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Introduction

In civil engineering, using composite material as reinforcement, it is possible to increase the carrying capacity of structures, extend their life service, or repair their damages. However, according to [START_REF] Tanary | Characterization of adhesively bonded joints using acousto-ultrasonics[END_REF], [START_REF] Srivastava | Acousto-ultrasonic evaluation of the strength of composite material adhesive joints[END_REF] and [START_REF] Srivastava | Acousto-ultrasonic evaluation of interface bond strength of coated glass fibrereinforced epoxy resin composites[END_REF], the mechanical performance of the adhesive joint that is used externally to connect the composite material to the structure is strongly influenced by the presence of defects. It is therefore necessary to dispose of tools able to check the quality of the realized assemblies and to follow their evolution over time. Those tools should not damage the existing structure and should be therefore non-destructive techniques (NDT).

According to a report by [START_REF] Yang | Nondestructive detection of weak joints in adhesively bonded composite structures[END_REF], the most common defects in adhesively bonded joints are of three types (Figure 1):

• voids or porosity;

• poor or no adhesion, i.e. kissing-bond ; • low cohesion strength, i.e. poor cure and cracks.

Figure 1: Defects in a bonded joint [START_REF] Yang | Nondestructive detection of weak joints in adhesively bonded composite structures[END_REF] Infrared thermography (IR) is one of the most widely used NDT for the inspection of bonded assemblies.

In a recent study, [START_REF] Montinaro | On the characterization of continuous fibres fracture by quantifying acoustic emission and acousto-ultrasonics waveforms[END_REF], this technique showed a good potential to detect the position and size of inter-laminar defects of a GLARE (Glass Reinforced Aluminium). This last type of defect is comparable to a void. In [START_REF] Chauchois | Evaluation of gluing of CFRP onto concrete structures by infrared thermography coupled with thermal impedance[END_REF], the authors combined IR technique with thermal impedance characterization in order to be able detecting others types of defects. Though this method has been validated theoretically, it has not been demonstrated experimentally.

The aim of our study is to evaluate the acoustic-ultrasonic technique in its ability to detect and identify all types of defects in steel-composite and concrete-composite bonded assemblies. The acousticultrasonic (AU) technique is a "non destructive examination method that uses induced stress waves to detect and assess the diffuse defect states, damage conditions, and variations of mechanical properties of a test structure. The AU method combines aspects of acoustic emission (AE) signal analysis with ultrasonic materials characterization methods" (ASTM: Terminology E 1316).

The AU technique is already used for characterising mechanical resistance of materials such as solid polymer blocks [START_REF] Haddad | An acousto-ultrasonics pattern recognition approach for the mechanical characterization of engineering materials[END_REF], glass fibre-reinforced epoxy resin composite [START_REF] Srivastava | Acousto-ultrasonic evaluation of interface bond strength of coated glass fibrereinforced epoxy resin composites[END_REF] and composite material adhesive joint [START_REF] Srivastava | Acousto-ultrasonic evaluation of the strength of composite material adhesive joints[END_REF]. [START_REF] Haddad | An acousto-ultrasonics pattern recognition approach for the mechanical characterization of engineering materials[END_REF] declined the different characteristics of the technique, in particular the parameters that affect the repeatability of measurements, such as the distance between the sensors, the type of coupling used to fix the sensors to the sample and the pressures applied on those sensors.

This technique has also been used in other applications, such as the characterisation of the W/C ratio of a cement mortar [START_REF] Wang | The Effect of Water-Cement Ratio on Acousto-Ultrasonic Characteristics in Mortar[END_REF] or for concrete [START_REF] Philippidisa | An acousto-ultrasonic approach for the determination of water-to-cement ratio in concrete[END_REF]. Researchers try also, by using the technique, to find a signature corresponding to a fibre break due to impact [START_REF] Barile | Acousto-ultrasonic evaluation of interlaminar strength on CFRP laminates[END_REF] or by simple traction [START_REF] Montinaro | On the characterization of continuous fibres fracture by quantifying acoustic emission and acousto-ultrasonics waveforms[END_REF].

In our study, the acousto-ultrasonic approach is applied to assemblies of carbon fibre-reinforced polymer pultruded composite plates bonded on steel plate or a concrete block. First, we will present the characteristics of the studied materials and assemblies detailing the type of defects that were investigated. We will also detail the used acousto-ultrasonic procedure and the data processing. In the second part, the different investigations and their results will be detailed. The first results allowed verifying the repeatability of the methodology. Then, some measurements were carried out on test specimens with different defects to evaluate the detection of defects using this methodology.

