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Abstract

Nowadays, as infrastructure systems, particularly bridges, are rapidly aging all over
the world, deterioration of structures is inevitable and may occur at any time.
Concerning the environmental influences, the evolution of temperature, weather,
humidity, and speed/depth of water, as well as the growth of corrosion, rust, scour, etc.
change the internal force characteristics in structures. These random actions accelerate
the structural deterioration and may lead to great structural damage, which decreases the
lifespan and reliability of the systems and even results in the collapse of the bridge. To
save expensive retrofitting, detecting damage at the early stage of the structures stands
to be necessary retrofitting to prevent disasters.

Generally, a global structural system consists of three parts, the structure, the
environment of the structure, and the interactions between structure and its environment
as well as the interactions among the substructures. For some man-made infrastructures,
in their lifetime accompanied by load effects of rains, winds, and earthquakes, etc., kinds
of motion (e.g. wave) pass through them from entry to departure. Meanwhile, according
to the health monitoring axioms, damage may happen inside the structure synchronously
developing from micro to macro and eventually destroys the structure. There is a need
to identify the health status of the structure.

To assess the status of the structure, often parameters considering the stress-strain
relationship and the modal analysis on structural characteristics are the most considered,
like elastic coefficient, natural frequency, damping ratio, etc. On the other hand, when
the structure has damage, the equilibrium of the interaction filed will immediately be
broken and updated, and its characteristics will change at the same time. This interaction
processing, or named as interaction propagation, describing the transmission of static or
dynamic, such as the force processing, and wave processing among countless elements,
like a filed. In this way, the interaction field is formed to describe the interactions.

For the reinforced concrete structure, its mechanical behaviors are often nonlinear



and nonstationary. The structure often involves mixed materials (steel, concrete), and
mixed substructures, which leads to the inconsistent force distribution, and has large
material variability in its lifetime since the combined effect of prestressing. The
indicators in structural characteristics-based damage detection may not accurately
represent the change of the structural health status and the results of structural
characteristics-based damage detection are often not satisfied. That is to say, only
information on the structure is not enough for damage detection in a global structural
system. Accordingly, if we focus on the interaction rather than the structure itself, maybe
the result will be better.

In segmentation, concerning the indicators for damage identification, and risk of
limited sensors used in measurement for the structural damage detection, this thesis
starts 2 topics (A&B), structural assessment and risk evaluation. (A) The research firstly
systematically proposes the method of interaction field analysis in combination data
space for structural damage detection. (B) The hierarchical risk analysis is proposed
since the structural system and the interaction itself is often hierarchical when assessing
and maintaining the structures.

In the thesis, there are 6 chapters.

In chapter 1, the research background and great importance are attached to the
necessity of structural safety and damage detection.

Chapter 2 mainly introduces the state-of-the-art literature and research objectives,
that referring to the shortage of traditional damage detection, it asks to develop new
research on interaction characteristics-based damage detection and conduct experiments
or simulations to test our thought.

In chapter 3, the interaction field is imported into damage detection, which starts a
new method, characteristics-based interaction field analysis, in short, interaction field
analysis. Concerning the interaction processing (interaction filed), it has 4 categories of

basic characteristics, the spread of interaction processing, the channel for interaction
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processing, the amount of interaction processing, and the expansion of interaction
processing in the system. Based on these changing but distinguishable characteristics,
it’s possible to recognize the structure damaged or not. The interaction could be divided
into two kinds, destructive interaction and non-destructive interaction; and the intensity,
amount, distribution, and propagation time of the interaction could be simply mined
from data records. So, in its initial research, the damage indicators turn out to be the
intensity of displacement (IoD) for displacement data in statics, max-peak-time, and
max-peak for acceleration data in dynamics.

Chapter 4 mainly introduces the experiment to test the interaction field analysis. In
this research, in every stage of artificial damage experiment and evaluation, one
destructive test is followed by one non-destructive test (stage 1 ~ stage 9). In the data
processing, the combinatorial but evolutional description at multi-locations for
interaction processing characteristics shows high sensitivity and efficient precision to
distinguish the damage exacerbations in the structure by the variables indicating the
similarity or difference in the timeline. To judge the change of interaction processing
characteristics (data form: matrix) like ToD, max-peak-time, and max-peak, 2-D
correlation coefficient (2D-CC), and distance representing similarity and difference
between initial health status and considered status respectively, are tested. In static
experiment (static loading and tendon cut), comparing result of the interaction field
analysis and traditional mechanical structural characteristic, elastic coefficient, among
all 11 stages, (1) for box girder 2, the elastic coefficient’s effective proportion is 4/10;
while the 2D-CC’s effective proportion is 9/10, so it improves 50%; (2) for box girder
3, the elastic coefficient’s effective proportion is 4/10; while the 2D-CC’s effective
proportion is 6/10, so it improves 20%. Also, in dynamic experiment (impact hammer
experiment), comparing result of the characteristics of interaction field analysis and
traditional mechanical structural characteristic from model analysis, among 9 stages, (1)

referring the same data measured in experiment on box girder 2, the best right
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representation of variables and characteristics for interaction field analysis and modal
analysis are 6/8 and 5/8, which shows the interaction field analysis is better; (2) referring
the same data measured in the experiment on box girder 3, the best right representation
of variables and characteristics for interaction field analysis and modal analysis are 7/8
and 6/8, which shows the interaction field analysis is better as well (improving 12.5%).
Based on the experiment and data processing for both two almost full-size girders, this
research starts the interaction field analysis, which broads a new viewpoint for damage
identification and evaluation of the global structural system, and especially helps
research community to have a deep understanding of the characteristics of interactions
between structure and environment, or among substructures, besides general structural
mechanical analysis on the characteristics of structure itself.

Importantly, in chapter 5, after discussing structural changes in the interaction field
under artificial damages, and surveying the characteristics of the interaction filed, we
have to face a problem that, the number of sensors used for measurement in engineering
is far less than the number of particles of substances that interact in the actual structure.
To recognize the influence of interaction processing on the structural assessment, the
hierarchy is imported to describe the discrete relationship at different levels of the
system. By the way, “fayer” is proposed as the unit of hierarchy (like the dimension in
fractal). In the probability view, the assessment result is called hierarchical reliability,
which surveying the survival probability of the whole system at different fayers. The
hierarchical risk analysis concentrates on the information variation at different fayers of
the same system. The local information is measured at different locations (substructures)
and 1s combined to form the global information. In this process, the density of the
sensors is the key factor. We need to learn the influence of different densities (number
of sensors/elements to be measured in different fayers) to reach the final assessment,
and then by calculating the hierarchical reliability at different fayers, we can set a

standard for damage detection. Concerning the structural reliability systems in practice,
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since they are often designed to be redundant, a new reliability system, named as the P-
out-of-1 reliability system is derived from the so-called K-out-of-N:F reliability systems,
where P={Pi}, i=1,2,3,... is the failure probability of the whole system at every fayer,
Pi=Ki/Ni, 1=Ni/Ni, i=1,2,3... And its analytical solution is given as follows. (1)
Determine the elemental reliability at different fayers by hierarchical data iteration. (2)
Calculate the reliability of the whole system at different fayers.

Herein, we can learn the relationships of reliability among different fayers. These
relationships could be used to guide the measurements employing different numbers of
sensors located at different substructures. And the series of hierarchical reliability
provides the criteria for structural damage detection. By the way, according to the risk
analysis, concerning the cost of labor, material etc. and referring to opportunity cost at
different fayers, the total cost of maintenance design is reduced (18.16% for the case
study of group pile foundation), by comparing the optimal cost to the randomly chosen
cost. Based on measurement for interaction filed analysis, this research starts the
hierarchical risk analysis for structural health assessment and damage detection within
hierarchical interaction processing (in interaction filed analysis) for maintenance
decision-making.

Finally, in chapter 6, it concludes the thesis by a summary of the main findings, the

limitation of the recent research, and some possible future works.
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1. Research Background



In the service life of infrastructure, kinds of damages appear and develop. On one aspect,
the damage mainly occurs due to overload or fatigue!. The structure may also suffer the

damages for the reason of environmental changes like the temperature?, weather?, and humidity*,
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speed/depth of water>®. Furthermore, the cotrosion’, rust®, scour’... will aggravate the damage
to the structure. On the other aspect, there are human factors like (a) oversights in the process
of design, (b) severe service environment, (¢) low-level construction/operation management,
(d) improper maintenance, etc. And moreover, disasters like earthquakes or cyclones happening
unexpectedly in lifetime of structure. Among kinds of infrastructures, the pre-stressed concrete
bridges are ones widely used and used to be specifically concerned. From some surveys of

tth,l 1.12

bridges heal in Japan (Fig.1.1) a (Fig.1.2), damages

exceedingly deteriorate structures forming microcosmical or local damage accumulation; then
from micro to macro, it eventually and suddenly emerges to global damage as a social accident!?.
Actually, this problem is faced not only by Japan and the USA but also by almost all countries
in the world. So, to guarantee the forecasting accuracy of the damage development and to avoid
some sudden disasters, many diagnosis methods have been proposed for damage detection and

health monitoring'* to analyze or recognize the structural health status and play key roles in

forecasting the lifespan and guaranteeing the safety of the infrastructures'

Ea

=

Figure 1.1. Kinds of damage caused by the soil liquefaction, earthquake, rusting, scouring,
freezing and thawing, etc. in Japan.
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Figure 1.2. Types of damage form to the beam-like structure surveyed in the USA.
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Figure 1.3. (1) Array in contact with an aluminum block with pairs of 1.5 mm diameter
side-drilled holes (2) Imaging with a 64-elements array. Left: TFM image. Right: PWI with

single emission at 0°. From the subfigure (2), we can clearly find that the color of locations

with artificial damage (drilled holes) a



In terms of damage detection, usually, four problems are taken into consideration: the
existence of damage, localization of damage, the evaluation of damage, and the prediction of
residual load capacity'®. The scales of detection can be divided into two sub-categories, local
damage detection, and global damage detection'”. When caring for the timeliness of detection,
it can also be divided into online'® and offline!.

Among methods of damage detection, there are destructive examination (DE) a

(NDE)2°-2! | In recent years, decentralized structural health
monitoring (SHM) is introduced into civil engineering® to detect the damage accompanying
by NDE methods, like Ultrasonic Testing (UT) or named as Automated ultrasonic (AU),
Radiographic Testing (RT), Infrared Thermography (IT), and Acoustic Emission (AE), etc. An

example of the Automated Ultrasonic (AU) is introduced in Fig.1.3%.
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Figure 1.4 (1) The Infante D. Henrique Bridge, and (2) The position of the accelerometers

and temperature sensors for health monitoring

Generally, beyond the scheduled or nonscheduled damage detection, the long-term

damage assessment system or health monitoring system is very necessary, as it provides the
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original analyzing data in further structural evaluation in practice. For example, a structural
health monitoring system for the Infante D. Henrigue Bridge can be found in Fig.1.4%*. Often,
a bridge contains five parts (1) span structure, (2) support system, (3) pier and abutment, (4)
cap, (5) well/pile foundation. Correspondingly, the damage assessment system or health
monitoring system will be set at such locations. When doing damage detection and evaluation,
these parts, especially the span structure and the foundation, are often specifically concerned.
For this reason, we mainly concern about the girder used in span structure and the pile
foundation in this research.

At present, the health assessment of the structure based on the data obtained by the
monitoring systems or through other detection equipment is mainly focused on two aspects (1)
Damage assessment, which mainly includes determining the existence of damage, the location
of damage, and the extent of damage, for further carrying capacity. The evaluation lays the
foundation; (2) Status assessment, which is based on the damage assessment, and
comprehensively assesses the current working status of the structure in order to guide the daily
maintenance and repair work.

A bridge health monitoring system usually employs multi-sensors at the key parts of the
bridge to measure the response of the structure, stress, displacement, and dynamic
characteristics, as well as temperature, humidity, etc. Then, the test data are transmitted to the
central control system, and the health status of the bridge structure is evaluated in real/delayed
time according to the predetermined evaluation method, and provide some guidelines for the
decision making of maintenance & operation of the bridge. Meanwhile, the key part of the
bridge is beam and theories of Timoshenko Beam?’, Euler-Bernoulli Beam?® are very famous,
besides the damage detection, as well as the health monitoring for beam-like structure, shall be

specially taken into consideration with great determination from social society.

According to the above substantive definition, the structural health monitoring system is
to diagnose the conditions and environmental factors that may lead the structural damages or a
disaster, and to assess the signs and trends of structural performance degradation so that the
measures for maintenance can be taken properly. The traditional detection methods along the
bridge health monitoring system could indicate the development of damage, emanate the early

warning, and emphasize the existence of the damage for the maintenance and reinforcement.

In a global structural system, 3 parts, structure, environment, and their interactions are
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often concerned. To understand the information of this global structural system, three aspects
of information should be taken into consideration as well, structural information, environmental
information, and information of interaction. In Fig.1.5, the structural information is described
as the information on the structural inherent features/nature of the structure, the environmental
information is the information to describe the environment around the structure, and the
interaction information (interaction field information, when describing the interaction in the
language of filed) is to describe the interaction between the structure and its environment, i.e.
the motion propagating through the structure and its environment. In many instances, the vast
majority of previous studies are more likely to concentrate on the structure itself to investigate
the information like the resistance (as a distribution), natural frequency, damping ratio, etc. The
stability of structural information is one of the most common and basic definitions in civil

engineering.

— Loads transferred to the ground

[

Figure 1.5. A typical continuous beam bridge. In the sense of space, there are three kinds of
information for a structural system: the information on the structure system (inherent nature
of the structure), information around the structure system (environment), and the information

through the structure system (Interaction between structure and environment).

Though the research on the variation of environmental information is relatively scanty, it



still attracts the attention of many researchers in ocean engineering, coastal engineering,
environmental engineering, and research of corrosion, rust, weathering, etc. In damage
detection, the research of environmental information often concerns the environmental impact
on the structures or structural components under different environmental conditions and various
structures/components. The variation of the environment is to survey the environmental
characteristics to investigate its stability when interacting with the structures, i.e. the severity
of the environment and the ability of the environment to regulate itself. In details, the activities
of humans or other living organisms, or other natural factors, can cause environmental damage
and various environmental information will change accordingly. On the one hand,
environmental stability is about whether an environment can adapt it to a structure or human
survival within a controlled range. On the other hand, it is about its ability to dissipate energy
during earthquakes, typhoons, etc., to demonstrate whether it can effectively recover itself to
reduce the impact on the structure and people after these natural factors. This kind of research
often measures the environmental impact through the stability analysis of batch structures or
components under different environmental conditions and indirectly determines the stability of
environmental information.

The interaction information is a link between structural information and environmental
information. The stationarity of interaction filed characteristics indicates the stability of the
continuous interaction and in addition, it will directly determine the stability of the interaction
or interaction field. In general, for a specific structure, often its basic environment is fixed and,
in most cases, there is no need to discuss environmental stability. Moreover, there has been a
lot of research discussing the ability of the structure to sustain the change of environment and
it is the mainstream of reliability or the research of system equilibria (force, energy, etc.)
nowadays. However, the research on the variation of interaction information has not yet been
highlighted and expressed comprehensively, and interaction information even has not been
treated as a separate piece of information besides structural information and environmental
information. Based on the different sensitivities of the two, it can more effectively understand
the changes of the structure itself, which provides a new way of thinking for the refinement of

structural assessments, facilitating people to better control and maintain structural details.



2. Literature Review and
Research Objectives



2.1 literature review
2.1.1 The Axioms of structural health monitoring

To have damage detection for the structures, we must refer to the Axioms of the structural
health monitoring which are proposed by Worden, K. and his colleagues®’ firstly that:

Axiom 1: All materials have internal damage;

Axiom 2: The assessment of damage requires a comparison of the two states of the system;

Axiom 3: Non-reference studies can be used to determine the presence and location of damage,
but a reference study model is needed to determine the type and extent of the damage.

Axiom 4a: The sensors alone cannot measure damage, and feature extraction in the statistical
classification of data processing can convert sensor acquisition data into damage
information.

Axiom 4b: in the absence of intelligent feature extraction methods, the test method is more
sensitive to damage, the influence of operation and environmental factors on test
results is greater.

Axiom 5: The length- and time-scales of the onset and development of damage dictate the
properties required by the structural health monitoring sensor system;

Axiom 6: There is a trade-off between the sensitivity of the algorithm to damage and the ability
to resist noise interference;

Axiom 7: The size of damage that can be measured by changes in the dynamic response of the
system is inversely proportional to the size of the frequency range that can be excited.

According to these 7 axioms, influenced by the specific environment, any structure will
have damage in different scales, and the damage evaluation with a standard will reflect the real
situation compared with the ideal health condition of the structure.

2.1.2 The NDE techniques in structural damage detection

Right now, the NDE techniques are widely used in damage detection worldwide. Here, some
common methods are introduced. As introduced in the research background, there are
Ultrasonic Testing (UT), including Automated Ultrasonic (AU), Radiographic Testing (RT),
Infrared Thermography (IT), and Acoustic Emission (AE), etc.

1) Radiographic Testing (RT)?®

Radiography testing is often used to obtain a permanent image of the surface discontinuities



at different periods in structural service life by comparing the changes in size and shape of these
discontinuities. Common applications can be found in castings, forgings, corrosion mapping,
reinforcing materials, etc. On the contrary, digital/computed radiography, and film radiography
are the most often used test methods, especially the digital/computed radiography, which can
be stored and compared faster and with higher accuracy.

2) Infrared Thermography (IT)*

Infrared thermography can be any equipment or method used to detect the energy inferring
which is emitted from objects. It displays the image of temperature distribution. Accurately and
differently to name the equipment and method, the equipment is called infrared thermograph
and the method is called infrared thermography.

3) Ultrasonic Testing (UT)*

UT is a group of NDE techniques based on the ultrasonic wave propagation in the materials
or structures. It utilizes some short ultrasonic pulse-wave with 0.1~15 MHz center frequencies
and transmitted into materials occasionally to 50 MHz, to identify the wave characteristics in
such materials. For example, ultrasonic thickness measurement is often tested to monitor some
corrosion of the pipe. Automated ultrasonic testing usually incorporates computer software
which aiding detecting discontinuities and reduces the inspection time in applications!. An
example of the Automated Ultrasonic (AU) is introduced in Fig.1.3.

4) Acoustic Emission (AE)??

Acoustic emission (AE) means some phenomena of radiation of acoustic (elastic) waves
occurring during the processes of mechanical loading in solid (structure), leading as a result of
crack formation or plastic deformation of material aging, temperature gradients, etc. Particularly,
AE is regarded as the consequence of structural changes generated when the accumulated
elastic energy inside the structure or at the surface of the structure is released rapidly, that
indicating the location of damage, and characterizing the acoustic when applied in SHM.

The comparison between technique 1, 2 and technique 3, 4 can be found in Table 2.1.

In infrastructural engineering, among kinds of damage detection methods, besides the force-
related parameters, the vibrational parameters are often measured, and those characteristics,
like the intensity, the frequency, etc. are often concerned simultaneously. For example, the
hitting/tapping experiments produce some man-made stress waves. It generates mechanical

stress on the structure by mechanical action, then measures the stress wave inside or on the
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surface of the structure through the deployed sensor, and determines the safety of the structure

through certain technical means such as modal analysis at last.

Table 2.1 The comparison between RT, IT and UT, AE on some basic information.

Aspects of comparison RT, IT UT, AE
Radon transform; Tomographic Acoustic embryology;
Basic introduction measurement; Reconstruction, one The phenomenon of radiation of
kind of algorithm. acoustic/elastic waves.
Diagnosis Target Mainly Local Mainly Local
Experiment Subject Structural characteristics Structural characteristics
) Indirectly, Deconstructing system Directly, Locating the change of
Experiment method
changes and locate the damages the system
Data using Posterior (after the event) Real-time ((very near the event))
Evaluation information Filed of velocity etc. AE event (time-series)
Computational .
. high low
complexity
Calculation indicator Velocity filed Frequency variation, b-value
Geometric parameter Local information is needed Local information may be needed

2.1.3 The data processing methods for signal processing in damage detection

Firstly, let me introduce the data space used for data collection in the experiment analysis
in the thesis. In a data space, the selected mathematical objects are treated as points related to
each other. The modern mathematics has proposed types of spaces?®, including Euclidean
spaces, affine spaces, probability spaces, linear spaces, Hilbert spaces, Banach spaces, and
topological spaces, etc. and these spaces will be used in various disciplines in mathematics and
other departments. The data processing in damage detection usually concerns the general space,
and also sometimes, the subspace, the subset of the space. If we treat the general space as “17,
and set the subspace as a “fraction” (in measure theory [0, 1]), maybe we will ask whether there
is a need to have other positive integers (greater than 1) involved in the research. That’s why
we want to propose a new notation, “combination space”, inspired by the subspace.
Mathematically, a subspace refers to a partial space whose dimensions are smaller than the full
space. As the name suggests, the combination space is the combination of the spaces, defined
as the expansion of the set or the synthesis of sets by arithmetic operation, logical operation, or
other operations. From a certain point of view, the combination can be treated as space mapping

in topological space as well.
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The general data processing of damage detection or health monitoring has the same
framework as information identification in any data space which can be divided into four sub-
processes. They are (1) practicality assessment, (2) data acquisition and purification, (3) feature
extraction and data compression, (4) development of statistical models*3>.

