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ABSTRACT: In this paper, the development and characterization of a smart composite rod, 
made up of pultruded CFRP (Carbon Fibre Reinforced Plastic) bar with embedded FBG (Fibre 
Bragg Grating) optical sensor, is presented. The rod can be used for strengthening and 
monitoring at the same time. 

 
 

1 INTRODUCTION 

For many applications in the civil field, structural health monitoring (SHM) is becoming 
increasingly important in order to reduce maintenance and inspection costs and to enhance 
planned maintenance efficiency. In fact, monitoring and evaluating the in-service integrity of 
large civil structures can optimize resources for their repair, rehabilitation or replacement. In the 
past, structures were monitored by transporting measuring devices on site each time a set of 
readings was required.  

Optical fibers, serving as both sensor and data conduit, are particularly interesting for structural 
health monitoring of civil structures and infrastructures; among optical fiber sensors, FBG 
(Fiber Bragg Grating) type have gained numerous applications, being durable, stable and 
insensitive to external electromagnetic and environmental perturbations. Nevertheless, many 
challenges associated with their use in real-world cases have not yet been solved, mainly related 
to the application methodology and the long-term properties under severe environmental 
conditions. The morphological compatibility of FBG sensors with CFRP (Carbon Fiber 
Reinforced Plastic) constituent materials makes sensor embedding a valuable strategy for their 
application on the structure to be monitored. The use of FBGs as embedded sensors in fiber 
composite materials to provide in situ measurements of strain, temperature, corrosion, vibration 
and state of cure has been reported by a number of researchers (Simonsen et al., 1992; Huang et 
al., 1998; Lo et al., 1998; Dewynter Marty et al., 1998; Sivanesan et al., 1999).  

In this paper, the development and characterization of a smart composite rod, composed of 
CFRP bar with embedded FBG optical sensors, is presented. The rod, that can be considered as 
a new sensor, is to be applied inside a groove specifically prepared on the concrete element. 
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The rod packaging gives to the optical fiber the necessary protection against an accidental 
damaging during handling and installation, so making it as easy to handle as other traditional 
strain sensors, for an efficient in-situ exploitation of fiber optic sensors performances. This 
smart rod can also be used, at the same time, for structural strengthening/upgrading purpose. 

In a previous research stage (Corvaglia et al., 2005, 2006, 2007) the authors developed another 
device, based on the same idea and materials types, but on different production technology, 
allowing contemporary strengthening and monitoring of r.c. structures through external 
application. In a previous work by Mezzacasa et al. (2004), a method for recovery of the fibre 
optical leads of a pultruded bar instrumented with seven FBGs was proposed. This was obtained 
by burning the host structure up to the optical fibre, with the consequent damaging of acrylate 
recoating. Kalamkarov et al. (1999) proposed a different method for reliably recovering the 
leads embedded in a pultruded FRP rod, by using sleeves able to protect the lead during the 
separation of the composite structures (by cutting process) and the recovery of the embedded 
leads. Such solution is effective but quite complex and time consuming for preparation. 

In the present work, after the set-up of an effective production technique, tensile tests were 
carried out on the obtained sensorized rods and the strain data from the FBG sensors were 
combined with the ones obtained from conventional surface mounted electrical strain gauges, in 
order to calibrate the transfer function of the new sensor. A good repeatability and an excellent 
linearity in the strain response were achieved. Moreover, a quality evaluation of the embedding 
technique was carried out by means of microscopy analysis on cross-sections of several 
specimens. The in-situ applicability of the new sensor was then verified on a highway r.c. bridge 
structure, in the framework of the seismic upgrade intervention on the bridge by means of FRP 
materials. 

2 MAIN PRINCIPLES OF FIBER BRAGG GRATING (FBG) SENSORS 

Typically, an FBG sensor consists of a single mode fiber with a short length grating written 
within the core. If a broadband light signal is traveling into the fiber, the grating acts as a filter, 
reflecting only the light component at the specific wavelength called λBragg. When the FBG is 
strained a shift of the reflection spectrum can be observed. The theoretical wavelength shift for 
isothermal conditions is given by (Davis et al., 1997): 

 ε)p1(
λ
λ∆

e
Bragg

Bragg −=                                    (1) 

where ε is the strain over the sensor length and pe is the effective photoelastic constant for the 
fiber (approximately 0.22 for silica glass). Comprehensive reviews of the fundamentals of FBG 
sensors are given in the literature (Hill et al., 1997; Bennion et al., 1996).  
With regards to embedding of FBG sensors in FRPs, a major attention must be paid to sensor 
placement, as an improper alignment along the loading direction can result in coarse 
measurement errors. Moreover, improper embedding of FBG sensors in FRPs can result in non-
uniformly strain of the grating, leading to a distortion of the reflection spectrum.  

