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ABSTRACT

This paper reports a packaging and calibration procedure for surface mounting of fiber Bragg grating (FBG) sensors to
measure strain in rocks. The packaging of FBG sensors is performed with glass fiber and polyester resin, and then
subjected to tensile loads in order to obtain strength and deformability parameters, necessaries to assess the mechanical
performance of the sensor packaging. For a specific package, an optimal curing condition has been found, showing good
repeatability and adaptability for non-planar surfaces, such as occurs in rock engineering.

The successfully packaged sensors and electrical strain gages were attached to standard rock specimens of gabbro.
Longitudinal and transversal strains under compression loads were measured with both techniques, showing that
response of FBG sensors is linear and reliable. An analytical model is used to characterize the influences of rock
substrate and FBG packaging in strain transmission. As a result, we obtained a sensor packaging for non-planar and
complex natural material under acceptable sensitivity suitable for very small strains as occurs in hard rocks.
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1. INTRODUCTION

Fiber Bragg grating (FBG) sensors have attracted a considerable amount of interest in the last ten years for use in optical
fiber sensing applications in civil and stmctural engineering. Geotechnical engineering needs reliable and precise
information on stress, strain, and temperature in their states, rates, and gradients both in-situ and under laboratory
conditions [1]. To date, however, there are only a few cases where FBG strain sensors have been used for rock
deformation [1, 2]. Other applications ofFBG sensors in geotechnical engineering include dynamic monitoring oftunnel
displacements [3], and in downhole measurements [4]. However, these sensors are fragile and their packaging should
ensure that the sensors are robust and mgged enough to withstand the harsh environment found in the geotechnical
industry.

In this work, we describe, for the first time, the feasibility of a FBG sensor application in hard rock mechanical material
testing. The packaging ofFBG sensors is performed with glass fiber and polyester resino An optimal curing condition has
been found, obtaining a sensor packaging for non-planar and complex natural material under acceptable sensitivity
suitable for very small strains as occurs in hard rocks. We used an analytical model to characterize the influences of rock
substrate and FBG packaging in strain transmission. Longitudinal and transversal strains under compression loads were
measured, showing that response ofFBG sensors is linear and reliable.

2. FBG STRAIN SENSOR PACKAGING

According to sorne researchers [5], the materials have been used for sensor packaging in engineering industry are glass
fiber reinforced polymer (GRP), carbon fiber reinforced polymer (CFRP), epoxy resin, and synthetic fibers (SFRP). Two
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main ideas guided this research: first1y, GRP was selected because it is an economical material, and secondly, we have
tried to achieve an acceptable reliability level about sensor capability, thus, the strain transmission from the rock to the
FBG sensor needs to be analyzed.

The FBG strain sensor packaging consists oftwo GRP layers. The sensor system is 100 mm long, 25 mm wide and 0.5
mm thick, and is fixed to the rock substrate with a very thin layer of adhesive. The two-dimensional arrangement
provides less stiffness and strength in the through-thickness direction because these properties are determined by the low
mechanical properties of the resin and fiber-to-resin interface. Fig. 1 shows the manufacturing process of the sensor
packaging.

Figure 1. Manufacturing of sensor packaging. The FBG sensor and the g[ass fiber woven tape were spread with polymeric
resin adopting semi-circular shape to obtain a sensor packaging for non-planar geometry.

For an FBG bonded to the surface of a substrate, an analytical model for the bonding layer that glues the FBG and
substrate together is need. An unacceptable bonding layer fails to transfer enough strain from the substrate to the FBG.
Sorne researchers have concluded than the strain transmission loss becomes large when the substrate is thin and/or made
by a low modulus material [6]. The FBG and the bonding layer affect the original strain distribution on the thin and low
modulus substrate; as a result, the substrate strain sensed by the FBG is underestimated and thus required to be corrected.

Consider an FBG of diameter tF and Young's modulus E F bonded onto the surface of a substrate of thickness t s and
Young's Modulus Es as shown in Fig. 2. Assume that the cross-sectional area of the FBG is much smaller than that of
the substrate, when the substrate is subjected to an external force F, the bonded FBG senses the strain of the substrate
transferred through the bonding layer of thickness tB.
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Figure 2. FBG surface bonded on a substrate (a) one-dimensional free-body diagram and (b) cross-sectional view.
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The strain transferred from the substrate through the bonding layer to the FBG is quantified by the strain transmission
rate defined as

k = EF
ET

(1)

Where EF is the strain measured by the FBG and ET is the true strain of the substrateo For a perfect bonding, the strain
sensed by the FBG is the same as that ofthe rock substrate, and k = lo

The sensor packaging was glued to rock with Loctite 330 methacrylate adhesiveo Thus, the strain transmission rate can
be expressed as presented by Li [6] o

(2)

The strain transmission rate calculated using equation (2) is showed in Figo 3 for a 63 mm rock specimen diameter, the
packaging thickness and the Young's Modulus are 0048 mm and 120785 GPa respectively, as previously obtained in
laboratory testso As we can see, the strain transmission rate is higher 95% when the rock Young's Modulus is aboye 5
GPao A range ofvalues between 5 and 25 GPa are usual for many kind ofrocks and concrete materialso
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Figure 3. Strain transmission rate for a rock specimen with Young's modulus ranging from Oto 25 GPa.

