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Fibre Bragg grating sensor: A powerful technique for monitoring soil and driven mini piles
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ABSTRACT

In recent years, fibre Bragg grating (FBG) sensor, as a relatively new strain sensing technology, is gaining wide
attention in monitoring the response of geotechnical structures. FBG sensors have been used in a variety of
geotechnical structures monitoring but its application in small-sized driven piles remains unknown due to limited
field studies. This paper reports the feasibility of using FBG sensor strings to measure axial strains in steel driven
mini piles. The effect of batter configuration on capacity of driven mini piles in a medium to dense sand deposit
based on strain measured from FBG sensors is also discussed. A steel, open-end mini pile was instrumented with
FBG strings for strain monitoring. Same instrumented pile was reused for both vertical and battered pull-out load
tests. For battered case, the mini pile was driven at an angle of 25° from the vertical axis. The strain profile measured
from FBG sensors showed that load capacity of battered mini pile consists of not only skin friction but also lateral
soil resistance. The FBG packaging method adopted in this study was also proven to be a robust approach for

multiple testing, which significantly increase the efficiency of strain monitoring for small-sized geo-structures.
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1 INTRODUCTION

Accurate and reliable measurement of strain profile
is an essential part of geotechnical structure monitoring.
This enables early warning of geohazards, and
investigation of soil-structure interaction which helps
the development of design methods for geotechnical
structures (Zhu et al., 2017). Traditional strain sensors
include electric strain gauges, extensometers and dial
gauges. In recent year, fibre optic sensor is gaining
wide attention in geotechnical monitoring due to its
large numbers of advantages in comparison with
traditional sensors including high accuracy, light weight,
ease of installation, resistance to corrosion, capability
of multiplexing and immunity to electromagnetic
interference (Morey et al., 1990; Ferdinand et al., 1997;
Glisic and Inaudi, 2008; Yin et al., 2008).

Among all fibre optic sensing techniques, Fibre
Bragg Grating (FBG) is the most common technique
for strain measurement (Hong et al., 2016). FBG
technique offers discrete strain measurement over long
distances. Each Bragg grating is engraved with UV
light on an optic fibre string, which functions as a
special reflector reflecting a narrow-spectrum light at a
specific wavelength when there is physical elongation
happening on the fibre. If there are multiple FBGs in
one fibre string, multiplexing process is required to
ensure each FBG reflects a unique wavelength such that
the overlap of wavelength along a single fibre can be

avoided. The most utilized approach for this purpose is
wavelength division multiplexing (WDM) (Zhu et al.,
2017).

Over the past years, FBG sensors have been
successfully implemented in a variety of geotechnical
applications in field, which includes the performance
monitoring of slopes (Dou and Li, 2013), soil nails
(Zhu et al., 2007) and piles (Lee et al., 2004; Liu and
Zhang, 2012; Doherty et al., 2015). For field
instrumented tests, various packaging techniques have
been developed to protect the FBG sensors from harsh
environment. Existing packaging techniques include
encapsulating FBGs in container or groove and
protected with adhesive (Zhou et al., 2003), packaging
FBGs in steel tube (Schilder et al., 2012) and in Fibre
Reinforced Polymer (FRP) (Tremblay et al., 2009).
These techniques allow FBG sensors to survive from
harsh soil environment but they, on the other hand,
increase the size of FBGs to the size of traditional strain
sensors. Consequently, the stress and strain fields of
soils in the field tests are likely to be disturbed. The
impact of large-sized FBG sensor can be significant
when testing small-scaled geotechnical structures in
field. In recent years, researchers have embedded bare
FBGs in grooves and covered with adhesive to measure
strain on soil nails (Li et al., 2013a; Li et al., 2013b).
This approach can minimize the disturbance of soil but
its robustness in strain measurement for small-sized
driven piles is still unknown due to limitation of field
studies (Doherty et al., 2015; Zhang et al., 2018).
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2 BATTERED DRIVEN MINI PILE

Small-sized piles are usually adopted when
traditional shallow and deep foundations are not
feasible at a location where access for equipment is
limited, such as mountainous areas (Thompson et al.,
2010; Kyung and Lee, 2017). Small-sized piles, such as
micropiles and mini piles can be installed in a batter
configuration. Previous studies investigated the effect
of batter configuration on the load capacity of
small-sized piles (Tsukada et al., 2006; Sharma et al.,
2014; Kyung et al., 2016). However, most studies
mainly focused on the effect of changing batter angle
on the pile load capacity, without monitoring of
soil-pile interaction. The lack of understanding of
soil-pile interaction can reduce the robustness of
designs of battered piles (Lin et al., 2014). Moreover,
there is still lack of field measurement to compare the
strain profiles of vertical and battered mini piles
developed when subjected to pull-out load.

