis.

The pile was modeled in AllPile as a drilled shaft with a diameter of 0.80 m and an embedded
length of 25 m. The concrete surface was defined as rough, and the pile was assumed to be
vertical and subjected to single-pile axial compression without pile-cap interaction. A vertical
working load of 918 kN was applied at the pile head, while shear force, bending moment, and
torsional moment were set to zero. The AllPile simulation therefore represented axial
compression exclusively and was not intended to evaluate lateral pile behavior. The soil profile
was defined according to the BH-2 investigation at depths of 0, 1.5, 5.5, 10.5, 14.5, and 30 m.
The principal soil inputs included unit weight, cohesion, internal friction angle, deformation
modulus, SPT-related parameters, and soil classification. These parameters controlled the
analytical and semi-empirical estimation of shaft and base resistance. SPT-based approaches
remain widely used for estimating pile load-transfer behavior where detailed laboratory or
advanced in situ measurements are unavailable [1]. The factors of safety adopted in the original
AllPile calculation were 3.0 for shaft resistance and 2.0 for base resistance.The AllPile analysis
produced an ultimate compressive capacity of 1,365.21 tons and an allowable compressive
capacity of 455.17 tons. Given a working load of approximately 93.61 tons, the predicted
allowable capacity was approximately 4.86 times the applied working load. The model
geometry, subsurface profile, and axial loading configuration are illustrated in Figure 1. The
AllPile procedure is referred to throughout this study as AllPile Vertical Analysis rather than
p—v analysis, because p—y formulations are principally associated with lateral pile—soil
interaction under horizontal loading [17].
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Figure 1. AllPile Model Configuration: (a) Pile Geometry and Soil Profile; (b) Vertical Loading Configuration.

2.4. Finite Element Modeling.

A two-dimensional axisymmetric FEM model was developed to simulate the axial interaction
between the bored pile and the surrounding soil. The axisymmetric formulation was selected
because the pile had a circular cross-section and was subjected to concentric axial compression.
This approach provides an efficient representation of the radial stress and deformation field
surrounding a vertically loaded single pile while avoiding the computational requirements of a
full three-dimensional model. FEM has been widely applied to investigate pile—soil interaction,
load transfer, settlement, and stress redistribution under vertical loading [3, 8, 10, 11].

The numerical soil profile was established from the BH-2 borehole and divided into
layers according to changes in soil classification and SPT resistance. The groundwater table
was assigned at 10.5 m below ground level. Soil behavior was represented using the Mohr—
Coulomb constitutive model because the available geotechnical investigation primarily
provided conventional parameters, including unit weight, cohesion, friction angle, and
deformation modulus. Although more advanced constitutive models can reproduce nonlinear
stiffness behavior in greater detail, their application requires additional parameters that were
unavailable in the project dataset. The Mohr—Coulomb formulation was therefore selected as a
practical compromise between the available geotechnical information and the requirements of
the numerical analysis.

The bored pile was represented as a linear-elastic structural material with a diameter of
0.80 m and an embedded length of 25 m. The concrete was assigned a unit weight of 24 kN/m?,
a Young’s modulus of 25,000 MPa, and a Poisson’s ratio of 0.20. Elastic pile behavior was
assumed because the primary objective was to evaluate the axial response of the pile—soil
system rather than structural failure of the reinforced-concrete pile.

Pile—soil interaction was represented explicitly using interface elements that permitted
relative displacement and shear-stress transfer between the pile and surrounding soil. An
interface reduction factor, (Rinter), of 0.70 was adopted. Accordingly, the interface friction
angle and cohesion were defined as 70% of the corresponding soil friction angle and cohesion,
respectively. This assumption represented a moderately rough concrete—soil interface and
avoided assuming full mobilization of the surrounding soil shear strength at the pile surface.
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Explicit representation of pile—soil interface behavior is important because nonlinear interface
response can significantly affect predicted shaft resistance and load—settlement behavior [4,
20].

