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ABSTRACT 

 

In this thesis, the performances of tapered plastic fiber sensors (TPFSs) were 

assessed in the application of structural health monitoring—e.g., the monitoring of the 

early-age hydration process of cement pastes and the detection of vibration and crack in 

a concrete beam. A mathematical model based on ray-tracing theory was constructed to 

optimize the geometries of the proposed TPFSs, theoretically. Numerical simulation on 

the TPFS was carried out, as well as the effects of the geometries, including taper ratio, 

taper length, and launch angle of the initial ray. The surrounding temperature on the 

performance of the proposed sensor was also studied numerically. Two sets of sensor 

configurations were carried out to study the performances of TPFSs, which included 

different stripped lengths and different diameters. Theoretical and experimental results 

agreed with each other, and it was found that higher temperature sensitivity of the TPFS 

can be achieved by combining a longer taper length and lower taper ratio. 

In the monitoring of the early-age hydration process of cement paste, the TPFSs 

were used to study the host specimen with different sizes—various cement/water ratios, 

as well as different ambient temperatures. The sensor characteristics were determined 

and calibrated by an embedded thermocouple. From the experimental results, the curing 

temperature and setting time were determined by monitoring the curing temperature as 

the curing progressed. The curing temperature rose with increasing mould size, 

decreasing w/c ratio, and increasing ambient temperature. The setting time could be 

shortened by a smaller specimen size, lower w/c ratio, and higher ambient temperature.  
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The TPFSs also showed the ability for vibration and crack detection in a concrete 

beam (CB). The natural frequencies’ shift can be precisely determined by TPFSs and 

accelerometers, which indicate that the CB is damaged. The experimental results also 

demonstrated that the small diameter of the TPFS achieves a good sensitivity for 

vibration detection. The experiments for crack detection study were employed in 

small-scale CBs and full-scale reinforced CBs. The results showed that the TPFSs are 

capable of detecting the axial strain and the crack initiation in scale-model CBs, as well 

as the deflection and crack on full-scale reinforced CBs. These findings demonstrated 

that TPFSs are an ideal solution for the application of structural health monitoring in 

civil engineering. 
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ABSTRAK 

 

  Dalam tesis ini, persembahan Pergesan Gentian Plastik Tirus (TPFSs) telah dinilai 

dalam aplikasi pemantauan kesihatan struktur, contohnya pemantauan di awal 

penghidratan proses lepa simen dan mengesan getaran dan retak dalam rasuk konkrit. 

Satu model matematik yang berdasarkan teori-ray tracing telah dibina untuk 

mengoptimumkan geometri daripada TPFSs yang dicadangkan, secara teorinya. 

Simulasi berangka pada TPFS telah dijalankan dan kesan geometri termasuk nisbah 

tirus, panjang tirus, sudut sinar awal, dan suhu sekitar pada prestasi sensor yang 

dicadangkan telah dikaji secara berangka. Dua set konfigurasi sensor telah dijalankan 

untuk mengkaji prestasi TPFSs, yang termasuk panjang yang berbeza dilucutkan dan 

diameter yang berbeza. Keputusan teori dan eksperimen bersetuju dengan satu sama lain 

dan ia telah mendapati bahawa sensitiviti suhu yang lebih tinggi daripada TPFS boleh 

dicapai dengan menggabungkan penambahan panjang tirus dan nisbah tirus yang 

rendah. 

 

Dalam pemantauan awal proses penghidratan simen tampal, TPFSs digunakan untuk 

mengkaji spesimen dengan saiz yang berbeza, pelbagai nisbah simen / air, serta berbeza 

suhu ambien. Ciri-ciri sensor telah ditentukan dan ditentukur oleh termogandingan 

terbenam. Daripada keputusan ujikaji, masa pengawetan suhu dan persekitaran telah 

ditentukan dengan memantau suhu pengawetan seperti kemajuan pengawetan. Suhu 

pengawetan meningkat dengan saiz acuan yang semakin meningkat, pengurangan 
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nisbah w/c, dan meningkatkan suhu ambien. Masa tetapan boleh dipendekkan oleh saiz 

spesimen yang lebih kecil, lebih rendah Nisbah w/c, dan suhu ambien yang lebih 

tinggi. 

 

The TPFSs juga menunjukkan keupayaannya untuk pengesanan getaran dan retak 

dalam Rasuk Konkrit (CB). Anjakan frekuensi tabii boleh ditentukan lebih tepat oleh 

TPFSs dan pecutan, yang menunjukkan CB rosak. Keputusan eksperimen juga 

menunjukkan bahawa diameter TPFS yang kecil mencapai sensitiviti yang baik untuk 

mengesan getaran. Eksperimen untuk kajian pengesanan retak telah dijalankan untuk 

CBs ber skala kecil dan CBs ber skala penuh bertetulang.  Keputusan 

menunjukkan bahawa TPFSs mampu untuk mengesan terikan paksi dan permulaan 

retak dalam skala model CBs dan pesongan dan retak pada skala penuh bertetulang CB. 

Penemuan ini menunjukkan bahawa TPFSs adalah cara yang sesuai untuk aplikasi 

pemantauan kesihatan struktur dalam kejuruteraan awam. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

1.1.1 Structural health monitoring  

Structural health monitoring (SHM) is vital in concrete structure and has received 

much attention in both research and development in recent years. Housner (1997) 

defined SHM as the use of in situ, continuous, or regular measurement and analyses of 

key structural and environmental parameters under operating conditions for the purpose 

of warning impending abnormal states or accidents at an early stage in order to avoid 

any casualties as well as give maintenance and rehabilitation advice. In general, a 

typical SHM system is composed of the integration of sensor techniques (Bocca, 2011; 

Li, 2011; Park, 2006;), smart materials, data interrogation and transmission (Chen, 

2010), computational power (Adeli, 2006), and processing ability inside the structures 

(Jiang, 2005). Among these components in an SHM system, sensor techniques play an 

important role on monitoring, not only on the structural status, such as stress, 

displacement, acceleration, and vibration, but also on the influential environment 

parameters—for instance, wind speed, temperature, and the quality of its foundation 

(Lothenbach, 2007) .  
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1.1.2 Sensor techniques 

Conventionally, the use of sensors is mostly based on the transmission of an 

electric signal, which creates many disadvantages—for example, as the sensor heads are 

too big or not durable enough to measure interior properties when embedded into a 

structure. These conventional sensors are point-sensing for only one parameter at one 

location and cannot be easily multiplexed. The transmission signal is easily perturbed 

by electrical or magnetic interference (EMI), and the different demodulation techniques 

are required for different sensors (Escalante-Garcıa, 2001). Compared to the 

conventional sensors, however, fiber optic sensors provide promising sensing in a civil 

SHM system. Fiber optic sensors are easily embedded into the host specimen, easily 

multiplexed and distributed. They have a long life cycle and are EMI-free (Price, 1951). 

In recent years, the use of fiber Bragg grating (FBG) sensors for temperature and strain 

measurements has been attracting significant attention. The FBG as a sensing element 

inherits many advantages, such as easy multiplexing of many sensors at one transmitted 

fiber line, availability of the required equipment in the market, high sensitivity, being 

EM-free, etc. However, it also has some disadvantages, which are not easy to overcome, 

such as being too fragile to handle, high cost, etc. In addition to the FBG-based sensor 

systems, to recovery the reflected signals normally need more complicated 

demodulation techniques, such as an optical spectrum analyser. However, these 

disadvantages can be overcome by using plastic-fiber-based sensors. 

 

1.1.3 Plastic-fiber-based sensors  

Plastic-fiber-based sensors have been investigated intensively in the past years for 
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many applications—e.g., crack detection in a concrete beam (Kuang et al., 2003a), the 

curing process of a cement paste (Ferreira et al., 2012). Conventionally, the intensity 

modulation technique is employed to demodulate the detected sensing signals. It is 

different from the FBG modulation techniques. With intensity-modulation-based fiber 

sensor systems, it is easier to recover the detected sensing signals. An optical multimode 

plastic fiber is chosen in this study due to its typical properties, such as low cost, better 

signal coupling, larger core radius, higher numerical aperture, and larger thermal-optic 

coefficient, which indicates a higher temperature sensitivity in comparison to that of an 

optical glass fiber. On the other hand, the tapered fiber shows more potential in sensing 

elements, which in turn enable the ability to generate a fluorescent signal by using 

evanescent waves (EWs) associated with the propagating mode in optic fibers. The 

changing magnitude of the EW field detection can be measured by changing the output 

power in a tapered-fiber-based sensor (Sun and Kapoor, 2007).  

 

1.2  The application fields of SHM in civil engineering structures 

The applications of TPFS in the SHM are described in this work. The monitoring of 

the hydration process during the curing of concrete, the vibration of the concrete beam, 

and crack detection are studied in this work, which are typically and frequently 

encountered issues in civil engineering. 

 

1.2.1 Hydration process monitoring of cement paste  

The early-age monitoring in the performance of cement paste is one of the most 

important issues in the field application of an SHM system in building a concrete 
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structure. The curing of concrete is defined as maintaining a satisfactory moisture 

content and temperature in concrete during its early stages so that desired properties 

may develop (Escalante-Garcia, 1998). In the properties of cement paste curing, 

early-age cracking is a significant problem in the preparation of concrete. Cracks are 

initiated when the tensile stress in concrete due to the volume changes exceeds its 

tensile strength, which is generally only 10% of the compressive strength. Generally, the 

early-age volume change is related to chemical shrinkage, autogenous shrinkage, creep, 

swelling, and thermal expansion. Current studies show that thermal effect and 

autogenous shrinkage are the two major factors of early-age cracking in cement and 

concrete. Thus, detecting the properties of cement paste curing has been explored by 

many sensor techniques—e.g., thermocouple for temperature detection and FBG sensor 

for temperature and strain monitoring. 

 

1.2.2 Vibration and cracks detection  

In civil engineering, the formation and propagation of crack induces the 

degradation of concrete structures. Crack width beyond 0.2 to 0.4 mm (depending on 

environmental exposure) may lead to durability problems associated with steel 

reinforcement corrosion. When the crack enlarges beyond 1 to 2 mm, it may be caused 

by overloading when a natural disaster occurred, such as flood, strong vibration, etc. It 

is a sign of severe damage, which requires immediate closing of a facility. Thus, today 

crack detection is becoming a specific field of study in SHM, which is fast growing and 

gaining popularity and acceptance in engineering application. This method is a 

nondestructive evaluation and quantification of parameters in evaluating a structural 
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system; early detection of changes in its load-resisting properties can avoid any 

deterioration during its design life. 

 

1.3 Objectives of the thesis 

The general objective of this research is to assess the performances of the TPFSs in 

the application fields of SHM—for instance, to characterize the early-age hydration 

process of cement paste and to detect the vibration and crack in a concrete beam. For 

this research, the specific objectives are as follows: 

1) To setup the TPFS systems for monitoring the hydration process of the cement 

paste and detecting the cracks and vibration in a concrete beam. To valid its 

performances by comparing it with the thermocouple and accelerometers.  

2) To develop an embedded TPFS for monitoring the early-age hydration process of 

cement paste and to optimize the geometries of TPFS using a mathematical 

theoretical model for achieving the high-temperature sensitivity. 

3) To determine the setting time of cement paste by using the FBG, TPFS, and 

thermocouple. To clarify the advantages and disadvantages of TPFS and FBG in the 

application of curing temperature sensing on the cement paste specimen.  

4) To investigate the applicability and effectiveness of implementing TPFSs for 

monitoring the hydration process of cement paste specimen with different sizes, 

variant water/cement ratio, and different ambient temperatures. 

5) To assess the ability of TPFSs in the detection of the vibration and crack in a 

concrete beam. 
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1.4 Research methodology 

Based on the researched objectives, the methodology is divided into the following 

parts:  

1) A plastic optical fiber possesses a higher sensitivity in sensing temperature 

compared to a normal glass optic fiber. Because of this significant feature, an 

operation in tapering the plastic optical fiber was performed, which can perturb the 

transmission modes along the fiber.  

2) The research is mainly focused on the study of the cross-sensing of temperature and 

strain, especially when embedding sensing elements inside the cement paste, which 

may operate at harsh environments. A model is set up to distinguish the 

cross-sensing issues mathematically. Then, the MATLAB program is employed to 

simulate the theoretical model for the purpose of verifying the correctness of the 

theoretical analysis. Based on the theoretical model, a series of experiments will be 

carried out to verify the theoretical analysis—for example, the TPFS has the same 

taper length but has different tapered ratios, or has the same taper ratios in 

conjunction with different taper lengths.  

3) During the experiment, the embedded TPFSs were used to study the hydration 

process and to determine early-age setting time of cement paste. The hydration 

processes of cement paste, which affected the specimen at a different size, various 

water/cement ratios, and different ambient temperatures, have been carried out.  

4) The TPFSs were used to monitor the vibration and crack on a cured concrete beam, 

experimentally. 
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5) Experimental data were collected and analysed to fit the theoretical model. Some 

suggestions are drawn for future works. 

 

1.5 Significance of the study 

Due to the importance of the SHM application in civil engineering application, a 

system that has lower cost, high performance, multipurpose use, and long life span and 

that is easy to use and durable is highly desired. The achievement of the TPFS system 

can be used to monitor the early-age properties of cement paste and detect the vibration 

and crack in a concrete beam. The installation of the TPFSs is easy and flexible, either 

embedded or surface-mounted. Based on the related literature reviews, there are not 

much research works to apply TPFSs in SHM. The performance of the TPFS system 

had highly satisfied the requirement of the modern SHM system. 

 

1.6 Outline of the thesis 

The research presented in this thesis is organised into six chapters. An overview of 

this thesis is introduced in Chapter 1. Background knowledge on plastic optical fiber 

(POF), the hydration process of cement paste, current early-age curing temperature 

monitoring techniques, and vibration and crack detection techniques is described in 

Chapter 2. In Chapter 3, a mathematical model is developed to optimize the TPFS to 

achieve a higher sensitivity, theoretically. The effects of the geometries of TPFS, 

including taper ratio, taper length, and launch angle of the initial ray, and the 

surrounding temperature on the performance of TPFS are studied numerically. A set of 

experiments is carried out, and the results agree well with the results of the theoretical 
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results. Chapter 4 demonstrates two optical-fiber-based hydration process monitoring 

techniques—namely, FBG and TPFS. The setting time is determined from monitored 

curing temperature. The advantages and disadvantages of these measurement techniques 

are discussed. By employing the TPFS, the hydration processes of cement paste were 

studied from the specimen with different sizes, various water/cement ratios, and 

different ambient temperatures. In Chapter 5, vibration and crack detection in a concrete 

beam is assessed using the TPFSs. Conclusions and future works are given in Chapter 6. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Overview of plastic optical fiber 

2.1.1 Historical background of plastic optical fiber 

Over the past 10 years, plastic optical fibers (POFs) have received a lot of attention 

particularly in the improvement of its transparency and bandwidth for high-speed data 

telecommunication. It was first discovered by Pilot Chemical of Boston in 1960. 

Compared to the conventional data transmission media such as copper cable and glass 

fiber, POFs offer many advantages such as low cost, weight, electromagnetic immunity, 

and large bandwidth over short distances (up to 1000m). Additionally, POFs are not 

brittle but ductile. It will stretch rather than break under increased tension; even a thick 

bundle of POFs is more flexible than a bundle of glass fiber (Cook, 1979; Rastogi et al., 

1997). These advantages make the POF technology very suitable for many new 

applications in data communication, industrial sensing, and etc. The fiber core and 

cladding are generally made from polymethyl methacrylate (PMMA) as core and 

perfluorinated PMMA as cladding (Bayle, 1996). The first PMMA POFs were first 

commercially developed by DuPont in the United States and Mitsubishi Rayon in Japan 

in 1970. In a POF, the refractive index difference between core and cladding is about 

0.1, which results in a high value of 0.5 in numerical aperture (NA). The high NA of 

POF offers a high acceptance angle as compared to glass fiber with an acceptance angle 
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of 16⁰ corresponding to an NA of 0.14. These properties of POF allow the plastic 

connectors to be used to reduce the cost of the system and improve the light coupling 

efficiency from the light source to fiber.  

The step-index (SI) POF with a bandwidth of 50 Mbps over 100 meters using 650 

nm light was developed by Mitsubishi Rayon in 1980. At the same time, Kaino and 

Pollock (1995) pioneered the study of the loss mechanisms in a multimode POF. The 

series of peaks in the loss spectra are reported, which originated from harmonic 

oscillations of hydrogen atoms in the plastic chain. The most common modes are called 

C-H stretch modes, which are associated with carbon. While those modes are following 

in the infrared portion of the spectrum, the overtones continue throughout the visible. 

The hydrogen stretch modes become more intense in the infrared, and the Rayleigh 

scattering decreases as the inverse of the fourth power of the wavelength. The minimum 

loss in most POFs is found in the visible wavelength. Fig. 2.1 shows the loss 

characteristic in two types of multimode POFs: polystyrene (PS) and PMMA. As shown 

in the figure, the lowest loss is observed in the wavelength range of nearly 650 nm, 

which is considered “transparency window.”  
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Fig. 2.1: Measured loss and contribution of Rayleigh scattering loss for PMMA and 

polystyrene (Zubia, 2001). 

 

Single-mode POFs were first developed by Kuzyk et al. (1991) in the early 1990s. 

The core and cladding diameters of the single-mode POFs are about 8μm and 125μm, 

respectively. These fibers had used the Disperse Red 1 azo dye, Squarylium dyes, and 

Pthalocyanine dyes doped cores that were responsible for the elevated refractive index 

as well as for potentially having a large-intensity-dependent refractive index. However, 

single-mode POFs have much larger attenuation than single-mode glass fibers; therefore, 

POFs remain less competitive for telecommunication applications. Fig. 2.2 shows the 

lost spectra for various POFs, which are also compared to a silica-based fiber (Zubia, 

2001). As shown in Fig. 2.2, the PMMA POF has the highest attenuation loss in the 

wavelength range of 300 nm to 1500 nm, and therefore, only very limited research is 

focused on this range. The important landmarks in the development of the POF are 

summarized in Table 2.1 (Zubia, 2001). 
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Fig. 2.2: Transmission loss spectra for various fibers: PMMA, D-PMMA, CYTOP 

(which is an amorphous fluorinated polymer), PCS, and silica (Zubia, 2001). 

 

Table 2.1: The important landmarks in the development of the POF (during the past 40 

years) (Zubia, 2001) 

 

              

Year  

 

Organization  

   

Landmarks 

1968 

1972 

1982 

1990 

 

1994 

 

1995 

 

DuPont 

Toray 

Keio Univ. 

Keio Univ. 

 

NEC 

 

Mitsubishi 

Rayon 

First SI POF with PMMA core 

First SI POF with PS core 

First GI POF (1070dB/km at 670 nm) 

First high-speed transmission with a PMMA core GI 

POF (300MHz*km at 670 nm) 

Transmission at 2.5Gb/s over 100m by means of a GI 

POF at 650 nm 

Transmission at 156Mb/s over 100m by means of a 

low NA SI POF and a fast red LED 
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1996 

 

 

 

1997 

 

1998 

 

 

1999 

 

2000 

 

2001 

2002 

 

 

2005 

Keio Univ. 

KAST 

 

 

Keio Univ. 

 

COBRA, 

Eindhoven-Univ.,  

COBRA, 

Eindhoven Univ.,  

Asahi Glass 

 

Nuremberg IEEE 

Fuji film 

 

Chromis  

Fiber optics 

First perfluorinated GI POF (50dB/km at 1300 nm) 

Theoretical estimation of the transmission speed in a 

GI POF optical link (PMMA:4Gb/s over 100m; 

PF:10Gb/s over 1 km) 

Transmission at 2.5Gb/s over 200m by means of a 

PF-coreGI POF at1300 nm 

Transmission at 2.5Gb/s over 300m by means of a 

PF-core GI POF at 645 nm 

 

Transmission at 2.5Gb/s over 500m by means of a 

PF-coreGI POF at 840 nm and 1310 nm 

GI POF (Lucina) with an attenuation of 16dB at 1300 

nm and 569 MHz*km 

First “POF application centre” is established 

IEEE 1394B standard ratified, IDB-1394 for 

automobiles completed 

Announces that GI-POF is available  

First commercial PF GI-POF available 

Note: SI, step-index; GI, graded-index; PS, polystyrene; PF, perfluorinated fiber  

 

2.1.2 Optical characteristic of the POF 

2.1.2.1 Optical loss of the POF 

Normally, the bending losses are categorized as macrobending loss and 
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microbending loss. The macrobending of fibers means that the radius of curvature is 

larger compared to the radius of POFs. In contrast, microbending means that the scale of 

refractive index variations is comparable to or smaller than the size of the fiber region. 

