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The use of structural adhesive bonding is under development for offshore applications and more specifically for fastener connection to existing steel structures. For this application, creep appears to be one of the main long-term phenomena that needs to be considered during the design approach. To investigate this issue, experimental creep investigations were realised at real scale for two bonded fastener geometries at different stress levels and under different load situations (tension and shear). Local measurements were carried out during these investigations to better describe the long-term behaviour of the bonded fasteners. Despite the non-uniform adhesive thickness in the assembly, numerical investigations have highlighted that the stress field mainly depends on the fastener geometry and the applied load level. This article is dedicated to the description of a methodology that relies on a precise inverse identification of creep parameters and on simplifying hypotheses on the stress field to be able to use simple analytical tools. The methodology enables to identify creep parameters much quicker than a method coupling an optimisation algorithm and a finite element analysis and could easily be used for more complex and precise models.

Introduction

Structural adhesive bonding is being increasingly used in civil engineering applications. It has indeed several advantages compared to other assembly techniques such as welding and riveting: uniform stress distribution, assembly of materials of different natures, no heat production. This last feature is particularly interesting for offshore activities, where there may be some need to connect new elements to existing structures without constraining their service properties. However, the permanence of some issues prevents a wider development of this technique such as the creep behaviour of structural adhesive bonding.

The firm Cold Pad developed adhesively bonded fastener solutions (Figure 1-a) to replace welding by structural bonding for the repair or reinforcement of steel structures in offshore areas. A specific installation tool was also developed (Figure 1-b) to ensure a precise control of the bonding operation between the two substrates [START_REF] Court | Bonded assembly and bonding method[END_REF]. Regarding the durability issue raised by such a solution, as there are specific protections against moisture diffusion, creep behaviour appears to be one of the main phenomena that must be studied. Preliminary creep investigations were led in [START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF] and showed that the obtained behaviour could be properly described using the creep model developed by Burger for the two first creep steps. However, these experimental creep investigations are specific to one fastener geometry. Any change in the fastener design would require new experimental investigations. This raises the issue of the possible extension of the obtained results to alternative fastener design. [START_REF] Court | Bonded assembly and bonding method[END_REF] In this kind of situations, inverse identification methods are usually used. These methods enable to determine materials parameters of a model from experimental data thanks to optimisation algorithms coupled to a finite element analysis. The identification loop follows the steps described in Figure 2. Many studies have shown the effectiveness of this approach [3]- [START_REF] Janin | Identification of the material behavior of adhesive joints under dynamic multiaxial loadings[END_REF]. However, the calculation time of this method depends significantly on the finite element model complexity. In this study, creep behaviour is investigated. Consequently, the time increment in a finite element analysis must not be too important to precisely describe the behaviour. This aspect significantly increases time calculation. For the studied fastener design, one finite element simulation lasts around 30 minutes. An inverse identification using finite element analysis would require a time calculation of several hours.

Figure 2: Optimisation algorithm coupled with a finite element analysis

There are two main approaches to model the creep behaviour of a material: empirical models and rheological ones. Many of empirical models are based on power laws. The simplest is given in Equation (1) [START_REF] Da Silva | Handbook of adhesion technology: with 859 figures and 97 tables[END_REF], [START_REF] Penny | Design for Creep[END_REF] with (𝐵𝐵 0 , 𝐵𝐵 1 , 𝑛𝑛) the material parameters, 𝜎𝜎 0 the creep stress and 𝑡𝑡 the time. Another example is the Bailey Norton model [START_REF] Salençon | Viscoélasticité pour le calcul des structures[END_REF], [START_REF] Sadigh | Creep deformation simulation of adhesively bonded joints at different temperature levels using a modified power-law model[END_REF] (Equation ( 2)) that considers the nonlinear behaviour of the material and the influence of the temperature, with (𝐶𝐶 0 , 𝐶𝐶 1 , 𝐶𝐶 2 , 𝐶𝐶 𝑇𝑇 ) the material parameters and T the temperature. One of the most used rheological creep models is the Burger model (Equation ( 3)). This model associates the Maxwell and the Kelvin-Voigt models, with springs (E1,E2) for the elasticity and dashpots (𝜂𝜂 1 , 𝜂𝜂 2 ) for the viscosity [START_REF] Majda | A modified creep model of epoxy adhesive at ambient temperature[END_REF], [START_REF] Houhou | Analysis of the nonlinear creep behavior of concrete/FRP-bonded assemblies[END_REF]. This model describes only the primary and secondary creep stages. This could be improved using damage in the parameters as it was suggested in the study of Papa et al. [START_REF] Papa | A visco-damage model for brittle materials under monotonic and sustained stresses[END_REF]. In this case, load-unload tests are required to identify the damage evolution of the material. As the previous work of Djeumen et al. [START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF] has shown a good correlation of the first two creep stages with the Burger law, this model has been chosen for this identification method.

