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ABSTRACT
This study investigates the bearing capacity of tension piles and pile-soil interaction during loading. Discrepancies between
predicted and measured bearing capacities in previous tests motivated the study, where analytical methods showed considerable
scatter and uncertainties in design. A large-scale field test was conducted on three additional adjacent tension piles (Pile 1, 2 and
3), featuring extensive fibre-optic strain measurements. Concurrently, a numerical Class-A prediction was developed beforehand
to analyse pile-soil interaction and predict bearing capacity, utilising hypoplastic and visco-hypoplastic models for the thinly inter-
layered subsoils. The fibre-optic measurements revealed significant locked-in bending strains post-installation, prior to loading.
The results showed a correlation between pronounced bending strains and lower load-bearing capacity. Numerical predictions
were comparedwith the fieldmeasurements, providing good agreement with Pile 1, which exhibitedminimal installation-induced
bending and thus represented an idealised case. This comparison offered valuable insights into tension pile failure mechanisms
and load capacity. This research enhances understanding of tension pile behaviour in complex soils and underscores the necessity
of optimising installation methods to improve load-bearing capacities.

1 Introduction

In geotechnical engineering, tension piles are often used to
transfer loads to deeper, load-bearing soil layers. They also serve
as anchors. Compared to conventional anchors, tension piles
are characterised by simpler and more cost-effective production,
higher resistance to lateral loads, and the capacity to bear
compressive forces. To reinforce the bank walls of the lower
harbour for the new Niederfinow ship lift in Germany, driven
steel piles of the HP 320 × 88.5 type were selected due to their
advantages. Estimating the characteristic pile shaft resistancewas
based on empirical values recommended by EA Pfähle [1], which
necessitates conducting pile load tests on tension piles besides

relying on empirical values. In 2017, six vertical test loads were
conducted at three different locations, as seen in Figure 1 in
blue, to determine the pull-out bearing capacity. However, the
measured resistance during the pile test loading fell significantly
below the predicted values, ranging from only 22 % to 49 %
of the planned test loads. A new fourth load test program was
implemented to investigate the factors causing this low load-
bearing capacity of the driven steel piles. This large-scale field test
involved three adjacent piles of the same type, seen in Figure 1 in
red. This new test program featured enhanced instrumentation,
notably high-resolution fibre-optic measurements, specifically
aimed at investigating the mechanisms behind the unexpectedly
low capacities observed in the earlier, standard verification
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FIGURE 1 Site plan of the Niederfinow ship lift showing test pile locations: aerial view (left) andmap view (right). Blue dots indicate the locations
of previous pile load tests (sites 1–3), while the red dot marks the location of the new field tests, indicating three adjacent piles tested at the new site to
investigate the reduced load-bearing capacity observed in earlier tests.

pile tests. Throughout the test loading of the piles, extensive
measurements were carried out on the piles and the surrounding
soil.

Simple (analytical) methods are commonly employed to deter-
mine the maximum tension-bearing capacity of pile foundations.
However, the limitations of these methods arise due to their
simplistic assumptions, which overlook the complex nature of
soil behaviour and pile-soil interactions. These limitations result
in significant uncertainties and discrepancies between theoretical
calculations and actual measurements.

This paper provides an overview of analytical methods and their
limitations. It presents a large-scale field test accompanied by
a numerical Class-A prediction to investigate the ultimate pull-
out bearing capacity of tension piles in thinly inter-layered soils
and evaluate the pile-soil interaction during loading. It is worth
noting that the investigation of piles in thinly inter-layered soils,
to the authors’ knowledge, is an area that has rarely been explored
in the existing literature. The measurement program employed
in this study went beyond the standard pile load test setup,
incorporating fibre-optic measurements within the steel piles.
This approach allows for the identification and evaluation of the
strain distribution across the depth of the pile, facilitating the
consideration of load-bearing and non-load-bearing layers.

The Class-A prediction also aims to provide insights into the fail-
uremechanism of the piles under vertical loading. Predictions are
a crucial aspect of geotechnical engineering. While predictions
can be made intuitively or empirically, numerical predictions
using mathematical models are now expected [2]. Lambe [3]
categorises predictions in geotechnical engineering into three
classes based on their timing. Class-C predictions are made after
an event, Class-B during, and Class-A before an event. Lambe
[3] also laid out the framework for geotechnical prediction. The
process comprises six steps: determining and simplifying the
field situation, identifying the system’s mechanisms, selecting
suitable methods and parameters, conducting the prediction,
and finally, comparing it with field test data. While there are
many publications on Class-C predictions, Class-A predictions
are rare [2]. Class-A predictions are better suited for testing new
simulation methods. However, they may result in significant

discrepancies between calculation and observation, as they rely
solely on information available at the time of prediction. The
accuracy of predictions is limited by difficulties in determining
exact field situations, relevant mechanisms, and soil properties.

2 Bearing Capacity of Driven Steel Piles

The load-bearing capacity of tension piles is determined by
mobilised skin friction 𝑄𝑠. In contrast to a compression pile,
there is no base resistance 𝑄𝑏, which could contribute to the
total resistance 𝑄𝑐. The load-displacement curve of a tension pile
accordingly shows a mobilisation of the maximum resistance
already at minimal displacements. After reaching the limit state,
resistance typically does not increase further. The skin friction
force results from the shear stress 𝑞𝑠 on the skin surface 𝐴𝑠:

𝑄𝑐(tens) = 𝑄𝑠 = 𝑞𝑠 ⋅ 𝐴𝑠 (1)

2.1 Analytical Methods to Determine the
Maximum Bearing Capacity

Various published ‘analytical’approaches can be categorised into
three main groups for calculating the ultimate tensile strength
of tension piles (for brevity, these are commonly referred to
as analytical methods, although some are empirical or semi-
empirical in nature). The first group consists of values derived
purely from empirical observations [4]. The second group relies
on Coulomb’s shear law as its foundation [5]. The third group
assumes activation of a soil body surrounding the pile in the
ultimate limit state [6]. Thesemethods are typically chosen due to
their practicality and simplicity. Various standardised calculation
methods are utilised to assess the tensile load capacity of piles
based on prior load tests at sites 1, 2, 3 and the newly added
site 4, see Figure 1. The input parameters for the soil layers
are derived from cone penetration test (CPT) data, following
the guidelines outlined in CPT-Guide [7], and are presented
in Table A1 in Appendix A. The input parameters are also
documented in [8]. The testing procedures were consistent across
all sites and are detailed with the soil conditions in Section 3.
The methods employed in this study to calculate the maximum
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FIGURE 2 Percentage discrepancy between analytically calculated
and experimentally measured ultimate bearing capacities across four test
sites, comparing nine established calculation methods. Positive values
indicate overestimation of bearing capacity by the analytical method,
while negative values represent underestimation.

bearing capacity draw upon a range of sources. Some methods,
as per their authors, apply to multi-layered soils with H-shaped
steel profiles without limitations, such as [9, 10], and the ICP-
05 method [5]. In contrast, others are restricted to round piles
or monopiles, like [11–16]. Detailed formulas and calculation
procedures for each method can be found in their respective
publications. The calculated capacities are compared to the
averaged actual measured capacities of the piles at each site.

Figure 2 graphically represents the discrepancies between calcu-
lated and actual measured values from the load tests. Positive
deviations indicate overestimations, while negative values high-
light underestimations. Notably, all methods show a considerable
variance in estimations, with some methods at specific sites
resulting in over 140 % overestimation, while others underes-
timate capacities by nearly 20 %. The analysis across different
computational methods indicates uncertainties in the design of
tension piles. Furthermore, the results emphasise the pressing
need for further research on tension steel piles, especially in soils
with alternating thin layers.

Conventional analytical models have evident limitations: they
often overlook complexities in soil behaviour and pile installation
effects, and they oversimplify layer distribution andpile type. This
leads to discrepancies between theoretical predictions and field
measurements. Factors such as stress relaxation, creep, ageing,
soil displacement into the underlying layer and chemically
induced changes in the friction angle at the pile-soil interface are
frequently neglected, along with the effects of pile installation.
These oversights contribute to the considerable variability and
uncertainty observed in analytical design methods. Moreover,
field studies indicate a significant difference in skin friction
between compression and tension piles, with friction ratios rang-
ing from 0.44 to 0.9 [17–19]. Some design guidelines, therefore,
recommend a reduction factor of 10 to 30 % for tensile loads,
such as in the API guidelines [16]. This discrepancy arises
from changes in effective stress levels and reduction in the
diameter of piles under tension [18]. Additionally, tension piles
may undergo stress direction rotation, affecting their effective

stress levels [20]. These insights highlight the critical need for
incorporating differential skin friction considerations as well as
installation effects into pile design, an aspect often overlooked in
some current practices, underscoring the limitations of existing
analytical methods.