The microbending loss is very important in the design of an optical fiber system; 

however, it is too complex to analyse because microgeometry is not always easy to 

quantify. The plastic jacket placed on the fiber induces a stress, which results in 

microsized variations in the refractive index or radius of the fiber. These fluctuations 

cause the scatter of light while the larger fluctuation can be imprinted at the interface of 

the core and cladding due to impurities, imperfections in the material, or fluctuations 

due to processing, such as differential cooling (Guerrero et al., 1993). 

The bending loss of POF can be determined by the geometrical optics where the 

power loss at turning or reflection points is described by the leaky ray paths within the 

core of the bent waveguide based on an appropriate power transmission coefficient 

(Snyder et al., 1974). The total loss is the sum of these losses along each leaky ray path 

(Love, 1978; Winkler, 1979). Additionally, the bending losses can be ignored from the 

bend radius as it is generally enormous compared to the core dimensions. A bend fiber 

can be thought of as a segment of a ring, or torus, and the leaky ray paths are shown in 

Fig. 2.3. The meridional rays are either tunnelling rays or refracting rays, and skew rays 

lose power at successive reflections or turning points either by tunnelling or by 

refraction. The generalized Fresnel transmission coefficient T can be used to measure 

the transmitted power within a curved interface between two dielectric media. T is given 

by Snyder et al. (1974), 
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Fig. 2.3:  A segment of a ring, or torus, and the leaky ray paths when the fiber is bent. 
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where 
N  )2/( , 

N  is the inclination angle to the normal, 
c  is the critical 

angle of the fiber,   is the radius of curvature in the plane of incidence,  /2 1nk  , 

  is the wavelength in vacuum, and n1 and n2 are the refractive indices of the fiber core 

and cladding, respectively. The transmission loss in Eq. (2.1) is a ray propagating along 

a bend at one reflection. To determine the attenuation of a ray, the transmission loss T 

should be summed at each reflection. The dimensionless attenuation coefficient 

equals to the number of reflections in an interval multiplied by the power loss T at each 

reflection (Snyder et al., 1974). 
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where T is given by Eq. (2.1) and   is the angle subtended between two successive 

reflections and given by (Snyder et al., 1974) 
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The dimensionless attenuation coefficient   is given (Winkler, 1979) 
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Only rays’ angle that is near the critical angle suffers from the significant bending loss. 

Then
2/122 ))((

2

1
)(   ciok , so that    can be derived from Eq. (2.2) and (2.4) 

as (Snyder et al., 1974) 









 2/32222 )(

3

2
exp  coco kk                             (2.5) 

According to Eq. (2.5), a different amount of light is lost at each reflection because T is 

a function of the radius of curvature   in the plane of incidence, and  is the function 

of position. The attenuation decreases as either the radius of the fiber or the bending 

radius increases (Snyder, 1974). 

In general, the optical losses of POF can be divided into two major categories: 

intrinsic and extrinsic losses. Intrinsic losses originate from the material and are 

independent from the manufacturing process, while extrinsic loss arises from impurities 

during materials processing. Intrinsic losses can be treated as the ultimate transmission 

loss limit, which cannot be eliminated by improving fabrication technologies. Basically, 

they are caused by the molecular vibrational absorption of the groups C-H, N-H, and 

O-H; by the absorption due to electronic transitions between different energy levels 

within molecular bonds; and by the scattering arising from composition, orientation, and 

density fluctuations (Kaino, 1985). As mentioned above, the hydrogen atoms in a plastic 

act like masses on a spring and, hence, absorb light at the characteristic frequency of the 

“spring” and its harmonics. As such, this type of loss can be lowered by replacing the 

hydrogen atoms with heavier ones such as deuterons to push the absorption resonance 

farther into the infrared (Kaino, 1992). However, this technique has several 
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disadvantages—for example, the deuterons diffuse to the surface of the material by 

exchanges between sites where they are replaced with hydrogen nuclei, which would 

cause humidity absorption, which in turn increases the attenuation significantly as a 

result of the strong vibrational absorption of the groups O-H, especially in the near 

infrared region. On the other hand, hydrogen can also be replaced by fluorine atoms to 

form a fluorinated plastic, which is less susceptible to diffusion because of the greater 

mass of the fluorine atom as well as the fact that fluorine is not an isotope of hydrogen, 

making it impossible for the two nuclei to exchange while conserving energy (Mark, 

2007). However, fluorinated plastics have a more severe problem of being brittle 

compared to hydrogenated plastic. All materials absorb light at wavelengths 

corresponding to electronic or nuclear resonances in the molecules. As such, aside from 

meticulously choosing molecules with the desired windows of transparency when they 

are used in manufacturing a material, these losses cannot be affected by processing 

(Mark, 2007).  

Additionally, there is another type of intrinsic loss: Rayleigh scattering which is 

caused by the fluctuation in the density, orientation, and composition of the material. 

Orientation fluctuations are caused by the anisotropy of the monomer, the crystallinity 

of the plastic links, and the addition of substances to achieve the desired refractive index 

profiles. These can also increase the composition fluctuations. Therefore, the minimum 

transmission losses are contributed by the absorption loss and Rayleigh scattering loss 

(Bløtekjær, 199; Love, 1978; Winkler, 1979). The various loss factors and the 

theoretical attenuation limits for PMMA, PS, and CYTOP POFs are summarized in 
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Table 2.2 (Liu, 1983; Guerrero, 1993; Daum, 1994). As shown in the table, PMMA has 

low loss characteristics at a visible wavelength. 

 

Table 2.2: Loss factors and theoretical attenuation limits for POF (with different cores) 

(Zubia, 2001) 

Loss factors (dB/km) PMMA (568 nm) PS (672 nm) CYTOP (1300 nm) 

Total loss 55 114 16 

Absorption 17 26 10 

Rayleigh dispersion 18 43 2 

Structural imperfections 20 45 4 

Theoretical attenuation 35 69 12 

 

Extrinsic losses are caused by the impurities in the fiber core, fundamentally 

composed of transition metal ions and the hydroxyl group. However, in addition to these 

impurities, the most important extrinsic losses are induced by the structural 

imperfections of POF, which are originated from the manufacturing process (Winkler, 

1979).  

  

2.1.2.2 Dispersion 

Dispersion in POFs may be separated into two main types: chromatic dispersion 

and modal dispersion. Chromatic dispersion is related to the dependence of the index of 

refraction on the wavelength. Due to various wavelengths in the waveguide, the variant 

spectral components of each mode are propagating at a different velocity in the fiber. 

This different propagating velocity causes a pulse broadening or dispersion. The modal 

dispersion is related to the spreading of the pulses as a result of the difference in 
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propagation delays among the modes as well as the dispersion from intermodal effects 

such as power mixing between modes and mode-dependent loss. Besides, the modal 

dispersion is dependent on how the modes are excited (the launching condition), the 

spectral characteristics of the light source, the effects of microbending, among others. 

 

2.1.2.3 Chemical resistance properties 

The polyethylene jacket serves to protect POF when it is in contact with chemical 

liquids. Without the jacket protection, the polycarbonate POFs can only last for 5 

minutes when they are immersed in 85-octane petrol, whereas with the jacket protection, 

they are able to withstand it for a much longer time. The polyethylene jacket of PMMA 

POFs can resist liquids such as water, NaOH, sulfuric acid (34.6%), and oil. 

Furthermore, fluorinated POFs do not show any sign of change in attenuation within a 

week immersed into chemical solutions, such as 50% HF, 44% NaOH, and 98% H2SO4 

or organic solvents such as benzene and hexane.  

 

2.1.2.4 Thermal properties   

Without the protection of a jacket, POFs can operate at temperatures up to 

80ºC–100ºC. However, POFs lose their rigidity and transparency above the limit. If 

POFs are protected by a jacket made of cross-linked polyethylene or polyolefin 

elastomeric, its temperature limit can be increased to 125ºC and possibly up to 135ºC. 

On the contrary, the resistance to temperature of POFs is strongly influenced by the 

degree of moisture in the surrounding environment. A relative humidity level around 90% 

results in the attenuation increase of more than 0.03dB/m (Sato et al., 2000). This can be 
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explained from the strong OH
-
 absorption band in the visible range. Fluorinated fibers 

have the ability to resist water absorption. Therefore, fluorinated fibers are a better 

choice in the applications than when they are used in humid environments (Blyler, 

1999). In comparison to the conventional optical materials, the thermo-optic coefficient 

of silica glass material is an order of magnitude lower than that of plastic materials, and 

the refractive index of plastics decreases rapidly with temperature at a rate of 

14 )(10  C . The value of the thermo-optic coefficient for variants classes of plastics 

ranges from 4105.1   to 14 )(105  C .  

 

2.1.2.5 Mechanical properties 

Most studies on the mechanical properties of POFs mainly focus on the attenuation 

induced by bends and tensile or torsion stresses (Zubia et al., 1997). The Young’s 

modulus of POFs is nearly two orders of magnitude lower than that of a silica fiber. 

Even a 1 mm diameter POF has a greater bending flexibility than a silica fiber with a 

smaller diameter due to the ductility of plastic. The bending radius of POF can be made 

smaller than that of silica fiber (Guerrero et al., 1998). 

 

2.2  Hydration process of cement paste 

2.2.1 The hydration process of cement 

The hydration process of cement can be roughly categorised into two steps. The 

first step is called dissolution, which means the cement material dissolved and released 

the ions into the mixed water. The concentration of ion species in the pore solution 

increased rapidly as soon as the cement and water were combined. Finally, the 
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concentration increasing to the saturation point means that it is energetically favourable 

for some of the ions to combine and form a new solid phase rather than remain 

dissolved. The second step is the precipitation of the hydration process. Of course, a key 

point is that this new precipitation of solid phase, known as the hydration products, is 

different from the beginning of the cement minerals. Precipitation to reduce the 

oversaturation of the pore solution and allow to continue the dissolution of cement 

minerals. Therefore, the cement hydration of cement minerals are replaced by new 

hydration products as a necessary transition zone between the two programs, and holes 

solid state is a continuous process. The reaction between Portland cement and water 

over a hundred years and the dissolution of the precipitation process of hydration was 

first described by the famous chemist Le Chatelier. 

The hydration products are different from cement minerals; the following describe 

the two main reasons. First, there is a new reactant in the hydration system: water. Water 

not only facilitates the hydration process by dissolving the cement minerals but also 

contributes ions to the hydration products, in the form of hydroxyl groups (OH-). 

Second, hydration includes the tendency for all processes to approach thermodynamic 

equilibrium. The stability of a phase is defined by a parameter called the free energy, 

which can be roughly defined as the amount of chemical and thermal energy contained 

in the phase. The lower the free energy, the more stable the phase. As we know, the 

cementation minerals are formed at temperatures exceeding 1,400°C because they have 

the lowest free energy under this extremely high temperature. At much lower 

temperatures during cement hydration, the cement minerals are actually quite unstable, 

meaning that many other solid phases will form preferentially in their place once they 
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dissolve. When one phase is converted into another phase with a lower free energy, there 

is a release of excess energy in the form of heat. Such a reaction is termed exothermic, 

and the exothermic heat associated with cement hydration has already been defined as the 

heat of hydration. 

 

 

Fig. 2.4: Schematic of the rate of hydration or heat evolution as a function of time 

(Thomas, 2008). 

Fig. 2.4 shows the rate of cement hydration over time; it can be found that the 

hydration process is divided into four stages. When cement and water are mixed together, 

they are reacted immediately and release heat as the cement dissolves. The chemical 

reaction lasts for less than one minute (see stage 1). The time of stage 1 is short because of 

the rapid formation of an amorphous layer of hydration product around the cement 

particles, which separates them from the pore solution and prevents further rapid 

dissolution. In stage 2, an induction period, there is almost no reaction that occurs. The 

precise nature of the induction period is not fully known. At stage 3, the rate of reaction 

increases rapidly, reaching a maximum value usually less than 24 hours after casting, and 

then decreases sharply again to less than half of its maximum value. Both the maximum 
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reaction rate and the time strongly depend on the temperature and the average particle 

size of the cement.  

Stage 3 is characterized by a continuous and relatively rapid deposition of hydration 

products (primarily C-S-H gel and CH) into the capillary porosity, which is the space 

originally occupied by the mixed water. It causes a large decrease in the total pore volume 

and a concurrent increase in strength. The microstructure of the paste at this point consists 

of unreacted cores of the cement particles surrounded by a continuous layer of hydration 

products. The final period (Stage 4) is called the diffusion-limited reaction period. In this 

stage, the dissolved ions diffuse out and precipitate into the capillary pores, and water 

diffuses inward to reach the unreacted cement cores. These diffusion processes become 

slower as the layer of hydration products becomes thinner. 

 

2.2.2 The degree of hydration 

The degree of hydration can be measured in a few different ways, including x-ray 

measurement to determine how much of the minerals remained and the loss-on-ignition 

measurements to determine how much bound water is contained. Another common 

method is to sum the amount of heat released by the paste (as measured by thermal 

calorimetric) and divide this value by the total amount of heat liberated for complete 

hydration. The latter value will depend on the mineral composition of the cement. 

Another parameter that can be used to monitor the progress of hydration is the 

compressive strength. This is not a precise measure since the strength depends on many 

factors other than the progress of the chemical reactions, but it is very practical since the 
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development of strength is the primary reason for using cement and concrete in the first 

place.  

Fig. 2.5 shows the degree of hydration and the strength of a Type I OPC paste plotted 

as a function of time on the same figure. In Fig. 2.5, it can be seen that the degree of 

hydration and the strength agree with each other, particularly at a later stage. This is 

because the strength of cement paste primarily depends on the amount of capillary 

porosity, and the amount of capillary porosity decreases in proportion to the amount of 

hydration that has taken place. This decrease occurs because the C-S-H gel phase 

(including its internal gel pores) significantly occupies more volume than the cement 

minerals.  

 

Fig. 2.5: Typical development of the degree of hydration and compressive strength of 

Type I Portland cement over time (Thomas, 2008). 

 

2.2.3 Major Influencing Factors of Hydration  

The cement hydration process is a combined series of complicated chemical 

reactions and numerous influencing factors. The following major factors predominantly 

determine the whole exothermic hydration process of cement. 
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 The chemical composition of cement  

 The fineness of cement 

 The water/cement ratio of concrete mixture 

 The temperature of hydration reaction especially at the initial concrete mixture 

and casting stage 

 

2.2.4 Models for hydration process 

Carleson (1937) was perhaps the first one who pointed out that the heat of 

hydration generated by cement would be influenced by the actual temperature of 

reaction. Rubinsky (1954) might be the first one who actually took the temperature 

dependence of hydration reaction consideration explicitly. Another distinct 

characteristic of Rubinsky’s approach was that the evolution of the degree of hydration 

is focused on. The degree of hydration acts as a predominant parameter in modern 

numerical models for the evaluation of thermal problems, continuously varying material 

properties, and the risk of thermal cracking of concrete mixture at an early age. After 

Rubinsky’s initial work, several authors like Linvill (1990), Springenschmid (1995), and 

Van Breugel (1980) have worked in a similar direction that the temperature dependence 

of hydration reaction of cement was explicitly taken into consideration when simulating 

the temperature history of concrete mixture. 

During the past decades, continuous research has been conducted in this field, and 

numerous papers presented original methods and models to simulate the exothermic 

hydration process and the associated temperature history. Especially in recent years, 

with the extensive application of high-performance computers and the emergence of 
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more advanced finite-element analysis software, more and more research interest has 

been focused on adopting a numerical simulation technique to predict the exothermic 

hydration process of cement-associated temperature history of concrete mixture 

(Thurston, 1980; Tsukayama, 1974; Wang, 1994). Upon considering the complexity of 

the research subject involving so many interdependent processes and mechanisms, the 

choice of numerical simulation seems inevitable. 

Numerical simulation techniques possess considerable advantage over the past 

empirical methods when simulating the exothermic hydration process and the associated 

temperature history. According to Yamazaki (1994), as a versatile and quantitative tool, 

an ideal and complete numerical model should be able to predict a series of variables 

such as the heat of hydration, the temperature history, strength development, thermal 

stress development, and the risk of thermal cracking. Generally, numerical simulation 

models for predicting the exothermic hydration process of cement and the associated 

temperature history of concrete mixture can be classified into two groups—i.e., 

microlevel models and macrolevel models (Van Breugel, 1995). Microlevel models are 

exploited in the field of material science, focusing on physicochemical processes and 

mechanism on the microlevel scale, aiming to describe the exothermic hydration 

process from fundamental material science perspectives. Some microlevel models have 

been elaborated by Van Breugel (1995) and Garboczi (1992) of the heat of hydration 

and the associated temperature distribution on engineering level, which directly focuses 

on macro-level performance of thermal properties of concrete at early ages. These 

models are adopted in the engineering practice to decide on the time of formwork 

stripping, application of simulation, or precooling of concrete. 
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No matter which kind of model is employed, considerable attention should be paid 

to the way in which the model allows for the simulation of the exothermic hydration 

process and the continuous change of the thermal properties of cement. More and more 

attempts are made to bridge the gap between the microlevel and the macrolevel models 

by introducing general-acknowledge concepts of material science into the marcolevel 

models. 

Emborg (1994) carried out an experimental investigation on the effect of 

temperature variation in concrete. Finite element model was adopted to evaluate the 

temperature history of concrete mixture and the associated thermal stress distribution in 

concrete structure. This model took both the influence of creep in early-age concrete 

and the temperature dependence of the hydration of cement into consideration. Tam 

(1993) indicated that the concreting of thick sections involves large-volume placements, 

described the typical case histories of such placements n the tropics including the 

mixtures used and the overall dimensions of the members, and finally discussed the 

requirements of concrete mix design and precautions to be considered in relation to the 

planning and execution of large placements as well as the use of insulation to control 

temperature differentials. Loo (1995) proposed a layering method to cool large volumes 

of concrete in which only the central portion of concrete is cooled for the reduction of 

temperature differences within the concrete mass. Meanwhile, the associated computer 

simulation involving the application of this layering method was presented. Lu (2000) 

estimated the maximum temperature rise and temperature differential in concrete 

elements at an early age using the profile of adiabatic temperature. This study looked at 

how concrete mixtures, concrete element dimensions, and types of formwork affected 
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the maximum temperature rise and temperature differential. Ballim (2004) developed a 

numerical model to predict the temperature distribution of early-age concrete. A 

two-dimensional finite element thermal analysis was employed to simulate the transient 

heat transfer between the concrete and the surrounding environment by taking into 

account the type and content of concrete, boundary, and environmental conditions (such 

as solar radiation and artificial heating. 

On the basis of the independent hydration concept, Van Breugel (1995) proposed 

independent hydration for mineral compounds in cement and disregarded any mutual 

influence among them. Such a conclusion made it possible to simplify the complicated 

hydration process of the entire cement by subdividing it into the individual hydration 

reaction of each process of each mineral compound in cement. Similarly, Kishi (1995) 

developed a numerical model for simulating the exothermic hydration process of 

cement. It described the entire hydration process as a combination of hydration reaction 

of individual mineral compounds in cement. Meanwhile, differences between various 

cements were attributed to their chemical composition. The rate of the heat of hydration 

for each mineral compound was expressed with two material functions: the reference 

rate of the heat of hydration (i.e., the rate of the heat of hydration per unit mass of 

mineral compound in cement under specified hydration conditions) and the thermal 

activity. Taking into account the temperature dependence of hydration reaction of an 

individual mineral compound, the exothermic hydration process of the entire cement 

could be quantified for any given temperature history.  
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2.3 Hydration process monitoring techniques 

The heat of cement hydration causing thermal stresses and associated thermal 

cracking in mass concrete structure at early ages was a well-known observed 

phenomenon. Cement hydration is an exothermic process, while the amount of heat 

released is the main consideration especially in mass concrete structures. The relatively 

low thermal conductivity of concrete prevents the heat generated by the hydration of the 

concrete structure core from dissipating to the surrounding environment. Meanwhile, 

considerable thermal energy may exchange between the external surface of the concrete 

structures and the surrounding environment. Therefore, great temperature gradient 

arises across the mass concrete section, which results in unequally volumetric changes. 

Thermal stresses appear while restrained by external and internal restraints, and when 

thermal stress exceeds the ultimate strength of concrete, thermal cracking occurs. 

In the past decades, cracks formed in many medium-sized concrete structures such 

as foundations, bridge piers, tunnel linings, and pavements have also attracted 

increasing attention. In many cases, drying shrinkage appears to be of minor importance, 

while the heat of hydration and the associated temperature gradient have been proved to 

be the primary cause of restraint stresses and cracking formation (Springenschmid, 

1998). In order to enhance the performance and durability of concrete structures, 

essential measures must be taken to control temperature rise, thermal stresses, and 

thermal cracking caused by the heat of hydration generated in concrete structures. 

Actually, various methods of avoiding thermal cracking have already been employed 

mainly for the construction of mass concrete dams and other hydraulic structures. For 

example, in order to reduce the heat generated by the hydration of cement, various 
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mineral admixtures have been adopted extensively. Further progress to lower the 

maximum temperature rise has been made by using concrete with lower unit content of 

cement, precooling the concrete materials, limiting the thickness of the casting layer of 

concrete pours, and pipe cooling. However, the effectiveness of these measures can only 

be evaluated on the basis of qualitative analysis, and it is still difficult to quantify the 

effectiveness of these measures accurately. 

