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Data mining corrosion and failure in cable stays

Cable stays may be sensitive to water ingress in the lower anchorage, which may induce severe corrosion. The corrosion may occur even though strands are protected by a multi-barrier system comprising main HDPE cable tubes, strand individual HDPE sheathing and waxing and galvanization of strand wires. The reason for this is that parallel strand systems are anchored by wedges inducing a wound in the zinc, which with water ingress may initiate a corrosion process increasing the risk of strand failure in time. Motivated by this, this paper presents firstly the details of the ultrasonic testing method (Uscan) used to classify strand wires of cable stays according to different levels of corrosion defects. The rates of false positives and false negatives of the techniques are quantified for the case study presented, given that some cable stays where replaced and were subject to exhaustive testing and visual inspection. Then, data from 10 years of ultrasonic tests are used to explore correlation patterns in corrosion levels at different scales including strand, cable stays and system of stays in a bridge. This has led to an improved understanding of the corrosion condition of the considered cable stays. A histogram technique is presented as means of a systematic data quality check to compare data from different testing campaigns. A regression model to predict the tensile resistance of a strand/cable stay based on the condition classification from the ultrasonic tests is presented. Model parameters quantify the resistance associated with different wire conditions. The results from different ultrasonic testing campaigns in time can be used to estimate the resistance of the cable stays via the proposed model. This, supplemented with design loads and other sources of information, can be used to inform strategies for managing deteriorating cable stays. Finally, lessons learnt from the present case-study and recommendations to manage corroding cable stays are discussed.

INTRODUCTION

Modern cable stay bridges have parallel strands cables individually anchored by wedges. Each strand is individually sheathed with PEHD, each wire coated with zinc and the interstices filled with wax. The whole strand bundle is then encased in an outer general duct. Figure 1 shows a typical parallel strand concept. This cable stay concept, which has existed since the mid-nineties, generally provides very good protection against corrosion. Nevertheless, in several cases, corrosion problems have been observed in the lower cable stay anchorages. At this location the galvanization protection may be partly affected by wedge indentation, water can ingress and accumulate due to cavities in wax/grease injection, thereby the conditions for getting a corrosion cell at this location exist. On top of this, mechanisms such as corrosion fatigue and galvanic corrosion may also be present. All these mechanisms enhance corrosion and thus risk of broken wires. When assessing the condition of strands, different sources of data should ideally be combined to maximize the information about corrosion. Such sources may comprise:

-Visual inspection (anomalous behavior of the structure, signs of corrosion, broken wires / strands, water ingress etc.) -Chemical analysis (water samples, wire samples) -Maintenance records -Non-Destructive Tests (NDT), see Ciolko et. al (1997) for an overview focusing on prestressing steel strands in concrete bridges, and monitoring methods (endoscopic, ultrasonic, acoustic emission, magnetic etc.) -Mechanical test results of dismantled elements 2 ULTRASONIC TESTING

Method and approach

The ultrasonic method presented here, Uscan® is a patented non-destructive testing service that applies to detect flaws in steel wires and strands, see [START_REF] References Laguerre | Method for detecting a defect in a metal wire of a set of metal wires, in particular for an anchoring area of a civil engineering structure[END_REF] and [START_REF] Laguerre | Non destructive evaluation of seven-wire strands using ultrasonic guided waves[END_REF]. The ultrasonic guided wave reflectometry applied to stay cables or prestressing cables (Uscan®) has been developed by Gustave Eiffel University (UGE) and Sixense.

The system is applicable to T15,7 strands (7x5mm wires) with wedge anchoring. These strands have been widely used for decades as pre-stressing active reinforcements or as stay cables.