2.2 Literature Review on Thinly Inter-Layered
Soils

To our knowledge, no published research exists on tension pile
behaviour in inter-layered soils. In contrast, numerous studies
have explored Cone Penetration Testing (CPT) in such soils,
although many typically focus on simpler two- or three-layer
systems. For example, in a study by van der Linden [21], model
tests involved soils with multiple alternating layers of sand and
claywithin a cylindrical container. These tests showed differences
in behaviour between 20 and 80 mm-thick clay and sand layers.
In the latter, peak resistance did not match a reference sand’s
resistance. The deviation with the 20 mm layers was even more
pronounced. The contrast in the cone resistance between the clay
and sand layers was also less distinct. All tests revealed that pore
water pressure increasedwithin the clay layer only after the probe
advanced a certain distance. The authors speculated that sand
was pushed into the clay ahead of the probe. The spreading of
clay into sand has also been observed by others, for example, with
sheet piles like in [22] and with piles in [23]. Another study by
de Lange [24] conducted similar tests but could not distinguish
between individual sand and clay layers at low thicknesses inCPT
results. Peak resistances in multi-layered systems are influenced
by layer thickness, the number of layers in the zone of influence,
and the characteristic resistances of individual layers. However, it
is essential to note that the tested multi-layer samples had equal,
homogeneous sand and clay layer thicknesses, which may not
represent field conditions. The results underscore the complexity,
especially when dealing with numerous very thin layers.

In a related study on the buckling analysis of piles in multi-
layered soils [25], emphasised the susceptibility of piles to
buckling in the presence of soft soil layers, contrasting signifi-
cantly with behaviour in sand layers. This research highlights
that buckling risks are heightened in soil profiles featuring soft
layers or voids interposed between stiffer layers. Ofner [26]
similarly underscored that soft soil layers significantly affect
micropiles’ buckling resistance, particularly in terms of load
transfer through skin friction and lateral support. This insight
contributes to understanding pile behaviour in complex soil con-
ditions, aligning with observations in multi-layered soil systems
where thin layer distinctions pose challenges for predicting pile
and probe responses.

3 New Field Test in Niederfinow

The measurement site is situated on the northern bank of the
lower outer harbour at the new ship lift in Niederfinow, located
about 60 km northeast of Berlin. The three piles of the HP
320 × 88.5 type were installed using a combined installation
method: the initial 6 m were installed via vibratory driving,
followed by impact driving for the remaining 12.3 m to achieve
the total installation depth of 18.3 m. This procedure was used
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TABLE 1 Geometrical and mechanical properties of the HP
320× 88.5 steel pile profilewith corresponding cross-sectional dimensions
shown in the schematic.

Steel profile HP 320 × 88.5
Steel grade S355

Density 𝜌 7.87 t/m3

Young’s Modulus 𝐸 210 ⋅106 kN/m2

Poisson’s ratio 𝜈 0.3

Profile height ℎ 303 mm
Profile Width 𝑏 304 mm
Flange width 𝑡f 12 mm
Web width 𝑡w 12 mm
Cross-section 𝐴 11,270mm2

Moment of inertia 𝐼 56,340,000mm4

to make the installation of the piles feasible, as the pile would
exhibit substantial oscillation at the pile top if the pile were solely
impact-driven from the first metre. In addition, the literature
recommends vibrating the piles up to a fewmetres above the final
depth and then impact-driving them for the last few metres [27,
28]. Technical Standards andCommentaries for Port andHarbour
Facilities in Japan [29] also recommends conducting the last
stage of the vibratory driving process through impact driving to
enhance the pile’s base resistance. Five weeks later, the piles were
subjected to a test load and pulled out. Extensive measurements
accompanied the pile load tests, incorporating fibre-optic strain
measurements. The individual piles were spaced 8 m apart.
Before installation, a borehole (BH) and a cone penetration test
(CPT) were conducted near the central pile to determine the
subsoil conditions. To ensure the verticality of the piles during
installation, a pile driving guide, attached to an excavator, was
employed to stabilise and guide each pile. The pile’s properties
and dimensions can be seen in Table 1.

3.1 Fibre-Optic Strain Measurements

During the pile load testing, high-resolution fibre-optic strain
measurements were conducted using two fibre-optic sensing
cables (optical fibres) attached to the outer surface of a pile flange.
This setup enabled detailed strain analysis during the subsequent
test load. To install the fibre-optic sensing cables, grooves were
initially created on the pile flange’s outer side, as shown in
Figure 3. The fibres were then placed in these grooves and
affixed to the pile using a strong adhesive, illustrated in Figure 3.
For these measurements, the LUNA OBR 4600 measurement
system was utilised alongside Solifos FIMT CST-0.86/0.56 sensor
cables, as provided by the company Sensical, which was also
responsible for applying the fibre-optic measuring equipment
and evaluating the strain data. The measurement principle is
based on the coherent optical frequency domain reflectometry
(c-OFDR) technique [30–32]. This technology allows for strain
determination with a measuring point distance of 1 cm over
a length of up to 70 m, resulting in a quasi-continuous strain
curve along the pile. The techniquemeasures the fibre’s refractive
index changes due to strain-induced elongation or compression.

This deformation causes changes in the fibre’s optical properties,
such as phase shift or wavelength shift, which can be precisely
measured and correlated to the applied strain. Transforming the
measured signal into the frequency domain allows for direct
determination of local strain based on the shift in frequency com-
ponents, as illustrated in Figure 4. The relationship represented
by Equation (2) applies to calculate the spectral shift (Δ𝜆), where 𝜀
represents mechanical strain, Δ𝑇 is the temperature change, and
𝐾𝜀 and 𝐾T are the strain and temperature constants of the fibre
material, respectively.

Δ𝜆 = 𝐾𝜀 ⋅ 𝜀 + 𝐾T ⋅ Δ𝑇 (2)

The calibration of the fibre-optic sensors was conducted in a
controlled laboratory environment using a specialised calibration
setup. The sensors were subjected to various load cycles, ensuring
the strain did not exceed 1 % to prevent any damage to the fibres.
The spectral shifts recorded by the sensors under these conditions
were then compared with precise strain measurements obtained
from the calibration system. In our case, the temperature sensi-
tivity of the fibre is not a significant concern because the fibre
sensor was vertically embedded in the soil, where temperature
conditions are nearly constant throughout the pile testing period.
In the field test, the attached fibre-optic sensors underwent
testing for integrity while the piles were horizontally supported
at regular intervals by metal blocking, ensuring no bending
occurred between the supports.

To safeguard the integrity of the fibres, no measurements were
taken prior to or during the penetration phase of the piles. The
risk of damaging the delicate glass fibres, particularly where the
glued area ends at the pile top, was deemed too high due to
the extreme stresses encountered during pile driving. The impact
process, often involving significant forces from the hydraulic
hammer and potential impacts with gravel or stones, could easily
result in the breakage of the fibre cables. The impact forces during
our tests damaged our instrumented accelerometers on the pile
head, highlighting the extreme conditions the fibres and their
connectors at the top of the pile would need to withstand if
measurements were taken during this phase.

During the pile load testing, themeasurements for each load stage
were referenced against a pre-load or reference measurement
conducted beforehand. The resulting changes in pile strain
were derived from the spectral shift and plotted for all piles in
microstrain units (1 𝜇𝜀 = 10−6 m/m) against the depth below
the ground surface. Within each load stage, measurements were
taken at the beginning and end of the stage. If the load was
maintained for an extended period, intermediate measurements
were generally conducted every 30 min.

3.2 Static Pile Load Testing

The measurement concept and loading process for the test loads
presented in Figure 5 followed a force-controlled approach,which
will be shown later in the results discussion, involving incre-
mental load increases while maintaining a constant tensile load
within each load stage andmeasuring the resulting deformations.
A hydraulic system was utilised to generate the load, capable
of applying a maximum load of 3 MN with a maximum press
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FIGURE 3 Steel pile prior to instrumentation, displaying the embedded fibre-optic sensing cable within a milled groove (left) and cross-sectional
view of the steel pile illustrating the positions of sensor cables with corresponding dimensions in millimetres (right).
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FIGURE 4 Segmenting the strain signal of the measuring fibre into
evaluation windows (top). Determination of the strain from the shift of
the local frequency spectrum (bottom), quoted from [33].

stroke of 200 mm. The force was measured using a calibrated
load cell positioned directly beneath the press. The test pile’s
vertical displacement was monitored using electrical precision
dial gauges with a 0.01 mm resolution at four measuring points.
The load steps were kept constant for at least 20 min, or until the
displacement creep rate𝐾s = 0.1mm in 5min under constant load
was reached. The test piles were initially loaded gradually in a
first cycle, reaching the characteristic service load of 400 kN and
thenunloaded and reloaded until the respective test load, denoted
as 𝑃P = 600 kN, was achieved. The criteria for test failure were
defined as either a displacement of 10 % of an equivalent circle
diameter of the pile 𝐷eq, a displacement creep rate of 2 mm per
logarithmic time cycle, or the attainment of the designated test
load 𝑃P.

