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ABSTRACT 
The authors have developed a Fiber Bragg grating (FBG) based monitoring system. FBG sensors were used to form 
quasi-distributed and automatic sensing array and special packaging methods were adopted. Calibration tests were 
conducted on bare, surface mounted and aluminum tube packaged FBG in laboratory. The sensors can measure 
average strain of host material as well as localized strain and show excellent linearity. Recently, FBG sensors have 
been successfully applied to monitor strain distributions along soil nails in Hong Kong, together with electrical strain 
gauges. During two pullout tests, the strain measured by FBG sensors and strain gauges are found to be in good 
agreement.  This demonstrates the feasibility and reliability of FBG sensors in field soil nail monitoring. 
 
RÉSUMÉ 
Les auteurs ont développé un système de surveillance basé du râpage de Bragg de fibre (FBG). Des sondes de FBG 
ont été utilisées à la forme quasi-distribuée et la rangée de sensation automatique et les méthodes de empaquetage 
spéciales ont été adoptées. Des essais d'étalonnage ont été effectués sur et extérieur FBG emballé par tube monté et 
en aluminium nu dans le laboratoire. Les sondes peuvent mesurer la contrainte moyenne du matériel de centre serveur 
aussi bien que la contrainte localisée et montrer d'excellentes linéarités. Récemment, des sondes de FBG ont été avec 
succès utilisées pour surveiller la distribution de contrainte le long des ongles de sol sur un emplacement à Hong Kong, 
ainsi que les jauges de contrainte électriques. Pendant deux essais de dégagement, la contrainte a mesuré par des 
sondes de FBG et des jauges de contrainte s'avèrent en bon accord. Ceci démontre la praticabilité et la fiabilité des 
sondes de FBG dans la surveillance d'ongle de sol de champ.  
 
 
 
1 INTRODUCTION 
 
Since 1976, numerous researches and upgrading works 
have been carried out on slopes in Hong Kong under the 
Landslip Preventive Measures (LPM) program. More than 
90% of slopes were and will be stabilized by soil nails. 
Passive soil nails are normally constructed by inserting a 
structural element such as steel or fiber reinforced 
polymer (FRP) bar in a pre-drilled hole and then grouting 
this hole with cement slurry. Most soil nails have a 
diameter of 75 to 150 mm with 10o to 20o downward 
inclinations. Slope stability is increased by the 
mobilization of shear stresses at the soil-nail interface in 
the resisting zone below (or beyond) the critical slip 
surface.   
 
The pullout resistance is a critical parameter in design 
and is affected by a number of factors, such as 
construction methods and process, properties of soil, 
cement grout and soil-grout interface, geometry of slope 
and drillhole, etc. (Chu and Yin 2005; Franzen 1998; 
Hong et al. 2003; Luo et al. 2000; Milligan and Tei 1998; 
Schlosser 1982; Schlosser and Guilloux 1981; Su 2006). 
Field pullout tests are normally required to verify (or 

check) the bond strength between in-situ soil and cement 
grout inside the drillhole. In a standard pullout test, only 
the pullout load and displacements at the nail head and 
seating pad are measured. To determine the shear 
resistance at the interface between the cement grout and 
surrounding soils, the axial strain distributions along the 
nails shall be measured. The strain data can be used to 
calculate the interface shear resistance. Vibrating wire or 
electrical resistance strain gauges are widely used to 
measure axial strains of geotechnical structures. The 
limitations of these traditional strain gauges include 
difficulty of installation, low accuracy and sensitivity to 
electromagnetic field. 
 
