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Summary

The safety of existing concrete structures is important to the society. Many concrete
bridges have been used for decades. The material degrades with time but the traffic load
increases, which increases the risk of structural failure, impacting the citizen's safety and
daily life.

To prevent the structural failure, reconstructing/repairing all the bridges that are suspected
to have low reliability is not practical nor efficient. A solution is to first more accurately
assess the structural bearing capacity. Based on the assessment, the asset managers can
take more efficient interventions.

This dissertation provides methods to assess the structural bearing capacity of a typical
concrete structural type — reinforced concrete beam/slab without shear reinforcement.
This type of structure can have a critical failure mode of shear, which is catastrophic and
with limited or no sign before it occurs.

To assess the structural performance against shear, this dissertation starts with literature
reviews in the two relevant fields. One is on the shear failure mechanisms of reinforced
concrete structures (Chapter 2). The review helps us understand the shear failure mecha-
nisms and inspires a potential indicator for shear failure at structural level. The other re-
view is on the monitoring techniques (Chapter 3). From the review, the acoustic emission
(AE) technique stands out from the others. The unique benefits are that AE can detect the
internal damages remotely and in real time, and AE is very sensitive to concrete cracking
at an early stage. We find the potential of using AE to indicate shear failure.

However, many challenges are present in AE. According to a detailed review of AE in
Chapter 4, AE monitoring is influenced by many uncertainties in the process, leading to
inaccurate results. AE can detect concrete cracking but could not be well related to the
crack width of a structure which is important for evaluating structural performance. More-
over, referring to upscaling to the structural level, no method is devised to interpret AE
results as a failure indicator.

This dissertation addresses these knowledge gaps and develops AE-based failure indica-
tors for reinforced concrete structures without shear reinforcements. The development is
based on the observation in a series of shear failure tests on reinforced concrete beams
and slabs. Chapter 5 summarizes the test setups, measurements and an overview of the
results. These tests are used in the following chapters.

Firstly new AE methods are developed in Chapter 6 and 7. Chapter 6 develops an AE
method, i.e. probability density field of AE events, to identify damage locations consid-
ering various uncertainties during the localization process. This method estimates the



probability of the location of AE events. Chapter 7 develops a method on source classifi-
cation, to distinguish signals from tensile cracking and friction. The classification of AE
source type is important for understanding the structural behaviour. The new classifica-
tion method uses the signal parameters peak frequency and partial power, which are reli-
able and efficient to apply. The two new AE methods developed in Chapters 6 and 7 are
used in the following chapters.

Chapter 8 closely studies the relationship between AE events and crack width at local
positions. The relationships during loading and unloading are studied separately because
different mechanisms are expected in the two processes. The relationship between AE
and cracking has been explained physically. This provides a better understanding of AE
events from crack opening and closure.

Based on all the former work (including literature review, experiments, two new AE
methods on source localization and classification, relationships between AE and crack
width), Chapter 9 develops AE-based failure indicators for reinforced concrete structures
without shear reinforcement. A ‘traffic light system’ is proposed, where the green-light,
yellow-light and red-light criteria show different damage levels of the structure. The sys-
tem is evaluated to be robust within the available tests. In the end of this dissertation,
general guidance is provided on implementing the AE-based indicators in a load test of a
concrete structure.

As a general summary, this dissertation contributes to the field of AE monitoring of con-
crete structures in the following aspects:

e Developing an AE method which identifies the location of AE sources (local
damage) in concrete, considering various uncertainties in the localization pro-
cess (Chapter 6),

e Developing a source classification criterion based on signal parameters which is
reliable and efficient (Chapter 7),

e Revealing the relationship between AE events and crack kinematics with a phys-
ical background (Chapter 8),

e Developing a set of AE-based failure indicators for reinforced concrete struc-
tures without shear reinforcement, with theoretical background and practical rel-
evance (Chapter 9),

e  Proposing general guidance on implementing the indicators (Chapter 10).
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Samenvatting

De veiligheid van bestaande betonconstructies is belangrijk voor de samenleving. Veel
betonnen bruggen zijn al tientallen jaren in gebruik. Het materiaal verslechtert met de tijd,
maar de verkeersbelasting neemt toe, wat kan leiden tot structurele schade, met gevolgen
voor zowel de veiligheid van de burger als voor het dagelijks leven.

Om structureel falen te voorkomen, is het verbouwen/verstellen van alle bruggen waarvan
wordt vermoed dat ze defect zijn, niet praktisch en ook niet efficiént. Een oplossing is om
eerst het draagvermogen van de constructie te beoordelen. Op basis van de beoordeling
kunnen assetmanagers passende interventies ondernemen.

Dit proefschrift biedt methoden om het draagvermogen van een typische betonconstructie
zonder dwarskrachtwapening te beoordelen. Dit type constructie heeft een kriticke be-
zwijkmodus van afschuiving, een bros bezwijkmechanisme dat moet worden voorkomen.

Om de constructieve veiligheid voor afschuiving te beoordelen, begint dit proefschrift
met literatuuronderzoeken in de twee relevante gebieden. Het eerste deel is over de af-
schuif bezwijkmechanismen van constructies van gewapend beton (hoofdstuk 2). De stu-
die helpt ons de afschuif bezwijkmechanismen te begrijpen en inspireert de ontwikkeling
van een mogelijke indicator voor afschuif bezwijken. Het bewaken van deze indicator
kan afschuiving helpen voorkomen. De tweede review gaat over de monitoringtechnieken
(Hoofdstuk 3), gericht op geschikte technieken voor dit proefschrift. Uit de review on-
derscheidt de akoestische emissie (AE)-techniek zich van de andere, omdat deze interne
schade op afstand en in realtime kan detecteren. Bovendien is AE in een vroeg stadium
erg gevoelig voor betonscheuren.

Er zijn echter veel uitdagingen bij het gebruik van AE. Volgens een gedetailleerd over-
zicht van AE in hoofdstuk 4, wordt AE-monitoring beinvloed door veel onzekerheden in
het proces, wat leidt tot onnauwkeurige resultaten. Verder kan AE betonscheuren detec-
teren, maar het is onduidelijk hoe de scheurbreedte te kwantificeren, wat belangrijk is
voor het evalueren van constructieve veiligheid. Voor opschaling naar constructie niveau
was geen methode om AE-resultaten als faalindicator te interpreteren voorhanden.

Dit proefschrift pakt deze kennislacunes aan en ontwikkelt AE-gebaseerde faalindicato-
ren voor gewapende betonconstructies zonder dwarskrachtwapening. De ontwikkeling is
gebaseerd op een reeks bezwijkproeven op balken en platen van gewapend beton. Hoofd-
stuk 5 beschrijft de testopstellingen, metingen en algemene resultaten. Deze proeven wor-
den in de volgende hoofdstukken gebruikt.

Ten eerste worden in hoofdstuk 6 en 7 nieuwe AE-methoden ontwikkeld. Hoofdstuk 6
presenteert een nieuwe AE-methode, het zogenoemde kansdichtheidsveld van AE-ge-
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beurtenissen om schadelocaties te identificeren, rekening houdend met verschillende on-
zekerheden tijdens het lokalisatieproces. Deze methode schat de waarschijnlijkheid van
de locatie van AE-gebeurtenissen. In Hoofdstuk 7 is een andere nieuwe methode ontwik-
keld voor de bronclassificatie, om signalen van trekscheuren en wrijving te onderscheiden.
Deze informatie is belangrijk voor het begrijpen van constructie gedrag. De nieuwe clas-
sificatiemethode maakt gebruik van signaalparameters piekfrequentie en gedeeltelijk ver-
mogen, die betrouwbaar en efficiént kunnen worden toegepast. De twee nieuwe AE-me-
thoden die in de hoofdstukken 6 en 7 zijn ontwikkeld, worden in de volgende hoofdstuk-
ken gebruikt.

Hoofdstuk 8 bevat een analyse van de relatie tussen AE-events en scheurwijdte op lokale
posities. Vanwege verschillende mechanismen worden de relaties tijdens laden en ontla-
den afzonderlijk bestudeerd. De relatie tussen AE en scheurwijdte is fysiek verklaard. Dit
zorgt voor een beter begrip van AE-gebeurtenissen van het openen en sluiten van scheu-
ren.

Gebaseerd op al het eerdere werk, inclusief het literatuuronderzoek, de experimenten,
twee nieuwe AE-methoden, de gevonden relaties tussen AE en scheurwijdte, warden in
hoofdstuk 9 AE-gebaseerde faalindicatoren voor gewapende betonconstructies zonder
dwarskrachtwapening ontwikkeld. Er is een ‘verkeerslichtsysteem’ voorgesteld, waarbij
het groen/geel/rood-lichtcriterium verschillende schadeniveaus van de constructie laat
zien. Het systeem is binnen de beschikbare proeven robuust. Aan het einde van dit proef-
schrift wordt een leidraad gegeven voor het implementeren van de op AE gebaseerde
indicatoren in proefbelastingen op betonconstructies.

Als algemene samenvatting draagt dit proefschrift bij aan het gebied van AE-monitoring
van betonconstructies op de volgende aspecten:

e Het ontwikkelen van een AE-methode die de plaats van de schade in beton iden-
tificeert, rekening houdend met verschillende onzekerheden in het lokalisatie-
proces (hoofdstuk 6).

e Het ontwikkelen van een bronclassificatiecriterium op basis van signaalparame-
ters dat betrouwbaar en efficiént is toe te passen (hoofdstuk 7).

e Hetinzichtelijk maken van de relatie tussen AE-gebeurtenissen en scheurbreedte
door middel van een fysieke verklaring (hoofdstuk 8).

e Het ontwikkelen van op AE-gebaseerde faalindicatoren voor constructies van
gewapend beton zonder dwarskrachtwapening, met een theoretische achtergrond
(hoofdstuk 9).

e  Het geven van voorstellen voor algemene richtlijnen voor de implementatie van
de indicatoren (hoofdstuk 10).
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Chapter 1 Introduction



1.1 Structural assessment of existing concrete bridges

1.1 Structural assessment of existing concrete bridges

The safety of existing concrete bridges draws attention to the society in the Netherlands.
For a total of around 3500 bridges in the road network, around 60% of bridges were built
before 1975 (Lantsoght, van der Veen et al. 2013). The past design codes may not meet
the requirements of the current design in terms of the bearing capacity and the traffic load.
Moreover, the aging of the material over time may lead to further degradation of the
structural bearing capacity. The outdated design details, aging materials and increasing
load reduce the structural safety and may lead to structural failure.

To prevent structural failure, a method is to repair or replace the bridges that have reduced
structural safety in a short period of time. However, this method is neither practical nor
efficient. Firstly it is not practical to intervene at once all the bridges that are suspected
to failure. This will occupy a lot of resources, which may influence other projects. And
closing many bridges for intervention causes traffic blocks at a large scale, which influ-
ences the citizens' daily life or even the economy. Moreover, some bridges are observed
damaged but may actually have enough bearing capacity after repair or even without the
need of repair. Replacing or reconstructing a bridge that has enough bearing capacity is
unnecessary and harms the environment.

Therefore, a wiser approach is to firstly assess the structural bearing capacity. Based on
the assessment, interventions can be prioritized that the most critical bridges first get re-
paired or demolished. And the solutions can be tailored to every bridge according to its
current load bearing capacity.

To assess the structural bearing capacity, proof load testing is considered an accurate
method. The bridge is loaded until a desired load level, and if the structural performance
does not violate the predefined stop criteria, the bridge is proved to the corresponding
capacity (AASHTO 2018). In this process, monitoring the structural performance is vital.
To indicate the structural performance, many conventional methods measure parameters
at predefined locations, like crack width, shear displacement and deformation (Deutscher
Ausschuss fiir Stahlbeton 2000). However, these parameters are mostly measured from
the structural surface, and could not represent the internal damages which have been
found critical for some types of structural failure (Muttoni and Fernandez Ruiz 2008, Tue,
Theiler et al. 2014). Therefore, we need to find a proper technique that can measure the
internal damage.

Acoustic emission (AE) technique stands out from the others on measuring internal dam-
ages. Sudden changes in concrete like cracking will release energy and generate waves.
The waves will propagate from the source to the AE sensors and be converted into elec-
trical signals. By processing the obtained signals, AE can estimate the location of the
source (which is called source localization) (Kundu 2014), classify the source type (which
is called source classification) (Ohtsu 2010), and assess the structural integrity (Ohtsu
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Chapter 1 Introduction

2010). These calculations are time-efficient, thus can provide real-time monitoring during
load testing when damage evolution is rapid. Moreover, AE is very sensitive to minor
changes in concrete even micro cracking. A previous study has found that AE can detect
cracking earlier than the traditional displacement measurement (Zhang, Zarate Garnica et
al. 2020). AE can also remotely detect the damages, which covers a larger measuring
zone. All these favourable features make AE an ideal technique to indicate structural per-
formance against failure.

Though AE shows favourable features, many knowledge gaps are present between the
current state of research and the use of AE to indicate the structural failure. Firstly AE
monitoring of concrete structures is influenced by various uncertainties in the monitoring
and analysis process such as presence of crack between source and receiver. The influence
of the uncertainties on the AE results needs to be evaluated. And considering the uncer-
tainties, AE technique needs to be improved. For example, the estimated source location
may not be the actual one, leading to source localization error. The error properties and
its influence on identifying the location of cracking are not well studied. Considering the
errors, the localization method needs to be improved. Secondly it has been generally rec-
ognized that the number of AE events is linked to concrete cracking. However, no quan-
titative relationship between crack width and the amount of AE events is available, which
limits the usage of AE in crack detection. This gap lies at the local/material level. Then
at the structural level, we miss a method to interpret the locally obtained AE events into
the global performance of the structure.

1.2 Research goal and questions

The scope of this dissertation is limited to assessing the shear capacity of reinforced con-
crete structures without shear reinforcement during load testing. For this type of structure,
one of the critical failure modes is shear failure, which is catastrophic with limited or no
sign before it occurs. AE, with many favourable features as mentioned above, is expected
to be able to indicate the shear failure beforehand. The goal of this research is to develop
an AE system to indicate shear failure of reinforced concrete structures without shear
reinforcement.

The main research question is: how can we use AE to indicate the shear failure of rein-

forced concrete structural members without shear reinforcement?
This main question can be broken down into sub-research questions, with the correspond-
ing knowledge gaps.

The first discussed objective of AE is source localization. Due to uncertainties in the lo-
calization process, the estimated source location inevitably includes the localization er-
rors compared to the actual one. Therefore, the first question is: (Q1) what are the prop-

erties of source localization error, considering various uncertainties in the localization




1.3 Research methodology

process? Then based on the error study, the next question is: (Q2) how can we improve

the AE source localization results, considering the localization error?

Another important objective of AE is source classification, which distinguishes different
types of AE sources in concrete cracking. We need to figure out: (Q3) how can we classify

the types of AE sources in concrete cracking in an efficient and reliable way?

With the improved AE technique, we need to relate the results to the mechanical behav-
iour of concrete. Most available studies in literature state that AE events are related to
crack opening in concrete in a qualitative way. But the relationship between AE events

and crack width is not quantified. Therefore, we need to clarify: (Q4) what is the relation-
ship between AE events and crack width?

At structural level, we need to find the relationship between AE events and structural
behaviour. The question is: (Q5) how can we indicate possible shear failure of concrete

member at early stage using AE? And considering the implementation, one following-up
question is: (Q6) how can we apply the AE-based indicators of shear failure in load testing

of concrete structures?

The six sub-questions form three parts of work. Part 1 includes questions Q1-Q3, to im-
prove the AE technique. Part 2 focuses on Q4, to locally relate AE events and crack width.
Part 3 includes Q5 and Q6, to upscale to the structural level to develop an AE system to
indicate shear failure of reinforced concrete structures.

1.3 Research methodology

Following the logics of the research questions, we start with Part 1 (Q1-Q3) to improve
the AE techniques. Then we work on Part 2 (Q4) to relate AE events and cracking behav-
iour of concrete locally. Finally we approach Part 3 (Q5 and Q6) to develop an AE system
to indicate structural failure of reinforced concrete members.

Having access to experimental data is vital for this research. The experiments that are
included in this dissertation are shear tests of reinforced concrete beams and slabs. The
specimens are of large scale, without shear reinforcement, loaded till failure and moni-
tored by various techniques including AE. Therefore, the experiments are adequate for
developing AE-based shear failure indicators for reinforced concrete structures without
shear reinforcement. These experiments are involved in the following methodology.

Methodology for Part 1 (Q1-Q3): To improve the AE source localization, we will first

evaluate the properties of source localization error (Q1). A reliable evaluation requires a
large amount of test data. In need of test data, we will use simulations to generate suffi-
cient number of tests. The simulation is validated using experimental data to check the
influence of uncertainties, which are the presence of crack and the arrival time picking
error.
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In the next step, we will use the error properties to obtain a probability density function
of the location of an AE source (Q2). This function estimates the probability of an AE
event located at any location in the field. The new method makes use of the error to esti-
mate source location, and will be implemented in the whole dissertation. The detailed
methods can be found in Chapter 6.

To improve the AE source classification (Q3), we will first evaluate the performance of
various signal parameters on source classification using data obtained from experiments.
In the experiments, AE signals are collected from different regions of a concrete member
where the cracking type can be determined by other measurement method. Because the
locations of the signals with respect to the sensors are random, the influence of wave
propagation with respect to the wave travelling distances can be studied. By comparing
the properties of AE signal from different sources and travelled through different distance,
we will develop a new source classification criterion. The detailed methods can be found
in Chapter 7.

Methodology for Part 2 (Q4): To relate AE events and crack kinematics locally, we will

compare the probability density function of AE sources proposed in Part 1 with the whole
crack kinematics measured by digital image correlation (DIC). We will compare the re-
sults of AE and DIC to obtain and explain the relationships between the AE events and
crack kinematics. Due to different mechanisms, the relationships during crack formation
and closure will be studied separately. The detailed methods can be found in Chapter 8.

Methodology for Part 3 (Q5 and Q6): To develop the AE-based failure indicators for
concrete members (Q5), we will use the theoretical models of shear failure from the lit-

erature and the knowledge on the relationship between concrete cracking and AE. We
will propose a set of AE-based indicators that closely relates to the theoretical models of
shear failure. Then we will validate the indicators using shear tests on concrete beams and
slabs presented in this dissertation. The detailed methods can be found in Chapter 9.

To implement the AE-based failure indicators in practice (Q6), we will consider the whole
procedure from the system design to the execution and decision-making. The knowledge
on execution in this dissertation mainly comes from the experiences of the lab experi-
ments on AE and proof load tests of existing bridges and buildings. The merge of the
previous experiences and the additional insights in this dissertation leads to a guidance
on every step for the users in Chapter 10.

1.4 Outline

This dissertation includes 11 chapters. The main contents (excluding introduction and
conclusion) answer the three parts of research questions described in Section 1.2. A sche-
matic representation of the interaction between chapters is presented in Figure 1.1. The
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brief contents of each chapter are listed below in the order of appearance in this disserta-

tion.

Chapter 1 introduces the research.

Chapter 2 reviews the shear failure mechanisms of reinforced concrete structure,

which inspires possible shear failure indicators.

Chapter 3 reviews various non-destructive techniques for concrete monitoring.

The review shows the reasons of using AE instead of others in this dissertation.

Chapter 4 reviews AE technique including basic principles and application in
concrete. The review motivates the further development of AE methods.

Chapter 5 summarizes the experiments used in this dissertation including failure

tests of reinforced concrete beams and slabs. This chapter serves as a reference
for the following chapters when the tests are used.

Development of new AE methods, for research questions Part 1 (Q1-Q3)

Chapter 6 develops a new AE source localization method. This method quanti-

fies the spatial distribution of AE events, considering various uncertainties in the
localization process. (Q1-Q2)

Chapter 7 develops a new source classification criterion. The new criterion is
reliable and efficient to apply. (Q3)

Reveal of relationship between AE and crack width, for research questions Part 2 (Q4)

Chapter 8 reveals the relationship between AE events and local crack kinemat-
ics. The physical background behind the relationships is explained. (Q4)

Development of AE system to indicate shear failure, for research questions Part 3 (Q5-

Qo)

Chapter 9 develops AE-based failure indicators for reinforced concrete struc-

tures without shear reinforcement. The indicators are evaluated robust and ex-

tended from beams to slabs. The results provide a solid method to indicate struc-
tural failure using AE. (QS5)

Chapter 10 provides a guidance on implementing the AE-based indicators in

load testing. Discussions are given to the preliminary survey, load design, sensor
layout design, execution and real-time data analysis and decision making. (Q6)

Chapter 11 concludes the research and proposes the future research topics.
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2.2 Two types of cracks in reinforced concrete members

2.1 Introduction

Shear failure is a critical failure mode for reinforced concrete structures without shear
reinforcement. It is a brittle failure mode that does not have an obvious warning before-
hand. Moreover, shear failure often means a total loss of the structural bearing capacity.
Therefore, this brittle and hazardous failure mode can lead to a catastrophe, losing lives
and properties.

