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ABSTRACT  
 

Due to the complex geological conditions and nonlinear properties of rock and soil materials, the performance 

of geotechnical structures such as dams, slopes, foundations, and tunnels are too complicated to be assessed. In 

this condition, conventional instruments have been advocated and widely applied to monitor the parameters of 

geotechnical structures in recent decades. However, conventional instruments have several inherent limitations 

including: electromagnetic interference, a large number of cables for multipoint measurement, signal loss in 

long distance transmission, low reliability, and poor durability.  

 

Since the first Fiber Bragg Grating (FBG) sensor was fabricated in 1978, a significant progress has been made 

on the commercialization of optical fiber sensing technologies. Since 1980s, a fully distributed sensing 

technology named Brillouin Optical Time Domain Analysis (BOTDA) has been proposed and developed for 

measuring strain and temperature. In this paper, the authors review previous studies on the development and 

application of fiber optic sensors conducted by us and co-workers. In these studies, FBG and BOTDA sensing 

technologies have been developed and used to measure the strains of geotechnical structures. Based on the 

measured strains, analysis methods have been proposed and developed to calculate the displacement which can 

be used to evaluate the performance of geotechnical structures under complex engineering stress condition. 

 

The main conclusions are summarized as follows: 

(a) Compared with conventional sensors, the FBG and BOTDA sensors presented in the paper have advantages 

such as long distance measurement, immunity to electromagnetic interference, high resolution, and long-term 

reliability.  

(b) The field monitoring of geotechnical structures, such as bored piles, soil slope, PHC pipe piles, and soil nails 

can be used for performance investigation and safety evaluation of these structures. 

(c) The BOTDA sensing technology was used for monitoring geotechnical structures. This technology has 

inherent advantages including fully distributed measurement, low input power, high sensitivity, and large 

measurement range for both temperature and strain. 

 

It can be concluded that the outcomes of the research projects have great potential applications in geotechnical 

engineering. 
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INTRODUCTION 

 

The performance of geotechnical structures such as foundations, slopes, tunnels and dams is difficult to be 

accurately predicted due to the complex geological condition and nonlinear properties of soil and rock materials. 

To evaluate the performance of geotechnical structures, physical model tests and field observations are widely 

used for monitoring the geotechnical structures. In this case, the instrumentation plays an essential role in the 

assessment of safety state and performance of the geotechnical structures.  
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According to the application conditions, geotechnical monitoring instruments can be categorized into two 

groups: the instruments applied for in-situ tests of geotechnical related parameters including shear strength, 

compressibility and permeability, and the instruments for monitoring specific parameters including displacement, 

inclination, and crack of existing geotechnical structures. The first geotechnical instrumentation was introduced 

in the 1930s (Dunnicliff 1993). Nowadays, manufacturers have developed and produced a large number of 

electronic instruments. However, the existing electronic technologies have inherent drawbacks such as a large 

number of cables for multi-points measurements, electromagnetic interference, signal loss in long distance 

transmission, and low reliability.  

 

Over the past several decades, a significant progress has been made on the commercialization of optical fiber 

sensing technologies. Hill et al. (1978) firstly fabricated a Fiber Bragg Grating (FBG), since then, FBG sensing 

technology has been proposed and utilized for structural health monitoring. The future of optical fiber sensors is 

promising due to its advantages of multiplexability, immunity to electromagnetic interference, high accuracy, 

and good reliability. However, obstacles remain intact when the instruments based on optical fiber sensing 

technologies are applied to geotechnical engineering. The optical fiber sensing system is still expensive for field 

applications because the interrogator, optical fiber splicer and other tools are required. To examine the stability 

of structures, the measured strain and temperature by optical fiber sensors are usually transferred to 

displacement, pressure, and other typical geotechnical parameters through the development of optical fiber 

instruments. 

