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Abstract: Open-ended steel piles are commonly used as the foundation for offshore structures.
Numerous model and field tests have demonstrated a time-dependent increase in the resistance of
these piles, a phenomenon referred to as pile ageing or pile setup. Additionally, for open-ended
steel piles with comparably small diameters, soil plugging enhances the resistance against axial
compressive loads. Realistically predicting these effects is necessary for their reliable incorporation
into design practice. This contribution presents static compression and tension pile load testing
conducted in an experimental pit filled with wet, uniformly graded silica sand. In total, twelve piles
(L = 5.5 m, Do = 325 mm) were driven into homogeneously compacted sand using a pneumatic
impact hammer. Firstly, static compression pile load testing was executed at various times after
installation. Subsequently, static tension pile load tests were carried out. The results of the static
compression pile load tests indicate that the compressive resistance doubles over an ageing period of
64 weeks. The experimental investigations of the effect of soil plugging showed marginal soil plugging
during pile installation, but a significant influence of the soil plug on the compressive resistance.

Keywords: open-ended steel piles; silica sand; setup effect; ageing; soil plugging

1. Introduction

A reliable design for open-ended piles requires a precise knowledge of their load-
displacement behavior and bearing capacity. As for mechanical soil behavior in general,
in the case of piles, loading history is one of the essential influences on their bearing
behavior. Prior to pile installation, earth-pressure-at-rest conditions typically prevail in the
soil (the primary stress state). During the impact driving of the piles, the surrounding soil
is significantly disturbed from to its original structure, which affects the density formed
by natural diagenesis. In cohesionless soils, grain rearrangement and varying degrees of
grain fracture, from surface abrasion to extensive grain rupture, may occur, particularly
at the base of the pile, but also along the pile shaft [1,2]. During the pile driving process,
some of the grains being displaced by the penetrating pipe will also move into and along
the shear zones around the pile shaft and inside the pipe. Once the pile installation is
completed, the soil adjacent to the pile has a new structure that is characterized by new
grain locations and the distribution and orientation of contact forces. Compared to the
original stable structure, this new grain skeleton configuration will continue to evolve
towards a more stable configuration over time. For coarse materials such as sands and
gravels, this evolution comes along with delayed contact force redistributions and grain
rearrangements, which are considered to be one reason for the time-dependent increase in
pile capacity, known as pile setup or pile ageing [3–7].

Under axial compressive loads, the load is transmitted through the outer pile, as well
as through the inner pile’s friction and the annular pile base in the case of soil penetration
within the tubular pile’s cross-section [8]. In the area of the pile base, the soil entering
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into the pipe can become heavily compacted, eventually leading to the formation of a
plug [9,10]. This occurs when the inner shaft resistance becomes larger than the force
required to completely displace the soil at the base of the pile. Under these extreme
conditions, further penetration of the plug into the pipe will practically cease and the
penetration resistance will become similar to the resistance of a closed-ended pile. In the
case of static tension pile loading, only the outer skin’s friction governs the pile resistance.

1.1. Soil Plugging

There are several factors influencing the soil plugging of open-ended steel piles in
cohesionless soils [11–14]. These include the following:

• Pile properties: inner diameter, outer diameter, wall thickness, embedded pile length,
surface roughness.

• Type of loading: jacking/quasi-static loading, impact driving/dynamic loading, vibra-
tory driving.

• Granulometric properties and state: grain size distribution, grain shape, grain mineral,
relative density, degree of saturation, stress state.

Various quantities have been proposed to assess the soil plug formation. In the original
definition the “Plug Length Ratio” (PLR f inal) refers to the ratio between the embedment
depth Le, f inal and the plug height h f inal when the final penetration depth of the pile is
reached: see Paik and Lee [15].

PLR f inal =
h f inal

Le, f inal
(1)

A PLR f inal equal to one indicates that the entire length of the pile is filled with
soil, meaning that no plugging has occurred. However, the Plug Length Ratio can also
be determined continuously during pile driving. In model tests, Lüking [12] and Seo
and Kim [11] investigated the influence of the diameter and the relative density on the
plug height at the end of driving. Their observations from independently carried out
experiments are

• The lower the relative density of the sand, the lower the height of the soil column
inside the pile, and, thus, the lower the value of the PLR f inal .

• The larger the diameter of the pile, the greater the height of the soil column inside the
pile, and the higher the associated value of the PLR f inal .

Another commonly used quantity to track soil plug formation is the Incremental Filling
Ratio (IFR) [16], which is defined as the incremental change in the ratio of embedment
depth Le to plug height h:

IFR =
∆h
∆Le

(2)

Henke [17] criticizes the frequent use of PLR and IFR as characteristic values for quanti-
fying the effect of soil plugging. In general, the development of the plug height does not
provide conclusive information about the values of the state variables (density and stresses)
in the soil column, which govern its mechanical behavior. For example, during pile driving
in loose sand, usually IFR ≪ 1. However, this is caused by compaction of the soil column
rather than due to soil plugging. For this reason, Henke proposed the quantity KPf, which
relates the actual horizontal stress acting at the depth z from the surface of the plug σh to
the vertical stress σv = γ·z, resulting from the weight of the soil column above this depth:

KP f (z) =
σh(z)
σv(z)

(3)

However, the experimental evaluation of KP f is very difficult, since this requires the
measurement of the horizontal stresses in the soil column.

