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A B S T R A C T   

An increase in application of advanced materials and high-tech monitoring systems is being observed in bridge 
engineering in recent years. The main goal is aimed at optimizing maintenance costs spent during entire lifecycle 
of a bridge. The paper describes the concept of the smart fibre reinforced polymer (FRP) sandwich deck panel, 
dedicated for newly-designed and renovated bridges. This panel is equipped with the distributed fibre optic 
sensing (DFOS) system, integrated with composite laminates. The DFOS system is provided to control strain and 
displacement measurement, further used in the structural health monitoring of a bridge. The DFOS system is 
characterized by the following features: accurate, reliable and distributed strain measurements, possibility of 
assessing shape and displacements, detection of local damages, reliable protection of the sensors, no need for 
surface installations, high durability, measurements from the real zero state of the structural element. Exemplary 
results of distributed fibre optic strain and displacement measurements performed under laboratory conditions 
on laminate specimens as well as the beam cut from the prototype panels are presented and compared to con-
ventional measurements and FEM predictions.   

1. Introduction 

In the last 40 years since the early 1980s, fibre reinforced polymer 
(FRP) composites have been used in many bridge applications due to 
their excellent strength, weight and durability characteristics [1,2,3,4]. 
There are many benefits of FRPs, which encourage bridge designers to 
use this material in many structural forms. The benefits could be sum-
marized as: weight saving (high strength to weight ratio, light-weight), 
low maintenance requirement, resistance to the environment effects 
(corrosion-free), ability to be formed into a complex shape and easy to 
install offsite engineered and fabricated elements. Thanks to their 
properties they could be tailored to the requirements of applications 
with complex shape [5,6,7,8]. 

All FRP composite bridges have been in service as complete load 
bearing superstructures on public roads worldwide for over 20 years [5]. 
The vast majority of these all-composite bridges is performing well, 
although there have been a few instances where they have created 
problems for the bridge owner and were taken out of the service. FRP 
structures and components are highly susceptible to damage due to 
delamination, matrix cracking, inter-laminar fracture and debonding, all 

of which have potential to cause catastrophic structural failure. There-
fore, as with any structural elements used for bridge structures, it is 
necessary to be able to inspect FRP structural elements. FRP materials, 
because of their microstructure, tend to deteriorate in ways that are not 
easily detected by visual examination. Therefore, in some instances the 
visual inspection is supplemented by various nondestructive evaluation 
(NDE) methods [9,10,11]. Moreover, many of existing FRP composite 
bridges are still being monitored to evaluate service performance of this 
emerging technology [12,13,14,15]. Ongoing works should be verified 
in situ, but also under laboratory conditions using other innovative 
measurement techniques, such as machine vision or image processing 
[16,17,18]. 

Nowadays, there are many efficient measurement solutions which 
could be successfully applied for strain and displacement measurements 
of bridge structures or their structural components. For long-term 
structural health monitoring (SHM) systems, vibrating wire technol-
ogy has found a wide application due to its proven long-term stability 
[19], resistance to harsh environmental conditions, laboratory resolu-
tion and accuracy, as well as its versatility in measuring different 
physical quantities. 
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There are also new techniques worth mentioning, which are nowa-
days constantly developed and improved. The important group are both 
microelectromechanical (MEMS) [20] and nanoelectromechanical sys-
tems (NEMS) [21], which could be successfully apply as strain, 
displacement, pressure, temperature, flow, acceleration, acoustic or gas 
sensors [22]. Also, capacitive sensors should be examined as a tool for 
structural monitoring. Such sensors use micro/nanobeams [23], plates 
or membranes to detect extremely small changes in measured physical 
quantity. 

However, all the above-mentioned technologies have some limita-
tions in the context of long-term structural health monitoring of bridge 
components. First of all, they measure physical quantities only in one 
single point of the structure so they are not able to direct damage 
detection. Secondly, they cannot be installed inside the composite 
laminates due to the relatively large dimensions of the final measure-
ment set. What is more, they require the signal cables to be lead from 
any single sensor what would be very problematic in practical applica-
tions for large elements, like bridge slabs with an area usually over 200 
m2. 

One of the main demands for the structural monitoring systems is the 
ability to detect damages or local abnormalities in structural behaviour 
[24]. However, using conventional spot sensors this task is impossible to 
be directly realized, even using advanced mathematical algorithms or 
finite element models. Usually detailed analysis is being performed to 
provide the optimal arrangements of the limited number of sensors 
within the structure. However, there is still no possibility to directly 
indicate the place and the reason of damage occurrence, but only gen-
eral information about the changes in structural behaviour. Analysing 
the strain (or stress) level in particular measuring points, special care 
must be taken as the accuracy of the sensor position is of the great 
importance for the data interpretation. 