To overcome this difficulty, temperature-related criteria—i.e., to stipulate the 

maximum permissible temperature rise or the maximum permissive temperature 

gradient across the concrete section of the concrete pours specified by many codes and 

standards—are commonly adopted in situ worldwide. However, these criteria often 

oversimplify the complex problem and focus only on ultimate temperature rise or 

temperature difference and neglect some essential properties of a particular concrete 

pour such as its temperature data, its tensile strength, and its coefficient of thermal 

expansion. Meanwhile, practical experience often shows that temperature-related 

criteria are not so reliable as ever expected (Mangold, 1994).  

To determine the heat of hydration of cementitious materials, conventionally, the 

calorimetry test is employed heavily because it measures the heat of hydration with time. 

Conventionally, there are two types of calorimetry tests: isothermal calorimetry and 

adiabatic calorimetry. The isothermal calorimetry test measures the liberated heat of a 

specimen when the specimen and ambient maintains at the same temperature. The 

adiabatic calorimetry test monitors the liberated heat of a specimen for the specimen 

without heat loss. However, the pure isothermal calorimetry test and adiabatic 

calorimetry test are impossible to implement without expensive equipment; thus, a 
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semiadiabatic calorimetry test is more frequently used. In all of these calorimetry tests, 

the temperature sensor plays a vital role in the whole system.  

 

 2.3.1 Conventional curing temperature monitoring techniques 

Conventionally, a thermocouple embedded into the cement paste is used as a 

temperature sensor for concrete structures (Bushnell-Watson, 1990; Bushnell-Watson, 

1990b; Glišić, 2000). Generally speaking, a thermocouple can provide temperature 

measurement with an acceptable accuracy; however, it is a typical local sensor, which 

only provides the temperature measurement at a certain location. Norris et al. (2008) 

have monitored the temperature and moisture in concrete structure using embedded 

microelectromechanical systems (MEMS) sensors. The MEMS sensor with the size of 2 

mm × 2 mm was fabricated by using a combination of standard and customized 

semiconductor processing steps. The MEMS sensor was then calibrated at a relative 

humidity range between 26% and 100% and to a temperature range between -20ºC and 

47ºC. The calibrated sensor was used to detect the curing temperature and humidity of 

cement paste from 24 hours to 230 days. 

William et al. (2011) demonstrated a concrete curing monitoring employing an 

embedded wireless sensor. Wireless sensors with temperature and relative humidity 

measurement capabilities were designed with onboard communication using the 433 

MHz ISM band and embedded into concrete. An EMI method was used to allow the 

wireless sensor to be used in an embedded system incorporating the AD5933 impedance 

chip. Analysis of the data from the sensor showed that while temperature readings were 

reliable, the method of measuring relative humidity, using a shielded humidity sensor, 
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may not be suitable for use over the full lifetime of the structure. 

 

2.3.2 Optical-fiber-based curing temperature monitoring techniques 

In recent decades, optical fiber sensors have been commonly utilized in the 

composite material field due to their predominant advantages, such as small size, low 

cost, and capability to avoid electromagnetic influence (Slowik, 2004; Wong, 2007). 

Okabe (2002) presented a fiber-optic Fresnel reflection technique for supervising the 

curing process. In the late 1980s, FBG sensors attracted considerable attention and were 

employed in aerospace and structural engineering. FBG sensors are small and 

compatible with common polymeric materials and are therefore easily embedded close 

to the internal sensing site in a composite structure without introducing significant 

defects. In 1990, FBG sensors were embedded into composite materials to monitor the 

curing process, to monitor the epoxy curing, and to find the glass transition temperature 

with intensity changes (Giordano, 2004; Ren, 2007; Wang, 2007). To make FBG sensors 

less susceptible to local damage, such as cracks, which widely exist in existing civil 

infrastructures, the gauge length of a FBG sensor can be extended from several 

millimetres to centimetres or even metres for macrostrain measurements (Ansari, 2003; 

Gu, 2000; Moaveni, 2008; Ni, 2011; Xu, 2007). 

Laboratory equipment have been designed to investigate curing and other 

properties of cement and concrete using the above instrumentation by Wilson (2004). 

Xie (2002) demonstrated a novel system to investigate the Bragg wavelengths shift of 

an array of in-FBGs through a digitizing method. A grating scale was employed to read 

out the output of the system. The FBG sensor was utilized to assist in describing the 
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process of drying and evaporation of cement pastes. A fluid mechanics approach for 

water evaporation based on the boundary layer theory, mass transfer, diffusion, and 

convection was described by Bakhshi (2012). A parametric study was conducted on the 

effect of boundary layer temperature, wind speed, and relative humidity; and 

evaporation characteristic length on the calculated evaporation rates was conducted. 

Results show that given appropriate environmental parameters, evaporation rates can be 

predicted with a good degree of accuracy. Discrete modelling of plastic cement paste 

subjected to drying was also conducted by Slowik (2011). 

A sensor embedded in a composite laminate can act as a temperature transducer 

during the composite cure mechanism. Once the composite is cured, the same sensor 

can be used to provide information on the mechanical changes that influence the 

performance of the material. Murukeshan (2000) used the FBG sensor for monitoring 

the composite curing process. Results were obtained with an associated FBG sensor 

system for the cure monitoring of smart composites. The performance of the embedded 

FBG sensor smart composite specimens under three- and four-point bending conditions 

was also investigated.  

Zou (2012) used the Fabry-Perot (FP) fiber optic temperature sensor to investigate 

the effects of the concrete hydration process. The FP temperature sensor was fabricated 

by controllable chemical etching and adjustable fusion splicing. Detailed optical 

properties of the sensor were theoretically analysed and temperature calibration 

experiments were performed. A sensor with a 90 μm cavity length was demonstrated to 

have a temperature sensitivity of 0.01 nm/°C and a linearity coefficient of 0.99. The FP 

sensor was embedded in the concrete structure for sensing the temperature change 
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during the early age of hydration. The final setting times of 13.52 h (w/c = 0.4), 14.16 h 

(w/c = 0.5), and 15.2 h (w/c = 0.6) after concrete casting were found.  

The interior shrinkage deformation and temperature change of high-strength 

concrete (HSC) at a very early age—i.e., the first 24 hours from casting and up to an 

age of 72 hours—was investigated experimentally using optic fiber sensors and 

thermally sensitive resistors. The initial and final setting times of HSC were also 

investigated. Results show that two turning points (I and II) on the development curve 

of deformation—both represent the onsets of the variation of rigidity in fresh 

HSC—can be recognized as the initial and final setting times, which are evaluated 

around 4.5 hours to 5.7 hours and 9.0 hours to 11.8 hours, respectively. Also, the higher 

the fly ash or silica fume replacement ratio, the longer the setting times. The setting 

times of HSC evaluated from the curve of temperature development are quite close to 

those measured from the deformation curve. In addition, the HSC setting times 

determined by penetration resistance method (ASTM C403) demonstrate unusually 

large values. This method is therefore not advised to be used to measure the setting 

times of HSC (Liu, 2002).  

Currently, one of the most practical approaches for distributed strain and 

temperature monitoring is the optic fiber sensing technique based on the optical 

time-domain reflectometry (OTDR) technique, which was originally developed for 

telecommunication systems. Gu et al. (2000) developed a distributed optical fiber 

sensor based on the intensity of the optical power. Compared to the traditional OTDR, a 

more attractive optical fiber sensing technique is based on the Brillouin optical 

time-domain reflectometry (BOTDR). The spatial resolution of a BOTDR optic fiber 
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sensing system is determined by its light pulse width. Because damage in a concrete 

structure is usually local, it is crucial to study the possibility of the BOTDR technique 

for local damage detection of engineering structures. Some investigations on the 

application of BOTDR techniques for SHM have been carried out in the last few years, 

and significant progress has been made by researchers like Mufti (2003) and Wu (2006, 

2008). 

Fiber sensors employing plastic optical fiber normally inherit many advantages, 

such as low cost and easy installation, compared to the FBG and BOTDR techniques. 

Afromowitz (1990) proposed that polymer fiber be embedded into composite materials 

to monitor the refractive index changes in the composite materials during the curing 

process (Mufti, 2003). The application of optical fiber to monitor the cement curing 

process has been conducted by Ferreira (2012). A method was proposed which is based 

on the scattering of the propagated optical signal in grooves imposed to the fiber. By 

monitoring the intensity of the transmitted light signal with time, the cement setting rate 

along all the curing period was determined. The system had enough sensitivity to 

analyse a curing period of 28 days, where the received optical power was 5% of the 

initial value. Curing monitoring of composite material was also conducted by Chiang 

(2011).  

  

2.4 Vibration and crack detection techniques 

An assessment of cracks in a concrete beam is crucial for the safety and 

cost-effectiveness of concrete structures. A concrete structure can be degraded through 

the formation and propagation of cracks. Cracking comes in a number of varieties 
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according to the visual appearance and structure of the cracking and the causes. Map 

cracking is commonly associated with the alkali-silica reaction (ASR) in poorly 

reinforced structures (Fan, 1998; Fournier et al., 2000); D-cracking is due to freezing of 

an aggregate that has reached a threshold level of moisture saturation (Childs, 2008; 

Hanna, 2003). Other forms of cracking can be caused by sulfate attack (Neville, 1995; 

Tian, 2000). Cracking of fresh concrete is also a common experience (Ravina, 1968), 

being more readily found on large slabs due to the larger distances that the concrete 

moves due to its drying shrinkage. The occurrence of large temperature variations as the 

concrete setting is also a common cause of cracking. Shear stresses and tensile strains 

and differential thermal expansion (as would occur most readily due to fire damage of a 

concrete structure) all cause cracking in concrete as well as the growth of existing 

cracks, which may lead to failure of the concrete structural element. 

Crack formation width beyond 0.2 to 0.4 mm may induce durability problems and 

the corrosion of steel reinforcement. Larger widths of more than 1 to 2 mm are signs of 

severe damage and the need of the immediate closing of the facility. Crack information 

is significant and can be used to adopt the appropriate rehabilitation method to fix the 

cracked structure and prevent any catastrophic failure (Fujita, 2006). Therefore, the way 

to get crack information is to become an indispensable approach to assess the health of a 

structure. In the past, several efforts were made to detect the crack in a concrete 

structure, including the frequency response methods (Maeck, 2000; Ndambi, 2002), the 

processing of crack image (Dare, 2002; Sohn, 2005), wavelet techniques (Lee and Liew, 

2001; Umesha, 2009; Xiang, 2008), piezoceramic transducers (Bhalla, 2004; Song, 

2007), acoustic microscopy (Kim, 2003; Zinin, 2000), and fiber-based techniques 

Univ
ers

ity
 of

 M
ala

ya



 

37 
 

(Childs, 2008; Gu, 2000; Wan, 2007; Kuang et al., 2003a). 

 

2.4.1 Conventional crack detection techniques 

Farrar et al. (1999) studied the frequency response of a three-span steel girder 

bridge in one of the spans in order to simulate fatigue cracking. The span in concern 

was 163 ft with a prismatic 12 ft deep steel girder. Different degrees of damage were 

induced at the midspan by varying the depth and the extent of the roach cuts, starting 

from a 2 ft cut at the centre of the web to a 6 ft cut to the bottom of the web with its 

flanges cut completely. The vibration response of the bridge was obtained from the 

measurement of acceleration signals resulting from forced vibration caused by 

oncoming traffic. FFT was performed on the signals, and the modal frequencies for the 

first six modes were revealed. It was found that the maximum relative change in 

frequency due to damage was the fundamental frequency, registering a total of 10% 

reduction for the most severe damage induced, with the other modal frequencies 

registering only a 2%–6% reduction.  

Maeck (2000) and Ndambi (2002) conducted studies on the crack identification of 

RC beams by stiffness determination from its frequencies and mode shapes. Different 

degrees of flexural damage was induced in the RC beams through a three-point and 

four-point bending configuration. Free vibration response of the slab was recorded at 

different damages. Using model updating, whereby the measured frequency was used to 

infer the damage, parameters (damage extent and depth) were minimized off the 

differences between numerical, experimental, and modal parameters. On the other hand, 

Ndambi (2002) used damage indices (MAC and COMAC) obtained from the 
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computation of correlation coefficients between different measured acceleration mode 

shapes, with measurements taken at 31 deferent locations along the beam, to obtain the 

magnitude and location of the flexural cracks. Both studies showed that the beam 

frequencies change significantly at different degrees of damages with an average of 26% 

total reduction in fundamental frequency when the beam was loaded to yield state. One 

main drawback of these studies lies in the method used for the damage quantification of 

the beams. Both literatures inferred the damage in the slab from the measured 

frequencies and mode shapes using optimisation and stochastic methods. These methods 

were largely heuristic without proper validation from experimental observations. This 

means that although the inferred reduced stiffness, damage extent, and crack locations 

gave an approximate idea of the existing damage in the slab, the studies did not show 

how well such inferred quantities correlate with actual experimental observations. 

Sohn et al. (2005) proposed a crack monitoring system to quantify the change of 

cracks from multitemporal images. The images were taken from an off-the-shelf digital 

camera. A series of image processing techniques were used to extract crack information. 

It is important to transform the crack coordinates of cracks extracted from each image 

into the same object coordinates of the concrete surface. To overcome this issue, a 

two-dimensional projective transformation based on the modified iterated Hough 

transform algorithm was employed to recover such a geometrical relationship 

automatically.  

Lee and Liew (2001) adopted the wavelet analysis of numerically simulated 

response signals of a beam with the purpose of locating damage. Two cases were 

studied—namely, a fixed-ended beam with a damage modelled in the form of a hinge 
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and a simple-supported beam with a transverse open crack. This study uses the real and 

imaginary parts of the wavelet transform (Newland, 1993), which characterise the local 

information along the length of the beam. The numerical results showed that the 

wavelet coefficient changes significantly at the damage points even for a very low level 

of damage, with the real part showing more significant changes than the imaginary part. 

The main weakness of this study is that a static spatial displacement signal was used for 

wavelet analysis, which is often practically difficult to obtain under ordinary laboratory 

and field conditions. Furthermore, although this study indicates the potential of this 

approach for damage detection, serious complications may arise when applied to field 

results due to the complicated nature of damage that cannot be duplicated numerically 

as well as the presence of noise. 

Piezoceramic transducers have been used to detect the crack in a 6.1 m long 

reinforced large-scale structures (Song, 2007). Piezoceramic transducers were 

embedded in the concrete structure at predetermined spatial locations prior to casting 

and embedded in planar locations near one end of the bent cap. Stain gages, LVDTs, 

and microscopes were used in the experiments as references. The wavelet packet was 

used to analyse the recorded signal, in which one embedded piezoceramic patch was 

used as an actuator to generate high-frequency waves and the other piezoceramic 

patches were used as sensors to detect the propagating waves. By using this technique, 

the authors claimed that it has the ability not only to detect the existence of the crack but 

also to monitor the growth of cracks. Compared to the referenced techniques, the 

proposed method achieved better sensitivity. 

Scanning acoustic microscopy (SAM) has proved to be of great value in the 
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detection of cracks in various materials such as ceramics, metals, and fiber composites. 

Recently, it has been found that detectability of cracks and voids in cement paste is 

greater than in refection optical microscopy. Crack detection in concrete composites 

using acoustic microscopy was studied by Zinin et al. (2000). A frequency range of 

100–400 MHz can be used to detect the crack at the aggregate/paste interface and 

subsurface cracks in aggregates with high sensitivity.  

 

2.4.2 Optical-fiber-based crack detection techniques 

Among the techniques described above, however, the segmentation of cracks from 

the concrete image is particularly difficult because of the irregularities in crack shape 

and size, various blemishes, and irregularly illuminated conditions. These often lead to 

false detection. Due to material nonhomogeneities, the exact locations of cracks in a 

concrete structure cannot be predicted (although crack directions can often be accurately 

obtained from analysis). Conventional “point” sensors, which measure strain at a local 

point, can easily miss the crack (Ansari, 1993; Voss, 1994). With integrated sensors, 

which measure the displacement between two points separated by a relatively large 

distance, it is not possible to distinguish between the harmless case of many cracks and 

the undesirable situation of one widely open crack (Wolff, 1992). To overcome the 

limitations of existing crack sensors, fiber-optic-based “distributed” sensor inherited 

many advantages—for example, (i) it can detect the formation of cracks without 

requiring prior knowledge of exact crack locations, (ii) it can carry out continuous 

monitoring once the crack is formed, and (iii) it can detect and monitor a large number 

of cracks with a very small number of fiber sensors. 
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Thus, crack detection in a concrete beam employing BOTDR techniques was 

studied by Wu et al. (2008). In the study, two basic optical fiber installation methods, 

overall bonding installation and point fixation installation, were proposed and 

investigated experimentally for a reinforced concrete bending beam. The experimental 

results showed that the n-round superposition installation method can effectively and 

correctly detect the total crack width with a relatively local region. 

There are good prospects for the development of ultrasonic excitation-fiber Bragg 

gratings (UE-FBG) damage detection techniques in the field of nondestructive testing 

(NDT). However, corresponding strain sensing theories are few and only applicable to 

the embedded FBG sensors in composite structures. Tan et al. (2012) followed the 

following procedure. First, a four-cylinder sensing model for both the embedded and 

the glued FBG sensors is established by introducing a surface-bonded effect coefficient 

obtained from the simulation analysis in this paper. According to the shear-lag theory, 

an improved strain-sensing function is derived from this model by considering the 

contribution made by the elastic modulus of the host material. Then, based on the above 

function, the strain-sensing characteristics are analysed. Finally, the system with an 

ultrasonic transducer to excite FBG and a demodulation device employing a tunable 

laser to detect FBG wavelength shifts was established to validate the theoretical 

analysis. Results showed that the ultrasonic strain-sensing ability of the FBG sensor 

decreased with the increase of ultrasonic frequency and glue thickness. 

The fiber Bragg sensor has also been utilized to measure other parameters. Sensors 

are involved in the corrosion monitoring and structural monitoring of concrete 

structures. Muralidharan et al. (2007) monitored the corrosion of concrete structures by 
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employing an embeddable reference sensor. The performance was studied in the 

absence and presence of chloride ions for the exposure period of 18 months. 

Polarization behaviour and impedance characteristics of the sensor in mortar were 

carried out in three aqueous solutions—namely, distilled water, 3% NaCl solution, and 

natural seawater.  

Lin et al. (2010) used a FBG measuring system to detect dynamic seismic signals 

in underground structures, rock mass, bridges, etc. To improve the sensitivity of 

dynamic strain measurement, the wavelength of the used distributed feedback (DFB) 

laser is automatically optimised by the actual DC photovoltage measurement. A strain 

calculation method is given. An adaptive filtering algorithm is proposed and applied to 

the noise reduction and the detectability of seismic signals. Results from laboratory and 

field experiments are given. This technique can be applied to the detection of dynamic 

strain variations down to 10
−9

 at 1.7 kHz in underground rock mass excavations and to 

the monitoring of bridge structures. 

The strain measurement of concrete under uniaxial and biaxial compression by an 

embedded fiber-optic sensor was conducted by Li et al. (2003 & 2004). Both the fiber 

core and the matrix concrete were supposed to be elastic, whereas the coating of the 

optical fiber was supposed to be ideal elastic plastic. The existence of a coating on an 

optical fiber results in a difference between the strain of the matrix concrete and the 

strain sensed by the embedded fiber-optic sensor. Dong-Sheng et al. (2012) designed, 

validated, and applied a new flexible FBG sensing beam that can effectively measure 

dynamic lateral displacements inside a soil mass in a shaking table test. The special 

flexible FBG sensing beam was fabricated by employing a series of FBG sensors along 

Univ
ers

ity
 of

 M
ala

ya



 

43 
 

with the design of temperature compensation. Based on this design, equations of 

converting strains to lateral displacements were derived by using both differential and 

integral methods. Subsequently, the effectiveness of the FBG sensing beam has been 

verified in a shaking table test with noncontact laser displacement sensors (LDSs). The 

dynamic lateral displacements at different depths of the soil mass in the shaking table 

box throughout time history are calculated by differential and integral methods and 

compared with the results of LDSs. The comparison validates the measurement 

accuracy of the FBG sensing beam. The flexible FBG sensing beam is compatible to the 

stiffness of the soil and is capable of measuring dynamic lateral displacements with 

good accuracy in a shaking table test. 

Antunes et al. (2012) monitored an adobe masonry structure with an optical fiber 

accelerometer and a network of 13 multiplexed displacement sensors. Results 

demonstrated that optical sensors can be useful in the static and dynamic monitoring of 

large raw-earth masonry structures. A novel electromagnetic force sensor has been 

proposed by Zhao et al. (2005). The force created by the input current results in the 

distortion of a cantilever structure. A couple of FBGs are mounted at either side of the 

cantilever. By monitoring the wavelength shift difference of the two FBGs, the 

electromagnetic force can be obtained and the cross-sensitive problem of the FBG 

sensor can be solved by compensating the temperature effect. 