Due to the criticality, a large amount of studies have been carried out on the shear behav-
iour of reinforced concrete structures without shear reinforcement. They looked into the
shear transfer mechanisms and proposed several shear failure models with rational back-
ground. From the literature, we can better understand the shear failure process and pro-
pose possible shear failure stop criteria for proof load testing.

This chapter first reviews shear transfer mechanisms in reinforced concrete structures
without shear reinforcements. Then several shear failure models are described. Based on
these, a discussion is presented on shear failure stop criteria for proof load testing.

2.2 Two types of cracks in reinforced concrete members

In reinforced concrete structures without shear reinforcement, with increasing load, two
types of cracks develop in sequence, i.e. flexural cracks and flexural shear cracks.

Flexural cracks first form at the cross section of maximum bending moment (Figure 2.1a).
The flexural crack is initiated when the tensile stress at the farthest location from the
neutral axis reaches the concrete tensile strength. Since these tensile stresses are parallel
to the longitudinal axis of the specimen, the flexural crack starts vertically. Shortly after
initiating, the crack develops to its full height and stabilizes. The stabilized crack height
ser can be calculated from the force equilibrium at cross section (Yang 2014)

Sy :(1+psne—«,2,05116+(psne)2)ole 2.1

where p; is the reinforcement ratio, 7. is the elastic modulus ratio between steel and con-
crete, and d. is the effective cross section height.

The spacing of flexural crack /.. is related to the stabilized crack height
lcr = Scr /kc (22)
where k. is the inclination of stress line which can be estimated to be 1.28 (Yang 2014).

Next to the primary flexural cracks, secondary cracks open at a certain distance (Figure
2.1a). This distance is related to the force transfer length at reinforcement determined by
the bond-slip relationship between reinforcement and concrete.

10
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With increasing load, flexural cracks also initiate in the bottom of the cross section in
shear span. They start more or less vertically and then bend over toward the loading point
(MacGregor, Sozen et al. 1960). This type of crack is called flexural shear crack (Figure
2.1a). The shape of flexural shear crack can be determined analytically and numerically
(Slobbe, Hendriks et al. 2014, Classen 2020). But these calculations usually are compli-
cated and time-consuming. Many studies simplify the shape into two branches to estimate
the shear capacity (Zararis and Papadakis 2001, Yang, den Uijjl et al. 2016): the first
branch is the initiating flexural crack, and the second branch is the inclined crack from
the tip of the first branch to the loading point. In Section 2.3.2, reference will also be

made to Figure 2.1b.

secondary crack

A support
(a) NM23A

d Sl 35

- compressive strut -~

- : e

NG

A support

(b) H6E03A

Figure 2.1 Crack pattern at: (a) flexural shear failure of test 1123A and (b) shear compression failure
of test HB03A (taken from test series described in Chapter 5).

2.3  Shear transfer mechanisms
2.31 Along flexural shear crack

A flexural shear crack can carry shear forces through three mechanisms, i.e. residual ten-
sile stress at crack tip, aggregate interlock at crack faces and dowel action at the longitu-
dinal bars (ACI-ASCE Committee 426 1973, ACI-ASCE Committee 445 1998). These



2.3 Shear transfer mechanisms

shear transfer mechanisms are illustrated in Figure 2.2, considering a free body diagram
cut along the crack cross section.

N ()
flexural shear (b) (a) shear stress in uncracked concrete
crack % (b) residual tensile stress at crack tip
(c) (c) aggregate interlock at crack faces
rebar VL(d) (d) dowel action at longitudinal rebar
“A support

Figure 2.2 Part of a reinforced concrete member (free body) cut along a flexural shear crack.

At the free body diagram, shear force can also be transferred in the uncracked concrete.
The shear stress distribution is usually simplified as a parabolic curve, which is shown in
Figure 2.2 mechanism (a). Details of shear transfer in the uncracked concrete will not be
further introduced and can be found in Mdrsch (1909).

Residual tensile stress at crack tip

At crack tip, there is a zone consisting of microcracks. Tensile stress can still be trans-
ferred, even though the strain exceeds the cracking strain. This zone is called fracture
zone or tension-softening zone (Pruijssers 1986). Figure 2.3 illustrates the stress distribu-
tion at the crack tip and a commonly-used relationship between tensile stress and crack
width (Hordijk 1992). In the example, the critical crack width, over which limited tensile
stress can be transferred, is 0.1 mm. In literatures, the critical crack width has been re-
ported to vary from 0.09 mm to 0.25 mm (Hordijk 1993). Figure 2.2 mechanism (b) il-
lustrates the residual tensile stress distribution at the tip of a flexural shear crack.

Since the residual tensile stress is mostly activated in a small zone at the crack tip, the
contribution to the shear capacity is more pronounced in small specimens than in large
ones (Reineck 1991).
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crack width w [mm]
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Figure 2.3 (a) Residual tensile stress at crack tip, reproduced from Pruijssers (1986), (b) tension-
softening behaviour, reproduced from Hordijk (1992).
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Agaregate interlock at crack faces

For normal strength concrete, cracks typically initiate along the interface between cement
matrix and aggregates. The resulting rough crack faces can transfer shear stresses by ag-
gregate interlock. The allowable shear stress can be calculated from the tangential/shear
displacement (4) and normal displacement (w) of crack faces. Many theories have been
developed to calculate shear resistance (Gambarova 1981, Li and Maekawa 1987).
Among them, a widely-recognized model was developed by Walraven (Walraven 1980).
In his model, aggregates are assumed to be rigid spheres with random diameter and loca-
tion. With shear and normal displacements, the cement matrix crushes on contact with
aggregates. Slip and crushing at the contact area generate shear and normal stresses (Fig-
ure 2.4).

The shear resistance from aggregate interlock is often larger than other mechanisms along
a flexural shear crack. Especially for cracks with large shear displacement, experiments
have shown that the contribution from aggregate interlock can reach 90% of the shear
capacity (Huber, Huber et al. 2016, Zarate Garnica 2018).

contact area

“iq . o ~ 9,
cement o,
,' T,ou P T‘m
-d . A
— \
aggregate Ou I o,

Figure 2.4 Model for aggregate interlock, reproduced from Walraven (1980).

Dowel action of longitudinal rebars

The longitudinal rebars crossing the flexural shear crack can resist shear force. The dif-
ferential shear displacement between the two crack faces will result in bending, shear or
kinking of the bars (Paulay, Park et al. 1974). With increasing shear force, dowel action
usually fails in splitting of concrete at the level of rebars for reinforced concrete structures
without shear reinforcement (Tassios and Vintzileou 1986), as illustrated in Figure 2.5.

The shear resistance of dowel action is related to the tensile strength of concrete cover,
which is often low. Often the propagation of a dowel crack was found to trigger the final
failure (Chana 1987, Yang, den Uijl et al. 2016). This opens a new view to explain shear
failure which is further discussed in Section 2.4.3.
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= load

splitting cracking

\
rebar \

support
Figure 2.5 Splitting of concrete cover at the level reinforcement, reproduced from Yang (2014).

2.3.2 By compressive strut

After the formation of flexural shear cracks, an alternative shear transfer mechanism is
direct force transfer through a compressive strut between the load and the support. The
strut represents the compression stress-field between the load and the support. When the
concrete in the strut crushes, the structure fails. A famous series of tests carried out by
Leonhardt and Walther showed that for beams of a same shear span to depth ratio, com-
pressive struts can offer twice the capacity of flexural shear cracks (Leonhardt and
Walther 1962).

But the mechanism of compressive strut does not always act, depending on whether flex-
ural shear cracks propagate into the region of compressive strut. When the compressive
strut has been damaged by flexural shear cracks, the ‘cracked’ compressive strut could
not provide additional shear capacity. The structure fails at flexural shear cracking, which
is called flexural shear failure. When the compressive strut is not damaged by flexural

shear cracks, the ‘uncracked’ compressive strut transfers shear force until concrete crush-
ing. This failure mode is called shear compression failure. Figure 2.1 shows the two typ-

ical failure modes with the compressive strut marked. The examples are taken from a
series of tests which are introduced in Chapter 5.

Many other literatures describe the condition of ‘a cracked compressive strut’ as ‘a com-
pressive strut that cannot form’, and ‘an uncracked compressive strut’ as ‘a compressive
strut that can form’. They have the same physical background. This dissertation uses the
term ‘a cracked/uncracked compressive strut’.

2.4 Triggers of shear failure according to the theoretical models

Many theoretical models have been developed to predict shear failure in beams and one-
way slabs to describe the loss of shear transfer mechanisms. However, these models con-
sider the trigger of shear failure differently, which could be breakage of concrete tooth,
loss of aggregate interlock, propagation of dowel crack or cracking in compressive field.
This section reviews various triggers of shear failure according to the available models in
literature. The discussion is based on the corresponding theoretical models.
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241 Breakage of concrete tooth

Kani’s tooth model is one of the first rational models to explain shear failure (Kani 1964).
In his model, flexural cracks shape the beam into a comb-like structure (Figure 2.6). The
flexural cracks create vertical concrete teeth. Each concrete tooth works like a cantilever
beam, with one end loaded by the reinforcement in the tensile zone, and the other end
fixed at the compressive zone. For beams with large shear span ratio, the structure fails
at breaking-off of the tooth on the fixed end.

When the shear span ratio is small, after breaking-off of the concrete teeth, the concrete
compressive strut takes over. Shear failure is then caused by crushing of the strut. Kani
calculated the resistance by assuming a prismatic strut from load to support.

Ioadr‘l_|
} compressive force

> 5
tooth

1§ —

// /
rebar 7
7
| " | —

support

tensile force on the tooth
Figure 2.6 Kani’s tooth model, reproduced from Kani (1964).

Kani’s model has a limitation that, when calculating the resistance of a concrete tooth,
only the resistance at crack tip is considered. The contributions from aggregate interlock
and dowel action are not included (Kani 1964). Therefore, the shear capacity is underes-
timated.

24.2 Loss of aggregate interlock

As an improvement to Kani’s tooth model, Reineck included the contributions of aggre-
gate interlock, dowel action and shear in the compression zone to shear capacity (Reineck
1991). Reineck found that the main contributor of the shear capacity is aggregate interlock.
Since a larger crack width results in less aggregate interlock, Reineck defined the critical
crack width at a specific location which will lead to shear failure. Reineck’s tooth model
reflects that loss of aggregate interlock is the trigger of shear failure.

Another widely-applied model is the critical shear crack theory (CSCT) (Muttoni and
Fernandez Ruiz 2008). Muttoni et al. demonstrated the influence of crack location and
width on shear capacity. When the compressive strut is damaged by the flexural shear
crack, the shear capacity is significantly reduced. The opening and roughness of the flex-
ural shear crack would determine the shear capacity. Muttoni et al. propose to calculate
the shear capacity based on crack width at the pre-defined critical location.
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The modified compression field theory (MCFT) reflects the importance of aggregate in-
terlock in a different approach (Vecchio and Collins 1986). MCFT originates from com-
pression field theory (Collins 1978), which simplifies the cracked concrete as a new ma-
terial with its own stress and strain characteristics. Stress-strain relationships are ex-
pressed in terms of average stresses and strains. But the compression field theory does
not include stresses at cracks due to aggregate interlock. MCFT adds the contribution
from aggregate interlock according to Walraven’s theory (Walraven 1980). The contri-
bution from aggregate interlock is calculated using the average crack width in MCFT,
which is the product of principle tensile strain and crack spacing.

2.4.3 Propagation of dowel crack

Chana first showed experimentally that formation of a dowel crack initiated the flexural
shear crack (Chana 1987). This observation opens another view to explain the shear fail-
ure. Since then, many other studies have been carried out, and a most thoroughly re-
searched method is the critical shear displacement theory (CSDT) developed by Yang
(Yang 2014).

Yang explained the shear failure process as: dowel cracking detaches the reinforcement
from concrete, lowering the stiffness of the tensile zone; this results in a larger flexural
crack width; in the meantime, the crack branch in the compression zone further propa-
gates, also leading to larger crack width; consequently, at aggregate interlock, a larger
shear displacement is needed to reach the same shear stress; this larger shear displacement
will further open the dowel cracks and the crack branch in the compression zone; under
this loop, the crack width keeps increasing, which ends up as the collapse of the whole
structure. He defined a critical shear displacement which triggers the unstable failure pro-
cess.

CSDT calculates the shear capacity considering different shear transfer mechanisms in-
cluding shear stress in uncracked concrete, aggregate interlock and dowel action. CSDT
also suggests to verify the bearing capacity of the compressive strut as alternative shear
transfer mechanism. Once a stable compressive strut can form after the flexural shear
crack, a larger shear capacity is expected according to the model.

2.4.4 Cracking in compressive field

Shear failure usually comes along with an inclined crack initiated from the tip of flexural
crack to the loading point. Based on this phenomenon, several models have been devel-
oped to calculate shear capacity.

Zararis and Papadakis considered that the shear failure is initiated by splitting of the com-
pressive strut (Zararis and Papadakis 2001). They used the simplification that a flexural
crack includes two branches: initiating flexural crack and inclined crack (Figure 2.7a).
The second branch is considered as splitting crack under compression force in the strut.
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Therefore, they calculated the shear capacity based on the splitting tensile strength of

concrete.
Py
critical shear crack el
compressive strut - shdar cradk band
ﬂex.ura’l/b?anch « 7
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Figure 2.7 Models based on inclined cracking in compressive strut: (a) by Zararis and Papadakis,
reproduced from Zararis and Papadakis (2001) and (b) by Tue et al., reproduced from Tue, Theiler
et al. (2014).

Mari et al. also considered that the shear failure occurs when reaching the capacity of the
compression chord (Mari, Cladera et al. 2014). The compression chord is under multi-
axial loading and the principle stresses are calculated. The structural shear capacity is
calculated as the sum of shear transferred by the compression chord, along the crack, by
the stirrups and longitudinal reinforcement.

Tue et al. proposed a model which also relies on cracking in the compressive field (Tue,
Theiler et al. 2014). By calculating the stress distribution, they defined the zones around
the flexural crack tips as the shear crack band (Figure 2.7b), which is in the compressive
field. When the principal tensile stress in the band reaches the concrete tensile strength,
inclined cracks develop. They also found that cracking at one point in the band does not
necessarily cause a shear failure. Instead, the inclined crack had to reach a certain length.
Therefore, they proposed an indicator based on the presence and length of the inclined
crack.

2.5 Understanding of shear failure process

Though the reviewed theoretical models reflect different triggers for shear failure, we can
still learn from the models to conclude a general shear failure process for members with-
out shear reinforcement.

The shear failure starts with formation of flexural cracks. When shear force increases, the
inclination of the flexural cracks increases, and the dowel crack start to open from the
bottom of the existing flexural crack (Figure 2.8). At this stage, due to larger crack width,
contribution from aggregate interlock reduces. With increasing shear force, the inclined
crack and the dowel crack further propagate. At a certain shear force, a flexural shear
crack forms. Then depending on whether the flexural shear crack damages the compres-
sive strut or not, the shear capacity of the structure varies. For an uncracked compressive
strut, the shear capacity is often larger, determined by concrete compressive strength
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(shear compression failure). For a cracked compressive strut, the capacity is lower, deter-
mined by shear transfer mechanisms along the flexural shear crack (flexural shear failure).
The shear failure process reflects the importance of integrity of the compressive strut on
the shear capacity.

3

inclined crack
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1 flexural crack
]
dowel crack 1
e

Figure 2.8 Formation of the inclined crack and the dowel crack from the flexural crack.

2.6 Shear failure stop criteria during proof load testing

An effective method to evaluate the structural shear capacity is proof load testing. The
structure is loaded until a desired load level, and if the structural behaviour does not vio-
late the predefined stop criteria, the structure has demonstrated its ability to carry the code
prescribed load (ACI Committee 437 2013).

In literature, most stop criteria are developed for flexural failure, which could be concrete
strain, steel strain, crack width and maximum deflection (Deutscher Ausschuss fiir
Stahlbeton 2000, ACI Committee 437 2013). For shear failure, the stop criteria could be
concrete strain and crack width at the critical cross section (Lantsoght 2017, Benitez,
Lantsoght et al. 2018). These shear failure stop criteria are developed based on critical
shear displacement theory (CSDT).

In Section 2.5 it was pointed out that the integrity of the compressive strut would influ-
ence the shear capacity. Therefore, another possible shear failure stop criterion could be
related to the integrity of the compressive strut. The integrity of the compressive strut can
be evaluated in terms of crack location and width. But only based on current literature, it
is hard to conclude a specific shear failure stop criterion from the integrity of the com-
pressive strut.
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3.3 Overview of techniques

3.1 Introduction

To monitor shear behaviour of reinforced concrete structures, many techniques are avail-
able. This chapter first lists the requirements on a proper monitoring technique during
load testing. Then based on the requirements, various techniques are reviewed and com-
pared.

3.2 Requirements on a proper monitoring technique during load testing

From the previous study, to monitor shear behaviour of reinforced concrete structures
without shear reinforcement, crack location and width are of special interest. To measure
these parameters, the ideal technique should meet a few requirements:

1. The technique should be sensitive to concrete cracking, in terms of the location
and preferably the crack width.

2. The technique should be able to cover the whole interesting zone (a so-called
full-field measurement), since the crack location is not always predictable.

3. The sensors should be easy to be mounted both in lab and on site.

4. The technique can provide a real-time monitoring so that proper interventions
can be taken in time. Here, small time delay (e.g., tens of seconds) is still ac-
ceptable in a real-time monitoring, influenced by the data processing time and
the data acquisition rate.

These requirements are listed for monitoring shear behaviour during load testing. For
long-term monitoring under the service load, an additional requirement is the durability
of the sensor under the environmental effect like change of temperature and humidity.
Selecting a technique for long-term monitoring is out of the scope of this dissertation.

3.3 Overview of techniques

For a long time, most common monitoring methods are visual inspection (including using
rulers) and core drilling. But, these methods are not sufficient because visual inspection
could not detect the internal damages, and core drilling could not represent the whole
structure.

Nowadays, various techniques have been applied which can provide more information.
This section reviews the techniques in terms of their measuring capacity, working princi-
ple, pros and cons.

Linear variable differential transformer (LVDT)

An LVDT measures the change of distance between two points. The sensor consists of a
movable core, surrounded by coils (Figure 3.1a). When the core moves, due to the elec-
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tromagnetic induction, the output voltage increases linearly (fib 2003). In monitoring con-
crete structures, LVDTs are normally installed between two fixed nodes on the structural
surface and measures the crack opening/closure in between (Figure 3.1b).

concrete

coil coil coil cracking

moving shaft
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Figure 3.1 Schematic of an LVDT.

LVDTs are robust and sensitive, with accuracy in range of 10-100 um (Zarate Garnica,
Lantsoght et al. 2022). They can be applied both on lab and onsite, as long as the structural
surface is not accessible. However, one LVDT can only measure the change of distance
between two fixed points. A full-field monitoring is not possible. Moreover, an LVDT
cannot distinguish multiple cracks between the nodes. To measure one crack only, the
node spacing needs to be sufficiently small compared to the crack spacing.

Electrical resistance strain gauge

An electrical resistance strain gauge measures the strain and temperature change using
electrical resistance (Hoffmann 1989). The strain gauge consists of a long thin piece of
metal which folds zig zags (Figure 3.2). When the material expands or contracts, the metal
gets longer or shorter, changing the resistance of the metal. The resistance change leads
to the output voltage change through a Wheatstone bridge circuit.

-«
strain direction

Wheatstone
bridge

T

metal in zig zags
Figure 3.2 Schematic of working principle of an electrical resistance strain gauge.

Temperature variance will influence the measurement of strain. To remove the tempera-
ture effect, one can place a strain gauge orthogonal to the direction of the desired strain.
The orthogonal one is expected to expand and contract mostly due to temperature change.
In this way, the temperature effect can be measured and removed (Christenson 2019).
The accuracy of strain gauge is in range of 1-10 pe (Zarate Garnica, Lantsoght et al. 2022).
However, the installation is hard, requiring smooth surface, strong adhesives and good
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protection of the sensor after attachments (Hoffmann 1979). This adds difficulty for on-
site monitoring. Moreover, a gauge can only measure the strain at a specific location,
which is hard to provide a full-field monitoring. And one gauge can only be used once
which is not environmentally friendly.

Optical fibre

Optical fibres measure the strain and temperature change. An optical fibre consists of a
core surrounded by a cladding layer with a lower index of refraction (Figure 3.3a). Light
can transfer in the core by total internal reflection. The light wavelength (frequency) will
change with strain and temperature.