The technique is based on the generation of an ultrasonic guided wave into any constitutive wire of the strand from the accessible end of the tested wire. The ultrasonic guided wave interacts with possible flaws. The analysis of the reflected wave features gives information about the flaw severity and its location along the wire. The technique is based on the fact that once an ultrasonic wave is sent from the tip of a steel wire, a reflected signal is generated once it encounters a crack/break along the wire. These reflected signals will be recorded by the system and analysed by a qualified engineer. The wave is generated/detected by an ultrasonic transducer held in contact with the prepared wire end. The inspection ranges from several decimeters to a few meters, which is usually the nonaccessible zone of the anchorage, where the corrosion and crack probability is the highest because of possible water presence, reduced strand protection or higher tensile stress.

The defect can either be corrosion, fatigue cracking or wire break.

The ultrasonic wave is tuned according to the type of tendons: individually sheathed strands, strands poured in cement grout or individual parallel wires Analysis of the signal wire by wire leads to a classification of each wire between green, orange, or red status as detailed below.

-Green: the signal has no or very low amplitude reflections.

-Orange: the signal has some reflections with significant amplitudes indicating a potential defect along the wire.

-Red: the signal has a high amplitude reflection indicating a potential failure along the wire.

The system has been initially developed for stay cables with 7 wires T15,7 strands individually sheathed and for a short distance detection within the anchorage of the cable. More recently the technology has been enhanced to be applied on cement grouted prestressing cables. The characteristics of those cables is to have bare strand casted in cement grout. This environment requires more power and different frequencies for the ultrasonic wave.

Uncertainty and bias in ultrasonic testing

The UScan® process depends on the preparation quality of the strand ends. The end surface must be flat and orthogonal to the axis of the strand. Sixense uses dedicated cutting and grinding tools to carefully achieve this preparation. Once prepared, an accurate positioning of the transducer and the application of a coupling material is required for good reliability.

The data presented below focusses on on-site Us-can® measurements performed on typical stay cables with Parallel Wire System (T15.7, 7 wire strands, individually sheathed) of a given bridge. A comparative analysis has been made between the wire condition classification derived from Uscan measurements and the real state of the wires observed after the dismantling of the stay cables.

Visual observations of corrosion after cable dismantling have been classified into 7 levels which have then been qualitatively grouped in 3 levels to match the three classification levels of Uscan measurements. Table 1 shows the detection outcomes and Table 2 shows the results and rate in terms of compared wires. Even if the results shows inevitable false positive and negative errors, they show good correlation on the measurement of "green" classified wires (80%) which reveals the accuracy of the methodology by assessing the global health of the cable. The below data mining approach allows to go further in the interpretation.

DATA MINING CORROSION AND FAILURE

IN CABLE STAYS

Data

Uscan tests for a typical cable stay bridge provide records with categorization of condition into undamaged, significantly corroded/damaged, and broken wires. Data records exist for each wire and can be aggregated at a 7-wire strand and at a stay levels. For modern long-span cable-stayed bridges, the amount of data records may be of several thousand records for each ultrasonic measurement campaign of all cable stays wires.

Data mining approach

The interpretation of large amounts of NDT and monitoring data for translation into meaningful condition status is a challenge which should not be underestimated. An effective approach to overcome such challenge is to pursue systematic data mining, where key dimensions/parameters are extracted and used for identifying and presenting patterns related to corrosion degradation and failure based on physical mechanisms.

The following has been investigated in our data mining approach: -Data reliability -Change in degradation over time on a strand and stay level -Degradation patterns in individual strands, i.e. undamaged, corroded, broken -Degradation patterns in a cable stay cross section -Global degradation over time -Spatial distribution of the global degradation -Correlation with other data sources, i.e., tensile test results.

For the data mining approach, three parameters have been considered:

(1) Number of green, orange, and red wires at a strand level from the processed Uscan dataset.

(2) A strand damage indicator developed to quantify the damage of each strand. This has defined as:

𝐷𝐼 𝑖 = 𝑛 𝑂,𝑖 + 10 ⋅ 𝑛 𝑅,𝑖 (1) 
where 𝐷𝐼 𝑖 is the damage indicator of the i th strand and 𝑛 𝑂,𝑖 and 𝑛 𝑅,𝑖 are respectively the number of orange and red wires in the strand.