Materials and Methods

Samples

The studied samples are assembly of several materials typically encountered in civil engineering structures. A unidirectional carbon fiber pultruded composite plate was used (FOREVA LFC, 300 mm in Civil Engineering (CICE 2020), Istanbul 1-3 July 2020

x 50 mm x 1.4 mm dimensions, elastic modulus El = 210 GPa). It was either bonded on a 5 mm-thick steel plate (S355, elastic modulus E=210 Gpa) or a 110-mm thick concrete slab (C25/30). The used adhesive is a two-component Sikadur30 cold curing epoxy resin with an elastic modulus E = 12.8 GPa. The surface preparations were realized accordingly to AFGC recommendations (2007) i.e. sanding and degreasing of metal surfaces, light abrasion and dust removal of the composite plate and the concrete slab, etc. The adhesive was applied according to the provider's data sheet.

Four types of test specimens were achieved, each representing a particular defect that could be found in a bonded assembly (see Figure 2):

• reference samples with no defect in the adhesive joint,

• samples with voids in the joint (voids on different size : 1/3 of the bonded surface at the center of the assembly or on a central area of 25 x 50 mm²). The voids were realized by lack of adhesive on the whole joint thickness • samples made with an incorporation of polyurethane on 1/3 of the joint surface (the presence of polyurethane represents a poor cure defect or a softening of the resin which could be for example due to aging with the presence of high moisture). Similarly, the polyurethane was incorporated on the whole adhesive thickness, • samples with defect of adhesion between the epoxy joint and the composite substrate (incorporation of grease on the epoxy/composite resin interface with different sizes: 1/3 of the joint surface, or a central area of 25 x 50 mm²).

In table 1, the different types of samples with their nomenclature are listed. The joint thicknesses range from 0.5 to 0.8 mm. For concrete-composite assembly, we did not manufacture a specimen with centered grease.

Figure 2: samples schemes

Acousto-ultrasonic technology

A preliminary study allowed us comparing different sensors types and selecting the ones that are more suitable for AU evaluation of our assemblies. Three piezoelectric AE sensors were selected for this investigation: a S9204 sensor in emission and two R15 sensors in reception. The transmitter and receiver are separated from a distance of 230 mm. They are aligned parallel to the fibers of the composite to limit the effects of the anisotropy of the material (Figure 3). The two type of sensors have both reception and transmission sensitivity over a frequency range of 50 kHz to 200 kHz with a resonance frequency at 150 kHz. The sensor n°1 is placed at 115 mm from the defect, while the n°2 is in the same zone of the defect. We used phenyl salicylate (a low-melting crystal) as coupling between sensors and assemblies.

As the coupling solidifies at room temperature (~20° C), it was not necessary to put any additional pressure on the sensors. An IL40S-HT bandwidth preamplifier [32 -1100 kHz] was used for the receiving sensors allowing us to acquire signals with a gain of 40 dB. Each signal is recorded with a sampling frequency of 500 kSPS over a maximum length of 15k points. Then, by using the extracted parameters, we carry out a Principal Component Analysis (PCA). It is a multi-variable analysis, which takes into account all ten parameters listed above. PCA is a statistical method that is essentially descriptive, allowing a graphical representation, on a scale of order y, of x informations contained in a data table, observed on n individuals, as y is less than x. In other words, the objective of the PCA is to return to a space of reduced size (for example 2 or 3) by distorting reality as little as possible. In our case, we try to obtain the most relevant summary possible of the initial x data representing the different parameters (amplitude, rise time, peak frequency, etc.) observed on the n different signals. The main principal components will be obtained by maximizing the variance, i.e. accounts for as much of the variability in the data as possible.

Our criteria for determination of the ideal number of components is based on the evaluation of the "global quality" Ry of the representation, which must exceed the threshold value of 80%. The share of inertia of the selected component defines Ry:

𝑅 𝑦 = ∑ 𝜆 𝑘 𝑦 𝑖=1 ∑ 𝜆 𝑘 𝑥 𝑖=1 (Équation 2)
With λk variance of the k th principal component. in Civil Engineering (CICE 2020), Istanbul 1-3 July 2020

Results and Discussions

Reproducibility of the procedure In order to have a good interpretation of the 2485 correlation coefficients for each sample their dispersion is represented in the figure 6. For the reference samples of each assembly the correlation coefficient varies between plus or minus 0.5 and 1 for steel-composite and between 0.6 and 1 for concrete-composite, the average being always located in both cases around at ±0.85. In table 2, we list the absolute average and minimum correlation coefficients for each sample of both type of assembly. From them, we can conclude that our protocol (coupling, alignment and distance between sensors, pressure on sensors) is reproducible.