3 SPECIMEN CONFIGURATION AND PREPARATION 

The smart rods (SRs) were manufactured using a modified pultrusion process, allowing both the 
FBG sensor embedding within the composite and the subsequent recovery of the associated 
fiber-optic leads. The sensor was embedded among one hundred CFRP 80k rovings 
impregnated with vinylester resin. Two different types of pultruded CFRP SRs were produced 
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(Table 1): plane rods (Type A) and ribbed rods (Type B). All specimens were 2m long and 
14mm in diameter with a percentage content of carbon fibres of 55%.  

Table 1. Specimen configuration 

Specimen Type A Type B 

Length [m] 2 2 

Diameter [mm] 14 14 

Content of carbon fibers [%] 55 55 

External surface plane ribbed 

Rovings type 80k 80k 

Resin vinylester vinylester 

FBG recoating acrylate polyimide 

 

All specimens were produced with one embedded FBG sensor, nominally located along its axis; 
the reference resistive strain gauge was attached on the surface of the bar in correspondence of 
the nominal longitudinal position of the FBG sensor. FBG sensors were all from Broptics 
Technology Inc., standard grade commercial quality on single mode acrylate coated optical 
fibre, with either acrylate or polyimide recoating at sensor location. The sensor is required to be 
in permanent mechanical coupling with the host structure, with no strain loss due to sliding. 
Therefore an excellent bonding between the optical fibre and the host structure is to be obtained. 
In order to test the influence of the sensor coating on the adhesion at the sensor/resin interface, 
polyimide recoated FBG sensors were embedded in Type B specimens and acrylate recoated 
FBG sensors were embedded in Type A specimens. Before embedding, the optical fibres were 
cleaned with isopropyl alcohol to remove contaminants. The adhesion between optical fiber and 
polymeric matrix is assured by the chemical interactions among polar functional groups, that are 
ester functional groups in the case of vinylester resin and acrylate coating and imide functional 
groups for the polyimide recoating.  
Three specimens for each kind of SRs were produced in order to demonstrate feasibility, to test 
the quality of bonding between the optical fiber and the surrounding FRP structure, and to 
determine the mechanical and optical performances. Figure 1  shows a Type B ribbed bar and 
the resistive strain gauge, bonded on the surface. Figure 2 shows three Type A plane specimens. 
  

  
Figure 1. Ribbed pultruded CFRP rod (Type B). 

  
Figure 2. Plane pultruded CFRP rods (Type A). 
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From the technological point of view there are no differences in embedding an optical fiber in a 
pultruded FRP bar with smooth surface or in a ribbed bar. The method used to produce a ribbed 
bar (for improved adhesion to concrete) is based on the introduction of some modifications in 
the ordinary pultrusion process. In brief, the traditional pultrusion hot die (in which hardening of 
resin occurs) is substituted by a calibration die (at room temperature) followed by an oven. 
Between the calibration die and the oven, the  ribs are obtained by tension winding a plastic tape 
around the wetted rovings (Figure 3).  

 
 

 
Figure 3.  Modified pultrusion process. 

 

Before the oven, there are same pre calibration pipes, followed by a single final calibration pipe. 
A proper combination of pre calibration and calibration pipes sequence allowed introducing the 
optical fiber in the central region of the sample.  

A washing station was designed and introduced between the pre calibration pipes and the final 
calibration pipe, allowing freeing the optical fibre leads (Figure 4), as required to make optical 
connections. The technology can be considered a quasi-continuous process, as pulling has to be 
stopped for only few minutes for the washing cycle of each smart rod. 

 

 
Figure 4. Fiber optic coming out of the rod end. 

4 SMART ROD CALIBRATION 

Embedding an FBG sensor in FRP material could alter its photoelastic constant, with the 
consequent need to perform a new calibration; this was carried out by means of tensile tests.  

Each specimen was instrumented with both FBG sensor (embedded) and surface bonded 
traditional strain gages (SG), in order to verify that the strain was properly transferred from the 
FRP host structure to the FBG sensor. Linearity of the ∆λ - ε relationship was evaluated by 
verifying that the ratio between ∆λ measured by the FBG sensor and the rod strain ε, measured 
by the SG, was constant during the test. Once verified linearity, the transfer function was 
defined for each specimen through the calculation of the slope of the ∆λ - ε experimental curve 
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and expressed in the form of eq. 1. An average transfer function was then defined using the 
mean calculated value of pe. 

The tests were performed with a custom tension test machine equipped with calibrated clamps; 
the optical fibers of the samples were spliced to optical fiber pigtails and connected to an opto-
electronic unit for optical data acquisition and conditioning.  