Many types of sensors have been developed using optical fibres, including interferometry
sensors, intensity sensors, fibre Bragg grating, optical time domain reflectometry and dis-
tributed fibre optic sensors. Detailed descriptions can be found in literature (Chang and
Liu 2003, Deng and Cai 2007, Lee, Kim et al. 2012, Soga and Luo 2018). Among them,
fibre Bragg grating is one of the most-applied technique. Bragg gratings are pre-fabricated
in the fibre, which can reflect the light with a wavelength corresponding to the grating
spacing. When strain or temperature changes at the position of gratings, the grating space
changes, causing a shift in the reflected wavelength (Figure 3.3b).

Optical fibres are robust and sensitive, with accuracy reaching 1 pe and 0.1 °C. But the
sensor could not discriminate the strain change and temperature change (Deng and Cai
2007). To detect concrete cracking, the temperature needs to be controlled during a test,
especially for on-site measurements. Moreover, the sensor can only measure at discrete
points. To overcome this drawback, distributed fibre optic sensors are developed which
measures at any given point along the fibre (Guo, Xiao et al. 2011). Another way of
achieving distributed sensing is to multiplex various discrete sensors in a fibre, for exam-
ple every 5 cm in a total length of 10 km (Soga and Luo 2018). Fibre optic sensors can
serve for real-time monitoring by constant sending and receiving lights.

N wavelength shift
ceddng | S |

) unstrained fibre
light core j\Bragg gratings
(a)

I

strained fibre

(b)

Figure 3.3 Schematic of fibre optic sensors: (a) the core and cladding, (b) working principle of fibre
Bragg gratings
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Diqgital image correlation (DIC)

DIC measures the displacements of any point in the measuring zone. The structural sur-
face is painted with a random speckle pattern, which can be a natural texture or made by
applying white and black paint (Figure 3.2). Photos of the structural surface at different
statuses are used in a DIC measurement. The movement of the patterns in the photos in
pixels can be transformed into a displacement field of the measurement area (Jones 2015).
From the displacement field, crack opening in both normal and tangential direction to the
crack trajectory can be calculated (Zarate Garnica 2018).
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Figure 3.4 Random speckle pattern.

DIC can provide full-field displacements at any point in the measuring zone and in any
direction. The accuracy of DIC measurement depends on the pattern quality, the lighting
condition, the camera resolution and the resolution of the lens, which can reach 0.1 mm
or even smaller. Due to the high requirement on the lighting condition, applying DIC on
site is challenging. Real-time monitoring using DIC requires frequent photo-shooting.
Considering the image processing time, a delay of a few minutes can occur when high
resolution is required.

Ground penetration radar (GPR)

GPR uses radio waves to detect the subsurface reinforcements and cracks in concrete
structures. A transmitter antenna sends radio pulses that penetrate through the material.
When the pulse meets a discontinuity (which should have different electrical properties
and can be cracks or reinforcements in concrete material), part of the energy is reflected
to a receiver antenna. The flight time and velocity of the radio pulse signals provide the
depth of the discontinuity.

The resolution of GPR can reach a few cm (McCann and Forde 2001). There is a com-
promise between resolution and penetration depth, depending on the frequency of the
antenna. For higher frequencies, the resolution is better, but the penetration depth is lower.
The antennas can have central frequencies between some MHz and some GHz (Soutsos,
Denys et al. 2012). GPR are most used to detect cracks and reinforcements in parallel
with the measuring surface. But crack width cannot be measured. GPR can detect multiple
objects in the penetration depth, unless the reflections from the objects do not add together.
Antennas do not need to be in contact with the structural surface. They are often mounted
on a truck (150-500 mm away from the surface) (Kashif Ur Rehman, Ibrahim et al. 2016).
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3.3 Overview of techniques

In this way, the testing is fast and does not influence the traffic. Real-time monitoring is
possible by constant scanning (Wang, Zhao et al. 2019). For onsite measurement, the
influence of moisture on the accuracy of measurement should be considered. With the
increase of moisture, the dielectric permittivity of the material increases, resulting in de-
crease of wave velocity, which will influence the measurement accuracy (Soutsos,
Bungey et al. 2001).

Infrared thermography (IR)

IR uses the infrared light to measure cracks in concrete structures. Two types of infrared
thermography are currently applied (Soutsos, Denys et al. 2012, Kashif Ur Rehman,
Ibrahim et al. 2016). The first type is passive measurement. The structural surface emits
infrared energy and received by infrared sensors (cameras). The output can be converted
to temperature. At the location of cracks, the temperature is higher. The second type is
active measurement. The structural surface is heated by a radiation source. After switch-
ing off the heating source, the cooling down behaviour is recorded with infrared cameras.
At the location of cracks, the heat flow will accelerate. From the relative temperature
difference between the inside and outline of a crack, Su tried to quantify the crack width
using IR (Su 2020). But no consistent relationship has been found. IR is only applicable
to measure cracks in shallow depth which is limited by the thermal excitation frequency.
In a day-night cycle, the thermal excitation frequency is approximately 1.16x10 Hz,
resulting in only cracks within around 30 cm deep from the surface can be detected in
concrete (Soutsos, Denys et al. 2012).

IR allows measuring a large surface area in a short time (Kashif Ur Rehman, Ibrahim et
al. 2016). Therefore, this technique is suitable for monitoring large concrete structures
(Clark, McCann et al. 2003). It is a compromise between measuring area and spatial res-
olution, depending on the location of the camera. For a camera at a farther distance, the
measuring area is larger, but the resolution is reduced. The accuracy of IR is also influ-
enced by the environmental conditions including wind, solar radiation, and humidity,
which needs to be considered especially for on-site measurements.

Radiography

Radiography uses X-rays or gamma rays to detect the reinforcements and cracks in con-
crete structures. The radiographic energy source is on one side of an object, and a sensitive
film is on the other side. Radiation travels through the object and exposes the film. The
amount of energy passing through the object is influenced by the local density. At rein-
forcements, less energy passes through, resulting in lighter grey colour on the film. At
cracks, more energy passes through, giving darker grey colour on the film. Radiography
can also estimate the crack width, but the accuracy is limited by the image resolution
(Chateau, Gélébart et al. 2011).
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Compared to other techniques, radiography can provide a direct picture of the internal
structure of concrete. But, due to the high attenuation, gamma rays and X-rays can only
penetrate 60 cm and 120 cm into concrete, respectively (Soutsos, Denys et al. 2012). Re-
garding to the application, two faces of the structure must be accessible. Moreover, pro-
tections against radiation are needed (McCann and Forde 2001, Kashif Ur Rehman,
Ibrahim et al. 2016). This adds difficulties especially for on-site measurements.

Ultrasonic pulse velocity (UPV)

UPV is an active elastic wave-based method which can measure concrete material quality
change like presence of cracks or concrete hydration. In a typical UPV measurement, one
transducer sends signals into concrete and the others receive the responses. A ray path is
built between the two transducers. From wave propagation distance and time, UPV cal-
culates the apparent wave velocity in the ray path. During concrete hydration, the elastic
modulus increases, resulting in a higher wave velocity (Cheng, Zhang et al. 2022). And
the presence of crack delays the wave travel time, resulting in a lower wave velocity
(Pahlavan, Zhang et al. 2018). Moreover, the presence of a crack will also reduce the
signal amplitude. An amplitude drop of 10-50 dB was found when a partially-closed crack
presents in the ray path (Pahlavan, Zhang et al. 2018). Therefore, some studies use the
amplitude drop to find the existing cracks (Chai, Momoki et al. 2011).

Based on UPV, some advanced methods have been developed including elastic wave to-
mography and AE tomography. The basic principle of these advanced methods is to in-
crease the number of ray paths which can cover a multi-dimensional measuring zone.
Detailed explanations can be found in literatures (Schubert 2004, Shiotani, Osawa et al.
2015, Hashimoto, Shiotani et al. 2017, Choi, Palacios et al. 2018).

The resolution of UPV is limited by sensor spacing. When two cracks present between
the transducers, UPV is not able to distinguish them. Even in the advanced methods of
tomography, the resolution is not much improved. In AE tomography of a reinforced con-
crete beam, the resolution can only reach half the sensor spacing (Zhang, Yang et al.
2018). To apply UPV on site, sensors need to be protected against moisture (e.g. rain) and
collision (e.g. from traffic). One solution can be using embedded sensors in concrete
(Song, Gu et al. 2008). In this way, the sensor is protected by the concrete.

Impact echo (IE)

IE measures the depth of cracks, which is also an active elastic wave-based method. A
short pulse is sent into a structure by a hammer hitting on the surface. The waves are
reflected by cracks and picked up by the transducer next to the hammer hitting point.
Then, the waves are reflected into the structure and the cycles begin again. Therefore, the
waves have multiple reflections between the two surfaces in a certain frequency. This
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frequency is related to the wave speed and depth of cracks, and measured by transforming
the received signal into frequency domain (Soutsos, Denys et al. 2012).

IE has the advantage that it only needs access to one structural surface. The results can be
influenced by reflections at multiple boundaries, especially for small structures, and scat-
terings at aggregates (Martin and Forde 1995). Similar to GPR, IE can only locate the
cracks that are parallel to the structural surface, and cannot measure crack width.

Acoustic emission (AE)

AE is a passive elastic wave-based method which detects concrete cracking. Unlike the
active methods, AE does not send signals into the medium but only receives signals from
concrete cracking. Cracking releases energy and generate waves. The waves propagate to
the structural surface and are received by sensors. By processing the received waves, AE
can identify the crack location (Kundu 2014), crack type (Ohtsu 2010), and determine the
structural integrity in terms of crack width (Ohtsu, Uchida et al. 2002).

AE is very sensitive and suitable for crack detection at an early stage (Otsuka and Date
2000, Zhang, Zarate Garnica et al. 2020). Moreover, AE can monitor in real time with a
high sampling rate e.g. 40 MHz in Vallen system (VALLEN 2021). To apply AE on site,
sensors need to be protected against moisture (e.g. rain) and collision (e.g. from traffic).
The drawbacks of AE are: the accuracy of AE is influenced by wave propagation, and
quantification of the damage is difficult. A detailed review on the working principle and
application is reported in Chapter 4.

3.4 Evaluation of techniques

Table 3.1 evaluates the reviewed techniques according to the requirements in Section 3.2.
By comparing, AE is a promising technique which can estimate crack location, provide a
full-field measurement, be easily installed, and monitor in real time. Only difficulty for
now is measuring the crack width, which deserves further study (Chapter 8).

DIC can measure crack width accurately in full field. In this dissertation, DIC is used as
a tool to calibrate AE results and provide crack width information when AE is studied to
quantify crack width in Chapter 8.

IR also meets the requirements well but is not applied in this dissertation due to limited
time and resources. Other techniques do not meet at least one requirement.
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Table 3.1. Summary of available techniques

Requirements of this dissertation
. 2 3 4
Technique Parameter Crack Crack Easy instal- .
. . Full-field . Real-time
location width lation
LVDT Chargflcc;f dis- Yes Yes No Yes Yes
Strain Strain, Yes Yes No No Yes
gauge temperature
Fibre optic Strain, Possible (by
sensors temperature Yes Yes No Yes constantly
P sending lights)
Possible (by
DIC Displacement Yes Yes Yes Yes constantly
scanning)
Possible (by
GPR Rebar, crack Yes No No Yes constantly
scanning)
Possible, but
IR Crack Yes needs further Yes Yes Yes
quantifica-
tion
Radiog- Possible Possible (by
ra }? & Rebar, crack Yes with limited Yes No constantly
Py accuracy scanning)
Crack, ::;;;b};:}t];g Possible (by
UPv hydration de- Yes . No Yes constantly
ree quantifica- scanning)
g tion
Possible (by
IE Crack Yes No No Yes constantly
scanning)
Possible, but
AE Crack Yes needs further Yes Yes Yes
quantifica-
tion
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4.2 Basics of acoustic emission technique

4.1 Introduction

Acoustic emission (AE) is a promising technique for monitoring concrete structures. This
chapter reviews the basics of the acoustic emission technique, and its application in con-
crete structures. In the end, a discussion is given on the promises and challenges of AE
techniques, which motivates the further studies in this dissertation.

4.2 Basics of acoustic emission technique

Figure 4.1 illustrates the basic working principle of AE technique. Sudden changes in
concrete, like cracking, will release energy and generate elastic waves. Waves propagate
to sensors and change into electric signals. These electric signals go through a preampli-
fier, cables, and come into the data acquisition system. There the signals are filtered, am-
plified, and then converted into digital signals. After processing of the digital signals, the
data can be used by various algorithms, which brings the specific information.

This section describes the whole working principle step by step, including the nature of
the AE source (Section 4.2.1), wave propagation in a concrete medium (Section 4.2.2),
instruments (Section 4.2.34.2.2), digital signal processing (Section 4.2.4) and AE algo-
rithms (Section 4.2.5). Among these, focus is given to wave propagation in a concrete
medium, digital signal processing and AE algorithms.

concrete cracking source (Section 4.2.1)

{ ““““ G e wave propagation
(Section 4.2.2)

preamplifier

filter instruments

(Section 4.2.3)

amplifier

analogue-to-digital

digital signal processing
(Section 4.2.4)

» source localization -
* source chsmﬁcgtlon L AE algorithms
* structural integrity 1 (Section 4.2.5)

Figure 4.1 Schematic of working principle of AE technique

4.2.1 Acoustic emission source: concrete cracking

From energy balance, the total amount of mechanical energy that is applied to the struc-
ture is transferred into internal energy, surface energy, dissipated energy and kinetic en-
ergy (Schreurs 2012), where internal energy is the elastically stored energy, surface en-
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ergy is used to break intermolecular bonds and generate free surface (Griffith 1921), dis-
sipated energy is mostly due to friction or plastic deformation and results in temperature
change, and kinetic energy is related to vibrations and generates AE.

Carpinteri et al. claimed that the amount of AE energy is related to local snapback insta-
bility (Figure 4.2) (Carpinteri, Corrado et al. 2013, Carpinteri, Lacidogna et al. 2016).
Under displacement control, a sudden drop of load is obtained. ‘E’ represents the kinetic
energy for vibration (AE). Even in a globally stable cracking process, multiple local snap-
backs occur.

force

. E: kinetic energy

displacement

Figure 4.2 Multiple local snapback instabilities at a global stable behaviour, reproduced from
Carpinteri, Lacidogna et al. (2016).

This opinion has been proven by various experiments. Aggelis et al. performed bending
tests on plain concrete and steel fibre reinforced concrete beams under displacement con-
trol (Aggelis, Soulioti et al. 2013). Most AE were observed at local snapback instability,
which confirmed the possible relationship. Lacidogna et al. tested several gypsum sam-
ples under compression (Lacidogna, Accornero et al. 2019). They considered the global
compressive stress interacted with local areas which were in tension and cracked. The
tests have been controlled in two ways: through axial displacement or circumferential
elongation. For the tests controlled by axial displacement, a clear increase of cumulative
AE hits appeared with sudden drop of load in the load-deflection curve. For the tests
controlled by circumferential elongation, the decrease of axial displacement at local snap-
back can be captured experimentally. Therefore, no surplus energy E (denoted in Figure
4.2) was present, and no AE burst was detected. Their experimental results clearly proved
a close relationship between AE and kinetic energy at local snapback instability.

Some earlier work related AE energy to fracture energy (Landis and Baillon 2002)
(Prasad and Sagar 2008). Fracture energy is calculated as the area under stress-crack
width curve (Hillerborg, Modéer et al. 1976). But this possible relationship between AE
energy and fracture energy could not be confirmed by experiments.

Therefore, for now, it is more likely that AE is related to the kinetic energy at local snap-
back instability. To confirm this relationship, further studies are needed but will not be
part of this dissertation.
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4.2 Basics of acoustic emission technique

4.2.2 From source to sensors: wave propagation in concrete

Waves propagate from the source to the sensors through the concrete medium. In sound
concrete, the wave travelling paths from the source to the sensors are assumed to be
straight. If the wavelength is sufficiently larger than the size of the aggregates, concrete
can be assumed as a homogeneous medium.

In concrete, waves propagate in forms of body waves and surface waves. Body waves
travel through the interior of concrete structures. Two types of body waves are primary
waves (P-waves) and secondary waves (S-waves). In P-waves, particles move in parallel
to the direction of travel. In S-waves, particles move perpendicularly to the direction of
travel. The velocities of P-waves and S-waves can be determined by the classic wave
theories (Bedford and Drumheller 1994):

¢ = fM 4.1)
pl+v)(1-2v)
f E
Cy = m (42)

where cp and cs represent the wave speed of P-waves and S-waves, E is the dynamic
elastic modulus, v is the dynamic Poisson’s ratio, and p is the mass density.

Surface waves travel along the structural surface. In concrete, surface waves are mainly
Rayleigh waves (R-waves), where particle movements can be parallel or perpendicular to
the travel direction. The calculation of R-wave velocity is complicated, and is often ap-
proximated as (Achenbach 2012):

0.87+1.12v
=—-vc

43
1+v § 43)

CR
Supposing a dynamic elastic modulus of 37500 N/mm?, a dynamic Poisson’s ratio of 0.25,
and concrete density of 2324 kg/m?, the wave speeds are 4400 m/s, 2541 m/s and 2336
m/s for P-waves, S-waves and R-waves respectively. With the wave speed, we can esti-
mate wave travel distance from wave travel time or vice versa.

During wave propagation, the signal amplitude reduces, which is called wave attenuation.
In sound concrete, wave attenuation mainly comes from geometric spreading loss and
material attenuation.

For the geometric spreading loss, P-waves and S-waves follow spherical spreading loss.
R-waves follow cylindrical spread loss (Bormann, Engdahl et al. 2012). The expressions
in decibel value are:
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r
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where  is the source sphere radius, d is the wave travel distance from source to receiver.

Material attenuation includes intrinsic attenuation and scattering attenuation (Owino and
Jacobs 1999). Intrinsic attenuation comes from the internal friction between particles.
Higher frequency components have larger intrinsic attenuation due to more cycles of par-
ticle movements (Bormann, Engdahl et al. 2012). Moreover, S-waves have larger intrinsic
attenuation than P-waves due to more friction in the particle motion of S-waves. Scatter-
ing attenuation is related to the wavelength (frequency) and scatters in the medium
(Gaydecki, Burdekin et al. 1992). In concrete, the scatters could be aggregates or bubbles.
Since scattering attenuation is hard to be distinguished from intrinsic attenuation (Owino
and Jacobs 1999, Philippidis and Aggelis 2005), they are often described together using

a frequency-dependent parameter called material attenuation factor «:
M, =a-d (4.6)

where the material attenuation factor « is in decibels per length, depending on the imple-
mented frequency and wave modes (Bormann, Engdahl et al. 2012).

When a crack lies between the AE source and the sensor, the wave propagation paths are
more complicated. Waves are diffracted by the contact points along the crack and the
crack tip (Ogilvy and Temple 1983). Pahlavan et al. tested on several relaxed cracks (the
load was removed) with surface openings in the range of [0.05, 3] mm (Pahlavan, Zhang
et al. 2018). They found that the amplitude reduced by 10-50 dB depending on the crack
opening, and the arrival time delayed by 5-20 ps, possibly related to the angle between
the wave propagating direction and the crack.

4.2.3 Instrumentation

This section briefly introduces AE instruments which convert the arrival waves into elec-
tric signals and modulates the signals for the later processing.

AE sensors

AE sensors convert the arrival waves into electric signals using piezoelectric ceramic or
crystal (Ono 1997). Figure 4.3a shows the schematic drawings of two typical AE sensors,
with piezoelectric element in a protection housing.
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Figure 4.3 (a) Schematic of AE sensors of resonant and broadband type and (b) AE sensor on a
concrete specimen fixed with a steel holder.

Two types of sensors are normally used for AE measurements, namely, wideband sensors
and resonant sensors. Wideband sensors broaden the frequency response using a backing
material behind the piezoelectric element (marked in Figure 4.3a) (Ono 1997). The band-
width of a wideband sensor can be 1 MHz, while that of a resonant sensor is around 0.1
MHz (MISTRAS 2008). However, wideband sensors are usually less sensitive to waves
(Ono 1997, Grosse and Ohtsu 2008): around 50 dB less sensitive than typical resonant
sensors (MISTRAS 2008). Therefore, wideband sensors are only preferred when the AE
sources type is unknown before the test or the AE signals have a large frequency range.

