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Abstract—Bridge structural decay is a prevalent problem 

around the world. Consequently, most structurally deficient 
bridges are characterized by unknown levels of damage, which 
impose high socio-economic risks to society. To address these 
concerns, this study is aimed at determining how to accurately 
sense the damage present in a bridge structure. Owing to the 
pitfalls of conventional sensing technologies and the complexities 
associated with civil structure instrumentation, the use of fibre 
optics sensors is found to be relevant for this study. While the 
employment of quasi distributed fibre Bragg grating strain 
sensors is not a relatively new concept, research is still necessary 
for their effective deployment in structural damage monitoring 
systems. A proof of concept for the developed sensing system is 
primarily simulated and thereafter demonstrated in the 
laboratory through a series of strain measurements tests 
conducted on a reinforced concrete slab. The experimental set-up 
consisted of a serial array of five wavelength division multiplexed 
fibre Bragg grating sensors, which were coupled with swept 
wavelength laser scanning technology. The experimental sensing 
resolution of less than 0.5 με was achieved.  Structural damage 
information was extracted from the measured multipoint flexural 
strains, using our developed macro-modal strain ratio cross 
correlation algorithm. Alternatively, to simulate our sensor 
system response, vibration field tests, and finite element analysis 
were conducted on the Beatrice Bridge in Zimbabwe. Therefore, 
this paper presents the simulation and experimental results of a 
simulated and designed structural damage sensing system, based 
on quasi-distributed fibre Bragg grating strain sensors. 
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I. INTRODUCTION 
tructural aging and deterioration of highway bridges are 
currently an acknowledged worldwide problem [1], [2]. 

Highway bridges are a critical integral component of the 
transportation network and there are vital for sustaining a 
nation’s socio-economic system. Nevertheless, numerous 
bridges around the world are structurally deficient. In South 
Africa 94% of the bridges in Johannesburg were classified as 
structurally deficient [2] and some of them are considered 
dangerous [3]. The severity of damage presented in most of 
these structures remains unknown and its late detection presents 
severe negative implications for the society. Thus, to address 
these concerns, this study, is dedicated to the development of an 
optical fibre sensor, which accurately senses structural damage. 
 
Optical fibre sensors (OFS) have great potential in monitoring 
physical parameters for measuring long-term structural 
behaviour such as creep, temperature effects, corrosion, 
fatigue, cracking, and other anomalies [4]. Motivated by the 
need to develop safer structures, numerous researchers have 
devoted attention to develop bridge integrity monitoring 
system based on OFS. The earliest important milestone for 
bridge instrumentation using the fibre Bragg grating (FBG) 
was demonstrated on the Beddington Trail Bridge in Canada 
in 1995 [4]. In preceding years, several structures were also 
instrumented using different OFS and these include the 
Dresden Bridge in Germany 1996, Tsing Ma Bridge in China 
2003, Leizeira Bridge in Portugal 2007, Minneapolis Bridge I-
35W in USA 2007, Kawane Bridge in Japan 2010, and 
Shenyang Boguan Bridge in China 2017 [5]. Reviewing the 
past literature, it can be noted that of all the OFS schemes, the 
quasi-distributed FBG sensing has been dominantly employed 
as a technique for bridge sensing. The popularity of this 
sensing approach is attributed to the exceptional sensing 
qualities of the FBG sensor, which are widely reported in 
literature [6]. Nevertheless, these sensors face inherent 
limitations and were criticized [7], for only sensing parameters 
at the point of their placement. Despite this limitation being 
acknowledged, it is not well researched. In addition, most 
literature studies concentrate on presenting the sensing 
capabilities of the FBG sensors only, and do not provide an 
effective methodology for extracting the damage information 
from the sensed parameters.   
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Fig. 1. Quasi-distributed strain sensing system on a model beam. 

In this paper, the analytical modelling, simulation and 
experimental test of a structural damage sensing system based 
on fibre Bragg grating strain sensors are presented. The 
designed sensing system comprised of a serial array of five 
wavelength division multiplexed (WDM) FBG strain sensors, 
coupled to a swept wavelength laser scanning system. The strain 
measurand is collected on a reinforced concrete slab at the 
University of Johannesburg (UJ). To test the feasibility of the 
system, the system is simulated using the vibrational data 
collected from the Beatrice Bridge in Zimbabwe. Finite element 
analysis (FEM), reference sensor networks, and past literature 
were used to validate the findings. In this study, we practically 
demonstrate our improved macro modal strain ratio cross-
correlation algorithm, in extracting damage from the multi-point 
strain measurand acquired using FBG sensor system. The 
algorithm maps and interpolates damage information from 
structure locations, which have not been instrumented by FBG 
sensors.  The purpose of this study is to demonstrate the 
accurate sensing and effective extraction of a damage 
information using a quasi-distributed FBG sensor network.   

II. THEORY OF BRAGG GRATINGS 
A FBG is a waveguide, which consist of a spatial quasi-periodic 
modulation of the refractive index along the fibre length. Acting 
like a narrow wavelength filter, it has band pass in reflection 
and band pass in transmission. For simplicity, the FBG can be 
taken as a perturbation to the effective refractive index of the 
fibre core, which is expressed as: 
 

𝜂𝜂𝜂𝜂(𝑧𝑧𝑧𝑧) = 𝜂𝜂𝜂𝜂0 + 𝜂𝜂𝜂𝜂𝜂(𝑧𝑧𝑧𝑧) + 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝜂𝜂𝜂𝜂(𝑧𝑧𝑧𝑧) �
2𝜋𝜋𝜋𝜋
𝛬𝛬𝛬𝛬(𝑧𝑧𝑧𝑧) 𝑧𝑧𝑧𝑧 + 𝜙𝜙𝜙𝜙(𝑧𝑧𝑧𝑧)�                     (1) 

 
where 𝜂𝜂𝜂𝜂0 represents the unperturbed effective refractive index 
of the fibre and 𝜂𝜂𝜂𝜂𝜂(𝑧𝑧𝑧𝑧) describes change of the average refractive 
index.  Λ(𝑧𝑧𝑧𝑧) is the grating’s period at distance and 𝑧𝑧𝑧𝑧 is a 
function of the period. 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(𝑧𝑧𝑧𝑧) and 𝜙𝜙𝜙𝜙(𝑧𝑧𝑧𝑧) are the grating 
apodisation and chirp respectively, whereas 𝐺𝐺𝐺𝐺 represents the 
apodisation parameter. The grating planes create phase fronts 
that are perpendicular to the fibre’s longitudinal axis. When 
light propagates in the optical fibre, it interacts with each 
grating plane of the FBG. At each consecutive index variation, a 
small amount of the light is reflected successively and adds 
coherently at determined wavelengths, called Bragg 
wavelengths. The first order resonant condition for this 
phenomenon is given by [4]:  
 
𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 =  2𝜂𝜂𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒Λ                                                                                 (2) 
 
where 𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 represents the Bragg grating wavelength. Only 
wavelengths, which are very near the  𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 are back reflected by 
the grating inside the fibre core. The Coupled mode theorem 
can be used to deduce the reflective power  ℛ(𝜆𝜆𝜆𝜆), which is the 
proportion of light at a given wavelength reflected by a uniform 
FBG and thereby expressed as [7]: 
 

ℛ(𝜆𝜆𝜆𝜆) =  
�𝜅𝜅𝜅𝜅2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿)�

�𝜎𝜎𝜎𝜎2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿) + 𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿)�
                          (3) 

 
where 𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵 = √𝜅𝜅𝜅𝜅2 − 𝜎𝜎𝜎𝜎2. 𝐿𝐿𝐿𝐿 is the grating length. The dc and ac 
self-coupling coefficients are  𝜎𝜎𝜎𝜎 and 𝜅𝜅𝜅𝜅 respectively. The Bragg 
grating resonance wavelength depends on effective refractive 
index of the core and the grating periodicity, according to (2). 
Therefore, any perturbation that changes those quantities 
induces a shift in the relative position of  𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 . By tracking this 
shift, the perturbation is determined and the FBG sensing 
phenomenon is established. However, the Bragg grating 
wavelength shift is cross sensitive to both strain and temperature 
[6], hence the deconvolution of these parameters is necessary in 
sensing applications where only one perturbation is of interest. 
Consequently, straining the fibre causes stress within its lattice 
in both transverse and longitudinal directions. The wavelength 
shift due to strain is given by [7]: 
 

∆𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 = 𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 �1 −
𝑠𝑠𝑠𝑠2

2
[𝑝𝑝𝑝𝑝12 − 𝑣𝑣𝑣𝑣(𝑝𝑝𝑝𝑝11 − 𝑝𝑝𝑝𝑝12)]� 𝜀𝜀𝜀𝜀𝑧𝑧𝑧𝑧                       (4) 

 
where ∆𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 is the wavelength shift. 𝜀𝜀𝜀𝜀𝑧𝑧𝑧𝑧 is the applied strain 
along the fibre axis. 𝑝𝑝𝑝𝑝11 and 𝑝𝑝𝑝𝑝12 are the strain optic tensor 
components, and 𝑣𝑣𝑣𝑣 is the Poisson’s ratio. Strain is an 
indispensable structural integrity monitoring parameter as it 
accurately indicates the local structural response through 
direct measurement of the deformation intensity. Thus, the 
strain measurand is important for ascertaining structural 
damage. By definition, structural damage is considered to be 
the changes introduced to a system, which adversely affects its 
current or future performance [8]. Numerous damage 
identification philosophies presented in literature [9] assess 
structural characteristics, through modal analysis, dynamic 
flexibility measurements, matrix updating, wavelet transform, 
auto regression-basis, and natural frequency analysis.                   

III. NUMERICAL MODELLING APPROACH 
This study is dedicated to the development of a fibre optic 
sensor system, which can accurately detect structural damage 
on a bridge. The basic arrangement of the optical sensing 
system is depicted in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
The system presented in Fig. 1 consists of a broadband source 
coupled to an optical circulator and then to a serial array of five 
WDM FBG sensors. The purpose of the quasi-distributed 
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sensors is to sense multipoint static and dynamic strain 
measurand on a loaded structure. The model represents a typical 
RC beam found in bridges. The beam is a major load bearing 
component and carries loads applied perpendicularly to its 
longitudinal axis. Hence, it was targeted for integrity 
instrumentation. To aid analysis, the mechanical set is assumed 
to be structurally damaged having a crack at the vicinity of 
sensor 4. Assuming, that FBG sensors measuring both strains 
and temperature are attached on the bottom surface of the beam, 
the optical system response is presented in (6):    
           

ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆) = �� 
𝜅𝜅𝜅𝜅2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿)

𝜎𝜎𝜎𝜎2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿) + 𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿) � 𝑛𝑛𝑛𝑛        (5) 

𝑁𝑁𝑁𝑁

𝑛𝑛𝑛𝑛𝑛𝑛

 

 
where ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆) is the reflection spectrum from the 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡 local 
sensor and is the number of local sensors. When the quasi-
distributed  𝑁𝑁𝑁𝑁 sensor network does not have external 
perturbations, the optical signal becomes a superposition of all 
the reflected spectrums written as [10]: 
 

ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆) = �ℛ𝑛𝑛𝑛𝑛(𝜆𝜆𝜆𝜆)  =   ℛ1(𝜆𝜆𝜆𝜆)
𝑁𝑁𝑁𝑁

𝑛𝑛𝑛𝑛𝑛𝑛

+ ℛ2(𝜆𝜆𝜆𝜆) + ⋯ ℛ𝑁𝑁𝑁𝑁(𝜆𝜆𝜆𝜆)     (6)   

 
where ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆) is the optical signal that is detected by the 
interrogator. ℛ1(𝜆𝜆𝜆𝜆), ℛ2(𝜆𝜆𝜆𝜆) 𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 ℛ𝑁𝑁𝑁𝑁(𝜆𝜆𝜆𝜆) represents the 
reflective spectrums of all the FBG sensors in the channel. 
When the quasi-distributed sensor network has external 
perturbations, the gratings elongate and the spectrums shift in 
response to the measurand is theoretically represented as: 
 

ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆, 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) = �ℛ𝑛𝑛𝑛𝑛(𝜆𝜆𝜆𝜆 𝜆 𝐺𝐺𝐺𝐺𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛) =  ℛ1(𝜆𝜆𝜆𝜆 𝜆 𝐺𝐺𝐺𝐺𝜆𝜆𝜆𝜆1)
𝑁𝑁𝑁𝑁

𝑛𝑛𝑛𝑛𝑛𝑛
+ ℛ2(𝜆𝜆𝜆𝜆 𝜆 𝐺𝐺𝐺𝐺𝜆𝜆𝜆𝜆2)⋯ ℛ𝑁𝑁𝑁𝑁(𝜆𝜆𝜆𝜆 𝜆 𝐺𝐺𝐺𝐺𝜆𝜆𝜆𝜆𝑁𝑁𝑁𝑁)              (7) 

 
where ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆, 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) is the optical signal due to external 
perturbations and 𝐺𝐺𝐺𝐺𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛 is the Bragg wavelength shift. Sensor 
optimisation is necessary as the number of sensors on a channel 
is limited by the source bandwidth, the FBG sensing bandwidth 
and the interrogator speed. In the WDM configuration, each 
sensor has a distinct operation range and overlapping is not 
acceptable.  
 

