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Abstract
To move from corrective maintenance to preventive maintenance, it is essential to be able to monitor the bridge component behaviour and detect any drop in the performance level before major failure occurs. Performance Indicators are used to deal with life-cycle deterioration of infrastructures and characterize the current and future structural conditions. In the context of Cost Action TU1406, several performance indicators have been identified to serve as benchmarks in the establishment of a Quality Control plan. These Indicators can be qualitative or quantitative based, data-driven or obtained with physically-based models. They can be collected during principal inspections, through a visual examination, a non-destructive test or a temporary or permanent monitoring system. Moreover, they can describe the current condition (diagnostic performance indicators) and/or forecast future conditions (prognostic performance indicators). Several Performance Indicators are currently the object of research effort and not yet ready at for a systematic application to Quality Checks. The Indicator Readiness Level scale has been previously proposed by the authors to rate the maturity levels of Performance Indicators. This scale is herein applied to prognostic performance indicators used to characterize the performance of a bridge in terms of its ability to perform the structural function.
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Introduction
The decision to replace or repair, when and how to repair each individual structure, is a common and difficult issue for asset managers. For structural assessment, various types of sensor information are used to generate data related to the health and load carrying capacity. Data can be collected on all types of structures in different ways, but the challenge is to translate them into performance indicators that is information about the structural performance, which is beneficial for decision-making. 
In Europe, there is a large disparity regarding the way performance indicators are defined and quantified. In this context, COST action TU 1406 aims at providing quality specifications for roadway bridges standardized at a European level. In particular, one goal is to investigate the practical implementation of innovative condition assessment, sensing technologies for assessment of structural serviceability and safety, which means being able to provide advanced, integrated, cost-effective and reliable instrumentation solutions, techniques and concepts [1]. 
In particular, this COST action collected the input from 36 countries in Europe, based on Performance Indicators still at the research level. In order to grade the level of maturity of these Research Performance Indicators (RPIs), an Indicator Readiness Level (IRL) was introduced [2] and [3]. In the previous investigations, the IRL was applied mainly to Diagnostic Performance Indicators enabling the assessment of the current condition of the structure with respect to specific degrading/damaging phenomena. Namely indicators related to corrosion and loss of stiffness were already considered. 
Quality specifications require not only condition assessment but also performance assessment that includes information about the current and future structural performance. The latter has to be checked against several assigned goals (e.g. Reliability, Availability, Maintainability, Safety) [4]. Reliability is the ability to perform a specific function. Availability is the ability of the structure to remain in a functioning state. Maintainability depends on the ease with which the structure can be repaired or maintained. Safety is the requirement not to harm people, the environment, or any other assets during the structure life cycle.
Herein the focus is on performance indicators used to describe the performance of the structure in terms of Reliability. Several of these indicators are still at the research stage, not routinely employed in quality checks (e.g. Robustness, Resilience). Others are currently used for reliability performance checks (e.g. Inspection Score, Reliability, Risk) but still some issues related to their application exist and are the object of studies and investigations [1,4].
This paper is organized as follows. First, the logical path to move from data - collected on the structure - to information - able to support decision making - is outlined through the definition of Performance Parameters and Indicators. Then, the IRL is applied to different types of prognostic performance indicators used to describe the structural performance at global level, namely predicted inspection score, reliability, risk and robustness.
From data to information
In Figure 1 is reported the logical path to obtain Performance Indicators, that is information useful for decision making, starting from data collected on the structure and employing the so-called performance parameter. A brief description of the features that appear in the figure follows.
Data collected on the structure
They can be measurable quantities, functions of observation, or functions of measures. These data are collected on the structure during visual inspections, non destructive testing or monitoring activities.
a. Measurable Quantities are obtained directly from measures during inspections, laboratory or on site testings, monitoring systems, etc. (e.g. acceleration, displacement, loads, chloride /carbonation depth, corrosion rate)
b. Functions of measures. are obtained as a function of a measurable quantity (e.g. frequencies, curvature that are obtained from accelerations or strains recorded on the structure under vibrations) 
c. Functions of observations are obtained from codified scales associated to visual inspections (e.g. inspection score based on visual observations such as cracks, stains, etc.). 
Performance parameters
Performance Parameters (PP). The Performance Parameters are quantifyiable features that are computed from the results of tests or inspections. Modal frequency is a performance parameter that can be obtained through vibration-based tests, sag can be measured during static tests, inspection score can be computed based on the observations retrieved during visual insepctions. These parameters by themselves do not provide information that can be used for decision making because they do not describe how far the structure is from a limit condition (e.g. a limit state) or from the original condition (e.g. intact structure). In order to transform the performance parameters in useful information, data regarding the limit or reference condition have to be accounted for. This is done through the definition of the Performance Indicators. In the following the value that describe the limit or the original condition will be generically referred to as reference performance indicator PPref.
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Definition of performance indicators
Performance Indicators can be defined as the difference between the current value of a performance parameter and the reference value:
	 