In concrete, the typical frequency range is from several kHz to 100 kHz (Ono 1997),
which is not wideband. Therefore, resonant sensors are normally used. A typical com-
mercial AE sensor is the R6I sensor from Mistras, which has an operating frequency range
of 40-100 kHz and resonant frequency at 55 kHz (MISTRAS 2008). Figure 4.4 shows the
frequency response of R61. Here the frequency response is calibrated using two different
methods: one is called absolute calibration (the blue line) for burst signals; the other is
face-to-face calibration (the red line) for continuous signals (MISTRAS 2010). The de-
tailed descriptions of the two calibration methods can be found in the standards (ASTM
E1106-86 1997, ASTM E976-15 2015). Burst signals come from distinct events of energy
release such as cracking. Continuous signals are often observed in plastic deformation of
metals and leaks of liquid or gas (Ono 1997). In concrete, we mainly have burst signals
from cracking and should refer to the absolute calibration.
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Figure 4.4 Frequency response of R6l from Mistras (MISTRAS 2008), where the blue line is from
absolute calibration and the red line is from face-to-face calibration.

Most AE sensors are contact sensors which require a good coupling to the concrete sur-
face. Proper couplants should fill the gaps between sensor surface and rough concrete
surface with a layer preferred to be thin. The commonly-applied couplants are vacuum
greases, propylene glycol or electrical compound (Theobald, Zeqiri et al. 2008). In addi-
tion, no movement between the sensor and the specimen should occur during the loading
process. Therefore, a holding device is normally used, such as tapes, elastic bands, or
steel holders (Soutsos, Denys et al. 2012). Figure 4.3b shows the installation of a sensor,
with sensor, couplant and steel holder marked.

Preamplifiers

Preamplifiers are often used right after the AE sensors to magnify the signals (Grosse and
Ohtsu 2008). This is for the purpose to minimize the electromagnetic noise in the cables
to the data acquisition system.

The preamplifiers can be outside or inside the sensor. Sensors with internal preamplifiers
are of larger size, with only one option of gain (normally 40 dB (MISTRAS 2010)). Sen-
sors with external preamplifiers can be smaller and have different choices of gain (nor-
mally 20 dB, 40 dB and 60 dB (MISTRAS 2010)). Using external preamplifiers adds
complexity to the installation, especially for on-site measurements.

Data acquisition system

When AE signals come into the data acquisition system, they are firstly filtered and am-
plified. We can set up different filters and gains. Then the analog signals are digitized by
analog-to-digital converters. Further processing of the digital signals will be discussed in
the next subsection.

4.2.4 Digital signal processing

Digital signal processing generally has two main objectives: filtering out noises and de-
riving signal parameters for further analysis using AE algorithms.
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Noise Filtering

The received AE signals are not always burst signals from cracking, but also include me-
chanical noise from environment which are normally continuous signals (Van Steen,
Pahlavan et al. 2019). An example is shown in Figure 4.5. A method to filter out this type
of noise is dividing the signals into several time windows. For the signal segments in each
window, the peak or the root mean square of the amplitude (MISTRAS 2011) is calcu-
lated. Signals that have comparable values in different windows are distinguished as

noise.
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Figure 4.5 Examples of electrical and mechanical noise (Van Steen, Pahlavan et al. 2019).

Another type of noise is electrical noise (Figure 4.5). A same filtering method as mechan-
ical noise can be used (Van Steen, Pahlavan et al. 2019). Moreover, since this type of
noise is usually lying outside the informative range of frequencies (Barat, Borodin et al.
2010). Therefore, this noise can also be filtered out by a frequency filter.

Parameters extraction

An AE event can be detected by different sensors. The signal received by a sensor is
called an AE hit. The feature of a hit can be described by signal parameters. Signal pa-
rameters are used particularly in the conditions that (1) we do not have enough computa-
tional time or data storage capacity to deal with the whole waveform, or (2) we only care
about some specific signal features.

Various signal parameters are proposed in literature from the waveform in time domain
and the frequency spectrum. From the waveform, signal parameters include first arrival,
peak amplitude, duration, counts, rise time, counts to peak and energy (Ohtsu 2010, Ohtsu
2010, MISTRAS 2011). Based on these basic parameters, we can further calculate other
parameters, such as RA value, average frequency, initiation frequency and reverberation
frequency (MISTRAS 2011). From the frequency spectrum, the signal parameters are
peak frequency, frequency centroid and partial power (Ono 1997). The definitions of
these parameters are given below, and are illustrated in Figure 4.6.
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Figure 4.6 lllustration of signal parameters from: (a) waveform in time domain and (b) frequency

spectrum.

Definitions of Parameters from waveform in time domain

First arrival is the first point that crosses the threshold, when threshold arrival
time picking method is used. The typical unit is s.

Peak amplitude is the largest amplitude of the signal envelope. The typical unit
is V.

Duration measures the time duration from the first arrival to the point when the
signal envelope decays to the threshold level. The typical unit is s.

Counts is number of times the signal amplitude exceeds the threshold.

Rise time is a duration time from the first arrival to the peak amplitude. The
typical unit is s.

Counts to peak is number of times the signal amplitude exceeds the threshold
from the first arrival to the peak amplitude.

Energy is integral of the signal envelop over the duration. The typical unit is Vs.

RA value is the ratio between rise time and amplitude, which describes the shape
of the waveform. The typical unit is s/V.

Average frequency is defined as counts divided by duration. The typical unit is
Hz.

Initiation frequency is counts to peak divided by rise time. It can be considered

as rise time frequency, describing the average frequency from the first arrival to
the peak amplitude. The typical unit is Hz.

Reverberation frequency can be considered as average frequency after the peak

amplitude. It is calculated as (counts-counts to peak)/(duration-rise time). The
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typical unit is Hz. Average frequency, initiation frequency, reverberation fre-
quency are frequency-related parameters, though calculated in time domain.

Definitions of Parameters from frequency spectrum

e  Peak frequency is the point where the frequency spectrum has the maximum
amplitude. The typical unit is Hz.

e Frequency centroid is the centre of the mass of the frequency spectrum. The
typical unit is Hz.

e  Partial power is the percentage, calculated by summing the frequency spectrum
in a specified range of frequencies and dividing it by the total energy of all fre-
quencies.

4.2.5 Acoustic Emission algorithms

After data processing, the signals or parameters are ready for various algorithms. These
algorithms can estimate the source location, classify source types or determine the struc-
tural integrity. Some commonly used algorithms are introduced below.

Source localization

Source localization algorithms estimate the location of an AE event. The commonly used
method is based on the arrival times of the signals (Kundu 2014). Inputs are arrival times,
sensor locations and wave speed. The basic rule is that the estimated wave propagation
distance from the source to the receiver should meet with the measured wave propagation
distance:

xm.—xS":cP-(trqi—ts),Vie{l,L“’,N} “4.7)

r

where Xs is the source location, X, is the location of sensor i, cp is the wave speed, ¢ is
the arrival time at sensor i, fs is the source time, and V; is the total number of sensors.

In the equation, the left-hand side is the estimated wave propagation distance, and the
right-hand side is the measured wave propagation distance.

In Equation (4.7), the sensor location X, is known, the arrival time #.; can be measured,
and the wave speed cp is assumed constant. Therefore, the unknowns are source location
xs and source time #s. To eliminate the unknown source time #s, Equation (4.7) from two
arbitrary sensors are combined, resulting in the differential distance of two arbitrary sen-
sors:

|=cp‘(t __tr“/),Vi,je{l,Z,-“,N} (4.3)

||XS _Xr,i _||XS _Xr T,i T

o]
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where j indicates the second sensor. Now the left-hand side is the estimated differential
distance, and the right-hand side is the measured differential distance.

For k-dimensional source localization, the source location xs contains £ components in x,
y and z directions, giving k unknowns. Therefore, at least & instances of Equation (4.8)
with k£ +1 sensors at different locations are required. The source location can be calculated
analytically by solving the equations.

Apart from the analytical approach, grid search method can also be used by searching the
grid point that best fits the requirement (Grosse and Ohtsu 2008). In this method, the
measuring zone is discretized by a particular grid. The distance between each grid point
to the sensors can be calculated. The best-fitted grid point should meet the requirement
that the residual » between calculated and measured differential distance is the minimum:

N1 N,
r(xg,p) = Z Z ("Xg,p — X,

i=1 j=i+l

~co-(1,-1,,)) spefl2 B} @49)

_”Xg.p X

where x, , is the location of grid point p, among a total number of P, grid points.

Uncertainties during the localization process may generate errors (Zhang, Pahlavan et al.
2020). The uncertainties can come from the arrival time picking error and wave propaga-
tion in concrete including the presence of cracks between source and sensors, and large
sensor spacing which may fail receiving some signals. With grid search methods, the
layout of the grid points can also introduce errors in source localization: as the measuring
area is discretized, the sources can only be assigned to the grid points, which may not be
the real location.

The source localization accuracy can be improved by reducing these uncertainties, like
using advanced arrival time picking algorithm to reduce the arrival time picking error
(Schechinger and Vogel 2007), adopting variable wave speed models to include the in-
fluence of cracks on wave propagation (Pahlavan, Paulissen et al. 2014, Gollob 2017),
measuring the wave attenuation property in a preliminary test (Pahlavan, Zhang et al.
2018) to arrange a proper sensor spacing, or discretizing the measuring area into a dense
grid to reduce the error from the grid search method. But these solutions usually take
longer computational time and the uncertainties cannot be entirely removed.

Source classification

Source classification distinguishes signals from different types of sources, i.e. tensile
cracking and friction in concrete. Tensile cracking occurs when the maximum principal
stress exceeds concrete strength and the two crack faces move away from each other.
Friction occurs when the two crack faces slide against each other, due to a protruding
aggregate. In literature, the source type ‘friction’ is sometimes mentioned as ‘shear crack-
ing’. But the actual phenomenon of shear cracking is: tensile cracking mixed with friction
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4.2 Basics of acoustic emission technique

between crack faces (Yang 2014). Therefore, this dissertation uses a more specific de-
scription ‘friction’, instead of ‘shear cracking’ to describe the real source of AE signal.

Generally, two types of methods are used: parameter-based and signal-based methods.
Parameter-based method

The RILEM technical committee recommends to use signal parameters RA value and
average frequency to distinguish signals from tensile cracking and friction (Figure 4.7)
(Ohtsu 2010). Signals from tensile cracking normally have a smaller RA value and a
higher average frequency (Aggelis 2011, Livitsanos, Shetty et al. 2020, Zhang, Zarate
Garnica et al. 2020). However, RILEM does not specify clear and consistent boundaries
to distinguish the two types of sources. The boundaries may change with different exper-
iments.
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Figure 4.7 Source classification using RA value and average frequency (Ohtsu 2010)

Signal-based method

Signal-based method takes the advantage of the full information of a waveform including
wave modes and reflections. In literature, two signal-based methods are present: one uses
correlation of the whole signal (either the waveform in time domain or the frequency
spectrum); the other uses the P-waves and S-waves of the signal in a moment tensor in-
version.

The first method compares two signals using the coherence functions (Carter and Ferrie
1979, Grosse and Ohtsu 2008). The similarity of the signals is used as a measure of virtual
distance between them. Signals from the same type of source are similar with shorter
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virtual distance. Based on the correlation, van Steen et al. proposed a hierarchical clus-
tering approach (Van Steen, Pahlavan et al. 2019).

The approach has been applied both to the waveform in time domain (Van Steen,
Pahlavan et al. 2019) and the frequency spectrum (Srivastava 2020). For the waveform,
a cross-correlation calculation is needed, requiring sliding along the time axis, as two
signals may arrive at different times. This takes extra computational time. For the fre-
quency spectrum, a simple correlation is sufficient (Carter and Ferrie 1979). Srivastava
compared the clustering in time and frequency domain, and found that with the same
amount of data (220 AE events), clustering in frequency domain was 4 times faster than
that in time domain, presenting comparable results (74% AE events had same results)
(Srivastava 2020).

The second method is moment tensor analysis (Jost and Herrmann 1989). It uses P-waves
and S-waves of the received signal to quantify the crack mechanism including tensile
mode, friction mode and mixed mode. Then Ohtsu proposed a simplified procedure only
using P-waves to determine the crack type (Ohtsu, Shigeishi et al. 1991, Ohtsu, Okamoto
et al. 1998, Shigeishi and Ohtsu 2001). The detailed description of the moment tensor
analysis is not presented here.

Structural integrity analysis

Structural integrity analysis determines the damage level of the structure using AE. Two
main strategies are reported in literature. One is load ratio-calm ratio. The other strategy
is based on statistical analysis of AE signal strength/amplitude, including methods of in-
tensity analysis and b-value analysis. The principles of these methods are introduced be-
low.

Load ratio-calm ratio

Under cyclic loading, load ratio is defined as the ratio between the load level when AE
occurs in the subsequent loading and the previous maximum load. And calm ratio is the
number of AE hits in unloading divided by the total AE hits in the load cycle (Ohtsu,
Uchida et al. 2002).

. load when AE occurs in the subsequent loading
load ratio=

- - (4.10)
maximum previous load

. number of AE events during unloading
calm ratio=

- (4.11)
total AE events in the load cycle

The physical meaning of load ratio can be explained by the Kaiser effect. The Kaiser
effect describes an AE phenomenon that AE occurs only after the previously applied
stress level is exceeded (Kaiser 1950). With Kaiser effect, the load ratio is over 1.0. This
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is often the case when concrete is uncracked. After cracking, Nagataki et al. reported that
the Kaiser effect disappears (which means AE occurs before reaching the previous max-
imum stress) when the crack width is over 0.2 mm (Nagataki, Okamoto et al. 1991). The
value of crack width when the Kaiser effect disappears varied among other researches
(Ohtsu, Uchida et al. 2002, Barbara, Grzegorz et al. 2012).

Calm ratio describes the phenomenon that the number of AE hits during unloading is
limited when the structure is statically stable (Ohtsu, Uchida et al. 2002).

Based on load ratio and calm ratio, Ohtsu et al. proposed criteria for different damage
levels, i.e. minor damage, intermediate damage and heavy damage (Figure 4.8) (Ohtsu,
Uchida et al. 2002). The damage level is severer when a smaller load ratio and a larger
calm ratio are measured. However, the boundaries of load ratio and calm ratio to separate
the damage levels were not consistent among tests in various literature (Colombo, Forde
et al. 2005, Tsangouri, Remy et al. 2019). For concrete bridges, RILEM suggests a load
ratio boundary of 0.3-0.45, and a calm ratio boundary of 0.6 (Ohtsu 2010). This threshold
was based on tests of concrete beams with only 2-3 m span. A real bridge may have more
than 10 times larger span. Yang et al. tested a reinforced concrete slab bridge (Zijlweg
bridge, the Netherlands) with a span of 10.32 m (Yang, Hordijk et al. 2016). Most AE
sensors showed load ratios over 0.5 and calm ratios lower than 0.4. They considered the
damage level as intermediate.

h
heavy intermediate
o damage damage
_E
E
m .
o intermediate minor
damage damage
load ratio

Figure 4.8 Damage assessment by load ratio and calm ratio, reproduced from Ohtsu (2010).

Other parameters have also been developed with the similar background. Ridge and Ziehl
developed peak cumulative signal strength (PCSS) ratio, which required at least two re-
peated load cycles and each need to be hold for a while before unloading (Ridge and Ziehl
2006). The PCSS ratio was the PCSS in the reload hold period divided by the PCSS in
the initial load hold period. Significant damage led to PCSS ratios larger than 0.4. Co-
lombo et al. proposed another parameter, i.e. relaxation ratio, which was the average AE
energy during unloading divided by the average AE energy during loading (Colombo,
Forde et al. 2005). When the structure is damaged, AE during unloading increased, re-
sulting in a larger relaxation ratio. This parameter has a similar background as calm ratio.
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Application of these parameters can be found in Abdelrahman’s dissertation
(Abdelrahman 2013).

Intensity analysis

Intensity analysis uses two statistical parameters, i.e. historic index and severity index to
determine the damage level (Fowler 1986). Historic index describes the change of aver-
age signal strength compared to history.

H(t) = Zi:K+150»i /(Nh _K)
Zi:hl SOJ/Nh

where Ny is the number of AE hits up to time ¢, So,; is the signal strength of the hit 7, and

(4.12)

K is an empirical constant depending on material and value of M, (Nair and Cai 2010).

Severity index is the average of the J largest signal strength.

S = Z’l Soi/d (4.13)

where So; is the signal strength of the hit i, given i is sorted in a descending order based
on the magnitude of the signal strength. J is an empirical constant depending on material.
A value of 50 is normally used for concrete (Golaski, Gebski et al. 2002, Benedetti and
Nanni 2014).

Figure 4.9 shows the intensity chart determined by historic index and severity index
(CARP 1987). This chart can distinguish damage levels from ‘insignificant’ to ‘major’.
The damage level is heavier with larger values of historic index and severity index. The
boundaries of historic index and severity index were experimentally derived for fibre-
reinforced plastic vessels (Fowler 1986, Fowler, Blessing et al. 1989). Golaski et al.
showed that the boundaries can be applied for prestressed concrete beams in lab (Golaski,
Gebski et al. 2002). But, in on-site measurements, the historic index did not always pro-
vide proper and reliable results (Golaski, Gebski et al. 2002). Benedetti and Nanni tested
on a reinforced concrete slab in a three-story building (Benedetti and Nanni 2014). They
used boundaries not in line with the intensity chart provided by Fowler.
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Figure 4.9 Intensity chart for fibre-reinforced plastic, reproduced from CARP (1987)

The applicability of intensity analysis is limited by the empirical constants both in historic
and severity indices. Besides, the severity index is based on the absolute value of signal
strength which depends on the wave propagation medium and AE instruments.

b-value analysis

b-value analysis originated from seismology, where earthquakes of larger magnitude oc-
curred less frequently than those of smaller magnitude (Gutenberg and Ritcher 1954). For
AE, an adopted equation was proposed by Sammonds et al. (Sammonds, Meredith et al.
1994):

A
log,, N, =a —b(?‘OBJ (4.14)

where Agg is the peak amplitude of AE events in decibels, V. is the number of AE events
within an amplitude range (44s = AA4as), @ and b are both empirical constants determined
from linear curve fitting, b is the so-called b-value.

Typically, the b-value decreases from microcracking to macrocracking (Colombo, Main
et al. 2003, Schumacher, Higgins et al. 2011). However, the value normally had a large
fluctuation, especially for on-site monitoring (Farhidzadeh, Salamone et al. 2013). Farhi-
dzadeh et al. claimed that the large fluctuation could come from the environmental noise.
They used a Gaussian filter to smooth the b-value (Farhidzadeh, Dehghan-Niri et al.
2013). Shiotani et al. improved the »-value analysis by considering the statistical distri-
bution of AE amplitude (Shiotani, Fujii et al. 1994). Improved b-value analysis was ap-
plied in monitoring a reinforced concrete pier (Shiotani, Luo et al. 2007), and was shown
to be more stable compared to the b-value. Nevertheless, it is still hard to set a criterion
to distinguish microcracking from macrocracking.
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4.3 Application of acoustic emission in concrete structures

In 1959, Riisch first studied AE phenomena in concrete and found the Kaiser effect in
concrete when reaching 75% of the failure load (Riisch 1959). Since then, AE in concrete
structures has drawn a great deal of attention, including lab tests and onsite measurements.

Different from lab tests, onsite measurements have the challenges of large noise, complex
loading (e.g. ambient traffic load), environmental conditions like temperature changes,
and lack of information especially for existing concrete structures.

This section reviews the onsite applications of AE in concrete structures, including exist-
ing concrete structures and new concrete structures. A few typical examples are described.

4.3.1 Monitoring existing concrete structures

Depending on the purpose, existing concrete structures can be monitored under only traf-
fic and environmental load or during load testing. The former one is to continuously mon-
itor the structural behaviour in service condition which usually takes longer time. The
latter one is to quickly determine the structural condition by applying a relatively large
load.

Under traffic and environment load

Bayane et al. monitored a reinforced concrete bridge deck slab for one year (Bayane and
Briithwiler 2020). The deck slab at a span is instrumented by AE sensors, associated with
strain gauges and thermocouples. They observed that AE parameters are related to tem-
perature changes during the year. They also found that sensors near slab-girder connec-
tion and supports received more AE activities, which could be due to the friction. This
application proved the robustness and feasibility of using AE in a long-term monitoring.

