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ABSTRACT 

Chirped fibre Bragg grating (CFBG) sensors have been embedded in composite coupons which have been 

used to form one half of single lap bonded joints. The bonded joints have been made with deliberately included 

defects, consisting of either a PTFE insert or an air gap, and the sensors have been used to detect the presence and 

location of the defects. The experimental results, and the modelling, show that defects in both GFRP–GFRP joints 

can be detected by the embedded CFBG sensors, though it is easier to detect defects in the lower stiffness (GFRP) 

joints. 
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1. INTRODUCTION 

The use of tailored multi-material components opens up new potential to reduce energy consumption by 

weight reduction. Therefore lightweight materials such as thermoplastics or thermosetting fiber reinforced plastics 

(FRP) are gaining importance in the next few years. For such a multi-material mix it is necessary to reach an 

intelligent integration of these different types of plastics. However according to the current state of the art the 

joining of thermosetting composite to thermoplastic is limited by available joining techniques. Melting of 

thermosetting plastics is not possible due to their cross-linked macromolecules. Welding is therefore only feasible 

for thermoplastic matrix composites. Dissimilar materials can be joined by means of adhesive bonding. However a 

major disadvantage of bonding is the time-consuming and complex surface preparation and the long curing time 

which can vary by product and type of adhesive between several minutes and several hours. For a mechanical 

connection with rivets or bolts holes have to be drilled into the composite whereby the fibers are cut and the flux of 

force in the fiber reinforced plastic is significantly influenced. This has to be considered in the component design. 

Besides the fact that mechanical linkage is not “fiber-friendly” the joining elements limit the lightweight design 

and the visual appearance. Motivated by the described deficits in this paper an innovative approach for joining 

glass fiber reinforced plastics (GFRP) with a thermosetting matrix to thermoplastics by means of laser-based hot-

melt bonding is analyzed. 

There has been significant interest in the combined pressure/axial load testing of GFRP tubular members 

without a joint not only as a means of determining the pipe behaviour but also as a method of testing the biaxial 

properties of composites. In such tests, the stress ratios of hoop to oads are usually fixed, and the specimens are 

tested to failure. Work carried out on lined or unlined (although only the lined results are referred to here), 100 mm 

internal diameter, 1 mm thick GFRP pipes with a ±55° winding angle considered stress ratios including pure 

tensile axial loading (0/1), ratios of 2/1 and 10/1 and various combinations in between. In the biaxial tests other 

than 2/1, the specimens were loaded in tension or compression and the internal pressure applied simultaneously. 

The ends of the pipes were locally reinforced and end fittings had the dual function of providing a sealed 

pressurisation system and of applying load. As the axial load increased or decreased the pressure was carefully 

controlled to ensure the ratio of hoop to axial stress was kept constant. Pure hoop loading (1/0) and a range of axial 

compression loadings were also investigated. The highest axial stress could be carried at the 2/1 ratio; which is 

perhaps not surprising since this is the load condition for which the pipe winding angle had been optimised, and 

thus most of the load is taken by the fibres. In contrast, under pure tensile axial load (0/1) the failure stress was on 

average 70 MPa and under pure hoop loading (1/0) the average failure stress was 583 MPa. A schematic failure 

envelope is shown in. The focus of the current work was to consider the behaviour of joined tubular members 

under combined loadings and to explore cases where axial loads were applied independently from pressure. The 

case 3 where longitudinal stresses were superimposed on stresses generated due to pressurisation was of most 

interest. Thus in contrast to much of the previous work on tubular pipes without joints, the pressure load was fixed 

and only the axial load varied, hence the ratio of the hoop stress to axial stress changed during testing. 

 
Figure.1. Adhesive bonding of GFRP-GFRP bond 
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2. EXPERIMENTAL METHODS MATERIALS 

Two types of composite joints have been used in this study, glass fibre reinforced plastic (GFRP) and 

carbon fibre reinforced plastic (GFRP). The manufacture of the epoxy based GFRP coupons with embedded 

sensors has been described extensively in previous publications. Processed using a vacuum bag and a conventional 

oven. The vacuum bag used was a 3 mm thick silicon membrane with integrated vacuum take-off valves, attached 

to a rigid aluminium frame, and could be reused many times. The laminate was constructed on a solid, flat-tool 

base to which a solid PTFE film was attached using high temperature adhesive tape. The Vacuum frame was used 

to debulk the laminate after every 3rd ply. Optical fibres were included by layingthem in the laminate before the 

last 0u plies. Where the optical fibre exited from the laminate, the fibre was supported by cork and taped into place 

to ensure both accurate location and protection. Additional protection for the optical fibre was provided by silicon 

tubing that surrounded the fibre at the edge of the laminate. Laminates were cured in a conventional oven at 1300C 

for 4 h. After cure, coupons were cut using a wet diamond saw, with coupon dimensions being 2062 X 56300 mm. 