Randolph et al. [18] developed a model in which the plug is assumed to have an
active and a passive part. The lower active part of the plug has a length of approximately
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10–20% of the pile embedment depth. Within this zone, intense soil densification and
compression occurs, resulting in a significant increase of vertical and horizontal stresses
and internal skin friction. In the upper part of the soil column, which is the passive one, the
change of the vertical and horizontal stresses and consequently the internal skin friction
are comparatively small. This conceptual model has been largely confirmed by various
experimental [12,19] and numerical [20,21] investigations.

Several authors point out that the soil plug can show limited ductility, may slide quite
abruptly, and may eventually stick again during quasi-static pile loading. Kikuchi et al. [22]
describe this phenomenon as “intermittent” plug formation.

1.2. Pile Ageing

The increase in the axial load-bearing capacity of piles has been observed for different
soil types (cohesive, cohesionless) and different pile types (timber piles, concrete piles,
steel piles) [23–26]. The causes of the setup effect can be related to various mechanical
and chemical mechanisms at the scale of individual soil particles up to the scale of particle
clusters at soil elements and the soil–pile interface, depending on the boundary conditions.
The following explanations are limited to steel piles in sands.

There are few systematically conducted and fully instrumented field tests reported
in the literature [7,23,27–29] that allow the identification of the causes and mechanisms of
pile ageing in sands. Basically, the evaluation of the pile setup consists of comparing the
bearing behavior observed at different times after installation with the bearing behavior
obtained immediately after pile installation. This requires a series of piles to be driven into
the same subsoil, with the same equipment, and then tested at different intervals. If a pile
is tested multiple times, the pile setup will be significantly smaller, since each loading test
will disturb the ageing process. In fact, the field test results presented in the literature show
significant variability in pile ageing, which may be related to the following possible reasons:

• The variability of the natural subsoil and differences in the pile installation process, pile
loading tests, and instrumentation. For this reason, even tests on similarly installed,
instrumented, and loaded piles, tested at the same time after installation, can show a
significant scatter of the compressive resistance as well as tensile resistance.

• In some cases, different types of pile loading tests are used to evaluate ageing
(static/dynamic, tension/compression), leading to influences from the different test
methods themselves, as well as from the test data evaluation and interpretation.

• Different boundary conditions related to the pile geometry, pile installation process,
and soil conditions will most likely have an effect on the setup effect.

• For the evaluation of the pile ageing, different empirical functions describing the
resistance as a function of time have been proposed in the literature. In most cases,
the results are presented in semi-logarithmic plots. In these plots, a linear regression
curve corresponds to an exponential function of type, a1 + a2· log(t). The underlying
assumption here is that the pile ageing decays exponentially. A slightly different
approach is described in [23], which proposed a hyperbolic function, b1·tanh(b2t). The
latter is based on the assumption that the ageing will cease after a certain period of
time (according to [23], 12–24 months).

The causes and influencing factors on the time-dependent increase of the compressive
and tensile resistance of piles in sands are diverse and not yet fully understood. The
installation of piles significantly disturbs the surrounding soil. The change in the state
and eventually in the granulometric properties of the soil adjacent to the pile depends
on the pile’s dimensions, the pile type, and the installation method. Anusic et al. [28]
found from small-scale field tests that an increase in the driving frequency during pile
installation leads to higher rates of the time-dependent gains in resistance. Busch [30]
observed, in field tests with model piles, that the initial tensile resistance measured 24 h
after pile installation is strongly dependent on the number of shear cycles applied during
the pile installation process. The more shear cycles a pile experiences during installation,
the greater the disturbance of the surrounding soil and the lower the initial tensile re-
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sistance. For this reason, vibrated piles showed a low initial resistance and a relatively
high potential for ageing. Short-term pile ageing can even be observed during installation
pauses. Bhattacharya et al. [31] analyzed pile driving data and found a significant increase
in driving resistance after pauses of up to 24 h. In contrast to cohesive soils, the dissipation
of pore water pressures is negligible in sands [32]. Instead, Chow et al. [25] hypothesize
that hoop stresses form around the pile during installation, which slowly break down over
time due to creep and fatigue at the grain contacts. At least on the scale of element tests in
the laboratory, such phenomena can be well reproducibly observed: see [33,34]. Eventually,
the radial stresses, which decreased during installation, start to increase again. This effect
can be theoretically validated experimentally by measuring the evolution of the radial
pressure on the pile shaft over time. However, as mentioned above, these measurements
are very challenging. An overview of experiments with such measurements described
in the literature can be found in [32,35]. In most cases, a time-dependent increase of the
effective horizontal stresses was observed. However, in the field experiment with steel pipe
piles in sand described in [32], a reduction in radial effective stresses was recorded.

Another possible explanation for the setup effect, mentioned in [25], is an increase
of dilatancy due to time-dependent particle rearrangements leading to a denser particle
assembly in the shear zone adjacent to the pile shaft.

The third possible cause of the setup effect listed by [25] involves physicochemical
reactions between the soil as a three-phase system (solid particles, liquid, and gas) and
the pile material. In several cases, a thin, but comparatively hard, crust-like layer of sand
particles adhering to the pile surface was identified when piles were excavated some time
after installation [25,32,35,36].

It can be concluded that the underlying mechanisms of pile ageing are complex and
the phenomenon is most probably multicausal. For this reason, the development of reliable
theoretical models to predict pile setup seems remote and uncertain. Empirical relationships
are a pragmatic alternative. Nonetheless, high quality experimental data to evaluate pile
ageing are scarce, and the existing relationships are based on a rather small database.