The numerical domain extended 15 m horizontally from the pile axis and approximately
10 m below the pile tip, resulting in a total model depth of 35 m. The vertical boundaries were
restrained against horizontal movement while remaining free to deform vertically, whereas the
bottom boundary was restrained against both horizontal and vertical displacement. The ground
surface remained free, the pile head was subjected to vertical loading, and the pile centerline
represented the axis of symmetry.

The domain was discretized using relatively coarse elements away from the pile and
progressively refined elements near the pile shaft and base, where the largest stress and
displacement gradients were expected. A global element size of approximately 1.0 m was
adopted, while the mesh surrounding the pile was locally refined to approximately 0.20-0.30
m. The final model contained approximately 4,500 finite elements. A mesh-refinement
assessment was performed by comparing the adopted discretization with a finer mesh, and the
resulting difference in pile response remained below approximately 5%. The adopted mesh was
therefore considered sufficiently refined for the comparative objectives of this study. The
resulting FEM configuration is presented in Figure 2.

The numerical calculation proceeded sequentially through generation of the initial
geostatic stress state, establishment of soil layers and groundwater conditions, activation of the
bored pile and pile—soil interface, incremental application of the axial working load,
continuation of loading toward the numerical ultimate condition, and strength-reduction
analysis. During strength reduction, the soil cohesion and friction angle were progressively
reduced until the model approached numerical failure. The calculation was considered
converged when the global force residual was less than 1 x 107 of the reference load and
incremental displacement between successive calculation stages became sufficiently small.
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Figure 2. Finite Element Model Showing Soil Stratification, Groundwater Level, Bored Pile, Pile—Soil
Interface, Model Boundaries, and Local Mesh Refinement.

2.5. Soil Parameters Adopted in the FEM Analysis.

The soil parameters adopted in the FEM model were derived from the BH-2 investigation and
interpreted according to the reported soil classification and SPT resistance. Because the
available project investigation was predominantly based on field SPT measurements,
deformation moduli were estimated using representative correlations with soil type and
penetration resistance. Such parameter interpretation is commonly required in numerical
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foundation analysis when direct stiffness measurements are unavailable, although the resulting
uncertainty should be explicitly recognized because settlement predictions are particularly
sensitive to soil stiffness and constitutive assumptions [2, 4, 12]. The adopted parameters are
summarized in Table 2. Soil stiffness and friction angle generally increased with depth,
consistent with the increasing penetration resistance indicated by the BH-2 investigation. The
upper 5.5 m was characterized by silty clay with deformation moduli of 8—12 MPa, whereas
the deeper sandy layers exhibited progressively higher stiffness, reaching 55 MPa in the dense
sand layer between 30 and 35 m. The groundwater table at 10.5 m was incorporated when
determining effective stresses below the groundwater level.

Table 2. Soil parameters adopted in the FEM analysis.
Depth (m) Soil description y(kN/m?®) c(kPa) o¢(°) EMPa) v Drainage

0-1.5 Silty clay 16.5 20 18 8 0.35 Undrained
1.5-5.5 Silty clay 17.0 25 20 12 0.35 Undrained
5.5-10.5 Silty sand 18.0 10 28 18 0.30 Drained
10.5-14.5 Silty sand 18.5 8 30 25 0.30 Drained
14.5-25.0 Medium sand 19.0 5 33 35 0.28 Drained
25.0-30.0 Medium sand 19.5 3 35 45 0.28 Drained
30.0-35.0 Dense sand 20.0 2 36 55 0.27 Drained

The deformation moduli in Table 2 should be regarded as representative interpreted
values rather than direct laboratory measurements. This constitutes an important source of
model uncertainty because soil stiffness strongly controls the predicted load—settlement
response [2, 4, 8]. Consequently, uncertainty in the adopted stiffness parameters may contribute
to differences between FEM predictions and the field response.

2.6. Pile—Soil Interface and Model Parameters.

The pile—soil interface was explicitly represented using Rinter = 0.70, with interface friction
and cohesion reduced relative to the corresponding surrounding soil properties. This
formulation allowed relative pile—soil displacement while transferring normal and shear
stresses across the interface. Such treatment provides a more realistic representation of shaft
resistance than imposing complete displacement compatibility between the pile and adjacent
soil, particularly because interface behavior can significantly influence the nonlinear load-
transfer response of piles [4, 20].