 

In the 1980s, Brillouin Optical Time Domain Analysis (BOTDA) sensing technology, as a new fully distributed 

sensing technology, has been proposed and developed. Compared with conventional sensing technologies, this 

technology shows overwhelming advantages including long distance measurement, high resolution and low cost 

of the fiber optic BOTDA sensors. With the development of BOTDA interrogating technique, currently much 

attention has been paid on the application of BOTDA technology in the geotechnical engineering.  

 

Scientific Principle of FBG Sensing Technology 

 

Hill et al. (1978, 1990, 1993) firstly discovered the phenomena of photosensitivity in optical fiber and made the 

first FBG. Afterward, FBG strain and temperature sensors become one of the most widely used instruments in 

structural health monitoring. An FBG is written into a segment of 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. The 

periodic structure can be created either by interference or by using an appropriate phase mask. Bragg grating can 

be written into a segment of optical fiber and a periodic modulation corresponding to a specific refractive index 

will be formed. The periodic grating can be fabricated by using a specific phase mask with different initial 

wavelength grating. 

 

According to Bragg’s law, when light consisting of all wavelengths of light injects into the optical fiber 

connected with FBG sensors, FBG reflects a specific wavelengths of light, depending on both grating period of 

FBG and the refractive property of optical fiber, as shown in Figure 1. In the study of Morey et al. (1989), the 

FBG sensors were written using the phase mask method with a series of initial wavelength grating. The Bragg 

wavelength can be calculated by 

 2B effn    (2.1) 

where 
B  is the Bragg wavelength, typically 1510 to 1590 nm, 

effn  is the effective index of refraction, and   

is the periodicity of the index modulation. 

 

Temperature and strain directly affect the periodicity of the index modulation as well as the effective index of 

refraction. Thus the Bragg wavelength is related to changes in temperature or strain. This relationship can be 

written as: 
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where 
B  is the variation of the Bragg wavelength,   is the mechanical strain applied to the FBG sensor, 

ijP  are the Pockel’s coefficients of the stress-optic tensor,   is Poisson’s ratio,  is the coefficient of thermal 

expansion, and T  is the temperature variation. 

 



For a single mode silica fiber, the linear relationship between Bragg wavelength, strain and temperature of the 

sensing fiber can be formulated as follows (Meltz 1989, Othonos and Kalli 1999): 
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where 1c  and 
2c  are constants, for germanium-doped silica fiber, 

1 0.78c  , 6

2 6.67 10 /oc C  , and 
0B  

is the Bragg wavelength of the grating under strain-free condition. 

 

Scientific Principle of BOTDA Sensing Technology 

 

Brillouin scattering along an optical fiber is one of properties which can be used to measure the change of strain 

and temperature. Brillouin scattering is characterized by the Brillouin shift. The Brillouin shift depends on the 

acoustic velocity of the medium, which is temperature and strain dependent, that is, the change of the Brillouin 

wave length is proportional to the change in temperature and strain. One way to separate the strain caused by 

forces from the strain caused by temperature is that one fiber is a tight fiber with tight contact with the structure 

under monitoring, while the other fiber is a loose fire which is isolated from the straining of the structure. There 

are two kinds of Brillouin fully distributed sensing technologies listed as following: 

 

Brillouin Optical Time Domain Reflectometry (BOTDR) sensing technology is based on the spontaneous 

scattering of light with the following features: (a) single fiber end access, (b) no polarization effect, (c) requires 

frequency processing at the detection, and (d) weak signal, long averaging length.  

 

BOTDA sensing technology is based on the stimulated scattering of light with the following features: (a) access 

from both fiber ends, (b) polarization dependent, scrambling required, (c) strong signal, reduced averaging 

length, and (d) can be implemented in advanced configurations. 

 

Both BODTR and BOTDA can be used to achieve fully distributed sensing. The strains and temperatures along 

a fiber are measured continuously. This is different from FBG quasi-distributed sensing technology which 

measures strains and temperatures at multiple points. Commercial instruments are now available for BOTDR 

and BOTDA.  