One of the main objectives of this research project was to add to the currently published
experimental database by performing pile loading tests under controlled conditions in a
test pit. For this purpose, comparatively rarely reported static compression pile loading
tests were conducted to investigate pile ageing. Th extensive instrumentation of the piles,
in addition to the analysis regarding pile ageing, was intended to provide deeper insight
into the fundamental mechanisms and causes behind the effect of soil plug formation. The
data from the measurements, collected under controlled boundary conditions, will serve to
refine and validate numerical models, improving their accuracy and reliability. Ultimately,
this research will contribute to a better understanding of pile behavior and support the
development of more efficient and durable foundation systems.

2. Description of the Large-Scale Pile Tests

The objective of the presented research is to provide data from different methods of
pile load tests under controlled boundary conditions. Table 1 provides an overview of the
pile-testing program. For the investigation of pile ageing, the pile load tests were under-
taken at different times after installation. The test methods comprised static pile load tests
(compression and tension) as well as dynamic pile load tests (high-strain method, not pre-
sented in this study). The experiments were carried out in a test pit protected from varying
weather conditions with the dimensions of width × length × depth = 4 m × 5 m × 8 m.
To minimize the mutual influence of the concrete walls and neighboring piles, four piles
were installed in each test series. Figure 1 shows the arrangement of the piles in the test pit.
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Table 1. Overview of pile load tests.

Test Series Pile
Time after Pile Installation

2 Days 10 Days 4 Weeks 16 Weeks 32 Weeks 48 Weeks 64 Weeks

1

1 * SC ST
1 * DHS
2 SC ST
3 SC ST
4 SC ST

2

5 SC ST
6 SC ST
7 SC ST
8 SC ST

3

9 SC ST
10 SC ST
11 DHS DHS DHS SC ST
12 DHS DHS DHS DHS DHS SC ST

* Pile 1 was installed twice at an identical position. SC—static compression pile load test; ST—static tension pile
load test; DHS—dynamic pile load test (high-strain).
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Figure 1. (a) Side view of the test pit illustrating the position of the piles examined by test series 1.
(b) Top view test pit.

At the beginning of test series 1, pile 1 (Do × t = 323.9 mm × 10.0 mm) was used to
study the installation process, including the use of the pile hammer and the equipment
for the static and dynamic pile load tests. For this reason, pile 1 was installed twice at the
same position. Due to the installation of measurement equipment, piles 2–12 had a slightly
greater wall thickness of t = 12.5 mm compared to pile 1. For test series 2 and 3, the pile
embedment depth was reduced from 4.3 m to 3.9 m. This became necessary, because there
was a risk of exceeding the load-bearing capacity of the reaction system in the static pile
load tests on the long-aged piles.

2.1. Soil Characterization

The sand was a uniformly graded medium silica sand with sub-rounded grains from
a sand quarry in Sengenthal, Germany. The main properties of the sand were determined
by laboratory experiments (Table 2). X-ray powder diffraction identified the mineralogical
composition as 89% quartz and 11% microcline.
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Table 2. Properties of Sengenthaler Flugsand.

Mean grain size d50 0.40 mm
Coefficient of uniformity Cu 2.45
Peak friction angle (Dr = 0.46) φ′ 34.5◦

Peak friction angle (Dr = 0.97) φ′ 37.8◦

Roundness of grains R 0.58
Particle sphericity Sp 0.78
Minimum void ratio emin 0.477
Maximum void ratio emax 0.738
Grain density ρs 2.63 g/cm3

The sand was compacted using a vibratory plate compactor. The compaction concept
follows the idea that the number of passes of the vibratory plate compactor should be such
that the sand cannot be compacted any further due to its limited compaction energy.

During the placement and compaction of the soil in layers, a nuclear gauge (Type
Troxler 3440) was used to check moisture and density. For the test series 1, only a few tests
were conducted, at a soil filling level of approximately 1.0 m. The average bulk density
was ρ f = 1.752 g/cm3, and the average water content was w = 3.8%. This resulted in an
average relative density of Dr = 0.68, indicating a dense soil state. Figure 2a shows the
relative density derived from the measured bulk densities and water contents as a function
of depth for test series 2 and 3. For test series 3, the average relative density over depth
was Dr = 0.66. The water content was in the range of 1–6% (Figure 2b).
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The homogeneity of the soil was controlled by cone penetration testing (CPT) and
dynamic probing heavy (DPH). For each test series (TS), a representative profile was chosen
and is shown in Figure 3.
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heavy testing (DPH).

In general, there is good agreement between the results from the CPT and the DPH.
Especially for test series 2 and 3, the individual soil layers created in the course of the
compaction process are clearly recognizable. Generally, the smaller layer thickness in
test series 1 (20 cm) results in a larger and more homogeneous density. At a depth of
approx. 4.0 m in test series 1, there is a clear decrease in penetration resistance. Possibly,
the proximity to the concrete floor of the test pit leads to a measurably lesser compaction
when using the vibratory plate.

2.2. Pile Driving Hammer

For the installation of the open-ended steel piles, a double-acting air hammer, type
Menck SB120 (Menck GmbH, Kaltenkirchen, Germany), was used. Table 3 shows the
datasheet provided by the manufacturer.

Table 3. Datasheet of impact hammer, type Menck SB120.

Total weight 1875 kg
Height 1835 mm
Piston weight 390 kg
Maximum energy per blow 5.89 kJ
Maximum number of blows 175 blows/minute
Air pressure 6–7 bar
Air consumption 7 m3/min

The pile driving was carried out without using a cushion. The force of the piston was
transferred to the pile by means of the striker plate (hard steel-to-steel contact).