Therefore, new measurement techniques and solutions are being 
constantly sought and developed to provide as much comprehensive and 
reliable information as possible with simultaneous financial feasibility. 
Currently, the most promising technique meeting described re-
quirements is the distributed fibre optic sensing (DFOS) [25,26]. This 
approach allows to measure different physical quantities, e.g. strains 
[27], displacements and shape [28,29] as well as temperature [30] 
along the entire length of the optical fibres or sensors [31]. Distributed 
sensing enables effective replacement of thousands of traditional strain 
gauges with a single optical fibre or sensor [32]. The comparison be-
tween conventional spot measurements and the distributed ones is 
presented schematically in Fig. 1. DFOS offers completely new and 
breakthrough possibilities in the analysis and assessment of the tech-
nical condition of civil engineering structures or structural members 
made of different materials, e.g. steel [33], concrete [31] or FRP com-
posite [34,35]. Both DFOS and SHM methods were originally dedicated 
and implemented in the space industry. Nowadays, they are intensively 
developed as measurement methods for composite structural elements 

[36]. 
Considering the worldwide recognized advantages of the DFOS as 

measuring technique in the SHM of the FRP bridges and its unique 
ability to measure the strain, deflection and temperature distributions 
along the entire length of the bridge superstructure, it was as the basic 
SHM system of the first Polish FRP composite bridge [37]. The valida-
tion of the DFOS technique is critical to address the development of 
monitoring system with improved accuracy and spatial resolution 
tailored for the FRP bridge application. The effectiveness of DFOS 
technique was evaluated through scaled laboratory experiments on a 
smart composite deck panel to be implemented in the FRP bridge. This 
paper presents a pilot application of DFOS technique to measure strains 
and deflections of the FRP laminate specimens and FRP beam subjected 
to axial tension and three-point bending, respectively. The validation 
through axial and bending tests and finite element analysis was per-
formed to ensure the accurate and reliable DFOS readings. The DFOS 
strain profiles were first compared with spot strain measurement results 
and then converted into deflection profiles and validated against spot 
deflection measurements performed with a common inductive LVDT 
transducers. The additional validation based on comparison of the strain 
profiles with the results of three-dimensional finite-element analysis 
(FEA) of the FRP beam was also performed. Factors that may affect 
measurement accuracy are discussed on the basis of the experimental 
and numerical results. 

2. The idea of smart FRP composite deck panel 

Based on the comprehensive literature review and authors’ personal 
experience [38], the concept of a smart FRP composite deck panel, 
dedicated for newly-designed and renovated bridges, was elaborated. 
This FRP sandwich deck panel, manufactured in the VARTM (vacuum 
assisted resin transfer moulding) infusion process, consists of:  

• multilayer lower and upper FRP laminates (faces),  
• polyurethane foam (PUR) core placed between faces,  
• optional concrete core used to enable panel’s mechanical connection 

to bridge beams or girders, 
• vertical laminated ribs in the core (distributed in the form of hon-

eycomb), connecting the faces, 
• the system of longitudinal and transverse optical fibres for distrib-

uted strain and temperature measurements, integrated with faces. 

The main load-bearing component of the bent panel are external 
faces, which are reinforced with several alternating layers of fibers:  

• unidirectional, U-E,  
• bidirectional with 0/90◦ orientation, B-E,  
• and bidirectional with ±45◦ orientation, X-E. 

Fig. 1. The idea of measurements: a) distributed; b) quasi-distributed; c) spot.  
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The external laminates are connected with vertical, internal ribs, 
reinforced with fibres B-E and X-E. Detailed stack sequences are pre-
sented in the Fig. 2. 

Fig. 3 shows the conceptual structure of the FRP panel, in which 
optical fibres were integrated inside the face laminates during infusion. 
Owing to similarity of the optic sensors and FRP composite reinforce-
ment (glass fibres in both cases) the integration is fully possible. 