Key field implementation considerations for the new test pro-
gram, beyond standard practices for the test layout, revolved
around ensuring the integrity of the fibre-optic sensors post-
installation and maintaining pile verticality. Mitigation strategies
for these aspects, such as sensor protection and the use of a
driving guide, are detailed within this section and Section 3.1.
Data accuracy and reliability were ensured through several
Quality assurance (QA) and quality control (QC)measures. These

included pre-test calibration of all key instruments, employing
redundancy in critical measurements (e. g., multiple dial gauges
and fibre-optic lines per pile), and diligent inspection of col-
lected data. Cross-validation of fibre-optic data against load cell
readings, confirming its reliability, is presented in Section 6.

3.3 Subsoil Conditions

The soil layers in the test area were identified through classifi-
cation of the drilling log and laboratory testing of soil samples
obtained from the borehole. The ground was simplified to nine
representative layers: a layer of filling materials extending to
a depth of 1.55 m, followed by a layer of peat spanning from
1.55 to 6 m in depth, and subsequently, uniform fine and coarse
sand layers until reaching a depth of 12 m. Moreover, the soil
profile exhibitedmultiple thin, alternating layers of fine sand and
silt extending down to 17.3 m. Coarse-grained sand was found
from a depth of 17.30 m below the ground surface, extending
to the bottom of the drilled hole. Figure 6 shows the soil
profile along with the tip resistance 𝑞c and shaft friction 𝑓s
with depth. Furthermore, sand samples were collected from each
representative layer in the borehole and classified using sieve
analysis, identifying threemain types of sand referred to as Sand I,
II and III. Themean particle size distribution results are shown in
Figure 7. Undisturbed peat and silt samples were collected from
depths of 3.7 and 13.38 m respectively. For the cohesive layers,
the void ratios were determined by the undisturbed collected
samples. On the other hand, the void ratios and thus the relative
densities of the non-cohesive layers 𝐼D were derived from the cone
penetration testing data (CPT) using Equation (3) according to
Kulhaway [34]. 𝑞c denotes the cone penetration resistance, 𝑝a the
reference pressure of 100 kPa and 𝜎′𝑣 the effective vertical stress.
The void ratios can be determined from the relative densities
using Equation (4) and were averaged within every layer.

𝐼D
2 =

𝑄cn

350
=
(𝑞c∕𝑝a)∕(𝜎

′
v∕𝑝𝑎)

0.5

350
(3)

𝐼D =
𝑒max − 𝑒

𝑒max − 𝑒min
(4)

Table 2 summarise the properties of the Representative soil
layers, featuring the mean grain size 𝑑50, the coefficient of
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FIGURE 5 Principal sketch showing the arrangement of the measuring instruments on the pile during the pile load test.

TABLE 2 Characteristics and mechanical properties of the soil layers.

Layer No. Depth (m) Representative soil 𝒅𝟓𝟎 (mm) 𝑪𝒖 (-) 𝒒𝐜 (MPa) 𝒆 (-)

1 > 1.55 Sand II 0.23 2.3 8.0 0.67
2 1.55 to 6 Peat — — 0.5 2.72
3 6 to 8.8 Sand II 0.22 2.3 8.0 0.60
4 8.8 to 10 Sand III 0.33 2.7 25.0 0.45
5 10 to 12 Sand II 0.18 2.0 26.0 0.59
6 12 to 14.77 Silt/Sand I — — 3.0 0.51
7 14.77 to 16.43 Sand I 0.08 2.9 10.0 0.70
8 16.43 to 17.30 Silt/Sand I — — 3.0 0.70
9 < 17.30 Sand II 0.22 1.7 28.0 0.57

uniformity 𝐶𝑢, the average CPT resistance in field 𝑞c and the void
ratios 𝑒.

4 Material Models and Parameter Calibration

An extensive laboratory testing program was conducted to deter-
mine and calibrate the soil’s material parameters to ensure an
accurate reflection of the physical properties and behaviours of
the soil. Several laboratory tests were carried out focusing on
different aspects of soil behaviour under various conditions, such
as Consolidated Drained triaxial (CD), Consolidated Undrained
triaxial (CU), Constant Rate of Load oedometer (CRL), and Con-
stant Rate of Strain oedometer (CRS) tests. In addition, the void
ratios were also calibrated in a numerical model of CPT testing
to ensure that the numerical model could reliably simulate the
soil’s response in the pile load tests. The following sections detail
the simulation’s constitutive models and the calibration process
for their parameters to achieve the optimal set of parameters.

4.1 The Hypoplastic Model

The hypoplastic constitutive model according to von Wolffers-
dorff [35], including the intergranular strain extension according

to Niemunis [36], was used for the simulations of the non-
cohesive sands. This model realistically captures the non-linear
and anelastic characteristics of granular materials, considering
essential properties like dilatancy, contractancy, different loading
and unloading stiffness, and the dependence of stiffness and
strength on pressure and void ratio. For detailed information
on the constitutive equations of the hypoplastic model with
intergranular strain extension, please refer to Appendix B. The
hypoplastic parameters were determined as follows:

∙ The critical friction angle 𝜑c is determined from the cone
deposition test.

∙ The parameters ℎs, 𝑛 and 𝛽 are determined from CRS
oedometer.

∙ The minimum and maximum void ratios were assessed using
standard tests. According to Niemunis [36], 𝑒c0 = 𝑒max , 𝑒d0 =
𝑒min, and 𝑒i0 = 1.15 ⋅ 𝑒max .

∙ The Exponent 𝛼 depends on the relative density and the peak
friction angle from a CD triaxial test.

∙ The five parameters of the intergranular strain 𝑚R, 𝑚T, 𝑅max,
𝛽R and 𝜒 are determined from a CD triaxial test with reversal
of direction in the effective stress paths according to [37].
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FIGURE 6 The soil profile along with CPT sounding results at the
site of the new pile load tests.

FIGURE 7 Representative particle size distribution curves of the
investigated sands (dashed curves resemble Sand II).

For clarity, only the results of the back-calculations for CD triaxial
tests for various densities and stresses with the hypoplastic mate-
rial model for non-cohesive sands are shown in Figure 8. Dashed
lines depict the experiments, whereas solid lines represent the
simulations. Overall, a good agreement between the simulations
and themeasurements is displayed. Table 3 shows the determined
parameter sets of the hypoplastic material model for the three
non-cohesive sands.

4.2 The Visco-Hypoplastic Model

Cohesive soils were modelled using the visco-hypoplastic con-
stitutive model by Niemunis [37]. This model, a development

TABLE 3 Hypoplastic parameters for the investigated non-cohesive
sands.

Parameter Unit Sand I Sand II Sand III

𝜑c (◦) 32.85 31.24 30.18
ℎs (MPa) 1650 2442 2267
𝑛 (-) 0.35 0.255 0.29
𝑒d0 (-) 0.48 0.47 0.37
𝑒c0 (-) 0.98 0.84 0.72
𝑒i0 (-) 1.12 0.97 0.83
𝛼 (-) 0.055 0.09 0.15
𝛽 (-) 1.56 1.65 1.3
𝑚T (-) 1.46 1.53 1.17
𝑚R (-) 4.68 4.52 4.65
𝑅max (-) 2.1⋅10−4 6.7⋅10−4 2.3⋅10−4

𝛽R (-) 0.16 0.58 0.8
𝜒 (-) 3.46 4.92 3.06

of the hypoplastic model, accurately accounts for fine-grained
soil properties such as creep, relaxation, and rate dependence.
According toNiemunis [37], the visco-hypoplasticmodel employs
a rate-type equation, which is presented as follows:

𝝈̇ = 𝗟 ∶ (𝜺̇ − 𝜺̇𝑣𝑖𝑠) , (5)

where 𝗟 represents the linear part of the hypoplastic stiffness
matrix and 𝜺̇𝑣𝑖𝑠 the viscous strain rate tensor. The intensity of the
viscous strain rate tensor 𝜺̇𝑣𝑖𝑠 is governed by Norton’s power law
[38]. 𝜺̇𝑣𝑖𝑠 is given by Equation (6) and incorporates the flow rule𝗺:

𝜺̇𝑣𝑖𝑠 = 𝐷𝑟

(
1

OCR

) 1

𝐼𝑣

𝗺 , (6)

where 𝐷𝑟 is a reference creep rate and 𝐼𝑣 is referred to as the
viscosity index or also the Leinenkugel index [39]. For a detailed
presentation of the equations of the visco-hypoplastic constitutive
model, refer to Niemunis [37].