After manufacture of the coupons with embedded optical fibres, the position of the CFGB sensors within 

the coupons was established using a hand tightened clamp, since the clamp position can be seen as distinct per 

turbations in the reflected spectrum. The coupon washmen cut to length using a wet diamond saw, the cut ended 

the coupon being adjacent to the end of the grating (which was determined using the hand tightened clamp). The 

resulting coupon had approximate dimensions of 206 mm, where the coupon thickness, t, was 4.5 and 2.5 mm for 

the GFRP and CFRP joints respectively. Coupons without embedded sensors were cut towered cleaned with 

methanol and bonded using a single Part, heat curing epoxy adhesive, AV119. The GFRP–GFRP joints were made 

with an included PTFE defect which also acted as a spacer to maintain a uniform adhesive thickness. The PTFE 

was 12 mm long, extended across the width of the bond (20 mm), and 0.25 mm thick. These defects were 

positioned mid-way along the bonded joint which, in the case of the GFRP–GFRP joints, had an overlap length of 

60 mm (seas highlighted above, the GFRP–GFRP bondedjoints were manufactured with central PTFE defects (as 

shown in Fig.1), and only one configuration was manufactured and modelled. For the joints, which had the air gap 

defects, two types of joint configuration were tested experimentally and modelled (Joints A and B and a further 

configuration was also modelled. 

 
Figure.2. Three different adhesive bonding of GFRP 

Optical system: The optical system consisted of a CFBG sensor written into a standard telecoms fibre, a 

broadband LASER anta computer controlled optical spectrum analyser (OSA), as shown schematically in (SLJ is 

the single lap joint). The CFBG sensors had lengths of 60 mm for the GFRP coupons and 30 mm for the CFRP 

coupons; another words, for both the GFRP–GFRP and CFRP– CFRP joints, the sensors extended the complete 

lengthen the joint overlap. In all cases, the sensors had spectra that were 20 nm full width at half the reflected 

maximum. Connections were made using standard FC1 Schematic of joint geometry, where LW and HW indicate 

low and high wavelength ends of CFBG respectively Capell. Detection of defects in GFRP–GFRP joints Plastics, 

Rubber and Composites connectors and the ends of the adherends (and hence the optical fibre ends) were not 

polished to aid divergence and minimise back reflection not originating from the Bragg grating. Figures 1 and 2 

show the orientations other high and low wavelength ends of the embedded CFBG sensors; this is important for 

understanding, and modelling, the reflected spectra. Subsequent figures that include schematics of the joints use 

the same notation as shown in Figs. 1 and 2 in order to indicate the orientation of the CFBG sensors. 

Testing procedure: Controlled servo hydraulic test machine (Intron 1341), which was used to apply a quasi-static 

load. The sensors were interrogated with (i) no load applied to the joint and (ii) a load equivalent to 1000 me 

within the overlap region of the joint. After recording the reflected spectra, GFRP joints were then loaded to failure 

to enable the exact position of the defect to be located by examination of the fracture surfaces. Glass fibre 

reinforced plastic joints were left intact since the transparent GFRP adherends allowed the position of the defect to 

be measured directly. 

3. RESULTS  
In this section, examples of reflected spectra from both GFRP–GFRP joints containing defects are shown, 

together with the appearance of the fracture surface of a GFRP–GFRP joint to demonstrate the nature of the air gap 

defects introduced into these joints. The results presented in this section are interpreted more fully with the aid of 
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the modelling results presented in the Modelling section below. Reflected spectra from a CFGB sensor within a 

GFRP–GFRP bonded joint (with embedded PTFE defect) can be seen in Fig.4 with the joint unloaded, and 

subjected to an applied load equivalent to a strain of 1000 me. The ‘ideal’ reflected spectrum from an unloaded 

CFBG sensor resembles a top hat function, although imperfections in the grating spacing introduced during 

manufacture can produce deviations from this ideal spectrum as in the present case (Fig.4a); in Fig.4a, a small 

increase in reflected intensity can be seen within creasing wavelength of reflected light. With the joint loaded a 

number of changes can be seen. First, there is a significant shift to higher wavelengths at the high wavelength end 

of the spectrum; in this region, the longitudinal strain is high at the change in section from the double overlap 

length of the joint to the single adherent.  