Owing to integrated optic fibres smart composite panel is able to 
detect the bridge overloading as well as to monitor the structural health 
during long-term operation. Although integration of optical fibres with 
composite components and the creation of smart structural members 
were previously described in literature [39,40,41], in bridge engineer-
ing spot sensors (e.g. foil resistance or vibrating wire gauges) installed 
on the surface of structural elements are still commonly used. Appro-
priate integration of the optic fibres with the multi-layered composite 
laminates during their manufacturing in the infusion process provides 
many advantages over spot conventional measurement:  

• DFOS system become an integral part of the element, so there is no 
need for sensor installation on the previously prepared substrate;  

• strain transfer from FRP laminate to the measuring fibre is naturally 
provided (optic fibre is fully integrated with composite laminate 
during production), so obtained strain data is very accurate and 
reliable;  

• durability of DFOS system is comparable to the designed lifetime of 
the monitored structure;  

• composite laminate protects the optic sensors from mechanical 
damages or hard environmental conditions;  

• initial readings can be performed during manufacturing, so that all 
important phenomena can be taken into account during field mea-
surement (e.g. dead-weight or residual stress);  

• appropriate arrangement of integrated fibres enables to calculate 
deformations (displacements) of the element;  

• there is no need to select more important locations of measurement, 
because the entire length of the element can be monitored. 

3. Distributed fibre optic sensing system 

3.1. Selection and calibration of optical fibre 

DFOS technique creates great opportunities, but to take its full 
advantage it is necessary to provide appropriate sensors or fibres as well 
as installation methods, which allow for accurate strain transfer from the 
monitored element to the measuring fibre core. The following key as-
pects should be taken into account:  

• the best possible integration of the sensor with the element [42],  
• the maximum possible reduction of slippage phenomena within the 

sensor itself (e.g. between particular layers or coatings) – in many 
cases it could be done by applying the fibres only in their primary 
coatings,  

• the maximum strain that the fibre can withstand (particularly 
important when local events can occur causing extremely high value 
of strains),  

• appropriate stiffness of the sensor [43], not to strengthen or to 
reinforce the element (otherwise the impact of the sensor presence 
should be taken into account during analysis of strain results),  

• precision in arranging the optic fibre traces during installation. 

Because of the necessity of integration the optical fibres inside the 
composite laminate, only fibres in their primary coatings could be 
applied thanks to their minimal dimensions (external diameter equal to 
250 µm – see Fig. 4). This solution has also another advantage: the sensor 
will not influence the behaviour of the composite, regardless the lami-
nate thickness. 

Some mechanical parameters of the optical fibres strongly depend on 
the type of the primary coating, for example maximum strain range or 
minimum bending radius. Thus, before choosing the final solution, 
several different types of optical fibres and their coatings were tested 
during axial tensile test (Fig. 5a). Fibres were tensioned until they broke 
and strains were simultaneously measured by backscatter reflectometer 
(see also chapter 3.3) and controlled by the reference strain measure-
ment technique. Analysing obtained data (Fig. 5b), the following rule 
can be observed: the stiffer the coating, the smaller the strain measuring 
range. Thus, the standard telecom fibre in soft acrylic coating was 
selected for applying in smart composite panel, which can be success-
fully tensioned to over 5%. 

3.2. Sensors installation during manufacturing 

All composite specimens described hereafter were manufactured 
during VARTM infusion process. Several 1.25 × 1.25 m laminates and 
full-scale panels were manufactured to be used for test specimens. The 
first step of optical fibres installation was to stabilize them along 
designed traces in the particular fabrics of the laminate. For this pur-
pose, an aerosol glue was used, which allowed for spot stabilisation and 
slight pretension of the optical fibre. This was extremely important for 
ensuring straightness of measurement traces and their compliance with 
measurement program. Another problem was to elaborate ways to put 
the optical fibre outside the laminate. The use of Teflon protection tubes 
or embedded connectors for this purpose are known from the literature 
[44]. Two different approaches were elaborated in the frame of this 
project:  

• enabling the optical splice to be done before installation and infusion 
process,  

• high-temperature glass tubes enabling the splice to be done after 
installation and infusion process. 

In both cases the area near the laminate edge, where the fibres went 
out of the specimen, has to be protected and sealed with butyl rubber 
tape. This enabled the infusion process to be carried out correctly and 
also minimised the risk of fibre mechanical damage due to sudden 

Fig. 2. Stack sequences of fibres in laminates.  
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stiffness change. Fig. 6a shows the arrangement of optical fibres on one 
of the fabrics of the multi-layered laminate. In this case high tempera-
ture glass tubes were used to protect the fibres within the laminate’s 
edge area. In turn, Fig. 6b shows the standard telecom pigtails spliced 
before installation, coming out from the composite panel during its 
infusion. 

Two methods of the fibres termination were also proposed, 
depending on the kind of the specimen. The first one consisted of 
splicing the pigtails on both sides of the fibre and shaping the fibre in the 
loop. This method minimizes the risk of losing information in case of the 
fibre breakage, as it allows the measurement to be performed from both 
sides of the fibre. However, more pigtails coming out from the laminate 
hamper the installation and infusion process and cannot be used for low- 
scale specimens. In such cases, the high attenuation terminations were 
made and successfully testes, e.g. in the form of a very small radius loop 
or a splice with modified attenuation parameters. 