𝜀𝜀(𝑡𝑡) = 𝜎𝜎 0 × (𝐵𝐵 0 + 𝐵𝐵 1 𝑡𝑡 𝑛𝑛 ) (1) 
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The present study will focus on presenting a new inverse identification method that does not require a finite element analysis at each iteration of the optimisation loop applied to the bonded fasteners developed by Cold Pad, in the specific case of creep tests under tension load. The creep model used to describe the behaviour is the Burger model. The first part details the bonded fastener design and the creep model. After that, the numerical model used in the identification method will be described. Then, two inverse identification methods will be presented and applied. The first method considers the nonhomogeneous stress in the adhesive layer. The second method will exploit the stress field distribution to apply the inverse identification only where the creep behaviour is the most critical and considering a homogeneous stress field within the adhesive. The results will be compared for the two parameters identification methods in the last part.

Description of the creep investigations

Bonded fastener design

The fasteners of 120mm diameter have a precise geometry that allows obtaining a variable adhesive thickness along the fastener diameter. Figure 3 shows the evolution of the adhesive thickness along the fastener radius. This thickness profile was designed to reduce the edge effects [START_REF] Court | Bonded assembly and bonding method[END_REF]. In Figure 3, the thickness value is normalised according to the maximum adhesive thickness value over the surface in the assembly. This specific adhesive layer thickness makes the modelling of the creep behaviour more difficult and increases the complexity when using a numerical model.

Figure 3: Adhesive layer thickness on the fastener radius

For the experimental investigations, the fasteners were bonded onto a 350 mm square, 20 mm thick steel plate (Figure 4 and Figure 5). Three LVDT sensors were used to measure local displacements of the fastener (Figure 5). Their properties are given in Table 1. They were positioned perpendicularly to the joint surface at 120° to assess the symmetry of the test.

Even if a tensile load was applied to the fastener and hinges were used on both sides of the sample, the three LVDT sensors did not measure the same displacement. This phenomenon must occur due to the presence of local singularities. A calculation method was developed to determine the maximum displacement from the rotation of the fastener during the test. This calculation method allows disposing of comparable data for the whole test series improving therefore the repeatability of the investigations.

To be consistent with this observation, the maximum displacement was used for the creep identification process in the rest of the analysis.

Type D6/01000A/L10/RA/3M Range ± 1 mm Accuracy 1 µm Linearity ± 0.1 % Maximum temperature 125°C

Table 1: Sensor properties

Before the creep investigations, preliminary quasi static investigations were led in [START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF], which enables to assess the ultimate tensile capacity (Tult) of the assembly. Figure 6 gives an example of experimental results for a creep test at 70% Tult in terms of load. This test was obtained as part of the study of Djeumen et al. [START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF]. It can be noticed that the curve shows the three creep stages and that the secondary stage represents approximately 63% of the creep final time and 10% of the creep final displacement. 

Creep model

The Burger model was chosen to describe the creep behaviour of the bonded fastener to compare the different identification methods. This is a rheological model that associates the Maxwell and the Kelvin-Voigt models (Figure 7) [START_REF] Majda | A modified creep model of epoxy adhesive at ambient temperature[END_REF], [START_REF] Houhou | Analysis of the nonlinear creep behavior of concrete/FRP-bonded assemblies[END_REF].

Figure 7: Burger rheological model [START_REF] Houhou | Analysis of the nonlinear creep behavior of concrete/FRP-bonded assemblies[END_REF] The parameter E1 describes the instantaneous elasticity, therefore it is the elastic modulus of the adhesive. This parameter does not require creep analysis to be identified. Consequently, three parameters need to be identified in this study: 𝜂𝜂 1 , 𝐸𝐸 2 and 𝜂𝜂 2 .

Numerical analysis

Model presentation

In order to be able to identify properly the creep behaviour, it is necessary to determine the stress distribution inside the adhesive layer during the creep test. This was carried out using a finite element model of the tests using the commercial software Abaqus.

