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This study uses the acoustic emission (AE) technique to investigate the damage levels and mechanisms of two reinforced concrete (RC) wall-slab connections under a cyclic reverse loading. The first was tested until failure, whereas the second was tested only up to steel yielding. The classical AE signals parameters were investigated using univariate analysis and clustering methods. The univariate analysis of AE data enabled the definition of criteria to distinguish the damage levels of the connections. The clustering method provided information on damage mechanisms in RC wall-slab connections. Four mechanisms were then identified (mode-I and mode-II cracking and two mixed modes), and their chronologies were correlated with the mechanical results (non-linear part of the envelope curve, steel yielding).

Introduction

It is now well established that the seismic response of multi-storey buildings is largely determined by the performance of the connections between the different reinforced concrete (RC) members. In particular, wall-slab junctions play a key role: the response of the overall RC structure depends on the ability of these junctions to distribute potentially significant loads and to control the kinematics of the building. Hence, a deeper understanding of the mechanical response and the failure modes of wall-slab connections could provide useful information to prevent the global collapse of an RC structure and is essential to characterise for performance-and capacity-based design. The main objective in this paper is to present a procedure based on acoustic emission (AE) technique to establish a reliable damage-assessment methodology to estimate the deterioration states of the RC wall-slab connection, corresponding to different limit states of the connection.

AE is a non-destructive evaluation technique that is suitable for real-time damage monitoring. The microstructural changes that can occur in a material under stress induce a release of energy in the form of mechanical vibrations (elastic waves). These waves propagate through the material and reach the surface where they can be detected by sparsely distributed piezoelectric sensors that convert them to electric signals. Given a suitable data-acquisition protocol and an adequate signal processing, it is possible to track the damage state of a structure. The challenges to this approach are to efficiently handle the large amount of data generated during the damage processes and to objectively interpret these data to identify the nature of the sources that emitted these signals.

In the literature, AE was identified as a promising tool for concrete structure monitoring. Behnia et al. [START_REF] Behnia | Advanced structural health monitoring of concrete structures with the aid of acoustic emission[END_REF] provide comprehensive information on the feasibility of using some AE parameters to assess the severity and type of damages in concrete structures. It appears that the interpretation of AE activity is not a straightforward exercise and therefore that various analysis methods can be applied. Some researchers have looked further into a reduced number of AE parameters, clearly identified a priori-such as the number of AE detections [START_REF] Carpinteri | Structural damage diagnosis and life-time assessment by acoustic emission monitoring[END_REF], the relationship between the average frequency (AF) and rise angle (RA) [START_REF] Sagar | Acoustic emission characteristics of reinforced concrete beams with varying percentage of tension steel reinforcement under flexural loading[END_REF], and the AE-based b value obtained from the amplitude distribution [START_REF] Sagar | Acoustic emission during flexural deformation of reinforced concrete under incremental cyclic loading[END_REF]and look for an indication of structural damage in the evolution of their values. When damage mechanisms and AE source identification are investigated, a classification based on a few parameters is usually questionable and the use of multivariate statistical analysis is found to be of particular interest. Many researchers have attempted to classify damages in RC structures by applying pattern-recognition methods. Farhidzadeh et al. [START_REF] Farhidzadeh | Damage assessment of reinforced concrete shear walls by acoustic emission[END_REF] used the k-means algorithm to study the damage modes of RC shear walls under lateral forces. Calabrese et al. [START_REF] Calabrese | Use of cluster analysis of acoustic emission signals in evaluating damage severity in concrete structures[END_REF] investigated the fracture process in RC beams under 4-point bending tests in terms of principal component analysis (PCA) and self-organised maps (SOM). Rouleau-Turcotte [START_REF] Rouleau-Turcotte | Etude du comportement des piles de pont confinées de PRFC par écoute acoustique[END_REF] follows the degradation mechanisms in RC columns during testing by employing a clustering analysis within the framework of finite mixture models with a Gaussian component density function. All these references reveal the potential of AE monitoring to assess the damage state of an individual component of an RC structure (related studies on assemblies of RC elements are less common [START_REF] Sagasta | Acoustic emission energy b-value for local damage evaluation in reinforced concrete structures subjected to seismic loadings[END_REF]) and make it clear that the combination of methods-univariate and multi-parametric-enriches the analysis and leads to further interpretation of damage mechanisms in RC structures.

In this context, the present study proposes to use AE technique to investigate the behaviour of an RC wall-slab connection, tested under static reverse cyclic loads. The approach initiated here is to develop a methodology to analyse the AE parameters recorded during similar experimental tests, by considering them either in isolation (univariate analysis) or in combination (clustering methods). The objectives of this study are to identify the different damage modes, determine the sequence in which they occur, and better understand how each of these modes contributes to the failure of the RC assembly.