 

BOTDA sensing technology can measure the strain distribution by analyzing the spectrum characteristics of 

spontaneous Brillioun scattering of optical fiber sensors. Figure 2 shows the sensing principle of optical fiber 

BOTDA sensor. As the pumping pulse light and continuous wave light launched from the two ends of fiber 

sensor propagate in the optical fiber sensor, the pumping pulse light produces backward Brillouin gain when the 

continuous wave light frequency is different from the pump pulse light, but equivalent to the backward Brillouin 

frequency. Thus the continuous wave light will be amplified through Brillouin interaction and the backward 

Brillouin frequency will shift due to the strain or temperature variation of the optical fiber sensors. Brillouin 

frequency shift produced by temperature and strain can be written as follows: 
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where )(v  and )(Tv  are the frequency shifts due to the strain and temperature changes, respectively, )0(v  

denotes the reference frequency, T and   are the changes of temperature and strain while the relevant 

coefficients are represented as 
TC  and 

C , respectively. 

 

As shown in Figure 2, the BOTDA sensing system equipped with an electro optic modulator is usually used for 

measuring both strain and temperature. This kind of sensor is developed based on the backward stimulated 

Brillouin scattering of an optical fiber. The pumping pulse light is injected into the fiber at one end. At the same 

time, the Continuous Waveform (CW) light is also injected at the other end of the fiber. In the configuration, the 

CW light will be amplified because of the Brillouin interaction with the pump pulse when their frequencies are 

the same. And thus, the Brillouin frequency of a fiber will change accordingly to the detected strain or 

temperature. In this condition, the dependence of the Brillouin frequency shift on strain and temperature can be 

obtained. 

 

To improve the spatial resolution of BOTDA sensing technology, researchers have investigated the influences of 



parameters including the signal noise, optical cable, laser, and interrogating methods on the error of the 

monitoring results (Horiguchi and Tateda 1989, Ravet et al. 2006). Recently, Nishio et al. (2007) developed a 

more advanced algorithm which was defined as Pulse Pre-Pump (PPP)-BOTDA technology which made a huge 

contribution to the resolution of BOTDA sensing technology. 

 

DEVELOPMENT OF OPTICAL SENSORS FOR GEOTECHNICAL APPLICATIONS 
 

Optical Fiber Displacement Sensors for Geotechnical Applications 

 

For FBG sensors, wavelength shifts linearly changes with environmental temperature and its strain. Temperature 

compensation can be achieved by encapsulating a loose FBG sensor into a copper tube. This sensor is only 

temperature sensitive so it can be named as temperature sensor.  

 

Compared with FBG sensor, various conventional sensors such as vibrating wire based sensors and electrical 

strain gauges are still popular for geotechnical health monitoring (Dunnicliff 1993), though some limitations of 

conventional sensors are found, such as poor durability and low resolution. The FBG sensor, on the other hand, 

is an alternative measurement method for monitoring the behaviour of geotechnical structures and may be used 

to replace the conventional sensors due to a number of advantages such as high accuracy, multiplexing, 

electromagnetic interference resistance and durability.  

 

In past few decades, various optical fiber sensors have been developed and successfully used for measuring 

displacement. Inaudi et al. (1997) developed a monitoring system based on low-coherence interferometry 

technique and the system was employed to measure the deformation of geotechnical structures. It is indicated 

that the measurement accuracy is about 10 μm with a range from 1 to 50 m. Sato et al. (1999) proposed one 

sensing system to monitor the strain of ground based on FBG sensing technology. This sensing system was used 

to monitor displacements in a shaking table experiments. It is found that the measured ground movement fit well 

with the displacement measured by other instruments. Metje et al. (2008) developed a smart rod instrumented 

with FBG sensors for structural displacement measurement and verified the sensors under simple loading 

condition. Yin et al. (2008) utilized new types of FBG sensors for geotechnical deformation monitoring in a mat 

foundation. A sensing bar with surface adhered FBG sensors has been developed and successfully applied in the 

laboratory-scale model tests of a gravity dam and a cavern group for monitoring internal displacements (Zhu et 

al. 2010). Kuang et al. (2002) used intensity-based plastic optical fiber sensor for curvature and strain 

measurements in samples subjected to flexural and tensile loading conditions respectively. The test results show 

the possibility of using the sensor for monitoring strains on both the tensile and compressive region of a beam. 