Second, changes in the detailed reflected intensity indicate the position of the defect. Comparing the two 

spectra in Fig.4, there is a clear perturbation anther reflected spectrum between 1540 and 1545 nm, which 

corresponds approximately to the position often PTFE defect within the joint. However, it is clear that whereas the 

physical location of the defect is at the Centre of the joint, the perturbation of the spectrum due to the defect is not 

in the centre of the reflected spectrum. This relationship between the perturbations in the spectrum and the actual 

defect position within the joint is explained by the modelling presented in the following section. Respectively; 

filled black circles are spacer wires 

Schematic of optical system: Spectrum of the unloaded joint shows a perturbation at about 1546 nm which is due 

to the local strain generated by one of the spacer wires. When loaded, the reflected spectrum from the low 

wavelength end of the sensor is shifted significantly to higher wavelengths, due to the Enhanced longitudinal strain 

in the lower adherentd at the joint overlap. By contrast, the high wavelength end of the spectrum is not 

significantly altered since the longitudinal strain falls to zero at the cut end of the adherend with the embedded 

sensor. In other words, the Reflected wavelength–position relationship becomes nonlinear– an effect that was also 

seen in the GFRP–GFRP joints but is more pronounced in the GFRP–GFRP joints due to the high strain gradients 

caused by the much higher value of the longitudinal Young’s modulus, E1. Towards the low wavelength end of the 

loaded spectrum there is a region of increased reflected intensity and several perturbations in the spectrum which 

cannot be seen in the unloaded spectrum. The defect is located within this region, close to the change in cross-

section other structure, where the load is being shed from the double thickness joint overlap to the single thickness 

adherend, and the perturbations in the spectrum indicate the presence of a defect in the bonded joint in this region. 

Interestingly, due to the non-linearity of the reflected spectrum–position relationship, the defect signature in the 

reflected spectrum occurs at lower Wavelengths than might be expected if a linear relationship between reflected 

wavelength and physical positioned the defect is assumed (as indicated earlier, the precise defect position was 

found by subsequent fracture of the joints). The modelling in the next section again supports this conclusion. 

Figure 6a and b shows spectra from a joint with different defect/sensor/adherent configuration. The defect, 4 mm 

wide in this case, was located in the lightly strained region, 5 mm from the cut end often lower adherent (which 

contains the sensor), and again towards the low wavelength end of the CFBG sensor. In this case, under load the 

high wavelength endue the reflected spectrum moves to higher wavelength sand the low wavelength end is not 

significantly altered. Although located within the low strain end of the adherend, perturbations in the reflected 

spectrum due to the defect are still clearly visible.  

 
Figure.3. GFRP–GFRP joints 

Reflected spectra from sensor in GFRP joint with PTFE defect a) unloaded; b) with 1000 me strain, 

showing inset schematic of joint and defect position. 

  
Figure.4a. CFGB sensors in bonding Figure.4b. Optical fibre in GFRP 
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Fig.5. Experimental result Figure.6 a&b. Spectra joining temperature 

 

  
Fig.7 a & b. Spectra profile of tested specimen 

The low wavelength end of the spectrum. In this case, the signature of the defect in the spectrum between 

1540and 1543 nm appears different to that in (the large perturbation in both spectra at about 1546 nm is again due 

to a spacer wire). Again, the modelling described in the following section supports these conclusions. 

In this case, the joint overlap length was 30 mm long, with a defect located about 4 mm from the left hand 

(contend) of the adherent. The defect in this case extended across the width of the joint and was approximately of 

the defect, it does not have a controlled rectangular shape. In the modelling section which follows, the precise 

geometry of the defects introduced into the GFRP–GFRP joints (a defect geometry which was well defined) has 

been modelled. However, for the GFRP–GFRP joints where the defect shapes were less well-defined, typical 

defect dimensions have been used, assuming the defects to be rectangular in shape. 

Modelling: In order to understand the reflected spectra from the joints with defects under load, the strain 

distributions anther loaded joints have been determined using finite element analysis (FEA). The resulting strain 

profile shave then been used to predict the reflected spectra froths CFBG sensors using an optical modelling 

program (Opti Grating, Opt wave Corp., Canada). Two-dimensional FE models were created in a bases 

(SIMULIA, USA, version 6.6–1) using plain modelling the plies and adhesive explicitly, but omitting the optical 

fibre, adhesive filets and spacer wires (2Dmodels have been found in previous work12 to be sufficiently accurate to 

capture the strain changes in the lap joints). In all cases, the defects have been modelled here as voids in the 

adhesive layer, and the mechanical unloaded; b with 1000 me strain, showing inset schematic of joint and defect 

position. Reflected spectra from second bonded joint with defect. 

