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SUMMARY

The rapid development in statistics, information technology, and computational power have en-
abled numerous innovative methods to emerge in Structural Health Monitoring (SHM) for struc-
tural damage detection, both in practical application and research. The intention of such methods
is to use the data obtained from the monitoring system to extract sufficient information to iden-
tify damage types that may appear in the structure. However, the following type of questions are
mostly unanswered for realistic structural types and monitoring systems: Which responses of the
structure should be monitored? Which sensor locations and sensor combinations carry the most
information? Among the currently available computational algorithms, which one is the most suit-
able one in this context? Hence, this study aims to contribute on this front and provide answers
for practical applicability. A comprehensive study of a realistic, prestressed concrete bridge built by
the cantilever method - the Leziria Bridge in Portugal is undertaken to provide insight into these
questions.

The engineering challenge is studied in a probabilistic framework where the uncertainty sources
are model uncertainty and measurement uncertainty. The Bayesian paradigm is used to handle the
uncertainty component and a validated Finite Element (FE) model is applied to capture the me-
chanical behavior. The influence of the potential damage scenario, severity of damage, sensor type,
the combination of sensors, prior knowledge of the structure, and the extent of uncertainty of the
FE model and measurements are analyzed in this thesis. The informativeness of the Damage Iden-
tification (DI) process is reflected by the information content of its resulting posterior distributions.
The information content is quantified using measures based on information entropy and the area
of credible regions.

It is demonstrated that selecting different responses to monitor may lead to a significant change in
the informativeness of the result. It is also shown that for all analyzed cases using the most informa-
tive sensor type provides adequate information that reflects the damage state, while the rest types
could only complement very limited information. In addition, the hybrid Markov Chain Monte
Carlo(MCMC) seems more efficient and effective to conduct Bayesian inference. The findings pro-
vide valuable, quantitative insight into the design of new monitoring systems.

Key words: Structural Health Monitoring, Damage Identification, Bayesian Statistics, Information
Content Analysis
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GLOSSARY

Credible region (or interval): a credible region(interval) is a range of values within which an un-
observed parameter value falls with a particular probability. We use 90% CR throughout this study
which means 0.9 probability mass of the distribution of the random variable in contained in this
region. This means that the real value of the parameter is within the 90%-level credible interval with
0.9 probability. Out of the infinitely many credible intervals only the highest density interval (hdji) is
considered in this study.

Damage identification: refers to detect the damage which is the changes of the material or geomet-
ric properties of the structural system, which may in turn significantly influence the performance
of a structure.

Damage scenario: refers only to the type of the damage but does not concern the severity of that. It
is used as a hypothesis where the damage type is specified.

Highest density interval (hdi): a special credible interval with the smallest region that contains the
given subjective probability (0.9). In two-dimensional cases it is called highest density region.

Likelihood: expresses how likely is the data can fit the model given a set of parameter values.

Measurement uncertainty: describes the difference between a measured value of a quantity and its
true value. It is assumed that the measurement uncertainty follows a normal distribution which is
quantified in Sousa et al. [1].

Model parameters: are the variables that can define a unique FE model in this study. The location
and severity of damage can be expressed through changes in model parameters. The FE model can
be parameterized by the considered damage scenarios.

Statistical inference: “the process of drawing conclusions about populations or other collections of
objects about which we have only partial knowledge from samples” [2]
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INTRODUCTION

1.1. MOTIVATION

Structural monitoring is of great importance, not only for newly built structures but even more im-
portantly for the numerous aging ones. Most recently, a large section of the Morandi bridge col-
lapsed amid heavy rainfall in Italy. Dozens of vehicles plunged 45m amid heavy traffic and forty-
three people lost their lives in this disaster. It is reported that the bridge had been suffering from
degradation. Due to the degradation and corrosion of existing infrastructure such as bridges and
roads, the state of a structure should be clearly known to judge if it is still in good condition to pre-
vent collapse. At present, the decision to repair or replace a damaged structural member of a Civil
Engineering structure is prevalently made on the basis of the inspector’s or engineer’s evaluation
of the particular situation with little-published information available for guidance [3]. However,
such local inspections may be insufficient to make decisions when the inspection interval is long,
and the damage could not be explicitly observed. Other than that, site visits and inspections are
time-consuming and costly. For instance, after an extreme event, assigning inspectors to deter-
mine which part of the structure needs to be replaced or strengthened could cost days. In terms
of efficiency, traditional methods of visual inspection and analysis could often lead to unnecessary
maintenance on structural components that are still sufficiently safe. These considerations form
one of the reasons why SHM is introduced as a systematic method using monitoring data acquired
from sensors on the structure to gain information on the current condition of a structure.

Typically, SHM is able to detect damage that refers to the changes of the material or geometric
properties of the structural system, which may in turn significantly influence the performance of
a structure. This method increases public safety by detecting damage state of infrastructure more
accurately and effectively using the monitoring data collection and analysis. In addition, most SHM
systems provide real-time monitoring data details, presenting reliable information on the integrity
of the structure, which is extremely crucial after an immediate damage event. Generally, SHM has
vastly improved the effectiveness of Damage Identification (DI).

Numerous researches of SHM have emerged in recent decades. Considering the currently available
methods, probabilistic approaches of SHM are promising and innovative as it can further improve
quantitative assessment. Although lots of methods are developed and discussed, most of them are
investigated on greatly simplified examples where the feature of these approaches can be well cap-
tured and easy to manipulate under different interested hypotheses, such as introduce different
damage severity or scenarios. In contrast, few studies focus on realistic, large-scale civil engineer-
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ing structures. Therefore, the availability of such methods applied to a realistic structure and its
performance are of great interest.

1.2. RESEARCH QUESTIONS

Condition assessment or damage identification problems can be divided into two groups based on
what one can measure. We distinguish direct and indirect assessments. In case of direct assessment,
the relevant damage properties can be (quasi-)directly measured, e.g. loss of tendon force from a
strain gauge or a load cell applied directly to the tendon in question. In case of the indirect assess-
ment, the measured quantity is only a proxy of the variable of interest (damage), e.g. the increased
deflection of a bridge can indicate tendon force loss. Indirect assessment problems are more com-
mon than direct ones as (i) we do not know in advance where damage will occur and we cannot put
sensors everywhere; and (ii) some damage types cannot or expensive to be directly measure. In this
thesis the boundary between direct and indirect assessment problems is defined as follows: if the
connection between the directly measured parameter and variable of interest requires the knowl-
edge of the large part of the analyzed structural system we talk about indirect problems, otherwise
the problem is direct. The subject of this indirect assessment problems.

With the assistance of a detailed finite element (FE) model that can simulate the structural behavior,
SHM can be realized in a manner that the collected monitoring data is used to update the FE model
such the model results match the measured values as closely as possible. This is often referred to as
the global approach of damage identification (DI) [8].

However, during this process, the data gathered by sensors and calibrated FE models are inevitably
burdened by uncertainties. Since computational limitations are becoming less of a concern with in-
creased computing power and enhanced algorithms, it is now possible to conduct the probabilistic
analysis of engineering problems where uncertainties can be taken in to account. Bayesian infer-
ence is widely used to explicitly incorporate uncertainties. The monitoring data is the input for
Bayesian inference which will yield a distribution of parameters that reflect the damage state. Espe-
cially for a civil engineering structure, there are various responses that can be potentially measured
to acquire the monitoring data.

This study focuses on the application of Bayesian inference to DI. Therefore, factors that may influ-
ence the Bayesian inference of detecting damage of a structure will be discussed in this thesis. The
main research question arises from these considerations:

* Given a specific large-scale bridge and available sensors that can be installed to measure the
responses, how to set up the possible sensor configurations so that the most information on the
damaged condition can be revealed based using Bayesian approach?

Further questions could be derived from the main research question, such as: Which type of sensor
carries the most information? How many sensors should be used at least to detect the damage in
an acceptable accuracy and where to put them? Beyond questions about the monitoring data, two
more sub-questions are formulated:

* How to measure the information carried by a sensor in relation to a damage state? How do
different measures compare?

In order to have an explicit definition of how much information is carried by the outcome of Bayesian
inference, a proper criterion which can quantitatively measure the information content should be
established. Only then the main research question could be resolved appropriately. Another sub-
research question is based on the consideration of which algorithms should be used to conduct the
Bayesian inference:
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*  Which available Bayesian computational algorithms perform better considering the fact that
computational demanding FE model is involved in damage identification?

Thanks to advancements in applied statistics, many computational algorithms are available to solve
different Bayesian problems. Unlikely the typical statistical inference problem, Bayesian inference
in DI normally involves a detailed FE model which is considered computational expensive if thou-
sands of times evaluation is needed during the inference process. Explained from an engineering
point of view, for example, one could not afford to wait days for decision-making after severe dam-
age has occurred on a structure, which leads the demand of using more effective and efficient algo-
rithm to conduct the Bayesian inference. The better performance refers to within the same compu-
tational effort, the closer to the exact solution or more effective samples are drawn. This study will
be focusing on giving appropriate answers to those research questions through a simple benchmark
problem and a realistic full-scale bridge. The overview of the research questions are shown in Figure
1.1.

research question 1 research question 3 research question 2
Input of Bayesian inference 4| Conduct Bayesian inference | Output of Bayesian inference
(data) (algorithm) (measure information)

credible
region/
information
entropy

strain/
displacement/
frequencys/...

Metropolis/
Hamiltonian/
Variational/...

Figure 1.1: Overview of research questions.

1.3. SCOPE

This study uses two structures to illustrate a process of answering the research questions. The
methodology can be easily generalized to any other structures. Even though this study mainly fo-
cuses on DI in the elastic phase, the idea behind is to collect available data and apply statistical
models on the data to solve engineering problems. In this research, pseudo data is created by FE
model, while Bayesian approach is employed to represent and propagate model uncertainty and
measurement uncertainty. Although using Bayesian techniques for DI contains a detailed and com-
plex FE model, it is still could be seen as a particular Bayesian regression problem with random
variables and responses following a relationship that is built through FE model. The Bayesian ap-
proach suits particularly well the engineering field such that every mathematical term is assigned a
corresponding engineering interpretation. For example, likelihood function accounts for measure-
ment uncertainty while observations are monitoring data. Similarly, the Bayesian approach could
be applied to other fields with other engineering interpretations.

1.4. APPROACH
In order to answer the research questions, the following objectives should be achieved.

» Survey of related SHM, Bayesian statistics, and information theory literature for solving the
Bayesian inference problem in damage identification.

e Formulation of the desired properties of a benchmark problem. The benchmark problem
should illustrate the using Bayesian paradigm is able to detect damage with uncertainties
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taken into account. Illustration of the necessity to further investigate the influence of differ-
ent monitoring data, versatile criterion for information content and efficient computational
algorithms.

» Formulation of a realistic problem where Bayesian inference can be used to detect the damage
of a full-scale civil engineering structure. Selection of measurement of information content
to compare the different monitoring data acquisitions. Selection of computational algorithms
to conduct Bayesian inference based on their statistical performance.

° Quantitative comparisons in terms of monitoring data, computational algorithms.

1.5. THESIS STRUCTURE

Firstly, in chapter 2 the literature is studied in the field of SHM for DI, especially the frequently-used
deterministic methods, after which Bayesian approach is introduced with successful applications
to take into account uncertainties. Afterward, Bayesian inference for DI is outlined in a rigorous,
theoretical manner in chapter 3 where the background of research questions is elaborated.

In order to thoroughly explore of the research questions, a simple but illustrative benchmark exam-
ple which is easy to tune has been studied in chapter 4 to capture the features. Due to its simplicity to
parameterize, insights can be gained after numerous tests under different hypotheses. Through this
benchmark shear frame problem, different responses show notably different performance in terms
of information content. In parallel, the performance of various algorithms is discussed. Generally,
the benchmark problem provides sufficient evidence that it is worthwhile to further investigate a
realistic structure.

As a step further in the level of complexity, and based on recent work done by Sousa et al. [1] in
the application of advanced FE models and probabilistic methods on damage identification on a
full-scale prestressed concrete bridge - Leziria Bridge in Portugal, this chapter extends the features
and conclusions drawn from the shear frame example by addressing some of the research questions
outlined in the above-mentioned work. Although it still follows a similar methodology to gain in-
sights of the DI of a bridge, new problems and features arise due to the complexity and variability
of the Bayesian inference applied on a detailed and full-scale civil engineering structure. Selection
of computational algorithms as well as improving the measures of information content is made ac-
cording to those problems. Most importantly, conclusions can be drawn not only in accordance
to research questions themselves, but interesting engineering perspectives of the DI could also be
summarized for a specific structure. Finally, limitations and recommendations are discussed.



LITERATURE REVIEW

2.1. OVERVIEW

First, the relevant literature is reviewed to understand the current state of SHM for Damage Iden-
tification (DI). Several common deterministic methods of DI are studied. However, determinis-
tic methods cannot address uncertainties associated with the structural model and measurement,
which Bayesian statistics can incorporate. Then, a number of applications using Bayesian tech-
niques to solve DI problems have been exhibited with their innovations and limitations. Finally, the
contribution of this study is presented.