Beam theory is used to model deformations of tight bolts under displacement driven conditions at their end 

points and to find the relation between bending strains and rotations of bolts and their relative vertical settlement. 

This theoretical result is used to show that existing smart optical fibers sensors can measure these settlements 

with resolution of tens of millimeters. Kim and Cho (2004) utilized surface mounted FBG sensors to measure 

the deflection of a beam subjected to vertical load at the mid-span. Kim et al. (2010) developed a thermal 

deformation measurement system consisting of FBG sensors. A displacement measuring interferometer system 

was installed in a vacuum chamber where the temperature was controlled. The monitoring results testified the 

effectiveness of FBG sensors for the thermal deformation measurement in space environments. Falciai and 

Trono (2005) developed a displacement FBG sensor with temperature compensation. Two FBGs were installed 

to the opposite surfaces of a straight elastic beam, which was bent in a horizontal direction. The beam curvature 

variation can be measured by means of the two FBG wavelength differences, while the mean value is taken in 

order to compensate for the temperature effects. Chang et al. (2000) developed FBG based soil pressure 

transducer associated for measuring the soil pressure in the pavement project. Basing on FBG sensing 

technology, both long strain gauge and watertight displacement sensor were developed by SPA (Systems 

Planning and Analysis Inc.). 

 

BOTDA Sensing Technologies for Geotechnical Applications 

 

In recent years, a number of researches have been conducted to develop new types of geotechnical instruments 

based on FBG sensors. Compared with FBG sensing technology, BOTDA is an innovative fully distributed 

sensing technology for monitoring strain and temperature. Main advantages of BOTDA sensing technology are 

long distance measurement without sacrificing significant spatial resolution and low cost of the optical fiber 

BOTDA sensors. In addition, the BOTDA sensors are remarkably strong, durable, thus easing the installation in 

practical application. A considerable amount of local and global strain or temperature results can be obtained 

while the BOTDA sensing technology is applied for large structural monitoring. Thus, the potential problems of 

structures can be effectively identified. BOTDA sensing technology shows its high performance in long distance 



(about 100 km) measurement with significant spatial resolution. The BOTDA sensors can be used to monitor the 

local and global strain or temperature for the infrastructures such as highway, high rail and high-rise building 

under construction or in service. Therefore, the potential usage of long distance structures can be understood due 

to its cost-effective propriety. 

 

For engineering application, series of physical experiments have been conducted to evaluate the feasibility of 

BOTDA sensing technology in laboratory and field condition (Kwon et al. 2002, Kwon et al. 2003, He et al. 

2008). In addition, a number of experiments were performed to investigate the reliability and feasibility of 

BOTDA sensing technology for structural health monitoring. Gao et al. (2006) measured the strain of 

post-tensioning cables using BOTDR. A special optical fiber sensor was bonded to steel strand and aramid fiber 

reinforced plastic (AFRP) cables to measure the stress distribution. The monitoring was performed both in the 

tension procedure and the load procedure. It is found that the fiber optic distributed sensor has high accuracy, 

and the discrepancy of the measured strains between optical fiber sensor and conventional strain gauge is very 

limited at different loading procedures. Shi et al. (2003) applied BOTDR sensing technology to monitor the 

deformation of tunnel in the field. In order to ensure the strength of vulnerable optical fiber sensors, FRP 

materials, as one of the most similar carrier, are usually employed to reinforce the optical fiber sensors in 

practical engineering application. Mohamad et al. (2011) firstly employed BOTDR technology to monitor the 

strain and temperature on bored pile adjacent to a deep excavation. A simplified calculation method was 

proposed for transferring from strain to displacement. The monitoring results demonstrate that the measured 

strain can supply a reliable data for calculating deflection of bored piles. In this study, the pile is considered as a 

cantilever beam. The bottom of the inclinometer is considered as a restrained end where neither rotation nor 

displacement is allowed. But it is not in accordance with the actual condition of in-place inclinometer because of 

the large error of derived equation, so this method can’t be used for slope monitoring calculation. 