The selected reduction factor was intended to represent the interaction between cast-in-
place concrete and the surrounding soil under bored-pile conditions. A perfectly rough or fully
bonded interface was not assumed because drilling and construction processes can modify the
pile—soil contact condition. Construction-induced disturbance and base conditions have been
shown to affect bored-pile resistance and load-transfer characteristics [5, 14]. This interface
assumption is also important when comparing FEM with AllPile because the two approaches
mobilize shaft resistance differently. AllPile calculates shaft resistance through its analytical
and empirical formulations, whereas FEM derives resistance from stresses transferred through
the explicitly modeled interface.

The principal numerical assumptions are summarized in Table 3. The same pile
geometry, groundwater level, representative BH-2 soil profile, and working load were
maintained wherever applicable in both modelling approaches to improve the consistency of

the comparison.
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Table 3. Summary of FEM Modelling Assumptions.

Parameter

Adopted value

Model type 2D axisymmetric
Soil constitutive model Mohr—Coulomb
Pile diameter 0.80 m

Pile length 25m
Groundwater level 10.5m
Model width from pile axis I5m
Model depth 35m
Global mesh size ~1.0m
Local mesh size around pile 0.20-0.30 m
Approximate number of elements 4,500
Interface reduction factor Rinter = 0.70
Pile Young’s modulus 25,000 MPa
Pile Poisson’s ratio 0.20

Pile unit weight 24 kN/m?
Working load 918 kN
Strength-reduction multiplier 4.356
Convergence criterion Global force residual < 0.1% of reference load
Primary loading mode Axial compression

2.7. Loading Procedure and Determination of FEM Capacity.

The FEM analysis was initially conducted under the working load of 918 kN to determine the
corresponding pile displacement under service conditions. The axial load was applied
incrementally to minimize numerical instability and allow progressive development of pile—
soil interaction. Following the working-load stage, strength-reduction analysis was conducted
to investigate the numerical ultimate condition of the pile—soil system. Strength-reduction
procedures progressively decrease soil shear-strength parameters until numerical failure
develops and are widely used in finite element geotechnical stability assessment [3, 10, 18].

The strength-reduction analysis produced a numerical multiplier of 4.356. In the original
FEM post-processing, the reference pile stress was 4,500 kN/m?. For the pile cross-sectional
area of 0.503 m?, this corresponded to a reference pile force of approximately 2,263.5 kN. The
original FEM output subsequently reported an ultimate pile capacity of 985.98 tons. Because
the objective of this study was to compare the reported project outputs obtained from FEM,
AllPile, and PDA testing, the reported FEM capacity of 985.98 tons was retained throughout
the comparative analysis.

Importantly, the strength-reduction multiplier was interpreted as a numerical parameter
associated with progressive reduction of soil shear strength toward numerical failure rather
than as a conventional pile-design factor of safety. It was also not treated as directly equivalent
to the ultimate resistance obtained from a static pile load test. The FEM ultimate capacity was
therefore used as a numerical prediction and compared with the AllPile estimate and PDA field
reference to quantify the differences among the modelling and field-based approaches.

2.8. Comparative Assessment and Model Limitations.

The performance of FEM and AllPile was evaluated by comparing their predicted ultimate
capacities and settlements with the PDA field reference. Absolute and percentage differences
were calculated to quantify the magnitude of disagreement among the approaches. Because

PDA testing is based on dynamic pile response and signal interpretation, numerical proximity
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to the PDA result was interpreted only as relative agreement for the investigated pile and not
as proof that one modelling method is universally more accurate than another. Interpretation of
pile-test results can itself depend on the testing method and analytical procedure used to derive
pile resistance [16].