2.2. DETERMINISTIC METHODS OF DI

Ideally, a monitoring system would be able to identify the damage at a very early stage, locate the
damage within the available sensor distribution, provide an estimation of the severity of the dam-
age, and predict the responses in the future [9]. A common practice for DI is parameter estimation
where normally a refined FE model is included. After obtaining measured test data, the FE model
would be calibrated by parameters based on optimization methods to minimize the error between
the FE model response and the measured data. Parameters of FEM can be generalized such as ge-
ometric or material properties according to its potential damage scenario so that damage state can
be reflected by its value. For instance, Sanayei and Saletnik [10] selected strain to be measured,
where a truss and a frame structure are created to illustrate changes in element stiffness parame-
ters can be identified by elemental strain measurement. Besides unique monitoring data type, a
combination of experimental static test data and changes in frequencies is used to detect damage
in a planar truss model proposed by Wang et al. [11]. Doebling et al. [9] has summarized vibration-
based identification techniques that are deterministic and their applications in specific structures
comprehensively.

All of these above-mentioned studies treat parameters that reflect damage as deterministic quanti-
ties by minimizing the error between the FE model responses and measured responses. The param-
eters are expected to represent the current condition of a realistic structure through a FE model.

2.3. BAYESIAN APPROACH OF DI

In reality, there are always errors associated with the process of constructing a theoretical model of
a structure, for instance, FE model [12]. This is due to simplifications and assumptions made during
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the model process, i.e. the idealized model may not truly represent all the aspects of an actual struc-
ture [13]. Moreover, measurement uncertainties arise from the presence of noise while measuring
the responses, which will propagate to the output data. Therefore, it is necessary to account for un-
certainties. A Bayesian model updating approach that based on the foundation of Bayes’ theorem
provides a robust and rigorous framework to incorporate the modeling uncertainty and measure-
ment uncertainty [14]. Bayesian approach updates a specified set of models with their correspond-
ing probability that reflects the likelihood between the predicted response and measured response
[15]. The probability distribution of model parameters is first assumed based on prior knowledge.
Then it is updated based on Bayes’ theorem by using available measured data.

A variety of applications of Bayesian approach for DI are published. Starting with the availability for
less complex structures, Sohn and Law [16] has shown Bayesian approach is valid to detect multi-
ple damage locations for a 6-story shear frame. Beck and Au [17] applied Bayesian model updating
problem to a 2-story shear frame model, where frequencies are measured to infer changes of stiff-
ness. Similarly, Cheung and Beck [18] expanded the amount of uncertain parameters to 31 with
mass, stiffness and damping parameters for a 10-story linear shear building. It has been shown
that even though with large measurement uncertainty where deterministic methods might yield
less accurate results due to the noise, parameters are still well approximated by the sample mean of
Bayesian inference. Other than truss and frame structures, Straub and Papaioannou [15] aplplied
the Bayesian approach to a cantilever beam, the authors used the deflection data to infer the re-
ciprocal of bending rigidity of the beam. Moving into realistic applications, Bayesian approaches
have been successfully applied in bridge engineering. In the DI of steel truss bridges, the modeling
uncertainties of the joint configuration are tackled with Bayesian approach by Zheng and Yu [19].
It is worth mentioning rather than measuring the realistic structure, a FE model of truss bridge is
created through OpenSees to simulate the damage scenarios and collect the monitoring data in this
literature. Mustafa and Matsumoto [13] created FE model for an existing, damaged bridge where
the experimental data is obtained from. They demonstrated that after obtaining the experimental
data and its corresponding FE model, Bayesian model updating is able to detect the local damage
of the real structure through the updated model parameters. Moreover, Figueiredo et al. [14] shows
detecting damage in the Z-24 bridge in Switzerland at an early stage is still possible by using pattern
recognition to distinguish that the variation of frequency is caused by damage, but not the variabil-
ity of temperature or traffic load. Above mentioned studies focus on inferring parameters within
a specific model, whereas competing models in a 2-story frame and 10-story building are also in-
vestigated by model selection to determine the most appropriate model among several candidate
models [20]. During the process of DI, limitation that the number and location of measurement
sensors are not properly addressed is brought up. Optimizing sensor location to extract the most
information of the uncertain parameters is discussed by Papadimitriou et al. [21] where informa-
tion entropy is introduced as a criterion of optimality using simplified truss and shear structures.

2.3.1. COMPUTATIONAL METHODS

Mathematicians and statisticians have found numerous algorithms to conduct Bayesian analysis,
each of these algorithms have their strengths and weaknesses. Mackay [3] has summarized several
commonly used computational methods including the Markov Chain Monte Carlo (MCMC) and
variational inference (VI). Unlikely the typical statistical problems, using Bayesian statistics in DI
usually involves computational demanding FE models. Cheung and Beck [18] introduced improved
Markov Chain convergence criterion to increase the acceptance rate while using hybrid Monte Carlo
simulation. Beck and Au [17] applied adaptive simulation Markov Chain Monte Carlo method to
explore the parameter space more effectively. Interestingly, Straub and Papaioannou [15] validates
the availability of using structural reliability method instead of MCMC with the same structure [17]
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showing that different computational algorithms are applicable for the same problem. However, no
comparison is made between different methods in terms of the performance of sampling.

2.4. KNOWLEDGE GAPS

Although Bayesian approach for DI has been widely investigated, there is limited knowledge regard-
ing:

* Exploration of monitoring different responses for a full-scale bridge considering different
damage scenarios.

» Discussion of information gain using a subset of all available sensors.

* Comparing the performance of different computational algorithms to conduct Bayesian in-
ference when a detailed and computational demanding full-scale FE model is involved.

The above-mentioned aspects are related to the corresponding research questions that will be an-
swered through this study.







CONCPETS, METHODS, AND TOOLS

3.1. OVERVIEW

The methodology to answer the research questions is introduced in this chapter. First, basic defi-
nitions are explained, after which the Bayesian paradigm is elaborated as the connection of those
definitions. An overview of Bayesian approach for DI is shown in Figure 3.1. Following the flowchart,
several computational algorithms are selected to conduct Bayesian analysis.

Model uncertaint .
.| Mechanical(FE) Parameterized
>
| model by damage scenarios ¢ compotsiional
algorithms B 2 e
Realistic structure Bayesian inference Distribution of
parameters
I »  Measured data T

Measurement uncertainty

Figure 3.1: Flowchart of DI using Bayesian inference.

Then, after obtaining the posterior distribution of parameters, methods that will be used to gain in-
sight into the outcome in terms of information content are presented. Two criteria are investigated
for this purpose namely, the area of credible region and information entropy. Other than the infor-
mation contained by the joint distribution of variables, the dependence structure of those variables
is worth being explored. Copula is used to describe the dependence between random variables.
Therefore, the inference outcome is analyzed in these three aspects, as shown in Figure 3.2.

Measure of information content Credible region
Distribution of »!| Information entropy
parameters

Copula analysis

Statistical properties

Figure 3.2: Framework of analyzing inference outcome.
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3.2. MECHANICAL MODEL

In this study, all structures are modeled using the Finite-Element Method (FEM) assuming linear-
elastic behavior. The advantage of FE models is that it is easy to parameterize the model with rel-
evant damage configurations and to introduce damage on element-level. For example, if the stiff-
ness loss of a certain part of a structure is of interest, it can be parameterized by a group of element
stiffness variation. In this context, one specific parameter, which will be named model parameter
throughout this study, defines a unique FE model. Therefore, the location and severity of dam-
age can be expressed through changes in model parameters. The model parameters are associ-
ated with the damage of a real structure, being the proxy of damage extent. Additionally, a specific
parametrization scheme is called a model class. For example, given a bridge, if the settlement of
a support is of interest, then the model can be parameterized by pier settlement with the parame-
ters representing the extent of settlement. Similarly, if the loss of stiffness for bridge components is
considered, the bridge can be parameterized with the variation of stiffness, where the parameters
reflect the extent of stiffness loss, as shown in Figure 3.3.

AE.pnp1  AEpq

TPN P1 P2 TPN P1 P2

. p— JOL.— —_— — - ENS— . S

! !

Ady,p1 Aby,p2

Figure 3.3: Different parametrizations for the same structure [1]

3.3. UNCERTAINTIES

In general, how uncertainty is modeled in this work isexpressed by the following equation:

ymeasured (x) = yreal (X) + €

(3.1
yreal (X) - yFErnodel (x) 4 6(x)’

where y™easured(x) denotes the measured responses of a structure, which is also called observa-
tions or monitoring data, yFEm"d61 (x) denotes the responses from the FE model, 6(x) denotes the
discrepancy function between the analytical responses (FE model) and the experimental responses
(without noise), € denotes the measurement uncertainty. In Eq. 3.1, the first equation shows the
measured responses are the combination of real responses and the measurement noise, while the
second equation indicates the real responses consist of the simulated responses by FE model and
a term describes the discrepancy between FE model responses and experimental responses due to
the model uncertainty. In other words, the measured responses are the summation real responses
related to FE model and an independent additive term — measurement uncertainty.

3.3.1. MODEL UNCERTAINTY

Model uncertainty refers to the discrepancy between the theoretical model, specifically, FE model
in this study, and the real structure. It occurs during the process of constructing a representative
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model of the real structure through FE modeling. It is because of the simplifications of FE model
and the uncertain environment of the structure, such as no perfect support, variation of materials
during manufacture when it is assumed the material properties are homogeneous. In Eq. 3.1, 6 (x)
accounts for model uncertainty, where x in this study, refers to the model parameters.

3.3.2. MEASUREMENT UNCERTAINTY

Measurement uncertainty — also called measurement noise or observation noise — describes the dif-
ference between a measured value of a quantity and its true value. If no measurement uncertainty
presents, there would be a unique mapping between the parameters and responses. It is supposed
that measurement uncertainty always exists, which means data is contaminated by noise during
measurement. For simplicity, in this study, the assumption that the measurement uncertainty for
different sensors is independent of each other is made. More specifically, it is assumed that the mea-
surement uncertainty can be expressed in an additive form (Eq. 3.1) and normally distributed with
zero mean in Eq. 3.2. The o for different sensors may change, but there is no correlation between
different sensor measurement.

€~ N(0,0°). (3.2)

3.4. BAYESIAN INFERENCE

Bayesian inference is a statistical inference approach where Bayes’ theorem is applied to update the
probability of a hypothesis using data. It is an extremely powerful set of tools for modeling any ran-
dom variable when the data is limited and some prior knowledge is provided. Bayesian statistics
treats all inference about the unknown quantities as random variables by assigning a probability
distribution to each. The Bayesian model draws the latent variables (parameters) from a prior dis-
tribution where the initial belief is taken into account, then relates them to the observations (data)
through a likelihood function. There is an underlying relationship between the latent variables and
the observable data, in this study, the measurable responses of a structure are controlled by the
model parameters through the FE model. After observing the data, the prior knowledge of the la-
tent variables will be updated by the data, which results in the posterior distribution. The goal of
Bayesian inference can be summarized in three categories, parameter estimation, prediction of data
values, and model selection [22]. In this study, we focus on parameter estimation and model selec-
tion.

3.4.1. PARAMETER ESTIMATION

Bayes’ theorem is the fundamental theorem for Bayesian statistics to incorporate the information
carried by observed data and prior information about the event, through the likelihood function
and prior distribution of parameters, respectively. Bayesian statistics allows newly observed data to
update the initial belief of an event.

Bayes’ theorem with discrete events:
P(B|A)-P(A)

P(B) 3.3)
P(B)=) P(B|Ay)-P(Ap)

P(A|B) =

Where
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* P(A|B) is the probability of an event A occurs given that B occurred;
* P(A) or P(B) is the probability of event A or B occurs, which is also called marginal probabil-
ity;
* P(B) is called evidence, which can be calculated by the low of complete probability;
In Bayesian inference, parameters are treated as random variables and assigned a probability distri-

bution. By substituting the event A and B with parameters and observations, the Eq. 3.3 expression
will be:

P(x10)-P©)  P(x|0)-P(0)

PO = = ™ = TP0)-P©)-d0
(€]

(3.4)

where

¢ xis the observed data or observations;

* 0 is the parameters to be inferred;

* P(x|6) denotes the likelihood of getting the observations given a set of parameters;

* P(0) denotes the prior distribution that reflects the prior knowledge on the parameters;

* P(x) is also known as evidence which is a constant by marginalizing the production of prior
and likelihood function over the entire parameter space;

* P(0|x) is the posterior distribution of parameters after taking into account the observed data.

The main goal of Bayesian inference in DI is to estimate the representative model parameters us-
ing the monitoring data of a structure with prior knowledge. It is widely known as model updating,
which involves choosing the parameters within a class of model to match the measured data with
its corresponding responses. This is an inverse way of modeling a structure by a set of parameters
and then simulating the responses. In contrast with deterministic approach, the model parameters
are no longer constant values but a distribution of all possible parameters with their own weights
according to the monitoring data, where uncertainties have been taken into account. The FE mod-
els by identified parameters are supposed to be capable of producing responses which are close
to, but not necessarily equal to, the measured data. If a FE model is built for a structure, there are
various choices regarding the parametrization of the model which depends on the considered dam-
age scenario. Bayesian inference is to infer the distribution of model parameters if an explicit pa-
rameterized scheme for the structure is given and monitoring data is available. The corresponding
engineering explanations of Bayesian inference are listed in Table 3.1.

Mathematics Engineering

Hypothesis/Model A parameterized FE model

Parameters 0 Unobservable quantities that define the FE model

Observations x The measured responses from a structure

Priors P(6) The prior knowledge of parameters before measuring responses

Likelihood P(x|6)  The likelihood of observing the responses given a certain FE model
A distribution of model parameters of a structure
considering initial belief and the measured responses

Posteriors P(0|x)

Table 3.1: Engineering definition of its corresponding mathematical quantity.