(3)

Parameters to estimate the tensile resistance of wires, strands and cable stays as a function of Uscan records, refer to section 3.7.

Data sanity

Before doing the actual data mining, it is necessary to carry out some basic quality assurance checks. This is to ensure only good quality data is considered when doing the actual condition assessment. This data sanity check comprises several layers:

-Repeatability of results when doing testing on site.

That is, being sure that the ultrasonic probe provides the same results by repeating tests on the same wire.

-Check the stability of results from the ultrasonic data processing by sensitivity analyses with respect to the applied data processing strategy. -Checking that overall data consistency over time.

One way of doing this is to check the data for accumulation of corrosion/failures over time. It is well-known that corroded wires do not repair themselves and hence corrosion damage should accumulate and condition deteriorate over time.

Figure 2 shows an example of a verification of data consistency over time. This is done by observing the change of the damage indicator defined by equation (1) between different years. The difference of this indicator between two measurements campaigns is used to quantify if corrosion has progressed by considering all tested strands as one statistical population. Results are represented in a histogram that can be interpreted as follows:

-In case of no deterioration from year to year the distribution of changes in DI follows a narrow Normal distribution equivalent to the statistical uncertainty of the Uscan method. -In case of deterioration the histogram may be expected to follow a positive skewed distribution. Any negative skewed distribution suggesting a decrease in the deterioration should not be expected and would suggest an unintended bias error in the measurement or data processing carried out. 

Strand cross section -degradation patterns

A significant part of the interpretation of Uscan data is to correlate and understand the existence of any corrosion patterns both at individual strand and at cable stay cross sections. The existence of such patterns has been investigated by analyzing Uscan data for strands on a cable-stayed bridge for different testing campaigns spanning a decade. The analyses are based on comparison of data from consecutive years looking for wire degradation, which either remains or accumulates in strands. Degradations that disappear or become smaller suggest that the pattern is not genuinely correlated with corrosion. Examples of such inspection results are given in the following.

No general pattern has been found regarding which wires in a strand tend to corrode first, except for that the central wire which will most likely never become the first wire to corrode in a strand cross section.

Table 3 shows typical identified degradation patterns in strands. With a repeatability between different Uscan campaigns of approximately 65 to 90 %, the typical pattern is clusters of two to three corroded wires. The existence of a single corroded wire only can be found with a repeatability of 50%. A broken wire can be found with almost a repeatability of 100% but such a case will very rarely be found without corrosion of adjacent wires in the strand. In some cases, visual observations of the strand ends done when removing the anchorage cap to perform Uscan tests become part of the interpretation of Uscan data. One important finding has been that, in some cases, the central wire of a strand is found to be missing over time. In such cases, Uscan data shows that this only occurs when at least two of the surrounding wires have corroded, hence suggesting the failure of the strand. Figure 3 shows the mechanism. 

Cable stay cross sectiondegradation patterns

The degradation observations of all strands in a cable stay cross section may also reveal patterns of corrosion, as the corrosion mechanism may depend on water ingress into the cable stays and their anchorages.

To characterize these patterns, Uscan data was investigated by dividing strand locations into horizontal layers (Figure 4). This was done to investigate if corrosion of the strands at the lowest layers was more significant than at other locations, thereby indicating an accumulation of water ingress in those layers. To explore the existence of such a pattern, the damage indicator DI for each strand was used to calculate the average DI of each layer, refer to Figure 5. From this figure, there is no indication of a pattern associated with higher corrosion levels at the lowest layers (i.e. layers 8 or 9) resulting potentially from water accumulation. Consequently, the origin of the detected corrosion in a cable cross section is likely to be related to local circumstances, such as voids and cracks in the applied wax injection in the anchorage. 