A 2D axisymmetric model was used to represent the tensile test (Figure 8). The real samples were bonded on square plates bolted at each corner, but it was verified using a 3D model developed in the work of Djeumen et al. [START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF] that the anchorage zones were sufficiently far from the adhesive layer to consider an axisymmetric behaviour. For the 2D axisymmetric model, the edge of the steel plate is embedded, and the tension load is applied at the top of the fastener on a surface corresponding to the rod of the fastener. To simulate the creep test, two steps were implemented: a static one for the loading part, and a viscous one for the creep part.

The plate and the fastener materials were modelled using isotropic linear elastic steel behaviour, with an elastic modulus of 210 GPa and a Poisson's ratio of 0.3. For the adhesive, the behaviour was also considered to be isotropic linear elastic for the static part of the load, with an elastic modulus of 1500 MPa and a Poisson's ratio of 0.4. The elastic modulus was given in the data provided by the adhesive manufacturer. For the Poisson's ratio, a random value was chosen. Numerical simulations have shown that its value has a negligible impact on the results of the creep part. The creep part was described using Burger's laws with random parameters for the first numerical simulations. The creep law was implemented in a subroutine Fortran linked to the Abaqus simulation. To define the creep strain evolution, the compliance needed to be detailed. A 3D model can be used for creep. In that case, the compliance is a tensor [START_REF] Salençon | Viscoélasticité pour le calcul des structures[END_REF]:

𝜀𝜀(𝑡𝑡) = 𝐽𝐽: 𝜎𝜎 (4) 
With 𝜀𝜀(𝑡𝑡) the strain tensor, 𝐽𝐽 the compliance tensor, and 𝜎𝜎 the stress tensor.

The compliance is uniaxial for a viscoelastic isotropic material. Equation ( 4) was thus rewritten as follows:

𝜀𝜀(𝑡𝑡) = �1 + 𝜈𝜈(𝑡𝑡)�𝐽𝐽(𝑡𝑡)𝜎𝜎 -𝜈𝜈(𝑡𝑡)𝐽𝐽(𝑡𝑡)𝑡𝑡𝑡𝑡 �𝜎𝜎� 𝐼𝐼 (5) 
With 𝐽𝐽(𝑡𝑡) the uniaxial compliance and 𝜈𝜈(𝑡𝑡) Poisson's ratio. Poisson's ratio was supposed to be independent with time [START_REF] Thai | Modélisation micromécanique et simulation numérique du fluage des bétons avec prise en compte de l'endommagement et des effets thermo-hydriques[END_REF]. In a finite element analysis for a bonded assembly, the accuracy of the results depends on the number of elements in the thickness of adhesive [START_REF] Yves Cognard | Influence of the geometry of coaxial adhesive joints on the transmitted load under tensile and compression loads[END_REF]. Linear rectangular elements were used as close as possible to square elements. The convergence study led to the use of 8 elements in the thickness of the adhesive (Figure 9). 

Numerical simulations results

The analysis of the stress field in the adhesive highlights that the normal stress is not homogeneous along the fastener due to the non-uniform adhesive thickness and the fastener geometry (Figure 10). It can be checked that the fastener thickness profile effectively reduces the stress concentration on the edge. Moreover, Figure 10 highlights that stress is concentrated in the middle of the adhesive layer (from 0 to 0.4 of the normalised distance from the centre of the adhesive. Furthermore, the state of stress is not constant over time (Figure 10). Indeed, Figure 10 shows the normal stress S22 in the centre of the adhesive layer at different moments of the creep test. Yet, it shows that almost instantly (before 0.001 × 𝑡𝑡 𝑓𝑓 , where 𝑡𝑡 𝑓𝑓 is the time to failure of the creep test) the normal stress S22 does not evolve during the rest of the creep test. Consequently, the normal stress S22 does not evolve during more than 99% of the creep test. The state of stress could thus be considered constant over time for this geometry.

Furthermore, a study of the other stresses in the adhesive (Figure 11) brings out that all the other stresses (S11 and S12) are negligible in comparison with the normal stress. Consequently, it is possible to take into consideration only the normal stress S22 to model the creep behaviour for this fastener geometry.

Finally, the numerical analysis was run using several sets of parameters. The results of each simulation highlights that the stress field in the adhesive seems not dependent on the parameters values. This would tend to demonstrate that for the studied case, mostly the fastener geometry and the applied load have an impact on the obtained stress profiles. 