Experimental Study

Materials and Specimens

Two RC wall-slab T-connections, defined to be representative of an RC wall-slab joint in a building, are considered in this study. They were tested as part of a more ambitious experimental program (outside the framework of the present study but presented in Chalot's works [START_REF] Chalot | Mechanical characterization of a RC wall-slab joist reinforced by FRP under alternating cyclic loading[END_REF]), whose aim is to consider the feasibility of retrofitting/repairing these connections with composite materials. In this program, to assess the strengthening efficiency, a non-strengthened reference connection was tested to the ultimate state (RC-REF). To assess the repairing efficiency, a non-strengthened RC connection (RC-REP) was only damaged, i.e. it was only tested to the yielding state before being repaired with composite materials. In the present paper, the comparative study of these two non-strengthened RC wall-slab connections is of particular interest to assess the robustness of the proposed monitoring methodology when applied at different loading states.

In these two RC wall-slab T-connections, the wall component, 1 m long with a cross section 50 × 16 cm 2 , was connected at mid-height with a concrete slab 9 cm thick and 1 m long. Longitudinal reinforcement and shear stirrups consisted of Φ10 mm rebars for the wall and Φ6 mm rebars for the slab. The reinforcement ratios are equal to 0.29% and 0.39% within the wall, respectively in longitudinal and transverse directions, and 0.57% and 0.22% within the slab, which should ensure a failure at the connection. Concrete used for the specimen was a mixture of water/cement/sand and gravel with the ratio 0.08/0.15/0.35/0.42 by weight. Cubic and cylindrical samples were cast and tested in parallel with the wall-slab connection. The concrete compressive strength was 37.7±3.2 MPa (measured on 6 cubic specimens of 100 mm) and the concrete splitting tensile strength was 3.7±0.3 MPa (measured on 3 16 × 32 cm cylinders). The yield strength for the 10 mm steel rebars (S500B) was 415±13 MPa and that for the 6 mm steel rebars was 420±32 MPa.

Mechanical and AE Test Setup

For the test, the specimen was oriented so that the slab was aligned with the vertical direction (orientation rotated 90 • , see Figure 1(a)) and the wall was parallel to the strong floor. This position facilitates the loading at the free end of the slab by an hydraulic actuator with 500 kN capacity and ± 50 mm displacement stroke. The restriction against movements of the wall was accomplished by means of steel beams and metal corners, which are connected to the strong floor through steel rods. Each wall-slab connection was tested under controlled displacement reversed cyclic loading. The drift pattern consisted of three push/pull cycles at each displacement level. Table 1 gives the target maximum displacement for each series and Figure 2 show the loading sequences. For RC-REP connection (Figure 2 (a)), subjected to series S0 to S16, the test was stopped before reaching steel yielding. For RC-REF wallslab connection (Figure 2 (b)), subjected to series S0 to S23, lateral loading was applied until load capacity dropped below 80% of the maximum load. The displacement rate was maintained at 30 mm/min for series S0 to S19 and at 60 mm/min beyond series S20. A displacement transducer (LVDT) was placed near the loading system to measure the deflections of the slab and a load cell was mounted on the hydraulic actuator. Six strain gauges were installed on some of the steel rebars, at 30 mm of the connection (see Figure 3). specified by the supplier of 50-400 kHz) and two wideband µ80 sensors (numbered 4 and 8, frequency range of 175-1000 kHz) were distributed over the specimen, close to the expected failure zone to better detect the acoustic activity in this zone, and a silicon-based glue was used to fix them to concrete surface. Precise location of the AE sensors is given in Figure 1(b). Sensors 2, 3, 6 and 7 were located on the inner surface of the wall. Sensors 4 and 8

were at the intersection between the outer edges of the wall and the median plane of the slab. Sensors 1 and 5 were glued on the slab. In 4-and 8-positions, the change from R15 to µ80 was necessary to detect waves from pencil lead breaks. It is likely that the many rebars in the wall cause multiple wave reflections, which cause the need of larger broad-band sensors. In the end, these two µ80 sensors recorded less than 5% of the total number of detected events.

As their different sensor transfer functions could introduce a bias in the clustering results [START_REF] Godin | Challenges and limitations in the identification of acoustic emission signature of damage mechanisms in composites materials[END_REF], events firstly detected by one of these two sensors were removed from the database. Therefore, all retained events were recorded by similar AE sensors. The recording parameters were set as follows: threshold = 40dB, PDT = 50µs, HDT = 200µs, HLT = 300µs, sampling rate = 2MS/s. The conventional features of signals are extracted by using AE-Win software (Physical Acoustics).

Acoustic Emission-Methodology of Analysis

Two approaches are currently applied to analyse AE signals: a waveform (signal)-based and a parameter-based techniques. In the first case, full waveforms are recorded, then post-processed to obtain better knowledge of the frequency and time-frequency characteristics of the recorded signals and hence, to increase the probability of success of clustering methods. The post-processing allows the use of transformations such as Short-Time-Fourier-Transformation or Wavelet transformation [START_REF] Sause | Identification of failure mechanisms in hybrid materials utilizing pattern recognition techniques applied to acoustic emission signals[END_REF] and it also allows the extraction of features only from a part of the recorded waveform which was considered more relevant (for instance, the first part of the waveform in [START_REF] Sause | Identification of failure mechanisms in hybrid materials utilizing pattern recognition techniques applied to acoustic emission signals[END_REF]). The main drawback of this approach is the need to store a large amount of data since high sampling rate are needed to capture the waveforms. Moreover, the post-processing phase can cause challenges for real-time monitoring. That's why a conventional parameter-based approach was preferred in the present study. In this case, AE signals are described by features (or descriptors), that are extracted from the recorded AE signals, and these descriptors may be numerous.