Global bridge degradation patterns

Another pattern of interest with respect to corrosion degradation of cable of stays relates to the spatial location of the cable within the global cable stay configuration of the bridge.

This has been investigated by inspecting the Uscan data by using the DI damage indicator from equation (1) and then plotting the DI values for strands in a map with the stay number on vertical axis and the strand number on the horizontal axis. Figure 6 shows an example plot of a bridge for the Uscan results translated into DI as described above. DI values below 10 are represented in orange and indicate up to 7 corroded wires of a strand, whereas strands containing one or more broken wires are plotted in red. Strands containing DI of 0 (all 'green' wires) are represented in green.

It shall be noted that the data presented correspond to ultrasonic testing campaigns performed at different years (i.e. not all cable stays are tested in a single measurement campaign). Hence this figure does not reflect the current state of the stay system. This highlights the need for indicating the year associated to each Uscan data as older campaigns are inherently less reliable, given the irreversible nature of the corrosion degradation process. Figure 6 clearly suggests that some cable stay positions are more prone to corrosion degradation than others. The final cause for this cannot be concluded but it may relate to increase ambient exposure of some cable stays or that some cable stays have been installed in a more adequate way than others at the time of construction. The final answer cannot be given alone based on Uscan data and require some further investigations utilizing data from e.g. visual inspections. Figure 6. Distribution of DI damage indicator on all cable stays of bridge. Orange dots are strands with up to 7 corroded wires. Red dots are strands with a least on broken wire and green dots correspond to strand with only 'green' wires. Cable stays are listed vertically, whereas strands identification number for a given cable stay are listed horizontally indicating strand 'layer' identities.

Regression model for strand tensile resistance prediction based on Uscan data

Performing ultrasonic testing prior to stay replacement and subsequent laboratory tensile testing of selected strands kept in their wedges in the lower anchorage offers a precious dataset that can be used to explore the correlation between Uscan color classification and strand tensile resistance.

The above has been explored by assessing different regression models considering the number of green, orange and red wires in a strand as explanatory variables and the tensile resistance of a strand obtained from laboratory tests as the predictive variable. In the present study, the dataset considered to derive the predictive regression models consisted of 34 strands covering a range of different degradation conditions and for which both Uscan color classification (green, orange, red) before removal of the stays and laboratory tensile test results were available.

Figure 7 shows the tensile test results of the dataset considered in the regression model presented below. Green dots represent strands with only 'green' (Uscan colour classification) wires, orange dots represent strands with only 'green' and 'orange' wires and red dots represents strands with at least one 'red' wire. (2)

or, more compactly:

𝑓 𝑡𝑢,𝑖 = 𝑓 𝑟𝑔 ⋅ 𝐴 𝑠𝑡 7 (𝛼 𝐺 ⋅ 𝑛 𝐺,𝑖 + 𝛼 𝑂 ⋅ 𝑛 𝑂,𝑖 + 𝛼 ′ 𝐺 ⋅ 𝑛 𝐺,𝑖 ′ + 𝛼 𝑂 ′ ⋅ 𝑛 𝑂,𝑖 ′ ) (3) 
where 𝑓 𝑡𝑢,𝑖 is the predicted tensile resistance of the i th anchored strand tested in laboratory, 𝑓 𝑟𝑔 is the resistance class of the strands (e.g. 1770 MPa), A st is the area of a strand, 𝑛 𝐺,𝑖 and 𝑛 𝑂,𝑖 are the number of green and orange wires in a strand with no red wires and 0 otherwise, 𝑛 𝐺,𝑖 ′ and 𝑛 𝑂,𝑖 ′ are the number of green and orange wires in a strand with at least one red wire and 0 otherwise and 𝛼 𝐺 , 𝛼 𝑂 , 𝛼′ 𝐺 , 𝛼′ 𝑂 are the model parameters associated respectively with 𝑛 𝐺,𝑖 , 𝑛 𝑂,𝑖 , 𝑛 𝐺,𝑖 ′ and 𝑛 𝑂,𝑖 ′ . The parameters 𝛼 can be regarded as factors associated with the wire tensile resistance for a given UScan condition category (red, orange), with 0 meaning no resistance and 1 full theoretical resistance.