A. Mechanical structure considerations 
The static and dynamic strain response of the structure can be 
determined using structural mechanics principles. By analyzing 
the structural response of the instrumented beam, the local strain 
measurand active on each sensor can be predicted. For this 
purpose, we employ the Euler-Bernoulli beam theorem, which 
is widely applied in practical structure analysis [11]. The 
description of the behaviour of a beam subjected to a time-
variant transverse load 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥, 𝑡𝑡𝑡𝑡), is defined as [12]:  
 

𝜕𝜕𝜕𝜕2

𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥2
�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑥𝑥𝑥𝑥)

𝜕𝜕𝜕𝜕2(𝑤𝑤𝑤𝑤, 𝑡𝑡𝑡𝑡)
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥2

� + 𝑚𝑚𝑚𝑚(𝑥𝑥𝑥𝑥)
𝜕𝜕𝜕𝜕(𝑤𝑤𝑤𝑤, 𝑡𝑡𝑡𝑡)
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

= 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥, 𝑡𝑡𝑡𝑡)                 (8) 

 
where 𝜕𝜕𝜕𝜕2(𝑤𝑤𝑤𝑤, 𝑡𝑡𝑡𝑡) 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2⁄  is the second derivative of transverse 
deflection 𝐸𝐸𝐸𝐸,𝐸𝐸𝐸𝐸(𝑥𝑥𝑥𝑥), and 𝑚𝑚𝑚𝑚(𝑥𝑥𝑥𝑥) are the Young modulus of 
elasticity, moment of inertia and mass respectively. Assuming 
that the simplified structure is uniform with constant 
parameters, the solution of the differential equation is 
𝑊𝑊𝑊𝑊(𝑥𝑥𝑥𝑥, 𝑡𝑡𝑡𝑡) being separable in the spatial variable 𝑥𝑥𝑥𝑥 and time 𝑡𝑡𝑡𝑡 
being expressed as [12]:  
 
𝑊𝑊𝑊𝑊(𝑥𝑥𝑥𝑥, 𝑡𝑡𝑡𝑡) = 𝑤𝑤𝑤𝑤(𝑥𝑥𝑥𝑥). 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)                                                                  (9)  
 
where 𝑤𝑤𝑤𝑤(𝑥𝑥𝑥𝑥) is the shape profile function and 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) represent the 
profile’s amplitude time variation. Using, the Euler-Bernoulli 
theorem, the shape profile and bending strain of the deformed 
beam can be determined. This is based on the concept that the 
internal energy of a beam is predominantly due to flexural stress 
and strain. The strain 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥) and transverse deflection  𝑤𝑤𝑤𝑤(𝑥𝑥𝑥𝑥) of a 
loaded beam have the well-known relation: 
 

𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥) = 𝑦𝑦𝑦𝑦
𝑎𝑎𝑎𝑎2𝑤𝑤𝑤𝑤(𝑥𝑥𝑥𝑥)
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2

 = 𝑦𝑦𝑦𝑦
𝑀𝑀𝑀𝑀(𝑥𝑥𝑥𝑥)
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

                                                   (10) 

 
where 𝑦𝑦𝑦𝑦 is the vertical deflection of the centroid axis of the 
beam and 𝑀𝑀𝑀𝑀(𝑥𝑥𝑥𝑥) is the bending moment relationship [11]. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is 
the beam stiffness and it determines the load bearing capacity of 
a structure. It is constant, along the axis of an undamaged 
uniform beam and anomalies indicate possible damage. 
 

B. Mode shape and strain analysis  
The main purpose of setting up a numerical model of the 
distributed sensing systems is to simulate measurements of 
strains, which are continuously monitored in bridges. As the 
strain distribution along the beam is of primary interest, 
theoretical strain mode shapes of different vibration modes of 
the beam are analysed through examining (9). From (9), we 
realize that the strain of the beam is proportional to the second 
derivative of that transverse deflection. The deflection in the 
beam can therefore be described as [13]:  
 

𝑤𝑤𝑤𝑤(𝑥𝑥𝑥𝑥) =  �Α𝑖𝑖𝑖𝑖𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖

                                                                  (11) 

 
where Α𝑖𝑖𝑖𝑖 is the excitation force that is dependant on vibration 
amplitude at mode 𝑠𝑠𝑠𝑠, and 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖 is the 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡 modal displacement 
mode shape. Assuming a simple supported structure, the 
displacement mode shape is [9]:  
 
𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥 𝑥 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥 + 𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖[−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠ℎ𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥]      (12) 
 
where  𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 =  (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿 𝐿 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿) (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠ℎ𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿)⁄   and 
for the first three modes, 𝛾𝛾𝛾𝛾𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿 = 4.73, 7.85 𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 10.99 (𝑠𝑠𝑠𝑠 =
1,2 𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 3) [14].  
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Considering the lowest structural resonances only, the 
transverse displacement equation becomes:    
 
𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥) = Α𝑖𝑖𝑖𝑖𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥)                                                                         (13) 
 
where 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 is the transverse displacement at mode 𝑖𝑖𝑖𝑖. Therefore, 
the strain mode shape is considered to be (15): Therefore, the 
strain distribution response along the beam axis can be sensed. 
The associated Bragg wavelength shift on an FBG sensor in the 
network is calculated using (6) and (11). It is presented as:  
 

Δ𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵 = 𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦(𝑥𝑥𝑥𝑥)
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(1 − 𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒) + 𝜆𝜆𝜆𝜆𝐵𝐵𝐵𝐵(𝛼𝛼𝛼𝛼 +  𝜁𝜁𝜁𝜁)                             (14) 
 
where 𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 is the strain optic coefficient. Effective determination 
of the response of each FBG strain sensor on the structure is 
conducted using modal analysis. From the mechanics 
perspective, the purpose of conducting modal analysis is to 
determine the dynamic properties (mode shapes and natural 
frequencies) of a structure under vibrational excitation. In 
general, modal analysis is performed through solving and 
analysing the Euler-Bernoulli beam equation under boundary 
conditions. For a continuous simply supported beam the simple 
solution form of the deflection modes is: 
 
𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥) = sin �

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑥𝑥𝑥𝑥
𝑙𝑙𝑙𝑙
�                                                                     (15) 

 
where 𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥)  is the deflection mode, 𝑙𝑙𝑙𝑙 is the beam length, and 𝑛𝑛𝑛𝑛 
is the mode number (where 𝑛𝑛𝑛𝑛 = 1, 2⋯). Subsequently, the 
beam’s natural frequency is presented as [12]: 
 

𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘 = 𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛2�
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌

                                                                               (16) 

 
where 𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘 is angular frequency at a deflection mode. 𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛2 is a 
constant which depends on the boundary conditions. 𝜌𝜌𝜌𝜌 is the 
density and 𝜌𝜌𝜌𝜌 is the cross-sectional area. In Section V, we apply 
these mode shapes and natural frequencies relations (18) to 
simulate the response of the FBG sensor network, attached on a 
structure, which is subjected to external excitation.  

IV. DAMAGE IDENTIFICATION AND ANALYSIS 
In this study, the detection, localization and analysis of damage 
was achieved using two main steps: i) Demodulation of the 
measured FBG sensor signals from wavelength domain to 
strain. ii) Signal processing of the strain signal using an 
algorithm to extract damage information. These steps are 
presented in the following subsections.  