Van Steen et al. monitored a heavily-corroded column of an existing building (Van Steen,
Zhang et al. 2018). Corrosion has led to concrete cover delamination, which required
interventions (Figure 4.10a). Six AE sensors were installed around the delamination zone
in a column. With only service and environment load applied, the monitoring took in total
18 hours (3 days with 6 hours/day). The localization results showed that all AE events
were located next to the delamination zone in the height direction (Figure 4.10b). Since
the delamination zone was observed from outside, AE events next to it could indicate
further delaminating inside. Longer monitoring time is needed to find relationship with
environmental changes like temperature.
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Figure 4.10 AE monitoring of corroded reinforced concrete column in Camilo Torres: (a) observed
delamination, (b) sensor layout (S1-6) and localization results in Day 1, reproduced from Van Steen,
Zhang et al. (2018)

During load testing

A typical example is the AE monitoring of a 45-m concrete bridge reported by Shiotani
et al. (Shiotani, Aggelis et al. 2009). A total of 28 AE sensors were installed on the bottom
surface of the bridge, and in the longitudinal direction with a spacing of 1.5 m. A load
truck of 20 ton passed over the bridge. Figure 4.11 illustrates the sensor layout and the
passing load truck. The results showed that sensor 10 received the most AE hits (around
15 m to the left support). Thus, more damages were expected there than at other locations.
Afterwards, a detailed check was performed at the weak location around sensor 10 (which

is referred as velocity examination in Figure 4.11).

45m -~

22.5m N

+ >

Strainy gauges

—— - & —=— — ===
C

Increasing numbi Increasing number

1 2 3...()“6“&%0“ 10 13 14, —)m SISE S ..2627 28
15m-18 m

(velocity examination)

Figure 4.11 AE monitoring of a 45-m concrete bridge, reproduced from Shiotani, Aggelis et al.
(2009).
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Yang et al. applied AE in proof load testing of a reinforced concrete slab bridge (the
Zijlweg bridge in the Netherlands) (Yang, Hordijk et al. 2016). Due to Alkali-Silica Re-
action (ASR), the bridge was rated low for shear capacity. The bridge was proof loaded
to assess the residual capacity. If the capacity is proved to be sufficient, the bridge could
remain in service.

A total of 15 AE sensors were installed on the bottom of one bridge span. Two axle loads
were applied, with the load magnitude corresponding to the Eurocode traffic load model
1 (CEN 2003). Figure 4.12 shows the location of load and sensors. Structural integrity
analysis using load ratio and calm ratio was carried out. They found that the most dam-
aged part was around AE06, where the damage level was still below the moderate level.
This indicated that the bridge was safe under the desired load, which was in line with the
conventional displacement measurements (Lantsoght, Koekkoek et al. 2018).
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Figure 4.12 AE monitoring of Zijlweg bridge: sensor layout (AE01-15) and loading position (the gray
wheel prints), reproduced from Yang, Hordijk et al. (2016)

4.3.2 Monitoring new concrete structures

New concrete structures also require monitoring in the condition that damages may occur
during fabrication and transport of precast members, or during load testing prior to service.

During fabrication and transport of precast members

Huston et al. uses AE to detect the cracks that may form during fabrication and transport
of the precast members (Figure 4.13a) (Dryver R. Huston and Mauricio 2021). During
fabrication, eight AE sensors were installed in the end zone (Figure 4.13b). During de-
tensioning the prestressing strand, a large number of AE events were detected (Figure
4.13b). These AE events could indicate formation of horizontal web cracks, but the local-
ization results were not accurate enough.
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Figure 4.13 AE monitoring of horizontal web cracks during detensioning: (a) horizontal web crack,
(b) sensor layout in the end zone and the AE source locations, reproduced from Dryver R. Huston
and Mauricio (2021)

During transport from the factory to the bridge site, the sensors were installed in the mid-
span. AE events were observed when the vehicle movement tended to bend the girder at
tight turns. AE results provided insights into concrete cracking before in use, which was
valuable for the future structural assessment.

During load testing of new concrete structures

Load testing can also be carried out on new structures, to prove the structural capacity
prior to opening. AE can be applied during load testing of new structures.

Golaski et al. tested a new prestressed concrete bridge using AE (Golaski, Gebski et al.
2002). The bridge was loaded until the load level specified by the design code. This was
the first time that the bridge was loaded. The AE method of severity and historic index
was used to study the structural integrity. According to the intensity chart (Figure 4.9),
all data fell into region of ‘insignificant damages’. This proved that the concrete bridge
was safe to open. Moreover, many investigators and supervisors found a great need to
evaluate a new structure using AE. For a bridge that was graded ‘insignificant damages’
according to the intensity chart, a so-called ‘AE Certificate’ was provided.

4.4 Promises and challenges of acoustic emission technique

Literature has shown great promises of AE: by nature, AE is closely related to concrete

cracking; through wave propagation, the internal cracking can be detected from outside;

the AE instruments allow a real time monitoring with a very high sampling rate; and with

various algorithms, AE can provide valuable information on crack location, crack type,

and structural integrity in terms of crack width.

However, AE has not been fully devised. For example, the source localization result is
not accurate, due to uncertainties in the process. And the source classification is strongly
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influenced by wave propagation, leading to wrong results. Moreover, even though AE is
closely related to cracking, it is difficult to quantify crack width using AE. And for the
scope of this dissertation to indicate structural shear failure, very few applications can be
found in the literature that link AE phenomena with shear failure processes.

According to the promises and challenges of AE, this dissertation attempts to further de-
velop the technique by properly interpreting the erroneous source localization results
(Chapter 6) and improving the source classification method (Chapter 7). With the new
algorithms, the dissertation expects to better understand the relationship between AE phe-
nomena and crack kinematics (Chapter 8), and develop an AE-based indicator for shear
failure of reinforced concrete structures without shear reinforcement (Chapter 9).
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5.2 Reinforced concrete beam tests

5.1 Introduction

As stated in Chapter 1, experimental study is an important methodology to reach the goal
of this dissertation, which is to develop AE-based failure indicators for reinforced con-
crete structures without shear reinforcement. The experiments should be representative
of the target type of structure and monitored by AE until failure.

This dissertation uses series of tests on reinforced concrete beams and slabs that were
performed in the Stevin Laboratory of Delft University of Technology (Figure 5.1). They
can be used for the purpose of this dissertation, since (1) the specimens have no shear
reinforcement, (2) the specimens are at scale of real structural elements, (3) the specimens
are loaded to failure and (4) the structural behaviour has been monitored by various tech-
niques including acoustic emission (AE).

(a) (b)

Figure 5.1 Photos of the tests on (a) reinforced concrete beams and (b) reinforced concrete slabs.

A note is that these tests were not specifically designed for the purpose of this dissertation.
This chapter only describes the relevant parts. The original tests and additional infor-
mation can be found in the reports on beam tests (Yang 2020) and slab tests (Zarate
Garnica 2021).

Section 5.2 and Section 5.3 introduce the beam tests and slab tests respectively, including
test setup, measurements, and an summary of results. Section 5.4 introduces the setup of
the AE system and initial AE monitoring results.

5.2 Reinforced concrete beam tests

Six failure tests are taken from a series of tests on shear behaviour of reinforced concrete
beams without shear reinforcement (Yang 2020). In the series, the tests are named as
H601A, H602A, H603A, H604A, H851A and 1123A.

52



Chapter 5 Experiments

5.21 Test setup

The dimensions of the beams are 10000 mm x 300 mm x 1200 mm. The concrete class
is C65. The reinforcement layout is shown in Figure 5.2. 1123 A has plain rebars, and the
rest have ribbed rebars. The tested end has no shear reinforcement.

a, P 4450
D v span with stirrups il
S
28100 S 38-300
S
ALl et |
e eyl
1500 9000 " 50Q
2320 10000
HG01A H853A 1123A
H602A
H603A
28 | HE04A 1200
40125 6025 825
T = Ny
. _yl\cover: 25 mm
300

Figure 5.2 A sketch of beam configuration including beam dimension, reinforcement layout and
locations of supports and load.

The beams were simply supported and loaded by a single point load. The distance be-
tween the centre of the point load and the closer support (defined as shear span) was a
main variable, which was between 3000 mm and 4500 mm. The load was applied through
a hydraulic jack in a displacement-controlled manner. The loading speed was 0.02 mm/s,
except for some load cycles in H603A. There various loading speeds from 0.02 mm/s to
0.64 mm/s were taken, to evaluate the influence of loading speed on AE measurements
(discussed in Chapter 8). Figure 5.3 is a photo of the test setup including frame, support,
and hydraulic jack.
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Figure 5.3 Photo of test setup including frame, support and hydraulic jack.

The loading histories of each beam test are given in Figure 5.4. When the beam was cy-
clically loaded, generally 2-4 load cycles were applied per load level. The first cycle was
used to gradually load to the maximum in steps, and the others were used to check whether
the structure behaviour is stable. In H601A and H603A, more load cycles were applied
(47 and 75 respectively), to evaluate the influence of the number of cycles on AE meas-
urements (discussed in Chapter 8).

Table 5.1 lists the test configurations, including concrete cubic compressive strength
(fc.cube) at a certain age, rebar configuration, rebar characteristic yield strength (fyx), rein-
forcement ratio (ps), shear span (as), effective depth (de), shear span ratio (ay/d.) and load

type.

Table 5.1 Test configurations

Test no. H601A H602A H603A H604A H853A 1123A
 fe.cube [MPa] 86.40 86.08 86.08 86.08 82.99 78.24

Age [d] 31 38 46 66 86 85

CRo i)g; 4025 Ribbed [4025 Ribbed |4@25 Ribbed |4025 Ribbed |6025 Ribbed |8025 Plain
fix [MPa] 500 500 500 500 500 240

ps [%] 0.57 0.57 0.57 0.57 0.85 1.14

as [mm] 4500 4500 3000 3500 3000 3000

d, [mm)] 1158 1158 1158 1158 1150 1150

ay/d. [-] 3.89 3.89 2.59 3.02 2.61 2.61
Load type Cyclic Monotonic Cyclic Cyclic Cyclic Cyclic
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Figure 5.4 Loading history of the beam tests.
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5.2.2 Measurements

The measurements during the tests included sensors for load measurement (load cell),
displacement measurement (linear variable differential transformer (LVDTs), laser trian-
gulation displacement sensors (lasers), digital image correlation (DIC)), and acoustic
emission (AE) measurement (AE sensors). Figure 5.5 shows all the applied sensors (pho-
tos taken from test H601A). This section does not include AE measurements which will
be detailed described in Section 5.4.

steel holder

(a) (b)

Figure 5.5 Applied sensors in beam tests: (a) load cell, LVDTs, laser, AE sensors on one side and
(b) DIC pattern on the other side (photos taken from test H601A).

Load measurement

A load cell was placed under the hydraulic jack to measure the applied load (Figure 5.5a).

Displacement measurement

LVDTs were used to measure the surface deformation such as opening of cracks between
two fixed points. LVDTs were installed in a grid covering the lower half of the beam to
measure the crack opening. A typical LVDT grid is given in Figure 5.5a, which included
four horizontal ones at mid height, four horizontal ones at level of reinforcements, and
five vertical ones in between.

A pair of lasers were installed under the loading point, at both sides of the specimen, to
measure the vertical deflection. Figure 5.5a shows one laser at one side.

DIC was applied on the other side than LVDTs and AEs, to measure the crack pattern
(Figure 5.5b). Detailed setups were reported by Zarate Garnica (2018). The direct output
of DIC analysis was the displacement field of the photo. The displacement field was then
converted into the principal strain distribution. The obtained strain field reflected the
crack pattern. The DIC analysis used a publicly available Matlab code (Jones 2015). With
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the crack pattern known, we further used the displacement field from DIC to calculate the
local crack kinematics (Zarate Garnica 2018).

5.2.3 Summary of test results

This section summarises the experimental results that are relevant to the study of this
research. That includes the load level at critical structural behaviour, failure mode and
crack patterns.

Table 5.2 lists the load level when the first flexural crack opens (Pcr;), the load level
when the critical flexural shear crack opens (P.), the maximum load (Py) and the failure
mode of the tests. The load level when a certain crack opens (the first flexural crack or
the critical flexural shear crack) was obtained from the real-time monitoring of crack
opening using LVDT, DIC and AE. The technique that earliest detected the cracking de-
termined when the crack first opened.

The failure mode includes flexural shear failure (FS) and shear compression failure (SC).
The definitions of these failure modes have been introduced in Chapter 2. In a flexural
shear failure, the specimen failed at formation of a critical flexural shear crack (P = Py).
For shear compression failure, after formation of critical flexural shear crack, compres-
sive strut carried additional force, leading to larger failure load (P > Py).

Table 5.2 Cracking load and failure mode

Test no. | Pcri P, P, |Failure mode*
(kN) |(kKN) [(kN)

H601A | 145 | 306 | 306 FS
H602A | 125 | 306 | 306 FS
H603A | 150 |271 |589 SC
H604A 150 251 445 SC
H853A | 175 | 273 |500 SC
1123A 170 | 300 | 300 FS

* FS represents flexural shear failure, SC represents shear compression failure.

Figure 5.6 shows the crack patterns after failure, observed from one side of the beams.
The locations of load, support, AE sensors and LVDTs are also marked. The major cracks
are numbered from CR1 to CRn according to their opening sequence. Generally, cracks
first appeared at the cross section with the largest bending moments; thus the crack num-
ber increased from right (load side) to left (support side). Cracks that were outside the AE
measuring zone are not numbered. They were mostly at the other span which is not inter-
esting for this study.
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Figure 5.6 Observed crack patterns after failure of the beam tests.
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The crack patterns can also reflect the failure mode. Figure 5.7 shows the relative location
between the observed crack patterns and estimated compressive strut. We can find that
the compressive strut was not damaged by flexural shear cracks in tests under shear com-
pression failure (H603A, H604A and H853A). This meets with the expectation in Chap-
ter 2 that the integrity of compressive strut influences the shear capacity.

HB01A P=Py ¥ HB02A P=P, ¥
Ao/ 2l A 77/ //$/,\
H603A PPy 4 HB04A PP, ¥
L //S\\h //»/A\\\k
H853A PP ¥, 1123A PEPe ¥
=
Ar k //\(\ ! /J /[ /,?.\\\

Figure 5.7 Relative location between observed crack patterns and estimated compressive strut in
beam tests.

Figure 5.8 exemplifies the DIC results at 300 kN (right before failure) of test [123A.. Plot
a shows the crack pattern. Plot b and ¢ show the normal and tangential displacements at
selected points along CR2-4 respectively. The normal displacement is perpendicular to
the local crack profile and the tangential displacement is parallel to the local crack profile.
For clarity, only the maximum and minimum values along a crack are labelled. The nor-
mal and tangential displacements at local positions along the cracks with increasing load

are listed in Appendix A.
CR4 CR3 CR2 CR4 CR3 CR2
234 25 0.04 0.020.07 Vs 0.02
CR4 CR3 CR2 014
‘A /ER 02 0.1 ' 0.00
Ji/ 1
- — 0. 0.05 -0.07
[mm]
(a) (b) (c)

Figure 5.8 DIC results at 300 kN (before failure) of test [123A (a) crack pattern, (b) normal
displacement and (c) tangential displacement.
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5.3 Reinforced concrete slab tests

Three tests are taken from the series of failure tests on half-scale reinforced concrete slabs
(Zarate Garnica 2021). In the series, the tests are named as SRIM1, SR2M1, and SR3M1.

5.3.1 Test setup

The dimensions of the reinforced concrete slab specimens are 5000 mm x 2500 mm x
300 mm. The concrete class is C35. The reinforcement layout is given in Figure 5.9.
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i 41210-125 21@20-125
1910250 | ; B FW
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Figure 5.9 A sketch of slab configuration including slab dimension, reinforcement layout and
locations of supports and load.

—41310-125

21020-125 |

The slab was supported at one end by seven separate bearings, and at the other by a line
support with a cantilever of 1 m (Figure 5.10). At the end of the cantilever, a downward
force of 45 kN was applied by three prestressing bars (15 kN each), to simulate the clamp-
ing moment at the intermediate support of a continuous slab.

The slab was loaded by a single point load, with shear span of 1800 mm in SRIM1 &
SR2M1 and 800 mm in SR3MI. The load was applied through the hydraulic jack in a
displacement-controlled manner. The loading speed was 0.04 mm/s.
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Figure 5.10 Photo of test setup including frame, supports and hydraulic jack.

Chapter 5 Experiments
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Figure 5.11 shows the loading history. The loading protocol can be divided into two parts.

The first part was carried out as a proof load test. The detailed considerations for the proof

load test part have been reported by Zarate Garnica (2021). The second part included
some load cycles of higher load level, then loaded the slab until failure. For every load
level, generally 3-4 load cycles were applied.

Table 5.3 lists the test configurations, including concrete cubic compressive strength
(fecube) On 28™ day after casting, rebar configuration, rebar characteristic yield strength
(fy), reinforcement ratio (ps), shear span (as), effective depth (d.), shear span ratio (ay/dc)

and load type.

Table 5.3 Test configurations

Test no. SRIM1 SR2M1 SR3M1
Je.cure [MPa] 51.74 51.74 55.45
Age [d] 28 28 28
41010 (trans.) |41910 (trans.) [41010 (trans.)
Rebar Config. |21020 (long.) |21020 (long.) |21020 (long.)
Ribbed Ribbed Ribbed
Jfy [MPa] 500 500 500
ps [%] 0.996 0.996 0.996
as [mm] 1800 1800 800
d. [mm] 265 265 265
ayd, [-] 6.79 6.79 3.02
Load type Cyclic Cyclic Cyclic
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Figure 5.11 Loading history of the slab tests.
5.3.2 Measurements
The measurements during the test included load measurement (load cell), displacement
measurement (LVDTs, lasers, and DIC), and AE measurement. Figure 5.12 shows the

applied sensors (photos are taken from test SR2M1). Detailed setups were reported by
Zarate Garnica (2021).
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Figure 5.12 Applied sensors in slab tests: (a) on the top surface and (b) on the bottom surface
(photos from test SR2M1).

5.3.3 Summary of test results
This section summarises the experimental results that are relevant to the study of this

research. That includes the load level at critical structural behaviour, failure mode and
crack patterns.

Table 5.4 lists the load level when the first crack opens (Pck;), the maximum load (P,,)
and the failure mode. SRIM1 failed in flexure-induced punching, SR2M1 failed in flex-
ure at yielding of reinforcements and SR3M1 failed in shear.

Table 5.4 Cracking load and failure mode

Test No. |Fcri (KN) [P (kN) Failure mode*

SRIM1 150 1125 | Flexure-induced punching failure
SR2M1 150 900 Flexural failure

SR3M1 100 1143 Shear failure

Figure 5.13 shows the crack patterns measured by DIC after failure of test SRIM1. The
AE measuring area is marked. Due to the complex moment distribution in the slab, the
measured crack pattern on the surface cannot reflect the internal crack distribution. AE
turned out to be the only method that can detect internal cracks in real time.
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Figure 5.13 Crack patterns measured by DIC after failure of test SR1M1.

5.4 Acoustic emission measurements
5.4.1 Instrumentation

AE sensors of type R6I from MISTRAS (MISTRAS 2008) were used. The central fre-
quency is 60 kHz. The sensor was fixed to the specimen by a steel holder. Grease-like
material from MOLYKOTE (MOLYKOTE 2018) was used as couplant between the sen-
sor surface and structural surface. A picture of installed sensors can be found in Figure 5.5
or Figure 5.12. Firstly the concrete surface was cleaned and smoothed; then the steel
holder was glued to the surface; then the sensor was installed with couplant applied be-
tween the sensor and concrete surface; at the end, to ensure good contact, some pressure
was kept by fastening the screw.

After installation, pencil lead break tests were carried out next to the sensor to prove
sufficient coupling effect. Pencil lead with grade 2H and diameter 0.3 mm was used. The
coupling was verified when the peak amplitude of the received signal was higher than
90 dB.

The data acquisition systems that we used throughout the research were 16-channel MIS-
TRAS Sensor Highway II (in the beam tests) and 32-channel MISTRAS Express-8 (in
the slab tests). Except for the number of channels, the two systems used the same data
acquisition boards, thus had the same responses to given signals.

5.4.2 Data acquisition setup

The setups of data acquisition were similar among all the tests. Table 5.5 lists the param-
eters in the setup, including threshold, sample rate, hit length and pre-trigger.
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e  Threshold includes threshold for hit (thry,) and waveform (thry). The former one
indicates the minimum hit amplitude that the signal parameters are recorded by
the channel, and the latter one indicates the minimum hit amplitude that the
whole waveform is recorded. In the post processing, we unified the thr, to be
45 dB and the thry, to be 80 dB for all the tests.

e Sample rate counts the times that the data acquisition system measures the wave-
form in a second. A sample rate of 1 MSPS (Million Samples Per Second) means
that the data acquisition system measures the wave every s.

e Hit length: this determines the size (number of data points) of a waveform rec-
ord. At a4 MSPS sample rate, a hit length of 1 k will allow up to 256 ps.

e  Pre-trigger: this value indicates the length of the signal in ps before the trigger
point (the point at which the threshold for a hit is exceeded).

The detailed definitions can be found in the manual of AEwin software (MISTRAS 2011).

