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Development of an instrumented model pile
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Geotechnical Department, ELU Konsult AB, Stockholm, Sweden
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ABSTRACT: An instrumented model pile has been realized to study the displacement pile installation effects
in sand in physical model tests. The system includes a model pile, instrumented with axial and horizontal contact
stress sensors, and a corresponding calibration apparatus. The development of the instrumented model pile,
including numerical analysis of the mechanical response during testing, and an optimization of the instrumen-
tation to minimize thermal effects are described. The performance of this new model pile is demonstrated using
calibration measurements and an example application in a physical model test at an elevated stress level in the
geotechnical centrifuge.

1 INTRODUCTION

The axial bearing capacity of piles consists of the
base resistance and the shaft resistance. For long piles
in sand, the shaft resistance governs the total bear-
ing capacity, (Klotz and Coop 2001, Randolph et al.
1994). In turn, the pile shaft resistance results from
the sum of local shaft friction along the pile. In sands
the local shaft friction is approximated in terms of
Coulomb friction (Lehane et al. 1993), controlled by
the effective horizontal contact stress at the pile-soil
surface at the depth z and the interface friction. The
interface friction angle is possible to obtain from labo-
ratory tests, (Jardine et al. 1993), while the horizontal
contact stress consists of the effective normal stress
at the pile surface, i.e. the lateral stress in the sub-
soil. The horizontal contact stress is difficult to obtain
in-situ, even from instrumented pile load tests, with
some exceptions where highly controlled field test
set-ups have been conceived, (Lehane et al. 1993, Jar-
dine et al. 2013). The installation of displacement
piles results in large disturbances of the initial soil
state, i.e. the stress and density, due to the large soil
deformations, (Poulos and Davis 1980, Jardine et al.
2013). The distribution of the horizontal contact stress
σh(z) along the pile shaft and consequently the pile
bearing capacity is therefore highly influenced by
the installation, resulting in significant differences in
the load-displacement response of displacement piles
compared to bored piles, where different installation
effects have occurred, (Poulos and Davis 1980). Pre-
diction methods for the axial pile bearing capacity have

consequently relatively low accuracy, since the soil
state after installation needs to be assessed based on the
initial site investigation data, (Randolph et al. 1994).
The bearing capacity and load-deformation response
of a pile group is even more complicated to assess,
due to the interaction between piles during installa-
tion, (Stuedlein and Gianella 2016). A more thorough
comprehension of the pile installation process would
therefore be of practical use.

Experimental research in which the normal stress
σn(z) acting on the pile is measured is required to arrive
at an accurate description of the governing mecha-
nisms of pile shaft friction. Due to the change in soil
state during pile installation shown in (Lehane et al.
1993), local measurements are necessary to properly
study the evolution of horizontal normal stress during
the installation process. A measurement system has
therefore been developed to locally measure soil hori-
zontal normal stress σn(z) on a continuous model pile
surface. This system includes the design and instru-
mentation of an instrumented model pile, as well as a
calibration system in which both normal stress sensors
and axial stress sensors were calibrated. The design of
the normal stress sensors was a compromise between
the stress sensor sensitivity and minimization of influ-
ence from the axial load in the pile.The latter effect had
been observed in other types of stress measurements
as well, e.g. (Klotz and Coop 2001).

There are various methods to measure the local
contact stress. These include surface sensors located
on a structure (El Ganainy et al. 2013, Talesnick
et al. 2014), and embedment cells surrounding the
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pile, (Foray et al. 1993, Jardine et al. 2013). Embed-
ment cells require large soil models for instrumen-
tation space, and are therefore not very suitable in
the geotechnical centrifuge. The spatial accuracy of
a small number of such cells is relatively low, as
concluded by (Foray et al. 1993). Normal stress trans-
ducers mounted on the pile surface were therefore
included in the instrumented model pile to measure the
horizontal normal stress. Laboratory measurements
show influence of grain size, stress distribution, hys-
teresis and sensor stiffness, (Talesnick et al. 2014).The
soil grain size does not scale in centrifuge model tests
(Garnier et al. 2007), therefore the soil grains are rel-
atively large in relation to the stress sensor. Possible
arching mechanisms redistribute the normal stress at
the sensor, especially for external earth pressure cells
mounted on the surface of a structure, (Foray et al.
1993). Installation of external earth pressure cells also
result in a variation in pile surface roughness, e.g. as
reported by (Klotz and Coop 2001). Especially, dur-
ing cyclic shear loading, these effects redistribute the
stress around the sensor (Randolph et al. 1994). A
membrane strain gauge configuration directly embed-
ded in the pile wall was therefore chosen for the current
model pile to minimize the effect of stress redistribu-
tion. The membrane strain gauge consists of a flexible
diaphragm on which a strain gauge bridge is mounted.
In a novel configuration the flexible diaphragm is the
pile surface itself, which deflects from the external soil
pressure.As opposed to the null sensor (Talesnick et al.
2014), the membrane deflects under loading and the
load is directly inferred from the membrane deflection
rather than from a compensating fluid pressure. By
omitting the null-sensor concept allows for extensive
instrumentation on a relatively small model pile for
the geotechnical centrifuge at the expense of allow-
ing for movement in the soil that might affect the
readings.