2.3. Static Pile Load Testing

The static compression and tension pile load tests were performed by the stepwise
increase of the axial load applied to the pile head. Subsequent to each stepwise loading,
the force was kept constant for 15 min. After reaching an axial displacement of the pile
head of s = 0.1·Do = 33 mm, the pile was gradually unloaded. For the compression tests,
a second loading cycle was performed after unloading. For some of the tested piles, the
axial strain was measured at different cross-sections along the pile axis using fiber optic
strain gauge chains. Each fiber optic measuring chain consisted of seven individual fiber
Bragg grating (FBG) sensors. Two measuring chains were attached opposite each other
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on each pile. By averaging the values, the possible bending effects can be mathematically
compensated. Figure 4 gives an impression of the test setup used for the compression (left
image) and tension (right image) pile load tests.
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3. Test Results
3.1. Pile Installation

Figure 5a shows the progression of pile penetration for pile 12 over the entire pile
driving process. The penetration prior to the process of impact driving resulted from
the pile penetrating the top-most soil layer due to its own weight and the weight of the
hammer. Pile driving was stopped several times to check and possibly adjust the vertical
alignment of the pile axis and to check all the sensors and the data recording. Figure 5b
shows the axial pile displacement for two consecutive blows in detail. While for each blow
the maximum displacement due to the impact is ~4 mm, the permanent axial displacement
is only ~2 mm.

Figure 6 shows the number of blows required per 10 cm of pile penetration N∗
10 over

depth for piles 1–4, 5–8, and 9–12 of each test series. It is noticeable that the recorded
blows for piles 9–12 of test series 3 are relatively close to the recorded N∗

10-values that
were measured for piles 1–4 of the test series 1, which were driven into sand of a higher
relative density. Compared to test series 1 and 3, the N∗

10-values for piles 5–8, installed in
test series 2, show a comparably uniform increase with depth. It should be noted that in
addition to the relative density of the soil, the efficiency of the pile hammer is also a factor
in the interpretation of the results. Changes in lubrication and the associated frictional
properties of the piston or irregularities in the air supply along with changing verticality
and alignment between the pile and hammer could be an explanation for the different N∗

10
values despite relatively similar relative densities.
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In order to evaluate the soil plug formation at the end of driving, the mean ground
level h f inal was measured in the open-ended steel pile. By considering the embedment
depth Le, f inal , the PLR f inal was calculated according to Equation (1). By analyzing the
resulting values of the PLR f inal (Table 4), a correlation can be drawn between the values
of the PLR f inal and the number of blows per 10 cm of penetration N∗

10. The fewer blows
required, the lower the PLR f inal,exp. Piles 1–4 of test series 1 had the highest initial relative
density and show the highest PLR f inal values. In general, the results agree with experiences
from model tests on the plug formation reported in the literature [11,12]. These have shown
that the lower the relative density, the lower the plug height, and, thus, the lower the
PLR f inal values.
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Table 4. Plug Length Ratio at the end of driving.

Test Series Pile Le,final
(m)

hfinal
(m)

PLRfinal
(-)

1

1 4.34 4.24 0.98
2 4.34 4.19 0.97
3 4.30 4.14 0.96
4 4.31 4.17 0.97

2

5 3.90 3.46 0.89
6 3.90 3.39 0.87
7 3.90 3.64 0.93
8 3.90 3.27 0.84

3

9 3.88 3.72 0.96
10 3.90 3.74 0.96
11 3.88 3.67 0.95
12 3.89 3.69 0.95

An analytical calculation was performed to assess whether the decrease in height of
the inner soil column during driving was the result of compaction or of plug formation. A
fictitious soil column with a diameter equal to the inner diameter of the open-ended steel
pile was considered. The height of the soil column corresponded to the final penetration
depth of the pile. This was 4.3 m in test series 1 and 3.9 m for both test series 2 and 3.
The relative density of the sand before pile driving was obtained from the measurements
made with the nuclear gauge during the placement of the sand. The change in the height
of the fictitious soil column was calculated from the compaction of the measured values
of Dr prior to the installation process to the densest soil state Dr = 1 in accordance with
DIN 18126:2022-10 [37]. It should be noted that it is possible to achieve a denser state of the
soil than Dr = 1. Table 5 shows the results of the analytical calculations.

Table 5. Soil plug formation: results from the analytical calculation of the compaction of the inner
soil column.

Test Series Aplug Le,final Dr e emin hfinal,cal PLRfinal,cal
(m2) (m) (-) (-) (-) (m) (-)

1
0.0717

4.3 0.68 0.568
0.477

4.15 0.96
2 3.9 0.65 0.567 3.74 0.96
3 3.9 0.66 0.566 3.75 0.96

In the case of test series 1 and 3, the calculated values of the PLR f inal,cal resulting from
the change in relative density are almost identical to the measured values after driving. For
the piles in test series 2, the calculated value of the PLR f inal,cal is significantly larger than
the experimentally determined value of the PLR f inal , indicating that soil plugging actually
occurred in piles 5–8. On the contrary, the PLR f inal,cal ≈ PLR f inal for the open-ended steel
piles 1–4 (test series 1) and 9–12 (test series 3) indicates that the compaction of the sand
inside the pile (and not plugging) may be responsible for the deviation of h f inal,cal from
Le, f inal .