 

Janmonta et al. (2008) presented a BOTDR sensing system used for monitoring surface ground movements of 

embankments and clay cuttings along a motorway. Varying methods of fiber optic installations was conducted in 

a field trial. To move the surrounding ground, a 3 m deep trench was excavated perpendicular to the monitored 

sections. It is found that the measured strain changes are consistent with the slope movement.  

 

Development of inclinometers based on FBG sensing technology for landside monitoring 

 

As the most common natural disasters in Hong Kong, landslide induced a large number of fatalities and a large 

amount of property loss. Therefore, monitoring and warning of landslides and debris flows are necessary to 

reduce the loss of property and human life. Conventional in-place inclinometers are widely used for monitoring 

internal displacements of slopes (Dunncliff 1993). But these inclinometers have disadvantages (Ho et al. 2006), 

for instance, (a) a large number of cables are required for one borehole, (b) there is an electromagnetic 

interference problem, and (c) the long-term reliability is low. For debris flows monitoring, geophones are 

normally used. However, this technology suffers from several limitations: (a) it has an electromagnetic interface 

problem, (b) noises and vibrations affect the detection of debris flows, and (c) if the debris flow happens far 

away from the monitoring station, the signal may be too weak to be detected.  

 

Moyo et al. (2005) have developed a new type of inclinometer, in which FBG sensors were adopted as strain 

sensors. The new type of inclinometers based on FBG sensing technology has been successfully utilized for the 

monitoring of slope stability monitoring (Posey et al. 1999). Yoshida et al. (2002) developed a slope monitoring 

system with FBG borehole inclinometers. This inclinometer, installed within the casing-tube, has several 1 m 

elements connected to each other with a hinge plate and two sensing tubes. One of the tubes contains FBG and 

the other is only used for fiber transmission. It has been applied to monitor the deformation of an artificial slope 

under construction for four months. Ho et al. (2006) developed a FBG segmented deflectometer, which can be 

inserted into the standard conventional in-place inclinometer casing installed in boreholes on site to measure the 

relative deflection between the segments of the inclinometer casing. To verify the measured results by the new 

type of lateral deformation monitoring system, both laboratory experiments and field application were 

conducted. It is concluded that the measured results can effectively reflect the deformation of geotechnical 

structure. Lin et al. (2007) developed a new debris flow monitoring system by means of optical fiber 

interferometers. Experimental results indicate that this optical fiber geophone sensing system works well at low 

frequency range. 

 

STRAIN MONITORING OF PHC PIPE PILES UNDER HYDRAULIC JACKING 

 

Nowadays, PHC pipe piles are widely used for geotechnical structures reinforcement such as slope, excavation, 

and highway pavement. In general, a PHC pipe pile consists of pre-stressed steel bar, reinforcement stirrup and 



high-strength concrete. For the installation of PHC pipe piles, driving method is usually employed by releasing a 

heavy hammer from a certain height. To overcome the limitations of conventional driving method including 

noise producing and pile damage, Lehane et al. (1993) firstly proposed hydraulic jacking method instead of 

dynamic driving in field tests. The jacking method is environmentally friendly because the hydraulic pressure is 

different from conventional dynamic driving method which may cause cracks in the pile when the pile tip 

touches hard soil layer or rock. To study the influences of in situ stress, diameter, and wall thickness on the 

behaviour of open-ended piles in sand, Lehane and Gavin (2001) carried out tests on jacked instrumented model 

piles in loose dry sand.  