Table 5.5 Acoustic emission data acquisition setup

Parame- Beam tests Slab tests
ters H601A | H602A | H603A |H604A |H853A | 1123A |SRIMI1 |SR2M1 |SR3MI
thry, 45 45 45 45 45 40 40 40 40
[dB]
thry, 75 75 75 75 80 70 75 75 75
[dB]
Sample 5 5 5 5 5 1 5 5 1
rate
[MSPS]
Hit 8k 8k 8k 8k 8k 4k 8k 8k 8k
length
Pre-trig- 256 256 256 256 256 256 256 256 256
ger [ps]

5.4.3 Preliminary measurement of wave propagation properties

Before the actual test, the wave propagation properties in concrete medium was measured.
The relevant properties for this dissertation are wave speed and attenuation factor.

The wave propagation properties are related to the mechanical properties of the material.

We assume that concrete with same mixture design shares the same mechanical properties,
thus the same wave propagation properties. Since all the beams use a same type of mixture

and all the slabs use another type, preliminary tests were carried on one beam (I1123A)

and one slab (SR1IM1).

In a typical wave preliminary measurement, fourteen sensors were installed in a line in
the uncracked area (Figure 5.14a). The sensor spacing was 40 mm. The first transducer
was used as a source, excited with a rectangular-shape pulse of 20 ps duration and 10 V
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amplitude. The induced source in the medium was therefore considered as the convolu-
tion of the pulse with the transfer function of the transducer and the coupling. This in-
duced source was received by other sensors after propagation. The sensor closest source
was selected as the reference sensor. The arrival time and peak amplitude of the signals
received by every sensor were calculated and compared to those from the reference sen-
sor. In this way we obtained the travel time and amplitude drop from the reference.

Figure 5.14b and c show the travel time and amplitude drop from the reference against
the wave travel distance measured on a beam specimen. The travel time was determined
by the P-waves which arrived first. By diving the travel distance by the travel time, the
wave speed was estimated to be around 4100 m/s. The amplitude drop mainly came from
two sources: material attenuation and geometric spreading loss. For geometric spreading
loss, we took the cylindrical loss since it was the surface waves that more influenced the
peak amplitude. Therefore, the two sources of attenuation were estimated using Equa-
tions (4.6) and (4.5) respectively. We found an overall attenuation curve (the dashed line
in Figure 5.14c) which included material attenuation with factor a = 20 dB/m and cylin-
drical spreading loss.

Assuming that P-wave and surface wave have a same material attenuation factor, Fig-
ure 5.14d shows their attenuations. After 1 m, P-wave attenuated around 55 dB and sur-
face wave only 40 dB. This means that for a source signal of 100 dB and sensor threshold
of 45 dB, after 1 m, P-waves could not be detected. Instead, other wave modes or reflec-
tions would be received as first arrivals, which could influence source localization (which
will be further discussed in Chapter 6). To allow P-waves to be received, the sensor spac-
ing should be within 1 m in the beam tests. The maximum sensor spacing needs to be
adjusted according to the actual source amplitude. For a smaller source amplitude, the
maximum sensor spacing needs to be reduced. As the distribution of the actual source
amplitudes from concrete cracking is unknown, we assume the source amplitude to be
100 dB (which is the maximum value that the system can measure), resulting in a maxi-
mum sensor spacing of 1 m.
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Figure 5.14 Preliminary test on wave propagation properties: (a) test setup, (b) estimation of wave
speed of P-wave, (c) estimation of wave attenuation of surface wave, (d) estimation of wave
attenuation of P-wave.

On a slab specimen, different wave propagation properties were found on the top and
bottom surfaces. On the top surface, the measured wave speed was around 3000 m/s, but
on the bottom surface around 4000 m/s. The material attenuation factor on the top and
bottom was around 35 dB/m and 15 dB/m respectively. The wave properties on the top
surface had lower wave speed and higher attenuation. This could be due to the rougher
top surface or more air bubbles near the top surface. We did not consider the effect of
variant wave propagation property, using the wave speed measured from bottom surface
(4000 m/s) for the whole slab, since the top surface with low speed was shallow compared
to the whole slab depth. For the material attenuation factor, which determines the maxi-
mum allowable sensor spacing, we used the largest value 35 dB/m measured from top
surface. In this way, we overestimated the wave attenuation, resulting in a conservative
allowable sensor spacing. Using the same analysis method as in the beam tests, the sensor

spacing should be within 0.65 m in slab tests.
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5.4.4 Acoustic emission sensor layout

Figure 5.15 shows the AE sensor layout of the beam tests. They were installed on a side
surface (marked in circles) and the bottom surface (marked in rectangles). The ones on
the bottom surface were in the middle line of the width direction. The sensor spacing in
the length and height directions were around 0.5 m, with minimum 0.45 m and maximum
0.75 m. This met the requirement of sensor spacing to be within 1 m for beam tests (Sec-
tion 5.4.3).
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Figure 5.15 AE sensor layout in the tests.

Figure 5.16 shows the AE sensor layout of the slab tests. Sensors were installed both on
the top and bottom surfaces. The sensor spacing in each direction was around 0.3 m, with
minimum 0.25 m and maximum 0.425 m. This met the requirement of sensor spacing to
be within 0.65 m for slab tests (Section 5.4.3).

When designing the sensor layout, the first test SR1IM1 was used as a trial, where we
found a more efficient sensor layout could be reached by setting a mismatch between the
sensor positions on the top and bottom surfaces. In SR2M1 and SR3M1, the mismatch
enabled a larger measuring zone using a similar amount of sensors.
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Figure 5.16 AE sensor layout in the slab tests.
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5.4.5 Acoustic emission results using conventional methods

This section reports the AE source localization results using the conventional method. As
reviewed in Chapter 4, the conventional method uses first arrival times, sensor locations
and wave speed to estimate the source location. In our tests, the first arrival times were
automatically selected by the AEwin software embedded in the MISTRAS system, with
a fixed threshold of 45 dB. The sensor locations were known. The wave speed was esti-
mated in the preliminary test in Section 5.4.3. Grid search method was used with grid
point spacing of 10 mm in each direction.

For beam tests, due to small dimension in width (y) direction compared to length (x) and
height (z), we assumed a plain stress condition. Crack pattern variation in y direction was
neglected. Therefore, we applied a 2D source localization in x-z plane. For slab tests, a
3D source localization was applied.

A special consideration in this dissertation is that we did not use all the received signals
from one AE event. The signals received by farther sensors were more attenuated, which
may lead to larger arrival time picking error, thus larger localization error. Therefore, we
only used the signals from sensors that were within 1 m from the closest sensor. Moreo-
ver, a previous study has shown that localization results outside the sensor enclosed zone
were not accurate (Zhang 2017). Therefore, those AE events were not considered. An-
other calibration is that after an AE event was located, we estimated its source amplitude
according to the received signal amplitude and the wave attenuation after propagating
from the source to the sensor. Based on the estimated source amplitude, we only consid-
ered events with source amplitude over a predefined threshold. The reason and details of
this calibration are presented in Section 6.2.1.

Figure 5.17 shows the estimated locations of AE events until failure (without unloading
parts) of the beam tests. Due to source localization error, AE can only roughly find crack
pattern. The crack pattern was especially not clear at location where more than one crack
presented between two sensors, e.g. in the bottom with secondary cracks.
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Figure 5.17 Located AE events until failure (excluding unloading parts) of the beam tests.
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Figure 5.18 shows the located AE events until failure (AE events during unloading are
not included) of the slab tests. Compared to the beam tests, the source localization error
in the slab tests was significantly larger. This can be explained by the presence of multiple
cracks between two sensors in slab tests (Figure 5.13). The effect of presence of cracks
will be further discussed in Chapter 6.
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Figure 5.18 Located AE events until failure (excluding unloading parts) of the slab tests.
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The obtained AE signals and estimated source locations are the AE data base for this
dissertation. The data base are used in the later chapters to develop new AE methods and
AE-based failure indicator of reinforced concrete structures.
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6.2 Study of source localization error

6.1 Introduction

The traditional source localization procedure (described in Chapter 4) can be influenced
by various uncertainties including the presence of cracks, arrival time picking error, sen-
sor layout etc. These uncertainties would result in erroneous estimated source locations.
Many studies aim to reduce the source localization error as reviewed in Chapter 4. How-
ever, the error cannot be entirely removed. This chapter approaches the problem from
another perspective by making use of the properties of the error.

We first study the properties of source localization error using simulations (Section 6.2).
A probability density function of source localization error is found. Based on the function,
we estimate the probability of the location of an AE event (Section 6.3). With more AE
events occurring, by simply adding up the probability density field of each AE event, we
are able to get the probability density field of all AE events. The integration of the prob-
ability densities over a certain space range and time period describes the probability of
the total number of AE events falling in that space range within that time period. This
method is named as the probability density field of AE events (pdAE field). The new
method is demonstrated in one beam test and one slab test (Section 6.4). The resultant
probability density field shows clear crack patterns and a close relationship with the crack
width.

6.2 Study of source localization error

Traditional source localization method (described in Chapter 4) estimates the source lo-
cation assuming a constant wave speed distribution and a direct wave travel path from the
source to the receiver. But these assumptions are not always true in concrete. When a
crack presents between the source and the receiver, wave propagation from the source to
the receiver will be influenced. Moreover, the picked arrival times may not be accurate,
due to the limit of arrival time picking technique. And sensor layout can also influence
the source localization.

With the above influential factors, the estimated source location may not be the actual
one. This dissertation defines the source localization error as the relative location between
the estimated and actual source locations

A=xg—X, 6.1)

where Xs is the actual source location and x, is the estimated source location.

The magnitude of source localization error IAl is the Euclidean distance between the two

k
A= “’ZA? ke {,2,3} (6.2)
i=1

locations

74



Chapter 6 Probability density field of acoustic emission events

where £ is the dimension of the measuring zone which could be 1D, 2D or 3D and A, is
the error component in the i direction.

This section first discusses the influential factors on source localization (Section 6.2.1).
Then considering the influential factors, we simulate the localization process to study the
localization error (Section 6.2.2). Based on the simulation, we find the properties of
source localization error (Section 6.2.3).

6.2.1 Influential factors on source localization

This section discusses the influential factors on source localization, which are presence
of cracks, arrival time picking error and sensor layout.

Presence of a crack

The AE signals experience extraordinary complications when propagating through an ex-
isting crack. Since AE source localization in this dissertation only uses the first arrival of
the signals, we limit our study to the influence of presence of crack on the first arrivals in
terms of wave speed and peak amplitude. We simplify that the first arrivals come from
two paths: (i) the direct wave path, where the waves are delayed and attenuated when
going through the crack or (ii) the tip-diffracted wave path, where the wave propagation
direction is changed by the crack tip, shown in Figure 6.1.

For the direct waves, the influence of a crack was studied previously (Pahlavan, Zhang et
al. 2018). Experiments were carried out on multiple cracks with width in range of 0.05-
3 mm. At the time of test, the cracks were relaxed. A crack delayed the arrival time by 5-
20 ps, depending on the angle between wave propagating direction and the crack. A crack
reduced the peak amplitude by -10 dB to -50 dB, depending on the crack width.

Based on this observation, the simulation in Section 6.2.2 assumes that wave speed in the
crack band follows an elliptical distribution (giving a 5-ps-delay in the direction parallel
to the crack and a 20-ps-delay orthogonal). And we take an attenuation of -10 dB as the
influence of a crack. This attenuation from crack is combined with material attenuation
and geometric spreading loss, to obtain the complete attenuation of the direct waves.

For the tip-diffracted waves, the simulation assumes that the crack tip only changes the
wave travel direction. Other influences on wave speed and amplitude are neglected. The
arrival time and the amplitude of the tip-diffracted waves are estimated considering a
travel distance of the wave path (ii) in Figure 6.1.
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Figure 6.1: Wave propagation in existing concrete structures with a crack between the source
and the sensor

Arrival time picking error

Fixed threshold method has been widely applied, especially in commercialized monitor-
ing systems (MISTRAS 2011). Though this method is not the most advanced and accurate
one, to simulate the practical conditions, we evaluate the arrival time picking error of
fixed threshold method.

The arrival time picking error is evaluated using the 29,232 signals from shear test [123A
(described in Chapter 5). In the test, the fixed threshold value was set at 45 dB (which
was 17.8 mV considering a pre-amplification of 40 dB and a reference voltage of 1 pV).
The picked arrival time was compared to the actual one. The actual arrival time was de-
termined using akaike information criterion (AIC) automatically (Kurz, Grosse et al.
2005). Though the AIC results were also not actual ones, this method has proven to be
substantially more accurate than the fixed threshold method (Schechinger and Vogel
2007). Figure 6.2a exemplifies the results from the fixed threshold method and AIC. The
arrival time picking error is estimated as:

AL =10 ~Larc (6.3)

where finreshold 18 the arrival time determined by the fixed threshold method and #aic is the
arrival time determined by AIC.

Figure 6.2b shows the statistical distribution of the arrival time picking errors of the total
29,232 signals. The values were most positive, which means the fixed threshold picked
the first arrivals later than the real times. Although unable to demonstrate the goodness
of fit, we assume that the (positive) picking error followed a half-normal distribution with
a zero mean and a standard deviation of 10.5 ps. This distribution of arrival time picking
error is used in the simulation in Section 6.2.2.
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Figure 6.2 Arrival time picking error using fixed threshold method compared to AIC results: (a) an
example and (b) the statistical distribution from 29,232 signals.

Sensor layout

Sensor layout influences the source localization due to wave attenuation. The effects
would be (1) large source localization error or (2) missing of AE events. These two effects
are discussed separately below.

For an AE source, the signals received by the farther sensor have larger attenuation. When
after attenuation, the direct waves could not be detected, the first arrival will be picked at
a later part of the signal (which could be other wave modes, diffractions or reflections).

Using these arrival times would generate larger source localization error.

To reduce this effect, we need to limit the sensor-to-source distance, to ensure that the
direct waves can be detected. According to the measurement of wave attenuation in Chap-
ter 5, the sensor-to-source distance has to be within 1 m in the presented experiments in
this thesis. Since the source location is not pre-known, we use the sensor that first detects
the signal as a reference for source location. Therefore, for an AE event, only the sensors
that are within 1 m to the one that first detects the signal are used for localization (not
only in the experiments in Section 5.4.5 but also in the simulations in Section 6.2.2).

The other effect, missing of an AE event, occurs when not enough number of sensors can

receive the direct waves. The required minimum number of sensors are three for 2D lo-
calization and four for 3D.

When the third/fourth closest sensor cannot receive the signal, the farther sensors cannot
receive due to more attenuation. Here we assume that the attenuation only depends on the
sensor-to-source distance. We would then have not enough number of sensors. Therefore,
the signal amplitude received at the third/fourth closest sensor determines whether an AE
event can be located in 2D/3D.
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6.2 Study of source localization error

Figure 6.3 exemplifies a 2D sensor layout with three sensors. The threshold value at each
sensor is 45 dB. Supposing that an AE event is at location pi, the decisive sensor is the
third closest sensor to the source, which is R; with distance of d;;. Considering the atten-
uation function fof distance d, to ensure the signal can be received by Rs after attenuation,
the source amplitude is required to be larger than 45 + f{d;3). At another location p,, the
third closest sensor is of d»; distance (d2; <d3), the required source amplitude is
45 + f(d>3), which is smaller than 45 + f{d;3). This means that at location p,, AE events of
a smaller amplitude can be located. The sensor layout is more sensitive to AE events at
location p; than p.

R, (45 dB) R,(45dB)

decisive sensor

R, (45 dB)
Figure 6.3 lllustration of the decisive sensor in 2D source localization.

We use the required source amplitude to evaluate the sensitivity of a sensor layout to AE
events at a location. The required source amplitude at a location is calculated as the sensor
threshold level plus the wave attenuation from the studied location to the decisive sensor,
which is third (for 2D) and fourth (for 3D) closest sensor. The sensor layout is more sen-
sitive to AE events at locations with a smaller required source amplitude.

Figure 6.4 shows the required source amplitude at every possible source location in a 2D
layout. The threshold at each sensor is 45 dB and the attenuation function takes the one
measured in Chapter 5. We find a lower required source amplitude in the centre of a
sensor grid than on the edge (71 dB and 82 dB respectively). This means that AE events
with amplitude in range of 71-82 dB can only be located when they occur in the centre of
a sensor grid. This sensor layout turns out to be more sensitive to AE events in the centre
of a sensor grid.
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Figure 6.4 Distribution of the required source amplitude for localization in test [123A.

To reduce this effect, we set up a source amplitude threshold that only AE events with
the source amplitude over this threshold are counted. The threshold is taken as the highest
value in the distribution of required source amplitude in the measuring zone. When an
AE event is localized, we first estimate its source amplitude according to the received
signal amplitude and the wave attenuation after propagating from the source to the re-
ceiver. If the estimated source amplitude is over the pre-set threshold, the AE event is
counted. In this way, the required source amplitude in the whole measuring zone is uni-
fied, giving a same sensitivity to AE events at different locations. This calibration is not
only applied in the experiments in Section 5.4.5 but also simulations in Section 6.2.2.

6.2.2 Simulation of source localization process in a concrete beam with a
flexural crack

Considering the above influential factors, a reliable evaluation of source localization error
requires a large quantity of measurements, which is costly and labour-intensive. A more
practical solution is to simulate the AE source localization process considering the influ-
ential factors. By simulating a large number of tests, we study the properties of source
localization error.

A concrete beam with a flexural crack is modelled (Figure 6.5). The dimensions of the
beam is 3000 mm x 400 mm % 400 mm. The wave speed of the first arrivals in the sound
concrete is assumed to be 4100 m/s, and the material attenuation factor is 20 dB/m for
signals with central frequency of 60 kHz. The crack is a typical flexural crack with a
surface crack width of 0.05 mm which propagates from the bottom of the beam. The
variation of the crack surface at aggregate level is neglected resulting in a plain surface
being perpendicular to the longitudinal direction of the beam. The influence of the crack
on wave propagation is included as described in Section 6.2.1. When the direct waves
cannot be received, the diffracted waves by the crack tip are taken.
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Figure 6.5 Beam configuration in the simulations

Four AE sensors with central frequency of 60 kHz are applied on the surface of the beam
around the crack. Sensors are arranged in eight different sensor layouts, which are cate-
gorized into four groups: in 3D, vertically 2D, horizontally 2D, and 1D (Figure 6.6). The
2D sensor layouts (Group 2 and 3) are included to simulate the practical cases when only
one surface is accessible. Sensor layout of 1D (Group 4) is included to simulate slender
structures where only 1D measurement is necessary. The detection zone is defined as the
sensor covering zone, which are in a volume, a plane, or a line, when the sensor layout is
3D, 2D or 1D respectively (indicated by dashed lines in Figure 6.6).

In this model, the variables are maximum sensor spacing Ly max, crack position in x direc-
tion, and crack height (indicated in Figure 6.5):
lx,cr = ax . Lx,m

6.4
ZZ,CI’ = aZ .Lz,m ( )

where [, is the distance from the left edge of the detection zone to the middle of the
crack profile in x direction, ., is the distance from the crack bottom to the tip in z direc-
tion, Ly m is the maximum sensor spacing in x direction, L., is the maximum sensor spac-
ing in z direction, ax and a; are the crack position factors, evaluating the relative crack
positions compared to the dimensions of the detection zone in x and z directions.

The variable maximum sensor spacing Lxm changes from 300 mm to 1500 mm. The crack
position factors ay and a, each varies from 0 to 1. These variables result in 24 independent
models (listed in Table 6.1).
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Figure 6.6 Sensor layouts in the simulations
In each model, we define a total number of 308 (11 x 4 x 7) source locations uniformly
distributed in the detection zone (as illustrated in Figure 6.7). At each source location, a
pulse with amplitude of 100 dB is generated in turn.
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Figure 6.7 Predefined source locations in the simulations

From each source to a sensor, the arrival time is the summation of wave propagation time
in sound concrete, delay from the presence of crack and arrival time picking error. The
first one is calculated as the travel path distance divided by the wave speed. And the latter
two are as quantified in Section 6.2.1.

Based on the obtained arrival times, grid search method is used to estimate the source
location. The grid searching zone is 2ALy max * 600 mm x 800 mm with a grid size of 10
mm. The source location is first estimated in 3D, and then projected to the detection zone.
This means that for 2D and 1D sensor layouts, only the location components within the
2D plane and 1D line are considered. We get the localization error as the relative location
between the (projected) estimated location and the predefined location according to Equa-
tion (6.1).

We repeat the localization procedure for 200 times, by considering the arrival time error
as a random value from the statistical distribution obtained in Section 6.2.1. In the end, a
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total number of 11,827,200 (24 x 8 x 308 x 200) independent simulated tests are generated
(including 24 models, 8 sensor layouts, 308 predefined source locations and 200 random
arrival time picking errors).

