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Abstract 

Bonded joints show a complex stress field, with large strain 

gradients, usually mainly known by numerical models. 

Experimental measurements are obtained at this paper, and   

the feasibility and performances of two low intrusivity 

sensing techniques are compared.  The properties of CNT 

doped adhesive films are well known for uniform strain 

field; by plotting conductive patterns on the film, the 

response at high and low shear strain regions is also 

obtained, affording a much better insight on the possibilities 

of this technique.  An optical fibre embedded into the 

adhesive film, aligned to the loads, experience the strong 

strain gradients that are predicted by the models. 

Experimental results are compared to the numerical 

predictions given by Volkersen shear-lag model.  
 

1. Introduction 

There is a very large amount of references related to 

bonded joints, which is indicative of the interest of the topic. 

Ref [1] gives a survey of more than 200 articles published 

from 2009 to 2016, while Ref [2] gives the references from 

a former period. Most of the articles are dealing with stresses 

modeling, either by analytical or by numerical FEM 

methods. In the latest years the attention is focused on the 

strength prediction, by using the Cohesive Zone Model 

(CZM). 

The models predict that shear stresses distribution is 

strongly non-uniform along the joint length, peaking at both 

ends. Added to the low thickness of the adhesive layer, 

typically 0,2 mm, it makes rather difficult to obtain 

experimentally the strain field. Digital Image Correlation 

(DIC) may afford a quite detailed map of the strain field from 

the lateral view of the adhesive film, with quite good spatial 

resolution [3, 4]. The experimental shear strains obtained at 

Ref. [4] (averaged through the thickness) compare quite well 

with the predictions from the 1-D shear lag model. Ref. [5] 

obtained also a similar agreement between the model results 

compared to the experimental findings obtained by Moiré 

interferometry.  The setup for these techniques and the 

associated data processing is rather complex, limiting its 

usage. 

 

The low size of the optical fibre (OF), with a typical 

diameter of 0,15 mm, when coated with a polyimide 

protective layer, make it feasible to embed the fiber inside 

the adhesive film without disturbing the strain field. A strain 

sensor could have been engraved at the core of the optical 

fibre, called FBG (Fibre Bragg Grating), allowing the axial 

strain to be measured a t this point. Also, it can be 

multiplexed (by writing several sensors at the same optical 

fibre), affording a much better insight about the strain 

distribution. FBGs started to be used as strain sensors in the 

‘90s, Ref. [6] was one of the earliest publications related to 

its usage for strain monitoring in bonded joints.  Ref [7] 

describes quite clearly the experimental details for using this 

technique. A major change on the technology of fiber optic 

strain sensing happened at 1998 after the implementation of 

OFDR (Optical Frequency Domain Reflectometry), and its 

application for the distributed sensing [8], getting strain 

information all along the optical fiber, even without the need 

to engrave any sensor on it. Since then, a large number of 

articles have appeared on the topic [9 to 14], including a PhD 

dissertation from the University of Tokyo [15], detailing 

every practical aspect of the related experiments.  A common 

limitation for former works is that, in most of the cases, tests 

are done on single lap bonded joints, with strong out-of-

plane displacements caused by the load misalignment, which 

usually mask the strains caused by the shear loads. A double 

lap bonded joint is selected for our experiments, to avoid 

those bending moments. 

 

It has been demonstrated by many authors that the 

electrical resistivity of carbon nanotube (CNT) thin films 

increases with strain, this effect can be explained by the 

diminution of contacts points among nanotubes network, and 

the role of the polymer influencing the tunneling barrier, the 

gap between neighboring tubes. The percolation threshold is 

defined as the CNT contents when the electrical conductivity 

of the blend increases by orders of magnitude due to the 

establishment of conducting paths. The sensitivity as strain 

sensor attains a maximum near the percolation threshold.  

 

The threshold is dependent on the nature of CNT and 

resin, its functionalization, and the avoidance of 

agglomerates, among other parameters, and usually range 
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from 0,1% to 1%.  Refs [16, 20] give a review of some 

published works on CNT doped resins, with applications on 

strain and damage sensing.  