3.4.2. MODEL SELECTION

There may exist several possible hypotheses or models to describe a problem, which involves a hi-
erarchical dependency of variables. The second goal of Bayesian inference in this thesis is to deter-
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mine which model has the higher magnitude of belief to fit the observable data. As mentioned in
Table 3.1, the inference of parameters is conditional on the model class or hypothesis, which can be
tackled with Bayes’ rule again. Essentially, model selection is a case of parameter estimation, it can
expressed as following, which is an expansion of Eq. 3.4:

P(x|60,.4)- P(x|.4) P(x|6)-PO|.4)

PO =00~ JPw0,.40-POLL)-d0 (5:5)
(€]
P(x|4)- P(M
P(M|x) = % (3.6)

In DI, model class can be explained as a certain scheme of parametrizing the undamaged mechan-
ical model. There are various model classes that can be generated based on different possible dam-
age scenarios, for example, if a bridge is suspected to be damaged, it can be parametrized as in
Fig.3.3 based on different hypothesis. If both model classes are reasonable to be established, it
becomes extremely important to identify which model class has a higher probability of observing
the measured data, equivalently, to determine which damage scenario does it belong to according
to the measured data. If all the damage scenarios are considered equivalently, which means the
prior probability is equal to each other, the denominator does not influence the value of P(.#|x).
The only contributing part is the model evidence P(x|.#). It is also worth noticing that calculat-
ing model evidence requires integration over the parameter space , which is intractable when the
parameter dimension is high (dim>5).

Models are often compared using the Bayes factor that is a probability ratio of two models, as shown
in Equation 3.7, which is the ratio of Eq. 3.6 for two competing models. Table 3.2 contains a recom-
mendation on how to use the Bayes factor for model comparison.

By = p (A1 1X) _ p x|A) - p (M)
21T D) T p &Il - p i)

3.7

Bayes factor Evidence against model i

1-3.2 Not worth more than a bare mention
3.2-10 Substantial

10-100 Strong

>100 Decisive

Table 3.2: Bayesian factor for model selection [6].

3.4.3. BAYESIAN COMPUTATIONAL ALGORITHMS

In Equation 3.4, the denominator of posterior density involves integrating the product of the likeli-
hood and prior over the parameter space, which is normally unfeasible in moderately high dimen-
sions ( > 4). Therefore, a class of Markov Chain Monte Carlo (MCMC) simulation methods have
been developed for obtaining an asymptotic approximation of the posterior distribution without
calculating the denominator. Representative samples can be drawn from the posterior by random
walk, as long as the random walk chains reach stationarity. The general process of random walk can
be described as algorithms use different schemes to draw next potential sample, and then judge if
accept the next sample or reject it based on a certain criteria which are related to the probability
density of the current sample and the next tentative sample. For example, the Metropolis-Hastings
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(MH) uses a customized proposal function to draw the a candidate sample, then the probability
density of the proposed candidate is evaluated to be compared with the current one. We accept the
candidate if its density is greater. However, if the target distribution is smaller, we accept it with
a customized probability a, as shown in Fig .3.4. By doing so, the random walk will draw more
samples in the area where the probability density is high. As soon as the stationary criterion has
been reached, a sample of the target distribution by observing the chain after a certain number of
steps can be obtained. The larger the sample size is, the more closely the distribution of the sam-
ple matches the actual desired distribution. Another advantage of drawing representative sample
is it becomes easier to obtain important quantities such as mean and variance, where integration
is normally required for analytical results. In addition, marginalizing becomes easier by discarding
the irrelevant variables since sample is vector of parameters where different variables are recorded
separately. The availability of such approximation methods has been widely studied in terms of
convergence diagnostics mathematically.
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Several most commonly used MCMC algorithms are listed in this Table 3.3 , where their strengths
and limitations are also mentioned. Two of them are selected in this study to test their behavior
when a FE model is involved, Metropolis-Hastings (MH) and Hamiltonian MC (HMC), namely. The
Gibbs sampling is excluded due to the conditional distribution is not known, while for slice sam-
pling, it is not considered since it evaluates the likelihood function which is extremely computa-
tional expensive for multiple times within one step. First, convergence diagnostics will be con-
ducted, after which comparison is made based on the performance of each algorithm. Specifically,
with the same amount of evaluations for the likelihood which is considered the most computa-
tionally demanding part, effective sample size and MC error are compared as they demonstrate
the effectiveness and efficiency of Monte Carlo chains. Besides, another approximation method:
Variational Inference(VI) is also investigated, where posterior is approximated by minimizing the
variational free energy of a parametric distribution. The algorithms of MH and HMC are detailed in
Fig 3.4 and Fig 3.5.

Algorithm 1 Metropolis-Hastings algorithm

Initialize () ~ ¢(x)
for iteration i = 1,2,... do
Propose: 2¢9 ~ q(2(|2(=1)
Acceptance Probability:
x|~V = min {1, Z((jc(;;:‘ﬁl,l)):((z(z,l))
u ~ Uniform (u;0,1)
if u < o then
Accept the proposal: z(? « gcond
else
Reject the proposal: ) < z(=1)
end if

end for

Cnnd) Cand)

Figure 3.4: Metropolis Hastings sampling procedure [3]

Algorithm 1 Hamiltonian Monte Carlo
Given 6°, ¢, L, L, M:
for m=1to M do
Sample 70 ~ N(0, I).
Set 0™ < ™1 § + gm—1 F 70,
fori=1to L do
Set 0,7 « Leapfrog(f, 7, €).

end for
§)— 7.7 -
With probability & = min {1, %} ,set 0™« 0, r™ +— —F.
2

end for

function Leapfrog(0,r,¢)
Set 7 <7+ (e/2)VoL(6).
Set 6 < 0 + €.

Set 7 « 7 + (€/2)VoL(H).
return 6~, T.

Figure 3.5: Hamiltonian Monte Carlo sampling procedure [3]

After drawing samples from the target distribution, we would like to know if the simulation reaches
stationary. One way of confirming this is to see if multiple chains initialized from different initial
conditions give similar results of the target distribution. Considering the fact that the starting point
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may be far away from the target distribution, we may discard first certain amount of samples, which
allows Markov Chain to cost some time to reach its equilibrium distribution. The discarded samples
is called burn-in period. Back to the problem if the MC simulation is converged, Gelman et al.
[23] has introduced a convergence diagnostics which require the Gelman factor of MC simulation
equals to 1. Once the MC chains are converged, we can assume that the stationary distribution of
simulation is the target distribution. Apart from the highest density credible interval of parameters,
we analyze the behavior of MC simulation in terms of effective sample size and standard error which
is defined as follow:

» Standard error (MC error): the standard error equals the sample standard deviation divided
by the square root of the sample size, it is a measure of the dispersion of sample means (MC
sample) around the population mean (According to central limited theory, the sample mean
will be close to population mean if the sample size is large enough)

* Effective sample size: it is the equivalent amount of samples which are drawn independently
from the target distribution

3.5. INFORMATION CONTENT OF POSTERIOR DISTRIBUTION

This section provides methods that will be employed to evaluate the information contained in the
posteriors. The aim of measuring information content is to show how much information can be
extracted from the outcome of Bayesian inference, in other words, how well can the measured data
explain the damage scenario. Credible region and information entropy are selected as indicators for
measuring the information content of posteriors.

3.5.1. CREDIBLE REGION

In Bayesian statistics, a credible region(interval) is a range of values within which an unobserved
parameter value falls with a particular probability. It is a region in the domain of a posterior proba-
bility distribution that constitutes a given amount of the posterior (probability) mass. The credible
region throughout study is the smallest region that contains the given subjective probability mass
for the two-variable joint distribution, which is analogized by the narrowest credible interval for 1D
case. Mathematically, an a % of credible region is defined: first, find P that satisfies:

a :f P(9|X)d9
0:P(0)|x)>Px*

then obtain the credible region:

Cnp(0)=10:P(@|x) > Px}

In this study, the area of 90% credible region where the inferred parameters would fall with a prob-
ability of 0.9, is used to evaluate the information contained as a proxy for different posteriors. The
smaller the credible region is, which means the parameter would fall into the smaller constrained
area with a subject probability, the more informative the posterior is. By comparing the credible
region of different posteriors, a desirable posterior could be selected as the most information in-
cluded. Accordingly, its observation is valuable since it tells which responses to be measured can
identify the damage of a structure best. The credible region could also be visualized to be an auxil-
iary criterion for engineers making decisions. In the following chapters, within a damage scenario,
the CR using different pair of sensors is compared through the Equ .3.8 which is proposed in Sousa
etal. [1].
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_ ACR,ref ACR,ref 1
i= A T A ’ AcRjref (3.8)
CRi  PCR"Asup/ 1 — Rl
pCR'Asup

where

* 1); is the relative explanatory power

* Acg,; area of the posterior credible region (Acr) considering the nth set of sensors

* Acr ref is the area of the posterior credible region considering the reference set of sensors
Asupis the the total area of the support of the inferred parameters

* Pcpg is the probability/credible mass corresponding to the credible regions

3.5.2. INFORMATION ENTROPY

Information entropy quantifies the uncertainty involved in the value of a random variable or the
outcome of a random process. An intuitive interpretation of information entropy: if a lower prob-
ability event occurs it conveys more information than the occurrence of a higher probability event.
The entropy of a probability distribution is simply the weighted average of information carried by
variables over their probability distribution. Higher entropy represents a lack of information, which
is also considered to be more uncertain and unpredictable [24]. Mathematically, the entropy is de-
fined:

h(P)=-)_P;log(P;) (3.9)

For a continuous probability density functions:

h(P) = —f p(x)logp(x)dx (3.10)
Support

Subsequently, entropy will be utilized to measure how much information does a selected posterior
of two variables to present a quantitative comparison between different posteriors. The smallest en-
tropy represents the least uncertainty of inferring the parameters. Entropy of continuous variables:

h(p(x1,...,Xn)) = —f[X N p(x1,...., xp)log p(x1,..., Xp)dx1...dx, (3.11)
Treeer n

3.6. COPULA

After obtaining a set of posteriors, dependency of the variables is of interest from a statistical per-
spective. Copula is a function that is used to describe the dependence structure between random
variables by eliminating the effect of marginal distribution. It could potentially provide valuable in-
formation giving the engineering background. For example, copula is widely used to investigate tail
dependency. Given the context of DI, it could be explained that if two parameters are selected to de-
scribe the damage scenario, will one parameter reach extremely large values, given severe damage
has occurred in terms of the other parameter. According to Sklar’s theorem, multivariate distribu-
tion can be written in terms of its marginal distribution and copula. Therefore, multivariate joint
distributions can be decomposed into marginal distributions and copula function.

Given a random vector = (X1, X», ..., Xj;), with marginal CDFs (F; (x), F2(x), ..., Fp(x))
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According to the probability integral transformation:

F;(x), F»(x),..., F5,(x) ~ Uniform(0, 1)

Using Sklar’s theorem the joint cumulative distribution can be defined with a copula function:

C(F1(X1), F2(X2), ..., Fn(Xp)) = Pr(F1(x) < F1(X1), ..., Fn(x) < Fr(Xp)) (3.12)

In addition, there is a class of parametric family such as Gaussian copula, Gumbel copula whose
properties have been extensively studied. Among these copulas, each of them may capture dif-
ferent dependence structures, such as, Clayton can only capture negative tail dependencies while
Frank can model negative and positive dependencies. Therefore, the parametric copula families
provide references to explore the dependence structure non-parametric distribution. Kendall rank
correlation coefficient is calculated as a parameter to match the non-parametric copula and para-
metric family. The definition of Kendall tau coefficient is defined in Eq. 3.13 between two measured
quantities(Xj, Y;), where the concordant pair means X; > XjandY; > Yj; or X; < XjandY; <Y}, the
discordant pair means X; > XjandY; < Yj or X; < XjandY; > Y;. If If x; = xjory; = yj, the pair is
neither concordant nor discordant.

e (number of concordant pairs) — (number of discordant pairs)

nn-1)/2 (3.13)

First, drive the copula density equation using Eq. 3.14 based on the knowledge of joint distribution
and marginal distributions,

c(F1(X1), F2(X2), ..., Fn(Xp)) = SO, Xn) (3.14)

fi(x1) - fo(x2)ee. fr(xp)

After obtaining the copula density, a set of samples can be drawn according to the density using
rejection sampling [3]. Then the Kendall tau coefficient of the copula density samples can be calcu-
lated, after which five common parametric copulas are selected as reference with the same coeffi-
cient. The parametric family contains the Gaussian copula, Gumbel copula, student-T copula, Clay-
ton copula, and Frank copula.. The copula density of matching parametric family is controlled by
the parameter 8, which can be determined through the relationship in the last column of Table .3.4,
where D;(0) = 1/6- fog t/(e’ —1)-dt. Therefore, the procedure of finding the matching parametric
copula for a non-parametric copula is summarized as:

Calculate the non-parametric copula density so that samples can be drawn accordingly

* Determine the T parameter of non-parametric copula based on the samples using Equ. 3.13
* Determine the corresponding 6 parameter by 6(t)

e Calculate the parametric copula with the same Kendall tau parameter

* Compare the copula density and correlations in different quadrants
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Parametric copula Copula distribution 0(1)

Gaussian Dga (O (ur), @ (u2);0) sin (/2 1)

Student T o (7w v), 171 (up;v);0) sin (/2 - 1)

Clayton (max{u1_9+u2_9—1;0})_1/0 2-7/(1-1)
Gumbel exp(—(—log(ul)e+—log(u2)9)1/9 1/1-1)

Frank -1 -ln(l 4l ;{)9'(_91‘9‘“2‘”) 1+4-(D1(0)-1)/0

Table 3.4: Parametric copula controlled by Kendall tau parameter [7]

The contour of copula density for each copula is visualized first with the same color gradient. This
is to determined which parametric copula has the close density gradient with the non-parametric
one. Afterward, the copula space has been divided into four quadrants to visualize the density dis-
tribution over four quadrants and correlation of each quadrant. The best match parametric copula
would be the one who has the same tendency of all aspects mentioned above. Then the dependence
structure of two variables could be estimated by the best matching parametric copula.