3.2. Static Compression Pile Load Testing

The phenomena of pile ageing have rarely been examined through compression pile
load testing. The main reason is that static compression load tests require significantly more
effort compared to static tension or dynamic load tests. Therefore, a primary focus of this
research was the evaluation of pile ageing through compressive load tests. Figure 7a shows
the axial load-displacement curves for piles 2, 3, and 4, loaded by compressive forces 2, 10,
and 28 days (4 weeks) after installation. Unfortunately, pile 4 (28 days) could not be loaded
to the target value of the axial displacement of the pile head due to a breakage of the ball
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and cup load introduction. From the data recorded up to the point of failure within the
reaction frame, it is clear that pile 4 had the greatest stiffness of the three piles in test series 1
(the data from pile 1 are not plotted and discussed due to the different pile geometry). The
results show a trend with regard to the effect of pile ageing in the period of up to 28 days
(4 weeks) after installation. After the compression force applied on the pile 2 exceeded
700 kN (displacement at pile head s = 3.4 mm), a sudden drop of the force in combination
with a sudden increase of the axial displacement of the pile head occurred. Lüking [12]
observed similar behavior when performing loading tests on model piles. This behavior
is termed as intermittent plug formation. When the applied compressive force reaches
a certain value, a previously formed soil plug may eventually slip along the inner wall.
Subsequently, according to the observations of this research and in agreement with [12], a
transition from slipping to sticking, meaning the formation of a new soil plug, can occur.
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As the test progressed, the load could be increased up to ~900 kN with a significant
reduction in stiffness. A similar behavior was observed during the loading of pile 3. The
plug failed at ~1300 kN. This caused the resisting force to drop to ~1000 kN. As for pile 2,
the interpretation of the test data for pile 3 shows that the tangential pile stiffness defined
as the increment of the pile resistance divided by the increment of the axial displacement of
the pile head was more than 10 times smaller after the plug slippage than before. In order
to investigate the intermittent plug formation, the load test on pile 3 was continued up
to an axial displacement of the pile head of 132 mm, which is not displayed in Figure 7a.
However, no recurrent soil plug slippage was detected. At the end of each loading test, the
change in the height of the soil column situated inside of the open-ended steel pile was
measured for all the piles. No change was detected, meaning the Incremental Filling Ratio
was zero. By definition, this is an indicator of a fully plugged pile. However, as written
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before, no conclusions can be drawn about the extent of plug formation and the values of
the state variables in the soil column.

Piles 5–10 of test series 2 and 3, characterized by a lower relative density and em-
bedment length compared to test series 1 (piles 1–4), showed a different failure behavior
(Figure 7b). No sudden reduction of pile resistance occurred, indicating the possible
slippage of a previously formed soil plug. Based on the axial load-displacement curves,
Figure 8 shows the pile ageing trend for all the piles, which were first subjected to static
compression loading after installation. For clarification, the pile capacity values shown
in Figure 8a were determined as the maximum measured axial force acting on the pile
head within the range of the axial displacement of the pile head between 0 mm and 33 mm
(0.1·Do). For Figure 8b, the absolute pile capacities Q have been normalized to the initial
pile capacity two days after installation, denoted as Qre f . The normalization of the data
shows that the setup trend for test series 1 and 2 (within 28 days/4 weeks) is similar, even
though the boundary conditions (relative density and embedment length) are different.
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Figure 8. Evaluation of the pile setup observed by compression load tests: (a) absolute pile capacities;
(b) normalized pile capacities. * Expected range of pile capacity (pile 4 could not be loaded to the
target value of displacement).

In test series 1, an increase of 80% in the compressive resistance was observed between
2 and 10 days. With regard to the test results of piles 5–10 (test series 2 and 3), two different
interpretations of the observed pile ageing are possible:

1. The application of a regression line of type a1 + a2· log(t) using all of the data shown
in Figure 8 would correspond to an exponential decrease in the rate at which pile
setup evolves with time. By this interpretation, pile 7 (28 days/weeks) is then a clear
upward outlier, and pile 8 (16 weeks) is a corresponding downward outlier.

2. Following the suggested second interpretation, the data of pile 7 have a more signifi-
cant weight. Similar to the approach in [23], it is assumed that after a certain period
of time, the rate at which pile ageing evolves with time comes to an almost complete
standstill. From this point on, no further increase in the pile resistance was observed.
Pile 8 (16 weeks) would still be a blatant downward outlier, whereas pile 10 (64 weeks)
would be an upward outlier.

3. Figure 9 shows a comparison of the test data from this study with test data from
field tests reported in the literature [7,27,29]. All the tests involved steel pipe piles
installed in sandy soils. All the pile load tests are first-time tests. Unlike the first-
time compression tests performed in this study, all the other piles were tested under
tension only. Again, the absolute pile capacities have been normalized to the initial
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pile capacity two days after installation. For the tests from the literature, the reference
compressive resistance Qre f was determined by extrapolation.

Geotechnics 2024, 4, FOR PEER REVIEW  13 
 

 

In test series 1, an increase of 80% in the compressive resistance was observed be-

tween 2 and 10 days. With regard to the test results of piles 5–10 (test series 2 and 3), two 

different interpretations of the observed pile ageing are possible: 

1. The application of a regression line of type 𝑎1 + 𝑎2 ∙ log(𝑡)  using all of the data 

shown in Figure 8 would correspond to an exponential decrease in the rate at which 

pile setup evolves with time. By this interpretation, pile 7 (28 days/weeks) is then a 

clear upward outlier, and pile 8 (16 weeks) is a corresponding downward outlier. 

2. Following the suggested second interpretation, the data of pile 7 have a more signif-

icant weight. Similar to the approach in [23], it is assumed that after a certain period 

of time, the rate at which pile ageing evolves with time comes to an almost complete 

standstill. From this point on, no further increase in the pile resistance was observed. 