It is noted that strands with a missing central ('king') wire are considered to have no tensile resistance, as confirmed during laboratory forensic analysis. This is not described by equations ( 2) nor (3) but should be considered when predicting strand tensile resistances.

Model parameters are estimated by least squares multiple linear regression. Table 4 summarizes the obtained model parameters. For model simplicity and physical interpretation ease, the resistance of red wires has been imposed to be 0. Furthermore, the model considers two group of strands separately: i) strands where Uscan indicates the presence of at least one 'red' wire (likely broken) ii) and other strands (i.e., strands without 'red' wires).

The obtained model parameters show that for both strand groups, the resistance associated with 'green' wires is close to 100% of the theoretical (99% and 108% respectively), as expected. The estimated model parameters reveal a differential behavior for 'orange' wires for each of the two strand groups. For strands with no 'red' wires, orange wires are associated with 83% of their theoretical resistance, whereas for strands with at least one 'red' wire, the same parameter decreases to 23%. From a physical perspective, this is as expected given that the 'orange' Uscan classification is inherently associated with a degree of variability, ranging from a wire where corrosion is in its preliminary stages to a corroded wire close to failure.

The presence of 'red' wires in a strand should therefore be regarded as an indicator of an advanced corrosion process that is translated into a lower resistance of 'orange' wires compared to strands with less advanced corrosion process that have not yet resulted into wire ruptures.

Figure 8 shows model resistances versus model predictions. Apart from an evident outlier (caused by the non-detection of broken wires in a strand by Uscan), the regression model predicts strand resistance as a function of Uscan color classification of strand wires with a Mean Absolute Error (MAE) of 6.4% and a R 2 of 0.80 when considering all 34 strands as a training dataset.

The effect of Uscan false positives / negatives has been assessed by correcting Uscan color classification according to the visual observations performed in laboratory. At a strand level, which is the level used by the predictive regression model, the false positive/negative Uscan rates do not affect significantly the model parameters, the R 2 nor MAE of the models. In order to assess the uncertainty of the model parameters, the dataset consisting of 34 samples has been randomly divided 25 times into an 80%-20% training / prediction datasets. The mean, standard deviation (Std) and the resulting coefficient of variation (CoV) of the different model parameters is shown in Table 5. As expected, the model parameters with highest uncertainty (CoV) are 𝛼′ 𝑂 and 𝛼 𝑂 , which are the models parameters describing the resistance of orange wires for strands with at least one 'red' wire and with no 'red' wires respectively. For a cable stay with N strands, the resulting tensile resistance can be estimated by the below equation: (4) which can be re-written as:

𝐹 = 𝑁 ⋅ 𝑓 𝑟𝑔 ⋅ 𝐴 𝑠𝑡 ⋅ 𝛼 (5) 
with 

where F is the estimated tensile resistance of a stay with N strands and 𝛼 is the cross section condition factor relating to the capacity of the stay (or effective cross section), with 0 meaning no tensile resistance and 1 equivalent to the theoretical resistance associated with the nominal cross section.

It is worth noting that the model presented in equations (2), (3), ( 4) and ( 6) estimates the tensile resistance at a given point in time (time where Uscan test was obtained) and that elongations at different wire ruptures are not modelled.

When using the model, it is critical that new Uscan data is associated with the same testing and data processing principles as the Uscan results used for deriving the model. As such, any improvement/change on the underlying Uscan data-processing routines to classify wires into categories (colors) shall be applied retrospectively to all historical data, especially to the dataset used to derive the predictive regression model. Otherwise, this would introduce a bias in the predictive variables of the regression model.