 

 
 

Figure 1.  Conductivity of   CNT doped resins (from Ref 16) 

 

Instead of doping the resin paste, an alternative approach 

is to prepare a CNT dispersion on an aqueous media that can 

be spread onto the conventional uncured adhesive film. At a 

former paper [21] the optimized conditions to prepare the 

dispersion were discussed, and also it was demonstrated that 

the addition of CNTs did not have a detrimental effect on lap 

shear strength (LSS), with the best results being achieved in 

the case of dispersions about 0.25 wt%. At this work we 

focus on the sensitivity of this kind of sensor and its response 

to complex strains field. 

2. Materials and manufacturing of the specimens 

The dimensions of specimens to be built are sketched at 

Fig 2, pictures from the two sides of the specimens are also 

included there. One side of the specimen includes conductive 

strips with doped adhesive film, while the other side has one 

embedded optical fibre, which was included with the 

adhesive film before curing.  

 

 Adherents were done with CFRP laminates, made with 

13 plies of CYCOM 977-2 unidirectional tape, with a 

layup [(0,90)3,0]s. The basic properties of the laminae 

and the laminate, obtained by CLT (Classical 

lamination ´theory) by using the software ESACOMP, 

are given at Table 1 and 2, respectively.  

 

 CYCOM 977-2 is an advanced resin system, which 

comes with intermediate modulus carbon fibers, to be 

processed in autoclave, but still able to produce good 

quality laminates under OOA (Out of Autoclave) 

conditions, as were used for this work.   

 

A cocuring process was followed:  Firstly, central 

laminates were cured and cut to the desired size, then the 

optical fibre was located at a small groove done on the 

surface, to fix its position and to avoid any movement.  

A fresh adhesive film, FM300 ( 0,2 mm thickness, G = 

0,907 GPa), was located onto it, an uncured laminate with 

the size of the upper adherent was added on top, a vacuum 

bag was done and the assembly was cured at an oven, with 

the prescribed cure cycle. ( T = 180ºC, 2 hours) 

 

As a second step the assembly was turned upside-down, 

and again a fresh adhesive layer was located onto it, and the 

ink with CNT was painted at the defined positions sketched 

at fig 2. It has been found that the adhesive has a significant 

flow under the curing conditions. Micrographs taken at 

previous works demonstrated that the carbon nanotubes 

penetrate the pure resin of the adhesive in contact with it, and 

also to the resin of the uncured prepreg, if located onto it. In 

order to get a higher reproducibility, linked to the final 

percentage of CNT into the cured resin, the optimal being 

near the percolation threshold, it was decided to cure the first 

layer of adhesive, then adding a second adhesive layer and 

the uncured laminate for the upper adherent. Note that the 

width of this laminate is slightly smaller than the central 

laminate, to make easier the installation of electrodes for the 

CNT strips. 

 

Table 1: Material properties CYCOM 977-2 

Moduli (GPa) Poisson's ratios 

E11 175,00 nu12 0,3 

E22 8,68   

G12 4,30   

 

Table 2: Laminate stiffness properties  

(Obtained by ESACOMP) 

 

Laminate: Lay-up:((0/90)3/0)SO   h = 2.444 mm 

In plane Modulus (GPa)   

Exx 98,60 nu xy 0,0305 

Eyy 85,76   

Gxy 4,30   
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Figure 2 .Double lap bonded joint specimen 

 

 

3. Theoretical and Experimental Results 

3.1. Strain field predicted by the numerical models 

The calculation for the strain field at the double lap 

bonded joint has been done with the software ESACOMP, 

which uses the CLT to model the response of the adherents 

(plain stress state for each lamina, the strain vary linearly 

through the laminate thickness), and the adhesive layer is 

modeled as distributed linear tension and shear springs. 

Further details can be found at the link [22]. 

 

The shear stress distribution for the bonded joint 

with the dimensions given at Fig 2, assuming clamped-

clamped boundary conditions, for an external load of 100 

kN/m ( 5 kN for an specimen width of 50 mm), are given at 

figure 3 (because of the symmetry of the specimen, results 

are represented for only a halve). As expected, the shear strain 

peaks at the end and the middle of the joint, this side slightly  

higher, because of its higher stiffness.  These results are in 

good coincidence with those afforded by the Volkersen and 

Goland-Reissner analytical models.  