Let’s return to the SHM, the basic problem of SHM is to identify the current state of the
structure based on the dynamic response of the structure in health monitoring. The state of the
structure could often be described by structural modal parameters (mainly on natural
frequencies and modes) a (mainly stiffness parameters) in
some specific data space. In this paper, they are both called the characteristics of the structure.
The physical parameters of the structure are the direct expression of the state of the structural
performance, and the parameters that need to be applied directly to the structural evaluation.
Structural modal parameters are functions of physical parameters, which can directly reflect the
changes of structural physical properties qualitatively or quantitatively. Therefore, modal
parameter identification and physical parameter identification of structures are important parts
of structural health monitoring for traditional damage detection.

Any structure can be regarded as a mechanical system consisting of physical parameters
such as stiffness, mass, damping, etc. Once a structure is damaged, it will cause structural status
to have a change and thus change the static/dynamic characteristics of the structure. The change
in dynamic characteristics can be measured by a dynamic test. The vibration-based damage
identification technology is based on the above principles and uses the changes in the dynamic

characteristics of the measurement structure to diagnose structural damage.

2.1.4 Modal analysis

In traditional nondestructive examination (NDE), the modal parameters, like natural
frequency, damping ratio, modal assurance criterion (MAC) or its modified version coordinate
modal assurance criterion (COMAC) of the mode associated with each natural frequency?®, are
often used in damage identification.

There are many kinds of damage detection methods in modal analysis, such as A. damage
identification method based on natural frequency, B. damage identification method based on
mode shape, C. damage identification method based on stiffness matrix and flexibility matrix,
as well as damage identification method based on displacement and strain parameters, damage

identification method based on artificial intelligence, wavelet-based analysis damage
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identification methods, and statistical damage identification methods, etc.

Here we choose the three most common methods of identification.

A. Damage identification method based on natural frequency and damping variation

Natural frequency variation is the most common indicator and has a long history to detect
the structural damage; also, the natural frequency is one of the most easily obtained parameters
in the structural modal analysis, and its test accuracy is high. Damage to the structure will result
in a decrease in frequency. which directly promotes the application of frequency-dependent
sensitive parameters in structural damage identification®’.

However, there are some shortages of this method. (1) Natural frequencies are sometimes
insensitive to early damage to the structure, and often, only damage is found, and the location
of damage cannot be determined. This is because damage at difterent locations may cause the
same frequency change. (2) While the damage location is in the high-stress region of the
structure, it is more reliable to use the change of the natural frequency for damage identification,
but when the damage location is in the low-stress region of the structure, the damage
identification cannot be performed by the change of the natural frequency. (3) As the degree of
damage compared with the early stage of the structure decreases, the natural frequency shifts
from low to high order, while changes of the high-order natural frequency are difficult to obtain.
Therefore, the change of the natural frequency cannot identify the small damage in the structure.
(4) Frequency is a global quantity of structural characteristics. It is insensitive to the local
damage of the structure, and the use of frequency as a sensitive parameter cannot identify the
damage of the symmetrical position of the structure. Therefore, if the structural frequency is
used to identify the structural damage alone, a larger identification error will appear.

Also, pieces of research concern the damage-sensitive parameter of the damping ratio*®>°
corresponding to some specific natural frequency nowadays in the modal analysis. When using
the damping for damage detection, people often collect and analyze some free vibration
signals*’, especially when using different damping values for multi natural frequencies?!.
Nonetheless, there are concerns due to fluctuations of damping ratio in experimentally
identified modal in vibration-based SHM that the precision of the damping ratio for damage
detection is still a problem.

B. Damage identification method based on the change of vibration mode

Although the test accuracy of the mode shape is lower than the natural frequency, the mode
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shape contains more information about the structural state. Compared with the natural
frequency, the change of mode shape is more sensitive to damage, and the location of the
damage can easily be determined by this method. Many scholars proposed some related
parameters such as MAC, MSF, COMAC, COMFS, and curvature modes on the basis of mode
shapes, and developed a variety of damage identification methods based on mode shape changes
such as modal confidence method, modality Orthogonal method, mode change method, etc.

However, studies have found that the use of numerical simulation and experimental
methods to study the modal parameters of the specimen is due to damage changes. Also, the
conclusion is that the MAC value is not sensitive to the emergence of the damage*?, thus
although the MAC shows a regular decrease with increasing damage, the errors due to
experiments and signal processing are often more pronounced than those caused by damage.

C. Damage detection technology based on structural stiffness matrix and flexibility matrix.

Generally, when the structure has damage, the stiffness matrix provides more information
than the mass matrix. When large damage occurs in the structure, its stiffness will change
significantly. Therefore, many scholars use the change of the stiffness matrix to study the
damage. Structural damage will increase the flexibility of the structure. Therefore, the change
of the structural flexibility matrix can be used as a detection indicator of damage®’.

For the disadvantages of this method. On the one hand, because the higher-order modes of
the structure are difficult to accurately obtain in the test, it is difficult to obtain a more accurate
structural stiffness matrix; on the other hand, the flexibility matrix is insensitive to changes in
the structural quality relative to the stiffness matrix**. Since the elements of the structural
flexibility matrix are few, the damage judgment using it directly is easily interfered with by the
test noise. For modal analysis as a whole, there are also many disadvantages to the existing
modal parameter identification methods.

a) The unknown excitation is generally assumed to be a stationary random excitation (w
), and the actual engineering structure is usually subjected to a very complex unsteady
signal, which cannot fully comply with the white noise assumption, making these methods
limited in engineering applications.
b) For the actual engineering structure, the excitation often leads a nonlinear time-varying
signal lacking adequate stability which can be recognized by naked-eyes. When the

parameters are identified, the recognition results may appear unpredictable errors.
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¢) Theresponse of the actual engineering structure in its environment is generally smaller and
more random. Noise is an unavoidable problem. How to reduce noise or denoise needs new
ideas and means.

d) Each existing identification method has its own scope of application and does not
completely solve the problem of modal parameter identification in practice.

1)  The identification method in the frequency domain has the drawbacks that it is
difficult to evaluate the characteristics of the unit. Then, it is difficult to consider the
time-varying of the structural parameters, the accuracy is unreliable, and the
identified characteristic index is not intuitive.

2)  For the time domain identification method, the accuracy of identifying low-order
modal parameters is often not high, and the low-order frequency is precisely the
engineering community's interest.

How to improve the measurement preciseness, and how to improve accuracy and efficiency in
modal analysis to meet the needs of online monitoring, ask for further in-depth research.

2.1.5 Inspirations from earthquake engineering and flood control project

In seismic studies, the epicenter of earthquakes, magnitude, intensity, propagation time,
types of vibration waves, etc., are all critical research parameters. In order to understand the
ground motions, we recognize geophysics, geological structures, fault zones, and even crack
rock on slopes or mountains in the seismic process. People understand what is happening inside
the earth through the waveform of seismic motion and the propagation of ground motion. In
some sense, Acoustic emission (AE) used in damage detection is similar to the Earthquakes. Of
course, sources of energy such as volcanic earthquakes may be more abundant. The wave
transferring in the structure is similar to the seismic wave transmission in the Crust, where the
characteristics of wave propagation can be sensed to detect damage. On the other hand, when
we discuss disasters, we often mention the flood control (flood protection). In the process of
flood development, when assessing the extent of the impact of the flood on the watercourse, the
flood peak is the key parameter, and the peak movement is another key. When flood prevention
work is carried out, the arrival time of the flood peak is very critical for the decision making
for the managers. The movement rule of flood has different inflow volumes in different years,
but it can maintain relative stability every year. The difference lays in the situation of the

watercourse. The transmission time and intensity of water flow can also be different.
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On the basis of inspiration from earthquake engineering and flood control projects, we
discuss structural damage and hope to understand structural changes from the most basic
propagation signals. In the measurement process, people often get time series. According to the
survey in our experimental analysis, the similar indicators (max-peak, max-peak-time) of
earthquake and flood can also be used to understand the structural changes in essence. Through
a comprehensive analysis of the horizontal and vertical axes of the time series, the changes in
the structure caused by the damage development can be quickly found through comparative
analysis with the health status.

On the one side, the max-peak in the proposed method is generated by the impulse wave.
The variation experiment used impact hammer to hit the box girder in different locations and
recorded by the acceleration sensors in different locations. In Fig. 2.1 (1), the distribution of
waves in the surface of the structure is different, then there is a distribution for different
locations (which can be treated as one kind of extreme value distribution). The max-peak is
related to the transmission process of the energy of the impulse wave. When there are damages
in the structure, the distribution will change as well. On the other side, max-peak-time is another
indicator mined from features of wave propagation for damage detection of the structure. When
the damage is developing in the structure, the route of the wave will change. E.g., in Fig. 2.1
(2) at first, it is route B, then it may be route A or C when the damage of structure exacerbates.

The speed of the wave is often treated as constant. In a different route, the time used to
reach the objective locations from the same location of input will be different. Moreover, the
ratio between max-peak and max-peak-time will be another indicator, which is related to the
max-peak and max-peak-time at the same time. It shows the speed of transfer between crest and

trough as well as the cracks/voids growth in the system lifetime.
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Figure 2.1. (1) The power distribution of wave for the propagation of the impulse wave in the

system, (2) The wave route for different conditions of the system.

Table 2.2. Damage detection inspired by earthquake engineering and flood control.

Structural damage detection Earthquake engineering Flood control project
Max-peak Earthquake magnitude Flood crest
Max-peak-time Arriving time of the earthquake Arriving time of the flood crest
Structural condition Geological conditions River etc.
Non-Destructive Seismic intensity Damage evaluation
Wave route Fracture & epicentral distance etc. Path of the flood

When treating the interaction field as an Overall System Description, its characteristics
should be studied; the interaction field characteristics (IFC) inspired by the earthquake
engineering and the flood control can directly show the change of the structure with damage
developing (Table 2.2) describing the overall interaction filed.

2.1.6 Hierarchy and K-out-of-N system

Concerning the interaction, the multi-scale and hierarchy in measurement must be taken
into consideration. The research on the multi-scale has been studied very often®, while the
research on the hierarchy is seldom mentioned. But for discrete structural systems, or for the
real world, this is quite necessary.

46.47 and graph

The hierarchical system is a fundamental concept from universe theory
theory®®. For example, “...proton, atom, and molecule.. . Earth-Moon system, the Solar system,
and the Galaxy...” that, atoms have the protons as their own components while themselves as
the components of the molecules, and the Solar system contains the Earth-Moon system while

takes itself as a part of the Galaxy. Other cases like taxonomy, division of the administrative
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area, structural dismantling, as well as work breakdown structure, traffic network can also be
categorized into the same framework of hierarchy. However, there are some misunderstandings
about this concept. Hierarchy sometimes is regarded as the same idea as to scale®® when
comparing sub-system with the whole system.

However, the emphasis of the hierarchical system is focusing more on the subordination
and logicality of components rather than the description of the scale. The scale can only be
treated as one kind characteristic or the description of the hierarchy and the scale is often used
in continuous situations. However, the scale and hierarchy often have the same system structure
and the discrete system is the reality of this universe. A good selection of scale is quite important
to form a reasonable hierarchy. As we all knew before, the research at different scales and
system evaluation based on different scales, the results may be different.

Among many reliability problems®*>!

, the K-out-of-N system is one kind of recurring
system in practice, existing in a variety of engineering applications. There are two kinds of K-
out-of-N system namely K-out-of-N: G*? and K-out-of-N: F> | in which, the K-out-of-N: G
system means at least K components surviving in the entire system of N components, while the
K-out-of-N: F system requires if and only if at most K components failed for a system contains
N components to fail. In this paper, the K-out-of-N system refers to K-out-of-N: F. Specially,
the K-out-of-N system, when N=K=1, it turns out to be a general reliability problem.

Usually, the related studies on hierarchical reliability were unintentionally discussed.
Research of K-out-of-N is usually not only focusing on the original purpose of this topic, the
reliability improvement>*, efficiency >, and repair capacity>®, but only caring about the
parameter or parameter relationship between system and sub-system in dynamic changing K in
the K-out-of-N system®’*%and cases with incomplete information®®. At the same time, research
on the optimization with sub-systems to reach some high reliability of the system®’and the K-
out-of-N system in a serial-parallel style that the local systems (sub-systems) having an impact
on the whole system’s changing®' is not discussed in details. Recently, some researchers tend
to use the hierarchical model for analyzing the K-out-of-N system problem utilizing the
artificial weighted method to solve such kind of problem® in engineering practice, including

damage/disaster prevention and control.
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2.2 Research idea, objectives and scope of the thesis

Concerning the interaction processing, in the sense of dissipative structure theory®*for some
real cases, like giant dams, super buildings, steel plant, etc. even for an ordinary girder, the
motion will have dynamic states of balance and unbalance between input and output through
such very likely non-linear, non-stationary system for the reason that it is highly impossible to
provide a physical and chemical basis of evolution towards structures of increased complexity®*.
The examples of dissipative structure also exist in heavy machinery construction, nuclear
reactors, and large span pre-stress concrete bridge...especially in those complex structures, the
motion in the system is very hard to describe and represent, but it helps the structure realize
new equilibrium in self-organization®. So, it often uses the method of black-box or grey-box
with just input-output or accompanied by some special structure information, to understand the
inner interactions of the system.

For structural and environmental characteristics, many researchers have done a variety of
work, such as model analysis, hazard analysis®®, etc. However, for decision-making in civil
engineering, generally. people will prefer to consider kinds of characteristics of structure®’
more to find indicators showing what happened and changed in the structure. The indicators of
static and dynamic characteristics will be used; and they are not only of flexibility and stiftness

d68,69,70

matrix-base , of frequency change based’!, of damping ratio change based’?, of mode

shape change based’”, or some hybrid damage detection methods’73-7°, but also, general

77,78,79 80,81

numerical evaluation methods , and some novel methods using intelligence calculation
and photographic tools/algorithms®2. For better practice, usually, the research on characteristics
in decision-making cares much more than the structural characteristics that it accounts for that
a structure must stay in the environment and interacts with its environment. So, some aspects
of the environment should be considered as well®3-8¢. Regarding definitions, the kinds of
features to describe the interaction are called interaction characteristics; and the method to
analyze the change of interaction characteristic is named as the characteristics-based interaction

field analysis. Once the characteristics of swarm behavior® of sub-structures (or swarm

behavior in different locations of the structure, being similar to flocks or particle swarms.) ca

. In recent research, even some of the research more or less have the method of IFC-

based involved in their researches, like AE®®, but they did not theoretically standardize this
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mechanism of interaction characteristics in engineering.

The first main purpose of this research is to clear the application of interaction processing
in the structural damage detection and to develop a series of indicators for damage identification.
Parameters used for experimental data processing inherits from general static and dynamic
methods in traditional health monitoring or damage detection. In the experiment (Chapter 3),
an offline case of global damage evaluation for girder with artificial damage is considered in
the interaction processing of both statics and dynamics.

Moreover, the reliability for the complex system often means evaluating the capacity of
risk defense to keep the eligible function®”of the huge system which contains a large number of
subsystems/modules/components with target cascading method % . However, since the
measurement of interaction in/on the structure is hierarchical that one-time measurement is not
able to determine the true state of the system that only a possibility of failure of the system is
obtained. Also, for the need of safety and efficiency of the performance, functional surplus,
ultra-stability, and failure-reservation are needed to be considered in the analysis. For complex
systems, failure probability can be obtained by hierarchical clustering® with the principles of

190

parallel and serial™”. The hierarchical reliability has been used in various applications including

circuit’!, software®?

, and electric power system®® and even in human reliability analysis®.
However, all these former works are studies for a probability system whose structure is fixed.
If the information is not fully known, model updating techniques should be introduced such as
Bayesian logic®, Bayesian networks’®. Furthermore, in some reliability rescarches, the
components are often treated as independent”’. The components’ failure events and interactions

among these components are regarded as constant’®

. However, in order to obtain more accurate
reliability value for subsequent decision-making, such intricate and sophisticated formulation
of failure events should consider correlations among components®’.

So, the second main purpose of this research is to propose the hierarchical risk analysis
(hierarchical reliability) for the structure in hierarchical interaction. In interaction field analysis,
the damage caused by the interaction can be hierarchical, and on the other hand, the capacity of
the structural resistance to the interaction, and this kind of resistance is also hierarchical. Until
now, not too many studies have concentrated on the specific problem of the hierarchical system.

The influence of hierarchy to the system risk assessment for the interaction distribution to the

discrete situation, as well as its measurement, has not been studied yet.
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2.3 Organization of thesis

This thesis is organized into 7 chapters as follows.

As mentioned above, Chapter 1 outlines the motivation, research background, and
Chapter 2 presents a concise literature review, research idea, objectives and scope of
thesis for the health evaluation structure in circumstance of interactions, as well as the
basic concepts of the interaction processing, the brief introduction of interaction field
analysis, and hierarchical reliability of structure.

Chapter 3 introduces the theory work of interaction field analysis as well as the
interaction characteristics which describing the interaction field.

Chapter 4 mainly applies the interaction filed analysis in damage detection, including
the experiment (three almost full-size pre-stressed concrete box girders), and data
processing, and damage detection. This chapter is the main part of damage detection,
which introduces the data reconstruction for characteristics of the interaction field.,
variables of the interaction characteristics matrices, and the data processing for
damage detection. Then the analysis, comparison with modal analysis, and
engineering significance are discussed.

Chapter 5 discusses the uncertainty within the measurement and structural evaluation
when applying the interaction filed analysis in the circumstance of hierarchical
interaction by proposing a new modal of redundancy reliability system (P-out-of-1
system) a

Chapter 6 concludes the thesis by a summary of the main findings, the limitation of

the recent research, and lists some possible future works.
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3. Method and Theory Work



3.1 Motion transferring and interaction processing

In structural statics, the interaction field analysis is a method to recognize the force
(interaction processing of the varying force), or the varying displacement, etc. In structural
dynamics, the interaction field analysis is a method to recognize the swarm-behavior of the
waves (interaction processing of the varying waves) using different measuring types of
equipment, the recorded data may be time series of displacement, acceleration, velocity, etc.).

Specifically, to simulate the interaction processing, there’re three basic methods in different
scales for different levels of fineness: method of Graph and method of Element (finite element
method, boundary element method, etc.) responding to the macroscale, Lattice Boltzmann
method'® (LBM) responding to mesoscale, and method of Field responding to Microscale.

In general using, the accuracy of LBM method is between of graphic/element method and
of field method; the graphic method is often used in the search for propagation path of
interaction processing in structural systems, which have clear boundaries while element method
often do not have; for higher preciseness, the method using field theory is more mathematically
to describe the interaction processing in fluid mechanics, gravitation, or geomagnetism. ..

Here is an example of LBM to describe the interaction processing/filed in Fig.3.1, and

suppose there is some damage or interspace in the structure; wherein Fig.3.1(A1~D1), there is

a Line-Crack-barrier and in Fig.3.1(A2~D2) there is Round-Hole-barrier.

Figure 3.1. Simulation by LBM for the interaction processing in the space in different stages
(A, B, C, & D). where Al, B1, C1, DI simulate the Line-Crack-barrier, while A2, B2, C2, D2
simulate the Round-Hole-barrier. Interaction is imported into the system with a limited
boundary continuously.
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The interaction field is described as either the content of physical information exchanges
between structure and environment (Lagrangian description!®') or some dynamic field in
mechanics (Eulerian description'?) that the motion or interaction, transferred into the system
or structure by the environmental influence. It will be flexibly applied in this research and based
on common sense and research conventions; we don't have to make too many statements.

3.2 The method of characteristics-based interaction field analysis
Comprehensive theoretical research could be found on structural intensity measurements

103

and energy conservation law'™” that the interaction processing will change when the structure

changes. Also, the change of interaction processing shows the change of the system/structure

104 the structure has interactions with its

in turn. In the infrastructure or any other open system
environment, where the interaction processing within space distribution shows the relationships
and differences among sub-systems at different locations, and the interaction processing
updating in time axis shows the differences in different stages of system’s lifetime. However,
in engineering application, the input and output measured at both time and space are sometimes
hard to obtain, especially for the overall investigation of output, and also in some systems, they
are often nonlinear and nonstationary, so directly describe the interaction processing in the field
to indicate the change of the system is usually impossible. Then the interaction field
characteristics are suggested to approximately indicate the change in interaction processing.
Furthermore, for the detection and identification of damages, the characteristics-based
method pays close attention to the damage spreading (e.g. the growth of crack), structural
integrity (e.g. structural disintegration), signal propagation in the system (e.g. the power change
of frequency, by fast Fourier transform), migration of equilibrium between load effects and
resistance,... kinds of structural parameters used to describe the change of interaction

processing in confined time or space in a limited universe mode] '

, such as the energy
propagation or force distribution changing in a system. Sometimes in dynamics, the interaction
processing often means waves.

On the other hand, traditional wave research mainly focuses on the department of
communications, for example, Hertz wave in the optical fiber communications, where the
frequency response, time-history response, are often applied to evaluate the information

processing. To compare the wave in communication and structure, the difference of fidelity

qualities for wave transmission between the fiber and the structure is how to grasp the extreme
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capability of variation. In the definition of the reliability of the communication system, like the
optical fiber communication system, the reliability is to ensure the functionality of the system
by providing high-quality signals in transmission. However, the same definition of wave
reliability in the system is hard to guarantee for two reasons. First, the frequencies of waves in
the system are miscellaneous and integrated. Second, the changes of waves in the structure are
gigantic. So, to avoid the chaos of evaluation for different waves in different frequencies, the
swarm behavior of waves in the structure is surveyed in interaction field analysis.