A. Strain demodulation principle 
To evaluate the static and dynamic strain changes in the local 
sensor domain, we employed the Fast Phase Correlation (FPC) 
demodulation algorithm. The FPC has the capability of 
measuring rapidly and accurately the Bragg shifts of strain 
sensors under noisy dynamic loading [18]. It has proven success 

in literature [10]. The algorithm is based on the application of 
the fast Fourier transform on to the reflective spectrum of the 
FBG sensors as: 
 

ℛ𝑇𝑇𝑇𝑇(𝑣𝑣𝑣𝑣) =  
1

2𝑛𝑛𝑛𝑛
� ℛ𝑇𝑇𝑇𝑇(𝜆𝜆𝜆𝜆)𝑒𝑒𝑒𝑒−𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
∞

−∞
                                                  (17) 

 
where ℛ𝑇𝑇𝑇𝑇(𝑣𝑣𝑣𝑣) represents the reflective spectrum in frequency 
domain. ℛ𝑇𝑇𝑇𝑇(𝑣𝑣𝑣𝑣) is the reflective spectrum in wavelength 
domain. Substituting (6) into (23), the spectra 𝑅𝑅𝑅𝑅(𝑣𝑣𝑣𝑣) can be 
presented as: 
 

 𝑅𝑅𝑅𝑅(𝑣𝑣𝑣𝑣) =
1

2𝑛𝑛𝑛𝑛
� �� 

𝜅𝜅𝜅𝜅2𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿)
𝜎𝜎𝜎𝜎2𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿) + 𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿) � 𝑛𝑛𝑛𝑛

𝑁𝑁𝑁𝑁

𝑛𝑛𝑛𝑛𝑛𝑛

∞

−∞
 

 
(18) 

 
where 𝑅𝑅𝑅𝑅(𝑣𝑣𝑣𝑣) is the FFT of the resulting spectrum, which is the 
superposition of a set of triangle functions [10]. The FFT of (3) 
results in a triangle function as proved by [19]. A shift in the 
Bragg wavelength peak, due to a strain perturbation induces a 
change in the phase in the Fourier domain that can be tracked. 
In general,  the strain demodulation principle consists of the 
calibration and  measurement processes which include signal 
acquisition, filtering, separation of frequency components, 
comparison of the phase between spectrums, calculation of the 
median, and determination of the Bragg shift [20-21].  
  

B. Damage detection and localisation methodology 
Damage information was extracted from the multi-point FBG 
strain signal sensor, using our developed macro-modal strain 
ratio cross correlation algorithm (MMSRCC). Before, detailing 
the working principles of the MMSRCC, we elucidate its 
underlying background principles in the following sections. 
 

1) Modal-macro strain ratio (MMSR) algorithm 
The MMSR algorithm is useful for extracting damage 
information from multiple point strain data acquired with FBG 
sensors. Several researchers in literature [9], [15] proposed its 
use as a damage extraction algorithm. However, there are 
limited reports on the practical application of the MMSR 
algorithm on real civil structures. The algorithm is based on the 
principle that under certain loading configurations, the ratio of 
strains measured at two different locations (from a selected 
reference) along a beam is constant [5]. Hence, for two given 
FBG sensor points along a beam denoted by 𝑥𝑥𝑥𝑥1 and 𝑥𝑥𝑥𝑥2, the 
theoretical strain ratio (SR) between a damaged section and the 
undamaged reference section at the vibrational mode 𝑖𝑖𝑖𝑖 is [9]: 
 
𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖∗(𝑥𝑥𝑥𝑥1)
𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥2) =

𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖′′(𝑥𝑥𝑥𝑥1)
𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖′′(𝑥𝑥𝑥𝑥2) =

𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖′′(𝑥𝑥𝑥𝑥1)
𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖′′(𝑥𝑥𝑥𝑥2) =  

1
𝜓𝜓𝜓𝜓
𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖                                 (19) 

 
where 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖∗(𝑥𝑥𝑥𝑥1)   and 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖(𝑥𝑥𝑥𝑥2) are respectively the strains measured 
at a distance 𝑥𝑥𝑥𝑥1 and 𝑥𝑥𝑥𝑥2 from the same reference. 𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖∗(𝑥𝑥𝑥𝑥1) is the 
strain measurand at a damage location. 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖"(𝑥𝑥𝑥𝑥1) and 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖"(𝑥𝑥𝑥𝑥2) are 
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Fig. 2.   MMSRCC algorithm damage definitions index derived from 
both the damage indexes of the MMSR and CC algorithms  
 

 

the transverse displacement respectively. 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖"(𝑥𝑥𝑥𝑥1) and 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖"(𝑥𝑥𝑥𝑥2) are 
the transverse displacement mode shape respectively.  𝜓𝜓𝜓𝜓 is the 
ratio of the effective flexural rigidities at damaged and intact 
conditions. 𝜓𝜓𝜓𝜓 is unity for an undamaged state and ranges  0 ≤
𝜓𝜓𝜓𝜓 𝜓 1.  𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 is a constant whose value depends on the location of 
the measurements. According to (11), the strain vector is 
inversely proportional to the local stiffness constant of the 
instrumented beam. Thus, 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 relates to the stiffness constant and 
indicates the physical soundness of a beam. Local damage in a 
uniform beam results in the reduction of the stiffness at the 
vicinity of the damage. This phenomenon can be detected 
through identifying the anomalies in the strain ratio at a given 
resonant mode. The MMSR algorithm is self-referencing and 
does not require a baseline for an undamaged state. 
Nevertheless, their application weaknesses include restrictions 
in load configurations and susceptibility to strain transfer errors. 
 

2) Modal-macro frequency response algorithm 
The MMFR algorithm can be used to retrieve damage 
information from the dynamic strain measurand acquired using 
quasi-distributed FBG sensor. The MMFR can process dynamic 
strain data and is well suited for practical vibration tests. This 
algorithm relies on modal frequencies rather than modal strains. 
Many variant forms of this algorithm exist in literature [21]. It is 
based on the generic principle that under dynamic loading, the 
MMFR at any spatial location on healthy structure is the same. 
This implies that, the strain frequency signals from two separate 
quasi-distributed FBG sensors on the same beam structure 
would be equal. We describe this phenomenon by the relation: 
 
𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥1)
𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥2)  =  

1
𝜓𝜓𝜓𝜓
𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖                                                                       (20) 

 
where. 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 relates to the stiffness constant 𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥1) and 
𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥2)  are the modal frequencies at distances 𝑥𝑥𝑥𝑥1 and 𝑥𝑥𝑥𝑥2.    
 

3) Cross correlation algorithm 
In general, correlation can be described to be a measure of 
similarity between two signals. In literature [23], presented a 
variant Pearson cross correlation algorithm, as a useful analysis 
technique of extracting damage signature from the strain signal 
from FBG sensors. To detect structural damage, their technique 
relied on the principle of comparing the similarity in behavior of 
a measured strain signal to a baseline strain signal. A higher 
positive correlation indicates similar linear behaviour and a 
lower negative correlation infers dissimilar behaviour between 
signals. Though, their algorithm provides useful damage 
indices, it has an inherent weakness. The prerequisite 
requirement of a baseline signal of the undamaged state limits 
its practical use.   
 