Indeed, in addition to the conventional features directly calculated by the acquisition system (amplitude, rise time, see Figure 4), others can be defined using non-linear functions of these conventional features (RA = Rise time/Amplitude, AF = Counts/Duration, etc), the definitions of which are available in [START_REF]Non-destructive testing -Acoustic emission testing -Test method for classification of active cracks in concrete structures[END_REF]. Damage classification methods are based on these signal parameters. The objective of univariate analyses is to identify significant AE features whose evolution (decrease or increase for example) highlights the progressive damage propagation and that can be related with the mechanical characteristics. Previous studies showed the efficiency of this method to quantify the damage level of a structure ([3], [START_REF] Aggelis | Acoustic emission characterization of the fracture process in fibre reinforced concrete[END_REF]). Clustering analyses look for some similarities, some common characteristics among these descriptors, and they aim at separating the AE signals into distinct groups. Then, additional knowledge must be included to interpret these clusters and to assign the different obtained signal groups to damage mechanisms. One complication information on the load level of the monitored system.

AE Parameter Analysis-Univariate Analysis

In the present study, univariate analysis is performed from the numbers of AE events and AE-based b value. The load and calm ratios are often used ( [START_REF] Colombo | Predicting the ultimate bending capacity of concrete beams from the "relaxation ratio" analysis of AE signals[END_REF], [START_REF] Liu | Evaluation of reinforced concrete beam specimens with acoustic emission and cyclic load test methods[END_REF], [START_REF] Sagar | Acoustic emission during flexural deformation of reinforced concrete under incremental cyclic loading[END_REF]) for the evaluation of damage in RC structures and, in particular, the Japanese Society for Non-Destructive Inspections (JSNDI) proposes quantitative assessment criteria based on these parameters [START_REF] Ohtsu | Damage assessment of reinforced concrete beams qualified by acoustic emission[END_REF]. More recently, Colombo et al. [START_REF] Colombo | Predicting the ultimate bending capacity of concrete beams from the "relaxation ratio" analysis of AE signals[END_REF] in 2005, defined a new ratio, the relaxation ratio, which succeeded in their study in giving the same information as the combination of the load and calm ratios recommended by the JSNDI. An adaptation of the relaxation ratio is then used in this article.

This ratio is defined as the average energy during unloading phase divided by the average energy during loading phase.

The disadvantage to use the average value of the energy (or any other parameter) is the fact that the dispersion of data is not considered and could induce a bias in the result. Moreover, in a will of monitoring (one of the final aim of this study), it is more interesting to use directly raw data with the least possible post-treatment. Finally, the ratio used in this study, named the unloading/loading ratio (UL ratio), is given by equation 1.

UL ratio = Number of events during unloading phase Number of events during loading phase (1)

The events were sorted according to their position in the load-time curve. A margin of 15% of the half-period (see Figure 5) was established as a good compromise to account for events recorded just after the peak load that must not be associated with the unload phase and that are consequences of the load phase. Figure 5 illustrates the definition of 'Loading Events' and 'Unloading Events'. The AE-based b value provides information on the transition between micro-crack growing (diffuse damage) and macro-crack formation (localisation). It is defined as the negative slope of the log-linear plot of the AE frequency magnitude distribution (eq.( 2))

log 10 N(M) = a -b A[dB] 20 , ( 2 
)
where A is the amplitude of the AE events and N(M) is the number of AE events with amplitude greater than M. This parameter helps identify different cracking stages: the b value shows an increasing tendency when micro-cracks form, and a drop in b value alerts to the coalescence of the micro-cracks and the development of macro-cracks. The alert threshold is usually given around 1.0 for static and pseudo-static tests [START_REF] Colombo | Assessing Damage of Reinforced Concrete Beam Using "b-value" Analysis of Acoustic Emission Signals[END_REF], and a lower value should be adopted for dynamic tests [START_REF] Sagasta | Modified Gutenberg-Richter Coefficient for Damage Evaluation in Reinforced Concrete Structures Subjected to Seismic Simulations on a Shaking Table[END_REF].