The interaction field analysis defined here is to evaluate the stability of transmission of
waves in the system or the resistance to change of waves’ swarm behavior influenced by the
structure. For different systems that the waves go through, the change will be different. These
systems for propagating interactions can be divided into three groups.

® Group 1, is the interactions that do not change or just have an infinitesimal change,

including the optical fiber mentioned.

® Group 2, the interactions have a linear or nonlinear but stationary change, which can

be described using known equations.

® Group 3. the interactions have a nonlinear and nonstationary change that cannot be

described by any known equations.

For the second and third groups, the characteristics of the interaction field will have a
continuous change along with the change of the waves itself.

But usually, in order to distinguish the interaction focused method from other methods,
according to the description of a system, that some basic concepts like development (because
of the interactions between system and its environment, among different sub-systems...),
framework, components (elements, contents...), boundary, etc. will be considered!°®!%7 which
turns out to have relationship with the damage diagnosis, for example, Appendix 1.

Concerning the division of characteristics of the interaction field, 4 categories of basic
characteristics are introduced corresponding to these four concepts of the interaction processing:

@ C(Category 1: Spread of the interaction processing, i.e. the characteristics to describe the

spread of motion in the field. For kinds of interactions (described as a field), the spread
of the interaction processing has many characteristics to reflect the status of structure
in kinematics and kinetics according to the different descriptions (Lagrangian

description and the Eulerian description).
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= Such as acceleration, speed, travel/propagation time, displacement, etc.

® (Category 2: Channel of the interaction processing, i.e. the characteristics to describe
the channel that the motion goes through the field. It is about the distribution of
interaction processing in the system and the route of interaction processing in the
system, where the natural optimal and most reasonable results can only be measured

in field experiments and even the most state-of-the-a

-sectional area, etc.

® (Category 3: Amount of the interaction processing, i.e. the characteristics to describe
the amount of interaction intensity in the field. The evaluation of the interaction
amount can tell people the changes in flow propagation between carriers or interaction
units. The amount of interaction processing may be measured at different locations
(local interaction) a

(entirety) of the interaction filed.

= Such as mass, pressure, quantity, intensity, strength, etc.

® C(Category 4: Expansion of the interaction processing, i.e. the characteristics to describe
the expansion of the interaction processing in a specific system or systems without
clear boundaries. There is an assumption that, in nature, any interaction cannot exist
forever. It must have a life cycle or space boundary, carrying this interaction from its
creation to its demise. In addition, under pure inertial conditions, interaction is still
considered a system or the desired capability.
= Such as lifetime, propagation region (depth, width, or boundary).

Usually, for a specific system, if the motion can stably go through the system, these
characteristics will keep the same; in space view, the energy of interaction from input to output
should be consistent; in time view, the speed of motion also should keep equivalent between
input and output; for the channel of interaction processing, the basic topology & cross-sectional
area should keep the same if the motion is stable; and moreover, the amount, lifetime, but also
boundary, etc. of interaction’s processing in the system should be the same synchronously.

The interaction field has four categories of characteristics, but their principles, standards,
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methods, ease, convenience, and accuracy... of measurement may have some differences. Of
all related reasons, the intensity of interaction is one simple division standard (other methods
may concern the quality of intermedia or the damping of interaction processing in the
intermedia, etc.). As the Fig.3.2 shows, when the interaction processing’s intensity increases,
the structural response which directly influences the observability and measurability, the
structural response will be more easily observed and measured that the efficiency of
observation/measurement will increase, and the damage detection will also transition from
NDE to DE. From small to great, the response of a structure can be divided into EPM (extremely
poorly measurable), PM (poorly measurable), M (measurable), DO (destructive & observable),
and SDO (severely destructive & observable). In

DE

DE: Destructive Experiment
NDE: Non-Destructive Experiment

x : the response of structure

EPM: Extremely Poorly Measurable
PM: Poorly Measurable

M: Measurable

DO: Destructive & Observable

SDQO: Severely destructive & Observable

8

'EPM  PM M DO SDO x : the response of structure

y : the efficiency of observation/measurement Y, the intensity of interaction
=

.2. The relationship of a possible diagrammatic sketch between the intensity of
interaction processing and the structural response which directly influences the observability

and measurability, or in other words, the efficiency.

In general understanding of Fig.3.2, for the DO and SDO, the response of the structure to
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the interaction processing can be linear and even exponential level, in such cases, the efficiency
of measurement/observation can be much higher and even near 1 that the people can directly
notice the state change of structure with minimal error in observation. While for the M and the
PM, the response of a structure is much worse than linear, even the level of rooting or logarithm,
that cannot be observed by the naked eye directly, and how to define the exact value or the value
of boundary efficiency 4, » is depending on the specific measurement or different standard. For
the EPM, the efficiency often equals 0, and the general tools of measurement are useless. In
fact, the increased accuracy, recognition and sensitivity of the experimental equipment will
further expand the range of the observable and measurable. The method of acoustic emission is
an example used in the EPM. However, in our general sense, it still belongs to the EPM.

Also, for the cases of the DO and the SDO, the change of the response can be directly
measured, but for more information, the interaction processing will be taken into consideration.
Also, of all kinds, for the case of the PM, the interaction processing will be much important that
it can help to detect more changes in the structure. So, in the design of the experiment, there are
two aspects should be specially considered. On one hand, for the reason of the interaction, the
structural damage will be clearly observed along with the intensity of interaction processing
increasing. On the other hand, some levels of interactions can be used to detect the change or
the damage of the structure independently. In the following chapters, for the static loading
experiment (of the DO and the SDO), the response of the structure is displacement, and for the
impact hammer experiment, or named as vibration experiment or impact tests (of the PM), the
response of the structure is acceleration.

Explanation of the interaction field characteristics.

For the intensity of distribution (IoD) (Fig.3.3 a&b), it means the displacement distribution
in different locations for one step, in the analysis of the actual practical using, the reference step
can be the IoD corresponding to the load of 1/50~1/10 design load. In the impact hammer
experiment, examples are two characteristics when analyzing the data of acceleration(Fig.3.3.¢) :

® Max-peak-time is from the first class of interaction field characteristics, inspired by

flood control and earthquake engineering. From the acceleration time series, it means
the arrival time of “flood” peak of acceleration data that the time from the time of hit
(contact between hammer and structure) to the time of the max peak of every sensor’s

detection, in the research, we choose the positive maximum value.
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® Max-peak is from the third class of interaction field characteristics. The max value is
the max peak of the time series. It means the max value of the intensity of “flood”, in
this research, it means the positive maximum value.
There, the impact hammer experiment will be conducted for more than ten times at every hit
point. After times of hit (Buffon's needle test!%®), there is a time distribution for those

characteristics.
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Figure 3.3. An example of the Intensity of Distribution (IoD) in displacement flow in (a)
initial reference stage, s, and (b) test stage, s°, and the change of the IoD is As. In (c), as an
example, it introduces The max-peak (Amplitude-a )a -peak-time (time-a

), the maximum value and the arriving time for one response time series.
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In summary, in this chapter, the definition of interaction field analysis was proposed. In the
method of interaction field analysis, kinds of characteristics of interaction processing

(interaction filed) a
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4. Damage Detection by
Recognizing Characteristics
of Interaction Field



4.1 Experimental introduction

Since this research is to identify the structural healthy condition, as a need or for the
convenience in designing the experiment, the process of adding structural damage is preferably
increasing, or the structural residual capacity of resistance is preferably decreasing.

The whole experiment contains two sub-experiments, the static loading experiment, and
the impact hammer experiment. In traditional static research, the relationship like stress-strain
curve has been tested and verified by many researchers, and the change of displacement shows
the response of the structure in the loading process. Also, in dynamics, model analysis shows

that, one lower order natural frequency of the structure will approximately decrease!” more or

less at a high probability, while the damping ratio of this frequency will usually increase''°
when there are some damages that happened at a high probability on the contrary.

In this specific experiment design/conduction, there are 3 aspects considered, loD, max-
peak, and max-peak-time. And the structural characteristics in comparison for these researches
include displacement, frequency, damping ratio, etc.

First, in order to get the necessary data for recognition of interaction field characteristics,
and be convenient to compare interaction field analysis and modal analysis, the survey paid
attention to the common and same data as other research, like loading (kN), displacement (mm)
in static loading experiment, acceleration (m/s"2) time series in impact hammer experiment.

Second, the experiment tested 3 near full-scale pre-stressed reinforced concrete open-
section box girders (in short, girder/box girder) in Public Works Research Institute (PWRI),
named as box girder 1, 2, and 3 and only box girder 2 and box girder 3 (in same design in Fig.
4.1) were mainly concerned in this research. In the static loading experiment, the concentrated
force was loaded in the middle of the structure. The impact hammer experiments are conducted
on box girder 2 and box girder 3, both from the initial stage to the stage when there are large-
scale cracks. Three girders were in the same design. The Fig.4.1, Fig.4.2 and Table 4.1 shows
the example of box girder 2, 8500mm long, 2300mm wide, and 1000mm high. On this girder,
there were 4 SDP-200 of displacement meter, § SDP-100 of displacement meter, and 10
acceleration sensors located according to the arrangement in the example of box girder 2 (Fig.
4.1 and Table 4.2). A stage here means a series of tests of static loading, the whole procedure
of tendon cut, times of impact hammer experiments, or a mix of them. The series of loading

steps start increasing from 0 to greatest loading, then decreasing to 0 at the end.

-32-



Top view

Cross i 18+
1750 1250 1250 1250 1250 1750 Displacement meter 4+8+4
I sSDP-200 4
= |SDP-100 8
o
2 A6, HE AT HT A8 Hp A9 HO A10H10 e 1SDP-25 4
0 C C . .
T o ¢ Acceleration Sensor 10
3
o ATH A2 H2 AIH A4 H4 A5 H5 ¢ Hit point 10
: o . .
2 <~  Loading location
~ . .
1750 ‘ 1250 ‘ 1250 1250 ‘ 1250 ‘ 1750 Supporting point
Vertical view Cross view
1750 1250 1250 1250 _, 1250 _, 1750 600, 550, 550, 600
D2_UF, D2-UB D5_UF,D5-UB D2_UF,!D5-UF D2_UB, D5-UB|
H1,H6 l H2 HT H3H8 H4,HY i H5,H10
S - - - - HE-7,8 0~ 23451
2 3 g
| D2_LF, D2LB D5_LF,D5-B i o A6,7,8,5; 23,45
A1AG I A2AT A3.A8 A4.A9 A5,A10
‘ D2_LF,D5-L 02_LB, D5-LB
| 500, | 1500 \ 1500 1500 1500 1500 ‘ | 500, 100, 1100 1

Figure 4.1. The experiment object, a prestressed box girder. The three-view drawing of the
structure, and loading positions, supporting positions for the static-loading experiment, sensor

locations and hit points arrangement and damage outside & inside.

Table 4.1. Loading of every stage for static loading and impact hammer experiment.

Object Pre-test Initial load Intermediate load Damage load
Stage 1 - - - - - - 2 3 4 5
Box girder 1
Loading (kN) - - - - - - - 971.1 1201.1 15412  2032.6
stage 1 2 3 4 5 6 7 8 9 10 11
Box girder 2
Loading (kN) - 816.1 - -  840.1 - - 8384 9739 10334 14273
Stage 1 2 3 4 5 6 7 8 9 10 11
Box girder 3
Loading (kN) - 8040 - - 7765 - - 8163 9804 1051.00 1351.7
Table 4.2. The introduction of the sensors.
Sensor Type Max Range Purpose Direction and Location
SDP-200 200 mm For Deflection Vertical Under the girder
displacement
SDP-100 100 mm For Deflection Vertical ~ Both Under & Up the girder
meter
SDP-25 25 mm Subsidence at the fulcrum  Vertical The fulcrum of the girder
Acceleration sensor  type 8208 8000 m/s2 Vibration at the fulcrum Vertical Under the girder
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Moving Impact
Points
=

Impact Hammer
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Figure 4.2. The real experiment object. (1) The almost full-scale girder for the experiment
and damage after the static-loading experiment. (2) The schematic diagram of impact hammer
experiment (from hit point H1 to hit point H10). (3-A) The real structure. (3-B) The tendon
and the reinforcement situation of tendon inside of red line in (3-B), C1, C2, C3, C4, C5, and

C6. (3-C) The real operation of tendon cut.

In the experiment, SDP-200, SDP-100, SDP-25means the displacement meter has the max
range of measurement of 200 mm, 100 mm, and 25 mm respectively. The acceleration sensors,
all are piezoelectric type ONOSOKKI NP-2120 with a maximum range of 8000 m/s2 and a
sensitivity of 5pC/(m/s2)+/-2dB, and the impact hammer is Briiel & Kjar type 8208 with a
maximum force compression of 44.4 KN and a sensitivity of 0.225 mV/N (the acceleration of
the impulse is also record in the experiment). The sample rate of the acceleration sensor here is
2000. Then data is stored by the Multi-input Data Acquisition System Keyence Series NR-600.

This research analysis mainly covered § SDP-100 meters used in displacement
measurement. The experiment contains 11 stages but a series of test steps (Fig. 4.3 for box
girder 2, and the steps for box girder 3 has the same schedule but some differences in the value

of force loaded). Meanwhile, the impact hammer experiment started from stage 1 (initial stage,
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no static loading) to stage 9 (when there were great cracks, we stopped the impact hammer
experiment to protect the sensors). Every stage is a series of load increasing, for example, in
the first stage for PC girder, loading from 0 kN to 30 kN in every 3 kN, and then from 30 kN to
0 kN in every 3 kN. Every step of loading, tendon-cut, and time interval after tendon-cut, it
takes approximately 15 mins, 1 min, and 15 mins separately. For box girder 2 and 3, the tendon
cut will be conducted at stage 3 and stage 6, and the recovery after tendon cut was at stage 4,
and stage 7 corresponded for both box girder 2 and 3; Referring Fig. 4.2(3-A, B, C), for the
tendon cut of box girder, only cut 6 tendons in total of same side (the first time C1, C2, C3, the
second time C4, C5, C6) while for the tendon cut of box girder 3, 12 tendons of both sides were
cut, that the first time cut C1, C2, C3 in one side and C1, C2, C3 in another side, the second

time cut C4, C5, C6 in one side and C4, C5, C6 in another side.

7t stage g stage
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(2)Impact hammer experiment {2)Impact hammer experiment
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{1) Static loading (1) Static loading i
(2)Impact hammer experiment (2)Impact hammer experiment 11t stage
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FHIETEFIIIIITIIII I
Stage in the experiment process

Figure 4.3. The experiment process corresponding to Table 3.1 for box girder 2.
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Third, in this experiment, the hit points were designed upwards the structure, and sensors
were approximately located beneath the structure. The number of hit points and sensors were
equal. And the location of every hit point was just right above every corresponding sensor. All
hit points were evenly configured. For better understanding, here shows the data sensed by 10

acceleration sensors (corresponding to A1~A10) in Fig.4.4.

Hit 6 Hit 7 Hit 8 Hit 9 Hit 10

wﬁ W& WE mﬁ

Sensor Sensor Sensor Sensor  Sensor

N

@A) 1 2 3 4 5
< i
3 Ty
B
£ -0.05

®) “ E Tir;;:(ms) & .

Figure 4.4. (A) Diagrammatic sketch of the 3-dimensional relationship of locations of hit
points and sensors, referring Fig. 3.1. There are 10 hit points, 10 sensors. The lines between
the hit point and the sensor just show the basic schematic of the relationships between the

input (hitting) a (sensing). (B) An example of time series detected by 10 sensors.
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Figure 4.5. For girder 2, the subfigures show the evolution of the cracks, according
to the real measurement of the cracks in the process of the experiment with box
girder 2 in Table 1 at stage 2 (subfigure 1), stage 5 (subfigure 2), stage 8 (subfigure
3), stage 9 (subfigure 4), stage 10 (subfigure S), and stage 11 (subfigure 6-8).
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Figure 4.6. For girder 3, the subfigures show the evolution of the cracks, according
to the real measurement of the cracks in the process of the experiment with box
girder 3 in Table 1 at stage 2 (subfigure 1), stage 5 (subfigure 2), stage 8 (subfigure
3), stage 9 (subfigure 4-5), stage 10 (subfigure 6), and stage 11 (subfigure 7-8).
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Fourthly, corresponding to the experiment, there are two kinds of damage: the damage
caused by static loading and the damage caused by tendon cut. The crack development (Fig.4.5,
the crack development in box girder 2 and Fig.4.6, the crack development in box girder 3) can
be used to picture the damage development in the static loading. Note for the control of loading,
there are two methods, the first, in the notation x-a kN for stage 2, stage 5, stage 8, stage 9,
stage 10, and stage 11, x denotes the ID of stage and a denotes the loading magnitude at this
stage. For example, 2-760 kN in subfigure 1. The second, in the notation x-b mm for stage 11,
x denotes the ID of stage and b mm denotes the average displacement by meters at this stage:
D3 F, D3 B, D4 F, D4 B (D: displacement, F: front, B: back).

For example, 10-7 mm in subfigure 5. Since the damage happens inside the structure, we
can only know that there is damage caused by the tendon cut, but cannot observe it directly with
the naked eye. But prior, we have known that the damages are developing in the structure from
stage 1 to 11 (or from steps 1~995 for box girder 2, and from steps 1~1150 for box girder 3),
that is to say, the health status of the structure is decreasing.

In this chapter, the experiment to test the interaction field analysis is conducted on two
almost full-size girders with artificial life-cycle damages. Regarding the experiment design,
four aspects are taken into consideration. Firstly, the design of the experiment was introduced.
Secondly, the size of the structure and real structure were introduced and the process of
experiment was proposed. Thirdly, in this experiment, the hit points were designed upwards the
structure, and sensors were approximately located beneath the structure. Fourthly, the damage

caused by static loading and the damage caused by tendon cut is reported.
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4.2 Experimental data processing
4.2.1 Data reconstructed in combination space and variables in the calculation

In the cognition of things (including damage detection), all objects are described by
different data in parallel. In the space, selected mathematical objects are treated as points, and
there is one possible structure containing relationships among these points as well in this
space!!!. In other words, a data space is the sum of mathematical objects and their relationships.
As Pythagoras said, “all is number!''?”. The (physical) space is made accessible for or occupied
by data. These data can be superposed and collapsed on things in space, time and category, etc.,
then may use the content of (big) data can describe the laws and rules of the world''?. From this
philosophical perspective, we know that, through statistics and analysis of data, people can
provide a description of the evolution of things and may find the constants in one data space by
this description. Here, we are not trying to argue about the significance of numbers. However,
we believe that all physical phenomena can be expressed in the data space, and the concept of
data space here is not limited to data management, but more focused on the description of the
objective things or the physical world.

The modern mathematics has proposed types of data spaces''*, including Euclidean spaces,
affine spaces. probability spaces, linear spaces, Hilbert spaces, Banach spaces, and topological
spaces, etc. as well as their subspaces. Meanwhile, these spaces will be used in various
disciplines in mathematics and other departments. In our experiment, we record the data into a
database, and then we analyze the data in a data space inevitably.

The data processing for damage detection usually concerns the general space, the subspace,
as well as some other notations. Mathematically, a subspace refers to a partial space whose
dimensions are smaller than the full space and a subspace can be a subset. In

(in measure theory, the
interval can be [0, 1]), maybe we will ask whether there is a need to have other positive integers
(greater than 1) involved in the research. That’s the reason we want to propose a new notation,
“combination (data) space”, which is inspired by the subspace.

As the name of the combination space suggests, it is the combination of the spaces, which

can be defined as the expansion of the set or the synthesis of sets by arithmetic operation, logical
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operation, or other operations. From a certain point of view, the combination can be treated as
space mapping in topological form too.

Here is an assumption that, for any measurement data in structural damage assessment, it
contains three kinds of information, (1) the information of the measuring object, the status of
the structural health status, (2) the information of the environment, anything other than the
measuring object, having relationships with the structure in the measurement, like the micro-
disturbance, or noise, and (3) the information caused by interaction between measuring object
and environment, like the strength and form of interaction. Kinds of information mixed together
make the structural damage detection more complex. However, the information (2) & (3) a

(1) what we are most interested in is often about global
information, i.e. the structural health status.

If the measurement is conducted in different locations of the measuring object, some public
information (usually, we need to mine the global information among different locations) will
be prominently obtained with some operation, like summation (“+), subtraction (*-),
multiplication (“x™), and division (“=") operations, etc. To put forward a theoretical framework
and definition for the combination space for the public information.

Note that in primary research only the linear combination is recognized in the research. For
a series, a vector or a series of vectors whose data describes/measures the same thing:

x={xl,x2,x3,...,xn} X :operation(x) 4.1

3 new

For example, along with the combinatorics, the operation “+”, and its inverse operation

e 7

, the original information can be transferred into the new series,

xnew=...,{—X,—x/—Xk},{—x,—xl},{—x,},{O},{X,},{x,+xl},{x,+xl+xk},...
aswell as x ={ } (the empty set).

So, there are 1+ 2(n +nt+nm +.. ) kinds of combinations.

For the same operation “+” in the combination space, there are
(1) For any two elements in combination space, the result of the operation of the two

elements is also in this combination space.
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(2) For any three elements, they meet the law of associativity.
(3) There is an element {0} for any other element having an operation with this element,

the result will be itself.