BENCHMARK PROBLEM: TWO-STORY
SHEAR FRAME

4.1. OVERVIEW

A two-story structure in Fig. 4.1 is created which is simple but illustrative to show interesting fea-
tures of damage identification using Bayesian inference. According to the main research question,
two responses are selected to be measured as measurable data sources. Performance of measuring
different responses is evaluated by quantifying the information content and visualizing the poste-
rior distributions. Approximation tools of Bayesian computation are investigated to explore higher
dimensional parameter space, in the meanwhile, to explore the sub-research-questions. Their be-
haviors are compared in terms of convergent rate, MC error, and effective sample size. This section
is a preliminary analysis for further research where interesting features are extended in chapter 5.

4.2, FE MODEL

Figure 4.1: Model in the Axis FE program
(reality). Figure 4.2: FE model.

The mechanical example is a two-story shear frame inspired by Beck and Au [17]. Both measure-
ment uncertainty and model uncertainty are taken into account, an initial value of mass and stiff-
ness should be set up based on engineering knowledge as shown in Table 4.1. The initial value will
be updated using Bayes’ rule to reflect the state after measuring certain responses.

21
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The structure is two-story frame, each story is modeled as a rigid (relatively high Young’s modules,
10 * E) beam with length of 8m, the beam cross-section is Apeq, = 10.5 x 10~3m?, with same den-
sity p = 7850kg/m?3, young’s modulesE = 20000N/mm?. The inter-story is modeled as a column
with cross-section Agojymn = 18.8 x 1073m?, Ioiumn = 0.167 x 10~3m* and its stiffness 1213]31 is to be

updated based on the monitoring data.

Bay width 8m
Story height 3m
Col _ 32
olumn area A ppmn =18.8x107m
Moment of inertia I, =0.167x10"m’
Mass of column My = 3%18.8x107° x 7850 = 442kg
Beam area 4, =10.5x10"m’ o
B beam Mass of beam m,,,, =8x10.5x107 x 7850 = 659kg
Moment of inertia Ly = 0.562m* Mass of First floor Mgy = 2+, =16500kg
Mass densi _ 3 Mass of Second floor
b p=780kg /m o =2 g X, = 16100k
Lumped mass of floor m=15x10 kg Equivalent stiffness 12EI ,
T k =k, =—=2==2.9689x10'N / m
oungs Modulus E =20000N / mm* ’
Table 4.1: Parameters for Axis VM model Table 4.2: Parameters for FE model.

To be specific, the model is built in FEM software Axis VM, which is considered reality used herein
to generate pseudo real responses. A Python code is created based on FE knowledge as a FE model
to be able to generate responses of different parameters using the corresponding element type and
boundary conditions. In the FE model, the shear frame has been modeled as a 2-DOF mass-spring
system with concentrated mass and clamped support in the bottom. Timoshenko beam element is
applied for columns in Fig 4.2. Additionally, the rotation angle of the connections has been set to
zero to model the shear behavior because of the connected, much stiffer beam in Axis VM model.
The stiffness of the column remains unknown and to be inferred. Table 4.3 shows that the deviations
of responses (displacement of each story and the first two natural frequency) are around 5 %. It is
reasonable to simplify the real structure into such a model. Hereafter, the notation of FE model
refers to the model created by Python code. The discrepancy of responses obtained from the FE
model and Axis is considered as model uncertainty.

Model Mid_disp[mm] Top_disp[mm] Freq_ 1[Hz] Freq 2[Hz]
Reality (Axis VM) 3.325 6.775 4.037 10.391

FE model (Python code) 3.367 6.734 4.210 10.963
Error 1.2% 0.6% 4.1% 5.2%

Table 4.3: Validation of the Python based FE model.

4.3. MEASUREMENT UNCERTAINTY

It is assumed that the responses are contaminated with measurement uncertainty. As mentioned
in section 3.4.1, the mathematical relationship between the true responses and contaminated re-
sponses follows a zero-mean Gaussian distribution with a specific standard deviation conditional
on the extent of measurement uncertainty. Lumping the measurement uncertainty and model un-
certainty together, uncertainties are taken into account in the likelihood function which calculates
the likelihood of proposed parameters could yield the measured data. The likelihood function is
taken from Beck and Au [17], which could be simply interpreted as the square of the ratio between
observations and responses obtained from parameters follows a Gaussian distribution with a mean
of 1 and a varying standard deviation.
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JCQZ

5 ~ N (1,007 (4.1)

Xmeasured

In this case, for the sake of simplicity and comparability, it is supposed both measuring frequency
and displacement has the same uncertainty. It is plausible to assume the uncertainty of measure-
ment for both observations are identical, which yields:

|0 aisp1l =10 aisp,2l =10 freq1l =10 freq2l =00l
The mathematical expression of calculating the likelihood is:

m 2

mn -5 (2 -1))
P({x1, X2,y Xm}101, 02, ..., 00) = [ [ P(xilxg9) o e *70° =1 % (4.2)
i=1

where xg is the responses generated by the FE model given a set of parameters.

In order to be consistent with the notation defined in literature, the following mapping is applied:
Inop = %(an)(l — i), three levels of uncertainty have been selected, i = [1,5,9], for € in equation 3.2,
its corresponding distribution is shown in 4.3.

Measurement uncertainty

— =1
— i=5
— =9

likelihood

N — 7 T

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
ratio between observation and proposed

Figure 4.3: Measurement uncertainty.

4.4, MONITORING DATA

Natural frequency and displacement are selected as monitoring responses. The first two natural
frequencies are observed. They are obtained from the simplified model by solving an eigenvalue
problem, while in common practice, this can be done by installing accelerometers on the structure.
The displacement of each story is obtained by adding an external force F = 100K N on the top story.
In this case, the loading condition is assumed to be fully known. The displacement of each floor
is measured. The monitoring data is created by generating responses from Axis, and then added
a random number sampled from its measurement uncertainty distribution (Figure 4.3). Particular
realizations of monitoring data are shown in Table 4.4.
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Top Damage (%) Bottom Damage (%) Mid_disp(mm] Top_disp [mm] Freq 1[Hz] Freq 2[Hz]

0 0 3.325 6.775 4.037 10.391
0 50 6.420 9.850 3.108 9.691
50 0 3.324 9.851 3.575 8.488
50 50 6.419 12.945 2.912 7.535

Table 4.4: Monitoring data

4.5. DAMAGE SCENARIOS

A set of damage scenarios is created by adjusting the moment of inertia of columns that either be-
tween beams (second story column) or between a beam and support (bottom story) in Axis model,
which simulates integrate stiffness reduction of each story. It is worth mentioning that after the
Bayesian inference, the damage state of Axis model can be presented by the model parameter of FE
model, where model uncertainty and measurement uncertainty are taken into account.

Damage Scenarios
1 The stiffness of bottom inter-story is reduced by 50%
The stiffness of top inter-story is reduced by 50%
3 The stiffness of both top and bottom inter-story is reduced by 50%

Table 4.5: Damage scenarios

4.6. NUMERICAL INTEGRATION PERFORMANCE

Numerical integration is feasible for two dimensions case where the model evidence can be in-
tegrated. Three damage scenarios are simulated in Axis, and their responses have been used as
observations for Bayesian inference.

4.6.1. POSTERIOR

In order to calculate the posterior probability, the expression of the likelihood function and prior
distribution are required. The former is discussed in equation 4.2, while for the prior distribution,
it is presumed there is bias for the initial guess of the stiffness. A 30% overestimation and 20% un-
derestimation of the nominal undamaged stiffness are assumed by introducing two independent
lognormal distribution with standard deviation equals 1 and mode = [1.3,0.8] respectively, for both
frequency and displacement. The joint prior distribution is plotted in Figure 4.4.

After acquiring the monitoring data, priors are updated consequently. As shown in Figure 4.5, un-
certainty level influences the posterior significantly for the undamaged state. With uncertainty level
1, the measurement uncertainty is so large that it barely gives more information than the prior it-
self for both displacement and frequency. As the uncertainty is decreasing, the shape of posterior
shrinks as the information carried by data becomes dominating over the prior, which represents for
less uncertainty in inferring the parameters. The posterior trends to bifurcate as the uncertainty
decreasing for measuring frequency, which would yield two separated cluster. In contrast, if dis-
placement monitoring data is used as input for Bayesian inference, the circle-like posterior would
not separate.

For other damage scenarios, the posteriors are plotted with uncertainty parameter of 9. Regard as
bottom columns damaged case, measuring frequency yields two separated clusters that indicate
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Figure 4.4: Joint prior distribution.
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Figure 4.5: Posterior distribution for different monitoring data and measurement uncertainty.

given the monitoring data, two most probable sets of parameters are identified. Intuitively, if the
simplified model is calibrated with both sets of parameters, the updated model is able to represent
the behavior of the real structure. One possible explanation is as the uncertainty decreases, the pos-
terior would end up with the deterministic solution where there is no measurement uncertainty.
Solving the deterministic equation of natural frequency sometimes yields two possible solution,
which results in a multimodal distribution of posteriors for this specific monitoring data. This is
due to to quadratic term in the characteristic equation of the eigenvalue problem. In contrast, mea-
suring displacement yields one unique concentrated cluster for all three damage scenarios which is

more favorable than multiple clusters for DI as the unique mode is identified.
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Figure 4.6: Posterior distribution for different monitoring data and damage scenarios.

4.6.2. CREDIBLE REGION

The 90% credible region of above posteriors are plotted in figure 4.7 with the applied damage sever-
ity. For all cases, the 90% credible region where the parameters have 0.9 probability to fall into this
region is drawn by the red line, the applied damage severity indicated by the green dot is well rec-
ognized as it is included within the credible region. The area of credible region is a measurement of
information content, as illustrated in Chapter 3, smaller credible region refers to less uncertainty of
inferring parameters. It is notable that for the bottom damaged case where the 90% credible region
consists of two separated clusters, the applied damage value fall into one of them. It demonstrates
that although the credible region is separated for this case, the damage state could still be identified.

After a straightforward visualization of the credible region for all damage scenarios, the ratio of area
between measuring displacement and frequency is first calculated and plotted in Figure 4.8. It can
be clearly seen the credible region of frequency is considerably larger than that of displacement,
specifically, around 8 times larger for three out of four scenarios. In other words, measuring dis-
placement gives a much narrower region that the stiffness parameters would fall into. It illustrates
that for this shear frame, measuring the displacement of two stories outperforms measuring nat-
ural frequency in terms of detecting damage of the columns. However, in this simple example, a
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Figure 4.7: Posterior distribution for different monitoring data and damage scenarios.

known load that can result in a visible deformation is applied, which is unusual to be applied on
a damaged structure in reality. To summarize, although in terms of information contained by the
inference outcome, measuring the displacement of two stories outperforms measuring the natural
frequency, considering the load condition in this case might not be feasible in real application and
the fact that particular spots are selected to measure the displacement, we could not reach a con-
clusion that measuring displacement overwhelmingly outclass measuring natural frequency. But
the result provides insight into that monitoring different responses would influence the informa-
tiveness of Bayesian inference.

4.6.3. MODEL SELECTION

After parameter inference, now the model selection problem is addressed. A simple test demon-
strates the necessity of model selection where different parametrizations are used. This analysis
aims to find the most likely parameterization scheme among several candidates given the monitor-
ing data. Specifically, pseudo data is generated by Axis inducing 50% stiffness reduction from the
support to the % position of the bottom column, as shown in Figure 4.9. Displacement is measured
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as a monitored response in this selection, listed in table 4.6.
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Figure 4.9: Inducing partial damage for model selection.

Observations Mid (mm) Top (mm)
Displacement 3.812 7.231

Table 4.6: Monitoring data.

Three different parameterizations under its corresponding hypotheses are created as candidate
models to describe the real damage scenario. Specifically, the first model is under the hypothesis
that the bottom column segment can be both damaged with different severity for each half of the
segment while the top segment stays intact. The second model keeps the bottom segment intact
while the top is damaged with each half of it can have a reduced stiffness. The last model is the orig-
inal parameterization with treating both columns as a single unit that can be damaged separately
as shown in 4.10. It is examined which one is the most probable hypothesis under the observations
in Table 4.6 by calculating the evidence (Eq. 3.5).

The three models are compared and explanations are given according to Table 3.2. The first model is
so dominating and the second model is almost negligible. Since model 3 also includes the possibility
that the bottom segment is damaged, it still remains a moderately probable. The above conclusions
come from the fact that bottom segment is set to be damaged, the model where the bottom segment
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Figure 4.10: Candidate models. Model 1,2, and 3 from left to right.

is parameterized would have a higher probability of generating the monitoring data, while model
itself has a better representativeness of the real damage state. From the engineering point of view,
the model selection is a process that selects the most likely one over competing parameterization
schemes of the FE model and given observations. This can be used to analyze the potential damage
scenario for a civil structure after measuring some responses.

Model Evidence Bayesian factor

1 0.0310 218 (decisive)
2 0.000142 1 (a bare mention)
3 0.00285 20 (strong)

Table 4.7: Bayes factors for the three considered models.

