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ABSTRACT: This study presents details of a 3D large-scale test setup designed to investigate basal reinforced
piled embankments. The test setup covers a 5 m X 5 m area and includes 16 piles arranged in a 4X4 layout, and
a fill with a total height of 5.5 m. The study investigates the effects of basal steel reinforcement on soil arching,
during embankment construction and with a decreasing to no subsoil support.

To achieve high resolution spatial measurements, four layers of Distributed Fibre Optic Sensors (DFOS) and
conventional sensors were strategically placed in the model. Over 50 linear DFOS and 84 conventional sensors
captured soil deformations, steel strains, total pressure, loads on piles, system boundary loads and deformations.
The paper focuses on technical details of the test set-up. Furthermore, it addresses challenges in employing the
innovative DFOS sensors, highlighting post-processing techniques and data interpretation.

The study demonstrates that DFOS, in conjunction with classical sensors, provides a unique insight into complex
soil-structure interactions. The measurements are compared to the Concentric Arches and EBGEO models and
include loading stages corresponding to selected embankment heights and producing excessive deformations.
The findings contribute to advancing understanding and modelling of geotechnical boundary value problems, not

limited to piled embankments.

1  INTRODUCTION

Reinforced piled embankments with geosynthetic
reinforcement (GR) are widely used in areas
dominated by soft soil conditions (van Eekelen and
Han, 2020). To address the need for reinforcement
with a higher tensile stiffness for high embankments,
the substitution of GR with steel reinforcement (SR)
has attracted considerable interest (Topolnicki et al.,
2019).

This paper presents a large-scale test setup, at a
scale of 1:1.6, constructed at TU Darmstadt as part of
the broader research initiative PEBSTER (Piled
Embankments with Basal Steel Reinforcement).
PEBSTER also includes a series of small-scale tests
(van Eekelen et al., 2024a and b) and aims to
investigate (1) the effect of SR on the soil arching, (2)
the impact of a flexible pile support on the soil
arching, (3) the scale effect by direct comparison
between small scale and large-scale models and (4)
the 3D deformation pattern in the fill. This paper
builds on the general test description in Schneider et
al., 2024 and emphasizes key aspects of the technical
set up and the rationale behind the design of these
details, such as the spring packages to model the

flexible pile base, the load cells installed in the pile
head and the innovative two-step model of the soft
soil. It also provides an insight into the innovative
application and interpretation of Distributed Fibre
Optical Sensors (DFOS) from the Nerve-Sensors
family to measure soil strains and 3D deformations.

2 LARGE-SCALE TEST SETUP

Figure 1 shows the test setup designed to model piled
embankments with a basal reinforcement. The model
embankment represents a prototype embankment
with a height of 4.7 m above the pile head. The test
setup occupies a base area of 5 m by 5 m and has a
total height of 5.5 m. The test setup includes 16 piles
passing through the soft soil model, which consists of
a 0.7 m rubber layer on a lowerable and rigid base,
allowing a two-step modelling of the decrease in soft
soil support between the piles, as described in section
2.1. The welded steel mesh-reinforcement was placed
125 mm above the pile heads. It consists of 8 mm
diameter steel bars with a centre-to-centre spacing of
100 mm in each direction. A nonwoven was placed
above the steel mesh to prevent soil passing through
the grid.
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Figure 1. Large-scale test setup for basal reinforced piled embankments.

The embankment fill consisted of dry medium coarse
river sand (‘Darmstadt Sand’). The sand was installed
by air pluviation, achieving a mean density of
1.735 g/cm3, equivalent to 92 % relative density, and
an internal friction angle ¢’., = 34.8°. For further
details of the general experimental setup, see
Schneider et al. (2024).

2.1

The soft soil beneath the embankment was modelled
using crumb rubber with 1.5 to 5 mm diameter grains.
The initial thickness of the rubber layer was 0.7 m,
with an average density of 0.48 g/cm3. Laboratory
tests, as documented in Schneider et al. 2024, showed
that the crumb rubber tends to creep after each loading
step. In addition, significant rebound deformation was
observed after wunloading steps. An in-depth
investigation of the behaviour of crumb rubber using
detailed laboratory tests is therefore ongoing.

Due to consolidation and creep of in-situ soft soils,
the subsoil reaction between the piles may disappear
over time. To model this phenomenon, the rubber layer
was placed on a rigid base supported by four hydraulic
jacks, see Figure 1.