The modelling framework was designed to maintain consistency in pile geometry,
working load, groundwater level, and the representative BH-2 soil profile. Nevertheless,
several sources of uncertainty remained. The use of a single borehole limited characterization
of spatial subsurface variability, while several soil stiffness parameters were interpreted rather
than directly measured. The FEM analysis further relied on the Mohr—Coulomb constitutive
model and a prescribed pile—soil interface reduction factor. Actual bored-pile construction
effects, including drilling disturbance, borehole cleaning, slurry conditions, base sediment, and
concrete placement, were not explicitly simulated, despite evidence that these factors can
substantially influence bored-pile resistance [5, 14].

Accordingly, the numerical models were treated as project-specific engineering
assessments rather than universally calibrated prediction models. The comparative
methodology was intended to determine whether the numerical approaches reproduced the
general magnitude of the observed axial response, identify the extent of numerical-field
disagreement, and assess whether the investigated pile satisfied the adopted axial capacity and
serviceability requirements under the specified working load.

3. Results and Discussion
3.1. Axial Bearing Capacity.

The ultimate axial capacities obtained from the analytical methods, numerical analyses, and
PDA test are compared in Table 4. The results show considerable variation among the different
approaches, indicating the sensitivity of predicted pile capacity to the calculation method and
the assumptions used to represent soil-pile interaction. Among all methods, the Meyerhof
method produced the highest ultimate capacity of 1,720.79 tons, followed by AllPile at
1,365.21 tons, Reese and Wright at 1,108.35 tons, and FEM at 985.98 tons. In contrast, the
PDA test yielded a substantially lower ultimate capacity of 429 tons. The AllPile analysis also
provided an allowable compressive capacity of 455.17 tons. Given the working load of 918
kN, equivalent to approximately 93.61 tons, the AllPile allowable capacity was approximately
4.86 times the applied working load.

Table 4. Comparison of Ultimate Axial Pile Capacity Obtained Using Different Methods.

Base resistance, Qp Shaft resistance, Qs Ultimate capacity, Qqu  Difference from PDA

Method (tons) (tons) (tons) (%)
Meyerhof 1,165.16 555.63 1,720.79 301.12
Reese and 205.06 903.29 1,108.35 158.36
Wright
AllPile 871.73 493.48 1,365.21 218.23
FEM — — 985.98 129.83
PDA test 40.00 389.00 429.00 0.00

As shown in Table 4, all analytical and numerical methods overestimated the ultimate
capacity relative to the PDA field reference. The FEM prediction exceeded the PDA result by
556.98 tons, corresponding to a difference of 129.83%, whereas the AllPile prediction was
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936.21 tons higher, representing a difference of 218.23%. The analytical methods produced
even larger discrepancies, with Reese and Wright and Meyerhof exceeding the PDA result by
158.36% and 301.12%, respectively. Among the two numerical approaches evaluated in detail,
FEM therefore produced the capacity estimate numerically closest to the PDA result.
Nevertheless, a difference of 129.83% remains substantial and should not be interpreted as
close agreement between the numerical prediction and field reference.

Several factors may explain these numerical-field discrepancies. First, the BH-2
borehole was adopted as the representative subsurface profile for P-86, although local soil
conditions may vary spatially within the project area. Variations in soil strength, stiffness,
stratification, and groundwater conditions over relatively short horizontal distances can
substantially influence both shaft and base resistance. Consequently, reliance on a single
borehole introduces uncertainty into the numerical representation of the actual ground
conditions surrounding the tested pile.

Second, actual bored-pile construction conditions may differ considerably from the
idealized conditions represented in the numerical models. Drilling can disturb the soil along
the pile shaft, while inadequate borehole cleaning may leave sediment at the pile base and
reduce the mobilized end-bearing resistance. Groundwater, slurry conditions, and concrete
placement can further modify the pile—soil interface. Previous studies have demonstrated that
construction-induced disturbance and pile-base sediment can substantially affect the bearing
behavior of bored piles [5, 6].

Third, several numerical soil parameters were interpreted from field investigation data
and correlations rather than obtained from direct measurements at the P-86 location. Pile
capacity is particularly sensitive to soil shear strength, interface resistance, stiffness, and the
properties of the bearing layer. Consequently, even moderate uncertainty in these parameters
may produce substantial differences in calculated ultimate capacity.