Pile 8 (16 weeks) would still be a blatant downward outlier, whereas pile 10 (64 

weeks) would be an upward outlier. 

3. Figure 9 shows a comparison of the test data from this study with test data from field 

tests reported in the literature [7,27,29]. All the tests involved steel pipe piles installed 

in sandy soils. All the pile load tests are first-time tests. Unlike the first-time compres-

sion tests performed in this study, all the other piles were tested under tension only. 

Again, the absolute pile capacities have been normalized to the initial pile capacity 

two days after installation. For the tests from the literature, the reference compressive 

resistance 𝑄𝑟𝑒𝑓 was determined by extrapolation. 

 

Figure 9. Normalized resistance 𝑄 𝑄𝑟𝑒𝑓⁄   evolving with time after installation (𝑄 𝑄𝑟𝑒𝑓⁄ = 1  for a 

time after installation of 2 days); the results of this study in comparison with data from the literature 

after [7,27,29]. 

A regression line can be determined for each test series using interpretation variant 

1 (exponential decrease of pile ageing rate): 

𝑄𝑡

𝑄𝑟𝑒𝑓
= 𝑎2 ∙ log 𝑡 (4) 

𝑎2 corresponds to the slope of the regression line, characterizing the rate of pile ageing. 

The results in Table 6 show that the ageing rates from the piles in this study are in the 

range of the measurement data from the literature. However, it has to be noted that the 

results show significant variation. Despite the defined boundary conditions, the pile load 

tests presented here are no exception. 

0

1

2

3

4

5

6

1 10 100 1000

N
o

rm
al

iz
ed

 p
il

e 
ca

p
ac

it
y

 Q
/Q

re
f 

 (-
)

Time after installation (days)

Dunkirk

Blessington

Shenton Park 168

Shenton Park 89

Shenton Park 450

Piles 2 and 3

Piles 5-10

D
at

a
fr

o
m

 l
it

er
at

u
re

T
h

is
 s

tu
d

y

Lower limit

Trend line

Figure 9. Normalized resistance Q/Qre f evolving with time after installation (Q/Qre f = 1 for a time
after installation of 2 days); the results of this study in comparison with data from the literature
after [7,27,29].

A regression line can be determined for each test series using interpretation variant 1
(exponential decrease of pile ageing rate):

Qt

Qre f
= a2·log t (4)

a2 corresponds to the slope of the regression line, characterizing the rate of pile ageing. The
results in Table 6 show that the ageing rates from the piles in this study are in the range
of the measurement data from the literature. However, it has to be noted that the results
show significant variation. Despite the defined boundary conditions, the pile load tests
presented here are no exception.

Table 6. Comparison of the slope of regression lines as per Equation (4) for different series of field
tests, assuming Qt/Qre f = 1 at 2 days after installation.

Dunkirk [7] Blessington
[27]

Shenton
Park 168 [29]

Shenton
Park 89 [29]

Shenton
Park 450 [29] Piles 2 and 3 Piles 5–10

Qre f (kN) 613 376 58 48 98 705 567
a2 (-) 1.97 0.64 0.33 0.21 0.56 1.15 0.35

Table 7 compares the pile resistance measured during the first and second load cycles.
Only for the test on pile 5 (2 days), the second loading cycle showed a higher resistance than
the resistance observed during the first loading cycle. In the case of pile 8 (16 weeks), the
pile resistance was identical for both load cycles. For all the other piles with a longer pile
ageing time, there was a reduction in pile resistance during the second load cycle. This loss
is particularly pronounced for pile 10, with the longest ageing time of 64 weeks. Obviously,
the static penetration during the static compression pile load tests partially cancels out the
increase in pile capacity related to pile ageing.



Geotechnics 2024, 4 998

Table 7. Comparison of compressive resistance of first and second loading cycles of piles 5–10.

Pile 5
(2 Days)

Pile 6
(10 Days)

Pile 7
(4 Weeks)

Pile 8
(16 Weeks)

Pile 9
(32 Weeks)

Pile 10
(64 Weeks)

First
load cycle 567 kN 734 kN 1065 kN 753 kN 1003 kN 1155 kN

Second
load cycle 642 kN 694 kN 992 kN 753 kN 938 kN 1043

Change +13% −5% −7% 0% −6% −10%

Pile 11 and Pile 12 were primarily subjected to dynamic pile load testing. At the end
and after the completion of the dynamic load tests, a static compression pile load test was
carried out. Figure 10 shows the corresponding axial load-displacement curves of the first
and second loading cycles. The results from pile 10 (64 weeks) without the dynamic load tests
are shown for comparison. The pile resistances in the first load cycle of piles 11 and 12, which
had been dynamically loaded several times before, are slightly higher than the compressive
resistance of pile 6 and significantly lower than the capacities of piles 7, 9, and 10. In contrast
to pile 10, piles 11 and 12 achieved significant increases in compressive resistance during
reloading. These increases are in the range of the results of the tests on pile 5.
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Fiber optical strain sensors bonded to the pile (see Section 2.3) were used to determine
the distribution of axial force along the pile axis. To compare the measurements of the
axial distribution of the axial force from different compression pile load tests, the data
from the strain sensors were normalized in respect to the force applied at the pile head
(NTop) for each load step (LS). Figure 11 shows the results for pile 5 (2 days) and pile 7
(28 days/4 weeks) for the first load cycle. At the beginning of the pile load test, the load
transfer to the soil occurred mainly through the pile’s outer skin friction above the lowest
measurement cross-section, approximately 0.3 m from the pile base. As the compressive
load increased, the pile increasingly mobilized resistance below the lowest measurement
level. Thus, the contribution of the pile base to the load transfer from the pile to the
soil gradually increased as the compressive forces acting on the pile head increased. In
addition to the outer skin friction, these components include the annular base resistance
and the inner skin friction due to soil plugging. These observations are consistent with
the load transfer mechanism described in [38]. Accordingly, skin friction is mobilized
predominantly at the shaft of the upper part of the pile for comparatively low compressive
forces. Resistance at the pile base is only activated when sufficient axial displacement of the
pile head has occurred. At the pile base, sand penetrates into the interior of the open-ended
pile, leading to possible compaction and soil plug formation.
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The results make it possible to evaluate the evolution of the load transfer mechanism
during the period of pile ageing. The key finding is that the contribution of the resistance
above and below the lowest measuring cross-section to the change of the total resistance
due to pile ageing is relatively equal.