In this study, the interaction between soil and mini
driven pile was monitored using FBG sensors to assess
the effect of batter configuration on mini pile
interaction with soil when subjected to vertical pull-out
load. This research also aimed to confirm the
robustness of using FBG sensors in strain monitoring
for small-sized geo-structure.

3 SITE DESCRIPTION

Instrumented static load tests were performed at
Fingal; Victoria, Australia. To characterize the test site,
three Cone Penetration Tests (CPT) were conducted
within test area. A dense layer of silty sand was
encountered at a depth of 2.5 m. The in-situ tests
indicate that the site consisted of organic fill in the top
400 mm underlain by silty sand deposit. Water table
was not observed down to the bottom of deepest
borehole (10 m). Soil unit weight and modulus of
elasticity are back-calculated based on the CPTs results
according to Guide to cone penetration testing
(Robertson and Cabal, 2010; Mehdizadeh et al., 2018).
The variation of these parameters with soil depth are
presented in Table 1.

Table 1. Key soil parameters at the test site.

Depth (mm) gc (MPa) v (KN/m?3) Es (MPa)
0 - 500 15 16.8 9
500 - 1000 3 16.3 11
1000 — 1500 3.3 16.9 15
1500 — 2000 5.3 17.6 24
2000 - 3000 14.6 18.7 52

Qc = cone resistance, y = soil unit weight; Es = modulus of elasticity

4 TEST PILES INSTRUMENTATION

The test piles are 1.6 m long steel, open-ended pipe
piles with an outer diameter of 42.4 mm and a wall
thickness of 2.6 mm. Three grooves, namely G1, G2
and G3, 4 mm wide and 1.5 mm deep were machined

along each test pile shaft (Fig. 1a) to mount FBG
sensors. The layout of FBG sensors on the battered
mini piles are shown in Fig. 1b, which has the same
layout as the vertical mini pile. A groove is required
as a two-part adhesive could be applied to cover the
groove for harsh environment protection (Fig. 2)
without affecting the outer shape of pipes. The grooves
were arranged concentrically around the pile's central
axis, so the angle between them is 120°. A 200 mm
space was left at pile top such that there is enough room
for jackhammer for pile driving. A fibre string with a
total of six FBG sensors was embedded in each groove.
Locations of the six sensors were 200, 470, 740, 1010,
1280, 1550 mm away from the pile head.
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Fig. 1. Dimension of grooves along test pile’s shaft and layout of
FBG sensors inside the pile: (a) Cross-section of pile and
configuration of grooves; (b) layout of FBG sensors along
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Fig. 2. Two-part adhesive for harsh environment protection.

5 FIELD TEST PROGRAM

The test program aims to assess the feasibility of
using FBG sensors in field and the effect of batter
configuration in interaction of battered mini pile with
surrounding soil. Pull-out load tests were conducted on
single vertical and battered mini piles. For battered pile
load test, the instrumented mini pile was driven into the
ground at an angle of 25° from vertical with a
hand-held jackhammer. The embedment depths for both
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vertical and battered piles were 1400 mm. The behavior
of these mini piles under pull-out load was monitored
according to FHWA (2005), with some modifications.
The impact of the top 400 mm organic fill was
eliminated by installing the piles in a 400 mm
excavated trench. The piles were subjected to an
incremental load of 0.5 kN, with each load step
maintained for 5 minutes until failure. Continuous
jacking to keep the applied load constant was
considered as the failure criteria as it indicated that pile
cannot sustain the applied load. Strain along the pile
length was measured with FBG sensors 5 minutes after
each load step. When setting up the test, the FBG string
along G1 was broken due to technical issue and hence,
strain was not recorded for this particular string.