 

In general, it has been pointed that lateral friction and tip resistance are two major contributors to the capacity of 

jacked piles in soil and sand. The load transferring mechanism on PHC pipe piles with special ring shape is 

substantially different from other kinds of common piles, because the inner surface of the PHC pipe piles 

interact with the soil plug through normal interaction and frictional behaviours for opened end pile, meanwhile 

the area of the cross section is smaller than the common piles. Soil plug usually takes place while driving of 

PHC pipe piles within soil mass. However, the frictional penetration is dominant for the PHC pipe piles in the 

soft soils. Konrad and Roy (1987) conducted a series of tests to testify whether jacking method can effectively 

prevent the pile and mounted monitoring devices on the piles from damage. Yang et al. (2006) applied surface 

bonded FBG strain and temperature sensors together with piezo-impedance transducers on granite rock 

specimens, which were subjected to cyclic loading. Compared with the conventional electric strain gauges, the 

results demonstrate the superior performance and cost-effectiveness of FBG technologies as compared to the 

conventional monitoring systems. 

 

Optical fiber sensors have been used to perform strain monitoring of cast-in-place piles during axial 

compression, pull-out and flexure tests. Glisic et al. (2002) conducted laboratory and field tests to evaluate the 

applicability of FBG based multiplexed sensor system in the instrumentation of piles. From the strains measured 

by FBG sensors, the distributions of axial load in three model piles and a field test pile are found to be 

comparable, in terms of both magnitude and trend, to those obtained from conventional strain gauges.  

 

The interaction between under construction excavation and adjacent tunnel presently is a big issue in prosperous 

cities. Thus, the inevitable influences including the sharply decrease of pore water pressure, deflection of the 

retaining wall, and settlement of the ground surface, are substantially encountered during the excavation process. 

In this case, field monitoring plays an important role in examining the performance of retaining structures and 

evaluating the safety condition of surrounding geotechnical structures. To investigate the performance of these 

structures, geotechnical instruments firstly appeared in 1970s, until now, versatile instruments have been 

developed by producers. Until now, a variety of parameters related to soil properties including pore water 

pressure, water level, strain of steel bars inside retaining structures, displacement of retaining structures and 

vertical and horizontal displacements of surrounding structures. 

 

Mohamad et al. (2007b) describes the use of optical fiber BOTDR sensors to monitor the strain distribution in 

an existing tunnel while a twin tunnel was bored at close-proximity. To confirm the measured results by BOTDR 

sensors, the conventional methods are also employed and installed in the existing subway tunnel. The 

monitoring results show the preliminary installation and workmanship guidelines derived from lessons learnt 

during this trial. 

 

Cheung et al. (2010) developed a trial strain-monitoring system using BOTDR sensing technology to monitor 

joint movements in an existing tunnel. The movements between joints were captured by measuring the strain 

along a strain optical fiber sensor which was installed along the tunnel lining. It is indicated that the measured 

results are good agreement with the measurement results measured by conventional vibrating-wire strain 

gauges.  

 

SUMMARY AND CONCLUSIONS 

 

This paper covers the development of optical fiber sensing technologies and their applications in geotechnical 

engineering. The development of optical fiber sensors and the recent applications of optical fiber sensing 

technologies in geotechnical monitoring are summarized and discussed. The main conclusions are summarized 

as follows: 

(a) Compared with conventional sensors, the FBG and BOTDA sensors presented in the paper have advantages 

such as long distance measurement, immunity to electromagnetic interference, high resolution, and long-term 

reliability.  



(b) The field monitoring of geotechnical structures, such as bored piles, soil slope, PHC pipe piles, and soil nails 

can be used for performance investigation and safety evaluation of these structures. 

(c) The BOTDA sensing technology was used for monitoring geotechnical structures. This technology has 

inherent advantages including fully distributed measurement, low input power, high sensitivity, and large 

measurement range for both temperature and strain. 

It can be concluded that the outcomes of the research projects have great potential applications in geotechnical 

engineering. 
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Figure 1. Functioning principle of the FBG sensor 
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Figure  . Sensing principle of fiber  optic  BOTDA sensor 
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Figure 2. Schematic illustration of sensing principle of BOTDA (Hong et al. 2010b) 
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