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Abstract

Efficient and economic foundations are essential to ensure the long-term integrity of structures. Driven ductile piles offer a
safe and quick solution for foundations, which can be individually customized to changing soil conditions. Geotechnical load
tests on a small subset of piles can be performed at large construction sites to examine the bearing capacity for optimization
purposes. Arising deformations during these statical tests are usually measured using electrical sensors at the top, which,
however, do not deliver information about the stress distribution along the pile. This paper presents a fiber optic monitor-
ing approach, which provides distributed strain profiles with a spatial resolution of up to 10 mm along driven ductile piles.
The high measurement resolution of about 1 um/m enables the detection of local effects in the load transfer from the pile
to the surrounding grout and soil. The critical sensor installation on-site as well as results of various field applications with
pile lengths of up to 25 m are presented. Verification measurements at the pile’s head and internal measurements of strain
gauges prove the suitability of the developed monitoring approach and demonstrate the high potential of distributed fiber
optic sensing for applications in soil mechanics.
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1 Introduction

To ensure long-term integrity of constructions, an efficient
and economic foundation is a critical aspect in civil engi-
neering. On large construction sites, hundreds of piles may
be installed and geotechnical load tests are usually per-
formed on a small subset of piles to prove the bearing capac-
ity and finally, to optimize the pile lengths. It is state of the
art to measure the arising deformations during these tests at
the pile head using electrical sensors, which only deliver an
average displacement over the entire length. Nevertheless,
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the load transfer from the pile to the soil is not uniform in
reality and, therefore, new sensing techniques are required
to derive the stress distribution along piles.

Testing of reinforced concrete piles using distributed fiber
optic sensors (DFOS) has gained more interest in recent
years, see, e.g. [1, 24, 26]. DFOS systems were also suc-
cessfully used for long-term monitoring of, e.g. concrete
tension piles [25].

Driven ductile piles enable a safe and quick solution in
foundation engineering as the pile length can be individually
adjusted to changing soil conditions. However, the DFOS
installation is considerably more critical compared to con-
crete piles as the optical sensing fiber has to survive the
extremely harsh driving process. This might be the reason
why DFOS monitoring concepts for driven piles only rarely
exist in the literature (see, e.g. [10]). Over the last 5 years,
our institute (Institute of Engineering Geodesy and Meas-
urement Systems, [IGMS) in cooperation with Keller Grund-
bau Ges.mbH (Austria) has developed a DFOS approach
to monitor distributed strain profiles along driven ductile
piles [17, 18]. For this, a tailored and reliable installation
technique had to be found, which is not only able to protect
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the sensing fiber during the driving process but also does not
adversely affect the construction process itself.

This paper reports about our 5 years’ experience in ductile
pile monitoring using distributed fiber optic sensors. In the
following, we shortly review the setup of the DFOS system,
including the sensing technology, the different strain sensing
cables and the system calibration. The critical sensor instal-
lation process during the pile construction is introduced and
results of various field tests in different soils are presented.
Finally, the utilization of the DFOS approach for continu-
ous monitoring of uplifts at a construction pit as well as the
related outcomes are discussed and an outlook on further
research aspects is given.

2 Distributed fiber optic sensing
in geotechnical applications

In recent years, distributed fiber optic monitoring systems
have become significantly more popular in geotechnical
applications as they can provide distributed strain and tem-
perature measurements with a high accuracy along the entire
object without any gaps. In the literature, various different
examples can be found, where DFOS systems were used
to monitor tunnels [13, 14, 30], geotechnical structural ele-
ments [4, 20], pipelines [2, 12] or reinforced earth structures
[22]. For this, however, the fiber optic interrogation unit, the
sensing cable and the installation technique must be appro-
priately adjusted to guarantee the quality of the measurement
results.