Crack detection using POF have received much attention. Kuang et al. (2003a) 

employed the plastic optical fiber as a monitor for initial cracks, postcrack vertical 

deflections, and failure cracks in concrete- and steel-reinforced concrete beams 

subjected to three- and four-point flexural bending test. The fibers were 
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surface-mounted. Two samples of each material were brought to their peak load, and 

then the load was released. This allowed for a measurement of the crack width. Four 

different samples of each material were loaded beyond their peak load in order to 

monitor vertical deflections in the cracked samples. The outcome of the three- and 

four-point bending tests showed that the intensity of light decreased gradually until 

cracks at the peak load appeared, resulting in a dramatic drop in intensity of the POF 

sensor. Therefore, by monitoring the intensity of the light deflection and crack, 

propagation can be recognized. Also, the POF exhibited necking at the crack site as well 

as a whitish colour indicating “stress crazing.” The POF was proved to withstand large 

deflections and cracks to degrees that would not be obtainable by glass optical fibers. 

Kuang et al. (2002) investigated an intensity-based POF sensor for curvature and 

strain measurements. Rectangular and H-section samples in this study were subjected to 

three-point bending flexural tests, and aluminium dog-bone specimens were tested in 

tensile loading conditions. POF sensors were surface-mounted with the portion of the 

sensitised region oriented away from the host specimen, and the light intensity was 

monitored during loading. Since the POFs were not expected to be as sensitive to 

in-plane loads, the fibers in the tensile tests were applied in a curved manner with the 

segmented surface facing outward from the curve. As the aluminium specimen was 

loaded, the POF would straighten, reducing the curvature of the POF and increasing the 

overall light transmission in the fiber. Results of quasistatic revealed a highly linear 

response to axial strains up to 1.2% and bending strains up to 0.7%. Cyclic tests were 

also run for which the POF sensor predicted the unloading and loading behaviour of the 

beam with a small amount of hysteresis and acceptable repeatability. Experiments with 
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the H-section beam showed the ability of the POF to monitor compressive forces 

exerted from the flexure test with good repeatability.  

Xiong et al. (1999) fabricated POFs in their laboratory and wrote Bragg gratings in 

these fibers. The gratings were capable of being tuned within 12 nm of the wavelength 

range without a measurable change in the reflection spectra, an ability that was noted as 

being 10 times the range achieved by silica fiber gratings. The cladding was initially 

prepared from PMMA preforms according to Peng et al. (1996). At 1.3% strain, the 

spectrum moved by 20 nm and widened to 0.9 nm. The yield strain was determined to 

be 6.1% with a potential recoverable strain up to 13% according to material parameters 

from Emslie (1988). 

 

2.4.3 Optical-fiber-sensors-based vibration detection techniques 

Davis et al. (1996) reported the shape and vibration mode sensing using an FBG 

array. In this paper, they demonstrate that a multiplexed FBG sensor array can be used 

to monitor the DC and dynamic strain characteristics of a simple structure. The FBG 

array was attached on the surface of a cantilever beam to determine the shape and 

vibration mode. A Rayleigh-Ritz-type analysis was employed to predict static beam 

deformations through the use of three trial functions and the strain information obtained 

from the FBG.  

Ling et al. (2004) studied an embedded multiplexed FBG sensor to monitor the 

dynamic strain and vibration for intact and delaminated composite beams under various 

external excitations. A dynamic strain calibration of the FBGs and surface-mounted 

strain gauges was reported to find out the correlation between the strain and the 
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photovoltage. In the experiment, the monitoring results of the FBG were compared to a 

laser vibrometer and an accelerometer. The experiment results revealed that the 

embedded FBG has the ability to measure the dynamic strain and identify the existence 

of the delaminating of the structures.  

The dynamic structural displacement estimation using displacement-strain 

relationship and measured data were investigated by Kang et al. (2007). The strain data 

was obtained by employing the FBG sensors. Four FBG sensors were attached on the 

surface of an aluminium, and an acryl beam was subjected to various loading conditions, 

and the deformed and vibration shapes were reconstructed from the detected strain 

signals. The estimated displacement results agree well with the displacement detected 

by the laser displacement sensor. A shape reconstruction algorithm using finite element 

model combined with the use of the Brillouin-scattering-based optical fiber sensor was 

proposed by Nishio et al. (2009). The constructed algorithm was applied to the 

reconstruction of the deflection of a composite laminate specimen, in which the optical 

fiber sensor was embedded. The results demonstrated that the reconstruction accuracy 

can be improved by using weight values determined from the nonuniformity index of 

the strain distribution profile for each data point. The authors also declared that this 

algorithm can be applied to more general structures without considering the 

ill-posedness of the inverse analysis. 

The dynamic strain measurement of a clamped-clamped composite beam by using 

an embedded FBG and surface-mounted strain gauge was studied by Ling et al. (2006). 

The experimental results show that the relationship between the photovoltage and the 

strain measured by the FBG and strain gauge has a linear slope when the strain value 
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exceeded 1 microstrain. Internal strain measurement in cross-ply carbon-epoxy 

composite plates under dynamic loading was studied by employing embedded FBGs 

(Jeannot et al., 2010). In this paper, the signal intensity of FBGs were demodulated via 

a Fabry-Perot filter was demodulated the detected light intensity. The FBG system was 

calibrated, and the amplitude of the strain data was validated to account the nonlinealy 

of the filter. In the experiment, the strain was monitored at a rate of 100 kHz with a 

noise level of 2 µε for modal analysis in low energy impact. Besides, the results of 

FBGs agreed well with a pertinent numerical model and modal analysis using a laser 

vibrometer. 

Many FBG sensors allow the simultaneous measurement of strain at many 

locations in a structure. The FBG system provides high precision but inherit a large 

delay time, and limited acquisition frequency makes it difficult for vibration detection. 

However, a multichannel FBG sensor system was proposed by Uwe et al. (2010) using 

a position-sensitive detector for the wavelength interrogation. A theoretical maximum 

bandwidth of over 300 kHz was achieved by using this approach, which is much higher 

than other systems. Such a system was tested for high-precision static strain 

measurement for shape control applications at a low frequency in a test rip (<0.3 µm/m) 

at 5 Hz and more than 12 kHz for high-frequency dynamic strain measurement. A 

strain-based modal analysis was performed using four FBGs, which allow to detect the 

bending modes 1–8 of a cantilever beam at a range of 9.2 to 1449 Hz. They also 

demonstrated that this system could have a versatile use for a high-precision shape 

control in a low frequency less than 0.5 Hz as well as in a high frequency over 1000 Hz.  

On the other hand, POF-based sensors were also employed to detect the dynamic 
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strain in many works. Kuang and Cantwell (2003) demonstrated that POF sensors have 

the ability to monitor the dynamic response of fiber composite beams. The sensors were 

both surface-bound to a plastic beam or embedded in a carbon-fiber composite, and a 

series force and free vibration were subjected to it to assess this ability. The results on 

the natural frequencies of the beam agreed with that of the theoretical values and strain 

gauge. The impact test experiment also demonstrated that POF sensors can be used to 

monitor the out-of-plane deflection during the impact event. Those results were 

validated by employing a laser Doppler velocimeter and piezoelectric load cell. 

In 2003, Kuang et al. reported the use of the same POF sensor and Ni-Ti shape 

memory alloys (SMA) wires as strain monitors of woven carbon fiber epoxy composite 

cantilever beams subjected to vibration tests. SMA wires were applied to control and 

modify the damping response of the composite beam. A 10 mm diameter hemispherical 

steel impactor was used to impact the specimens at 2 to 8 J, and then each sample was 

tested in a three-point bending with the impact surface in compression in order to obtain 

residual strength data. POF sensors were used to monitor the damping response of the 

composite samples with and without impact damage. The damping ratio did not change 

very much between 2 J and 4 J, suggesting that this sensing system is more suitable for 

larger impact energies. 

An intensity-modulation-based POF sensor was used to measure both static and 

dynamic strains on a cantilevered beam (Sun and Oyadiji, 2007). The strain change was 

detected by the transmitted light intensity. The POF sensors were fabricated using three 

types of housing (silicon rubber tube, rubber tube, and PTFE tube), and their 

performances were evaluated. For a static test, the results found that the soft material 
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provided better sensitivity than hard material (PTFE tube); however, the PTEE tube 

gives a faster response time for a dynamic strain. A strain up to 20 µε can be detected 

by those POF sensors. The ability for vibration detection was also studied in this work.  

 

2.5   Summary  

In this chapter, the relative literatures of the TPFS for SHM are reviewed. The 

backgrounds of POF are described in its historical and optical characteristics, in which 

the optical loss of POF is mainly discussed. In section 2, the hydration process of 

cement paste is reviewed. The basic knowledge of the hydration process, the degree of 

hydration, and the theoretical models are given. In the hydration process of cement, the 

liberated heat and hydration stress are two important factors for indicating the degree of 

hydration. Then, the techniques to monitor the hydration process of cement paste are 

discussed. A conventional technique such as the thermocouple is commonly used to 

monitor the curing temperature (liberated heat); however, it is a typical local sensor that 

only provides the temperature measurement at a certain location. Optical-fiber-based 

curing temperature techniques are reviewed from the use of the FBG, F-P fiber sensor, 

BOTDR, and intensity-modulation-based POF sensor. The techniques to detect the 

vibration and crack in a concrete beam are described in the fourth section. In this part, 

conventional detection techniques and optical-fiber-based techniques are reviewed and 

compared, respectively. Conventional techniques are electrical based and point sensing 

and too complex to multiplexing many sensors into one system; however, 

optical-fiber-based sensing techniques have the predominant advantages, such as small 

size, low cost, and capability to avoid electromagnetic influence, easy multiplexing.  
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CHAPTER 3 

 

DEVELOPMENT AND OPTIMIZATION OF THE TPFSs FOR 

TEMPERATURE SENSING 

  

  In the first part of this chapter, a TPFS is developed to monitor the curing 

temperature of cement paste. The measurement principle of TPFS is analyzed by 

V-number of leaky ray. The numerical result of TPFS shows that the V-number of 

leaky ray increases with the temperature. However, the V-number theory cannot 

sufficiently reflect the difference between the temperature sensitivity and the 

geometries of tapered fiber. Hence, the ray-tracing theory demonstrates its potential 

ability to tracing the ray propagation along the tapered region. It can provide the 

information of how the propagation ray is perturbed by the different geometries of 

tapered fiber and the ambient refractive index and temperature; therefore, the 

temperature sensitivity can be optimized from optimization of tapered fiber geometries. 

Thus, in the second part, a ray tracing theory is employed to optimize the geometries 

of TPFSs for monitoring the early age curing temperature of cement pastes. A 

background of ray-tracing theory is described to analyse the light ray guided inside the 

multimode optical fiber. In general, the guided rays are classified into three different 

rays, named Bound rays, Refracting rays, and Tunnelling rays. Tunnelling and 

refracting rays are called leaky rays and they can be perturbed by the surrounding 

environment. Based on this property of leaky rays, the tapered fiber is employed to 
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sense the surrounding temperature when it is embedded into the host specimen like 

cement paste. Then, a mathematical model of TPFS employing the above ray-tracing 

theory is constructed and the optimization of the geometries of the TPFS is carried out. 

In the tapering of fiber, an optical multimode plastic fiber is used due to its typical 

inheritance properties, such as better signal coupling, larger core radii, higher 

numerical aperture, and larger thermal-optic coefficient in comparison than that of 

optical glass fiber. Numerical simulation on the tapering plastic multimode fiber is 

carried out and the effects of the geometries including taper ratio, taper length, and 

launch angle of the initial ray, and the surrounding temperature on the performance of 

TPFS is studied numerically. In the third section, an experimental preparation and 

experimental setup is described to implement the tapered fiber embedded into the 

cement paste. The experimental setup described in this section has the ability to 

stabilize the sensor performance, since the output power stability of light source is a 

key factor in influencing the stability of TPFS employs intensity modulation technique. 

On the other hand, an auto-data collection and the date noise removal technique are 

achieved from this experiment setup also. The experimental results of  TPFS are 

described in the next section, in which two sets of geometries of tapered fibers were 

used, included the stripped lengths of 2.0 cm, 4.0 cm and 6.0 cm at diameter of 480 

µm and the stripped length of 6.0 cm at diameters of 240 µm, 480 µm, and 600 µm. 

Both the experimental results and numerical results agree well and found that the 

higher sensitivity of TPFSs achieved by longer tapered length, small taper ratio and 

also proved that the TPFS has an ability to sense the early-age curing temperature and 

find the setting time of cement paste. Conclusions are given in the last section. 
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3.1 Development of TPFSs to monitor the curing temperature of cement paste 

At the early age curing of concrete, the tensile strength develops with the age while 

the tensile stresses are generated due to the changes in volume. Controlling the variables 

that cause a volume change in concrete can minimize high tensile stress and the 

possibility of cracking. The volume of concrete begins to change shortly after it is cast 

and the early age volume changes within 24 hours can affect the tensile stress and the 

initiation of cracks in hardened concrete. At the early stages, however, the strength of 

the cement hydration at an increased temperature is reduced compared to those hydrated 

at room temperature (Bushnell-Watson, 1980, 1990a; Komonen, 2003). For the 

increased temperature, the initially fast hydration will result in more rapid precipitation 

of the hydration products during the first hours and days, and will cause a more 

heterogeneous distribution of the hydration products as the hydrates precipitate around 

the clinker (Bushnell-Watson, 1990b). For low temperatures, the hydration starts very 

slowly to allow the dissolved ions to diffuse before the hydrates precipitate and cause a 

less dense C-S-H (in cement chemistry notation, C=CaO, H=H2O, S=SiO2), a more 

even distribution of hydration products and a lower coarse porosity (Glišić, 2000). 

Hence, during the curing of cement paste, different temperatures not only induce 

changes in the morphology of solid phases but also influence the composition of the 

liquid phase. As cement hydrates, the reaction provides a significant amount of heat. In 

large elements, this heat is trapped and can induce significant expansion. When thermal 

changes are superimposed upon auto-genous shrinkage at an early age, cracking can 

occur. In particular, differential thermal stress can occur due to rapid cooling of massive 

concrete elements. As such, the hydration process monitoring and control are very 
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important during the casting of concrete structures.  

 

3.1.1 The temperature sensing principle of TPFS 

 The tapering of the fiber makes the fiber core exposed to the ambient environment 

immediately. According to the ray-tracing theory described by Snyder and Love (1983) 

the Evanescent Wave (EW) only contributed by the leaky rays when the bound rays is 

hidden by the fiber core. When the incident rays reached the tapered region, some 

fraction of the bound rays become leaky rays to increase the strength of the EW and the 

rest bound rays are transmitted to the end of the fiber. In a tapered fiber, the numbers of 

bound rays are not only governed by its configuration, such as taper length, taper ratio, 

but also perturbed from the changing of refractive index of the fiber core and ambient 

environmental conditions. Based on this principle, the detected ray intensity contributed 

from transmitted bound rays can be modulated by the change of refractive index of the 

fiber core or the ambient environmental conditions. As such, the temperature sensing 

principle of tapered fiber can be explained by the detected ray intensity perturbed due to 

the change of ambient temperature if the refractive index of specimen is kept constant. 

 

 

Fig. 3.1: Configuration of tapered fiber for monitoring the hydration process of 

cement paste. 
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 The configuration of tapered fiber for curing temperature measurement is shown in 

Fig. 3.1. As shown in this figure, the fiber is tapered from radius of r0 to r1 along the 

length L. The cement paste has a refractive index of 1.73 for the real part and 0.003 for 

the imaginary part (Cyr et al. 2001). Temperature-caused index change of the plastic 

optical fiber core equals to -1.3×10
-4

/ºC (Zhang et al. 2006) and the 

temperature-induced index change of cement paste are considered insignificant since the 

refractive index of cement paste is approximated. The radius distribution along the taper 

is r(z). V number is a parameter to describe the number of propagation modes guided by 

the optic fiber, which is defined as 

 

2 202
co cl

r
V n n




 

                  
                        

(3.1) 

where λ is the wavelength of transmitting light, nco and ncl are the refractive indies of 

fiber core and cladding, respectively. Removal of cladding increased the number of 

propagation modes in the sensing element while reduction of fiber core decreases the 

propagation modes. Thus, the V-number of tapered fiber can be derived 

  

( ) 2 2

( )

2
( ) ( )

z

z co aq

r
V n T n T




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       (3.2) 

nco(T) is the refractive index changed by temperature, where ( )co co con T n n T   , 

naq(T) is the refractive index of surrounding medium and functioned as 

( )aq aq aqn T n n T    , where the Δnco and Δnaq are the temperature-caused index 

change of fiber core and surrounded medium, T is the surrounded temperature 

(Bushnell-Watson,1990).  
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  According to the ray-tracing theory described by Bushnell-Watson (1986), the EW 

only contributed by leaky rays when the bound rays is hidden by the fiber core. When 

the rays reached the tapered region, some fraction of bound rays becomes the leaky ray 

to increase the EW. Hence, the number of leaky modes is given by   

2

( ) 1
( ) 1

2 2

z

lm

V
M z

 
  

 
                                            (3.3) 

where
2 2

22

co cl

co

n n

n


  . Thus, from Eq. (3.3) it can be seen that the guided modes are not 

only governed by the configuration of tapered fiber, but also can be influenced from the 

surrounding temperature.  

3.1.2 Numerical results of TPFS 

 The MATLAB program is used for the numerical calculation. The incident light 

wavelength is 630nm from a laser diode and the multimode plastic fiber with core 

radius of 0.5mm. The refractive indices of core and cladding are 1.492 and 1.402 

respectively. Assume the taper radius distribution is parabolic:   

2

( ) 0 02

4
(1 )( / 2)zr r R z L Rr

L
                                     (3.4) 

 

Fig. 3.2: V-number of leaky ray effected by different taper ratio in the taper length of 

L0=0.05m. 
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The results shown in Fig. 3.2 depict the V-number of leaky rays influenced by 

various taper ratios in the taper length of 0.05m. From the figure, it can be seen that the 

uniform fiber has the highest number of leaky ray propagation modes 10.15×10
6
; 

however, in the taper ratio of 0.1 the value of leaky ray propagation modes reduces to 

0.1×10
6
. Thereby, while the light transmitting from the sensing region to the cladded 

optical fiber, there is approximately 99% leaky ray propagation modes lost which finally 

contributes to the strength of EW. In this figure, the number of leaky ray propagation 

modes guides more for smaller taper ratio which finally achieved higher sensitivity of 

temperature response. 

 

 

Fig. 3.3: V-number of leaky ray effected by different surrounded temperatures in the 

taper length of L=0.05m and taper ratio of R=0.2. 

 

 The results shown in Fig. 3.3 (a) depict the V-number of leaky rays influenced by 

various temperatures in the taper length of 0.05m and taper ratio of R=0.2, a zoom-in 

(a) 

(b) 
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view is shown in Fig.3.3 (b). From the figure, it can be seen that the V-number of leaky 

rays increases with increasing surrounding temperatures. In the taper position of 0 and 

0.05m, the highest V-number of leaky ray1.08×10
7
 is obtained compared to that of 

1.04×10
7
 for the surrounding temperatures of 80 ºC and 20 ºC, respectively. The 

increased V-number of leaky ray will result in a change of sensor output intensity, thus, 

the output intensity of proposed sensor can be modulated by the surrounding 

temperatures. From the Fig. 3.3, it can also be observed that the operation of tapering 

the fiber can enhance the strength of EW. In the taper position of 0.025m, however, the 

V-number of leaky ray propagation modes is decreased to 0.42×10
6
. As such, there is 

approximately 96% of leaky ray lost in the sensing region, which contributes to the 

strength of EW to increase the sensitivity of the proposed sensor.  

 

3.2 Optimization of the geometries of TPFS 

3.2.1 Theoretical background 

  An optical fiber consists of a core and a cladding surrounding the core as shown in 

Fig. 3.4. The refractive index of the core nco is higher than that of the cladding ncl. 

Hence, the light propagation inside the fiber is followed by the total internal reflection 

which meets the condition at the core-cladding interface as given by sin( )
2

co cln n


  . 

The angle ϕ is related to the incident angle θ by
2 2sin sinco co cln n n    .For the 

multi-mode fiber, it meets the condition
2 22

1co cln n



  , where ρ is a linear 

dimension in the core, e. g. the radius of fiber core, λ is the wavelength of light in free 

space, nco is the maximum refractive index in the core and ncl is the uniform refractive 
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index in the cladding. In general, the electromagnetic propagation along the optic fiber 

can be described exactly by Maxwell’s equations. However, it is well known that the 

classical geometric optics provide an approximate description of light propagation in 

regions where the refractive index varies only slightly over a distance comparable to 

the wavelength of light. This is typical of multi-mode optical waveguide used for 

communication. Thus, the most direct and conceptually simple way to describe the 

light propagation in multimode fiber is by tracing the rays along the core which is 

described in this section.  