	(1)


where is
PI	Performance Indicator
PPcurr	Performance Parameter in the current state
PPref	Performance Parameter in the reference state
If the value of the performance parameter in the reference state is zero, the values of the performance parameter and of the performance indicator coincide.
It is possible to classify performance indicators with regard to their capability to describe the current or the future structural performance.
Diagnostic Performance Indicators (DPIs) 
DPIs give information that allow decision-making based only on the current structural condition. 
DPIs can be computed directly from the Performance parameters (PPs) or using a model calibrated with some PP. One example of DPI computed directly from a PP is the variation of a beam sag. In this case, the performance parameter is the sag of the beam. The corresponding diagnostic performance indicators is the difference between the (current) measured value of the sag, PPcurr and a reference value. The reference value PPref can be the limit value (corresponding to a certain limit state) or the design value (ideally corresponding to the original intact condition). The choice of the reference value depends on the decision maker. 
The same DPI can be computed using a calibrated model of the structure. In order to obtain accurate values of the DPI the model has to be calibrated using one or more performance parameters (for example modal parameters) ‘measured’ on the structure. The need to follow this second path to compute the performance indicator may stem from the higher cost of static tests (needed to measure the sag) with respect to vibration tests (needed to estimate the modal parameters).
Prognostic Performance Indicators (PPIs) 
PPIs give information that allow decision-making based on both the current conditions and the forecasted future conditions. 
Differently from the DPIs that can be computed either directly from data or using a model, the computation of the PPIs always requires some model able to describe the future structural behaviour.
Examples of PPI are the variation of the chloride content or of the corrosion rate with respect to reference value. For both these parameter the reference value is zero therefore in this case the values of the performance indicator and of the performance parameter coincide.
In order to forecast the values of the performance indicators under future environmental conditions, some model is needed. In this case, the performance parameters (measured or observed) are the parameters on which the model depends and against which it has to be calibrated in order to provide accurate results.
Another example of PPI is the remaining service life of a structure. This may change due to the evolution of degrading processes such as e.g. corrosion. In order to account for corrosion in the estimation of the remaining service life, the evolution model of one or more parameter(s) describing corrosion are needed [5]. These can be the same performance parameters than those in the previous example (e.g. corrosion rate or chloride content). 
Therefore, the same performance parameters can be fed into different models to compute different prognostic performance indicators. It is highlighted that both Diagnostic and Prognostic Performance Indicators can be defined and used at the component, element, or network level.
Indicator readiness level (IRL)
Several performance indicators are not currently used in practice because their level of maturity is not sufficient to provide accurate results or because some issues still exist for their practical implementation (i.e. computational issues or lack of specified performance goals). 
The IRL defines the level of maturity of an indicator based on the condition in which its successful utilization has been already proved through published scientific results or successful real world applications.
This IRL scale takes basis on the scale of Technology Readiness Level (TRL) that was proposed in the 70s by the NASA (National Aeronautics and Space Administration) [6,7] 
Table 1 reports the definition of the 9 levels of the IRL. The interested reader can refer to references [2,3] for more details about the IRL. 
[bookmark: _Ref515366203]Table 1. Indicator Readiness Level (IRL).
	IRL1
	Basic principles observed
	The principles underlying the indicator are known

	IRL2
	Indicator concept formulated
	The indicator is computed using an analytical/numerical model

	IRL3
	Experimental proof of concept
	The indicator is computed for laboratory specimen tested indoor

	IRL4
	Indicator validated in laboratory
	The indicator is computed for a reduced scale model of a component tested indoor

	IRL5
	Indicator validated in laboratory in si
mulated environment
	The indicator is computed for a reduced scale model of a component tested outdoor

	IRL6
	Indicator demonstrated in relevant environment
	The indicator is computed for a full-scale model of a component tested outdoor

	IRL7
	Indicator demonstrated in operational environment
	The indicator is computed for a real structure

	IRL8
	System complete and qualified
	The indicator can be used for quality checks. (performance goals and testing protocols are defined)

	IRL9
	Actual system proven in operational environment
	The indicator is systematically used for quality checks and related decision making