(4) For any element, there exists another element that when having the operation with this

element, the result is {0} .

So, it is a group. If it meets the law of commutation, it will be an Abel group.

Then a key issue in this research is the representing method for every characteristic i.e.
how to organize the data structure appropriately. Three kinds of typical combination spaces are
often applied in structural damage detection.

1). the information of difference/similarity

ForX= {Xlaxzaxp"'axp"'axja'"axn} , there is a difference/similarity matrix:

— p(lﬂl) p(lﬂz) oo p(L]) Y p(ln) —_
Pony Peay 7 Puy T Pea
o= o Z[pw‘j)}i,j:lﬂ,...,n (4.2)
Poy  Puay 7 Pupy T P
_p(n,l) p(n,Z) p(nt/) p(n,n)_

where Pun~ (xi,xj) , which is the degree of difference/similarity between X; and X,.

2). the combined structural information
This kind of information will be obtained from x= {Xl,x2 S STUNS SN .,xn} that some data will
be selected to describe some characteristic, that x, = {xl_’j, L RS SNTITEN N xn’j} . For
example, X, = max(xl.) .

3). the denominator information

For x={xl,xz,xj,...,xi,...,xn} , this kind of information often refers to not only some

operations,

. () () (43)

but also some transforms after the operation,

Yoy = transforms(x,,, ) = g(X,0 ) ) (4.4)
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like the Fourier transform, Hilbert transform, and Laplace transform...

So, for the second case, after the transform, there is
View = {f(xi)},{f(x[ +X, )},{f(xi +X, +X, )}, (4.5)

We mainly concern the 1st kind of combination space. In the following introduction, there
are four kinds of matrices selected as candidates for every characteristic and every value is

"

1 o : .
calculated as —1in for multiple times of measurements in the experiment, where x is one
n—1y
possible characteristic, and » is the maximum times for one location’s tests in the experiment.
Concerning the displacement measured, there are 8 displacement meters of SDP-100 (in

Table 4.2), i.e. D2_UF, D2_UB, D2 LF, D2 LB, D5 UF, D5 UB, D5 LF, D5 LB located in

different places, while the static loading location is fixed. Design the “difference” matrix as:

Sp Sz St S, S
S0 S22 83 $2. S28
310 S30 S33 S35 7t Sig
S =
Sii o Sia S Sy Sig
| S50 Ssa Sgy vt Syttt Syy |
W — inFig4.3(ab), §; and s; are the displacement at the location of

meter i and j and S, ; =5, means the absolute value of the difference between displacements
detected by the j-thmeter; i j=1,2,3,...,8and Si,j:O wheni=;.

For acceleration data, the reasonable configuration of matrices for the interaction field
characteristics should be circumspect, anti-rolling out the position of sensors and hit-points.
The impact hammer will strike on the structure from hit points 1 to 10, and for every hit, there
are 10 sensors record the data and after 10 hits, there are two kinds of time matrices to evaluate

the structure status, the max-peak-time (t) in combination matrices:

tl,l tl,l t1,3 ot t‘.,; e [1,10
t2,l tz‘z tz‘s tz,; RN PRT
t3,1 13,2 1333 T 13\, t 13\10
=
li,l [i,l [1?,3 ot [z,j o [,t,lo
_[10,1 [10,2 [10,3 lm,/ 110,10_
where [, mean max-peak-time of the -t j-th sensor.
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Meanwhile, max-peak’s combination matrix:

m, m, Ay o My m
m,, My, My, o0 M, 0 M
My, My, Myy w0 My, 0 Mg
m=
m, m, MW, cccoom .t My
| Mot Moo Mhos 0 Ty, o0 Py |
where m,; ;means the max-peak of -t Jj-th sensor.

Furthermore, there is another data type to indicate the change of the matrix in the
acceleration matrix named “order” converted from “value” (like the 7 & m ). Each row of every

matrix, [x” Xio X3 X, X5

X, 1 ] means all 10 sensors’ detection value at the -t
-peak-time, there is an order for sensors to detect the signal one by one
from the max value to min value (or form min value to max value, according to the requirement

of the data processing in the experiment), the order of the combination matrix can be:

n, n, iy o or By, gy
n,, ny,, Nz 0 Ryttt T
Moy Pay Ay cor My, 0 Hayy
n= s
nl,l nl,l nl‘3 e nz‘] Tt nl‘IO
| Mo Mo s 7 Thoy 0 Mg |
where 7, ; means the order number of max-peak of -t j-th record. Here is an

example. Following is a pair of order matrix for acceleration flow with 7 input locations and 7
output locations in the initial stage: real measurement vs. ideal situation in Fig.4.7 (Example).

The ideal Situation in Fig.4.7 is like this:

[ 2 3 4 5 6
2 L3 31 4 5 6
324 42 1,5 51 6 7

n=|4 35 353 2,6 62 17 7.1
5 46 64 3,7 73 2 1
6 57 75 4 3 2 1

7 6 5 4 3 2 1

where the hit is conducted from hit 1 to hit 7, and recorded by sensors, from sensor 1 to sensor

7, and the number in line means the order number to get the signal (interaction). For one input
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location, there may be two possible sensors firstly to detect the same prescriptive signal at the
same time. For example, as the red number in matrix shows, for the input at the Hit 2, the Sensor
1 and 5 may detect this signal at the same time, but in real measurement, either Sensor 1 or 5

detected the signal earlier rather than two sensors detected at the same time.

Hitl Hit2 Hit3 Hit4 Hit5 Hite Hit7

//I

I\ \\ :@&i\\\, ) \Yd uW/ m/////g/ ////1
ANV vy
| \ \71’\, WA @\/M& <,4<(<\\|//\/
| /\"\//%’ ety ;%4}4 KN
|/ ,/ ﬁ\/ % %%@\‘\7%\1 N
K \ N
Wz ; \//‘f\ ‘M\ ‘,7\\\3\\”\\\\
% // \M// \// : NN
SN —— uﬁk uﬁé u% B

Sensor Sensor Sensor Sensor Sensor Sensor Sensor
(b) 1 2 3 4 5 6 7

_\\

Figure 4.7. Example of (a) A real experiment in Kyoto. (b) 2-dimensional layout of 7 hit

points and 7 sensors on a beam in the experiment.

For any matrix of characteristic value/order, like S, 7, m,n. . ., there, general matrix M :

Xio X Xz o Xy X1 4
Xor Kaa Ky ot Xy X4
Xy Xin  Kyz ottt Xy X3 4
M=
xl 1 xi,’l xi,3 x/ j xl_a
xb 1 xb,Z xb 3 xlu/' e xh,u i
w -t Jj-th location of output.

To evaluate the interaction field characteristic matrices, two kinds of variables are used to
show the difference from the initial stage of reference which is often selected as the first stage
to the considered stage which represents the status of the specific status of the system.

1. 2-D correlation coefficient (2D-CC) between every considered status matrix and initial
status matrix, which is indicating the similarity between the two matrices.

The 2D-CC is usually to distinguish the status matrix change between the initial state and

the state considered in this research. The definition of this technology:
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Co Z (MiTnitial _Mi:itiu] ) (Mconsidcrcd _]‘\_/Iconsidcred ) (4.6)
\/Z (M gmial _N_[?;\itial )2 Z (Mconsidmd -M considered )2

=mean2(MmMal) and M

in which M, =mean2(M ) , mean2 means the

considered considered

expectation of all data in this matrix (data at both every row and every column).
2. Distance between every considered status matrix and initial status matrix, which is
indicating the difference between the two matrices.

There are many methods to get the distance of two status matrices, here is an example:

2

2
D=¢ [Z 8 jinitial 'Z Michonsidcrcd j (Z Mi.jini[ial 'Z M- jcunsidcrcd ] “4.7)
J=1 J=1 =l J=

where M"/ means the data in the matrix of row i and column ;.

4.2.2 Data processing
The data analysis processing of the experiment is shown in Fig. 4.8:

1) Start of the data analysis.

2) Choose the kinds of measuring data of interactions to do analysis (here, choose the
displacement to represent the deformation caused by high-intensity interaction and
acceleration to represent low intensity separately).

3) Choose the interaction field characteristics (Max-peak-time from class 1, max-peak from
class 3 are chosen for acceleration, and oD from class 3 is chosen for displacement).

4) Choose the variables (2D-CC and Distance) to represent the interaction processing’s
characteristic matrices (in which “2-D correlation coefficient, Distance” are for
acceleration and “2-D correlation coefficient” is for displacement).

5) Data analysis. There are 11 stages (max = 9) for the static loading experiment and 9 stages
(max = 9) for the dynamic experiment in this data processing. Calculate the expectation of
characteristics from the times of records by different acceleration sensors. Construct the
combination matrices. Calculate the variables to evaluate the characteristics.

6) Conduct comparative analysis with modal analysis. Compare the (acceleration) interaction
field characteristics with the structural characteristics in modal analysis. These
characteristics of both interaction and structure all are using the same original data.

7) End of the data analysis.
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Decide which kinds of flow to represent the low intensi
(acceleration flow) and high intensity (displacement flow)
interactions with structure separately

l

Choose the flow characteristics to do analysis (max-pea
time, max-peak, lifetime for acceleration flow and ToD for
the displacement flow)

l
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Figure 4.8. Flowchart of data analysis, in which, “max” means the maximum stages for

acceleration changing/ maximum steps for displacement changing.
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4.3 Damage detection by utilizing characteristics of the interaction field

4.3.1 Health status updating in the experiment

In this subchapter, 2D-CC is used to show the similarity!!> between the reference matrix
(initial health stage) and some specifically considered matrix (considered stage), describing the
change of the ToD within a very clear range of [-1,1]. Fig.4.9 & Fig.4.10 are the original data
of “displacement VS step” of the box girder 2 and box girder 3 separately, and the Fig.4.11 &
Fig.4.12 are the analysis results using 2D-CC for the difference matrices of IoD of
displacements detected by meters (D2_UF, D2 _UB, D2 _LF, D2 LB, D5_UF, D5 _UB, D5 _LF,
D5 LB) corresponding to the Fig.4.9a & Fig.4.10 separately. Comparing “Fig.4.9a” with
“Fig.4.10” or “Fig.4.11a” with “Fig.4.12”, the variable of 2D-CC is more sensitive than the
displacement itself. In these figures, the reference matrix (initial) is set as some difference
matrices at approximate 2% ~ 5% design load. From Fig. 4.9a and Fig.4.11a, the relationships
between the loads and the structure response (displacement) are reflected very clear, that when
increasing the loads on the structure, the displacement of the structure will increase. But for
more detail information in the whole experimental process, it is a little harder. While in Fig.
4.10 and Fig.4.12, it shows more detail of structural change in the process of experiment.

For the stage 2, stage 5, and stage 8~11 of static loading, the difference matrix of
displacement detected by different meters in different location of the structure will slowly
change since the loading increases on the structure, the 2D-CC decreases, since the damages
have occurred differently, the 2D-CC will still keep in a stable level after the static loading
experiment. Once the loading disappears there is a sudden but great change. For the 3" and 6"
stage of tendon cut, the 2D-CC changes suddenly, it means the severe redistribution of internal
force in structure. Since the damage increase from the 3 stage to the 6 stage, the reaction of
the 6 stage will be more severe. From the 2D-CC of the intensity distribution, every time, after
the tendon cut, there is a short time for the structure to migrate to a new balance (a new
development of the artificial damage and a new resistance condition); and the intensity of
interaction processing in the system will change with a high uncertainty. For the 4™ and 7" stage
of the recovery period (almost 3 days) after the tendon cut. Comparing Fig.4.10 with Fig.4.12,
it is very clear that different kinds of tendon cut will have different results. In the result of box
girder 2, from the tendency in Fig.4.10, just after the tendon cut, the 2D-CC of the difference

matrix increase immediately, which means the structure may have an enhancement within a
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short time, may the structure release some of its residual resistance at once. Then the structure
will be in a series of changes of alternating cycles, enhanced or weakened, and then achieves
new balances. There are two shapes of “W” in recovery periods of 3 days separately, and the
2D-CC will get through 5 recovery stages. For the reason that the difference matrix, S, shows
the difference of displacement at the locations of every two meters, it can be used to a variety
transferring equilibria of the interaction processing (detected by meters in different locations)
in the structural artificial lifetime.

There are 3 equilibria transfers of “far from equilibrium state” corresponding to the
asymmetric cut of C1, C2, and C3 in box girder 2 according to dissipative structure theory. For
instance, from the change of recovery stage 2 to recovery stage 4 in Fig.4.10. Meanwhile, in
Fig. 4.12, the box girder 3 is symmetrically cut, and from the original data, it will not easy to
find such kinds of changes. About this phenomenon, from the perspective of interaction field
analysis, it may contain the linear change near the real balance state, i.e. the so-called “near-
equilibrium state™. After the tendon cut, the change of the system is possibly influenced by the

action of environmental micro perturbation'!!17

. the crack or the weak part in the structure will
slowly creep that the occurrence and development of structural damage exist in different
locations, but due to the asymmetry of the tendon cut, the 2D-CC of difference matrix can
clearly enlarge the influence of the indication of damage for that the reference matrix of the
initial symmetry structural state. Comparing Fig.4.9b with Fig.4.10 and Fig.4.11b with Fig.4.12,
it is concluded from the basic knowledge of structural mechanics that under a static load, if the
basic shape is assumed to have not changed, the force applied to each part of the structure will
be proportional to the force exerted by the loading device. Therefore, in Fig.4.9b and Fig.4.11b,
the elastic coefficient is calculated by k£ = F/s, where F is the force of static loading and s is
displacement, and it’s not necessary to calculate the forces at different positions.

Because civil engineering structure has the characteristics of singularity and non-
repeatability, and the internal force of prestressed concrete structure is complex, and the
structure has non-linear and unstable changes in its life process, there is generally no analytical
solution about damage changes. Under the condition of knowing the continuous development
of structural damage in advance, only observation is needed to determine whether the damage

factors are consistent with the actual damage development in each stage. If we observe the

efficiency in both 10 stages (stage 2~11, except the initial stage, health), for box girder 2, the
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10 stages (stage 2~11) effective proportion is 4/10 (They are 4, 5, 10~11, in total 4 stages)
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Figure 4.9. (a) The measured displacement and (b) elastic coefficient at displacement meters (loading

device: D2_UF, D2_UB, D2_LF, D2_LB, D5_UF, D5_UB, D5_LF, and D5_LB) in every loading step

of box girder 2. The green vertical line indicates tendon cut, and the red vertical line indicates the start

to the end of static loadings.
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10 stages (stage 2~11) effective proportion is 9/10 (They are 2,4~11, in total 9 stages) .
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Figure 4.11. (a) The measured displacement and (b) elastic coefficient at displacement meters (loading
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elastic coefficients are ambiguously effective at stage 4, stage 5, stage 10, and stage 11, and its
effective proportion is 4/10; while the 2D-CC is effective at stage 3~11, and its effective
proportion is 9/10, so it improves 50% for the case of box girder 2. For box girder 3, the elastic
coefficients are ambiguously effective at stage 4, stage 9, stage 10, and stage 11, and its effective
proportion is 4/10; while the 2D-CC is effective at stage 2, stage 5, stage 8~11, and its effective
proportion is 6/10, so it improves 20% for the case of box girder 3.

Moreover, since the experimental objects have the general symmetrical size and also the
most common style used in practice, the damage detection based on the deformation caused by
the interaction could recognize the continuous damage caused by the static loading and the
tendon cut; especially for the tendon cut, the special “W” is very clear and vivid. Even the
asymmetry temperature can also influence the redistribution of structural internal force!'3that
such a case may also be able to be analyzed in future research.

4.3.2 Comparative analysis with model analysis

For the dynamic impact hammer experiment, the case study shows the mean value of 2D-
CC between considered stage and initial stage matrix for max-peak-time, max-peak in Fig. 4.13
for box girder 2 and Fig. 4.14 for the box girder 3, that the top of A, B is the characteristic’s
order matrix while the bottom is the characteristic’s value matrix. In every figure, the y-label
has no unit, i.e. (unit: 1), and the x-label is the ID of the stage. The red circle means the output
in the data processing and the connecting line between every two data just shows the tendency
of the whole experimental process. By analyzing Fig. 4.13 and Fig. 4.14, here we’d like to
summary the result for two variables representing two characteristics.

(1) 2D-CC: For the order matrix, it shows the accuracy rates of the (A) max-peak-time and
(B) max-peak, represented by 2D-CC, are 6/8, 6/8 for box girder 2 respectively and
4/8, 4/8 for box girder 3. For the value matrix, it shows the accuracy rates of the (A)
max-peak-time and (B) max-peak, represented by 2D-CC, are 5/8, 4/8 for box girder 2
respectively and 7/8, 5/8 for box girder 3.

(2) Distance: For the order matrix, it shows the accuracy rates of the (A) max-peak-time
and (B) max-peak, represented by Distance, are 5/8, 5/8 for box girder 2 respectively
and 6/8, 4/8 for box girder 3. For the value matrix, it shows the accuracy rates of the
(A) max-peak-time and (B) max-peak, represented by Distance, are 5/8, 5/8 for box
girder 2 respectively and 7/8, 6/8 for box girder 3.
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(B-2) right: 5 out of 8 (T) & 5 out of 8 (D)
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Figure 4.13. The mean value change of (1) 2-D correlation coefficient and (2) distance
between considered stage and initial stage matrix (A, max-peak-time, top, T; B, max-peak,

down, D) in 9 stages of box girder 2.

Table 4.3. The combination of the characteristic indices of box girder 2, where max-peak(A),
max-peak-time(B), 2D-CC (1), Distance (2), order (O), value (V), Right representation (RR),

for change between every two neighbor stages, right (0), wrong (x), no obvious change (-).

Stage Stage Stage Stage Stage Stage Stage Stage

Indicators RR
1-2 23 3—4 4—5 56 6—7 78 8—9
A-1-O0 0 0 X 0 0 0 X 0 6/8
A-1-V 0 X 0 0 X 0 X 0 5/8
B-1-O 0 0 0 X 0 0 0 X 6/8
B-1-V 0 0 X 0 X 0 X X 4/8
A-2-0 0 0 X X 0 0 X 0 5/8
A-2-V 0 0 X 0 X 0 X 0 5/8
B-2-O 0 X 0 X 0 0 X 0 5/8
B-2-V 0 0 X 0 - 0 X 0 6/8

RR* 8/8 6/8 3/8 5/8 4/8 8/8 1/8 6/8

Summary 0 0 X 0 X 0 X 0 5/8

* If RR is greater than 4/8, in summary, it is “0”, on the contrary, it is “x”; “a” out of “b” ~ a/b.
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Figure 4.14. The mean value change of (1) 2-D correlation coefficient and (2) distance

between considered stage and initial stage matrix (A, max-peak-time, top, T; B, max-peak,

down, D) in 9 stages of box girder 3.

Table 4.3. The combination of the characteristic indices of box girder 2, where max-peak(A),

max-peak-time(B), 2D-CC (1), Distance (2), order (O), value (V), Right representation (RR),

for change between every two neighbor stages, right (o), wrong (x), no obvious change (-).

Stage Stage Stage  Stage  Stage  Stage  Stage Stage
Indicators RR
1-2 23 3—4 4—5 56 6—7 78 8—9
A-1-O0 0 X X X 0 X 0 0 4/8
A-1-V 0 0 0 X 0 0 0 0 7/8
B-1-O 0 X 0 X 0 X - 0 4/8
B-1-V 0 0 0 X X 0 X 0 5/8
A-2-0 0 X 0 X 0 0 0 0 6/8
A-2-V 0 0 0 X 0 0 0 0 7/8
B-2-O 0 X 0 - 0 X X 0 4/8
B-2-V 0 0 0 X X 0 0 0 6/8
RR* 8/8 4/8 7/8 0/8 6/8 4/8 5/8 8/8
Summary 0 X 0 X 0 X 0 0 5/8
* If RR is greater than 4/8, in summary, it is “0”, on the contrary, it is “x”; “a” out of “b” ~ a/b.
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However, from observation of the curve, the right representation represented by 2D-CC of
displacement data is still superior to any characteristic of impact hammer experiment in
numerical value and the reason may be the sampling in the impact hammer experiment cannot
have a panoramic view of the whole life of the structure, and also the precision of measurement
in the impact hammer experiment is influenced more by the environment. For different
characteristics, they are sensitive in different cases that lead the curve of variables to represent
these characteristics having many differences. Meanwhile, since the interaction field
characteristics are used to recognize the change of the interaction processing in a structural
lifetime rather than the structure, there are many balance states of interaction processing (such
as stage 1~2, stage 2~7 and stage 7~9). At stage 2 & 7, there are large balance equilibria
migrations, that various characteristics will have larger differences.