4.7. APPROXIMATE BAYESIAN COMPUTATION

In higher dimensions, the numerical integration in the denominator of Bayes’ rule is practically
intractable. Therefore, other — often approximate — methods are used to draw samples from the
posterior distribution. In this section, the number of uncertain parameters are extended to four
by introducing two mass parameters whose prior follows a Gaussian distribution with a mean of 1
and standard deviation of 0.1. The engineering interpretation behind choosing this prior is based
on that engineers are more confident giving mass estimation in FEM than stiffness. This section
is carried out by implementing the python code inside the customized likelihood function in the
statistical package Pymc3. The log-normal distribution is set with a o = 1 of its underlying normal
distribution of both 6; and 6,. These four parameters are assumed to be independent from each
other. Therefore, the prior marginals are:

bot stiffness: 8, ~ lognormal(mode =1.3)
top stiffness: 0, ~ lognormal(mode =0.8)
botmass: 03 ~ A (u=1,0=0.1)
topmass: 04 ~ AN (u=1,0=0.1)

There are four parameters to be inferred, two stiffness parameters and two mass parameters. Two
Bayesian computational methods, Metropolis-Hastings, and Hamiltonian Monte Carlo are selected
to investigate the behavior of different computational algorithms. The pseudo data generated in 2D
case is still used in this session, shown in Table 4.8. In order to capture the features of the higher
dimensional problem, the unimodal distribution and multimodal distribution are discussed sepa-
rately. The frequency is chosen as the monitored response due to the multimodal posterior observed
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in Figure 4.5.

Mode Scenarios Frequency[H z]
unimodal top damaged (3.575, 8.488)
multimodal undamaged (4.037,10.391)

Table 4.8: Input monitoring data for high-dimension problem.
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4.7.1. UNIMODAL POSTERIOR

It is assumed that the computational cost of a single iteration step in the HMC algorithm is 2, 1
being the cost of a single evaluation of the FEM. This is due to the need to evaluate the gradient of
likelihood as well in every iteration step. To keep the number of evaluations constant, the sample
size of Metropolis-Hastings is doubled than that of Hamiltonian Monte Carlo. The sampling process
is executed with two parallel chains and 500 burn-in samples. The sample size is 5000 for HMC and
10000 for MH. First, the MCMC convergence is checked by Gelman diagnostics. All chains have
reached stationary as the Gelman factor equals to 1. The trace plot where the sampling process is
visualized and the scatter plot are shown below. The performance of sampling is compared with
respect to 95% credible interval, standard error, and effective sample size.

Joint distribution 10 Joint of stiffness parameters

6
=
%)
62
-
)

0.5
2
T T T T T 0.0 T
0.5 1.0 15 2.0 25 0.0 0.5 1.0 15 2.0 25 3.0

61 6

Figure 4.11: Posterior of stiffness parameters(2D) Figure 4.12: Scatter of stiffness parameters(HMC)

In order to reduce the uncertainty of result when only conducting the inference for once, the infer-
ence is iterated for 50 times independently. The quantities that will be discussed below are averaged
first. As shown in Figure 4.14 where red dots represent the applied damage severity, they perform
equally well since the posterior mean is sufficient to estimate the applied damage. Standard error
shows that despite the credible interval for both cases are close to each other, HMC outperforms
MH with a considerably lower standard error for three out of four parameters. Moving into effective
sample size, which equals the amount of sample drawn independently from the posteriors, HMC
has a significant superiority than MH in all parameters. In other words, the samples drawn from
MH are more correlated to each other. Overall, in this section, HMC has a better performance con-
sidering all above-mentioned aspects. Subsequently, we move to multimodal posterior.
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Figure 4.13: Trace plot of parameters (HMC).
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4.7.2. MULTIMODAL POSTERIOR

The availability and efficiency for different algorithms to explore multiple mode posteriors have
been discussed in this session. Similarly, the 95% credible interval, standard error and effective
sample size of the two algorithms are compared with the same evaluations. The monitoring data is
the same as the undamaged case where two peaks can be observed in the posterior for two uncertain
parameters. First, the Gelman factor is verified showing that it still equals one, which assures the
sampling process has reached stationary. Then, the trace of sampling and the scatter of two stiffness
parameters are plotted. In Figure 4.18 a similar two-mode shape of the 2-dimensional case can be
observed despite the mass parameters are also uncertain.
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Figure 4.17: Posterior of stiffness parameters(2D) Figure 4.18: Scatter of stiffness parameters(HMC)
theta_3 ] theta_3
- _ 3 _
s S 1251
3 2.54 f % 1.00
2 o0 . . —] E 075, . .
0.8 1.0 12 14 0 0 2000 4000
theta_4 Y theta_4
> =
2 T 1.25
3251 2 1.00 -
g 00 £ 0.75 1
I O ' ' ' g ' T T
0.8 10 12 14 »n 0 2000 4000
theta_1 g theta_1
> o = -
2 z
g1 /\ 221
o Q. 14
o £
&0 ' : . - E L . :
1.0 15 2.0 2.5 n 0 2000 4000
theta_2 g theta_2
> =
g S= g
g 14 /\/‘\ 2 1.0 4
o [=% 4
£o —— E*1 : :
025 050 075 100 125 v ] 2000 4000

Figure 4.19: Trace plot of parameters (HMC).

For multimodal distribution, a similar conclusion can be drawn based on figures below. In terms
of credible interval, both of them involve the applied damage indicated by red dot illustrating the
availability of identifying damage in high-dimensional parameter space. It also demonstrates that
these methods are capable of exploring the whole posterior. Secondly, HMC has a smaller standard
error for all parameters. As can be clearly seen in the figure of effective sample size, HMC is able to
draw samples with a considerably weaker correlation than MH. In general, HMC outperforms MH
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with respect to effective sample size and standard error, while they perform equally well if credible
interval is considered. Therefore, in this example, the hybrid Monte Carlo (HMC) is more efficient
than traditional random walk based MH with the same evaluation times. However, if the modes are
separated by a very low likelihood valley as shown in Fig.4.21, neither of the considered methods
would be able jump between the modes in reasonable steps within one chain. Illustrated in Fig 4.20
and 4.21 with four chains in different colors, apart from the orange chain, the rest is not able to move
to the second mode.
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Figure 4.21: Scatter of stiffness parameters(HMC)
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FULL-SCALE CASE: PRESTRESSED
CONCRETE BRIDGE BUILT BY THE
CANTILEVER METHOD

5.1. OVERVIEW

After a comprehensive Bayesian analysis being conducted to the simple benchmark problem, the
findings remain questionable if the simple shear frame is replaced by a real civil engineering struc-
ture. As a continuation, in this chapter, the following questions related to the chapter 4 will be
answered. First, in the shear frame example, measuring displacement and natural frequency per-
formed distinctively in the context of Bayesian DI where the stiffness of the column is considered
damaged and parameterized. For a real-life structure, there are plenty of possible damage scenarios
that can occur and various properties can be measured. Which responses should be measured to
gain more information? Apart from these questions, it is discussed measuring displacement would
always have a considerable small credible region. In this chapter, how to evaluate the posteriors
will be addressed not only in terms of credible region, but in information entropy which is more
numerically robust. An extension of Bayesian approach for DI will be performed in terms of sen-
sor management, information content and identifiability for a combination of damage scenarios.
Finally, if the HMC is still efficient than MH when a complex and detailed FE model involved is dis-
cussed. This chapter is an extension of Sousa et al. [1] where large part of the modelling work has
been done, as shown in Fig 5.2.

5.2. PHYSICAL MODEL

5.2.1. THE BRIDGE

The Leziria Bridge (Portuguese: Ponte da Leziria) in Fig.5.1 is a box-girder bridge, which is one of
longest bridges in the world, with a total length of 12 km, which is part of the A10 motorway in
Portugal that forms an outer boundary to the Lisbon metropolitan area. A brief introduction of the
bridge is given below. It is composed of three segments:

* the north approach viaduct with 1700 m of length;
* the main bridge substructure, crossing the river Tagus, with a total length of 970 m;
* the south approach viaduct, with a total length of 9160 m.

37
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Figure 5.1: Leziria bridge [4]
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Figure 5.2: Flowchart of work assignment

The main bridge consists of eight spans and seven interior piers which are standing on pile caps
in the riverbed. The concrete piers are formed by four walls with constant thickness and variable
width. The bridge girder is a box section of variable height ranging from 4 to 8m and constant widht
of 10m. The superstructure is monolithically connected to the piers except at piers TPN, P6, P7, and
TPS. The dimensionals of each component are recorded in Figure 5.3. Details of the construction
process of Leziria bridge is in Sousa et al. [5].

5.2.2. FE MODEL

A detailed and rigorous Diana FE model is built for the main bridge part of the Leziria bridge. Beam
elements with approximately 1 to 2 m long have been selected for the discretization of the structure.
The embedded prestressing cables of the bridge girder are modeled with parabolic elements, while
the soil-pile interaction is represented by elastic springs. The construction process is simulated
with 105 stages by updating the FE model based on the collected information from the contractor
consortium [5]. Overall, the numerical model has 1804 beam elements, 633 truss elements 5106 re-
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Figure 5.3: Main bridge substructure of Leziria Bridge|[5].

inforcement elements including ordinary reinforcements and prestressing cables, 248 springs, and
16 supports. The details and verification can be found in Sousa et al. [5]. In this chapter, due to it is
impractical and expensive to apply damage to a real structure, the FE model is applied to simulate
different damage scenarios.
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?ém?:;gement

Figure 5.4: Detailed FE model of Leziria bridge.[1]

5.3. MEASUREMENT UNCERTAINTY

The range of measurement uncertainty has been allocated into three levels to explore the effect of
different measurement uncertainty extents, a basic uncertainty vector has been set up in section 5.4.
The rest of levels are obtained by simply multiplying a scale factor with the unit uncertainty, whose
value is shown in the last column of Table .5.1. The quantification of measurement uncertainty is
presented in Sousa et al. [1]. A scale factor [1,5,10] is selected to represent small, intermediate, and
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large uncertainties.

Taken into account the lumped uncertainty, the likelihood function {x,} follows a normal distribu-
tion where the mean is the response {xp} generated from FE model and the standard deviation o is
dependent on the sensor type and uncertainty extent.

{xn} ~ N ({xg},0)

{xg} = FEM(6) (5.1

5.4. MONITORING DATA

An integrate monitoring system has been installed on Leziria bridge where the data such as relative
humidity, rotation and joints displacement is recorded. The whole configuration of the monitoring
system is detailed in Sousa et al. [5]. From Sousa et al. [1], twelve measure points are selected with
various type of sensors as listed in Table.5.1. The sensor type has four categories as shown below,
containing horizontal and vertical displacement of piers, rotation of piers, and strain of top or bot-
tom slab. The measurement uncertainty is given according to its corresponding sensor type [25].
Specifically,

* One bearing displacement at the supporting section TPN

* Three vertical displacements in the first three spans TPNP1, P1P2 and P2P3

» Three rotations of the deck girder above the supporting sections TPN, P1, and P2

* Five concrete strains located on the deck girder at mid-span sections and supporting sections

Due to the mechanical behavior of hogging and sagging moment, it is reasonable to measure the
strain in the bottom slab for mid-span and bottom slab when it comes close to the piers. The layout
of sensors are listed below in accordance with figure 5.3.

cp-1s” CcD-28 _CD3S CD-4s cp-58”
007 mi ) 007m | - 030m  006m " “0.07m X007 m
580m
* slrain-gauge
\ 1.00m a) only in sections P1P2
\x * %/
0.18m; CD-2I CD-31 CD-4l
10.68 m 8.59m 10.68 m
(a)
CD-1S8 a) CD-28 CD-ES CD-4S8 CD-58 a)
0.07 i~/ 007mr | - 030m 0.08m ¥" 0.07m \ 007 m
070m} \e VD 340m ‘
\& ;0’30 n 0.06 m * [ « vertical displacement transducer
- # slrain-gauge
066m - Cp-2I CD-3lI CD-41 086m )\ iolyin sections P1
10.16 m 9.63m 10.16 m

(b)

Figure 5.5: Details of cross section|[5]
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Sensor number Sensor name Location Type Unit uncertainty

1 OUT1_DH_PTN TPN Horizontal Displacement 0.075 (mm)
(mm)

2 OUT2_DV_PTNP1  PTNP1 Vertical Displacement

3 OUT3_DV_P1P2 P1P2 (mm) 0.075 (mm)

4 OUT4_DV_P2P3 P2P3

5 OUT5_RO_PTN PTN1 Rotation

6 OUT6_RO_P1 P1 (10-%) 5.0 (1073)

7 OUT7_RO_P2 P2

8 OUT8_EX PTNP1I PTNPI1 (bottom slab)

9 OUT9_EX P1S P1 (top slab) Strain

10 OUT10_EX P1P2I  P1P2 (bottom slab) (1075) 0.35(1075)

11 OUT11_EX P2S P2 (top slab)

12 OUT12_EX P2P31  P2P3 (bottom slab)

Table 5.1: Measurement points for the analysis[1]

5.5. DAMAGE SCENARIOS

From the literature review [1] of long-term monitoring of a large-scale prestress bridge and the
specificity of Leziria bridge, e.g., water infiltration and corrosion due to the maritime environment.
Four likely damage scenarios have been enumerated as the most typical ones which are outlined in
Table 5.2.