 

According to these theories, the shear strain would 

be simply xz= xz/Ga, uniform through the adhesive 

thickness, only dependent on x. For the axial strains, 

assuming valid the Volkersen hypothesis, the equilibrium 

equations for each adherent establish ( Eq 1) 

 

                                            (1) 

 

being t the thickness of the adherent,  the tensile stress at 

this point ( related to the strain by   = E  ) and τ the 

adhesive shear stress.  

So, the shear stresses can be correlated with the 

axial strains at each interface, which are the same as the 

attached laminate.  

 
Figure 3 Calculated shear strains at the double lap joint, for 

an applied load of 100 kN (ESACOMP) 
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3.2. Tests results from distributed fiber optic sensors 

Distributed strain measurements were done by an 

equipment OBR Luna 4600. Figure 4 gives the axial strain 

field obtained by the embedded optical fibre, attached to the 

central laminate. The response was linear with the applied 

load, only results for two load tests are given.  

 

As mentioned above, a plain optical fibre, acrylate 

coated, was located at a small groove done at the surface of 

the laminate, before the adhesive was cured, so it is assumed 

that it gets the strains of the laminate. In fact, for the free 

region, outside the bonded joint, the measured strain for an 

applied load of 14,5 kN was 1250  which is in good 

agreement with the calculated results for this laminate. 

Results predicted by ESACOMP for an applied load of 300 

kN/m (15 kN for a specimen width of 50 mm) are:   

 

  xx= 1245 ,  yy = -390 ,  xy = 0 

 

As justified at the former section, the spatial derivative 

of these axial strains should be coincident with the shear 

strain field. The derivative of experimental axial strains is 

also included at figure 4 (done as  x), but the agreement 

with the numerical shear strain field is only qualitative; it 

identifies the global trend, but the numerical values are not in 

agreement with calculations. It can be explained by two facts:  

 

Firstly, the spatial resolution of OBR system is linked to 

the required strain accuracy; we choose 5 mm as a good trade-

off. Secondly, it was recently demonstrated [23] that the 

coating of the optical fibre, which transfer the strains to the 

optical core, might have a shear lag effect, distorting the 

acquired strain field in case of large strain gradients.  

 

 

 
 

Figure 4 .Experimental axial strain (a) and calculated shear strains (b) at the double lap joint, for an applied load of 100 kN 
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3.3. Tests results from CNT doped films 

The electrical resistance of the doped channels was 

acquired during the mechanical tests by an Agilent 

equipment.  Some of the obtained results are presented at 

figure 6 and figure 7. 

The first important conclusion is that the direction 

of the conductive strip does not influence the readings. In our 

case, the strips are transversally located, but the readings are 

mainly due to the longitudinal strains, that are responsible of 

a change among the distance of nanotubes. In fact, because 

of the isotropic distribution of nanotubes, the change of 

electrical resistance must be associated to what is called ‘the 

hydrostatic strains’ Equation (2), 

hyd (2) 

 

Second conclusion is that, even the linearity of the 

response under increasing loads, it is difficult to get a 

quantitative response, because the gauge factor (ratio 

among the strain and the relative change of resistance) is not 

repetitive from a sensor to another one, being related to the 

dispersion of nanotubes into the adhesive.  

 
Figure 6 Electrical response as a function of the mechanical 

load for (a) Channels 2 and 10. 

 

 
Figure 7 Electrical response as a function of the mechanical 

load for Channels 6 and 9. 

4. Conclusions 

The strain measurements inside a bonded joint 

have been successfully implemented by two different 

techniques. With distributed fiber optic sensors it has been 

found that strains can be quantitatively determined, except 

at the ends of the joint, because of the strong strain 

gradients. 
 

Concerning carbon nanotubes thin films, it has been 

demonstrated its very high sensitivity to strains, and a very simple 

technique to implement local measurements, by using a CNT-ink, 

has been demonstrated. It has been found the lack of directionality 

of the CNT sensors, and at least in our experiments, the difficulty 

to obtain a nearly uniform gauge factor.  
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