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Introduction

Road infrastructure is one of the backbones of modern society that can provide economic
growth and sustainable development of countries (Biondini & Frangopol, 2018).
Therefore, the planning of road infrastructure-related works is essential, but those plans
cannot be set in stone, because the long service life and high investment need requires
a broad and long-term view of efficient solutions. People need infrastructure because it
anticipates demographic and social change and thus the decisions need to be farsighted
enough to capitalise on the benefits of future technological advances. Uncertainties
around the future mean that investment plans must contain flexibility, but at the same
time still retain enough clarity in their strategic aims (OECD/ITF, 2017). In addition to
planning, maintaining such a network is also a challenging but needed task to ensure the
sustainability and growth of the economy. Due to the limited budget, the management
of infrastructure needs new assessment and decision-making strategies to maximise the
benefits of the investments done in the past.

Asset management and decision-making strategies of networks are usually
formulated as an optimisation problem with the life-cycle cost, performance (including
condition), and network functionality being the most used objectives. For the optimal
management of a network, an optimal decision should be made regarding the types of
intervention within the investigated network under limited resources (Dong et al., 2014,
Frangopol et al., 2017). It is also important to stress that an essential element of the
decision-making process is the uncertainty as to whether the final decision will lead to
the best outcome. This uncertainty comes from the fact that we cannot predict or model
accurately the scenarios that will be derived from our decisions. Therefore, engineering
is mostly about good enough decisions, grounded on dependable evidence and a
scientifically justifiable derivation, and not concerned with correct decisions, since this
concept is impossible to assess.

The assessment of existing infrastructure is becoming even more important as the
network is increasing. The network should withstand future demands and know the
performance of the infrastructure, a common understanding of assessment strategies is
mandatory. The assessment process itself can be sophisticated and depending on the
asset to be evaluated and the information to be obtained (Jensen et al., 2014). To reach
a comparable inspection level and reliable condition assessment, integration procedures
and degradation models should be also a part of a management system and meet the
customer demand (Taffe, 2018). Significant advances have already been made in the
performance modelling and decision analysis regarding the maintenance of deteriorating
civil engineering systems. To predict the performance of structures, it is important to
develop deterioration models, many models have been proposed based on Markov
chains (Thompson et al., 2005, Kallen, 2007), linear or non-linear probability functions
(L. C. Neves & Frangopol, 2005), neural networks (Steelman & Garcia, 2020), lifetime
functions (Yang et al., 2006). Still, the results provided by the deterioration models are
considered subjective as they are usually associated with a significant level of
uncertainty. First, these models are based on inspection records, which, by themselves
reveals a high level of uncertainty due to the subjectivity of the evaluation by the
inspectors. However, it is also due to the natural variability of the deterioration process,
which depends on a high set of factors, such as material quality, traffic levels, pollution
levels, environmental conditions, structural typology, among others (Kallen & Van
Noortwijk, 2006).



Previous works on the assessment of life-cycle, including maintenance planning, and
optimal design of structural systems have been proposed (Frangopol, 2011a), Frangopol,
2019, Biondini & Frangopol, 2018, Biondini & Frangopol, 2015, Frangopol & Soliman,
2016) concentrate on the structural degradation mechanisms because it is essential to
properly quantify the reliability-based performance of structural systems. The complexity
of the target state phenomena involved (Taffe, 2018) and the little information available
make it impossible to model the deterioration with high precision (Lounis & Madanat,
2012). In the context of reliability and life-cycle assessment, uncertainty analysis is used
to better explain and support decision-making processes (Ditlevsen, 1982, Ditlevsen,
2003, I1SO, 2006, Faber, 2005, Lloyd & Ries, 2007) and taking the uncertainty as a part of
the performance indicator is essential for reliable condition assessment and rational
intervention planning including maintenance, repair, or replacement of existing structures
(Biondini & Frangopol, 2018).

Although the broad idea of using uncertainty as a part of performance assessment is
the same in practice, there is a gap between the scientific approach and commonly used
methods in bridge management. There are still authorities in Europe, including Estonia,
where condition rating is used instead of quantification of structural degradation
mechanisms for maintenance planning and asset management. In the bridge
management of the Estonian Transport Administration, condition data from inspections
is used as an input for economic decision-making or planning repair and strengthening
measures (Minister of Economic Affairs and Infrastructure, 2018). Besides, the obtained
data is partially used as input for load and resistance assessment. According to Phares
et al. (2004), visual inspections are an unreliable method for the evaluation of
infrastructure conservation states. Different inspectors under different conditions,
evaluate significantly differently the conservation state of the infrastructure, introducing
an additional source of uncertainty (Corotis et al., 2005). With the use of advanced
methods in inspection and condition assessment, it should be possible to overcome the
problem and previous works in the field of uncertainty have suggested that when the
reduction of uncertainty is possible, it should also be integrated into life-cycle prediction
with the results of inspection (Mori & Ellingwood, 1994, Kim & Frangopol, 2012, Soliman
et al., 2013, Budelmann et al., 2012, Malerba, 2014, Papakonstantinou & Shinozuka,
2014, Omikrine Metalssi et al., 2015).

In addition to management under uncertainties, it is important to allocate limited
resources efficiently to balance the cost and performance, for this purpose, multi-objective
optimisation techniques have been proposed (Liu & Frangopol, 2006, Frangopol & Liu,
2007b, Frangopol & Bocchini, 2012, Kim et al., 2013, Dong et al., 2015, Biondini &
Frangopol, 2015). These techniques quantify performance at the network level in a
probabilistic way and integrate multi-criteria techniques for optimum maintenance and
repair strategies to reduce the extent of damage of the network to the society, economy
and environment. This formulation often leads to alternative maintenance solutions that
represent an optimised trade-off among the conflicting objectives under consideration.
The decision-makers are then able to select a compromise maintenance solution
according to the preferred balance among these objectives.

Bortot et al. (2006) stated that to establish an optimal management strategy, bridge
network performance should be maximised, and minimisation of probability of failure
and life-cycle cost should be considered. As with most of the existing BMS software,
optimisation is done in long-term view and the possible deterioration of bridge elements
is considered as a part of condition rating, which is predicted using statistical models,
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where homogeneous Markov chain models are most frequent (Zambon et al., 2018).
Unfortunately, the knowledge about the deterioration of specific models is not fully
employed in these statistical models. Therefore, efforts have been performed to improve
the accuracy of condition-based deterioration models to be implemented in BMS
software. Alternative to Markov models, Ferreira (2018) proposed that a new
classification system that incorporates more quantitative information from visual
inspections where subjectivity can be reduced in the process of assessing the structural
condition should be defined and although the classification system remained the same
the subjectivity of collected information is quantified.

Scope and limitations

Bridge management and data-driven decision-making have been important topics in
engineering for more than 20 years. In addition, the areas that have been investigated in
the field have changed within the years and although some of the main findings have
been introduced in the first chapter the scope of this work has been narrowed down with
currently used condition assessment and non-destructive testing practices of reinforced
concrete bridges. The input data is directly taken from the Estonian national road data
bank, regular bridge inspection database, experts who have carried out non-destructive
testing and collected during the investigation. The optimisation in the subject matter has
been defined through the uncertainty of a measurand with the best-estimated value.
The optimisation of condition control is to propose practically useable methods to make
the condition assessment more accurate and time between regular inspections optimal.

The limitations of this work are related to condition and performance assessment,
which are widely used terms in bridge management and in many approaches these two
are connected to structural performance, which goes out of the scope of this research.
Structural performance relates to reliability, safety, serviceability and other variables
that are linked with risks or service life and commonly used in the bridge design phase.
These variables are commonly used in the load-bearing capacity evaluation of existing
structures through investigation of design documentation, load testing, monitoring,
locating existing details, assessing damages and material properties (Riicker et al., 2006).
Although the same parameters are also investigated in this work the main focus is on
making the currently used condition assessment more optimal. Condition assessment
is widely used by practitioners because it is relatively quick and easy to conduct.
The downside of the condition assessment is the subjectivity that comes with visual
assessment and this affects the decision-making related to intervention activities. Based
on the common practice in Estonia, the current work is limited to the condition
assessment related to intervention decisions and is not dealing with the structural
performance of a bridge. The limitation is needed to draw more attention to the events
that take place before and after the design or re-design of a structure and affect the
overall condition control practice.
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Novelties

The main novelties of the work are related to the different approaches to the problem
of performance assessment, the addition of uncertainty as a quantitative performance
indicator to qualitative assessment and the use of a simple optimisation model based on
condition assessment instead of alternative and more complex methods to make it more
feasible to practitioners. Most of the previous development work in the context of bridge
management is concentrated on optimising the maintenance and repair strategies,
taking the condition assessment as a part of the overall system, but since the input itself
has a high level of uncertainty, then these approaches work only with accurate
information. In the current approach, uncertainty is also used to ensure that the
collected data and final decision complies with the current management system, but the
performance assessment framework is integrated with the owner’s needs using
statistical data evaluation according to Guide to the Expression of Uncertainty in
Measurement (Hasselbarth et al., 2006). The use of a simple optimisation approach
considering overall performance assessment including degradation modelling and model
updating should help to reduce the knowledge gap between how data is collected and
decisions are made in scientific approaches and practice. The optimisation is done using
only time and level of uncertainty and like in the optimisation of maintenance strategies,
the main difficulty is to define optimal conditions, like what is the maximum permissible
performance, what should be the maximum condition of a structure presenting this level
of deterioration and what maintenance actions to consider (M. L. Neves et al., 2011).

In the local context, the investigated topics should increase the knowledge of
uncertainties in performance assessment, improve the condition assessment and give a
different angle to bridge management in Estonia. Main novelties:

e  Statistical analysis of structural and non-structural elements.

e Calculation of more universal Markov chain based deterioration models and
verification of the results.

e Development of deterioration model updating format and conversion matrix of
non-destructive test results.

e A broader investigation of the uncertainties related to condition assessment.

e Evaluation of the current condition control system and proposal of more optimal
scheduling.

12



Aim and objectives

The main aim of the research work is to introduce the uncertainty in performance
assessment and propose a framework to optimise inspection scheduling for regular
condition assessment of bridges. The goal of the optimisation is to keep the level of
uncertainty under the desired level and maximise the time between assessments. Since
visual inspections are considered subjective, then to improve the accuracy of
performance assessment, selection of suitable non-destructive testing methods is
investigated and the conversion matrix is proposed to simplify the implementation of
additional assessment methods. To present the applicability of the overall research work,
the most common reinforced concrete national road bridges in Estonia are statistically
studied and additional information about visual and non-destructive assessment method
is collected. Since the condition data have never been modelled with probabilistic
models, then verification of degradation models is also one important objective. Other
notable objectives of the thesis are:

e Description of current bridge management regulation of Estonia.

e Investigation of Principal Component Analysis and the importance of different
bridge element groups.

e A suggestion of criteria for suitable non-destructive test method selection.

e Investigation of uncertainties in different assessment methods, including visual
inspection and basic non-destructive testing methods.

e Investigation and use of stochastic Markov chain models and Bayesian inference
procedures with uncertainties.

e Development of optimisation algorithm in MATLAB® to find optimal time interval
between assessments keeping the uncertainty under the desired threshold.

13



Research methods

The preparation of the dissertation was based on books, reports, scientific publications,
statistical information and legislative documents like standards or national regulations.
Also, a great amount of information was obtained through discussions with experts
working in the public sector or research field and construction-related information was
collected during inspections. The research consists of two different areas including more
practical performance assessment and theoretical decision-making and the optimisation
was done in a stepwise manner — starting from the collection of historical information
ending with presenting the applicability of the proposed framework (Figure 1).

eCollection of historical information h
eSelection of most common bridges
ePrincipal Component Analysis )
e|nvestigation of typical visual and NDE methods
eUncertainty in assessment of existing structures and predictive models
eCombination process of different assessment methods
J
eData preparation )
eIntroduction of continuous time Markov Models ja Monte Carlo
simulation

eUse of goodness-of-fit test for verification )

. . . N
eCollection of additional condition assessment data
eDevelopment of interpolation based optimisation model
eCase study based on collected information )

Figure 1. The stepwise procedure of optimisation.

In Paper | the collection of historical information and selection of most common
bridges was done manually without any typical approach, but the statistical analysis was
carried out using a multivariate method, called Principal Component Analysis (PCA).
In addition to the analysis of principal components, the results of two different
algorithms, Alternating Least Square (Ilin & Raiko, 2008) and Singular Value Decomposition
(Chambers, 1977), were compared.

In Paper Il the selection of non-destructive test method criteria and suitable methods,
the Analytical Hierarchy Process technique (Saaty, 1990) and utility function was used to
decompose a ranked list of variables.

In Paper lll the obtained benchmarking results were compared using continuous-time
Markov models (Kallen & Van Noortwijk, 2006) combined with the Monte Carlo method
(Denysiuk et al., 2017) and Bayesian updating (L. C. Neves & Frangopol, 2008).

The overall concept of uncertainty related inspection scheduling was based on Taffe
(2018) proposed approach and a case study was carried out using policies of the Estonian
Transport Agency. The visual overview of the work is presented in Figure 2, where the
relation between different topics, Publications and chapters can be seen.
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Paper | Paper Il

Paper Il Paper IV

More than one paper/Thesis

Improvement of condition control

Performance assessment

* Classification and description of
assessment methods

* Uncertainty in assessment

Deterioration models

+ (Classification of models

* Introduction of Markov chains

* Uncertainty in deterioration models

Principles of management
* Bridge management
* Uncertainty in engineering

Decision-making
Decision-making background

Decision-making with uncertainties

Model updating

+ Bayesian inference

+ Alternative methods

* Uncertainties in updating

Benchmark testing of condition
assessment methods
Visual inspection and non-destructive
testing
Markov models and bayesian updating
Uncertainties in deterioration models
Benchmark testing

Non-destructive methods to improve
regular condition assessment
Classification of non-destructive tests
Criterions for selection of suitable
method
Sugpestion of suitable non-destructive
test methods

Description of current management
system

* Condition assessment

* Deterioration modelling

* Decision making

Statistical analysis of bridge network
Data collection
Classification of bridges and elements
Principal Component Analysis
Investigation of most important
elements

Optimised inspection scheduling
framework
Verification of degradation models
Condition conversion matrix
Interpolation based optimisation
Selection of threshold values
Case studies

Figure 2. Research and publications overview.

The main results are compiled in Paper IV, where the degradation models were
calculated and updated with the same methods as in Paper IlI, with additional verification
based on the goodness-of-fit test under the assumption that the goodness-of-fit follows
a y2 distribution (C. Ferreira et al., 2014).
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Abbreviations

AASHTO
BMS
()

cl

CoV
FHWA
GUM
NBIP
NCHRP
NDT
MR&R
MCDM
PCA

American Association of State Highway and Transportation Officials
Bridge Management System

Condition States of elements

Condition Index of a bridge

Coefficient of Variation

Federal Highway Administration

Guide to the expression of uncertainty in measurement
National Bridge Inspection Program

National Cooperative Highway Research Project
Non-destructive testing

Maintenance, Repair and Rehabilitation

Multi-criteria decision-making

Principal Component Analysis
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1 Bridge assessment and management principles

The dissertation concentrates on condition assessment, which is a part of a bigger
systematic framework, widely known as bridge management system (BMS) and for a
better understanding of the importance of uncertainty in this framework, main principles
of BMS and management related uncertainties are introduced in a State-of-art literature
review to help the reader to understand the current and broader situation of research
done in the field of performance assessment.

1.1 Bridge management systems

A BMS is like any other infrastructure management system, that can be defined as a
framework that coordinates its functions in an integrated, data-centred way to manage
the physical system through its life-cycle, maintaining the elements at an adequate
performance level (Grigg, 2012). It should be a systematic and rational approach including
all activities related to managing a network of bridges, like optimisation of maintenance
planning to maximise performance while minimising costs (Klanker et al., 2017).

BMS’s have been developed since the late 1960s, when a series of bridge failures
occurred and “motivated” the governments in the United States to mandate standard
bridge inspection procedures (Thompson et al., 1998). Federal Highway Administration
(FHWA) created the National Bridge Inspection Program (NBIP), to catalogue, record, and
track in a database the state of all bridges located in the main road of the country. In the
beginning, the role of the NBIP was only to inform the authorities about the state of the
bridges and the necessities that they demanded in terms of maintenance actionsin order
not to reach a critical condition state. The interest in the development of a BMS only
began to be visible from the 1980s, when the National Cooperative Highway Research
Project (NCHRP) began a program to develop a model for an efficient BMS (Elbehairy,
2007). Based on the guidelines from the American Association of State Highway and
Transportation Officials (AASHTO) published in 1993 any modern BMS should include the
database, deterioration models, updating functions and optimisation model (Figure 1).

Condition
Ratng

Decision Tools

Data Base and
Bridge Optimization
Models

Inventory

3 A

Deterioration Model I—
Cost Model F———

SR
.
4>| Improvement Model |—

Figure 3. Basic components of classical BMS (AASHTO, 1993).
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Basic components described in a more detailed form:

Data collection — The database can be considered the heart of any management
system. In addition to having the function of storing information such as name,
location, age, among other characteristics of all infrastructures (inventory records),
it should also store data on all inspections and maintenance actions performed in
each infrastructure (inspection records). The database is not a static element, it must
be regularly updated throughout the life-cycle of the infrastructures to keep update
and to constitute a good historical record of the infrastructures (Elbehairy, 2007).
Deterioration model — The deterioration models can be divided into three different
groups: condition-based, damage process-based and reliability-based models.
The first two have the main function of simulating the real degradation process of
the infrastructures and the third is for probabilistic modelling of limit state. The main
purpose is to assist the manager in making decisions about the actions to be
performed on the structure. In general, the condition-based deterioration models
can be based on inspection results, estimates obtained through expert opinion or by
combining these two methodologies (Kallen, 2007). Damage process-based models
are mostly analytical, based on measurements and used to model material
properties. Reliability-based models are probabilistic and used for assessing the
margin of safety or limit state function, the input can be design information or
measurements (Ghosn et al., 2016).

Inference or update functions — Management systems are related to continuous
data flow with updating of the maintenance strategies and new information
obtained from inspections. These should be updated frequently for two reasons.
First, due to the uncertainty of forecasting models, whenever inspections are
performed, an adjustment in performance forecasts occurs. Second, because often
the optimal maintenance strategy is not followed, requiring the changes to correct
these failures (M. L. Neves et al., 2011).

Optimisation or decision-making model — The optimisation model has the task of
defining the optimal Maintenance, Repair and Rehabilitation (MR&R) activities to be
performed on the infrastructures, considering the constraints imposed in the
management system and the results obtained from the deterioration model. In
current models, these constraints are based on minimising maintenance costs with the
structure, maximising structure performance throughout its life-cycle, and on some
models, minimising the impact of maintenance actions on users (C. A. R. Ferreira,
2018). Also minimising the level of uncertainty of condition is related to optimal
MR&R.

1.2 Uncertainty in bridge management and assessment

“As far as the laws of mathematics refer to reality, they are not certain; and as far as they
are certain, they do not refer to reality.” — Einstein, 1921.

Guide to the expression of uncertainty (JCGM, 2008) in measurement (GUM) defines,

that uncertainty is a non-negative parameter that describes the dispersion of observations
within the proximity of the best estimate. It also means doubt about the validity of the
result of quantitative measurement (JCGM, 2008). For example, when a bridge condition
is reported, also the best estimate of its value and the best evaluation of the uncertainty
of that estimate should be given because it is not normally possible to decide in which
direction the realistic condition of the bridge is and if the structure performs as intended.
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Without the uncertainties, too much trust might be placed in the values reported and it
may have undesired consequences, but on the other side, the overstatement of
uncertainties could also have undesirable repercussions. For example, it could cause
costly unnecessary interventions or users of measuring equipment to purchase
instruments that are more expensive than they need.

From the management point of view, it is important to have a clear overview of the
uncertainties and limited with a specified level of confidence and that satisfies one’s
needs. If the uncertainties are known, then in certain circumstances that could lead to a
situation where it is necessary to exchange the data collection method with the one that
provides an uncertainty that meets the needs. Based on GUM (2008), there are three
distinct advantages to adopting an interpretation of the probability-based level of
confidence, the standard deviation, and the law of propagation of uncertainty as to the
basis for evaluating and expressing uncertainty in the assessment:

e The law of propagation of uncertainty allows the combined standard uncertainty of
one assessment result to be used in the evaluation of the combined standard
uncertainty of another assessment result or decision-making process.

e The combined standard uncertainty can serve as the basis for calculating intervals
that correspond in a realistic way to their required levels of confidence.

e The frequent source of confusion of component classification, like “random” or
“systematic”, is unnecessary when evaluating uncertainty because all components
of uncertainty are treated in the same mathematical way.

Based on the advantages the assessment result is always evaluated as a standard
deviation of repeated observations (Type A) or available knowledge (Type B). Probability
distribution based on available knowledge is used when the input quantity cannot be
evaluated by an analysis of the results of an adequate number of repeated observations.
Although there is common knowledge that Type A evaluations are more reliable than
Type B evaluations, in many practical measurement situations where the number of
observations is limited, the components obtained from Type B evaluations may be better
known than the components obtained from Type A evaluations.

In bridge management, where decision-making normally leads to a specific outcome
but when the actual result is unknown, then based on Yoe (2011) and Luce and Raiffa
(1989), the probabilistic approach should be used and based on Holton (2004), the
uncertainty in probabilistic is “a state of not knowing whether a proposition is true or
false”. From the management point of view, uncertainty is just the lack of exact
knowledge, regardless of what is the cause of this deficiency (Refsgaard et al., 2007),
but it may also result from a lack of a pattern in the system behaviour (randomness)
(Blockley, 2012).

To utilise relevant information to provide the decision-maker with a realistic picture
of the current knowledge of system behaviour over a given time, models that consider
the uncertainty in the system performance and take the external conditions also into
account should be used. Although there is no common knowledge on how to estimate
uncertainties in any cases more complex than a well-known random process such as a
coin toss it is still clear that relevant predictions require the appropriate understanding
and management of uncertainty. For example, the description of the system
performance plays a major role in most of the resistance analysis of engineering systems
(Sanchez-Silva and Klutke, 2016) and to consider the uncertainties, safety factors are
used. In bridge management, there are no commonly known safety factors and the visual
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inspection limits the overall efficiency to revealing the structural anomalies, which can
lead to costly and inadequate maintenance actions to cover the uncertainty resulting
from visual inspections.

Taffe (2018) listed different methods for condition assessment and proposed a
procedure of how data would meet customer demand. Although the condition
assessment is introduced as a method that should reveal the information of the inner
structure, the issues regarding the definition of the measurand, identification of the
method, location and timing of condition assessment are relevant components of
uncertainty. The proposed procedure targets accuracy of the results to guarantee their
reliability, which means that precision should be ensured with an uncertainty of the
measurement, which should be statistically evaluated using GUM (JCGM, 2008) and the
trueness has to be provided by well-trained personnel (Taffe, 2018). The main idea
behind the quantification of knowledge is to identify the quantities influencing the results
and allow one to draw reliable conclusions (Taffe and Gehlen, 2009). The conclusions
should meet the minimum requirements of the client, not absolute minimal (Taffe,
2018).

Knowledge about Statistical knowledge about Knowledge about
measurement process influence quantities correlations
Influence guantities X, Influence quantities Xy, .., Xy to be quantified: Correlation between
.., Xy to be identified Probability Density Function, influence quantities

mean X, uncertainty uy

X — X, Uy
% o, U AN —* X, U
—
Model equation fy, mean and uncertainty Covariance
for measurand Y (best estimate of the value) (standard deviation) (coefficients)
ful ¥ =X —Xa- ... =X Gaussian uncertainty »
propagation B
result of the measurement Combined standard deviation

Level of confidence @

Statistical evaluated result:  result of the measurement + expanded uncertainty

Figure 4. Flowchart of the measurement process and outcomes influencing the outcome. Adapted
from Taffe (2018) and from Paper IV.

The result of the measurement process is decision-making, where information about
the uncertainties related to each of the decision options estimates should be considered,
as in most cases the certainty of the desired outcome of a decision is a central criterion
(average value) on the selection of the management policy. On the other hand, any other
decision may also include an increased probability of an extremely undesired outcome
(such as the collapse of a bridge). If this information would be available, then the
decision-maker may prefer to choose another decision option that reduces this risk even
if the expected benefits would decrease as well (Uusitalo et al., 2015).
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Uncertainty may come from various sources and can explicitly be distinguished by
nature as aleatory or epistemic. Aleatory uncertainty comes from randomness or natural
variability and epistemic uncertainty comes from incomplete knowledge and information
(Kiureghian & Ditlevsen, 2009). In more detail, the uncertainty can be divided into 6
categories, which is based on the classification from ecology and conservation biology
(Regan et al., 2002) and described by Uusitalo et al. (2015).

e Inherent randomness. It does not matter how well the process and the initial
(starting) conditions are known, certainty is limited to what the outcome will be.
Although it may be inherent to nature, the randomness can often be quantified with
probabilistic models.

e Natural variation. As for nature, the natural systems change in time and place, also
the parameters of interest will change. Therefore, despite the measurements, there
is always uncertainty about natural conditions. Although it requires some careful
consideration the variation can also be quantified. Consideration should include the
possible range and relative probabilities of the unknown quantities.

e Measurement error. Measurement error causes uncertainty about the value of the
measured quantity. The measurement error can be estimated by statistical methods
if several samples are taken. If the extent of the measurement error can be estimated,
it can be relatively easily dealt with in probabilistic models.

e Systematic error in the measurements results from a bias in the sampling and is
more difficult to quantify, or even notice. If the systematic error goes unnoticed,
it may have cumulative effects on the models that are built on the data.

e Model uncertainty. Models are always abstractions of the natural system. Some less
important variables and interactions are left out, and the shapes of the functions are
always abstractions of the real processes. One may have insufficient knowledge
about the relevant processes, the shapes of the functions and their parameter
values. Uncertainty of the model parameters can be accounted for in probabilistic
models much the same way as natural variation, with careful consideration of the
range of possible values and their probabilities; while uncertainty about the model’s
structure, i.e., uncertainty about the cause-and-effect relationships, is often difficult
to quantify.

e Subjective judgement-based uncertainty occurs due to the interpretation of data,
especially when the data are scarce or error-prone.

In addition to previous uncertainties, there is linguistic uncertainty, that comes with
language issues, but this type of uncertainty is considered unnecessary in the context of
bridge management.

Aleatory uncertainty cannot be reduced, but epistemic uncertainty can be reduced by
improving the knowledge or making deterioration models more accurate (A.-S. Ang &
Leon, 2005) (Goulet et al., 2015). Moreover, aleatory uncertainty may become epistemic
once the structure is constructed (Faber, 2000) (Goulet et al., 2015). The distinction
between these two uncertainties is frequently determined by modelling choices
(Kiureghian & Ditlevsen, 2009), but conclusively it is impossible to distinguish or separate
various types of uncertainties (Uusitalo et al., 2015). Deterioration models can be overly
sensitive to change of the parameters of the input random variables, and when the
modeller is aware of the various sources of uncertainty, advanced inspection methods
like monitoring may provide a piece of useful information to improve the accuracy of
models by reducing the level of epistemic uncertainty (Frangopol, 2011b). For example,
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based on Biondini and Frangopol (Biondini & Frangopol, 2015) the effect of monitoring
on the life-cycle performance prediction is qualitatively shown in Figure 5 for both
underestimation Figure 5 (a) and overestimation Figure 5 (b) of service life.
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Figure 5. Updating the performance profile based on the results of monitoring: without monitoring
service life is (a) underestimated or (b) overestimated. Adapted from Biondini and Frangopol (2016).

Overall the selection of optimal inspection or intervention strategies requires
consideration not only of uncertainties related to degradation phenomena, but also the
quality of inspections among others (Frangopol, 2011b). Inspection results are
characterized by uncertainty related to damage detection, and the uncertain nature of
the function leads to the fact that it is not always possible to determine accurately the
physical condition of the structure (Valdez-Flores & Feldman, 1989, Madanat, 1993).
As a result, inspections may fail to identify if there is a real need for an intervention or
the extent of the required maintenance. To evaluate the accuracy of inspections,
Sanchez-Silva et al. (2016) concluded, that there are two different approaches.
The approaches can be distinguished by good and wrong assessment where the
probability of good assessment determines the probability of detecting an event (crack,
defect, concentration, etc.) that exists in reality, and probability of wrong assessment
establishes the probability of detecting an event that does not exist. In the wrong
assessment, two types of errors can be distinguished (Sanchez-Silva and Padgett, 2016):

e The structure is in a good state (operating above the minimum threshold level) but
is judged to be bad and it is repaired.

e The structure is in a bad state (e.g., failure state) but is judged to be good and it is
not repaired.

To model such uncertainty as a function of the damage level, taking into account
probabilities of damage detection, different methods have been proposed including false
alarms by Faber and Soerensen (2002) or Sheils et al. (2012), correct or incorrect
assessments after inspection by Orcesi and Frangopol (2011).

To conclude, uncertainty is unavoidable in bridge management and despite the
conceptual difficulties in the quantification of variables and making predictions,
an appropriate understanding of the existence of uncertainties will help decision-makers
to benefit from the potential outcome.
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1.3 Performance assessment

Performance assessment, as a part of data collection, is mostly done with visual
inspections, which aim at evaluating the condition state of infrastructure, through the
identification and classification of defects and anomalies that affect its performance,
considering its intensity and extension. The inspection record has a fundamental role for
the knowledge of the condition state of the infrastructure and to determine an optimised
maintenance plan, allowing prioritizing the maintenance and/or rehabilitation actions for
the infrastructures with higher deterioration levels. Maintenance action records are
essential for the manager to be informed about the nature of all maintenance actions
that were carried out and of the costs of the conservation works of any infrastructure
(Ryall, 2001). The condition rating or similar (condition rating, condition index, condition
state, damage index etc.) is adopted to describe the condition state of the existing
structure and is not a direct measure of structure safety but rather a measure of the
severity of observable defects and are usually based on a discrete scale based on
objective and uniform criteria. It should indicate the overall condition of the structure
and is mostly represented by an arbitrary scale with linguistic terms like high, moderate
or low. The scale of condition ratings is not universal, usually, each management system
develops its rating scale (Elbehairy, 2007). Based on the review of Frangopol (2011),
the main disadvantage of qualitative indicators is that the actual structural condition and
safety level are not explicitly or adequately accounted for and may fail to account for
actual structural performance. However, any attempt to standardize the criteria is
efficient because it allows the information to be treated invariably for the whole network
covered by the management system and in some way reduces the variability of the
process of evaluating the performance of the infrastructures. COST Action TU1406 aimed
to standardize the establishment of quality control plans including condition assessment
for roadway bridges (Matos et al., 2016) and visualised the current situation of different
scales used for structural inspection (Figure 6).
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Figure 6. Comparison of structural inspection for performance over time (Wenzel & Pakrashi, 2019).

Hajdin et al. (2018) stated that the condition state is a vague measure to describe the
deviation of the inspected bridge from the “as new” condition. Moreover, the maintenance
policies are also often defined based on periodic observations of the structural condition
and even if a more expensive in-depth investigation is triggered, the intervention action
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will highly likely follow. Overall, the qualitative condition assessment is widely used in
the management of bridges (Golabi & Shepard, 1997) (Mirzaei et al., 2014).

In addition to visual inspection based qualitative indicators, there are also quantitative
performance indicators, where numerical values are coupled to the observed
phenomenon by counting or measuring (Hajdin et al., 2018). Quantitative performance
indicators normally rely on technical design principles and rules or models for structures,
like described in currently available Eurocodes or the fib Model Code 2010. These
principles offer mathematical approaches to ensure that time-independent effects
on a structure and resistances of material are under the expected reliability of a
structure during the chosen reference period (Zimmert et al.,, 2020). Quantitative
approaches are generally well-founded in terms of scientific research outcome and the
likelihood of unexpected change in these assumptions during a construction’s service life
is low. These quantitative reliability assessments vary in sophistication and can be
divided into two main groups — measurement and model-based assessments,
components are usually related to measurement or acquisition of load effects and
resistance, calculation of load effects on structural models and verification of
serviceability and safety (Rucker et al., 2006). If the resistance models of a structure
are statistically quantitative, then possible time-dependent effects on a structure, like
for example traffic- or environmental loads, are on the other hand constrained
statistically in terms of a future prediction. Time-dependent material degradation
processes are considered only in an implicit mathematical way, for example by defining
minimal concrete cover rates with respect to expected environmental and or mechanical
exposure. However these aforementioned time dependent processes are in many cases
of a not fully predictable, or mathematically describable nature and may in addition
change during a structure’s service life time (Helland, 2013). In comparison to qualitative
assessment, expert judgement as the source of uncertainty estimates can easily be
criticized as subjective. However, lacking data to estimate the variances by, the experts
who have devoted their careers to studying these questions might be better sources of
information than any hasty quantitative models not directly made for the purpose.
For expert judgement, various methods exist to help and support the experts in the
evaluation task. However, the facilitator also must be careful to make sure that the
experts in fact evaluate the desired quantity, not something related but distinct (O’Hagan
et al., 2006).

The main difference from the management point of view between visual inspection
and reliability-based performance assessment is that the first considered cost-efficient
and very valuable source of information, but reliability assessment of safety and
serviceability is regarded as not time and cost-efficient because it involves additional
non-destructive material investigations or load testing and structural analysis (Hajdin
et al., 2018). As a result, some authorities in Europe, including Estonia, use only condition
rating for maintenance planning and asset management. In most cases, they do not use
the obtained data as input into load and resistance assessment. From the other point,
there are already owners who use advanced non-destructive methods in inspection and
condition assessment (Paulsson et al., 2010).

Based on the Sustainable Bridges project report (Paulsson et al., 2010) some highway
agencies have issued guidance about the use of non-destructive testing (NDT) for
reinforced concrete bridges and during the project a multi-level flowchart of possible
assessment phases were also developed (Figure 7). However, no standards for use in
bridge assessment procedures exist in most European countries. Data processing and
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presentation is often insufficient and not interpretable for the authorities. In many cases,
specialised laboratories can do only feasibility studies with more refined inspections,
which are necessary in case of heavy safety problems.
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Figure 7. Sustainable Bridges project flowchart showing how regular inspection is linked to condition
assessment and structural performance assessment (Reassessment) (Helmerich et al., 2007).

After the Sustainable Bridges project, a collaborative project to improve rail transport
infrastructure called the Mainline Project (Elfgren et al., 2015), where it was stated that
the level of assessment accuracy needs to be commensurate to the level of
material/structure accuracy, i.e. there is little point in doing an advanced assessment if
material properties etc. are only known to the nearest 10% or similar. There is also the
issue of old materials not being to current Eurocode specifications (e.g. steel
reinforcement anchorage/bond in concrete — this means that there may be limits to the
use of plasticity/rotational capacity). This means that some form of monitoring or
intrusive work, and incredibly detailed inspection of the structure, may need to be
considered before undertaking advanced assessment methods. Wisniewski et al (2012)
came to a similar conclusion and stated that bridges that fail to pass initial safety checks
should be re-evaluated using Intermediate Level analysis procedures, which would
involve any combination of the following. Additional more thorough inspections with
possible field testing for material properties to obtain better estimates of member
strengths. This is also an issue considered in this deliverable, where the information of
“in situ” or material testing can be introduced in the assessment process employing
Bayesian updating (Elfgren et al., 2015). During the project, a list of potential inspection
and assessment methods could increase the reliability of data and that would give a piece
of better knowledge about the condition of a structure. They also stated that the
negative side of the advanced method would be, that the needed apparatus may be
expensive to use.
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Zimmert et al. (2020) stated that the effort and costs of this stepwise strategy can
become very high with dependency on the number of boundary conditions surveyed and
data to be collected and evaluated. The question of international standards should give
deeper proposals for the usage of this type of service life verification and intervention
strategy or more practical and economical feasible advice should be given. This possible
option is the execution of a condition-based intervention strategy, for example,
proposed in fib Model Code 2010 (FIB et al., 2013). Applying a condition-based
intervention strategy on a construction means, that the actual state of the structure itself
is examined and compared to the reference state (FIB et al., 2013). As soon as predefined
forms of damage occur, the decision-making processes for intervention can be performed.
Condition-based conservation strategies and, in detail, periodic inspections of structures
for further decision making are yet executed in different countries in Europe and national
standards were developed (Zimmert et al., 2020). If these standards and techniques can
be implemented into the fib Model Code, a decision-making guideline for periodic
inspection intervals according to a structures requirement of safety could be also used.
This guideline introduced by Zimmert et al. (2020) refers to predefined classifications of
structures or structural parts into Consequences Classes and Robustness Classes, for
which it is proposed to deliver examples for classification.

The assessment is typically carried out during a short period, but deterioration and
damages occur for a long time. Therefore the accurate performance assessment despite
the modelled variable needs predictive modelling (Elfgren et al., 2015).

1.4 Deterioration models

Deterioration models are considered a critical component of a management system.
This component has the function of simulating the degradation process of the
infrastructure. However, the results provided by the deterioration models are subjective,
because they are usually associated with a significant level of uncertainty. To capture the
variability of the degradation process, stochastic deterioration models are used to
predict the future performance of the structures. The majority of deterioration models
is based on Markov chains (Zambon et al., 2018). There are also a considerable number
of studies based on reliability-based approaches and, recently, the Petri net formalism
has been used to model the deterioration process (C. A. R. Ferreira, 2018).

Deterioration models aim at predicting the degradation process of the infrastructures.
Its purpose is to assist the manager in making decisions about the actions to be
performed on the structure. In general, deterioration models can be based on inspection
results, estimates obtained through expert opinion or by combining these two
methodologies (Kallen, 2007). Deterioration can also be defined as the process of decline
in the condition of the infrastructure resulting from normal operating conditions,
excluding damage from extreme events like earthquakes, accidents, or fires (Elbehairy,
2007). Due to constant interaction with the environment, civil engineering assets are
exposed to different types of actions, including environmental stressors and loads, which
directly or indirectly contribute to their deterioration over time.

The common way to build a quantitative environmental model is to describe the
relationships between model variables using mathematical equations with deterministic
values (Jackson et al., 2000). These values are found either in literature, by fitting
equations to data, or, if no such information is available, through iterative search in
which the model outputs are compared to observed system behaviour (Jackson et al.,
2000). However, it is not always an easy task to identify how these physical changes lead

26



to a reduction in system capacity, which is how we define degradation. Modelling can
clarify our understanding of human nature interactions, point out where the largest gaps
in our knowledge lie and distinguish between competing hypotheses.

Because of the challenges in modelling a variety of physical changes that cause system
performance to degrade over time, most degradation modelling asserts two primary
degradation classes, namely (Liu & Frangopol, 2004) (Petcherdchoo et al., 2008)
(Frangopol et al., 2009) (Ghosn et al., 2016):

e Continuous (progressive or graceful) degradation.
e Degradation due to discrete occurrences (shocks).

For a variety of reasons, it is conceptually important to classify degradation in this way.
From an observational viewpoint, certain mechanisms, such as corrosion or continuous
material removal due to friction or heat, fit naturally within the progressive deterioration
category. These mechanisms generally involve very small changes in physical properties
that occur continuously over a long timescale. Other changes, such as loss of material
due to a sudden collision and disruptions due to failure of a component that may not
cause immediate system failure, are more appropriately viewed as shock degradation.
To model the continuous degradation process three main approaches can be used:

e Reliability-based models.
e Condition-based models.
e Damage process-based models.

None of these approaches has shown evidence of being able to be applied generically,
because all methodologies have their advantages and disadvantages. Reliability-based
models deal with the reliability index, they can quantify physical parameters such as
material properties, stress conditions, structural behaviour, among others in a
probabilistic framework. The condition-based model is more suitable to incorporate
information from visual inspections, but it cannot be used to assess the reliability of a
structure in terms of strengths and stresses. Damage process-based models are mostly
analytical and used when quantification of a specific environmental-related process like
chloride ingress or carbonation is needed. These models are widely investigated but have
not found application in bridge management. Besides, bridges normally consist of many
components that have several failure modes and different consequences of failure
(Lounis & Madanat, 2012) (Frangopol et al., 2004) and covering all aspects may be
cumbersome. Since it is easier to evaluate visually superficial defects than internal
(Ellingwood, 2005) processes, the performance assessment of bridges relies on visual
inspections. The condition-based models, especially as Markov chains, are still today
the most used approach in deterioration models (C. A. R. Ferreira, 2018) and are also
introduced more thoroughly in Paper IV.

1.4.1 Markov chains
The Markov chains are stochastic processes used extensively for modelling the
deterioration in different fields of civil engineering and existing bridges (Butt et al., 1987)
(Thompson et al., 1998) (Consultant & Johnson, 2005) (Sanchez-Silva & Klutke, 2016).
The first deterioration models based on the Markov process were developed by Golabi
(1983) to describe pavement condition changes over time. The use of Markov chains in
bridge management started in the early 1990s when Cesare et al. (1992) applied discrete
Markov models to evaluate the deterioration of highway bridges. The study showed that
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a correlation between deterioration of elements existed and it is possible to apply these
processes for the prediction of average condition considering the effect of annual repairs.

In 1994 Scherer and Glagola investigated the applicability of Markov processes
focusing on the compliance of Markovian property and state-space explosion (Scherer &
Glagola, 1994). Regarding verifying the compliance, a frequency analysis of two possible
sequence occurrences with the same present and future states, but the different past
states was employed. The inference analysis using chi-square statistic was used and the
results revealed that the property is a good assumption for bridge deterioration models.
To reduce the state-space a classification of bridges into groups with similar performance
characteristics were found useful.

In 2006 Morcous investigated the use of Markov chain models in predicting the
deterioration in bridge management and came to five important conclusions (Morcous,
2006):

e Markov models can reflect the uncertainty from different sources like initial
condition, presence of condition assessment errors and the inherent uncertainty of
the deterioration process.

e The models account for the present condition to predict the future condition.

e The efficiency and simplicity of the models allow for the management of bigger
networks.

e Commonly the models use discrete parameter Markov chains, to eliminate the
computational complexity and simplify the decision-making process. Unfortunately,
the inspections are carried out with a variation, which results in condition data that
are not equally spaced and cannot be easily utilized in developing and updating new
models. The evaluation of variation was investigated using the Bayes rule and results
showed that the variation in the inspection period may result in a 22% estimation
error.

e Most models use first-order Markov chains that assumes state independent
approach where the future condition depends only on its present condition. This
assumption was also used to simplify the deterioration prediction even though
deterioration is a nonstationary process, which means that the time elapsed in the
initial condition state affects the probability of transition to the following state.
Investigations showed that the state independence assumption is acceptable for the
network-level analysis with 95% of confidence.

Based on the developments and investigations, Markov chains are considered a
simple way to predict the future condition state of elements over time in situations
where the full history of the elements is not available (Kalbfleisch & Lawless, 1985)
(Morcous, 2006). This assumption allows overcoming the problem of lack of records in
the civil infrastructure because infrastructure, usually, is not continually monitored
(Kallen & Van Noortwijk, 2006).

Mathematically the process describes the transitions between finite state space and
satisfies the Markovian property. The Markovian property states that the future state
only depends on the present state, not considering the process up to the present state
(Sanchez-Silva & Klutke, 2016). The Markov property for a discrete-time process is
satisfied if (Eq. 1):

PX(t+1) = jIX(t) = i, X(t — 1) = i;_q, ., X(1) = @
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28



where P represents probability distribution, (X(t),t =0,1,2,...) is a stochastic
process that takes values in a countable state space, s, (t = 0,1,2, ...) is the index set
represents time and X (t) refers to the condition state of the process at time t. These
models are based on a discrete scale, where the transition between states is defined

(Eq. 2):
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where C p.and C; are condition vectors at time t + At and t, respectively. Vectors
are defined as the probability of an element being in each performance state, ;.
The probability of transition between state i and j from instant t and t + At is defined
by p;j, which is an element of a matrix P. Considering that the elements belonging to the
lower triangle are null, is equivalent to say that the infrastructure deteriorates naturally
without improving their condition state. The element p;; takes the value of 1, and
represents the absorbent state of the performance scale. Once an asset reaches this
condition, it remains in that condition state forever unless a maintenance action is
carried, and its condition state is improved (Sanchez-Silva and Klutke, 2016). Although in
a discrete Markov process, the probability PAftinal is formulated for a constant time
interval At, it is possible to obtain transition probability matrices for time intervals
greater by geometric progression with exponent k, as stated (Eq. 3):

PIm = (P, (3)

Since the discrete Markov chains had simplifications, Kallen and van Noortwijk (2006)
applied the continuous-time Markov process to model the uncertain bridge condition
over time, which on the contrary allows transitions to occur in a continuous timescale.
The authors prove that difference in complexity is small when focusing on the transition
probability matrix P. The main difference from the discrete Markov process is that the
continuous process is defined with a transition intensity matrix Q (Eq. 4):

2P (t) =P(t) X Q, (4)

where %P (t) is the probability matrix at time t, P(t) is the initial probability
distribution and Q is the intensity matrix. The paper from Kallen and van Noortwijk (2006)
focused on the statistical estimation of parameters in four types of transition, looking for
the best fit between optimised model estimation and observed condition. The optimal
transition was based on the concept of maximum likelihood described by Kalbfleissch
and Lawless (1985). A similar approach has been used in many former kinds of research
and applications (C. Ferreira et al., 2014) (Denysiuk et al., 2016) (Hamida & Goulet, 2020).
Overall, if the time between inspections is not discrete then the continuous-time Markov
chain should be used instead of discrete (Kallen & Van Noortwijk, 2006). Mathematically
the continuous process {X(t),t = 03}, is expressed as follows (Eq. 5):

PX(+A)=jlX@®) =i, XW)=x@),u<t) =

P(X(t +At) = jIX(t) = i), (5)

where, i, j and x(u) are values of space s and t, At represent time greater than 0. It is

assumed that, in transitions between condition states, the length of time spent in
condition state i before marking a transition is an exponentially distributed random
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variable with an additional parameter that depends only on condition state i. The next
state depends only on the current state etc. Kallen and Noortwijik (2006) proposed to use
the transition intensity matrix in case of using continuous time-independent and
state-dependent Markov process transition intensity matrix through the Chapman-
Kolmogorov equation (Karush, 1961) as follows (Eq. 6):

(@xa)™
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where P is the transition matrix and Q is the intensity matrix, which represents the
instantaneous probability of transition between the state i and j, where j # i.

The intensity matrix for the deterioration process is calculated using the
state-dependent and time-independent model (Kallen & Van Noortwijk, 2006) (Eq. 7):
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where 6; is the instantaneous transition probability between adjacent state i and j.
The initial estimate of matrix Q is calculated through (Eq. 8):
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where n;; is the number of elements that moved from state i to state j, and ¥, At; is
the sum of intervals between observations.

Ferreira (2018) concludes that the main advantage of the Markov process is its
simplicity, the use of exponential distribution to describe the transition between
condition state and the existence of analytical expressions for the probability
distribution.

1.4.2 Alternative deterioration models

Although Markov processes are mostly used in modelling condition-based deterioration
several alternative methods using a linear approach, Bayesian network, Artificial Neutral
Network or analytical damage-related models can be considered.

For example, Neves and Frangopol (2005) proposed a linear deterioration model that
integrates both condition and safety indicators, producing a more consistent measure of
the effect of deterioration on serviceability and safety of existing structures. The condition
profiles under no maintenance are defined using three random variables: initial
condition, Co, time of initiation of deterioration of the condition, tic, and deterioration
rate of a condition, ac. The time-dependent deterioration profile of the condition is
considered linear as follows (Eq. 9):

_ Co 0st<t;.
RS PR AN ©)

where C(t) is time-dependent condition profile, and t is time. A similar formulation was
described by Frangopol et al. (2004), but instead of a condition profile, a time-dependent
reliability index was proposed to address the need for a quantitative approach.
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Figure 8. Condition index profiles under no maintenance and maintenance (Neves and Frangopol,
2005).

To overcome the issues of past information and stationary transition probabilities of
condition states several models have been developed. For example, Wang et al. (2012)
proposed a model using Dynamic Bayesian Networks that uses Bayesian updating to
utilise different types of data in condition prediction. Similar Bayesian Network-based
deterioration models have been also proposed by Rafiq et al. (2015) and Torre et al.
(2017), who combined the modelling with Markov chains. Also, Artificial-Intelligence
based models are used to generate missing information artificially for better transition
estimation. For example, Lee et al. (2008) proposed Backward Prediction Model based
on Artificial Neutral Network that employed non-bridge factors like traffic, climate and
population information, to predict the historical bridge condition ratings (Figure 9).
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Figure 9. Outline of Backward Prediction Model (Lee et al., 2008).

More complex Artificial Neutral Network computational models have been proposed,
but since the approach can be used only to generate missing information then additional
utility functions are needed (Srikanth & Arockiasamy, 2020).
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The damage based deterioration models are used to model quantitative physical
parameters and similarly to stochastic models, many research studies have been carried
out to model the deterioration of concrete structures in the past decades. For example,
Roberts et al. (2000) proposed an empirical corrosion model for reinforced concrete
taking into account the variation of corrosion and delamination. Also, The International
Federation for Structural Concrete (FIB) has developed several documents like Bulletin
34: Model code for Service Life Design (béton, 2006) dealing with various deterioration
mechanisms including carbonation and chloride ingress. These models are costly in terms
of data collection for large networks and have not been implemented in practice.

Zambon et al. (2019) proposed a combination of carbonation-induced corrosion and
stochastic models to overcome the limitations of both models. A relationship between
different deterioration phenomena was presented using the description of condition
states and period between different states (Figure 10).
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Figure 10. Relationship between periods of the carbonation-induced corrosion and sojourn times of
condition states (Zambon et al., 2019).

The most recent studied bridge deterioration models are related to the use of Petri
Nets models. This approach allows modelling individual elements of a bridge by
considering the other elements and maintenance activities. For example, Le and Andrews
(2016) used the Petri net approach to develop a bridge management model. The bridge
model was formed from sub-models of bridge elements considering the deterioration
process, the interaction and dependency between different elements, deterioration
processes, inspection, and intervention activities. The deterioration process itself is
governed by Weibull distributions, with parameters obtained from the historical records.

1.5 Decision-making

The application of life-cycle optimal design and management concepts in selecting the
materials and structural attributes can play a significant role in maximising the
performance and minimising the total life-cycle cost associated with several cost
components, including the initial construction cost and the costs of operation,
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maintenance, inspection, monitoring, repair, and demolition, as well as the indirect costs
of non-performance or failure (Akiyama et al., 2019).

Decision-making is also a continuous selection process of the best outcomes that
affect the overall performance of a structure and starts already in the planning stage.
The initial decision influences the service life, deterioration, and conservation strategies.
Zimmert et al. (2020) presented a framework of decision-making options in different
life-cycle stages of a structure (Figure 11) and stated that decision-making related to
existing structures is significantly more complex, demanding further studies and the
execution of a probabilistic approach. Despite the decisions, it is important to regularly
survey the condition according to the assumptions made during the design stage.
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Figure 11. Decision-making steps through the life-cycle of a structure (Zimmert et al., 2020).

The probabilistic, integrative decision support models can derive their data from three
types of sources: first-hand data, expert knowledge, or pre-existing (probabilistic or
deterministic) models (Uusitalo et al., 2015). The experts’ task may be eased by
investigating areas or cases that are deemed sufficiently similar, and upon which data
exists. For example, values from similar structures built in different locations may be
useful here. The range of relevant observed values can give information about the
plausible range of values this variable can get, and therefore may also indicate how large
uncertainty is associated with the prediction of the deterministic model. Every model is
just “a stylized representation or a generalized description used in analysing or explaining
something” (Hilborn & Mangel, 1997). Thus, how much effort and resources should be
putinto translating a deterministic model to probabilistic form is a case-specific question
and a cost-effective solution for decision-making might be combined approach because
commonly decisions are based on multiple and conflicting criteria that are subject to
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different levels and types of uncertainty. Normally the process is starting with only light
prior assumptions about the qualitative causalities in the model. With the simpler model
version, the decision modeller could then analyse by, for example, conducting a value of
information analysis (Clemen & Winkler, 1985), what elements in the model are mostly
affecting the ranking order of the analysed decisions.

Commonly multi-criteria decision-making (MCDM) is used, because of the ability to
systematically combine different inputs with outcomes and help to rank the alternatives.
Frangopol and Liu (2007a) made the first overall review of the recent developments
considering multiple criteria in decision-making of bridge management and Kabir et al.
(2014) made a comprehensive review of different MCDM methods used in infrastructure
management. The main MCDM approaches based on Kabir et al. (2014) are listed below:

e Weighted sum model.

e  Weighted product model.

e Compromise programming.

e Analytical hierarchy process (AHP).

e ELECTRE (translated from French ELimination Et Choice Translating REality).

e TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution).

e PROMETHEE (Preference Ranking Organization METHod for Enrichment of
Evaluations).

e VIKOR (translated from Serbian Multicriteria Optimisation and Compromise
Solution).

The above MCDM approaches share some common mathematical elements like
values for alternatives are assigned for each criterion, and then multiplied by
corresponding weights and finally combined to produce a total score (Huang et al., 2011).
Decision-making can support in many fields, for example, in Chapter 3.1 AHP is used to
rank criterions necessary for evaluating suitable NDT methods.

Although the decision-making models are widely used in the research field, common
decision-making relies highly on the experience of engineers, which means that there is
a knowledge gap in how data is utilised to make decisions (Woldesenbet, 2014). Wu et al.
(2020) reviewed journal articles and identified four challenges related to data-driven
decision-making based on researches:

e Poor definition of data needs.

e Lack of method to assess data quality.

e Lack of data integration.

e Inadequate consideration of operational issues.