Optical fiber sensors have been more and more widely 
used in structural health monitoring (SHM) for the 
measurement of strain, temperature, displacement, stress 
and so on (Chan et al. 2006; Saouma et al. 1998). The 
application in the specific field of geotechnical 
engineering is still very limited. In this paper, the 
feasibility of incorporating optical fiber sensing technology 
in geotechnical monitoring was investigated.  A fiber 
Bragg grating (FBG) based monitoring system was 
developed. Special fabrication and packaging methods of 
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FBG sensors were studied and utilized. Calibration tests 
were conducted on bare, surface mounted and aluminium 
tube packaged FBG sensors. In a slope site in Hong 
Kong, FBG sensors were successfully installed on two 
soil nails, together with foil resistance strain gauges for 
comparison (Yin et al. 2007).  During pullout tests, the 
FBG sensors measured average strains as well as 
localized strains and the results were found to be in good 
agreement with strain gauges. 
 
 
2 WORKING PRINCIPLE OF FBG SENSORS 
 
Figure 1 shows the working principle of an FBG sensor - 
(a) Bragg grating of an FBG sensor and (b) functioning 
principle of an FBG. Bragg grating is written into a 
segment of Ge-doped single-mode fiber in which a 
periodic modulation of the core refractive index is formed 
by exposure to a spatial pattern of ultraviolet (UV) light. 
According to Bragg’s law, when a broadband source of 
light has been injected into the fiber, FBG reflects a 
narrow spectral part of light at certain wavelength, which 
is called the Bragg wavelength and dependent on the 
grating period and the refractive index of fiber (Morey 
,Meltz and Glenn 1989): 

B 2nλ = Λ                                                               [1]  
where 

Bλ  is the Bragg wavelength, typically 1510 to 1590 

nm (1 nm = 10-9 m); n  is the effective core index of 
refraction; Λ  is the period of the index modulation.  
 
The Bragg wavelength is strain and temperature 
dependent through physical elongation or thermal change 
of the sensor and through the change in the fiber 
refractive index due to photo-elastic effect. Considering a 
standard single mode silica fiber, 

Bλ  change according to 

the temperature and the strain as described by the 
following equation (Othonos and Kalli 1999): 

( ) ( )effB

B

1 p T
∆λ

= + ε + α + ξ ∆
λ

                                       [2] 

where 
B∆λ is the change in the Bragg wavelength due to 

applied strain and temperature variation; 
Bλ  is the 

original Bragg wavelength under strain free and 
0 oC condition; ε  is  the applied axial strain change; T∆  
is  the  applied temperature change; α  is the expansion 

coefficient; ξ  is the thermo-optic coefficient; eff
p  is the 

photo-elastic parameter.  
 
Eq. 2 can be re-written as 

T

B B B B T Bc c Tε ∆

ε∆λ = ∆λ + ∆λ = λ ε + λ ∆                             [3] 

where effc 1 pε = + and 
Tc = α + ξ . 

 
In order to measure actual strains of the host material, 
temperature compensation of FBG sensors is required. 
This can be easily achieved by adding an additional FBG 
to measure the temperature induced wavelength 
shift T

B

∆∆λ . Thus, the mechanical strain ε  can be 

corrected and calculated using 
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Compared with traditional strain gauges, this optical fiber 
sensing technology has these apparent advantages: 
immunity to electromagnetic interference and power 
fluctuation along the optical path, insensitivity to corrosion 
and fatigue, high precision and resolution, absolute 
measurement, tiny size, reduced cable requirement and 
so on. Rapid and accurate measurements of the Bragg 
wavelength and its changes can be easily realized by 
using interrogators. By their multiplexible nature, 
numerous FBG sensors can be connected on a single 
fiber (with an outer diameter of 250 µm) and easily 
integrated within structural elements without a serious 
negative influence on the mechanical properties.  
 
 
3 DEVELOPMENT OF THE FBG BASED 

MONITORING SYSTEM 
 
3.1  Fabrication and Packaging of FBG Sensors 
 
Currently, there are two major methods for fabricating 
FBG: holographic method (Meltz et al. 1989) and phase 
mask method (Hill et al. 1993). The latter is the most 
efficient manufacturing method and was adopted in this 
study. The fabrication set-up is shown in Figure 2, which 
consists of a UV laser machine, a cylindrical lens to 
adjust the UV beam and a phase mask fixed on a holder. 
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Figure 1.  Generic concept of FBG strain/temperature 
sensing - (a) details of an FBG sensor and (b) 
functioning principle of an FBG 
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The phase mask is a piece of diffractive grating with 
depth modulation on fused silica and is designed to 
suppress 0th order diffraction efficiency (<5%) and 
increase +/-1st order efficiency (>35%). When a UV 
beam is injected through the phase mask, the +/- 1st 
order beam will credit an interference pattern, which can 
write grating on the uncoated photosensitive fiber. 
 