Moreover, to evaluate the efficiency of the interaction field analysis, we need to have some
comparison. This research is an integrated study that is a technical integration of current non-
destructive testing based on interaction. The research is mainly looking for a systematic
interaction-based analysis method in addition to modal analysis. So, it is reasonable and fittable
to have a comparison with the modal analysis. Since the model analysis and interaction field
analysis can both find the inspiration from the sound (Table A1.1), but even using the same data,
they tell two different stories for structure and interaction separately. The model analysis has
the same data used as the interaction field analysis. According to the art-of-the-state (Chapter
2.1.2) of the model analysis, lower-order natural frequency, like the 1st and 2nd bending mode

(29 HZ and 65HZ nearby, Fig.4.15 and Fig.4.16) a

1 2 f; AJL 5‘ 6 7
(1 _A) Sensor
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Figure 4.15. The 1° (=29 HZ)& 2™ (=65 HZ) bending mode of 2" (A) a (B) box

girders.
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Figure 4.16. The mean value of (1-A) frequency and (1-B) damping ratio corresponding to
the 1°* bending mode (29~31 HZ). The mean value of (2-A) frequency and (2-B) damping
ratio corresponding to the 2" bending mode (64~66 HZ) for box girder 2.

Table 4.4. The combination of the characteristic indices of box girder 2, where Frequency
(Fr), Damping ratio (DR), Right representation (RR), for change between every two neighbor

stages, right (0), wrong (x), no obvious change (-).

Stage Stage Stage Stage Stage Stage Stage Stage

Indicators RR
1-2 23 3—4 4—-5 5—6 6—7 7—8 8—9

Fr_29 0 X X 0 X X 0 0 4/8

Fr_65 0 X X 0 0 X 0 0 5/8

DR_29 X X 0 0 X X 0 0 4/8

DR_65 X X X 0 0 X 0 X 3/8

RR* 2/4 0/4 1/4 4/4 2/4 0/4 4/4 3/4

Summary X X X 0 X X 0 0 3/8

* If RR is greater than 2/4, in summary, it is “0”, on the contrary, it is “x”; “a” out of “b” ~ a/b.

-62 -



(1-A) right: 4 out of 8

30.4

Frequency: HZ
N w
© w o
fe-] o N

N

©

[}
T

29.4

29.2 -

2 3 4 5 6 7
Stage

(1-B) right: 4 out of 8

0.042 -

0.04 -
= 0.038
0.036 -

0.034

Damping ratio (unit

0.032 -

0.03 [

0.028 -

67

66.5

)
o
o

64.5

Frequency: HZ
[<2)
(3]

64

63.5

63

2 3 4 5 6 7
Stage

(2-A) right: 4 out of 8

Stage

-63 -




(2-B) right: 6 out of 8

0.06 T T T
0.058 - 4
0.056
lo]
= 0.054
5 0.052 - o
o
g 005 o
2 o
£ 00481
&
S 0.046
0.044
0.042 |
C T
0.04 £
1 2 3 4 5 6 7 8 9
Stage

Figure 4.17. The mean value of (1-A) frequency and (1-B) damping ratio corresponding to

the 1% bending mode (29~31 HZ). The mean value of (2-A) frequency and (2-B) damping

ratio corresponding to the 2" bending mode (64~66 HZ) for box girder 3.

Table 4.5. The combination of the characteristic indices of box girder 3, where Frequency

(Fr), Damping ratio (DR), Right representation (RR), for change between every two neighbor

stages, right (0), wrong (x), no obvious change (-).

Stage Stage Stage Stage Stage Stage Stage Stage
Girder 3 RR
1-2 2—-3 3—4 4—5 5—6 6—7 7—8 8—9
Fr_29 0 X X 0 0 X 0 0 5/8
Fr_65 0 X X 0 X X 0 (o] 4/8
DR_29 X X 0 0 X 0 0 X 4/8
DR_65 0 X X 0 0 0 0 (o] 6/8
RR* 3/4 0/4 1/4 4/4 2/4 2/4 4/4 3/4
Summary 0 X X 0 X X 0 0 4/8

* If RR is greater than 2/4, in summary, it is “0”, on the contrary, it is “x”; “a” out of “b” ~ a/b.

The right representation of both modes obtained by the Stochastic Subspace Identification

(SSI) can be found in Fig.4.16 and Fig.4.17. If we want to know the changes in different stages

of the model analysis and interaction field analysis, we need to know the reason for the change
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in these investigations. When the artificial damage gradually increases in the structure, because
of the redistribution of internal forces, the cracks will be wider, deeper, and longer, the
relationship between sub-structures will change, and the rate of energy dissipation will vary.
The strength of associations among sub-structures will directly affect the occurrence and
development of cracks. Then the interaction processing in the system will have different routes
and rates of dissipation. There are some assumptions or presuppositions:

1. Once the crack is formed, it will not disappear, and the depth and length will not shrink.

2. The redistribution of internal forces will change the strengths of associations among
sub-structures as well as the width of cracks.

3. In statics, the energy dissipation depends on the route length of interaction processing.

4. The natural frequency is determined by the structure itself, and the elastic modulus or
coefficient of stiffness will directly influence the change of the natural frequency.
Natural frequency in the experimental data processing using SSI is a holistic concept
of the structure. Global change is determined by the sum of the local changes.

The interaction field analysis of acceleration data using the same original data with the
model analysis. According to the results in Fig. 4.16, Fig.4.17, the best right presentation of the
structural health status is 5/8 for box girder 2 and 6/8 for box girder 3, that some comparison
conclusions between model analysis and interaction field analysis can be made.

In the experiment, the overall size of the structure does not change visually, while with the
continuous development of the existing cracks or fresh cracks, its various sizes will have
undergone tremendous changes. From the results, the interaction field characteristics are more
sensitive to the cracks in depth and length, while the structural characteristics through model
analysis are more sensitive to the redistribution of internal forces or the width of the cracks,
which are also especially related to the topology of the interaction processing channel in class
2 of interaction field characteristics. Despite the topology of the channel is hard to get, its
change will bring about the change of max-peak and max-peak-time in other categories of
characteristics (1% and 3'%).

The energy dissipation in the structure from the location of input to the locations of output
in the impact hammer experiment will spread along different paths. When there is max
interaction intensity (the max power of interference), it means there is “flood” in some locations.

Just as the natural frequency changes in Fig.4.16 shows, that the coefficient of stiffness has
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changed for the reason of cracks change.

From Fig.4.16, Fig.4.17, after the tendon cut (stage 3~4 and stage 6~7), the stiffness
coefficient increases, that the storage capacity pre-stressed concrete is released (even there is
small decrease at stage 6 in figures (A&B)) that the width of overall cracks decreases.

Since the interaction field characteristics of max-peak and max-peak-time are not sensitive
to the width of the cracks, they will not change abnormally in these stages. Considering
structural damping ratio and lifetime, they share the same idea that the intensity of vibration in
space (wave in time) will gradually decrease. However, the damping of one specific natural
frequency cannot clearly show the change of the whole structure change. The lifetime indicates
the change in the time-axis of interaction processing that it is about the change of the overall
interaction processing in the structure. Since the global change is determined by the sum of the
local changes, if we care about all kinds of structural natural frequencies, maybe there is a
chance to show that the lifetime of interaction processing is determined by the sum of all
damping of natural frequencies.

Furthermore, if we combine all characteristics together for both interaction field analysis
(Table 4.2, Table 4.3) a (Table 4.4, Table 4.5) with a simple logic calculation,
the result will be much easy to find that the interaction field analysis is better than the modal
analysis. For box girder 2. the ratios of the right representation are 5 out of 8, 3 out of 8 changes
for the interaction field analysis and the modal analysis separately. For box girder 3, the ratios
of the right representation are 5 out of 8, 4 out of 8 changes for the interaction field analysis
and the modal analysis separately. By comparison, we can see that the interaction field analysis
still has a great advantage over modal analysis in general.

In summary, through analysis of the order/value matrix, from the tendency of both intrinsic
variables and the comparison variables in different stages are in better tendency than the

characteristics (frequency and damping) in the model analysis.
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4.4 Engineering significance of the application

To apply the indicators in interaction field analysis for damage identification in engineering,
there are some general aspects to be concerned.

First, the characteristics (or damage indicators) when making the decision should be
carefully chosen. For different kinds of interactions, how to select these characteristics properly
is depending on the structural styles, materials, environment... and the convenience of detection.
Second, the experiment (detection or monitoring) should be well organized that the significance
of the data can cover enough information on the structure and interactions. Third, if conditions
permit, multi kinds of interactions should be considered which can help to have better analysis
and comparison in practice. Lastly, besides the interaction field analysis, other kinds of methods
can also be conducted to help decision making.

When utilizing the interaction field analysis, once a structure is damaged, the state of
structural force (including the moment of force) equilibrium will change. In the study of the
displacement data for the experimental analysis, at stage 2, the structure has suffered a heavy
loading, that the rebalance inner structure occurs; after the loading, a permanent change appears
in curve 2D-CC vs step. Moreover, after static loading in stage 7, the 2D-CC is near or smaller
than 0, so the system is totally different from its formal equilibrium that the structure has great
damage befell in a high possibility. Also, for the acceleration data, from the qualitative study,
there are 3 equilibria, since the initial change of the structure is caused by the capacity required
for normal use from the initial state to the normal using state, but after the stage 2, the structure
has suffered a series of changes that almost all the indicators tend to be in disorder of curve-
changing complexly in a certain extent, and after stage 7, the change of all variables of all
characteristics reunification, that the structure may experience a great damage. And there is a
need to pay more attention to whether there is a need to maintain the structure.

Ina . Change
(fracture or damage) often occurs at a certain location. Our research about the tendon cut shows,
an asymmetrical tendon cut will have a serial of rebalances in the structure that the interaction
processing in the structure will have a large number of more far state equilibria in the vicinity
of the equilibrium state, and finally, a new balance will be formed. This kind of change will be
used to indicate the tendon destroyed or not. But more experiments should be done that there

may exist different kinds of modes when the tendons are broken in different styles of pre-
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stressed structures.

Besides this research, to use the interaction field analysis with the data gotten by other
methods, the data should be well organized into swarm data. Then, the difference matrix or
combination matrix can be used in the interaction field analysis. Furthermore, in other kinds of
analysis, if their local indicator (corresponding to the sub-structures) exists, such indicator can
be used as one kind of specific “interaction processing” in the space of the structure, and then
the interaction field analysis can also be adopted into such kind of analysis as well.

However, for the limitations of the experiment on concrete box girders, it cannot tell every
change of all kinds of structural components, for other styles of structures, more experimental
data should be obtained and analyzed. Fortunately, according to the dissipative structure theory,
all structural changes follow the same laws of equilibrium state migration in system theory.
Meanwhile, if there is a big change inside the structure, the efficient indicators can recognize
such changes as well. The interaction field characteristics should have changes to confirm the
changes in the structure which can also be used in health monitoring of bridge or other structures,
that the curve of the interaction field characteristic may have a clearer and more continuous
tendency. For the real bridge, measured by displacement, the tendon cut can be detected by a
swarm of meters. For the acceleration data, it may use the data of vibration caused by wind,
rain, or interactions between bridge and vehicles to show the change of interaction processing
in different characteristics. The arrangement of sensors can be decided according to the specific
problem, and the data style can be various in practice.

On the other hand, concerning the risk when survey the interaction field characteristics, the
measurement is indeed having a very strong influence on the result of damage detection, so, to

clear the structural real health status, some risk analysis is necessary.
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4.5 Concluding remarks

In this chapter, the experiment is introduced briefly. Also, in this chapter, the combination
space is proposed to reconstruct the interaction field characteristics. Then, in the data processing
diagram, four kinds of interaction field characteristic matrices are selected. The interaction field
characteristic matrices were built to fully show more information about the interaction
processing’s output-only/input-output, and through variables, the unique value was used to
represent these matrices in different stages. From the result of the analysis, the interaction field
analysis can have enough efficiency to detect the damage and evaluate the damage for both
cracks development caused by the static loading, and tendon cut.

As assumed in this research, the data in measurement involves three kinds of information,
the structural information, the environmental information (in the experiment, it is mostly noise),
and information of interactions between structure and environment (or among substructures).
Comparing the interaction field characteristics (through interaction field analysis) and structural
characteristics (through modal analysis), the damage indicators, interaction field characteristics,
have better sensitivity & efficiency when detecting/evaluating the damage. Also, we compared
the result of displacement data from the static loading experiment and the result of acceleration
data from the vibration experiment (impact hammer experiment), though the indicators’
sequence in different stages has some differences, they still have enough strong correlations.

In summary, comparing with the modal analysis result of box girder 2 using the same data,
the best right representation of interaction field analysis and modal analysis are 6 out of 8
changes and 5 out of 8 changes separately, which shows the results of interaction field analysis
is better. Also, comparing with the modal analysis result of box girder 3 using the same data, it
is very clear that the best indicator in interaction field analysis is 7 out of 8 changes, while the
best one in the modal analysis is only 6 out of 8 changes. So, interaction field analysis is still
better. Moreover, in the combined study, even doped with a lot of damage indicators that are
not particularly good, it still performs better than traditional modal analysis. For box girder 2,
the ratios of the right representation of the combination of the characteristic indices are 5 out
of 8, 3 out of 8 changes for the interaction field analysis and the modal analysis separately, and
for box girder 3, the ratios are 5 out of 8, 4 out of 8 changes separately. Then, we can learn that
the interaction field analysis can have very good efficiency, high sensitivity, and enough

precision which is convenient to detect and evaluate the damage in the structural lifetime.
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5. Hierarchical Risk in
Interaction Field Analysis



Nomenclature
[*] A function that rounds a value down to the nearest integer. » Placeholder for possible variable.

f The smallest/ lowest fayet/ root fayer.

f—j or ( f-j ) One specitic fayer and j means the fayers between this fayer and the root fayer.

n  The total number of elements in root fayer. N( - The total elements in fayer ( f-j ) .

x For one element in fayer (f —]) , it has x components (elements in fayer (f -J +1)).

P The surviving ratio (Class 1), the passing ratio (Class 2), or

the synthesized ratio of surviving & passing (mixed class).

E  The expectation of P in every fayer. P,

ity Failure probability of any element in root fayer.

Pfaﬂ_(ff].) Failure probability of any element in fayer(f —j) .

g (x) The function for the greatest integer which is smaller than x .

g, (x) The function for the smallest integer which is greater than x .

N b N(,_,Dis an integer
g(*)= _ _ , class 1
[N(ff/)Pc} +1, N(‘H)Pcls not an integer
-0 = o
Ny yBs Ny, ,Pis an integer

, class 2, mixed-class

& (') - |:N(f—>/)

a. In class 1, it means the maximum amount of failing elements for the system staying in health.

P } +1,N,_,F.is not an integer

C

b. In class 2 and mixed-class, it means the minimum failing elements for the system failure.

M(ffj) Maximum failing elements in fayer (f—j+1) of one element in fayer (f—]) in class 1, or

minimum failing elements in fayer (f - j+1) of one element in fayer (f - ]) , in class 2 and mixed class.

P, The system’s failure probability of the root fayer.
P(/f].) The system’s failure probability of the fayer (f —]) .
P, The failure probability of i elements in the fayer ( f-J )

Y or Y, The amount of failing elements in the root fayer.
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The amount of failing elements in the fayer ( f —]) of one case according to the random

Y

arrangement (combination) of elements in fayer ( f=j +1).

Y(Ti’;) The max amount of failing elements in the fayer ( f-J ) of all cases according to the random

arrangement (combination) of elements in fayer ( /- j+1).

C, ) The total number of the combinations for elements in fayer ( f—J ) i

YooK The possible combination of Y; )" k(> i failing elements.

k( o, The first kind of k(. e 0< k< Py <m, .
k(f ), The second kind of k(ffl), m < k(f. ), < Y(f P —1.

B, : The failure probability of combination Ay(

(r-1) Ky -0 kgen
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5.1 Hierarchy and hierarchical probability
3. 1.1 Introduction of Hierarchy

As we have known that the measurement of the interaction processing is sometimes on
different scales that the number of sensors will be different, and the precision of the global
information obtained for the health status of the structure is different. So, it asks methods to
estimate the risk when applying the interaction field analysis. To have a clear description of the
structural system and to maintain the structure in its lifetime, hierarchy is imported from
universe theory into the general probability theory and discrete structural systems. Meanwhile,
in some universe theory, the scale is regarded as one kind of description of hierarchy.

In our research, the locality of the measurement itself and the incompleteness of the
combination process make the method erroneous in a certain probability. On the other hand,
according to the definition of risk, a probability or threat of damage, injury, liability, loss, or
any other negative occurrence that is caused by external or internal vulnerabilities, and that may
be avoided through preemptive action''. Such a certain probability turns out to be risk in
maintenance. That is to say, the risk for decision-making based on the measurement of
interaction field exists, since the interaction of the structure is hierarchical in such discrete
engineering systems, and the maintenance costs of difterent levels of elements in hierarchy are
not the same. Then we are required to adopt the viewpoint of probability theory and apply the
hierarchy in recognizing the system from the perspective of reliability (one indicator for
evaluating probabilistic damage and destruction of the structure!?%). To determine the reliability
of all elements in hierarchy, if we can find a standard that can describe the phenomenon of
hierarchy in this system, there is a chance to understand the system better.

According to people's common sense, observation systems at different levels should get
similar evaluation results. However, in the past, the analysis of different scales has broken this
possibility in the evaluation of continuous systems. Today, the understanding of discrete
systems, that is, hierarchical systems, is also broken. Since the hierarchy has a very close

121,122 " in the multi-scale analysis for structural reliability,

relationship with the multi-scale
through the finite element analysis, people can find that, in different scales, the reliability will
be different. In an ideal case through the finite element simulation in Brick model'?*, the
reliability by analyzing the "resistance-load effects” shows the differences in multi-scales

within a unified standard of evaluation. So, in this research, we especially concerned the
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hierarchical reliability for the structural healthy evaluation and mainly for the discrete system,
like the infrastructures, and we have the confidence to foresee that the result of reliability
calculation in hierarchy may be different.

On one side, the reliability assessment of the hierarchical model is through the analysis of
the data describing the system at different levels'?*. The hierarchical probability of some
parameters can be used to evaluate the information or sub-information, and also model the

125 The hierarchical probability can also be used in not only

spatial data of the complex system
analysis but also algorithm!26:127  Meanwhile, even though the hierarchy can describe the
natural system, for a better understanding of the systems in engineering, there is a need for
people to estimate the system’s resistance to risk'?®. Among various kinds of performance
evaluation indexes, reliability is of great significance. Therefore, in a hierarchical system, there
is a need to propose the hierarchical reliability system with consideration of risk'?%-13°.

On the other side, people may measure the system and use kinds of parameters to calculate
the reliability of the complex system from the perspective of probability (uncertainty). However,
these parameters measured or analyzed are sometimes different in hierarchy. It is not the same
parameters as local/global which is used at the same time even they are different in hierarchy.
The multi-scale analysis is introduced in reliability calculation. Brick model'! is one good
example used in structural reliability, through the finite element analysis, people can find that
there is a certain principle of change in the reliability of different scales. It is a case of structural
reliability in artificial discretization (different levels) of continuum. In the finite element
analysis, the "resistance-load effects” has become a single but unified evaluation.

So, just like the multi-scale analysis for reliability (often independent among scales), there
are also different kinds of reliability in hierarchy (often not independent in hierarchy) to
evaluate the complex system at the same time which is different from general reliability
calculation with only one result.

In response to the interaction processing’s multi scales in measurement using the different
numbers of sensors, suppose the sensors are assumed to be evenly distributed on the structure.
The reaction of the structure will also involve 3 kinds of scales, scopes of micro, meso, and
macro. However, according one philosophy in quantum mechanics “one is born to be quantized”
that things are discrete and hierarchical. The scale can be treated as one specific description of

the hierarchy. Also, in decision-making for maintenance, the replacement or repair, number of
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elements or substructures are often integers. To have a deeper understanding of the system
updating in the circumstance of the interactions, the hierarchy will be taken into consideration
to substantively understand the system evolution in the reliability perspective.

However, on one hand, using “system” and “sub-system”, sometimes is not enough in a
real hierarchical system. There are “sub-sub-systems”, and “sub-sub-sub-systems™ which exist
in systems of the integrated circuit, pile group foundation, machine, vehicle and etc. There is a
need to propose the concept of the unit for hierarchy. On the other hand, to discuss the failure
probability in hierarchy when the motion goes through the system, there is a need to define the
unit for hierarchy in advance. Generally speaking, “level”, “stage”, “grade”, and “layer”, etc.
are too ordinary to be a unit for system description, and they are not completely suitable for
hierarchy to describe the relationship among subsystems in difterent scales of micro, meso, and
macro as well. Also, subset, and subsystem, etc. are little inconvenient to be specifically used
for a hierarchical system in practice. Here, a new arithmetical unit is recommended for hierarchy,
“fayer”. Fayer is a new word, which comes from the word "fay", meaning "to fit or join closely
or tightly". Here in the paper, it means "the unit of subset's grade compared with the set".

In a canonical hierarchy, subsets in the same fayer should be of the same size, where the
fayer is named as the normative fayer. In a non-canonical hierarchy (see Fig. 5.1), this constraint
is not necessary, and the fayer is named as the non-normative fayer. The example shows the
relationship among different fayers (the non- normative fayer).