4)   Modal-macro strain ratio cross correlation algorithm  
(MMSRCC) 

Our developed damage detection algorithm is a modification of 
the two separate algorithms (MMSR and CC). The basis for 
developing this algorithm is to ensure effective feature 
extraction and pattern recognition, while optimizing on the 

strengths of both the MMSR and CC. The macro-modal strain 
ratio cross correlation algorithm is a two-step analysis 
technique, which uses the measured modal strain ratios to map 
and predict the strain field pattern for an undamaged state of the 
structure. The initial step is the computation of the ratio of 
effective flexural rigidities 𝜓𝜓𝜓𝜓 at damaged and intact states of the 
structure. The ratio of the effective flexural rigidities at a 
specific point can be deduced using the previously presented 
relation in equation (19). Thus, the effective flexural rigidity 
ratio at the point will be given by: 
  

𝜓𝜓𝜓𝜓𝑖𝑖𝑖𝑖 =  𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 � 
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖

 ��  ̦                                                                           (22) 

where  𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 and 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 are the strain measurand collected from two 
FBG sensors at a specific distance from the same reference 
location. As previously elucidated 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 is the parameter which 
relates to the stiffness constant of structure at that location. 
Predicting the idealised strain distribution trend is then possible 
since the stiffness constant of a healthy structure must 
effectively be constant. The next step of the algorithm is to 
compare and analyse the linearity in the strain-distributed trends 
acquired from FBG sensors. Hence, the correlation behaviour 
𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖, of the strain measurand trends is assessed using the relation: 
 

𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 = �(𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑣𝑣𝑣)
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑦𝑦𝑦) ��(𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑣𝑣𝑣)2
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

�(𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑦𝑦𝑦)2
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

�

1
2

�  

(23) 
 
where 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 and 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 are the strain measurand from two FBG sensors 
and the strain trend means are 𝑣𝑣𝑣𝑣𝑣 = ∑ 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖   and  𝑦𝑦𝑦𝑦𝑦 = ∑ 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖  .n 

is the number of time observations. Damage indices 𝜁𝜁𝜁𝜁 values of 
the MMSRCC algorithm are generated through computing the 
dot product of the ratio of the effective flexural rigidities and 
strain sensor correlational data. We present the relation as: 
 
𝜁𝜁𝜁𝜁 = 𝜓𝜓𝜓𝜓𝑖𝑖𝑖𝑖 ∗ 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖                                                                                                                  (23) 
 
To illustrate the MMSRCC algorithm, we simulate using 
Matlab and present the damage index definitions in Fig. 2.   
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Fig. 3. Possible beam deflection modes due to applied load 
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Fig. 4.  Strain response of healthy and damaged beam states. 
 

Fig. 5.   FBG sensors response in wavelength domain 
 
 
 

From Fig, 2, we can observe that the damage index definitions 
of the MMSRCC algorithm spans as a dot product of the 
vectors -1 to 1 and 0 to 1. The wider damage index definitions 
are more accurate and take into account the stiffness changes 
as well as the linearity of strain trends acquired from multiple 
FBG sensors. These relations can be used to verify sensor 
performance during damage extraction.  

V. SENSING SYSTEM SIMULATION 
Having presented the fundamental modelling theory and the 
detection algorithm, we simulate the response of the designed 
quasi-distributed sensing system under constant thermal 
conditions. Both static and dynamic loading were tested. For the 
static test, a point transverse load of 530 N placed on top of the 
structure as illustrated in Fig. 1 was considered. The optical 
parameter specifications are presented in Table 1. 
 

TABLE I 
 FBG  PARAMETER SPECIFICATION 

Parameter  Magnitude  

Grating length 10 mm  
Refractive index amplitude 2.4e-3 
Bragg wavelength (FBG 1-5)  1.542:  0.002: 1.550) µm    
Full width half maximum   0.03 µm 

 
The material definitions used in the simulation are presented 
in Table 2 and were obtained from [11]. .     
                                                                  

TABLE II 
MATERIAL CHARACTERISTICS OF THE STRUCTURE 

 
Material Property  

 
Conversion   

Modulus of elasticity of concrete (Ec) 40.0 GPa 
Modulus of elasticity of steel (Es) 200.0 GPa 
Density of reinforced concrete (ρ) 2500 kgm3 

Poisson ratio (v) 0.15 
Moment of inertia (I) 1.87 x 10-3 kgm3 

 

A. System response to static strain  
The initial objective was to simulate the possible flexural mode 
shapes of the model beam when a static load is placed. The 
model beam dimension were 10 000 mm long, 350 mm deep 
and 300 mm wide. The instrumented beam deflection modes 
depicted in Fig. 3, were simulated using Matlab as a tool. The 
data in Table 2 and the response relationship given by (17) were 
used in the simulation process. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 presents the possible flexural mode shapes (mode 1-3) of 
the model, which are the respective deflection mode shapes the 
beam undergoes when subjected to transverse loading. The 
relative FBG sensor positions due to the modal displacements 
are indicated. The simulation results were limited to the three 
lowest resonance mode shapes as there are practically relevant. 
Thus, the flexural strain distribution response of the quasi-
distributed FBG sensors under deflection mode shape 1 can be 
generated. The realised distributed strain response across the 
model beam axis is illustrated in Fig. 4. 

 
 
 
Fig. 4 presents the simulated distributed static strain response 
trends of the instrumented beam. The trends identify both the 
flexural behaviour of a healthy uniform beam and a damaged 
uniform beam. The response trends are generated using the local 
strain measurand on each FBG sensor on the network. A 
maximum strain of 0.24 µm is realised on FBG 3 sensor.   
Existences of damage on a beam lead to abrupt changes and 
non-uniformity in local strain measurand in the damaged region. 
The loss of stiffness of the structure was optimum on the 
damage location and recedes as distance increases from the 
damaged region. The corresponding Bragg wavelength shifts of 
each FBG sensor were simulated and are illustrated in Fig. 5   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 presents the simulated Bragg wavelength shift of the 
attached gratings when static load is applied. The main 
assumption used in the simulation implied a maximum strain 
transfer from the beam to the attached gratings. As anticipated, 
the Bragg wavelength shifts of the loaded sensors were different 
and the maximum shift demodulated was 0.31 pm. Practical 
measurements of such small wavelength shifts requires the use 
of a high-resolute interrogator. The macro stain measurand are 
highly sensitive to damage [17].                                
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Fig. 6. Bragg wavelength shifts of FBG sensors in time domain 
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Fig. 7.  Frequency response of FBG sensors on beam. 