Additionally, the constitutive model was extended to be appli-
cable under undrained conditions through the called penalty
approach, according to Naylor [40]. When analysing effective
stress, the rate of total stress, denoted as 𝝈̇, is identified by
combining the rate of effective stress 𝝈̇′ with the change in pore
pressure ̇𝑝𝑤 .

𝝈̇ = 𝝈̇′ + ̇𝑝𝑤𝗜 (7)

Assuming the velocity of the pore water to be zero, the change
in pore pressure ̇𝑝𝑤 can result from the state equation of pore
pressures and the balance of mass.

̇𝑝𝑤 =
𝐾𝑤

𝑛
̇𝜀𝑣 (8)

𝑛 denotes the porosity, ̇𝜀𝑣 the deformation rate and 𝐾𝑤 the
bulk modulus of fluid. This strategy allows the computation of
excess pore pressures in nearly incompressiblematerials based on
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FIGURE 8 Numerical simulations of the CD triaxial tests on medium dense (𝐼D ≈ 0.55) and very dense (𝐼D ≈ 1.0) samples using the determined
constitutive hypoplastic parameters for Sand I (left), Sand II (middle) and Sand III (right).

effective stress parameters and an independently specified bulk
modulus of fluid, which is for water 𝐾𝑤 = 2.08 × 106 kPa at 10◦C.
The chosen value of 𝐾𝑤 is to ensure numerical stability [41].

The determination and calibration of the visco-hypoplasticmodel
parameters proceeded as follows:

∙ The critical friction angle 𝜑c is determined through the CD
triaxial test.

∙ The void ratio 𝑒100 was derived from CRS oedometer tests
conducted at an average pressure of 100 kPa.

∙ The compression index 𝜆 and swelling index 𝜅 are obtained
from CRL oedometer tests.

∙ The parameter 𝛽𝑅 describes the shape of the stress path for
undrained shearing and is obtained from the CU triaxial test.

∙ The viscosity index 𝐼v is determined using an undrained
triaxial test with a sudden jump in the deformation velocity.

∙ The reference deformation rate 𝐷r is taken from auxiliary
tables according to Niemunis [37].

∙ The additional parameters 𝑚T, 𝑚R, 𝑅max, 𝛽R and 𝜒 cannot be
directly measured and are therefore estimated fromNiemunis
[37].

∙ The over consolidation Ratio OCR and initial void ratio 𝑒0
values align with the initial conditions of the laboratory
experiments.

The back-calculations of CRS oedometer tests using the visco-
hypoplastic material model show overall satisfactory agreement
between simulations and measurements for both cohesive lay-
ers in Figure 9, though some discrepancies exist in the pre-
consolidation stage due to numerical limitations of the consti-
tutive model at very low stress levels. Nevertheless, the model
successfully captures the overall consolidation behaviour and
provides reliable predictions for later stages.

Table 4 offers the determined parameter sets of the visco-
hypoplastic material model for the cohesive soils. It is worth
mentioning that the peat’s shear behaviour depends on its fibre
content and degree of decomposition, resulting in high friction
angles and low cohesion [42–44]. Yamaguchi [42] observed
friction angles ranging from 35◦ to 52◦ in compression triaxial

TABLE 4 Visco-hypoplastic parameters and state variables for the
investigated cohesive soils.

Parameter Unit Peat Silt

𝜑c (◦) 52.4 25.95
𝑒100 (-) 2.32 0.479
𝜆 (-) 0.13 0.044
𝜅 (-) 0.046 0.014
𝛽𝑅 (-) 0.95 0.95
𝐼v (-) 0.07 0.025
𝐷r (-) 1.85 ⋅ 10−6 1.65 ⋅ 10−6

𝑚T (-) 2 2
𝑚R (-) 5 5
𝑅max (-) 1 ⋅ 10−4 1 ⋅ 10−4

𝛽R (-) 0.05 0.05
𝜒 (-) 1 1
OCR (-) 1.0 1.0
𝑒0 (-) 2.72 0.51

tests on normally consolidated peat from Japan. Ajlouni [45]
reported a range of 40◦ to 60◦. This aligns with our findings in
this paper. Peat typically features large pore spaces (𝑒0 = 2.72),
explaining the exceptionally high total strain observed in the CRS
oedometer test.

4.3 Numerical Modelling of CPT-Tests to
Validate the Assumed Void Ratios

The void ratios for the non-cohesive soil layers, calculated using
the empirical Equation (4), were used as inputs in numerical sim-
ulations of cone penetration tests (CPTs) in Figure C1 to validate
their accuracy. Correctly representing the relative densities of the
sand layers is essential, as they significantly influence the piles’
tensile response. Therefore, validating the void ratios through
numerical simulations is necessary to ensure they accurately
reflect in-situ conditions. The initial void ratios of the cohesive
soil layers, obtained from the undisturbed samples, were also
tested in the numerical simulation. The simulations commenced
from layer 2. The simulated results were then compared to
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FIGURE 9 Numerical simulations of the CRS oedometer tests on the undisturbed samples using the determined constitutive visco-hypoplastic
parameters for Peat (left) and Silt (right).

the results of the CPT testing seen in Figure C2. A detailed
description of the numerical model and the CPT test results is
presented and discussed inAppendix C. The comparison between
the field measurements and the numerical results demonstrates
good agreement, validating the selected void ratios and material
parameters for further simulations in the pile load tests.

5 Numerical Simulations

Before conducting the pile load tests, a Class-A prediction is
performed using Abaqus/Standard 2022 finite element program,
which utilises Lagrangian elements and implicit time integration
to assess the bearing capacity of the driven steel piles. Implicit
time integration methods are preferred for their unconditional
stability, allowing for equilibrium solutions within each incre-
ment. Consequently, larger time steps can be employed compared
to explicit methods [46]. According to Dassault Systèmes [47], the
size of the time step in implicit methods is typically determined
based on the desired temporal resolution accuracy or the need
to accurately represent non-linear processes in the numerical
model. The solution of the system of equations is usually iterative.
The implicit time integration method is suitable for analysing
static processes and processes that occur over long periods, like
pile load testing. Numerical modelling offers valuable insights
into predicting the pile’s ultimate pull-out bearing capacity and
understanding the interactions between the pile shaft and the
surrounding soil.

5.1 Geometry and Boundary Conditions

Figure 10 illustrates the geometry of the numerical model of the
pile load test, consisting of the soil entity and the pile with the
relevant dimensions. Figure 10 provides a visual representation
of the subsoil structure, which exhibits multi-layered soils with
thin alternating sand and silt layers between 12.0 and 17.3 m.
The pulling force in the model is vertical along the z-axis of
the FE model. Taking advantage of the present symmetry allows
for a reduction of the computational cost. Therefore, a three-
dimensional quarter of the model with a length of 15 m and a
height of 30 m is modelled using 160,202 continuum elements
of the type C3D8R with reduced integration (1 integration point)
and enhanced hourglass control to suppress any hourglass defor-
mation modes. The C3D8R continuum elements in Abaqus are

three-dimensional, eight-node linear brick elements used for
modelling solid structures. The dimensions of the subsoil region
correspond to a horizontal distance that is 46 times the pile width
and a vertical model height that is 1.7 times the pile length.
This ensures that the distance between the outer boundary of
the soil region and the pile is sufficient to reduce boundary
influences significantly [48]. For the quarter model of the soil,
due to its inherent symmetry, X-symmetry and Y-symmetry
boundary conditions are applied to the outer surfaces of the
model. X-symmetry restricts movement along the x-axis and
rotation around the y and z axes on one surface. Conversely, Y-
symmetry limits movement along the y-axis and rotation around
the x and z axes on another surface. The element size around
the pile and under the pile’s base matches the pile’s thickness
of 0.012 m. The element size gradually increases as we move
vertically and horizontally from the pile. The displacements of
the soil entity in the normal direction to the outer surfaces are
restricted through boundary conditions to prevent that material
moves out of the model.