Method using an optimisation algorithm considering the non-homogeneous normal stress field in the adhesive layer

Due to the important calculation time for the method coupling an optimisation algorithm and a finite analysis, a new inverse identification method was developed for the creep behaviour of the fastener. This method is based on an analysis of the stress field in the adhesive. Actually, the results presented in section 3.2 highlighted that the state of stresses can be considered constant over time. Only the normal stress influences the creep behaviour of the adhesive, and mostly the fastener geometry and the applied load have an impact on the obtained stress profiles. Consequently, the normal stress field resulting from a numerical simulation can be used as an input data in an inverse identification algorithm.

To do so, eight nodes of the centre of the adhesive layer were selected to discretise the normal stress field with a reasonable number of nodes from the centre of the assembly to the edge (along axis 1). These nodes were chosen to describe at best the stress field. They are shown in the graph of Figure 12.

Figure 12: Modelled normal stress field S22 in the centre of the adhesive layer

To assess the validity of the identification method, the experimental creep curve presented in Figure 6 is used. The function to minimise is the error between the experimental curve and the one from the value of the parameters tested in the optimisation process. The algorithm enables to identify the parameters 𝜂𝜂 1 , 𝐸𝐸 2 and 𝜂𝜂 2 for each node using the following input data:

-The normal stress 𝜎𝜎 0 at the studied node whose value is known from the numerical simulation, -The time list of the test, -The elastic modulus 𝐸𝐸 1 = 1500 MPa, -The experimental strain at the studied node.

The experimental strain is calculated using the experimental displacement of the fastener given in Figure 6 with Equation ( 6), where 𝜀𝜀(𝑖𝑖) is the experimental strain at the node i, d is the experimental displacement of the fastener, and 𝑡𝑡ℎ(𝑖𝑖) is the adhesive thickness at the node i.

ε(i) = 𝑑𝑑 𝑡𝑡ℎ(𝑖𝑖) (6) 
The optimisation loop is run thanks to the function lsqcurvefit of the MATLAB software, with the Levenberg-Marquardt algorithm [START_REF] Levenberg | A method for the solution of certain non-linear problems in least squares[END_REF], [START_REF] Marquardt | An Algorithm for Least-Squares Estimation of Nonlinear Parameters[END_REF]. This nonlinear least-squares solver finds coefficients 𝑥𝑥 that solve the problem of Equation ( 7), given input data 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 and observed output 𝑦𝑦𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥. For this study, 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 is the time of the test, 𝑦𝑦𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 the experimental strain, and 𝑓𝑓 is detailed in Equation ( 8) (with 𝜎𝜎 0 (𝑖𝑖) the normal stress S22 at the studied node 𝑖𝑖, and 𝑥𝑥(1), 𝑥𝑥(2) and 𝑥𝑥(3) respectively 𝜂𝜂 1 , 𝐸𝐸 2 and 𝜂𝜂 2 ).

min 𝑥𝑥 ��𝑓𝑓�𝑥𝑥, 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 𝑗𝑗 � -𝑦𝑦𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 𝑗𝑗 � 2 𝑗𝑗 (7) 𝑓𝑓(𝑥𝑥, 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥) = 𝜎𝜎 0 (𝑖𝑖) × � 1 𝐸𝐸 1 + 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 𝑥𝑥(1) + 1 𝑥𝑥(2) × �1 -exp �- 𝑥𝑥(2) × 𝑥𝑥𝑑𝑑𝑥𝑥𝑡𝑡𝑥𝑥 𝑥𝑥(3) ��� (8) 
The Levenberg-Marquardt method uses a search direction that is a cross between the Gauss-Newton direction and the steepest descent direction, and in many cases, it finds a solution even if it starts very far off the final minimum. This method has determined a solution in a few seconds for the Burger law in 22 iterations for each node with �𝜂𝜂 1 0 , 𝐸𝐸 2 0 , 𝜂𝜂 2 0 � = (10 5 , 10,100) as starting point. The evolution of the parameters at each iteration during the optimisation process is shown in Figure 13 for the node at the centre of the assembly. The solution for the three parameters at each node is given in Figure 14. The optimisation process of section 4.1 enables to identify the creep parameters 𝜂𝜂 1 , 𝐸𝐸 2 and 𝜂𝜂 2 for several stress levels in the adhesive layer. The dependence of these parameters with the local normal stress is analysed in Figure 14. This graph points out that the parameters do not depend on the normal stress in the adhesive layer except for one point. This point matches with the node at the edge of the adhesive layer (at normalised distance from the centre of the assembly of 1).