Quantitative degradation estimation over time

The results obtained from different ultrasonic testing campaigns can be used to estimate the resistance of the stay cables by using equations 4 to 6. This is illustrated in Figure 9, where the condition factor 𝛼 is plotted versus time for different stay cables. Figure 9 shows that stay 1, and to a lesser extent stay 4, present an ongoing degradation pattern and will be investigated in more detail and with higher frequency than other stays which appear relatively stable.

CONCLUDING REMARKS

The present paper has presented a data mining methodology to assess corrosion and failure of wires from parallel stranded stay cables. It relies on multiple data sources including ultrasonic test results (prevalent data source), visual inspection in laboratory of strands from several replaced cable stays and results from tensile test performed in laboratory from some of the replaced strands.

A histogram statistical approach has been developed to check different ultrasonic campaigns performed at different points in time. It can be successfully used to verify the consistency of ultrasonic test results under the assumption that corrosion is a nonreversible process and thereby its development can either remain constant or increase in time. This allows identifying campaigns with non-reliable results, which deserve further data processing before they can be used in condition assessment.

The statistical analysis of ultrasonic test records has enabled to characterize corrosion patterns at different levels including strand, stay and globally on the stay system of a bridge. On a strand level, no clear pattern exists regarding the position of the wires to corrode first. On a stay anchorage level, no correlation has been found between corrosion levels and lower location of the strands, suggesting water accumulation in lower strand layers. On a bridge level, some cable stays have been associated with higher corrosion levels. The final cause for this cannot be concluded but it may relate to increase ambient exposure of some cable stays or that some cable stays have been installed more adequately than others during construction

In addition, the presented case study provided an opportunity for validation of the Uscan ultrasonic technique, as some of the stays of the bridge were replaced allowing visual inspection of all wires. In this regard, part of the replacement program included a thorough testing and inspection campaign to gain knowledge about the condition of the cable stays and about the methods used to assess them. Hence, visual observations of all the wires from the replaced stays were compared with ultrasonic Uscan results. This enabled to quantify and document the rates of false positives and false negatives at a wire level. The results show good accuracy of the technology with a correlation on the measurement of "green" classified wires of 80%. As cable stay anchorages are inaccessible for inspection of signs of wire corrosion, it is worth to be noted that ultrasonic testing currently appears to be the only method able to provide some reliable indications about the condition (corrosion / rupture) of wires.

Another result obtained as part of the data mining exercise has been the development of a regression model that can be used to predict the tensile resistance of a strand/cable stay based on the condition classification from the ultrasonic Uscan technique ('green', 'orange' and 'red'). Model parameters were estimated to quantify the resistance associated with different color-classified wires. In the case-study presented, 'green' wires are roughly associated with unchanged resistance, whereas 'orange' wires have a different behavior depending on whether they are located in a strand with advanced corrosion (i.e., with at least an identified wire rupture, 'red' wire) or not. For the former case, the wire resistance is 23% of the theoretical case; this increases to 83% for 'orange' wires in a strand with no detected wire ruptures. For physical consistency and model simplicity, broken ('red') wires were modelled to have no resistance.

The developed model can be used to estimate the criticality of the different cable stays considering design loads and ultrasonic testing. Such an approach, which is not a formal safety assessment in itself, can be used to inform future testing, inspection, and replacement strategies.

Although not discussed in the paper, acoustic emission is also an important tool for managing stay cables affected by corrosion. By nature, acoustic emission and ultrasonic testing are complementary. This is because ultrasonic testing provides a corrosion condition assessment in terms of corroded and broken wires at a given point in time, whereas acoustic emission detects wire ruptures incrementally, i.e. only from the time when a monitoring system is commissioned. Thereby, the combination of both techniques maximizes the benefit to the operator/owner of the bridge. For instance, acoustic emission can trigger ultrasonic testing campaigns and thereby optimize their frequency. The number of wire breaks detected between two ultrasonic testing campaigns can be compared with acoustic emission results, thereby increasing confidence in the stay condition assessment.