5.2 Modelling of the Pile

For the HP 320 × 88.5 steel pile, a linear elastic behaviour of S355
steel is assumed. The pile length in themodel is 18.8 m, as the pile
embeds 18.3 m into the ground and the pile head is 0.5 m above
ground level. Reflecting the symmetry, only a quarter of the pile
was modelled with a half web thickness in the x-direction. The
same X-symmetry and Y-symmetry boundary conditions applied
to the soil are also applied to the pile’s outer surfaces to maintain
symmetry and prevent horizontal drift. This approach ensures
that the displacements perpendicular to these symmetry planes
are restricted, mirroring the model’s behaviour as if the entire
pile and surrounding soil were present. This treatment allows us
to maintain computational efficiency while accurately capturing
the pile-soil interaction characteristics. The pile is modelled pre-
installed into the soil, assuming ‘wished in place’ conditions. The
pile’s parameters and idealised dimensions are taken fromTable 1.

5.3 Pile-Soil Interaction

The general contact algorithm regulates the contact between
the pile and the soil, utilising a surface-to-surface discretisation
approach with finite sliding. For the contact in the normal
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FIGURE 10 Numerical model and discretisation of the quarter symmetric FE model for calculating the pull-out bearing capacity (left) and soil
structure, along with CPT sounding results at the site of the new pile load tests (right).

direction, the hard contact formulation is applied, which does
not allow the intersection of the soil and pile surfaces. The
penalty method is used for constraint enforcement, with the
penalty stiffness automatically determined by Abaqus. According
to Coulomb’s friction law, a linear elastic, ideal-plastic stick–
slip model is considered in the tangential direction. The friction
coefficient depends on the roughness of the pile surface and
the internal friction of the surrounding soil. A friction coeffi-
cient of 𝜇 = tan(2∕3𝜑) is selected for the sands according to
recommended values in [49] and [50] for non-treated rough steel
surfaces. In the case of the organic peat, the literature indicates
that the ratio of the interface friction angle 𝛿 to the internal
friction angle 𝜑 for steel is approximately 𝛿∕𝜑= 1/3 [51, 52].
Consequently, a friction coefficient of 𝜇 = tan(1∕3𝜑) = 0.31 is
selected for the peat layer. The friction coefficient of the thin inter-
layered silt layers is set to 0, as these layers are perceived to have
low load-bearing capacity. In addition, these silt layers comprise
only 6 % of the soil profile.

5.4 Load History and Sequence of Steps

The initial step of the pile load testing involves establishing
the geostatic stress as an initial condition. The geostatic stress

is assumed to follow the 𝐾0-distribution after Jaky [53], where
the earth pressure coefficient is set at 𝐾0 = 1 − sin(𝜑), except
for peat where the value of 𝐾0 = 0.3 was adopted according to
Yamaguchi [42]. In the second step, the self-weight of the pile
is activated, and the contact between the pile and the soil is
established. In the third step, the top of the pile is subjected to an
increasing vertical load according to the measurement concept,
reaching 400 kN in the first cycle, then unloaded to 25 kN and
subsequently reloaded in the second cycle until the pile reaches
the maximum load capacity at failure. The simulation assumes
ideal drainage conditions for the non-cohesive soil layers and
undrained conditions for the cohesive soil layers. The pile is
modelled preinstalled into the soil, assuming ‘wished in place’
(WIP) conditions. This approach was chosen as a pragmatic and
necessary simplification for this Class-A prediction, which was
formulated prior to the execution of the field tests, allowing
for a focused analysis of the post-installation loaded behaviour
under idealised conditions, corresponding to a pile installed with
minimal imperfections.

While theWIP approach does not explicitly simulate the dynamic
installation process, it is partially justified by considering the
evolution of soil stresses post-installation. Pile driving is known
to initially cause ‘friction fatigue,’ a significant reduction in
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FIGURE 11 Comparison of resistance-heave curves from pile load tests for piles 1, 2 and 3 against the numerical Class-A prediction. (a) Linear
scale and (b) logarithmic scale representations of pile uplift versus applied load

effective mean stress along the pile shaft [54, 55]. This effect is
observed and described in many experimental investigations of
displacement pile installation [56–58], as well as many numer-
ical simulations [59–62]. Following installation, a ‘set-up’ effect
typically occurs [13, 63–65], where radial stresses around the
pile gradually increase, potentially approaching at-rest earth
pressure conditions [65]. The WIP model, therefore, aims to
represent a plausible, stabilised stress state after these complex
installation-induced phenomena have occurred. The detailed
discussion of the simplifications inherent in theWIPmethod and
the challenges of simulating the complete installation and set-up
sequence are presented in Section 7.

6 Results and Discussion

This section presents the key results from the comprehensive
field pile tests and the Class-A numerical prediction. The sub-
sequent discussion will focus on comparing these findings,
starting with the methodology for quantifying the agreement
between experimental and simulated data. In order to quantify
the comparison between simulation and experimental results, the
mean percentage error (MPE) used e. g., in Dao [66], is employed.
The MPE is computed using the following formula:

MPE = 100%

𝑛

𝑛∑
𝑖=1

|||||
𝜀
exp
𝑖 − 𝜀sim𝑖

𝜀
exp
𝑖

||||| (9)

Here, 𝑛 denotes the total number of data points. For each
data point, 𝜀exp𝑖 represents the corresponding experimental strain
value, while 𝜀sim𝑖 represents the simulated strain value. To deter-
mine the percentage error, the absolute difference between the
experimental and simulated values is divided by the experimental
value, and then the absolute value is taken. The result is
expressed as a percentage, representing the average relative error
of the simulation.

6.1 Results of the Pile Load Testing

Figure 11 presents the resistance-heave curves from the force-
controlled static tensile pile load tests in both linear (a) and

FIGURE 12 Applied load steps during the static pile testing in the
field of the three piles.

semi-logarithmic scales (b). The semi-logarithmic representation
in (b) provides enhanced visibility of the pile response at small
displacements, particularly in the range of 0.1–10.0 mm. The
test revealed varying bearing capacities among the piles: pile 1
achieved the highest bearing capacity of 617 kN and pile 2 the
lowest with 325 kN. With 500 kN, the load-bearing capacity of
pile 3 lies between the other two piles. Due to the different load
capacities of the three piles, differing load steps are applied, as
shown in Figure 12. In addition, due to its low load-bearing
capacity, pile 2 was not unloaded and reloaded. The numerical
model, representing an ideally installed, straight pile, serves as
an idealised baseline for this Class-A prediction.

The numerical simulation demonstrates a reasonable agreement
with the measured response of pile 1, although it exhibited a
stiffer response than the actual test. A weighted average Mean
Percentage Error (MPE) of 7.7% was calculated when compar-
ing the simulated resistance-heave curve for pile 1 with the
experimental data across the loading, unloading, and reloading
stages. However, it is crucial to note that a constant load was
maintained during the test at every loading phase, and the
displacement creep rate of 0.1 mm in 5 min was measured. As
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the load approached approximately 575 kN, a significant increase
in displacement creep occurred over an extended period, which,
according to established testing standards, would be considered
a failure. The displacement creep refers to the gradual, time-
dependent movement of the pile under sustained load, which
can occur even when the load does not exceed the pile’s ultimate
capacity. In contrast, the linear elastic-perfectly plastic (’stick-
slip’) Coulomb friction interface model used in the numerical
simulation does not account for the creep displacement manifest
in the field tests once shear stresses at the interface reach
a critical threshold, resulting in a stiffer behaviour at failure
compared to the field test. This idealisation is a primary con-
tributor to the numerically stiffer prediction at failure. Neither
the hypoplastic model for sands nor, more critically, the time-
independent Coulomb friction model adopted for the pile-soil
interface, explicitly incorporates mechanisms such as long-term
interface creep-rupture or progressive softening under sustained
high shear stresses approaching failure. Cyclic degradation was
considered less dominant given the quasi-static nature of the
loading protocol with one unload-reload cycle. Additionally, it
can be observed that the recommended friction coefficients from
the literature adequately predict the resistance-heave curve of
pile 1. Overall, the hypoplastic and visco-hypoplastic modelling
framework, after successful calibration against laboratory and
CPT field data (Section 4, Appendix C), effectively captured key
experimentally observed behaviours.

6.2 Results of the Fibre-Optic Measurements

The results of the fibre-optic measurements during the pile
test loads are used to analyse the different pile load-bearing
capacities. Figure 13 illustrates the results of the fibre-optic strain
measurements conducted on piles 1, 2 and 3. The strain values
(𝑥-coordinate) in microstrain are plotted against the depth below
ground level (𝑦-coordinate) for sensor 1, sensor 2, and the mean
value obtained from both sensors. The piles have a constant cross-
section and stiffness, leading to a relationship between the axial
force in the pile 𝐹(𝑥) and the strain 𝜀(𝑥) described by 𝐹(𝑥) =
𝐸𝐴 ⋅ 𝜀(𝑥). The strain curves shown thus correspond in principle
to the curve of the axial force in the pile over the depth. The
gradient of the pile’s strain distribution (𝑑𝜀∕𝑑𝑧) represents the
change in axial force along the embedment length. A shallower
slope in 𝐹(𝑥) or 𝜀(𝑥) curve indicates higher skin friction, while
a vertical curve corresponds to zero skin friction. In principle,
with increasing load, there is an increasing strain, and accord-
ingly, the most significant strains correspond to the load-bearing
capacity.