 

Fig. 3.4: The structure and refractive index distribution of step index optical fiber. 

 

3.2.1.1 Bound rays of Step-index fibers 

  Reference to the Fig. 3.1 the step index fiber has the refractive index profile defined 

by Snyder et al. (1974) 

 

n(x) = nco, -ρ<x<ρ; n(x) = ncl, |x|>ρ,                                (3.5) 

where the nco>ncl and both of them are constants. To construct the ray paths within the 

core using ray tracing and Snell’s laws, it is assumed that the core is non-absorbent 
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without loss of power for ray propagation along the fiber.  

 

3.2.1.2 Construction of ray paths 

The ray propagation of step index multimode fiber is shown in Fig. 3.5 along the 

direction of z axis. In Fig. 3.5, the ray in point P propagation along the fiber makes an 

angle of θz with the fiber axis, it will meet the opposite interface at Q as shown. The 

situation at Q is equivalent to incidence at an interface between two half spaces of 

refractive indices nco and ncl as shown in Fig.3.6. Thus, in terms of complementary 

angles, the incident ray at Q is totally internally reflected if 0≤θz<θc and is partly 

reflected and partly refracted if θc<θz≤π/2, where θc is the complement of critical angle, 

defined by Rawson et al. (1970) 

 

 

2
1 1

2
cos ( ) sin 1cl cl

c

co co

n n

n n
                                             (3.6) 

 

 

 

 

 

Fig. 3.5: The ray propagation along the fiber core of z axis in the step-index fiber. 

 

 

P 

θz 

θz 
θz 

Q 

nco 

ncl 

ncl 
ncl 

ncl 

nco 

zp 

Lp 

2p Univ
ers

ity
 of

 M
ala

ya



 

60 
 

 

 

Fig. 3.6: Ray paths within the core of step-index fiber showing (a) the zig-zag path of 

a meridional ray and (b) the helical path of a skew ray, together with their 

projections onto the core cross-section (Snyder et al. 1974). 

  It is useful to distinguish the rays which cross the fiber axis between reflections- 

known as meridional rays and rays which never cross the fiber axis known as skew 

rays. It is seen from Fig. 3.6 (a) that meridional rays lie in a plane of width 2ρ through 

the axis. Skew rays, on the other hand, follow a helical path whose projection onto the 

cross-section is a regular as shown in Fig. 3.6 (b). The midpoints between successive 

reflections all touch a cylindrical surface of radius ric, known as the inner caustic. To 

specify the trajectory of a skew ray, it is clear from the Fig. 3.6 (b) that in addition to 

the inclination θz to the axial direction, we need second angle to indicate the skew is 

needed. The angle in the core cross-section between the tangent to the interface and 

the projection of the ray path is defined as  , as shown in Fig. 3.6 (b) (Snyder et al. 

1974). Geometrically,   has the same value at its every reflection. The radius ric of 

the inner caustic is given by Ankiewicz et al. (1977); Jackson et al. (1999); Marcatili et 

al. (1977). 

 

cosicr                                                       (3.7) 

and thus depends only on the skew angle. For meridional rays θφ = π / 2 and ric =0. 
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The angles θz and 
  are spherical polar angles correspond to the fiber axial direction, 

which also shows that the angle α between the incident and reflected rays and the 

normal. The relation between these three angles is given by Ankiewicz et al. (1977); 

Jackson et al. (1999); Marcatili et al. (1977). 

 

cos sin sinz                                                  (3.8) 

3.2.1.3  Classification of rays 

  The rays on the step-index fibers show in Fig.3.7. The rays can be categorized by 

the value of θz,   and α according to Bound rays: 0 z c   , Refracting rays: 

0 c   , and Tunnelling rays:  / 2c z    . Where α is the angle of incident 

ray and normal and αc is the critical angle of fiber defined by sin coscl
c c

co

n

n
   . Rays 

which are not bound, i.e. tunnelling rays and refracting rays are known as leaky rays. 

Since the power of bound ray is totally reflected back into the core at every reflection, 

the rays can propagate indefinitely without any loss of power. A refracting ray loses a 

fraction of its power at each reflection and therefore attenuates as it propagates.  

 

Fig.3.7: Zig-zag paths within the core of a step index fiber for (a) bound rays and 

(b) refracting rays (Snyder et al. (1974)). 

3.2.1.4 Ray invariants 
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  The ray invariant  is constant along the path and specifies the ray direction at any 

position in the cross-section and the second ray invariant l is related to the skew 

angle θϕ, accounts for the azimuthally symmetry of the fiber (Rawson et al. 1970). 

Hence  

 

cos cosco z cl tn n    , sin cosco zl n                                (3.9) 

2 2 2 2sincol n                                                   (3.10) 

Therefore, the rays can be classified by the value of  and subdivision of leak 

rays into tunnelling and reflecting rays depends on the values of l which are given by 

Snyder et al. (1974) as:  

 

Bound rays:
cl con n  ,                                           (3.11) 

Refracting rays: 2 2 20 cll n   ,                                    (3.12) 

Tunnelling rays: 2 2 2 2

cl con l n   and 0 cln  .                        (3.13) 

 

3.2.1.5  Leaky rays 

  When the fibers are illuminated by a diffused source, both the bound and leaky rays 

will be excited. Each leaky ray will have radiated away virtually all of its power and 

the bound rays will carry nearly all the remaining power in the fiber when the rays are 

propagated into the fiber along a sufficient distance. However, the leaky rays 

contribute significantly to the total light power in the intermediate region of the fiber 

(Albertin et al. 1974; Barrel et al. 1979; 1980; Snyder et al. 1976) This section 

analyzes the intermediate region of leaky rays. In this region, the refracting rays and 
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tunnelling rays attenuate very fast, but the tunnelling rays may have arbitrarily low 

attenuation rates and behave almost as bound rays when the fiber parameter V is 

sufficiently large.   

 

Refracting rays 

  Within the core of a step-index fiber, the Fresnel coefficient is used to describe the 

fraction of power lost by rays which undergo refraction at the interface. Thereby, the 

power attenuation coefficient of refracting rays is as given by Gloge et al. (1975): 

 

 

2 2 22

2
2 2 2

sin sin2sin

cos
sin sin sin sin

z cz

z
z z c



 

  


      




 
        

            

   (3.14) 

Tunnelling rays 

  The transmission coefficient T determines the fraction of incident ray power which 

is conveyed across the evanescent region by tunnelling. The expression for 

transmission coefficient of tunnelling rays on a weak guiding step-index fiber is given 

by Barrel et al. (1978) and Love et al. (1979). 

 

2
2 2 2

2
exp 2

radr

f clT T k l n dr
r




  
    

  
                               (3.15) 

Where rad is given in
2 2ad

cl

l
r

n







, and Tf is the analytic continuation of the 

classical Fresnel transmission coefficient to angles less than the complementary 

critical angle θc. In terms of ray invariants it is given by Love et al. (1977) and Snyder 

et al. (1976): 
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2 2 2 2 2 2

2 2

4
f co cl

co cl

T n l l n
n n

     


                          (3.16) 

The factor fT is accounts for the jump at the interface, and the exponential factor is 

due to the evanescent field in the region between the interface and the radiation caustic. 

The transmission coefficient at the closed form is given by. 

 

 2 2exp 2 [ln( 1) 1 / ]fT T k l p p p p                          (3.17) 

where the p is defined by
2 2

cl

l
p

n 



. Only rays whose radiation caustic are very 

close to the interface are inaccurately described by this expression (Love et al. 1978). 

 

3.2.2 Optimization of the geometries of TPFSs 

In this section, the geometrics of tapered fiber are optimized for achievement of 

high temperature sensitivity. A mathematical model based on ray tracing theory is made 

and the optimization of the geometries of the proposed sensor is carried out theoretically. 

Numerical simulation on the tapered multimode plastic fiber is carried out and the 

effects of the geometries including taper ratio, taper length, and launch angle of the 

initial ray, and the surrounding temperature on the performance of proposed sensor is 

studied numerically. Experimental study on the proposed sensor, for which a high 

strength reactive powder is used, is carried out and the experimental results agree well 

with the simulation results. 

 

3.2.2.1 Mathematical model of tapered fiber 

 Three reasonable assumptions are made to analyse the proposed sensor 
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theoretically. Firstly, ignore the change of ray tracing angles from thermal expansion of 

the fiber core. Secondly, ignore the change of refractive index of tapered fiber from 

shrinkage stress during curing of cement paste. When the plastic optical fiber is selected 

as host specimen to fabricate the tapered fiber, it is equitable to ignore the shrinkage 

stress effect since the thermo-optic affect dominates the change of refractive index 

which is around 31.3 10  for 10ºC temperature change. The stress-optic coefficient of 

plastic optical fiber is 12 14.5 10 Pa    (Szczurowski et al. 2010). It only perturbs the 

axial refractive index at value of 55.4 10   where a roughly compressive stress of 

1750 psi was measured at early-age by using embedded piezoelectric transducers (Gu et. 

al. 2006). Thirdly, ignore the humidity affect for the detected power of proposed sensor. 

It was found that in the ageing test of plastic optical fiber the maximum attenuation 

decreased around 25% due to water absorption within 24 to 48 hours (Ziemann et. al. 

2000). Based on this measurement, the detected power only decreases around 0.28% 

when a tapered fiber length of 6 cm was embedded. 

 

3.2.2.2 Rays invariants  

The sensing principle of the tapering plastic multimode fiber is based on the 

attenuated total internal reflection spectroscopy. After tapering the fiber, some of the 

guided light modes do not satisfy the condition of total internal reflection due to the 

reduction of the fiber core’s diameter. The theoretical analysis is described as follows by 

ignoring the change of ray tracing angles from thermal expansion of the fiber core.  

  Fig. 3.8 shows the ray propagation inside the core of a tapered fiber. The refractive 

indices of the core, cladding and surrounding medium are nco, ncl and naq, respectively. 
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The ray propagation from taper length 0 to Lo results in the height z decreasing from r0 

to r1 and the taper ratio defined by R=r1/r0. r(z) is the radius of distribution of the 

unclad taper in the propagation direction of z, Lo is the length of the taper. nco(T) is the 

function of the refractive index changing with temperature, where 

( )co co con T n n T   , naq(T) is the refractive index of the surrounding medium and 

functions the same as ( )aq aq aqn T n n T    , where the Δnco and Δnaq are the 

temperature-caused index change of the fiber core and surrounding medium, T is the 

surrounding temperature (Zhang et al. 2006). 

 

 

 

 

 

 

 

Fig. 3.8:  The ray propagation inside the core of tapered fiber. 

 

   The ray emitted into the tapered region with an angle of
1 0sin

sin
con


   
  

  ,  

where the angle α0 is the ray incident angle on the input face of the fiber, and makes a 

variant angle αz with the fiber axis, which changes with the geometry of the tapered 

fiber and also has a skew angle a . The relationship between the α and αz is given by 

 

0 ( )sin( ) sin( )z zr r 
                    

                    
    

(3.18)
 

The propagation angle αz can be described according to Equation (3.19) 
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0 0

( )
( )

1
sin

sin

co
T r

z

z
n

r





 
 
                     

                    

       

(3.19) 

The αin shown in Fig. 3.8 is the incident ray angle with the normal to the fiber core and 

surrounding medium interface. It varies from z, hence, geometrically the αin(z) can be 

derived from the triangle in Fig. 3.8, which has the relationship between the taper 

angle
1 02 (1 )

tan
o

r R

L
   
  

 
and ray launched angle αz, 

 

( )
2

in zz


    
                                            

(3.20) 

Three direction angles αin, αz, and a are related bycos sin sinin z    , which results 

in the skew angle given by Equation (3.21),  

 

       (3.21) 

Thus, the ray invariants along the taper portion are governed by Equations (3.22), 

(3.23), and (3.24) (Snyder et al. 1974) 

 

2 2 2 2

( ) 0 0
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                              (3.22) 

 

       (3.23) 
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   (3.24) 

 

3.2.2.3  Power transmission coefficients 

 In most of the literature (Ahmad et al. 2005; Guo et al. 2003; Sun et al. 2008), the 

theoretical analysis of light-waves guided by multimode fibers is based on the 

assumption that the fiber is a spatial steady state. This means that the fiber is 

non-absorbing, which results in the bound rays propagating along the fiber without a 

loss of power, and is long enough to cause no tunnelling ray or refractive ray effects. 

Actually, the power attenuation in multimode fiber is strongly related to the tunnelling 

rays, since the bound ray losses along the non-absorbing fiber and the refracting ray 

can be ignored at a propagation distance z = 100r0 (Pask et al. 1974). Hence, the 

refracting ray does not take into the account the leaky ray, since it attenuates quickly 

when leaving the light source. The power transmission coefficient of the tunnelling ray 

is defined by 

 

   2 1/2 2 1/2

( )exp 2 ln ( 1) ( 1) /tr f zT T kr l p p p p     
                   

(3.25) 

where    
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2
k




 is the free space wave number, and λ is the light 

wavelength at free space. 
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3.2.2.4 Leaky ray power 

   The leaky ray power distribution function ( , )F l is only dependent on the ray 

path along the fiber core; hence, the distribution functions of the tunnelling ray can be 

given as 

 
1/2

2 2 2 2

( ) 0

2 2

8
( , )

z co

co

r I n l
F l

n

  




 



                                 

(3.26) 

where I0 is the intensity of the laser output and is normalized to 1 watt in this paper. 

Based on the criteria of categorized rays in Snyder and Love (1983), the tunnelling ray 

power at the distance z can be determined by the following Equation (3.27), 

              (3.27) 
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is the ray 

half-period. 

  The theoretical analysis in Equation (3.27) shows that the power intensity is 

functioned by temperature T, taper geometry r(z), initial launch angle α0, as well as the 

refractive index of the surrounding medium naq. 

3.2.3 Numerical results and discussions  

In the numerical simulation and experimental implementation, the step-index 

plastic multi-mode fiber is selected as the sensing element. Since the thermal-optic 

coefficient of the plastic fiber is one order of magnitude higher than that of glass fiber, 

which induces the refractive index to vary more rapidly with a change of temperature. 
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The numerical simulation is carried out with MATLAB. The incident light wavelength 

is 594nm from a laser diode and the multimode plastic fiber with a core diameter of 

0.5mm; the 1.492 and 1.402 are the refractive indices of the core and cladding, 

respectively. The cement paste has a refractive index of 1.73 for the real part and 0.003 

for the imaginary part (Cyr et al. 2001). Temperature-caused index change of the fiber 

core Δnco equals to-1.3×10
-4

/ºC (Zhang et al. 2006), and the taper radius distribution is 

assumed to be parabolic (Ahmad et al. 2005) 

1/2
2

( ) 0 2

0 0

1 ( 1)m
z

rz
r r

L r

 
   

  . 

3.2.3.1 Effect of taper length Lo and taper ratio R 

  For a given length of unclad fiber, the EW strength and sensitivity are strongly 

dependent on the number of ray reflections per unit length. Fiber tapering is a way of 

exposing the evanescent field to the surrounding medium, as well as increasing the 

evanescent field magnitude (Ahmad and Hench, 2005). Therefore, the tunnelling ray 

power effect from the taper ratios and taper lengths are analysed and shown in Fig. 3.9 

& 3.10. In Fig. 3.9, the curves show that the power of the tunnelling ray is influenced 

by different taper ratios along the taper position z in the taper length of 0.1m. The 

negative values represent the contribution of the tunnelling ray on the EW. From Fig. 

3.9 & 3.10, it can be found that the tunnelling ray power decreases from 4.115×10
-6 

w 

to 0.05×10
-6 

w when a fiber is tapered from uniform to a ratio of 0.1. This means that 

the tunnelling ray power of 4.11×10
-6 

w is contributed to the EW, which results in the 

achievement of higher sensitivity. It is clear that the higher EW can be achieved by a 

smaller taper ratio since the uniform fiber has the lowest EW. The 3-D graph shown in 

Fig. 3.10 demonstrates the combination effect of the taper ratios and taper lengths. It 

can be seen that the tunnelling ray power along each tapered fiber has the same 
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distribution for different taper lengths. For different taper lengths, the highest 

tunnelling ray powers are produced by the same taper ratio of 0.1. From the 

contribution of EW, hence, the higher sensitivity of tapered fiber can be achieved from 

a longer taper length and lower taper ratio. 

 

 

Fig. 3.9: Tunnelling ray power influenced by different taper ratios along the taper 

position z in the length of Lo=0.1m. 

 

 

Fig. 3.10: 3-D view of tunnelling ray power effect from taper ratio and taper length. 
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3.2.3.2 Effect of initial ray launch angle α0 

   A tilted initial ray launch condition can be used to excite the leaky ray when the 

laser light spot is much smaller than the diameter of the fiber. The launched ray 

reflected and refracted along the fiber is dependent on the angle of incidence, 

refractive indices of the core and the surrounding medium. When the incidence ray 

angle is smaller than the critical angle, the ray is almost totally reflected into the core 

and a small fraction of the ray becomes the EW in the surrounding medium. As shown 

in Fig. 3.11, the tunnelling ray is only excited in the radian angle range of 0.01 (-0.01) 

to 0.1 (-0.1) rad. In this range, the tunnelling ray power decreases with the increase of 

the launch angle of the initial ray. The highest tunnelling ray power is evoked from the 

launch angle of 0.01 (-0.01) rad of the initial ray, and in the range of 0 to 0.01 (-0.01) 

rad only the bound ray is excited. 

 

Fig. 3.11:  The tunnelling ray power excited by various initial ray launched angles α0. 

3.2.3.3 Effect of surrounding temperature T 

  The proposed sensor is modulated by the output intensity, which varies with the 
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change in the surrounding temperature. The leaky ray induced by the tapering of the 

fiber will be compensated dynamically by the thermal effect, which finally causes the 

output intensity modulated by the detected temperature (Remouche, 2007). Fig. 3.12 

shows the tunnelling ray power evoked by the different initial ray launched angles and 

surrounding temperatures. As shown in Fig. 3.12, the power of the tunnelling ray 

decreases with the increase in the temperature. From the curves, it can also be seen 

that in various surrounding temperatures the biggest difference of the tunnelling ray 

powers occurs when initial ray launches from the angle of 0.01 rad. Thus, the highest 

sensitivity can be obtained from this angle. The results illustrated in Fig. 3.13 are the 

corresponding 3-D view of the tunnelling ray power influenced by the combination of 

the different launch angles of the initial ray and the temperatures. From this figure it 

can be observed that the tunnelling ray power has a large variation when the initial 

launch angle of the initial ray varies from -0.05 to 0.05 rad. 

 

 
Fig. 3.12: The power of tunnelling ray affected by initial ray launched angles and 

temperatures (taper length Lo=0.05m, taper ratio R=0.1). 
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Fig. 3.13: 3-D view the power of tunnelling ray evoked by various ray launched 

angles and surrounding temperatures. 

 

3.3 Experimental study  

3.3.1 Fabrication of sensor probe  

 The POF was purchased from Mitsubishi with fiber diameter of 1mm, core 

diameter of 980µm, refractive indices of 1.492 and 1.402 for the core and cladding, 

respectively. The fiber core is made of acrylic polymer PMMA and is sheathed with a 

special thin layer of fluorine polymer (cladding) to reduce the refractive index than that 

of fiber core. To taper the fiber, acetone solution was applied to the optical fiber by 

using cotton buds. Some contents of plastic fiber were dissolved by the applied acetone 

to form a layer of milky white material. Then, the distilled water was used to neutralize 

the reaction between the fiber and acetone. The milky white surface was carefully 

removed by using sandpaper with grits size of 320. This process was repeated until 

certain of tapering length and diameter was formed. Finally, the tapered optical fiber 

was cleaned by using the 2-propanol. By using this process, it is easy to control the 

geometrical structure of tapered fiber since the reaction of acetone and plastic fiber is 
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uniformed in the performed region. The fiber tip is cut by a shears and polished by 

sandpaper carefully to make sure a flat facet is formed.  

 A comparative photograph of tapered fiber and uniform fiber was taken using 

optical microscopy, as shown in Fig.3.14 (a). Two sets of tapered fibers have been 

carefully fabricated with the stripped lengths of 2.0 cm, 4.0 cm and 6.0 cm at diameter 

of 480 µm and the stripped length of 6.0 cm at diameters of 240 µm, 480 µm, and 600 

µm.  