2 MECHANICAL DESIGN

The mechanical design of one half of the model pile
is shown in Figure 2. The 125 × 10 × 10 mm3 instru-
mented pile was assembled from two identical milled
steel sections. The model pile after assemblage is
shown in Figure 1. The half bridge was mounted on
the flexible membrane at cross-section A, shown to
the right in Figure 2. The layout of the membrane was
designed using analytical and numerical methods. The
upper bound of the horizontal normal stresses, gov-
erning the membrane thickness, was estimated from
available published data at 300-500 kPa (Boulon and
Foray 1986, Foray et al. 1993, Lehane et al. 1993, Jar-
dine et al. 2013). The membrane width was set to
8 mm, and the cross-section thickness h calculated
from analytical formulas for a clamped circular plate
(Reddy 2006):

Figure 1. Image of the model pile.

Where E is the elastic modulus of the steel, p is the
normal stress, h is the membrane thickness, a is the
membrane radius, r is the position in the radial direc-
tion and ν is the Poisson’s ratio. The maximum strain
occurs in the middle of the membrane. This resulted
in a membrane thickness of 0.3 mm for our geome-
try and material (stainless steel:Young’s modulus E of
210 GPa and Poisson’s ratio ν of 0.29).

Further analysis was carried out with the 3D-Finite
Element program COMSOL Multiphysics version 4.3,
(Comsol 2008). Ten-noded tetrahedral elements and
triangular surface elements were used in the model to
mesh the pile. The numerical model offered the pos-
sibility to model the influence of combined horizontal
contact stress and pile axial load, which naturally
would occur during the model tests. First the effect
of variation in fabrication tolerance was studied by
varying the membrane thickness to 0.27 mm, 0.29 mm,
0.31 mm, and 0.33 mm. The model pile was simulated
loaded in the axial and in the horizontal normal direc-
tion at the pile surface, and the strain εyy perpendicular
to the pile axis at the location of the stress sensors was
obtained from the numerical model. The simulations
were normalized with the strain level for the design
dimension, εyy,30. The results demonstrate a +/−27%
deviation in sensitivity for horizontal contact stress and
a +/−8% sensitivity for axial load for each +/−10%
successive change in the membrane thickness. After
manufacturing of the membranes the tolerances in
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Figure 2. Details of model pile.

thickness were found to be < 5%. Therefore, the sensi-
tivity of the sensor is within a reasonable bandwidth for
the data acquisition equipment and easily accounted
for in the calibration.

During installation the pile is subjected to both nor-
mal and shear strain at the pile shaft. The effect of
shear stress on the membrane surface was simulated
with the numerical model with a coefficient of friction
µ = 0.466, corresponding to an interface friction angle
δ = 25◦, which is a reasonable assessment of common
field and laboratory pile-soil conditions according to
(Jardine et al. 1993). The simulation result is shown in
Figure 3, which shows an increase in horizontal strain
level εyy of around 25% at fully mobilized shear load.

Finally, a calibration of the horizontal normal stress
sensor system in a pressure vessel was numerically
simulated by application of an isotropic stress around
the pile.The isotropic stress also resulted in axial stress
component in the pile that loads the membranes axi-
ally. The extra horizontal strain εyy from combined
axial and horizontal normal loading during isotropic
calibration of the model pile is shown in Figure 3.
The additional axial component leads to a higher hor-
izontal strain level. This requires a correction of the
measurements and resulting calibration factors for the
horizontal contact stress sensors for the axial load.
The numerical simulations lead to adopting a factor
Raxial = 0.963, which was multiplied by the calibra-
tion measurements to retrieve the correct values of the
calibration coefficients.

Figure 3. The effect of additional shear stress and axial load
in model pile on the contact stress gauge.

3 INSTRUMENTATION SYSTEM

3.1 Pile instrumentation

The model pile instrumentation system consisted of
four horizontal contact stress sensors and one axial
stress sensor located near the base of the pile. The
horizontal contact stress sensors comprise a strain
gauge half-bridge. The half strain gauge bridge con-
sisted of two 120� strain gauges and two 120� 0.1%
5ppm/◦C high precision SMD resistors. The strain
gauge excitation voltage was 6V, which was supplied
by the in-flight amplifier system on the geotechni-
cal centrifuge. The 120� strain gauges were of the
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Figure 4. Detail of strain gauge configuration on membrane
gauge (located at the bottom), not to scale. Rollers are 0.5 mm
graphite pencil stifts.

type TML FLA 2-11, and had a tolerance of 0.1%,
and a temperature compensation for steel of (11
10−6 m/mK).