AE Parameter Analysis-Clustering Analysis

To better assess the nature of the damage and to conduct a reliable source identification, univariate analysis is combined with a cluster analysis. This classification is carried out using the following steps, shown graphically on Feature selection. To filter out redundant features, the method proposed by Godin et al. [START_REF] Godin | Challenges and limitations in the identification of acoustic emission signature of damage mechanisms in composites materials[END_REF] is applied, with the difference that a single (the nearest neighbour) link hierarchical method is preferred to a complete (the farthest neighbour) one. AE data are initially normalised to zero mean and unit variance to make them comparable and, when necessary, a logarithm is applied before to approach a Gaussian law. Then, the hierarchical method produces a tree-a dendrogram-that organises the features into progressively larger groups depending on their degree of correlation to each other. A correlation of 0.75 is chosen to cut the dendrogram: in literature [START_REF] Godin | Challenges and limitations in the identification of acoustic emission signature of damage mechanisms in composites materials[END_REF], this value was adopted as a good compromise between redundancy and information (a lower value could generate higher loss of information).

Then, principal component analysis (PCA) is performed. Largely described in literature ( [START_REF] Calabrese | Use of cluster analysis of acoustic emission signals in evaluating damage severity in concrete structures[END_REF], [START_REF] Degala | Acoustic emission monitoring of CFRP reinforced concrete slabs[END_REF]), this method is used to transform the possibly linearly dependant features into a smaller number of uncorrelated variables (principal components) whilst maintaining the majority of information within the data to allow simpler calculations.

Clustering. In k-means method, the number of clusters, k, is fixed a priori and the k clusters are created by minimising the within-cluster sum of squares. This local minimisation is computationally fast but it depends on the initial starting centres. In the present study, k-means is run 9 times, for a number of clusters, k, ranging from 2 to 10 and, each time, 50 different random centroids are tested to start the algorithm. The Davies-Bouldin index and Silhouette coefficient are used to identify the optimum clustering. Davies-Bouldin index is defined as the ratio of the within cluster distance to the between cluster separation and measures the similarity between each cluster; the smaller, the better. The Silhouette coefficient describes the degree of separation and measures how well an event is assigned to its cluster: the higher, the better. 

Experimental Results and Discussion

Observed Mechanical Behaviour

AE Parameter Analysis-Univariate analysis

For the univariate analysis, AE data are compared to the mechanical response through the load-time envelope curves. Firstly, the number of events detected for each series was examined to see whether it was correlated with the mechanical global response, and it appears in Figure 9(a) that the monitoring of the number of events provides useful information on the mechanical state of the connection. The evolution of the number of events for each series can be divided into three phases, along with the maximum load taken by the connection. The three mechanical phases were defined with the load-imposed displacement curves and also confirmed according to the coefficient of determination, R 2 , for the strain-imposed displacement curves. Phase I, from series S0 to S6, corresponds to the initial linear elastic branch. The number of events is growing, but remains low, and the connection integrity is maintained at the global scale. Phase II (from S7 to S16) begins with the non-linear behaviour of the connection. The number of events is almost constant, between 500 and 700 events (approximately 2-3% of the total number of events). The damage increases, and each new cycle similarly contributes (in number) to the global degradation. Finally, in Phase III (from S16 to S23), a strong increase in the number of events follows the load rise to its maximum. In this phase, low force was mobilized to solicit the connection while a large increase in AE activity was observed. The maximum number of events is for series S20 (with 14% of the total number of events), when the maximum loads of push-and pull-curves are reached. However, this series was the first for which the displacement rate was increased (from 30mm/min to 60mm/min) and this change may have had an influence on the generation of AE signals as it was reported by other researchers by studying related topics ( [START_REF] Kyriazopoulos | Analysis of acoustic emissions from cement beams when applying three-point bending with different loading rates[END_REF], [START_REF] Colombo | AE energy analysis on concrete bridge beams[END_REF]). So, the main result to be stressed here is the increase in the number of events which started at series S16 while the displacement rate was maintained constant. In the softening branch, the number of events decreases, most likely due to the progressive smoothing of contact surfaces, but it is still high.

The evolution of the numbers of events for each series was also evaluated for RC-REP in Figure 9(b). To facilitate the visual comparison with RC-REF (Figure 9(a), for which the total number of events is far higher), the scale of the number of events was adapted. This second test allows to confirm trends observed in Phases I and II: in Phase I, the increase in AE activity can be attributed to the initiation of damage mechanisms that are mobilized to sustain the applied load. Then, in phase II, the distribution of the number of events is quite uniform. Therefore, the number of events, which is an easy-to-follow parameter, can indicate the damage state of the connection.

UL ratio

RC-REF wall-slab connection. Figure 10(a) shows the evolution of the number of 'Loading Events' and 'Unloading Events' per series, which corresponds to the sum of the number of loading and unloading events for the 3 cycles per series. The number of events during the loading phase evolves in a similar way as the total number of events, previously commented. But it is interesting to focus on the AE activity during unloading phases. It can be observed that during Phase I, under 500 s, the number of events during the unloading phase is close to zero, which means that no damage occurs during the unloading process in the elastic domain. During Phase II of the load-time curve, the number of events in the unloading phase increases gradually until it reaches an equivalent number of events for both loading modes (loading and unloading) near the end of Phase II. For phase III, the number of events during the unloading phase still increases but lower than during the loading phase. Closures of cracks during unloading from a damaged state are not perfect: crack slip displacements occur induced by the mismatching of crack lips and may be the cause of inelastic strains [START_REF] Nouailletas | Experimental Study of Crack Closure on Heterogeneous Quasi-Brittle Material[END_REF]. The friction phenomena between lips asperities generates AE activity and it can be noted that higher activity during unloading phase indicates higher damage in the specimen. Finally, the maximum number of events during the loading phase seems to correspond to the ultimate load obtained in the envelop curve in the PULL direction, and the maximum number of AE events during the unloading domain seems to correspond to the ultimate load obtained in the envelop curve in the PUSH direction. In terms of UL ratio, Therefore, a criterion based on the UL ratio can be defined to quantify the damage state of the structure if the location of AE events according to the three mechanical phases (Phases I, II and III) is identified.