 

3.3.2 Experimental preparation and setup  

 Prior to pouring the cement paste into the mould the tapered fiber and type T 

thermocouple are careful fastened on a steel wire as shown in Fig. 3.14 (d). The 

fastened TPFS is well attached on a steel wire to avoid the effect of micro-bending and 

strain in the sensor. The steel wire was inserted parallel through the centre of the mould, 

as shown in Fig. 3.14 (b). The head of the thermocouple is located as close as but not 

touch with the center position of tapered fiber to make sure the same temperature 

environment is surrounded in both sensors. The size of the mould was 75×75×200 mm 

and a plastic sheet was used to cover the mould to prevent water evaporation after the 

pouring of the cement. The cement used was GP Portland cement compliant with 

AS3972. The specimen of cement paste (Fig. 3.14 (c)) had a mix proportion by weight 

of 340, 487, and 75 for the cement, sand and water, respectively. To ensure the accuracy 

of the experiment, we have carefully prepared all of the experiments under the 

following recipe. The room temperature was kept at 25 °C. The materials cement, sand 

and water were stored at room temperature of 25 °C for 1 day. They were mixed in a 
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container for 2 minutes and poured into the mould slowly to prevent bending of the steel 

wire. The mould was vibrated for 15 seconds by hand and the data recording/monitoring 

system was started immediately.  

 

 

Fig. 3.14:  Experimental preparation and setup for the proposed monitoring approach. 

 

As shown in Fig. 3.14 (d), the experimental setup consists of a He-Ne laser source 

with a wavelength of 594nm (average output power is 3.0mW with the long-term power 

drift ±2% per hours, with beam diameter and divergence of 0.75mm and 0.92mRads) 

which coupling the light into the tapered plastic fiber. An external chopper modulated 

the light with a frequency of 200Hz before launching into the tapered plastic fiber. The 

tapered plastic fiber was placed in the centre of mould. A photo-detector was located at 

the end of the fiber to convert the received power into voltage (mV). A model SR-510 
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lock-in amplifier was connected with the chopper and photo-detector. It plays the 

function of the experiment data-acquisition system, matches the phase between the 

transmitting light and receiving light, and removes the noise generated by the laser 

source, photo-detector and amplifier (Yang et al. 2010). The sensitivity of lock-in 

amplifier and the data-acquisition system is set as 10μV and 6 points per minute, 

respectively. A TDS 530 data logger is used to collect the data from the thermocouple. 

The data logger is set for acquisition of 3 points at one minute interval. 

 

3.3.3 Experimental results   

 The measurement of the early-age curing temperature of the cement paste at the 

first 24 hours after casting is shown in Fig. 3.15. The temperature of the air was 

recorded before the specimen was poured into the mould. Fig. 3.15 shows that the 

normalized output power suddenly decreased from 1 to a small value (the small figures 

shown inside of Fig. 3.15 (a) & (b)) when the specimen was poured into the mould. This 

is because the sensor was initially surrounded by air then changed to the cement paste, 

which has different refractive indices, which caused the change of output power. The 

measurement results of thermocouple are also presented for the purpose of comparison 

and calibration with the proposed sensors. As shown in Fig. 3.15 (a) & (b), the curves of 

the thermocouple and proposed sensors S1-5 agree well with each other, if the curve of 

the thermocouple is flipped down. It was found that all of curves of proposed sensors 

can precisely reflect the early-age curing temperature change as the curing progresses. A 

closer comparison is shown in Fig. 3.16(a), in which the data are presented for the 

thermocouple and tapered fibre sensor S4 over a time period of 0 to 0.72 h. As shown in 
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Fig. 3.16(a), the curves of the thermocouple and proposed optimised sensor agree well 

with each other if one flips down the curve of the thermocouple. From Fig.3.16(a), it is 

easy to calibrate the temperature sensitivity of the tapered fibre sensor, which is shown 

in Fig. 3.16(b). From Fig. 3.16(b), it can be seen that the tapered fibre sensor S4 has a 

temperature sensitivity of 0.0178 mV/°C, and the coefficient of determination, R
2
, is 

0.9983. This coefficient indicates that the two curves in Figure 8(a) closely overlap. 

 

 

Fig. 3.15:  Experiment results of the proposed monitoring approach. 
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Fig.3.16:  Comparison and calibration of tapered fibre sensor S4 using thermocouple 

measurements. 

 

 The resolutions are determined when the sensor system has a measurement 

sensitivity of 10μV. In Table 3.1, by comparing the sensors of S1-3 it was found that the 

sensitivity of these sensors increased with the taper length increasing for the same taper 

ratio. The higher sensitivity also gained from the sensor with smaller taper ratio if 

compared to the sensors of S3-5. From Table 3.1, it can also be found that the highest 

sensitivity of 0.035 mV/ºC is obtained from the sensors S5 which has the longest taper 

length of 6cm and the smallest taper ratio of 0.24. The higher resolution of proposed 

sensor is obtained from the sensor with higher sensitivity. In the proposed sensor system, 

the stability of sensor is strongly dominated by the stability of laser source which has 

the long-term power drift ±2% per hours. 
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Table 3.1: Summary of the sensitivity and resolution for the proposed sensors (with 

different tapered structure) 

 

 

       From one of curve S1 in Fig. 3.15 (a), it can be observed that the temperature of 

cement paste increases as reflected from initial normalized output power of 0.733mV 

(25ºC) to a recorded minimum value of normalized output power of 0.465mV (36.8 ºC) 

after the first 0.72h and increases immediately from there due to the absorption of water 

during the hydration of cement. Hence, the starting point can be referred to as the initial 

setting time of the specimen. Furthermore, the hydration of the cement is an exothermic 

reaction, which releases heat and results in the increase of the temperature of the 

specimen. The increment of the temperature is observed and reaches its peak at about 

0.72 hours. This time is treated as the final setting time of the specimen. After that, the 

increases in the temperature of the cement paste slow down and became almost stable at 

10 hours. 

 

3.4 Summary 

   In this chapter, a TPFS is developed to sense the curing temperature of cement 

paste. A V-number theory is employed in the first section to describe the temperature 

sensing principle. In the second section, the geometries of TPFS are optimized by 

Univ
ers

ity
 of

 M
ala

ya



 

81 
 

using a ray-tracing theory to achieve the higher temperature sensitivity. A background 

theory on the multimode optical fiber waveguide is described firstly. The mathematical 

model is employed to optimize the configuration of the tapered fiber, such as, taper 

length, taper ratio, and the launch angle of the initial ray. The numerical results show 

that the sensitivity of the proposed sensor is heavily governed from the strength of EW, 

since the strength of the EW is mainly contributed by the power of the tunnelling ray. 

Higher sensitivity of the proposed sensor can be achieved by combining a longer taper 

length and lower taper ratio with the initial ray launch angle of 0.01 rad. The 

experimental setup is illustrated in the third section. The experiment measurement 

system using a He-Ne laser, a silicon photo-detector, and a lock-in amplifier is 

proposed. An accuracy measurement and an auto-data collection are achieved by using 

this system. The experimental result is described in the last section. The experimental 

result demonstrates that the proposed sensor has the ability to find the setting time of 

cement paste since the setting process is accompanied by the temperature change of 

the cement paste. 
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CHAPTER 4 

 

THE MONITORING OF EARLY-AGE HYDATION PROCESS OF 

CEMENT PASTE USING FBG AND TAPERED PLASTIC FIBER 

SENSORS  

 

 In this chapter, the FBG and TPFS were used as sensing element to study the 

early-age hydration process of cement paste. The FBG is inscribed by a Continuous 

Wave (CW) 244nm argon ion laser in the photosensitivity fiber. The fabricated FBG is 

calibrated from room temperature to 105ºC. In this temperature range, the FBG is found 

to be in good conditions for both the sensitivity and linearity which around 9pm/ºC and 

99.9%, respectively. The experimental results show that the FBG is a good alternative 

to sense the liberated heat when the calibrated FBG is embedded into the cement 

material. A high reactive power was mixed as specimen, in which a tapered optical fiber 

sensor was embedded to measure the liberated heat (temperature). The sensor 

characteristics were determined and calibrated by an embedded thermocouple, which 

had a sensitivity of 0.0293mV/ºC, resolution of ±0.34 ºC, and stability of long-term 

power drift of ±2% per hour. The experimental studies were carried out for the host 

specimen with different sizes, various water/cement (w/c) ratios, as well as different 

ambient temperatures. From the experimental results, the curing temperature and setting 

time were determined by monitoring the curing temperature curves as the curing 

progressed. The curing temperature rose with increasing mould sizes, decreasing w/c 
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ratio, and increasing ambient temperature. The setting time could be shortened by a 

smaller size of specimen, lower w/c ratio, and higher ambient temperature. 

 

4.1 FBG temperature sensing 

4.1.1 FBG temperature sensing principle 

 The basic principle of operation of an FBG-based sensor system lies in the 

monitoring of the shift in wavelength of the returned “Bragg” signal, as a function of 

the measured (e.g., strain, temperature). The Bragg wavelength, λB, is related to the 

effective refractive index of the material, n, and the grating pitch, Λ  

 

λB=2nΛ                                                    (4.1) 

 A narrow spectral component centered at the Bragg wavelength λB is reflected by a 

FBG, when the light from a broadband light source is injected into the fiber. In the 

application of temperature sensing, the thermal response of FBG is arisen due to the 

inherent thermal expansion of the fiber material and the temperature dependence of the 

refractive index. Thus, the shift in resonance wavelength λB with temperature can be 

expressed according to Escalante-Garcıa (2001) as: 

 

             Λ α                                               (4.2) 

where α is the thermal expansion coefficient of fiber material, ∆T is the temperature 

change, dn/dT is the thermal optic coefficient of fiber material.  

 From Eq. (4.2), the resonance wavelength is modulated by the changing of 

temperature, and the measurement temperature can be obtained by  
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                                                               (4.3) 

where Tm is the measurement temperature, T is the initial start temperature, S is the 

temperature-wavelength sensitivity of FBG, it needs calibrated before FBG used. 

However, care must be paid to the cross-sensing of FBG in the temperature and strain 

due to the sensing principle of FBG is monitored the change of grating period. Thus, the 

experiment should be designed carefully to avoid the strain effect. 

 

4.1.2 Experimental works of FBG sensing 

4.1.2.1 FBG fabrication and calibration  

 A configuration of the FBG fabrication set up is shown in Fig. 4.1. In this setup, an 

Amplified Spontaneous Emission (ASE) is used as broadband light source 

(Bushnell-Watson, 1986; Komonen, 2003; Price, 1951) A 244nm light beam is emitted 

from an argon ion laser and then reflected by a mirror, expanded with two circular 

lenses, focused by a cylindrical lens and passed through a phase mask (with pitch 

1026.8nm) before being exposed to light on a bared photosensitivity fiber (bared fiber 

means stripped the protection polymer coating, because the UV light cannot pass this 

type of protection layer). After the light passed through the phase mask, three interfering 

beams are generated close to the fiber as shown in Fig. 4.2. In this figure, the good 

condition of phase mask should generates the zero order beam power as low as possible 

in order to achieve higher interference beams power in both +1 order and -1 order. The 

phase mask is placed just alongside the fiber with its mask pattern perpendicular to the 

fiber and the laser. The fiber is placed in near contact with the fine corrugations of the 

phase mask before writing. Care must be taken to ensure that in the alignment process 
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the fiber does not come into contact with the phase mask otherwise the phase mask can 

be damaged in this way. In their experimental, the FBGs are inscribed in single mode 

high-germania boron co-doped fibers. One of the fabricated FBG is shown in Fig. 4.3(a). 

The FBG spectra are monitoring in both reflection and transmission in-situ by using 

Optical Spectrum Analyzer (OSA) (Bushnell-Watson, 1990; Glišić, 2000; Okabe, 2002). 

The typical reflective and transmission spectrums are shown in Fig. 4.3(a) & (b), 

respectively.   

 

Fig. 4.1: FBG fabricated by using phase mask approach. 

 

 

Fig. 4.2: The interfering beams generated by phase mask. 
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(a)  

 

(b) 

Fig. 4.3: (a) A typical reflective spectrum of FBG; (b): A typical transmission spectrum 

of FBG. 

 

4.1.2.2 Sensor temperature-wavelength calibration 

 Before the FBG is embedded into the cement paste it is better to calibrate the 

wavelength shift with the change of temperature. A furnace with the temperature 

resolution of ±0.5ºC is used and the climbing temperature step is set to 1ºC/min. The 

wavelength shift data is recorded by the temperature increase and decrease at every 

10ºC. When the temperature is reached at each increase/decrease of 10ºC points, the 
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furnace will be held at this point around 5mins to stabilize the temperature and FBG 

response. The FBG temperature-wavelength calibration result is shown in Fig. 4.4. 

From this figure, it can be observed that both the calibration curves show good linearity 

and sensitivity and agree with each other. A sensitivity of 9pm/ºC is founded for both 

increase/decrease temperatures. From these sensitivities data, a temperature response of 

gratings can be obtained by capturing the wavelength shift information when the FBG is 

used in the thermal environment.  

 

 

Fig. 4.4: FBG temperature-wavelength calibration figure. 

 

4.1.2.3 Experiment procedures and setup 

 Prior to pouring the cement paste into the mould the fiber is fastened on a steel wire 

to avoid the effect of micro-bending and the sensing tip is inserted into a glass tube to 

protect it and avoid the effect of strain. The glass tube has the inner and outer diameter 

of 200um and 250um, respectively. The glass tube fastens in the steel wire also. The 

steel wire is inserted parallel through the centre of the mould as shown in Fig. 4.5 (b). 

The size of the mould is 75×75×200 mm and a plastic sheet is used to cover the mould 
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to prevent water evaporation after the pouring of the cement. The cement used is GP 

Portland cement compliant with AS3972. The specimen of cement paste (Fig. 4.5(c)) 

has the mix proportion by volume of 800 ml, 500ml, and 275 ml for the cement, sand 

and water, respectively. They are mixed in a container for 2 minutes and poured into the 

mould slowly to prevent bending of the steel wire. The mould was vibrated for 15 

seconds by hand and data recording/monitoring system was started immediately (Okabe, 

2002). During the experiment, the room temperature was kept at 25 °C. The experiment 

setup is shown in Fig. 4.5(c). In this figure, the broadband light is emitted from an ASE 

source, passed through an optical circulator and then reached the FBG sensing element. 

Part of light is reflected by the grating to form a resonance peak. This resonance peak is 

feedback and channelled by the optical circulator again and detected, recorded by an 

OSA. 

 

 

Fig. 4.5: Experiment preparation and setup of FBG monitoring approach.  

 

4.1.3 Results and discussion  

 The measured early-age curing temperature of the cement paste at the first 19 h 
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after casting is shown in Fig. 4.6. This figure is plotted based on the Eq. (4.3), where the 

wavelength shift data are recorded by the OSA. In this figure, the temperature of the air 

is recorded before the specimen is poured into the mould. The starting point in this 

figure is 25ºC which is the temperature of the surrounding air. From the figure, it can be 

observed that the temperature of cement paste increases immediately after the cement 

paste is poured into the mould which is due to the absorption of water during the 

hydration of cement. Hence, the starting point can be referred to as the initial setting 

time of the specimen. Furthermore, the hydration of cement is an exothermic reaction 

which releases heat and resulting in the increase of the temperature of the specimen. 

The increment of the temperature is observed and reaches its peak at about 5 h. This 

time is treated as the final setting time of the specimen. After that, the increases in 

temperature of cement paste slow down and became almost stable at time of 19 h. 

 

 

Fig. 4.6: Experiment result of FBG as sensing element. 
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4.2  Hydration process monitoring by using TPFS 

4.2.1 Experimental works  

4.2.1.1 Sensor probe 

 Many of TPFS probes were fabricated by using the approach described in previous 

chapter. The tapered optical fibers with a tapered length of 5.0 cm and diameter of 

480µm were used in this study. 

 

4.2.1.2 Cement Paste Mixture 

Before pouring the cement paste into the mould a tapered fiber and a type T 

thermocouple were fastened on a steel wire where the steel wire was inserted parallel 

through the centre of mould. The head of the thermocouple was located at the centre 

position but not touching the tapered fiber in order to ensure that the same ambient 

temperature is surrounding both sensors. Moulds with sizes of 7.5×7.5×20 cm and 

2.5×2.5×20 cm were used to contain the mixed cement paste and a plastic sheet covered 

the mould to prevent vaporization of water. The room temperature was kept at 25 °C. 

The mixture materials, cement, sand and water, etc. were stored at room temperature of 

25 °C for 1 day. Before mixing with water and super plasticiser, all of other elements 

were mixed together in a drum mixer for about 20 min. Then, the water and super 

plasticiser were added into the drum mixer for 2 minutes and poured into the mould 

slowly to prevent bending of the steel wire. The mould was vibrated for 15 seconds by 

hand and the data recording/monitoring system was started immediately. The mixed 

cement paste with a mixture proportion is shown in Table 4.1. Three w/c ratios, 0.4, 0.5 
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and 0.6 were prepared by using the above method. 

 

Table 4.1: The mixture of cementitious materials.  

Materials w/c=0.4 w/c=0.5 w/c=0.6 

OPC (kg) 1.98 1.98 1.98 

Water (kg) 0.792 0.990 1.188 

Superplasticiser3% (l) 0.07 0.07 0.07 

Silica Fume (kg) 0.20 0.20 0.20 

Sand (kg) 2.54 2.54 2.54 

 

4.2.1.3 TPFS calibration  

 The measurement of the early-age curing temperature of the cement paste for the 

first 24 hours after casting is shown in Fig. 4.7 (a). The temperature of the air was 

recorded before the specimen was poured into the mould. Fig. 4.7 (a) shows that the 

normalized output power suddenly decreased from 1mV to 0.528mV when the specimen 

was poured into the mould. This is because the sensor was initially surrounded by air then 

changed to the cement paste, which has different refractive indices. This caused the 

change of output power. The measurement results of thermocouple also presented for the 

purpose of comparison and calibration with the TPFS. As shown in Fig. 4.7 (a), the 

curves of the thermocouple and TPFSs agree well with each other, if flips down the curve 

of thermocouple. Thus, the curve of TPFS can precisely indicate the early-age curing 

temperature change as the curing progresses. 
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Fig. 4.7: The experiment results of thermocouple and TPFS (w/c=0.5). 

 

A closer comparison is shown in Fig. 4.7(b), in which the data are presented for the 

thermocouple and TFS over a time period of 0 to 1.54 h. As shown in Fig. 4.7(b), the 

curves of the thermocouple and proposed sensor agree well with each other if one flips 

down the curve of the thermocouple. From Fig. 4.7(b), it is easy to calibrate the 

temperature sensitivity of the TFS, which is shown in Fig. 4.7(c). From Fig. 4.7(c), it 

can be seen that the TFS has a temperature sensitivity of 0.0293 mV/°C, and the 
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coefficient of determination, R2, is 0.9867. This coefficient indicates that the two curves 

in Fig. 4.7(b) closely overlap. Thus, the curve of TFS can precisely indicate the 

early-age curing temperature change as the curing progresses. The resolutions are 

determined when the sensor system has a measurement sensitivity of 10μV, which is 

±0.34 ºC. The higher resolution of TPFS is obtained from the sensor with higher 

sensitivity. In the sensor system, the stability of sensor is strongly dominated by the 

stability of laser source which has the long-term power drift ±2% per hours. 

From the curve of TPFS in Fig. 4.7(a), it can be observed that the temperature of 

cement paste increases from initial normalized output power of 0.528mV (25ºC) to a 

recorded minimum value of normalized output power of 0.291mV (33.1ºC) after the 

first 1.54h and increases immediately from there due to the absorption of water during 

the hydration of cement. Hence, the starting point can be referred to as the initial setting 

time of the specimen. Furthermore, the hydration of the cement is an exothermic 

reaction, which releases heat and results in the increase of the temperature of the 

specimen. The increment of the temperature is observed and reaches its peak after about 

1.54 hours. This time is treated as the final setting time of the specimen (Neville, 1987). 

After that, the increases in the temperature of the cement paste slow down and became 

almost stable at 10 hours. 

 

4.2.2 Results and Discussions 

4.2.2.1 Effect of Specimen Size 

The curing temperature curves for the first 24 h of hydration are shown in Fig. 4.8 for 

the mould size of 7.5×7.5×20 cm
3
 and 2.5×2.5×20 cm

3
, respectively. From Fig. 4.8, it can 
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be seen that the curing temperature rises with increasing size of the mould. The dip 

positions (at y-axis) are 0.291mV and 0.369 mV which corresponds to the curing 

temperatures of 33.1 °C and 30.9 °C for mould sizes of 7.5×7.5×20 cm
3
 and 2.5×2.5×20 

cm
3
, respectively. It is also observed that the dip position (at x-axis) progresses earlier for 

smaller sample size (at 1.14 h) than that of for bigger sample size (at 1.54 h). It suggests 

that the setting time of specimen is strongly affected by the size of specimen. The bigger 

size of specimen processes the longer time for setting the cement. This observation 

suggests that a proper specimen size should be selected for different curing purposes, 

such as the expected strength of cured cement. 

 

Fig. 4.8: The experimental results of the hydration process of cement paste with 

various specimen sizes (w/c=0.5). 