Figure 14 presents the vertical forces computed from the mea-
sured strains at the pile head for piles 1, 2 and 3. When comparing
these calculated values, derived from fibre-optic strain data, with
the forces directly measured during the load tests, discrepancies
of only 4.0 %, 0.5 % and 4.1 % are observed for piles 1, 2
and 3, respectively. This close agreement further underscores the
reliability of the fibre-optic measurements in quantifying load
transfer along the pile shaft.

However, a detailed examination of the strain measurements
from sensors 1 and 2 in Figure 13 reveals an alternating
strain pattern at higher load stages, especially near the piles’

ultimate capacities. These measured deviations, with negative
strain indicating compression in some sections, especially near
the bottom of the piles, challenge the assumption of purely
axial force conditions, where the axial force and strain should
increase monotonically from the pile base to the pile head. These
measured deviations indicate the presence of a superimposed
bending component around the weak axis, which is inferred
from the alternating strain pattern in the two sensors. This
local bending influence is more pronounced at specific depths—
particularly close to the pile tip—which is consistent with higher
local soil resistance and boundary effects at the pile toe.A bending
component around the strong axis of the cross-section cannot
be compensated by the sensor arrangement implemented here,
as additional sensors on the opposite flange would be required
for such compensation. However, it is reasonable to assume that
the bending component around the strong axis of the cross-
section is less significant than the bending component around the
weak axis.

When the measurements from both sensors are averaged, exclud-
ing pile 2, the strain 𝜀 and, correspondingly, the force 𝐹, generally
increase monotonically from the pile base to the top. Figure 13
shows the average values of sensors 1 and 2 on the right-hand
side. For pile 2, the most significant load transfer, indicated by
the shallow slope of the strain curve, occurs between 8 and
12 m depths. Thereafter, within the multi-layered soils, the strain
profile becomes nearly vertical, signifying minimal additional
load transfer through skin friction. Conversely, the most notable
load transfer for piles 1 and 3 is observed in the last 6 m towards
the pile base, highlighting that these lower sections contribute
substantially to the overall resistance. Although tensile loading
dominates the general behaviour of the piles, these data show
that purely axial assumptions do not fully capture the localised
soil-structure interaction.

Since the load tests were carried out under vertical tension, a
natural question arises regarding how tensile forces can induce
bending in the pile. This can be explained by the deformation
of the pile, which has been installed with locked-in bending
strains, i. e., the pile is driven into the ground along a slightly
curved path and then partially straightened during the load
test, leading to ‘corrective bending’. By separating the axial and
bending components of the strain around the weak axis and
calculating with the inner lever arm of the sensor paths, the
acting bendingmoment𝑀(𝑥) can be determined. Specifically, the
mean axial strain is obtained from 𝜀avg = (𝜀1 + 𝜀2)∕2, while the
difference Δ𝜀 = 𝜀1 − 𝜀2, along with the known sensor separation
𝐿, quantifies the curvature. The weak-axis bending moment
(referenced in Figure 15) is then calculated as 𝑀 = Δ𝜀∕𝐿 ⋅ 𝐸𝐼.
For H-piles, this weak-axis bending, captured by the two-sensor
setup, is considered the dominant component under quasi-axial
loads due to the pile’s lower bending stiffness around this axis,
even if full 3D effects are not resolved. In Figure 15, the left-
hand side shows the bending moments for piles 1, 2 and 3 at
the load stage of 300 kN, the maximum load for pile 2. On
the right-hand side, the moments for piles 1 and 3 at the load
stage of 500 kN, which is the maximum load for pile 3, are
illustrated. The relatively small derived bending moments verify
that this effect occurs within the elastic range. This conclusion
is supported by the calculated yield moment 𝑀𝑦 = 𝜎𝑦 ⋅ 𝑆 =
127.86 kNm, greater than the maximum bending moment of
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FIGURE 13 Fibre-optic strain measurements for piles 1, 2 and 3, showing strain distributions from both individual fibres (sensor 1 and sensor 2)
and their mean values. The plots illustrate the variation in axial strain (in microstrain) along the pile depth, with pile 1 reaching maximum capacity of
617 kN (top), pile 2 with limited capacity of 325 kN (middle), and pile 3 achieving intermediate capacity of 500 kN (bottom).

19.95 kNm. Here, 𝜎𝑦 denotes the yield stress, and 𝑆 represents the
elastic section modulus.

The described corrective bending effect only becomes significant
at higher load levels and correlates with a pile displacement
exceeds the creep rate of 2 mm/log cycle of time. This phe-
nomenon can be explained by the behaviour of the piles during
the pile load test.When piles experience high creep displacement,
they are progressively and rapidly pulled out of the soil under con-

stant load. As a result, the piles encounter greater constraints and,
consequently, higher corrective bending. This occurs because the
pile deforms and attempts to return to its original state through
elasticity. According to the measurement report, pile 2 exhibits a
creep value𝐾s exceeding 10mm at the 300 kN load level, whereas
piles 1 and 3 have a 𝐾s value below 0.5 mm at the same load level.

Comparing the axial and bending components of the strain in the
manner described for the highest load level achieved for pile 2
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FIGURE 14 Axial forces in piles 1, 2 and 3 calculated from
fibre-optic strain measurements. The forces are plotted against depth,
illustrating the load distribution along the pile length during tensile
loading.

FIGURE 15 Bendingmoments around the weak axis z–z at the load
stages 300 kN (left) and 500 kN (right) for the three investigated piles.

FIGURE 16 Results of the fibre-optic strain measurements for the
three investigated piles at 300 kN load stage comparedwith the numerical
simulation.

(𝐹 = 300 kN, see Figure 16), the correlation between a strong
bending component and a lower load-bearing capacity becomes
particularly evident.

The simulated strain distributions of pile 1 during the 300 and
600 kN load stages are in good agreement with the results
of the field test, as shown in Figure 17. Indeed, pile 1, with
minimal inferred bending and the highest capacity, aligned well
with the idealised numerical model (Figure 11 and Figure 17).
In contrast, the lower capacities and complex strain patterns
of Piles 2 and 3 (Figure 13) are attributed to substantial mea-
sured locked-in bending strains from installation imperfections
(Figure 15). Such pre-existing geometric imperfections, and their
consequent non-monotonic strains, cannot be replicated by an
idealised straight-pile model; its comparison to Piles 2 and 3
thus highlights the significant negative impact of installation-
induced deformation. The mean percentage errors (MPE) of
the simulated strain distributions of pile 1 during the 300 and
600 kN load stage are calculated to be 7.23 % and 12.8 %,
respectively. this level of agreement for detailed strain profiles
is often considered reasonable for a Class-A prediction in such
complex geotechnical systems.

When the maximum shear stress is fully activated along the
entire embedded length, the ultimate pull-out load of 617 kN
is attained. As expected, the most significant strain gradient
is between 12 and 18 m below ground level. The simulation
results confirm the assumption mentioned earlier that pile 1 does
not exhibit any considerable bending component (compare with
Figure 15), since the simulation models the pile as ‘wished in
place’ without bending or imperfections. This further emphasises
that the deformations occurring during the driving process of
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FIGURE 17 Simulated and measured strain distributions of pile 1
for the load stages 300 and 600 kN.

the piles significantly impact their subsequent bearing capacity.
Considering that the piles were installed in similar soil condi-
tions, it is plausible to conclude that the installation process
and the resulting locked-in bending strains primarily caused the
different load-bearing capacities of the piles. While concurrent
soil disturbance undoubtedly occurs during installation and
contributes to performance differences, this study focused on
the quantifiable impact of geometric imperfections (locked-in
bending) as a primary driver for the observed 60% variance
in capacity among adjacent piles, despite identical installation
procedures and assumed consistent soil. Adjustments in the pile
alignment during driving could introduce soil structure distortion
near the pile shaft, which could form a wave-like driving channel
and bending constraints in the pile. Any minor misalignment or
eccentricity in the pile installation becomes more pronounced
near the base due to the cumulative effect of installation-induced
deformations along the pile length. Furthermore, the presence
of thinly inter-layered soils near the pile base creates hetero-
geneous resistance patterns that can amplify localised bending
effects.