The same type of analysis was performed to evaluate the evolution of the number of loading and unloading events according to cycles 1, 2, and 3 for each series. On Figure 11 (a), it can be seen that the number of events in the loading phase is more important for the cycle 1 and the number of loading events are equivalent for cycles 2 and 3 until 2700 s. This result means that damage occurs essentially in cycle 1 and the mechanical behaviour is equivalent in terms of damage occurrence for the two other cycles. Concerning events in the unloading phase, the number is equivalent between the 3 cycles until 2000 s, i.e. the end of phase II. This tendency means that as long as the number of AE events in the 3 cycles during the unloading load is equivalent, RC connections are in the mechanical phases I and II, which can be a good indicator. Concerning the evolution of the UL ratio (Figure 11 As in Figure 10(b), a criterion based on UL ratio of cycles 2 and 3 can be found to identify the loading states but also in function of the ratio between UL ratio of the cycle 2 and 1 and a ratio between UL ratio of the cycle 3 and 1.

Figure 12 shows the evolution of the following ratios according to the acquisition time:

UL ratio of cycle 2 UL ratio of cycle 1 and UL ratio of cycle 3 UL ratio of cycle 1 (3)

Except for the first series for which the number of events is not sufficient to define a good ratio (lack of events in the loading and unloading phases), if the ratio between cycles 2 or 3 and cycle 1 is larger than 1, the RC connection is in the Phases I or II of the mechanical curve (elastic or minor damage), and when the ratio is inferior to 1, then the In summary:

• if the number of AE events during the unloading phase for the 3 cycles is close to 0, the connection is in phase I of the mechanical curve.

• if the UL ratio per series is inferior to 0.5 and the ratio UL ratio of the cycle 2/UL ratio of the cycle 1 is larger than 1, the connection is in phase II of the mechanical curve.

• if the criterion based on the UL ratio is respected but the ratio UL ratio of the cycle 2/UL ratio of the cycle 1 is inferior to 1, the connection is in phase III of the mechanical curve.

RC-REP wall-slab connection.

To validate the observations obtained on the RC-REF wall-slab connection, same graphics were done for the RC-REP wall-slab connection to know the evolution of the UL ratio per series (Figure 13), the number of loading and unloading AE events per cycle (Figure 14 (a)), and the relationship between the UL ratio at the cycle 2 or 3 and the UL ratio at the cycle 1 (Figure 14 (b)).

As for RC-REF wall-slab connection, these results allow to define RC connections with the two phases I and II.

For the criterion function of the relationship between the UL ratio at the cycle 2 or 3 and the UL ratio at the cycle 1 (Figure 14(a)), few values are inferior to 1 that correspond to less than 20% of the series. Then, they remain constant (no new creation). This is associated with a steady state for b value that remains quasiconstant. For RC-REF connection, a second decrease in b value is observed, which indicates that macro-cracks open, eventually leading to the specimen failure for which b value reaches its minimum. The present results would lead to the adoption of a limit value smaller than the 1.0 alert threshold proposed in the literature [START_REF] Colombo | Assessing Damage of Reinforced Concrete Beam Using "b-value" Analysis of Acoustic Emission Signals[END_REF]: b values close to 1.0 correspond approximately to the steady state, that is to say, Phase II of the mechanical curve (and not Phase III). The univariate analysis can successfully be applied to evaluate the different damage states in RC structures (elastic, minor damage and failure zones). The next section enables us to detail the damage modes (cracking, concrete crushing, etc.) of the RC connections.

AE-based b value

AE Parameter Analysis-Clustering analysis

The clustering technique was firstly carried out on RC-REF connection, with a high proportion of events (22906 events), appropriate to statistical analysis. Then, obtained clusters were compared to those obtained in case of a smaller events database (RC-REP with 1418 events). Indeed, the proposed procedure will be an efficient diagnostic tool only if it gives significant results, even at intermediate loading states, long before failure occurred. It is important to make sure that events recorded before steel yielding (RC-REP) are sufficient in number and provide enough information to capture the damage mechanisms in RC-connections.