After the infusion process was completed, the ready laminates and 
panels were cut into the smaller specimens dedicated for different type 
of testing, i.e. the axial tensile tests of the laminate specimens as well as 
the three-point bending test on the beam specimen. 

Fig. 3. The concept of smart composite panel for bridge construction, integrated with distributed fibre optic sensing system.  

Fig. 4. Cross-section of the standard telecom optical fibre SM9/125 type in its 
primary coating. 

Fig. 5. Axial tensile test of optical fibres: a) the view of reference microscope technique applied; b) exemplary results showing the differences in measuring range 
depending on the stiffness of the primary coating of the fibre. 
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3.3. Rayleigh backscattering and measuring parameters 

In telecommunication applications the aim is to make the glass fibres 
as clean and pure as possible, i.e. free of imperfections, microcracks, 
micro-pollution or local changes in density, which cause decreasing the 
signal power with the length of the fibre [45]. One of the reasons is the 
Rayleigh scattering phenomena [46], which occurs in each section of the 
fibre as a result of the partial structure of matter, causing the fluctua-
tions in the local refractive index. This is accompanied by backscattering 
in the sense that the light wave reflected from the imperfections of the 
glass structure moves backwards in relation to the original direction of 
movement (Fig. 7a). The dispersion amplitude is a random but constant 
property for a given fibre (Fig. 7b). It could be compared to the unique 
fingerprint of the given optical fibre [47]. Nowadays, the analysis of this 
phenomena is performed using advanced optical reflectometers or 
interrogators. 

If mechanical or thermal strains change along the length of the fibre, 
the distances between local imperfections will also be changed. It is 
visible as a frequency shifts within the Rayleigh signal between two 
subsequent measurements. The current scatter profile is compared with 
the reference profile to calculate mechanical or thermal strains with 
extremely high, mm-order spatial resolution. It should be noted that 
within a single optical fibre, using only one scattering-based device, it is 
not possible to separate the strains resulting from mechanical loads and 
temperature changes [48]: 

− Δυ
υ = KT ⋅ΔT +Kε⋅Δε (1)  

where  

• υ – mean optical frequency (Hz),  
• KT – temperature calibration constant (◦C− 1),  

• Kε – strain calibration constant (-),  
• ΔT – temperature change (◦C),  
• Δε – strain change (με). 

The measurement parameters can be set in the reflectometer soft-
ware during data post-processing. The measuring section length, the 
base of a single virtual gauge along the length and the spacing of these 
gauges are defined. Graphical interpretation of the parameters chosen 
for further analysis is shown in the Fig. 8. 

For all tests and measurements described hereafter, optical back-
scatter reflectometer OBR4600 by Luna Innovations was applied 
(Fig. 9a). Selected measuring parameters important for data analysis are 
summarized in the Table 1. Due to the application of multiple fibre optic 
traces inside the composite specimens, an optical switch was used for 
measurements, significantly accelerating and improving the course of 
laboratory tests (Fig. 9b). 

4. DFOS system validation on FRP laminates 

4.1. Material and specimens 

The rectangular composite specimens with the width of 25 mm and 
the thickness of 2 mm, cut from a laminate, were prepared for axial 
tensile tests. The composite tabs were glued to the specimens’ surface to 
facilitate the correct anchoring in the jaws of the testing machine and to 
determine the measuring section between the tabs with the length of 
150 mm. The most important part of the specimen was the optical fibre 
embedded in the centre of the cross section along the entire length of the 
specimen, so enabling to measure strains directly between the tabs. The 
optical fibres were installed on the specimens’ surface in two ways: by 
bonding them along entire length of 100 mm by two-component epoxy 
glue and by spot attaching with cyano-acrylic glue in two points at a 

Fig. 6. Two approaches of coming the optical fibre out of laminate: a) arrangement of the optical fibres over one of the fabrics of the multi-layered laminate with 
high temperature glass tubes; b) standard telecom pigtails coming out the composite panel during infusion. 

Fig. 7. a) The simplified idea of Rayleigh scattering phenomena; b) exemplary Rayleigh scattering spectrum as a random but constant fingerprint of the fibre [34].  
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distance of 100 mm. In this second way strains should be averaged along 
entire length, so their profile should be represented by a straight line. 
Details of the laminate specimen are presented in Fig. 10. 