This list gives a good overview of the current situation in decision-making, meaning
that only a few problems can be solved using quantification of the uncertainties related
to the quality of performance assessment and integration of visual assessment and NDTs.
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2 Bridge management of Estonian bridge network

Although the framework applies to any management system, Estonian national road
bridge data was used. Overall, there are approximately 4200 roads-, railway and
pedestrian bridges in Estonia. A bridge is defined as a structure with a span of over three
m and built to cross an obstacle (Minister of Economic Affairs and Infrastructure, 2018).
Structures are owned by a different institution and the biggest owners are the Estonian
Transport Administration (ETA), Estonian Railways LTD., State Forest Management
Centre, and local authorities. Most of the owners do not have any management system
implemented which means that they manage the structures without any systematic
approach.

The most systematic approach is implemented by ETA, where the condition data have
been uniformly collected since 2005, but any advanced frameworks have not been used
to analyse the data. For a better understanding of Estonian national bridge management,
policies, performance assessment and decision-making are introduced.

2.1 Current bridge management regulation in Estonia

The bridge management is governed by Building Code (Building Code — Riigi Teataja,
2021), Road Traffic Act (Road Traffic Act — Riigi Teataja, 2021) or by other Acts related to
the built environment. Main requirements are applied according to Chapter 11 of Building
Code, wherein § 97. Road maintenance is stated, “Roads and any civil engineering works
necessary for the functioning of the road must be maintained such that they conform to the
requirements and such that the conditions for safe traffic are ensured”.

The more specified regulation Act “Requirements for the condition of roads” (Minister
of Economic Affairs and Infrastructure, 2018), covers condition state requirements for
roads and bridges and wherein § 32. Inspection of bridge condition is stated that
condition should be inspected regularly by maintenance operator and once in every
three years during the general inspection. The time, activities and data requirements are
determined by the owner.

Activities of ETA are financed under a road management plan applied according to
§ 1. Financing of road management and road management plan, where is stated that
national road management is prepared for four years and updated annually. Bridge
management is also covered within the management plan, where is stated that the
financial volume is based on the condition analysis of bridges (ETA, 2020) and data is
collected during a more thorough general inspection, which is carried out once in four
years. The development of the currently used condition assessment method started in
2003 and was done by consultant company Teede Tehnokeskus AS using program Pontis,
which had a database containing bridge condition data, traffic needs, accident data,
maintenance, improvement and replacement costs, available money, etc. Not all of the
available possibilities were used, but it was successfully in use until 2013 when ETA
decided to take bridge management under its responsibility. In the next chapters, the
performance assessment and intervention analysis are introduced in more detail.

2.2 Performance assessment

The current performance assessment of national bridges relies mainly on visual
inspections that can be divided into regular and general inspections, but data is collected
only from the latter. During the general inspection condition state of each element is
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numerically evaluated describing the severity and area of the damages. Also, damages
with urgent intervention needs are noted and photos of elements and damages are
taken.

There are no qualification requirements for inspectors and only simple manuals with
photos or overall description of damages are available. Although proper documentation
with instructions is missing, all elements are systematically numbered, and it is
mandatory to follow correct numbering. Defects are described without classification.
The assessment relies on condition states of elements, which are divided into 4 different
states that can be described in Table 1. During the inspections, it is possible to add
comments in case of condition state is lower than 1.

Table 1. Description of different condition states. From Paper IV.

Condition Description Intervention activity
state

1-Very Element has no remarkable defects or wearing marks. Regular

good Overall appearance is good as new and only small maintenance

damages can occur like bleaching.

2 - Good Element has minor superficial damages, wearing and Local repairs
deterioration processes can occur. Overall appearance is
the clean and small deviation of deterioration processes
are allowed. Minor repair works are needed.

3 - Poor Element has defects, like corrosion, but the severity of Repair
the damage is not affecting functional requirements.
Overall appearance gives a clear indication, that
deterioration processes are damaging the element.
Repair is needed.

4-Very Element has defects, that could affect overall or element  Replacement or
poor performance reconstruction

The condition states are evaluated without a time limit, which means that the only
information is conditional and the intervention method is only included as a suggestion.
Since 2015 extra letters are used to add the time limit for potential activity, Letter A
refers to immediate intervention and letter B for intervention within five years. The used
time limit is connected to element defects that would affect the safety (both structural
and traffic) of construction. The example of collected inspection data in table form is
presented in Table 2.

Table 2. Example of data collected during general inspection (Sein & Rentik, 2017).

Element Ins. Condition state Comment
date
Name Number  Amount 1 2 3 4 Flag
~
(=)
Concrete beam 100 15m 8_ 0 11 4 0 B Rust in the ends
un
Elastomeric 312 8 pcs p 8 0 0 O
bearing -
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One element is divided into countable increments and every increment is then
evaluated into a specific condition state. The overall condition state CS; of an element is
calculated as a weighted average based on the overall quantity of units and state factors
(Eq. 10):

cs; = (1-CS1; +2- €52, +1-CS3;+0-CS4;), (10)

where CS; is an overall condition state of an element, S1;... S4; are values taken from
the inspection data and multiplied accordingly to average state indicators. The overall
condition state of an element is just an intermediate value that is used in the calculation
of bridge condition.

The condition of a bridge is presented also numerically with Condition Index (Cl),
which is calculated similarly as in most of the DOTs in the US. The result is expressed with
one number between 0-100 and is calculated as a weighted average of condition states
of elements (Eq. 11):

_ X(WFiCSy)

cr =250

,i=1..N, (11)

where CI is the number that reflects the condition of a bridge, WF; is the weight factor
showing the importance of the element (Table 3) and CS; is an overall condition state of
an element. Weight factors were revised in 2015 to make the hierarchy of elements
simple and clear. During the implementation phase, the weight factors were connected
to element replacement costs, but since the prices were based on 17 bridge values, then
the weight factors were between 29.9 to 164892.1, which meant that the difference of
least and most important element was 5512.9 times.

Table 3. Distribution of different weight factors according to the element group (Sein & Rentik, 2017).

Weight factor Element group
3 Abutments, piers, crossbeams, beams, girders
2 Waterproofing, bearings, deformation joints, deck slab
1 Road surface, barriers, slopes, drainage

From the BMS view, the outcome of the general inspection of a bridge is just one
number, Cl, which reflects the need for intervention. It is agreed in ETA, that an optimal
level is reached when the bridge will be repaired before the Cl reaches 70 and with CI
less than 33, the closing of the structure should be considered. Within the last decade,
the use of non-destructive testing is increased in the design phase. Unfortunately, the
results are not used in the overall management process, because the formal decision of
intervention is already made.

2.2.1 Degradation modelling

The degradation of a bridge condition describes the process by which one or a set of
elements lose value with time (Sanchez-Silva & Klutke, 2016). In PONTIS, the future
condition states of visual inspections were processed with the Markov chain method,
depending on the assumption whether the interventions are performed during the time
frame between inspections (Thompson et al. 1998), but this module has not been used
in Estonia and degradation modelling has been based on more simple approaches like
linear decay rate and the relation between average condition and annual decay rate.
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The linear decay rate was defined during the implementation phase and revised after
every bridge was inspected twice. The initial linear decay rate of Cl was 0.8 and it was
reduced afterwards with the last change in 2013 when 0.6 was suggested. The linear
decay rate means, that if no intervention is done then bridge Cl will annually decline the
specific amount.
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Figure 12. Condition change with linear decay rate 0.6 used in the BMS system.

The number was the same for all bridges despite the differences in typology, age or
construction materials. The simplified approach was justified with the lack of data and
expert knowledge.

In 2012, one Master student of Tallinn University of Technology, Andreas Papp (2012),
analysed the BMS inspections and presented that a novel approach for condition
degradation prediction is needed. The proposal was to relate the Cl with the annual
decay rate within specific groups based on the annual decay rate. The analysed results
showed a good connection between these two indicators, meaning that bridges in better
condition have a lower annual decay rate (Figure 13).
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Figure 13. The relation between average Cl and annual decay rate (Papp, Andreas, 2012).

Although the applicability of the approach was not presented in the thesis, it encouraged
ETA to update the degradation modelling and change the linear decay rate with a more
advanced linear approach. In past years, the framework has been updated annually and
used in the decision-making process. The development of more advanced degradation
modelling methods has been postponed due to new software development.
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2.3 Description of National bridge network

The Bridge Network of Estonian national roads consist of 1023 bridges, which are located
only on national roads. The bridges are mostly short (71%), with a length less than 25 m
and the longest bridge has a length of 420.8 m. The main construction material is
concrete (77%), followed by steel (22%) and other materials. Most of the bridges are
constructed more than 40 years ago and approximately half of the bridge network is built
between 1950 and 1980, which means that they are constructed during the Soviet Era
and most of the bridges are designed based on typical element catalogues and are
mounted. The number of constructed bridges has increased after the year 2000, with the
development of new intersections and highways (Figure 14).
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Figure 14. Overview of construction years of national bridges.

The average age of the national road bridge is 40.2 years and in 2020 the total amount
of 27 was constructed or repaired.

To describe of Estonian bridge park based on an example of an average road bridge
would be, crossing a river or other water obstacle, constructed in 1980, made from
precast reinforced concrete elements with simply supported beams of a length of 14 m
and will be repaired within next four years. The annual average daily traffic on a bridge
is 2370 and the average time between interventions is 42 years.

All bridges can be divided into eight main categories according to the main girder,
these are:

e Simply supported beam bridges (35% of all bridges).
e Simply supported slab (24% of all bridges).

e Rigid frame bridges (13% of all bridges).

e  Culverts (flexible metal) (11% of all bridges).

e Arch bridges (8% of all bridges).

e Integral frame bridges (5% of all bridges).

e Cantilever beam bridges (2% of all bridges).

e Continuous beam bridges (1% of all bridges).

e  Other (1% of all bridges).

Over the years, the most popular typologies have changed, but concrete has remained
as the main construction material. In addition to physical parameters, bridges can be
divided based on the load models used in the design process. More than 33% of bridges
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are already designed according to Eurocode load models (EVS-EN 1991-2, 2010), but a
notable number of bridges are designed to resist loads used in the Soviet Union design
codes. The speciality of the Soviet Union design codes was the extensive use of a typical
combination of specific loads, which leads to catalogues of typical bridge elements.
The most common bridges built between 1950 and 1990 are designed according to
Typical Catalogues and some of the most known are listed below:

e |ssue No 4 - catalogue for typical reinforced concrete or concrete slab
superstructure (Mintransstroy, 1949).

e |ssue No 31 — catalogue for typical small concrete bridges (Mintransstroy, 1955).

e |ssue No 70 — catalogue for typical concrete pile supports (Mintransstroy, 1957).

e |ssue No 56 — catalogue for typical prefabricated reinforced concrete beam
superstructure (Mintransstroy, 1958).

e |ssue No 123 and 123 addition — catalogues for typical prefabricated and tensioned
concrete beams (Mintransstroy, 1959), (Mintransstroy, 1960).

e No 56 addition — catalogue for typical prefabricated reinforced concrete beam
superstructure without diaphragms (Mintransstroy, 1962a).

e No 167 — catalogue for typical prefabricated reinforced concrete beam superstructure
without diaphragms and higher steel grade (Mintransstroy, 1963).

e Series 3.505-12 - unified catalogues for precast and pre-stressed reinforced
concrete superstructures (Mintransstroy, 1971).

Similar typical solutions are used in most of the former Soviet Countries including
other Baltic countries Latvia and Lithuania.

In combination with a unified data collection method and with the help of statistical
analysis techniques it is possible to extract information from a large bridge dataset for
predictive purposes (Manyika et al., 2011) and make the overall management process
more efficient. In Paper | principal component analysis (PCA) method was investigated.
During the analysis, the elements were divided into 16 different groups (Table 4) and
bridges were grouped within the specific typology. The division of elements was made
based on available element observations and structural integrity, which describes the
bridge structural performance where specific components have a bigger effect on the
overall load-bearing capacity than others. The same division was used in other Papers
related to the thesis.

Table 4. Element groups divided by position. From Paper |.

Non-structural elements No Structural elements No
Overlay 1 Deck plate 9

Barriers 2 Edge beam 10
Handrails 3 Piles and columns 11
Drainage 4 Abutment cap, crossbeam 12
Slopes 5 Wing wall, front wall, abutments 13
Deformation joints 6 Diaphragms 14
Other (river bed, signs etc.) 7 Main girder 15
Waterproofing 8 Bearings 16

The average condition state of element groups of simply supported beam bridges
shows clearly how the uncertainty in bridge management process affects the results.
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Figure 15. Average condition indexes of element groups for simply supported beam bridges. From
Paper |.

Normally, due to the nature of the deterioration process, the element condition state
should increase and decrease of the condition state (improvement of the condition) can
be caused by the subjectivity of the inspector or unrecorded intervention. The differences
between the condition state of the second and third cycle are much more significant, and
they describe the situation where most of the elements are getting into a better condition
state without any intervention. The differences are also emerged because of insufficient
information, caused by the situation where not all bridges are inspected three times.

Although the primary purpose of the PCA is to redefine the input variables by reducing
the amount of data while preserving the main information of the original dataset
(Hotelling, 1933), (Jolliffe, 2002). A principal component can be defined (Eq. 12):

o P
Y = a'ix = apxy + appxo e Fapxn, = X, aijx;, (12)

where a';x - a linear function of the elements of principal component i, x is the
maximum variance and a is a vector of p coefficients a. The first principal component
shows the dataset with the largest variation and the second principal component is
determined based on the orthogonal variance of the first principal component (Ringnér,
2008), (Abdi & Williams, 2010). For a better comparison of PCA results, it is possible to
use the sum of the square of principal component coefficients «;, because the sum of
coefficients is equal to unity (Hanley et al., 2015). For comparison, coefficient based
weighing factors were calculated (Eq. 13):

¢ = Zﬁ?:l Aixj, (13)
where { is a combination of weighting factors based on 4; = af’j - 100% and original
condition ratings x;.
The result of the analysis shows that despite the bridge typology first principal

component was for the non-structural elements indicating most advanced damage for
types in handrails, barriers or other elements, indicating elements with a shorter life
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cycle (Table 5). The variation can also be explained with superficial visual inspections
because these elements are non-structural and are considered as irrelevant elements of
a bridge because they incorporate minimal risk to structural load-carrying capability. Since
the retained variation it is necessary to include results from them in intervention planning.

Although due to missing consideration of the risk of failure these findings should not
be used directly in the bridge management process and deterioration models the
statistical analysis show that it is incorrect to obtain weight factors based on only
construction material or typology and additional expert judgement should be considered.

For future research, it is essential to cluster bridges based on a similar number of
variables and add circumstances as additional weighting factors, that helps to provide
relevant information without prioritizing common elements.

Table 5. Weighting factors A of different bridge typologies. From Paper |.

Element Typology

8roup - simply supported beam Slabs Slab in fragments Cantilever Rigid frame

1 0.64% 8.84% 1.92% 2.92% 1.79%
2 2.08% 62.27% 7.70% 9.09% 5.09%
3 77.93% 16.95% 72.85% 56.68% NA*
4 NA* NA* NA* NA* NA*
5 4.16% 2.51% 1.36% 8.10% 2.27%
6 4.70% NA* NA* 1.25% NA*
7 0.34% 4.51% 6.26% 3.99% 86.08%
8 0.10% 4.15% 9.25% 2.07% 0.33%
9 0.03% 0.00% 0.27% 0.13% 0.01%
10 0.17% 0.20% 0.09% 0.36% 0.65%
11 0.10% NA* 0.20% 0.29% 0.38%
12 0.24% NA* 0.03% NA* NA*
13 0.31% 0.57% 0.06% 3.20% 3.39%
14 0.05% NA* NA* 0.04% NA*
15 1.93% NA* NA* 5.52% NA*
16 7.21% NA* NA* 6.34% NA*

Note: *data not available
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3 Improvement of condition assessment

In addition to better classification of bridges and elements, it is important to increase the
reliability of collected data. The addition of non-destructive testing to visual assessment
has been suggested in many research projects including BRIME (Woodward et al., 2001),
COST 345 (O'Brien et al., 2005), Sustainable Bridges (Bien et al., 2007), Mainline
(Paulsson et al., 2014), Long Term Bridge Performance (Hooks & Weidner, 2016) and
COST TU1406 (Wenzel & Pakrashi, 2019). In Papers I, lll and IV the improvement of visual
inspection-based condition assessment is investigated. The visual inspection will remain
the most common assessment method because it is simple and efficient, but several non-
destructive test methods could be integrated into the general bridge inspection
procedure that would improve the quality of acquired data without eliminating the
advantages. The integration of NTDs incorporates identification of the appropriate
methods (Paper Il), merging of the obtained results of NDT and condition assessment
and verification of results in decision-making process (Paper V).

3.1 Criteria for suitable NDT

To determine if the NDT is suitable to be included in the general inspection process a
variety of different criteria can be used. The current selection of the criteria is based on
the literature review and COST TU1406 Memorandum of Understanding (COST Action
TU1406, 2015), where it is suggested that the criteria should be classified as measurable,
but also descriptive criteria are used. For measurable criteria, a specific value can be
determined, but descriptive criteria can be partially subjective since it is not possible to
define it precisely. The description of the criteria selected in Paper Il is given in Table 6.

Table 6. Criteria to be used for NDTs assessment. From Paper Il.

Criteria Description
Descriptive criterion: It defines the reliability or accuracy of the
Results’ results/measurements. It deals with the technological perfection of the
reliability (RR)  investigation (accuracy) and the sensitivity of the method to various external
factors.
Standardisation Measurable criterion: If there is a standard prescribed for the NDT under
(S) consideration, the results should be more reliable.

Measurable criterion: It defines the number of parameters that can be
Usability (U) measured with the NDT under consideration. Ability to investigate two or
more materials, different types of damages or defects and similar.

Measurable criterion: It defines the speed of the NDT execution and the
Test duration speed of data acquisition. The criterion is predominantly related to the time
(TD) spent by the inspector but can also be related to possible traffic disruption
(bridge or individual traffic lane closure) due to the investigation.

Results'
interpretation
of complexity

(RIC)

Descriptive criterion: it relates to the obtained raw measurements and the
need for long and demanding analysis to obtain results (computer
equipment and experienced engineers needed).

Measurable criterion: It defines the cost of equipment acquisition, the cost

Cost (C . .
© of test execution and the cost of data analysis.
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All of the criteria need to be considered, but to evaluate the NDTs the relative
importance is also determined using the Analytic Hierarchy Process (AHP) introduced by
Saaty (1990). The comparison of criteria was conducted on a nine-level descriptive scale,
where experts compared the selected criteria in pairs and gave their judgements.
The relative importance of each criterion was determined as the average value of all
ratings attributed to the individual criterion by the experts.

The most important criterion is the reliability of the results, followed by duration
indicators including inspectors time-on-site and office. For the test duration criterion, the
classification of the selected NDTs is to a certain extent subjective, because in some tests
the time of test is short, but if these tests provide local results, then it needs to be
performed numerous times to provide comprehensive results, while others require more
time to be performed, but determine the state of construction as a whole for the
parameter measured (e.g. infrared thermography). A good example of NDT with high
reliability and good duration is the phenolphthalein test as it provides reliable data
regarding the carbonation depth at one location, but to know the condition of the overall
structure, more than one test needs to be done. The cost criterion deals with equipment
acquisition, maintenance, software cost and possible additional equipment needed for
testing. The cost of acquisition is highly dependent on the technical characteristics of the
equipment, therefore, the assessment based on this criterion is to some extent
subjective. Usability includes the overall use of one method or equipment related to
different damages or material properties. The criterion is less important because
experienced inspectors are rarely surprised with the current condition of the structure
and most tests are pre-determined in the office. The least important criterion was
standardization because although it gives some confidence it does not guarantee reliable
results. Scoring and description of criteria evaluation are presented in Table 7.

Table 7. Evaluation description of NDTs. From Paper II.

Criteria/ Scoring description
weight 3 2 1
RR/0.280 High, external Moderate, various Low, complementary
conditions do not factors can affect the investigations needed to
affect the results results confirm the results
TD/0.232 Short, total bridge Moderate, total Long, total bridge
inspection time is not  bridge inspection inspection time is
noticeably increased time is prolonged doubled
RIC/0.170 Immediate results Short analysis Prolonged analysis and
required high professional
qualification necessary
C/0.134 Low Moderate High
U/0.108 Investigation of Investigation of one Limited usability, only
various materials and  material and two of one parameter is
their parameters its parameters investigated
possible possible
$/0.075 EN standard National standard No relevant standard

available

The scoring is based on the expert judgement of authors and should reflect the

importance of every criterion in the evaluation process of suitable NDTs.
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3.2 Selection and evaluation of NDTs

The NDTs are selected based on previous literature review and expert judgement of COST
Action TU1406 members. Methods are clustered in three groups to distinguish the
objectives of test methods. The most common purpose of NDT is to define or specify a
material property similar to the ones used in the design phase. Regarding the condition
state of an element, several methods are dealing with the damage and defect
assessment and separate field of NDTs are related to corrosion detection and
assessment. Detailed evaluation of selected NDTs is presented in Table 8.

Table 8. NDT evaluation by the selected criteria. From Paper Il.

NDT method Scoring (V¢ i)
RR TD RIC C U S
Cover measurement 3 3 3 3 1

Phenolphthalein

test

Probe penetration 2 3 3 3 1 2
test

Pull-off test 3 2 3 2 1 3
Rebound hammer 1 3 3 3 1 3
Impact echo 3 2 1 2 3 2
Thermography 2 2 1 2 3 1
Ground penetrating 2 2 1 1 3 2
radar

Acoustic emission 2 2 2 2 2
Ultrasonic pulse 2 1 1 2 3 1
echo

Half-cell potential 2 2 2 2 1 2
Galvanostatic pulse 2 2 2 2 1 1
Electrical resistivity 2 2 2 2 1 1
Linear polarization 2 2 1 2 1 1

resistance

The final ranking of individual NDT is determined with the utility function (Eq. 14):
U, = 2‘2'1:1 Vc,i "W, (14)

where i marks the considered NDT method, c is the defined criteria, V., i is the scoring
value of criteria ¢ for NDT under consideration and wc is the weight of criteria. Results
are classified into three groups based on the classification and presented in Table 9.

The results show that proposed methods dealing with material properties have a high
utility rating and are suitable to use in addition to visual inspections. Overall, all tests are
quick, have low cost and are undemanding to perform. Damage and defects assessment
methods are less suitable, because of the high complexity of the results’ interpretation,
followed by the on-site test duration. The only method that could be suitable is Impact
Echo, which is used mostly for crack measurements and is quick and undemanding
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(Helmerich et al., 2007). Corrosion related methods are measuring similar characteristics
interestingly have similar utility function values, unfortunately, these methods are not
suitable to be used during regular bridge inspection, because of the limited usability and
it is suggested to use them only when reinforcement is already exposed.

Table 9. Final classification of NDT methods. From Paper Il.

Application Ui NDT
Material properties 2.71 Cover measurement
2.55 Phenolphthalein test

2.43 Probe penetration test
2.42 Pull-off test
2.22 Rebound hammer
Damage and 2.22 Impact echo
defects 1.86 Thermography
1.83 Acoustic emission

1.80 Ground-penetrating radar

1.63 Ultrasonic pulse-echo
Corrosion 1.89 Half-cell potential
1.82 Galvanostatic pulse

1.82 Electrical resistivity
1.65 Linear polarization resistance

3.3 Conversion matrix of NDT

Based on COST Action TU1406 Working Group 1 Technical Report, most data are
obtained by conducting visual inspection as an index form (Strauss et al., 2016), which
means that the decision-making process relies highly on condition assessment and to
enhance the use of NDTs it isimportant to show the clear numerical connection between
the current system and novel methods. The outcome of an NDT is normally a numerical
result and to translate the result to a condition state, additional expert knowledge is
needed. In addition to suitable methods, in Paper IV a table of suggested threshold values
for a few most used NDT in Estonia (Table 10) was presented. Since the table is based on
expert judgement and available information in the Estonian context, then values can be
conservative, because the work is not complete and variables may be expanded if
additional NDT is available. Methods should be verified with benchmarking tests as the
results are mostly dependent on other characteristic values.
The NDT methods in Table 10 are related to standardized procedures as follows:

e Sclerometer tests are carried out according to standard EN 12504-2 (EVS, 2012) and
rebound values are converted to compressive strength according to curves
suggested by equipment producers.

e Carbonation measurements are carried out according to standard EN 14630 (EVS,
2006).

e Chloride content measurements are carried out according to EN 14629 (EVS, 2007).

e Electrical resistance of a concrete is measured using method described in RILEM TC
154-EMC (Polder et al., 2000).
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e Cover depth measurements are done using electromagnetic covermeter according
to recommendations in BS 1881-204 (BS, 2020).

Table 10. Combination of NDTs and visual inspections at the element level. Partially from Paper IV.

Chloride Cover
Condition Sclerometer Carbonation content Resistance depth
state, [MPa] [mm] [ratio to [kOhmcm] [ratio from
limit state] limit state]
Median Average Average
Average
value more measured measured
1-very than measured value less value is
. value less Above 100
good normative than 25% of than 100% more than
compressive the cov::r of the 100% of the
strength (fc) threshold threshold
Average Average Average
measured measured
. measured .
Median value value Between value is
2-good value 99% to between between 50 to 100 between
95% of fu 26% to 50% 101% to 99% to 75%
of t;e cove: 150% of the of the
threshold threshold
Average Average Average
measured measured
. measured .
Median value value Between value is
3 —-poor value 94% to between between 10 to 49 between
80% of fex 51% to 100% 151% to 74% to 50%
of :he covero 200% of the of the
threshold threshold
Average Average
Median Average measured measured
measured .
4 - very value less value more value more Lessthan  valueis less
poor than 80% than 200% 10 than 50%
than 100%
of f« of the cover of the of the
threshold threshold

To present the use of conversion matrix and draw attention to the difference of the
potential outcome as intervention activity for one specific element group, several test
protocols have been investigated and bridges have been tested in past years. The data
presented in Table 11 were collected from the main girders of nine simply supported
beams bridges introduced in Chapter 2.3. Bridges are designed according to Soviet Union
design Catalogue Issue number 56 addition (1962a) or 167 (1963). The condition states
of inspections (CS) are calculated based on the assessment result of element units and,
for carbonation depth, the result is interpolated based on the threshold values of
condition states. Possible intervention activities (INT) are regular maintenance (M),
repair (Rep) or renovation/renewal (Ren).



Table 11. Comparison of condition states of different assessment methods. From Paper IV.

Carbonation
Inspection-based

. Cons- Recons- depth cs
Bridge truction truction Time of differr
No ear ear inspec- G- Avg., G- ences
y y P INT [mm]  INT
tion
1.4 -
883 1989 2002 2015 1.1-M 6.9 M +0.3
2.3-
826 1969 2010 2019 1.1-M 18.7 Rep +1.2
2.8-
907 1967 2001 2019 1.2-M 20.0 Rep +1.6
2.8-
911 1970 1998 2019 1.3-M 28.0 Rep +1.5
2.6 -
908 1967 2001 2019 1.7-M 13.6 Rep +0.9
3.5-
503 1969 - 2019 2.1-Rep 26.2 +1.4
Ren
1.2-
252 1965 2000 2018 2.3 -Rep 3.2 M -1.1
3.5-
909 1974 - 2019 2.3 -Rep 37.5 +1.2
Ren
2.2 -
306 1969 - 2019 3.0-Ren 10.8 Rep -0.8

Only one bridge has the same potential intervention outcome, but generally, different
assessment types have different outcomes and visual appearance-based condition state
tends to give better outcomes and trigger intervention activity later. The obtained
condition states should be used together with deterioration models, introduced in
Chapter 4.3.
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4 Uncertainty in performance assessment — benchmarking

Assessment related data has always some amount of uncertainty, which may impact
management decisions and although there is no common knowledge on how to
incorporate uncertainties in decision-making relevant decision requires the appropriate
understanding and management of uncertainty. To assess the impact of uncertainty on
the decisions, the uncertainty of assessments should be quantified. Uncertainty
evaluation can be divided into two groups — a statistical measurement-based (Type A)
and expert judgement based (Type B). In Paper Il process and results of benchmarking
tests were introduced and discussed. Also, Paper Ill and Paper IV investigated the
influence of assessment uncertainty in degradation models.

4.1 Data collection

The benchmarking data was collected using the visual inspection methodology of ETA
introduced in Chapter 2.2 and the most common NDTs used in Estonia: rebound
hammer, carbonation depth and rebar depth measurement. Besides, two groups with
different levels of expertise were involved, varying from students without any expertise
to bridge inspectors with more than two years of experience.

The visual inspections were carried out on simply supported beam bridges designed
according to Soviet Union design Catalogue Issue number 56 addition (1962a), 167 (1963)
or 122 (Mintransstroy, 1962b) with different element condition states and condition
index, which varied from 44.0 to 65.0. The test inspection involved two groups of
inspectors, where the first group of seven inspectors consisted of bridge experts with
different backgrounds in bridge engineering and the second group of five inspectors
without any expertise. In the first group, only three inspectors had previous expertise in
the bridge assessment and familiar with the methodology, other inspectors had only read
the inspection manual, but done bridge assessments previously. The first group
inspected two bridges, Lagedi and Assaku viaduct. Second group consisted of engineering
Master students, who had no experience in bridge assessment, they inspected Saku
viaduct.

NDT was carried out on not common simply supported slab bridges with good
accessibility and also involved two groups of inspectors like in visual assessment. The first
group consisted of bridge experts with previous experience and knowledge in testing and
the second group consisted of eight engineering Master students, who had no previous
experience in NDT, and they tested only the Alliku bridge.

4.2 Benchmarking results

The results of visual inspections are presented in Table 12 with every inspector rating to
bridge condition, overall mean, standard deviation (SD) of assessments and previous Cl.
The overall mean of the Lagedi viaduct is close to the previous inspection result and the
assessment of six inspectors refers to the condition where reconstruction is needed.
Assaku bridge had a higher score for condition and overall inspection results were more
scattered. Saku viaduct was inspected by inexperienced inspectors and although the
mean value is close to the previous inspection result, the assessment of one inspector
suggests closure of the bridge, one reconstruction and three assessments refer to the
condition where only maintenance is needed.
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Table 12. Visual inspection Condition Indexes. From Paper Ill.

Condition index

Inspector

Lagedi Assaku Saku
1 48.9 66.9 49.3
2 36.7 66.7 74.0
3 38.2 66.8 19.3
4 36.7 87.0 76.1
5 46.0 75.1 70.1

6 39.8 87.0 -

7 55.3 88.3 -
Mean 43.1 76.8 57.8
SD 6.6 9,6 21,5
Previous Cl 44.0 65.0 57.0

The SD of all results shows that results are more scattered if the bridge is in better
visual condition or inspectors are inexperienced. Nevertheless, if the inspector is not
experienced then using only Cl can lead to the wrong decision. Test results of NDT
benchmarking are presented in Table 13, where Test results of experts are marked with
E and student results are marked with S.

All results have relatively high accuracy compared to visual inspections and also all
results showed that the bridge is in good condition. The carbonation depth test results
are scattered because the investigated test method requires decent cleaning of the drill
hole and measurement should be taken within 30 seconds after the solution is applied.
Concrete cover results are in one range and all measurements were in the range between
38 to 50 mm.

Table 13. Test results of Alliku bridge. From Paper IlI.

A
Inspector ReboundvalueQ[-] Carbonation depth [mm] verage cover

depth [mm]
E1l 66.5 9 45
E2 67.7 8 45
S1 66.1 6 43
S2 63.7 7 40
S3 64.5 7 41
S4 62.8 7 45
S5 63.8 6 42
S6 67.3 7 46
S7 66.6 7 43
S8 65.2 7 41
Mean 65.4 7.1 43.1
SD 1.6 0.83 2.0

In conclusion of NDT benchmarking tests, it is clear, that errors are smaller in
comparison to visual inspections and non-experts can achieve higher accuracy without
any previous experience in simple tests. It is still important to draw point out that the
accuracy of the test method is not the only criterion, and a suitable test method should
be selected considering the condition assessment outcomes.
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For a better comparison of outcomes, the standard deviation of different assessments
is expressed as a Coefficient of Variation (CoV) (Eq. 15):
CoV =2, (15)
u

where o is the standard deviation and p is the mean value of the measurand. Results
are multiplied by 4 to present the difference of methods in relevance to condition states
and presented in Table 14.

Table 14. Test results of benchmark testing. From Paper Ill.

Method CoV*4
Visual inspection — students 1.49
Visual inspection — engineers 0.61
Visual inspection — experts 0.50
Rebound hammer 0.10
Carbonation 0.47
Cover depth 0.19

The highest uncertainty comes with visual inspections carried out by Master students,
which is almost three times higher than experienced inspectors. The lowest uncertainty
of assessment comes with the rebound hammer, but due to the low reliability of the
method, it is not suggested to use this assessment separately from others.

4.3 Degradation modelling

Degradation modelling is used because the assessment of a condition individually
does not allow long-term planning. Regarding uncertainties, then probabilistic
modelling is preferred because it helps decision-maker to quantify and combine the
impact of uncertainties of assessment and predictive models. The degradation models
were calculated using continuous-time Markov processes based on assessment results
of specific bridge element group. The degradation models were verified using a
goodness-of-fit test under the assumption that the goodness-of-fit with 5% significance
follows a y2 distribution under the assumption, where models are considered correct if
the probability of goodness-of-fit is better than 5% of the sample value. The results with
a discrepancy limit of 16.92 are presented in Table 15.

Based on the results presented in Table 16, only the non-structural element group
designated “Other”, did not pass the test, which means that there is adequacy between
the sample and the model of all other element groups. An example of a verified transition
intensity matrix is based on the element group “Main girder” (Eq. 16):

—0.0100 0.0100 0 0
_ 0 —0.0237 0.0237 0

Qveams = 0 0 —0.0137 0.0137] (16)
0 0 0 0

Based on the presented values, an average condition degradation profile, standard
deviation of model and probabilistic condition with 95% confidence level is calculated
(Figure 16).
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Table 15. Goodness-of-fit test of deterioration models. From Paper IV.

Non-Structural Observations Discrepancy Structural Observations Discrepancy
Elements (T) elements (T)
Overlay 222 1.87 Deck plate 253 1.34
Barriers 198 4.37 Edge beam 189 1.21
Handrails 169 0.69 Piles and 64 0.78
columns
Drainage 43 0.13 supporting 212 4.73
beam
Slopes 231 231 Wing wall, 203 2.42
abutments
Deformation 177 0.67 Diaphragms 155 0.85
joints
Other
(riverbed, signs 155 29.79 Main girder 215 1.06
etc.)
Waterproofing 253 16.75 Bearings 121 0.89

Due to the low transition probabilities, the average degradation profile is almost linear
which makes the scheduling of intervention activities unrealistic, because with 100 years
the condition changes from 1.00 to 2.24. Considering the errors of the model with 95%
of confidence, the service life of concrete beams without intervention is 93 years.
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Figure 16. Condition degradation profile of concrete beams. From Paper IV.

The combination of initial deterioration model and condition assessment is done
with Bayesian updating with informative prior. This approach has been introduced by
Neves and Frangopol (2005), by combining Bayesian updating with simulation for
improving expert judgment. The results of updating showed a significant impact on linear
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deterioration modelling. Based on the Bayes theorem, The probability density function
of an updated condition is based on the Bayes theorem (Eq. 17) (A. H. Ang et al., 2015):

f(Cr) =K x L(Cp) x f(Cp), (17)

where f"(CT) is the probability density function of the condition at the time T
considering both inputs, that are present in posterior distribution, f'(CT) is the
probability density function of the condition profile at the time T and L(Cy) is the
likelihood function considering the relativeness of the assessment. K is a normalizing
constant for weight factor (Eq. 18) (A. H. Ang et al., 2015):

1

K= , :
[, Lerxf (cpder

(18)

The results were obtained with a Monte-Carlo simulation. The mean g and standard
deviation o of a condition at time 7, can be calculated as Eq. 19 and Eq. 20 (M.-H. Chen
et al,, 2012) (L. C. Neves & Frangopol, 2008):

Zitq CexL(Cr)

T _ T 19
) 1)
. . . F N2
oF = i, cixuch) (ZL C%XL(_C%)) ) (20)
L) iz, L(CT)

where C!is the Cl at time T connected to sample i, Cx: C! is the Cl at time T connected
to sample i and n is the number of samples.

To present the difference of initial and updated model uncertainties, then the
probability mass distribution of the same degradation model in year 42 is presented
(Figure 17). The initial standard deviation of the model has increased from 0.30 to 0.85
and in comparison, if taken into consideration the average value of the inspected
condition is 1.60 and the standard deviation is 0.25.
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Figure 17. Probability mass function of initial and updated models on year 42. From Paper IV.
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Based on Figure 17 it is clear, that model with updated information has a lower level
of uncertainty. There is even a slight reduction of the uncertainty inspection is carried
out by inexperienced inspector as presented in Paper Il (Figure 18).
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Figure 18. The standard deviation of condition with visual assessment carried out by an inspector
without any previous experience. From Paper lll.

If the result of the assessment is considered true, then more precise assessments can
help to postpone more costly intervention activities. The optimal assessment is discussed
in the next chapter (Chapter 5).
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5 Optimal condition assessment scheduling framework

The best estimate of the intervention activity is currently based on the assessment result
and commonly the assessment is scheduled after a specific or fixed interval. Since the
result of an assessment is described as a mean value, then this combination may produce
unnecessary inspections or lead to a wrong intervention decision. Since human nature
can be described with Gaussian distribution, then it is possible to add uncertainty based
on the standard deviation of the assessment method to overcome the problem of
inspection scheduling and point out the lack of precise information if needed. The input
for uncertainty can be collected during benchmarking tests as introduced in Publication
Il or using pre-defined values based on expert judgement. In Publication IV the scheduling
of condition assessment was investigated and a novel framework was introduced.
The overall process of the introduced framework consists of nine steps as follows:

1. Collection of historical information, manual filtering of element groups of typical
bridges without registered interventions and preparation of input data using a
spreadsheet program.

2. Calculation of transition probability matrices for main element groups using
continuous-time Markov model and Monte Carlo simulation using MATLAB®
software developed by Denysiuk et al. (2017).

3. \Verification of degradation models using goodness-of-fit test introduced in
Chapter 4.3.

4. Collection of additional information with inspections and non-destructive
testing carried out by experts.

5. Calculation of condition profiles with updated information using MATLAB®
software based on the Bayesian inference method proposed by Neves and
Frangopol (2005).

6. Comparison of model output based on the assessment method using MATLAB®
software.

7. Setting limits to condition state and uncertainties based on the policies and
expert judgement of ETA.

8. Determination of the maximal time frame to the next intervention action by
combining the deterioration model and uncertainties in the model using
MATLAB® software.

9. Determination of optimal inspection intervals to keep uncertainty and condition
state under the desired level using MATLAB® software and spreadsheet.

To investigate which of the proposed inspection scheduling gives optimal output two
parameters, trapezoidal area of the uncertainty of condition profile and total costs for
the agency, are compared. The trapezoidal numerical integration is used to calculate the
approximate area of uncertainties during the designed service life of 100 years and to
simulate costs for the agency, total costs of element inspection and potential
intervention are summed.

The optimisation algorithm is proposed with the main goal is to maximise the time
between inspections and keeping the level of uncertainty under the desired threshold
value. Based on the goal, the outcome is the time of inspection or potential intervention
triggered by uncertainty or condition. Besides, more advanced NDT based inspection
can be triggered. Finding the solution is based on linear interpolation of condition
profile with 95% confidence expressed in Paper IV (Eq. 21):

55



(x=x0)(¥1—Y0)
X1—Xo

Y=Y+ (21)

where x; 1, Yo 1 are coordinates of two known points and x, y are the coordinates of
unknown point. The known points are the time and error of predicted or updated
condition and the unknown point is partially defined with the limit value. The limit values
for condition state and uncertainty in the model are related to owners’ policies or needs.

5.1 Case study

Case study of the inspection scheduling concentrates on data of the same pre-cast beams
of most common bridges as introduced in Chapter 3.3. Different inspection scheduling
and assessment methods are compared during the service life of 100 years using
condition limit for triggering intervention. Also, the total number of inspections,
intervals, overall costs, area of uncertainty and years when uncertainty is above a
threshold value is observed.

The limit values for condition and uncertainty in the Case Study are based on the
current maintenance policy of ETA and expert judgement under the assumption that both
variables follow a normal distribution and have a confidence level of 95%. The following
restraints were used:

e Condition state is limited to 3.0 (poor) because the elements look visually bad and
most likely a renewal will be triggered within the next few years.

e Uncertainty of a condition state is only limited with 1.0 because this gives the
confidence that the assessed condition stays within the limits of one value.

e The initial condition and uncertainties are included in the initial probability
distribution. Initial condition accuracy is +10% and probability distribution is
P(0)=[0.90 0.10 0.00 0.00].

e The standard deviation of degradation model Gmode=0.50.

e Regular visual inspection with o =0.50 costs 150 EUR.

e Cover and carbonation depth measurement with o =0.40 costs 400 EUR.

e Advanced NDT assessment including chloride content and resistivity measurements
with 0 =0.3 costs 800 EUR.

e Intervention activity is the renewal of a beam during an overall bridge reconstruction
and the cost is estimated 10 000 EUR.

Currently, the condition assessment has a fixed period of 4-year intervals. In the
comparison of the assessment method, then more accurate inspection costs more, but
in exchange, it is possible to reduce the level of uncertainty and extend the time between
inspections. For example, in Figure 19, a theoretical situation is observed, where 55 years
after the construction it is not possible to reduce the uncertainty of condition with visual
inspection to extend the time between inspections without exceeding the limit value.
With more accurate advanced testing, it is possible to reduce the uncertainty and extent
the time to 6 years.
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Figure 19. Uncertainties in year 55 with different assessments. From Paper IV.

Since the cost of visual inspection is low, then from the owner’s point of view it is
preferred if it is possible to continue with the current assessment regulation more
optimal with better inspection scheduling. In Figure 20 current fixed 4-year interval
inspection is compared with the optimised inspection interval.
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Figure 20. Condition profiles of 4-year and optimal interval visual inspections. From Paper IV.

Comparing the 4-year interval profile to optimised inspection interval then it is
possible to see that the first 55 years the fixed interval triggers inspection too early.
Although the optimal scheduling programme triggers 6 inspections with the annual
interval in a row before potential intervention the difference in the total amount of
inspections is 10. The limit of uncertainty in optimal inspection interval triggers
intervention on year 69, which is earlier than the current system would trigger based on
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the condition profile, but without more accurate inspections the intervention is needed.
If there would be an uncertainty trigger in the current system, then intervention would
be triggered in year 59.

To increase the accuracy of performance assessment it is possible to add cover and
carbonation depth measurement to all inspections and with this addition, the combined
standard deviation of an assessment would be 0.40. In Figure 21 improved 4-year
inspection interval is compared with the optimal inspection interval.
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Figure 21. Condition profiles of 4-year and optimal interval inspections with additional testing. From
Paper V.

In both cases, the intervention is triggered in year 90 due to the condition limit and
the main difference between the two approaches is the time between inspections and
the number of total inspections. With a 4-year interval, there will be 22 inspections, but
with the optimised approach, there are only 12 inspections with intervals ranging from 5
to 19 years.

In the optimal decision-making process, the overall costs are minimised and the
situation where the assessment costs are higher than intervention should be avoided.
The costs of assessment methods with current and optimised scheduling were compared
during the service life of 100 years and an overview of the results is shown in Table 16.

With the current 4-year interval visual inspection-based approach, the inspections are
triggered pessimistically in the first 55 years and afterwards, the level of uncertainty is
above the threshold. Improving visual inspections with more accurate NDTs is also
justified because after 55 years the time between inspections can only be extended with
a more accurate assessment.

In opposite to the optimal framework, only the most accurate 4-year interval
inspections can lead to a situation where no intervention, but due to high inspection
costs the total cost is only 4.17% higher than the situation without any inspections.
The lowest total cost is with visual inspections with the optimal interval. The area of
uncertainty curve of the optimal approach is always higher than with the current system,
but the uncertainty of the condition is always below threshold value 1.0, which means
that inspections are triggered only when needed and not based on a strict schedule,
which could lead to a wrong decision.
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Table 16. Overview of total costs and uncertainties with different assessment approaches. From
Paper IV.

4- 4- 4-
No Optimal Optimal Optimal
Assessment type | i year y
inspections 6 =0.5 ¢ =0.4 c=0.3
6 =0.5 ¢ =0.4 ¢ =0.3
Total number of
. i 0 24 14 24 12 24 7
inspections [-]
Total number of
. . 2 1 1 1 1 0 1
interventions [-]
Total cost [EUR] 20000 13600 12100 19600 14800 19200 15600
Area of
uncertainty 141.5 75.5 82.4 73.2 84.0 68.7 80.1
curve [-]
Uncertainty
81 21 1 0 0 0 0

above 1.0 [years]

Based on the comparison the optimisation in overall can reduce the number of
inspections but not the interventions and the overall costs compared to the No inspection
scenario can save up to 39.5% (Optimal 0=0.5). In comparison of current and optimal
approaches, the inspection costs can be reduced remarkably (minimally 1500 EUR).
The other benefit compared to current inspection scheduling is the knowledge that
uncertainty is almost always under the desired level and decisions can be made based
on accurate data.
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Conclusions

This thesis deals with different topics related to the condition assessment of existing
concrete bridges in Estonia. Since the level of knowledge in bridge management under
uncertainties is low in the local context, then a broader overview of the research field is
presented in the beginning. The overall background of bridge management and decision
making under uncertainties is based on the state-of-art literature review and details
related to performance assessment, deterioration modelling and decision-making is
described. The broader overview sets the scene for the current situation in the
scientific field, where several different approaches regarding degradation modelling or
decision-making have been used.

The aim was to introduce the uncertainties related to performance assessment, how
time affects the indicator and propose a novel optimised approach for inspection
scheduling. The focus of the optimisation was to keep the level of uncertainty under the
desired level and maximise the time between assessments. The work can be divided into
two main areas related to theoretical decision-making and practical performance
assessment investigations.

The theoretical investigation involved statistical investigation of the Estonian bridge
network, quantification of assessment results in deterioration model, updating with new
potential information and combining threshold values with the optimisation algorithm.

Estonian bridge management principles are based on the PONTIS system, data is
collected visually based on a strict time frame and many decisions are made using only
condition information. The currently used performance assessment approach is simple,
four different condition states are defined for elements, and the overall bridge condition
index is calculated based on element ratings, units, and weight factors. There are 1023
bridges in the national bridge network, the average age of a bridge is 40.2 years, length
15 meters and more than half of concrete bridges are designed and constructed based
on catalogues of typical elements. The statistical investigation of typical bridge element
groups was done based on multivariate analysis using the basics of Principal Component
Analysis, the analysis revealed that based on the change of condition state most principal
elements are non-structural and the same elements groups have different importance if
the bridge typology is changed. This means that it is incorrect to make decisions based
on only construction material or typology and additional factors concerning the real
influence of structural elements should be used.

The investigation of the deterioration model and inference process was done using
stochastic continuous Markov chain models and Bayesian inference procedures with
uncertainties. The models were verified using a goodness-of-fit test under the
assumption that the goodness-of-fit with 5% significance follows a y2 distribution and
only one element group results were not verified, which means that the used input data
gives adequate results. The Bayesian updating process involved a combination of
simulated degradation model data and expert judgement using Monte-Carlo simulation.
The results showed that updating the model with uncertain data (CoV=1.49) gives more
accurate information than using the only initial model. Overall, inspections help to
reduce the uncertainty and potentially postpone the time to intervention.

The optimisation was based on the linear interpolation of the probabilistic condition
profile with 95% of confidence. The main goal of the optimisation is to schedule
inspections with the maximum possible time between events while keeping the level of
uncertainty under the desired threshold value. As an additional result, the potential
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intervention can be triggered if there is a knowledge of the intervention measurand that
minimises the costs of overall management processes. The latter optimisation was done
only using simple data based on Estonian practice. The results show that using a 95%
confidence condition profile in a situation where transition probabilities are low helps to
keep the structure on the safe side by triggering interventions based on condition state
limit instead of uncertainty limit. Compared to the 4-year inspection interval, optimal
inspection scheduling keeps the level of uncertainty under the desired threshold value
and trigger the inspections with a longer interval than the current approach without
crossing the threshold value. Based on the main girder deterioration models, the
currently used 4-year interval triggers inspections too quickly for 55 years and
afterwards, the level of uncertainty is above the threshold, which means that the time of
the inspection is not related to uncertainties involved in the assessment.

The more practical information presented help to form a framework that can be
practically used in the condition assessment planning in Estonia. The improvement of the
current visual inspection-based condition assessment is suggested to be done either
with additional non-destructive testing or with more optimal inspection scheduling.
To simplify the application procedure then a selection method of non-destructive testing
methods was introduced and a conversion matrix for few common advanced assessment
methods was proposed. For the selection of non-destructive testing methods,
the highest utility ranking is for methods dealing with cover depth, material properties
or impact echo method for crack measurement, but corrosion-related methods are not
suggested. The difference of assessment outcomes using a conversion matrix is
presented with carbonation information that was collected from the nine most common
bridges. The results showed that visual inspection-based assessment tends to give better
results and although the carbonation process has already depressed reinforcement,
the visual appearance tend to trigger maintenance. Although improving visual
inspections with more accurate non-destructive testing are suggested because the time
between inspections can only be extended with a better uncertainty reduction of more
accurate assessment, the need for additional testing is suitable after a certain period.

The theoretical background of quantitative uncertainty measurand based on the
Guide to the expression of uncertainty in measurement (GUM), the mathematical
method was supported with benchmarking tests of different assessment methods.
The benchmarking was carried out on five reinforced concrete bridges and the overall
procedure involved nine different experts and 13 novice students to find the upper limits
of uncertainty in common assessment methods. The benchmarking tests revealed that
although expert assessment is almost three times more accurate than students,
the assessment of novice inspectors is better than the situation with no inspections.
In the comparison of assessment methods, the most inaccurate non-destructive method,
carbonation depth, is still better than visual inspection carried out by an expert.

Overall, the use of the proposed framework can be justified with the fact that the true
condition of an element is always unknown and treating the uncertainty of the
assessment as a probabilistic performance indicator triggering the inspection will ensure
that the condition is known with needed uncertainty and unnecessary assessments are
not triggered. This fact is now supported by the findings of the current thesis.
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Suggestions for further research

While the focus of the current investigation was related to the uncertainties of
performance assessment and decision-making related to inspection scheduling several
areas require further research to make apply the uncertainty framework in intervention
planning and management systems. The following topics are proposed for future research:

1.

To provide more relevant information for intervention activities connected to
structural performance of common bridge typologies and element groups it is
essential to combine the condition models with risk-based models, which are
commonly combined with reliability models.

To consider the actual physical phenomena of the concrete deterioration whilst
keeping the current Estonian condition rating system the analytical models of
carbonation, chloride ingress, frost-resistance and alkali-silica reaction should
be analysed, and more relevant limit values for condition states should be
proposed.

In the current work, the proposed optimisation framework is tested at the
element level based on available methods and separate from the results of
Principal Component Analysis. As a result, the framework is applicable to be
used in one bridge inspection scheduling, but to use a similar approach in-network
level, a more advanced element weight factor, available test method investigation
is needed and the deterioration models of element groups should be combined.
Uncertainty related optimal inspection scheduling is compared with currently
used regulation in Estonia, but to find the optimal solution considering the time
of intervention, cost of intervention, cost of assessment, the importance of the
structure and other threshold uncertainties, a multi-objective optimisation or
similar method should be used and combined with Life Cycle Cost Analysis.

62



List of Figures

Figure 1. The stepwise procedure of optimisation. ........cccccccveiieiiiiiiciiiieee e, 14
Figure 2. Research and publications oVervieW..........ccccceeieeciiiiiee e 15
Figure 3. Basic components of classical BMS (AASHTO, 1993). ......cccoveieeeiireeecieeeeineenn. 17
Figure 4. Flowchart of the measurement process and outcomes influencing the outcome.
Adapted from Taffe (2018) and from Paper IV. .....coccvivieciee e 20

Figure 5. Updating the performance profile based on the results of monitoring: without
monitoring service life is (a) underestimated or (b) overestimated. Adapted from Biondini

AN Frangopol (2016)......cccecuiee e ettt e e ettt e ee e e e ettt e e et a e e e eaa e e e eetbe e e e nraeeeennaas 22
Figure 6. Comparison of structural inspection for performance over time (Wenzel &
PaKrashi, 2009)....cccc ettt e aa e e e abe e e e ta e e eeabeaeeanreaaan 23

Figure 7. Sustainable Bridges project flowchart showing how regular inspection is linked to
condition assessment and structural performance assessment (Reassessment) (Helmerich

€A1, 2007) . ceeiiiieeiee ettt ettt e s e s be e st e sbe e s beesbeesareena 25
Figure 8. Condition index profiles under no maintenance and maintenance (Neves and
Frangopol, 2005). ......uiieeeiiie ettt e e et e et e e e ettt e e eete e e e e aee e e e tbe e e e taeeeeabaaeeaareaaan 31
Figure 9. Outline of Backward Prediction Model (Lee et al., 2008). .......ccccceeeecuveeeennnenn. 31
Figure 10. Relationship between periods of the carbonation-induced corrosion and
sojourn times of condition states (Zambon et al., 2019). ........ccceeeiiiieiiieeecieeeeee e, 32
Figure 11. Decision-making steps through the life-cycle of a structure (Zimmert et al.,
2020). teeieeeieeee ettt s e b et e h e e e bt e e bt e e bt e e nh e e e beeenbe e e baeenbeeebaeenaeesares 33
Figure 12. Condition change with linear decay rate 0.6 used in the BMS system. ......... 38
Figure 13. The relation between average Cl and annual decay rate (Papp, Andreas,
0 1 RS URP 38
Figure 14. Overview of construction years of national bridges. ........ccccoceeiiiiiciiiiennnenn. 39
Figure 15. Average condition indexes of element groups for simply supported beam
oY gTo F=d T o o g T - o =T VPRSP 41
Figure 16. Condition degradation profile of concrete beams. From Paper IV. ............... 52
Figure 17. Probability mass function of initial and updated models on year 42. From Paper
IV e et e et s b e et s bt e st esabe e e beesbeenatee s beenateesateenateas 53
Figure 18. The standard deviation of condition with visual assessment carried out by an
inspector without any previous experience. From Paper lll. .......ccccceoveeiiiieieeeeeccnnieen. 54
Figure 19. Uncertainties in year 55 with different assessments. From Paper IV............. 57
Figure 20. Condition profiles of 4-year and optimal interval visual inspections. From Paper
IV ettt s b e b e e et s bt e et e s be e e te e s beenatee s beenateesateenateas 57
Figure 21. Condition profiles of 4-year and optimal interval inspections with additional
testing. From Paper IV... 58

63



List of Tables

Table 1. Description of different condition states. From Paper IV.......cccccoevciviieeeeennnnns 36
Table 2. Example of data collected during general inspection (Sein & Rentik, 2017)..... 36
Table 3. Distribution of different weight factors according to the element group (Sein &

RENEIK, 2007). . eeeeeeeieeieeieete st et e st e ste s te st esteeste et e estesseesseesteeseessesneesseesseessesnseensesssensenns 37
Table 4. Element groups divided by position. From Paper l. ......cccccocveeecveeiviieeecciiieens 40
Table 5. Weighting factors A of different bridge typologies. From Paper |..................... 42

Table 6. Criteria to be used for NDTs assessment. From Paper I
Table 7. Evaluation description of NDTs. From Paper ll........cccoeeecciiiieeeieecciiieeee e
Table 8. NDT evaluation by the selected criteria. From Paper Il.............