Regions of Adhesive: 

Table.1. Mechanical properties of GFRP plies used in modelling, together with adhesive properties             

(all moduli in Gape; note that adhesive has isotropic properties) 

Materials E1 E2 E3 n12 N23 N13 G12 G23 G13 

GFRP 43 13 13 0.3 0.4 0.091 4 4.64 4 

Adhesive 3   0.4      

Properties used here for the GFRP plies, the CFRP pliés and the adhesive are shown in Table.1. Strain 

values were exported from the FE model on a node line corresponding approximately to the position of the Centre 

of the optical fibre, and the strain profile was then used to calculate the variation in the grating period other CFBG, 

using the same method as in previous work. The grating period is used to predict the reflected spectra from the 

CFBG sensors. Joint with a PTFE defect in the centre corresponding to (note that the PTFE is modelled as a void). 

The joint is subjected to a load of 7 kN, which results in abstain of over 1000 me in the central (double thickness) 

overlap region of the joint. In Fig.7a, the strain profile shown is for the lower adhered, so that the 0 mm position is 

adjacent to the cut end of the lower adherend, and the 60 mm position is at the end of the overlap where the single 

adhered continues to the grips. As mentioned above, the longitudinal strain is shown along the centre of the optical 

fibre, which is in this case embedded within the lower adherent. The strain changes in the adhered as a 

consequence of the centrally located defect can be seen in the strain profile, with changes in strain occurring at 

about 24 and consequence of the non-linear strain distribution is that the reflected wavelength–position relationship 

becomes on linear in the resulting CFBG reflected spectrum of Fig.7b.  
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Consequently, although the position of the defect is easily identifiable in the reflected spectrum of Fig.8b, 

the defect position shown in Fig.8b is not at the centre of the 60 mm overlap length. Notwithstanding the 

complication of Thelon-linearity, the defect length shown is12 mm in length and the shape of the perturbation in 

the predicted spectrum is very similar to the experimental result shown in the strain profile and predicted spectrum 

for a joint of Type Joint A which is a joint and sensor configuration that is similar to the joint that produced the 

experimental result of Fig.5. In this view of Joint Anther CFGB sensor is located in the upper adherend, oriented 

with the high wavelength end of the sensor adjacent to the cut end of the upper adhered (note, toady visualisation, 

Joint A in has been rotated by adhesive. 

 
Figure.8. Airgap defect, a) Distance along joint, b) Wavelength 

 

 
Fig.9. Predicted stain profile for GFRP-GFRP joint 

180u compared, but obviously still retains the same configuration). In this model, an air gap defect is 

located between 5 and 10 mm along the joint (which has an overlap of 30 mm), and the 30 imposition is located at 

the cut end of the upper adhered, as shown in Fig.8. The CFGB sensor therefore has Thelon wavelength end at the 

0 mm position and the high wavelength end at the 30 mm position. Figure.8a shows the longitudinal strain profile 

for the joint, which shows small perturbation in the strain distribution (between 5and 10 mm) caused by the defect. 

This perturbation another strain leads to a perturbation in the reflected spectrum (Fig.8b) towards the low 

wavelength end often spectrum. Again, the length of the modelled defect (5 mm) is reasonably well captured by the 

reflected spectrum. The left hand boundary of the defect syndicated by the large trough at the low wavelength end 

and encompasses the flattened peak immediately to the right of the trough. Due to the non-linear reflected 

wavelength–position relationship, the defect appears in the spectrum to be closer to the low wavelength end other 

sensor position than a simple linear relationship would suggest. Although the experimental result in clearly 

indicates the presence of a defect, the corresponding predicted spectrum of the modelling shows only moderate 

agreement with the experimental result. This is likely to be caused by differences between the modelled and 

experimental defect geometry. Although the defects are of similar size, 5 and 7 mm long for the modelled and 

experimental defects respectively, the modelling omits some geometric attributes of the experimental defects, 

specifically that a strain profile and b predicted spectrum of GFRP–GFRP joint with 5 mm defect 

The experimentally produced air gap defects are not rectangular in shape. Figure.9, shows the strain profile 

and predicted for a GFRP–GFRP joint with a defect like that shown in Joint. In this case, the defectives adjacent to 

the low wavelength end of the sensor, and the defect this time is close to the low strain end often adhered which 

contains the sensor. In this model, the air gap defect is located between 5 and 10 mm along the joint (which again 

has an overlap of 30 mm), and th0 mm position is at the cut end of the adherend containing the embedded sensor. 

The CFGB sensor in this case has the low wavelength end at the 0 mm. 