Depending on the specimen, optical fibres were installed on one or 
two surfaces of the specimen. When only one side strains were measured 
by DFOS, the second side was equipped with the reference foil strain 
gauge with 10 mm base, glued with cyano-acrylic adhesive to the sur-
face of the specimens. Fig. 11a shows the exemplary specimens during 

installation of the optical fibres on their surfaces and Fig. 11b shows the 
close up for the glass high temperature tubes, which protect the internal 
fibre on the edge of the specimen. 

4.2. Axial tensile tests 

The axial tests were carried out in the testing machine (Instron 1200 
kN - J1D). The load was applied at a speed of 10 kN/min. Due to the 
application of the optical reflectometer for static measurement, the 
loading was increased in steps of 5 kN. After reaching the respective load 
value, the testing machine was stopped for the DFOS measurement. The 
application of an optical switch (Fig. 12a) allows the measurement to be 
done automatically within the defined number of channels (both for the 
internal as well as surface fibres). The strains were recorded continu-
ously by both methods (DFOS and foil gauges) during the test with the 
frequency of 10 Hz. 

Fig. 8. Parameters of distributed fibre optic measurements (both gauge’s spacing and measuring base set to 10 mm).  

Fig. 9. a) The view of optical backscatter reflectometer OBR4600 [48]; b) the view of the reflectometer and optical switch during laboratory measurements.  

Table 1 
Selected parameters for static DFOS measurements.  

Parameter Value Unit 

Distance range (standard mode) up to 70 m 
Spatial resolution (gauge spacing) 10 mm 
Gauge length 10 mm 
Strain measurement resolution ±1,0 mm  

Fig. 10. The view of the composite laminate specimen for axial tensile test with optical fibres integrated inside the laminate as well as bonded on its both surfaces.  
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4.3. Results and discussion 

In total, over a dozen laminate specimens were tested; however, only 
exemplary results for a representative specimen are presented and dis-
cussed hereafter. Fig. 13a shows the strain distribution measured by the 
internal fibre in subsequent load-steps along the entire measuring length 
between the tabs. Accurate strain recording was possible until the 
specimen failed; the maximum strain measured in the axial tensile tests 
was 2.8%, i.e. 28000 µε. Also, the effect of the tabs crimping was 
observed, causing that strains are the highest in the middle of the 
specimen and the lowest near to the tabs. Fig. 13b shows the maximum 
strains measured in the mid of the specimen for a given axial load values. 

Accurate measurement using surface optical fibres was possibly only 

in the range of strains not exceeding 1%. Similar results were obtained 
by both continuously-bonded as well as internal fibre (Fig. 14a) How-
ever, in the latter case the strain profile could be analysed in detail, 
while spot-attached fibre averaged strains along the entire measuring 
length. Thus, straight sections presented in Fig. 14b represent the mean 
strain values for the given load. The reasons why surface fibres were not 
able to measure strain accurately in the full range are as follows:  

• breakage of the fibre’s primary coating initiated by a notch at the 
edge of the cyano-acrylate adhesive (for spot-attached fibre);  

• partial debonding of the two-component epoxy, preventing the 
appropriate strain transfer from the composite specimen to the 
measuring fibre (for continuously-bonded fibre). 

Fig. 11. a) The view of the specimens for axial tensile tests during installation of the optical fibres on surface; b) the close up to protection of internal optical fibre by 
high temperature tubes. 

Fig. 12. a) Measurement setup with reflectometer ad optical switch during research; b) the close-up to the composite specimen during axial tensile test.  

Fig. 13. Exemplary result of composite strain measurement by integrated (internal) optical fibre: a) distribution along length; b) maximum values in the middle of 
the specimen. 
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The last meaningful reading by surface-mounted fibres were ob-
tained for the load of 15 kN, while internal optical fibre worked accu-
rately up to the load of 35 kN (Fig. 15). DFOS measurement was also 
compared with the reference foil strain gauge readings, which withstood 
the load of 20 kN, corresponding to the strain of approx. 1.4%. The last 
meaningful measurement was obtained for the load of 25 kN (strain of 
1,8%) but it was just before the gauge’s failure and this record does not 
reflect the real behaviour of the specimen. 

The laminate axial tests allowed for a preliminary assessment of the 
effectiveness of the proposed measuring methods by means of optical 
fibres integrated with the composite. This measurement method does 
not require surface installation (elimination of adhesive’s debonding 
and cracking phenomena) and thus allows the strain to be measured in 
the full range until the specimen failure. Integration of the fibre inside 
the composite means that the sensor is naturally protected against me-
chanical damages. 