Table 9. Final classification of NDT methods. From Paper ll.......cccccovveeeeiiecciiiieeneeeens
Table 10. Combination of NDTs and visual inspections at the element level. Partially from

L T o 1= G Y PP PPPPPPPPPPPPPPPPPPRE 47
Table 11. Comparison of condition states of different assessment methods. From Paper
IV e bbbt e et b e e st e s bt e e a b sabe e e teesbeeeabe e s beenateesareenateas 48
Table 12. Visual inspection Condition Indexes. From Paper lll. .......cccceeeeeeiciiiieeneeennnns 50
Table 13. Test results of Alliku bridge. From Paper ll.........cccceeeeeiiciiiiieeeeeeccieieee e 50
Table 14. Test results of benchmark testing. From Paper lll.........cccooveeeeiiiiciiieeneeeecnnns 51
Table 15. Goodness-of-fit test of deterioration models. From Paper IV.........ccccceennee 52
Table 16. Overview of total costs and uncertainties with different assessment approaches.
L oo T = To L= Gl Y PP PPPOPOPPPPPPPPPPPPRE 59

64



References

AASHTO. (1993). Guidelines for bridge management systems. American Association of
State Highway and Transportation Officials.

Abdi, H., & Williams, L. J. (2010). Principal component analysis. WIREs Computational
Statistics, 2(4), 433—459. https://doi.org/10.1002/wics.101

Akiyama, M., Soliman, M., Biondini, F., & Frangopol, D. M. (2019). Structural
Deterioration Mechanisms.

Ang, A. H., Tang, W. H., & Z "3 &. (2015). Probability Concepts in Engineering: Emphasis
on Applications in Civili & Environmental Engineering, 2nd Ed.
SR UPREYIX|, 27(4), 72-72.

Ang, A.-S., & Leon, D. D. (2005). Modeling and analysis of uncertainties for risk-informed
decisions in infrastructures engineering. Structure and Infrastructure
Engineering, 1(1), 19-31. https://doi.org/10.1080/15732470412331289350

béton, fib F. internationale du. (2006). Model Code for Service Life Design: Model Code.
fib Fédération internationale du béton.

Bien, J., Elfgren, L., & Olofsson, J. (2007). Sustainable bridges: Assessment for future
traffic demands and longer lives. Dolnoslaskie Wydawnictwo Edukacyjne.
http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-21622

Biondini, F., & Frangopol, D. M. (2015). Design, assessment, monitoring and maintenance
of bridges and infrastructure networks. Structure and Infrastructure
Engineering, 11(4), 413—414. https://doi.org/10.1080/15732479.2014.951868

Biondini, F., & Frangopol, D. M. (2018). Life-Cycle Performance of Civil Structure and
Infrastructure Systems: Survey. Journal of Structural Engineering, 144(1),
06017008. https://doi.org/10.1061/(ASCE)ST.1943-541X.0001923

Blockley, D. (2012). Engineering: A Very Short Introduction. OUP Oxford.

Bortot, F., Zonta, D., & Zandonini, R. (2006). A BRIDGE MANAGEMENT STRATEGY BASED
ON FUTURE RELIABILITY AND SEMI-MARKOV DETERIORATION MODELS. 8.

BS. (2020). BS 1881-204: Testing Concrete—Part 204: Recommendations on the Use of
Electromagnetic Covermeters. https://global.ihs.com/doc_detail.cfm?
document_name=BS%201881%2D204&item_s_key=00206009

Budelmann, H., Holst, A.,, & Wachsmann, A. (2012). ,Durability related Life-Cycle
Assessment of Concrete Structures—Mechanisms, Models, Implementation”.
IALCCE 2012, 47-54.

Building  Code  —  Riigi  Teataja. (2021). https://www.riigiteataja.ee/
en/eli/503072018002/consolide

Butt, A. A., Shahin, M. Y., Feighan, K. J., & Carpenter, S. H. (1987). PAVEMENT
PERFORMANCE PREDICTION MODEL USING THE MARKOV PROCESS.
Transportation Research Record, 1123. https://trid.trb.org/view/282531

Cesare, M. A., Santamarina, C., Turkstra, C., & Vanmarcke, E. H. (1992). Modeling Bridge
Deterioration with Markov Chains. Journal of Transportation Engineering,
118(6), 820-833. https://doi.org/10.1061/(ASCE)0733-947X(1992)118:6(820)

Chambers, J. M. (1977). Computational methods for data analysis. CERN Document
Server; Wiley. https://cds.cern.ch/record/107018

65



Chen, M.-H., Shao, Q.-M., & lbrahim, J. G. (2012). Monte Carlo Methods in Bayesian
Computation. Springer Science & Business Media.

Clemen, R. T., & Winkler, R. L. (1985). Limits for the Precision and Value of Information
from Dependent Sources. Operations Research, 33(2), 427-442.
https://doi.org/10.1287/opre.33.2.427

Consultant, P. D. T., & Johnson, M. B. (2005). Markovian bridge deterioration: Developing
models from historical data. Structure and Infrastructure Engineering, 1(1),
85-91. https://doi.org/10.1080/15732470412331289332

Corotis, R. B., Ellis, J. H., & lJiang, M. (2005). Modeling of risk-based inspection,
maintenance and life-cycle cost with partially observable Markov decision
processes. Structure and Infrastructure Engineering, 1(1), 75-84.
https://doi.org/10.1080/15732470412331289305

COST Action TU1406. (2015). Memorandum of Understanding Action TU1406. COST.
https://www.cost.eu/actions/TU1406/#tabs| Name:overview

Denysiuk, R., Fernandes, J., Matos, J. C., Neves, L. C.,, & Berardinelli, U. (2016).
A Computational Framework for Infrastructure Asset Maintenance
Scheduling.  Structural  Engineering International, 26(2), 94-102.
https://doi.org/10.2749/101686616X14555428759046

Denysiuk, R., Moreira, A. V., Matos, J. C., Oliveira, J. R. M., & Santos, A. (2017).
Two-Stage Multiobjective Optimization of Maintenance Scheduling for
Pavements. Journal of Infrastructure Systems, 23(3), 04017001.
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000355

Ditlevsen, 0. (1982). Model uncertainty in structural reliability. Structural Safety, 1(1),
73-86. https://doi.org/10.1016/0167-4730(82)90016-9

Ditlevsen, O. (2003). Decision modeling and acceptance criteria. Structural Safety, 25(2),
165-191. https://doi.org/10.1016/S0167-4730(02)00048-6

Dong, Y., Frangopol, D. M., & Sabatino, S. (2015). Optimizing Bridge Network Retrofit
Planning Based on Cost-Benefit Evaluation and Multi-Attribute Utility
Associated with Sustainability. Earthquake Spectra, 31(4), 2255-2280.
https://doi.org/10.1193/012214EQS015M

Dong, Y., Frangopol, D. M., & Saydam, D. (2014). Pre-Earthquake Multi-Objective
Probabilistic Retrofit Optimization of Bridge Networks Based on
Sustainability. Journal of Bridge Engineering, 19(6), 04014018.
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000586

Elbehairy, H. (2007). Bridge Management System with Integrated Life Cycle Cost
Optimization. https://uwspace.uwaterloo.ca/handle/10012/3017

Elfgren, L., Blanksvard, T., Taljsten, B., Casas, J. R., Bell, B., & Lundgren, K. (2015).
Guideline for application of new technologies to extend life of elderly rail
infrastructure: Deliverable 1.4 in MAINLINE - a project within EC 7tf Framework
Programme. http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-22167

Ellingwood, B. R. (2005). Risk-informed condition assessment of civil infrastructure: State
of practice and research issues. Structure and Infrastructure Engineering, 1(1),
7-18. https://doi.org/10.1080/15732470412331289341

ETA. (2020). The national road management plan 2021-2030. Transport Administration.
EVS. (2006). EVS-EN 14630:2006. EVS. https://www.evs.ee/et/evs-en-14630-2006

66



EVS. (2007). EVS-EN 14629:2007. EVS. https://www.evs.ee/et/evs-en-14629-2007
EVS. (2012). EVS-EN 12504-2:2012. EVS. https://www.evs.ee/et/evs-en-12504-2-2012

EVS-EN 1991-2:2004/AC:2010. (2010). EVS. https://www.evs.ee/et/evs-en-1991-2-2004-
ac-2010

Faber, M. H. (2000). Reliability based assessment of existing structures. Progress in
Structural Engineering and Materials, 2(2), 247-253.
https://doi.org/10.1002/1528-2716(200004/06)2:2<247::AID-PSE31>3.0.CO;2-H

Faber, M. H. (2005). On the Treatment of Uncertainties and Probabilities in Engineering
Decision Analysis. Journal of Offshore Mechanics and Arctic Engineering, 127(3),
243-248. https://doi.org/10.1115/1.1951776

Ferreira, C. A. R. (2018). Use of Petri Nets to Manage Civil Engineering Infrastructures.
https://run.unl.pt/handle/10362/57404

Ferreira, C., Neves, L., Matos, J., & Soares, J. (2014). A degradation and maintenance
model: Application to Portuguese context. In A. Chen, D. Frangopol, & X. Ruan,
Bridge Maintenance, Safety, Management and Life Extension (pp. 1988-1994).
CRC Press. https://doi.org/10.1201/b17063-307

FIB, Taerwe, L., & Matthys, S. (2013). Fib model code for concrete structures 2010. Ernst
& Sohn, Wiley. http://hdl.handle.net/1854/LU-4255771

Frangopol, D. M. (2011a). Life-cycle performance, management, and optimisation of
structural systems under uncertainty: Accomplishments and challenges.
Structure and Infrastructure Engineering, 7(6), 389-413.
https://doi.org/10.1080/15732471003594427

Frangopol, D. M. (2011b). Life-cycle performance, management, and optimisation of
structural systems under uncertainty: Accomplishments and challenges.
Structure and Infrastructure Engineering, 7(6), 389-413.
https://doi.org/10.1080/15732471003594427

Frangopol, D. M. (2019). Structures and Infrastructure Systems: Life-Cycle Performance,
Management, and Optimization. Routledge.

Frangopol, D. M., & Bocchini, P. (2012). Bridge network performance, maintenance and
optimisation under uncertainty: Accomplishments and challenges.
Structure and Infrastructure Engineering, 8(4), 341-356.
https://doi.org/10.1080/15732479.2011.563089

Frangopol, D. M., Dong, Y., & Sabatino, S. (2017). Bridge life-cycle performance and cost:
Analysis, prediction, optimisation and decision-making. Structure and
Infrastructure Engineering, 13(10), 1239-1257.
https://doi.org/10.1080/15732479.2016.1267772

Frangopol, D. M., Kallen, M.-J., & Noortwijk, J. M. van. (2004). Probabilistic models for
life-cycle performance of deteriorating structures: Review and future directions.
Progress in Structural Engineering and Materials, 6(4), 197-212.
https://doi.org/10.1002/pse.180

Frangopol, D. M., & Liu, M. (2007a). Maintenance and management of civil
infrastructure based on condition, safety, optimization, and life-cycle costx.
Structure and Infrastructure Engineering, 3(1), 29-41.
https://doi.org/10.1080/15732470500253164

67



Frangopol, D. M., & Liu, M. (2007b). Bridge Network Maintenance Optimization Using
Stochastic Dynamic Programming. Journal of Structural Engineering, 133(12),
1772-1782. https://doi.org/10.1061/(ASCE)0733-9445(2007)133:12(1772)

Frangopol, D. M., & Soliman, M. (2016). Life-cycle of structural systems: Recent
achievements and future directions. Structure and Infrastructure Engineering,
12(1), 1-20. https://doi.org/10.1080/15732479.2014.999794

Frangopol, D. M., Strauss, A., & Bergmeister, K. (2009). Lifetime cost optimization of
structures by a combined condition—reliability approach. Engineering
Structures, 31(7), 1572—1580. https://doi.org/10.1016/j.engstruct.2009.02.036

Ghosn, M., Frangopol, D. M., McAllister, T. P., Shah, M., Diniz, S. M. C., Ellingwood, B. R.,
Manuel, L., Biondini, F., Catbas, N., Strauss, A., & Zhao, X. L. (2016). Reliability-
Based Performance Indicators for Structural Members. Journal of Structural
Engineering, 142(9), F4016002. https://doi.org/10.1061/(ASCE)ST.1943-
541X.0001546

Golabi, K. (1983). A Markov Decision Modeling Approach to a Multi-Objective
Maintenance Problem. In P. Hansen (Ed.), Essays and Surveys on Multiple
Criteria Decision Making (pp. 115—125). Springer. https://doi.org/10.1007/978-
3-642-46473-7_10

Golabi, K., & Shepard, R. (1997). Pontis: A System for Maintenance Optimization and
Improvement of US Bridge Networks. INFORMS Journal on Applied Analytics,
27(1), 71-88. https://doi.org/10.1287/inte.27.1.71

Goulet, J.-A., Kiureghian, A. D., & Li, B. (2015). Pre-posterior optimization of sequence of
measurement and intervention actions under structural reliability constraint.
Structural Safety, 52, 1-9. https://doi.org/10.1016/].strusafe.2014.08.001

Hajdin, R., Kusar, M., Masovic, S., Linneberg, P., Amado, J., & Tanasic, N. (2018). WG3
Technical Report. Establishment of a Quality Control Plan. Final.
https://www.tu1406.eu/wp-
content/uploads/2018/09/tu1406_wg3_digital_vf.pdf

Hamida, Z., & Goulet, J.-A. (2020). Modeling infrastructure degradation from visual
inspections using network-scale state-space models. Structural Control and
Health Monitoring, 27(9), €2582. https://doi.org/10.1002/stc.2582

Hanley, C., Kelliher, D., & Pakrashi, V. (2015). Principal Component Analysis for Condition
Monitoring of a Network of Bridge Structures. Journal of Physics: Conference
Series, 628, 012060. https://doi.org/10.1088/1742-6596/628/1/012060

Hasselbarth, W., Golze, M., Noack, S., & Subaric-Leitis, A. (2006). Guide to the Evaluation
of Measurement  Uncertainty  for  Quantitative Test  Results.
https://opus4.kobv.de/opus4-bam/frontdoor/index/index/docld/13871

Helland, S. (2013). Design for service life: Implementation of fib Model Code 2010 rules
in the operational code ISO 16204. Structural Concrete, 14(1), 10-18.
https://doi.org/10.1002/suco0.201200021

Helmerich, R., Jan, B., Casas, J. R., Cruz, P., Holm, G., Geir, H., Kammel, C., Kriiger, M.,
Niederleithinger, E., Rawa, P., & Buhr, B. (2007). Guideline for Inspection and
Condition Assessment of Existing European Railway Bridges, SB-ICA , Sustainable
Bridges: Including advices on the use of non-destructive testing.
http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-74579

68



Hilborn, R., & Mangel, M. (1997). The Ecological Detective: Confronting Models with
Data. Princeton University Press.

Holton, G. A. (2004). Defining Risk. Financial Analysts Journal, 60(6), 19-25.
https://doi.org/10.2469/faj.v60.n6.2669

Hooks, J. M., & Weidner, J. (2016). Long-Term Bridge Performance Program Protocols,
Version 1 (FHWA-HRT-16-007). Article FHWA-HRT-16-007.
https://trid.trb.org/view/1392110

Hotelling, H. (1933). Analysis of a complex of statistical variables into principal
components. Journal of Educational Psychology, 24(6), 417-441.
https://doi.org/10.1037/h0071325

Huang, I. B., Keisler, J., & Linkov, 1. (2011). Multi-criteria decision analysis in environmental
sciences: Ten years of applications and trends. Science of The Total Environment,
409(19), 3578-3594. https://doi.org/10.1016/].scitotenv.2011.06.022

Ilin, A., & Raiko, T. (2008). Practical approaches to principal component analysis in the
presence of missing values. Helsinki University of Technology.
https://aaltodoc.aalto.fi:443/handle/123456789/876

ISO. (2006). ISO 14040:2006. 1SO. https://www.iso.org/cms/render/live/en/
sites/isoorg/contents/data/standard/03/74/37456.html

JCGM. (2008). JCGM 100:2008(E). https://www.iso.org/sites/
JCGM/GUM/ICGM100/C045315e-html/C045315e.html?csnumber=50461

Jensen, J., Sloth, M., Linneberg, P., Paulsson, B., & Elfgren, L. (2014). MAINLINE
MAINtenance, renewal and Improvement of rail transport iNfrastructure to
reduce Economic and environmental impacts. In A. Chen, D. Frangopol, & X.
Ruan, Bridge Maintenance, Safety, Management and Life Extension (pp. 1056—
1063). CRC Press. https://doi.org/10.1201/b17063-156

Jolliffe, I. T. (Ed.). (2002). Principal Components in Regression Analysis. In Principal
Component Analysis (pp. 167—198). Springer. https://doi.org/10.1007/0-387-
22440-8_8

Kabir, G., Sadiq, R., & Tesfamariam, S. (2014). A review of multi-criteria decision-making
methods for infrastructure management. Structure and Infrastructure
Engineering, 10(9), 1176-1210. https://doi.org/10.1080/15732479.2013.795978

Kalbfleisch, J. D., & Lawless, J. F. (1985). The Analysis of Panel Data under a Markov
Assumption. Journal of the American Statistical Association, 80(392), 863—-871.
https://doi.org/10.1080/01621459.1985.10478195

Kallen, M. J. (2007). Markov processes for maintenance optimization of civil infrastructure
in the Netherlands. 154.

Kallen, M. J., & Van Noortwijk, J. M. (2006). Statistical inference for Markov deterioration
models of bridge conditions in the Netherlands. Proceedings of the Third
International Conference on Bridge Maintenance, Safety and Management
(IABMAS), 16-19.

Karush, J. (1961). On the Chapman-Kolmogorov Equation. The Annals of Mathematical
Statistics, 32(4), 1333-1337.

69



Kim, S., & Frangopol, D. M. (2012). Probabilistic bicriterion optimum
inspection/monitoring planning: Applications to naval ships and bridges under
fatigue. Structure and Infrastructure Engineering, 8(10), 912-927.
https://doi.org/10.1080/15732479.2011.574811

Kim, S., Frangopol, D. M., & Soliman, M. (2013). Generalized Probabilistic Framework for

Optimum Inspection and Maintenance Planning. Journal of Structural
Engineering, 139(3), 435-447. https://doi.org/10.1061/(ASCE)ST.1943-

541X.0000676
Kiureghian, A. D., & Ditlevsen, O. (2009). Aleatory or epistemic? Does it matter?
Structural Safety, 31(2), 105-112.

https://doi.org/10.1016/].strusafe.2008.06.020

Klanker, G., Oslakovic, I. S., & Palic, S. S. (2017). The impact of different maintenance
policies on owners costs: Case Studies from Croatia and the Netherlands. 9.

Le, B., & Andrews, J. (2016). Petri net modelling of bridge asset management using
maintenance-related state conditions. Structure and Infrastructure Engineering,
12(6), 730-751. https://doi.org/10.1080/15732479.2015.1043639

Lee, J., Sanmugarasa, K., Blumenstein, M., & Loo, Y.-C. (2008). Improving the reliability of
a Bridge Management System (BMS) using an ANN-based Backward Prediction
Model (BPM).  Automation in  Construction, 17(6),  758-772.
https://doi.org/10.1016/j.autcon.2008.02.008

Liu, M., & Frangopol, D. M. (2004). Optimal bridge maintenance planning based on
probabilistic performance prediction. Engineering Structures, 26(7), 991-1002.
https://doi.org/10.1016/j.engstruct.2004.03.003

Liu, M., & Frangopol, D. M. (2006). Optimizing Bridge Network Maintenance
Management under Uncertainty with Conflicting Criteria: Life-Cycle
Maintenance, Failure, and User Costs. Journal of Structural Engineering, 132(11),
1835-1845. https://doi.org/10.1061/(ASCE)0733-9445(2006)132:11(1835)

Lloyd, S. M., & Ries, R. (2007). Characterizing, Propagating, and Analyzing Uncertainty in
Life-Cycle Assessment: A Survey of Quantitative Approaches. Journal of
Industrial Ecology, 11(1), 161-179. https://doi.org/10.1162/jiec.2007.1136

Lounis, Z., & Madanat, S. M. (2012). Integrating Mechanistic and Statistical Deterioration
Models for Effective Bridge Management. 513-520.
https://doi.org/10.1061/40632(245)65

Luce, R. D., & Raiffa, H. (1989). Games and Decisions: Introduction and Critical Survey.
Courier Corporation.

Madanat, S. (1993). Incorporating inspection decisions in pavement management.
Transportation Research Part B: Methodological, 27(6), 425-438.
https://doi.org/10.1016/0191-2615(93)90015-3

Malerba, P. G. (2014). Inspecting and repairing old bridges: Experiences and lessons.
Structure and Infrastructure Engineering, 10(4), 443-470.
https://doi.org/10.1080/15732479.2013.769010

Manyika, J., Chui, M., Brown, B., Bughin, J., Dobbs, R., Roxburgh, C., & Hung Byers, A.
(2011). Big data: The next frontier for innovation, competition, and productivity.
McKinsey Global Institute.

Matos, J. C., Casas, J. R., & Fernandes, S. (2016). COST Action TU 1406 quality specifications
for roadway bridges (BridgeSpec). http://repositorium.sdum.uminho.pt/

70



Minister of Economic Affairs and Infrastructure. (2018). Tee seisundinéuded — Riigi
Teataja. https://www.riigiteataja.ee/akt/102112018003?leiaKehtiv

Mintransstroy. (1962a). Tunoeoli npoekm Boinyck 56-0onosnHeHuUs. BapuaHm
KOHCMPpYKyuli  1ene306emoHHbIX COOPHbIX MposemHsix cmpoeHuli 6e3
duagpazm ¢ KapkacHol apmamypoli nepuoduveckoeo npoguad. lponemei 8
ceemy: 7,5, 10,0, 12,5; 15,0 m. Haepysku: H-13 u HI-60; H-18 u HK-80.
Fabapumei: -6; -7 u -8 ¢ wupuHoli mpomyapoe 0,75 u 1,5 m.
https://meganorm.ru/Index2/1/4293831/4293831715.htm

Mintransstroy. (1963). Tunosoli npoekm Beinyck 167. MenezobemoHHble cbopHbie
nposnemHele cmpoeHus b6e3 ouagppazsm ¢ KapKacHoli  apmamypoli
nepuodu4yeckoeo rnpoguns u3 cmanau mapku 35IC. lMponemeoi 8 ceemy: 7,5, 10,0;
12,5 u 15,0 m. Haepyska: H-30 u HK-80. Mabapumei: -7, -8, -9 u -10,5 ¢
wupuHoli mpomyapos 1,0 u 1,5 M.
https://meganorm.ru/Index2/1/4293777/4293777392.htm

Mintransstroy, U. (1949). Tunosoli npoekm Boinyck 4. C60pHUK MUMogbix MpoexKkmos
HenezobemoHHbIX u KaMeHHbIX UCKYCCMBEHHbIX coopyxceHull.
HenezobemoHHble naumHele nposemHsie cmpoeHus. Mponemeoi L =2, 3,4, 5 u
6 M. JMenezobemoHHble nAUMHO-pebpucmele nposemHsie CMpPoeHus.
Mponemer L = 5 u 6 m. Fabapum -7 u I-9,5. Haepyska H-10 u H-60.
https://meganorm.ru/Index2/1/4293775/4293775473.htm

Mintransstroy, U. (1955). Tunoeoli npoekm Boinyck 31. enezobemoHHsbie rnponemHeoie
cmpoeHusa Masbix mocmos. lMponemesr 8 ceemy: 2,0; 3,0; 4,0 u 5,0 m. Flabapumei:
r-7 u r-8. Haepysku: H-18 u HK-80;, H-13 u HI-60; H-10 u Hr-60.
https://meganorm.ru/Index2/1/4293781/4293781743.htm

Mintransstroy, U. (1957). Tunoeoli npoekm Beoinyck 70. Mene3obemoHHsble cealiHbie
onopel N00 murossie cOOpHbie Hene306emoHHble MposnemHole CMpoeHus ¢
KapkacHoli apmamypoli. lponemamu e ceemy: 7,5; 10,0; 12,5 u 15,0 m.
Hazpy3zku: H-18 u HK-80; H-13 u HI-60. rabapumei: -6, -7 u -8 ¢ wupuHoli
mpomyapos 0,75 u 1,5 M.
https://meganorm.ru/Index2/1/4293781/4293781742.htm

Mintransstroy, U. (1958). Tunoeoli npoekm Boeinyck 56. [MponemHble cmpoeHus
Hene3obemoHHole cbopHble ¢ KapkacHol apmamypoli nepuodu4eckozo
npoguns. lNMponemamu e ceemy: 7,5; 10,0; 12,5; 15,0 u 20,0 m. Haepy3ku: H-13
u Hr-60; H-18 u HK-80. rabapumei: -6; -7 u -8 c wupuHoli mpomyapos 0,75 u
1,5 m. https://meganorm.ru/Index2/1/4293831/4293831716.htm

Mintransstroy, U. (1959). Tunosoli npoekm Bsinyck 123. [lponemHbie cmpoeHus
HeenezobemoHHble cbOpHble, U3 COCMABHbIX (Mo OauHe nposaema) 6an0K ¢
Hamsax}ceHUem apmamypel nocsae 6emorHuposarusa. lMponemsi 8 ceemy: 20,0;
30,0 u 40,0 m. Haepy3ku: H-13 u HI-60; H-18 u HK-80. Nabapumei: -6, -7 u -8
c wupuHol mpomyapos 0,75 u 1,5 M.
https://meganorm.ru/Index2/1/4293778/4293778830.htm

Mintransstroy, U. (1960). Tunoeoli npoekm Beinyck 123 (dononHeHus). lpoaemHeoie
cmpoeHus xene3obemoHHble cbopHble, U3 cocmasHbix (nNo 0auHe rnposaema)
600K ¢ HamsaxeHuem apmamypsi nocsae bemoHuposaHus. [Tposemsi 8 ceaemy:
12,5 u 15,0 m. Haepy3sku: H-13 u HI-60; H-18 u HK-80. rabapumei: -6, -7 u -8
c wupuHol mpomyapos 0,75 u 1,5 M.
https://meganorm.ru/Index2/1/4293778/4293778828.htm

71



Mintransstroy, U. (1962b). Tunosoli npoekm Bbinyck 122-62. [MponemHblie cmpoeHus
HenezobemoHHble COOpHbIE C HOMAXEHUEM apmamypsl 00 6EMOHUPOBAHUS.
Mponemeoi 8 ceemy 10,0; 12,5; 15,0 u 20,0 m. Hazpy3ku H-30 u HK-80. Nrabapumei
r-7, r-8, r-9 u r-10,5 c¢ wupuHoli mpomyapos 1,0 u 1,5 m (nepepabomaH 8
coomeemcmeuu c CH-200-62).
https://meganorm.ru/Index2/1/4293775/4293775469.htm

Mintransstroy, U. (1971). Cepusa 3.503-12 YHuguyuposaHHble cbopHbie nposemHsie
CmMpoeHuA U3 npedsapumesbHO HANPAXEHHO20 Hene306emoHa 015 Mocmos u
nymenposooos Ha asmomobusbHbIX u 20POOCKUX dopoaax.
https://meganorm.ru/Index2/1/4293844/4293844232.htm

Mirzaei, Z., Adey, B. T., Klatter, L., & Thompson, P. D. (2014). The IABMAS bridge
management committee overview of existing bridge management systems.
International Association for Bridge Maintenance and Safety—IABMAS.

Morcous, G. (2006). Performance Prediction of Bridge Deck Systems Using Markov
Chains. Journal of Performance of Constructed Facilities, 20(2), 146-155.
https://doi.org/10.1061/(ASCE)0887-3828(2006)20:2(146)

Mori, Y., & Ellingwood, B. R. (1994). Maintaining Reliability of Concrete Structures. I: Role
of Inspection/Repair. Journal of Structural Engineering, 120(3), 824-845.
https://doi.org/10.1061/(ASCE)0733-9445(1994)120:3(824)

Neves, L. C., & Frangopol, D. (Eds.). (2008). Life-cycle performance of structures: Combining
expert judgment and results of inspection. In Life-Cycle Civil Engineering (0 ed.,
pp. 429-434). CRC Press. https://doi.org/10.1201/9780203885307-66

Neves, L. C., & Frangopol, D. M. (2005). Condition, safety and cost profiles for
deteriorating structures with emphasis on bridges. Reliability Engineering &
System Safety, 89(2), 185—198. https://doi.org/10.1016/j.ress.2004.08.018

Neves, M. L., Santiago, L. P., & Maia, C. A. (2011). A condition-based maintenance policy
and input parameters estimation for deteriorating systems under periodic
inspection. Computers & Industrial Engineering, 61(3), 503-511.
https://doi.org/10.1016/j.cie.2011.04.005

O’Brien, E. J., Znidaric, A., Brady, K., Gonzélez, A., & O’Connor, A. (2005). Procedures for
the assessment of highway structures. Proceedings of the Institution of Civil
Engineers - Transport, 158(1), 17-25. https://doi.org/10.1680/tran.2005.158.1.17

OECD/ITF. (2017). Strategic Infrastructure Planning: International Best Practice.
https://www.itf-oecd.org/strategic-infrastructure-planning

O’Hagan, A., Buck, C. E., Daneshkhah, A,, Eiser, J. R., Garthwaite, P. H., Jenkinson, D. J.,
Oakley, J. E., & Rakow, T. (2006). Uncertain Judgements: Eliciting Experts’
Probabilities. John Wiley & Sons.

Omikrine Metalssi, O., Godart, B., & Toutlemonde, F. (2015). Effectiveness of
nondestructive methods for the Evaluation of structures affected by internal
swelling reactions: A review of electric, seismic and acoustic methods based on
laboratory and site experiences. Experimental Techniques, 39(2), 65-76.
https://doi.org/10.1111/ext.12010

Orcesi, A. D., & Frangopol, D. M. (2011). Use of Lifetime Functions in the Optimization of
Nondestructive Inspection Strategies for Bridges. Journal of Structural
Engineering, 137(4), 531-539. https://doi.org/10.1061/(ASCE)ST.1943-
541X.0000304

72



Papakonstantinou, K. G., & Shinozuka, M. (2014). Optimum inspection and maintenance
policies for corroded structures using partially observable Markov decision
processes and stochastic, physically based models. Probabilistic Engineering
Mechanics, 37, 93—108. https://doi.org/10.1016/j.probengmech.2014.06.002

Papp, Andreas. (2012). ANALYSIS OF ESTONIAN BMS INSPECTIONS. USING THE RESULTS
FOR PLANNING BRIDGE MANAGEMENT. Tallinn University of Technology.

Paulsson, B., Elfgren, L., Chryssanthopoulos, M., Schewe, B., Bharadwaj, U., Castlo, D.,
Bell, B.,, & Paul, A. (2014). MAINLINE Project Results - A Summary:
MAINtenance, renewal and improvement of rail transport INfrastructure to
reduce Economic and environmental impacts. MAINLINE.
http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-23760

Paulsson, B., Olofsson, J., Hedlund, H., Bell, B., Taljsten, B., & Elfgren, L. (2010).
Sustainable Bridges—Results from a European Integrated Research Project
(p. 24). https://doi.org/10.2749/222137810796024727

Petcherdchoo, A., Neves, L. A., & Frangopol, D. M. (2008). Optimizing Lifetime Condition
and Reliability of Deteriorating Structures with Emphasis on Bridges. Journal of
Structural Engineering, 134(4), 544-552. https://doi.org/10.1061/(ASCE)0733-
9445(2008)134:4(544)

Phares, B. M., Washer, G. A., Rolander, D. D., Graybeal, B. A., & Moore, M. (2004).
Routine Highway Bridge Inspection Condition Documentation Accuracy and
Reliability. Journal of Bridge Engineering, 9(4), 403-413.
https://doi.org/10.1061/(ASCE)1084-0702(2004)9:4(403)

Polder, R., Andrade, C., Elsener, B., Vennesland, @., Gulikers, J., Weidert, R., & Raupach,
M. (2000). Test methods for on site measurement of resistivity of concrete.
Materials and Structures, 33(10), 603—611.
https://doi.org/10.1007/BF02480599

Rafig, M. ., Chryssanthopoulos, M. K., & Sathananthan, S. (2015). Bridge condition
modelling and prediction using dynamic Bayesian belief networks. Structure and
Infrastructure Engineering, 11(1), 38-50.
https://doi.org/10.1080/15732479.2013.879319

Refsgaard, J. C., van der Sluijs, J. P., Hgjberg, A. L., & Vanrolleghem, P. A. (2007).
Uncertainty in the environmental modelling process — A framework and
guidance. Environmental Modelling & Software, 22(11), 1543-1556.
https://doi.org/10.1016/j.envsoft.2007.02.004

Regan, H. M., Colyvan, M., & Burgman, M. A. (2002). A Taxonomy and Treatment of
Uncertainty for Ecology and Conservation Biology. Ecological Applications,
12(2), 618—628. https://doi.org/10.1890/1051-
0761(2002)012[0618:ATATOU]2.0.CO;2

Ringnér, M. (2008). What is principal component analysis? Nature Biotechnology, 26(3),
303-304. https://doi.org/10.1038/nbt0308-303

Road Traffic Act - Riigi Teataja. (2021).
https://www.riigiteataja.ee/en/eli/ee/514122020001/consolide/current

Roberts, M. B., Atkins, C., Hogg, V., & Middleton, C. (2000). A proposed empirical
corrosion model for reinforced concrete. Proceedings of the Institution of Civil
Engineers - Structures and Buildings, 140(1), 1-11.
https://doi.org/10.1680/stbu.2000.140.1.1

73



Rucker, W., Hille, F., & Rohrmann, R. (2006). Guideline for the assessment of existing
structures. SAMCO Final Report.

Saaty, T. L. (1990). Decision Making for Leaders: The Analytic Hierarchy Process for
Decisions in a Complex World. RWS Publications.

Sanchez-Silva, M., Frangopol, D. M., Padgett, J., & Soliman, M. (2016). Maintenance and
Operation of Infrastructure Systems: Review. Journal of Structural Engineering,
142(9), F4016004. https://doi.org/10.1061/(ASCE)ST.1943-541X.0001543

Sanchez-Silva, M., & Klutke, G.-A. (2016). Reliability and life-cycle analysis of
deteriorating systems (Vol. 182). Springer.

Scherer, W. T., & Glagola, D. M. (1994). Markovian Models for Bridge Maintenance
Management. Journal of Transportation Engineering, 120(1), 37-51.
https://doi.org/10.1061/(ASCE)0733-947X(1994)120:1(37)

Sein, S., & Rentik, M. (2017). Maanteeameti sildade iilevaatused 2016. Aastal.
Maanteeamet. https://www.mnt.ee/sites/default/files/survey/maanteeameti
_sildade_ulevaatused_2016_14022017.pdf

Sheils, E., O’Connor, A., Schoefs, F., & Breysse, D. (2012). Investigation of the effect of
the quality of inspection techniques on the optimal inspection interval for
structures. Structure and Infrastructure Engineering, 8(6), 557-568.
https://doi.org/10.1080/15732479.2010.505377

Soerensen, J. D., & Faber, M. H. (2002). Codified Risk-Based Inspection Planning.
Structural Engineering International, 12(3), 195-199.
https://doi.org/10.2749/101686602777965298

Soliman, M., Frangopol, D. M., & Kim, S. (2013). Probabilistic optimum inspection
planning of steel bridges with multiple fatigue sensitive details. Engineering
Structures, 49, 996—1006. https://doi.org/10.1016/j.engstruct.2012.12.044

Srikanth, 1., & Arockiasamy, M. (2020). Deterioration models for prediction of remaining
useful life of timber and concrete bridges: A review. Journal of Traffic and
Transportation Engineering (English Edition), 7(2), 152-173.
https://doi.org/10.1016/].jtte.2019.09.005

Steelman, J., & Garcia, F. (2020). Supporting Bridge Management With Advanced Analysis
and Machine Learning (Tech Report SPR-1(19) MO088; Tech Report).
https://rosap.ntl.bts.gov/view/dot/54426

Strauss, A., lvankovic, A. M., Matos, J. C., & Casas, J. R. (2016). WG1 technical report:
Performance indicators for roadway bridges of COST Action 1406 [Report].
http://repositorium.sdum.uminho.pt/

Taffe, A. (2018). Condition assessment: From good choice of methods to reliable results
that meet the customer demand. MATEC Web of Conferences, 199, 01008.
https://doi.org/10.1051/matecconf/201819901008

Thompson, P. D., Small, E. P., Johnson, M., & Marshall, A. R. (1998). The Pontis Bridge
Management System. Structural Engineering International, 8(4), 303-308.
https://doi.org/10.2749/101686698780488758

Torre, A. K.-D., Yeung, T. G., Morales-Napoles, O., Castanier, B., Maljaars, J., & Courage,
W. (2017). A Two-Dimension Dynamic Bayesian Network for Large-Scale
Degradation Modeling with an Application to a Bridges Network. Computer-
Aided  Civil  and Infrastructure  Engineering,  32(8),  641-656.
https://doi.org/10.1111/mice.12286

74



Uusitalo, L., Lehikoinen, A., Helle, I., & Myrberg, K. (2015). An overview of methods to
evaluate uncertainty of deterministic models in decision support.
Environmental Modelling & Software, 63, 24-31.
https://doi.org/10.1016/j.envsoft.2014.09.017

Valdez-Flores, C., & Feldman, R. M. (1989). A survey of preventive maintenance
models for stochastically deteriorating single-unit systems. Naval Research
Logistics (NRL), 36(4), 419-446. https://doi.org/10.1002/1520-
6750(198908)36:4<419::AID-NAV3220360407>3.0.C0O;2-5

Wang, R., Ma, L., Yan, C., & Mathew, J. (2012). Condition deterioration prediction of
bridge elements using Dynamic Bayesian Networks (DBNs). 2012 International
Conference on Quality, Reliability, Risk, Maintenance, and Safety Engineering,
566-571. https://doi.org/10.1109/ICQR2MSE.2012.6246298

Wenzel, H., & Pakrashi, V. (2019). Guidelines and Recommendations from COST TU 1406.
818-824. https://researchrepository.ucd.ie/handle/10197/10794

Wisniewski, D. F., Cruz, P.J. S., Henriques, A. A. R., & Simdes, R. A. D. (2012). Probabilistic
models for mechanical properties of concrete, reinforcing steel and pre-
stressing steel. Structure and Infrastructure Engineering, 8(2), 111-123.
https://doi.org/10.1080/15732470903363164

Woldesenbet, A. (2014). Highway Infrastructure Data and Information Integration &
Assessment Framework: A Data-Driven Decision-Making Approach. Graduate
Theses and Dissertations. https://lib.dr.iastate.edu/etd/14017

Woodward, R., Cullington, D. W., Daly, A. F., Vassie, P. R., Haardt, P., Kashner, R.,
Astudillo, R., Velando, C., Godart, B., Cremona, C., Mahut, B., Raharinaivo, A.,
Lau, D. R., Markey, I., Bevc, L., & Perus, |. (2001). BRIDGE MANAGEMENT IN
EUROPE (BRIME)—DELIVERABLE D14—FINAL REPORT.
https://trid.trb.org/view/707094

Wu, C., Wu, P., Wang, J., Jiang, R., Chen, M., & Wang, X. (2020). Critical review of
data-driven decision-making in bridge operation and maintenance.
Structure and Infrastructure Engineering, 0(0), 1-24.
https://doi.org/10.1080/15732479.2020.1833946

Yang, S.-l., Frangopol, D. M., & Neves, L. C. (2006). Optimum maintenance strategy for
deteriorating bridge structures based on lifetime functions. Engineering
Structures, 28(2), 196—206. https://doi.org/10.1016/j.engstruct.2005.06.024

Yoe, C. (2011). Principles of Risk Analysis: Decision Making Under Uncertainty. CRC Press.

Zambon, ., Vidovi¢, A., Strauss, A., & Matos, J. (2019). Condition Prediction of
Existing Concrete Bridges as a Combination of Visual Inspection and
Analytical Models of Deterioration. Applied Sciences, 9(1), 148.
https://doi.org/10.3390/app9010148

Zambon, I., Vidovic, A., Strauss, A., Matos, J., & Friedl, N. (2018). Prediction of the
remaining service life of existing concrete bridges in infrastructural networks
based on carbonation and chloride ingress. Smart Structures and Systems, 21(3),
305-320. https://doi.org/10.12989/ss5.2018.21.3.305

Zimmert, F., Braml, T., & Keuser, M. (2020). Decision-making for the efficient life cycle
management of structures. Structural Concrete, 21(4), 1217-1226.
https://doi.org/10.1002/suc0.201900408

75



Acknowledgements

The completion of this PhD thesis has been a journey that has taken more time than |
initially imagined and have involved more people than one would expect, thus, | am
grateful for the support that people around me have given.

Regarding the scientific work, then | would like to express my sincere gratitude to my
co-supervisor prof. José Campos e Matos, for his guidance, support and motivation —
without him | would not be able to set clear objectives and finalise the studies. | would
also like to show my gratefulness to prof. Martti Kiisa, who motivated me during the most
difficult period and helped me to keep topics within the reach of practical use and to
prof. Juhan Idnurm, who secured my progress. In addition to my supervisors, | would like
to thank Professor Emeritus Siim Idnurm for inviting me to Doctoral studies, Dr Eerik
Peeker for helping me with computational issues, COST Action TU1406 members for
interesting talks and colleagues from Tallinn University of Technology, University of
Minho, Estonian Transport Administration, Latvian State Roads, Transport Competence
Agency in Lithuania for their mental support. For financial support, | would like to
acknowledge the support of Archimedes Foundation, Professor Karl Qiger Scolarship
Foundation and COST Action supported by EU Framework Programme Horizon 2020.

Furthermore, | would like to acknowledge prof. Mihkel Kiviste, who pre-reviewed the
thesis and pointed out different issues regarding to structural engineering and material
testing that needed better clarification.

In addition to scientific effort, this thesis has demanded commitment and time at the
expense of my family, so my greatest appreciation goes to my wife Moonika and kids
Samuel, Simon and Miabel —as promised for thousand times “One day we will say we did
it!”

76



Abstract
Development of an optimised condition assessment plan for
common reinforced concrete bridges in Estonia

The dissertation concentrates on the optimisation of condition assessment, which is a
common information collection method in bridge management. The uncertainty in the
input data could lead to wrong management decisions, which will affect the overall
performance of the bridge network. To overcome the limitation of qualitative visual
assessments, a framework to optimise inspection scheduling for regular condition
assessment of bridges is proposed. The framework is applied in the Estonian context but
is usable in every management system because the whole process includes the definition
of the measurand, quantification of accuracy in different assessments and comparing the
novel approach with the current system. The main objective of the work is to keep the
level of uncertainty under the desired level and maximise the time between assessments.
The uncertainty is used because the real condition of an element is always unknown and
using the uncertainty of the assessment as a performance indicator triggering the
inspection will ensure that the condition is known with needed uncertainty and
unnecessary assessments are not triggered.

The first part of the thesis is concentrated on describing the current situation in the
field of decision-making and performance assessment. The differences in current
practice and latest developments are notable because in the world, bridge management
systems have been developed since the 1960s, but the Estonian system has been
developed since 2004. Although Estonian development is based on the PONTIS system,
it has been mainly used for the collection of condition assessment data. Also, the
subjectivity of visual inspection is known in Estonia, but the existence of the uncertainties
has not been recognised or investigated. In addition to the description of the current
situation, a statistical investigation based on Principal Component Analysis was done and
it revealed that based on the change of condition state most principal elements are non-
structural, which means that making intervention decisions based on only construction
material or typology is incorrect and additional factors concerning the real influence of
structural elements should be used.

The information presented in the second part of this thesis form a framework that can
be practically used in the condition assessment planning in Estonia. The improvement of
the current visual inspection-based condition assessment is suggested to be done either
with additional non-destructive testing, with more optimal inspection scheduling or the
combination of both previous. To simplify the application procedure a selection of non-
destructive testing methods was introduced and a conversion matrix for few common
advanced assessment methods was proposed. For non-destructive testing methods, the
selection of suitable non-destructive testing methods was also investigated, using
Analytical Hierarchy Process. The highest utility ranking is for methods dealing with cover
depth, material properties or impact echo method for crack measurement, but
corrosion-related methods are not suggested. In addition to the proposal of a conversion
matrix, the difference of assessment outcomes was investigated with carbonation
information collected from the 9 most common concrete bridges. The results showed
that visual inspection-based assessment tends to give better condition and although the
carbonation process has already depassed reinforcement, the visual appearance tent to
trigger maintenance instead of repair.
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The quantification of uncertainty is based on the Guide to the expression of
uncertainty in measurement (GUM) and is supported with benchmarking tests of
different assessment methods. The results of condition assessment are modelled with
continuous-time Markov models, verified with verified using y? goodness-of-fit test, and
updated with Bayesian inference. The benchmarking was carried out on 5 bridges and
the overall procedure involved 9 different experts and 13 novice students to find the
upper limits of assessment methods. The benchmarking tests revealed that although
expert assessment is almost 3 times more accurate than students, the assessment of
novice inspector is better than the situation with no inspections. In a comparison of
assessment methods, the most inaccurate non-destructive method, carbonation depth,
is still better than visual inspection carried out by an expert.

The optimisation framework for optimal inspection scheduling based on linear
interpolation and the obtained results are compared with the current Estonian
assessment regulation to show the efficiency of a novel approach. Based on the main
girder deterioration models, the currently used 4-year interval triggers inspections too
quickly for 55 years and afterwards, the level of uncertainty is above the threshold, which
means that the time of the inspection is not related to uncertainties involved in the
assessment. Although improving visual inspections with more accurate non-destructive
testing is needed after a certain period in use, the time between inspections can only be
extended with a more accurate assessment.
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Liihikokkuvote
Optimeeritud seisukorra kontrolliplaani vilja to6tamine
tiipilistele Eesti raudbetoonsildadele

Viitekiri keskendub sildade seisundi kontrollimisele, hinnangutega kaasnevale
madramatusele ning Ulevaatuste vahelise aja optimeerimisele. Seisukord on sildade
haldamises Uks tahtis muutuja, mida kasutatakse investeerimisotsuste tegemisel ja see
tdhendab, et algandmete madramatus voib viia valede otsusteni, mis omakorda
mojutavad sillavorgu (ldist toimivust. Maailmas on varasemalt maaramatust kasitletud
Oigete parendustegevuste vaates ning uuringutes on keskendutud Uldise haldusega
seotud kulude optimeerimisele. Antud t60s valja pakutud raamistiku loomisel on
teadlikult piirdutud seisukorra llevaatustega, et tahtsustada selle etapi kaigus kogutud
andmete olulisust sildade halduse kontekstis. Tulemuste paremaks iseloomustamiseks
on uuringus arendatud raamistiku rakendamist tdiendavalt piiritletud Eesti thdpiliste
raudbetoonsildadega, mille seisukorra andmeid on enam kui 10 aastat ilma pd&hjalike
uurimusteta kogutud. Kuna kogu protsess on universaalne, sisaldades mdddetava
suuruse maadratlemist ja mootetdpsuse numbrilist valjendamist erinevates hinnangutes,
siis tegelikkuses saab seda kasutada ka teistes varahaldussiisteemides. T66 peamine
eesmark on juhtida tdhelepanu seisundi hinnangutega kaasnevale mdaaramatusele
haldamises ja pakkuda vélja lahendus, kuidas hoida madramatuse tase soovitud tasemest
madalamal samal ajal pikendades hindamiste vahelist aega. Mdaramatust kasutatakse
naidikuna seetottu, et elemendi tegelik seisund ei ole kunagi tadpselt teada ja kui
hindamise protsessi tdiendatakse maidramatusega, siis tagatakse, et seisund on alati
piisavalt tapselt teatud ja puuduvad ileliigsed kulud. T66 voib jaotada kahte ossa, millest
esimeses on tutvustatud hetkeolukorda maailmas ning Eestis ja teises on keskendutud
raamistiku loomisele.

Praeguse olukorra kirjeldamisel on peamiselt tdhelepanu juhitud toimivuse
hindamisele ja otsuste tegemisele maailmas ning Eestis. Erinevused on markimisvaarsed
ja on seotud juba puhtalt asjaoluga, et maailmas on sildade haldamise siisteeme
arendatud juba alates 1960. aastatest, kuid Eesti slisteemi hakati valja to6tama alles
2004. aastal, millest on praeguseks korralikult rakendatud seisukorra hindamise ja
andmete kogumise metoodikad. Visuaalse lilevaatusega kaasnevat madramatust on
Eestis vahesel madral uuritud ning valdkonna spetsialistid on sellest teadlikud, kuid
parendustegevustega seotud otsused pohinevad jatkuvalt subjektiivsel hinnangul.
Selleks, et sillapargi hetke seisukorda kirjeldada, uuriti Eesti sildasid statistiliselt peamiste
komponentide analllsi erinevate algoritmide abil. Tulemused néitasid, et peamised
komponendid ei ole kestvusega seotud ja eri silla thdpidel on kdige olulisemad
elemendigrupid erinevad, mis tdhendab, et otsuste tegemisel ei ole korrektne lahtuda
ainult silla thdbist vdi ehitusmaterjalist ning kasutusele tuleks votta tdiendavad tegurid,
mis arvestaksid elemendi tahtsusega konstruktsiooni kestvusele.

T60 teises pooles on keskendutud tervikliku raamistiku eri osade tutvustamisele ja on
toodud naited, mis nditavad, et seda on vdimalik praktiliselt kasutada seisundi
kontrollide planeerimisel. Hetkel Eestis kasutusel olevat seisukorra hindamist on
soovitatud tdiustada tdiendava mittepurustava katsetamise, optimaalse seisukorra
kontrollimise v3i kahe eelneva kombinatsioonina. Tdiendavate mittepurustavate katsete
kasutuselevdtu lihtsustamiseks tutvustati Analuitilise Hierarhilise Protsessil pdhinevat
sobivate katsemetoodikate valikuprotseduuri ja valikut erinevatest katsetest. Kdige
enam sobivad slsteemi tdiendamiseks metoodikad, mille abil saab hinnata materjali
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omadusi, kaitsekihi paksust ja pragude stigavust, kuid korrosiooni hindamisega seotud
metoodikad ei ole sobilikud. Lisaks metoodikatele to6tati valja Glemineku maatriks, mille
abil saab lihtsalt md&dtetulemuse Umber tdlgendada elemendi seisunditasemeks.
Uleminekumaatriksi sobivuse niitlikustamiseks teostati m&&tmisi ja koguti andmeid 9
enamlevinud betoonist sillalt. Karboniseerumise ja visuaalse Ulevaatuse tulemuste
vordlusest vGib jareldada, et visuaalne hindamine annab parema seisukorra ehk
vaatamata asjaolule, et karboniseerumine on joudnud juba armatuurini, lubab visuaalne
hinnang remondi asemel jatkata tavahooldusega.

T66 keskmes oleva madramatuse numbriline valjendamine pdhineb metroloogiast
tuntud modtemadramatuse Uldteoorial ja erinevatel vordluskatsetel. Rajatiste
seisukorda ja sellega kaasnevat mddtemdaramatust modelleeritakse pideva ajaga
Markovi mudelitega, mille seosed tegelikkusega on valideeritud Hii-ruut testi abiga. Uute
andmetega arvestamiseks on prognoosimudeleid kombineeritud Bayes’i seadusega ja
tulemused on saadud Monte-Carlo simulatsiooni abil. Erinevate metoodikate
vordluskatsed viidi 1abi kokku viiel sillal ja erinevate mdodtemaaramatuste leidmiseks
kaasati kokku 9 eksperti ja 13 Glidpilast. Vordluskatsete tulemusena selgus, et eksperdi
visuaalne hinnang on kogenematu (lidpilase hinnangust ligi 3 korda tdpsem ja ka
kogenematu ulidpilase hinnang on parem, kui hinnangu puudumine. Eri katsemetoodikate
vordluses on kdige ebatdpsem karboniseerumissiigavuse madramine, mis on vaatamata
korgele mootemaaramatusele ikkagi tapsem, kui eksperdi visuaalne hinnang.