Interrogation Unit
Pulsed = 2~
Source 3
Detector
Optical Sensing Fiber
<— nnnnnn
Backscatter

2.1 Sensing principles

The basic principle of DFOS systems (Fig. 1a) is based on
natural scattering of an optical pulse during the forward
propagation along the sensing fiber. Small parts of the scat-
tered light are reflected back to the interrogation unit and can
be used there for sensing purposes. As depicted in Fig. 1 (b),
the backscattering spectrum can be split into linear (Ray-
leigh) and non-linear (Brillouin and Raman) scattering
effects. In general, Raman-based systems are only sensitive
to temperature, whereas Rayleigh and Brillouin instruments
are sensitive to both strain and temperature changes. Their
capabilities regarding spatial resolution and measurement
accuracy are, however, significantly different: Rayleigh
backscattering systems provide a very high spatial resolu-
tion of some millimeters with a measurement resolution of
about 1 um/m [16], but are mostly limited to sensing ranges
of about 70 m. Sensing units based on Brillouin scattering
enable measurements over tens of kilometers [23], which,
however, results in limitations of the spatial resolution
(between 0.1 and 10 m, depending on the sensing range)
and the measurement precision (about 4— 10 ym/m). Fur-
ther information about the different sensing principles can
be found in [7].

The field applications described in this paper cover pile
lengths between 10 and 25 m, this is why a Rayleigh scat-
tering system from Luna Innovations Inc. (OBR 4600) is
used for sensing. Based on the optical frequency domain
reflectometry (OFDR) technique, this instrument enables
distributed strain sensing with a spatial resolution of about
10 mm and a typical measurement frequency in the range of
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Fig. 1 Distributed fiber optic sensing techniques: a basic scheme of sensing setup (based on [15]) and b different scattering components in opti-

cal glass fibers (based on [6])
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about 0.1 Hz, even in the harsh environment at a construc-
tion site. Nevertheless, the designed DFOS approach can be
interrogated with any other fiber optic measurement system,
including Brillouin sensing units for strain and temperature
sensing or even single mode Raman instruments for tem-
perature sensing only.

2.2 Strain sensing cables

Due to harsh environments on site, robust sensing cables are
required to ensure the integrity of the sensing fiber during
the driving process. For that reason, IGMS normally uses
prefabricated sensing cables from Solifos AG (Switzerland)
to measure strain along the piles. Figure 2 shows the setup
of two cable types [27, 28], which are especially developed
for sensing in concrete or grout material. The optical fiber
is protected by a metal tube (types V3 and V9) or even by a
special steel armoring (type V3) and, therefore, the cables
show good resistance against mechanical impacts. The outer
surface of both cables is structured to provide a solid con-
nection with the surrounding grout material. Furthermore,
all layers of the cables are interlocking to ensure a reliable
strain transfer from the outer sheet to the sensitive glass
fiber core. Monsberger et al. (2017) give further information
about different strain sensing cables from Solifos AG [19].

2.3 System calibration

Analogous to conventional sensors, a sensor characteristic
curve is required to derive strain values from the raw meas-
urement quantity (e.g. wavelength, frequency or intensity of
backscattered signal). Nevertheless, manufacturers of fiber
optic sensing cables often do not provide their own calibra-
tion parameters and refer to literature values instead, which
might result in errors of several percent, see, e.g. [22]. IGMS
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Fig.2 Setup of different Solifos strain sensing cables [17]: a type V9
and b type V3 with (I) strain sensing single mode fiber (250 pum/m),
(II) multi-layer buffer with strain transfer layer, (III) metal tube,
(IV) polyimide protection layer, (V) special steel armoring and
(VI) polyimide outer sheath

developed a unique calibration facility [31], which enables
highly precise, fully automatic calibration of strain sensors
with lengths of up to 30 m under stable laboratory condi-
tions. Prior to field measurements, individual calibrations
of several samples of the used sensing cables are usually
carried out to reliably determine the frequency-to-strain
relation. Results of various calibrations of different sensing
cables for geotechnical applications from Solifos AG (e.g.
types V3 and V9) are shown in [19].

Temperature compensation of the derived strain values
basically depends on the monitoring application. Since the
optical fiber is vertically embedded into the ground along
the pile, the temperature should be almost constant during
geotechnical load tests, in which the investigation period is
relatively short (typically < 24 hours). In other applications,
especially in long-term monitoring, an additional sensing
cable, which is not influenced by strain, must be installed
nearby the strain sensor to eliminate arising temperature
effects.