The example Fig.5.1 shows the relationship among different fayers (non-standard fayer):

Figure 5.1. The schematic diagram of the hierarchical system

Fayer 0 (set): {{{{a,b},{c,d}}},{{{e},{f}},{{g}}}} , which has 1 element
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Fayer 1 (subset): {{{Cl,b},{c,d}}} {{{e},{f}},{{g}}} , which has 2 elements

Fayer 2 (sub-subset): {{a,b},{c,d}} {{e} ,{f}} {{g}} , which has 3 elements

Fayer 3 (sub-sub-subset): {a,b} {c,d} {e} {f} {g} . which has 5 elements

Then, for an easier understanding of the system in the circumscription of hierarchy, the
parallel elements are divided into hierarchical frames in every fayer. The smallest hierarchical
frames are called root elements corresponding to the fayer named as “root fayer” or “smallest
fayer”. Suppose that the higher / greater / outer fayer is the fayer close to the greatest fayer
(fayer 0), while the lower / smaller / inner fayer is the fayer close to the smallest/root fayer
(fayer o or fayer f ). “System within/of a specific fayer” means the description of system in a
specific fayer. It is semantically equivalent to the expression of “all subsystems (in this system)
of a specific scale”. For the definition of standard fayer which is used in this paper, suppose the
total elements in the whole system in the fayer f is 7 ; the number of sub-elements X in
each element should keep the same, i.e. X =n .

5.1.2 Hierarchy and system-of-systems

To study the hierarchy, we may find another academic notation, System-of-systems.
System-of-systems (SoS) is a rather controversial research discipline, which has a close
relationship with the hierarchy. Until now, the reference framework, thinking process,

132 and there are

quantitative analysis, tools, and design methods, etc. of SoS are all incomplete
many kinds of definitions for SoS. Generally, the SoS is a collection of limited numbers of
independently operable systems that are linked together for a defined higher goal within a
specific period of time (defined by Mohammad Jamshidi)!'*?; moreover, these systems must
obey two basic principles, operational independence and managerial independence!**. Also, the
methods of defining, abstracting, modeling, and analyzing SoS problems are often referred to
as the System of Systems Engineering (SoSE). According to this definition, it should be pointed
out that the formation of an SoS is not necessarily a permanent phenomenon, but integration of
linkage systems formed for specific goals (e.g., robustness, cost, efficiency, etc.).

Contrasting hierarchy with SoS, although the purposes of both are to understand the
relationship between the system and the subsystems, we can see that using SoS, people are more
likely to longitudinally accomplish kinds of systems to finish some task (ISO/IEC/IEEE
15288:2015 by Annex G)'*° in logical relationship while using hierarchy, we mainly

horizontally consider the system from the perspective of subsystems in the system within multi-
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fayers through the measurement. Logic (design or description), and measurement are two sub-
disciplines of Mathematics.

More specifically, the relationship between SoS (cognition from systems to system-of-
systems) a (cognition from system to subsystems) is similar to the relationship
between integer and decimal, which can be transformed to each other through the movement of
the decimal point. More vividly, SoS, like “addition (+)” in mathematics, forms a new system
by combining multiple systems and then recognizes it. While hierarchy is more like “division
(/)”, it divides the origin system into different fayers of subsystems and then measures them.

On one hand, SoS is mainly based on the concept that “the sum of the parts is greater than
the parts separately”. And by understanding the various systems, it is impossible to fully
understand the whole composite system that is made up of them. It is a kind of serial cognitive
method, which is a kind of construction model and this kind of comprehension model is a bit
like the Gestalt in psychology'3®. It understands things by studying the relationship between
the whole and the parts. Simultaneously, hierarchy is more likely to focus on the parallel
cognitive approach. Similar to Cognitivism in psychology!3’, we parallelize the views of a
system at varied fayers, and try to learn the characteristics of a thing by analyzing the parameters
of every fayer. Learning the subsystems in all fayers, we can also understand the difference
among these subsystems.

On the other hand, just as the Cognitive school itself is originated from the Gestalt school,
the essence of SoS and hierarchy is unified. If the boundaries can be completely distinguished
and defined, the subsets are independent of each other. At this time, SoS is equivalent to
hierarchy. Moreover, the universe theory introduced in this paper can be regarded as an applied
branch of the system theory, hierarchy model can be seen as a concrete form of understanding
of the SoS in most instances. However, there is an obvious difference, that is, the Hierarchy
method is set up as a local-global relationship artificially; thus, the subsystems are not
necessarily independent. In other words, concerning the scope of application, the SoS must be
hierarchical and not all of the hierarchical systems are SoS, i.e. (SoS N Hierarchy = SoS).

The Hierarchy method emphasizes that people use the cognitive view of the tree-forest'
in the process of cognition. Fach person will measure the data of the system from different
fayers by different measuring methods, and evaluate the system through these data. The related

139

application can refer to Visual Hierarchy'*” with a surprising discovery. Furthermore, referring
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to Emergence of S0S!4°, research of SoS focuses on the intrinsic mechanism (logic) of Emergent
Behavior, while Hierarchy's research focuses on the discovering process (measurement) of
Emergent Behavior. Even if the same kind of measurement is used based on the same standard,
the evaluation results can be different. Then, people's understanding of things can also be
different. People conducting the system investigation always start at a certain fayer, instead of
giving a comprehensive description at all fayers, or conducting measurements from different
fayers for one specific evaluation rather than one specific fayer. In addition to the risks of the
system itself, different people may have puzzle understanding of the right data from the right
fayer and often are mistakenly led astray among different fayers, which are also sources of risks.

3.1.3 The P-out-of-1 System and Hierarchical Probability

For the general K-out-of-N system (K, N both are integers), one well-known recurring
system, the expansion in the SoS or other artificial designed complex systems in hierarchy (i.e.
K-out-of-N system in hierarchy, that a hierarchical system composed of several fayers, where
each fayer i is a Ki-out-of-N; system and any element j in fayer i is a K;-out-of-N; subsystem),
asks for the unified standard of system evaluation. So, there is a need to get a normalization for
the K-out-of-N system. For a given normative situation, the total elements in the whole system
in the root fayer f'is determined as n, for short, (f, n), the P-out-of-1 system within (7, »), is
designed as a new model of recurring reliability system updated from the traditional K-out-of-
N system, i.e. P=K/N, where K and N are numbers of elements in one specific fayer. When
concerning the non-normative situation, the P-out-of-1 system will involve the evaluation of
every specific element in every fayer in the same standard like the normative situation. When
talking about the P-out-of-1 system in following research, it just means the P-out-of-1 system
within (7, n). In this new reliability system, suppose in every fayer, if it can meet the requirement
risk defense capacity F,, = (1 —K;/N;), this -t

If failing
possibility of i-th fayer, P;, is greater than or equal to (1 — F;,), this system of some fayer is
failed to meet the standard. Usually, fix the ratio as a constant, F,, i.. for any fayer i, F, = F,,
which unifies the standard of risk assessment in hierarchy. When doing research on hierarchical
probability or hierarchical reliability, concerning the hierarchical probability of specific
information, every fayer can be used to analyze, evaluate, and indicate the whole system’s states.

For example, suppose that there are 1000000 apples equally but randomly put into bins, in
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which 2000 apples are deteriorated. When conducting the examination, the system’s failure
probability (or named as failing probability) in fayer i is P, i=0,1,2, and P. =98.99% is the
limit and i means the number of fayer. First of all, in a 4-fayer system (including fayer 0), its

possible cases in every fayer (the failure probability of fayer 3 is 2%o):

Table.5.1 Example shows a 4-fayer probability system

Fayer 1 Fayer 2 Fayer 3
Element scale Big (B) Middle (M) Small (S)
Element B-bin M-bin Apple
Number of elements 100 10000 1000000
Sub-element M-bin Apple -

When choosing some special situations:
1) Suppose that the 2000 deteriorated apples are just in 20 M-bins equally; meanwhile
these 20 deteriorated M-bins are in 1 B-bin. The other bin (B-bin, M-bin) a

< - B=2%<I-F

2) Suppose that the 2000 deteriorated apples are just in 100 M-bin equally; meanwhile
these deteriorated 100 M-bins are in 2 B-bins equally. The other bin (B-bin, M-bin) are
filled with other apples in good condition.

B=2%>1-P. P =1%<I1-P,
3) Suppose that some 1800 deteriorated apples are just in 150 M-bins equally, and other

200 deteriorated apples are in other 200 M-bins equally; at the same time, these 150
deteriorated M-bins are in 10 B-bins equally.

P=10%>1-P P,=15%>1-P

4) Suppose that some 1800 deteriorated apples are just in 150 M-bins equally and the other
200 deteriorated apples are in 200 M-bins, at the same time, these 150 deteriorated M-
bins are in 51 B-bins in which one contains 100 M-bins and the other 50 only contain

1 M-bin equally.
P =1%<1-P B =15%>1-P
So, for different cases, the possibilities of failure in different fayers are different. Also,
since I}y = I, there is no need to calculate F, specially, and for every root element, its failure

probability can often be counted.
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Since P-out-of-1 system is the normalized hierarchical system of K-out-of-N system which
is a very important part of the research of redundant systems, and also, the hierarchy is one very
common model to describe some general SoS that the SoS is applied in more and more

141 we want to find the differences or trends among multiple fayers under the same

departments
standard. Also, we want to know risks caused by hierarchy— “how does it influence the
product’s survival ratio, how does it vary the determination of the rate of qualification (passing
ratio), whether the hierarchy in redundant design system is similar to the system scale in Brick
model or not, and whether the parameter selection will influence the system evaluation, etc.”

5.1.4 Central Limit Theorem of Hierarchical Probability
Let )X;, i=1,2,3, ..., [, be identical independent random variables with uniform continuous
density function f;(x;).Let V;,j=1,2,3, ... ;m, be identical independent elements of one random

variable with uniform continuous density functiong; (y]-). Suppose that the calculation method

for each information in the system is “PLUS” (*“+7). In hierarchical probability, its object is to
obtain the distribution of combinations of infinite factors, i.c. the distribution of ¢lements in a

specific fayer for combined clements of the lower fayer. From traditional Central Limit
!
theorem’s proof, §; = llim > x, will converge to normal distribution N ( My, O X) .
i=1
Then if we get the same proof structure of traditional Central Limit theorem’s proof on

multi-variables, we say these proofs are of isomorphism. For operation “+” for the hierarchical

variable, e.g., a 4-fayer system:

fayer 0, A = {A};
fayer 1, A ={Al.‘ i=l,2,...,l};

fayer2, A= {A

ol

=120 =12, m};

fayer3, A= {A

i=L2...5 j=12..m; k=12...n}.

i,j.k

cd ey

Generally, 4= { A i=12,.., n]} for n-th fayer in a system of (n+1) fayers.

If4 .. has one common continuous density function f (JC,-1 vy ) thenif n— ©

Tt el

my iy !

S = lim ZZiiK],,}, >N ,uy,cry)

Vm]—)oo "
’ non
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m oy

nd 1,7 : .
The 2"¢ hierarchical system: S, HLHEOOZZ z z ______ — N(u,,0,)
The 3" hierarchical system: § = lim ZIZ : ZZK i > N(uy,0,)
H!m/—mc,ﬁm,—)ao 7 N i iy B ’
It is easy to prove, all three kinds of hierarchical system can be transferred to isomorphism
structure!42143:
S _)}113332)/ — N(uy,0,) (5.1)

It is easy to prove the Central Limit Theorem of hierarchical probability since it has the
same calculation structural form with the traditional sum of independent random variables'**
Furthermore, generally, if we evaluate a hierarchical system, the density function of the
parameters can be regarded as normal distributions especially for some unstated situations, and
this will be predefined in the Monte Carlo simulation in the following sections.

5.1.5 Calculation of hierarchical probability

Generally, the problems of hierarchical probability for the P-out-of-1 system can be
divided into 2 basic classes, the problems of surviving and the problems of passing, and also
there are some mixed problems as well. Considering the system within fayer (f—j), calculate the
elemental failure probability Pri-~; within this fayer, then calculate the failure probability of

the system in this fayer, P, and its reliability, Ry~ = 1—P¢).
(1) Calculation of Hierarchical Failure Probability for First class of P-out-of-1 System

For the first class, the percent of surviving, or surviving ratio, which is used to evaluate the
healthy sustainability the system’s lifetime using system probability. Suppose that:
e There are n elements in the root fayer 7.

e The number of elements in fayer( f-j ) :N(fﬁ.) =n/x’.

e The probability of every elemental failure to its function in the fayer f .

F P

faly ~ Lrail(r-0) = P

e The probability of surviving ratio is £, and the expectation is E( o= N (=) (1 — PC) ,
* My is the greatest integer which is smaller than £, i.c. M, =8 (E(ff_/')) ,
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« M (-1 =& (foall( - +1)) is the number of max failing elements in ( f- j+l) of one

element in fayer ( f=j )

e Function g, means when E(f—/) is an integer, Mgy = E(ff/.) —1, and in other cases,
M = [E(fﬁi)J :
Then, the probability of system failure in fayer ( f=J ) :
Mpj) } i (iz/x/)—i
Brh =1- Z Cro (Pfail—(f—j)) (I_Pfauf(f—j)) 5.2)
w )

Pfall(f /) =1- Z C)lc( fail-(f - /+1))i(l_f:‘ail-(f—j-#l))Xﬁ-'

For this P-out-of-1:F system, it has the equivalence with K-out-of-N:F systems that varied

K =m;_, out of varied N in every fayer.

(2) Calculation of Hierarchical Failure Probability for Second class of P-out-of-1 System

For the second class, the percent of passing (passing ratio) is used to evaluate the initial
status of the system. Suppose that:
e There are y elements known to be failed, randomly distributed in n elements in fayer /.
e The number of elements in fayer( f-j ) : N(> iy =h /x.
e The passing ratio is P, .
¢ The min number of failing elements in fayer( f—J ) M T8 (N p (1 -P ))
¢ And the min number of failing elements in fayer ( f—=j +1) of 1 element in fayer
(f‘]) : M(f,j) =& (x])fail—(f—j#rl)) :
e The amount of failing elements is Y(_},fj) in the fayer( f- j) , and the max, min amount
of failing elements are Y(r;fxl) a Y(';T/) respectively, which are decided by
f=r+l)

g, ( (o) /M )a g, (Ymax /M( 7}.)), g, (Y';f'”ﬁl /M ) separately, where

-82 -



g, (') means the smallest integer which is greater than a number.
For example: the calculation of the probability of system failure in fayer( f- 1) .
—k

Firstly, choose Y (1) elements in fayer ( f —1) there are C ) o kinds of

(/-1
combinations in total, then arrange these elements within M, (- (Y( )T k( f—l)) elements from
clements in fayer f.

Secondly, there are £k ) clements in fayer f/ randomly arranged in all elements

(r=0 (f 1
in fayer(f—l).lf (k(ffl)M(ffl)—i),i:0,1,2,...k(f_1)M(f71) elements in fayer [ are arranged

in(n/ x=Y,, +k( f—l)) elements in fayer( f —1) , and the rest ;i elements in fayer f will be

arranged in Y, =k, sclected clements, since there are Nyy=n/x, so in total

k

(-0 (1)

k. m—i i . . . .

C(;fk')‘ fry > o lcu C combinations will be referred in
=y (n/x—l(fil)ﬂc(ffl))+(k”7[)m—1)—1 (1?/71)—/((f71))+1—1

calculation for the number of combinations of failing sub-systems in fayer ( - 1) .

Thirdly, the number of combinations of failing sub-systems in this fayer ( f- 1) :

/(f ) ‘\/[(/ ) » ; , » /c(/.?l)—l
A - (f ) ) z C X /*1) C/unTu _ z C e 4
Yoy kg ”/ x) — Ky TR M (ke ) ~ Yry=a Yy

>

and the total number of possible combinations is C((”//\X)L; -

Yoy 7

Yy~

K=
Then, the probability of system failure in fayer(f —1) is R = il o

(n/x)+Y, -1

Similarly, if Y( ) > Mp_ i) in fayer ( f-j+ 1) , the total number of possible combinations,

=)
W) kfz_o ( Y- k(/—n) A
Nipt and set P — Z (/=) and P _ e
N Ny Kir-p o, C(N(,._/.))—l ’ Y —C(N‘-””")*l ,
- = )
(NU_/)) Y(/ =7+ -l (‘N(/—r+l))+}](/—v+l)7l
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0<i< j.And the possible kinds of combination for Y{;_j— k(s clements in fayer (f —j) is

calculated according to

Y, -k Mo Y, ok, - AN SR ™ V., ok
A — i Z T clun e z e 4
YoM Nirj) Nep-iy ~Y-n - koM = Yoy~ I Y= Yirp—a

i=0 a=0

Then, the probability of system failure in fayer ( - ) :

P(,-,_,) :z [H 5 )})k(.f 5 j

(/ (-0

v v i e Yo n A
R
—_ min WY U] Y ) o= C
fy=y Y=t K=l RO o= X

In this P-out-of-1:F system, it has the equivalence with K-out-of-N:F systems that varied

K=m ., out of varied N in every fayer. Also, the method used in first class can be used to

solve the problem of the second class for the results with the not very precise data provided for
reliability calculation with hierarchical probability in different fayer; if there are thousands of
components in a system, these components usually belong to some determined sub-system. But

there are some cases they are not determined since some sub-systems are independent.
(3) Calculation of Hierarchical Failure Probability for mixed class of P-out-of-1 System

In the real world, the percent of passing and percent of surviving cannot be easily
distinguished from each other in risk assessment, though the original definition of reliability is
about the percent of surviving. When talking about the definition of reliability, it is usual to
hypothesize the percent of passing can be satisfied.

But when conducting the experiment to get data for reliability, it may often be easy to lose
sight of the difference between passing ratio and surviving ratio. That is to say, the research of
reliability may often mix both of them together. Suppose that:

e The number of elements in fayer (/) is Ny =n/x7;

o the elemental failing probability corresponding to its surviving ratio in the fayer f is

Prair=P;
e the number of prior failing elements is y, which is corresponding to its passing ratio in
the fayer f; and the synthesized ratio of surviving & passing is P..
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e The amount of failing elements is Y( o)) in fayer ( f-j ) , and the possible max, min
amount of failing elements are Y(T;af/) a Y ?TJ) respectively, which are decided by

gl( (1) /M ) a gl(Y‘“a" /M(/g,-))a gl(Y“““ /M ) separately.

f ]+1 f /+l

e The mini failing element in fayer( /- j) is M =8 (N( . /)PC)

when N, N 1S an integer, m

(FJ :N(f—j)(l_})C)’

(-
else m(ffj):gl(N(fﬁ.)(l—Pc))+l_[N J(1=P) 1+1=[N,,_, (1-P) ]+1.

o The min failing elements in fayer ( f- j+1) of one element in fayer ( f- j) is

M(ffj) =& (XPfau (7 m))

o Set k;, 5= {k(f—j) } 0<k, m, pand m o, <k, , <Y, ;-1
e Define
X7(Y(’/ ’M)ik(‘/ JH)) . i ( % 1+l)7k(/ /+l))
}”fail'(fff) = ( )Cx(y(f/ﬂ)k( ’*/+l)) (})fail_('f -+ ) (1 B })faﬂ'(ff»/"'l) ) as
=My A R /
the failure probability of any element in fayer( f—=J ) :
A
Then,set P, =—"— 0<i<;,
71 (Mo )1
C (.
(M s P11
P — AY(./‘ /)7k(.f ) 1, k(fij) B k(fij)l
Wk p o=k, 7
CYU 0] ”’(/*/)7()/(/*/)7}"(/’*1)) (] 7j) (fi‘/)z
N i (N (¥ 4 ))71
_ i ’ _ (N0 ™0
}:n(/*/)7(Y(/’*/)7k(f</))_ Z CN(/fz)’(Y(/ff)’kv—.z)) (Pfa“'(f*'/ ) ) (1 Pfaﬂ'(‘f E )) ’
=g AT )
and also

uti(Y(/ ﬁ])ik(f ]H)) i / xi(Y(f?Hl)fk(f*/+l))7i
B - c (Pfil f—'+l)) (1_Pf'1 f—'+l)) .
ail-( f - xf()/(h/ﬂ),k(/_ﬁl)) ail-( f—j ail-(f—j

=My 7(Y(f*/+1) 7/"(%/“?)

In which, the possible kinds of combination for Yy, —k(— elements in fayer (f —j) is
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— (/ il
)'(f—n Nir-g)
M( —/)
-V ¥ -2 Y, —1
A (f J) Z C (T T CUT i 4
Y(./—/)" N o Nl/ J) )f /)+O+MU -t Y(/’*/FZH Yi'./’*/) Ty 1)
i
k; M, k, —1
., =" =0 . . g (i .
4 _ Cyg/‘—;rk(/—m lz C’f(ﬁ/—;)*Y(r—;)”‘(/—,r)] - CY(/—;)*"N—»] Lo 2 CY(/—;)*"«/—;)IA
Y0 ® -, Nirp — N Y-t~ My = Yy R, ~ Yyp— Yipp—
1= u=
. (im0 ) M v _— (9 mp) i
4 =" PRl Mr-) _ Cru- (g
. N, s y -1 ¥ — Y —
-5 (r-1) = A\U,,\J—m(f,,)—H(Y(f,I) "y ])MU A —i M) + ey (7 L
ke, o M; k,
- (-4)
— Cy(ff/]ik(f*/)z zz C Nir-nYor-n k(f*/]z ! Cy(f*/)fkl'ff/)zfl _ Z Yir-iy i)
Yr-n R, N — N Y- R, R, Mun = Yy Ry, =« N Y
1= —|
( f*})fl)M(/’ ) Yy N
A =C. Z S x1 |- !
! (74 = % ,]*2+( - )W(/ qy s Yrn=a Type
Finally, the probability of system failure in fayer ( f ]) is
0 1) B
) ) L) 8
0 DV EED 3T LS W (D ] LA
Z = ) - (=) k — . ) e
B ()" () ()" (-) (-)"(-)
(5.4)

For this P-out-of-1 system, it is equal to K-out-of-N systems with varying K =my, , out

of N in every fayer. Corresponding to the brief introduction before and back to the simple
assumptions and problem classification, Class 1, Class 2 and Mix-Class. here are two kinds of
problems, independent problems (Problem A, B, and C).