Optimaalne seisukorra lilevaatuse intervall on leitud seisunditaseme ja maaramatuse
lineaarse interpoleerimise teel. Uudse ldhenemise tShususe tdestamiseks vorreldi
tulemusi praegu Eestis kehtivate pdhimdtetega, kus Ulevaatused on ajastatud 4-aastase
intervalliga. Vordluse aluseks vdeti tllpiliste betoonsildade peatalade 95%-lise
usaldusnivooga tagatud prognoosimudelid ning piirvddrtused madratleti vastavalt
omaniku soovidele. Vérdluse tulemusena selgus, et praeguse lahenemise puhul on
4-aastane intervall liiga sage ja ei taga piisavat tdpsust. Esimese 55 aasta puhul vdib
lilevaatuseid ajastada vastavalt optimeeritud seisukorra kontrolli plaanile ning seejarel
on vaja visuaalseid llevaatuseid tdiendada tdpsemate mittepurustavate katsetustega.

Loppkokkuvdttes leiti, et praegust seisukorra kontrolli on vdimalik tdiendada selliselt,
et seisukorra hinnang jaab alati allapoole soovitud piirvaartust ning kombineerides t66
kdigus vadlja tootatud raamistiku erinevate parendustegevuste optimeerimisega on
voimalik teha paremaid ja tapsemaid otsuseid.
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Abstract. This paper introduces a possible way to use a multivariate methodology, called principal component analysis,
to reduce the dimensionality of condition state database of bridge elements, collected during visual inspections. Atten-
tion is paid to the condition assessment of bridges in Estonian national roads and collected data, which plays an impor-
tant role in the selection of correct statistical technique and obtaining reliable results. Additionally, detailed overview of
typical road bridges and examples of collected information is provided. Statistical analysis is carried out by most natural
reinforced concrete bridges in Estonia and comparison is made among different typologies. The introduced multivari-

ate technique algorithms are presented and collated in two different formulations, with contrast on unevenness in vari-
ables and taking into account the missing data. Principal components and weighing factors, which are calculated for
bridges with different typology, also have differences in results and element groups where variation is retained.

Keywords: bridge management, condition assessment, multivariate analysis, principal component analysis, statistical

analysis, visual inspections.

1. Introduction

Bridges play an essential role in an infrastructure network,
a famous Serbian writer has introduced them as follows:
“Of everything that man erects and builds in his urge for
living nothing is in my eyes better and more valuable than
bridges. They are more important than houses, more sacred
than shrines. Belonging to everyone and being equal to eve-
ryone, useful, always built with a sense, on the spot where
most human needs are crossing, they are more durable than
other buildings, and they do not serve for anything secret or
bad.” - Andri¢ (2015), Nobel Prize Winner in 1961.

Due to the economic and societal risk of failure of
bridges, it is vital for asset managers and stakeholders to
implement adequate management systems to ensure the
risk of failure is under stated performance criteria (Mu-
eller, Stewart 2011). Many authorities, including Estonian
Road Administration, have implemented a management
system to monitor the condition of their existing bridge
network (Lauridsen et al. 1998). A Bridge Management
System (BMS) is a systematic and rational approach to
perform all management activities related to managing a
bridge stock (Scherer, Glagola 1994). It usually includes
planning intervention activities to fulfil the serviceabili-
ty requirements and using computational tool to track,
record and process the results of management actions
(Lauridsen et al. 1998). Bridge Management System

comprises coordinated activities to realize their optimal
value, which involves balancing of costs, risks, opportu-
nities and performance requirements. This framework
allows asset managers to plan further assessment and in-
tervention (Matos et al. 2015) often rely on collecting con-
dition ratings of structures using visual inspections (Das
1998; Estes, Frangopol 2005).

Unified visual inspections, as the most basic level in
the assessment of existing road structures (Riicker et al.
2006), have been used on Estonian national road bridges
for more than 10 years and more than 40 000 element
condition states have been recorded during the peri-
od. Although there are only 995 bridges, it is difficult to
discern, which bridge is the worst state or what kind of
intervention it is possible to carry out. One solution, to
make decision-making more efficient, it is possible to
exploit modern computational methods to perform “big
data” analysis, which allows the extraction of information
from a large dataset for descriptive and predictive pur-
poses, using statistical techniques (Manyika et al. 2011).
The purpose of data-reduction in multivariate analysis is
to represent the original data with suitable lower-dimen-
sional space, which helps to enable visualisation and dis-
cover data structures and patterns (Martinez et al. 2010).
This paper investigates the use and applicability of linear
multivariate analysis method called Principal Component
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Analysis (PCA), where different algorithms are applied
on collected visual inspection database of most common
reinforced concrete bridge typologies in Estonia to see the
possibilities of statistical analysis and to point out elements
with higher variance.

Hanley et al. (2015; 2016) have previously investiga-
ted Principal Component Analysis applicability to con-
dition rating data of BMS by integrating this technique
into a network of road bridges in Ireland and Portugal. In
conclusion, the PCA is indicated to be a viable tool in the
assessment of large data sets relating to engineering ap-
plications, and it is possible to convert results directly to
weighing factors of condition ratings. It was also suggested
to investigate other typologies with more detailed descrip-
tion (Hanley et al. 2016).

In this paper, visual inspection database and most
ordinary reinforced concrete bridges of Estonian national
road network are introduced. The difference with previous
research is an additional comparison of two algorithms of
PCA and element groups with greater variance are pointed
out. Two different algorithms are compared to show the
possibility of making wrong decisions based on results of
PCA. This paper attempts to address this issue by choo-
sing appropriate indicators and giving a rational basis for
modelling technique and decision-making. From an en-
gineering perspective, decisions are naturally the result of
a well-structured reasoning which justifies the selection
of the final solution. Decisions made because of a logical,
scientifically structured process are considered as rational
decisions (Sanchez-Silva, Klutke 2016).

Since there is more than one possible decision, for the
better outcome the use of statistical techniques should also
be considered. Many techniques have been developed for
this purpose, but PCA is one of the oldest and most widely
used (Jolliffe, Cadima 2016). It is first formalized by Pe-
arson (Pearson 1901) and described in its algebraic form
by Hotelling (Hotelling 1933). The technique identifies the
component ratings which are more important than the ot-
hers regarding explained variability and reassesses these
relative importance ratings of different factors from an en-
gineering point of view, based on additional data (Hanley
et al. 2015). Principal Component Analysis is dimensio-
nality-reduction method where a set of original variables
are replaced by an optimal set of derived variables, called
Principal Components (PCs) (Jolliffe, Cadima 2016).

Table 1. Description of condition state ratings in Estonian BMS

Condition s .
. Description, action
state rating
1 Element in good condition, no rehabilitation
needed
2 Element in fair condition, minor rehabilitation,

and local repair needed
3 Element in bad condition, repair needed

4 Element in critical condition, major repair or
replacement needed

One solution is to use the results as an input for the
bridge condition calculation or predictive models for
different typologies of bridges by calculating the impor-
tance of relevant elements which define the performance
of individual bridge based on visual inspections. The re-
sults are also useful for comparing relative components of
bridges with different typology, age, traffic intensity, expo-
sures or other environmental situations.

2. Description of dataset

The average age of Estonian national road bridges is 40
years, which indicates the necessity to have an overview of
their condition and to make correct decisions to preserve
them as long as possible. The implementation of unified
visual inspections and management in Estonian national
roads started in 2003; the system was based on United
States system PONTIS, which was initially used to moni-
tor the state of existing bridge stock and to predict the fu-
ture condition of bridges (Thompson et al. 1998). First of-
ficial inspections were carried out in 2005, and within this
period every bridge is visually inspected twice and 400 of
them already three times.

Assessment of a bridge consists of inspecting eve-
ry element unit of the bridge and evaluating each with a
condition rating based on a scale of damage present and
necessary rehabilitation method (Table 1). An overall ele-
ment condition index is calculated based on the overall
quantity of units and state factors, as shown in Eq (1):

2k

H, =552 100%, (1)

YA

where H, — condition state of element; s is condition state;
k, — coefficient of state and g, is the amount of units in
current state. Bridge condition index is calculated based
on element condition index and weight factor. The overall
condition rating of the bridge, which is often the primary
decision criterion of investments, has misleading impact
because different states of element deterioration possess
equal condition ratings in overall.

A central element in life-cycle assessment (LCA) in-
volves making predictions about the degradation of the
system. It requires a clear understanding of the physical
laws which define the system behaviour and possible un-
certainties. The degradation of a bridge condition descri-
bes the process by which one or a set of elements lose value
with time (Sdnchez-Silva, Klutke 2016). In PONTIS, the
future condition states of visual inspections are processed
with Markov chain method, depending on the assumption
whether the interventions are performed during the time
frame between inspections (Thompson et al. 1998).

From an overall number of 995 Estonian national
road bridges, 778 are constructed of reinforced concrete.
Although the number of reinforced concrete bridges has
decreased in last decade, by replacing them with soil-steel
composite bridges, it is still most popular construction ma-
terial in Estonia.
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There are 4 main typologies for reinforced concrete
bridges, which are divided into 7 different groups according
to main girder and construction year, these are:

1. Mounted simply supported beams with diaphragms

(constructed after 1956).
2. Mounted simply supported beams (constructed af-
ter 1963).
. Cast in site simply supported slabs (constructed
before 1960).
4. Mounted or cast in fragments simply supported
slabs (constructed after 1960).
5. Cast in site simply supported beams (constructed
before 1956).
Mounted frames (constructed after 1978).
Cast on site simply supported cantilevers (con-
structed before 1956).

These typologies make 98% of all reinforced concrete
bridges. The primary concentration is on bridges that were
constructed or repaired before 2005, when first unified vi-
sual inspections were carried out, because every kind of
intervention is changeing the natural degradation pro-
cess. In last 10 years, the average amount of bridges being
built or reconstructed is 41, and since the main criteria of
multivariate analysis is to exclude bridges with interven-
tion, there has been a filtering process before analysing
most common typologies. After excluding repaired and
reconstructed structures, only 5 main typologies with a
dataset of 501 reinforced concrete bridges remain (Ta-
ble 2). To be clear, Group No. 1 consists of both simple
span bridge typologies constructed after 1956 and Group
No. 4 consists of the simple span and cantilever bridges.

As mentioned before, the visual inspection results are
recorded on an element basis. It is possible to select from
124 different elements, which are distinguished by type
and overall dimensions. For example, there are 5 different
elements for piers with different width.

Within this analysis, the elements are divided into
16 different groups (Table 3) to investigate overall pat-
terns in specific typology. This division of element
groups was made based on available element observa-
tions and structural integrity, which describes the bridge
performance where structural components have bigger
effect on the overall load bearing capacity than non-
structural. The condition ratings for each group are cal-
culated from every represented element condition and
are on the scale of 1-4 in increasing order as condition
rating for elements (Table 1). No weight factors are used
in the calculation of group and condition ratings are ave-
rage results of elements.

Another limitation of data usage is due to the peculia-
rity of bridge inspections, which are carried out in different
time frame. Bridges have been inspected seasonally or in
so-called cycles, where assessment of all structures is done
in 3 or 4 years. The first cycle was in 2005-2007, second in
2010-2013 and the third one started in 2015. An example of
average condition indexes of all inspection cycles is shown
in Fig. 1, where calculated average conditions are shown.

W

N

Due to the nature of deterioration process, without
any intervention, the element state has to be higher, and
within the period between first two assessments, the con-
dition index is higher or slightly better. Improvement of
the condition is normally caused by the subjectivity of ins-
pector or unrecorded maintenance works. Nevertheless,
differences between condition state of the second and third
cycle are much more significant, and they describe the si-
tuation where most of the elements are getting into better
condition state without any intervention. The differences
are mainly emerging because of insufficient information,
caused by the situation where all the bridges are inspected
twice, and only half of them three times. In further analy-
sis, the primary attention is paid to 501 bridges with two
different results.

3. Formulation of principal component analysis
and algorithms in case of missing data

The primary purpose of the PCA is to reduce the dimen-
sionality of a set of data and redefine the input variables
as principal components (PCs). It is a linear combination
of the original variables, having fewer variables than the
original dataset while preserving most of the information
(Hotelling 1933; Jolliffe 2002). The first principal compo-
nent Y; is defined as Eq (2):

Table 2. Main typologies of Estonian national road bridges
without interventions

GI{%'IP Type Consyt;:rction Amount
1 Simple span beam 1956—... 195
2 Slabs ..—1959 86
3 Slab in fragments 1960-... 118
O Cantleverbeam 0%
5 Frames 1978~... 68
Total 501

Table 3. Element groups divided by position

Non-structural Structural

Number Number
elements elements
Overlay 1 Deck plate 9
Barriers 2 Edge beam 10
Handrails 3 Piles and columns 11
Drainage 4 Abutment cap, 12
crossbeam
Wing wall, front
Slopes 5 wall, foundation, 13
abutments
.I)gformatlon 6 Diaphragms 14
joints
Other (nver‘bed, 7 Main girder 15
snow nets, signs)
Waterproofing 8 Bearings 16
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B 1cycle

Average condition index

1 2 3 5 6 7 8

B 2 cycle

3 cycle

1.73

10 11 12 13 14 15 16

Element group

Fig. 1. Average condition indexes of element groups for simply supported beams (Group No. 1)

—ox= _\?
Y, =oqx =0y x; +0yX, +. o, X, —ijlotljxj , (2)

where ajx — a linear function of the elements; x having
maximum variance; o. — a vector of P coeflicients a..

The first principal component is the direction along
which the data set shows the largest variation (Ringnér
2008), and the second component is determined under the
constraint of being orthogonal to the first component and
to have the largest variance (Abdi, Williams 2010). The
second principal component Y, =ax is found in a simi-
lar manner to the first principal component, and so on for
the subsequent principal components up to p PCs. Recom-
mendation is given for the number for PCs accounting the
variance in the data set, which must be significantly lower
than all the calculated components (Jolliffe 2002).

As described by Hanley et al. (2015), it is possible to
use the sum of the square of PC coefficients o; for each
variable, because the sum of coefficients are equal to uni-
ty and it is a better indicator in comparison of results.
Weighing factors are derived from coefficients as shown
in Eq (3):

¢=20 A, ®)
where £ — a combination of weighing factors based on
L= ai j-100% and original condition ratings x;

The previous formula, discussed in matrix terms,
where a PCA is conducted through an Eigenvalue Decom-
position (EVD) or a more robust and generalized Singular
Value Decomposition (SVD) (Chambers 1977).

For a data matrix X of n observations on p variables
measured by their means Eq (4):

X=ULA', (4)

where L - an (r x r) diagonal matrix; Uand A — (n x r) and
(p x r) matrices, respectively, with orthonormal columns,
and r — the dimensionality of X.

SVD approach to PCA is shown to be computationally
efficient and generalized method to determining the PCs.

As in previous investigations by Hanley et al. (2016) in
using PCA for analysing BMS data, there is a problem with
“missing data” in data-subsets, which describes a situation
where a statistical difference of observations in among ele-
ment groups appears. In multivariate analysis, it is often
possible to use the existing structure of the data to estimate
the missing data and complete a dataset, for example using
Alternating Least Square (ALS) algorithm.

The algorithm alternates between imputing the missing
values in and applying standard PCA to the in-filled (com-
plete) data matrix (Jolliffe 2002). Initially, the missing values
are replaced by the row-wise means of the previous matrix.
The covariance matrix of the complete data are then esti-
mated without the problems of principal components being
more abdundant than estimated variances and situation
where the covariance matrix is negative, as in Eq (5)-(6)
(Ilin, Raiko 2010).

The Alternating Least Square algorithm alternates
among the updates:

x=(aa)" AU, (5)

A=UX'(xx')", (6)

where X — (p x n) matrix of principal components; U and
A — (nxr)and (p x r) matrices, as stated in Eq (3).

This iteration is efficient when only a few principal
components are needed, so the number of principal com-
ponents must be significantly lower than dimensionality
of data vectors. (Roweis 1998). Alternating Least Square
alternates among imputing the missing values in updated
matrix, by replacing the values with row-wise mean values
of original matrix. The covariance matrix of updated data
is estimated using bias term M and matrix A will be com-
puted using EVD. Principal components are calculated
using Eq (7) (Ilin, Raiko 2010):

x=A"(v,-M), %)

where Y, states centred principal component and M states
row-wise mean values of original matrix.



The Baltic Journal of Road and Bridge Engineering, 2017, 12(4): 225-233

229

For better estimation of missing values, the computa-
tion is reconstructed as in Eq (8) (Ilin, Raiko 2010):

Y, v (8)
CT)AX+M”

where Y will be used for observed values and AX + M for
missing values.

In case of condition rating for a bridge element it is
considered inappropriate to complete the dataset with al-
gorithms, because unfilled rating usually indicates missing
element (Hanley et al. 2016).

The suggestion has also been made for variables,
which means PCA should only be conducted on conti-
nuous variables conforming to a Gaussian distribution
(Qian et al. 1994), and its application to discrete data, such
as element condition state ratings, are inaccurate. However,
so long as inferential techniques requiring the assumption
of multivariate normality are without reference, there is no
necessity for the variables in the data set to have any associ-
ated probability distribution (Jackson 2003).

It is often considered wise to use the correlation ma-
trix for a PCA, as the standardized varieties are dimension-
less and more readily compared (Jolliffe 2002). However,
when the variables are measured in the same units and have
a low variance, using the covariance matrix is sometimes
appropriate, and it is beneficial when statistical inference
is essential. In case, when the condition ratings are already
dimensionless, it is unnecessary to entirely standardise the
variables (Hanley et al. 2015). Since condition ratings in Es-
tonian BMS are already dimensionless, the raw data is used
as input for a PCA.

4. Results

The Principal Component Analysis was conducted on five
most common reinforced concrete bridge types shown
in Table 2. In every specified typology, there was a differ-
ent number of element groups present, and in some ty-
pologies, there were only a few records available on the

Table 4. Comparisonof different PCA algorithm results

condition of drainage, deformation joints or bearings, so
these elements were excluded from analysis.

The comparison was made in two different steps. At
first, two different algorithms of PCA were compared, con-
centrating on some useful PC and coefficients. Secondly,
differences in PCA results between different typologies were
compared and possible input for weighing factors suggested.

4.1. Comparison of algorithms

To compare different algorithms with identical data, sug-
gested script by Matlab® was used. An example of results
using ALS and SVD algorithms is presented in Fig. 2 and
Table 4 where the mean values of condition states and in-
cluded some observations of element groups are shown.
As stated in the previous chapter, ALS algorithm fills miss-
ing data with row-mean values and input for calculating
PCs are based on artificial data, which is different from
SVD algorithm.

Differences in Fig. 2 are small when considering the
condition state is within the limits of 1-4, but within the
period of two different inspections, the condition state has
changed in similar calibre, which means the decision-ma-
king process is influenced by artificial results.

In Table 4, only element group “Other” results have
remained unchanged. The reason is the same amount of

o
E ﬂ uSVD mALS
o

Average condition

1 2 3 5 7 8 2 10 13
Element group

Fig. 2. Mean values of Group No. 2 (slab bridges) data of first
inspection cycle

¥
[
. K g £ E
b= < < 5]
Element group & g %, 5 - § :ﬁ: E g
3 £ g & £ 2 P g 3
S & s % & = o) = 3
Singular Value Mean 2.04 185 232 270 148 1.25 118 223 2.09
Decomposition (SVD)  Opgervations ~ 177.00  63.00  79.00 86.00 26500  90.00  90.00  89.00 177.00
Alternating Least Square ~ Mean 2.04 171 220 259 148 1.45 1.30 2.45 2.08
(ALS) Observations ~ 265.00  265.00 265.00 26500 26500 26500 26500 26500 265.00
Alternating Least Square ~ Mean 0.30 -7.60 =520 -4.10 0.00 15.60 9.80 9.70  -0.30
(ALS) difference in %
from Singular Value Observations 4970 32060 23540 208.10  0.00 19440 19440 197.80  49.70
Decomposition (SVD)
Variance 0.46 066 076 046 047 0.33 0.03 0.16 0.14
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observations in both algorithms, which in other element
groups are filled with artificial data calculated with ALS
algorithm. Differences in mean values of condition sta-
tes differ from 7.60% to 15.60%, which is considered to be
within the limits of human subjectivity, but still, have the

5.8924 r 100%
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41 F68%
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3

g

Z3 F51%
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=
2 34%
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Principal components
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qu_. F48%

55}
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1 2 3 4 5 6 7 8 9 10
Principal components

Fig. 3. Scree plot of Group No. 1 using SVD (left) and ALS
(right) algorithm

Table 5. Conclusion of principal components and retained
variation from different algorithms

Singular Value Alternating
Algorithm Decomposition Least Square
(SVD) (ALS)

@ k=] 2 k=]

g £ g £

Group Inspection g § g g § g

oade  FE., = 2E. =

£SE £ ESRE  E
1 6 63.8 4 73.7
! 2 6 66.6 4 77.7
1 4 74.3 2 77.6
2 2 5 79.2 2 74.5
1 5 82.7 3 74.6
’ 2 4 71.0 3 73.8
1 5 79.9 2 96.6
* 2 4 77.3 2 97.2
1 4 83.0 2 71.9
> 2 3 75.7 3 81.7

additional influence on results. Differences in mean values
and number of observations are directly uncorrelated, but
elements with more missing fields have a more significant
difference in mean condition states. On the other hand,
when looking the ranking of element groups, the list remai-
ned unchanged.

In conclusion, according to Hanley et al. (2016) ar-
guments and overall results of the comparison, in asset
management, it is correct to use data with original results
to prevent using false information of elements, which are
missing. Due to incorrect information, interventions must
be carried out also on missing elements.

4.2. Number of principal components

The number of useful components was visualized with a
scree plot of the eigenvalues (Cattell 1966). When it is neces-
sary to determine, which PCs are essential and which must
be discarded from the data set, then it is effective to use
scree plot as a tool. As the components become less influen-
tial the slope of the scree plot begins to flatten because they
have retained less variance than the previous components
(Hanley et al. 2016). From the example of beam bridges
shown in Fig. 3, the PC, at which the plot begins to flatten
out, occurs for SVD at the fourth PC and ALS at the third
PC. There is also a difference in the retained percentage of
the variation in the data, being respectively 48% and 66% for
different methods with substantial PCs. For Singular Value
Decomposition, the retaining variation percentage is still
under half of all data variation. Without artificial data, it is
necessary to use results of six PCs to have a similar amount
of variation described. In both cases, the inclusion of these
PCs would not violate the practice of retaining eigenvalues
higher than average value.

The comparison of different typologies, shown in Ta-
ble 5, is made with the assumption where the variation of
deterioration model is described by PCs, which have higher
eigenvalues than average. Although in all cases it is possible
to get minimal results with fewer PCs using ALS, some pat-
terns are stressed out. Group No. 1 has 15 element groups
represented, so the lack of principal components is unders-
tandable. In Group No. 5, there are only nine element groups
represented and a subset of missing data is lower, which gives
similar results from both algorithms. Differences and simila-
rities in variables are described with a specialty of ALS algo-
rithm, where missing values are filled with row-mean values
of the original matrix, and as a result, the variation of less
presented components are lower.

If ALS algorithm makes the whole database artificial,
then it is necessary to make some changes in data collection
during visual inspection of different bridges by levelling
the amount of data in different groups. One possibility is
to spread these groups based on the amount of data — one
with more elements and other with less. Since ALS algo-
rithm retains most of the variation in falce data, further re-
sults are based only on SVD algorithm.

The coeflicients of Principal Component indicate
the relationship between the bridge elements and princi-
pal component (Hanley et al. 2016). As results vary from
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positive to negative, the positive values indicate advanced
damage for the element groups in the bridge, and a ne-
gative values indicates these element groups, which are in
favourable conditions.

For first principal component the largest coefficients of
PC 1 in every typology were for the non-structural elements
indicating most advanced damage for types in handrails,
for old slab typology in barriers and for frame typology in
other elements. Situation is explained by the circumstan-
ce where most of bridges have old deteriorated handrails or
barriers. As most of element groups with the largest coeffi-
cients in PC 1 are indicating elements with shorter life cycle,
there is also more variation in visual inspection results.
Unfortunately, these elements are non-structural and it are
considered as irrelevant elements of a bridge, because they
incorporate minimal risk to structural load carrying capa-
bility. Since the retained variation, percentage is relatively
high in following components then it is necessary to include
results from them.

For second principal component in most cases the
largest coeflicients were also for non-structural elements
indicating most correlation to previous elements in slopes,
deformation joints and waterproofing.

Since different typologies retain variation different-
ly and do not have a correlation in respective principal
components, then only example of one bridge typology
is presented (Figs 4-5) and further discussion of possible
weighing factors for every typology is presented in sub-
chapter number 4.3.

Example of principal components is based on slab
bridges Group No. 2, which represents the most com-
mon typology constructed before 1960’s since the lengths
needed to span were relatively low, and it was easier to
cast in slabs than beams. The results are influenced by
non-structural elements in every principal component.
The background of the results is explained by adequate
building quality of structural components, and naturally,
non-structural elements deteriorate faster. The most va-
riance is retained in safety barriers. The first structural
component is waterproofing. Results of the same element
group have different signs, for example, overlay, results in
the first cycle show deterioration, but in second cycle it
shows better condition. The reason is described with the
situation, where on the first inspection, the attention was
on other structural elements, and this element group was
inspected superficially. The same pattern is applicable for
other element groups.

4.3. Weight factors of element groups

According to Eq (3) and results of PCA, it is possible to
obtain weighing factors for every specified bridge typolo-
gy. Results were calculated with results combined with two
inspection cycles, where squares of PCs were taken before
averaging the results. In this way, different signs of coef-
ficients were eliminated, and element groups with higher
variation remained as principal elements.

Overall results are presented in Table 6. Results are
similar for most of the typologies, where weight factors are
higher in non-structural element groups, and only some
basic element groups influence overall results.

Weighting factors are also representing the overall
results of PC 1, which shows where the most variance
of visual inspection data is retained in safety barriers,

EPC1 mPC2 mPC3

Coefficient value
[=]

Element group
Fig. 4. Principal Component coefficients of first inspections
of slab bridge typology

Coefficient value

Element group

Fig. 5. Principal Component coefficients of second inspections
of slab bridge typology

Table 6. Weighting factors \ of different bridge typologies

Element Typology Group No.
group 1 2 3 4 5
1 0.64% 8.84% 1.92% 2.92% 1.79%
2 2.08% 62.27% 7.70% 9.09%  5.09%
3 77.93% 16.95% 72.85% 56.68%  NA*
4 NA* NA* NA* NA* NA*
5 4.16% 2.51% 1.36% 8.10% 2.27%
6 4.70% NA* NA* 1.25% NA*
7 0.34% 4.51% 6.26% 3.99%  86.08%
8 0.10% 4.15% 9.25% 2.07%  0.33%
9 0.03% 0.00% 0.27% 0.13%  0.01%
10 0.17% 0.20% 0.09% 0.36%  0.65%
11 0.10% NA* 0.20% 0.29%  0.38%
12 0.24% NA* 0.03% NA* NA*
13 0.31% 0.57% 0.06% 3.20%  3.39%
14 0.05% NA* NA* 0.04% NA*
15 1.93% NA* NA* 5.52% NA*
16 7.21% NA* NA* 6.34% NA*

Note: *data not available
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handrails or other elements. Three different reasons des-
cribe the background of these results. Firstly, there have
been two different inspectors, each carrying out ins-
pections in one year. Both inspectors were inexperien-
ced at the beginning and gained knowledge during ins-
pections. Secondly, these elements are widely damaged
by traffic and snow ploughing. Also, the usage of de-icing
salts makes steel elements deteriorate faster. Thirdly,
the barriers and handrails are widely missing on older
bridges, and due to safety restrictions, there have been
recorded conditional state four of barriers instead of lis-
ting it as missing element.

Another critical finding in comparison of element
groups among typologies there are differences in weight fac-
tors. It is incorrect to use same weighing factors for all the
bridges in one network and even when overall typology is
same, like Groups No. 2 and No. 3, the results are different.

The findings of this work should not be used directly
in predictive models because the results are not taking into
account the risk of failure or impact to load carrying capa-
city. One opportunity is to combine the results with initial
weights or expert judgement using weighted PCA, but this
topic needs additional investigation. On the other hand,
the results endorse using PCA as a useful data reduction
tool, because putting same weight factors to all structural
components influences decision-making process.

5. Conclusions

There are three meaningful conclusions to be drawn from
the statistical analysis of visual inspection data of rein-
forced concrete bridges in Estonian national roads.

1. In a comparison of different Principal Component
Analysis algorithms, using Singular Value Decomposition
algorithm is suggested because it uses the original data. Al-
ternating Least Square algorithm results are useable with less
principal components and with more specified coefficients.
The main variation of Alternating Least Square results is hid-
den under missing elements, and condition states of element
groups differ up to 15.6% from the original state and Sin-
gular Value Decomposition results. The difference in mean
condition states of compared algorithms is increasing when
the amount of missing information is higher.

2. Regarding different coefficients in first princi-
pal components, the main variation is retained in non-
structural elements. According to this investigation, it is
inappropriate to use Principal Component Analysis results
directly in predictive models and for decision making it is
important to consider additional circumstances as the risk
of failure and influence to overall load capacity.

3. Reinforced concrete bridges in Estonia have simila-
rities in principal components, but the importance of same
elements are unequal. To be clear then although the main
variance in Principal Components is retained in the same
element, then according to results, different typologies re-
tain variance in different elements, and due to fundamen-
tal distinction, it is incorrect to make decisions based on
only construction material or typology.

A general conclusion is that Principal Component
Analysis is suitable to be used as a statistical tool for data
reduction and additional analysis of visual inspection data
to filter out most significant components, but it is necessary
to use additional weighing factors to emphasize the real inf-
luence of structural elements.

For future research, it is essential to cluster bridges
based on a similar number of variables and add circums-
tances as additional weighting factors. It helps to provide
relevant information without prioritizing common ele-
ments.
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ABSTRACT: Comparison of different bridge inspections shows that they vary greatly. Their implementation
is dependent on the amount and type of data that has to be obtained for each individual bridge. Detailed in-
spection provides reliable data but it is costly, time consuming and not suitable for large scale use. Regular
bridge inspection, on the other hand, is cost-effective, quick and, in general, the most suitable for conducting
large numbers of annual inspections. However, data gathered is in most cases based on visual observation on-
ly, and as such, it is less reliable. In order to improve the quality of acquired data, certain non-destructive tests
(NDTs) could be integrated into regular bridge inspection practice, while maintaining the above-mentioned
advantages of visual inspection. Evaluation of NDT methods commonly used for bridge inspection is there-
fore performed. It is based on several relevant criteria: time consumption, procedure standardization, data reli-
ability, diversity of use and complexity of results’ interpretation. The relative importance of the selected crite-
ria is determined by experts from COST Action TU1406 by using Analytical Hierarchy Process. For each of
the selected criteria, the assigned values are based on the literature survey. As a final step the utility function
is defined, the NDTs with the same applicability level are compared, and their possibilities for use in regular

bridge inspection are assessed.

1 INTRODUCTION

The condition of bridges within a road network has a
direct impact upon the performance of the network
as a whole and therefore, the bridges have to be reg-
ularly maintained. In order to optimize the mainte-
nance strategy of existing bridge stock, their present
condition needs to be determined first. The majority
of data is obtained by conducting visual inspection
(Kusar and Selih, 2014); a method that may yield
subjective and unreliable results. Nevertheless, this
method will most likely remain the main aid for
bridge assessment due to its simplicity and cost ef-
fectiveness. This point of view was accepted as an
undisputed fact in WG3 meetings of COST Action
TU1406 in April 2016 (Belgrade, Serbia) and Octo-
ber 2016 (Delft, Netherlands) (Kusar, 2017). In order
to improve the quality of acquired data, selected
non-destructive tests (NDTs) could be integrated in-
to regular bridge inspection practice, while maintain-
ing the major advantages of visual inspection — its
time and cost effectiveness. The main advantage of
NDTs is their repeatability without affect-
ing/damaging the structure under investigation, but
in order to be compatible with visual inspection, they
must fulfill additional characteristics, such as results

reliability, short investigation time and other charac-
teristics discussed in this paper.

The main purpose of the presented research is to
identify NDTs appropriate for use during regular
bridge inspection. The paper begins with the selec-
tion of the criteria relevant for assessment of indi-
vidual NDT suitability and determining the criteria
relative importance. In the second step, the NDTs
considered are presented, evaluated and classified
with respect to their suitability for use.

2 IDENTIFICATION OF NDT METHODS
APPROPRIATE FOR REGULAR BRIDGE
INSPECTION PRACTICE

2.1 Selection of criteria

A variety of different criteria can be used to de-
termine the NDTs suitable to be employed into regu-
lar bridge inspection practice. The selection of the
criteria is based on the assessment of WG3 — Task
group 1 and a review of similar research assignments
(Gucunski et al. 2013, Hesse et al. 2015, Omar and
Nedhi 2016) performed in the past. Depending on
the method of determining the values, the criteria are
classified as descriptive or measurable. For measur-



able criteria, a specific value can be determined (e.g.
test duration time is 10 minutes, test is standard-
ized). The values of descriptive criteria can be par-
tially subjective as they cannot be precisely defined.
However, based on expert judgement, they can be re-
liably classified into classes. Description of criteria
selected is given in Table 1 and although some of the
criteria selected seem to be related, they are inde-
pendent. For example, standardization does not
guarantee high reliability of results: pull off test is
standardized (EN 1542) and its results are reliable,

Table 1. Criteria to be used for NDTs assessment

however rebound hammer test is also standardized
(EN 12504-2), but the reliability of its results is
questionable (Alwash et al. 2017). On site test dura-
tion and time required for the interpretation of the
results are also independent: the duration of the pull-
off test duration is relatively long as the adhesive be-
tween the disc and the substrate has to harden before
the test can be executed, however test results are in-
stant as no interpretation is needed. Usability and
cost criteria are unrelated.

Criteria Description

Results’ reliability

Descriptive criterion: It defines reliability or accuracy of the results/measurements. It deals

with the technological perfection of the investigation (accuracy) and the sensitivity of the

method to various external factors.

Standardization

Usability

Test duration

Measurable criterion: If there is a standard prescribed for the NDT under consideration, the
results should be more reliable.

Measurable criterion: It defines the number of parameters that can be measured with the NDT
under consideration. Ability to investigate two or more materials, different types of damages
or defects and similar.

Measurable criterion: It defines the speed of the NDT execution and the speed of data acqui-
sition. The criterion is predominantly related to the time spent by the inspector, but can also

be related to possible traffic disruption (bridge or individual traffic lane closure) due to the

investigation.

Results' interpreta-
tion complexity
needed).

Descriptive criterion: it relates to the obtained raw measurements and the need for long and
demanding analysis to obtain final results (computer equipment and experienced engineers

Cost Measurable criterion: It defines the cost of equipment acquisition, the cost of test execution

and the cost of data analysis.

2.2 Determination of relative importance of criteria
and evaluation

In order to evaluate the NDTs under consideration,
the relative importance of the selected criteria needs
to be determined first. One of the most appropriate
methods for group decision making, Analytic Hier-
archy process (AHP), is used (Saaty, 1980). AHP has
several advantages such as decomposition of deci-
sion problems into a hierarchy of more easily com-
prehended sub-problems that can be analysed inde-
pendently and possibility of usmg the human factor
as the basis for decision-making, in contrast to deci-
sion-making techniques that rely solely on the avail-
able data (Vodopivec et at. 2014) Its weakness is
necessity to compare alternatives in palrs with the
number of required comparisons increasing rapidly.
The disadvantage of the method may also be a lack
of consistency in the judgements if the problem is
not addressed properly.

In the survey presented, only engineers with expe-
rience in brldge 1nspect10n and NDT use participat-
ed, thereby minimizing the judgement subjectivity.
Additionally, the consistency of judgements was in-
creased using the SCB Associates Ltd software tool

(SCB, 2017) that alerts the respondents in case of in-
consistent judgements. The number of comparisons
was limited by the relatively small number of criteria
employed.

The comparison of criteria was conducted on a
nine level descriptive scale (Table 2). Experts com-
pared the selected criteria in pairs and gave their
judgements. The judgements were considered satis-
factory when inconsistency of the answers was be-
low 10%. In case of larger inconsistencies, the ex-
perts were asked to re-evaluate their judgement in
order to reach the required consistency. As the final
step, the weight (relative importance) of each criteri-
on was determined as the average value of all ratings
attributed to the individual criterion by the experts.
The results are shown in Table 3.

In addition to the selection of criteria, 'the criteria
threshold values need to be determined (Table 4).
Results’ reliability is defined as the most important
criterion. It is evaluated on the basis of the sensitivi-
ty of the test to external factors (e.g. humidity, tem-
perature, test micro location) and on the basis of re-
liability of equipment or technology used. An
example of NDT with high reliability is the phenol-
phthalein test as it provides reliable data regarding



the carbonation depth at the micro-location. The re-
bound hammer, on the other hand, according to most
researchers, is unreliable. To ensure higher reliability
of rebound hammer test results, this method needs to
be combined with other investigations or, alterna-
tively, a large number of tests has to be performed
(Alwash et al. 2017).

Table 2. Scale used in the pairwise comparison of
criteria

Criterion descriptive value Weight
Extremely less important 1/9
Very strongly less important 1/7
Strongly less important 1/5
Moderately less important 173
Equal importance 1
Moderately more important 3
Strongly more important 5

Very strongly more important 7
Extremely more important 9

Table 3. Criteria weights in order of importance

Criterion Weight
Results’ reliability 0.280
Test duration 0.233
Results’ interpretation complexity 0.170
Cost 0.134
Usability 0.108
Standardization 0.075

Test duration is defined as the on-site time re-
quired for the test execution, while the time in the
office is addressed by the result interpretation com-
plexity criterion. The NDT is defined as a quick test
if it can be carried out without substantially increas-
ing the duration of the visual inspection of the
bridge. Test duration is considered moderate if the

Table 4: Criteria evaluation

time of the entire inspection is prolonged by up to
50% as a result of a NDT execution. If time con-
sumption is greater, the usefulness of such NDT as a
part of regular bridge inspection is questionable and
should only be implemented when demonstrating
exceptional performance in other criteria selected.
For the test duration criterion, classification of the
selected NDTs is to a certain extent subjective. Time
needed to perform some tests is short, but these tests
only provide local results and need to be performed
numerous times to provide comprehensive results
(e.g. hammer taping), while others require more time
to be performed, but determine the state of construc-
tion as a whole for the parameter measured (e.g. in-
frared thermography). Additionally, for NDTs with
wide usability, test duration may vary greatly for dif-
ferent measurements.

In addition to time spent for conducting field in-
vestigation, some NDTs require additional time for
data interpretation that is usually performed in the
office. Results interpretation complexity criterion
considers NDT undemanding when its results are
immediate (e.g. phenolphthalein test), satisfactory
when short office or on sight analysis is required
(e.g. cover meter requires undemanding data pro-
cessing with computer software) and demanding
when prolonged analysis with highly qualified per-
sonal is required (e.g. ground penetrating radar).

The cost criterion deals with equipment acquisi-
tion, maintenance, software cost and possible addi-
tional equipment needed for testing, while the value
of inspectors’ time is indirectly taken into account in
the test duration and result interpretation criterion.
The cost of acquisition is highly dependent on the
technical characteristics of the equipment, therefore,
the assessment based on this criterion is to some ex-
tent subjective.

Scoring

Criteria
3

2 1

High, external conditions do not

Results’ reliability affect the results

Short, total bridge inspection

Test duration .. . .
time is not noticeably increased

Results interpretation .
P Immediate results

Moderate, various factors can
affect the results

Moderate, total bridge inspec-
tion time is prolonged

Short analysis required

Low, complementary investiga-
tions needed to confirm the re-
sults

Long, total bridge inspection
time is doubled

Prolonged analysis and high
professional qualification neces-

complexit
pexty sary
Cost Low Moderate High
Lo . . Investigation of one material . -
e Investigation of various materi- . . Limited usability, only one pa-
Usability and two of its parameters possi-

als and their parameters possible ble

Standardization EN standard

National standard available

rameter is investigated

No relevant standard




NDT diverse usability is favourable for several
reasons, such as less equipment needed on site and
possibility of implementing unplanned types of
measurements. The criterion is defined as less im-
portant as the inspectors are rarely surprised with the
condition state of the bridge and consequently all
tests are pre-determined. The standardization criteri-
on was identified as the least important of the crite-
ria selected. The NDT is given the highest score if it
is supported by EN standard; if a national standard
(domestic or foreign) is available a point is deducted
and the lowest score is obtained if no relevant stand-
ard exists for the test under consideration.

2.3 NDT selection and evaluation

The most commonly used building material for ex-
isting bridges in Europe is, according to COST Ac-
tion TU 1406 participants, reinforced concrete while
the second and third most common materials are
brick and stone. As the prevailing part of bridges in
Europe are built from these materials, only NDTs
suitable for inspection of these materials are consid-
ered in the paper.

The NDTs selected (Table 5) are scored accord-
ing to each criterion described above. Scoring is
based on literature dealing with various aspects of
NDTs (SB-ICA 2007, Orban and Gutermann 2009,
Van der Wielen et al. 2010, Solla et al. 2012,
Gucunski et al. 2013, Lee et al. 2014, Hesse et al.
2015, Hota et al. 2015, Lee and Kalos 2015, Omar
and Nehdi 2016, Rehman et al. 2016, Alwash et al.
2017, Omar et al. 2017) and COST Action TU1406
Work group 3 members' experience.

Table 5. NDT evaluation by the selected criteria

In some cases, the available data was contradicto-
ry, for example GPR is, according to SB-ICA
(2007), costly and time consuming when larger arcas
are under investigation, while according to Omar
(2017), the method is cost effective with an ability to
rapidly scan large areas. Additionally, within the en-
gineering field, there is a common belief that GPR
raw data interpretation is very demanding; while Lee
(2015) evaluated the method by the survey in which
the participants assessed it as moderately difficult. In
the literature review, several other contradictory
views were recorded, making the evaluation difficult
and open to different scoring.

The evaluation is performed based on scoring in
Table 5. The utility function of an individual NDT
(Ui) is determined as:

Up = Xets Vei " we (1)

where i = NDT considered, ¢ = criteria, V,,; = val-
ue of criteria ¢ for NDT under consideration, w, =
criteria weight. NDTs are classified depending on
their application into three categories: material prop-
erties, damage and defects and corrosion. Within the
category, they are classified on the basis on the value
of the utility function U; (Table 6).

The results show that all NDTs measuring mate-
rial properties have high utility rating. Despite some
of the methods being semi-destructive (phenolphtha-
lein, probe penetration and pull off test) and rebound
hammer having poor reliability, these tests are fast,
inexpensive and undemanding to perform, making
them suitable for complementary use to visual ob-
servation during regular bridge inspections.

Scoring (V)

NDT Results Test

reliability ~ duration

Results int.
complexity

Standardi-

Cost Usability Jation

Cover measurement
Phenolphthalein test
Probe penetration test
Pull-off test

Rebound hammer

Impact echo
Thermography

Ground penetrating radar
Acoustic emission

Ultrasonic pulse echo

Half-cell potential
Galvanostatic pulse

Electrical resistivity

NN NN N NN Wi W N W W
BN NN = N NN W N W N W
—_— NN N = = = = W W W W

Linear polarization resistance
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For damage and defects assessment, the NDTs
considered are less suitable for use during regular
bridge inspections. Their biggest weakness is high
complexity of the results’ interpretation, followed by
the on-site test duration. As large number of bridges
need to be inspected daily, time consumption is of
utmost importance giving these tests lower utility.
Impact echo investigation is rated visibly higher than
other methods measuring damage and defects, and is
at least conditionally suitable for use during regular
bridge inspections. Further, according to SB-ICA
(2007), crack measurements with impact echo meth-
od are quick and undemanding.

Based on literature review, all non-destructive
methods dealing with corrosion detection and as-
sessment exhibit similar characteristics (Table 5),
consequently they all have similar utility function
value. Their use in regular bridge inspection should
be limited to bridges exhibiting high degree of cor-
rosion only where reinforcement bars are already ex-
posed, as most methods require direct contact with
the reinforcement bars.

Table 6. NDT final classification

Application Ui NDT

Cover measurement
2,55 Phenolphthalein test
2,43 Probe penetration test
2,42 Pull-off test

2,22 Rebound hammer

Material properties 2,71

Damage and 2,22 Impact echo
defects 1,86 Thermography
1,83 Acoustic emission
1,80 Ground penetrating radar
1,63 Ultrasonic pulse echo
Corrosion 1,89 Half-cell potential
1,82 Galvanostatic pulse
1,82 Electrical resistivity
1,65 Linear polarization resistance

3 CONCLUSIONS

The paper discusses the possibilities of using
NDTs for assessing the condition of reinforced con-
crete and masonry bridges as a part of regular bridge
inspections. The survey of the methods considered
shows that the methods measuring the material
properties are best suited for complementary use
with visual observation. The methods used to detect
and measure damages and other irregularities are, in
general, time consuming and their usefulness is
largely conditioned by the time spent to conduct the
investigations. Despite their relatively high reliabil-
ity of results and diverse usability, they are currently
only conditionally suitable for regular bridge inspec-
tion practice. Improvements that would allow faster

test implementation or simplify the acquisition of re-
sults would significantly improve the applicability of
these methods. All of the NDTs used to measure cor-
rosion have similar characteristics and consequently
the resulting values of the utility function are also
similar. They are considered as less suitable for
regular bridge inspection and their use should be
limited to cases of bridges with a high degree of cor-
rosion.
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Abstract

In this paper the uncertainty in condition assessment based on most common assessment
methods, visual inspection and non-destructive testing, is investigated. For decision-making the
averaged or estimated value is suitable, but if the basis of a decision is only a subjective visual
inspection, then it could lead to a wrong decision. The second most traditional assessment
method is non-destructive testing (NDT), which can give reliable results, but the interpretation of
measurement is needed. To investigate the errors in both evaluations, benchmarking tests were
carried out in Estonia within two groups, a group of experienced inspectors and a group of
unexperienced students, to show how the importance of experience affects results. To present the
influence of assessment uncertainty to condition prediction curves based on continuous-time
Markov model are calculated and for updating, Bayesian inference procedure is used.

Keywords: reinforced concrete, non-destructive testing, visual inspections, assessment error,
asset management, bridge assessment.

method will most likely remain the main aid for

1. Introduction bridge assessment.

The structural condition of bridges has a wide and To improve the quality of acquired data, selected

direct impact for performance of the road non-destructive tests (NDTs) are carried out
network as a system. To keep the structural additionally into regular bridge assessment
reliability high, bridges need to be regularly practice. The NDTs are good for their repeatability
maintained. To optimize the maintenance without ~ damaging the element under
strategies of existing bridge stock, their present investigation, but to be compatible with visual

condition needs to be assessed and determined. inspection, they must be easy to use.
Based on COST Action TU1406 Working Group 1
Technical Report, most data are obtained by
conducting visual inspection as an index form [1].
Visual inspection is a method that may vyield
subjective and unreliable results [2], but due to its
simplicity and cost-effective data collection, this

Unfortunately, all assessment systems are
moreover database oriented and additional
benefit can be added with Life Cycle Assessment
by integrating deterioration models to predict the
performance of these structures. Over the past
twenty years, many models have been proposed
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including the ones-based on Markov chains [3],
linear or non-linear probability functions [4],
neural networks [5] and lifetime functions [6].
Although it is essential to obtain the assessment
errors in the models, the amount of information
makes the predictive models imprecise.

In this current work, Estonian bridge management
system visual inspection methodology and most
common standardized NDTs: sclerometer test
carbonation depth and rebar depth, are tested by
two groups with different expertise to clarify that
visual inspections are unreliable method [7] for
the bridge evaluation and more simple NDTs that
are easy to carry out and not difficult to interpret.
Results are then compared using Markov chain
condition predictive models.

2. Visual inspections

Visual inspections in Estonia are carried out
according to modified AASHTO methodology,
where bridge evaluation is done on element basis.
In this work, the bridge structure is divided into
element groups that have been previously
clustered by Sein et al. [8] as in Table 1.

Table 1. Classification of element groups [8]

Non-Structural Elements  Structural elements

Overlay Deck plate

Barriers Edge beam

Handrails Piles and columns
Drainage Supporting beam
Slopes Wing wall, abutments
Deformation joints Diaphragms

Other (river bed, signs Main girder

etc.)

Waterproofing Bearings

Structural elements are subject of load carrying
function to traffic and Non-Structural elements
provide protection either to the structure or the
users. The detailed list of bridge elements
depends on the bridge structural type and is
defined from pre-specified list of 145 elements
during the bridge inspections.

Visual assessment of a bridge relies on inspecting
every element unit of the bridge and evaluating
each with a condition rating on scale from 1 to 4,
based on the damage present and necessary

rehabilitation method. Condition state 1 means,
that element is in good condition and no
rehabilitation is needed. Condition state 4 means,
that element is in critical condition and major
repair or replacement is needed. Condition states
2 and 3 describes the fair and bad condition
respectively.

An overall element condition state is calculated
based on the overall quantity of units and state
factors [8] (1):

(1)

where H, - condition state of element; s is
condition state; kg — coefficient of state and g, is
the number of units in current state.

_ Ysksaqs . 0,
He = 5% 100%,

Condition Index (Cl) is calculated like Health Index
in Pontis [9]. The result is expressed with only one
number between 0-100 and it is calculated based
on element condition and weight factor. The Cl
shows the need for intervention [3] and it is
agreed in Estonia, that an optimal level is reached,
when bridge will be repaired before the Cl is
under 70. With CI less than 33, closing of the
structure should be considered. In this current
work, both element- and system level information
is compared.

2.1 Inspections

The inspections were carried out on 3 common
road bridge with similar structural typology, but
conditions varied from good to almost critical. The
overall information is presented in Table 2.

Table 2. Inventory information of visually

inspected bridges
Bridge name Lagedi Assaku  Saku
Typology Girder
Length (m) 95.20 36.20 67.20
Spans 5 3 4
Material Reinforced concrete
Condition index 44 65 57
Year of Construction 1970 1989 1974
Year of repair - - 2005
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The test inspection involved two groups of
inspectors, where first group of 7 inspectors
consisted of bridge experts with different
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background in bridge engineering and second
group of 5 inspectors without any expertise.

In first group only 3 inspectors had previous
expertise in the bridge assessment and familiar
with the methodology, other inspectors had only
read the inspection manual, but done similar
bridge assessments previously. First group
inspected two bridges, Lagedi and Assaku (Figure
1) viaduct.

Second group consisted of engineering Master
students, who had no experience in bridge
assessment. The methodology was introduced in
one 1.5-hour lecture and they had read the
inspection manual. Second group inspected Saku
viaduct.

Both inspections were carried out in October and
during all inspections it was rainy, which may
influence the overall results and inspector
motivation, but since all inspectors were in similar
conditions, then it is considered that the weather
condition didn’t affect the differences of final
evaluations.

2.2 Inspection results

The results are presented in Table 3 with every
rating to bridge condition, overall mean and
standard deviation (SD) of all assessments.

Table 3. Overall results of all inspections

Assaku bridge had a higher score for condiiton and
overall inspection results were more scattered.
The overall mean is more than 10 points higher
than previous evaluation, but results are in similar
range. Filtering out only experienced inspectors’
results, then mean is almost the same as previous
inspection result and SD of most experienced
inspectors, 2 and 3, results was 0.1.

Saku viaduct was inspected by inexperienced
inspectors and although the mean value is close to
previous inspection result, only one inspector was
close to the value. The SD of results shows, that
results are scattered and using only one result can
end with a wrong decision.

Further investigation is based on the element level
data of Assaku viaduct. Three most experienced
inspectors of first group, inspectors 1 to 3, have
evaluated the Cl between 66,7 to 66,9. The results
are presented as maximum and minimum values,
to show most extreme differences (Table 4).

Table 4. Extreme values of element level
assessment

Element group MAX (Inspector) MIN (Inspector)

Overlay 66.7 (3) 60.5 (1)
Barriers 75.0 (3) 54.2 (1)
Handrails 66.7 (-) 66.7 (-)
Drainage 33.3(3) 0.0 (2)
Slopes 64.1(1) 40.3 (2)
Deformation joints 33.3(3) 23.3(2)
Other 100.0 (-) 100.0 (-)
Waterproofing 90.0 (3) 66.7 (2)
Deck plate 100.0 (2) 91.3(1)
Edge beam 16.7 (1;2) 0.0 (3)
Piles and columns 66.7 (2;3) 62.5 (1)
Supporting beam 95.4 (2) 62.1(1)
Abutments 66.7 (3) 59.3(1)
Main girder 56.9 (1) 56.2 (2.3)
Bearings 91.1(1) 55.2 (3)

Inspector  Lagedi Cl Assaku CI Saku CI
1 48.9 66.9 49.3
2 36.7 66.7 74.0
3 38.2 66.8 19.3
4 36.7 87.0 76.1
5 46.0 75.1 70.1
6 39.8 87.0 -
7 55.3 88.3 -
Mean 43.1 76.8 57.8
SD 6.6 9,6 21,5

The overall mean of Lagedi viaduct is close to
previous inspection result and SD shows, that 6
inspectors out of 7 assessed the bridge in a
condition, where reconstruction is needed. Based
on SD of results, the evaluations were in the same
range. SD of assessment results of inspectors 2
and 3, who had experience more than 2 years,
was 0.8.