Detection of defects by PCA

In order to detect all type of studied defects, a principal component analysis was done with the different signals received from each sample. The PCA was performed gathering the signal data recorded on the healthy sample, and on a defective sample. Therefore, five PCA results for the steel-composite assembly, and four more for the concrete-composite assembly are obtained as 5 defects were studied in the first case and only 4 in the second case. In figure 7, we present the less detectable defect for both assembly.

In these representations, the populations for the healthy sample (red dots) can be separated from the populations related to the samples with defects. Thus, all the studied defects for each assembly is roughly detectable with this methodology. A comprehensive PCA analysis with all types of defects was also realized and is presented in figure 8. Interestingly, it can be seen that in each case the samples with kiss-bonding seem to be distinguished from the reference, indicating a possibility to detect such a defect with this methodology. All types of defects are however not clearly separated one to the other. This may prevent from being able to propose a definitive identification methodology. Additional investigations are in progress in order to carry out similar investigations with different adhesives, composites and types of defects. The results prove nevertheless that the proposed methodology is sensitive to all the studied defects for both studied cases. 

Conclusion

The objective of this study was to test the potential of the acousto-ultrasonic technique to detect the most common defects in steel-composite and concrete-composite bonded assemblies. These defects are of three types: voids, kissing-bounds and poor cure. We materialized them in samples for each assembly with controlled defect size. The kissing-bond defect was achieved by incorporating grease into the composite/adhesive interface. The local softening, which may be due to a poor cure, a cracking or premature aging of a part of the adhesive is simulated by incorporation of a polyurethane glue. Independent series of measurements (including the disconnection/reconnection of the sensors) according to a protocol established through preliminary studies, were carried out on each sample of both assemblies. We validated the reproducibility of the protocol through the finding of high values of time domain correlation coefficients between signals received from the same sample.

We then processed a principal component analysis (PCA) to evaluate the potential of the technique for detecting all types of defects. This was conclusive as they could be detected (for the materials and the geometry studied) using the proposed acousto-ultrasonic protocol. A global PCA was realized highlighting the capabilities of the methodology to detect kiss-bond defects. However, the identification of the other defects may be more difficult.

Additional investigations are carried out to define the limits of the technique in terms of inspection distance and sensitivity (size and type of defect). Additional work is also considered to verify the method's ability to reliably identify each defect.
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 6 Figure 6: Dispersion of the correlation coefficients in reference samples: a-concrete-composite, bsteel-composite
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 7 Figure 7: PCA result for signals received in: a-healthy and centred void samples of S-C assembly, bhealthy and 1/3 grease samples of C-C assembly
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 8 Figure 8: Global PCA results for signals received from all samples of: a-S-C assembly, b-C-C assembly

  

  

Table 1 :

 1 Nomenclatures of the samples

	Nomenclature	Characteristics (defects)
	Healthy	reference samples with an epoxy joint
	1/3 void	centered void of 1/3 of the bonded surface
	Center void	centered void of 25 mm x 50 mm dimension
	1/3 PU	incorporation of polyurethane on 1/3 of the joint surface
	1/3 grease	incorporation of grease into the epoxy/composite resin interface on 1/3 of the glued
		surface
	Center grease	incorporation of grease into the epoxy/composite resin interface in a center area of
		25*50 mm

Table 2 :

 2 Average and minimum correlation coefficient for each sample of both type of assemblyA high correlation coefficient value is found for signals in the time domain according to the literature.

	Nomenclature	Healthy	1/3 void	Centred void	1/3 PU	1/3 grease	Centred grease
		mean	min	mean	min	mean	min	mean	min	mean	min	mean	min
	Steel-composite	0,83	0,5	0,81	0,46	0,88	0,65	0,85	0,66	0,91	0,77	0,92	0,82
	Concrete-composite	0,86	0,68	0,84	0,62	0,91	0,81	0,82	0,66	0,82	0,57	-	-