The lowest level, IRL1, corresponds to the simple formulation of the concept. For example, modal frequency decreases with stiffness therefore its variations can be used as indications of stiffness losses. 
Indicators that are systematically used for quality check reach the highest level IRL9. For example it is chloride content is a commonly used indicators to diagnose corrosion initiation (DPI).
The intermediate levels correspond to indicators tested in laboratory of on scaled models, that is in controlled conditions, that do not account for all the real conditions (e.g. influence of environmental or operational conditions on the indicators, problems related to high computational requirements, etc).
A given IRL considers that all levels above are also satisfied For example IRL7 means that the indicator has already been successfully utilized at levels 1 to 7.
The IRL scale is meant to serve as a supporting tool for a twofold aim:
1)	To check the eligibility of a Performance Indicator for quality checks and related decision making based on its maturity.
2)	To select research needs on Performance Indicators, that is to underpin the Indicators on which more research is still needed in order to bring them to the level of full applicability for quality checks.
In the following the IRL is used to rate prognostic indicators of the global structural behaviour. Namely Inspection score, Reliability, Risk and Robustness.
3.1 Predicted inspection scores
Herein reference is made to the inspection score predicted using Markovian/semi-Markovian models. It is the prediction of the score that will be assigned in the future to the structure/asset assuming a degradation model based on Markov chains model fitted to a collection of condition data [8, 9]. In most of the countries, as an outcome of visual inspections, the inspection condition score is stored for both individual members and the whole bridge and is mostly based on a 3 to 5 point rating scale. Therefore, the inspection score that is used as the input for the prediction model is a function of observation, estimated based on (qualitative) data from visual inspections. Predicted inspection score is categorized as Prognostic Performance Indicator, either at the component or element level.
Some operators have already included this predictive indicator in the Bridge Management Systems (e.g. KUBA-MS in Switzerland, BRIDGIT or PONTIS in the USA) [10]. Since it is an indicator that is already used in practice to assess needed additional funding for maintenance, it reaches the highest level of maturity IRL9.
3.2	Reliability index
Reliability index is a probabilistic measure of structural safety, associated with the probability of failure that can be determined for various processes [11, 12]. Difference in estimated reliability indices, from the current estimation to the reference one, where in reference state index will exhibit higher values, is indicating the deterioration progress. In the research, reliability index is often used in order to predict the remaining service life [13], thus it is a Prognostic Performance Indicator applicable at component, element and network levels [14, 15]. Its performance goal is to stay above the defined target reliability levels that are defined in the structural codes and literature for new structures [16, 17], but there are also guidelines being developed for existing bridges [18].
Some stakeholders already use this indicator for evaluation of structural reliability, but due to applicability issues, such as computational time of reliability analysis, it is not yet used systematically in quality control checks and related decision-making, and therefore reaches the level of maturity IRL7.
0. Robustness
Although robustness is a desirable property, there is still no consensual definition of robustness or a framework to assess it [19-22]. There is accordingly a wide range of definitions applied to robustness, where some recommendations define robustness as a structural property and others define it as a property of both structure and environment. Damage can vary from a simple degradation state to a more serious damage scenario such as a column or beam failure, among others. When a structure is subject to an accidental action, there might be the failure of one or more structural elements. The structure is then said to be vulnerable and the degree of vulnerability depends on the extent of the observed direct consequences (damage immediately due to the action of accidental loads). Robustness is estimated taking into account the direct and indirect consequences due to the action of a hazard [23]. In this respect, the Eurocodes defines structural robustness as “the ability of a structure to withstand events like fire, explosions, impact or the consequences of human error, without being damaged to an extent disproportionate to the original cause” [24, 25]. Some consensus on this topic needs to be found, before some robustness indicator can be used to compare different structural topologies (at the network level), and could be applied in quality control checks and related decision-making, which is definitely the objective of the researchers nowadays. Furthermore, robustness can be determined for various damage and is generally assessed regarding structural performance as load carrying capacity and damage; either based on quantification of deterministic or probabilistic performance indicators [26].Due to the aforementioned issues, the Indicator cannot reach a level higher than IRL6.
Risk
Risk, on its own account, refers to danger, hazards or loss of chance in an uncertain venture, and is a joint measure of the occurrence of the hazard and the consequences caused by its realization. Safety is then the condition in which risk is on an acceptable level [12, 27-30].
Related to natural hazards, scour or seismic actions are widely recognized as a major causes of bridge failures [31]. Several research efforts are currently devoted to the definition of indicators able to describe both the risk related to the action of scour and earthquakes separately and also their joint action [32, 33].
The indicator in this case is the risk related to a certain probability of failure and to its direct (financial) and indirect consequences (e.g. traffic deviation) evaluated using traffic models and simulation techniques. The framework for the evaluation of the probability of bridge failure due to local scour or to a seismic event is well known but the guidelines for the application to various bridge types are awaiting to be set. Furthermore the definition of indirect consequences is not always a straightforward consolidated task. Therefore issues related to the systematic application of this indicator for quality checks still exist and this leads to an IRL not higher than IRL7. 
Conclusions
The Indicator Readiness Level (IRL) scale, previously proposed by the authors to classify Performance Indicators, is herein applied to a number of Prognostic Indicators related to Reliability. The latter is herein defined, following the RAMS framework (Reliability, Availability, Maintainability, Safety), as the ability of the structure to perform its function. Some of these indicators already reach the highest level of the scale, such as for example the predicted inspection score, others such as robustness are still at research stage, lacking even a consensual definition. The IRL rates these indicators based on their level of maturity in terms of their ‘proved’ application demonstrated through published scientific results or real world applications. The aim of the rating carried out through the IRL, is not only to check the eligibility of a performance indicator for quality checks but also to point out research needs and select the indicators requiring more research efforts to reach the level of full applicability. In this paper, this twofold aim is shown with reference to prognostic indicators related to the structural Reliability.
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