5. DFOS system validation on FRP composite beam 

5.1. Material and specimen 

The second part of the research was the three-point bending test 
carried out on a beam cut from the full-scale composite panel (Fig. 16). 
Besides the PUR foam core, the beam contained one concrete core 
element, which was provided as part of a system to facilitate deck-girder 
connection. In this case it was decided to install optical fibres in the 
longitudinal direction only. The optical fibres were installed both in the 
lower and upper face laminates (1, 2, 3, 4) in four longitudinal sections 
(A, B, C, D) of the beam– see details in Fig. 16a. Longitudinal fibres were 

arranged with loops enabling the measurements to be done from both 
ends of the fibre and minimizing the risk of losing information. 
Embedding the fibres in the extreme positions of a given laminate (far 
from its neutral axis) allowed to measure not only axial strains, but also 
bending effects. Finally, the vertical displacements of the composite 
beam could be calculated in reference to zero reading – see chapter 5.5. 

Additionally, one optical fibre was arranged in the six ribs of the 
core, localized directly under the loading. In order to protect the optical 
fibre on the edge between adjacent ribs, special incisions were made to 
allow for gentle bending of the optical fibre. The fibres left the core ribs 
and the beam through the layers of the upper laminate. 

5.2. Three-point bending test 

The composite beam was tested in three-point bending scheme in the 
testing machine (Instron Schenck 630 kN) The beam was supported by 
steel rollers at a distance of 960 mm (Fig. 16, Fig. 17a). The load was 
applied statically in the beam’s midspan by a steel traverse of 60 mm 
width. The traverse was put on upper face by means of an epoxy layer, 
which aim was to level the upper surface enabling the load to be 
transferred uniformly. The load was applied at a speed of 1 mm/min. 

DFOS measurements were performed step by step at the selected load 
levels (after stopping the testing machine). Nine measuring channels 
were used (eight for longitudinal section and one for the fibre installed 
within the core). Analogously like in the laminate tests, optical switch 
was applied to speed up the readings. The record taken at 250 kN was 
the last one made before the failure of the beam. The course of the 
experiment recorded by the testing machine in the form of the piston’s 
displacements and the load values is presented in Fig. 17b. 

Fig. 14. Exemplary result of composite strain distributions measured by surface optical fibre: a) continuously bonded; b) spot-attached.  

Fig. 15. Exemplary results of strains in the middle of the specimen measured by integrated (internal) optical fibre, surface-mounted fibres as well as by reference foil 
strain gauges. 
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The failure of the specimen was accompanied by cracking related to 
the delamination of the upper laminate. Due to high load applied 
directly to the upper face, local deformations of the upper laminate were 
clearly observed. It was the main reason of the delamination of vertical 
ribs, located in the immediate vicinity of the loaded area (Fig. 18a). 
Significant differences in the behaviour of the lower laminate were 
visible as compared to the upper one (Fig. 18b). The detailed analysis of 
these differences can be carried out based on numerical simulation and 
DFOS measurement. 

5.3. Numerical simulation 

The structural behaviour of the beam specimen cut from the com-
posite panel was analysed also by numerical simulation based on the 
finite element method (FEM) in SOFiSTiK code. FE model of the beam 
was prepared using shell and brick finite elements (Fig. 19a), setting the 
mesh density at 0.02 m after convergence analysis. All face and rib 
laminates were modelled by four-node shell elements. Elements were 
described as multilayer material made of several, separate layers, 

Fig. 16. Arrangement of optical fibres integrated with faces of the beam: a) inside the lower and upper laminate of the specimen; b) within the core ribs.  

Fig. 17. a) The view of the beam during three-point bending test; b) force and displacement values recorded by the testing machine during loading.  

Fig. 18. The view of the beam after failure: a) delamination of the upper laminate and vertical ribs in the loading area; b) general view of the deformed 
upper laminate. 
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according to stack sequence in each laminate. Parameters for each layer 
were determined by material testing. Laminate parameters for finite 
shell element were calculated based on classical laminate theory in 
SOFiSTiK code. Additional concrete core element was modelled by 8- 
node solid elements with isotropic concrete material. The final model 
consisted of 21 020 nodes, 12 364 shell elements and 2 528 brick 
elements. 

Both materials: FRP and concrete were modelled as ideally elastic 
material with the engineering constants from material tests (Table 2). 
The resultant properties for the finite elements modelling multilayer 
laminates were the resultant of properties of individual layers, taking 
into account their orientation and determined according to the classical 
lamination theory. The load was modelled as uniform pressure applied 
on a contact area of 60 × 260 mm. 