The two strain gauges were mounted on each side of
a thin flexible plate, shown in Figure 4. The electrical
configuration is such that only bending is picked up
by the strain-gauges. Axial load in the plate is auto-
matically compensated for. This plate could therefore
be glued in the cavity to operate invariant of detrimen-
tal effects from axial loads. Also, shear stress in the
membrane itself is compensated for by placing this
‘bending-plate’ at a distance from the membrane and
only in contact to the membrane with small 0.5 mm
graphite rods. As a result only the additional bend-
ing resulting from the axial loads are still influencing
the measurements. The latter is compensated for by
extensive calibration for load combinations supported
by the numerical analysis of the pile, which has been
previously discussed. The resistors, complementing
the strain gauge bridge, were installed on top of the
bending-plate with the strain gauges, before being cov-
ered with beeswax. The axial stress sensor consisted of
two strain gauges placed opposite each other in a half
Wheatstone bridge configuration and are mounted at
opposite internal sides in the model pile.This electrical
configuration doubles the sensitivity in axial direction
and compensates for bending, however only in one
direction, in this case the more compliant. The sensi-
tivity of all the strain gauge bridges were optimized
for an amplification of 1000x in the custom designed
strain gauge amplifier such that no additional digital
gain on the National instruments PCI-6220 acquisition
card was required.

3.2 Excitation and data acquisition

Initial measurements showed significant heating of the
instrumented model pile, which resulted in large devi-
ations in the strain gauge output voltage Voutput . This
was the result of a reasonable low strain gauge resis-
tance combined with a small heat dissipation area.
Installing a switched strain gauge bridge supply suc-
cessfully resolved the heating issues. The resulting
output voltage Voutput was subsequently processed to
retrieve the valid measurements at the 6V excitation
level. The electric circuit, which was installed into a
cable connected to the data acquisition system, con-
sisted of a Diodes Inc ZXMP6A17G electronic switch,
connected to a National Semiconductor LM555 timer.

Figure 5. Effect of alternating bridge supply on thermal
drift.

Figure 6. Vessel for the calibration of the horizontal stress
gauges.

The duty cycle was 9% at 1.3 Hz frequency. Fig-
ure 5 shows the effectiveness of the system by plotting
the evolution of Voutput in time with and without the
switched voltage regulation system.

4 CALIBRATION

4.1 Procedure

The instrumentation of the pile required a separate
calibration procedure for the horizontal contact stress
sensors and axial stress sensor. The horizontal contact
stress sensor system was calibrated in a pressure ves-
sel, providing an isotropic pressure at the stress sensor
locations, shown in Figure 6. This vessel facilitates
the calibration of the sensor without application of a
pressure on the unsealed backside of the membrane
via the pile head. The calibration vessel was sealed
with a novel double layer cap top, in which a Teflon
seal between model pile and the cap plates ensured a
water tight seal upon compression in-between the top
plates. A GDS standard pressure transducer controlled
the pressure in the vessel. This vessel was equipped
with two Druck PDCR-81 pore pressure transducers as
a benchmark reading. During calibration the isotropic
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Figure 7. Calibration results for the horizontal stress gauges
and pile base sensor.

pressure in the vessel was incremented with steps of
25 kPa up to 200 kPa and subsequently incrementally
unloaded. The calibration was repeated four times to
assess the stability and consistency of the system. The

Figure 8. Pile installation test at 50-g using the newly
developed model pile.

axial calibration was carried out with a lever system.
The instrumented model pile was placed on a small
steel sphere inserted into a drilled hole into the short
end of the 5:1 lever for a moment-free load application.
The vertical position of the model pile was adjusted for
a horizontal lever position using a water level. Dur-
ing calibration the model pile was loaded to 5 MPa
in 0.5 MPa increments, and then unloaded in 0.5 MPa
increments.

4.2 Results

A representative loading-unloading calibration loop in
the pressure vessel for the horizontal contact stress sen-
sors and for the calibration of the axial stress sensor
using the lever system is shown in Figure 7. Addition-
ally, Figure 7 shows the influence on the horizontal
contact transducers from the axial load in the pile. The
sensor oscillations at constant pressure level are the
result from small pressure variations caused by minor
leaks in the vessel and subsequent crude regulation of
the GDS controller.

5 DEMONSTRATION TEST

The instrumented model pile was tested in a loose sil-
ica sand sample at 50-g acceleration level at the TU
Delft centrifuge (Allersma 1994). Measurements of
the upper and lower instrumentation levels are shown
for continuous installation in Figure 8. The measure-
ments were carried out through the same measurement
setup as used for the calibration, and the installation
test show a steadily increasing horizontal contact stress
with some reduction for the higher level, confirming
measurements reported by (Lehane et al. 1993, Jardine
et al. 2013).

321



6 CONCLUSIONS

An instrumented model pile for axial and horizontal
contact stress measurements and a complementary cal-
ibration system have been realized. A novel electric
mechanical arrangement of the sensor compensates
for all negative influence of the axial load in the hori-
zontal contact stress readings. The additional bending
of the membrane resulting from axial load, however,
remains. The latter is compensated using extensive
cross-calibration as well as numerical analysis of the
system.The model pile is successfully tested in a phys-
ical model test performed in theTU Delft Geotechnical
centrifuge.
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