Fourth, FEM and AllPile represent soil-pile interaction differently. FEM treats the soil
and pile as an interacting continuum and allows stresses and deformations to redistribute
throughout the numerical domain. AllPile, in contrast, employs analytical and semi-empirical
relationships to calculate shaft and base resistance. These differences in formulation influence
the predicted mobilization and distribution of pile resistance and partly explain the discrepancy
between the two approaches.

A particularly important difference can be observed in the resistance components
reported in Table 4. AllPile predicted a base resistance of 871.73 tons and a shaft resistance of
493.48 tons, whereas the PDA interpretation indicated only 40 tons of base resistance and 389
tons of shaft resistance. Thus, the discrepancy in shaft resistance was relatively moderate
compared with the very large difference in base resistance. The AllPile base resistance was
more than 20 times the PDA-derived value, indicating that the assumed mobilization of pile-
tip resistance was the principal contributor to the high AllPile ultimate capacity. This
observation is consistent with studies demonstrating that bored-pile base resistance is
particularly sensitive to pile-tip conditions, construction-induced disturbance, base sediment,
and the degree of resistance mobilization [2, 5, 6].

A further source of discrepancy is the fundamental difference between the PDA test and
the numerical procedures. PDA testing evaluates pile response dynamically and derives
resistance through the interpretation of stress-wave measurements, whereas FEM and AllPile
estimate pile behavior under idealized numerical or analytical loading conditions. The PDA
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result should therefore be regarded as a project-specific dynamic field reference rather than as
a direct equivalent of static numerical capacity. Exact agreement among these approaches
should not be expected.

The overall differences in ultimate capacity are illustrated in Figure 3, which clearly
shows that all analytical and numerical predictions exceeded the PDA field reference. The
figure also confirms that FEM produced the lowest predicted ultimate capacity among the
calculation methods and was therefore numerically closest to the PDA result. However, the
remaining discrepancy emphasizes that increasing numerical sophistication alone does not
guarantee agreement with field observations. Reliable pile-capacity prediction requires
appropriate site characterization, realistic soil and interface parameters, consideration of
construction effects, and calibration against relevant field measurements.

PDA Test

FEM |
=
=]
£ anpite |
=
Reese and Wright. |
e —————————————

(=]

200 400 600 800 1000 1200 1400 1600 1800 2000
Ultimate Capacity (tons)

Figure 3. Comparison of Ultimate Axial Pile Capacities Obtained From Analytical, Numerical, and PDA
methods.

3.2. Settlement Response.

The settlement responses obtained from AllPile, FEM, and the PDA test are compared with the
project-adopted allowable settlement criterion in Table 5. AllPile predicted the smallest
settlement of 3.119 mm, whereas FEM predicted 6.00 mm and the PDA test reported a
displacement of 7.60 mm. Relative to the PDA result, the absolute difference was 4.481 mm
for AllPile and 1.60 mm for FEM, corresponding to percentage differences of 58.96% and
21.05%, respectively. FEM therefore provided the numerical settlement prediction closest to
the reported PDA displacement.

Table 5. Comparison of Pile Settlement.

Method Settlement Difference from PDA Difference from Percentage of allowable
(mm) (mm) PDA (%) settlement (%)
AllPile 3.119 4.481 58.96 39
FEM 6 1.6 21.05 7.5
PDA test 7.6 0 0 9.5
Allowable 80 - . 100

criterion
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The differences can be related to the different treatment of soil stiffness, nonlinear soil
behavior, pile—soil interface, and load-transfer mechanisms. A lower predicted settlement
indicates a comparatively stiffer numerical response. The AllPile prediction was approximately
48% lower than the FEM prediction, indicating a substantially stiffer predicted response under
the analyzed load. Recent studies have demonstrated that pile settlement is strongly affected
by soil stiffness, pile—soil interaction, stress redistribution, and long-term soil response [1-4,7].
Therefore, the lower AllPile settlement should not automatically be interpreted as evidence of
higher accuracy; it reflects the assumptions embedded in the adopted analytical formulation.
All calculated and reported settlements were substantially below the project-adopted allowable
settlement of 80 mm. The FEM settlement represents 7.5% of the adopted limit, while AllPile
and PDA correspond to approximately 3.90% and 9.50%, respectively.