Generally, the axial load distribution measured during the pile load test does not allow a
distinction to be made between inner and outer skin friction. Despite this, in [22] a suggestion
is made regarding how to achieve a division of the pile resistance components (Figure 12). In
the case of plug formation, the inner skin friction acts almost exclusively in the active part
of the plug in the area of the pile base (below point D). Under the assumption of a linear
distribution of outer and inner skin friction, points A and B can be found by extrapolation.
The force remaining at point A then corresponds to the annular base resistance.
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As an example, a separation of the resistance components was made based on the axial
force distribution evaluated during the compression test of pile 6 when a load of 740 kN
was reached (Figure 13a). The outer pile casing friction was initially determined using
common empirical prediction methods:

• Design method according to Lüking published in the recommendations on piling
(EAP) from the German Geotechnical Society [39];

• Imperial College pile design methods for driven piles in sands and clays (ICP) [40];
• University of Western Australia’s design method for open- and closed-ended driven

piles in siliceous sand (UWA) [13];
• Unified CPT-based axial pile capacity design method for driven piles in sand (uni-

fied) [41].
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The most important input variable of the prediction methods is the tip resistance from
cone penetration testing. Since pile 6 was installed in test series 2, the corresponding CPT
profile is curve “TS 2” in Figure 3a. Figure 13b shows the calculated outer skin friction
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curves. Using the outer skin friction curve, an axial load distribution can be calculated for
each prediction method. The best agreement with the measurement data was achieved
using the EAP profile. The distribution of the inner skin friction cannot be determined by
any of the prediction methods. However, the measurement data in [19] and the numerical
results in [12] offer a good indication of how it looks. Based on this, the curve shown in
Figure 13c was constructed through iterative fitting. By considering the curves for both
inner and outer skin friction, the calculated axial load distribution in Figure 13a can be
determined. Another criterion that must be satisfied is that the combined resistance of all
the components matches the force applied to the pile head (Fmax = 740 kN). The annular
base resistance can be calculated, as suggested in the ICP method, by multiplying the tip
resistance from cone penetration testing with the cross-sectional area of the pile. Figure 13d
shows that the sum of all the resistance components determined by the described procedure
does not fully match the applied force. Further iteration steps could improve the result.

3.3. Static Tension Pile Load Testing

Static tension pile load tests were performed at the end of each test series (see Table 1).
All the piles had already undergone static compression load tests, meaning none of the static
tension pile load tests were first-time load tests. Therefore, the loading history of the piles
since installation must be considered when interpreting the results. Table 8 compares the
resistance determined from the static tension pile load tests with the resistance determined
from the compression load tests. The time since installation and the time since the previous
compression load tests provided for interpreting the pile ageing behavior that may affect
the static tension pile load tests. For all the piles, the tensile resistance specified in the table
corresponds to the maximum force measured during the static tension pile load test. For
piles 1–8, this force corresponds to the resistance at the ultimate limit state (ULS). In the
static tension pile load tests on piles 9, 10, 11 and 12, the applied displacement was not
sufficient to finally reach the ultimate limit state. The specified resistances are therefore
slightly below the loads of the piles in the ULS.

Table 8. Comparison between the time-dependent resistances measured by static compression and
the tension pile load tests.

Pile
Time Since
Installation

(Days)

Time Since Static
Compression Test

(Days)

Compressive
Resistance

Qc (kN)

Tensile
Resistance

Qt (kN)
Qt/Qc

1 141 90 864 210 24%
1 70 - - 325 -
2 9 7 903 603 67%
3 30 20 1273 594 47%
4 - - - - -
5 116 114 567 243 43%
6 116 106 734 248 34%
7 114 86 1065 241 23%
8 115 2 753 141 19%
9 455 232 1003 231 23%
10 455 1 1155 227 20%
11 458 345 828 208 25%
12 457 6 794 171 22%

Piles 2 and 3, installed in test series 1, exhibited significantly higher resistance values
in the tension test compared to all the other piles, despite the time since installation being
rather short. When comparing test series 1 with test series 2 and 3, the results of the tension
tests are dominated by the influence of the relative density, which was lower in test series 2
and 3 than in test series 1. Despite the significantly longer time since installation, piles 9
and 10 did not show larger resistances than piles 5–8. The results of the load tests on piles 9
and 10 suggest that the time elapsed after the compression load testing had no significant
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influence. In contrast, the ratios Qt/Qc of piles 5, 6, and 7 do show an influence from the
time since the last compression test. Pile 8, already identified as a downward outlier in
relation to the results of the compression load test, also had the lowest tensile resistance.
Figure 14 shows the reason for this.
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Pile 8 mobilized skin friction almost exclusively in the area below the lowest measure-
ment level close to the pile base. In contrast, pile 7 showed a uniform distribution of the
skin friction. As the tensile force increases, the load transfer is redistributed, and the upper
part of the pile takes a higher share of the tensile forces. For the sake of a comparison be-
tween different loading steps within a single load test, as well as for a comparison between
the tested piles, the values of the measured axial force are related to the maximum force
measured at the pile head.