B. System response to dynamic strain  
In real bridge structures, the dynamic strain excitation is usually  
acquired from ambient sources such as traffic loading.                                                                                
In this section, we simulate the response of the quasi-distributed 
sensing under vibrational loading. In literature, the Lamberti’s 
dynamic strain function is used to simulate vibration for 
practical situations and it is presented as [18]:  

 
𝜖𝜖𝜖𝜖𝑧𝑧𝑧𝑧 = 𝐶𝐶𝐶𝐶0𝑧𝑧𝑧𝑧 + 𝐶𝐶𝐶𝐶1𝑧𝑧𝑧𝑧2 + 𝐶𝐶𝐶𝐶2 sin(2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋0𝑡𝑡𝑡𝑡)                                   (24) 
 
where 𝐶𝐶𝐶𝐶0,𝐶𝐶𝐶𝐶1, and 𝐶𝐶𝐶𝐶2 are constants. To account for the dynamic 
and non-uniform nature of strain, 𝐶𝐶𝐶𝐶2 sin(2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋0𝑡𝑡𝑡𝑡) introduces 
sinusoidal spectral shifting, 𝐶𝐶𝐶𝐶0𝑧𝑧𝑧𝑧 + 𝐶𝐶𝐶𝐶1𝑧𝑧𝑧𝑧2 produces spectral 
distortion. The sensing system response to dynamic strain can 
be generated using (11), (16), and (22). Fig. 6 illustrates the 
predicted Bragg wavelength shift response of the sensors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 identifies the Bragg wavelength shift response of each 
quasi-distributed sensor. Variances in the amplitudes of the 
Bragg wavelengths signals of the individual gratings are 
observed and there are attributed to the differences in the sensor 
spatial locations. Notably, there is no decay in the amplitude of 
the simulated wavelength signals with time, since an idealised 
structure was used. The wavelength shift responses of all the 
sensors in the network closely resemble the applied dynamic 
strain stimulus with high accuracy. This is expected, since, 
under thermal invariant conditions the Bragg wavelength shift is 
linearly proportional to the applied strain without hysteresis. 
Nevertheless, the time domain signal of these sensors do not 
fully reveal the damage information of the structure. For this 
purpose, a fast Fourier transform (FFT) is employed to process 
the time domain data. Fig. 7 presents the resulting Bragg 
wavelength shifts in frequency domain. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 identifies the frequency response of all the FBG sensors 
on the network. Notably, all sensors have the same frequency 
except for a frequency shift exhibited by sensor 4, which is near 
the cracked location. According to (18), the change in the modal 
frequency indicates loss of beam stiffness and shows possible 
damage. The presence of damage on the model cracked beam 
was had been modelled by assuming a 4% reduction of the 
beam stiffness. The assumption is not novel, as it was used in 
literature cases. Calculation of the vibration frequency of the 
beam at the sensor placement location had been conducted 
using the relation presented in (16). The strain transferred to the 
FBG sensors was modelled using the relation presented in (24) 
and the frequency deduced using the relation (16). It is evident, 
through computation the relation in (16), that a 4% reduction in 
the beam stiffness correspondingly results in just a 2% change 
in the structures resonance frequency of vibration. Damage 
detection through the measurement of frequency changes, is 
widely accepted in literature to be challenging due to the 
realized low frequency changes [9]. However, FBG sensors can 
adequately sense these small changes when coupled to an 
interrogator with high sampling frequency and high resolution. 
Furthermore, a quasi-distributed sensing system is self-
referencing in case of modal frequencies due to temperatures. 

VI. LABORATORY EXPERIMENTAL WORK 

A. Grating Inscription 
FBGs were inscribed in a step index photosensitive single mode 
fibre (SMF) using phase mask technique. A frequency doubled 
continuous wave Argon ion laser at 244 nm (100 mW) was used 
to irradiate photosensitive fibre through the phase mask. The 
grating inscription setup consisted of a laser source, a three-
directional translation stage, a super luminescent emitting diode 
(SLED), photosensitive SMF and a detection system. The 
grating was written at a uniform scanning speed of 0.37 mm/sec 
having length of 10 mm. The resolution of the optical spectrum 
analyzer (OSA) was set to 0.1 nm, 3 dB, and a wavelength 
range of 20 nm span. The phase mask set at 0-degree tilt angle, 
creates a near field interference pattern, which is transferred on 
to the fibre. The cleaved SMF is placed on a 3 dimensional 
translation stage at the interference of the two beams. Silicon 
coating was used to protect the bare gratings. The SLED 
illuminates light inside the SMF and the OSA was used as the 
detection system to monitor the grating’s reflectivity and 
characteristics during the inscription process.   
 

B. Experimental strain measurement tests: RC slab at 
University of Johannesburg (U.J) 
After the gratings were printed, static and dynamic strain 
sensing tests were conducted on the RC slab at U.J. The 
objective of the tests were to study the performance of FBG 
sensors in quantifying strains. The sectional view of the test 
structure and the optical setup used is presented in Fig. 8. The 
optical schematic comprises of a serial array of FBG sensors 
coupled to a continuous swept laser-scanning source. Light 
from the optical source (Bragg Monitor HBM FS22) is 
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Fig. 8.  Sectional view of RC slab and optical schematic set up 

 

Fig. 11. A. Slab model and restraints. B. Slab loading hypothesis 

 

 

     

 

Fig. 9. Partial front view of the instrumented slab at the U. J 

 

 
illuminated into an array of WDM FBG strain sensors depicted 
in Fig. 8.  

 
 
 
In addition, Fig. 8 depicts the mechanical structure of the test 
structure used in our laboratory experiment.  The RC slab at UJ 
was used as the test structure. It is made of a two-way slab, 
weighing 910 000 N. Fig. 9 presents the pictorial view of the 
RC slab used for laboratory tests. It has structural 
characteristics, which are similar to typical slabs of beam and 
pier bridges. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 depicts the partial front view of the RC slab. In the tests, 
attention was limited to studying the flexural strains on the main 
load-bearing beam of the slab. The selected reinforced concrete 
beam was 9620 mm long, 350 mm deep and 300 mm wide. The 
beam was also instrumented with embedded FBG sensor, which 
served as good reference. For the static tests, the structure was 
loaded by placing a static invariant load of 530 N on top of the 
slab. Dynamic loading was accomplished through specific 
jumps made by one subject on top of the slab. In literature, this 
simple dynamic excitation technique was successfully used 
when vibrational shaker systems were absent [20]. To quantify 
the structure’s response due excitation, we used the Bragg 
Monitor interrogation system presented in Fig. 10,  to measure 
the Bragg shifts of the FBG sensor array. 

 
                                                                                                                               

Fig. 10.  Optical interrogator and signal processing unit (HBM) 

The optical interrogator presented in Fig. 10 is connected to a 
laptop equipped with dedicated software. The optical sensing 
interrogator comprises of a scanning swept laser wavelength 
source and four optical channel outputs. The Bragg Monitor 
interrogator directly encodes the measured response as vector 
arrays of Bragg shift of the sensors at each step. To successfully 
resolve the reflected spectrums, each sensor was sufficiently 
separated with a 4 pm wavelength window from each other and 
placed in critical spatial locations at the bottom part of the beam 
where damages were anticipated. The FBG sensors had distinct 
Bragg wavelengths with a narrowband reflection spectrum.  The 
system measurement the optical range is 1500-1600 nm. The 
sensing system provided high signal power through all the 
sensors on the array. The optical source had a narrow spectral 
line width. The sensing system resolution was less than 0.5 µε. 
 