Number Damage

1 Deterioration of bearing devices

2 Prestress loss due to failure of external tendons

3 Pier settlements due to liquefaction of the foundation soil
4 Loss of stiffness on the deck girder above the piers

Table 5.2: Considered damage scenarios [1]

5.5.1. DETERIORATION OF BEARING DEVICES

The first damage scenario is due to the consideration of the abnormal restrained movement behav-
ior on the bearing devices. Specifically, the bearing device at 6 7py and O7py is simulated by elastic
springs Ky, and K;,;. The parameterization is done by assigning the upper bound and lower bond
of the stiffness of springs, which refers to the movement is free to occur and the movement is com-
pletely restrained respectively. A sensitivity analysis is done to quantify the upper bounds which are
10" N/rad and 10*'3 N/rad correspondingly [1].

9TPN
(k_rot)r\
TPN P1 P2 P3
P —— =
h,TPN - 0 Navigation channel S —
(k_tra) S = e

Figure 5.6: Bearing malfunctioning - damage scenario 1[1].
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5.5.2. PRESTRESS LOSS

Moving to the second damage scenario, the model is parameterized by reduction of the external
prestress tendon due to the prestress loss. Two external tendons along the first span of the bridge,
AP7p1, and in one of the external tendons along spans P1P2 and P2P3, APrp,, are considered. The
prestress force of two external prestress tendons in undamaged status are 1341 MN and 1270 MN
individually. Whereas the completely damaged case is there is no longer prestress force in those
tendons.

APrpq

Figure 5.7: Pier settlement - damage scenario 2[1]

Ap'I"DZ

TPN P1 P2 P3

e — .o - s |
i ” Navigation channel " e | |
— ot ‘o e pE———

Figure 5.8: Prestress Loss - damage scenario 2[1]

5.5.3. PIER SETTLEMENTS

Considering the environment of the piers, it is probable that pier settlement occurs due to lique-
faction of the foundation of the soil. The parameterization is realized by setting the pier settlement
from 0 to a maximum 50 m for the first two piers.

TPN P1 P2 P3

T Lad Lot
Navigation channel
Vol ‘o — -

! !

Aby p1 Aby p2

Figure 5.9: Pier Settlements - damage scenario 3[1].

5.5.4. L.0SS OF STIFFNESS

Finally, the loss of stiffness of critical sections of the deck girder is considered. In accordance with
the previous damage cases, the critical area is the deck girder regions near of the mid-span section
PTNP1 and above pier P1. By setting the maximum loss of 50% of Young’s modulus in the concrete,
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the model is parameterized by stiffness varying from 19.5Gpa to 39.1GPa and 19.4Gpa to 38.7GPa
respectively.

AEc,PNPl AEc,Pl

v
PN P1

T

Figure 5.10: Reduction of the stiffness - damage scenario 4[1].

To summarize, four damage scenarios are enumerated considering the typical damage scenarios
for a prestressed bridge as well as the environment of Leziria bridge. Table 5.3 summarizes the
parameter settings for each damage scenario. The damage state of the bridge is defined by two
model parameters that represent the severity of corresponding damage. It is worth mentioning the
parameter has been normalized with a reasonable upper bound and lower bound so that it is a non-
dimensional variable.

Lower bound Upperbound Normalization

Damage Scenarios Parameters (no damage)  (full damage) (range)
Bearing deterioration Kirq ON/m 101 N/m (0,0.1)
Kot 0N/m 10"""N/rad  (0,0.1)
Prestress loss PTD1 1341 MN 0 MN 0,1
PTD2 1270 MN 0 MN 0, 1)
Pier settlement APrp1 0.0m 0.5m 0,1)
APrp2 0.0m 0.5m 0,1)
Stiffness loss AE; pTNP1 39.1 GPa 19.5 Gpa (0, 0.5)
AE: p1 38.7 GPa 19.4 Gpa (0, 0.5)

Table 5.3: Normalized parameters for each damage scenariol[1].

It is necessary to mention that for bearing deterioration and stiffness loss of concrete, in order to
perform the differences of responses, a live load of 200 kN/m, along 28.5 m, is applied in the span
TPNP1 of the Leziria bridge. Further details can be found in Sousa et al. [5]. For the pier settlement,
an imposed deformation is applied at pier 1 and pier 2 with the maximum magnitude of 0.5m.
Finally, the loading condition for the external prestress loss is set with a range from no damage
(1341MNan and 1270 M N respectively) to totally damaged (0 external prestress force).

5.6. NUMERICAL INTEGRATION PERFORMANCE

In order to use numerical integration for Bayesian analysis, the responses generated by all the hypo-
thetical parameters must be known. For this case, Sousa et al. [1] simulated the structure response
by applying Response Surface instead of looping all parameters through Diana model to reduce
the computational effort substantially. Hence, Sousa et al. [1] generated responses surfaces for all
twelve sensors based on four aforementioned damage scenarios. The error of Response Surface fit-
ting has been analyzed showing that the maximum error is below 5%, which is acceptable in this
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32m-—F 63 m -
11 m—
TI?N 200 KN/m P'1
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'?g e
20 m 28.5m
SR -, e

Table 5.4: Applied live load [1].

context. Essentially, the data read from sensors is the responses of that location contaminated with
measurement uncertainty.

5.6.1. POSTERIOR

This part of work was done by the Sousa et al. [1] where more details can be found. Due to all dam-
age scenarios are parametrized with two parameters, numerical integration is still feasable. Given
the monitoring data from twelve sensors, the Bayesian approach can be used to infer the posterior
distribution of the normalized parameters that reflect the actual damage in the structure. Hence,
the posterior distribution of parameters for different damage scenarios with various uncertainty is
shown in Figure 5.11 where the blue dash line indicates the applied damage. The solid red line is the
90% highest density credible region of parameters. Each row represents a measurement uncertainty,
while each column indicates the considered damage secnario.
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Uniform prior has been applied for aforementioned inference. From a general perspective, in all
cases the damage severity has been identified successfully, with the preset value falling into the 90%
credible region for different damage scenarios and extent of measurement uncertainty. The details
are explained first within a damage scenario, and then across the proposed scenarios. For the pier
settlement, the CR is a concentrated circle-like shape. Even though when the measurement uncer-
tainty is small, the CR of posterior is fairly small area, the preset value is still contained in this CR.
Increasing the measurement uncertainty, the CR of posterior gradually expands. For the bearing
deterioration, it has to be pointed out that the “N.A.” where uncertainty is level one is caused by
numerical issue, which will be discussed later in this study. As shown in the figure, the marginal
distribution for the first parameter is wide, which reflects the identifiability for the first parameter
is poor compared to the other one. It seems like increasing the measurement uncertainty will not
influence the CR significantly. Moving to the prestress loss case, although when the uncertainty is
small, the damage is well identified, increasing the uncertainty will decrease the identification ac-
curacy essentially. It is demonstrated by the preset value barely touching the boundary of CR when
the uncertainty is high. If the loss of stiffness is considered, increasing the measurement uncer-
tainty will affect the identifiability of the first parameter more significantly than the other one. The
conclusion that the area of CR will normally be larger by increasing measurement uncertainty can
be drawn considering all damage scenarios. Nevertheless, the expansion of the credible region is
still conditional on its damage scenario. For instance, the increment of the measurement uncer-
tainty for stiffness loss would enlarge the credible region more significantly, if compared to that of
pier settlement.

5.6.2. EFFECT OF PRIOR

Uniform prior has been applied for aforementioned inference. Therefore, with a non-informative
prior where all parameters have the same probability to be inferred, the posterior probability is pro-
portional to that of the likelihood. Given the fact that prior distribution incorporates the subjective
beliefs about a parameter, different prior probability may also influence the result of inference. In
this context, the prior distribution is based on the related engineering knowledge of a structure.
Subsequently, two informative priors are herein investigated as a step further to study the effect of
priors with all sensors available. An improper asymmetric and slightly skewed prior has been se-
lected as to be representative of not significant damage case, following lognormal distribution with
mode 0.4, a unit standard deviation. Due to the prior assigns probability to the value which out of
the support region, the density is normalized within the scale of support, so the integral over sup-
port is 1. A normal distribution with a mean equal to the midpoint of the support and a standard
deviation whose magnitude is 0.2 for all scenarios is investigated to represent intermediate damage
case. The density of two informative priors is shown as below when the support is from 0 to 1.

Lognormal pdf Normal pdf

Figure 5.12: The two, considered, informative prior distributions.
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By replacing the prior, a consistent similar pattern to uniform prior of the posterior contour is ob-
served for pier settlement in Figure 5.13, while for prestress loss, the contour pattern has changed
significantly. In order to have an insight into the effect of priors with different damage severity as
well as damage scenarios, the damage extent is preset from 0.1 to 0.9 for both parameters with a
discrete interval of 0.1. Pier settlement and prestress loss are analyzed to demonstrate the effect of
prior. By comparing the deviation of credible region, the shift of mean for those damage scenarios,
the influence of different informative priors has been visualized.

Damage Uniform Lognormal Normal
scenarios

Pier settlement

Pretress loss

DS=2 | unc, = x5 | ACI

=2 | uner=x5 | AClwe =72l - 2 T

La J e - @
v

X

v

Figure 5.13: Prior effect for different damage scenarios.

The effect of changing prior is quantified in terms of credible region and posterior means. The dam-
age severity is preset by an increment of 0.1 for one of two parameters each time. So over the entire
parameter space, there are 100 points being selected to capture the tendency of credible region and
parameter mean shifts for different damage severity. The ratio of credible region area and parameter
mean for informative prior and uniform prior is plotted in Figure 5.14 respectively.

For pier settlement, with the uncertainty level of 5, the changes of credible region quantified by
the ratio between uniform prior and two informative priors are within the scale of (—5%, +5%). The
same conclusion can also be applied to both posterior means. The figure presents for such a damage
scenario, data is so overwhelmingly dominating over the prior and hence using informative priors
do not affect the outcome significantly. One possible explanation is that in this case, the monitoring
data is distinctive for applied damage severity, so the likelihood for parameter who is away from the
preset value will be extremely small. In practice, the subjective initial belief for this scenario would
not be decisive as the data information will be dominating eventually.
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In contrast, for the prestress loss damage scenario, the posterior is a mixture of monitoring data and
prior, where both data and prior play an important role. As can be seen in Figure 5.15 the ratio of
credible region indicated by the first dot of the blue dash line where slight damage occurs, is around
200% greater than that of uniform prior, and the mean of the first parameter using lognormal prior
is four times higher than that of uniform prior. Take the second row of Figure 5.13 as an example,
the informative prior would result in the credible region moving away from the edge of the support
due to the information it provided. The evidence from those figures suggests that when a damage
state that is defined by the parameters near the edge of support is observed, the prior information
should be considered carefully as it will considerably change the results of posterior. As this section
illustrated, prior sensitivity for different damage scenarios is worth to be discussed for DI. For those
scenarios that are sensitive to the change of prior, extra attention should be devoted to the selection
of prior distribution.
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5.6.3. INFORMATION ENTROPY

In Sousa et al. [1], an analysis has been conducted to determine which two sensors are the most in-
formative sensor pair that the most information of damage state can be extracted. A short descrip-
tion will be given in this section, in the meantime, there are several defects arising in this analysis.
An optimized solution will be given correspondingly. Moreover, as an extension, a comparison of
information gain between the most informative sensor and the reference sensors will be evaluated.

INTRODUCTION OF PREVIOUS WORK

For each damage scenario, two out of twelve sensors have been selected as one pair to investigate
which combination would give the most information of damage state. This analysis aims to gain
insight of how a subset of sensors contributes to the available information carried by all sensors.
The potential benefit is to manage sensors more efficiently, for example, which type of sensors can
provide more information compared to others within a damage scenario. The information carried
by the posterior distribution is evaluated by the area of credible region for different sensor pairs.
The CR is normalized from 0 to 1, where 0 means the support region, 1 is the area of credible region
of reference sensor set (all twelve available sensors) times the probability mass defined subjectively
(90%), shown in Equ 3.8. In Figure 5.16, each item in the heatmap is the normalized information
content using its corresponding index of sensors. For pier settlement with measurement uncer-
tainty level 5, the matrix plot exhibits that measuring vertical displacement would yield the mini-
mum area of credible region. So choosing the sensor 3 and 4 is the most informative pair in this
case. The matrix plot provides a clear evidence of which pair to pick to gain the most information of
the damaged condition.
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Figure 5.16: Matrix plot of the most informative pair [1].

However, the above-mentioned methodology has deficiency as shown in the Figure 5.18. The first
figure reveals that it has a poor scaling in this specific damage scenario. The second figure exhibits
if the uncertainty level is set to 1 for pier settlement, there are unexpected values along the column
4. Apparently, the result is not as reliable as the minimum credible region equals to 0, which is
caused by the numerical issue when determining the credible region. Although this analysis could
visualize the informativeness of sensor combinations, it is not robust enough when tackling with all
the posteriors.
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Figure 5.17: Poor separation behavior. (DS: prestress Figure 5.18: Numerical issue occurs while
loss) determining the credible region. (DS: pier settlement)

EXTENSION OF PREVIOUS WORK

As can be seen in Figure 5.17, the scaling behavior is poor in some of the damage scenarios. The
matrix plot does not give a clear separation of different pairs using the normalized credible region
area. Most of them perform similarly under the CR criterion. In addition to the numerical difficulties
of determining the credible region for posteriors as in Figure 5.19, another measure of information
content is introduced: information entropy. Subsequently, it will be demonstrated that entropy is a
more numerically robust measure than credible region. In addition, it has a better scaling compared
to credible region. After exploring which pair of sensors could reveal the most information regarding
the damage state, a comparison of information content between using all available sensors and the
most informative pair is made to gain insight of information gain under different damage severity.