3. EXPERIMENTAL SETUP

After packaging, a calibration process for using the FBG as strain sensor is neededo With this aim, longitudinal and
transversal strain of rock specimens under compressive load was measured with FBG sensors and electrical strain gageso

The loading device system was a hydraulic Pilot Controls 4x4, with a capacity up to 200 1. The ASTM, laboratory
method used to obtain elastic moduli and compressive strength of rock samples, recommends a load rate between 005 and
loO MPa/s [7] oHowever, in order to notice the influence of the compressive load on the FBG sensor performance, three
tests were developed with load rates 001, 005 and loO MPa/so Figo 4 shows a schematic ofthe experimental setup and
images of rock samples in the loading system with properly attached FBG sensorso

A tunable Fabry-Perot filter system from Micron Optics Inco has been used as readout unit for the FBG strain sensors
(see Figo 5)0 This interrogation technique allows the simultaneous detection of several sensors in series; their total
number depends on the expected dynamic range of straino The system has a temperature-stabilized fixed Fabry-Perot
multiwavelength reference to achieve stability and accuracy of 5 pm at one measurement per secondo
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Figure 4. Experimental set-up and rack samples in the loading device. Gabbra rack specimen under compression load; 10
cm long FBG sensor packaging is visible.

Figure 5. Experimental set-up showing compression loading device, micron-optics interragator and strain gage data
acquisition system.

4. EXPERIMENTAL RESULTS

Relationships were obtained for wavelength; strain and loading for uniaxial compression on rock samples. Fig. 6 shows
axial force-axial elastic strain curve for gabbro. Fig. 7 shows the results measured for load and wavelength; it is visible
that wavelength shifts are suitable for sensing smallloading changes.
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Figure 6. Results obtained in the uniaxial compression test on rack. The length reduction is considered as negative.
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Figure 7. Relation between uniaxial compression loads and wavelength readings obtained with FBG sensor.

Figures 8 and 9 shows recorded strain range between -275 to +100 microstrain; cornmercial products such as Geokon
Fiber Optic FP4000 reaches ranges between -1000 to +1000 microstrain [9]. Otherwise, [l] reports -4 orders of
magnitude for strain sensing; in this work we achieved -5 orders of magnitude for longitudinal and transversal strain. It is
visible that equal strain is recorded with different wavelengths, possibly due to the time-dependent effect of the rock
under different load rates.
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Figure 8. Longitudinal strain and wavelength response ofFBG sensors for 0.1,0.5 and 1 MPa/s load rates. FBG sensors
were able to detect from Oto 275 microstrains.
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Figure 9. Transversal strain response ofFBG sensors for 0.1,0.5 and 1 MPa/s load rates. FBG sensors were able to detect
from Oto 100 microstrains.

For an FBG of 1550 nm central wavelength, the typical strain SenSltlVlty is
1.2 pmlmicrostrain [8]. The longitudinal and transversal sensor sensitivity obtained in these tests is presented en Table 1.

Table l. Sensitivity ofthe FBG strain sensors for different compressive load rates.

Load rate Sensitivity pm/microstrain

MPa/s Longitudinal Transversal

0.1 1.3 0.8

0.5 1.6 1.0

1 1.7 1.1

5. CONCLUSIONS

FBG sensors have been used in civil engineering, in materials such as concrete and metals. Very few works have been
reported for use in rocks. This work presents a new surface-bonded FBG sensor designed to measure strains on non
planar rock samples, as required for laboratory tests, and defines an initial step for future applications in rock structures,
underground excavations, and geotechnical uses. The sensor packaging technique allows indeed a good transfer of strain,
leading to testing in hard rock. Here is demonstrated strain ranges in rocks a few tens of microstrain.

The possible influence of rock inhomogeneities is diminished due to increased effective measurement area of the FBG
sensor packaging. Sensor adaptation to different geometries allows a wide variety of applications.

Otherwise, in [10] was concluded that the thickness and Young's modulus of the adhesive have little influence on the
strain transmission, especially with the thickness of the glue is less than the diameter of an optical fiber, as made in this
work.
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