 

4.2.2.2 Effect of Various w/c Ratios 

Three w/c ratios, 0.4, 0.5 and 0.6 were used to investigate the early-age curing 

temperature of cement pastes and its results are shown in Fig. 4.9. In this figure, the 

difference between three curves clearly reflects that the curing temperature is strongly 
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affected by w/c ratio. The curing temperature rises with the increasing of w/c ratio. A 

bigger temperature rise is observed from the increasing of w/c ratio. The higher w/c ratio 

of cement paste has more volume of water and available microstructure space to hydrate 

the cement. It can turn a higher liberated heat (temperature) resulting a higher ultimate 

degree of hydration. From this figure, it can also be observed that the dip positions (at 

x-axis) of three curves are functions of change of w/c ratios. The higher w/c ratio of 

cement paste needs longer time to process the hydration. Therefore, the setting time of 

cement paste can be shortened by decreasing the w/c ratio. 

 

 

Fig. 4.9: The experimental results of the hydration process of cement paste with 

various w/c ratios. 

 

4.2.2.3 Effect of Different Ambient Temperatures 

 The results in Fig. 4.10 show the curing temperatures are influenced by three 

different ambient temperatures of 20°C, 25°C and 30°C, respectively. From this figure, 

it can be seen that the curing temperature is affected by the ambient temperatures. The 
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three curves indicate that the peak temperature (dip position at y-axis) is decreased by 

reducing the ambient temperature. The dip position (at x-axis) is delayed by the 

decreasing of ambient temperature. From this figure, it also can be seen that the 

hydration of cement is accelerated at early age under high ambient temperature but 

decelerated later on. Under high ambient temperature, the initial hydration forms a layer 

of coating on the surface of the cement specimen, which delays the process of hydration. 

The increasing of ambient temperature makes a thicker layer of coating. Under lower 

ambient temperature, the hydration of cement specimen is generally higher than under 

higher temperature (Ghosh, 2003). Thus, at early-age, the curing temperature is higher 

under higher ambient temperature. However, a longer time is gained under lower 

temperature for setting the cement paste. 

 
Fig. 4.10: The experimental results of the hydration process of cement paste with 

different ambient temperatures (w/c=0.5). 

 

4.3 Summary 

 In this chapter, a FBG is used to study the hydration process of cement paste as a 
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comparative purpose. The fabricated and calibrated FBG was embedded into the cement 

material to detect the curing temperature of cement paste. Compared with FBG, 

however, a much cheaper and easier installation fiber sensor, namely, TPFS is employed 

to monitor the early-age hydration process of cement paste. The TPFSs were fabricated 

from tapering a cheap step-index multimode plastic optical fiber. The TPFS with 

stripped length of 5.0 cm and diameter of 480µm are used for all experimental. The 

sensitivity of 0.0293mV/ºC, resolutions of ±0.34 ºC and the stability of ±2% per hours 

are found and calibrated with an embedded thermocouple. The hydration process of 

cement paste was studied from influence of different sample sizes, w/c ratios, and 

ambient temperatures. The experimental results showed that the curing temperature 

rises with increasing size of the mould, decreasing of w/c ratio, and increasing ambient 

temperature. The setting time is shortened by smaller size of specimen, lower w/c ratio, 

as well as higher ambient temperature. The experiment results indicate that the proposed 

TPFS has the ability to monitor the curing temperature in order to find the setting time 

of the cement paste.  
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CHAPTER 5 

 

 VIBRATION AND CRACK DETECTION USING TAPERED 

PLASTIC FIBER SENSORS 

 

5.1 Introduction  

In this chapter, the TPFSs are used to study the vibration and crack detection in 

concrete beams (CB). The crack detection principle using the embedded tapered plastic 

fiber sensors (ETPFSs) is described by employing the V-number theory. The 

accelerometers, ETPFSs, and surface-mounted TPFSs are mounted on the full-scale 

reinforced CB to study the ability for vibration detection. The vibration was monitored 

before and after crack occurrence to predict the structural conditions of the CB. A 

four-point loading test was applied for several samples to evaluate their ability to 

monitor the crack and beam deflection. For crack detection, the scale-model CBs and 

full-scale reinforced CBs are used, in which the TPFSs were embedded. In addition, 

some TPFSs were mounted on the surface of the CBs in order to explore the sensor 

performance affected by the sensor installation approaches between the embedded 

sensors and the surface-mounted sensors. The linear variable differential transformer 

(LVDT) sensors and strain gauges were employed to detect the deflection and strain of 

the CBs when the CBs were being load-tested. 

 

5.2 Crack detection principle of embedded TPFS 
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The configuration of the embedded TPFS for the experiments on crack detection is 

similar to the configuration as shown in Fig. 3.1 for the hydration process monitoring. 

After the CB had been cured for 28 days, the tapered fiber was embedded inside a 

relative stable environmental, with the exception of the change of ambient temperature 

and humidity. Humidity effects can be ignored as described before in section 3.2.2.1. In 

a laboratory environment, the embedded tapered fiber sensor can then be used to detect 

the strain and crack of a loaded beam if there is no change of ambient temperature. For a 

loaded CB, the properties of embedded POF involve two separate parameters—namely, 

photoelastic effect and mechanical effect. The photoelastic effect induces the change of 

refractive index in fiber core, and the deflection of POF is considered the effect of 

mechanical property (Kiesel et al., 2007). 

Accordingly, a V-number theory is employed to analyse the crack detection 

principle of the embedded TPFS, which is based on the effects as described above. V 

number is a parameter to describe the number of propagation modes guided by the 

optical fiber, which is defined by Snyder and Love (1983). 

 

   
2 22
co aq

r
V n n




                                                  (5.1) 

where r is the fiber radius, λ is the transmitted light wavelength, nco is the refractive 

index of the fiber core, and naq is the refractive index of the surrounding medium.  

As shown in Fig. 3.1, the number of transmission modes is determined by the 

tapered fiber radius r0, the refractive index of the fiber core nco, and cement paste naq, 

respectively. It is assumed that the refractive index change of concrete induced by the 

loading stress can be ignored. It is reasonable to make this assumption because a small 
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change in the refractive index of the concrete can only perturb the higher-order modes 

in the modes guided by TPFS, in which the energy carried by the higher-order modes is 

much less than that of the lower-order modes. In the absence of external loading, the 

guided modes of the embedded tapered fiber is governed by 

 

2 2

( )

2
e co aq

r
V n n






                                               (5.2) 

where ( )co co f cn n C S    , nco(ε) is the refractive index of the embedded fiber, rɛ is 

the fiber radius of the embedded fiber, Cf is the stress optic coefficient of the fiber core, 

cS E    is the stress applied to the embedded fiber, ε is the strain of the embedded 

fiber, E = 0.1 × 10
10

 N/m
2
 is the Young’s modulus of POF.  

 

For a loaded CB, the guided modes can be classified under three cases according to the 

strain of the embedded fiber.  

 

Case 1, small strain on the POF, the loading force perturbs the refractive index of POF 

only,  

 

   

2 2

1 1( )

2
co aq

r
V n n






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                                ( 5 .3 )
 

where 1( ) ( )co co f fn n C S    , where f fS E   is the refractive index 

change of the fiber core induced by the strain f  applied on POF.  

 

Case 2, the large strain on the POF, caused the embedded fiber to bend  
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2 2

2 2( )
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r
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




                                          (5.4) 

where 2( ) 1( ) (1 )co co

e

x
n n

n
   , x is the bending radius,  

2

1( )

12 11 121 [ ( )]
2
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R
n

n
P P P






  

 , R is the bending radius, P11=0.30 and P12=0.297 are 

the components of the photoelastic tensor. 
2( )con 

is the refractive index of the bending 

fiber in which a conformal mapping technique is employed to transform the curved fiber 

to an equivalent straight fiber (Ulrich et al., 1980). For a bending fiber, a change occurs 

to the refractive index of the fiber upon bending due to the photoelastic effect. The inner 

half of the fiber stands a compressive stress towards the centre of the bend, and a tensile 

stress is applied along the outer half of the fiber.  

 

Case 3, the CB is cracked resulting in the reduction of fiber radius,  

2 2

3 2( )

2 r
co aq

r
V n n






                                          (5.5) 

where 
2(1 )rr r       is fiber radius reduced by the strain ε applied to the 

fiber (Kiesel et al., 2007).  =0.34 is the Poisson’s ratio for POF, α = -2.3 is the 

nonlinearity constant in the transverse elongation.  

From Eq. (5.5), it can be seen that the V number of TPFS is governed by the 

applied strain of the embedded fiber; it induced the change of the refractive index and 

the radius of the fiber. V number is a parameter that can be used to indicate the light 

intensity which is guided by the TPFS. As such, the transmitted light intensity guided by 

the embedded TPFS can be modulated by the applied strain and thus its capability for 

crack detection. 
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5.3 Experimental materials and methods 

The materials and procedure for crack detection are similar to the materials and 

procedure for the cement paste hydration studies. A brief description follows. A more 

detailed account has been presented in previous chapters. In this chapter, two types of 

CBs are prepared—namely, scale-model CBs and full-scale reinforced CBs. The loading 

test is performed on the scale-model CBs and full-scale reinforced CBs. The vibration 

detection is studied on the full-scale reinforced CBs.  

 

5.3.1 Specimen preparation  

5.3.1.1 Scale-model concrete beam specimen 

A TPFS was embedded together with a type T thermocouple and a strain gauge for 

calibration purposes. All of these elements were fastened to a steel wire, which was 

inserted parallel to the centre of the mould. Three sensing elements were carefully 

aligned to make sure there is no contact with each other and the head of the 

thermocouple and the strain gauge were located at the centre position of TPFS region to 

ensure the same condition for all elements. The mould (with size 100 × 100 × 500 mm) 

was used to contain the mixed cement paste, and a plastic sheet was covered on the 

mould to prevent the evaporation of water. To ensure the accuracy of the experiment, all 

of the experimental material preparations were carried out at a room temperature of 

25°C. The OPC, silica fume, and sand were mixed together by a drum mixer for about 

20 minutes. Then, water and a superplasticiser were added into the drum mixer for 2 

minutes and poured into the mould slowly to prevent the bending of the steel wire. The 
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mould was vibrated for 15 seconds by hand, and the data recording/monitoring system 

for curing the temperature measurement was started simultaneously. The used mixture 

cementitious materials are shown in Table 5.1.  

The curing temperatures and curing strains were monitored for the first 24 hours 

after the cement paste was cast. The moulds were removed after 3 days of casting. After 

that, the beams were stored at a room temperature of 25°C for more than 28 days. A 

total of six scale models of CBs were cast by using two grades of cement, 35 and 40, 

respectively. 

 

Table 5.1: The mixture of cementitious materials for scale-model CBs 

Materials OPC 

(kg) 

Water 

(kg) 

Superplasticiser 

3% (l) 

Silica Fume 

(kg) 

Sand 

(kg) 

w/c=0.5 1.98 0.99 0.07 0.20 2.54 

 

5.3.1.2 Full-scale reinforced concrete beam specimen 

Two reinforced CBs with dimensions of 150 mm × 250 mm × 2300 mm were 

prepared using standard procedures. The details of the mix proportion of these beams 

are shown in Table 5.2. The cement grade of 30 was used in this experiment. 

 

Table 5.2: The mixture of cementitious materials for full-scale reinforced CBs 

Materials 

per m
3
 

OPC 

(kg) 

Water 

(kg) 

Coarse aggregate 

(kg) 

Sand 

(kg) 

w/c=0.67 317 208 735 1140 

The configuration of reinforced CB was photographed and shown in Fig. 5.1(a). 
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Concrete strengths of 35 MPa and 40 MPa were cured for two reinforced CBs, 

respectively. Fig. 5.1 (b) shows that the full-scale reinforced CBs consist of the 

deformed bars with a diameter of 10 mm, plain bars with a diameter of 8 mm, and steel 

stirrups with a diameter of 6 mm.  

Two TPFSs were embedded into a CB. The location of the embedded TPFS is 

shown in Fig. 5.1 (c). As shown in this figure, one of TPFSs is fastened with a 

thermocouple and a strain gauge on a reinforced bar, which is located at the centre of 

the CB. These elements are located as close as but not touching each other so as to 

avoid any interference. One TPFS was mounted on the top surface of the CB, which 

withstands a different strain with that of the embedded TPFS in the centre of the CB. 

Furthermore, an LVDT sensor system is mounted on the bottom surface of the CB to 

detect the deflection.  
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(a) Photograph of reinforcement for full-scale reinforced CB. 

 

(b) Layout of reinforcements. 

 

 

(c) Cross-section view of reinforcements and ETPFSs. 

 

Fig. 5.1: The reinforcement configuration of the full-scale reinforced CB. 
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5.3.2 Experimental setup  

5.3.2.1 Casting monitoring system 

The experimental setup of hydration process monitoring is shown in Fig. 5.2. In 

this figure, a DC power supply is used to drive a light-emitting diode (LED) (red light, 

centred at 660 nm), which is acting as the light sources. The TPFS, thermocouple, and 

strain gauge are placed in the centre of the mould. High-speed photologic detectors are 

employed to detect the received light intensity and convert it as voltage signals. A 

TDS-530 data logger is used to collect the signals of the thermocouple, strain gauge, 

and TPFSs. The TDS-530 data acquisition system is set at 640mV detection range. The 

data logger is also set for acquisition of one point at a one-second interval. 

 

 

Fig. 5.2: Experiment setup of hydration process monitoring. 
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5.3.2.2 TPFSs for vibration and loading test monitoring system 

The TPFSs system for vibration and loading test monitoring is shown in Fig. 5.3. In 

this system, many TPFSs are multiplexing into one system. A power supply with an 

output voltage of ~1.9 V is used to drive the LEDs. A circuit is designed to control the 

output of power supply. This control circuit is functioned to maintain the output voltage 

as close to 1.9 V. A long-term drift study indicates that the power supply has a very good 

stability, which is ±1%. The LEDs derived by this power supply show an excellent 

stability for output light intensity. The light passes through the TPFSs and is collected 

by photodetectors. The photodetector converts the light signal into a voltage. Then the 

voltage signals are received by an integrated measurement control instrumentation (IMC) 

data logger. In this system, all of the TPFSs are synchronized to detect the vibration and 

cracks on a full-scale reinforced CB.  

 

 

Fig. 5.3: Experiment setup for vibration and loading test using TPFSs systems. 
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5.3.2.3 Vibration monitoring system  

The configuration of a vibration monitoring system is shown in Fig. 5.4. A 3.1 

MHz function generator and an amplifier are employed to drive the shaker to produce 

vibration information. The function generator has a frequency range of 1–100 Hz. As 

shown in this figure, a total of six Kistler accelerometers are used as reference devices. 

Five of them are attached to the upper surface of the CB, one of them and a TPFS are 

mounted on the surface of the shaker as a reference input. Five TPFSs are mounted on 

the side surface of the CB and are located at the same position with that of the Kistler 

accelerometer. Each sensor is positioned at a distance of 425 mm apart. The sensors are 

attached to the CB to provide information of the vibration of the CB, while the mounted 

sensors on the shaker are used to provide reference information. Besides, two ETPFSs 

are employed to monitor the vibration of the CB as shown in Fig. 5.4 (b). An IMC data 

logger (Model D5335) is used to collect the signals of the Kistler accelerometers and 

TPFSs. The IMC data logger is set to acquire at 100 Hz. A system with this setting can 

provide a very high precision for vibration detection for both the Kistler accelerometers 

and the TPFSs. 
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(a) Layout of accelerometers TPFSs and ETPFSs installation. 

 

(b) Cross-section view of sensors installation. 

Fig. 5.4: Experimental setup of a vibration monitoring system.  

 

 

5.3.2.4 Loading test system 

In this study, a four-point bend loading test was applied to all the CBs. The loading 

test system is shown in Fig. 5.5 (a). Fig. 5.5 (b) shows the loading force applied to a 

scale-model CB. A minimum loading force rate of 0.02 kN/sec was used for all 

scale-model CBs. The loading is controlled by an Excute UCS-608 Meas data 

acquisition system. Experimental results found that the scale-model CBs have a load 

force range (crack occurred) of 14 kN to 17 kN, depending on the grade of the cements. 
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A CB cast by a higher-grade cement withstands a higher loading force. A single ETPFS 

is employed to detect the strain and crack of the scale-model CBs where an embedded 

strain gauge and a surface-mounted strain gauge are used for comparative purposes.  

 

 

 

(a) Loading test for scale-model CB 

 

(b) Photograph of loading test for scale-model CB.  

Fig. 5.5: Four-point loading test system for scale-model CB. 

 

For a full-scale reinforced CB, the universal testing machine (UTM) Instron 8800 

was used for the loading test as shown in the photograph in Fig. 5.6 (a). The UTM has a 

minimum loading force of 0.01 kN; however, a loading rate of 2 kN/second is applied 

due to the higher strength of the reinforced CB. To fully monitor the health conditions 

of the full-scale reinforced CB, the LVDTs, strain gauge, and TPFSs are used in this 

study. The configurations of the sensors installation are shown in Fig. 5.6 (b). A TDS 
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530 data logger is used to collect all the data, including TPFSs, strain gauge, loading 

tester, LVDTs. The data logger is also set for an acquisition of one point at a one-second 

interval. 

 

 

(a) Photograph of loading test for full-scale reinforced CB. 

 

(b) The placements of the strain gauges, TPFSs, and LVDTs. 

 

(c) Cross-section view of the sensors installation. 

Fig.5.6: Four-point loading test system for full-scale reinforced CBs and sensors 

installation. 
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5.4 Experimental results and discussion  

5.4.1 Vibration monitoring  

5.4.1.1  Beam analysis 

A single-degree-freedom (SDOF) system is used to describe the vibration of the CB, 

in which the CB can be treated as a simply supported beam. The motion can be 

described by a single coordinate; the radian frequency depends on two system properties: 

mass and stiffness. The radian frequency of the SDOF system is given by  

 

2 4

( / )
n n

EI

m L
                                                   (5.6) 

where 57000 cE f   is the Young’s modulus of elasticity, fc is the concrete curing 

strength in the unit of psi, 
3

12

a b
I


  is the moment of inertia, a and b are the width 

and height of the CB, m is the total distributed mass of the CB, L is the effective length 

of the CB, βn is the boundary condition for different natural frequencies. For a simply 

supported beam, the boundary conditions are given by  

 

nL n                                                     (5.7) 

By employing the boundary condition, the natural frequency of the CB can be 

calculated by 

 

      
2

f



                                                           (5.8) 
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5.4.1.2 The study of vibration monitoring using TPFSs with different 

installation approaches 

In this experiment, the vibration responses were measured using surface-mounted 

TPFSs (SMTPFSs) (with different mounting methods) and ETPFSs. For SMTPFSs, the 

sensors were attached to the beam using two techniques, which are plastic tape and 

superglue. The two SMTPFSs on the surface of the CB were attached, located in the 

same horizontal position with that of the ETPFS. A vibration test was performed for the 

CB. The measurement data are shown in Fig. 5.7 (a)–(c). It can be observed that the 

signals in Fig. 5.7 (b) and (c) are much better than that in Fig. 5.7 (a). From this study, it 

can be concluded that the TPFS can be used to detect the vibration response of the CB, 

and the best performance is given by the ETPFS. For the cured CB without the 

embedded TPFS, the surface-mounted TPFS can also provide acceptable measurement 

results. 

Comparing figures 5.7 (a), (b), and (c), it can be observed that the ETPFS (c) 

managed to capture the vibration response of the beam. 
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Fig. 5.7: The vibration monitoring using TPFSs with different installation approaches. 

5.4.1.3 The study of the vibration monitoring using TPFSs with different taper 

diameters 

In this study, three TPFSs with diameters of 900 µm, 700 µm, and 480 µm were 

fabricated using the technique described earlier. Three TPFSs were surface-mounted on 

the CB, which were placed next to each other in the same horizontal position. Fig. 5.8 

(a), (b), and (c) show the detected vibration signals for the SMTPFS with diameters of 

480 µm, 700µm, and 900 µm, respectively. From this figure, it can be seen that the 

SMTPFS with a diameter of 480µm gives the best performance compared to the other 

two SMTPFSs. The figures also show that the SMTPFS with a diameter of 900µm has 

the worst performance. Hence, it can be concluded that the TPFS with a smaller 

diameter will give better performance for vibration detection.  

 

 

 

Fig. 5.8: The vibration motoring using TPFSs with different taper diameters (900 µm, 

700µm, and 480 µm). 

5.4.1.4 Vibration monitoring on the full-scale reinforced CB 
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In order to predict the structural condition of the CB, the vibration test was 

implemented first by employing the accelerometers, ETPFSs, and SMTPFSs. Then a 

loading force was continually applied to the CB until the crack occurred. During the 

loading test, the attached accelerometer was removed, and SMTPFSs were kept attached 

on the CB to detect its crack. The crack detection results are given in the following 

section. Then, a vibration test was performed again for the cracked CB, in which the 

accelerometers were installed again. Typical vibration responses monitored by the 

accelerometer and TPFS are shown in Fig. 5.9 and 5.10 for before crack and after crack 

occurred on the CB, respectively. 

