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Lepiinyn

Ot Katookevée omd Xxvpdoepa omotedohv TN PAcn TOL GUYYPOVOL TEXVIKOV
TOMTIGHOY. YTootnpilouv TIG CLYKOW®VIEG, TV OMOONKELGT TPATOV VADV Kol
TPOTIOVTIWV KOl TPOSPEPOVV KATAAVUA GE avOpdTOVS og gvpein kKAipoka. H dmoyn
OTL 01 KATOOKEVEC OO OTAICUEVO GKLPOSEUD TOPOVGLALOVY LYNMAN ovOEKTIKOTNTO
610 YpOVo €xel eyKatarewpbel mpo moAhov. Eivarl kotaokevég ol omoieg vokewTol
o€ OLVOETEG KOTOMOVNGELS AOY®: HOKPOXPOVIAG @OpTIong omd to ido Pdpog,
SUVOIK®OV oeVapPimV QOPTIONG GLUTEPIAUUPOVOUEVOV TOV GEIGU®OV, KOOGS Kot
vroBdOuiong g dopkng akepardtnrag AOY® mePBaAloviikdv cuvOnkdv. Ot
KATOOKEVEG amd  okvpddepo mpémet vo vroPdAlovior ce  emBemdpnon Ko
aflohdynon g Kotdotaong TG OOUIKNG TOVG okepaldtntag, eved Oa mpémet
TopAAAN AL va TpoTEivOVTOL KATAAANAES evEpyeleg cuvtrpnong. ['a va Tapatadei n
oeéAun ddpketo Lmng Tovg, Oa mpénet va epappoletat po agdomotn pebodoroyio
TAPOKOAOVONONG NG EVOMOUEVOLGOG OVTOYNG KOl YEVIKOTEPA TNG OOMIKNG
aKEPALOTNTOG TOV EMUEPOVS OOUIKDV oTOLYEI®V. ApyiKad Pacikéc TAnpoPopieg g
UNXAVIKNG ToVg omdooong e&dyovtal amd v onTIKY €MOEDPNOT, ®GTOGO, AVTEG
aPopovV HOVO TIS emPOveELakES eVOEiEelg amocdBpwong kot actoyldv. Ot BAdPeg
pumopet va Egktvodv TNV EUEAVIGT) TOVS OO TO EGMTEPIKO TOL EKACTOTE OOUKOD
otoyeiov yio to AOYo ovtd Kot 1 a&loAdynomn NG SOUIKNG OKEPALOTNTAG TTOV
Baciletonr poévo oty ontikn embedpnon eivarl atedng kou mpdyepn. H axovotikn
ekmouny|] (AE) elvan exelvn amd tig pebodoroyieg un KataoTpentikod EAEYYOL TOL
a&lohoyolv tov AP dyko NG doung, n omoia Exel apyicel va. epappdletar oe
evpeia Baon. H (AE) sivar pio mabntikn| teqvikn pn KoTtosTpoetkng a&loAdynong
(NDE), mov mpoo@épel 1010{TEPO TAEOVEKTHLOTA, OMWE 1| OE TPUAYUATIKO YPOVO
mapakorlovdnon g mpodoov ¢ PAAPNS, M omoia givor oe BEom va emTpénel Tov
YOPOKTNPIGUO TOV KPIGIHOL ¥POVOL Yo TNV doun o€ oxéom pe To e@appolopevo

Aertovpykd eoptio.