Fig. 19b shows strain maps obtained for the top layer of the upper 
laminate and the bottom layer of the lower laminate, showing the 
obvious differences resulting from the applied static and load scheme. 
Detailed data are presented in the following subsections in comparison 
with the DFOS results. 

5.4. Results and discussion - strains 

The exemplary results of DFOS measurement and FEM analysis are 
presented and discussed hereafter, showing the main advantages of the 
applied measurement method. Analysis and calculations performed for 
longitudinal section B are shown (Fig. 16), but the findings are also valid 
for all other measuring sections of the beam. 

Strain distributions measured by the optical fibres embedded inside 
the laminates in the subsequent load steps are presented in Fig. 20. The 
values measured at load of 250 kN just before failure of the specimen are 
highlighted in red. Fig. 20a shows strains for the bottom layer of the 
lower laminate, while Fig. 20b for the top layer of the upper laminate. 
Shapes of strain profiles were also compared with the results of nu-
merical simulations. The comparison showed that the measurements 
made along the entire length of the tested element are highly consistent 
with the results obtained from the numerical model. Not only the global 
response, but also local effects were observed, what is impossible to 
capture when using spot strain measurement. 

Distributed strain measurement can change the conventional way of 
analysing structural members, extending the analysis from one domain 

(time) to two domains (both time and length). Thus, the results can be 
presented on spatial visualizations (Fig. 21a and b). 

The strain profiles for the composite beams are characterized by a 
great variety and large gradients along even small length (Fig. 21). This 
is a perfect example of the limitations of conventional spot strain gauges, 
which average strains along the base in one point of the element or 
structure. Even the small change in the spot gauge location will cause 
the significant change in the measured values and thus the results 
interpretation. That is why it should be performed with the special 
caution and precision. Distributed strain sensing completely eliminates 
this problem, showing the full and comprehensive picture of the struc-
tural behaviour not only on the surface, but also inside the laminate. 
Because of the negligible costs of the optical fibres there is no need to 
limit the number of measuring sections within the composite laminates. 

5.5. Results and discussion - displacement 

The measured strain distributions in the subsequent load stages can 
be used for the assessment of displacements, treated as changes in the 
laminates’ shape relatively to the original shape before loading. One of 
the methods can be the calibration of numerical model by comparing 
DFOS strain results with FEM simulation and then adjusting the FE 
model parameters (e.g. stiffens, thicknesses, boundary conditions) to 
obtain better compliance. Such validated FE model, with increased 
reliability, can be further used to estimate various parameters of the 
beam, e.g. displacements, with better accuracy than before calibration. 

However, this is very simplified approach. Much better and accurate 
solution is based on direct calculation of the displacements. It is possible 
knowing strain profiles along entire measuring length, the location of 
optical fibres relative to the neutral axis of the respective laminate (in 
this case bottom and top layers of the laminate), DFOS spatial resolution 
(10 mm) and boundary conditions – see Eq. (2): 

uv = f (εB, εT ,H, b, bc) (2)  

where  

• uv – vertical displacement profile over length (mm);  
• εB – strain profile along the bottom layer of the laminate (με);  
• εT – strain profile along the top layer of the laminate (με);  
• H – distance between the bottom and top optical fibre, which is 

assumed to be constant during the specimen deformation (mm);  
• b – spatial resolution (mm) (base length of individual gauges along 

length); 
• bc – boundary conditions (e.g. for simply-supported beam displace-

ments at the supports equal zero). 

What is very important, this algorithm, unlike the deflection equa-
tion, doesn’t require the knowledge about material properties (e.g. 
elasticity modulus) and can be apply also in the range of large dis-
placements. It is based only on geometrical analysis of the chain of 
virtual gauges with the base equal to the defined spatial resolution and 
the height equal to the spacing of the optical fibres (lower and upper). In 

Fig. 19. Numerical simulation of the beam: a) the view of deformed model; b) strain maps of the upper and the lower face laminates.  

Table 2 
Engineering constants of materials adopted in the simulation.  

Material Longitudinal 
modulus of 
elasticity [GPa] 

Transverse 
modulus of 
elasticity 
[GPa] 

In-plane 
shear 
modulus 
[GPa] 

Longitudinal 
Poisson’s Ratio 
[–] 

E1 E2 G12 ν12 

U-E 35,48 10,46 3,14 0,24 
B-E 24,65 21,44 2,83 0,15 
X-E 24,25 24,25 2,75 0,25 
Concrete 28,85 28,85 12,02 0,20  
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the initial configuration (zero state) such a gauge is represented by a 
rectangle, but after deformation it takes the form of the trapeze (Fig. 22). 
Displacements are calculated for individual gauges and then summed up 
to produce the displacement profile along entire measuring length. 