1760

Non-structural elements represent more elements
with bigger area or quantity and due to that, the
evaluations differ notably.

It is also interesting, that inspector number 3 tend
have more maximum values and no minimal
values, inspector number 2 have the opposite
pattern.
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Figure 1. Side view of Assaku viaduct (bms.teed.ee)

For structural elements, the most notable
difference is the evaluation of bearings, which
were easy to inspect on abutments, but without
proper ladder it was not visible on piers (Figure 1).
Bearings were the element group with maximum
SD 16.7 between the results. The mean of element
assessment ratings SD is 8.5, which is lower than
SD of overall Cl in first group.

3. Non-destructive testing

To increase the reliability of collected data, the
visual assessment information should be updated
with non-destructive testing information. During
the comparison of different assessments, only few
most common tests are investigated. Although
two of the tests are standardized, the results of
rebound test hammer have still questionable
reliability [10]. All of tests are commonly used to
detect material properties: compressive strength
of concrete cover according to EVS-EN 12504-2,
thickness of rebar cover and carbonation depth
according to EVS-EN 14630.

All the tests are suitable only for reinforced or pre-
stressed concrete structures, their test duration is
short, and it is easy to obtain the results.

3.1 Bridges

Two reinforced concrete bridge were investigated
and the main criteria for the selection was the
casting technique of concrete: one should have
vibrated and second not. Both selected bridges
are common in Estonia. First tested bridge was
Alliku  bridge, constructed in 1975 and
reconstructed in 2010. It is simply supported
reinforced concrete slab bridge, it was renovated
with strengthening of sub- and superstructure and
concrete casting was done using nowadays
methods.
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The benchmarking test places were selected on
two different elements: abutment and slab. Areas
were marked and numbered.

The second bridge was Karutiigi, constructed in
1980, was simply supported reinforced concrete
slab. It was reconstructed due to widening of the
road in the beginning of 2018. Due to height of
superstructure and flow rate of river, only one
place was selected.

3.2 Inspectors and equipment

The benchmarking of NDT involved also two
groups of inspectors like in visual assessment. First
group, who carried out tests on both bridges,
consisted of bridge experts with previous
experience  and  knowledge in  testing.
Unfortunately, only 3 inspectors did the tests and
there are only 2 different results to compare in
each test. First group tests were done in period of
May to June. Second group consisted of 8
engineering Master students, who had no
previous experience in NDTs. Second group tested
only Alliku bridge and tests were done in
September. During both tests the temperature
were over 15°C and weather was dry.

Sclerometer tests were carried out with
SilverSchmidt Type-N concrete test hammer by
Proceq. Values are presented as “Q”-value of
impact instead of using conversion curves, which
should consider the carbonation depth and will
give rather conservative results for concrete
strength. The thickness of rebar cover was
measured with Proceq Profoscope+ cover meter
and carbonation depth was measured using
phenolphthalein solution and caliper. Values are
presented as an average result.

3.3 Test results

Test results are presented in Table 6. Experts,
marked as E, are numbered separately from
students, who are marked as S.

In overall the rebound test hammer results are in
one range and show small deviation. The second
test area had smaller “Q”-value, but SD is 1.8. The
third test area of Karutiigi bridge have only two
different results with mean “Q”-value 49.7 and SD
0.8.
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Table 6. Test results of Alliku bridge

Tester Rebound Carbonation depth Average cover
value Q [mm] depth [mm]
E1l 66.5 9 45
E2 67.7 8 45
S1 66.1 6 43
S2 63.7 7 40
S3 64.5 7 41
S4 62.8 7 45
S5 63.8 6 42
S6 67.3 7 46
S7 66.6 7 43
S8 65.2 7 41
Mean 65.4 7.1 43.1
SD 1.6 0.83 2.0

The carbonation depth test results of area 2 show
that experts obtained higher results compared to
students although the results were in one range.
In test area 1, the results were opposite — experts
obtained smaller results than students. In both
cases the SD is relatively high considering the
relation to overall result.

The results are scattered because investigated test
method requires decent cleaning of the drill hole
and measurement should be taken within 30
seconds after the application of solution.
Nevertheless, it is doubtful that with bigger
carbonation depth the SD ratio to Mean value is
similar.

Overall average results of concrete cover
measurements are in one range (Table 6), but the
average result is based on 5 to 10 measurements,
which were in the range between 38 to 50 mm. In
test area 2, the measurements were in smaller
range and in test area 3 it was not possible to
measure the cover depth, due to missing
reinforcement.

In conclusion of NDT benchmarking tests, it is
clear, that errors are smaller in comparison to
visual inspections and non-experts can achieve
higher accuracy without any previous experience
in simple tests. It is still important to translate the
results into quantitative scale like, for example,
Mateus and Braganga [10] to start using these
tests for regular assessment or as additional
evaluation to visual assessment. In this research,
only statistical errors and predictive model
updating are investigated, but it for the future
developments it is suggested to combine the
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mean values of NDTs with visual
outcome.

inspection

4. Predictive models and updating

For modelling, a probabilistic condition
degradation model of an abutment of specific
bridge is developed using Monte Carlo method.
The model is based on historical information of
Estonian national road bridges.

The Markov chains are stochastic processes, that
are widely used for modelling information of
existing bridges. Most extensively these models
are based on a discrete scale, where transition
between states is defined as (2) [11]:

C; T C; T i1 P12 Dij
Glo=|% x| P
Cidpyar LG, 00 0 pijly

Where Cypcand C; are condition vectors at time
t + At and t, respectively. Vectors are defined as
the probability of an element being in each
performance state, C] Probability of transition
between state i and j from instant t and t + At is
defined by p;;, which is an element of a matrix P.
If the intervals between inspections are not
regular, as in Estonia, then continuous-time
Markov process (CTMP) using transition intensity
matrix have been proposed and defined as in (3)
and (4) [12]:

9

(@xap™
P =it =y ()
Where, P is the transition matrix and Q is the
intensity  matrix, which  represents the

instantaneous probability of transition between
the state i and j, where j # i. The intensity matrix
for the deterioration process is present in (5) is
calculated using state-dependent and time-
independent model. Broader investigation of
different CTMP formulations were done by Kallen
and Noortwijk [12] using bridge condition data for
statistical estimation.

—6, 6, 0 0
=lo o -6 ¢ ®)
0 0 0 0
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Where 6; is the instantaneous transition
probability between adjacent state i and j. The
initial estimate of matrix Q is calculated through
(6) [13]:

nij

T At

0;=q; = (6)

Where n;; is the number of elements that moved
from state i to state j, and ZAti is the sum of
intervals between observations.

The intensity matrix of abutment element group
based on historical information Estonian bridges
have following transition probabilities
[0.0375;0.0230;0.0100].

Information is updated using Bayesian updating
with informative prior. This approach has been
introduced by Neves and Frangopol [3], by
combining Bayesian updating with simulation for
improving expert judgment. The obtained results
showed significant impact on the prediction, when
including the information obtained from
inspections.

Based on the Bayes theorem, the probability
density function of condition including the results
of inspection can be defined as (7) [14]:

f'(Cr) = K X L(Cr) X f (Cr) (7)

Where f'(Cy) is the probability density function
of the condition at the time T considering both
inputs, that are present in posterior distribution,
f'(Cp) is the probability density function of the
condition at the time T considering only
assessment, L(Cy) is the likelihood function. K is a
normalizing constant defined with (8) [14]:
1

K=—W————f———
Lo LCT)Xf (Cr)dCr

(8)
For the Monte-Carlo simulation, the mean and
standard deviation of assessments were put into
the scale of 1-4. The Cl at time 7, can be calculated
as (9), (10) [15], [16]:

i1 CEXL(CT)

T _ . 9
He = "sn ich (9)
o —

T _ |2 CexL(CR) (E?ZICT‘XL(C;))
= o — - 10
% Yi, L(Cp) YL L(Ch (10)

Where uf and of are the mean and standard
deviation of the Cl at the time 7 including model
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and assessment, Cl is the Cl at time T connected
to sample i, C; C; is the Cl at time T connected to
sample i and n is the number of samples.

4.1 Results

For correct comparison, the standard deviation of
different assessments is expressed as a ratio from
the mean value. In addition, it is assumed that
standard deviation of degradation model is 0.1.
Highest standard deviation is from visual
inspections carried out by master students, the
standard deviation in the condition index scale is
1.49. Lowest standard deviation of visual
inspection is 0.5, which is understandable,
because if one evaluates element in condition 3,
then the state can be between 2.5 to 3.5.

In comparison, the most scattered NDT results
have scaled standard deviation 0.47. Most precise
assessment results were obtained using rebound
hammer, the scaled standard deviation was 0.10.

There are three aspects of differences that were
compared: deviation in lowest assessment
precision (Figure 2), best visual assessment (Figure
3) and highest assessment precision (Figure 4).

—With assessment
—Without assessment|

SD of condition
ococooocococo

ShwhROON®H© -

15 20 25
Time, years

10 30
Figure 2. Standard deviation of condition with
visual assessment carried out by inspector without
any previous experience.

To present the influence, only one situation is
visualized. The situation visualizes the change of
standard deviation during 30 vyears of new
element, which was put into operation in year 1,
the assessment is made in year 15.

Even with lowest precision there is visible
difference in two scenarios, which means that
even without experienced inspectors, it is better
for the owner to visually assess the bridges
instead of using just degradation models.
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Figure 3. Standard deviation of condition with
visual assessment carried out by inspector with
previous experience.

In comparison of experienced and inexperienced
inspectors, it is clear, that first ones can assess the
elements more precisely. The difference of SD in
year 15is 0.22.

1 T T T
c 0.9 —With assessment
-..% 8? —Without assessment
206
et
503
®n0.2

0.1
0 . . . .
0 5 10 15 20 25 30
Time, years

Figure 4. Standard deviation of condition with non-
destructive assessment carried out by novice or
expert.

Finally, in comparison of NDT and visual
assessment it is also clear that in proper
interpretation, the NDT is better option for precise
assessment. In addition, for novice inspectors, it is
more reliable to carry out tests than do visual
inspection. Although, in case of testing, the places
must be clarified previously.

5. Conclusions for discussion

The paper investigates the uncertainty of
assessment carried out by people with different
level of expertise, to present how the standard
deviation of results influence condition prediction.
The survey of visual assessments shows person
without previous knowledge about bridge
condition assessment can have almost three times
higher deviation in their results than experienced
ones. In visual assessment, inspectors with
previous expertise can obtain results with small
deviation in assessing the overall bridge condition,
but element level assessment results have higher

1764

errors. In comparison of non-destructive testing
methods three common and simple methods
were compared. In case of test results, there are
no clear difference between experienced and
novice testers. In comparison of assessment
methods, the most imprecise non-destructive test
results are more accurate than visual assessment
results.

For further investigation, it is suggested to put the
non-destructive test results in similar scale to
visual assessment results, add costs of assessment
and analyze one method in simultaneous
inspections to aggregate the number of
assessments and costs during life-cycle of a
bridge. In getting the most optimal condition
control plan it is important to find the best
combination of different methods to keep the
standard deviation under desired level and
minimize costs.
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Abstract. Decision-making in bridge management has changed considerably in the past two decades and owners are additionally
considering what types of interventions to implement, but correct decisions still need certain input. In Estonia, like in many countries,
bridge management is based on inventory records and condition information. The main emphasis of this investigation is on improving
the regular condition assessment. More accurate non-destructive testing methods and optimised inspection scheduling are proposed,
to reduce condition assessment uncertainties. A conversion matrix for translating additional assessment results to the rating scale of
the current Estonian Transport Administration management system is introduced and uncertainties in the condition state are analysed
probabilistically. In addition, stochastic degradation models based on existing information are investigated to help considering
uncertainties as a part of the overall management process. What impact the adopting of quantitative assessment, rather than qualitative
visual inspection, may have on the suggested interventions schedule is also analysed. The probabilistic characteristics of the condition
profiles of the most common bridge elements are computed using Markov Chain Monte Carlo stochastic simulation. The optimisation
of inspection scheduling is performed considering the uncertainty of the initial deterioration model. When a threshold value, defined
by the owner, is reached, the model is updated with assessment data to maintain the level of uncertainty below that threshold. The
results confirm that deviations in the degradation model and assessment results influence the bridge condition uncertainty. Likewise,
times of both inspection and intervention are influenced, which will ultimately impact the overall management reliability and costs.

Key words: bridge management, condition assessment, non-destructive testing, visual inspections, optimisation.

1. INTRODUCTION

Bridges are one of the most critical components of the transport network and they require regular investments
to maximise economic and societal benefits. Efficient bridge management should meet the present and future
needs of the users, normally under the pressure of limited funding. In the past three decades, these investments
have been planned, managed, and technically supported by bridge management systems (BMS). BMS basic
components are the following: inventory database, deterioration models, optimisation models and update
functions (AASHTO 1993). Hence, the management process starts with a correctly formulated database,
where relevant condition information is also stored.

" Corresponding author, sander.sein@taltech.ee
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In most countries, the condition information is obtained from visual inspections (Kusar and Selih 2014;
Mirzaei et al. 2014), a method that is the most basic level in the hierarchy of structural assessment of existing
structures (Riicker et al. 2006) and is based on qualitative expert judgement. It is a vague measure for the
deviation of the inspected bridge from the “as new” condition as described by Hajdin et al. (2018). While
this quick and cost-effective procedure, particularly when large bridge stocks are being managed, remains
the main assessment method in the next years (Kusar et al. 2019), it has been criticised for being an unreliable
method for the evaluation of the condition state of bridges (Phares et al. 2004).

The main source of uncertainty in visual inspections is related to its subjectivity, which means that different
inspectors, under similar conditions, may evaluate differently the condition state of the bridge (Corotis et al.
2005; Kusar 2014; Sein et al. 2019). On the other hand, visual inspection outcome does not consider safety
and serviceability aspects (Hajdin et al. 2018). The additional problem with the subjective visual inspection
method is related to triggering maintenance actions without revealing information about the bridge’s inner
structure. Thus, the results of inspections alone do not allow medium- or long-term planning and additional
strategies must be developed (Neves, Frangopol and Cruz 2006; Neves, Frangopol and Petcherdchoo 2006;
Taffe 2018). With qualified inspectors and proper guidelines, valuable information can be provided regarding
construction methods, weathering, mechanical damage, deterioration, deficiencies, or other faults. To
minimise the error arising from subjectivity, it is important to define standard assessment procedures (Riicker
et al. 2000), as already done in a number of countries (Mirzaei et al. 2014). Moreover, throughout the past
years, there have been numerous international projects concentrating on the development of advanced
approaches for bridges both at the European level, such as quantifying the value of structural health
monitoring (COST Action TU1402. 2015) or standardising the overall quality control of existing roadway
structures (COST Action TU1406. 2015), and at the national level, projects like forming a bridge management
system called the LeCIE_tool in Austria (Zambon et al. 2018).

To quantify the uncertainty of inspection, it is suggested that probabilistic values be used like the
probability of detection, probability of false alarm (Rouhan and Schoefs 2003), probability of false indications
(Straub and Faber 2003) or even the probability of good or wrong assessment (Sheils et al. 2012), with the
main target to minimise the service life costs. Other approaches have tried to cover the inspection uncertainty
related issues with overall asset management problems like rehabilitation timing (Zhang et al. 2008) or
optimisation of lifecycle costs of bridge utilisation (Ghodoosi et al. 2018). All previous approaches can
provide additional value to decision-making, but the methods are not causally linked to owners’ needs, e. g.
the time between inspections or differences between assessment methods.

Taffe (2018) listed different methods for condition assessment and proposed a procedure of how data
would meet the demands of the owner as customer. Although the work concentrated on the information of
the inner structure, the issues regarding the definition of the measurand, identification of the method, location
and timing of condition assessment are relevant. The proposed procedure targets accuracy of the results to
guarantee their reliability, which means that precision should be ensured with the uncertainty of the
measurement, which should be statistically evaluated using Guide to the Expression of Uncertainty in
Measurement (GUM) (JCGM 2008) and the trueness must be provided by well-trained personnel (Taffe
2018). The main idea behind the quantification of knowledge is to identify the quantities influencing the
results (Fig. 1) and allow to draw reliable conclusions (Taffe and Gehlen 2009), which should meet the
minimum requirements of the client, not minimal in absolute (Taffe 2018). The framework was used in static
calculations, but a similar approach and calculation methods can be utilised in the condition assessment of
existing bridges because the outcome is also statistically evaluated.

The credibility of the measurand varies in correlation with the uncertainty of measurement, since the
condition index is a value without an exact result and the result of the measurement is unknown. The
uncertainty of measurement in the context of the condition index shows that the obtained value is better
estimated with presently available knowledge (Hofer 2018). For the decision-maker, the effect of subjective
visual inspection on the condition profile is especially important and may show high impact. Ilbeigi and
Pawar (2020) developed a two-dimensional Markov process model that involved the current condition and
the number of years an element has been in this condition. In combination with risk tolerance, they detected
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measurement process influence quantities correlations
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Fig. 1. Flowchart of knowledge about the measurement process and quantities influencing the outcome presented by Taffe and Gehlen
(2009), based on GUM (JCGM 2008).

the optimal interval of visual inspections. The results indicated that the typical inspection interval was
pessimistic and the optimal inspection interval for bridges in good condition could be 10 to 20 years, which
is a notable difference from the common 4- or 5-year interval.

To improve the quality and reliability of collected information, appropriate quantitative and repeatable
non-destructive testing (NDT) has been suggested (Kusar et al. 2019). Identification and selection of
appropriate methods depend highly on the needs of the operator or owner, but overall, the accuracy of results
needs to be assured, which, in turn, can only be estimated when they are correct and reasonably precise
(Hésselbarth et al. 2006). Visual inspections are imprecise, and it is difficult to investigate the trueness of
assessment even if the design information is available. Contrary to visual inspections, NDT has quantitative
results, which makes it more precise, and if as-built information and environmental data are available, it is
easier to assess the trueness of the results. In addition to trueness, there are environmental factors, age of
different elements and deterioration rates of materials that introduce additional uncertainties that can be
investigated using analytical models.

In the current research, the main measurand is the condition state of a specific bridge element group, but
overall, the measurand can be any stochastic value representing the condition of a bridge or element. Since
the true value of the condition is not known and the assessment of the accuracy of the best estimate is based
on expert judgement, different assessment methods are compared within the context of the uncertainties, as
well as time interval between inspections and interventions. The best estimate of the condition state is described
by using a mean value, while the parameter of uncertainty is the standard deviation of the assessment method.
Also, to combine NDT results with visual inspection data, a conversion matrix is proposed with clear threshold
values helping the owner to translate the output to the condition. The degradation process is modelled using
Markov processes combined with Bayesian updating considering the current condition with a probability
distribution and the assessment result with standard deviation based on benchmark testing. Optimisation is
performed by using one-dimensional interpolation of time with limit values for condition and uncertainty.
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Although the examples are based on Estonian data, the outcome of this study intends to introduce
uncertainty as a part of performance assessment, which helps to determine the inspection intervals and decide
which type of assessment should be carried out.

2. PERFORMANCE ASSESSMENT IN ESTONIA

The investigated measurand, the condition state, is one of the performance indicators for the national bridge
network of the Estonian Transport Administration (ETA), which helps to make decisions regarding
intervention actions and restrictions to heavy vehicles. The input data has been collected from the ETA
database, including registration and condition information for around 1000 bridges. Regarding condition
assessment, the national regulatory documents state that the inspection interval should be three years (Minister
of Economic Affairs and Infrastructure 2018) but since 2005 the interval of ETA bridge inspections has been
four years. The overall bridge management process is not standardised and does not have clear manuals. It
is mainly based on the PONTIS computer program with the numerical rating system (from 1 to 4) that uses
the element inspection data (Roberts and Shepard 2000).

The performance assessment is mainly based on visual inspections performed with a 4-year interval.
During the inspection, all element units of a bridge are assessed on a 4-level condition state, which means
that one element can have many condition states. For example, a 10-metre-long beam can have 5 metres in
the condition state “1” and 5 metres in the condition state “2”. The states are also related to intervention
activities where the condition state “1”” means that the element is as good as new and needs only maintenance,
whereas “4” means that the elements are deteriorated and need to be replaced. All the elements are taken
from a pre-specified list containing more than 100 inputs, which are like commonly recognised bridge
elements introduced by AASHTO (Thompson and Shepard 2000).

At the bridge level, as well as at the network level, the main performance parameter is the Condition
Index (CI), which is a number between 0 and 100, computed similarly to the Health Index (HI) used in most
of the Departments of Transportations in the USA. The HI is defined as a normalised weighted average of
the conditions of various elements, providing an overall indication of the health of the structure (AASHTO
2011), but for the CI the overall bridge index is calculated using element weight factors instead of the failure
cost of the element. The index should still show the signs of deterioration unless adequate funding is obtained.

Although PONTIS included Markov chain-based degradation models and investment planning (Roberts
and Shepard 2000), these modules have never been implemented in Estonian practice due to lack of relevant
data preparation. Despite the first steps in the statistical analysis of the collected element information (Sein
et al. 2017), using a multivariate methodology, the deterioration is still predicted with linear function or the
annual average decay rate. However, before a substantive decision some non-destructive testing is also
employed. This approach has been tolerated because in statistical representation the average bridge in Estonia
is a small, simply supported beam structure built in 1974, made from reinforced concrete, has a median length
of 14.2 metres, and annual investments related to bridge intervention activities have been around 5 to
8 million euros. Nevertheless, the introduced analysis shows clearly that there is room for improvement in
performance assessment.

3. INVESTIGATION METHODOLOGY

The current research consists of three separate analyses, where the first two are related to real data. The first
one is carried out to verify that the data-based degradation models of the historical condition are fit for
purpose. In the second analysis, the differences in the interpretation of assessment results used for updating
the model are presented and compared. Finally, the third analysis tests the application of optimal inspection
scheduling based on the condition and uncertainty threshold.

The division is necessary because the condition information is estimated on real data, where data regarding
all maintenance actions is missing and the results should be verified before using them in optimal inspection
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Fig. 2. Flowchart of the main elements of the proposed framework.

scheduling. In both of the first two analyses, the details from previously published studies were combined.
The flowchart in Fig. 2 shows the different parts of the proposed framework.
The flowchart contains the main parts which can generally be divided into four, but the following steps

are taken in more detail:

(1) Preparation of historical information to filter out typical bridges without registered interventions;

(2) Calculation of transition probability matrices for main element groups using the Markov model and
Monte Carlo simulation;

(3) Verification of degradation models;

(4) Collection of additional information by means of inspections and non-destructive testing;

(5) Calculation of the condition with updated information;

(6) Comparison of model output based on the assessment method;

(7) Setting limits to the condition state;

(8) Determination of the maximal time frame to the next intervention action by combining the deterioration
model and uncertainties in the model;

(9) Setting a limit to uncertainty in performance assessment;

(10) Determination of optimal inspection intervals to keep the uncertainty and condition state under the desired level.

4. DEGRADATION MODEL

The condition degradation model is a probabilistic model based on transition probabilities. In general, the
values can be obtained either from accumulated condition data or by using an expert judgement elicitation
procedure, which requires the participation of several experienced bridge engineers (Thompson and Shepard
2000). In this paper, the transition probabilities are obtained from accumulated condition data employing
continuous-time Markov processes. The degradation models were calculated using a part of the software
developed by Denysiuk et al. (2017), which were based on the details of Ferreira et al. (2014). These processes
are used for two reasons (Kallen and van Noortwijk 2006):

(1)these models are suitable to implement when intervals between inspections are not regular;

(2) it is possible to include the uncertainty associated with irregular times between inspections in the model results.

5. FORMULATION OF THE MARKOV MODEL

A continuous Markov chain defines the condition state of an element in terms of a discrete variable and the
transition between condition states is defined by an intensity matrix Q (Eq.1) (Jackson 2011):
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The intensity matrix O defines the average instantaneous transition probability 0, of moving from one
condition state to another and allows that the transitions between the different states can occur on a continuous
timescale. The initial estimation of transition probability from historical data is calculated as below (Eq. 2)
(Jackson 2011):
nii
01‘ =q; = ZTUtl 5 (2)
where n; is the number of elements that moved from state i to state j and Y At, is the sum of intervals between
observations. In a continuous Markov chain, the transition probability P and the time At to move from one
condition state to the next is characterised by the exponential distribution of the Chapman—Kolmogorov
equation (Eq. 3) (Kallen and van Noortwijk 2006):
o (@xA)™
P =@t = Zn:OT' (3)
To allow the consideration of uncertainties in the condition evaluation process, the final condition state
profiles are computed using Monte Carlo simulation (Neves and Frangopol 2005) and the quality of fit is
improved through an optimisation process by maximising the log-likelihood function (Eq. 4) (Denysiuk et
al. 2017):

P 2ﬁ=110g(Pij) 5 4)

where m is equal to the number of transitions observed in the element group, n is equal to the number of analysed
elements and p, i is the transition probability of the observed transitions predicted by the Markov model.

5.1. Verification of the degradation models

In the current investigation, the initial condition database consists of information for one of the most common
bridge types, which is a simply supported reinforced concrete beam bridge with mostly precast elements.
The elements are categorised differently from the condition state element classification into 16 groups
including structural and non-structural elements (Table 1), using the classification of Sein et al. (2017). Since
these groups had not been used in the system, the results of Markov models were verified with a goodness-
of-fit test under the assumption that the goodness-of-fit follows a y2 distribution. In a typical deterioration
model, only natural transitions from one condition to another are considered, and transitions that might occur
because of maintenance actions are excluded. However, in Estonia the maintenance actions have not been
recorded correctly and thus may affect the overall decay rate. The goodness-of-fit is measured by the
discrepancy between the observed number of transitions and the expected number of transitions (Eq. 5):

—E:)2
T=2ic=1%’ (5)

where T is the goodness-of-fit metric, C denotes the number of possible condition state transitions
(10 transitions), O, refers to the observed number of transitions and E| is the expected number of transitions
of each time. The null hypothesis was assumed similarly to Ferreira et al. (2014), where Markov models
were considered correct if the probability of goodness-of-fit is better than 5% of the sample value (Eq. 6):

P(T > Typps) = 5%. (6)

The overall results are presented in Table 1. The limit value of y2 distribution for 5% significance level was
calculated as below (Eq. 7):

T> X?ll—l)—z};o_og, = 16.919. (7)
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Table 1. Goodness-of-fit test of deterioration models

Non-Structural Observations Discrepancy Structural Observations | Discrepancy (T)
elements (T) elements

Overlay 222 1.87 Deck plate 253 1.34

Barriers 198 4.37 Edge beam 189 1.21

Handrails 169 0.69 Piles and 64 0.78
columns

Drainage 43 0.13 Supporting beam 212 4.73

Slopes 231 2.31 Wing wall, 203 242
abutments

Deformation joints 177 0.67 Diaphragms 155 0.85

Other (riverbed, 155 29.79 Main girder 215 1.06

signs, etc.)
Waterproofing 253 16.75 Bearings 121 0.89

Based on the results presented in Table 1, only the non-structural element group designated “Other” did not
pass the test, which means that there is adequacy between the sample and the model of all other element
groups.

6. MODEL UPDATING

To include information from additional assessment, the initial deterioration model should be successively

updated. The updating approach is based on the use of Bayesian updating combined with simulation and

expert judgement proposed by Neves and Frangopol (2005). There are two differences in the current model
compared to the initial work:

(1) the performance of structures was defined in terms of lifetime probabilistic condition, safety, and cost
profiles. The condition index was combined with more consistent indicators such as the safety index, but
in the current work only the condition index profile is used.

(2) the initial model did not include any information resulting from inspections or non-destructive tests, as it
was based on the performance evolution over time obtained by using expert judgement alone. However,
in the current analysis, additional information is included.

Similarly to the initial work, the mean, standard deviation, histograms, and percentiles of the life-cycle

condition index are computed employing Monte Carlo simulation.

6.1. Formulation of the inference process

At the time of an inspection, the condition index can be characterised as a probabilistic variable, with a
probability density function dependent on the results obtained by the inspector, but also on the quality of the
inspection. Common practice defines the results of an inspection in terms of a set of possible outcomes
(0, 1..., n). However, deterioration is considered a continuous or almost continuous evolution, and the results
presented based on the simulation are a simplification of reality towards a pessimistic approach. In other
words, this means that the real condition is always assumed to be worse than the average value. Based on the
Bayes theorem, the probability density function of the condition including the results of the inspection can
be defined as below (Eq. 8) (Neves and Frangopol 2008):

f(Cr) = L(Cr) x f(Cr), 3

where f(C,) is the probability density function of the condition at the time 7'by considering both inputs that
are present in posterior distribution, f'(C;) represents the probability density function of the condition at the
time 7 by considering only assessment, L(C,) is the likelihood function.
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For the Monte Carlo simulation, the mean and standard deviation of assessments at the time 7 were
calculated as below (Eq. 9) and (Eq. 10) (Neves and Frangopol 2008):

s cixi(ch)

E= Sy 9
He = Tseh ©)
of = |Beachxi(ch) _ (2F=1C%XL(_C%))Z , (10)

i u(er) i L(er)

where uf and o are the mean and standard deviations of the condition at the time 7 including the model and
assessment, Ci is the condition at the time 7 connected to the sample 7, C;' is the condition at the time 7'
connected to sample 7 and 7 is the number of samples.

6.2. Conversion matrix

Visual inspections of existing structures are a prime source of information in every assessment and a part of
a management system. The observations can give reliable information on the structures and are normally
integrated with prediction models for the assessment of deterioration in the infrastructure network.
Nevertheless, using only visual inspections in decision-making makes the overall process less rational and
more based on engineering judgement. While moving from prescription-based to performance-based quality
control, the tendency to carry out additional non-destructive testing has increased. It can provide a more
complete evaluation and might suggest maintaining the load-bearing components of the structure instead of
more costly repair or reconstruction.

One reason why additional testing was not implemented in initial decision-making is related to the missing
connection between different assessment results. For example, in Estonia the condition state description has
an additional intervention suggestion, but NDT standards or manuals have only procedure descriptions and
thus additional expert knowledge is needed. To enhance the use of NDT, the authors have compiled a table
of suggested threshold values for some basic methods (Table 2).

The values in Table 2 are suggested by the authors based on the previous tests or research carried out in
Estonia, the table is not complete and may be expanded with additional suitable NDT. The identification of
criteria for potential NDT has been investigated by Kusar et al. (2019), where the suitable method was chosen
based on the results’ reliability, test duration, results’ interpretation complexity, cost, usability, and
standardisation.

Table 2. Conversion matrix of the NDT result to the condition state

Condition state, Carbonation depth [mm] Chloride content [%] Resistance of concrete

intervention (Andrade and Alonso
recommendation 2004) [kOhmem]
1 —very good, regular ~ Average carbonation depth is Average measured value is Above 100

maintenance

less than 25% of measured less than 100% of the

2 — good, local repairs

3 — poor, overall
repair

4 — extremely poor,
replacement or
reconstruction

cover depth

Average carbonation depth is
between 25% and 50% of
measured cover depth

Average carbonation depth is
between 50% and 100% of
measured cover depth

Average carbonation depth is
more than measured cover
depth

normative threshold value

Average measured value is
between 101% to 150% of
the normative threshold
value

Average measured value is
between 151% to 200% of
the normative threshold
value

Average measured value is
more than 200% of the
normative threshold value

Between 50 and 100

Between 10 and 49

Less than 10
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Table 3. Assessment results of typical bridges

Bridge | Construction | Reconstruction Inspection-based Carbonation depth CS
No. year year Time of CS — Average CS — differences
inspection intervention | measurement, | intervention
mm
883 1989 2002 2015 1.1-M 6.9 14-M +0.3
826 1969 2010 2019 1.1-M 18.7 2.3 —Rep +1.2
907 1967 2001 2019 1.2-M 20.0 2.8 —Rep +1.6
911 1970 1998 2019 1.3-M 28.0 2.8 —Rep +1.5
908 1967 2001 2019 1.7-M 13.6 2.6 —Rep +0.9
503 1969 - 2019 2.1 —Rep 26.2 3.5-Ren +1.4
252 1965 2000 2018 2.3 —-Rep 32 1.2-M -1.1
909 1974 - 2019 2.3 —Rep 375 3.5—Ren +1.2
306 1969 - 2019 3.0-Ren 10.8 2.2—Rep —0.8

6.3. Assessment outcome comparison

To present the use of the conversion matrix and draw attention to the difference of the potential outcome as
intervention activity for one specific element group, several bridges have been tested in the past years. The
data presented in Table 3 were collected from the precast beams of nine bridges with the following common
properties: made of reinforced concrete, simply supported beam bridges without additional diaphragms,
constructed between 1965-1989 and designed according to the standard design of the Soviet Union, Catalogue
No. 56-addition (USSR Mintransstroy 1962) or Catalogue No. 167 (USSR Mintransstroy 1963). The
condition states of inspections (CS) are calculated based on the assessment result of element units and for
carbonation depth, the result is interpolated. Possible intervention activities are regular maintenance (M),
repair (Rep) or renovation/renewal (Ren).

It is possible to notice that only one bridge has the same potential intervention outcome, but in most cases,
different assessment types have different outcomes. With two exceptions the inspection-based condition state
is lower than the carbonation depth-based condition state, which means that the element should be repaired
but is maintained instead (4 out of 9) or the element should have already been replaced or renovated but is
repaired (2 out of 9).

The obtained results justify the question about the knowledge of uncertainties in the interpretation of data,
because using only one assessment result as a trigger for intervention may lead to inefficient management.
To consider the different assessment results, a confidence level of 95% is used in finding the optimal
inspection interval and the inspection result is assumed to be the same as the average degradation model
value. To improve the quality of data interpretation, it is suggested that the stochastic model should be
combined with analytical models. For example, Zambon et al. (2019) has presented a framework where the
analytical model of carbonation was combined with a Markov chain model.

7. UNCERTAINTIES IN PERFORMANCE ASSESSMENT

Apart from the non-trivial combination of different methods, also the uncertainty of assessment plays an
important role in more accurate results and in moving towards optimal inspection intervals. When the value
of a bridge condition is reported, in addition to the best estimate of its value, the best evaluation of the
associated uncertainty should also be given, as it is not normally possible to decide in which direction the
realistic condition of the bridge element is from the assessed condition and whether it performs as intended.
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If the uncertainties are understated, then too much trust might be put in the values reported, which may lead
to undesired consequences. Likewise, the overstatement of uncertainties could also have undesirable
repercussions. For example, it could cause unnecessary interventions, making structure maintenance more
costly.

Uncertainty, namely epistemic uncertainty, originates from various sources, and based on the classification
of Regan et al. (2002), it can be divided into six classes:

e Inherent randomness, which is the uncertainty related to the randomness of the inherent nature affecting
the outcome. This type of uncertainty can be quantified using probabilistic models;

e Measurement error, which is the uncertainty related to measured quantity and errors. This type of
uncertainty can be quantified using probabilistic models if the measurement error is estimated;

e Systematic error, which is the uncertainty related to the bias of measurements or sampling. This type of
error can be quantified but is difficult to notice and use in probabilistic models;

e Natural variation, which is the uncertainty related to natural conditions. Since the changes in natural
conditions are unknown, careful consideration is needed before quantification of this type of uncertainty;

e Model uncertainty, which is the uncertainty related to the model abstraction of the real process. This type
of uncertainty also needs careful consideration before quantification. Additionally, cause-and-effect
relationships are exceedingly difficult to quantify;

e Subjective judgement, which is the uncertainty related to the interpretation of data. This type of uncertainty
is difficult to quantify, similarly to model uncertainty.

In bridge management, all the described types of uncertainty are present, and it is impossible to separate

them from each other. To help the bridge owners to make justified decisions and be aware of various sources

of uncertainty, it is proposed that a limit to expanded uncertainty should be obtained which defines an interval
with a specified level of confidence, and which satisfies their needs. However, the Joint Committee for Guides
in Metrology (JCGM) suggests in their guidance (Bich et al. 2006) that such factors must be applied to the
uncertainty as determined by a realistic method, where the uncertainty has been determined, the interval
defined by the expanded uncertainty has the level of confidence required and the operation may be easily
reversed. There are three distinct advantages of adopting an interpretation of probability based on the degree
of belief, standard deviation, and the law of propagation of uncertainty as the basis for evaluating and

expressing the uncertainty in measurement (JCGM 2008):

e The law of propagation of uncertainty allows the combined standard uncertainty of one result to be readily
incorporated in the evaluation of the combined standard uncertainty of another result in which the first is
used;

e The combined standard uncertainty can serve as the basis for calculating intervals that correspond in a
realistic way to their required levels of confidence;

e [t is unnecessary to classify components as “random” or “systematic” (or in any other manner) when
evaluating uncertainty because all components of uncertainty are treated in the same way.

Although the JCGM (2008) guide states that when the standard uncertainty of an input quantity cannot be

evaluated by an analysis of the results of an adequate number of repeated observations (stated as Type A

evaluation), a probability distribution must be adopted based on knowledge or expert judgement (stated as

Type B evaluation) which is much less extensive than might be desirable. That does not, however, make the

distribution invalid or unreal; like all probability distributions, it is an expression of what knowledge exists.

Therefore, measurement-based evaluations of standard uncertainty are not necessarily more reliable than

knowledge-based evaluations (JCGM 2008). In the current framework, both types of evaluations are possible

to use, but to increase the reliability of results, a comparison between uncertainties obtained by different test
methods, with multiple benchmarking tests involving experts and novice users, was carried out by Sein et al.

(2019). Based on those results, the measurement-based uncertainty is expressed as the coefficient of variation

in Eq. 11:

g
CoV = 2 (11
where o is the standard deviation, u denotes the mean of the measurement and CoV is the ratio or relative

standard deviation. Inspection related uncertainty values are based on benchmarking and presented as a
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Table 4. Overview of uncertainties of different assessment methods (Sein et al. 2019)

Method Expertise Standard deviation
(CoV x 4)
Inexperienced students 1.49
Visual inspection Engineers 0.61
Experts 0.50
Carbonation depth with phenolphthalein method — Inexperienced students 0.47
Experts 0.35
Cover depth using electromagnetic cover meter ~ All 0.19

standard deviation of condition assessment (Table 4). The same values are used in the optimal inspection
scheduling.

Inspectors with previous expertise can obtain condition state results with lower standard deviation than
less experienced ones, but more accurate NDT methods give better results, even for inexperienced users.

If the assessment is combined, then the combined standard uncertainty is calculated by Eq. 12 and used
in the likelihood function instead of the standard deviation of a single assessment:

U = /(W12 + (W2)? . (+W)? - (12)

where 1, is the combined uncertainty and (u), , ,, are the standard deviations of separate assessments. For
example, when combining cover depth measurement with carbonation depth measurement carried out by
experts, the combined standard uncertainty is 0.40.

8. INSPECTION SCHEDULING

The main goal of the inspection scheduling is to keep the level of uncertainty under the desired threshold
value by maximising the time between inspections. Based on the investigation of benchmark tests in Estonia
(Sein et al. 2019), the inspections are an important part of the bridge management process and even assessment
performed by an inexperienced inspector decreases the level of uncertainty in condition prediction.
Unfortunately, the visual inspections have limitations due to their subjectivity and to increase the quality of
assessment, it is necessary to combine the evaluation with quantitative measurements.

Finding the optimal solution is based on linear interpolation and the outcome is the time of inspection or
intervention. The main goal of the optimisation is to maximise the time between inspections while keeping
the level of uncertainty under a specified threshold value. As an additional result, the potential intervention
can be triggered if the knowledge of the measurand minimises the costs of overall management processes.

The optimisation is based on the linear interpolation of the condition profile with 95% confidence. Linear
interpolation can be expressed in general (Eq. 13):

_ (x=x0) (¥1-¥0)
Y=Y+ — = (13)
where x ,, y, ; are the coordinates of two known points and x, y are the coordinates of the unknown point.

The known points are the time and error of predicted or updated conditions and the unknown point is partially
defined with the limit value. Limit values for the condition state and uncertainty in the model are related to
owners’ policies or needs and need to be defined separately. The limit value for the condition state is one main
trigger for potential intervention activity or in-depth assessment and the limit value for uncertainty is one main
trigger for inspection but can also be used for triggering in-depth assessment or preventive intervention.

To investigate which of the proposed inspection scheduling gives optimal output, two parameters are
compared. For uncertainty, a trapezoidal numerical integration is used to calculate the approximate area of
uncertainties during the designed service life of 100 years. To simulate costs for the agency, total costs of
element inspection and potential intervention are summarised.



S. Sein et al.: Condition assessment optimisation 183

9. CASE STUDY

Case study analysis concentrates on the same precast beams of the most common bridges as introduced in

Chapter 6.3. The input is based on real values, but the investigation of different assessment methods is

theoretical. Different inspection scheduling and assessment methods are compared during the service life of

100 years using the condition limit for triggering intervention. The emphasis is put on the total number of

inspections, intervals, overall costs, area of uncertainty and the years when uncertainty is above a threshold

value.

The limit values used for the condition and error are set based on the current maintenance policy of the
ETA and expert judgement under the assumption that both variables follow a normal distribution and have a
confidence level of 95%. Hence, the following restraints are applied:

e Condition state is limited to 3.0 (poor) because the elements look visually bad and most likely a renewal
will be triggered within the next few years. Since the investigation is concentrated on inspection interval
scheduling, only the decrease in the condition state is considered the only effect of maintenance action.
As stated before, then the regular maintenance is included in the initial condition degradation profile.

e Uncertainty of a condition state is only limited to 1.0 because this gives the confidence that the assessed
condition stays within the limits of one value. Additionally, currently used non-destructive testing methods
are not fully accurate and limiting the uncertainty to lower values triggers inspections every year.

e The initial condition and uncertainties are included in the initial probability distribution, which is based
on the expert judgement. For example, Kang and Adams (2010) used random errors of + 10%, +20% and
+50% in their sensitivity analysis of bridge HI related element condition assessment. In this investigation,
the initial condition accuracy is +10%, which means that if the initial condition state is one, then the
vector of probability distribution is P(0)=/0.90 0.10 0 0].

o The standard deviation of the degradation model 6 _,,= 0.50.

e For regular visual inspection with ¢ = 0.50, a price of 150 EUR is estimated; for cover and carbonation
depth measurements with ¢ = 0.40, a price of 400 EUR is estimated; for advanced NDT assessment
including chloride content and resistivity measurements having ¢ = 0.3, the price is estimated to be 800
EUR.

e Intervention activity is the renewal of a beam during an overall bridge reconstruction and the cost is
estimated to be 10 000 EUR.

Since the analysis is based on a specific bridge element group, the verified transition intensity matrix is used

(Eq. 14).

—0.0100  0.0100 0 0
_| o —0.0237 00237 0

Qveams =| ¢ 0 -0.0137 0.0137| (19
0 0 0 0

The transition probabilities are low because there are only three different visual inspection inputs since
2005 and many new structures are still evaluated in the condition state 1. Based on the presented values, an
average condition degradation profile is calculated. Further analyses are carried out using the probabilistic
degradation model with a confidence level of 95% and the previously stated restrictions (Fig. 3).

Due to the low transition probabilities, the average degradation profile is almost linear, which makes the
scheduling of intervention activities unrealistic. Nevertheless, considering the errors of the model with 95%
confidence, the renewal of concrete beams is triggered after 43 years in service. In Fig. 4, the probability
mass distribution of the degradation model in year 42 is presented, the initial standard deviation has increased
from 0.30 to 0.85. From an optimistic point of view, it means that there is a possibility that the real condition
state is still 1.0, but intervention activity is nonetheless triggered. In comparison, taking into consideration
that the inspected condition affects the final condition probability mass function, inspection with the result
equal to 1.60 is presented.

It is clear that the model with updated information has a lower level of uncertainty and if the result of the
assessment is true, then intervention activity can also be postponed. Currently, the condition assessment is
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only visual inspection based, with 4-year intervals. Since the cost of an inspection is low, it is still possible
to make the current assessment regulation more optimal with clearer inspection scheduling. The average 4-
year inspection interval is compared with the optimal inspection interval and the condition profiles are
presented in Fig. 5.

Comparing the 4-year interval profile to the initial condition degradation profile in Fig. 3, it is possible to
postpone the intervention by 41 years to year 82 with only better knowledge about the condition state. The
limit of uncertainty in the optimal inspection interval triggers intervention in year 69, which is earlier than
the current system, but without more accurate inspections the intervention is needed. If the trigger were based
on the condition state, then the time of intervention would be in year 76. It is possible to see that before the
intervention there are six inspections with an annual interval and this situation could be avoided with a more
accurate assessment with the standard deviation ¢ = 0.3 as presented in Fig. 6.

Although accurate assessment is more expensive, it reduces the uncertainty and extends the time of the
next inspection from 3 years to 6 years. Since the level of uncertainty is still high because of the uncertainties
in the model, next inspections should also be performed with additional testing, and eventually it is not
possible to postpone the intervention with a more accurate assessment.

Alternatively, it is possible to add cover depth and carbonation measurements to all inspections, with this
addition it is possible to decrease the combined standard deviation to 0.40. The cost of the intervention will
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be higher, but in return, the intervention will be triggered later. As in Fig. 5, the average 4-year inspection
interval is compared with the optimal inspection interval. The condition profiles are presented in Fig. 7.

In both cases, the intervention is triggered in year 90 due to the condition limit. The main difference
between the two approaches is the time between inspections, which is longer with optimal scheduling, as
well as the number of inspections. With a 4-year interval, there were 22 inspections, but with the optimised
approach, there were only 12 inspections with the intervals ranging from 5 to 19 years. Inspection intervals
triggered by the uncertainty limit for visual inspections presented in Fig. 5 varied from 1 year to 20 years,
which interestingly corresponds to the results based on optimising the inspection interval for New York
bridges (Ilbeigi and Pawar 2020).

In the context of overall management, the overall costs should also be minimised, because more expensive
and accurate tests can postpone more costly intervention. However, the situation where the assessment costs
are higher than the intervention should be avoided. Assessment methods were compared during the service
life of 100 years and an overview of the results is shown in Table 5.
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Table 5. Overview of total costs and uncertainties with different assessment approaches
Assessment type No. 4-year | Optimal | 4-year | Optimal | 4-year | Optimal
inspections | ¢=0.5 6=05 | 6=04 | 6=04 |c=03 | 6=03
Total number of inspections [—] 0 24 14 24 12 24 7
Total number of interventions [—] 2 1 1 1 1 0 1
Total cost [EUR] 20000 13600 12100 19600 14800 19200 15600
Area of uncertainty curve [—] 141.5 75.5 82.4 732 84.0 68.7 80.1
Uncertainty above 1.0 [years] 81 21 1 0 0 0 0

Comparing the triggered interventions, only the most accurate 4-year interval inspections can lead to a
situation where no intervention is needed since the intervention is triggered due to the condition in year 103.
Contrarily, the approach with no inspections triggered two interventions. The total cost is only 4.17% higher
without any inspections. The lowest total cost results from visual inspections with the optimal interval. Most
commonly one intervention is triggered, which means that the cost of intervention affects most of the
approaches with the same amount. Although the area of the uncertainty of the optimal approaches is always
higher, the uncertainty of the condition is always below the threshold value 1.0, which means that inspections
are triggered only when needed and not based on a strict schedule. In the current 4-year interval approach,
the inspections are triggered too quickly in the first 55 years and after that the level of uncertainty is higher
than the threshold value, meaning that the condition could differ more than one state and intervention or
more accurate testing is needed. Improving visual inspections by means of more accurate NDT is also justified
because the uncertainty is lower than the threshold value, but the area of uncertainty is higher. Also, after
55 years the time between inspections can only be extended with better knowledge.

10. CONCLUSIONS

This paper has focused on intervention-related decision-making and inspection scheduling triggered by
uncertainties in regular performance assessment. To integrate more accurate non-destructive testing methods
with the currently common visual assessment, a condition conversion matrix and an overview of carried out
tests has been presented. The different assessment method of the existing structure will probably lead to
different intervention activity. Moreover, the data were theoretically analysed as probabilistic values of the
beam condition of the most common bridge type in Estonian national roads. For computation, a Markov
Chain Monte Carlo simulation was employed and verified with the Estonian Transport Administration’s
database.
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Using one-dimensional interpolation of the uncertainty of the deterioration model, it was detected that,
although the overall level of uncertainty is lower, the current condition scheduling policy is too pessimistic
in the first 55 years after construction and too optimistic afterwards. This finding correlates with suggestions
given by Ilbeigi and Pawar (2020) based on the New York bridge network inspection scheduling. The main
conclusions about the knowledge of the uncertainty regarding the assessment are as follows:

e Probabilistic expression of assessment results helps to numerically present the knowledge about
measurement process, prediction and uncertainties related to the result. Additionally, results that are
presented based on the simulation of the degradation process are a simplification of reality, which means
that the assessed condition must decrease the uncertainty. Using the condition profile of 95% confidence
level instead of the average condition profile in a situation where transition probabilities are low is justified
as this helps to keep the structure on the safe side by triggering interventions based on the condition state
limit.

e Inspections help to reduce the uncertainty and generally postpone the time for intervention. Adding a limit
to the uncertainty of the condition can cause a situation where intervention is triggered due to the
uncertainty limit.

e Non-destructive testing methods are more accurate than visual inspections and are useful in extending
the time interval between inspections due to a higher reduction rate of uncertainties.

e In addition to a reduction of uncertainty, improved assessment can have a different intervention outcome
and the differences in the average condition state of visual assessment and common non-destructive tests
can vary from —20% (—0.8) to +40% (+1.6).

e Compared to the 4-year inspection interval, optimal inspection scheduling keeps the level of uncertainty
under the desired threshold value. Additional assessment based on cover and carbonation depth
measurements is justified because the area of uncertainty is maximised and after 55 years, the time between
inspections can only be extended with a better assessment.

Considering all the factors, it can be concluded that with simple improvements in assessment methodology
it is possible to reduce the level of uncertainty in decision-making regarding the intervention activities of
existing structures.
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Sildade haldamise optimeerimine lihtuvalt seisukorra hindamisega
kaasnevast mairamatusest

Sander Sein, Jose Campos Matos, Juhan Idnurm, Martti Kiisa ja Mario Coelho

Sildade haldamine on viimase paarikiimne aastaga markimisvairselt muutunud, sest oma otsuste tegemisel arvestavad
omanikud lisaks seisukorra infole ka alternatiivsete parendustegevustega. Vaatamata muutunud olukorrale vajavad diged
otsused piisavalt tipset sisendit, mis jatkuvalt pohinevad registri- ja seisukorrainfol. Antud t66s on keskendutud seisu-
korra hindamisele, tutvustades voimalusi selle edasiarendamiseks tdpsemate mittepurustavate katsemetoodikatega ja
analiiiisides eri voimalusi, muutmaks hindamistevaheline aeg optimaalsemaks, tagades samal ajal, et otsuse aluseks
oleva prognoosimudeli mddramatus jaéb alla piirvaidrtuse. Tapsemate mittepurustavate katsemetoodikate hdlpsamaks
kasutuselevotuks on autorid vélja pakkunud tileminekumaatriksi, mis on koostatud ldhtuvalt Transpordiameti praegusest
kvalitatiivsel visuaalsel lilevaatusel pohinevast hindamissiisteemist. T60s on analiiiisitud kolme erinevat seisukorra hin-
damisega kaasneva méadramatuse aspekti, mis kdik pohinevad reaalsetel andmetel ja mis nditavad, kui oluline on arves-
tada sildade haldamisel médaramatusega. Naited on koostatud Eesti riigiteedel enam levinud sildadelt kogutud andmete
alusel, mida Markovi ahelate Monte Carlo algoritmide simulatsiooni tulemusena viljendatakse tdendosuslike seisukorra
védrtustena ja mille uuendamisel kasutatakse Bayesi meetodit. Tulemused kinnitavad, et seisukorra prognoosimise ja
hindamisega kaasnevad kdrvalekalded mojutavad elemendi seisunditaseme méadramatust. Viimane omakorda mojutab
planeeritud iilevaatuse ja parendustegevuse aega ja seelébi tildisi kulusid ning otsuste usaldusvéarsust.
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Road infrastructure is one of the backbones of modern society that can provide economic growth and sustainable development of countries (Biondini & Frangopol, 2018). Therefore, the planning of road infrastructure-related works is essential, but those plans cannot be set in stone, because the long service life and high investment need requires a broad and long-term view of efficient solutions. People need infrastructure because it anticipates demographic and social change and thus the decisions need to be farsighted enough to capitalise on the benefits of future technological advances. Uncertainties around the future mean that investment plans must contain flexibility, but at the same time still retain enough clarity in their strategic aims (OECD/ITF, 2017). In addition to planning, maintaining such a network is also a challenging but needed task to ensure the sustainability and growth of the economy. Due to the limited budget, the management of infrastructure needs new assessment and decision-making strategies to maximise the benefits of the investments done in the past. 

Asset management and decision-making strategies of networks are usually formulated as an optimisation problem with the life-cycle cost, performance (including condition), and network functionality being the most used objectives. For the optimal management of a network, an optimal decision should be made regarding the types of intervention within the investigated network under limited resources (Dong et al., 2014, Frangopol et al., 2017). It is also important to stress that an essential element of the decision-making process is the uncertainty as to whether the final decision will lead to the best outcome. This uncertainty comes from the fact that we cannot predict or model accurately the scenarios that will be derived from our decisions. Therefore, engineering is mostly about good enough decisions, grounded on dependable evidence and a scientifically justifiable derivation, and not concerned with correct decisions, since this concept is impossible to assess.