To optimise pile performance, maintaining a consistent driving
inclination (within acceptable limits) is preferable to attempting
corrections that might introduce bending constraints. Imple-
mentation of low-impact installation methods and enhanced
pile-driving guidance systems could minimise these installation-
induced effects. These findings emphasise the critical importance
of installation quality control in achieving designed pile capaci-
ties, particularly in complex soil conditions.

7 Limitations

This study, while providing valuable insights into tension pile
behaviour in thinly inter-layered soils and the impact of installa-
tion imperfections, has several inherent limitations, particularly
within its Class-A prediction framework. A key simplification
was the Wished-in-Place (WIP) pile installation assumption.
Common for predictive analyses, especially Class-A predictions
formulated with pre-field test uncertainties, this approach was
adopted to establish an idealised baseline for the post-installation
loaded behaviour, corresponding to a pile installed with minimal
imperfections. It does not explicitly simulate dynamic installa-
tion effects like soil displacement, changes in soil stress state
(e. g., radial stress degradation or densification), or subsequent
time-dependent set-up phenomena (such as those occurring
during the 5 weeks post-installation in this study); consequently,
unquantified soil disturbance due to installation variability could
also contribute to the observed differences in pile performance
alongside the measured locked-in bending. Simulating these
complex installation effects, which often require sophisticated
numerical techniques to capture phenomena like complex time-
dependent set-up, under Class-A predictive constraints was
deemed impractical due to the numerous additional assumptions
required. Additionally, the sometimes inconclusive or contra-
dictory findings in literature regarding the precise influence of
different installation methods on pile capacity and load transfer
mechanisms (e. g., studies by [67, 68] in contrast to [69, 70])
further complicate predictive modelling efforts. Furthermore,
the pile-soil interface was modelled using a time-independent
Coulomb friction law, which omits complex behaviours such as
stress- and density-dependency or interface creep, contributing
to discrepancies like the numerically stiffer response at failure.
The scope of the bending analysis, using two sensors on a
single flange, quantified weak-axis bending–argued as dominant
for an H-pile under quasi-axial tension–but a more extensive
sensor array would be needed for a full 3D bending analysis,
including strong-axis bending and torsion. These limitations
highlight areas for future research, including the incorporation
of more sophisticated installation process simulations (e. g.,
using coupled Eulerian-Lagrangian or Material Point Methods)
and advanced interface models (e. g., using hypoplastic contact
model).

8 Conclusions and Outlook

The study presents a comprehensive investigation into the
bearing capacities of tension steel piles in thinly inter-layered
soils, utilising field measurements and a numerical Class-A
prediction. The research was driven by significant discrepancies
between predicted and actual bearing capacities during pile
testing, highlighting the limitations of commonly used analytical
methods. A large-scale field test involving three adjacent tension
steel piles provided valuable measurements, including innova-
tive fibre-optic strain monitoring. The numerical model utilised
hypoplastic and visco-hypoplastic constitutive models to capture
the complex interactions between the piles and the varying soil
layers. This study contributes to a better understanding of pile
behaviour under tension load in thinly inter-layered soils, which
is, to the authors’ knowledge, a rarely explored area in the
existing literature.
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The pile load testing results showed significant variations in the
bearing capacities among the piles, which is primarily attributed
to the installation process, with the least impacted pile 1 achieving
a maximum bearing capacity of 617 kN, compared to the most
affected pile 2, which only reached 325 kN.

The numerical model successfully predicted the ultimate load
capacity of pile 1 before conducting the field tests, providing
valuable insights into the interactions between the pile and the
soil and a complement to the experimental data. The simulated
strain distributions showed good agreement with field measure-
ments, indicating that themodel effectively captures the essential
mechanics of pile-soil interaction in thinly inter-layered soils
for an ideally installed pile. However, the model’s use of the
‘wished in place’ assumption, chosen for simplicity within the
Class-A prediction framework and due to technical complexities
of simulating full installation and set-up, may not capture all
dynamic soil-pile interactions, potentially impacting FEM result
accuracy. This limitation is recognised, and further validation
and refinement of this assumption and interface modelling are
recommended to improve numerical model reliability.

Fibre-optic measurements indicated the presence of locked-in
bending strains post-installation, especially in piles 2 and 3.
This bending component is attributed to the deformation of the
piles during installation, and the calculated bending moments
confirmed the presence of the bending strain within the elastic
range. The calculated vertical forces in the piles correspond with
the measured forces from the load testing, which supports the
reliability of the fibre-optic strain data. A notable correlation
was found between significant bending strains and reduced
load-bearing capacities of the piles, explaining the variance
in their bearing capacities and the impact of the installation-
induced strains on pile performance. The study distinguishes
between the measured impact of these geometric imperfections
(bending) as a direct consequence of installation variability, and
the acknowledged but unquantified concurrent soil disturbance
effects, also stemming from the installation process.

The research contributes to a deeper understanding of tension
pile behaviour in complex soil conditions and underscores the
necessity of considering installation effects in pile design. It also
emphasises the potential of advanced measurement techniques,
like fibre-optic sensing, in providing detailed insights into pile
behaviour, thereby aiding in developing more accurate predictive
models and design methodologies in geotechnical engineering.

Further research could incorporate advancedmeasurement tech-
niques during pile installation, such as fibre-opticmeasurements,
to identify and evaluate the deformation and strain distribution
in the pile. This allows for a thorough understanding of pile
behaviour and provides insights into improving the accuracy and
efficiency of the installation process. Additionally, it would be
beneficial to investigate various installation methods, especially
those with minimal induced deformation of the piles, and their
impact on the tensional bearing capacity. Building upon the
diagnostic capabilities andmechanistic understanding presented,
future research should also aim to develop quantitative design
guidelines and actionable thresholds correlating the magnitude
of installation-induced imperfections (like locked-in bending
strains) with expected reductions in pile capacity. This would

typically require systematic investigations, potentially involving
laboratory or centrifuge model tests under controlled conditions,
to establish more generalised predictive relationships. Another
focus could involve numerical constitutive contact modelling,
which is crucial for accurately predicting pile axial loading.While
the Coulomb interface model is commonly used in geotech-
nical analyses and was sufficient for the presented case as a
baseline, the complexity of soil-structure interfaces, particularly
concerning time-dependent phenomena like creep and soften-
ing, could sometimes surpass what can be captured by this
model. The implementation of more sophisticated constitutive
contact models will be addressed in subsequent research to
better capture the complex mechanical behaviour at the soil-pile
interface. Nevertheless, this study showed a successful Class-
A prediction in the complex, thinly inter-layered soil of a pile,
properly installed. The study highlighted the significant impact
of installation methods on the pile’s performance, especially in
soils with multiple thin layers. The findings advocate optimising
installation techniques to minimise bending strains and enhance
pile load-bearing capacities.
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Appendix A: Soil Parameters of the Four Investigated Sites

The following table presents the soil parameters derived from the
evaluation of cone penetration testing (CPT) data at the four investigated
sites. The soil profile at each site is divided into several layers, and the
corresponding properties are provided for each layer. These properties
include layer thickness, unit weight (𝛾), cone resistance (𝑞c), relative
density (𝐼D), friction angle (𝜑′), mean grain size (𝑑50), shear modulus
(𝐺), undrained shear strength (𝑆𝑢), soil behaviour type index (𝐼𝑐), and
plasticity index (𝐼𝑝). This detailed characterisation of the soil conditions
is crucial for interpreting the pile behaviour and for the analytical
predictions discussed in themain text of the paper. It is worthmentioning
that the averaged actual measured capacities of the piles at each site were
473, 449, 353 and 480 kN for sites 1, 2, 3 and 4. respectively.

Appendix B: Equations of the Hypoplastic Model With
Intergranular Strain Extension

The hypoplastic constitutive law is given by:

𝝈̇ = f (𝝈′, 𝜺̇, 𝑒) , (B1)

where 𝝈̇ represents the stress rate tensor, 𝝈′ defines the effective stress
tensor, 𝜀̇ stands for the deformation rate tensor, and 𝑒 symbolises the void
ratio. The formulation, according to von Wolffersdorff [35], is expressed
as follows:

𝝈̇ = 𝗟 ∶ 𝜺̇ + 𝗡‖𝜺̇‖ . (B2)

Here, 𝗟 and 𝗡 symbolise linear and non-linear components of stiffness,
respectively, both dependent on stress and void ratio, and are detailed as:

𝗟 = 𝑓𝑏𝑓𝑒
1

tr(𝝈̂ ⋅ 𝝈̂)
(𝐹2

𝑙
𝗜 + 𝑎2

𝑙
𝝈̂𝝈̂) (B3)

𝗡 = 𝑓𝑏𝑓𝑒𝑓𝑑
𝐹𝑙𝑎𝑙

tr(𝝈̂ ⋅ 𝝈̂)
(𝝈̂ + 𝝈̂∗) (B4)

with 𝝈̂ = 𝝈′

tr𝝈′
and 𝝈̂∗ = 𝝈̂ − 1

3
𝗜. The scalar factors are defined by:
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TABLE A1 Soil parameters from the evaluation of the cone penetration testing data (CPT) of the four investigated sites.