When the compaction rate of the rubber had
significantly subsided after placement of the dead load
of the embankment (consolidation step 1), the bottom
plate was incrementally lowered by a total of 220 mm
(consolidation step 2). This created a partial void
below the steel mesh, resulting in the piles bearing
almost the full embankment load. Force transducers on

Soft soil model

the four hydraulic jacks recorded the total load
transferred from the rigid base.

2.2 Pile instrumentation

The piles were fitted with springs underneath to
investigate the effect of flexible pile behaviour on the
soil arching and load distribution, see Figure 2.

Each spring package consisted of three steel
springs with a stiffness of 1650 kN/m each, positioned
between two stiff steel plates. These plates were used
to carefully prestress the springs using external screws
to overcome small height differences between the
springs to achieve a stable and repeatable load-
compression relationship. A displacement transducer
was positioned in the centre of ten of the 16 spring
packages to measure the settlement of the pile base.
Each spring package was loaded several times before
installation. This ensured perfect elastic behaviour.
The individual load-deformation curves were used to
derive the pile base forces directly from their
displacement. Figure 2 (left) shows the calibration data
corresponding to the springs below pile 1.

Accurate measurement of the loads acting on the
pile head is important in assessing the load transfer
from the SR to the piles. Placing pressure cells directly
on top of the piles would have had several
disadvantages: (1) a potential large bending of the SR
directly above the pressure cell at the end of the test
makes the pressure cell reading less accurate, (2) this
SR bending also poses a high risk of damage to the
pressure cells at the end of the test, and (3) the surface
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Figure 2. Spring package at the base of pile 1 (left) and
pile head force measurement system (right) with example
calibration curves.

roughness of the pressure cells was different from that
of the piles, which may affect the development of
arching.

A measurement system within the pile head was
therefore developed to overcome these limitations.
The measuring pile head had a lid that Figure
2collected the load and transferred it to a load cell
inside the pile head, as shown on the right-hand-side
of Figure 2.

The height of the lid’s mantle was carefully
minimized to find an optimum between lid to pile
friction and the stability against tilting. Guide rods
were introduced to keep the lid movement strictly
vertical. All pile heads were preloaded three times up
to about 100 kN. While the first loading typically
showed some plastic deformation, the second and third
loading were mostly elastic, see Figure 2 (right). This
ensured accurate pile head force measurements in the
experiment.

2.3 Direct measurement of soil arching with
pressure cells

Soil arching is initiated as soon as settlements of the
soil in between the piles start to exceed the settlement
of the piles themselves. This means that the vertical
load is redirected and distributed differently on the
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steel reinforcement (SR): most of the load is
transferred to the least-moving parts.

To comprehensively investigate this phenomenon,
24 pressure cells were strategically placed in the
model, mainly on top of the steel reinforcement (level
1). Six of them had the same diameter as the piles
(d=245mm) and were placed on DFOS level 1
exactly above the piles to capture the load transferred
to the piles via soil arching (Figure 3), considered to
be Step 1 in the design according to CUR226, 2016. In
addition, 18 small pressure cells of d =75 mm were
positioned between the piles to pointwise control the
load distribution on the steel mesh.
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Figure 3. Pressure cells placed above SR to measure load
distribution from soil arching.

As described above, we measure the forces above the
pile heads at two locations: above the SR with pressure
cells and below the SR inside the pile heads. The total
force transferred by the SR to a pile head can be
determined from the difference of the two. By also
measuring the forces below the soft soil model, we
capture all three force components A, B and C, which
are used in analytical design methods such as the
Concentric Arches (CA) model in CUR226. Load
losses in the system, for example due to wall friction,
can be determined by comparing the forces entering
and exiting the system, which is enabled by the load
cells on the hydraulic jacks in Figure 1.

3 3D HIGH DENSITY DEFORMATION
MEASUREMENTS WITH DFOS

40 DFOS 3DSensors were deployed to measure soil
and steel deformation at four levels (Figure 1). Each
DFOS 3DSensor comprises four fibres that measure
strains along the sensors’ length, allowing the
calculation of differential deformations in three
directions. For the purposes of this paper, we focus on
vertical displacements due to the predominantly
vertical nature of the system’s deformation. The
sensors were arranged in a grid to measure
deformations and strains above and between the piles,
as depicted in Figure 1 (left) showing the DFOS grid
at level 1. The DFOS sensors at level 2 were identical,
while levels 0 and 3 had a reduced number of sensors.