3 Pile construction and sensor installation

The “Keller Ductile Pile” (KDP) is an example for com-
monly used driven ductile piles. One single pile element
usually has a length of 5 m, a diameter between 118 and
170 mm and a wall thickness between 7.5 and 13 mm.
For construction, the first pile element is equipped with a
driving shoe and pushed into the ground using a hydraulic
quick impact hammer, see Fig. 3a. Subsequently, the next
element is inserted into a conical collar (pile coupling) at
the upper end of the first one. The elements become fric-
tionally engaged due to the hydraulic hammer impacts dur-
ing the further driving process. The pile can be variably
extended to its final length, where it reaches a load-bearing
soil layer. This layer is currently determined by measuring

hydraulic
“hammer

Fig.3 DFOS-driven ductile pile [17]: a pile driving process; b instal-
lation of fiber optic sensing cables along the pile
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the penetration speed during pile driving. KDPs are basically
compression-grouted, which means that the driving shoe has
a slightly larger diameter than the pile. While driving the
pile, the shoe compresses the surrounding soil material and
a cavity is formed, which is instantly filled with grout. After
the grout is cured, it forms a rigid connection with the sur-
rounding ground and contributes to the bearing capacity of
the pile.

During the pile construction, the hydraulic hammer gen-
erates accelerations of up to 2000 m/s* and extremely harsh
conditions (e.g. loose gravel) are prevalent for the opti-
cal sensing cables. Our installation experiences show that
presented cable types are robust enough to withstand the
environmental impacts if the cable is reliably attached to
the pile and additionally protected in critical areas, e.g. at
the pile couplings. Beside the critical sensor protection, the
installation method must be also practical and quick in order
to prevent major interference with the construction process
of the pile. Laboratory tests, in which different mounting
techniques were investigated, point out that attaching the
cable using customary collar clamps (Fig. 3b) with a spac-
ing between 0.5 and 1 m (depending on the pile diameter)
is sufficient to ensure a fixed position of the cable during
the driving process. The structured surface of the sensing
cables finally forms a rigid bond with the surrounding mate-
rial after the grout is hardened.

strain [pum/m]

strain [um/m]

4 Staticload tests and measurement results

The bearing capacity of compression-grouted piles basically
depends on a combination of the shaft friction and the toe
resistance. These quantities are derived in static load tests,
in which either tension or compression is applied to the pile.
Innovative setups also allow the separate determination of
both quantities with one test only, e.g. the Pile HAY-Proof-
System ® [8]. Usually, the shaft friction is not uniform along
the pile and varies depending on the prevalent soil condi-
tions in different depths. The developed DFOS sensing sys-
tem enables the localization of variations in the strain distri-
bution along the pile and, therefore, gives new insights into
the load transfer from the pile to the soil.

As an example for measurement results in tension tests, so
called pull-out tests, Fig. 4 depicts the strain profiles meas-
ured by the DFOS system along various ductile piles in dif-
ferent soils. The different, heterogeneous strain distributions
demonstrate that the load transfer from the pile to the soil
and, therefore, the shaft friction is related to the prevalent
soil conditions.

Test results in uniform soil with fine sand and gravel
(Fig. 4a) display an inhomogeneous strain distribution with
almost equidistantly spaced peaks. It is assumed that these
peaks can be related to cracks in the grout material [19],
which arise at higher load steps due to the progressive failure
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Fig.4 Strain profiles measured by the DFOS system along various ductile piles in different soils during pull-out tests and corresponding results
of dynamic probing (DPH) [17]: a fine sand and gravel; b silt and clay; ¢ clay and gravels
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of the grout material. No strain peaks are visible in higher
depths at the highest load step. This means that the shaft
friction of the pile does not fail at the maximum load of
1000 kN. The DFOS system enables an exact detection of
the range of this area, which probably could lead to an opti-
mization of the pile lengths at this construction site.

The strain values in other soils in Fig. 4 (b), (c) display a
different pattern in comparison to the strain profiles in the
homogeneous soil in Fig. 4 (a). Especially in the mixed soil
consisting of silt and clay (Fig. 4b), sections with almost no
strain (e.g. between 3.5 and 6.5 m) are followed by extremely
high-strain peaks (e.g. at 6.5 m), which suggest extremely
varying soil conditions and transition zones between differ-
ent soil layers along the pile. This assumption can be con-
firmed by results of dynamic probing heavy (DPH), which
was performed at each construction site nearby the instru-
mented pile. The corresponding results, displayed in Fig. 4
in impacts per 10 cm penetration depth, show very different
bulk density variations at each test, especially significantly
higher variations in inhomogeneous soils (Fig. 4b) compared
to homogeneous soils (Fig. 4a).