RC-REF wall-slab connection

The previously described procedure and the dendrogram cutoff at a correlation coefficient of 0.75 (1-0.75 = 0.25) enabled the definition of eight feature groups (Figure 16(a)). A representative feature was chosen for each of these groups. To guide this choice, a principal component analysis was performed on the 18 AE features. a PCA on this reduced set, over 92% of the variance of AE features could be accounted for the first three principal components (42.9%+29.7%+20.1%=92.7%). So, they were assumed sufficient to build the clustering of AE events.

PC1 is dominated by variables describing the rise of the waveforms (rise time, initiation frequency, rise time/duration and RA). The most important descriptors for PC2 are decay angle and amplitude/AF, followed by rise time/duration, absolute energy, and AF. These latter two descriptors are, in addition to rise time, the main contributors to PC3. For the classification, the proposed optimal number of clusters is four; this number is considered as a compromise between information obtained by Davies-Bouldin and Silhouette indices (Figure 17). there is no clear division between clusters with these axes. Indeed, RA explains approximately 24% of the first principal component and AF represents approximately 14% of the second one. Thus, even if these descriptors are significant for the two first principal components, they are not sufficient to fully distinguish the clusters. Nevertheless, with this visualisation (Figure 18) and based on the JCMS-III B5706 [START_REF]Monitoring method for active cracks in concrete by acoustic emission[END_REF] code, cluster 3 seems to be associated with tensile cracking (low RA and high AF) and cluster 2 arises rather from shear cracks (longer waveforms with higher RA and lower AF). Indeed, when a tensile crack occurs, the recorded AE signal rises quickly to its maximum amplitude (longitudinal waves), which results in a low RA. On the contrary, shear waves are slower and produce longer waveforms, which results in a high RA. This parameter is a useful tool to identify the type of damage in RC structures. Ono [START_REF] Ono | Application of acoustic emission for structure diagnosis[END_REF] quantified the slope of the separation line between tensile and shear events, but emphasized that it was dependent on various conditions, in particular the used materials. In the case of RC-beams, he reported a value of 50Hz.s/V. In the present case, the clustering method does not impose a priori this separation line but Figure 19 (note the change in units) highlights that the slope proposed by [START_REF] Ono | Application of acoustic emission for structure diagnosis[END_REF] is relatively consistent with the present results. Clusters 1 and 4 correspond to mixed mode crack propagation. These clusters cannot be directly produced by the yielding of the deformed steel rebars. Indeed, as pointed out by Sagasta et al. [START_REF] Sagasta | Discrimination of acoustic emission signals for damage assessment in a reinforced concrete slab subjected to seismic simulations[END_REF], steel yielding usually produces signals with amplitudes lower than 30 dB, that is to say below the chosen detection threshold (40 dB). Nevertheless, these clusters 1 and 4 may have their origins in the complex damage mechanisms that take place at the interface between the steel reinforcing bars and concrete, precisely described in [START_REF]Bond of reinforcement in concrete, State of the art report[END_REF] or [START_REF] Van Steen | Assessing the bond behaviour of corroded smooth and ribbed rebars with acoustic emission monitoring[END_REF]. Under monotonic loading, when chemical adhesion fails, a slip of the steel relative to the concrete occurs and inclined cracks begin to propagate from the top of the ribs of the deformed rebars. Their development depends on the confinement of concrete (in particular, transverse reinforcement). Further loading can cause local crushing of concrete in front of the ribs. A cyclic reversed loading makes these mechanisms more complex to analyse. The bond behaviour depends on the damage state at which the reversal occurs (whether or not inclined cracks have formed, regardless of whether the previous cracks are closed, the steel-concrete interface is able to distribute the additional stresses, etc.) and junctions between cracks/crushing in both loading directions can occur. Hence, different types of damage processes occur simultaneously and are concentrated around the reinforcement bars. Saliba and Mezhoud [START_REF] Saliba | Monitoring of steel-concrete bond with the acoustic emission technique[END_REF] carried out pull-out tests, monitored with acoustic emission, to investigate steel-concrete bond behaviour. They reported that AE signals with higher duration accompanied the decrease of stress in their tests, indicating the slipping of the bar, the crushing of concrete between the ribs of the bar and the development of friction at the concrete-concrete and concrete-steel interface. Also during pull-out tests, Gallego et al. [START_REF] Gallego | Concrete-Galvanized Steel Pull-Out Bond Assessed by Acoustic Emission[END_REF] concluded that an explanation of the longer duration of AE signals was the slipping of the bar and the consequent wearing of the interface surfaces. consistently with what may be expected, tensile crack initiation and growth are recorded by the sensors that are glued on the side of the slab tension face. Inversely, cluster 2 (crushing or friction damage) is seen by sensors that are glued on the side of the slab compression face (1/2/3 for positive displacements, 5/6/7 for negative displacements).