The results therefore indicate that total settlement of the investigated pile is not a
governing serviceability concern under the specified working load. However, the PDA
settlement value must be interpreted carefully because PDA is primarily a dynamic testing
technique. It should not be treated as directly equivalent to the settlement measured during a
conventional static axial pile load test. The previously reported Vesic analytical settlement of
7.664 mm was also close to the reported PDA value of 7.60 mm. Nevertheless, agreement at a
single pile location does not establish general validity throughout the project. Figure 4 shows
a comparison of the predicted and reported pile settlements against the adopted allowable
settlement criterion.

90

80 = Vesic, 80 m————— A||Pile, 80 m———— FEM, 80
PDA Test, 80

L7 I N L7 I~ T |
= & [— I —

Settlement (mm)

9
—

Vesic, 7.664 FEM. 6 PDA Test, 7.6

I - AllPile, 3.119 | -

Vesic AllPile FEM PDA Test
Method
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[—]

=]

mm Seftlement (mm) = Allowable Limit (mm)

Figure 4. Comparison of Predicted and Reported Pile Settlement with the Adopted Allowable Settlement Limit.
3.3. Axial Stability under Working Load.

The working load of 918 kN is approximately 93.61 tons. The AllPile allowable capacity of
455.17 tons is therefore approximately 4.86 times the working load. This indicates that the
applied working load is substantially below the allowable capacity obtained from the AllPile
analysis. The PDA ultimate capacity of 429 tons is approximately 4.58 times the working load.
However, this comparison should not be interpreted as a formal factor of safety because the
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PDA value represents an ultimate field reference rather than an allowable design capacity. The
numerical and field results consistently indicate that the working load is substantially below
the estimated ultimate capacity. Consequently, axial resistance is not the governing concern for
the investigated pile under the specified loading condition. From a serviceability perspective,
the maximum reported or predicted settlement is 7.60 mm, which is only 9.50% of the adopted
80 mm settlement criterion. The results therefore indicate a substantial margin against
excessive total settlement for the investigated pile.

3.4. Interpretation of Numerical-Field Differences.

The comparison between numerical predictions and field measurements is an important finding
of this study. Both AllPile and FEM predicted considerably higher ultimate capacities than the
PDA test. The difference was 218.23% for AllPile and 129.83% for FEM. The smaller FEM
deviation should not be interpreted as evidence that FEM is universally more accurate than
AllPile. It indicates only that, for the investigated pile and the adopted input parameters, the
FEM prediction was numerically closer to the reported PDA reference. The substantial
difference in capacity may result from the following factors.

3.4.1. Spatial Variability of Soil Conditions.

The numerical analysis used BH-2 as the representative soil profile for P-86. If the tested pile
is located at a different horizontal position from BH-2, the local soil strength, stiffness,
groundwater condition, and stratification may differ from the borehole profile. This limitation
is particularly important because pile capacity is influenced by both the shaft and base soil
conditions.

3.4.2. Construction Effects.

The numerical models generally represent idealized pile—soil conditions, whereas actual bored-
pile construction involves drilling, borehole stabilization, cleaning, reinforcement installation,
and concrete placement. Sediment at the pile base or disturbance along the pile shaft may
reduce the mobilized resistance relative to the idealized numerical condition. The substantially
higher numerical capacities relative to the PDA reference are also consistent with the sensitivity
of bored-pile resistance to pile-base condition and construction effects reported in recent field
and numerical studies [5, 6].

3.4.3. Soil Stiffness and Interface Assumptions.

The predicted settlement depends strongly on the adopted soil stiffness and pile—soil interface
parameters. The FEM analysis explicitly represents the interface, while AllPile uses an
analytical representation of load transfer. Recent research has shown that nonlinear interface
behavior can significantly influence pile load—settlement response, particularly in layered soils

[2].
3.4.4. Difference Between Dynamic and Numerical Field Response.