For the independent problems, the calculation can just accord to the equations in section 3,
but for the correlative problems, the calculation should care the multi-dimensional Pearson
product-moment correlation coefficient (PPCC), among elements in every fayer'*. Also, the

distribution of the parameter, in principle, should be a normal distribution.

Problem A, B for Class 1 and Class 2 separately
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About the transportation/storage loss and screening problems (Problem A, B), take the fruit
as examples (Table 5.2), which can also fit for some building materials, machine components.
Here are some assumptions and standards:

(1) Suppose that in a batch of apples, there are 10000 apples.

(2) Divide these apples randomly into 100 bins, each bin filled with 100 apples.

(3) Then do inspections for this batch of apples. If in one bin, there are more than 5 apples are
deteriorated, this bin is not qualified. Also, if there are more than 5 bins are defined

unqualified, it is not qualified as well.
Table.5.2 Example shows the 2 fayer probability system

Fayer 1 Fayer 2

Element scale Big (B) Small (S)
Element Bin Apple
Number of elements 100 10000

Problem A: the problem of surviving ratio (of the 1* class)
Every apple has a probability £, =0.005 to be deteriorated in the process of

transportation; calculate the probability of failure to meet the requirement in the assumption (3)
of fayer 1 and fayer 2.
Problem B: the problem of passing ratio (of the 2" class)
There are 50 deteriorated apples mixed in this batch blindly (Prior); calculate the
probability of failure to meet the requirement in the assumption (3) of fayer 1 and fayer 2.
Both two problems show the equivalent to the problem of a P-out-of-1 system problem if
using the K-out-of-N system description, in the example of problem B, suppose that surviving

ratio or passing ratio is P. =95%, so, in fayer 1, K=5 bins from N=100 bins, in fayer 2, K

means 500 apples from N (10000 apples).
For the problem A, from calculation method in class 1 and problem description, there are:
The elemental failure probability in fayer 2, Pg,;.,=0.005; The elemental failure probability in

5 .
fayer 1, P ,=1- 2 Cloo (Pfau-z )1 (1 — P )10071 ~1.246x10°.
i=0

500
Then: The probability of failure in fayer 2, P,=1— Z Croono (Praii) (1= Pras

i=0

)10000—/

2

The probability of failure in fayer 1, P=1-Y"Cloo (P, ) (1= Py, )™

i=0

For the Problem B, from calculation method in class 2 and problem description, there are:
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The prior failing elements in fayer 2, 50;

The max prior failing elements in fayer 1, ¥, =50/5=10;

The total combination of fayer 1, Cjop.ty ,=Che-

Then: The probability of failure in fayer 2: 50/10000=0.5%<0.05,s0 £,=0;
The probability of failure in fayer 1: B = (A10 +A, T A, TA, A A, ) / Cly, » where
Ay = Cllgo

5
4, = C1900 [Z CF)Q;)—[CSH j - C190A10
=0

10
_ 8 91 7 8 3
A8 - CIOO (Z ClOl—iC7+i ] - C10A10 - C9 A9
i=0
15 2
7 92 6 7 .
A7 - CIOO z C107—iC6+i - z ClO—aAIO—u
=0 a=0
20 3
_ 6 93 5 6
A6 - Cl 00 Z CI 134C5+f - Z Cl OfaAl(]fa
=0 a=0
25 4
5 94 4 5
As - Cmo Z Cl 194C4+i B z ClO—uAIO—a
a=0

i=0

Problem C for Mixed Class

There are some similar applications in industry, especially in the microelectronic field
(Problem C), suppose that there are 10000 transistors, randomly but uniformly assembled into
100 groups, every group, there are 100 transistors, which forms a P-out-of-1 system. In this

hierarchical system, there are 3 fayers (fayer 0, 1, 2).

-

Figure 5.2. Example, the Integrated circuit used in CMOS (Version: KM41C10004J-7)
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Suppose that failing possibility of every root element is Pri=0.005, and there are 50 root
elements as prior failed elements randomly distributed in the system before the operation period
of system lifetime. In fayer I, 2, 3, the elemental failing possibility is P, , P, , where P, =F,.
Calculate the probability of failure in fayer 1, 2 (i.e. Pi, P2). Also, the qualified probability is
P:=95%. From calculation method and problem description above, the prior failing elements in

fayer 2: 50; The failure probability of elements in fayer 2: Pri-2=0.005; The max prior failing

elements in fayer 1: ¥1=50/5=10; The total combinations of fayer 1 is Ciy. s, ,=Cls and then:

AIO = Cllgo
a=cu e, e, P = (A 1)
=0
By = (A9/ s )'1
IOO chgoll - 7+,j CISOAIO Cj 4y
B = (AS/C:)499 )'1
7 01 (6 \ P.=(4 /C99 1
A, =Cyy Z(’107 64 z 10-aioa L7 _( 7 ‘49).
a=0
3 Rs= (A6/C19499 )'1
A= C1600 chgfz ,C55+, Z:o: w0-0Ai0-a P= (145/(/'[‘)499 ).1
4 9% .
A = Clsoo ZC19149 ,C44+7 Z - Ao =104 = (A4/C‘9499) Co (P‘:““ (1 P ‘))6 )
) k=1
30 5 7 _
4, =Ciy, ZCF:s Ca Z 10-aho Uk Z(A3 [l ). Cor (Ir)fi‘i""‘.(I_Pf"““)97 )
=0 a=0 k=2
8
4, = C1300 iclgi ;C22+1 i Croathio-s Aa Z(AZ/C&Q()) ;C‘;S (Pr‘l“” (1 L ')98 1)
i=0 =0 -
99
7 v vi i 99—i
AZ = C1200 z C19377 1C11+1 - z CIZO—GAIO—a Pl’l B (Al/(/lgfg ).k:4 (,99 (Ilfaﬁ-i .( 1-Pfail-l ) )
a=0 .
0 o\
A CIIOO (ZC&S’* IC(())-H cho —a“10—a })1’0 - O ;Cmo( it (l Rdll l) )_0
=0

A, =0 for the reason that 5/100=0.05=1-P,

[100(1-£,)

s L
where P, =1 Z Clloo tall') 1 Ptam)m()lzl_zclloo (E‘au?) (1 Pfam)mo .

i=0 i=0

The probability of failure in fayer 2:

10000-50 9950
Pi= > Clogs(0.00540.995" )= 5 €1, (0.005'40.9957 ).

) i=g,(10000(1-F, ))-50 =450

10
The probability of failure in fayer 1: 7, = 2 F, . So.thereliability: R =1-F,R =1-F,.

i=0
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5.2 The hierarchical reliability problem of a foundation system (from Class 1)

In engineering structures, the foundation system is the most general system interacting with
kinds of environment impacts (motions imported into the structure). For example. the
earthquake, the loads from the structure, the action caused by underwater, the pressure of earth
and rock. Such kinds of interactions will influence the health of sub-structural in lower fayers,
and then change the whole structure. We need to concern the structural reliability in different

fayers for maintenance that which part should be replaced and which part should be repaired.

F: unformly distributed load

F

AT ~—~B7 —~C7 —~D7 —~ET ~F1 —G7 —HT7

—~A8 ~BB8 —~C6 ~D6 ~FEB ,—~F6 —>GB .~ H6

A5 ~—~B5 ~—~C5 ~D5 —~ES5 —~F5 ~—~G5 ~—~HS5

A4 ~—~B4 —~C4 ~—~D4 —E4 ~—~F4 —~G4 —H4

A3 B3 ~C3 ~D3 ~FE3 ~FF3 ~G3 7H3

A2 ~B2 —~C2 ~D2 —~E2 »~F2 ~—~G2 ~—~H2

| = dh = S dHIE:

== gl - L

A1 Bl ~C1 ~D1 ~E1 ~FF1 —~G1 —H1

A0 BO CO DO EO FO GO HO => A0 B0 ~C0 D0 E0 ~F0 GO0 7HO

Vil = Ay A= A = i = | 333 /334 /343 S 344 /433 S add S 443/ add
Py e A Al A = A = P gy g 3317332 4 34 342 4 432 44 S 442
Pard Yard Fard Pard Pard Pard Yard Pard 3137 314 323/ 324 /413 /414 S 423 /7 424
g g Py P Parg Pars Pard Parg 31-1 31-2 /7 324 322 /4% S 42 S 421 S 422
Farg Parg Farg Farg = Farg Parg Yord 1337 134 7 143 S 144 S 233 244 0 243 4 244
far g e B - B G 4 = Prg P 13182 1 S AR S 23 232 24 S 242
g g Pavg g g g g Pavg 14-3,7 144/ 12-3 /124 243 /S 24 S 223 0 224
~ V=l = A A A A A~ A= > 14 2 142 S S aee S S 2o Seee

Figure 5.3. The equivalent system in concrete structure for the foundation system

As the definition of the structural reliability is based on the Joint distribution function
F(r,s)but also Joint density functionf(r, s) of Load (S,S:{s}) a (R,Rz{r} ).
fi(r) and f;(s)are the functions of the probability distribution of the load effects and

resistance separately, then the failure probability at fayer f can be:
f(r,s),F(r,s)

P, =P,=P((R-5)<0)=P §<1 (5.5)
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Pa=[[ £ (r.s)d,d, :]:[:[f(r,s)d,‘]ds :I(IfR (r) £ (s)dr]ds

(5.6)

0

][04 o] 017 9,

0

For the independent problems, the calculation can just accord to the equations in the previous
subchapter 5.1, but for the correlative problems, the calculation should care the multi-
dimensional PPCC among elements in every fayer!*®. Also, the distribution of the parameter, in
principle, it should be normal distribution. Here is the example in civil engineering is the
foundation system in Fig.5.3.

Elements in this example have indispensable inner associations. The Pile foundations are
interconnected by soil and rock. Meanwhile, the influence is 3-dimensional. And also, every
pile foundation’s resistance and load effects of the environment are unknown. Also, these pile

groups influence with each, they are non-independent but correlative.

Table 5.3. The failure probability between resistance and load effects in different fayers

P: failure probability between Resistance (R)
resistance and load effects Fayer 0 Fayer 1 Fayer 2 Fayer f
Fayer 0 P(0,0) P(0,1) P(0,2) e P(0.1)
Load Fayer 1 P(1,0) P(1,1) P(1,2) P(1,f)
effects Fayer 2 P(2,0) P(2,1) P(2,2) e P(2,)
(S)
Fayer f P(£,0) P(f,1) P(f,2) . P(t,f)

According to the hierarchical probability and same normalized limit, the calculation result
will be different for different fayer. The calculations in different fayers in the system, the results
will be different (Table 5.3). When doing decision-making based on reliability, there may be
different values of the reliability of different elements in different fayer is different. In the same
standard, the element chosen for replacement or maintenance in different fayer will be totally
different. Then, just like the example given before in Fig.6.2, there are 4 fayers (fayer 0,1,2,3)
in this concrete structural system, suppose the failing distribution of every root element and

correlation coefficient (Pearson product-moment correlation coefficient, PPCC) a
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elements is the known.
Fayer 0: the whole system (only one element in this fayer);
Fayer 1:{1,2,3,4};
Fayer 2: {1—1,1—2,1—3,1—4, 2-1,2-2,2-3,2-4,3-1,3-2,3-3,3-4,4-1,4-2, 4—3,4—4} ;

Fayer 3: {i—j—k i j,k€{1,2,3, 4}} e {11 1-1-2,1-1-3,1-1-4, ..} in total 4%¥4*4=64 clements.

Suppose every elemental failure probability distribution is Normal distribution and
Rosenblatt transform, Orthogonal transform, or Nataf transform, etc. are used for the case the
distribution of the variable is not normal distribution which is not considered in this research!¥.
The object is to get the reliability of the system in fayer 3, R(3,3) ,infayer2, R (2, 2) ,and in
fayer 1, R (1, 1) . The first issue for this problem is how to calculate the PPCC in different fayer.
Here is an example, there is a 3-fayer system {{x, y} , {z, w}} (fayer 0, only one element, PPCC
in fayer 1 is 1). The elements of fayer 1 are { X, y} ,{Z, w} . The elements of fayer 2 are x, y,z, w.

Every element has its own distribution or multi-dimensional joint distribution.

px‘ JRE N px, N2, W | . . g . -
The PPCC in fayer 1is p, = Coaen) = Pzl using multidimensional scaling

(R YER) N EROYERY)

148,149

Prx Pey Pr: Pew
Prs Pry Po: P
P Py Pz P
Pos Puy Pu: Pun ]

The PPCC in fayer 2 is p, = using the general method'°, and also

for the situation of non-normality'>!.

Suppose in fayer F', the every elemental failure probability distribution is X, ~ N ( 1,0 ) ,
ke {1,2,3,...,K} ,its PPCC, of every two elements, X, and X, (X,,X, € {Xk} 1S P 4, 5

in which &, 6{1,2,3,...,1(1} .k, 6{1,2,3,...,1('2}, K =K, <K, so there is:

P Pia pl,Kz
| P Pra 0 Pak,
Pr—| . . . .
_'OKl\l Pra o ’DKl\Kz_

Secondly, suppose £V, E” j=1,2,3,... j=1,2,3,... aretwo arbitrary elements in fayer

(F-1), which are structured by a certain rule of calculation of some elements in fayer F separately,
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to dilute the correlation coefficient between every two elements in fayer F; and in this paper, it
uses weight accumulation.

U =g X0 +a0 X et a X0 220 EO

Vv, =p XD 4 pI X _|__”_|_b;/')X;i) 2 ED, (5.7)

Inw

r
@) 0 0) (@)
[al’ NN AN ] ,

Ei :(Xl(i)an)a'"JX[()i))ya(i)
EY = (Xl(’/),X;/),'“,X;J))7b(i) :[bf”,bé”,bp,...,bf{”] - (5.8)

Then

DU)=D(@'E")=a'Cov(EV,E™a=a'L a
D(V)=DWE")=b'Cov(E" ,E")b=b'E b
Cov(U,V)=a'Cov(E",E)b=a'E b
s p(UV) = Cov(U,V) _ ’ a Elzb, ’
JDW)YD)  \Ja'Z abE,b

= p(U,.V,)=max(pU,.¥,)ja",b")

So

pe={pWU,. V)i, j=1.23,..}, (5.9)

In which p() means the variance of vectors and matrices, Cov(-) means covariance, and p()
means the PPCC.
Since the joint distribution of load effects S, and resistance R, suppose this joint
distribution is the normal distribution, failure probability can be described as Equation (6.2).
Then, suppose this problem is in the 1* class of hierarchical reliability, the root elements
have the failure probability Py, . a Prit. 7y - the failing

reliability £, inthe fayer (f-j) withthestandard limitF,, Pr, is the function for the
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P(_ ) for N( s, clements in the fayer ( f-j ) :
u(BNy )

i i Np™
])(ff 7 = Per,) (Pfail—(f— i)’ pfaﬂ—(f—_j)) =|1- Zo CN(F /)Pfail—(f—j) (1 - Pfai]-(f— j))

i=

| (5.10)

Prail{-;

From Equation (5.10) and problem description, in fayer 3, the elemental failure probability

is P,

al

i3 » in which elements’ failure probability often does not equal with each other, and the

correlation coefficient of failing element i and element j is o, i3.(1.7) Define, the failure

probability’s PPCC of fayer 3:

Prizyy  Pris2) 7 Priay) 7 Pris ()
Priz2n)  Prise 0 Praisay) T Phis(ae)
pfail_3: :|:pfaﬂ_3y(,-,j):|7i,j:1,2’...,64.
Priayy  Pris2) 7 Praiaiy) 77 Prise)
| Prita(eat)  Pritsfes2) 7 Priksery) T Philae464) |

In the fayer2: P, , = Pr, (Pf,dm, Pris ) , every element in this fayer has 4 elements of fayer

3, and for elements in fayer 2, define the correlation coefficient of fayer 2:

Priayy  Pria2) 7 Praiaay) 7 Pritaui)
Priay)y P2 T Paiagy) 7 Pl
pfai1-2: ’ ’ . ‘ . ' :|:pt'ail—2,(i,j):|7ivj :1327"'7167
Prian)y  Priagr 7 Praagy) T Prailagiie)
_pfail-z,(lé,l) pfail—2,(16,2) "' pfail-z,(la/) o pfail—z,(lé,lé) i

in which Prita ) = 7 pfa“_3) means the correlation coefficient of element i and element j

in fayer 2, which is the function of the failure probability’s PPCC of elements in fayer 3.

In the fayer 1: P, , =P, (Pfaﬂ_2 , pfai,_z) , every element in this fayer has 4 elements of fayer

2, and for elements in fayer 1, define the correlation coefficient of fayer 2:
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Pty Prir2)  Prins)  Phriln(d |
) (12) (13) (14)

Priti21)  Pric22)  Pritr(23) Pl (2,4) B o
Pril1 = —[pfail_l,(l.’j)},l,] =12,..,4
Prirr ) Prirn2)  Prair(s)  Phir(.4) ’

Pty Pricn2) Puicie3) Phicn@d) |
in which p,,, .+ = 1Py ) means the correlation coefficient of clement i and element j
in fayer 1, which is the function of the failure probability’s PPCC of elements in fayer 2.

For different fayers, their failure probability and reliability are:
For fayer 3: P(3,3) =Pry, (Pyis. Prars ), R(3,3)=1-P(3,3),

where, in total 64 elements (matrix of 64*64);
For fayer 2: P(2,2) =Pr (P, Prn ) - R(2,2) =1-P(2,2),

where in total 16 elements (matrix of 16*16);
For fayer 1: P(1,1)=Pr, (I’ml’l,,afailf1 ) , R(l,l) =1 —P(l,l) ,

where, in total 4 root elements (matrix of 4*4).

Furthermore, suppose in the fayer ( f- j) , there are n elements, the P can be

calculated for some special cases by formulas':

By =@, (=5:p) (5.11)
in which, 8=(/,5,.55--»B,,---. B,), in short =( 5, ), _ Expectation j=17 ... 1 is the
( 12172 /3 ) ( ) yi; m yLyeeey
Reliability index, 7 is the number of sub-elements.
L P 0 P

Pa 1

Suppose S, =,. p= pf‘” :[plvj];i,j:1,2,3...n.

p)z,l pn,Z o 1

If , isconstant, there is'>:
17
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P(f—j)

=0, (—ﬂ;p)=ff:(p(t

1o

qo(t) is the failure probability density function of normal distribution.
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Figure 5.4. (1) Monte Carlo simulation for normal distribution of one element

(expectation=0.92), (2) Monte Carlo simulation for Joint Normal distribution for randomly

selected three elements (3D)

Monte Carlo simulation: Experiment environment, Windows 8.1, MATLAB R2017a X64.

Since the precision of calculation for failing reliability P(f__/) in the fayer ( /- j) with

PPCC, Pri(f-)) sometimes will be hard to guarantee in practice, so Monte Carlo simulation

(10000 times) 1s used to do simulation. As the problem description shows there are 64 elements

in fayer 3, 16 elements in fayer 2,

and 4 elements in fayer 1.

-96 -



For every element in fayer 2, it contains 4 elements in fayer 3. For every element of fayer
1, it contains 4 elements of fayer 2. Suppose the capacity of risk defense is 2, =0.90 | and the
expectation of every elemental failure probability is 0.92. For example, suppose the PPCC in
every fayer refer to Table A2.1~A2.3 in appendix 2.

Example of one specific element, it has a distribution for reliability, e.g. Fig.5.4(1). If
randomly choose 3 elements, there is joint distribution, e.g. Fig.5.4(2). After the simulation,
the reliability of every fayer:

R(3,3)=0.9987;

R(2,2)=0.9992;

R(1,1)=0.9997
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5.3 Risk estimate for decision-making and engineering significance
Firstly, let’s discuss the risks in decision making for these worked examples concerning the
assessment itself.

In the problem A, the apples will get deteriorated in the process of the transportation. In
general terms, with the increasing transportation distance or as time goes by in warehouse, the
risk of the deterioration will increase. According to the calculation previously, the risk in
different fayer will be different in this process.

For deeply understanding, in the ideal risk analysis for surviving ratio in hierarchy, some
problems can be treated as independent and stationary incremental process (in problem A,
suppose the number of the apples is large enough that the deterioration of every apple is
independent, while the process of deterioration can be stationary that the distribution of
deteriorated apples is independent identical distribution in every moment), which can be
comprehended in the model of hierarchical Poisson process.

Meanwhile, hierarchical Poisson process is different from the conventional compound
Poisson process that in hierarchical Poisson process, when describing/evaluating the same
object, the same random variable in different fayers will influence the distribution with each
other; while in compound Poisson process, the different random variables are independent but
influence the same object as compound at the same time.

According to the relationship between the Binomial distribution and Poisson
distribution'®*, referring to the calculation in Section 5.1.3 (t ), if mis great enough,
usually, more than 100, while A =nrP is nottoo big, usually less the Binomial distribution can
be approximated as Poisson distribution.

CrP"(1-P) " ~ ’L' e’ (5.13)
m:

For failure of m element in root fayer in one moment, its distribution:

PHAM(t,+1y-M(1,)=m}=P] _) (5.14)

m
m!