In addition, eight optic fibres were glued to the steel
mesh to capture steel strains, and two EpsilonSensors
were installed at level 1 to measure soil strains.

At level 1, the 3DSensors were placed directly on the
SR. Levels 2 and 3 were positioned at specific heights
to investigate soil deformations within the
embankment in the middle and near the expected
upper boundary of the zone where soil arching occurs.

The 3DSensors used contain four fibres, two each
at the top and at the bottom of the sensor. They provide
strain measurements with a spatial resolution of
10 mm. A higher resolution would be technically
feasible but would be of limited value for the test and
would involve a significant increase in the amount of
data to be managed and stored.

Van Eekelen et al. 2024b discuss issues related to
the interpretation of 3DSensors. To benefit from these
reported experiences, a new design of the 3DSensor-
system was devised by (1) using multiple individual
sensors (Figure 1) instead of one large continuous
sensor, (2) using a more robust design of the sensors
by applying more protection around the optic fibres
(Figure 4), and (3) ensuring that each sensor is
connected to a system of well-protected reference

measurements.
‘ protective mesh

protective foam

Carrier material
with optic fibres

Figure 4. DFOS 3DSensors used in the small-scale tests
reported by van Eekelen et al. 2024b and a cross-section of
the 3DSensors used in the large-scale test.

These improvements ensured that if one sensor was
damaged due to high local pressures, other sensors
would remain operational and continue to measure
reliably. The protective layers added to the 3DSensors
ensured that spikes in measurements due to sensor
damage were much less likely to occur in the large-
scale test than in the small-scale tests reported by van
Eekelen et al., 2024 b. Regions of high local stiffness
differences, such as at the edges of the pile heads
surrounded by soft soil and sand, are still hazardous to
the sensors, but the loss of accurate signal from
individual sensors did not affect the remaining sensors.

3.1 Reference measurement to obtain absolute
deformations

From the strain differences between the four fibres and
the fixed distance between them, the curvature and
finally the differential displacement of a 3DSensor can
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be derived, following the same approach as for a
classical bending beam. However, to obtain absolute
deformations, two boundary conditions must be
known for each individual sensor. These boundary
conditions can be, for example, the absolute
deformation at two reference points along the sensor
or the absolute deformation of one reference point and
the inclination of a reference segment.
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Figure 5. DFOS 3DSensors were attached to steel wires
connected to displacement transducers to obtain absolute
deformations of the 3DSensors.

Figure 6 shows the derived vertical deformations of
the SR (level 1) during the construction of the
embankment (1.05 m), before the base was lowered.
Every line in the DFOS layout of Figure 1 (left) or
Figure 6 represents one 3DSensor. Each requires two
reference points. To limit the total number of absolute
measurements, only the 3DSensors along the edges of
the test setup (A, B, C, D in Figure 1) were equipped
with two reference points (RPs) each. Near the corners
of the test box (R1, R2, R3 and R4 in Figure 1), they
were connected to a steel wire, transmitting the vertical
deformations to a LVDT positioned outside the test
box as shown in Figure 5. Each corner was fitted with
four LVDTs, each capturing the deformation of
another level. For example, the absolute deformations
measured at corners R1 and R2 allow the
determination of the absolute deformations in sensor
A. The resulting absolute deformations of sensors A
and B are then used as reference measurements for the
3DSensors crossing them. The reference sensors are
located at the edges of the test box and experience less
differential deformation than the sensors in the centre
and are therefore less susceptible to damage.

The rigid corner-plates connected the reference
sensors to the measurement area of the 3DSensors, but
rotation of the sensors can still affect the vertical
measurement and lead to inaccurate absolute
deformations in the first interpretation.

A quality check of the data was performed by
comparing the absolute vertical deformations of the
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inner 3DSensors at their intersections in each level. To
improve the accuracy of the data analysis, Monte Carlo
(MC) simulations were performed during the
evaluation to reduce the overall error at these crossing
points. This was necessary due to the sensitivity of the
system to rotation, which could lead to incorrect input
reference  displacements for the deformation
calculation. As a direct measurement of the rotation of
the reference points was not possible, it had to be
estimated using the MC simulation.

The Monte Carlo simulation was used to vary the
inclination of the ends of the reference sensors to
minimize the sum of the errors at the intersections of
the inner sensors. The LVDT measurements at the
edges were assumed to be accurate, but they had to be
translated trigonometrically to the edge of the
measurement range of the 3DSensors.
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Figure 6. Vertical deformations in Level 1 at 1.05m of
embankment constructed and differences at the crossings of
the inner sensors in mm.