PDA derives pile response from dynamic measurements and signal interpretation. FEM and
AllPile, in contrast, calculate pile response from prescribed soil and pile parameters. Therefore,
the PDA result should be regarded as a field reference rather than a direct static benchmark.
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The results support the use of field testing as an essential calibration reference. For the
investigated pile, FEM produced the closer numerical representation, but the 129.83% capacity
difference remains too large to justify treating the numerical result as a direct substitute for
field verification.

3.5. Implications for Hospital Foundation Performance.

For the investigated P-86 pile, both the calculated and reported settlements were substantially
below the project-adopted allowable settlement criterion of 80 mm. The maximum
displacement considered in the analysis was 7.60 mm, corresponding to only 9.50% of the
adopted limit. These results indicate that excessive total settlement is unlikely to govern the
serviceability performance of the individual pile under the specified working load. In
combination with the axial capacity results, the findings suggest that P-86 provides an adequate
margin against both axial resistance failure and excessive vertical deformation under the
investigated loading condition.

Nevertheless, satisfactory performance of an individual pile does not necessarily
demonstrate satisfactory performance of the entire hospital foundation system. This distinction
is particularly important for hospital buildings because their functionality depends not only on
structural integrity but also on the performance of architectural components, mechanical and
electrical installations, medical utilities, and sensitive equipment. Differential settlement
between adjacent piles or pile caps may affect these systems even when the absolute settlement
of individual piles remains relatively small. Consequently, serviceability assessment should
consider both the magnitude and spatial variability of foundation deformation.

A comprehensive project-level assessment should therefore incorporate pile-group
interaction, pile-cap stiffness, redistribution of structural loads, differential settlement, long-
term soil consolidation, relevant structural load combinations, and potential groundwater
fluctuations. The interaction between foundation deformation and settlement-sensitive medical
equipment or utility systems should also be considered where appropriate. These factors cannot
be evaluated from the response of P-86 alone because group effects and structural interaction
may modify the load-transfer mechanisms and settlement behavior observed for an isolated
pile.

Accordingly, the present results demonstrate that the investigated P-86 pile satisfies the
adopted axial capacity and settlement requirements under the specified working load. However,
the findings should be interpreted as a site-specific assessment of an individual pile rather than
evidence that all piles within the Integrated Oncology Hospital foundation system will exhibit
equivalent performance.

3.6. Model Limitations and Engineering Implications.

Several limitations should be considered when interpreting the findings. First, the subsurface
model was developed using only the BH-2 borehole. Although this profile provided the
geotechnical basis for both numerical approaches, a single borehole cannot fully represent
spatial variations in soil stratification, strength, stiffness, and groundwater conditions across
the project site. Additional boreholes and in situ testing near the investigated piles would
improve the spatial characterization of the subsurface conditions and reduce uncertainty in the
numerical input parameters.
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Second, the field reference was obtained from PDA testing. Although PDA provides
valuable information on pile resistance and dynamic response, it does not reproduce the loading
conditions of a conventional static axial pile load test. A static load test would therefore provide
a more direct basis for calibrating the numerical load—settlement response and assessing the
mobilization of pile resistance under quasi-static loading. Accordingly, the differences between
FEM, AllPile, and PDA should be interpreted with consideration of the fundamentally different
loading and analytical frameworks employed by these methods.

Third, the FEM analysis was performed using a two-dimensional axisymmetric model.
This formulation is appropriate for a circular single pile subjected to concentric axial
compression and provides an efficient representation of the surrounding soil domain.
Nevertheless, a three-dimensional model would permit more explicit simulation of spatial
stress redistribution, heterogeneous subsurface conditions, pile-group interaction, and non-
axisymmetric loading conditions. Such modelling would be particularly relevant for extending
the present single-pile analysis to the complete hospital foundation system.