Table 6.1 Model configurations and the error properties

Model Lim Oy o, o of error 95 percentile error magnitude
[mm] [-] [-] component [mm]
[mm] 3D 2D 1D
1 300 0.33 0.8 55 153 134 107
2 500 0.13 0.8 53 147 129 103
3 500 0.17 0.8 53 147 129 103
4 500 0.20 0.8 50 139 121 97
5 500 0.25 0.8 53 147 129 103
6 500 0.33 0.8 54 150 131 105
7 500 0.40 0.8 52 144 126 101
8 500 0.50 0.8 51 142 124 99
9 500 0.60 0.8 52 144 126 101
10 500 0.67 0.8 55 153 134 107
11 500 0.75 0.8 58 161 141 112
12 500 0.80 0.8 53 147 129 103
13 500 0.83 0.8 56 155 136 109
14 500 0.88 0.8 57 158 138 111
15 500 0 0 39 108 94 75
16 500 0.33 0.1 42 116 102 81
17 500 0.33 0.2 46 128 112 89
18 500 0.33 0.4 50 139 121 97
19 500 0.33 0.6 52 144 126 101
20 500 0.33 1 55 153 134 107
21 800 0.33 0.8 53 147 129 103
22 1000 0.33 0.8 52 144 126 101
23 1200 0.33 0.8 54 150 131 105
24 1500 0.33 0.8 67 185 163 130

" In each configuration, eight types of sensor layouts are tested. The error properties consider all the layouts.

6.2.3 Statistical properties of source localization error

Chi distribution of source localization error magnitude

As stated in Equation (6.2), the error magnitude is the Euclidean distance between the
estimated and actual source locations. To describe the error magnitude, we use chi distri-
bution which is defined as a distribution of the Euclidean distance of the random variables
from the origin (Abell, Braselton et al. 1999). An assumption is that the error component
in each direction A; has to follow a normal distribution, with zero mean and standard
deviation o.

We use a same normal distribution for all {A;,---,As} ignoring the possible anisotropic
distribution of the source localization error in concrete structures. The anisotropy could
come from the alignment of cracks between the source and the sensors, or from different
sensor spacing in different directions. Since this anisotropy is hard to be quantified and
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may vary from case to case, for a general case, this dissertation assumes an isotropic
source localization error.

Under this assumption, we can determine the probabilistic density function of the source
localization error A = (Ay,--,Ap)T as:
FA) = L oy (6.5)

() 7

For 1D source localization, the scalar-valued error A = A; follows a normal distribution

with mean zero and standard deviation ¢. For 2D and 3D source localization, the error A
follows a multivariate normal distribution with uncorrelated error components A;, with
mean zero and the same standard deviation o.

Then we derive the chi distribution of the source localization error magnitude IAl. We
start from the standard chi distribution:

e efx-/z

"(’“"):Tr(k)

2

x>0,k e1,2,3) (6.6)

where I'(k/2) is gamma function with I'(1/2) = n'2, I'(1) = 1 and I'(3/2) = ©"%/2 and

k
x= fz y? where y; independently follows a standard normal distribution (mean 0 and
i=1

standard deviation 1).

In our case of source localization, the error component A; = y; o. Therefore, x is related to
the error magnitude IAl as:

s, LAY 1 [E , A
xX= /Z,y,- :’/2‘[?) =; I;Af =g,ke{l,2,3} (6.7)

Then the standard chi distribution of x can be transformed into the distribution of error
magnitude IAl:

k)= ;((x,k)ax("A”) _ Z(:k) ke{l,2,3) (6.8)

(A =
( 2l

which is written as:

g )

2(|A].x) = — ke {l,2,3} 6.9)

2/{/271 F(kj o
2
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For 1D source localization, k= 1, the chi distribution is also known as half-normal distri-
bution; for 2D source localization, k£ = 2 leads to a Rayleigh distribution; for 3D source
localization, the chi distribution with £ = 3 is Maxwell-Boltzmann distribution (Figure
6.8). For the same standard deviation of the error component o, a higher degree of free-
dom £ gives a larger expected value of error magnitude.

k=1

0.02F
A k=2
Z . =39 mm
5
9001
a

0 . :
0 50 100 150 200 250

error magnitude [mm]

Figure 6.8 Probability distribution of error magnitude for k = {1,2,3}, with 0 = 39 mm.

Calibration of the distribution using simulated results

Figure 6.9 shows the counts of the error magnitudes from Model 15 where no crack is
present. The results in the eight sensor layouts are shown, with the 95 percentile error
magnitude marked. The value of 95 percentile errors reach 165 mm, 156 mm and 90 mm
for 3D, 2D and 1D respectively.

Type 1 Type 2 Type 3 Type 4
5000 (3D) 5000 (3D) 5000 (2D) 5000 (2D)
104
165 120 120
. 20 100 200 0 100 200 0 100 200 0 100 200
g
[a]
[}
Type 5 Type 6 Type 7 Type 8
5000 (2D) 5000 (2D) 5000 (2D) 5000 (1D)
134 156 127 90
00 100 200 00 100 200 00 100 200 O 100 200

error magnitude [mm]

Figure 6.9 Counts of the error magnitude in the eight sensor layouts when no crack is present, with
the 95 percentile error magnitude marked. Type 1-2 are 3D layouts, Type 3-7 are 2D layouts and
Type 8 is a 1D layout. All sensor layouts have a maximum sensor spacing of 500 mm.

The next step is to find o for the chi distribution of the error magnitude. We normalize
the counts of error magnitude in Figure 6.9 by scaling the vertical axes. Then we calculate
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the residual between the normalized data and the probability density function of chi dis-
tribution in each sensor layout. Considering the residuals in all the sensor layouts, we find
the best-fit ¢ value. Here the 3D layout has two cases, 2D layout has five cases and 1D
layout has one case. Since five of the eight cases are 2D layouts, it is likely that the found
o is more fitted into 2D cases. Therefore, we take different weight factors: the two 3D
layouts each has a weight factor of 0.5 (=1/2), the five 2D layouts each has a weight factor
of 0.2 (=1/5), and the one 1D layout has a weight factor of 1. The best-fit o considers the
weighted sum of residuals in all sensor layouts.

Figure 6.10 shows the normalized data and the fitted curves based on all the sensor layouts,
with the 95 percentile error magnitudes marked. The standard deviation of error compo-
nent ¢ is found to be 39 mm. The goodness of fit is hard to be improved since we assume
a constant parameter o for every sensor layout type. This thesis neglects the effect from
sensor layout types as long as they have same maximum sensor spacing.

We use the same approach to obtain the error properties in other models with different
sensor spacings, crack positions and crack heights. The results are listed in Table 6.1.

3D 2D 1D

0.02 0.02 0.02
j chi-distribution chi-distribution chi-distribution
% k=3,0=39 k=2,0=39 k=1,0=39
£0.01 0.01 0.01
a

108] 0 0
0 100 200 0 100 200 0 100 200

error magnitude [mm)]

Figure 6.10 Probability distribution of the error magnitude when no crack is present, with the 95
percentile error magnitude marked.

In Models 6, 15-20, the crack height factor a. is the variable, ranging from 0 to 1. Figure
6.11a shows the relationship between the error property o and the crack height factor a..
With increasing crack height, ¢ increases from 39 mm to 55 mm. The maximum value is
obtained when the crack cuts through the measurement volume. Figure 6.11b explains
this observation. We define a free zone, where the direct ray paths from sources to the
receivers do not go through the crack. For sources in this free zone, the source localization
is not influenced by presence of the crack. For sources outside the free zone, at least one
of the direct ray paths will go through the crack. The crack will delay the arrival time,
resulting in large source localization error. When the crack height increases, the volume
of free zone is reduced. More percentage of sources will be located with the influence
from the crack, giving larger overall source localization error. This explains why the
standard deviation of the error component o increased with crack height.
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Figure 6.11 (a) Standard deviation of the error component in conditions with different crack heights,
and (b) illustration of the free zone in source localization with a crack

In Models 1, 16, 21-24, the variable is the maximum sensor spacing L., changing from
300 mm to 1500 mm. Figure 6.12a shows the relationship between the error property o
and the maximum sensor spacing L.n. When the maximum sensor spacing is within
1200 mm, it hardly influences the localization error. At sensor spacing of 1500 mm, the
localization error enormously increases. This is due to the fact that direct waves through
the crack could not be detected when the sensors are 1 m away from the actual source,
but tip-diffracted waves are received instead. Tip-diffracted waves introduce larger time
delays and consequently increase the errors. This observation suggests that the localiza-
tion error property is independent of the maximum sensor spacing when the spacing is
within the distance that the direct waves can be detected.
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Figure 6.12 Standard deviation of error component in conditions of (a) different maximum sensor
spacings and (b) different crack positions in x direction.

In Models 2-14, the variable is the sensor position in x direction. Figure 6.12b shows the
relationship between the error property ¢ and the sensor position factor a.. The localiza-
tion error is independent of the crack position in x direction.
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The above results apply to the real conditions that first the sensor spacing should be de-
signed that the direct waves can be detected by sufficient number of sensors. In our case,
the maximum sensor spacing is found to be 1200 mm. Within this sensor spacing, (1)
when no crack is present, one can take the localization error properties obtained in Model
15 (6 =39 mm), (2) when a crack presents, one can take the error properties obtained in
Models 6,16-20 depending on the estimated crack height, and (3) when the presence of
crack is unknown, one can take the error properties obtained in Model 20 considering the
worst scenario that a crack cuts through the sensor grid (¢ = 55 mm).

6.3 Probability density field of acoustic emission events

In literature, many algorithms have been developed to reduce the source localization error,
including using akaike information criterion (AIC) to more accurately pick the arrival
time (Kurz, Grosse et al. 2005) and using variable wave speed models to simulate uncer-
tainty of concrete material properties (Pahlavan, Paulissen et al. 2014, Gollob 2017).
However, these advanced algorithms often lead to longer computational time which is not
suitable for real-time monitoring, and the source localization error cannot be entirely re-
moved.

This section considers the source location as a variable. Based on the properties of local-
ization error, obtained in the previous section, we propose a new method to estimate the
probability of the source location.

6.3.1 Derivation of probability density field of acoustic emission events

Based on Equation (6.5), with the estimated source location as the origin, we are able to
create the probability density field of source location as:

1

( \/ﬂ)k o

where X, is the estimated source location, x is a random point in the space of & dimensions.

7(xx,)= NPT o (6.10)

This function describes the probability density of the source location at x, when the esti-
mated location is X,. The integration of probability densities over the whole space equals
to 1.

Here an infinite space is considered. However, source localization in concrete structures
is clearly bounded by the dimension of the concrete structure itself and the measuring
zone inside it. This dissertation neglects the effect from assuming an infinite space of the
source location.

When more AE events occur during monitoring, the probability density field of each
event can be added, resulting in a probability density field of multiple AE events. For all
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AE events that occur in the measuring time and space range, the probability density field
is calculated as:

1 1 —[x—x,
Da (X) = Zf(X,Xg,a)z Zmye [xga
acA acA T

where A is a set of all AE events that occurred in the measuring time and space range,

T 2.3 (6.11)

Xg 18 the estimated location of event @, and other parameters are defined as before.

This method is called probability density field of AE events (pdAE field). Figure 6.13
illustrates the procedure. The required variables/inputs are the arrival times t;, the sensor
locations x,, the wave speed ¢ and the standard deviation of the error component o. The
first three inputs are required for a deterministic source localization, and the last one is
needed additionally for the probabilistic approach. The Matlab code to realize this method
is provided in Appendix B.

arrival times t q. - Too Eq. - ——
r : probability density field probability density field
sensor location xraﬁjsgg?gid; ource9_>1 ) of the AE event at X, _,,(6'1 )of a set of AE events A
g

wave speed ¢ f(X: Xg) Pa(x)

standard deviation
of the error
component o

Figure 6.13 Derivation of probability density field of AE events.

6.3.2 Physical explanation of probability density field of acoustic emis-
sion events

A more specific description of ‘probability density of AE events’ is ‘probability density
of the location of AE events’. The random variable is ‘the location of AE events’. Same
as any other variable, its probability density at a point can be interpreted as a relative
likelihood that the AE events would locate at that point. In other words, the absolute like-
lihood of AE events to locate exactly at one point is 0. Comparing the probability density
at two different points can indicate how much more likely it is that the AE events would
locate at one point compared to the other. For example, Figure 6.14a shows the probabil-
ity density field of (location of) AE event a;. Due to source localization error, this event
can be estimated at any point in the space with different likelihood. The probability den-
sities at two points p; and p; are 75.32 /m? and 12.76 /m? respectively. This indicates that
the AE event more likely locates at p; than at p,, which makes sense that p; is closer to
the actual location than p».

More precisely, probability density of (the location of) AE events can be used to estimate
the probability of AE events falling in a particular space range. The particular space range
can be decided freely by the user depending on the purpose of the measurements. For
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example, when the flexural zone is of more interest, the user could select the flexural zone
and calculate the probability in that zone. The probability is calculated by the integral of
probability densities over that space range (which is the volume under the probability
density field within that space range). In the same example shown in Figure 6.14a, the
probability of AE event a; located in the area (enclosed by the black frame) is calculated
as 0.82. The integral over the whole space is 1.

Figure 6.14b shows the probability density field of three AE events at ai, a» and a3, by
cumulating the field of every event. Therefore, the probability density at the same point
p1increases to 125.27 /m2, and the probability of AE event within the same area (enclosed
by the black frame) increases to 1.85. This means that the likelihood that AE events are
at point p; or within the black frame increases when more AE events occur. The integral
over the whole space is the number of AE events (which is 3 in our example).

From the above analysis, probability density of (location of) AE events at any point is
determined by the source localization error, the number and the locations of AE events.
Based on the probability density, one can estimate the relative likelihood of AE events
located at any point, and estimate the probability of AE events located within a certain
space range. Using probability density field of (location of) AE events is a novel method
to quantify AE distribution including uncertainties. In this dissertation, the simplified
term ‘probability density field of AE events’ or ‘pdAE field’ is used.
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Figure 6.14 lllustration of probability density field of (a) one AE event and (b) multiple AE events.
6.4 Demonstration of the method in experiments

This section demonstrates the pdAE field in shear tests of a beam and a slab. The beam
test 1123 A and slab test SRIM1 are taken.

The source locations have been estimated as shown in Chapter 5. In this section, we pro-
cess the estimated source locations using the new method pdAE field.

We need to determine the source localization error property o. For the beam test, the
sensor layout was designed as only one crack formed in a sensor grid. During cracking,
no other cracks lay between the source and the receiver. The condition was in line with
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the simulation Model 15 in Table 6.1, where the crack height factor a. = 0 and the sensor
spacing L, m = 500 mm. Therefore, we take the value 0 = 39 mm. For the slab test, multiple
cracks formed in a sensor grid. Here we apply the value ¢ =55 mm from Model 1 in Table
6.1, where a. = 0.8 and L, , = 300 mm..

Then we construct the pdAE field from Equation (6.11). The pdAE is evaluated at prede-
fined grid points in the measuring zone. We take a grid size of 20 mm.

Figure 6.15 shows the results in the beam test from 0 until 200 kN (excluding the AE
events during unloading).

e Plot (a) shows the estimated locations of AE events by the grid search method.
We detect two cracks CR1 and CR2. Due to the source localization error, the
results are scattered.

e  Plot (b) shows the pdAE field for one AE event. We can find that the likelihood
is little at locations farther than 0.09 mm (which is the 95 percentile error).

e  Plot(c) shows the pdAE field for all AE events. Cracks are more clearly detected
(even the secondary crack near CR2 can be distinguished).

e Plot (d) compares the pdAE and the crack width (obtained from DIC) at points
pi1-p7 along CR2. We find a close relationship between the pdAE and the crack
width, especially for points p;-ps. This relationship is further studied in Chapter
8.

The probability density field can be updated in real time when new AE events occur. In
the demonstration, for a single AE event, the total computational time including calcula-
tion and visualization is around 0.12 s. This is a significant reduction compared to the
more complex probabilistic methods (which is around 50 s per AE event (Schumacher,
Straub et al. 2012)).
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Figure 6.15 From 0 to 200 kN (excluding AE events during unloading) in test 1123A: (a) estimated
source locations with marked actual crack patterns, (b) the pdAE field of one AE event, (c) the pdAE
field of all AE events and (d) relationship between pdAE and local crack width at points ps-p7.

The phAE field in the slab test is in 3D. Figure 6.16 shows the sectional results from 0 to
the maximum load 1125 kN (excluding AE events during unloading). Compared to the
raw data in Figure 5.18 in Chapter 5, the cracking area is more clearly distinguished. From
the vertical sections at different locations in y direction, we find that the section closer to
the loading plate was more damaged. Comparing the two horizontal sections at different
height, we can find that cracks tended to concentrate to the loading plate when approach-
ing the top section (where was the compressive zone).

To provide a 3D internal view, we plot the results in voxels (Figure 6.17). The voxel size
is 20 mm x 20 mm X 20 mm. The voxel is plotted in different colors according to the
pdAE value. The voxel is plotted in red, where the pdAE is over the % of the maximum
pdAE. The voxel is plotted in yellow, where the pdAE is in range (%4, '2) of the maximum
pdAE. The voxel is not plotted, where the pdAE is below Y4 of the maximum pdAE. The
maximum pdAE in the detection zone is found to be 71,827 m=. At 400 kN (plot a), AE
events most occurred under the loading plate where the bending moment was the largest.
This indicates the flexural cracking. At 1125 kN (which was close to failure, plot b), we
can find a shape of punching cone under the loading plate. The slab failed in punching.

91



6.4 Demonstration of the method in experiments
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Figure 6.16 pdAE field at sections, considering AE events until failure (excluding AE events during
unloading) in slab test SR1M1.

Compared to the beam tests, the crack patterns in the slab tests are less recognizable by
the pdAE field. This is due to larger source localization error in slab tests. The 95
percentile error reached 153 mm according to the simulation Model 1 which is similar to
the slab tests. This error magnitude was comparable or even larger than the crack spacing
in the slabs, leading to less able to distinguish two cracks in the slabs using the pdAE
field.

0-400 kN 0-1125 kN
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Figure 6.17 3D voxel plot of the pdAE (a) until 400 kN and (b) until failure (both without unloading
parts) in slab test SR1M1.
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The above demonstration shows the benefits of using pdAE field. Firstly the crack pattern
can be more clearly distinguished after considering the source localization error in a prob-
abilistic manner. Secondly pdAE field quantifies the spatial distribution of AE events
reasonably by including the source localization error. Thirdly the pdAE is found closely
related to the crack width at crack locations. This shows the possibility of using the pdAE
to quantify the crack width, which will be discussed in Chapter 8. Fourthly the calculation
of pdAE is computationally efficient, which serves for a real-time monitoring.

To implement the probability density field of AE events in practice, some remarks are
addressed:

e  When designing the sensor spacing, two aspects need to be considered. Firstly the
sensor spacing should allow the direct waves being detected by sufficient number of
sensors after attenuation. Here a preliminary measurement on wave attenuation is
needed. Secondly the sensor spacing is suggested to be smaller than the expected
crack spacing. In this way, it is likely that only the crack which generates AE sources
is present between two sensors and no other cracks are present between the source
and the receiver. This consideration limits the influence from presence of crack.

e This dissertation uses the grid search method to estimate the source locations. Other
localization methods can also be used, such as those considering a variable velocity
distribution (Gollob 2017). A different localization method may provide different
source localization errors. Therefore, the standard deviation of error component o

needs to be adjusted correspondingly.

e The influential factor i.e., the arrival time picking error, need to be updated if differ-
ent arrival time picking methods are used. Once the arrival time picking error is de-
termined for a specific test setup, it is suggested to run the simulation to get the stand-
ard deviation of the error component.

e For the studies that only require the crack patterns, one can directly use the source
localization error properties proposed in this paper, without running the simulations.

e  For real-time monitoring, the probability density field of AE events can be updated
at every new AE event or in a certain time interval according to the users' need.

6.5 Conclusion

Source localization in concrete structures is influenced by many uncertainties including
presence of crack, arrival time picking error and sensor layout. The consequence is that
the estimated source location is not the actual one, and the distance between the two lo-
cations is defined as source localization error. This chapter proposed a simple probabilis-
tic method that is able to consider the source localization error in a systematic manner.
We first evaluated the properties of source localization error using simulations. A total
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number of 11,827,200 simulated tests were conducted. From the simulation, we used a
probability density function to describe the source localization error. We further con-
structed a probability density field of the location of an AE event, where the integration
of probability densities over a certain space range indicates the probability of AE events
located in that space range. When dealing with more AE events, the probability density
field is updated by adding up the field of each AE event. The output of this method is
called probability density field of AE events (pdAE field).