The ∆λ - ε relationships obtained for the different samples are reported in the following figures. 
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Figure 5. Type A smart rod 1. 
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Figure 6. Type B smart rod 1. 
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Figure 7. Type A smart rod 2. 
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Figure 8. Type B smart rod 2. 
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Figure 9. Type A smart rod 3. 
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Figure 10. Type B smart rod 3. 

 

Figure 11 shows a specimen in the tension test machine during measurement (left) and after 
breaking (right). 
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Figure 11. Tension test in progress (left) and after sample failure (right).  

 

A comparison between the results obtained with the Type A (Figure 5, Figure 7 and Figure 9) 
and Type B (Figure 6, Figure 8, and Figure 10) smart rod specimens clearly shows that a 
dramatically different efficiency of the strain transfer from the specimen to the FBG sensor was 
achieved. In fact, except for the first sample, linearity was not achieved with Type A rods, 
revealing the occurring of some sliding at the interface between the FRP and the sensor. On the 
other hand, all the Type B samples gave linear response, indication of good strain transfer at the 
interface.  

Despite the difference in surface finishing of the two specimen types, both their production 
process and their constituent materials (matrix, additives and carbon wires) are very similar and 
can not be assumed as the cause of the experienced difference in the results.  

On the contrary, such differences can certainly be attributed to the different type of recoating of 
the embedded FBG sensors: acrylate recoating in Type A specimens, polyimide recoating in the 
Type B specimens. Polyimide is a polymeric material with better values of strength and 
toughness with respect to acrylate. Thus, it can accomplish a much better transfer of the 
deformation from its outer surface embedded in the hosting structure to its inner surface 
surrounding the FBG sensor. 

The average value of the photoelastic constant of the Type B SRs (0.19, with coefficient of 
variation of 3.2%) is close to that of the bare FBG sensor (0.22), so evidencing that the 
measuring behavior of the developed new sensor is similar to that of the bare FBG sensor, while 
its manageability is highly enhanced.  

5 SEM ANALYSIS 

An evaluation of the quality of the embedding technique was carried out by means of scanning 
electron microscopy (SEM) analysis on cross-sections of several specimens.  

In Figure 12 a relevant example of the morphology of the fibre-resin interface of Type A and 
Type B smart rods is showed. The SEM inspection of several cross-sections showed, for Type A 
specimens, the not negligible presence of calcium carbonate with the consequent decay of the 
fibre-resin interface adhesion (as also confirmed by tensile tests). For Type B specimens a more 
uniform and smooth optical fibre-resin interface can be observed. 
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Figure 12. SEM analysis of the morphology of the fibre-resin interface (left: Type A, right; Type B). 

6 FIELD APPLICATION 

The in-situ applicability of the new sensor was verified on a highway r.c. bridge structure, in the 
framework of the seismic upgrade intervention on the bridge by means of FRP materials.  

Four Type B SRs were installed on a side face of a pulvino. As the bridge is symmetrically 
designed, only one half of the structure was instrumented, in order to continuously monitor the 
deformation status. 

For the application, a groove was prepared on the concrete element (Figure 13); the bars was 
then inserted inside the groove and fixed with epoxy putty, leaving the optic lead out for 
connection to the optical circuit. The correct working of the sensor was then checked and 
monitored for several months. 

 

 
Figure 13. SRs application for SHM of a highway r.c. bridge. 

7 CONCLUSIONS 

The article presented the development and characterization of a smart composite rod, composed 
of CFRP bar with embedded FBG optical sensor. The rod packaging gives to the optical fibre 
the necessary protection against an accidental damaging during handling and installation, so 
making it as easy to handle as other traditional strain sensors, for an efficient in-situ exploitation 
of fibre optic sensors advantages. This smart rod can also be used, at the same time, for 
structural strengthening/upgrading purpose. 
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The smart rods were manufactured using a modified pultrusion process, allowing both the FBG 
sensor embedding within the composites and the subsequent recovery of the associated fiber-
optic leads. Two different types of SRs were produced and tested: plane rods with acrylate 
sensor recoating (Type A) and ribbed rods with polyimide sensor recoating (Type B).  

Each rod type was subjected to tensile tests, in order to calibrate the transfer function of the 
device, that can be considered as a new sensor. The obtained results revealed that, while Type A 
smart rod is characterized by an improper internal strain transfer, Type B one can be effectively 
used as a strain sensor, thanks to the use of polyimide recoating. 

The in-situ applicability of the new sensor was then verified on a highway r.c. bridge structure, 
in the framework of the seismic upgrade intervention on the bridge by means of FRP materials. 

In conclusion, the developed solution can be considered a good candidate for contemporary 
strengthening/monitoring of civil infrastructures.  
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