Fourth, uncertainty remains in the adopted soil stiffness and pile—soil interface
parameters. Several deformation parameters were estimated from representative correlations
rather than obtained directly from laboratory or advanced in situ measurements. Because pile
settlement and shaft resistance are sensitive to soil stiffness and interface behavior, uncertainty
in these parameters may partly explain the discrepancies between the numerical predictions
and PDA results. Future analyses incorporating site-specific stiffness measurements and
interface calibration would improve the reliability of the numerical predictions.

Fifth, actual bored-pile construction effects were not explicitly simulated. Drilling
disturbance, borehole stability and cleaning, groundwater conditions, slurry management,
sediment accumulation at the pile base, and concrete placement can influence the mobilization
of shaft and base resistance [5, 6]. These effects are particularly relevant to the present results
because the largest discrepancy between AllPile and PDA occurred in the estimated base
resistance. Incorporating construction-related effects into future model calibration could
therefore improve agreement between predicted and field pile behavior.

Finally, the present investigation was restricted to axial compression. Shear force,
bending moment, and torsional moment were set to zero in the AllPile analysis; consequently,
the results provide no basis for assessing lateral pile resistance. The p—y method, which
characterizes nonlinear lateral soil—pile interaction, was therefore not applicable to the present
vertical analysis. Future investigations of lateral foundation performance should employ a
dedicated p—y or equivalent lateral soil-pile interaction analysis incorporating horizontal
loading, appropriate pile-head boundary conditions, lateral displacement, soil reaction, shear
force, and bending moment. These limitations indicate that the present findings should be
interpreted as a project-specific evaluation of the axial behavior of P-86 rather than a
comprehensive assessment of all possible foundation responses.

4. Conclusions

This study evaluated the axial bearing capacity and settlement response of a 0.80 m diameter,
25 m long bored pile at point P-86 of an Integrated Oncology Hospital Building project using
FEM and AllPile Vertical Analysis, with the PDA test serving as a project-specific dynamic
field reference. The results demonstrated substantial differences among the prediction methods.
AllPile estimated an ultimate axial capacity of 1,365.21 tons and an allowable compressive
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capacity of 455.17 tons, while FEM predicted an ultimate capacity of 985.98 tons, compared
with 429 tons obtained from the PDA interpretation. Relative to the PDA result, the FEM and
AllPile capacities were higher by 129.83% and 218.23%, respectively. Thus, FEM provided
the numerically closer capacity prediction, although the remaining discrepancy was too large
to indicate close agreement with the field reference. A similar pattern was observed for pile
displacement. FEM predicted a settlement of 6.00 mm, compared with 3.119 mm from AllPile
and 7.60 mm from the PDA test, corresponding to differences of 21.05% and 58.96%,
respectively. Despite these numerical-field discrepancies, the working load of 918 kN,
equivalent to approximately 93.61 tons, remained substantially below the AllPile allowable
capacity of 455.17 tons. Furthermore, the maximum reported displacement of 7.60 mm
represented only 9.50% of the project-adopted settlement criterion of 80 mm. The investigated
pile therefore satisfied the adopted axial resistance and serviceability requirements under the
analyzed working load. The findings demonstrate that agreement between numerical
predictions and field observations depends not only on the analytical method but also on the
quality of subsurface characterization, soil stiffness, pile—soil interface assumptions,
construction conditions, and the interpretation of field testing. The particularly large difference
in predicted base resistance indicates that pile-tip conditions and the degree of end-bearing
mobilization are critical sources of uncertainty. Moreover, PDA-derived capacity should be
interpreted as a dynamic field reference rather than as a direct equivalent of static pile capacity.
Overall, FEM provided a closer representation of the PDA response than AllPile for the
investigated pile, particularly for settlement; however, this result should not be generalized as
evidence of the universal superiority of FEM. The findings are specific to P-86 and cannot
represent the performance of the entire hospital foundation system. Future project-level
verification should incorporate additional boreholes, static pile load testing, improved
calibration of soil and interface parameters, three-dimensional and pile-group analyses,
differential settlement assessment, and long-term consolidation behavior. Such integration of
numerical modelling with site-specific field verification is essential for achieving reliable and
serviceable foundation design for settlement-sensitive hospital facilities.
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