The assessment of existing infrastructure is becoming even more important as the network is increasing. The network should withstand future demands and know the performance of the infrastructure, a common understanding of assessment strategies is mandatory. The assessment process itself can be sophisticated and depending on the asset to be evaluated and the information to be obtained (Jensen et al., 2014). To reach a comparable inspection level and reliable condition assessment, integration procedures and degradation models should be also a part of a management system and meet the customer demand (Taffe, 2018). Significant advances have already been made in the performance modelling and decision analysis regarding the maintenance of deteriorating civil engineering systems. To predict the performance of structures, it is important to develop deterioration models, many models have been proposed based on Markov chains (Thompson et al., 2005, Kallen, 2007), linear or non-linear probability functions 
(L. C. Neves & Frangopol, 2005), neural networks (Steelman & Garcia, 2020), lifetime functions (Yang et al., 2006). Still, the results provided by the deterioration models are considered subjective as they are usually associated with a significant level of uncertainty. First, these models are based on inspection records, which, by themselves reveals a high level of uncertainty due to the subjectivity of the evaluation by the inspectors. However, it is also due to the natural variability of the deterioration process, which depends on a high set of factors, such as material quality, traffic levels, pollution levels, environmental conditions, structural typology, among others (Kallen & Van Noortwijk, 2006). 

Previous works on the assessment of life-cycle, including maintenance planning, and optimal design of structural systems have been proposed (Frangopol, 2011a), Frangopol, 2019, Biondini & Frangopol, 2018, Biondini & Frangopol, 2015, Frangopol & Soliman, 2016) concentrate on the structural degradation mechanisms because it is essential to properly quantify the reliability-based performance of structural systems. The complexity of the target state phenomena involved (Taffe, 2018) and the little information available make it impossible to model the deterioration with high precision (Lounis & Madanat, 2012). In the context of reliability and life-cycle assessment, uncertainty analysis is used to better explain and support decision-making processes (Ditlevsen, 1982, Ditlevsen, 2003, ISO, 2006, Faber, 2005, Lloyd & Ries, 2007) and taking the uncertainty as a part of the performance indicator is essential for reliable condition assessment and rational intervention planning including maintenance, repair, or replacement of existing structures (Biondini & Frangopol, 2018). 

Although the broad idea of using uncertainty as a part of performance assessment is the same in practice, there is a gap between the scientific approach and commonly used methods in bridge management. There are still authorities in Europe, including Estonia, where condition rating is used instead of quantification of structural degradation mechanisms for maintenance planning and asset management. In the bridge management of the Estonian Transport Administration, condition data from inspections is used as an input for economic decision-making or planning repair and strengthening measures (Minister of Economic Affairs and Infrastructure, 2018). Besides, the obtained data is partially used as input for load and resistance assessment. According to Phares 
et al. (2004), visual inspections are an unreliable method for the evaluation of infrastructure conservation states. Different inspectors under different conditions, evaluate significantly differently the conservation state of the infrastructure, introducing an additional source of uncertainty (Corotis et al., 2005). With the use of advanced methods in inspection and condition assessment, it should be possible to overcome the problem and previous works in the field of uncertainty have suggested that when the reduction of uncertainty is possible, it should also be integrated into life-cycle prediction with the results of inspection (Mori & Ellingwood, 1994, Kim & Frangopol, 2012, Soliman et al., 2013, Budelmann et al., 2012, Malerba, 2014, Papakonstantinou & Shinozuka, 2014, Omikrine Metalssi et al., 2015). 

In addition to management under uncertainties, it is important to allocate limited resources efficiently to balance the cost and performance, for this purpose, multi-objective optimisation techniques have been proposed (Liu & Frangopol, 2006, Frangopol & Liu, 2007b, Frangopol & Bocchini, 2012, Kim et al., 2013, Dong et al., 2015, Biondini & Frangopol, 2015). These techniques quantify performance at the network level in a probabilistic way and integrate multi-criteria techniques for optimum maintenance and repair strategies to reduce the extent of damage of the network to the society, economy and environment. This formulation often leads to alternative maintenance solutions that represent an optimised trade-off among the conflicting objectives under consideration. The decision-makers are then able to select a compromise maintenance solution according to the preferred balance among these objectives. 

Bortot et al. (2006) stated that to establish an optimal management strategy, bridge network performance should be maximised, and minimisation of probability of failure and life-cycle cost should be considered. As with most of the existing BMS software, optimisation is done in long-term view and the possible deterioration of bridge elements is considered as a part of condition rating, which is predicted using statistical models, where homogeneous Markov chain models are most frequent (Zambon et al., 2018). Unfortunately, the knowledge about the deterioration of specific models is not fully employed in these statistical models. Therefore, efforts have been performed to improve the accuracy of condition-based deterioration models to be implemented in BMS software. Alternative to Markov models, Ferreira (2018) proposed that a new classification system that incorporates more quantitative information from visual inspections where subjectivity can be reduced in the process of assessing the structural condition should be defined and although the classification system remained the same the subjectivity of collected information is quantified. 
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Bridge management and data-driven decision-making have been important topics in engineering for more than 20 years. In addition, the areas that have been investigated in the field have changed within the years and although some of the main findings have been introduced in the first chapter the scope of this work has been narrowed down with currently used condition assessment and non-destructive testing practices of reinforced concrete bridges. The input data is directly taken from the Estonian national road data bank, regular bridge inspection database, experts who have carried out non-destructive testing and collected during the investigation. The optimisation in the subject matter has been defined through the uncertainty of a measurand with the best-estimated value. 
The optimisation of condition control is to propose practically useable methods to make the condition assessment more accurate and time between regular inspections optimal.

The limitations of this work are related to condition and performance assessment, which are widely used terms in bridge management and in many approaches these two are connected to structural performance, which goes out of the scope of this research. Structural performance relates to reliability, safety, serviceability and other variables that are linked with risks or service life and commonly used in the bridge design phase.  These variables are commonly used in the load-bearing capacity evaluation of existing structures through investigation of design documentation, load testing, monitoring, locating existing details, assessing damages and material properties (Rücker et al., 2006). Although the same parameters are also investigated in this work the main focus is on making the currently used condition assessment more optimal. Condition assessment 
is widely used by practitioners because it is relatively quick and easy to conduct. 
The downside of the condition assessment is the subjectivity that comes with visual assessment and this affects the decision-making related to intervention activities. Based on the common practice in Estonia, the current work is limited to the condition assessment related to intervention decisions and is not dealing with the structural performance of a bridge. The limitation is needed to draw more attention to the events that take place before and after the design or re-design of a structure and affect the overall condition control practice.

[bookmark: _Toc80609410]Novelties

The main novelties of the work are related to the different approaches to the problem of performance assessment, the addition of uncertainty as a quantitative performance indicator to qualitative assessment and the use of a simple optimisation model based on condition assessment instead of alternative and more complex methods to make it more feasible to practitioners. Most of the previous development work in the context of bridge management is concentrated on optimising the maintenance and repair strategies, taking the condition assessment as a part of the overall system, but since the input itself has a high level of uncertainty, then these approaches work only with accurate information. In the current approach, uncertainty is also used to ensure that the collected data and final decision complies with the current management system, but the performance assessment framework is integrated with the owner’s needs using statistical data evaluation according to Guide to the Expression of Uncertainty in Measurement (Hässelbarth et al., 2006). The use of a simple optimisation approach considering overall performance assessment including degradation modelling and model updating should help to reduce the knowledge gap between how data is collected and decisions are made in scientific approaches and practice. The optimisation is done using only time and level of uncertainty and like in the optimisation of maintenance strategies, the main difficulty is to define optimal conditions, like what is the maximum permissible performance, what should be the maximum condition of a structure presenting this level of deterioration and what maintenance actions to consider (M. L. Neves et al., 2011). 

In the local context, the investigated topics should increase the knowledge of uncertainties in performance assessment, improve the condition assessment and give a different angle to bridge management in Estonia. Main novelties:

Statistical analysis of structural and non-structural elements.

Calculation of more universal Markov chain based deterioration models and verification of the results.

Development of deterioration model updating format and conversion matrix of 
non-destructive test results.

A broader investigation of the uncertainties related to condition assessment.

Evaluation of the current condition control system and proposal of more optimal scheduling.

[bookmark: _Toc80609411][bookmark: _Toc42612508]Aim and objectives 

The main aim of the research work is to introduce the uncertainty in performance assessment and propose a framework to optimise inspection scheduling for regular condition assessment of bridges. The goal of the optimisation is to keep the level of uncertainty under the desired level and maximise the time between assessments. Since visual inspections are considered subjective, then to improve the accuracy of performance assessment, selection of suitable non-destructive testing methods is investigated and the conversion matrix is proposed to simplify the implementation of additional assessment methods. To present the applicability of the overall research work, the most common reinforced concrete national road bridges in Estonia are statistically studied and additional information about visual and non-destructive assessment method is collected. Since the condition data have never been modelled with probabilistic models, then verification of degradation models is also one important objective. Other notable objectives of the thesis are: 

Description of current bridge management regulation of Estonia.

Investigation of Principal Component Analysis and the importance of different bridge element groups.

[bookmark: _Ref67920831]A suggestion of criteria for suitable non-destructive test method selection.

Investigation of uncertainties in different assessment methods, including visual inspection and basic non-destructive testing methods.

Investigation and use of stochastic Markov chain models and Bayesian inference procedures with uncertainties.

Development of optimisation algorithm in MATLAB® to find optimal time interval between assessments keeping the uncertainty under the desired threshold.
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[bookmark: _Toc80609412]Research methods

The preparation of the dissertation was based on books, reports, scientific publications, statistical information and legislative documents like standards or national regulations. Also, a great amount of information was obtained through discussions with experts working in the public sector or research field and construction-related information was collected during inspections. The research consists of two different areas including more practical performance assessment and theoretical decision-making and the optimisation was done in a stepwise manner – starting from the collection of historical information ending with presenting the applicability of the proposed framework (Figure 1).



[bookmark: _Ref66961345][bookmark: _Ref69997338][bookmark: _Ref69997328][bookmark: _Toc80864695][bookmark: _Toc70411210]Figure 1. The stepwise procedure of optimisation. 

In Paper I the collection of historical information and selection of most common bridges was done manually without any typical approach, but the statistical analysis was carried out using a multivariate method, called Principal Component Analysis (PCA). 
In addition to the analysis of principal components, the results of two different algorithms, Alternating Least Square (Ilin & Raiko, 2008) and Singular Value Decomposition (Chambers, 1977), were compared.  

In Paper II the selection of non-destructive test method criteria and suitable methods, the Analytical Hierarchy Process technique (Saaty, 1990) and utility function was used to decompose a ranked list of variables.  

In Paper III the obtained benchmarking results were compared using continuous-time Markov models (Kallen & Van Noortwijk, 2006) combined with the Monte Carlo method (Denysiuk et al., 2017) and Bayesian updating (L. C. Neves & Frangopol, 2008). 

The overall concept of uncertainty related inspection scheduling was based on Taffe (2018) proposed approach and a case study was carried out using policies of the Estonian Transport Agency. The visual overview of the work is presented in Figure 2, where the relation between different topics, Publications and chapters can be seen. 
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[bookmark: _Ref67725723][bookmark: _Toc70411211][bookmark: _Toc80864696]Figure 2. Research and publications overview.

The main results are compiled in Paper IV, where the degradation models were calculated and updated with the same methods as in Paper III, with additional verification based on the goodness-of-fit test under the assumption that the goodness-of-fit follows a  distribution (C. Ferreira et al., 2014).
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[bookmark: _Toc80609414]Bridge assessment and management principles

The dissertation concentrates on condition assessment, which is a part of a bigger systematic framework, widely known as bridge management system (BMS) and for a better understanding of the importance of uncertainty in this framework, main principles of BMS and management related uncertainties are introduced in a State-of-art literature review to help the reader to understand the current and broader situation of research done in the field of performance assessment.  

[bookmark: _Toc80609415]Bridge management systems

A BMS is like any other infrastructure management system, that can be defined as a framework that coordinates its functions in an integrated, data-centred way to manage the physical system through its life-cycle, maintaining the elements at an adequate performance level (Grigg, 2012). It should be a systematic and rational approach including all activities related to managing a network of bridges, like optimisation of maintenance planning to maximise performance while minimising costs (Klanker et al., 2017).

BMS’s have been developed since the late 1960s, when a series of bridge failures occurred and “motivated” the governments in the United States to mandate standard bridge inspection procedures (Thompson et al., 1998). Federal Highway Administration (FHWA) created the National Bridge Inspection Program (NBIP), to catalogue, record, and track in a database the state of all bridges located in the main road of the country. In the beginning, the role of the NBIP was only to inform the authorities about the state of the bridges and the necessities that they demanded in terms of maintenance actions in order not to reach a critical condition state. The interest in the development of a BMS only began to be visible from the 1980s, when the National Cooperative Highway Research Project (NCHRP) began a program to develop a model for an efficient BMS (Elbehairy, 2007). Based on the guidelines from the American Association of State Highway and Transportation Officials (AASHTO) published in 1993 any modern BMS should include the database, deterioration models, updating functions and optimisation model (Figure 1).

[image: ]

[bookmark: _Toc70411212][bookmark: _Toc80864697]Figure 3. Basic components of classical BMS (AASHTO, 1993).



Basic components described in a more detailed form: 

Data collection – The database can be considered the heart of any management system. In addition to having the function of storing information such as name, location, age, among other characteristics of all infrastructures (inventory records), it should also store data on all inspections and maintenance actions performed in each infrastructure (inspection records). The database is not a static element, it must be regularly updated throughout the life-cycle of the infrastructures to keep update and to constitute a good historical record of the infrastructures (Elbehairy, 2007).

Deterioration model – The deterioration models can be divided into three different groups: condition-based, damage process-based and reliability-based models. 
The first two have the main function of simulating the real degradation process of the infrastructures and the third is for probabilistic modelling of limit state. The main purpose is to assist the manager in making decisions about the actions to be performed on the structure. In general, the condition-based deterioration models can be based on inspection results, estimates obtained through expert opinion or by combining these two methodologies (Kallen, 2007). Damage process-based models are mostly analytical, based on measurements and used to model material properties. Reliability-based models are probabilistic and used for assessing the margin of safety or limit state function, the input can be design information or measurements (Ghosn et al., 2016). 

Inference or update functions – Management systems are related to continuous data flow with updating of the maintenance strategies and new information obtained from inspections. These should be updated frequently for two reasons. First, due to the uncertainty of forecasting models, whenever inspections are performed, an adjustment in performance forecasts occurs. Second, because often the optimal maintenance strategy is not followed, requiring the changes to correct these failures (M. L. Neves et al., 2011). 

Optimisation or decision-making model – The optimisation model has the task of defining the optimal Maintenance, Repair and Rehabilitation (MR&R) activities to be performed on the infrastructures, considering the constraints imposed in the management system and the results obtained from the deterioration model. In current models, these constraints are based on minimising maintenance costs with the structure, maximising structure performance throughout its life-cycle, and on some models, minimising the impact of maintenance actions on users (C. A. R. Ferreira, 2018).  Also minimising the level of uncertainty of condition is related to optimal MR&R. 

[bookmark: _Toc42612514][bookmark: _Toc80609416]Uncertainty in bridge management and assessment

“As far as the laws of mathematics refer to reality, they are not certain; and as far as they are certain, they do not refer to reality.” – Einstein, 1921. 

Guide to the expression of uncertainty (JCGM, 2008) in measurement (GUM) defines, that uncertainty is a non-negative parameter that describes the dispersion of observations within the proximity of the best estimate. It also means doubt about the validity of the result of quantitative measurement (JCGM, 2008). For example, when a bridge condition is reported, also the best estimate of its value and the best evaluation of the uncertainty of that estimate should be given because it is not normally possible to decide in which direction the realistic condition of the bridge is and if the structure performs as intended. Without the uncertainties, too much trust might be placed in the values reported and it may have undesired consequences, but on the other side, the overstatement of uncertainties could also have undesirable repercussions. For example, it could cause costly unnecessary interventions or users of measuring equipment to purchase instruments that are more expensive than they need. 

From the management point of view, it is important to have a clear overview of the uncertainties and limited with a specified level of confidence and that satisfies one’s needs. If the uncertainties are known, then in certain circumstances that could lead to a situation where it is necessary to exchange the data collection method with the one that provides an uncertainty that meets the needs. Based on GUM (2008), there are three distinct advantages to adopting an interpretation of the probability-based level of confidence, the standard deviation, and the law of propagation of uncertainty as to the basis for evaluating and expressing uncertainty in the assessment:

The law of propagation of uncertainty allows the combined standard uncertainty of one assessment result to be used in the evaluation of the combined standard uncertainty of another assessment result or decision-making process.

The combined standard uncertainty can serve as the basis for calculating intervals that correspond in a realistic way to their required levels of confidence.

The frequent source of confusion of component classification, like “random” or “systematic”, is unnecessary when evaluating uncertainty because all components of uncertainty are treated in the same mathematical way.

Based on the advantages the assessment result is always evaluated as a standard deviation of repeated observations (Type A) or available knowledge (Type B). Probability distribution based on available knowledge is used when the input quantity cannot be evaluated by an analysis of the results of an adequate number of repeated observations. Although there is common knowledge that Type A evaluations are more reliable than Type B evaluations, in many practical measurement situations where the number of observations is limited, the components obtained from Type B evaluations may be better known than the components obtained from Type A evaluations.

In bridge management, where decision-making normally leads to a specific outcome but when the actual result is unknown, then based on Yoe (2011) and Luce and Raiffa (1989), the probabilistic approach should be used and based on Holton (2004), the uncertainty in probabilistic is “a state of not knowing whether a proposition is true or false”. From the management point of view, uncertainty is just the lack of exact knowledge, regardless of what is the cause of this deficiency (Refsgaard et al., 2007), 
but it may also result from a lack of a pattern in the system behaviour (randomness) (Blockley, 2012).

To utilise relevant information to provide the decision-maker with a realistic picture of the current knowledge of system behaviour over a given time, models that consider the uncertainty in the system performance and take the external conditions also into account should be used. Although there is no common knowledge on how to estimate uncertainties in any cases more complex than a well-known random process such as a coin toss it is still clear that relevant predictions require the appropriate understanding and management of uncertainty. For example, the description of the system performance plays a major role in most of the resistance analysis of engineering systems (Sánchez-Silva and Klutke, 2016) and to consider the uncertainties, safety factors are used. In bridge management, there are no commonly known safety factors and the visual inspection limits the overall efficiency to revealing the structural anomalies, which can lead to costly and inadequate maintenance actions to cover the uncertainty resulting from visual inspections. 

Taffe (2018) listed different methods for condition assessment and proposed a procedure of how data would meet customer demand. Although the condition assessment is introduced as a method that should reveal the information of the inner structure, the issues regarding the definition of the measurand, identification of the method, location and timing of condition assessment are relevant components of uncertainty. The proposed procedure targets accuracy of the results to guarantee their reliability, which means that precision should be ensured with an uncertainty of the measurement, which should be statistically evaluated using GUM (JCGM, 2008) and the trueness has to be provided by well-trained personnel (Taffe, 2018). The main idea behind the quantification of knowledge is to identify the quantities influencing the results and allow one to draw reliable conclusions (Taffe and Gehlen, 2009). The conclusions should meet the minimum requirements of the client, not absolute minimal (Taffe, 2018).
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[bookmark: _Toc70411213][bookmark: _Toc80864698]Figure 4. Flowchart of the measurement process and outcomes influencing the outcome. Adapted from Taffe (2018) and from Paper IV.

The result of the measurement process is decision-making, where information about the uncertainties related to each of the decision options estimates should be considered, as in most cases the certainty of the desired outcome of a decision is a central criterion (average value) on the selection of the management policy. On the other hand, any other decision may also include an increased probability of an extremely undesired outcome (such as the collapse of a bridge). If this information would be available, then the decision-maker may prefer to choose another decision option that reduces this risk even if the expected benefits would decrease as well (Uusitalo et al., 2015). 

Uncertainty may come from various sources and can explicitly be distinguished by nature as aleatory or epistemic. Aleatory uncertainty comes from randomness or natural variability and epistemic uncertainty comes from incomplete knowledge and information (Kiureghian & Ditlevsen, 2009). In more detail, the uncertainty can be divided into 6 categories, which is based on the classification from ecology and conservation biology (Regan et al., 2002) and described by Uusitalo et al. (2015).

Inherent randomness. It does not matter how well the process and the initial (starting) conditions are known, certainty is limited to what the outcome will be. Although it may be inherent to nature, the randomness can often be quantified with probabilistic models.

Natural variation. As for nature, the natural systems change in time and place, also the parameters of interest will change. Therefore, despite the measurements, there is always uncertainty about natural conditions. Although it requires some careful consideration the variation can also be quantified. Consideration should include the possible range and relative probabilities of the unknown quantities.

Measurement error. Measurement error causes uncertainty about the value of the measured quantity. The measurement error can be estimated by statistical methods if several samples are taken. If the extent of the measurement error can be estimated, it can be relatively easily dealt with in probabilistic models.

Systematic error in the measurements results from a bias in the sampling and is more difficult to quantify, or even notice. If the systematic error goes unnoticed, 
it may have cumulative effects on the models that are built on the data. 

Model uncertainty. Models are always abstractions of the natural system. Some less important variables and interactions are left out, and the shapes of the functions are always abstractions of the real processes. One may have insufficient knowledge about the relevant processes, the shapes of the functions and their parameter values. Uncertainty of the model parameters can be accounted for in probabilistic models much the same way as natural variation, with careful consideration of the range of possible values and their probabilities; while uncertainty about the model’s structure, i.e., uncertainty about the cause-and-effect relationships, is often difficult to quantify.

Subjective judgement-based uncertainty occurs due to the interpretation of data, especially when the data are scarce or error-prone. 

In addition to previous uncertainties, there is linguistic uncertainty, that comes with language issues, but this type of uncertainty is considered unnecessary in the context of bridge management.

Aleatory uncertainty cannot be reduced, but epistemic uncertainty can be reduced by improving the knowledge or making deterioration models more accurate (A.-S. Ang & Leon, 2005) (Goulet et al., 2015). Moreover, aleatory uncertainty may become epistemic once the structure is constructed (Faber, 2000) (Goulet et al., 2015). The distinction between these two uncertainties is frequently determined by modelling choices (Kiureghian & Ditlevsen, 2009), but conclusively it is impossible to distinguish or separate various types of uncertainties (Uusitalo et al., 2015). Deterioration models can be overly sensitive to change of the parameters of the input random variables, and when the modeller is aware of the various sources of uncertainty, advanced inspection methods like monitoring may provide a piece of useful information to improve the accuracy of models by reducing the level of epistemic uncertainty (Frangopol, 2011b). For example, based on Biondini and Frangopol (Biondini & Frangopol, 2015) the effect of monitoring on the life-cycle performance prediction is qualitatively shown in Figure 5 for both underestimation Figure 5 (a) and overestimation Figure 5 (b) of service life. 
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[bookmark: _Ref42606096][bookmark: _Toc70411214][bookmark: _Toc80864699]Figure 5. Updating the performance profile based on the results of monitoring: without monitoring service life is (a) underestimated or (b) overestimated. Adapted from Biondini and Frangopol (2016).

Overall the selection of optimal inspection or intervention strategies requires consideration not only of uncertainties related to degradation phenomena, but also the quality of inspections among others (Frangopol, 2011b). Inspection results are characterized by uncertainty related to damage detection, and the uncertain nature of the function leads to the fact that it is not always possible to determine accurately the physical condition of the structure (Valdez‐Flores & Feldman, 1989, Madanat, 1993). 
As a result, inspections may fail to identify if there is a real need for an intervention or the extent of the required maintenance. To evaluate the accuracy of inspections, Sanchez-Silva et al. (2016) concluded, that there are two different approaches. 
The approaches can be distinguished by good and wrong assessment where the 
probability of good assessment determines the probability of detecting an event (crack, defect, concentration, etc.) that exists in reality, and probability of wrong assessment establishes the probability of detecting an event that does not exist. In the wrong assessment, two types of errors can be distinguished (Sanchez-Silva and Padgett, 2016): 

The structure is in a good state (operating above the minimum threshold level) but is judged to be bad and it is repaired.

The structure is in a bad state (e.g., failure state) but is judged to be good and it is not repaired.

To model such uncertainty as a function of the damage level, taking into account probabilities of damage detection, different methods have been proposed including false alarms by Faber and Soerensen (2002) or Sheils et al. (2012),  correct or incorrect assessments after inspection by Orcesi and Frangopol (2011).

To conclude, uncertainty is unavoidable in bridge management and despite the conceptual difficulties in the quantification of variables and making predictions, 
an appropriate understanding of the existence of uncertainties will help decision-makers to benefit from the potential outcome.





[bookmark: _Toc80609417]Performance assessment

Performance assessment, as a part of data collection, is mostly done with visual inspections, which aim at evaluating the condition state of infrastructure, through the identification and classification of defects and anomalies that affect its performance, considering its intensity and extension. The inspection record has a fundamental role for the knowledge of the condition state of the infrastructure and to determine an optimised maintenance plan, allowing prioritizing the maintenance and/or rehabilitation actions for the infrastructures with higher deterioration levels. Maintenance action records are essential for the manager to be informed about the nature of all maintenance actions that were carried out and of the costs of the conservation works of any infrastructure (Ryall, 2001). The condition rating or similar (condition rating, condition index, condition state, damage index etc.) is adopted to describe the condition state of the existing structure and is not a direct measure of structure safety but rather a measure of the severity of observable defects and are usually based on a discrete scale based on objective and uniform criteria. It should indicate the overall condition of the structure and is mostly represented by an arbitrary scale with linguistic terms like high, moderate or low. The scale of condition ratings is not universal, usually, each management system develops its rating scale (Elbehairy, 2007). Based on the review of Frangopol (2011), 
the main disadvantage of qualitative indicators is that the actual structural condition and safety level are not explicitly or adequately accounted for and may fail to account for actual structural performance. However, any attempt to standardize the criteria is efficient because it allows the information to be treated invariably for the whole network covered by the management system and in some way reduces the variability of the process of evaluating the performance of the infrastructures. COST Action TU1406 aimed to standardize the establishment of quality control plans including condition assessment for roadway bridges (Matos et al., 2016) and visualised the current situation of different scales used for structural inspection (Figure 6).
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[bookmark: _Ref77236450][bookmark: _Toc80864700]Figure 6. Comparison of structural inspection for performance over time (Wenzel & Pakrashi, 2019).

Hajdin et al. (2018) stated that the condition state is a vague measure to describe the deviation of the inspected bridge from the “as new” condition. Moreover, the maintenance policies are also often defined based on periodic observations of the structural condition and even if a more expensive in-depth investigation is triggered, the intervention action will highly likely follow. Overall, the qualitative condition assessment is widely used in the management of bridges (Golabi & Shepard, 1997) (Mirzaei et al., 2014).

In addition to visual inspection based qualitative indicators, there are also quantitative performance indicators, where numerical values are coupled to the observed phenomenon by counting or measuring (Hajdin et al., 2018). Quantitative performance indicators normally rely on technical design principles and rules or models for structures, like described in currently available Eurocodes or the fib Model Code 2010. These principles offer mathematical approaches to ensure that time-independent effects 
on a structure and resistances of material are under the expected reliability of a 
structure during the chosen reference period (Zimmert et al., 2020). Quantitative approaches are generally well-founded in terms of scientific research outcome and the likelihood of unexpected change in these assumptions during a construction’s service life is low. These quantitative reliability assessments vary in sophistication and can be divided into two main groups – measurement and model-based assessments, components are usually related to measurement or acquisition of load effects and resistance, calculation of load effects on structural models and verification of serviceability and safety (Rücker et al., 2006). If the resistance models of a structure 
are statistically quantitative, then possible time-dependent effects on a structure, like for example traffic- or environmental loads, are on the other hand constrained statistically in terms of a future prediction. Time-dependent material degradation processes are considered only in an implicit mathematical way, for example by defining minimal concrete cover rates with respect to expected environmental and or mechanical exposure. However these aforementioned time dependent processes are in many cases of a not fully predictable, or mathematically describable nature and may in addition change during a structure’s service life time (Helland, 2013). In comparison to qualitative assessment, expert judgement as the source of uncertainty estimates can easily be criticized as subjective. However, lacking data to estimate the variances by, the experts who have devoted their careers to studying these questions might be better sources of information than any hasty quantitative models not directly made for the purpose. 
For expert judgement, various methods exist to help and support the experts in the evaluation task. However, the facilitator also must be careful to make sure that the experts in fact evaluate the desired quantity, not something related but distinct (O’Hagan et al., 2006).

The main difference from the management point of view between visual inspection and reliability-based performance assessment is that the first considered cost-efficient and very valuable source of information, but reliability assessment of safety and serviceability is regarded as not time and cost-efficient because it involves additional non-destructive material investigations or load testing and structural analysis (Hajdin 
et al., 2018). As a result, some authorities in Europe, including Estonia, use only condition rating for maintenance planning and asset management. In most cases, they do not use the obtained data as input into load and resistance assessment. From the other point, there are already owners who use advanced non-destructive methods in inspection and condition assessment (Paulsson et al., 2010). 

Based on the Sustainable Bridges project report (Paulsson et al., 2010) some highway agencies have issued guidance about the use of non-destructive testing (NDT) for reinforced concrete bridges and during the project a multi-level flowchart of possible assessment phases were also developed (Figure 7). However, no standards for use in bridge assessment procedures exist in most European countries. Data processing and presentation is often insufficient and not interpretable for the authorities. In many cases, specialised laboratories can do only feasibility studies with more refined inspections, which are necessary in case of heavy safety problems. 
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[bookmark: _Ref63933549][bookmark: _Toc70411216][bookmark: _Ref63933544][bookmark: _Toc80864701]Figure 7. Sustainable Bridges project flowchart showing how regular inspection is linked to condition assessment and structural performance assessment (Reassessment) (Helmerich et al., 2007).

After the Sustainable Bridges project, a collaborative project to improve rail transport infrastructure called the Mainline Project (Elfgren et al., 2015), where it was stated that the level of assessment accuracy needs to be commensurate to the level of material/structure accuracy, i.e. there is little point in doing an advanced assessment if material properties etc. are only known to the nearest 10% or similar. There is also the issue of old materials not being to current Eurocode specifications (e.g. steel reinforcement anchorage/bond in concrete – this means that there may be limits to the use of plasticity/rotational capacity). This means that some form of monitoring or intrusive work, and incredibly detailed inspection of the structure, may need to be considered before undertaking advanced assessment methods. Wisniewski et al (2012) came to a similar conclusion and stated that bridges that fail to pass initial safety checks should be re-evaluated using Intermediate Level analysis procedures, which would involve any combination of the following. Additional more thorough inspections with possible field testing for material properties to obtain better estimates of member strengths. This is also an issue considered in this deliverable, where the information of “in situ” or material testing can be introduced in the assessment process employing Bayesian updating (Elfgren et al., 2015).  During the project, a list of potential inspection and assessment methods could increase the reliability of data and that would give a piece of better knowledge about the condition of a structure. They also stated that the negative side of the advanced method would be, that the needed apparatus may be expensive to use. 

Zimmert et al. (2020) stated that the effort and costs of this stepwise strategy can become very high with dependency on the number of boundary conditions surveyed and data to be collected and evaluated. The question of international standards should give deeper proposals for the usage of this type of service life verification and intervention strategy or more practical and economical feasible advice should be given. This possible option is the execution of a condition-based intervention strategy, for example, proposed in fib Model Code 2010 (FIB et al., 2013). Applying a condition-based intervention strategy on a construction means, that the actual state of the structure itself is examined and compared to the reference state  (FIB et al., 2013). As soon as predefined forms of damage occur, the decision-making processes for intervention can be performed. Condition-based conservation strategies and, in detail, periodic inspections of structures for further decision making are yet executed in different countries in Europe and national standards were developed (Zimmert et al., 2020).  If these standards and techniques can be implemented into the fib Model Code, a decision-making guideline for periodic inspection intervals according to a structures requirement of safety could be also used. This guideline introduced by Zimmert et al. (2020) refers to predefined classifications of structures or structural parts into Consequences Classes and Robustness Classes, for which it is proposed to deliver examples for classification. 

The assessment is typically carried out during a short period, but deterioration and damages occur for a long time. Therefore the accurate performance assessment despite the modelled variable needs predictive modelling (Elfgren et al., 2015).   

[bookmark: _Toc80609418]Deterioration models

Deterioration models are considered a critical component of a management system. 
This component has the function of simulating the degradation process of the infrastructure. However, the results provided by the deterioration models are subjective, because they are usually associated with a significant level of uncertainty. To capture the variability of the degradation process, stochastic deterioration models are used to predict the future performance of the structures. The majority of deterioration models is based on Markov chains (Zambon et al., 2018). There are also a considerable number of studies based on reliability-based approaches and, recently, the Petri net formalism has been used to model the deterioration process (C. A. R. Ferreira, 2018).

Deterioration models aim at predicting the degradation process of the infrastructures. Its purpose is to assist the manager in making decisions about the actions to be performed on the structure. In general, deterioration models can be based on inspection results, estimates obtained through expert opinion or by combining these two methodologies (Kallen, 2007). Deterioration can also be defined as the process of decline in the condition of the infrastructure resulting from normal operating conditions, excluding damage from extreme events like earthquakes, accidents, or fires (Elbehairy, 2007). Due to constant interaction with the environment, civil engineering assets are exposed to different types of actions, including environmental stressors and loads, which directly or indirectly contribute to their deterioration over time.

The common way to build a quantitative environmental model is to describe the relationships between model variables using mathematical equations with deterministic values (Jackson et al., 2000). These values are found either in literature, by fitting equations to data, or, if no such information is available, through iterative search in which the model outputs are compared to observed system behaviour (Jackson et al., 2000). However, it is not always an easy task to identify how these physical changes lead to a reduction in system capacity, which is how we define degradation. Modelling can clarify our understanding of human nature interactions, point out where the largest gaps in our knowledge lie and distinguish between competing hypotheses.

Because of the challenges in modelling a variety of physical changes that cause system performance to degrade over time, most degradation modelling asserts two primary degradation classes, namely (Liu & Frangopol, 2004) (Petcherdchoo et al., 2008) (Frangopol et al., 2009) (Ghosn et al., 2016):

Continuous (progressive or graceful) degradation.

Degradation due to discrete occurrences (shocks).

For a variety of reasons, it is conceptually important to classify degradation in this way. From an observational viewpoint, certain mechanisms, such as corrosion or continuous material removal due to friction or heat, fit naturally within the progressive deterioration category. These mechanisms generally involve very small changes in physical properties that occur continuously over a long timescale. Other changes, such as loss of material due to a sudden collision and disruptions due to failure of a component that may not cause immediate system failure, are more appropriately viewed as shock degradation. To model the continuous degradation process three main approaches can be used:  

Reliability-based models.

Condition-based models.

Damage process-based models. 

None of these approaches has shown evidence of being able to be applied generically, because all methodologies have their advantages and disadvantages. Reliability-based models deal with the reliability index, they can quantify physical parameters such as material properties, stress conditions, structural behaviour, among others in a probabilistic framework. The condition-based model is more suitable to incorporate information from visual inspections, but it cannot be used to assess the reliability of a structure in terms of strengths and stresses. Damage process-based models are mostly analytical and used when quantification of a specific environmental-related process like chloride ingress or carbonation is needed. These models are widely investigated but have not found application in bridge management. Besides, bridges normally consist of many components that have several failure modes and different consequences of failure (Lounis & Madanat, 2012) (Frangopol et al., 2004) and covering all aspects may be cumbersome. Since it is easier to evaluate visually superficial defects than internal (Ellingwood, 2005) processes, the performance assessment of bridges relies on visual inspections. The condition-based models, especially as Markov chains, are still today 
the most used approach in deterioration models (C. A. R. Ferreira, 2018) and are also introduced more thoroughly in Paper IV. 

[bookmark: _Toc80609419]Markov chains

The Markov chains are stochastic processes used extensively for modelling the deterioration in different fields of civil engineering and existing bridges (Butt et al., 1987) (Thompson et al., 1998) (Consultant & Johnson, 2005) (Sánchez-Silva & Klutke, 2016).

The first deterioration models based on the Markov process were developed by Golabi (1983) to describe pavement condition changes over time. The use of Markov chains in bridge management started in the early 1990s when Cesare et al. (1992) applied discrete Markov models to evaluate the deterioration of highway bridges. The study showed that a correlation between deterioration of elements existed and it is possible to apply these processes for the prediction of average condition considering the effect of annual repairs. 

In 1994 Scherer and Glagola investigated the applicability of Markov processes focusing on the compliance of Markovian property and state-space explosion (Scherer & Glagola, 1994). Regarding verifying the compliance, a frequency analysis of two possible sequence occurrences with the same present and future states, but the different past states was employed. The inference analysis using chi-square statistic was used and the results revealed that the property is a good assumption for bridge deterioration models. To reduce the state-space a classification of bridges into groups with similar performance characteristics were found useful. 

In 2006 Morcous investigated the use of Markov chain models in predicting the deterioration in bridge management and came to five important conclusions (Morcous, 2006):

Markov models can reflect the uncertainty from different sources like initial condition, presence of condition assessment errors and the inherent uncertainty of the deterioration process.

The models account for the present condition to predict the future condition.

The efficiency and simplicity of the models allow for the management of bigger networks.

Commonly the models use discrete parameter Markov chains, to eliminate the computational complexity and simplify the decision-making process. Unfortunately, the inspections are carried out with a variation, which results in condition data that are not equally spaced and cannot be easily utilized in developing and updating new models. The evaluation of variation was investigated using the Bayes rule and results showed that the variation in the inspection period may result in a 22% estimation error. 

Most models use first-order Markov chains that assumes state independent approach where the future condition depends only on its present condition. This assumption was also used to simplify the deterioration prediction even though deterioration is a nonstationary process, which means that the time elapsed in the initial condition state affects the probability of transition to the following state. Investigations showed that the state independence assumption is acceptable for the network-level analysis with 95% of confidence.

Based on the developments and investigations, Markov chains are considered a 
simple way to predict the future condition state of elements over time in situations where the full history of the elements is not available (Kalbfleisch & Lawless, 1985) (Morcous, 2006). This assumption allows overcoming the problem of lack of records in the civil infrastructure because infrastructure, usually, is not continually monitored (Kallen & Van Noortwijk, 2006). 

Mathematically the process describes the transitions between finite state space and satisfies the Markovian property. The Markovian property states that the future state only depends on the present state, not considering the process up to the present state (Sánchez-Silva & Klutke, 2016). The Markov property for a discrete-time process is satisfied if (Eq. 1):

		,
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where  represents probability distribution,  is a stochastic process that takes values in a countable state space, s,  is the index set represents time and  refers to the condition state of the process at time . These models are based on a discrete scale, where the transition between states is defined 
(Eq. 2):

		,
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where and  are condition vectors at time  and , respectively. Vectors are defined as the probability of an element being in each performance state, . 
The probability of transition between state  and  from instant  and  is defined by , which is an element of a matrix . Considering that the elements belonging to the lower triangle are null, is equivalent to say that the infrastructure deteriorates naturally without improving their condition state. The element   takes the value of 1, and represents the absorbent state of the performance scale. Once an asset reaches this condition, it remains in that condition state forever unless a maintenance action is carried, and its condition state is improved (Sánchez-Silva and Klutke, 2016). Although in a discrete Markov process, the probability  is formulated for a constant time interval , it is possible to obtain transition probability matrices for time intervals greater by geometric progression with exponent k, as stated (Eq. 3):

		,

		[bookmark: _Ref77232501](3)





Since the discrete Markov chains had simplifications, Kallen and van Noortwijk (2006)  applied the continuous-time Markov process to model the uncertain bridge condition over time, which on the contrary allows transitions to occur in a continuous timescale. The authors prove that difference in complexity is small when focusing on the transition probability matrix . The main difference from the discrete Markov process is that the continuous process is defined with a transition intensity matrix Q (Eq. 4):

		, 
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where  is the probability matrix at time ,  is the initial probability distribution and  is the intensity matrix. The paper from Kallen and van Noortwijk (2006) focused on the statistical estimation of parameters in four types of transition, looking for the best fit between optimised model estimation and observed condition. The optimal transition was based on the concept of maximum likelihood described by Kalbfleissch and Lawless (1985). A similar approach has been used in many former kinds of research and applications (C. Ferreira et al., 2014) (Denysiuk et al., 2016) (Hamida & Goulet, 2020).

Overall, if the time between inspections is not discrete then the continuous-time Markov chain should be used instead of discrete (Kallen & Van Noortwijk, 2006). Mathematically the continuous process , is expressed as follows (Eq. 5):

		, 
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where,  and  are values of space  and  represent time greater than 0. It is assumed that, in transitions between condition states, the length of time spent in condition state  before marking a transition is an exponentially distributed random variable with an additional parameter that depends only on condition state . The next state depends only on the current state etc. Kallen and Noortwjik (2006) proposed to use the transition intensity matrix in case of using continuous time-independent and 
state-dependent Markov process transition intensity matrix through the Chapman-Kolmogorov equation (Karush, 1961) as follows (Eq. 6):

		, 
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where P is the transition matrix and Q is the intensity matrix, which represents the instantaneous probability of transition between the state  and , where . 

The intensity matrix for the deterioration process is calculated using the 
state-dependent and time-independent model (Kallen & Van Noortwijk, 2006) (Eq. 7):

		,
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where  is the instantaneous transition probability between adjacent state  and . The initial estimate of matrix Q is calculated through (Eq. 8):

		,
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where  is the number of elements that moved from state  to state , and  is the sum of intervals between observations.

Ferreira (2018) concludes that the main advantage of the Markov process is its simplicity, the use of exponential distribution to describe the transition between condition state and the existence of analytical expressions for the probability distribution.

[bookmark: _Toc80609420]Alternative deterioration models

Although Markov processes are mostly used in modelling condition-based deterioration several alternative methods using a linear approach, Bayesian network, Artificial Neutral Network or analytical damage-related models can be considered. 

For example, Neves and Frangopol (2005) proposed a linear deterioration model that integrates both condition and safety indicators, producing a more consistent measure of the effect of deterioration on serviceability and safety of existing structures. The condition profiles under no maintenance are defined using three random variables: initial condition, C0, time of initiation of deterioration of the condition, tic, and deterioration rate of a condition, ac. The time-dependent deterioration profile of the condition is considered linear as follows (Eq. 9):

		, 
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where  is time-dependent condition profile, and  is time. A similar formulation was described by Frangopol et al. (2004), but instead of a condition profile, a time-dependent reliability index was proposed to address the need for a quantitative approach. 
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[bookmark: _Toc70411217][bookmark: _Toc80864702]Figure 8. Condition index profiles under no maintenance and maintenance (Neves and Frangopol, 2005).

To overcome the issues of past information and stationary transition probabilities of condition states several models have been developed. For example, Wang et al. (2012) proposed a model using Dynamic Bayesian Networks that uses Bayesian updating to utilise different types of data in condition prediction. Similar Bayesian Network-based deterioration models have been also proposed by Rafiq et al. (2015) and Torre et al. (2017), who combined the modelling with Markov chains. Also, Artificial-Intelligence based models are used to generate missing information artificially for better transition estimation. For example, Lee et al. (2008) proposed Backward Prediction Model based on Artificial Neutral Network that employed non-bridge factors like traffic, climate and population information, to predict the historical bridge condition ratings (Figure 9).   
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[bookmark: _Ref67004507][bookmark: _Toc70411218][bookmark: _Toc80864703]Figure 9. Outline of Backward Prediction Model (Lee et al., 2008).

More complex Artificial Neutral Network computational models have been proposed, but since the approach can be used only to generate missing information then additional utility functions are needed (Srikanth & Arockiasamy, 2020).     

The damage based deterioration models are used to model quantitative physical parameters and similarly to stochastic models, many research studies have been carried out to model the deterioration of concrete structures in the past decades. For example, Roberts et al. (2000) proposed an empirical corrosion model for reinforced concrete taking into account the variation of corrosion and delamination. Also, The International Federation for Structural Concrete (FIB) has developed several documents like Bulletin 34: Model code for Service Life Design (béton, 2006) dealing with various deterioration mechanisms including carbonation and chloride ingress. These models are costly in terms of data collection for large networks and have not been implemented in practice. 

Zambon et al. (2019) proposed a combination of carbonation-induced corrosion and stochastic models to overcome the limitations of both models. A relationship between different deterioration phenomena was presented using the description of condition states and period between different states (Figure 10).
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[bookmark: _Ref67007238][bookmark: _Toc70411219][bookmark: _Toc80864704]Figure 10. Relationship between periods of the carbonation-induced corrosion and sojourn times of condition states (Zambon et al., 2019).

[bookmark: _Toc42612518]The most recent studied bridge deterioration models are related to the use of Petri Nets models. This approach allows modelling individual elements of a bridge by considering the other elements and maintenance activities. For example, Le and Andrews (2016) used the Petri net approach to develop a bridge management model. The bridge model was formed from sub-models of bridge elements considering the deterioration process, the interaction and dependency between different elements, deterioration processes, inspection, and intervention activities. The deterioration process itself is governed by Weibull distributions, with parameters obtained from the historical records. 

[bookmark: _Toc80609421]Decision-making 

The application of life-cycle optimal design and management concepts in selecting the materials and structural attributes can play a significant role in maximising the performance and minimising the total life-cycle cost associated with several cost components, including the initial construction cost and the costs of operation, maintenance, inspection, monitoring, repair, and demolition, as well as the indirect costs of non-performance or failure (Akiyama et al., 2019).

Decision-making is also a continuous selection process of the best outcomes that affect the overall performance of a structure and starts already in the planning stage. The initial decision influences the service life, deterioration, and conservation strategies. Zimmert et al. (2020) presented a framework of decision-making options in different 
life-cycle stages of a structure (Figure 11) and stated that decision-making related to existing structures is significantly more complex, demanding further studies and the execution of a probabilistic approach. Despite the decisions, it is important to regularly survey the condition according to the assumptions made during the design stage. 
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[bookmark: _Ref67728059][bookmark: _Toc70411220][bookmark: _Toc80864705]Figure 11. Decision-making steps through the life-cycle of a structure (Zimmert et al., 2020).

The probabilistic, integrative decision support models can derive their data from three types of sources: first-hand data, expert knowledge, or pre-existing (probabilistic or deterministic) models (Uusitalo et al., 2015). The experts’ task may be eased by investigating areas or cases that are deemed sufficiently similar, and upon which data exists. For example, values from similar structures built in different locations may be useful here. The range of relevant observed values can give information about the plausible range of values this variable can get, and therefore may also indicate how large uncertainty is associated with the prediction of the deterministic model. Every model is just “a stylized representation or a generalized description used in analysing or explaining something” (Hilborn & Mangel, 1997).  Thus, how much effort and resources should be put into translating a deterministic model to probabilistic form is a case-specific question and a cost-effective solution for decision-making might be combined approach because commonly decisions are based on multiple and conflicting criteria that are subject to different levels and types of uncertainty.  Normally the process is starting with only light prior assumptions about the qualitative causalities in the model. With the simpler model version, the decision modeller could then analyse by, for example, conducting a value of information analysis (Clemen & Winkler, 1985), what elements in the model are mostly affecting the ranking order of the analysed decisions. 

Commonly multi-criteria decision-making (MCDM) is used, because of the ability to systematically combine different inputs with outcomes and help to rank the alternatives. Frangopol and Liu (2007a) made the first overall review of the recent developments considering multiple criteria in decision-making of bridge management and Kabir et al. (2014) made a comprehensive review of different MCDM methods used in infrastructure management. The main MCDM approaches based on Kabir et al. (2014) are listed below:

Weighted sum model.

Weighted product model.

Compromise programming.

Analytical hierarchy process (AHP).

ELECTRE (translated from French ELimination Et Choice Translating REality).

TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution).

PROMETHEE (Preference Ranking Organization METHod for Enrichment of Evaluations).

VIKOR (translated from Serbian Multicriteria Optimisation and Compromise Solution).

The above MCDM approaches share some common mathematical elements like values for alternatives are assigned for each criterion, and then multiplied by corresponding weights and finally combined to produce a total score (Huang et al., 2011). Decision-making can support in many fields, for example, in Chapter 3.1 AHP is used to rank criterions necessary for evaluating suitable NDT methods. 

Although the decision-making models are widely used in the research field, common decision-making relies highly on the experience of engineers, which means that there is a knowledge gap in how data is utilised to make decisions (Woldesenbet, 2014). Wu et al. (2020) reviewed journal articles and identified four challenges related to data-driven decision-making based on researches:

Poor definition of data needs.

Lack of method to assess data quality.

Lack of data integration.

Inadequate consideration of operational issues.

This list gives a good overview of the current situation in decision-making, meaning that only a few problems can be solved using quantification of the uncertainties related to the quality of performance assessment and integration of visual assessment and NDTs.  

[bookmark: _Toc80609422]Bridge management of Estonian bridge network

Although the framework applies to any management system, Estonian national road bridge data was used. Overall, there are approximately 4200 roads-, railway and pedestrian bridges in Estonia. A bridge is defined as a structure with a span of over three m and built to cross an obstacle (Minister of Economic Affairs and Infrastructure, 2018). Structures are owned by a different institution and the biggest owners are the Estonian Transport Administration (ETA), Estonian Railways LTD., State Forest Management Centre, and local authorities. Most of the owners do not have any management system implemented which means that they manage the structures without any systematic approach.

The most systematic approach is implemented by ETA, where the condition data have been uniformly collected since 2005, but any advanced frameworks have not been used to analyse the data. For a better understanding of Estonian national bridge management, policies, performance assessment and decision-making are introduced. 

[bookmark: _Toc42612519][bookmark: _Toc80609423]Current bridge management regulation in Estonia

The bridge management is governed by Building Code (Building Code – Riigi Teataja, 2021), Road Traffic Act (Road Traffic Act – Riigi Teataja, 2021) or by other Acts related to the built environment. Main requirements are applied according to Chapter 11 of Building Code, wherein § 97. Road maintenance is stated, “Roads and any civil engineering works necessary for the functioning of the road must be maintained such that they conform to the requirements and such that the conditions for safe traffic are ensured”. 

The more specified regulation Act “Requirements for the condition of roads” (Minister of Economic Affairs and Infrastructure, 2018), covers condition state requirements for roads and bridges and wherein § 32. Inspection of bridge condition is stated that condition should be inspected regularly by maintenance operator and once in every three years during the general inspection. The time, activities and data requirements are determined by the owner.

Activities of ETA are financed under a road management plan applied according to 
§ 11. Financing of road management and road management plan, where is stated that national road management is prepared for four years and updated annually. Bridge management is also covered within the management plan, where is stated that the financial volume is based on the condition analysis of bridges (ETA, 2020) and data is collected during a more thorough general inspection, which is carried out once in four years. The development of the currently used condition assessment method started in 2003 and was done by consultant company Teede Tehnokeskus AS using program Pontis, which had a database containing bridge condition data, traffic needs, accident data, maintenance, improvement and replacement costs, available money, etc. Not all of the available possibilities were used, but it was successfully in use until 2013 when ETA decided to take bridge management under its responsibility. In the next chapters, the performance assessment and intervention analysis are introduced in more detail.

[bookmark: _Ref66276696][bookmark: _Toc80609424]Performance assessment

The current performance assessment of national bridges relies mainly on visual inspections that can be divided into regular and general inspections, but data is collected only from the latter. During the general inspection condition state of each element is numerically evaluated describing the severity and area of the damages. Also, damages with urgent intervention needs are noted and photos of elements and damages are taken.

There are no qualification requirements for inspectors and only simple manuals with photos or overall description of damages are available. Although proper documentation with instructions is missing, all elements are systematically numbered, and it is mandatory to follow correct numbering. Defects are described without classification.  The assessment relies on condition states of elements, which are divided into 4 different states that can be described in Table 1. During the inspections, it is possible to add comments in case of condition state is lower than 1.

[bookmark: _Ref64465220][bookmark: _Ref64465216][bookmark: _Toc80864679]Table 1. Description of different condition states. From Paper IV.

		Condition state

		Description

		Intervention activity



		1 - Very good

		Element has no remarkable defects or wearing marks. Overall appearance is good as new and only small damages can occur like bleaching.

		Regular maintenance



		2 - Good

		Element has minor superficial damages, wearing and deterioration processes can occur. Overall appearance is the clean and small deviation of deterioration processes are allowed. Minor repair works are needed.

		Local repairs



		3 – Poor

		Element has defects, like corrosion, but the severity of the damage is not affecting functional requirements. Overall appearance gives a clear indication, that deterioration processes are damaging the element. Repair is needed.

		Repair



		4 – Very poor

		Element has defects, that could affect overall or element performance

		Replacement or reconstruction





  

The condition states are evaluated without a time limit, which means that the only information is conditional and the intervention method is only included as a suggestion. Since 2015 extra letters are used to add the time limit for potential activity, Letter A refers to immediate intervention and letter B for intervention within five years. The used time limit is connected to element defects that would affect the safety (both structural and traffic) of construction. The example of collected inspection data in table form is presented in Table 2.

[bookmark: _Ref64468182][bookmark: _Toc80864680]Table 2. Example of data collected during general inspection (Sein & Rentik, 2017).

		Element

		Ins. date

		Condition state

		

		Comment



		Name

		Number

		Amount

		10.05.2007

		1

		2

		3

		4

		Flag

		



		Concrete beam

		100

		15 m

		

		0

		11

		4

		0

		B

		Rust in the ends



		Elastomeric bearing

		312

		8 pcs

		

		8

		0

		0

		0

		

		





 One element is divided into countable increments and every increment is then evaluated into a specific condition state. The overall condition state  of an element is calculated as a weighted average based on the overall quantity of units and state factors (Eq. 10):

		, 
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where  is an overall condition state of an element, …  are values taken from the inspection data and multiplied accordingly to average state indicators. The overall condition state of an element is just an intermediate value that is used in the calculation of bridge condition.