C. FEM Validation of the RC slab strain sensing tests   
To validate the accuracy of the static and dynamic strain sensing 
experimentation process, finite element analysis was conducted 
for the two-way RC slab at UJ. The finite element modelling is 
a numerical technique, which is employed in analyzing 
structural shapes using predefined materials specifications. The 
basic concept behind FEM is to discretize the solution domain 
into subdomains called finite elements connected by nodes. The 
stress, deformation and displacement characteristics are then 
analysed for each  element. As such, a three-dimensional model 
of the reinforced concrete slab was developed to demonstrate 
the accuracy of the sensing method. Solidworks software was 
used as a tool for this analysis. Material property determination 
is important when employing the FEM technique. The assigned 
material properties used for the modelling were presented in 
Table 2. Mild steel was not explicitly modelled and instead 
concrete was assumed to be uniformly distributed throughout 
the sections by artificially adjusting the modulus of elasticity of 
the concrete. This assumption has been successfully in practical 
cases, without much loss of accuracy. Fig. 11 presents the slab 
structure model. The slab model restraints and the load 
application area are illustrated in the Figure 11. 
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Fig. 13.  A. Load deformation characteristics. B. Beam flexural strain 
distribution. C. Close view of the beams 

 

Fig. 12. Partial front view of the Beatrice Bridge 

 

Fig. 11 presents the boundary conditions on the base of the slab. 
To ensure results accuracy, discretization of the model was done 
using a fine solid tetrahedral standard mesh of high quality. The 
characteristic element size was 0.228m, the number of elements 
in the simulation was 35936 and the total nodes were 67275 and 
4 Jacobian  points in the simulation. A static load of magnitude 
530 N was used in the static simulation test.   

VII. FIELD EXPERIMENTAL WORK 

A. Beatrice Bridge vibration sensing test 
In parallel with the laboratory experimentation, a series of field-
tests where undertaken at a local bridge site. The Beatrice 
highway bridge was selected as a candidate for field 
experimentation. The bridge has unique structural 
characteristics and perceptible vibrational behaviour. The 
Beatrice Bridge has a total length of 70 m, consisting of two 
spans of length 24.0 m and an overhanging middle slab of 
length 6.7 m.  Part of the pictorial view of the bridge is 
presented in Fig. 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Depicted in Fig. 12, the Beatrice Bridge is structurally 
composed of deck-on-beam and pier system and cast in-situ 
reinforced concrete elements. Knowledge of the dynamic 
characteristics of a structure is important. Practical fibre optic 
instrumentation of the Beatrice Bridge was not possible due to 
resource limitations. The structure had to remain operational at 
all times and the optical interrogator was far from bridge site. 
To overcome these limitations, we employed ambient 
vibrational tests and our sensing process took place on the top of 
the superstructure on locations of negative flexural moment. 
Alternatively, we used an ADXL 345 vibration sensor serially 
connected to an Arduino Uno data acquisition system (DAQ), to 
acquire the vibration signature of the structure. In literature, 
several studies have also been conducted successfully in 
acquiring the vibration signature of bridges using an Arduino 
Uno DAQ [21]. The test procedure started with installing the 
accelerometer at a sensor location for the current setup and it 
was then moved from setup to setup in order to cover all sensor 
locations to acquire the relevant data. The structure response 
due to ambient traffic excitation was measured. The obtained 
response was characteristic of the true operating conditions of 
the structure, typically known as operational or output-only 
modal analysis. The sensors have the capability to measure the 
three dimensional vibration and the frequency range was 0-100 
Hz. The ADXL 345 vibration sensor and Arduino Uno works 

through a PC with LabVIEW interface. By measuring the 
vibrational behavior, which was used to ascertain the bridge’s 
natural frequency.   

B. FEM validation of Beatrice Bridge experimentation  
To study the behavior of the stress-strain distributions on the 
Beatrice Bridge, a 3-dimensional, linear elastic global model 
using Solidworks software was developed. The piers of the RC 
bridge were modelled and restrain at the base, to approximate 
the physical constraints on the real bridge. The structure was 
discretized into smaller finite elements using a solid tetrahedral 
mesh. The characteristic element size in the fine mesh was 823 
mm and 41227 solid elements were connected using 73849 
nodes. This choice of solid elements represents the mass 
distribution and stiffness within the structure with high accuracy 
the response of the bridge due to static loading is analysed. For 
the load hypothesis, a stationery truckload (560 kN) at the mid 
span of the bridge was considered. The load placement location 
was estimated using influence lines for a beam. A number of 10 
nodes were selected as the candidates of sensor locations. The 
bridge displacement due to the loading, and the FEM predicted 
strain responses at the girders beneath the bridge are illustrated 
in Fig. 13. The figure also illustrates an enlarged view of the 
Solidworks predicted flexural strain distribution response on the 
lower girders of the bridge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Observing Fig. 13 the maximum simulated bending strain was 
20.5 µε at nodal locations near the beam mid span. Analytical 
calculation of the strain at the same nodal point using the 
flexural formulae yields maximum strain of 22.0 µε. The 
analytical calculated value was only slightly higher, hence it 
validates the FEM result. The FEM predicted maximum strain 
results in a Bragg wavelength shift of approximately 20 pm on 
the local FBG sensor. Therefore, the FBG sensors can 
effectively measure the strain parameters on the bridge 
components. Our FEM are realistic, as they fall in the range of 
practical literature studies. [22]. 
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Fig. 16.  RC slab flexural strain distribution prediction 

 

Fig. 17.  Dynamic strain response of slab measured by FBGs. 
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embedded) and FEA prediction 

VIII. RESULTS AND DISCUSSION 

A. RC slab static test results: system response 
The reflectivity response of quasi-distributed FBG sensors on 
the slab was analysed. Fig. 14 presents the FBG sensor 
characteristics and response to the applied static strain. All of 
the inscribed gratings were of low reflectivity with the highest 
reflectivity being - 17 dBmW. The variation in the reflective 
power of the gratings was possibly attributed to fluctuations in 
laser power, vibrations on the nanometer scale, and exposure 
time differences. The lowest signal to noise level was - 68 
dBmW, hence each grating could be distinguished from the 
noise. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To test the sensing system performance, a transverse point load 
of 530 N was applied on the slab, directly above the 
instrumented beam. Fig. 15 illustrates the resulting strain trend. 
To validate the accuracy of the sensing system, the response 
from the attached FBG sensor network was compared to a 
reference sensor network of embedded quasi-distributed 
sensors. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 15 presents the strain responses generated from the attached 
FBGs. The sensors from the two separate networks were not at 
the same exact positions, but there was close resemblance and 
good agreement in the trends. The maximum strain measurand 
from the attached and embedded sensors networks were 0.367 
µε and 0.361 µε respectively, resulting in a low percentage error 
value of 1.6%. The findings agree well with beam flexural 
trends found in [11]. The largest shift was observed on FBG 3, 

which was centrally spatially located.  The attached sensing 
system was highly sensitive as there was rapid shift of the strain 
peak when the loading was changed. The accuracy of the 
obtained experimental strain readings were also verified using 
FEM analysis of the RC slab. Fig. 16 shows the strain response 
of the model of the slab as a result of a 530 N concentrated load 
applied on it.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 highlights the simulated strain distribution along the axis 
of the model beam. Nodal positions were used to identify the 
FBG sensor positions. Solidworks predicted a maximum strain 
value of 0.344 µε at the mid span of the selected beam.  
Comparing the maximum strain value from the attached FBG 
sensing system and the FEM value at the same nodal location, 
we obtained a low percentage error value of  6.27%.  
 