All clusters are becoming very active in Phase III and more specifically in the post-peak phase (time beyond 3000 s in push-side loading and beyond 3300 s in pull-side loading). Clusters 1 and 4, in particular, grow rapidly in number as it is shown in Figure 22(a) that presents the cumulative numbers of events over time, for each cluster. Cumulative numbers of events of clusters 2 and 3 seem to correspond to concrete cracks development and cracks opening, based on strain-time curve observation. The evolutions of these curves can be correlated with the strain behaviour for the reinforcing bars (Figure 22(b)), they show a sharp increase when the steel yields. Phase III is associated with steel yielding (strain gauge 3), and it is likely that the higher and irreversible displacements of steel bars intensify the damage mechanisms at steel-concrete interfaces. Hence, the interpretation of the results of the clustering process, in correlation with the damage mechanisms, seems to be consistent with the mechanical results and the previously published works. It must be noted that particular attention paid to cluster 1 can provide indications on the integrity of the reinforced concrete structure.

RC-REP wall-slab connection

An analysis, similar to the previous one, was carried out independently for RC-REP connection. Figure 23 For the classification, the number of clusters was chosen as equal to 4 (Figure 24). Davies-Bouldin index the same damage mechanisms in both connections. Indeed, the relative positions of the four clusters on Figure 25 are consistent with those in Figure 18 and still in accordance with the JCMS-III B5706 [START_REF]Monitoring method for active cracks in concrete by acoustic emission[END_REF] code. Moreover, the modes of the distributions on Figure 26 and the ranges on which the AE parameters are defined match the ones in Figure 20. As previously, cluster 1 is comprised of events of high duration (Figure 26 (a)) and Figure 26 (b), showing the cumulative durations over time, does not exhibit a change in slope for cluster 1. This would suggest that there is no evidence of a high degradation of the steel-concrete bond in RC-REP connection. This result is in agreement with a loading stopped before the steel yielding for this wall-slab connection. The protocol proposed in this study to analyse the recorded AE data has thus proven its reproducibility, even when based on a smaller number of AE events. 

Conclusions

The present study provided a contribution in the framework of damage assessment in a reinforced concrete wallslab connection, tested under static reversed cyclic loads. This paper brought out the positive benefits of monitoring the RC assembly with AE system during testing. The first part of this article proposed to identify the several damage states in RC structures by univariate analysis of AE data. AE parameters, such as the number of events and UL ratio per series or cycle, make it possible to define elastic damage and failure zones. Subsequently, a protocol was proposed to analyse the recorded AE data based on a hierarchical method to select the meaningful AE features, followed by a principal component analysis and an unsupervised clustering with the k-means method. Based on the analysis of the AE clusters thus identified, in relation with the mechanical responses of the wall-slab connections, several conclusions were drawn:

• The four identified clusters were consistent with the published literature on AE classification on concrete structures and the alternating occurrences of the clusters over time agreed with the cyclic loading.

• The methodology is considered as robust since it provided reproducible clusters: the damage mechanisms identified from a test on a wall-slab connection until failure are the same as those identified with a similar RC-connection but subjected to less load cycles.

• The analysis of AE clusters allowed to diagnose the changes in mechanical properties of the RC wall-slab connections and, in particular, to assess the loading state of steel rebars. The development of a class of events with high durations warned about a possible degradation of the steel-concrete interface.

In future, this method will be applied to identify the effectiveness of different systems in strengthening RC wall-slab connections. This approach will likely provide useful information about the damage modes and the successive stages of the damage.

Figure 1 .

 1 Figure 1. Test setup for wall-slab connection. (a) Overall view. (b) Dimensions, in [m], and details of AE instrumentation

Figure 2 .Figure 3 .

 23 Figure 2. Slab displacements versus time (a) for RC-REP wall-slab connection (b) for RC-REF wall-slab connection

Figure 4 .

 4 Figure 4. Some conventional AE parameters-feature extraction from signals[START_REF] Alver | Monitoring fracture processes of CFRP-Strengthened RC beam by acoustic emission[END_REF] 

Figure 5 .

 5 Figure 5. Sort of events depending on their position on the load-time curve

Figure 6 :

 6 Figure 6: from the collected signals, AE features were extracted, either directly from AEwin software or a posteriori calculated. Once features are extracted, a feature selection is necessary to reduce the dimensionality of data and obtain uncorrelated descriptors without any significant loss of information. Then, an unsupervised clustering process is performed to assign each AE signal to a group. Some details on feature selection and clustering techniques are presented below.

Figure 6 .

 6 Figure 6. Key steps in the clustering method

Figure 7 Figure 7 .Figure 8 .

 778 Figure 7 shows the hysteresis loops of wall-slab connections (RC-REP on Figure 7(a) and RC-REF on Figure 7(b)), plotted as lateral load versus slab displacement measured by the LVDT. RC-REF exhibits narrow loops with limited irreversible displacements, which indicates moderate macroscopic damage. However, RC-REP experiences a decrease in stiffness with cycles and loops adopt a pinched shape, as a consequence of crack openings in concrete (cracks, opened in a previous cycle, tend to close and stiffness increases). For RC-REF, macroscopic damage is much more pronounced with large hysteresis loops, denoting a high amount of dissipated energy. Hysteresis loops are relatively stable at maximum resistance, denoting ductile behaviour of this wall-slab connection. For RC-REF, the failure

Figure 9 .