 

(a) Kistler accelerometer              (b) ETPFS 

 

    (c) SMTPFS 

Fig. 5.9: Vibration detected before crack by using (a) Kistler accelerometer, (b) 

ETPFS, and (c) SMTPFS. 

 

 

In Fig. 5.9 and 5.10, it can be observed that both the TPFSs and the accelerometer 
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have the ability to indicate the vibration of the CB. The responses of TPFSs are constant 

with that of the accelerometer. Both of them can reflect the time for vibration start and 

stop precisely.  

 

 

(a) Kistler accelerometer                (b) ETPFS 

 

             (c) SMTPFS 

 

Fig. 5.10: Vibration detected after crack by using (a) Kistler accelerometer, (b) ETPFS, 

and (c) SMTPFS. 
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5.4.1.5 Results and discussion  

The vibration based on the accelerometer and TPFSs measurements are employed 

to establish the change in the modal frequencies of the CB. For a given structure, the 

damage detection methods based on modal frequencies are that any shifts in the natural 

frequencies indicate a change in its structure properties has taken place. The raw data 

detected by the accelerometers and TPFSs are stored, which are in time domain. In 

order to see its frequency responses, a low-pass Butterworth filter is applied to remove 

its high frequency parts, and then a fast Fourier transform (FFT) is performed on all of 

the data. In this study, a manual peak-picking technique is used to extract the natural 

frequencies of a structure. The peaks picking in the frequency spectra are based on the 

numerical results and the results recorded by the accelerometers. Further research is 

carried out to optimize the TPFS for vibration response in order to eliminate the noise 

signals, which are showing many small peaks in the spectra. By employing this 

technique, the raw data are transformed into the frequency domain, as shown in Figs. 

5.11 and 5.12, for accelerometers, ETPFS, and one surface-mounted TPFS only for 

observation. The results detected by other accelerometers and TPFSs are similar to the 

results presented here, and they are not shown in this chapter. 
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(a) Before crack: Acc3 

 

(b) Before crack: ETPFS 1 

 

(c) Before crack: SMTPFS 3 

Fig.5.11: Spectral density estimated from measurements using accelerometer, ETPFS, 

and SMTPFS. 
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Figs. 5.11 and 5.12 show the detected frequencies by the accelerometers and TPFSs 

for the CB before the loading test and after the crack occurred, respectively. The beam 

was excited by a shaker in the frequency range of 1~100 Hz with a sweep rate of 0.01 

Hz. By using this vibration range, some natural frequencies can be estimated and 

observed in Figs. 5.11 and 5.12. Both of them have several spectrum magnitude peaks, 

and each of these peaks appears the same trends and location. Compare the figures 

between the ETPFS in Fig. 5.11 (b) and the SMTPFS in Fig. 5.11 (c); it can observed 

that the trend of the SMTPFS is not as good as the ETPFS, which can only estimate two 

peaks. But this result is still acceptable considering the peak’s obvious stability. The 

correlation between the TPFS and the accelerometer for after cracked measurement in 

Fig. 5.12 is also similar to Fig. 5.11. Both the ETPFS and the TPFS can detect the CB’s 

vibration response comparing the corresponding with the accelerometer’s spectral 

density. However, the mode shape of the natural frequency is desired for analysis for 

future works.  

The spectral density estimated from the measurement results are summarized in 

Tables 5.3 and 5.4. These tables show that TPFSs have the ability to detect the natural 

frequencies of the CB since they have almost the same detected frequency values as that 

of the accelerometers. For a cracked CB, the natural frequency of the CB will have a 

certain decrease; this can also be observed by comparing Tables 5.3 and 5.4. It can be 

concluded that both the accelerometers and the TPFSs have the ability to monitor the 

frequency shift on the CB.  
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(a) After cracked: Acc 3 

 

(b) After cracked: ETPFS 1 

 

(c) After cracked: SMTPFS 3 

Fig.5.12: Spectral density estimated from measurements, ETPFSs, and SMTPFSs after 

crack occurred. 
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Table 5.3: Summary of estimated frequency contents before crack 

 

Estimated frequency contents before crack 

Acc 3  24.37 26.81 29.3 37.79 

ETPFS 1 24.37 26.81 29.3 38.04 

SMTPFS 3 24.41 25.59  -    -   

 

Table 5.4: Summary of estimated frequency contents after crack 

Estimated frequency contents after crack 

Acc 3  14.45 18.21 25.54 28.42 

ETPFS 1 14.26 18.31 25.54 28.52 

SMTPFS 3 14.26 18.31 25.29 28.52 

 

5.4.2 Crack detection 

5.4.2.1 Crack detection on the scale-model CBs 

The results of the four-point bending test for scale-model CBs are shown in Fig. 

5.13. When a loading force is applied on a CB, the beam exhibits a global deflection 

over its entire span region. In Fig. 5.13 (b), it can be seen that the beam deflection 

detected by an LVDT agreed well with the loading force history. The deflection of the 

beam is small when a 0.02 KN loading force is applied on it. This small deflection 

cannot perturb the propagation modes guided by the ETPFS. Hence, the ETPFS output 

is constant in such a loading force. The increase of loading force results in the rise of 

beam deflection, which will cause the increase of the bending radius of the ETPFS. 

ETPFS subjected to bending will induce higher propagation modes to become a leaky 
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mode which cannot be guided by the ETPFS. As such, in Fig. 5.13 (a), it can be 

observed that the light intensity of the ETPFS is decreased with the increase of the 

loading force applied. This remarkable result shows that the ETPFS has the ability to 

detect the axial strain and the crack initiation.  

 

(a) ETPFS response to the applied loading force. 

 

(b) The beam deflection detected by an LVDT. 

Fig. 5.13: An applied loading force on the scale-model CB, (a) ETPFS response to the 

applied loading force, (b) the beam deflection detected by an LVDT. 

 

 

From the theoretical analysis, it is found that the ETPFS can be employed to 

monitor the postcrack of the CB, in which the fiber diameter is reduced due to the 

mechanical effect. To test this ability, the loading force is increased continually. In Fig. 
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5.13 (a), it is evident that the ETPFS signal drops sharply when a peak loading force is 

applied on the CB. From this observation, it may be concluded that it was caused by the 

combination effects of photoelastic and mechanical deflection of the optical fiber. After 

reaching peak loading, a small step of loading force of 0.02 kN is continuously applied 

on the CB. The width of the crack is enlarged, which results in the diameter of the 

ETPFS being reduced continually. In Eq. (5.5), it can be observed that the reduction of 

fiber diameter will cause the decrease of the number of guided modes. Thus, a 

near-linear optical loss is observed in Fig. 5.12 (a).  

 

5.4.2.2 Crack detection on the full-scale reinforced CBs 

The results shown in Fig. 5.14 are the photomicrographs of the crack taken with a 

camera to determine the width of the crack that could be detected by the TPFSs. As 

shown in Figs. 5.15 and 5.16, the width of the crack is enlarged by increasing the 

loading force, which corresponds to the decrease of the output of the TPFSs.  
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Fig.5.14: Photomicrographs of the cracks with different widths. 

The structural condition of the full-scale reinforced CB is monitored by LVDTs for 

its deflection (Fig. 5.15 (a)), the strain gauge for its strain (Fig. 5.15 (b), and the TPFSs 

for its strain and crack (Fig. 5.15 (c)). In Fig. 5.15 (a), the curves of the LVDTs share 

the same trend with that of the loading force history. As known, the maximum 

deflection point occurred at the centre of the beam, and this value has become smaller 

with the point going closer to the support points. It is generally known as shown in Fig. 

5.15 (a): a maximum deflection of 10.5 mm for LVDT 3 and a minimum deflection of 

2.4 mm for LVDT 1. The minor different deflections between the LVDTs of 1 and 5, 2 

and 4 may be due to the difference of the curing strength, structural, applied loading 

positions or LVDT systems on those monitored points. The findings in Figs. 5.15 (b1) 

and (b2) show that the monitored strains of the beam agreed with the trend of the 

loading force. As shown in Fig. 5.15 (b2), the strain detected by the strain gauge 3 is 

negative, which means a compressive strain is formed. Two curves in this figure are not 
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consistent with each other. This is because of the large crack formed on the top surface 

of the CB where the strain gauge is attached. However, from this curve it still can be 

found that the maximum compressive strain of 2450 µε is detected by strain gauge 3. A 

maximum tensile strain of 846 µε is detected by strain gauge 2 as shown in Fig.5.15 

(b1). The maximum strains detected by three strain gauges are well reflected in the 

strain situations of the CB when a loading force is applied to it. This situation shows 

that the maximum strain occurred on the central top surface of the CB, and the next 

maximum strain happened on the central bottom surface of the CB, while the strain was 

decreasing with the detect point closing to the support point, if the loading force was 

applied to the central position of the CB. 

 

(a)                                   (b1) 

 

(b2)                                   (c) 

Fig. 5.15: The health monitoring of the full-scale reinforced CB during the loading test, 

(a) the beam deflection monitored by the LVDTs, (b) the beam strain 

monitored by the strain gauges, (c) the strains and cracks detected by the 

TPFSs. 
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Fig. 5.15 (c) shows the loading force trace and its corresponding TPFS responses. 

The initial cracks emerged on the CB when the loading force was beyond 16.3 kN. The 

beam deflection can be observed in Fig. 5.15 (c) where the normalized the TPFS output 

decreases with the increase of the loading force from 0.02 kN to 16.3 kN. Further 

increment at the loading force resulted in the output of the TPFSs’ sharp decreases. 

Then, almost-linear responses corresponding to the loading force were exhibited on the 

TPFSs. It is important to note that the response of TPFS 3 fluctuated after 53 minutes; 

however, this fluctuation is still following the trend of the loading force, as shown in Fig. 

5.15 (c). It is reasonable to expect this result because at this stage the TPFS is tightly 

attached to the CB and spanned through the crack. The crack width is varied with the 

change of loading force, which induces the loading force propagating into the TPFS 

immediately. However, such fluctuation is not observed in the other two TPFSs because 

the width of the crack at the bottom of the CB is large. The loading force cannot perturb 

the ETPFS immediately due to the small crack width at this stage. Furthermore, from 

the observation of TPFS 3, it is concluded that it is necessary to study its ability for 

postcrack detection, especially in the monitoring of the large width of the crack. 

 

5.4.2.3 Postcrack detection using different installation methods 

The installation method of TPFSs for postcrack detection is tested by attaching two 

TPFSs on the surface of the CB after the crack occurred. The configuration of the TPFS 

installation is shown in Fig. 5.16 (a). As shown in this figure, one TPFS (TPFS1) is 

installed on the bottom surface of the CB, and the other (TPFS2) is on the side surface 

of the CB. The installation positions of TPFSs predict that TPFS1 has a better crack 
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sensing ability than TPFS2 due to the fact the crack first occurred at the bottom of the 

CB if the loading force was applied on top of the CB. The TPFS responses with the 

loading force history are shown in Fig. 5.16 (b). In this figure, it can be observed that 

the outputs of the TPFSs decreased with the increase of the loading force at a range of 0 

to 20 kN, and then it dropped sharply when the loading force reached 20 kN. When the 

width of the crack is enlarged at such loading force, this sharp drops of the TPFS output 

may be caused by the reduction of the fiber diameter. The loading force continues to 

increase from 20 to 60 kN, whereas the output of TPFS1 is decreasing linearly. However, 

the output of TPFS2 seems not to function at this loading force range. It may be due to 

the fact that the crack line did not happen at the sensing region of TPFS2 on the CB 

surface. After that, the responses of the TPFSs reflect well the change of the loading 

force—i.e., the output of the TPFSs decreases with the increase of the loading force in 

the range of 60 kN to a maximum point of 108 kN. Correspondingly, the outputs of the 

two TPFSs agreed well in the whole loading force range—as such, a higher sensitivity 

can be observed for TPFS1 because TPFS1 has a sharper gradient in output. From this 

study, it is found that proper packaging of the TPFSs is necessary to avoid the loading 

force propagating onto the TPFS. Immediately for postcrack monitoring, the TPFS 

should be installed on the bottom surface of the CB for a great achievement in 

sensitivity. The proper packaging TPFS for crack detection will be investigated in a 

future study. 
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(a) 

 

(b) 

Fig. 5.16: Postcrack detection using TPFSs on full-scale reinforced CB 2, (a) TPFS 

installation, (b) TPFS responses with the loading force history. 

 

5.4.3 Sensor drift study 

The system drift was studied by employing the measurement system to detect the 

received light intensity, in which the light is passing through a POF without tapering. 

On top of this, the room temperature was also monitored by using a thermocouple. This 

study was performed for 48 hours, and a maximum drift of ~2% and 1.0ºC was found 

for light intensity and room temperature, respectively. On the other hand, the 

temperature drift can be obtained from Fig. 4.8. As shown in this figure, the initial 

temperature (start point) and final temperature (stable point) have almost the same value 

of 25°C, if compared at the curve of the thermocouple carefully. It is an indication that 
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the experimental works are under a very well-controlled ambient condition. However, 

these two points in the curve of the tapered fiber sensor do not agreed well; it differ by a 

value of 0.05mV/mV corresponding to a 1.8°C drift. This temperature drift may be 

caused by the effects described above.  

 

5.5 Summary 

In summary of this chapter, the TPFSs are employed to study the early-age 

hydration process of cement paste, the vibration monitoring, and the crack detection in 

CBs. An integrated monitoring system is built in which many TPFSs are multiplexing. 

The hydration process monitoring is described briefly since it was fully explored in 

previous chapters. A simple crack detection principle is given by employing the 

V-number theory. In the study of vibration detection, the responses of the TPFSs are 

calibrated by using the accelerometers. Three different installation methods of the 

TPFSs were studied, and the experimental results showed that the embedded TPFSs 

give the best performance. However, gluing the TPFSs on the surface of the CB also 

provides acceptable results. This study proves that the installation of the TPFSs is 

flexible for the structure. Three TPFSs with various tapering diameters were studied. 

The findings show that a smaller diameter of TPFS gives a better frequency response. 

Five accelerometers and seven TPFSs were used, and the results showed that the TPFS 

have the ability to detect the natural frequency of the CB. In addition, the natural 

frequencies shift, indicating the damage occurred on the CB also found by employing 

the accelerometers and TPFSs. The capability of the TPFSs for crack detection was 
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studied in the scale-model CBs and full reinforced CBs. The beam deflection was 

monitored by using the LVDTs, and the strain of the CB was detected by employing the 

electrical strain gauges. The results found that the TPFSs have the ability to detect the 

crack on the scale-model CB, deflecting the crack on the full-scale reinforced CBs. The 

installation of the TPFSs for postcrack monitoring was also studied, and the results 

showed that the bottom-surface installation provides a better sensitivity for the beam 

crack detection. The sensor drift study was carried in the last section. The characteristics 

of TPFSs make it an ideal alternative for the application of structural health monitoring 

in the civil engineering. 
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CHAPTER 6 

 

CONCLUSIONS AND FURTHER WORK  

 

6.1 Conclusions 

In this thesis, the performances of the TPFSs on the monitoring of the early-age 

hydration process in cement paste, detection of vibration, and crack in a concrete beam 

were assessed. Initially, the geometries of a TPFS are optimized theoretically from its 

taper ratio, taper length, and the incident ray launch angle. Then, the optimized TPFS is 

used to study the cement paste during early-age curing. It is influenced by various 

specimen sizes, water/cement ratios, and different ambient temperatures. Finally, several 

experiments were carried out using the optimized TPFSs in the detection of vibration 

and crack of the concrete beam. The conclusions can be derived from the work 

presented in this thesis. These conclusions are presented following the research 

objectives.  

1) Two TPFSs systems were validated for monitoring the hydration process of cement 

paste and detecting the vibration and crack in a concrete beam. First, the hydration 

process measurement system was proposed by using a He-Ne laser, a silicon 

photodetector, and a lock-in amplifier. An accuracy measurement and an autodata 

collection are achieved by using this system. This experimental setup is described in 

Chapter 3. The vibration and crack detection system was described in Chapter 5. A 

multiplexing TPFSs system is built by employing a DC power supply to drive the 
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LED (red light, centred at 660 nm), which is acting as the light sources. The 

high-speed photologic detectors are employed to detect the received light intensity 

and convert it as voltage signals. The voltage signals are collected by a TDS-530 for 

temperature and static strain monitoring, or by an IMC data logger (Model D5335) 

for vibration detection. 

2) A low-cost TPFS was fabricated and proposed to monitor the curing temperature of 

cement paste. Theoretically, a simple sensing principle of the TPFS is carried out 

based on the analysis for the modes of leaky ray which was perturbed by the 

surrounding temperature. Results of theoretical analysis show that the number of 

leaky ray modes increases with the increase of temperature. Furthermore, a 

mathematical model based on ray-tracing theory is employed to optimize the 

configuration of the TPFS, such as taper length, taper ratio, and launch angle of the 

initial ray. The numerical results show that the sensitivity of the proposed sensor is 

strongly governed by the strength of EW since the strength of the EW is mainly 

contributed by the power of the tunnelling ray. In the experiment works, two sets of 

sensor configurations were carried out, which included tapered fibers with stripped 

lengths of 2, 4, and 6 cm with a diameter of 480 µm and a stripped length of 6 cm 

with diameters of 240, 480, and 600 µm. Theoretical and experimental results agreed 

with each other, and it was found that higher temperature sensitivity of the TPFS can 

be achieved by combining a longer taper length and a lower taper ratio with the 

initial ray launch angle of 0.01 rad. The sensor characteristics were determined and 

calibrated by an embedded thermocouple. 
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3) The hydration process of cement paste is studied to determine its setting time by 

using the FBG and TPFSs where both were embedded into the host specimen 

respectively in Chapter 4. The FBG has a sensitivity of 9pm/ºC in both 

increase/decrease temperature in the temperature calibration range of 25ºC to 105ºC. 

The experimental results demonstrate that the FBG is a good alternative for the 

measurement of early-age curing temperature of cement paste.  

4) The optimized TPFSs are applied to study the cement paste early-age curing 

influenced by various specimen sizes, water/cement ratios, and different ambient 

temperatures. The hydration process of cement paste is predicted from the monitored 

information of temperature, experimentally. The experimental results showed that the 

curing temperature rises with the increasing size of the mould, decreasing of w/c 

ratio, and increasing ambient temperature. The setting time is shortened by a smaller 

size of the specimen, lower w/c ratio, and higher ambient temperature. The 

experimental results show that the proposed sensor has the ability to find the setting 

time of cement paste since the setting process is accompanied by the temperature 

change of cement paste. 

5) In chapter 5, vibration and crack monitoring are studied in the cured concrete beam 

by using the TPFSs. For vibration detection, three different installation methods of 

the TPFSs were studied, and the experimental results showed that the embedded 

TPFSs gave the best performance and that gluing the TPFSs on the surface of CB 

also provide acceptable results. The experimental results showed that the small 

diameter of the TPFS provides a good frequency response. The experimental results 

also demonstrated that the accelerometer and TPFSs have the ability to detect the 
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natural frequency of the CB. Besides, the natural frequencies shift, indicating the 

damage occurred on the CB is also proved by employing the accelerometers and 

TPFSs.  

6) In the study of crack detection using the TPFSs, the beam deflection was monitored 

by using the LVDTs, and the strain of the CB was detected by employing the 

electrical strain gauges. The experimental results found that the TPFSs have the 

ability to detection the crack on the scale model CB and deflection and the crack on 

the full-scale reinforced CBs. The installation methods of the TPFSs for postcrack 

detection are experimentally studied, finding that the bottom-surface installation 

provides a better sensitivity for the beam crack detection. The sensor drift study is 

carried out in the last section.  

 

6.2 Recommendation for further work 

The TPFS used in this work is fabricated by tapering the plastic optical fiber by 

stripping the cladding. This fabrication approach makes the fiber core exposure to the 

surrounding medium immediately. There are many advantages inherited by TPFSs, such 

as low cost and high performance, and the performance of this sensor is highly 

acceptable in the laboratory condition; therefore, applying this sensor in the field test is 

highly desired and has a greater potential to be discovered and improved. As such, 

future researches should be carried out by the following points and guidelines: 

1) To improve the fabrication method of the TPFS, such as tapering the optical fiber 

without stripping the cladding by using the flame-flush method.  

2) For the vibration detection, including the crack location and crack width, employing 

Univ
ers

ity
 of

 M
ala

ya



 

135 
 

the TPFSs is desired by monitoring the natural frequencies and mode shapes of a 

CB. 

3) Future research could carry out to improve the detection method of a transmission 

light signal, such as inscribing the FBG on the plastic optical fiber to discriminate 

the detected light intensity loss from the optical spectrum. 
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