B. RC slab dynamic test: system response  
In the second laboratory experiment, dynamic strain 
measurement tests were conducted on the RC slab. Fig. 17 
illustrates strain response from three FBG sensors when 
dynamic periodic load (530 N) was applied on top of the slab. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17 indicates the dynamic strain response of three attached 
sensors. Notably, significant maximum dynamic strain values 
were registered by FBG 3. Sensors FBG 2 and FBG 4 had lower 
strain values and appreciable time delay. The anomalies were 
attributed to the differences in sensor spatial location and 
structural damping effects. Unfortunately, our interrogator had a 
low sampling frequency (1 Hz) and hence it could only 

Fig. 14.  FBG strain sensor response in wavelength domain 
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Fig. 20.  Sensing system response in frequency domain : truck vibration 

Fig. 19.  Sensing system response in time domain :  truck vibration 
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faithfully reproduce dynamic strain signal with frequencies less 
than 0.5 Hz. This frequency was relatively low for the 
application, since typical natural frequency of vibration of most 
bridge structures ranges from 2 - 8 Hz. Hence, the time domain 
dynamic strain data could not be processed into frequency 
domain strain data, due to possible information loss caused by 
the aliasing effect, according to the Shannon Nyquist sampling 
theorem [19]. 
 

C. RC slab damage assessment results  
Structural damage on the slab was evaluated through analyzing 
the static strain data using the MMSRCC algorithm. Based on 
the principles elucidated in Section IV, the strain ratio values 
were used to predict and map the strain distribution response of 
the healthy response of the horizontal girder span. A strain 
distribution response was also generated using strains 
parameters measured on the RC slab. The two strain distributed 
sensors are presented in Fig. 18. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 18 illustrates graphically the comparison of the strain 
response of an idealized beam (without damage) to the 
measured strain responses of the FBG sensor instrumented 
beam. Slight anomalies in the strain distribution trend are 
observed at span locations 4.84 m and 5.22 m (points marked 
P). The percentage error of the sensor on these points 
(comparing the ideal MMSRCC and measured MMSRCC 
damage index) were 2.04% and 2.47 % respectively.  According 
to the experimental results, damage can be detected even though 
the damage does not coincide with the sensor location, as the 
stiffness deterioration is transferred to adjacent elements. 
Similar results have been found in literature [21]. An important 
deduction, from the analysis is that the presence of damage does 
not only affects the local point but also the immediate 
neighbouring points. Therefore, if the quasi-distributed sensor 
placement is optimized, strain measurand from the nearest FBG 
sensors can be used to predict damage on regions on the 
structure, where there are no sensors. The phenomena thus 
becomes a constrained optimization problem. The acquired 
strain distribution trend can be used to map damage in structure 
locations, which are not instrumented. Interpolation and 
constrained optimization techniques can be utilized. The nearly 

constant macro-strain ratio low stiffness deviation indicate that 
the newly constructed RC slab at the UJ has not yet 
accumulated significant damage. 

IX. FIELD RESULTS: BRIDGE VIBRATION SENSING 
In this section, we present the results of the field tests conducted 
on the Beatrice Bridge. The bridge could not practically be 
instrumented due to resource limitations.  Hence, to test the 
feasibility of our sensing system, we collected the vibrational 
signature of the bridge using vibration sensor. The sensor 
system was simulated on the system response using the 
practically measured vibrational signal as input. The practical 
vibration signal data acquired were overwhelming in quantity. 
Therefore, we present the results of the bridge vibration when a 
single truck passed over. Fig. 19 illustrates the simulated 
response of the sensing system in time domain on a 30 s 
window.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19 highlights the Bragg wavelength amplitude variations of 
the quasi-distributed sensors. The variations are attributed to the 
differences in sensor spatial location and structural damping 
effects. An FFT algorithm was used to ascertain the structural 
characteristics and the resulting frequency response is illustrated 
in Fig. 20.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20 identifies the frequency response of each individual 
FBG sensor on the network. The signal was filtered, segmented 
and then averaged to obtain the natural frequencies of the 
structure. Two distinct frequency patterns of 3.8 Hz and 7.9 Hz 
were observed and are indicated in Fig. 20. The natural 

Fig. 18.  Graphical comparison of the strain ratios of the measured FBG 
response and the idealized FEM response. 
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frequency of the bridge vibration signal could be evaluated for 
structural damage. The obtained natural frequencies of the 
bridge vibration signal could be evaluated for structural damage 
using the earlier presented methodologies. 

X. DISCUSSION AND CONCLUSION 
Bridge structural decay is of serious problem for transportation 
safety. Developing a structural damage sensing system-using 
fibre, Bragg grating strain sensors is critical to predict structural 
decay. Nevertheless being discrete sensors, with specific 
predetermined placement locations, FBG sensors have been 
criticized for failing to locate structural fault at points, which are 
not instrumented. Therefore, in our study, we presented the 
modelling, simulation and experimental validation of a designed 
WDM quasi-distributed FBG sensing system. The sensing 
system could accurately measure multi-point flexural strain 
measurand, with a resolution of less than 0.5 με.  
 
Since, structural damage is evidenced as localized modification 
on the stiffness configuration of a structure; damage detection 
was achieved through comparing the characterizations in the 
pre-and post-damage parameter   states. Our experimental 
results, which are validated by literature [21], reveal that 
damage can be detected even though the damage does not 
coincide with the FBG sensor location as the stiffness 
deterioration is transferred to adjacent elements. Thus, at 
instrumented points, localization of structural faulty is based on 
the reflected wavelength, which indicates the position of the 
FBG. However, localization of structural faults at regions where 
sensors are not placed is achieved through analysing, mapping 
and interpolating the characteristics of the measured strain 
distribution pattern. Valuable deductions, which can be inferred 
from our findings, is that if sensor placement is optimized, the 
strain measurand from the neighbouring FBG sensors can be 
used to predict damage on locations, which are not 
instrumented. Such a phenomena may become a constrained or 
unconstrained optimization problem depending on the boundary 
conditions. The study, contributes to literature by demonstration 
of the accurate sensing and extraction of damage information on 
real practical structures using FBG sensors. However, the major 
contribution is the development of a new analysis approach for 
structural damage detection. Practical challenges of dynamic 
strain sensing using FBG sensors were highlighted. Future work 
may focus on dense sensor placement optimisation and use of 
evolutionary algorithms or machine learning to predict fault on 
locations, which are not instrumented by quasi-distributed 
sensors.    
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