Nevertheless, the measured strain distribution always com-
bines the soil conditions and the material properties of the
pile itself (wall thickness, grouting diameter). These stiffness
parameters usually also vary along the pile depending on the
in situ construction as well as the manufacturing quality of the

strain [um/m]

pile elements and must be taken into account for any detailed
analysis of the soil conditions.

The evolution of cracks in grout material as a result of its
progressive failure is typically illustrated as strain peaks in
the DFOS profiles. Figure 5 shows strain profiles along the
pile’s top part measured simultaneously by the DFOS sys-
tem along cable type V3 (Fig. 5a) and V9 (Fig. 5b) during
one selected pull-out test. Basically, both cable types depict a
similar behavior and almost all of the crack positions can be
identified in both figures at the same location. Nevertheless,
cable type V9 seems to be more sensitive to local effects due
to the less massive design of the cable (Fig. 2). This enables
also a detection of smaller peaks (#01), which are not visible
along the profiles of type V3. In addition, type V9 is able to
separate different cracks that arise very close to each other
(#02). Consequently, the shape and magnitude of the strain
peak itself not only depends on the prevalent crack width, but
also on the design of the used sensing cable and must be well
selected to the application regarding protection and sensitivity.

To verify the DFOS results, the strain values along the pile
can be numerically integrated from the bottom point to the
pile head by

d = ;(ei A7), (1)
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Fig.5 Analysis of crack evolution in the grout material: a DFOS strain profiles along sensing cable V3; b DFOS strain profiles along sensing
cable V9 and ¢ small part of grout material excavated after the test
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where e is the strain value along the pile, Az is the spatial res-
olution of the DFOS system and d the resulting displacement
at the pile head, which can be compared to the results of con-
ventional linear variable distance transducers (LVDT). The
measuring armatures of these LVDTs are usually mounted
on a stable supporting structure next to the pile (Fig. 6a),
which is not affected by the loading forces, and measure the
relative distance changes to glass plates mounted at the pile
head. The time series of the applied loads of one selected
pull-out test (strain profiles already displayed in Fig. 4a) and
the load—displacement curves, separately derived from both
technologies, are displayed in Fig. 6 (b), (c).

The independent sensing methods basically depict a
good agreement within the first loading cycle up to 400 kN.
Larger hysteresis effects are, however, visible in the LVDT
data after the first loading, when the pile is released. Since
the LVDTs can be confirmed by total station measurements
to prism targets at the pile head (Fig. 6a), these effects are
caused by an absolute movement of the pile, which, of
course, cannot be captured by the DFOS system and results
in a constant offset between the data sets after the release.
Although the shape of the load—displacement curves of both
technologies show a similar behavior, this effect further
increases at higher load steps.

To provide an independent in situ measurement tech-
nique for verification purposes, strain gauges may be
installed along the pile to compare the DFOS results.
Such an installation along the outer sheet of the pile is,
however, critical due to extreme impacts acting on the
pile and, therefore, on the electrical sensors, during the
construction. To ensure the integrity of the sensors, a rein-
forcement bar was especially prepared for one pile test and
seven strain gauges were applied at different depths. The

reinforcement bar was inserted in the grout material in the
middle of the pile (see Fig. 7 a).

The instrumented pile was investigated within a com-
pression test. To avoid effects related to curvature because
of the non-centric position of the optical fibers, four opti-
cal sensing cables were mounted in different positions
around the pile. The average strain profile of all fibers
at each load step is shown in Fig. 7 (b). These profiles
depict a uniform increase of the negative strain level with
increasing load. Furthermore, the negative strain decreases
from the pile head, where the load is applied, to the pile
toe. Anomalies in the strain profiles at the pile head and
at the pile coupling in a depth of about 4 m are related
to, among others, an additional protection of the sensing
cables at these positions. As a result of this protection, the
arising strain might not be completely transferred to the
sensing cables at these locations. Except for these areas,
the shape of the measured values of the strain gauges in
Fig. 7 (c) shows good agreement to the fiber optic meas-
urement results. Deviations might be related to the differ-
ent position of the sensors, slight inhomogeneities in the
grout material or the undefined position of the rebar inside
the pile and thus bending effects, which can be captured
effectively only by the DFOS sensing approach due to the
distributed sensing capabilities.