The information carried by a pair is evaluated using equation 3.11 through entropy to perform the
most informative combination assuming the measurement uncertainty is averaged with level 5 for
all cases. A heatmap is plotted to compare the information contained by different pairs. The di-
agonal of heatmaps refers to the entropy using only one sensor, while each element represents the
entropy obtained from its corresponding index of the sensors. Besides, the detailed posterior distri-
bution of each pair has been plotted to aid the information content analysis.
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Figure 5.19: The posterior that causes numerical issue of finding credible region.
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Figure 5.20: Matrix plot of posterior distribution using different pairs for pier settlement.

Figure 5.20 shows all details of posteriors and credible region for different sensor pairs if pier settle-
ment is considered. As can be seen in Figure 5.22, using sensor 3 and 4 as a pair has the smallest
entropy, which means the most information regarding the pier settlement can be extracted. As for
the sensor types, both of them measure vertical displacement. From a mathematical point of view,
using the monitoring data of sensor 3 and 4 could lead the lowest uncertainty in inferring the model
parameters, while in engineering perspective, the sensor management has to give priority to the
sensors measuring vertical displacement where either two out of three can provide relatively suffi-
cient information of damage.

In comparison, the evaluation of information content using the area of credible region is shown in
Figure 5.21. Similarly, it demonstrates that sensor 3 and 4 is still the most informative pair and the
combination of vertical displacement sensor outperforms the rest type of sensor. For the rest pair,
it seems that they perform equally with almost the same normalized value for the area of credible
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region. However, due to its lower degree of discrimination, it overlooked some acceptable pairs from
an engineering perspective where a concentrated circle shape posterior is observed using sensor 4
and 5 in figure 5.20. It illustrates that using entropy as a measure of information content would
present a better separation of sensor pairs.

In order to explore the capability of inferring parameters with other damage severity for the most
informative pair, the damage severity has been set up from 0 to 1 while keeping the values of the
two parameters equal, with an interval of 0.1 for both parameters each increment. The most in-
formative pair and the pair providing least information are recorded to be compared to explore the
relationship of information gain using the informative pair with the reference set.

The red dot represents the reference case of all twelve sensors (reference) the green dot represents
the most informative sensor pair (minimum value of entropy/CR), and the blue dot represents the
sensor pair with the least information (maximum value of entropy/CR), the figure 5.23 shows the
gap of information content in different preset damage scenarios. It can be clearly seen that even
though the damage severity increases from 0.1 to 0.9, the most informative sensor pair still remains
the same (sensor 3 and 4) for this scenario. Another striking point is that in this figure, using more
than the most informative pair of sensors provides very limited information gain as the gap between
the red line and green line is relatively small.
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Figure 5.23: Information gain for the most informative pair.
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Figure 5.24: Posterior distribution of different pairs.

Figure 5.24 shows all details of posteriors and credible region for different sensor pairs if bearing
deterioration is considered. It is visible that for the rotational spring parameter can be identified by
some sensors, for example, the combination contained sensor 2 or 8. However, not all sensor pairs
can identify the transversal displacement parameter accurately. This may be attributed to that the
transversal displacement could barely affect the monitoring data, which leads the parameter to be
unidentifiable.

As can be seen in Figure 5.26, using sensor 2 and 8 as a pair has the smallest entropy. It tends to be
that the pair that contains either sensor 2, 5, or 8 slightly outperforms the rest of the sensor types.
Although they come from totally different sensor types, the common feature for those sensors is
that they are the closest sensors in their type to the pier TPN where the deterioration is considered.
It can be generally concluded that in this damage scenario, the sensor close to the damage position
tends to provide more information on the damage state.
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Figure 5.26:

Information content using entropy of

different pairs.

In comparison, the evaluation of information content using the area of credible region is shown in
Figure 5.25. It verifies that sensor 2 and 8 is still the most informative pair. Interestingly, a similar
conclusion that the closer sensors could extract more information can be drawn. Different with the
pier settlement case, the credible region shows a great similarity with entropy in this case.

Moving to the most informative pair under different applied damage extent, Figure 5.27 presents
sensor 2 and 8 would constantly be the most informative pair with regards to information entropy.
Interestingly, the most striking point is this figure is the inconsistency in the credible region that the
most informative pair could take over the reference set where all sensors are used in terms of the
minimum credible region. Apparently, it is impossible that using two of the twelve sensors can pro-
vide more information than using all. The cause of this unexpected inconsistency is the numerical
issue of determining the credible region mentioned in Section 5.6.3. Meanwhile, it illustrates that
entropy is more numerically robust than credible region.
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Figure 5.27: Information gain for the most informative pair.
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Figure 5.28: Matrix plot of posterior distribution using different pairs for prestress loss

Figure 5.28 shows all details of posteriors and credible region for different sensor pairs if prestress
loss of the first segment and segment along Pier 1 and Pier 3 is considered. Apparently, using a com-
bination of vertical displacement sensor could identify both parameters better as other contours of
posteriors tend to be more dispersed.

As can be seen in the figures below, using sensor 2 and 4 as a pair has the smallest entropy, which
is the same sensor pair for pier settlement damage scenario. As for the sensor types, both of them
measure vertical displacement. It shows that measuring the vertical displacement is a relatively ef-
fective and efficient proxy of detecting the prestress loss along the considered part of Leziria bridge.
It is also worth noticing that sensor 2 where the vertical displacement of the midspan TPN — P1 is
measured appears in all above-mentioned case. Apart from the transducer sensor type, measuring
the rotation of the TPN could at least provide a good inference for the first segment prestress loss,
which may due to the fact that prestress loss would result in an inclination of support section TPN.
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In comparison, the evaluation of information content using the area of credible region is shown in
Figure 5.29. It verifies that sensor 2 and 4 is still the most informative pair. Interestingly, similar
conclusion that the vertical transducers overwhelmingly outperform the rest sensor type in terms
of extracting information for prestress loss. Again, the credible region and entropy perform similarly
in this case.

Moving to the most informative sensor pair under different applied damage extent, the best pair
varies when the preset damage extent is [0.2,0.2]. Even though the most informative combination
has changed, it is still within the scale of the vertical transducer. Another remarkable tendency in
figure 5.31 is that the worst pair of sensors could rarely extract effective information regarding the
damaged condition as the entropy is around 0 and credible region almost covers the entire support.
As can be seen in figure 5.28, it tends to be most of the strain sensors are inefficient to detect the
damage caused by prestress loss. In practice, if the prestress loss is suspected, installing the strain
sensors might lead to a futile result.
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Figure 5.31: Information gain for the most informative pair.
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Figure 5.32: Posterior distribution of different pairs

Figure 5.32 shows all details of posteriors and credible region for different sensor pairs if stiffness
loss from the cross-section of TPN — P1 and above P1 is considered. Intuitively, column 2 and
column 8 in the matrix plot have a relatively concentrated shape of posterior contours.

Surprisingly, as can be seen in figures below, using sensor 3 and 8 as a pair has the smallest entropy,
with one of them measuring the displacement of second span P1P2 and the other measuring the
strain of midspan from the first segment. As the color scale differentiates from others, sensor 2, 3,
and 8 are most efficient in detecting the damage caused by loss of stiffness. In Figure 5.34, column
4 where the sensor of a vertical transducer is contained no longer have a dominating performance
than other sensor types. It may be attributed to that the effect of stiffness loss would not be signifi-
cant to influence the vertical displacement of the midspan of the last segment.

In comparison, the evaluation of information content using the area of credible region is shown in
Figure 5.33. It verifies that sensor 2 and 8 is still the most informative pair. Great similarity can be
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observed in the comparison of these two measures of information content.

Turning to the most informative sensor pair under different applied damage extent, an interesting
pattern can be observed in Figure 5.35 where for both credible region and information entropy, the
best pair appears to alternate between the sensor 2, 3 and 8. It shows the variation of the best sen-
sor pair under different damage severity. As the damage severity increases, measuring the vertical
displacement of P1P2 where is away from the damaged spot could provide more damage informa-
tion compared to measuring the displacement of TPNP1. It demonstrates that not only the most
informative pair is conditional on the damage scenarios, but the severity of damage as well.
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Figure 5.35: Information gain for the most informative pair.

5.6.4. COPULA

Besides analyzing the information carried by the joint distribution of two variables, the dependence
of variables is explored through copula. The detailed methodology is introduced in Section 3.6.
From the matrix plot of the detailed posteriors for all sensor pairs, there are three patterns of pos-
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terior distributions that can be observed frequently, namely, the concentrated pattern, the elliptical
pattern, and line-like shape. Because all of them are non-parametric distributions, 7 coefficient
is evaluated to match their corresponding parametric copula family with the same tau coefficient.
The intent of matching its parametric family is to find out the underlying properties of the non-
parametric copula. Five commonly used copulas are selected to be matched. Dividing the unit
space into four quadrants, the copula density and correlations are plotted.
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As shown in Figure 5.36, for circle-like posterior in the first row, the closest parametric copula is
judged by visualization that the color scale of the density contour should be consistent with the
non-parametric copula. Gaussian and Frank copula satisfy this condition with the same coefficient.
It also presents both of them are consistent with the non-parametric copula in terms of correlation
as well. As for the elliptical-like posterior, even though both the copula density and correlation
in four quadrants for Frank copula have the same tendency as the non-parametric copula does,
Gaussian copula is the more probable matching parametric family judging by the contour of copula
density. The line-like posterior tends to match the Frank copula by checking all the criterion above-
mentioned.

This analysis provides an approach to explore the dependency of two parameters with a set of para-
metric copulas. However, there are plenty of methods which could extend the research of copula,
for example, tail dependency, and sampling from copula in higher dimensional. But it is out of the
scope of this thesis.

5.7. APPROXIMATE BAYESIAN COMPUTATION

Above sections focus on four damage scenarios considered separately. Nevertheless, in reality, all
damage scenarios could occur simultaneously and a single damage scenario can be defined with
more parameters, which motivate higher dimensions with more parameters to be probed. The ac-
tual damage state might be a combination of the aforementioned damage scenarios. In this section,
it is assumed pier settlement and prestress loss can take place together. The intent for DI is ex-
panded to infer both four parameters that describe the combined damage scenarios. The reason for
choosing pier settlement and prestress loss is based on the assumption that the bridge is in the elas-
tic phase, the superposition of responses is valid because both of them are under the same loading
configurations and the neither stiffness nor the boundary conditions change. The new responses for
each sensor can be manipulated as a summation of the responses from each scenario. As mentioned
in Section 3.4.3, numerical integration is intractable to obtain the evidence when parameter space
extends to higher dimensions. Therefore, the numerical integration would not be feasible anymore,
asymptotic approximations of posterior distribution are proposed instead. MCMC algorithms and
VI are studied as asymptotic approximation method subsequently. The ability to infer the different
types of parameters, performance of the most informative sensor combinations in higher parame-
ters space, and efficiency of different computational methods are explored in this section.

5.7.1. UNCERTAIN PARAMETERS

The actual damage scenario consists of the pier settlement and the prestress loss, so the parameters
have been expanded to four, with the first two indicating prestress tendon loss, third and fourth
representing the severity of pier settlements. The severity is set the same as previous analysis in
Table 5.5.

Lower bound Upperbound Normalization

Damage Scenarios Parameters (no damage)  (full damage) (range)

Prestress loss 6,: PTD1 1341 MN 0 MN 0,1)
0,: PTD2 1270 MN 0 MN 0, 1)
Pier settlement 03: APrp1 0.0m 0.5m 0,1
942 APTDZ 0.0 m 0.5m 0, 1)

Table 5.5: Uncertain arameters for each damage scenario.
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After specifying the parameters and obtaining new responses which is observed under the combi-
nation of damage scenarios, the Bayesian inference can be conducted. As discussed in chapter 4,
the hybrid MCMC is more efficient of drawing samples from posterior. Therefore, HMC is applied
in this circumstance. Using HMC, with two chains and the first 500 samples burnt in, the inference
result is visualized by trace plot, scatter plot and the statistical quantities of samples. A uniform
distribution is applied for the prior which is the green dash line in the marginal plot.
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Figure 5.37: Trace plot of parameters.

In general, the figures illustrate that for the combined scenario, pier settlement has a better identifi-
ability than prestress loss. The samples are projected in two separate damage spaces for the scatter
plot where samples in pier settlement space have a more concentrated cluster. The trace plot shows
the sample marginal distribution of those four parameters where 6, has a wider range than the rest.
0, is not accurately identified according to Table 5.6 where the deviation of posterior mean estima-
tion has been summarized. To conclude, considering the damage combination of pier settlement
and prestress loss, the parameters that define the pier settlement severity tend to be identified more
accurately, while the parameters for prestress loss are less sensitive to be identified. Different than
the scenario that only prestress loss occurs where both parameters can be inferred precisely, the
second parameter that describes the prestress loss between pier P1P3 is less identifiable in higher
dimension space. The underlying engineering explanation may be the pier settlement has a more
significant influence on the monitoring data for this specific case. Table 5.6 confirms that except
the second parameter, the rest parameters can be identified reasonably using the uniform prior and
MCMC simulation. It also illustrates the availability of Bayesian approach applied in SHM for higher
dimensions. Next, the sensor management will be discussed based on the previous analysis.