6 TEST RESULTS AND DISCUSSION

In this field test regime, same pipe was used for
both vertical and battered load tests. The pipe was
pulled out in axial direction after the first test (vertical
case) without residual bending. It was observed that this
packaging method was a robust approach to protect
FBGs for multiple tests, which highly increased the
efficiency and reduced the installation time for mini
pile monitoring. Although the fibre string was protected
in the grooves with adhesive, the strings that come out
from the grooves at 200 mm depth were left
unprotected. It should be noted that the string along G1
was broken due to this unprotected joint which should
not be considered as an issue associated with FBG
technique in general. As fibre is fragile under bending,
every section of the fibre should be well protected to
survive from possible damage and surrounding
environment. As the strings were allowed to be
mounted along the pipe’s surface due to small-sized and
lightweight fibre string, hence the surrounding soil was
not disturbed due to use of FBG, and actual soil-pile
interaction can be monitored. This cannot be achieved
by traditional electrical strain gauge based on authors’
experience.

To assess the effect of batter configuration on mini
pile, the strain profiles along the length of vertical and
battered mini piles were compared. The strain
measurement obtained from the FBG sensors along G2
and G3 for vertical and battered pile load tests are
analyzed. For battered case, the strain along G2
represented the tension side, while the strain along G3
represented the compression side. Both vertical and
battered mini piles showed the same ultimate load of
2.3 kN. Altough it is excpeted the battered case would
provide a higehr load capacity, the measured
performance was lower than expected which can be
attributed to soil non-uniformity. Only the strain
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Fig. 3. Comparison of strain profiles along the length of vertical
and battered mini piles: (a) G2; and (b) G3.

developed at ultimate load is reported as shown in Fig.
3. From Fig. 3a, it can be observed that, for both
vertical and battered cases, the strain along the pile
length in G2 showed tensile behavior, in which the
strain has increased down to depth of 435 mm and
decreased after this point. It should be noted that the
tensile strain in vertical case is higher than the battered
case by 73 pe or 83% at depth of 1040 mm below
ground, which indicates the load capacity of battered
mini pile not only consists of skin friction, but also
other resistance component. When a battered pile is
subjected to vertical pull-out load, the load can be
decomposed into axial and lateral loads. In axial and
lateral conditions, the dominant resistances are
considered to be skin friction and lateral soil resistance
respectively (Mehdizadeh et al., 2016; Kyung and Lee,
2017). Prasad and Chari (1999) suggested that the pile
is subjected to compressive lateral soil pressure along
the direction of batter until it reaches a point of rotation.
The pile is then subjected to soil pressure from opposite
direction, which causes tensile strain along the pile
length. This soil-pile interaction is confirmed by the
strain measurement along G3 (direction of batter). It
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can be seen from Fig. 3b that the measured strain
profile of vertical case agrees with the trend of typical
vertical pile in which the strain has decreased with
depth. It should be noted that the measurement showed
that the strains along G2 was about the strains along G3,
which could be due to eccentric loading. In practice, the
tensile strain of the vertical case should be assessed by
averaging the strain measured in all grooves to obtain a
reliable measurement. In battered case, there is increase
of compressive strain to depth of 235 mm below ground
and decreased from this point onward. A point of
rotation was observed at 480 mm below ground. Tensile
strain was developed along G3 from this point. The
results confirmed the model suggested by Prasad and
Chari (1999) and provides reliable information for
development of robust design method for battered mini
piles.

7 CONCLUSIONS

The effect of batter configuration on mini piles
under vertical pull-out load was investigated. For this
purpose, quick pile pull-out load tests were conducted
on vertical and battered mini piles in sandy soil. An
open-ended steel mini pile was instrumented with FBG
sensors to monitor soil-pile interaction. The robustness
of using FBGs in small-sized geo-structures monitoring
was also discussed. The strain measurement along pile
length showed that there is a rotational point observed
at 235 mm below ground. The tensile strain developed
in vertical case at 1040 mm below ground was 83
percent higher than the one in battered case, which
indicates that load capacity of battered mini pile
consists of not only skin friction but also lateral soil
resistance. The FBG packaging method adopted in this
study was shown to be a robust approach for multiple
testing, which significantly increases the efficiency of
strain monitoring for small-sized geo-structures.
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