In addition to the evaluation of the strain distribution in
longitudinal direction, the arrangement of the fiber optic
sensing cables (Fig. 7a) also enables the determination of
bending effects in transversal direction of the pile. In case
of arising curvature along the object, two sensing fibers
mounted at opposite sides (e.g. DFOS #01 and #03) must
show a different strain behavior and the curvature can be
derived from the strain values €, ;5 by

10
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Fig.6 Comparison between conventional sensors and fiber optic
measurement system: a position of LVDT sensors at pile head; b
applied loads over time during one selected test; ¢ load—displacement
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Fig. 7 Comparison between internal electrical and fiber optic strain measurements along the pile [17]: a positions of sensors; b mean strain pro-
files derived from DFOS sensing cables; ¢ strain profiles measured by strain gages along the installed rebar
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where £ is the known distance between the optical fiber cores
and ¢, is the mean strain at the considered depth (already
shown in Fig. 7b).

The measured strain profiles during the compression
test along the optical sensing cables DFOS #01 and #03 in
the upper section of the pile are displayed in Fig. 8 (a), (b).
These depict significant deviations in the strain distribu-
tion in the area between 0.0 and 3.0 m, from which the cur-
vature distribution along the pile can be derived with the
known distance between the fibers of about 125 mm. The
determined curvature profiles in Fig. 8 (¢) show that bend-
ing along the pile and the grout material becomes visible
during pile testing, which suggests that the ductile pile was
not driven completely vertical into the soil. Consequently,
the surrounding grout material took a curved shape and
varying cross-sectional profile of the grout arose along
the pile. It has to be noted that a curved shape already
existed after construction of the pile before the DFOS
zero measurement was taken. All displayed DFOS results
are relative to the zero measurement made just before the
beginning of the load test. From the measurement results,
it can be concluded that the curvature of the pile increased
even further when the load test was performed. The total

curvature amount in transversal direction can, however,
not be derived from the conducted measurements.

The upper section of the pile of about 2.5 m was exca-
vated after the test (Fig. 8d). The captured situation depicts
the curved shape of the grout material and verifies the
assumption concluded above. The “screwed pile” is a result
of a special conical driving shoe that was tested during the
construction of this pile and does not appear in the conven-
tional driving setup. The DFOS system is, however, able to
monitor the curvature effects and finally allows a detailed
study of the pile driving process.

Especially in applications with critical buried infrastruc-
ture (e.g. pipelines), the curvature of an object represents a
critical parameter in the context of structural health monitor-
ing. DFOS systems enable the distributed curvature assess-
ment over long distances and allow the localization of criti-
cal events along the object, see, e.g. [5, 11].

5 Continuous monitoring
The designed DFOS approach was also utilized for a con-

tinuous monitoring of ductile driven piles, which were used
for the foundation of a construction pit. The construction
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Fig. 8 Evaluation of curvature effects along the installed ductile pile [21]: a strain profiles along DFOS #01; b strain profiles along DFOS #03; ¢

derived curvature response; d excavation of the piles’ upper part

site itself is characterized by special soil and groundwater
conditions: the first 5 to 8 m consists of floodplain sediments
followed by massive basin sediments down to a depth of
about 20 to 25 m. Beneath, a moraine provides a capable,
load-bearing layer for the pile foundation. The supporting of
the construction pit’s excavation was performed by sheet pile
walls. These, however, could not be anchored due to neigh-
boring constructions why a reinforced base plate was used to
brace the pit. The construction of the first piles showed that
substantial efforts were required to pump the grout mate-
rial into the ground and uplifts of the base plate as well as
of the sheet pile walls in the range of centimeters could be
recognized. It was assumed that the high-density soil with
constant volume displaces the installed piles after the instal-
lation, which causes an uplift of the pile and obviously also
an uplift of the entire construction pit.