 9 Figure 9. Number of events/series and maximum load/series (a) for RC-REF wall-slab connection (b) for RC-REP wall-slab connection

Figure 10 (

 10 b) shows the evolution of this parameter in relation to the acquisition time; the maximum value is obtained at the end of Phase II.

Figure 10 .Figure 11 .

 1011 Figure 10. RC-REF wall-slab connection. (a) Number of loading and unloading events per series. (b) UL ratio per series.

Figure 12 .

 12 Figure 12. RC-REF wall-slab connection (a) UL ratio of cycle 2 / UL ratio of cycle 1. (b) UL ratio of cycle 3 / UL ratio of cycle 1

Figures 15 (Figure 13 .Figure 14 .

 151314 Figures 15 (a) and (b) present the AE-based b values calculated over time for RC-REP and RC-REF connections, respectively. It can be noticed that the sharp decreases in b values coincide with changes in the mechanical behaviours of the RC specimens. The first drop in b values (visible for both connections) indicates that macro-cracks appear.

Figure 15 .

 15 Figure 15. AE-based b values together with the envelope curves (a) for RC-REP wall-slab connection (b) for RC-REF wall-slab connection

Figure 16

 16 (b) gives the quality of representation of these AE features on the principal components, obtained using R-software. The bigger and the darker the circles are, the more important the AE feature is to assess the associated principal component (dimension), and hence the more important the AE feature is to explain the variability in the data set. In this way, the AE features considered as the most contributing are the following: absolute energy [log], amplitude/AF [log], AF, initiation frequency, RA [log], rise time [log], rise time/duration [log], and decay angle [log]. In addition, by performing

Figure 16 .

 16 Figure 16. (a).Feature correlation analysis (single link clustering). (b).Contributions of the AE features to the principal components.

Figure 18

 18 Figure 18 presents the projection of the four clusters of AE events to a two-dimensional plot: AF versus RA. These axes are chosen to position the results obtained in the present study in relation to those in the literature, although

Figure 17 .

 17 Figure 17. Davies-Bouldin index and Silhouette coefficient for RC-REF connection, based on k-means clustering analysis.

Figure 20 ( 4 Figure 18 .

 20418 Figure 18. Average frequencies plotted versus RA values for RC-REF connection (a) for the four clusters of AE events. (b),(c),(d) and (e). for Clusters 1, 2, 3 and 4 independently of the others.

Figure 21

 21 Figure21shows the number of AE events versus time for the different identified clusters; events recorded when the LVDT displacement is positive (respectively negative) are plotted in the positive (respectively negative) part of the diagram. Figure21 (a) only shows the number of AE events first received by sensors 1, 2, or 3. Figure21 (b) only shows the number of AE events first received by sensors 5, 6, or 7. These figures strengthen the clusters identification, previously carried out from Figure18. Indeed, during Phases I and II, cluster 3 (tensile cracks, mode I) mainly appears when LVDT displacement is negative for sensors 1/2/3 and when LVDT displacement is positive for sensors 5/6/7:

Figure 19 .

 19 Figure 19. AF[kHz] vs RA[ms/V] -the results of the present clustering method and the separation line proposed by[START_REF] Ono | Application of acoustic emission for structure diagnosis[END_REF] 

  (a) led to the selection of the eight following parameters: AF, initiation frequency [log], RA [log], rise time [log], absolute energy [log], rise time/duration [log], decay angle [log], and amplitude/AF [log]. With the first three principal components, the explained variance exceeds 94% (39.3% + 30.1% + 24.9% = 94.3%). Figure 23(b) shows the contributions of the descriptors to the first three principal components. PC1 is mainly explained by RA, initiation frequency and rise time, PC2 by decay angle, absolute energy and rise time/duration, and PC3 by AF, amplitude/AF, and rise time.

Figure 25 showsFigure 21 .Figure 22 .Figure 23 .

 25212223 Figure 25 shows the results of the clustering for RC-REP connection in terms of AF versus RA, and Figure 26(a)-(d) focuses on duration and its cumulative distribution over time, amplitude and rise time, the same as those previously chosen for RC-REF wall-slab connection. It is interesting to note that while the optimum number of clusters is actually the same for RC-REP as for RC-REF, Figure 25 and Figure 26 suggest that the four identified clusters are associated to 20

Figure 24 .

 24 Figure 24. Davies-Bouldin index and Silhouette coefficient for RC-REP connection, based on k-means clustering analysis.

4 Figure 25 .

 425 Figure 25. Average frequencies plotted versus RA values for RC-REP connection (a) for the four clusters of AE events. (b),(c),(d) and (e). for Clusters 1, 2, 3, 4 independently of the others.

Table 1 .

 1 Series and imposed displacement settings

	Imposed displacement[mm] 7	8	9	10	12	14	16	20	25	30	35	40

The Express-8 AE data-acquisition system (MISTRAS group) with a 40dB-preamplification was used to record AE data. Six 150 kHz-resonant R15 piezoelectric transducers (numbered 1, 2, 3, 5, 6 &7, operating frequency range
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