O o16)0¢ ™G mapovoog StpPng elvar M avATTLEN KOl EQOPUOYN OGS VENS
pebodoroyiag ocvvovaouov texyvikav NDE, €dwkotepa ¢ aKOLOTIKNG EKTOUTYG
(AE) xon tov vrepfiywv (Ultrasound Pulse Velocity UPV), yia tqv a&loldynon kot
v mopakoAovdnon g PAAPNG mov mpokaAeitar oto otoryeio g dounc. H

TPOPAeYN TG voiewmdpevng duapkelag LoNg Hog dopng  emkovpeital and Tov
11



YopaxKTNPIoUd 1oV €idovg Bpavong. Avdroya pe tov TOHmo Opavdong maportnpeiton
OLLPOPETIKN KIVION TOV TAELPOV TNG POYUNG KATA TV dnuovpyia e PAGPNG, te
OCUVETELDL 1] EAOOTIKY EVEPYELDL OV EKTMEUTMETOL VO, TOPAYEL KLLOTOUOPPEG e
OLOPOPETIKA  YOPOKTNPIOTIKG, Ol OMOieg KATAYPAPOVIOL OO TOLG OLoONTAPEG
OKOVOTIKNG EKTOUTNG KO OVOADOVTIOL MG TPOG TNV GLYVOTNTA KaODG Kot AALEC
TOPAUETPOVG. Me avtdv TOV TPOTO EMTLYYAVETOL O TPOCIOPICUOS TOV €100V
Opavong ota SoUIKA VAIKE, YPNOUYLOTOIMVTAG EANCTIKEG KVLUATIKEG HeBASOLG.
Téhog, avamtdooeTal pio Kovotopog pebodoroyia yio tn diepgvvnon g PAGPNS
(teyvm Kot PLGIKN) o€ dopkd oTotyeia e Pdon To TGYWEVTO, YPNGLOTOIDVTOG

EMICTIKEG KUUATIKES U] KOTAGTPENTIKEG LeBOO0VG .
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Abstract

Concrete structures are the basis of contemporary technical civilization. They
support transportation, storage of goods and shelter humans in large numbers.
Despite their endurance, they have ceased to be considered as maintenance-free.
They are subject to long-term loading due to own weight, dynamic loading
scenarios including earthquakes, as well as environmental degradation. Concrete
structures need to undergo inspection and evaluation of their health condition
while proper maintenance actions should be proposed. In order to prolong their
useful life span, a robust monitoring methodology should be applied. The first
and basic information is extracted from visual inspection. However, this
concerns only the surface distress indications. Defects may start to grow from
the interior and therefore, an assessment based solely on visual observation
would not be complete. Among monitoring methodologies that assess the full
volume of the structure, acoustic emission (AE) has started to be applied in a
wide basis. AE is a passive nondestructive evaluation (NDE) technique
that offers specific advantages like real time monitoring of defects propagation,
which enables to characterize the critical moments of the structure in relation to

the applied operational load.

The objective of this thesis is the development and application of a novel
methodology with NDE techniques, especially acoustic emission (AE) and
ultrasonic (Ultrasound Pulse Velocity UPV), for the evaluation and monitoring
of induced damage in the elements of the structure. The prediction of the
remaining life of a structure can be assisted by the characterization of the current
cracking mode. Usually, tensile phenomena precede shear fracture. Due to the
different movement of the crack sides according to the dominant mode, the
emitted elastic energy possesses waveforms with different characteristics. These
are captured by acoustic emission sensors and analyzed for their frequency content

and waveform parameters.

Therefore, identification of the mode of fracture in building materials using
elastic wave methods has been achieved. Finally, an innovative methodology
for damage investigation cement-based structural elemens, using elastic wave

approaches has been developed.
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Chapter 1. Introduction

1.1. Introduction - Overview

Nondestructive evaluation methods are a wide group of analysis techniques used in
science and industry to evaluate the properties of a material, component or system

without causing damage [1].

The aim of the current thesis is the development and use of a methodology with
NDE techniques especially acoustic emission (AE) and ultrasonics (Ultrasound
Pulse Velocity UPV) for the evaluation and monitoring of induced damage in the
elements of the structure.

The process of implementing a damage detection and characterization strategy for
engineering structures is referred to as Structural Health Monitoring (SHM) [2]. The
SHM process involves the observation of a system over time using periodically
sampled dynamic response measurements from an array of sensors, the extraction of
damage-sensitive features from these measurements, and the statistical analysis of
these features to determine the current state of the system’s health. For long-term
SHM, the output of this process is periodically updated information regarding the
ability of the structure to perform its intended function in light of the inevitable aging
and degradation resulting from operational environments. After extreme events, such
as earthquakes or blast loading, SHM is used for rapid condition screening and aims
to provide, in near real time, reliable information regarding the integrity of the

structure [3].