The condition of a bridge is presented also numerically with Condition Index (CI), which is calculated similarly as in most of the DOTs in the US. The result is expressed with one number between 0-100 and is calculated as a weighted average of condition states of elements (Eq. 11):

		, 
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where  is the number that reflects the condition of a bridge,  is the weight factor showing the importance of the element (Table 3) and  is an overall condition state of an element. Weight factors were revised in 2015 to make the hierarchy of elements simple and clear. During the implementation phase, the weight factors were connected to element replacement costs, but since the prices were based on 17 bridge values, then the weight factors were between 29.9 to 164892.1, which meant that the difference of least and most important element was 5512.9 times.

[bookmark: _Ref65746402][bookmark: _Ref65746395][bookmark: _Toc80864681]Table 3. Distribution of different weight factors according to the element group (Sein & Rentik, 2017).

		Weight factor

		Element group



		3

		Abutments, piers, crossbeams, beams, girders



		2

		Waterproofing, bearings, deformation joints, deck slab



		1

		Road surface, barriers, slopes, drainage







From the BMS view, the outcome of the general inspection of a bridge is just one number, CI, which reflects the need for intervention. It is agreed in ETA, that an optimal level is reached when the bridge will be repaired before the CI reaches 70 and with CI less than 33, the closing of the structure should be considered.  Within the last decade, the use of non-destructive testing is increased in the design phase. Unfortunately, the results are not used in the overall management process, because the formal decision of intervention is already made.   

[bookmark: _Toc80609425][bookmark: _Toc42612521]Degradation modelling

The degradation of a bridge condition describes the process by which one or a set of elements lose value with time (Sánchez-Silva & Klutke, 2016). In PONTIS, the future condition states of visual inspections were processed with the Markov chain method, depending on the assumption whether the interventions are performed during the time frame between inspections (Thompson et al. 1998), but this module has not been used in Estonia and degradation modelling has been based on more simple approaches like linear decay rate and the relation between average condition and annual decay rate.

The linear decay rate was defined during the implementation phase and revised after every bridge was inspected twice. The initial linear decay rate of CI was 0.8 and it was reduced afterwards with the last change in 2013 when 0.6 was suggested. The linear decay rate means, that if no intervention is done then bridge CI will annually decline the specific amount. 



[bookmark: _Toc70411221][bookmark: _Toc80864706]Figure 12. Condition change with linear decay rate 0.6 used in the BMS system.

The number was the same for all bridges despite the differences in typology, age or construction materials. The simplified approach was justified with the lack of data and expert knowledge.

In 2012, one Master student of Tallinn University of Technology, Andreas Papp (2012), analysed the BMS inspections and presented that a novel approach for condition degradation prediction is needed. The proposal was to relate the CI with the annual decay rate within specific groups based on the annual decay rate. The analysed results showed a good connection between these two indicators, meaning that bridges in better condition have a lower annual decay rate (Figure 13). 



[bookmark: _Ref65751736][bookmark: _Toc70411222][bookmark: _Toc80864707]Figure 13. The relation between average CI and annual decay rate (Papp, Andreas, 2012).

Although the applicability of the approach was not presented in the thesis, it encouraged ETA to update the degradation modelling and change the linear decay rate with a more advanced linear approach. In past years, the framework has been updated annually and used in the decision-making process. The development of more advanced degradation modelling methods has been postponed due to new software development. 

[bookmark: _Toc42612525][bookmark: _Ref66274903][bookmark: _Toc80609426]Description of National bridge network

The Bridge Network of Estonian national roads consist of 1023 bridges, which are located only on national roads. The bridges are mostly short (71%), with a length less than 25 m and the longest bridge has a length of 420.8 m. The main construction material is concrete (77%), followed by steel (22%) and other materials. Most of the bridges are constructed more than 40 years ago and approximately half of the bridge network is built between 1950 and 1980, which means that they are constructed during the Soviet Era and most of the bridges are designed based on typical element catalogues and are mounted. The number of constructed bridges has increased after the year 2000, with the development of new intersections and highways (Figure 14).



[bookmark: _Ref65756362][bookmark: _Toc70411223][bookmark: _Toc80864708]Figure 14. Overview of construction years of national bridges.

The average age of the national road bridge is 40.2 years and in 2020 the total amount of 27 was constructed or repaired.

 To describe of Estonian bridge park based on an example of an average road bridge would be, crossing a river or other water obstacle, constructed in 1980, made from precast reinforced concrete elements with simply supported beams of a length of 14 m and will be repaired within next four years. The annual average daily traffic on a bridge is 2370 and the average time between interventions is 42 years.  

All bridges can be divided into eight main categories according to the main girder, these are:

Simply supported beam bridges (35% of all bridges).

Simply supported slab (24% of all bridges).

Rigid frame bridges (13% of all bridges).

Culverts (flexible metal) (11% of all bridges).

Arch bridges (8% of all bridges).

Integral frame bridges (5% of all bridges).

Cantilever beam bridges (2% of all bridges).

Continuous beam bridges (1% of all bridges).

Other (1% of all bridges).

Over the years, the most popular typologies have changed, but concrete has remained as the main construction material. In addition to physical parameters, bridges can be divided based on the load models used in the design process. More than 33% of bridges are already designed according to Eurocode load models (EVS-EN 1991-2, 2010), but a notable number of bridges are designed to resist loads used in the Soviet Union design codes. The speciality of the Soviet Union design codes was the extensive use of a typical combination of specific loads, which leads to catalogues of typical bridge elements. 
The most common bridges built between 1950 and 1990 are designed according to Typical Catalogues and some of the most known are listed below:

Issue No 4 – catalogue for typical reinforced concrete or concrete slab superstructure (Mintransstroy, 1949).

Issue No 31 – catalogue for typical small concrete bridges (Mintransstroy, 1955).

Issue No 70 – catalogue for typical concrete pile supports (Mintransstroy, 1957).

Issue No 56 – catalogue for typical prefabricated reinforced concrete beam superstructure (Mintransstroy, 1958).

Issue No 123 and 123 addition – catalogues for typical prefabricated and tensioned concrete beams (Mintransstroy, 1959), (Mintransstroy, 1960).

No 56 addition – catalogue for typical prefabricated reinforced concrete beam superstructure without diaphragms (Mintransstroy, 1962a).

No 167 – catalogue for typical prefabricated reinforced concrete beam superstructure without diaphragms and higher steel grade (Mintransstroy, 1963).

Series 3.505-12 – unified catalogues for precast and pre-stressed reinforced concrete superstructures (Mintransstroy, 1971).

Similar typical solutions are used in most of the former Soviet Countries including other Baltic countries Latvia and Lithuania.

In combination with a unified data collection method and with the help of statistical analysis techniques it is possible to extract information from a large bridge dataset for predictive purposes (Manyika et al., 2011) and make the overall management process more efficient. In Paper I principal component analysis (PCA) method was investigated. During the analysis, the elements were divided into 16 different groups (Table 4) and bridges were grouped within the specific typology. The division of elements was made based on available element observations and structural integrity, which describes the bridge structural performance where specific components have a bigger effect on the overall load-bearing capacity than others. The same division was used in other Papers related to the thesis.

[bookmark: _Ref80864534][bookmark: _Toc80864682]Table 4. Element groups divided by position. From Paper I. 

		Non-structural elements

		No

		Structural elements

		No



		Overlay

		1

		Deck plate

		9



		Barriers

		2

		Edge beam

		10



		Handrails

		3

		Piles and columns

		11



		Drainage

		4

		Abutment cap, crossbeam

		12



		Slopes

		5

		Wing wall, front wall, abutments

		13



		Deformation joints

		6

		Diaphragms

		14



		Other (river bed, signs etc.)

		7

		Main girder

		15



		Waterproofing

		8

		Bearings

		16







The average condition state of element groups of simply supported beam bridges shows clearly how the uncertainty in bridge management process affects the results. 



[bookmark: _Toc70411224][bookmark: _Toc80864709]Figure 15. Average condition indexes of element groups for simply supported beam bridges. From Paper I.

Normally, due to the nature of the deterioration process, the element condition state should increase and decrease of the condition state (improvement of the condition) can be caused by the subjectivity of the inspector or unrecorded intervention. The differences between the condition state of the second and third cycle are much more significant, and they describe the situation where most of the elements are getting into a better condition state without any intervention. The differences are also emerged because of insufficient information, caused by the situation where not all bridges are inspected three times. 

Although the primary purpose of the PCA is to redefine the input variables by reducing the amount of data while preserving the main information of the original dataset (Hotelling, 1933), (Jolliffe, 2002).  A principal component can be defined (Eq. 12):

		, 
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where  − a linear function of the elements of principal component , x is the maximum variance and α is a vector of p coefficients α. The first principal component shows the dataset with the largest variation and the second principal component is determined based on the orthogonal variance of the first principal component (Ringnér, 2008), (Abdi & Williams, 2010). For a better comparison of PCA results, it is possible to use the sum of the square of principal component coefficients , because the sum of coefficients is equal to unity (Hanley et al., 2015). For comparison, coefficient based weighing factors were calculated (Eq. 13):

		, 
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where  is a combination of weighting factors based on  and original condition ratings

The result of the analysis shows that despite the bridge typology first principal component was for the non-structural elements indicating most advanced damage for types in handrails, barriers or other elements, indicating elements with a shorter life cycle (Table 5). The variation can also be explained with superficial visual inspections because these elements are non-structural and are considered as irrelevant elements of a bridge because they incorporate minimal risk to structural load-carrying capability. Since the retained variation it is necessary to include results from them in intervention planning. 

Although due to missing consideration of the risk of failure these findings should not be used directly in the bridge management process and deterioration models the statistical analysis show that it is incorrect to obtain weight factors based on only construction material or typology and additional expert judgement should be considered. 

For future research, it is essential to cluster bridges based on a similar number of variables and add circumstances as additional weighting factors, that helps to provide relevant information without prioritizing common elements.

[bookmark: _Ref69998796][bookmark: _Toc80864683]Table 5. Weighting factors λ of different bridge typologies. From Paper I.

		Element

group

		Typology



		

		Simply supported beam

		Slabs

		Slab in fragments

		Cantilever

		Rigid frame



		1

		0.64%

		8.84%

		1.92%

		2.92%

		1.79%



		2

		2.08%

		62.27%

		7.70%

		9.09%

		5.09%



		3

		77.93%

		16.95%

		72.85%

		56.68%

		NA*



		4

		NA*

		NA*

		NA*

		NA*

		NA*



		5

		4.16%

		2.51%

		1.36%

		8.10%

		2.27%



		6

		4.70%

		NA*

		NA*

		1.25%

		NA*



		7

		0.34%

		4.51%

		6.26%

		3.99%

		86.08%



		8

		0.10%

		4.15%

		9.25%

		2.07%

		0.33%



		9

		0.03%

		0.00%

		0.27%

		0.13%

		0.01%



		10

		0.17%

		0.20%

		0.09%

		0.36%

		0.65%



		11

		0.10%

		NA*

		0.20%

		0.29%

		0.38%



		12

		0.24%

		NA*

		0.03%

		NA*

		NA*



		13

		0.31%

		0.57%

		0.06%

		3.20%

		3.39%



		14

		0.05%

		NA*

		NA*

		0.04%

		NA*



		15

		1.93%

		NA*

		NA*

		5.52%

		NA*



		16

		7.21%

		NA*

		NA*

		6.34%

		NA*



		Note: *data not available







[bookmark: _Toc80609427]Improvement of condition assessment 

In addition to better classification of bridges and elements, it is important to increase the reliability of collected data. The addition of non-destructive testing to visual assessment has been suggested in many research projects including BRIME (Woodward et al., 2001), COST 345 (O’Brien et al., 2005), Sustainable Bridges (Bien et al., 2007), Mainline (Paulsson et al., 2014), Long Term Bridge Performance (Hooks & Weidner, 2016) and COST TU1406 (Wenzel & Pakrashi, 2019). In Papers II, III and IV the improvement of visual inspection-based condition assessment is investigated. The visual inspection will remain the most common assessment method because it is simple and efficient, but several non-destructive test methods could be integrated into the general bridge inspection procedure that would improve the quality of acquired data without eliminating the advantages. The integration of NTDs incorporates identification of the appropriate methods (Paper II), merging of the obtained results of NDT and condition assessment and verification of results in decision-making process (Paper IV). 

[bookmark: _Toc80609428]Criteria for suitable NDT

To determine if the NDT is suitable to be included in the general inspection process a variety of different criteria can be used. The current selection of the criteria is based on the literature review and COST TU1406 Memorandum of Understanding (COST Action TU1406, 2015), where it is suggested that the criteria should be classified as measurable, but also descriptive criteria are used. For measurable criteria, a specific value can be determined, but descriptive criteria can be partially subjective since it is not possible to define it precisely. The description of the criteria selected in Paper II is given in Table 6. 

[bookmark: _Ref66111746][bookmark: _Toc80864684]Table 6. Criteria to be used for NDTs assessment. From Paper II.

		Criteria

		Description



		Results’ reliability (RR)

		Descriptive criterion: It defines the reliability or accuracy of the results/measurements. It deals with the technological perfection of the investigation (accuracy) and the sensitivity of the method to various external factors.



		Standardisation (S)

		Measurable criterion: If there is a standard prescribed for the NDT under consideration, the results should be more reliable.



		Usability (U)

		Measurable criterion: It defines the number of parameters that can be measured with the NDT under consideration. Ability to investigate two or more materials, different types of damages or defects and similar.



		Test duration (TD)

		Measurable criterion: It defines the speed of the NDT execution and the speed of data acquisition. The criterion is predominantly related to the time spent by the inspector but can also be related to possible traffic disruption (bridge or individual traffic lane closure) due to the investigation.



		Results' interpretation of complexity (RIC)

		Descriptive criterion: it relates to the obtained raw measurements and the need for long and demanding analysis to obtain results (computer equipment and experienced engineers needed).



		Cost (C)

		Measurable criterion: It defines the cost of equipment acquisition, the cost of test execution and the cost of data analysis.





[bookmark: _Toc42612530]All of the criteria need to be considered, but to evaluate the NDTs the relative importance is also determined using the Analytic Hierarchy Process (AHP) introduced by Saaty (1990). The comparison of criteria was conducted on a nine-level descriptive scale, where experts compared the selected criteria in pairs and gave their judgements. 
The relative importance of each criterion was determined as the average value of all ratings attributed to the individual criterion by the experts. 

The most important criterion is the reliability of the results, followed by duration indicators including inspectors time-on-site and office. For the test duration criterion, the classification of the selected NDTs is to a certain extent subjective, because in some tests the time of test is short, but if these tests provide local results, then it needs to be performed numerous times to provide comprehensive results, while others require more time to be performed, but determine the state of construction as a whole for the parameter measured (e.g. infrared thermography). A good example of NDT with high reliability and good duration is the phenolphthalein test as it provides reliable data regarding the carbonation depth at one location, but to know the condition of the overall structure, more than one test needs to be done. The cost criterion deals with equipment acquisition, maintenance, software cost and possible additional equipment needed for testing. The cost of acquisition is highly dependent on the technical characteristics of the equipment, therefore, the assessment based on this criterion is to some extent subjective. Usability includes the overall use of one method or equipment related to different damages or material properties. The criterion is less important because experienced inspectors are rarely surprised with the current condition of the structure and most tests are pre-determined in the office. The least important criterion was standardization because although it gives some confidence it does not guarantee reliable results. Scoring and description of criteria evaluation are presented in Table 7. 

[bookmark: _Ref66268385][bookmark: _Toc80864685]Table 7. Evaluation description of NDTs. From Paper II.

		Criteria/

weight

		Scoring description

		



		

		3

		2

		1



		RR/0.280

		High, external conditions do not affect the results

		Moderate, various factors can affect the results

		Low, complementary investigations needed to confirm the results 



		TD/0.232

		Short, total bridge inspection time is not noticeably increased

		Moderate, total bridge inspection time is prolonged

		Long, total bridge inspection time is doubled 



		RIC/0.170

		Immediate results

		Short analysis required

		Prolonged analysis and high professional qualification necessary



		C/0.134

		Low

		Moderate

		High



		U/0.108

		Investigation of various materials and their parameters possible 

		Investigation of one material and two of its parameters possible

		Limited usability, only one parameter is investigated



		S/0.075

		EN standard

		National standard available 

		No relevant standard





[bookmark: _Toc42612531]

The scoring is based on the expert judgement of authors and should reflect the importance of every criterion in the evaluation process of suitable NDTs. 

[bookmark: _Toc80609429]Selection and evaluation of NDTs

The NDTs are selected based on previous literature review and expert judgement of COST Action TU1406 members. Methods are clustered in three groups to distinguish the objectives of test methods. The most common purpose of NDT is to define or specify a material property similar to the ones used in the design phase. Regarding the condition state of an element, several methods are dealing with the damage and defect assessment and separate field of NDTs are related to corrosion detection and assessment. Detailed evaluation of selected NDTs is presented in Table 8.   

[bookmark: _Ref66269984][bookmark: _Toc80864686]Table 8. NDT evaluation by the selected criteria. From Paper II.

		NDT method

		Scoring (Vc, i)



		

		RR

		TD

		RIC

		C

		U

		S



		Cover measurement

		3

		3

		3

		3

		1

		2



		Phenolphthalein test

		3

		2

		3

		3

		1

		3



		Probe penetration test

		2

		3

		3

		3

		1

		2



		Pull-off test

		3

		2

		3

		2

		1

		3



		Rebound hammer

		1

		3

		3

		3

		1

		3



		Impact echo

		3

		2

		1

		2

		3

		2



		Thermography

		2

		2

		1

		2

		3

		1



		Ground penetrating radar

		2

		2

		1

		1

		3

		2



		Acoustic emission

		2

		2

		1

		2

		2

		2



		Ultrasonic pulse echo

		2

		1

		1

		2

		3

		1



		Half-cell potential

		2

		2

		2

		2

		1

		2



		Galvanostatic pulse

		2

		2

		2

		2

		1

		1



		Electrical resistivity

		2

		2

		2

		2

		1

		1



		Linear polarization resistance

		2

		2

		1

		2

		1

		1







The final ranking of individual NDT is determined with the utility function (Eq. 14):

		, 

		[bookmark: _Ref77233357](14)





where i marks the considered NDT method, c is the defined criteria, Vc, i is the scoring value of criteria c for NDT under consideration and wc is the weight of criteria. Results are classified into three groups based on the classification and presented in Table 9.

[bookmark: _Ref66270343]The results show that proposed methods dealing with material properties have a high utility rating and are suitable to use in addition to visual inspections. Overall, all tests are quick, have low cost and are undemanding to perform. Damage and defects assessment methods are less suitable, because of the high complexity of the results’ interpretation, followed by the on-site test duration. The only method that could be suitable is Impact Echo, which is used mostly for crack measurements and is quick and undemanding (Helmerich et al., 2007). Corrosion related methods are measuring similar characteristics interestingly have similar utility function values, unfortunately, these methods are not suitable to be used during regular bridge inspection, because of the limited usability and it is suggested to use them only when reinforcement is already exposed.

[bookmark: _Ref73539562][bookmark: _Toc80864687]Table 9. Final classification of NDT methods. From Paper II.

		Application

		Ui

		NDT



		Material properties

		2.71

		Cover measurement



		

		2.55

		Phenolphthalein test



		

		2.43

		Probe penetration test



		

		2.42

		Pull-off test



		

		2.22

		Rebound hammer



		Damage and 

defects

		2.22

		Impact echo



		

		1.86

		Thermography



		

		1.83

		Acoustic emission



		

		1.80

		Ground-penetrating radar



		

		1.63

		Ultrasonic pulse-echo



		Corrosion

		1.89

		Half-cell potential



		

		1.82

		Galvanostatic pulse



		

		1.82

		Electrical resistivity



		

		1.65

		Linear polarization resistance





[bookmark: _Ref66871335][bookmark: _Toc80609430]Conversion matrix of NDT

Based on COST Action TU1406 Working Group 1 Technical Report, most data are obtained by conducting visual inspection as an index form (Strauss et al., 2016), which means that the decision-making process relies highly on condition assessment and to enhance the use of NDTs it is important to show the clear numerical connection between the current system and novel methods. The outcome of an NDT is normally a numerical result and to translate the result to a condition state, additional expert knowledge is needed. In addition to suitable methods, in Paper IV a table of suggested threshold values for a few most used NDT in Estonia (Table 10) was presented. Since the table is based on expert judgement and available information in the Estonian context, then values can be conservative, because the work is not complete and variables may be expanded if additional NDT is available. Methods should be verified with benchmarking tests as the results are mostly dependent on other characteristic values. 

The NDT methods in Table 10 are related to standardized procedures as follows:

Sclerometer tests are carried out according to standard EN 12504-2 (EVS, 2012) and rebound values are converted to compressive strength according to curves suggested by equipment producers.

Carbonation measurements are carried out according to standard EN 14630 (EVS, 2006).

Chloride content measurements are carried out according to EN 14629 (EVS, 2007).

Electrical resistance of a concrete is measured using method described in RILEM TC 154-EMC (Polder et al., 2000).

Cover depth measurements are done using electromagnetic covermeter according to recommendations in BS 1881-204 (BS, 2020).  

[bookmark: _Ref66274212][bookmark: _Ref73539583][bookmark: _Toc80864688]Table 10. Combination of NDTs and visual inspections at the element level. Partially from Paper IV.

		Condition state,

		Sclerometer [MPa]

		Carbonation [mm]

		Chloride content [ratio to limit state]

		Resistance [kOhmcm]

		Cover depth [ratio from limit state]



		1 – very good

		Median value more than normative compressive strength (fck)

		Average measured value less than 25% of the cover

		Average measured value less than 100% of the threshold

		Above 100

		Average measured value is more than 100% of the  threshold



		2 – good

		Median value 99% to 95% of fck

		Average measured value between 26% to 50% of the cover

		Average measured value between 101% to 150% of the threshold

		Between 50 to 100

		Average measured value is between 99% to 75% of the threshold



		3 – poor

		Median value 94% to 80% of fck

		Average measured value between 51% to 100% of the cover

		Average measured value between 151% to 200% of the threshold

		Between 10 to 49

		Average measured value is between 74% to 50% of the threshold



		4 – very poor

		Median value less than 80% 
of fck

		Average measured value more than 100% of the cover

		Average measured value more than 200% of the threshold

		Less than 10

		Average measured value is less than 50% of the threshold







[bookmark: _Ref69999441]To present the use of conversion matrix and draw attention to the difference of the potential outcome as intervention activity for one specific element group, several test protocols have been investigated and bridges have been tested in past years. The data presented in Table 11 were collected from the main girders of nine simply supported beams bridges introduced in Chapter 2.3. Bridges are designed according to Soviet Union design Catalogue Issue number 56 addition (1962a) or 167 (1963). The condition states of inspections (CS) are calculated based on the assessment result of element units and, for carbonation depth, the result is interpolated based on the threshold values of condition states. Possible intervention activities (INT) are regular maintenance (M), repair (Rep) or renovation/renewal (Ren).


[bookmark: _Ref73539599][bookmark: _Toc80864689]Table 11. Comparison of condition states of different assessment methods. From Paper IV.

		Bridge No

		Cons-truction year

		Recons-truction year

		Inspection-based

		Carbonation depth

		CS differrences



		

		

		

		Time of inspec-tion

		CS – 

INT

		Avg., [mm]

		CS – INT

		



		883

		1989

		2002

		2015

		1.1 - M

		6.9

		1.4 - M

		+0.3



		826

		1969

		2010

		2019

		1.1 - M

		18.7

		2.3 - Rep

		+1.2



		907

		1967

		2001

		2019

		1.2 - M

		20.0

		2.8 - Rep

		+1.6



		911

		1970

		1998

		2019

		1.3 - M

		28.0

		2.8 - Rep

		+1.5



		908

		1967

		2001

		2019

		1.7 - M

		13.6

		2.6 - Rep

		+0.9



		503

		1969

		-

		2019

		2.1 - Rep

		26.2

		3.5 - Ren

		+1.4



		252

		1965

		2000

		2018

		2.3 - Rep

		3.2

		1.2 - M

		-1.1



		909

		1974

		-

		2019

		2.3 - Rep

		37.5

		3.5 - Ren

		+1.2



		306

		1969

		-

		2019

		3.0 - Ren

		10.8

		2.2 - Rep

		-0.8







Only one bridge has the same potential intervention outcome, but generally, different assessment types have different outcomes and visual appearance-based condition state tends to give better outcomes and trigger intervention activity later. The obtained condition states should be used together with deterioration models, introduced in Chapter 4.3.



[bookmark: _Toc42612532][bookmark: _Toc80609431]Uncertainty in performance assessment – benchmarking

Assessment related data has always some amount of uncertainty, which may impact management decisions and although there is no common knowledge on how to incorporate uncertainties in decision-making relevant decision requires the appropriate understanding and management of uncertainty. To assess the impact of uncertainty on the decisions, the uncertainty of assessments should be quantified. Uncertainty evaluation can be divided into two groups – a statistical measurement-based (Type A) and expert judgement based (Type B). In Paper III process and results of benchmarking tests were introduced and discussed. Also, Paper III and Paper IV investigated the influence of assessment uncertainty in degradation models. 

[bookmark: _Toc80609432]Data collection

The benchmarking data was collected using the visual inspection methodology of ETA introduced in Chapter 2.2 and the most common NDTs used in Estonia: rebound hammer, carbonation depth and rebar depth measurement. Besides, two groups with different levels of expertise were involved, varying from students without any expertise to bridge inspectors with more than two years of experience.

The visual inspections were carried out on simply supported beam bridges designed according to Soviet Union design Catalogue Issue number 56 addition (1962a), 167 (1963) or 122 (Mintransstroy, 1962b) with different element condition states and condition index, which varied from 44.0 to 65.0. The test inspection involved two groups of inspectors, where the first group of seven inspectors consisted of bridge experts with different backgrounds in bridge engineering and the second group of five inspectors without any expertise. In the first group, only three inspectors had previous expertise in the bridge assessment and familiar with the methodology, other inspectors had only read the inspection manual, but done bridge assessments previously. The first group inspected two bridges, Lagedi and Assaku viaduct. Second group consisted of engineering Master students, who had no experience in bridge assessment, they inspected Saku viaduct. 

NDT was carried out on not common simply supported slab bridges with good accessibility and also involved two groups of inspectors like in visual assessment. The first group consisted of bridge experts with previous experience and knowledge in testing and the second group consisted of eight engineering Master students, who had no previous experience in NDT, and they tested only the Alliku bridge. 

[bookmark: _Toc80609433]Benchmarking results

The results of visual inspections are presented in Table 12 with every inspector rating to bridge condition, overall mean, standard deviation (SD) of assessments and previous CI. The overall mean of the Lagedi viaduct is close to the previous inspection result and the assessment of six inspectors refers to the condition where reconstruction is needed. Assaku bridge had a higher score for condition and overall inspection results were more scattered. Saku viaduct was inspected by inexperienced inspectors and although the mean value is close to the previous inspection result, the assessment of one inspector suggests closure of the bridge, one reconstruction and three assessments refer to the condition where only maintenance is needed. 



[bookmark: _Ref66782987][bookmark: _Toc80864690]Table 12. Visual inspection Condition Indexes. From Paper III.

		Inspector

		Condition index



		

		Lagedi

		Assaku

		Saku



		1

		48.9

		66.9

		49.3



		2

		36.7

		66.7

		74.0



		3

		38.2

		66.8

		19.3



		4

		36.7

		87.0

		76.1



		5

		46.0

		75.1

		70.1



		6

		39.8

		87.0

		-



		7

		55.3

		88.3

		-



		Mean

		43.1

		76.8

		57.8



		SD

		6.6

		9,6

		21,5



		Previous CI

		44.0

		65.0

		57.0







The SD of all results shows that results are more scattered if the bridge is in better visual condition or inspectors are inexperienced. Nevertheless, if the inspector is not experienced then using only CI can lead to the wrong decision. Test results of NDT benchmarking are presented in Table 13, where Test results of experts are marked with E and student results are marked with S. 

All results have relatively high accuracy compared to visual inspections and also all results showed that the bridge is in good condition. The carbonation depth test results are scattered because the investigated test method requires decent cleaning of the drill hole and measurement should be taken within 30 seconds after the solution is applied. Concrete cover results are in one range and all measurements were in the range between 38 to 50 mm.

[bookmark: _Ref66784239][bookmark: _Toc80864691]Table 13. Test results of Alliku bridge. From Paper III.

		Inspector

		Rebound value Q [-]

		Carbonation depth [mm]

		Average cover depth [mm]



		E 1

		66.5

		9

		45



		E 2

		67.7

		8

		45



		S 1 

		66.1

		6

		43



		S 2

		63.7

		7

		40



		S 3

		64.5

		7

		41



		S 4

		62.8

		7

		45



		S 5

		63.8

		6

		42



		S 6

		67.3

		7

		46



		S 7

		66.6

		7

		43



		S 8

		65.2

		7

		41



		Mean

		65.4

		7.1

		43.1



		SD

		1.6

		0.83

		2.0







In conclusion of NDT benchmarking tests, it is clear, that errors are smaller in comparison to visual inspections and non-experts can achieve higher accuracy without any previous experience in simple tests. It is still important to draw point out that the accuracy of the test method is not the only criterion, and a suitable test method should be selected considering the condition assessment outcomes.

For a better comparison of outcomes, the standard deviation of different assessments is expressed as a Coefficient of Variation (CoV) (Eq. 15):

		,

		[bookmark: _Ref77233398](15)





where  is the standard deviation and  is the mean value of the measurand. Results are multiplied by 4 to present the difference of methods in relevance to condition states and presented in Table 14. 

[bookmark: _Ref66785148][bookmark: _Toc80864692]Table 14. Test results of benchmark testing. From Paper III.

		Method

		CoV*4



		Visual inspection – students

		1.49



		Visual inspection – engineers

		0.61



		Visual inspection – experts

		0.50



		Rebound hammer

		0.10



		Carbonation

		0.47



		Cover depth

		0.19







The highest uncertainty comes with visual inspections carried out by Master students, which is almost three times higher than experienced inspectors. The lowest uncertainty of assessment comes with the rebound hammer, but due to the low reliability of the method, it is not suggested to use this assessment separately from others. 

[bookmark: _Ref66275195][bookmark: _Ref66870204][bookmark: _Toc80609434]Degradation modelling 

Degradation modelling is used because the assessment of a condition individually 
does not allow long-term planning. Regarding uncertainties, then probabilistic 
modelling is preferred because it helps decision-maker to quantify and combine the impact of uncertainties of assessment and predictive models. The degradation models were calculated using continuous-time Markov processes based on assessment results of specific bridge element group. The degradation models were verified using a 
goodness-of-fit test under the assumption that the goodness-of-fit with 5% significance follows a  distribution under the assumption, where models are considered correct if the probability of goodness-of-fit is better than 5% of the sample value. The results with a discrepancy limit of 16.92 are presented in Table 15. 

Based on the results presented in Table 16, only the non-structural element group designated “Other”, did not pass the test, which means that there is adequacy between the sample and the model of all other element groups. An example of a verified transition intensity matrix is based on the element group “Main girder” (Eq. 16):

		 

		[bookmark: _Ref77233434](16)





Based on the presented values, an average condition degradation profile, standard deviation of model and probabilistic condition with 95% confidence level is calculated (Figure 16).


[bookmark: _Ref66788055][bookmark: _Toc80864693]Table 15. Goodness-of-fit test of deterioration models. From Paper IV.

		Non-Structural Elements

		Observations

		Discrepancy (T)

		Structural elements

		Observations

		Discrepancy (T)



		Overlay

		222

		1.87

		Deck plate

		253

		1.34



		Barriers

		198

		4.37

		Edge beam

		189

		1.21



		Handrails

		169

		0.69

		Piles and columns

		64

		0.78



		Drainage

		43

		0.13

		Supporting beam

		212

		4.73



		Slopes

		231

		2.31

		Wing wall, abutments

		203

		2.42



		Deformation joints

		177

		0.67

		Diaphragms

		155

		0.85



		Other (riverbed, signs etc.)

		155

		29.79

		Main girder

		215

		1.06



		Waterproofing

		253

		16.75

		Bearings

		121

		0.89







Due to the low transition probabilities, the average degradation profile is almost linear which makes the scheduling of intervention activities unrealistic, because with 100 years the condition changes from 1.00 to 2.24. Considering the errors of the model with 95% of confidence, the service life of concrete beams without intervention is 93 years.



[bookmark: _Ref67924172][bookmark: _Toc70411225][bookmark: _Toc80864710]Figure 16. Condition degradation profile of concrete beams. From Paper IV.

The combination of initial deterioration model and condition assessment is done 
with Bayesian updating with informative prior. This approach has been introduced by Neves and Frangopol (2005), by combining Bayesian updating with simulation for improving expert judgment. The results of updating showed a significant impact on linear deterioration modelling. Based on the Bayes theorem, The probability density function of an updated condition is based on the Bayes theorem (Eq. 17) (A. H. Ang et al., 2015):

		,

		[bookmark: _Ref77233525](17)





where  is the probability density function of the condition at the time  considering both inputs, that are present in posterior distribution,  is the probability density function of the condition profile at the time  and  is the likelihood function considering the relativeness of the assessment. K is a normalizing constant for weight factor (Eq. 18) (A. H. Ang et al., 2015):

		,

		[bookmark: _Ref77233533](18)







The results were obtained with a Monte-Carlo simulation. The mean and standard deviation of a condition at time , can be calculated as Eq. 19 and Eq. 20 (M.-H. Chen et al., 2012) (L. C. Neves & Frangopol, 2008):

		,

		[bookmark: _Ref77233539](19)



		, 

		[bookmark: _Ref77233585](20)





where  is the CI at time  connected to sample ,   is the CI at time  connected to sample  and  is the number of samples.

To present the difference of initial and updated model uncertainties, then the probability mass distribution of the same degradation model in year 42 is presented (Figure 17). The initial standard deviation of the model has increased from 0.30 to 0.85 and in comparison, if taken into consideration the average value of the inspected condition is 1.60 and the standard deviation is 0.25. 



[bookmark: _Ref66789354][bookmark: _Toc70411226][bookmark: _Toc80864711]Figure 17. Probability mass function of initial and updated models on year 42. From Paper IV.

Based on Figure 17 it is clear, that model with updated information has a lower level of uncertainty. There is even a slight reduction of the uncertainty inspection is carried out by inexperienced inspector as presented in Paper III (Figure 18).



[bookmark: _Ref66790014][bookmark: _Toc70411227][bookmark: _Toc80864712]Figure 18. The standard deviation of condition with visual assessment carried out by an inspector without any previous experience. From Paper III.

If the result of the assessment is considered true, then more precise assessments can help to postpone more costly intervention activities. The optimal assessment is discussed in the next chapter (Chapter 5).

[bookmark: _Ref69384796][bookmark: _Toc80609435]Optimal condition assessment scheduling framework 

The best estimate of the intervention activity is currently based on the assessment result and commonly the assessment is scheduled after a specific or fixed interval. Since the result of an assessment is described as a mean value, then this combination may produce unnecessary inspections or lead to a wrong intervention decision.  Since human nature can be described with Gaussian distribution, then it is possible to add uncertainty based on the standard deviation of the assessment method to overcome the problem of inspection scheduling and point out the lack of precise information if needed. The input for uncertainty can be collected during benchmarking tests as introduced in Publication III or using pre-defined values based on expert judgement. In Publication IV the scheduling of condition assessment was investigated and a novel framework was introduced.

The overall process of the introduced framework consists of nine steps as follows:

1. Collection of historical information, manual filtering of element groups of typical bridges without registered interventions and preparation of input data using a spreadsheet program.

Calculation of transition probability matrices for main element groups using continuous-time Markov model and Monte Carlo simulation using MATLAB® software developed by Denysiuk et al. (2017).

Verification of degradation models using goodness-of-fit test introduced in Chapter 4.3.

Collection of additional information with inspections and non-destructive testing carried out by experts.

Calculation of condition profiles with updated information using MATLAB® software based on the Bayesian inference method proposed by Neves and Frangopol (2005).

Comparison of model output based on the assessment method using MATLAB® software.

Setting limits to condition state and uncertainties based on the policies and expert judgement of ETA.

Determination of the maximal time frame to the next intervention action by combining the deterioration model and uncertainties in the model using MATLAB® software.

Determination of optimal inspection intervals to keep uncertainty and condition state under the desired level using MATLAB® software and spreadsheet.

To investigate which of the proposed inspection scheduling gives optimal output two parameters, trapezoidal area of the uncertainty of condition profile and total costs for the agency, are compared. The trapezoidal numerical integration is used to calculate the approximate area of uncertainties during the designed service life of 100 years and to simulate costs for the agency, total costs of element inspection and potential intervention are summed. 

The optimisation algorithm is proposed with the main goal is to maximise the time between inspections and keeping the level of uncertainty under the desired threshold value. Based on the goal, the outcome is the time of inspection or potential intervention triggered by uncertainty or condition. Besides, more advanced NDT based inspection 
can be triggered. Finding the solution is based on linear interpolation of condition 
profile with 95% confidence expressed in Paper IV (Eq. 21):

		, 

		[bookmark: _Ref77233702](21)







where  are coordinates of two known points and  are the coordinates of unknown point. The known points are the time and error of predicted or updated condition and the unknown point is partially defined with the limit value. The limit values for condition state and uncertainty in the model are related to owners’ policies or needs. 

[bookmark: _Toc80609436]Case study

Case study of the inspection scheduling concentrates on data of the same pre-cast beams of most common bridges as introduced in Chapter 3.3. Different inspection scheduling and assessment methods are compared during the service life of 100 years using condition limit for triggering intervention. Also, the total number of inspections, intervals, overall costs, area of uncertainty and years when uncertainty is above a threshold value is observed.

The limit values for condition and uncertainty in the Case Study are based on the current maintenance policy of ETA and expert judgement under the assumption that both variables follow a normal distribution and have a confidence level of 95%. The following restraints were used:

Condition state is limited to 3.0 (poor) because the elements look visually bad and most likely a renewal will be triggered within the next few years. 

Uncertainty of a condition state is only limited with 1.0 because this gives the confidence that the assessed condition stays within the limits of one value. 

The initial condition and uncertainties are included in the initial probability distribution. Initial condition accuracy is ±10% and probability distribution is P(0)=[0.90 0.10  0.00  0.00].

The standard deviation of degradation model σmodel=0.50.

Regular visual inspection with σ =0.50 costs 150 EUR.

Cover and carbonation depth measurement with σ =0.40 costs 400 EUR.

Advanced NDT assessment including chloride content and resistivity measurements with σ =0.3 costs 800 EUR.

Intervention activity is the renewal of a beam during an overall bridge reconstruction and the cost is estimated 10 000 EUR.

Currently, the condition assessment has a fixed period of 4-year intervals. In the comparison of the assessment method, then more accurate inspection costs more, but in exchange, it is possible to reduce the level of uncertainty and extend the time between inspections. For example, in Figure 19, a theoretical situation is observed, where 55 years after the construction it is not possible to reduce the uncertainty of condition with visual inspection to extend the time between inspections without exceeding the limit value. With more accurate advanced testing, it is possible to reduce the uncertainty and extent the time to 6 years.



[bookmark: _Ref66872142][bookmark: _Ref66872138][bookmark: _Toc70411228][bookmark: _Toc80864713]Figure 19. Uncertainties in year 55 with different assessments. From Paper IV.

Since the cost of visual inspection is low, then from the owner’s point of view it is preferred if it is possible to continue with the current assessment regulation more optimal with better inspection scheduling. In Figure 20 current fixed 4-year interval inspection is compared with the optimised inspection interval.  



[bookmark: _Ref60925646][bookmark: _Ref60925642][bookmark: _Toc70411229][bookmark: _Toc80864714]Figure 20. Condition profiles of 4-year and optimal interval visual inspections. From Paper IV.

Comparing the 4-year interval profile to optimised inspection interval then it is possible to see that the first 55 years the fixed interval triggers inspection too early. Although the optimal scheduling programme triggers 6 inspections with the annual interval in a row before potential intervention the difference in the total amount of inspections is 10. The limit of uncertainty in optimal inspection interval triggers intervention on year 69, which is earlier than the current system would trigger based on the condition profile, but without more accurate inspections the intervention is needed. If there would be an uncertainty trigger in the current system, then intervention would be triggered in year 59.

To increase the accuracy of performance assessment it is possible to add cover and carbonation depth measurement to all inspections and with this addition, the combined standard deviation of an assessment would be 0.40. In Figure 21 improved 4-year inspection interval is compared with the optimal inspection interval. 



[bookmark: _Ref62769139][bookmark: _Toc70411230][bookmark: _Toc80864715]Figure 21. Condition profiles of 4-year and optimal interval inspections with additional testing. From Paper IV.

In both cases, the intervention is triggered in year 90 due to the condition limit and the main difference between the two approaches is the time between inspections and the number of total inspections. With a 4-year interval, there will be 22 inspections, but with the optimised approach, there are only 12 inspections with intervals ranging from 5 to 19 years. 

In the optimal decision-making process, the overall costs are minimised and the situation where the assessment costs are higher than intervention should be avoided. The costs of assessment methods with current and optimised scheduling were compared during the service life of 100 years and an overview of the results is shown in Table 16.

With the current 4-year interval visual inspection-based approach, the inspections are triggered pessimistically in the first 55 years and afterwards, the level of uncertainty is above the threshold. Improving visual inspections with more accurate NDTs is also justified because after 55 years the time between inspections can only be extended with a more accurate assessment. 

In opposite to the optimal framework, only the most accurate 4-year interval inspections can lead to a situation where no intervention, but due to high inspection costs the total cost is only 4.17% higher than the situation without any inspections. 
The lowest total cost is with visual inspections with the optimal interval. The area of uncertainty curve of the optimal approach is always higher than with the current system, but the uncertainty of the condition is always below threshold value 1.0, which means that inspections are triggered only when needed and not based on a strict schedule, which could lead to a wrong decision.





[bookmark: _Ref62769921][bookmark: _Toc80864694]Table 16. Overview of total costs and uncertainties with different assessment approaches. From Paper IV. 

		Assessment type

		No inspections

		4-year

σ =0.5

		Optimal

σ =0.5

		4-year

σ =0.4

		Optimal

σ =0.4

		4-year

σ =0.3

		Optimal

σ =0.3



		Total number of inspections [-]

		0

		24

		14

		24

		12

		24

		7



		Total number of interventions [-]

		2

		1

		1

		1

		1

		0

		1



		Total cost [EUR]

		20000

		13600

		12100

		19600

		14800

		19200

		15600



		Area of uncertainty curve [-]

		141.5

		75.5

		82.4

		73.2

		84.0

		68.7

		80.1



		Uncertainty above 1.0 [years]

		81

		21

		1

		0

		0

		0

		0







Based on the comparison the optimisation in overall can reduce the number of inspections but not the interventions and the overall costs compared to the No inspection scenario can save up to 39.5% (Optimal σ=0.5). In comparison of current and optimal approaches, the inspection costs can be reduced remarkably (minimally 1500 EUR). 
The other benefit compared to current inspection scheduling is the knowledge that uncertainty is almost always under the desired level and decisions can be made based on accurate data.

[bookmark: _Toc80609437]Conclusions 

This thesis deals with different topics related to the condition assessment of existing concrete bridges in Estonia. Since the level of knowledge in bridge management under uncertainties is low in the local context, then a broader overview of the research field is presented in the beginning. The overall background of bridge management and decision making under uncertainties is based on the state-of-art literature review and details related to performance assessment, deterioration modelling and decision-making is described. The broader overview sets the scene for the current situation in the 
scientific field, where several different approaches regarding degradation modelling or 
decision-making have been used. 

The aim was to introduce the uncertainties related to performance assessment, how time affects the indicator and propose a novel optimised approach for inspection scheduling. The focus of the optimisation was to keep the level of uncertainty under the desired level and maximise the time between assessments. The work can be divided into two main areas related to theoretical decision-making and practical performance assessment investigations.   

The theoretical investigation involved statistical investigation of the Estonian bridge network, quantification of assessment results in deterioration model, updating with new potential information and combining threshold values with the optimisation algorithm. 

Estonian bridge management principles are based on the PONTIS system, data is collected visually based on a strict time frame and many decisions are made using only condition information. The currently used performance assessment approach is simple, four different condition states are defined for elements, and the overall bridge condition index is calculated based on element ratings, units, and weight factors. There are 1023 bridges in the national bridge network, the average age of a bridge is 40.2 years, length 15 meters and more than half of concrete bridges are designed and constructed based on catalogues of typical elements. The statistical investigation of typical bridge element groups was done based on multivariate analysis using the basics of Principal Component Analysis, the analysis revealed that based on the change of condition state most principal elements are non-structural and the same elements groups have different importance if the bridge typology is changed. This means that it is incorrect to make decisions based on only construction material or typology and additional factors concerning the real influence of structural elements should be used.

The investigation of the deterioration model and inference process was done using stochastic continuous Markov chain models and Bayesian inference procedures with uncertainties. The models were verified using a goodness-of-fit test under the assumption that the goodness-of-fit with 5% significance follows a  distribution and only one element group results were not verified, which means that the used input data gives adequate results. The Bayesian updating process involved a combination of simulated degradation model data and expert judgement using Monte-Carlo simulation. The results showed that updating the model with uncertain data (CoV=1.49) gives more accurate information than using the only initial model. Overall, inspections help to reduce the uncertainty and potentially postpone the time to intervention.

The optimisation was based on the linear interpolation of the probabilistic condition profile with 95% of confidence. The main goal of the optimisation is to schedule inspections with the maximum possible time between events while keeping the level of uncertainty under the desired threshold value. As an additional result, the potential intervention can be triggered if there is a knowledge of the intervention measurand that minimises the costs of overall management processes. The latter optimisation was done only using simple data based on Estonian practice. The results show that using a 95% confidence condition profile in a situation where transition probabilities are low helps to keep the structure on the safe side by triggering interventions based on condition state limit instead of uncertainty limit. Compared to the 4-year inspection interval, optimal inspection scheduling keeps the level of uncertainty under the desired threshold value and trigger the inspections with a longer interval than the current approach without crossing the threshold value. Based on the main girder deterioration models, the currently used 4-year interval triggers inspections too quickly for 55 years and afterwards, the level of uncertainty is above the threshold, which means that the time of the inspection is not related to uncertainties involved in the assessment.

The more practical information presented help to form a framework that can be practically used in the condition assessment planning in Estonia. The improvement of the current visual inspection-based condition assessment is suggested to be done either 
with additional non-destructive testing or with more optimal inspection scheduling. 
To simplify the application procedure then a selection method of non-destructive testing methods was introduced and a conversion matrix for few common advanced assessment methods was proposed. For the selection of non-destructive testing methods, 
the highest utility ranking is for methods dealing with cover depth, material properties or impact echo method for crack measurement, but corrosion-related methods are not suggested. The difference of assessment outcomes using a conversion matrix is presented with carbonation information that was collected from the nine most common bridges. The results showed that visual inspection-based assessment tends to give better results and although the carbonation process has already depressed reinforcement, 
the visual appearance tend to trigger maintenance. Although improving visual inspections with more accurate non-destructive testing are suggested because the time between inspections can only be extended with a better uncertainty reduction of more accurate assessment, the need for additional testing is suitable after a certain period. 

The theoretical background of quantitative uncertainty measurand based on the Guide to the expression of uncertainty in measurement (GUM), the mathematical method was supported with benchmarking tests of different assessment methods. 
The benchmarking was carried out on five reinforced concrete bridges and the overall procedure involved nine different experts and 13 novice students to find the upper limits of uncertainty in common assessment methods. The benchmarking tests revealed that although expert assessment is almost three times more accurate than students, 
the assessment of novice inspectors is better than the situation with no inspections. 
In the comparison of assessment methods, the most inaccurate non-destructive method, carbonation depth, is still better than visual inspection carried out by an expert. 

Overall, the use of the proposed framework can be justified with the fact that the true condition of an element is always unknown and treating the uncertainty of the assessment as a probabilistic performance indicator triggering the inspection will ensure that the condition is known with needed uncertainty and unnecessary assessments are not triggered. This fact is now supported by the findings of the current thesis. 

[bookmark: _Toc80609438]Suggestions for further research

While the focus of the current investigation was related to the uncertainties of performance assessment and decision-making related to inspection scheduling several areas require further research to make apply the uncertainty framework in intervention planning and management systems. The following topics are proposed for future research:

1. To provide more relevant information for intervention activities connected to structural performance of common bridge typologies and element groups it is essential to combine the condition models with risk-based models, which are commonly combined with reliability models.  

1. To consider the actual physical phenomena of the concrete deterioration whilst keeping the current Estonian condition rating system the analytical models of carbonation, chloride ingress, frost-resistance and alkali-silica reaction should be analysed, and more relevant limit values for condition states should be proposed.

1. In the current work, the proposed optimisation framework is tested at the element level based on available methods and separate from the results of Principal Component Analysis. As a result, the framework is applicable to be used in one bridge inspection scheduling, but to use a similar approach in-network level, a more advanced element weight factor, available test method investigation is needed and the deterioration models of element groups should be combined.

1. Uncertainty related optimal inspection scheduling is compared with currently used regulation in Estonia, but to find the optimal solution considering the time of intervention, cost of intervention, cost of assessment, the importance of the structure and other threshold uncertainties, a multi-objective optimisation or similar method should be used and combined with Life Cycle Cost Analysis.
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Development of an optimised condition assessment plan for common reinforced concrete bridges in Estonia

The dissertation concentrates on the optimisation of condition assessment, which is a common information collection method in bridge management. The uncertainty in the input data could lead to wrong management decisions, which will affect the overall performance of the bridge network. To overcome the limitation of qualitative visual assessments, a framework to optimise inspection scheduling for regular condition assessment of bridges is proposed. The framework is applied in the Estonian context but is usable in every management system because the whole process includes the definition of the measurand, quantification of accuracy in different assessments and comparing the novel approach with the current system.  The main objective of the work is to keep the level of uncertainty under the desired level and maximise the time between assessments. The uncertainty is used because the real condition of an element is always unknown and using the uncertainty of the assessment as a performance indicator triggering the inspection will ensure that the condition is known with needed uncertainty and unnecessary assessments are not triggered.     

The first part of the thesis is concentrated on describing the current situation in the field of decision-making and performance assessment. The differences in current practice and latest developments are notable because in the world, bridge management systems have been developed since the 1960s, but the Estonian system has been developed since 2004. Although Estonian development is based on the PONTIS system, it has been mainly used for the collection of condition assessment data. Also, the subjectivity of visual inspection is known in Estonia, but the existence of the uncertainties has not been recognised or investigated. In addition to the description of the current situation, a statistical investigation based on Principal Component Analysis was done and it revealed that based on the change of condition state most principal elements are non-structural, which means that making intervention decisions based on only construction material or typology is incorrect and additional factors concerning the real influence of structural elements should be used.

The information presented in the second part of this thesis form a framework that can be practically used in the condition assessment planning in Estonia. The improvement of the current visual inspection-based condition assessment is suggested to be done either with additional non-destructive testing, with more optimal inspection scheduling or the combination of both previous. To simplify the application procedure a selection of non-destructive testing methods was introduced and a conversion matrix for few common advanced assessment methods was proposed. For non-destructive testing methods, the selection of suitable non-destructive testing methods was also investigated, using Analytical Hierarchy Process. The highest utility ranking is for methods dealing with cover depth, material properties or impact echo method for crack measurement, but corrosion-related methods are not suggested. In addition to the proposal of a conversion matrix, the difference of assessment outcomes was investigated with carbonation information collected from the 9 most common concrete bridges. The results showed that visual inspection-based assessment tends to give better condition and although the carbonation process has already depassed reinforcement, the visual appearance tent to trigger maintenance instead of repair. 

The quantification of uncertainty is based on the Guide to the expression of uncertainty in measurement (GUM) and is supported with benchmarking tests of different assessment methods. The results of condition assessment are modelled with continuous-time Markov models, verified with verified using  goodness-of-fit test, and updated with Bayesian inference. The benchmarking was carried out on 5 bridges and the overall procedure involved 9 different experts and 13 novice students to find the upper limits of assessment methods. The benchmarking tests revealed that although expert assessment is almost 3 times more accurate than students, the assessment of novice inspector is better than the situation with no inspections. In a comparison of assessment methods, the most inaccurate non-destructive method, carbonation depth, is still better than visual inspection carried out by an expert.   

The optimisation framework for optimal inspection scheduling based on linear interpolation and the obtained results are compared with the current Estonian assessment regulation to show the efficiency of a novel approach. Based on the main girder deterioration models, the currently used 4-year interval triggers inspections too quickly for 55 years and afterwards, the level of uncertainty is above the threshold, which means that the time of the inspection is not related to uncertainties involved in the assessment. Although improving visual inspections with more accurate non-destructive testing is needed after a certain period in use, the time between inspections can only be extended with a more accurate assessment. 
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Optimeeritud seisukorra kontrolliplaani välja töötamine tüüpilistele Eesti raudbetoonsildadele

Väitekiri keskendub sildade seisundi kontrollimisele, hinnangutega kaasnevale määramatusele ning ülevaatuste vahelise aja optimeerimisele. Seisukord on sildade haldamises üks tähtis muutuja, mida kasutatakse investeerimisotsuste tegemisel ja see tähendab, et algandmete määramatus võib viia valede otsusteni, mis omakorda mõjutavad sillavõrgu üldist toimivust. Maailmas on varasemalt määramatust käsitletud õigete parendustegevuste vaates ning uuringutes on keskendutud üldise haldusega seotud kulude optimeerimisele. Antud töös välja pakutud raamistiku loomisel on teadlikult piirdutud seisukorra ülevaatustega, et tähtsustada selle etapi käigus kogutud andmete olulisust sildade halduse kontekstis. Tulemuste paremaks iseloomustamiseks on uuringus arendatud raamistiku rakendamist täiendavalt piiritletud Eesti tüüpiliste raudbetoonsildadega, mille seisukorra andmeid on enam kui 10 aastat ilma põhjalike uurimusteta kogutud. Kuna kogu protsess on universaalne, sisaldades mõõdetava suuruse määratlemist ja mõõtetäpsuse numbrilist väljendamist erinevates hinnangutes, siis tegelikkuses saab seda kasutada ka teistes varahaldussüsteemides. Töö peamine eesmärk on juhtida tähelepanu seisundi hinnangutega kaasnevale määramatusele haldamises ja pakkuda välja lahendus, kuidas hoida määramatuse tase soovitud tasemest madalamal samal ajal pikendades hindamiste vahelist aega. Määramatust kasutatakse näidikuna seetõttu, et elemendi tegelik seisund ei ole kunagi täpselt teada ja kui hindamise protsessi täiendatakse määramatusega, siis tagatakse, et seisund on alati piisavalt täpselt teatud ja puuduvad üleliigsed kulud. Töö võib jaotada kahte ossa, millest esimeses on tutvustatud hetkeolukorda maailmas ning Eestis ja teises on keskendutud raamistiku loomisele.