Figure 14: Creep parameters as function of the normalised normal stress in the adhesive layer

Moreover, Figure 15 highlights that the normal stress is maximum from 0 to 0.4 (normalised distance from the centre of the assembly), where the thickness is minimum. Considering these aspects, it seems relevant to consider that the creep behaviour of the adhesive layer is determined by the behaviour of the centre of the assembly, and that the behaviour of the rest of the adhesive layer seems to have a negligible impact.

These conclusions allow to simplify even more the inverse identification procedure by considering that the normal stress is homogeneous in the adhesive layer. The chosen value for this stress is the one at the node at the centre of the assembly, where the value of the normalised normal stress is 1. Indeed, for the three parameters 𝜂𝜂 1 , 𝐸𝐸 2 and 𝜂𝜂 2 , their value at this node differs only by 4% in comparison to the mean value. As a result, the creep parameters have the same value for all the stress levels in the adhesive layer. These values could evolve for a different tension load level applied to the fastener.

The identification method is the same than the one used in section 4.1, except that only the node at the centre of the assembly in the adhesive layer is considered. 

Results and discussion

To compare the results of the two used methods, the strain field obtained with the parameters identified with each approach is generated at three moments (𝑇𝑇1 = 0.25 × 𝑡𝑡 𝑓𝑓 , 𝑇𝑇2 = 0.5 × 𝑡𝑡 𝑓𝑓 and 𝑇𝑇3 = 𝑡𝑡 𝑓𝑓 ) of a creep test. These strain fields can be observed on Figure 16. Model 1 is the one considering eight nodes of the stress field, and model 2 is the one considering only the node at the centre of the assembly. The graph highlights that the obtained strain field are the same for the two methods, even for the points where the normal stress is negligible. 6, the one obtained with the parameters identified with the method 2, and the one obtained with a finite element simulation using the same creep parameters than those from the second curve. A good correlation is observed between the three curves pointing out the consistency of the proposed methodology to identify the creep behaviour using a rather simple analytical approach.

Figure 17: Comparison of the numerical and analytical curves with the experimental data of a tensile creep test at 70% of Tult

This identification method relies on the particularities of the stress field in the adhesive layer: stress concentrated in the middle of the assembly, state of stress considered constant over time, and all stresses except the normal one in the direction of the load applied are negligible. Any changes of the fastener geometry or the load conditions could impact these specific aspects of the stress field, and require to adapt the identification procedure.

Furthermore, the Burger model used to describe the creep behaviour of the assembly does not enable to represent the third stage of the experimental curve (Figure 17). Others creep laws could be more appropriate regarding this aspect.

Conclusion

This study focused on the development of a new inverse identification method for the creep properties of an adhesive in a bonded assembly. It enables to identify the creep parameters from experimental investigations at real scale of the assembly. The method relies on an analysis of the stress field in the adhesive layer considering creep particularities.

The suggested identification process is much faster than the common methods using optimisation algorithms coupled to a finite element analysis. Given the time of calculation, it is possible to check whether the obtained solution is the unique minimum of the objective function. Moreover, more complex and precise creep models can be used without adding much time of calculation.

The results of the inverse identification highlights that the creep behaviour is governed by the centre of the assembly for this specific fastener geometry.

This identification approach could be applied to all the tensile creep tests performed with this fastener design, and possibly extended to shear creep tests.

The fast identification method allows optimising the fastener geometry regarding creep before experimental investigations for a new fastener design.
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 6 Figure 6: Measured displacements during a tensile creep test à 70% of Tult[START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF] 
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 8 Figure 8: Schematic diagram of the studied 2D axisymmetric model[START_REF] Djeumen | Creep investigations on adhesively bonded fasteners developed for offshore steel structures[END_REF] 
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 1011 Figure 10: Normal stress S22 along the radius in the centre of the adhesive layer at different times of a creep test Figure 11: Normal, shear and peel stresses along the radius in the centre of the adhesive layer during a creep test
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 13 Figure 13: Creep parameters value at each iteration during the optimisation process 4.2. Method using an optimisation algorithm considering a homogeneous normal stress in the adhesive layer
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 16217 Figure 16: Strain fields obtained with inverse identification methods 1 and 2 Figure 17 compares three creep curves: the experimental one of the tensile creep test at 70% of Tult presented in Figure6, the one obtained with the parameters identified with the method 2, and the one obtained with a finite element simulation using the same creep parameters than those from the second
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