To analyze the monitored behavior in more detail, the
DFOS system should clarify if either the piles failed and
were pulled apart at one of the conical collars or the whole
piles were pushed out of the ground. The distributed strain
profiles should also provide information about the load
transfer from the soil to the pile. Therefore, the DFOS sys-
tem was installed along three selected piles with lengths of
up to 25 m. Beside the strain sensing cable V3, an additional
temperature sensing cable [29] was installed along each pile,
which can be used for temperature compensation. In total,
seven individual cables were guided from the pile head to a
temperature-regulated container. Autonomous monitoring

‘‘‘‘‘‘

was performed over almost three weeks with a temporal
resolution of 1 h using the OBR 4600 in combination with
an optical switch to enable autonomous sequential measure-
ments of the installed sensing cables.

The measured DFOS strain profiles of one selected pile
on each day over the entire monitoring period are depicted
in Fig. 9. During the first days until 08/05, a continuous
increase of compression strain is visible along the entire pile
with slight variations at the pile head and at depths higher
than 20 m. Immediately after the installation of the next
piles starting from 08/05, tensile stresses arise in the bottom
area, which segue into compressional stresses with decreas-
ing depth. No conspicuous behavior can be observed at the
pile couplings. This suggests that the entire pile is pushed
out of the ground from beneath and compressed at the pile
head due to interaction with the base plate. In the following,
slight releases of the tensile stresses can be observed starting
from 08/09.

It is obvious that the working progress on-site has major
influence on the pile behavior. For detailed analysis, Fig. 10
displays the displacements determined from the DFOS strain
profiles at the pile head over the entire monitoring period
and the minimum working distance to the instrumented
DFOS pile per day. Thereby, the derived deformation can
be exactly related to the current working steps: decreas-
ing strain over time is visible on weekends (gray areas in
Fig. 10), where no work was carried out. If piles were con-
structed nearby the DFOS pile (distance < 3 m, red areas in
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Fig. 10 Displacements derived from DFOS strain profiles at the pile
head over entire continuous monitoring campaign

Fig. 10), the displacement increase can be observed instantly
(e.g. 08/05) compared to times, when the construction was
performed farther away (distance > 20 m, green areas in
Fig. 10, e.g. 06 to 08/08), which also confirms the above-
drawn assumption regarding the pile uplift as a result of the
high-density soil.

6 Conclusion

In this paper, we have shown a sensing approach based on
DFOS, which enables distributed strain measurements along
driven ductile piles. To ensure the integrity of the optical
fiber during the pile construction and monitoring in harsh
field environment, robust sensing cables and reliable instal-
lation techniques were found. The results of various field
applications demonstrate the high potential of the DFOS
system, which delivers information that cannot be measured
using other techniques, especially due to the high spatial
resolution of about 10 mm.

Load tests in different soils have shown that the prevalent
soil conditions can be related to the measured strain distri-
butions, which are basically also confirmed by results of
dynamic probing nearby the installed piles. Nevertheless,
detailed investigations on the material properties, i.e. wall
thickness measurements and detailed recording of the grout-
ing diameter, will be carried out at future construction sites
to enable further analysis on the correlations. The results
of the DFOS system agree with measurements of electri-
cal distance transducers at the pile head as well as internal
pointwise strain gauges along an additionally installed rein-
forcement bar. Due to the arrangement of the optical fibers,
curvature changes in transversal direction of the pile can
also be identified.

Autonomous measurements of pile uplifts on-site over
almost 3 weeks demonstrate the suitability of the designed
DFOS approach for field applications. The measured strain
profiles can be clearly related to the working progress and
confirm that the observed uplifts were mostly caused by
absolute movements of the pile and not by failures at the
pile couplings.

The DFOS approach can also be used to detect arising
cracks in the grout material due to its progressive failure.
As a result of the protection layers of the sensing cables,
the measured profiles depict an integrative, smoothed strain
response depending on the used cable type. Future research
will be especially focused on the interaction of the differ-
ent sensing cables and the surrounding grout material. This,
however, requires a detailed modeling of the sensing cable
design (see [3, 9]) as well as detailed laboratory investiga-
tions, which shall prove the modeling suitability to deter-
mine the effective crack widths inside the grout.
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