Praeguse olukorra kirjeldamisel on peamiselt tähelepanu juhitud toimivuse hindamisele ja otsuste tegemisele maailmas ning Eestis. Erinevused on märkimisväärsed ja on seotud juba puhtalt asjaoluga, et maailmas on sildade haldamise süsteeme arendatud juba alates 1960. aastatest, kuid Eesti süsteemi hakati välja töötama alles 2004. aastal, millest on praeguseks korralikult rakendatud seisukorra hindamise ja andmete kogumise metoodikad. Visuaalse ülevaatusega kaasnevat määramatust on Eestis vähesel määral uuritud ning valdkonna spetsialistid on sellest teadlikud, kuid parendustegevustega seotud otsused põhinevad jätkuvalt subjektiivsel hinnangul. Selleks, et sillapargi hetke seisukorda kirjeldada, uuriti Eesti sildasid statistiliselt peamiste komponentide analüüsi erinevate algoritmide abil. Tulemused näitasid, et peamised komponendid ei ole kestvusega seotud ja eri silla tüüpidel on kõige olulisemad elemendigrupid erinevad, mis tähendab, et otsuste tegemisel ei ole korrektne lähtuda ainult silla tüübist või ehitusmaterjalist ning kasutusele tuleks võtta täiendavad tegurid, mis arvestaksid elemendi tähtsusega konstruktsiooni kestvusele.

Töö teises pooles on keskendutud tervikliku raamistiku eri osade tutvustamisele ja on toodud näited, mis näitavad, et seda on võimalik praktiliselt kasutada seisundi kontrollide planeerimisel. Hetkel Eestis kasutusel olevat seisukorra hindamist on soovitatud täiustada täiendava mittepurustava katsetamise, optimaalse seisukorra kontrollimise või kahe eelneva kombinatsioonina. Täiendavate mittepurustavate katsete kasutuselevõtu lihtsustamiseks tutvustati Analüütilise Hierarhilise Protsessil põhinevat sobivate katsemetoodikate valikuprotseduuri ja valikut erinevatest katsetest. Kõige enam sobivad süsteemi täiendamiseks metoodikad, mille abil saab hinnata materjali omadusi, kaitsekihi paksust ja pragude sügavust, kuid korrosiooni hindamisega seotud metoodikad ei ole sobilikud. Lisaks metoodikatele töötati välja ülemineku maatriks, mille abil saab lihtsalt mõõtetulemuse ümber tõlgendada elemendi seisunditasemeks. Üleminekumaatriksi sobivuse näitlikustamiseks teostati mõõtmisi ja koguti andmeid 9 enamlevinud betoonist sillalt. Karboniseerumise ja visuaalse ülevaatuse tulemuste võrdlusest võib järeldada, et visuaalne hindamine annab parema seisukorra ehk vaatamata asjaolule, et karboniseerumine on jõudnud juba armatuurini, lubab visuaalne hinnang remondi asemel jätkata tavahooldusega.

Töö keskmes oleva määramatuse numbriline väljendamine põhineb metroloogiast tuntud mõõtemääramatuse üldteoorial ja erinevatel võrdluskatsetel. Rajatiste seisukorda ja sellega kaasnevat mõõtemääramatust modelleeritakse pideva ajaga Markovi mudelitega, mille seosed tegelikkusega on valideeritud Hii-ruut testi abiga. Uute andmetega arvestamiseks on prognoosimudeleid kombineeritud Bayes’i seadusega ja tulemused on saadud Monte-Carlo simulatsiooni abil. Erinevate metoodikate võrdluskatsed viidi läbi kokku viiel sillal ja erinevate mõõtemääramatuste leidmiseks kaasati kokku 9 eksperti ja 13 üliõpilast. Võrdluskatsete tulemusena selgus, et eksperdi visuaalne hinnang on kogenematu üliõpilase hinnangust ligi 3 korda täpsem ja ka kogenematu üliõpilase hinnang on parem, kui hinnangu puudumine. Eri katsemetoodikate võrdluses on kõige ebatäpsem karboniseerumissügavuse määramine, mis on vaatamata kõrgele mõõtemääramatusele ikkagi täpsem, kui eksperdi visuaalne hinnang.

Optimaalne seisukorra ülevaatuse intervall on leitud seisunditaseme ja määramatuse lineaarse interpoleerimise teel. Uudse lähenemise tõhususe tõestamiseks võrreldi tulemusi praegu Eestis kehtivate põhimõtetega, kus ülevaatused on ajastatud 4-aastase intervalliga. Võrdluse aluseks võeti tüüpiliste betoonsildade peatalade 95%-lise usaldusnivooga tagatud prognoosimudelid ning piirväärtused määratleti vastavalt omaniku soovidele. Võrdluse tulemusena selgus, et praeguse lähenemise puhul on 
4-aastane intervall liiga sage ja ei taga piisavat täpsust. Esimese 55 aasta puhul võib ülevaatuseid ajastada vastavalt optimeeritud seisukorra kontrolli plaanile ning seejärel on vaja visuaalseid ülevaatuseid täiendada täpsemate mittepurustavate katsetustega. 

Lõppkokkuvõttes leiti, et praegust seisukorra kontrolli on võimalik täiendada selliselt, et seisukorra hinnang jääb alati allapoole soovitud piirväärtust ning kombineerides töö käigus välja töötatud raamistiku erinevate parendustegevuste optimeerimisega on võimalik teha paremaid ja täpsemaid otsuseid.
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0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	2.0861913594081098	2.1265077752259098	2.1607309431788302	2.1950611006335801	2.2295555651702799	2.2646981632570702	2.2954117177160702	2.3276640779424702	2.3611052724403998	2.3914792741055191	2.4237785098526299	2.4566718747201302	2.4867273396987191	2.51575116350336	2.5460974859526102	2.5763847137034701	2.60542628479178	2.6372844317094	2.6667271521265201	2.6953151116775	2.7224748045438081	2.7525947664977699	2.7790080704902591	2.8059949171129199	2.8339526647554401	2.8605985734611901	2.88853488051772	2.9143328758592402	2.9413576320183399	2.9681714074615799	2.9936930247519999	3.0191141001004298	3.0453000348733901	3.0714312425914998	3.0954216357272002	3.1203922218847899	3.1440529869821399	3.1666166437955101	3.1897979731080102	3.2127336266608602	3.2357655528576501	3.2585261638546799	3.28047568805377	3.3046284138308981	3.32603931295928	3.3477426444725702	3.3693477853862799	3.3919091201595779	3.4124010763989401	3.4349609766226101	3.456575628129178	3.4753706333627781	3.494882159378788	3.5151278382069702	3.53353484882035	3.5544370040615298	3.57406654356567	3.5932418119924701	3.611300003869188	3.6314882134205391	3.6487587317034	3.6690917316081499	3.6856164072991402	3.7039363921618	3.7219043297730998	3.7394246472450101	3.7557145040287798	3.7740529424697802	3.7912953025440199	3.8101506571266799	3.8265524198415082	3.8420318910713398	3.8580286805643591	3.8745607968337201	3.8913942695287802	3.9071666889659298	3.9237973414245499	3.9386662585424399	3.9543969811449999	3.9704179870699501	3.986262647046249	4.0012102855436398	4.0168130230318297	4.0313047544267198	4.0465871671229783	4.0607206675353478	4.0748747210700396	4.0880180017904202	4.1009106192798077	Time, [years]


Condition state, [-]




Initial model	1	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.0900000000000001	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1399999999999999	1.1499999999999999	1.1599999999999999	1.17	1.18	1.19	1.2	1.21	1.22	1.23	1.24	1.25	1.26	1.27	1.28	1.29	1.3	1.31	1.32	1.33	1.34	1.35	1.36	1.37	1.38	1.39	1.4	1.41	1.42	1.43	1.44	1.45	1.46	1.47	1.48	1.49	1.5	1.51	1.52	1.53	1.54	1.55	1.56	1.57	1.58	1.59	1.6	1.61	1.62	1.63	1.64	1.65	1.66	1.67	1.68	1.69	1.7	1.71	1.72	1.73	1.74	1.75	1.76	1.77	1.78	1.79	1.8	1.81	1.82	1.83	1.84	1.85	1.86	1.87	1.88	1.89	1.9	1.91	1.92	1.93	1.94	1.95	1.96	1.97	1.98	1.99	2	2.0099999999999998	2.02	2.0299999999999998	2.04	2.0499999999999998	2.06	2.0699999999999998	2.08	2.09	2.1	2.11	2.12	2.13	2.14	2.15	2.16	2.17	2.1800000000000002	2.19	2.2000000000000002	2.21	2.2200000000000002	2.23	2.2400000000000002	2.25	2.2599999999999998	2.27	2.2799999999999998	2.29	2.2999999999999998	2.31	2.3199999999999981	2.33	2.34	2.35	2.36	2.37	2.38	2.39	2.4	2.41	2.42	2.4300000000000002	2.44	2.4500000000000002	2.46	2.4700000000000002	2.48	2.4900000000000002	2.5	2.5099999999999998	2.52	2.5299999999999998	2.54	2.5499999999999998	2.56	2.57	2.58	2.59	2.6	2.61	2.62	2.63	2.64	2.65	2.66	2.67	2.68	2.69	2.7	2.71	2.72	2.73	2.74	2.75	2.76	2.77	2.78	2.79	2.8	2.81	2.82	2.83	2.84	2.85	2.86	2.87	2.88	2.89	2.9	2.91	2.92	2.93	2.94	2.95	2.96	2.97	2.98	2.99	3	3.01	3.02	3.03	3.04	3.05	3.06	3.07	3.08	3.09	3.1	3.11	3.12	3.13	3.14	3.15	3.16	3.17	3.18	3.19	3.2	3.21	3.22	3.23	3.24	3.25	3.26	3.27	3.28	3.29	3.3	3.31	3.32	3.33	3.34	3.35	3.36	3.37	3.38	3.39	3.4	3.41	3.42	3.43	3.44	3.45	3.46	3.47	3.48	3.49	3.5	3.51	3.52	3.53	3.54	3.55	3.56	3.57	3.58	3.59	3.6	3.61	3.62	3.63	3.64	3.65	3.66	3.67	3.68	3.69	3.7	3.71	3.72	3.73	3.74	3.75	3.76	3.77	3.78	3.79	3.8	3.81	3.82	3.83	3.84	3.85	3.86	3.87	3.88	3.89	3.9	3.91	3.92	3.93	3.94	3.95	3.96	3.97	3.98	3.99	4	0.36664276254661299	0.36968202787879001	0.37269466449403099	0.37567961428736801	0.37863582219976799	0.38156223683158402	0.38445781105832999	0.38732150264826898	0.39015227488131898	0.39294909716876603	0.39571094567327197	0.39843680392866199	0.401125663458963	0.403776524396185	0.406388396096307	0.40896029775293702	0.41149125900813899	0.413980320559865	0.41642653476548902	0.41882896624090898	0.42118669245467	0.42349880431660902	0.425764406760479	0.42798261932004	0.43015257669808898	0.432273429327934	0.43434434392677601	0.43636450404053001	0.43833311057954699	0.440249382344785	0.44211255654391002	0.44392188929688198	0.44567665613052498	0.44737615246165302	0.44901969406827502	0.45060661754845599	0.45213628076638801	0.45360806328527298	0.45502136678658101	0.45637561547531302	0.457670256470873	0.458904760183168	0.460078620673605	0.46119135600060601	0.46224250854934401	0.46323164534535599	0.46415835835175701	0.46502226474974601	0.46582300720215303	0.46656025409976098	0.46723369979017498	0.46784306478900201	0.46838809597316	0.468868566756103	0.46928427724481903	0.46963505437841901	0.46992075204821498	0.47014125119914002	0.47029645991243402	0.47038631346950499	0.47041077439690199	0.47036983249236203	0.47026350483190199	0.47009183575794899	0.469854896848518	0.46955278686747898	0.46918563169594402	0.46875358424484898	0.46825682434882498	0.46769555864144402	0.46707002041197598	0.46638046944378098	0.46562719183451401	0.46481049979829198	0.46393073145003599	0.46298825057218601	0.46198344636400901	0.46091673317375997	0.459788550213934	0.45859936125989798	0.457349654332179	0.45603994136272802	0.45467075784546701	0.453242662471458	0.45175623674903898	0.45021208460929502	0.448610831997235	0.446953126449052	0.445239636655888	0.44347105201449499	0.441648082165224	0.43977145651777	0.43784192376512698	0.43586025138619	0.43382722513748101	0.43174364853445901	0.42961034232290601	0.42742814394085299	0.42519790697156301	0.42292050058806002	0.42059680898970297	0.41822773083132803	0.415814178645459	0.41335707825812101	0.41085736819876501	0.40831599910483901	0.40573393312151701	0.40311214329714101	0.40045161297487197	0.397753335181111	0.39501831201119297	0.39224755401290401	0.38944207956833599	0.38660291427460403	0.38373109032395902	0.38082764588380402	0.37789362447713498	0.374930074363923	0.37193804792393198	0.36891860104148799	0.36587279249268001	0.362801683335504	0.35970633630340798	0.35658781520273197	0.353447184314503	0.350285507801045	0.34710384911786202	0.34390327043121699	0.34068483204187	0.33744959181536699	0.334198604619312	0.33093292176801598	0.32765359047491699	0.32436165331314898	0.32105814768462898	0.317744105298013	0.31442055165588001	0.31108850555145701	0.30774897857521399	0.30440297463163701	0.30105148946646798	0.29769551020468898	0.29433601489952699	0.29097397209271703	0.28761034038628303	0.28424606802603802	0.280882092497036	0.27751934013116097	0.27415872572703698	0.270801152182441	0.26744751013934898	0.26409867764178502	0.26075551980658102	0.25741888850716499	0.25408962207048003	0.25076854498711498	0.24745646763472101	0.24415418601477001	0.24086248150269601	0.237582120611459	0.234313854768532	0.23105842010633601	0.227816537266089	0.22458891121507599	0.22137623107727	0.218179169977294	0.21499838489763501	0.211834516549051	0.20868818925409099	0.20556001084362799	0.20245057256629301	0.19936044901070901	0.196290198040389	0.193240360741152	0.19021146138092501	0.18720400738176601	0.184218489303937	0.18125538084186099	0.178315138831772	0.175398203270862	0.172504997347739	0.169635927483964	0.16679138338647601	0.16397173811066501	0.16117734813387	0.15840855343906701	0.155665677608504	0.15294902792703299	0.15025889549489699	0.147595555349705	0.14495926659733199	0.14235027255149499	0.139768800881716	0.13721506376941101	0.13468925807182999	0.132191565493566	0.12972215276535101	0.12728117182987	0.124868760034287	0.122485040329227	0.120130121473897	0.117804098247087	0.115507051663752	0.11323904919688201	0.11100014500439399	0.108790380160741	0.106609782892962	0.104458368820902	0.10233614120129	0.10024309117543299	9.8179198020221903E-2	9.61444294021844E-2	9.4138741634313697E-2	9.2162079935402694E-2	9.0214378691615096E-2	8.8295561720035401E-2	8.6405542533934995E-2	8.4544224609501298E-2	8.2711501653777095E-2	8.0907257873565397E-2	7.9131368245053998E-2	7.73836987839253E-2	7.5664106815714102E-2	7.3972441246189E-2	7.2308542831529599E-2	7.06722444480858E-2	6.9063371361500897E-2	6.7481741494995501E-2	6.5927165696607906E-2	6.4399448005193205E-2	6.2898385914993193E-2	6.1423770638588997E-2	5.9975387368058602E-2	5.8553015534166197E-2	5.7156429063414303E-2	5.5785396632798002E-2	5.4439681922107498E-2	5.3119043863625599E-2	5.1823236889080998E-2	5.0552011173717298E-2	4.9305112877348102E-2	4.8082284382271898E-2	4.6883264527929701E-2	4.57077888421892E-2	4.4555589769152699E-2	4.34263968933844E-2	4.2319937160463901E-2	4.1235935093776203E-2	4.0174113007456103E-2	3.9134191215408003E-2	3.8115888236330303E-2	3.7118920994679602E-2	3.6143005017511998E-2	3.5187854627148699E-2	3.4253183129615797E-2	3.3338702998814501E-2	3.2444126056381702E-2	3.1569163647210102E-2	3.0713526810596501E-2	2.98769264469964E-2	2.9059073480365499E-2	2.8259679016074301E-2	2.7478454494386701E-2	2.67151118394977E-2	2.5969363604128701E-2	2.5240923109686401E-2	2.4529504581991199E-2	2.3834823282588499E-2	2.3156595635657501E-2	2.24945393505393E-2	2.1848373539905E-2	2.1217818833592701E-2	2.0602597488142999E-2	2.00024334920662E-2	1.9417052666878098E-2	1.88461827639443E-2	1.8289553557174799E-2	1.7746896931615099E-2	1.7217946967980801E-2	1.67024400231865E-2	1.6200114806921101E-2	1.5710712454325801E-2	1.52339765948299E-2	1.47696534172046E-2	1.43174917308955E-2	1.38772430236959E-2	1.3448661515825799E-2	1.30315042104807E-2	1.26255309409198E-2	1.2230504414158501E-2	1.1846190251338099E-2	1.14723570248399E-2	1.11087762922176E-2	1.0755222627018699E-2	1.0411473646568E-2	1.0077310036787E-2	9.7525155741228498E-3	9.4368771446613191E-3	9.1301847604988093E-3	8.8322315734474504E-3	8.5428138861493707E-3	Updated model	1	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.0900000000000001	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1399999999999999	1.1499999999999999	1.1599999999999999	1.17	1.18	1.19	1.2	1.21	1.22	1.23	1.24	1.25	1.26	1.27	1.28	1.29	1.3	1.31	1.32	1.33	1.34	1.35	1.36	1.37	1.38	1.39	1.4	1.41	1.42	1.43	1.44	1.45	1.46	1.47	1.48	1.49	1.5	1.51	1.52	1.53	1.54	1.55	1.56	1.57	1.58	1.59	1.6	1.61	1.62	1.63	1.64	1.65	1.66	1.67	1.68	1.69	1.7	1.71	1.72	1.73	1.74	1.75	1.76	1.77	1.78	1.79	1.8	1.81	1.82	1.83	1.84	1.85	1.86	1.87	1.88	1.89	1.9	1.91	1.92	1.93	1.94	1.95	1.96	1.97	1.98	1.99	2	2.0099999999999998	2.02	2.0299999999999998	2.04	2.0499999999999998	2.06	2.0699999999999998	2.08	2.09	2.1	2.11	2.12	2.13	2.14	2.15	2.16	2.17	2.1800000000000002	2.19	2.2000000000000002	2.21	2.2200000000000002	2.23	2.2400000000000002	2.25	2.2599999999999998	2.27	2.2799999999999998	2.29	2.2999999999999998	2.31	2.3199999999999981	2.33	2.34	2.35	2.36	2.37	2.38	2.39	2.4	2.41	2.42	2.4300000000000002	2.44	2.4500000000000002	2.46	2.4700000000000002	2.48	2.4900000000000002	2.5	2.5099999999999998	2.52	2.5299999999999998	2.54	2.5499999999999998	2.56	2.57	2.58	2.59	2.6	2.61	2.62	2.63	2.64	2.65	2.66	2.67	2.68	2.69	2.7	2.71	2.72	2.73	2.74	2.75	2.76	2.77	2.78	2.79	2.8	2.81	2.82	2.83	2.84	2.85	2.86	2.87	2.88	2.89	2.9	2.91	2.92	2.93	2.94	2.95	2.96	2.97	2.98	2.99	3	3.01	3.02	3.03	3.04	3.05	3.06	3.07	3.08	3.09	3.1	3.11	3.12	3.13	3.14	3.15	3.16	3.17	3.18	3.19	3.2	3.21	3.22	3.23	3.24	3.25	3.26	3.27	3.28	3.29	3.3	3.31	3.32	3.33	3.34	3.35	3.36	3.37	3.38	3.39	3.4	3.41	3.42	3.43	3.44	3.45	3.46	3.47	3.48	3.49	3.5	3.51	3.52	3.53	3.54	3.55	3.56	3.57	3.58	3.59	3.6	3.61	3.62	3.63	3.64	3.65	3.66	3.67	3.68	3.69	3.7	3.71	3.72	3.73	3.74	3.75	3.76	3.77	3.78	3.79	3.8	3.81	3.82	3.83	3.84	3.85	3.86	3.87	3.88	3.89	3.9	3.91	3.92	3.93	3.94	3.95	3.96	3.97	3.98	3.99	4	9.0667086315536202E-2	9.9702704810906706E-2	0.109463505007084	0.11998774422373	0.13131355411429199	0.14347867330874001	0.156520157890435	0.170474070520095	0.185375149345438	0.201256458175605	0.218149019751228	0.236081434299584	0.25507948592511298	0.27516573974324798	0.29635913301458	0.31867456387073401	0.34212248153699798	0.36670848224316199	0.39243291526699298	0.41929050376785898	0.447269985235142	0.47635377649136401	0.50651766824811795	0.53773055420895399	0.56995419964335503	0.60314305421644199	0.63724411364769695	0.67219683448748202	0.70793310594215297	0.74437728224816002	0.78144627859482296	0.81904973302800499	0.85709023613742097	0.89546362964484905	0.93405937427631902	0.97276098652689302	1.01144654312131	1.0499892511480939	1.088258081009883	1.1261184585004851	1.163433011502057	1.2000623660060921	1.235865985412393	1.2707030463631419	1.3044333437366169	1.3369182168682701	1.3680214885962969	1.3976104083538019	1.425556590258213	1.4517369369875339	1.476034540187054	1.49833954822274	1.5185499922900501	1.5365725621987969	1.5523233235835521	1.565728368830658	1.5767243946607881	1.58525920005236	1.591292099026095	1.594794243723568	1.595748854189978	1.5941513523001181	1.5900093983318699	1.5833428297783769	1.5741835030828131	1.562575040062488	1.54857248184663	1.5322418541692651	1.513659648820995	1.492912226957517	1.470095150776469	1.44531245079652	1.418675836594435	1.3903038593695149	1.360321035104515	1.328856937374153	1.2960452690145361	1.262022921909365	1.2269290340734711	1.1909040530247399	1.1540888141373049	1.116623642268965	1.078647484462496	1.0402970809436269	1.001706180988521	0.96300480952216805	0.92431858954828205	0.88576812471351996	0.847468445486672	0.80952852159948696	0.77205084256215895	0.73513106724486998	0.69885774271835799	0.66331209178123895	0.62856786787919805	0.59469127544914302	0.56174095310702998	0.52976801654706496	0.49881615753667602	0.46892179497936198	0.44011427367802702	0.41241610616536001	0.38584325277480003	0.36040543500386901	0.33610647716862402	0.31294467136017001	0.29091316078713297	0.27000033671693502	0.25019024440794502	0.231462993648336	0.213795169779434	0.19716024137528501	0.181528961069572	0.16686975635972301	0.15314910756976399	0.14033191051253899	0.12838182175256299	0.117261584728165	0.106933335340804	9.7358885956598501E-2	8.8499987086387996E-2	8.0318566313159798E-2	7.2776944316761405E-2	6.5838028103656701E-2	5.9465481782514103E-2	5.3623875433828697E-2	4.8278812803025102E-2	4.33970387016425E-2	3.8946527130588E-2	3.48965512438364E-2	3.1217736351402899E-2	2.78820972181919E-2	2.4863060951996099E-2	2.21354767911148E-2	1.9675614101628401E-2	1.7461149878138401E-2	1.5471147011716599E-2	1.36860245467806E-2	1.2087521096549101E-2	1.0658652526424599E-2	9.3836649478797694E-3	8.2479839938039996E-3	7.2381612713547597E-3	6.3418188115290496E-3	5.5475922572051804E-3	4.8450734544129596E-3	4.2247530360609003E-3	3.67796351410916E-3	3.19682332593673E-3	2.7741822139680998E-3	2.4035682549503898E-3	2.0791367969238399E-3	1.7956215081339499E-3	1.54828769300967E-3	1.3328879859193701E-3	1.14562049367634E-3	9.8308942259557391E-4	8.4226819514879704E-4	7.2046503472400405E-4	6.1529097443542298E-4	5.2463022708826702E-4	4.4661283800227498E-4	3.79589530147664E-4	3.2210864165382999E-4	2.7289504891987601E-4	2.3083096399970399E-4	1.94938492373093E-4	1.6436383638209799E-4	1.3836303025699799E-4	1.16289094543367E-4	9.75805006541901E-5	8.1750840010265104E-5	6.8379596618566498E-5	5.7103926811659698E-5	4.76113550890605E-5	3.9633300439696299E-5	3.2939353075623003E-5	2.7332227079598701E-5	2.2643319986097599E-5	1.8728815713760499E-5	1.5466272496194301E-5	1.2751642477591301E-5	1.0496674419871501E-5	8.6266554875051204E-6	7.0784523209919704E-6	5.7988155726106697E-6	4.7429157564551099E-6	3.8730816613109404E-6	3.1577156956772699E-6	2.5703633881513899E-6	2.0889168646873802E-6	1.6949344797651701E-6	1.37306090528801E-6	1.1105338937847199E-6	8.9676564631595201E-7	7.2298824549132297E-7	5.8195397512410495E-7	4.6768255480190098E-7	3.7524838400738898E-7	3.0060182968043999E-7	2.4041941582471302E-7	1.9197849567484999E-7	1.53052616973849E-7	1.21824339141621E-7	9.6812736792487007E-8	7.6813235616508702E-8	6.0847781731053507E-8	4.8123651145111897E-8	3.7999468168460902E-8	2.99572259945929E-8	2.3579294236459799E-8	1.8529561284547299E-8	1.45379978629023E-8	1.13880454911177E-8	8.9063327091002993E-9	6.9543054992401696E-9	5.4214286217139497E-9	4.2196735366062899E-9	3.27905792797858E-9	2.5440430412411702E-9	1.9706293604943301E-9	1.52401967008583E-9	1.1767421896567E-9	9.0714603234103902E-10	6.9819738061881996E-10	5.3651807014633002E-10	4.1161919709458799E-10	3.15291321957591E-10	2.4112017075294702E-10	1.8410271637959099E-10	1.4034339531751401E-10	1.0681417506469899E-10	8.1165399599083105E-11	6.1576939583760803E-11	4.6641273336093097E-11	3.5271816409299203E-11	2.6631178222957501E-11	2.0075116098295299E-11	1.5108831539911301E-11	1.13529525089265E-11	8.5171028594491892E-12	6.3794037893431404E-12	4.7706045792554001E-12	3.5618192622094801E-12	2.65506687591114E-12	1.9759874400268599E-12	1.4682432866232199E-12	1.08922348474086E-12	8.0675394589960303E-13	5.9658225138134897E-13	4.40458188248667E-13	3.2467150652545602E-13	2.3893996359434598E-13	1.75565241809316E-13	1.2879334228828301E-13	9.4330778165729994E-14	6.8979262919335098E-14	5.0360358204388103E-14	3.6708293924670498E-14	2.67143566201485E-14	1.9410215934442101E-14	1.4080599416606601E-14	1.01980479245219E-14	7.3742538337744994E-15	5.3238308139171403E-15	3.8373864466496198E-15	2.76154394041746E-15	1.9841454586478101E-15	1.4233122446050101E-15	1.0193703390538E-15	7.2890164193647699E-16	5.2036849300780602E-16	3.7090115591628202E-16	2.63943219142555E-16	1.8752879388522001E-16	1.3302416467554299E-16	9.4210270189719798E-17	6.6614855018996104E-17	4.7027192630346301E-17	3.31460780690877E-17	2.33249312910573E-17	1.63875385421051E-17	1.1495085555222701E-17	8.0503695805830707E-18	5.6289132832557698E-18	3.9295102547664199E-18	2.73878173977813E-18	1.9058185493866999E-18	1.32406956941274E-18	9.1842815345530601E-19	6.3604039787239097E-19	4.3977378952327004E-19	3.0358416295778101E-19	2.0923484470120801E-19	1.4397730456831099E-19	9.8914325848116396E-20	6.7846817482817295E-20	4.6462748313305703E-20	3.1767675528426702E-20	2.16855833929587E-20	1.4779573817013201E-20	Condition state, [-]


Density, [-]




Without assessment	
[VALUE]


0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	0	0.19226407597234099	0.266848253806936	0.32134887848261301	0.36778799730309403	0.40755235685550101	0.440682386327516	0.471209805048246	0.49729944151858302	0.52160340010600204	0.544318869102137	0.56586721632741199	0.58575364083081205	0.60358127688584895	0.61880580024137299	0.63416969607832196	0.64779512376248305	0.66048752060526905	0.67270719061065698	0.68510070592544903	0.695632000182272	0.70606112769811002	0.71665446169848301	0.72433836769938897	0.732987456244795	0.74079423183626703	0.74838967907250098	0.75597666790347895	0.76391537812384802	0.77146808155620905	0.77788286498356096	With assessment	
0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	0	0.183348848491103	0.25432194959653198	0.30512956213833098	0.34819116671563299	0.384374100110289	0.41473171222994498	0.44217155220635401	0.46539590327916602	0.48695392545573202	0.506863705802993	0.52470096504194996	0.54123791074109195	0.55598284967460398	0.56882982760584899	0.58107944998602401	0.59758147056251398	0.61299868443271899	0.62748452868510796	0.64238198995290596	0.65486908954214695	0.66715283416337601	0.67947463813037301	0.68874725409752802	0.69881830658941702	0.70798673181798899	0.71688155833624401	0.72580101326777802	0.73524351998632997	0.74405532811771602	0.751716313768091	Time, [year]


Standard deviation of condition, [-]




Uncertainty with visual inspections	
51	51	52	53	54	55	55	56	57	58	0.99323208798582696	0.89632812345104995	0.92703936155363598	0.95300100366357299	0.98021397587612602	1.00675858301157	0.925767716305685	0.95627272033070698	0.98176982965792603	1.0094502318263801	Uncertainty with additional testing	
51	51	52	53	54	55	55	56	57	58	59	60	61	0.99323208798582696	0.89632812345104995	0.92703936155363598	0.95300100366357299	0.98021397587612602	1.00675858301157	0.81228195514402701	0.85060305484313903	0.88232248331639895	0.91200894260750698	0.94183087449922198	0.97067668594845002	1	Uncertainty limit	50	51	52	53	54	55	56	57	58	59	60	61	62	1	1	1	1	1	1	1	1	1	1	1	1	1	Condition with visual inspections	51	51	52	53	54	55	55	56	57	58	58	2.4482762809137801	2.3500705134780482	2.39537102723774	2.4346664557415281	2.475995376648878	2.5170152456715602	2.4373677737341	2.4828286351551778	2.521924136748289	2.5639193815352299	2.4997459636505579	Condition with additional testing	51	51	52	53	54	55	55	56	57	58	59	60	61	2.4482762809137801	2.3500705134780482	2.39537102723774	2.4346664557415281	2.475995376648878	2.5170152456715602	2.4232484903429801	2.4791954429784302	2.52691697568978	2.5715615721888399	2.6169071449820702	2.6606670866141102	2.70410292330082	Time, [years]


Condition state, [-]




Inspections with 4-year interval	Intervention due to condition limit

1	2	3	4	4	5	6	7	8	8	9	10	11	12	12	13	14	15	16	16	17	18	19	20	20	21	22	23	24	24	25	26	27	28	28	29	30	31	32	32	33	34	35	36	36	37	38	39	40	40	41	42	43	44	44	45	46	47	48	48	49	50	51	52	52	53	54	55	56	56	57	58	59	60	60	61	62	63	64	64	65	66	67	68	68	69	70	71	72	72	73	74	75	76	76	77	78	79	80	80	81	82	83	84	85	86	86	87	88	89	90	90	91	92	93	94	94	95	96	97	98	98	99	100	1.5940355450052099	1.6452271464977	1.6909585641151199	1.7358033850588299	1.38752862683106	1.4414625505351599	1.49014256747108	1.5375750569940501	1.58431209597184	1.46256749390885	1.5117638211990001	1.56032418714445	1.6058835825911699	1.6492485793090601	1.53972413151125	1.5908448858431199	1.6370303284318799	1.6799045836583	1.72471399691898	1.61895012178715	1.6673161390602	1.71067363063072	1.75460053760669	1.7988964136330801	1.7027442981588901	1.7485314779058601	1.7902122404324301	1.8297406418675799	1.87144157366069	1.78374156142013	1.8278685290966801	1.8694219840077899	1.9091176885685901	1.95106160678323	1.87096019643883	1.91358801455488	1.9541839623842501	1.9963576280805	2.0319058865369102	1.9543731479484501	1.9962793410647199	2.0378807026622301	2.0770716004289498	2.1154332204255701	2.0406645471450902	2.0838119919379001	2.125420021353809	2.1670679061215301	2.20805880029042	2.1269528524599202	2.1658728474286799	2.2090371239229598	2.2478701133125201	2.2853911722288598	2.21116903620316	2.25083799089336	2.28857678696644	2.3288236263187381	2.37099249889715	2.2955726194639681	2.3365648970452191	2.3801479086422801	2.41927107078723	2.46024735918839	2.3831333432079398	2.4239162032127402	2.4659687929205099	2.504142603038658	2.5425428045163398	2.46624468139199	2.50459680769504	2.5463801420630401	2.5892957213099401	2.6298958961030001	2.54826119722585	2.5920124494232279	2.63153112362235	2.6708183618165302	2.7083049930846999	2.6252158557754299	2.6668405760662282	2.7098337996827802	2.7485474349854901	2.7857239986060698	2.7053194228618702	2.7420813386945899	2.7834087402454002	2.8206030131313402	2.8599102933892682	2.77901530448315	2.817902495548458	2.8595571867637779	2.90136941879177	2.9440662827355202	2.857827009495268	2.900884031683189	2.93878444531087	2.9753845849015002	3.0183448566471198	2.93258767176461	2.970388017723629	3.009636144050869	1.5940355450052099	1.6452271464977	1.6909585641151199	1.7358033850588299	1.38752862683106	1.4414625505351599	1.49014256747108	1.5375750569940501	1.58431209597184	1.46256749390885	1.5117638211990001	1.56032418714445	1.6058835825911699	1.6492485793090601	1.53972413151125	1.5908448858431199	1.6370303284318799	1.6799045836583	1.72471399691898	1.61895012178715	1.6673161390602	1.71	Optimal inspection inverval	Intervention due to uncertainty limit

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	37	38	39	40	41	42	43	44	45	46	46	47	48	49	50	51	51	52	53	54	55	55	56	57	58	58	59	60	60	61	62	62	63	63	64	64	65	65	66	66	67	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	88	89	90	91	92	93	94	95	96	97	98	99	100	1.5925023884118601	1.6393718911041499	1.68649020797458	1.73184828102354	1.7755522960175001	1.8159496874994281	1.854759224615	1.89093647601693	1.9318720296816601	1.9709237733256899	2.006729424751839	2.0432542056027301	2.079542997525428	2.1165966715877	2.1544017636329502	2.1901617939250202	2.2243850853156499	2.2592537709448202	2.2922455951673801	2.326513930675989	1.69154238457216	1.73588941107922	1.77531906889863	1.81439345189249	1.8539645943273599	1.89317381035054	1.93046027811475	1.96947616196516	2.00423341075745	2.0419833919347901	2.078318423856218	2.1141322767510502	2.14899923265226	2.1842316358398	2.2198468589632681	2.2541026720200299	2.2899878077101201	2.32125354162324	2.0459803198758602	2.0899889541630801	2.1322242250469698	2.1729778006298091	2.2114098883853801	2.2466666682484702	2.2862332316328802	2.3222000162938379	2.359152004367969	2.3958589023705081	2.2413363206516399	2.2836589564836598	2.3280910957997101	2.3672531050144001	2.4092613175894302	2.4482762809137801	2.3500705134780482	2.39537102723774	2.4346664557415281	2.475995376648878	2.5170152456715602	2.4373677737341	2.4828286351551778	2.521924136748289	2.5639193815352299	2.4997459636505579	2.5439767270493898	2.5877828263018801	2.5436707971803298	2.5854362943356199	2.6267875148867099	2.5838563997677002	2.6185706244874498	2.6012870918260802	2.6443193657757398	2.6221775830127299	2.6623139049775002	2.64107431024039	2.6805906084679698	2.6608478230713	2.7012995478097501	2.6787477282674099	2.7212263342919001	1.5925023884118601	1.6393718911041499	1.68649020797458	1.73184828102354	1.7755522960175001	1.8159496874994281	1.854759224615	1.89093647601693	1.9318720296816601	1.9709237733256899	2.006729424751839	2.0432542056027301	2.079542997525428	2.1165966715877	2.1544017636329502	2.1901617939250202	2.2243850853156499	2.2592537709448202	2.2922455951673801	2.326513930675989	1.69154238457216	1.73588941107922	1.77531906889863	1.81439345189249	1.8539645943273599	1.89317381035054	1.93046027811475	1.96947616196516	2.00423341075745	2.0419833919347901	2.078318423856218	2.1141322767510502	2.14899923265226	Without inspections	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	2.0861913594081098	2.1265077752259098	2.1607309431788302	2.1950611006335801	2.2295555651702799	2.2646981632570702	2.2954117177160702	2.3276640779424702	2.3611052724403998	2.3914792741055191	2.4237785098526299	2.4566718747201302	2.4867273396987191	2.51575116350336	2.5460974859526102	2.5763847137034701	2.60542628479178	2.6372844317094	2.6667271521265201	2.6953151116775	2.7224748045438081	2.7525947664977699	2.7790080704902591	2.8059949171129199	2.8339526647554401	2.8605985734611901	2.88853488051772	2.9143328758592402	2.9413576320183399	2.9681714074615799	2.9936930247519999	3.0191141001004298	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	2.0861913594081098	2.1265077752259098	2.1607309431788302	2.1950611006335801	2.2295555651702799	2.2646981632570702	2.2954117177160702	2.3276640779424702	2.3611052724403998	2.3914792741055191	2.4237785098526299	2.4566718747201302	2.4867273396987191	2.51575116350336	2.5460974859526102	2.5763847137034701	2.60542628479178	2.6372844317094	2.6667271521265201	2.6953151116775	2.7224748045438081	2.7525947664977699	2.7790080704902591	2.8059949171129199	2.8339526647554401	2.8605985734611901	2.88853488051772	2.9143328758592402	2.9413576320183399	2.9681714074615799	2.9936930247519999	3.0191141001004298	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	Inspections every 3 years (insp error=0.5)	1	2	3	3	4	5	6	6	7	8	9	9	10	11	12	12	13	14	15	15	16	17	18	18	19	20	21	21	22	23	24	24	25	26	27	27	28	29	30	30	31	32	33	33	34	35	36	36	37	38	39	39	40	41	42	42	43	44	45	45	46	47	48	48	49	50	51	51	52	53	54	54	55	56	57	57	58	59	60	60	61	62	63	63	64	65	66	66	67	68	69	69	70	71	72	72	73	74	75	75	76	77	78	78	79	80	81	81	82	83	84	85	85	86	87	88	88	89	90	91	91	92	93	94	94	95	96	97	97	98	99	100	1.5904526952125699	1.6366177844649501	1.6828414815122501	1.3670423217383101	1.42494718363874	1.4794402868037	1.5300645486448401	1.42711596017645	1.4801553992401799	1.5299487346521601	1.57560784831949	1.48266025137278	1.53337709713728	1.5783677153358799	1.6213732375197101	1.5407173552679501	1.5901776280502999	1.6340485788824199	1.68147385974789	1.6015066113649099	1.6466493064837799	1.69299410512985	1.7369794481765499	1.66287155434488	1.70790631915735	1.74932782812079	1.7933215780940801	1.72141362856066	1.7664721944387201	1.8113688769101799	1.85112636070957	1.7853036797360999	1.83185688328778	1.87525021713814	1.9106608849526301	1.84718702578727	1.8939447095052699	1.9379357294350801	1.9833345919714001	1.91415234698821	1.956901457804979	2.0010001446225001	2.044328980278749	1.97790892565527	2.0205104517178798	2.0608017749057499	2.0994923983773801	2.0437985171228101	2.0831038571759501	2.1266200037338581	2.16432356633719	2.1099834389219398	2.1543506526271701	2.19255723040623	2.23447820763834	2.1775362618944101	2.2169057093223601	2.2557143270742999	2.2978800751978499	2.2419574165726601	2.2859146535094799	2.331801899297278	2.3718124307087471	2.309221924573948	2.3526068030001879	2.3963491694672681	2.438843922457488	2.374632147375189	2.4173709939784702	2.45972830207922	2.5046700479535899	2.43884383494796	2.4800264612188201	2.52512551055761	2.5645345705758902	2.50335125961591	2.5448942215733501	2.5923900569809102	2.6331883951149102	2.5670891483210299	2.6086630958922199	2.64811361509802	2.6911518093344	2.62875272367436	2.6688566239796878	2.713123989248809	2.7575039357218798	2.6905692595275101	2.7331813273370198	2.7727900501362801	2.8119662639163701	2.7484769243997591	2.7914341276147598	2.8294253485119798	2.8726608518168502	2.8069022691109198	2.84763047413065	2.8878535143225901	2.9281773777935598	2.86345409684073	2.9019438691721202	2.94158469698429	2.979145323195838	2.9169986727370998	2.9564649571306281	2.9940064909744502	3.0336224102793001	2.9713130165283199	3.0134793734751701	1.5904526952125699	1.6366177844649501	1.6828414815122501	1.3670423217383101	1.42494718363874	1.4794402868037	1.5300645486448401	1.42711596017645	1.4801553992401799	1.5299487346521601	1.57560784831949	1.48266025137278	1.53337709713728	1.5783677153358799	1.6213732375197101	1.5407173552679501	1.5901776280502999	1.6340485788824199	1.68147385974789	1.6015066113649099	1.6466493064837799	1.69299410512985	1.7369794481765499	Inspections with 4-year interval	1	2	3	4	4	5	6	7	8	8	9	10	11	12	12	13	14	15	16	16	17	18	19	20	20	21	22	23	24	24	25	26	27	28	28	29	30	31	32	32	33	34	35	36	36	37	38	39	40	40	41	42	43	44	44	45	46	47	48	48	49	50	51	52	52	53	54	55	56	56	57	58	59	60	60	61	62	63	64	64	65	66	67	68	68	69	70	71	72	72	73	74	75	76	76	77	78	79	80	80	81	82	83	84	84	85	86	87	88	88	89	90	91	92	93	94	94	95	96	97	98	98	99	100	1.5935887369423201	1.6414271190980101	1.6877291471740199	1.72919334977977	1.3135759289661399	1.3682292928172	1.42683458407508	1.4806722516785	1.52617272859664	1.3845022833162901	1.43909696924379	1.4897803753061301	1.5378208050963	1.58421309796721	1.46345787309959	1.5130591074232	1.55743295446087	1.60153707550747	1.6454658400653901	1.54240245613869	1.5893045671016399	1.63528326459382	1.6830374590823201	1.72097028868279	1.6310166367932699	1.6741145105781801	1.7170227160362199	1.76171229440741	1.8034022902774101	1.7220451681565101	1.7661464235934301	1.81165075394444	1.8505768294863401	1.88984537879109	1.8149223460369901	1.8592097688090801	1.9020080444462899	1.94246136865285	1.9808699625477399	1.9099184190921801	1.95423730840132	1.9918767323651501	2.032378461969349	2.0734385240900401	2.0043501273739799	2.0497557990916802	2.09077528455864	2.1332898081131901	2.173475809858028	2.09905117111686	2.1471255055101999	2.1928168838977591	2.2317878423694801	2.2708070024339402	2.1926920437246	2.2363916246109401	2.28281539387778	2.3267876908431	2.3688233666543499	2.2802626012417	2.3233816982045901	2.3657608216427501	2.4085810467592799	2.4498593376887978	2.3622414689865701	2.40813684735972	2.45032188101003	2.49047980154038	2.532467210746228	2.434149932368308	2.4817790653076401	2.5253533502716601	2.572771495663059	2.6114251198691378	2.5014858367725301	2.5457882440620598	2.5928497220583302	2.6389276187005302	2.68215990990252	2.56683158597128	2.6167163332226901	2.66012393908523	2.7030273441656099	2.74436173804258	2.6244358511794998	2.6707671064815601	2.7138827392804301	2.7589010345266201	2.80399952102182	2.6800753309529699	2.7248774732888981	2.7692744016871802	2.8130472507872102	2.8528199241409178	2.7339363090881399	2.7842764011748891	2.8379985184064198	2.8807586679103898	2.92263643596845	2.7949986914602598	2.8426169235320882	2.8891841851245199	2.9335652868320299	2.97069858411143	2.8561457610417991	2.90247547948149	2.9458479072075701	2.98893238527834	3.0324038315163602	2.919616638031739	2.96487679729012	3.0061305403082499	1.5935887369423201	1.6414271190980101	1.6877291471740199	1.72919334977977	1.3135759289661399	1.3682292928172	1.42683458407508	1.4806722516785	1.52617272859664	1.3845022833162901	1.43909696924379	1.49	Time, [years]


Condition state, [-]




Inspections with 4-year interval	1	2	3	4	4	5	6	7	8	8	9	10	11	12	12	13	14	15	16	16	17	18	19	20	20	21	22	23	24	24	25	26	27	28	28	29	30	31	32	32	33	34	35	36	36	37	38	39	40	40	41	42	43	44	44	45	46	47	48	48	49	50	51	52	52	53	54	55	56	56	57	58	59	60	60	61	62	63	64	64	65	66	67	68	68	69	70	71	72	72	73	74	75	76	76	77	78	79	80	80	81	82	83	84	84	85	86	87	88	88	89	90	91	92	93	94	94	95	96	97	98	98	99	100	1.5935887369423201	1.6414271190980101	1.6877291471740199	1.72919334977977	1.3135759289661399	1.3682292928172	1.42683458407508	1.4806722516785	1.52617272859664	1.3845022833162901	1.43909696924379	1.4897803753061301	1.5378208050963	1.58421309796721	1.46345787309959	1.5130591074232	1.55743295446087	1.60153707550747	1.6454658400653901	1.54240245613869	1.5893045671016399	1.63528326459382	1.6830374590823201	1.72097028868279	1.6310166367932699	1.6741145105781801	1.7170227160362199	1.76171229440741	1.8034022902774101	1.7220451681565101	1.7661464235934301	1.81165075394444	1.8505768294863401	1.88984537879109	1.8149223460369901	1.8592097688090801	1.9020080444462899	1.94246136865285	1.9808699625477399	1.9099184190921801	1.95423730840132	1.9918767323651501	2.032378461969349	2.0734385240900401	2.0043501273739799	2.0497557990916802	2.09077528455864	2.1332898081131901	2.173475809858028	2.09905117111686	2.1471255055101999	2.1928168838977591	2.2317878423694801	2.2708070024339402	2.1926920437246	2.2363916246109401	2.28281539387778	2.3267876908431	2.3688233666543499	2.2802626012417	2.3233816982045901	2.3657608216427501	2.4085810467592799	2.4498593376887978	2.3622414689865701	2.40813684735972	2.45032188101003	2.49047980154038	2.532467210746228	2.434149932368308	2.4817790653076401	2.5253533502716601	2.572771495663059	2.6114251198691378	2.5014858367725301	2.5457882440620598	2.5928497220583302	2.6389276187005302	2.68215990990252	2.56683158597128	2.6167163332226901	2.66012393908523	2.7030273441656099	2.74436173804258	2.6244358511794998	2.6707671064815601	2.7138827392804301	2.7589010345266201	2.80399952102182	2.6800753309529699	2.7248774732888981	2.7692744016871802	2.8130472507872102	2.8528199241409178	2.7339363090881399	2.7842764011748891	2.8379985184064198	2.8807586679103898	2.92263643596845	2.7949986914602598	2.8426169235320882	2.8891841851245199	2.9335652868320299	2.97069858411143	2.8561457610417991	2.90247547948149	2.9458479072075701	2.98893238527834	3.0324038315163602	2.919616638031739	2.96487679729012	3.0061305403082499	1.5935887369423201	1.6414271190980101	1.6877291471740199	1.72919334977977	1.3135759289661399	1.3682292928172	1.42683458407508	1.4806722516785	1.52617272859664	1.3845022833162901	1.43909696924379	1.49	Optimal inspection inverval	Intervention due to condition limit


1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	38	39	40	41	42	43	44	45	46	47	47	48	49	50	51	52	52	53	54	55	56	57	57	58	59	60	61	61	62	63	64	65	65	66	67	68	69	69	70	71	72	73	73	74	75	76	77	77	78	79	80	81	82	82	83	84	85	86	87	87	88	89	90	91	92	93	94	95	96	97	98	99	100	1.59658303770289	1.6495788929047099	1.69824987330468	1.7391004325363799	1.78398633101795	1.8255171676063999	1.8683311814649599	1.9075008733724601	1.9460676751805699	1.9843482097471501	2.02202925252351	2.05704108817124	2.0956077475941299	2.1326459544983578	2.1670448695147799	2.2035282145932999	2.236291315858189	2.27118672641976	2.3049608728239201	1.61618862245218	1.6624049099165501	1.7055191322966401	1.7461587369321101	1.78379393853568	1.8261054980970901	1.8661608672934999	1.9048545607398299	1.95008717399312	1.98793178921459	2.021755977022889	2.0585918445352598	2.0936509305823798	2.1304731237329202	2.16312451092652	2.1981106158074102	2.2319345914171098	2.2660137410022401	2.299461380103009	2.3320046561166681	2.0647568433312902	2.1021074005267302	2.1468843592642002	2.1861371424118698	2.2294730548365802	2.2702106877555202	2.3141830802167802	2.3522689554418079	2.39018485519163	2.4278624772148101	2.2714491821371201	2.3193796921913199	2.3645916761514898	2.41445343876563	2.452743043142469	2.490672666242689	2.3708969453872801	2.419920403619038	2.4605663901405199	2.5058965738230601	2.5456565948547101	2.5870044647038002	2.46125269664515	2.50912109104988	2.555413194149438	2.59383580970843	2.6387934010782201	2.5255775832093801	2.5735434222470901	2.6210673641198281	2.6609833624894801	2.7006828639445701	2.5883041015006398	2.6338768663207599	2.6757520100648882	2.7215149725940599	2.7648710895372601	2.6467702219970599	2.6945590111983999	2.7408308941153399	2.7886490532334198	2.8357285749265402	2.70633437877667	2.75636971363256	2.8025777550285098	2.8517386489526899	2.8989158704139402	2.7677964146612002	2.820213932218909	2.8645851566002198	2.9077628144330201	2.952400587875839	2.9880531513570898	2.8456117413817199	2.892351428563888	2.9356327050725399	2.9723050140079001	3.0089316483150199	3.051189638159729	2.922049168964278	2.9648519215214502	3.009886460728779	3.048972031448228	1.59658303770289	1.6495788929047099	1.69824987330468	1.7391004325363799	1.78398633101795	1.8255171676063999	1.8683311814649599	1.9075008733724601	1.9460676751805699	1.9843482097471501	Without inspections	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	2.0861913594081098	2.1265077752259098	2.1607309431788302	2.1950611006335801	2.2295555651702799	2.2646981632570702	2.2954117177160702	2.3276640779424702	2.3611052724403998	2.3914792741055191	2.4237785098526299	2.4566718747201302	2.4867273396987191	2.51575116350336	2.5460974859526102	2.5763847137034701	2.60542628479178	2.6372844317094	2.6667271521265201	2.6953151116775	2.7224748045438081	2.7525947664977699	2.7790080704902591	2.8059949171129199	2.8339526647554401	2.8605985734611901	2.88853488051772	2.9143328758592402	2.9413576320183399	2.9681714074615799	2.9936930247519999	3.0191141001004298	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	2.0861913594081098	2.1265077752259098	2.1607309431788302	2.1950611006335801	2.2295555651702799	2.2646981632570702	2.2954117177160702	2.3276640779424702	2.3611052724403998	2.3914792741055191	2.4237785098526299	2.4566718747201302	2.4867273396987191	2.51575116350336	2.5460974859526102	2.5763847137034701	2.60542628479178	2.6372844317094	2.6667271521265201	2.6953151116775	2.7224748045438081	2.7525947664977699	2.7790080704902591	2.8059949171129199	2.8339526647554401	2.8605985734611901	2.88853488051772	2.9143328758592402	2.9413576320183399	2.9681714074615799	2.9936930247519999	3.0191141001004298	1.5913502101286801	1.63872277727186	1.68824103052439	1.73429047580997	1.77419144134135	1.8183287883379	1.85795318614254	1.8995948017555999	1.93965245456781	1.97714475190588	2.0148875294080901	2.0513026160034502	Time, [years]
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