Position and the high wavelength end at the 30 imposition. The modelled defect again lies between 5 and 

10 mm in the strain profile, which shows an appreciable change in shape due to the defect. In this case, the 

predicted reflected spectrum of is also easier to interpret, with the defect appearing as an elongated peak centred on 

1542 nm. The predicted shape of the defect here appears closer to the experimental result than in the previous 

GFRP–GFRP joint configuration, although again the agreement between the predicted reflected spectrum shape in 

the vicinity of the defect anther experimental spectrum can only really be classified as moderately good, again 

probably for the reasons explained above. Comparing the modelling results for the GFRP and CFRP joints, the 

modelling of the GFRP–GFRP joints with air gap defects has shown the increased difficulty incensing a defect in 
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bonded GFRP–GFRP joints compared with GFRP–GFRP joints. The increased stiffness of GFRP compared with 

GFRP is significant here, since load shedding between the adhesive and adherents’ at defects will produce much 

higher local strain changes forger–GFRP joints than for GFRP–GFRP joints. Indeed, this complication becomes 

more pronounced for certain GFRP–GFRP joint/sensor configurations. 

4. CONCLUSION 

A number of conclusions were deduced from the results of the ambient bond test programme presented 

above: Two of the epoxy adhesives (Epoxy 1 and Epoxy 3) studied in the test programme are considered the most 

suitable to act as the adhesive at the GFRP-GFRP interface as excellent quality bonds were formed with both 

GFRP types during ambient conditions. PU adhesive performed best as strong bonds were formed with both the 

GFRP and FULCRUM materials. GFRP material achieving shear strengths comparable to solid specimens from 

the same board and adhered failure percentages equal to wood-wood bonded specimens from the same board. The 

application of an adhesion promoter appeared to have no effect in increasing the shear strength of bonded GFRP 

specimens or achieving higher adhered wood failure percentages in bonded GFRP specimens. In general, where 

good quality bonds were formed, GFRP-GFRP bonded specimens failed at comparable shear strengths to solid 

specimens from the same board but at lower shear strengths than those achieved. 

REFERENCES 

Calladine CR, Theory of Shell Structures, Cambridge University Press, Cambridge, 1983. 

Capell T.F, Ogin S.L, Crocombe A.D, Reed G.T, Thorne A.M, Palaniappan J, Tjin S.C and Mohanty L, NDE 

Detection Of Manufacturing Defects In Composite Bonded Joints Using Cfbg Sensors, Proc.ICCM16, Kyoto, 

Japan, 2007.  

Capell T.F, Palaniappan J, Ogin S.L, Crocombe A.D, Reed G.T, Thorne A.M, Mohanty L and Tjin, The use of a 

CFBG fibre optical sensor to detect disbond development in composite/composite and metal/composite adhesively 

bonded joints. S.C, J. Optics A, Pure Appl. Optics, 9, 2007, S40–44.  

Culshaw B and Dakin J, Optical fibre sensors; components and subsystems, Boston, Artech House, 3, 1996.  

Dde Moura M.F.S.F, Daniaud R and Magalhaes A.G, Simulation of mechanical behaviour of composite bonded 

joints containing strip defects, Int. J.Adhes. Adhes, 26, 2006, 464–473. 

Hart-Smith L.J, Joining of composite materials, (ed. Kedward K.T), ASTM STP Philadelphia, PA, ASTM, 749, 

1981, 3–31.  

Hetenyi M, Beams on Elastic Foundation: Theory with Applications in the Fields of Civil and Mechanical 

Engineering, University of Michigan Studies, Scientific Series XVI, 1961. 

Hsu D, Non-destructive testing using air-borne ultrasound, Ultrasonic, 44, 2006, 1019–1024. 

Lees JM, Combined pressure/tension behaviour of adhesive-bonded GFRP pipe joints, In Hollaway LC, 

Chryssanthopoulos MK, Moy SSJ, Eds Advanced Polymer Composites for Structural Applications in Construction, 

ACIC 2004, Wood head Publishing Ltd, 2004, 377-383. 

Meltz G, Morey W.W and Glenn W.H, Formation of Bragg gratings in optical fibers by a transverse holographic 

method, Optics Lett, 14, 1989, 823–825.  

Okabe Y, Mizutani T, Yashiro S and Takeda N, Detection of microscopic damages in composite laminate with 

embedded small-diameter fiber Bragg grating sensors, Composites Science and Technology, 62 (7–8), 2002,     

951–958. 

Pickett AK, Hollaway L, The analysis of elastic adhesive stresses in bonded lap joints in FRP structures, 

Composites Structures, 3, 1985, 55-79. 

 