The remaining differences at the crossings are shown
in Figure 6 and are considered acceptable. Such
differences do not necessarily represent inaccuracies
in the DFOS measurements and their evaluation. The
sensors were not fixed tightly at the crossings, and, in
addition, the sensor core was surrounded by a flexible
foam to increase its robustness. This foam may also
undergo differential deformation at the crossings with
a limited effect on the accuracy of the evaluation.

4 RESULTS

Figure 7 shows the deformations at level 1 of sensors
a, b, ¢, and d (Figure 6) at three different loading
stages. For further analyses, we focus on the data
obtained from the inner field of the model, enclosed by
piles 4,5, 6 and 7. This minimizes the influence of wall
friction, allowing us to analyse the undisturbed
formation of soil arching.

To compare the measurements with analytical
models, the deformations of the reinforcement itself
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are relevant. These deformations are the difference
between the absolute deformations and a fictive line
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Figure 7. Absolute vertical deformations of SR from three
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through the peaks of the deformed reinforcement.
Figure 8 compares the resulting differential
deformation of the reinforcement in the inner cell,
based on the data from Figure 7. In addition, the
deformations, calculated with the CA model of van
Eekelen et al. (2013, 2015) and the model of Zaeske
(2001), adopted in EBGEO are given in Figure 8.
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Figure 8. Comparison of the measured and calculated

deformations of the steel reinforcement. Calculations
performed with the models used in CUR226 and EBGEO.

The analytical models were developed for GR and do
not consider the bending stiffness of the
reinforcements nor the sand layer between the pile
heads and the SR. Nevertheless, the measured values
obtained in the large-scale test with SR agree well with
the calculations of the CA model. It should be noted
that the analytical results have been shifted so that the
deformations at the pile edges approximately match
the measured data to capture the movement in the sand
layer, which is not modelled in the analytical models.



Further analyses will explore this comparison in more
detail.

The difference in deformation behaviour between
the analytical models and the test data can be seen in
Figure 8. The analytical models assume the GR lies
flat on the piles and moves into the field between the
piles with a sudden kink starting from zero
displacement in the shifted representation of the data
(Figure 8). A similar behaviour of the SR might have
been found if there had been no sand layer between the
SR and the piles. However, the observed deformation
of the SR shows a smooth transition of the SR
deformations above and between the piles.

There are three main reasons for the different
behaviour described. (1) A layer of sand was placed
above the pile heads (Figure 1) before the SR was
installed, whereas the models assume that the
reinforcement is placed directly on the pile heads. The
purpose of this sand layer is to allow the SR to deform
smoothly as it passes over the pile locations, thus
limiting the sharp bending at the pile edge. (2) The
models assume that the GR is laid flat and clamped to
the pile heads by the vertical soil pressure acting on the
pile. This assumption results in zero GR strain and
deformation at the points above the piles. (3) The SR,
unlike the GR, has a bending stiffness which results in
the observed deformation patterns. Sudden kinks in the
deformation of the reinforcement are not plausible
when SR is used.

5 CONCLUSIONS

The findings presented in this study provide valuable
insights into the behaviour of reinforced piled
embankments with SR. The successful application of
advanced sensing technologies in an innovative test
setup allows for an improved description of the
behaviour of pile-supported steel-reinforced embank-
ments. Based on the results described in this paper, the
following conclusions can be drawn:

e The large-scale test setup has demonstrated its
suitability for investigating the behaviour of piled
embankments at near full scale.

e The soft soil model and the lowerable base plate
provide a unique opportunity to simulate soft soil
consolidation and to capture total loads in the
system.

e The utilization of fibre optic sensing technology has
proven to be a successful and valuable tool in
achieving high resolution measurements of the load-
deflection behaviour of the SR. Special care was
taken in the development of reference measurements
to obtain absolute deformations. Nevertheless, the
evaluation required optimization methods to find an
optimal result.

Schneider et al.

e The 3DSensors used in the large-scale test were
much more robust than those wused in the
corresponding small-scale tests at Deltares (van
Eekelen et al. 2024 b), which reduced sensor failures
and limited the amount of post-processing required.

e The current state of data analysis suggests that soil
arching can be predicted reasonably well with the
CA model developed for GR. The influence of the
intermediate sand layer and the bending stiffness of
SR requires further investigation.
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