A key aspect of the case study presented has been the performance of visual inspection and laboratory tests of some of the replaced cable stays in addition to ultrasonic testing, which has enabled to quantify the reliability of the ultrasonic technique and link this with stay cables tensile resistance estimates. It is believed that similar approaches would greatly benefit the future condition assessment of bridges with similar corrosion degradation mechanisms, and for which stay replacements are planned. This requires a thoughtful definition of the testing objectives associated with the replacement operation, careful de-tensioning of the cable stays to allow representative laboratory testing and a full traceability of all stay elements from the bridge to the laboratory.
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 1 Figure 1. Top left: parallel strands anchored by a wedge. Top right: system of strands with individual sheathing and stay sheathing. Bottom: components of parallel strand stay system.
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 2 Figure 2. Histogram of changes in strand damage indicator DI. Example results.
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 3 Figure 3. Left) Typical corrosion pattern (DI) in a strand with central wire (wire 7) missing. "Green" means intact wire, "Orange" corroded; and "Red" broken wire. Numbers refer to DI damage indicator (2). Right) Mechanism of lost central wire.
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 4 Figure 4. Division of cable anchorage in up to nine horizontal layers of strands.
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 5 Figure 5. Average damage indicator DI considering data for all cable stays of a bridge. In this case, maximum DI occurs in layer no. 6.
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 7 Figure 7 Strand tensile resistance versus elongation at first wire rupture for tested strands considered in the regression model.
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 8 Figure 8. Measured (in laboratory) versus predicted tensile strand resistance.

  𝐺 ⋅ 𝑛 𝐺,𝑖 + 𝛼 𝑂 ⋅ 𝑛 𝑂,𝑖 + 𝛼 ′ 𝐺 ⋅ 𝑛 𝐺,𝑖 ′
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 9 Figure 9. Cross section condition factor 𝛼 for selected cable stays over seven years.

Table 1 .

 1 Detection outcomes

			Uscan Measurements
			Green	Orange	Red
		Level 1,2,3	Correla-	False	False
	*V.O.	(green) Level 4,5,6 (orange)	tion No detec-tion	alarm Correla-tion	alarm False alarm
		Level 7	No detec-	No detec-	Correla-
		(red)	tion	tion	tion
	* Visual observation.		
	Table 2. Achieved probability of detection based on
	324 samples analyzed.		
		Results		Total number of wires
	Conform (OK)	765	79%	
	False alarm (FA)	79	8%	
	No detection (ND)	127	13%	

Table 3 .

 3 Repeatability of degradation patterns between different Uscan campaigns.

	Degradation pattern	Repetability of pat-
		tern
	Single corroded wire (no cluster)	50-100 %
	Cluster of two corroded wires	65-100 %
	Cluster of three corroded wire	90-100%
	Broken wires	100-100%

Table 4 .

 4 Model parameters.

	𝛼 𝐺	𝛼 𝑂	𝛼′ 𝐺	𝛼′ 𝑂
	0.99	0.83	1.08	0.23

Table 5 .

 5 Model parameters uncertainty. 𝛼 𝑂 , 𝛼′ 𝐺 , 𝛼′ 𝑂 are the model parameters associated respectively with 𝑛 𝐺,𝑖 , 𝑛 𝑂,𝑖 , 𝑛 𝐺,𝑖 ′ and 𝑛 𝑂,𝑖

	Parameter*	Mean	Std.	CoV
	𝛼 𝐺	0.99	0.0093	0.9%
	𝛼 𝑂	0.83	0.073	9%
	𝛼′ 𝐺	1.08	0.08	7%
	𝛼′ 𝑂	0.23	0.15	65%

*𝛼 𝐺 , ′ .