3.4. Macroscopic Analysis of Piles after Extraction

After completing the load tests of test series 1 and 2, the piles had to be removed.
During the process of removing the tested piles, the soil inside each pile was initially stuck
due to soil plugging. The open-ended steel piles were then struck against the wall of the
test pit to dislodge the soil. Numerous areas of sand particles remained adhered to the
inner and outer pile surfaces (Figure 15a). At the pile base, these consisted mainly of sand
grains broken to varying degrees. As noted by [27], different layers could be identified
within the sand that partially adhered to the pile. The adhesion of the first layer, shown in
Figure 15b, was comparatively strong. The sand grains within this layer were difficult to
remove, even by the use of a sandpaper. It can be assumed that chemical reactions between
steel, sand, and water are responsible for the incrustations and the strong adhesion between
the grains and the steel surface. The partially saturated conditions with a good availability
of oxygen favor corrosion processes. A concentration of incrustations around the pile toe
also indicated that high pressures and grain breakage enhanced the chemical reaction. On
the other hand, the mill scale layer present on the steel surface in some areas acted as a kind
of corrosion protection, preventing the formation of adhesive bonds between the grains
and the steel.
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4. Summary and Conclusions

In order to investigate the time-dependent resistance of open-ended steel piles in sand,
large-scale pile load testing was conducted under well-defined and controlled boundary
conditions. In three test series of four piles each, a uniformly graded medium silica sand
was placed in an 8 m deep test pit. The sand was compacted in layers using a vibratory
plate. Dry density measurements, cone penetration tests, and heavy dynamic probing tests
were used to control the initial density of the soil. A total of twelve open-ended steel pipe
piles (L = 5.5 m, Do = 325 mm, t = 12.5 mm) were driven into the wet, densely packed
sand using a pneumatic hammer. Static and dynamic pile load tests were conducted after
the piles had been in place for varying time periods after installation. This study focuses
on the results of the static compression and tension load tests.

In the static compression pile load tests, a doubling of the compressive resistance was
observed within 64 weeks. The piles tested in test series 1, with the sand having a slightly
higher initial relative density, showed an even more pronounced pile ageing. Axial strain
measurements on the piles at multiple levels along the pile axis led to the conclusion that
the increase in capacity resulted from a comparatively uniform increase in the skin friction
as well as the resistance components below the lowest measurement level over time.

One cause for pile ageing already known from the literature was observed during the
removal of the piles after completing a test series. Physical–chemical effects, like corrosion,
at the pile surface cause a layer of sand to be adhesively bound to the surface of the pile.
The strength of this layer was seemingly high. This may lead to an increase of the friction
at the interface between the pile surface and the adjacent soil. Additionally, the properties
of the sand in the shear zone changed due to the convective transport by solution and the
dissolution of corrosion products. The partially saturated conditions with the availability
of oxygen, the mechanism of grain breakage, and high pressure seems to intensify the
corrosion process as well as the convective transport of corrosion products into the soil
further away from the pile surface. The mill scale resulting from the production of the
open-ended steel pile inhibited corrosion. The proportion of the change in resistance due to
the corrosion processes in relation to other causes for pile setup mentioned in the literature
could not be determined within the scope of this work.

During the pile driving and the compression pile load tests, the height of the soil
column inside the pile, termed as plug height, was observed. Based on measurements and
theoretical considerations, it was demonstrated that the reduction of the mentioned height
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during driving is due to both soil compaction as a result of the dynamic impacts and soil
plugging at the pile base. During the static pile load tests, no change in the height of the
internal soil column was detected. Nevertheless, the measurement data indicate that soil
plugging must have occurred close to the pile base. In particular, during the compression
load tests in test series 1 (very dense soil state), a characteristic abrupt slippage of the pile
was observed. Overall, these test results support the hypothesis of an intermittent soil
plug formation near to the pile base. The authors of this study agree with [17] that the
commonly used parameters PLR (Plug Length Ratio) and IFR (Incremental Filling Ratio)
are not solely suitable for assessing the extent of soil plugging.

The results of various pile load tests presented in this study provide further evidence
of the increase in pile capacity over time. It would be of great benefit to engineering
practice if this effect could be reliably integrated into design practice. The consideration
of this effect can lead to a more efficient and resource-saving design of pile foundations.
However, a comparison with other field tests on pile ageing shows significant variability in
the time-dependent increase in load-bearing capacity, which is most likely dependent on
conditions such as the soil type, pile geometry, and installation process. The underlying
mechanisms and causes are complex, and the tests discussed in this paper are limited to
the particular uniformly graded, densely compacted silica sand under partially saturated
conditions and the open-ended steel pipe piles investigated.

The load tests performed will be further evaluated in terms of a model simulating
the boundary value problem. For this purpose, a comprehensive series of laboratory tests,
including interface shear tests, were carried out that will be used for model calibration
and validation.

The signal analysis during impact driving and the executed dynamic pile load tests
will allow the comparison between the pile resistance derived from different methods
interpreting the dynamic measurements and the resistance determined by the conducted
static pile load tests. The acceleration and strain gauge measurements not only applied
at the pile head but also along the pile axis allow a fundamental analysis of the wave
characteristics and energy transfer from the tested piles to the soil.
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