Layer Thickness 𝜸

(
𝐤𝐍

𝐦𝟑

)
𝒒𝐜 (MPa) 𝑰𝐃 (-) 𝝋′ (◦) 𝒅𝟓𝟎 (mm) 𝑮 (MPa) 𝑺𝒖 (kPa) 𝑰𝒄 (-) 𝑰𝒑 (%)

Site 1
1 1.90 19.62 9.66 0.8 42.9 1.4 26.49
2 2.10 17.94 1.15 78.27 0.74 20
3 2.30 17.77 0.51 29.54 0.58 30
4 6.70 19.98 11.84 0.6 40.4 0.7 60.42
5 3.00 20.24 11.89 0.5 39.0 0.6 78.02
Site 2
1 2.80 19.91 10.25 0.8 43.0 1.3 30.12
2 2.00 18.11 0.52 32.05 0.59 40
3 1.20 18.71 3.12 0.4 35.8 0.4 24.06
4 0.60 18.06 0.69 40.95 0.64 35
5 4.40 20.85 22.74 0.8 43.7 1.0 93.23
6 4.80 20.16 8.38 0.4 37.3 0.4 68.77
7 1.20 20.27 14.52 0.5 39.5 0.6 88.63
Site 3
1 2.50 18.79 2.63 0.5 38.2 0.5 15.38
2 3.50 17.09 0.29 15.11 0.47 20
3 1.70 18.12 2.43 0.3 33.9 0.3 19.46
4 0.60 16.81 0.50 25.30 0.58 25
5 2.60 19.94 10.47 0.6 39.9 0.7 57.16
6 0.90 18.10 1.75 110.05 0.82 30
7 9.70 20.00 12.73 0.5 39.0 0.6 75.59
Site 4
1 1.55 19.55 7.07 0.69 41.98 1.14 23.04
2 4.45 17.53 0.51 31.20 0.58 30
3 2.80 17.97 5.16 0.32 34.74 0.45 25.26
4 3.20 20.73 22.54 0.72 42.45 0.89 104.32
5 5.30 19.02 5.72 0.31 34.24 0.33 49.25
6 1.00 20.66 26.83 0.63 41.11 0.77 118.80

𝑎𝑙 =
√
3(3 − sin (𝜑𝑐))

2
√
2 sin (𝜑𝑐)

, 𝑓𝑒 =
( 𝑒𝑐
𝑒

)𝛽
, 𝑓𝑑 =

(
𝑒 − 𝑒𝑑
𝑒𝑐 − 𝑒𝑑

)
and (B5)

𝑓𝑏 =
ℎs
𝑛𝑒

(
𝑒i0
𝑒c0

)𝛽
1 + 𝑒𝑖
𝑒𝑖

(
3𝑝′

ℎs

)1−𝑛𝑒
[
3 + 𝑎2

𝑙
− 𝑎𝑙

√
3

(
𝑒i0 − 𝑒d0
𝑒c0 − 𝑒d0

)𝛼
]−1

.

(B6)

For an in-depth explanation of the equations of the hypoplastic consti-
tutive law, refer to the work of von Wolffersdorff [35]. The intergranular
strain tensor according to Niemunis [36] is represented by 𝜹 . The stress
rate 𝝈̇ is calculated from:

𝝈̇ = 𝗘 ∶ 𝜺̇ (B7)

where the stiffness tensor 𝗘 is defined by:

𝗘 = [𝜁𝜒𝑚T + (1 − 𝜁𝜒)𝑚R]𝗟

+

{
𝜁𝜒(1 −𝑚T)𝗟 ∶ 𝜹𝜹 + 𝜁𝜒𝗡𝜹 for 𝜹 ∶ 𝜺̇ > 0

𝜁𝜒(𝑚R −𝑚T)𝗟 ∶ 𝜹𝜹 for 𝜹 ∶ 𝜺̇ ≤ 0
(B8)

with the material parameters 𝜒,𝑚R,𝑚T and 𝑅max govern the influence of
intergranular strain.

𝜁 = ‖𝜹‖∕𝑅max . (B9)

The evolution equation for the intergranular strain tensor is:

𝜹̇ =

{
(𝗜 − 𝜹𝜹𝜁𝛽R ) ∶ 𝜺̇ for 𝜹 ∶ 𝜺̇ > 0

𝜺̇ for 𝜹 ∶ 𝜺̇ ≤ 0
(B10)

where 𝛽R is another material parameter and 𝗜 is the fourth-order
identity tensor.

Appendix C: Numerical Modelling of CPT-Tests to Validate the
Assumed Void Ratios

In order to calibrate the calculated void ratios from the empirical Eq. 4 an
axisymmetric FE-model is created to conduct numerical cone penteration
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FIGURE C1 Finite element axisymmetric model for the simulation
of the CPT testing.

tests. The so-called zipper method in Abaqus/Standard 2022 with an
implicit solver, as depicted in Figure C1, is employed. The zipper method
originated from Mabsout [71], consists of soil entity (1×1 m), two rigid
bodies representing the cone and a rigid, frictionless tube at 1 mm from
the axis of symmetry. The cone slides alongside the tube, displacing
the subsoil like a zipper and causing penetration. The cone diameter

is set according to [72] to 𝐷cone = 35.7 mm and has an aperture angle
of 60◦. The simulation was conducted with geometric non-linearity and
large strain formulation to account for the large strains induced in
the elements around the CPT. This option was activated through the
non-linear geometry option (NLGEOM) in Abaqus. At the start of the
simulation, the cone is pre-inserted into the subsoil to about five times its
diameter using the wished-in-place method. The subsoil is modelled with
3462 continuum elements of the type CAX4 using those mentioned above
hypoplastic and visco-hypoplastic constitutive parameters in Tables 3
and 4.

The mesh is refined in the region surrounding the cone penetration to
capture the local soil behaviour more accurately. The non-cohesive layers
are assumed to be saturated and ideally drained during cone penetration
with a soil’s unit weight 𝛾 of 18 kN/m3 above the groundwater table
(GWT), and 11 kN/m3 below the groundwater table. The soil’s unit
weight of the cohesive layers is set to 𝛾 = 11 kN/m3 under saturated
undrained conditions. A stick-slip model with a low friction coefficient
of 𝜇 = 0.1 represents the cone’s smooth surface. The finite element
simulation initiates with a𝐾0 stress distribution, where the earth pressure
coefficient 𝐾0 = 1 − sin(𝜑), except for peat, where a value of 𝐾0 = 0.3

was adopted based on Yamaguchi [42], due to the empirical expression
yielding unsatisfactory values compared to laboratorymeasurements. The
representing overburden pressures 𝜎′v are applied as distributed loads
on the top of the soil entity. In the first step, gravity is applied to the
model. In the second step, the cone is pushed into the soil at a constant
velocity of 1 cm/s, corresponding to the velocity of the probing in the
field, until a constant tip resistance is reached. Figure C2 shows the
resulting tip resistances of the investigated layers. Table C1 compares
the observed tip resistances in the field tests with the corresponding
numerical simulations, where 𝑞c in the field represents the averaged
tip resistance of the corresponding layer, obtained from Figure C2, and
𝑞c,FEM in FEA represents the simulated tip resistance. It can be seen that
a good agreement between the field measurements and the numerical
results exists. Consequently, the selected relative densities are validated
for further analysis in the pile load tests.

FIGURE C2 Simulated CPT resistances for the investigated soil layers (left) and measured CPT sounding results along with fitted assumptions
represented by vertical bold black lines (right).
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TABLE C1 Overview of assumed void ratios for the soil layers based on comparing CPT results from field explorations and numerical simulations.

Unit Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Layer 9

Soil type (-) Peat Sand II Sand III Sand II Silt Sand I Silt Sand II
Stress 𝜎′v (kPa) 27.9 76.85 107.65 120.85 150 173.32 191.58 201.15
Void ratio 𝑒0 (-) 2.72 0.6 0.45 0.5 0.51 0.7 0.7 0.55
Rel. density 𝐼D (-) — 0.66 0.78 0.93 — 0.56 — 0.79
𝑞c,FEM in FEA (MPa) 0.35 9.64 24.85 26.56 3.0 9.90 2.9 29.19
𝑞c in field ([MPa) 0.5 8.0 25.0 26.0 2.0 10.0 3.0 28.0
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