The bare FBG sensor is very fragile for geotechnical 
applications so special packaging or protection is 
required. In this study, two approaches were implemented 
to protect FBG strain sensors. For surface mounted 
applications, a series of bare FBG sensors is normally 
adhered in a pre-cut groove on the surface of structures 
and then covered with a layer of epoxy resin, as shown in 
Figure 3(a). This is the most straightforward protection 
method. In the second method, FBG sensors are 
enclosed in an aluminium tube with 4 or 6 mm in outer 
diameter. The tube packaged sensor, shown in Figure 
3(b), is a special long gauge sensor and can be 
embedded in geotechnical structures such as soil nails, 
piles and retaining walls. Instead of the point strain, the 
average strain of a certain gauge length, say 0.1 m to 1 
m, can be measured. Since the average strain is not 
influenced by local material discontinuities and inclusions, 
this packaging method is more meaningful for 
performance assessment of geotechnical structures. 
 
For temperature compensation, an additional FBG called 
the reference sensor should be mechanically uncoupled 
from but in thermal contact with host material. This is 
achieved by encapsulating a loose FBG by a copper tube 
with 2 mm in outer diameter. This sensor is only 
temperature sensitive so can also served as a miniature 
temperature sensor.  
 
3.2 Multiplex Demodulation of the System 
 
All the surface mounted and tube packaged FBG sensors 
can be connected one by one using fusion or mechanical 
splices. According to the situation, different types of 
connectors sometimes can also be applied. Based on 
wavelength division multiplex (WDM) technique, a quasi-
distributed sensing array is formed along a single optical 
fiber. It is noted that every sensor should pose 
wavelength spacing sufficient enough so that no overlap 
will occur. For strain measurements, at least 1.5 nm of 

spacing is kept for every 1000 µε  the sensor may 
experience.  
 
For the demodulation of FBG sensors, the Micron Optics 
si 425 swept laser interrogator (Micron Optics Inc. 2004) 
is employed. It can read the reflected wavelengths of  
FBG sensors in an ascending order and interrogate up to 
512 sensors simultaneously, with 1 pm (10-12 m) 
resolution, 2 pm wavelength stability and 250 Hz 
acquisition speed. Therefore rapid and accurate 
measurements can be achieved in real time. The 
computer used to record the test data is connected to the 
interrogator through Ethernet and thus remote monitoring 
is possible. 
 
3.3 Calibration of FBG Sensors 
 
All types of sensors should be calibrated prior to field 
applications. For the calibration of bare FBG sensors, 
digimatic gauges and translation stages on a research 
grade breadboard were used. 30 loading / unloading 
cycles were applied for every sensor to evaluate the 
fatigue effect. The axial strain was calculated by the 
reading of the digimatic gauge divided by the fiber length. 
The surface mounted FBG sensors were glued to steel 
bars by epoxy, together with an electrical resistance 
strain gauge. A universal hydraulic servo-controlled 
machine was used to conduct tensile tests on the steel 
bar. The tube packaged sensors were calibrated by 
special tensile equipments with digimatic gauges and 
load is applied by stages using weight sets.   
 
To investigate the performance of FBG sensors used for 
temperature compensation, calibration tests were also 
carried out. Copper tubes with loose FBG sensors inside 

Figure 3.  FBG sensors on a soil nail - (a) surface 
mounted FBG sensors (FBG-A) for localized strain 
measurement and (b) aluminium tube packaged 
sensors (FBG-B) for continuous average strain 
measurement 
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Figure 2.  Writing reflection gratings using a phase 
mask in laboratory 
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