Then we demonstrated the pdAE field in tests of reinforced concrete beam (2D member)
and slab (3D member). In both demonstrations, pdAE can more clearly distinguish the
crack patterns compared to the traditional source localization method. And the value of
pdAE is found closely related to the crack width at local positions. This shows the possi-
bility of using the pdAE to quantify the crack width, which will be discussed in Chapter 8.
Moreover, the calculation of pdAE is computationally efficient, which serves for real-
time monitoring.

We use this method in the rest of this dissertation to identify the crack location and
quantify the AE events spatial distribution.
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7.2 Two types of acoustic emission sources in concrete structures

7.1 Introduction

Acoustic emission (AE) signals from different types of sources in concrete (i.e. tensile
cracking and friction) have different features. By distinguishing these features, we can
classify the source type. In Chapter 4, we have reviewed the available source classifica-
tion techniques, including parameter-based method and signal-based method. Signal-
based methods usually take longer computational time, thus are not widely applied in
real-time monitoring.

Parameter-based methods use signal parameters to describe the features. However, the
signal parameters are influenced by wave propagation from the source to the receiver,
which may lead to false source classification results, especially for monitoring large con-
crete structures. In literature, the influence of wave propagation on signal parameters were
mostly evaluated using simulations (Aggelis, Shiotani et al. 2011, Polyzos,
Papacharalampopoulos et al. 2011, Zhang 2017), which simplified the wave propagation
in real concrete structures. The influence of wave propagation on the AE signal parame-
ters in large-scale concrete structures is not available yet in literature.

This chapter first introduces the two types of AE sources in concrete cracking (Sec-
tion 7.2). Then we experimentally study the behaviour of signal parameters from the two
source types (Section 7.3). The studied signal parameters include the RA value, average
frequency, peak frequency, frequency centroid, and partial power. To reduce the influ-
ence of wave propagation, the signals that were received at the closest sensor to the source
are used (with a distance less than 0.3 m). Then by comparing to the signals that were
received at farther sensors to the source (with a distance up to 1.5 m), we evaluate the
influence of wave travel distance on signal parameters (Section 7.4). Based on the evalu-
ation, we propose a new source classification criterion using peak frequency or partial
power and suggest a sensor layout that is suitable for source classification in concrete
structures with realistic dimensions. The new source classification criterion is also vali-
dated in another type of concrete structure, the reinforced concrete slab (Section 7.5). The
new criterion classifies the source type in a reliable and efficient way.

7.2 Two types of acoustic emission sources in concrete structures

As reviewed in Section 4.2.5, source classification in concrete mainly distinguishes two
types of sources, i.e. tensile cracking and friction. Concrete cracking (both flexural and
shear cracking) are a combination of tensile cracking and friction, with more friction at
shear cracking due to more shear displacement (Zarate Garnica 2018). Figure 7.1 shows
the combination of tensile cracking and friction at a local crack profile.
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Figure 7.1 lllustration of tensile cracking and friction at local crack profile

Due to different crack kinematics, these two types of AE sources generate signals with
different features. One feature is the slope of the signal ascending part, which is evaluated
by RA value: the ratio between rise time and peak amplitude. The other feature is the
signal frequency, which can be evaluated by parameters peak frequency, frequency cen-
troid and partial power. Figure 7.2 shows the typical received signals from tensile crack-
ing and friction obtained in test [123A. Signals from friction have larger slope (smaller
RA value) and more energy in the lower frequency components. This behaviour has been
observed in many other experiments not only in concrete but also other cement-based
materials (Shiotani, Ohtsu et al. 2001, Shiotani, Bisschop et al. 2003). RILEM technical
committee suggest to use RA value and average frequency to distinguish signals from
tensile cracking and friction (Ohtsu 2010).

But these two features can be significantly influenced by the wave propagation. With
longer wave travel distance, the rise time will increase between the P-wave and the peak
amplitude (which could be S-wave or combination of other wave modes), while the peak
amplitude will reduce due to wave attenuation, resulting in larger RA value. Therefore it
is hard to determine whether variation of RA value is due to different source types or
wave travel distances. The same effect is also on the signal frequency that longer wave
travel distance will cause more attenuation in high frequency components, resulting in
lower frequency in the received signals. The effect of wave propagation may mislead the
distinguish of signals from tensile cracking and friction using RA value and average fre-
quency.
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Figure 7.2 Typical AE signals from tensile cracking and friction obtained in test 1123A.

7.3 Behaviour of signal parameters from the two source types

We study the signal parameter behaviour from the two source types using the signals in
test [123A. Based on the estimated source location, AE events around the flexural crack
CR2 are selected typically for tensile cracking (Figure 7.3a), and AE events around the
shear crack CR4 are selected for friction (Figure 7.3b). Note that the estimated locations
are scattered around the real crack location, which is due to source localization error. The
source localization error can reach 0.09 m when no crack is between source and sensor
(according to Chapter 6). Consequently, the calculated wave travel distance from source
to sensor can have an error of £ 0.09 m. We neglect the error of the calculated wave travel
distance. In total, 337 AE events are selected for tensile cracking and 1342 AE events for
friction.
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Figure 7.3 Selection of typical AE events for (a) tensile cracking (around flexural crack CR2 at load
150-200kN), and (b) friction (around shear crack CR4 at load 250-300kN).

For each AE event, the signal that was received by the closest sensor is used. This mini-
mizes the influence of wave propagation on the received signals. Around 80% of these
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signals had a wave travel distance less than 0.3 m (the other 20% were within 0.5 m). We

assume that this wave travel distance did not significantly influence the signal parameters,

thus the received signals can represent the signal source.

Figure 7.4 compares the distribution of signal parameters from typical AE events for ten-

sile cracking (a) and friction (b). The main observations are listed below.

The RA values (a.1 and b.1): the distributions are similar in the two types of
sources, both having most events with RA values lower than 0.2 ms/V.

The average frequency (a.2 and b.2): the modal bins are 60-70 kHz and 50-60
kHz in tensile cracking and friction respectively.

The peak frequency (a.3 and b.3): the modal bins are 90-100 kHz and 30-40 kHz
in tensile cracking and friction respectively. We could conclude that AE events
with peak frequency around 100 kHz were from tensile cracking, and 40 kHz
from friction.

The frequency centroid (a.4 and b.4): the modal bins are 80-100 kHz and 70-80
kHz in tensile cracking and friction respectively.

The partial power (a.5 and b.5) is calculated as the percentage of frequencies
above 70 kHz. The boundary of 70 kHz is selected in the middle of the two
possible peak frequencies (40 kHz and 100 kHz). Though partial power is more
evenly distributed, we find that more signals have partial power over 0.5 in ten-
sile cracking, and below 0.5 in friction. This indicates that signals from tensile
cracking had larger amount of energy in high frequency components (>70 kHz).

The comparison shows that the RA value cannot distinguish signals from tensile cracking

and friction. The frequency-related parameters turn out to be reliable. Among them, the

peak frequency shows a more significant difference between signals from tensile cracking
and friction (which are 100 kHz and 40 kHz respectively).
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Figure 7.4 Distribution of the parameters from signals received by the closest sensors in (a) tensile
cracking and (b) friction, with (a.1) (b.1) RA value, (a.2) (b.2) average frequency, (a.3) (b.3) peak
frequency, (a.4) (b.4) frequency centroid, (a.5) (b.5) partial power (>70kHz).

7.4 Influence of wave travel distance on signal parameters

To study the influence of wave travel distance on the signal parameters, we use all the
recorded signals where the wave travel distance varies from 0.05 mto 1.5 m.
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Figure 7.5 exemplifies the behaviour of signal parameters after different travel distances.
The signals were originally from the same AE event (located at x =2.5 m, z = 0.15 m),
but received at different distances to the source, i.e. 0.15 m, 0.51 m and 0.88 m (by sensors
AE2, AE6 and AES respectively). No crack was between the sensors and the signal source
at the time of measurement. Therefore, the behaviour of signal parameter is mainly due
to different wave travel distances. The signal parameters are marked in the graph. In the
waveform in time domain (top row of plots): the peak amplitude reduces and arrives later
after longer wave travel distance, resulting in an increase of RA values from 0.03 ms/V
to 0.62 ms/V; the average frequency decreases from 69 kHz to 51 kHz. In the frequency
spectrum (bottom row of plots): after traveling 0.15 m, high frequency components (>70
kHz) still have a large percentage of energy, giving large peak frequency, frequency cen-
troid and partial power; after traveling 0.51 m, the energy in high frequency components
(> 70 kHz) significantly reduces, but the energy in low frequency components remains;
after traveling 0.88 m, the energy in low frequency components also reduces.
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Figure 7.5 Signals from an AE event (x = 2.5 m, z=0.15 m) received at different distances:
(a) 0.15 m, (b) 0.51 m and (c) 0.88 m.
We find that high and low frequency components attenuate differently, which influences
the frequency-based parameters. To study the different attenuation in high and low fre-
quency components, we separate the frequency components above and below 70 kHz by
applying a high-pass filter and a low-pass filter (Figure 7.6a). Then the amount of energy
in the filtered signals are calculated (which is the area under the signal envelop in Vps).
Next we calculate the change of energy at different distances in dB, comparing to the
energy of the closest signal (which is set as the reference). We use signals from AE events
from CR2 in test [123A as examples. Figure 7.6b and ¢ show the energy changes of the
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filtered signals by high pass filter and low pass filter respectively. The high frequency
components attenuate more during wave propagation, which meets our expectation.

In the above examples, the signal parameters change with increasing wave travel distance
in the following manner: increasing RA value and decreasing frequency-related parame-
ters (i.e. average frequency, peak frequency, frequency centroid and partial power of high
frequency components).
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Figure 7.6 (a) High-pass filter and low-pass filter, energy changes of the filtered signals by (b) high

pass filter and (c) low pass filter.

Including all the recorded signals from CR2 and CR4, Figure 7.7 shows the distribution
of signal parameters varying with the wave travel distance. We compare the results from
tensile cracking (a) and friction (b):
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The RA value (a.1 and b.1): the modal bin increases with wave travel distance
in both tensile cracking and friction. No clear difference is found between sig-
nals from tensile cracking and friction.

The average frequency (a.2 and b.2): the modal bin reduces from 60-70 kHz to
50-60 kHz after around 0.5 m in tensile cracking. After 0.5 m, the average fre-
quency in signals from tensile cracking and friction are comparable.

The peak frequency (a.3 and b.3): the modal bin in tensile cracking reduces from
90-100 kHz to 30-40 kHz after 0.5 m. In friction, the modal bin remains 30-40
kHz.

The frequency centroid (a.4 and b.4): the modal bin gradually reduces with wave
travel distance in both tensile cracking and friction. In tensile cracking, the
modal bin reduces from 90-100 kHz to 60-70 kHz after a wave travel distance
of 0.5 m. In friction, the reduction is not that significant, from 80-90 kHz to 60-
70 kHz.
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e  The partial power (>70 kHz) (a.5 and b.5): the modal bin reduces with wave
travel distance in both tensile cracking and friction. But, in tensile cracking, the
modal bin was initially above 0.5. In friction, the value is always below 0.5.

We find that 0.5 m is a critical wave travel distance. After 0.5 m, high frequency compo-
nents significantly attenuate and are not dominant anymore, even in signals from tensile
cracking. As a result, signals from tensile cracking may be falsely distinguished as signals
from friction. Therefore, the first requirement for source classification is to use signals
that are within 0.5 m to the source. The value of 0.5 m depends on the distance within
which the high frequency components can dominate, thus may vary with different mate-
rials.

Among all the parameters, the peak frequency is the one showing a significant difference
between tensile cracking (around 100 kHz) and friction (around 40 kHz). We can define
a boundary of 70 kHz considering the possible scatterings of peak frequency. When the
peak frequency is larger than 70 kHz (which represents the cases where the frequency
component around 100 kHz is dominant), the signal is from tensile cracking. Otherwise,
the signal is from friction. The partial power may also be used, by determining whether
the energy in high frequency components (>70 kHz) is more than that in low frequency
components. But the other two parameters i.e., average frequency and frequency centroid,
‘averaged’ the high and low frequency components, indicating less difference between
tensile cracking and friction. This adds difficulty in defining a clear boundary to separate
the signals from the two types of sources using average frequency or frequency centroid.
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Figure 7.7 Distribution of the parameters of all the signals, varying with wave travel distance, in AE
events (a) for tensile cracking and (b) friction, with (a.1) (b.1) RA value, (a.2) (b.2) average
frequency, (a.3) (b.3) peak frequency, (a.4) (b.4) frequency centroid, (a.5) (b.5) partial power.

Therefore, we suggest a new criterion for source classification: the signals with peak fre-
quency larger than 70 kHz or partial power (>70 kHz) larger than 0.5 are considered from
tensile cracking; otherwise, the signals are from friction. A requirement is that the source
and receiver distance should be within 0.5 m. The conformance of the source classifica-
tion using the two parameters i.e., peak frequency and partial power, are evaluated in the
following section.

7.5 Validation of the new criterion

In this section, we validate the source classification criterion on other cracks of the same
beam and a different type of concrete structure i.e., the reinforced concrete slab SR1IM1.
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7.5.1 Validation on other cracks of the same beam

Figure 7.8a - ¢ show the source classification results using peak frequency from first
cracking to failure of the beam I123A (only considering the loading part when cracks
open). The red dots are AE events classified as friction and the blue dots are tensile crack-
ing.

e At 150-200 kN (plot a), only flexural cracks CR1 and CR2 formed. More AE
events are classified as tensile cracking.

e  At200-250 kN (plot b), the shear crack CR3 formed. At upper part of CR3, more
AE events are classified as tensile cracking, while at bottom part, more AE
events as friction. This is expected as the secondary crack in the bottom was
more inclined with larger shear displacement, generating more friction between
two crack faces.

e At 250-300 kN (plot c), the shear crack CR4 formed. The shear crack CR4 gen-
erated a large amount of AE events of friction. Moreover, the existing crack CR3
also had many AE events of friction. This means that both CR3 and CR4 had
larger crack sliding (or shear displacement) when close to shear failure (at 300
kN). The classification results are in line with the shear failure models that near
failure, the critical crack would have a large shear displacement (Yang, den Uijl
etal. 2016).

e Plot d shows the ratio of the number of AE events classified as friction to the
total number of AE, varying with the load levels. With increasing load, the ratio
of friction within each load increment increases. This is due to the formation of
new shear cracks and the sliding between crack surfaces of the existing cracks.
The source classification criterion performs well in all the cracks of the rein-
forced concrete beam during the whole loading process.

The above results are obtained using peak frequency. Using the other parameter partial
power may provide different results in some cases. An example signal is provided in Fig-
ure 7.9. The signal has a peak frequency at 105 kHz which is larger than 70 kHz, thus is
classified as from tensile cracking. However, since the peak is very narrow, the energy in
the frequency range of over 70 kHz is still not large. This results in a partial power
(>70 kHz) of only 0.41 which is lower than 0.5. Consequently, the signal is classified as
friction by partial power. Therefore, a further study to check the differences between the
two criteria are made below.
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Figure 7.8 Source classification using peak frequency in the beam: (a) at 150-200 kN, (b) at 200-
250 kN, (c) at 250-300 kN, and (d) ratio of number of AE events as friction at different load ranges.
(Blue dots are AE events classified as tensile cracking, and red dots are as friction.)
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Figure 7.9: Frequency spectrum of a typical signal that was sorted as from tensile cracking by peak
frequency (105 kHz>70 kHz), but friction by partial power (0.41<0.5).

Table 7.1 counts the signals that, according to the two parameters, have matching and
contrary source classification results. The number of signals that result in matching source
classification from the two parameters are greyed out in the table. The percentages of
matching classification are 87%, 89% and 91% in the three load increments respectively.
Around 10% of the signals result in contrary classification. This thesis considers the two
parameters equivalent. Without further mentioning, we use peak frequency by default in
the study presented below. Combining the two parameters might improve the classifica-
tion results, but is out of the scope of this dissertation.
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Table 7.1 Comparison of source classification results using peak frequency and partial power

(>70 kHz)
Load increment 150-200 kN 200-250 kN 250-300 kN
Peak frequen¢y Tensile Friction Tensile Friction Tensile Friction
Partial power cracking cracking cracking
Tensile cracking 311 17 232 17 555 57
Friction 54 158 52 342 127 1219
Matching classification* 87% 89% 91%

*The percentage of signals that had matching source classification results according to peak frequency and par-
tial power (>70 kHz). The number of signals that had matching results from the two parameters is greyed out.

7.5.2 Validation on a reinforced concrete slab test
We evaluate the proposed source classification criterion in the slab test SRIM1.

Comparing to the beam, the slab is much wider. Therefore, the crack distribution cannot
be simplified as a 2D case as in the beam. We use 3D source localization, which brings
larger source localization error compared to 2D (Zhang, Pahlavan et al. 2020). Moreover,
the slab has smaller crack spacing than the sensor spacing (according to crack pattern in
Chapter 5). Consequently, more than one crack is present between two sensors, which
also increases the source localization error. The localization error would result in an un-
clear located crack pattern, but will limitedly influence the classification results.

Figure 7.10 shows the source classification results using the new criterion in the slab test
SRIMLI. Plot a shows the ratio of number of AE events classified as friction to the total
AE events within each load increment (every 50 kN). The first crack opened at 150 kN.
Afterwards, the ratio of AE events from friction increased with loading. This meets our
expectation that more shear displacement occurred with increasing load, which generated
more AE events of friction. We also observe a relatively larger ratio of AE events from
friction before 150 kN. These events are around the loading plate from the source locali-
zation results (Figure 7.10b). They could come from the friction between the loading plate
and the structural surface during the setting of contact.
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Figure 7.10: Source classification results using peak frequency in slab test SR1M1: (a) ratio of
number of AE events from friction at different load increments and (b) at 50-80 kN (blue dots are AE
events classified as tensile cracking, and red dots are classified as friction).

We also validate if the distance limit of 0.5 m in the source classification criterion can be
applied in the slab test. AE events from the first cracking is used, which is not influenced
by any crack between source and receiver. Figure 7.11 shows the distribution of the two
parameters, varying with the distance. We find a clear difference of peak frequency after
0.5 m: the modal bin reduces from 90-100 kHz to 30-40 kHz. The modal bin of partial
power also reduces to values lower than 0.5 after 0.5 m.

The above results prove the applicability of the proposed source classification criterion
in the reinforced concrete slab.
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Figure 7.11 Influence of wave travel distance on the signal parameters in the slab test: (a) peak
frequency, and (b) partial power (>70 kHz)

7.6 Discussion and recommendation

When using the new classification method, an important assumption is that the signal
received by the closest sensor is representative of the source signal. However, these sig-
nals are still attenuated. The attenuation would result in lower frequency in the received
signal. Therefore, for signals from friction, it is hard to determine to which extent the
observed lower frequency is from the original source signal features or signal attenuation.
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A possible solution is to further reduce the distance of the closest sensor to limit the in-
fluence from attenuation. For now, irrespective to the reason of lower frequency of re-
ceived signals from friction, the proposed criterion can be used.

We should also consider the influence from sensor frequency response. Though the sensor
operating frequency covers the two frequency components 40 kHz and 100 kHz (ASTM
E1106-86 1997), the sensitivity at 40 kHz can be 5 dB more than that at 100 kHz
(MISTRAS 2008), which is around 1.7 times larger. In this case, applying a factor of 0.6
(1/1.7) to the amplitude at 40 kHz may be more reasonable to determine the peak fre-
quency. The same applies to the partial power calculation, a factor from the sensor fre-
quency response should be multiplied to the amplitude of each frequency component in
the received signal. When another type of sensor is used, it is suggested to modify this
factor according to the sensor frequency response. It is a benefit of the proposed criterion
that it can be calibrated for the sensor type.

Further study can consider the calibration of the frequency spectrum according to the
sensor frequency response. Moreover, the proposed criterion also needs to be verified in
other types of concrete. For example, deteriorated concrete will influence the coupling
effect and further attenuate the signal, which will eventually influence the criterion.

7.7 Conclusion

This chapter first experimentally evaluated the available signal parameters for source
classification in full-scale concrete structures, including RA value, average frequency,
peak frequency, frequency centroid and partial power. The performances of these param-
eters with short travel distances (< 0.3 m) and long travel distances (up to 1.5 m) were
studied. We found that the RA value, recommended by RILEM AE standard, is strongly
influenced by wave attenuation, thus is not reliable for source classification in large con-
crete structural members with limited sensors. Among the other frequency-related param-
eters, peak frequency and partial power can provide a clear boundary between signals
from two types of sources. Therefore, they were used to develop the new source classifi-
cation criterion: in case the peak frequency is over 70 kHz, or the partial power (>70 kH