Displacements calculated for both the lower and upper composite 
laminates of the beam loaded in three-point bending test are presented 
in Fig. 23a and 23b, respectively. Because of the local pressure caused by 
the load applied to the upper laminate, its displacements are of the 
greater values and gradients, especially in the mid-section. Very good 
qualitative agreement was obtained with numerical simulations. 

Quantitative comparison between the DFOS data, both the strain and 
displacements, with finite element model shows that the FE model 
overestimates the results. It is caused mainly due to the fact, that in the 
FE model the designed (assumed) geometrical (e.g. thickness) and 
physical (e.g. elasticity modulus) parameters were used. They should be 
replaced by the data from material testing and beam’s as-built inventory 
as well as calibration based on the measurements [49]. 

6. Conclusions 

The paper describes the concept of the smart FRP composite bridge 

panel with integrated distributed fibre optic sensors (DFOS), embedded 
in its structure to monitor the panel’s behaviour under loading, partic-
ularly to measure strains and displacements of in the innovative, 
continuous manner. Exemplary data of DFOS efficiency were presented, 
obtained from testing of the DFOS equipped specimens: the multi- 
layered laminates in the axial tensile tests as well as the beam cut 
from the panel in three-point bending test. The technical aspects of this 
relatively new measurement technique such as installation of the optical 
fibres inside the laminates, protection within the sensitive areas, 
termination, splicing and calibration of the applied optical fibres were 
also discussed. Finally, the overall accuracy and reliability of the DFOS 
measurement system were revealed. 

It should be emphasized that the presented study was only pre-
liminary one, preparing for further works including the analysis of full- 
scale bridge panels. The initial works on the smart composite deck 
panels discussed in this paper allowed for verification of the effective-
ness of the proposed measurement method. The DFOS measurements 
and accompanying analyses led the authors to the following conclusions: 

Fig. 20. Strain distributions along measuring length in the subsequent load steps qualitatively compared to the results of numerical simulation for: a) bottom layer of 
the lower laminate; b) top layer of the upper laminate. 

Fig. 21. Spatial visualization of strain distributions in the measuring length and load domain for: a) bottom surface of the lower laminate; b) top surface of the 
upper laminate. 
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• the technical feasibility of strain and displacement measurements 
with DFOS monitoring system dedicated to the smart composite deck 
panel was confirmed;  

• all optical fibres did not brake under load and production process 
(VARTM infusion) did not cause any local imperfections, that could 
hinder or prevent accurate measurement;  

• the application of the common telecommunication optical fibres in 
their primary acrylic coating integrated inside the composite lami-
nates was effective for DFOS measurement, even in the case of 
extremely large strains (2.8%); owing to the full integration of the 
fibre with the laminates, strains were measured very accurately;  

• installation of the DFOS measuring system before the infusion 
allowed for the measurement to be made from a really zero state: 
taking into account strains induced during production, trans-
portation, construction and exploitation; such comprehensive infor-
mation is not available for conventional measurement approach, 
were sensors are usually surface-mounted on the ready structures;  

• it is advantageous, reasonable and feasible to install the optical fibres 
within at least two layers of the laminate, at known spacing; it allows 
for analysing not only strains but also for calculation of displace-
ments (shapes) of the structural element based only on geometrical 
relations; initial test provided within this research allowed for pos-
itive verification of the proposed approach; 

• DFOS measurements shown good compliance with reference mea-
surement results, both for strains and displacements;  

• numerical simulations based on FE model with nominal geometrical 
and physical parameters overestimated the DFOS results on average 
by 20%; the obtained DFOS measurements can be used for FE model 
calibration and thus to optimize both designing and construction 
process. 

The concept of the precast, smart composite deck panels dedicated 
for bridge engineering, integrated with advanced distributed fibre optic 
system for strain and displacements measurements and monitoring is 
very promising in the context of the performance, reliability, 

Fig. 22. Geometry of the deformed individual virtual gauge with the initial base b, created from two optical fibres with a spacing of H.  

Fig. 23. Displacement profiles along measuring length of the beam in the subsequent load steps qualitatively compared to the results of numerical analysis for: a) the 
lower laminate; b) the upper laminate. 
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maintenance and durability of bridges. Works, measurements and 
analysis described in this paper will contribute to the development of 
smart composite structures, solving some technological, production, 
measurement and calculation problems related to integration of optical 
fibres inside the composite material. 
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