Notation Severity Posterior Mean Deviation (%)

0, 0.14 0.146 4.28
02 0.22 0.301 36.8
03 0.32 0.322 0.625
04 0.21 0.231 10

Table 5.6: Accuracy of posterior mean approximation

5.7.2. THE MOST INFORMATIVE SENSOR TYPE

According to the conclusion of Section 5.6.3, the most informative sensor type for all proposed dam-
age scenarios is the sensor that measures vertical displacement. Either sensor 2,3, or 4 that belongs
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Figure 5.38: Scatter plot of samples. Figure 5.39: Posterior distribution of parameters.

to vertical displacement sensor type has appeared as the one component of the most informative
pair. In this session, the comparison between the most informative sensor type and the rest sensors
is made in high-dimension parameter space. It aims to test if the most informative type in the 2D
case can still extract considerable information in higher dimensions.

The Bayesian inference is conducted twice, the first time using the monitoring data from the ver-
tical displacement sensors, and the second time using the rest of the sensor. The performance is
visualized in the Figure 5.40 where using vertical transducers is more informative than the combi-
nation of rest sensor types based on the scatter plot of parameters. It shows that using the most
informative sensor type is able to identify most parameters. It is visible that for the pier settlement
parameters, using vertical transducer monitoring data outperforms the combination of the rest of
the sensor types.

It further reveals the information content of a posterior might be attributed mostly to the informa-
tive pairs or sensor types. However, the additional information could be captured by the rest of
sensors if one looks at trace plot of 8, in Figure 5.42. The sample is fluctuating around the uniform
distribution which means data barely changes the initial belief. According to the deviation changes
which is the ratio of the discrepancy between posterior mean and preset value divided by preset
value in Table 5.7, it confirms that using more than the vertical displacement sensor type could only
provide limited information. Nevertheless, only installing the displacement sensors are not sen-
sitive to detect the prestress loss in the second segment where complementary sensors should be
used to identify the damage.

5.7.3. COMPARISON OF COMPUTATIONAL METHODS
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Figure 5.40: Scatter plot of settlement parameters Figure 5.41: Scatter plot of settlement parameters
using VD sensor type. using the rest sensors.
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Figure 5.42: Trace plot using vertical displacement sensor.

Notation Severity Deviation (%) Deviation (%) using VD sensors

01 0.14 4.28 7
02 0.22 36.8 112
03 0.32 0.625 9
04 0.21 10 10

Table 5.7: Accuracy of posterior mean approximation.

As a continuation of the benchmark shear frame problem, three different algorithms are tested in
this case. First, MH and HMC are compared as the same scheme in section 4. Assumption that
HMC evaluates likelihood twice than Metropolis-Hasting is made in consistent with section 4.7. The
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simulation setting is also similar to previous case, with 500 burn-in samples, 5000 draws for HMC
and 10000 draws for MH. The results are visualized in terms of credible interval, standard error, and
effective sample size as shown below.

Unlike the shear frame case that some standard error from certain parameter drawing by MH might
be smaller than HMC, those figures depict HMC outperform MH significantly in other aspects though
the credible interval is still close to each other. It is worth noticing that samples drawn by MH have
a high autocorrelation, while HMC has consistently better behavior through all the parameters. It
again illustrates that HMC is more effective and efficient as the complexity of structure goes high in
DI.

Furthermore, variational methods are also important techniques for the approximation of complex
distribution. Being applied in statistical physics, data modeling and neural networks [3], ADVI has
been tested in this context. The details of ADVI implementation can be found Blei et al. [26], only the
results are shown in Figure 5.46. As can be seen clearly in this figure, some of the parameters could
be properly identified by ADVI. But the deviation for the second parameter is considerably large.
This may due to the parametric distribution is still far from the target distribution even though the
relative entropy is minimized.
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Figure 5.46: Variational inference.



CONCLUSION

6.1. CONCLUSIONS RELATED TO THE MAIN RESEARCH QUESTION

Although in practice, deterministic methods where data is used to identify one model to predict
structural behavior are commonly used, Bayesian approach is a more robust framework to cope
with the uncertainty by assigning appropriate probabilities to a series of possible models. Incor-
porating model uncertainty and measurement uncertainty, damage identification using Bayesian
approach is able to infer parameters of a structure given a specific set of measured data. To answer
the main research question:

* Given a civil engineering structure and responses that can be measured potentially, which re-
sponses should be monitored so that the damage identification using Bayesian inference would
give the most information on the damaged condition?

A shear frame is analyzed to capture the clue of this question, after which a realistic bridge is inves-
tigated as a follow-up to validate the features obtained from the previous case. The conclusion is
summarized in three aspects for each case, specifically, acquisition of monitoring data , evaluation
of information content, behavior of different computational algorithms.

6.1.1. DERIVED FROM THE SHEAR FRAME

First of all, using the displacement of each story or natural frequency of the structure as monitoring
data for Bayesian inference is able to infer the stiffness scale factors of the column. However, mea-
suring displacement and natural frequency would have a distinctive performance in terms of infor-
mation carried by the posterior distributions. Using natural frequency as measurable data might
yield multimodal posterior, while measuring displacement always generate a unimodal posterior
regardless the damage scenarios. This is due to the underlying equations of the stiffness parameter
and the measurable responses, specifically, as the measurement uncertainty decreases, the poste-
rior would shrink towards the deterministic solution where there is no uncertainty at all. Given
certain frequency responses, sometime there are two pairs of possible solutions which result in
the multimodality of posterior distributions. In general, measuring different responses from the
structure may significantly affect the information content carried by the posterior distribution of
parameters. In this case, measuring displacement outperforms natural frequency in identifying the
stiffness reduction of the shear frame. This is not only because it has a smaller area of credible region
in all damage scenarios, but the constant unimodality for measuring displacement.
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6.1.2. DERIVED FROM THE FULL-SCALE APPLICATION

To validate the findings from the shear frame case, the conclusions related to the monitoring data
can be drawn as follows. In general, damage severity can be identified using all available sensors
for all possible damage scenarios proposed. Regardless the measurement uncertainty may have a
huge influence on the posterior distribution, the applied damage is involved in 90% credible region.
Moving to the contribution of monitoring different responses, using the most informative sensor
pair could obtain adequate information on the damage state. It is demonstrated that more than
the most informative pair provides negligible gain in terms of information entropy. It is also further
illustrated in high dimensional space where only using displacement measuring sensors could yield
a more informative result than using all the rest sensors. Although this feature may largely depend
on the structure itself, it still offers a methodology to prioritize which sensor to be installed.

6.1.3. GENERAL CONCLUSIONS OF BAYESIAN INFERENCE APPLIED TO A REALISTIC STRUC-
TURE

 Prior analysis is important as some of the inference might be highly conditional on the se-
lected prior, which may significantly influence the result.

* Information entropy is more robust numerically than the credible region to measure the in-
formation carried by posteriors.

* The joint distribution of parameters can be analyzed from a statistical point of view to explore
the dependency structure of two variables: copula analysis. The dependency properties can
be estimated by its matching parametric copula family.

* In higher dimensions, the posterior mean provides an accurate approximation of preset dam-
age, which illustrates that the statistical techniques of Bayesian inference can be successfully
implemented for DI of Civil Engineering structures.

* The hybrid Monte Carlo outperforms the random-walk based MCMC in terms of effective
sample size and standard error in this context. Despite the complexity of the structure, using
responses surface and HMC computational method enables to sample parameters effectively
and efficiently.

6.2. CONCLUSIONS RELATED TO SUB RESEARCH QUESTIONS
The sub-research questions are also analyzed through these two cases. The first question is:

°  What is the most versatile criterion to evaluate the information carried by the probability dis-
tribution of the parameters that reflect damage state of the structure?

In this study, credible region and information entropy are applied as the measurement of informa-
tion content carried by the posterior distributions. Both of them are able to reflect the informative-
ness of the damage identification results.

As for credible region, it is easy to visualize its shape, which provides intuitive information on the
behavior of damage identification. For instance, a circle-like posterior may have an identical area of
credible regions with a line-like posterior, which means they have almost the same informativeness
in this aspect. However, considering the engineering background of the damage identification, a
circle-like posterior tends to be more favorable of determining the damage state of a structure than
a line-like posterior with an equal area of credible region. This is because for a circle-like shape, it
is easier to estimate the potential damage with a relatively small range. Furthermore, the credible
region is able to present the modality of a posterior where multiple modes could be observed. While
the deficiency of using credible region is obvious as well. When determining the credible region,
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numerical issues may happen where the posterior is a spike shape and the density is concentrated
around one point.

Information entropy is introduced as a numerically robust measurement due to this issue. As shown
in section 5.6.3, not only entropy tackles evaluation of information content for the spike shape pos-
terior perfectly, but it seems that it has a more distinguishable scale for different posteriors. How-
ever, when it comes to posteriors having the identical entropy, information entropy is not capable of
recognizing the modality of them which may affect the decision of monitoring data type and sensor
management.

Overall, visualizing credible region assists engineers with choosing a more desirable posterior intu-
itively, while information entropy carries out a series hierarchical value which provides a rigorous
scheme to measure the information content of posteriors. Accordingly, although entropy is a more
versatile measurement of informativeness considering the numerical robustness, credible region
should still be used as a complementary method to support engineers in making decisions.

Moving to the second research question:

*  Which commonly used Bayesian computational algorithms perform better considering the fact
that computational demanding FE model is involved in damage identification?

The MH and HMC are compared in both cases. For the reason that HMC needs to evaluate the
gradient of posterior PDE it assumes that HMC will double the time than MH. The performance is
discussed in terms of the 95% credible interval, standard error, and effective sample size. For the
credible interval, both of them in two cases include the preset value in the credible region, with the
range of the credible region almost same with each other. MH and HMC behave equally well in this
aspect. Besides, the posterior mean in the shear frame case provides close approximation of the
preset damage severity. But for the standard error and effective sample size, HMC outclasses MH
with smaller error and less correlated samples. This is reflected notably in the Leziria bridge case
where the effective sample size of MHC is nearly 10 times larger than that of MH with almost the
same computational effort. As a result, Hybrid MCMC where the random walk behavior is reduced,
the efficiency and effectiveness are both increased in drawing samples of parameters in the context
of damage identification using Bayesian approach. In addition, apart from the MCMC family, the
variational inference method is tested as well. But the result is not as accurate as MCMC family with
only some of the parameters include the preset damage severity in the 95% credible interval.

SUGGESTIONS TO THE ASSET OWNER

* Damage identification for a complex Civil Engineering asset using Bayesian approach is not
only available but also promising with uncertainties taken into account.

* Generally, the number and type of sensors are limited in real-life applications. Nevertheless,
Bayesian analysis coupled with the measurement of information carried by posteriors aids
asset owner to choose the most effective sensor types. The most informative sensor type is
able to extract adequate information of the damage state. Moreover, through the analysis of
the Leziria bridge, one may generally conclude that the most informative sensors always mea-
sure the quantities that are relatively more sensitive to the damage scenario. The sensitivity
of monitoring data is reflected by the informativeness of its corresponding posterior distribu-
tion.







LIMITATIONS & RECOMMENDATIONS

7.1. LIMITATIONS

The limitation is presented in three aspects that associated with the research questions accordingly:
data acquisition, information content measurement, and computational methods.

Data acquisition

* The monitoring data of the studied two cases is synthetic, i.e. generated from FE models. In
practice, the data is acquired from real structures. Multiple model-measurement uncertainty
extents are considered in the simulation studies to cover a wide range of realistic situations.
However, it is impossible to cover all situations that can be encountered in practice. A further
limitation is the mathematical structure how model-measurement uncertainty is modeled,
i.e. additive model.

» The sensor types and locations are fixed, corresponding to the actual monitoring system. The
most informative sensor pair is selected from this fixed set of sensors; therefore, the related
conclusions likely particular to the Leziria bridge and cannot be generalized.

* The majority of the completed analysis is dealing with 2-dimensional problems (i.e. two pa-
rameters to be inferred), and a smaller part is concerning with higher, 4-dimensional prob-
lems. The 4-dimensional problems are restricted to the combination of pier settlement and
prestress. Further combinations and higher dimensional damage scenario description would
be needed to generalize the conclusions.

Measure of Information Content

* Although the process of determining the credible region utilizes the built-in integration meth-
ods of Matlab, sometimes the algorithms fail.

* In higher dimensional cases, the comparison of informativeness of different sensor set is
made based on the scatter plot, which is obvious to compare. Entropy cab be generalized
to higher dimensions, but it is not done in this study.

Computational Methods

* A critical assumption is that the computation of the gradient in case of the HMCMC algorithm
doubles the computational effort of the traditional random-walk-based MCMC is made to
keep the amount of evaluations of likelihood function or its gradient identical. However, this
may be dependent on the custom likelihood functions and samplers.
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7. LIMITATIONS & RECOMMENDATIONS

* Despite the amount of evaluations is identical for comparison, no tuning process is made

7.2.

for different methods. For instance, the performance would be better if the most optimal
proposal function is found for MH or the optimal frog step size is set for HMC

The VI method has not been constrained with the same computational effort due to it cal-
culates the relative entropy as well, only performance with the same amount of samples is
presented.

Only limited computational methods are compared. There are other commonly used algo-
rthms such as transitional MCMC, slice sampling, and Gibbs sampling are not investigated in
this study due to the time limit.

RECOMMENDATIONS

Further study should focus on:

Using the real monitoring data set of a realistic monitored structure

Refining the comparison scheme for different computational methods and involving more
algorithms

Improving the calculation of credible region by finding a more robust method to tackle with
the concentrated posterior PDF

Finding the most informative sensor layout by not fixing the sensor location for different con-
sidered damage scenarios

Exploring more in the higher dimensional space where more parameters can be set to de-
scribe a more complex damage scenario

Extending the copula analysis to capture interesting dependency features
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