Whose expectation is Af .

In every fayer, these expectations will be different. If we want to get a reasonable decision-
making for the cost of the loss in transportation, the risk caused by the hierarchy should not be
ignored. If we set this expectation ( A¢) in of this distribution, that the increasing failing

elements are incremental over time, as a constant in Problem B (pre-deteriorated apples) t
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to say, in the process of the apples’ transportation, for every screening, there is Y f =At,

predetermined in the calculation in Section 5.1.3 (t ). Then there is a no-aftereffect process
(in such case, the surviving ratio is only related to the previous moment, while the loss is
increasing), and the model will be transferred to model of hierarchical Markov process but not
Martingale. And in this case, it belongs static Markov process.

If we do not use the expectation of this distribution, this problem will be transferred a new
case, which is similar to Problem C (Section 5.1.3, type 3). Such kinds of research will expand
the application for the influence of hierarchy on engineering or industry. This problem can be
named as dynamic Markov process in hierarchy.

For every screening (survey for the passing ratio) in this process, there is a chance to get
the result of failing to pass. Suppose the state in Markov process is corresponding to the number

of the failing elements (Y, ). Then there are state i and state j :
i :thereare Y, =m, elements are failing to pass the screening. And the former states are
{iz,ipi.i,ik} from the nearest state Z, to the furthest reference state 7, in the past.

J :thereare Y, =m, elements are failing to pass the screening, and there ism, >m,.

Then, the probability of change from the state i to state j is:

P(Joiyiyslysenn,iy)

5.15
P(i,iy,0y,...0,) .15

P, =P(j

i

iyl ) =

When do the decision-making on the maintenance of the structure concerning the equilibrium
of force flow, energy flow or other kinds of flow, which fayer to be considered, and which part
to be maintained or replaced. .. these problems will be taken into consideration within the cost-

benefit analysis.

In the example, since the hierarchical reliability can be used to help the decision-making
in maintenance, different fayers have different risks under the unified standard and the
maintenance of elements will be different. For example, in Fig.5.5, it shows elements not
meeting the standard in every fayer, in which, the decision of element maintenance in Fayer 0
means the whole system is rebuilt or not.

Fayer 1: {3} ;

Fayer 2: {1-1, 2-3,3-2, 33, 4-4} :
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Fayer 3: {1-1-2, 1-1-3, 1-4-1, 2-2-2, 2-3-2, 2-3-4, 3-2-3,3-2-4, 3-3-3, 3-3-4, 3-4-1, 4-4-2, 4-4-3}

=== - =

===

- - - - - -]

== - - - - - -4

=== = - -

=== - ==

== - - - - - - ]

V=== = - - - -

Ny

=== - ==

=== - - - - -

V=== - - - - -

333 /334 /343 /344 433 S aaa Sany Saas

331 /332 /344 /342 434 Sase Sass Sasn

3138 /314 /323 /324 Sa43 Saas Saas Seas

31 32 3 Sz San Sane San Saoe

133 /134 /148 /144 /233 Soss Soas Soas

121, 132 e Sres Sasa Sass Saen Mo

143 /s 123 s Soas Seas 203 Soas

w2 2 S22 S S e Saee

Figure 5.5. The 4-fayer hierarchical system, every element in fayer 1 contains 16 root
elements, in fayer 2, it contains 4 root elements, and in fayer 3, it contains 1 root element (2nd
layer); and the lattices (3rd layer) a

(unreliable)

Secondly, besides the risk assessment and reliability calculation, using various parameters
in different fayers will also bring risks in the process of hierarchical risk assessment using
hierarchical probability. Since the reliability evaluation will involve kinds of parameters in

practice, and the investigations are often in inappropriate count.

For example, in the decision-making of maintenance for a hierarchical system with multi-

failure modes !  whose elements are independent.  Suppose failure
P((fl)_j):gf(xi‘(f_j))ax:{xlaxlaxla---,xn---axn} is caused by event X, in fayer (f—j) )

Generally, the result of the system failing in this fayer: f}f_ 0= F (X‘(f_j)). However, usually,
in the investigation of parameters, it is hard to distinguish which parameter belongs to which
fayer, so the calculating is often not according to its real fayer.

In a possible example in the diagrammatic sketch in Fig.5.6 (1), it shows, when the fayer
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changes from the higher to the lower, the reliability will decrease. One possible explanation is
shown in Fig.5.6 (2), when the fayer changes from the higher to the lower, the overlapping of
the distribution the load effects (S) a (R) will increase, and reliability will also
decrease. In details, according to the central limit theorem used in hierarchical probability;
when the number of random variables increases, the distribution will become closer to a hormal
distribution, and the variance of this normal distribution is getting smaller and smaller
simultaneously. In other words, in our study, as the system's fayer changes from the higher to
the lower, the uncertainties of element are increased. As the system's fayer changes from the
lower to the higher, the uncertainties of element are reduced. So, if both distributions are normal,
when the fayer changes from the higher to the lower, the distribution of R and S will become
flatter, suppose that the distance between expectations ,u(s) and ,u(r) will not change, the
variances o (S) and O (r) both will increase and the overlap area will increase, so the

reliability will decrease.

When fayer changes from the greater to the smaller.

#(s) p(r)

load effect S } resistance R

Je (7). £ (s)

greater

greater

S(s)t s(nt

(1) fayer: from greater to smaller 2)

Figure 5.6. Diagrammatic sketch of a possible situation. In sub-figure (1) when the fayer
grows from greater to smaller, the reliability will decrease. In sub-figure (2) when the fayer

grows from greater to smaller, the load effects (S) a
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In the example like problem D, for an element’s failure probability in fayer ( f—=j ) , P( i)
if one parameter X;, (1<i<n) is not recognized in the right fayer( f- j) but other fayer,

then there are two situations:

Case 1: the X, belongs to the greater fayer, and the reliability calculated is greater than the
actual reliability, it will decrease the cost of maintenance but underestimate the real risk.
Case 2: the X; belongs to the smaller fayer, and the reliability calculated is smaller than the

actual reliability, it will increase the cost of maintenance by over-valuation of the actual risk.

Often, people would like to focus on one specific analysis method on some specific
parameters in early warning system, and usually, the damage has risen to a certain extent, these
parameters in different fayers are not consistent in prediction. Since the decision-making should
care both security and economy at the same time, if use parameters in the fayer near but smaller
than the fayer ( f=j ) , the balance between risk and maintenance cost will be reasonable. And
if there is a process of hierarchical adjustment, the precision of the calculation result will be
high with an optimization cost.

Thirdly, another risk exists in the maintenance program selection.

Since in every fayer, its cost for the replace or repair of different failed elements are
different and the cost of the maintenance in different fayers are also different. The works for
maintenance may contain the recognition of the failed elements and the replacement or repair.
The risk of the maintenance will lead to an uncertain cost which asks for the statf’s experience

of operating/managing/evaluating....

Suppose the maintenance cost avoiding system failure in fayer ( f-j ) is Co( =) and

reliability improved (failing probability decreased) of the system is Al?ffj) = }sz/‘) _P(,’f—j)’
]’(}7}) is the failure probability after maintenance. Usually, }T;‘*./) < P( oy SI-E
In value engineering, suppose the benefitis B ( AR, ,,-)) , then the value is
V= ngij';(_”)) . (5.11)
(r=1
Co,py =i (N ) ) + N Corn (5.12)
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Where, in fayer ( - j) - (N

(/—/)) means the function of labor and other costs on the

number of units replaced/installed/..., N( ;-,) means the number of units replaced/installed/...,

Cr-i) is the unit cost of element purchased. By comparing the values of maintenance in

different fayers, there is an optimal choice.

For the case of Fig.5.4, if the benefit B (AP

) ) is the same that the system can continue

working healthily, there will be a solution for maintenance (replacement). Suppose:
K(N)=5N, L(N,)=3N,. f,(Ny)=N;;
N=l, N,=5, N,=13: ¢=16, ¢33, ¢=l.
Then Co, =5x1+1x16=21,Co, =3x5+5x3=30, Co, =1x13+13x1=26.
According to this calculation, the maintenance of the system in fayer 1 is the best choice

for decision making. However, the risk for each kind of maintenance will be totally different

that usually, the B (AP(f—/) ) will be different. B ( AP

: f.f}_)) includes economic benefits, social

benefits, environmental benefits, etc. It is so complex that often only the economic benefits will

be covered in the calculation. On the other hand, according to the conservative estimate, the

opportunity cost will increase substantially. Furthermore, v itself asks for the functional

=i
analysis, and usually, the decision-making is based on incomplete information.

Lastly, about the application of risk avoidance in engineering, there are some
corresponding countermeasures.

1. Different types of data should be categorized and summarized into different fayers to reduce
the mixed-use of data due to human factors.

2. For the systematic assessment of a specific fayer influenced by the hierarchical interaction
processing, the data measured should be appropriately near/in this fayer.

3. The decision-making should take the accuracy of the sampling test into account for the
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reason that detection methods, instruments, and even the randomness or errors in
measurement may sometimes change the result.

The setting of evaluation criteria should base on the specific condition of interaction
processing for damage assessment. Under different circumstances and conditions, or
different fayers, the eligibility criteria for different research targets should be set by statistics.
Specially, in practice, for evaluation of P-out-of-1 system (K-out-of-/ in hierarchy system),
according to the requirement of a conservative estimate for the failure probability,
comparing with the root fayer, in the higher fayer, K should be set slightly smaller than
[P*N], where the values of P and N are known.

Avoid impulsive decision making. In the process of decision-making for risk estimation in
maintenance, e.g. maintenance of the infrastructure, the comparison to find the highest risk
item within a specific standard should be conducted by measuring data from multiple fayers.
Since that we do not know which level suited best as a level of decision making with only
one fayer, in practice, maximally allowed by the conditions of measurement (limited by the
equipment and environment, etc.), choose the measurable highest fayer and lowest fayer, as
well as some other representative medium fayers between the highest fayer and the lowest
fayer where the data can be relatively easily measured; synthesize them together to provide
an overall evaluation of a system or obtain a comprehensive identification of local/global
damage for decision making of maintenance that whether the repair or replacement of
components will be conducted in different fayers in the system.

The maintenance process should focus on the minimization of total costs or avoiding
opportunity cost when choosing components for repair/replacement/reconstruction (for
components/subsystems/system separately) from the lower fayer to the higher fayer, that an

objective function should be considered and algorithms should be developed as well.
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5.4 Concluding remarks
When evaluating the influence of the interaction field on the structure, we found that

interaction processing in different scales and in hierarchy, and the research on hierarchy has not
been fully imported into the risk analysis for structural damage detection. Also, when
conducting the maintenance, the structure will be analyzed in hierarchy (substructures, sub-sub-
structures ...), and the design of the structure is often of redundancy design. Then, the P-out-
of-1 system is proposed as a new redundancy system for the evaluation in decision-making for
maintenance. The problems related to P-out-of-1 system is concluded into three classes, and
three typical examples and example related to the interaction field analysis are introduced.

Concerning the risk will help reduce their cost in maintenance, in the example, among 3
solutions, costs are 21, 30, 26, separately, if we do not care about the risk, it may be
21*1/3+30*1/3+26%*1/3=25.66, which increase the 18.16% in this case.

The K-out-of-N system in the hierarchy, or named as P-out-of-1 system can be acquired.
In this research, there are 2 classes of hierarchical probability, (Class 1) surviving ratio and
(Class 2) passing ratio, and mixed situation of two classes will be studied. Then, for the risk
assessment using hierarchical reliability for decision-making, unreasonable parameter selection
will bring a certain risk of loss, which is the second main purpose of this research. Then some
suggestions for engineering application of hierarchical reliability are proposed when

considering such kind of risk.
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6. Conclusion and Future
Work



In the lifetime of a structure, three kinds of information, structural information representing the
change of the structure, environmental information indicating the variation of influence of
environment to the structure, and interaction processing information reflecting the relationship
between structure and its environment, could be recognized. High intensity of the interaction
processing will lead the structure to get damaged, while low intensity can be used to detect the

existence and the level of damage.
Concerning the interaction field analysis is mainly about the stability when the interaction

propagation is in the structure. In
(Lagrangian description) or some

dynamic field in mechanics (Eulerian description) that the motion or interaction,

transferred into the system or structure by the environmental influence. By recognizing the
characteristics of interaction processing and concentrating on its developing tendency, it is
possible to indicate the system changes, which can be used to assess the damage of the structure.
When the level of structural damage is high, the stability of the interaction processing through
the system goes down, vice versa.

The main experiment objects are two nearly full-scale girders, investigations of which have
been rarely conducted in past studies. In the experiment, the interaction field characteristics
were investigated in data analysis of displacement and acceleration. The continuous aggravating
damage was applied to the structure in different steps and stages. Static loading experiment and
impact hammer experiment were conducted in sequence, which reduced bearing capacity

(increased deformation) a

-locations.
Furthermore, in static experiment (static loading experiment and tendon cut), comparing
result of the interaction field analysis and mechanical analysis on elastic coefficient, among the
9 stages, for box girder 2, the elastic coefficient’s effective proportion is 4/10; while the 2D-

CC’s effective proportion is 9/10, so it improves 5/10; for box girder 3, the elastic coefficient’s
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effective proportion is 4/10; while the 2D-CC’s effective proportion is 6/10, so it improves 2/10.
Also, in dynamic experiment (impact hammer experiment), comparing result of the interaction
field analysis and model analysis, in kinds of characteristics of interaction processing, referring
the same data measured in experiment on box girder 2, the best right representation of variables
and characteristics for interaction field analysis and modal analysis for 6/8 and 5/8, shows the
interaction processing is better. Also, referring to the same data measured in the experiment on
box girder 3. the best right representation of variables and characteristics for interaction field
analysis and modal analysis 7/8 and 6/8, shows the interaction field analysis is better. In the
combined study, unfortunately, doped with a lot of damage indicators that are not particularly
good, but the interaction field analysis still performs better than traditional modal analysis. For
box girder 2, the combined results of all indicators have the right representation, 5 out of 8, 3
out of 8 changes, for the interaction field analysis and the modal analysis separately. For box
girder 3, the combined results of all indicators have the right representation, 5 out of 8, 4 out
of 8 changes, for the interaction field analysis and the modal analysis separately.

Moreover, in this research, hierarchical reliability is proposed to evaluate the risk for the
measurement of hierarchical interaction. Since the interaction has its description of macro, meso,
and micro, its influence on the structure has different scales corresponded. In this expanded
study, the hierarchical probability is introduced into the reliability theory, concerning the
evaluation of the complex system. For convenience in research, the unit, “fayer” is suggested
as the unit of the hierarchy. Also, the P-out-of-1 system is proposed from the inspiration of the
general K-out-of-N system, which describes the surviving capacity of the hierarchical system
according to its definition of probability. In this system, the combinatorics is adopted to help
people to understand the relationship among different fayers and to provide the calculation for
the probability.

In this work, it was found the estimation of the failure probability of the whole system is
greatly depending on the structure of hierarchy. The determination of the system reliability is
related to the fayer defined by the analyst. In the view of hierarchical probability, even the same
standard is given to all fayers, the results are different as well in every fayer.

There is a tendency in the complex system from fayer 1 to the root fayer, and according to
some reference in scale analysis for reliability, it is monotonously declining. In different fayers,

the individuals’ associations are not the same. The correlation should be concerned with the
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calculation of hierarchical reliability for a complex system. Based on the hierarchical reliability,
the decision-making for maintenance needs to provide kinds of strategies for the combination
of maintaining different elements in different fayers using the benefit-cost analysis. In decision-
making, there are three kinds of risks that should be considered. (1) The risk caused by the
hierarchical system itself. (2) The risk caused by the parameter investigation. (3) The risk
caused by incomplete information and the opportunity cost. The example shows, surveying the

optimal cost will significantly reduce costs as much as 18.16%.

This research strongly concerns the interaction processing in damage identification. It
improves or clears three topics in structural damage detection and evaluation, i.e. the interaction
field analysis on the motion propagation, characteristics developing tendency, and the
hierarchical structural reliability on the response of the structure in interactions for maintenance.

For the author’s academic plan, this research is the premier research for a theory on the
information evaluation, named as Value of Information (VOI) for the global structural system.

There are some limitations in the research, firstly, it doesn’t apply too much knowledge
about the structural characteristics and environmental characteristics that have been studied for
hundreds of years. Also, this research only considers a limited number of interaction field
characteristics and it is hard to have a very comprehensive description of all characteristics of
the global structural system that may benefit the research community, or even contribute to the
whole society of science and engineering. Unless we have finished the multiple kinds of
information of all structural, environmental and interaction information, it is able to have a
comprehensive understanding of the global structural system.

About the future research on interaction processing (analysis, reliability, and response
from the structure), there are some suggestions:

(1) For future researches, the local damage detection, system assessment in structural health
monitoring using interaction field analysis should be tested. Or, the data detected by other
methods of NDE or other experiments could be used in interaction field analysis to find
more structural changing information. Through further study of interaction field analysis,
the fluid and solid mechanics may have a unified framework that the application of methods
for research fields from both kinds of mechanics can be crossed, and the discipline barriers
between them could be reduced. Moreover, besides the qualitative analysis in IFC-based

interaction field analysis, for better criterion, maybe the Analytic Hierarchy Process (AHP)

- 109 -



can be used in calculating.

(2) Moreover, for the case of hierarchical interactions, if the passing ratio is low, usually the
surviving ratio is also low, and vice versa. In further research, the problem of correlative
surviving ratio and passing ratio in the hierarchical system would be taken into
consideration. Also, for the future work, different parameters used in different fayers or
scales may build the relationships according to the principle of similitude and give a
reasonable evaluation of the real system using the same standard.

(3) Furthermore, for the case of unfixed and even dynamic risk assessment, more in-depth
discussions are needed.

As long-term research in the future, a theoretical paradigm for the framework of VOI-based
analysis (method) should be proposed. The research in the thesis compared with its anticipatory
framework only concerns a limited but typical case study on interaction processing information,
hierarchical structure, experiment, etc. More effort and hard work are needed in the future.

There are still many things to do in the research. The flow field, or action field, is a very
useful tool and is of great significance for summarizing, innovating, and summarizing the
theory of non-destructive testing. As Mr. Sun Yat-sen said, "The revolution has not been
successful, and comrades still need to work hard." To realize my dreams in science and

engineering, I will do my best in the future!
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Appendix



Appendix 1

Table A1.1 Inspiration and characteristics of the wave for damage diagnosis.

Characteristics of wave

Damage diagnosis

Sound (voice), song Wave Analyzing Methods Data processing
Loudness Amplitude/wavelength In The data in
Acoustic pressure Distance, sound interaction field
pressure or In analysis is often in the
matrix, evaluated by
Auditory impression  Direction and Speed 2-D correlation
of sound (velocity) coefficient, and
Tone Frequency -history Distance;
Musical sound or Harmonic wave Response; For statistics:

noise
Timbre Wave pattern

Pitch interval Wave interval

Expectation,
Variance, Mode,
Median;
Etc.

Extreme Analysis;
Pattern recognition,;
Analysis of

similarity/difterence ...

Concerto, Symphony

Principal component analysis; Association

analysis ...
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Table A2.1. The correlation coefficient among elements (E1~E64) of fayer 3
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Table A2.2. The correlation coefficient among elements (E1~E16) of fayer 2

E1 E2 E3 E4 ES E6 E7 E8 E9 E10 E11 E12 E13 El4 E15 E16
E1 1.00 045 029 045 058 000 087 025 035 035 050 050 0.00 035 050 067
E2 045 1.00 052 060 052 0.00 052 022 063 063 045 045 045 032 0.00 0.60
E3 029 052 100 052 0.67 0.00 033 000 041 082 029 0.58 058 0.82 0.00 0.52
E4 045 060 052 100 052 000 052 022 063 063 045 045 045 032 0.00 0.60
E5S 058 052 067 052 1.00 0.00 033 0.00 041 082 029 058 058 041 058 0.77
E6 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
E7 087 052 033 052 033 000 100 029 041 041 058 058 0.00 041 0.00 052
E8 025 0.22 000 022 0.00 0.00 029 1.00 0.00 000 025 0.00 0.00 0.00 0.00 045
E9 035 0.63 041 063 041 0.00 041 0.00 1.00 050 0.00 0.71 0.00 0.50 0.00 0.32
E10 035 063 082 063 08 000 041 000 050 1.00 035 071 071 050 0.00 0.63
E11 050 045 029 045 029 000 058 025 0.00 035 1.00 0.00 050 0.00 0.00 0.45
E12 050 045 0.58 045 058 000 058 000 071 0.71 0.00 1.00 0.00 0.71 0.00 0.45
E13 0.00 045 058 045 058 0.00 000 000 000 071 050 000 100 0.00 0.00 045
E14 035 032 082 032 041 000 041 0.00 050 0.50 0.00 0.71 0.00 1.00 0.00 0.32
E15 050 0.00 0.00 0.00 0.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.45
E16 0.67 060 052 060 077 000 052 045 032 063 045 045 045 032 045 1.00
Table A2.4. The correlation coefficient among elements (E1~E4) of fayer 1

E1 E2 E3 E4

E1l 1.00 0.67 0.68 0.82

E2 0.67 1.00 0.54 0.68

E3 0.68 0.54 1.00 0.50

E4 0.82 0.68 0.50 1.00
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