Reinforced concrete (RC) structures are no longer maintenance free.
Especially, damage due to salt attack in RC structures is considered to be one of the
most critical deteriorations in concrete engineering. In the concrete structures,
reinforcing steel-bars (rebars) normally do not corrode because of a passive film
nucleated on the surface of rebar in concrete of high PH. When chloride concentration
at the level of rebar in concrete, however, exceeds the threshold value for corrosion,
the passive film is destroyed and corrosion is initiated in rebar. The electro-chemical
reaction continues with supplying oxygen and water. Then, due to expansion of

corrosion products, corrosion-induced cracks are generated in concrete. Accordingly,

27



Chapter 1. Introduction

development of non-destructive evaluation (NDE) techniques for detection of the
corrosion in RC structures at early stage is urgently important. So far, electrochemical
techniques of half-cell potential and polarization resistance are widely employed.
These techniques estimate corroded conditions of rebars from electrical data [4]. The
phenomenon evolution period (steel corrosion) associates with apparent increase in
steel volume and loss of bonding (thus increasing the local component deformations
or even their deflection etc.). It is possible to detect (ie record and evaluate) the
development period of the phenomenon of corrosion by the acoustic emission sensors

The AE technique has been widely used in the field of civil engineering for
monitoring of corrosion. The advantage of the AE technique is that can be used
without intruding into any of the processes associated with the Reinforced concrete
structures [5]. There are two different approaches in analyzing AE data, one is the
classical or parameter-based AE technique and the second is the quantitative or
signal-based AE technique [6,7]

As far as the parameter- based AE technique AE hits is one of the most
crucial AE parameters used to study the onset of corrosion and the nucleation of
crack in Reinforced concrete structures [8,11]. Yoon et al. [8] carried out AE
monitoring in Reinforced concrete beams subjected to four different degrees of
corrosion. It was observed that AE hits increased with an increase in the degree of
corrosion. This trend could provide important information for estimating the degree
of corrosion. Ohtsu and Tomoda [11,12] investigated AE hits of Reinforced concrete
specimens in sodium chloride (NaCl) concentration. Corresponding to two high AE
activities, two periods of onset of corrosion and nucleation of cracks were observed
[5].

The results of the current thesis will be presented in the form of different research
works witch discuss: First the identification of the mode of fracture in different
building materials using elastic wave methods and second the effect of artificial
damage in the form of nearly spherical expanded PS inclusion and real damage in the
form of fire on the mechanical and combined elastic wave behavior in cement based

elemens. Thus the current thesis includes the following chapters:

Part A of the thesis which includes Chapters 2,3 and 4 thesis concern with the

identification of the mode of fracture in building materials using elastic wave

28



Chapter 1. Introduction

methods. The fracturing behavior of materials can be nondestructively monitored by
the acoustic emission (AE) technique, using sensors that detect the transient elastic
waves after any crack propagation event. In addition to the information relatively to
the total activity and the location of the cracks, certain waveform features supply
detailed information on the type of cracking. The waveform of the emitted AE signal
depends on the relative motion of the crack sides and therefore, it carries information
on the mode of cracks. Therefore, AE is used for classification of the active cracking
mode. This enables characterization of the current fracturing condition within the

material and warning before final failure.

Chapter 2 is adapted from “Effect of wave distortion on acoustic emission
characterization of cementitious materials”, published in Construction and Building
Materials, Volume 35, October 2012, Pages 183-190

This Chapter deals with the effect of wave distortion on acoustic emission
characterization in cementitious materials. In most cases wave propagation from the
crack to the sensor is attenuative and dispersive. This results in signal distortion which
is enhanced by geometry restrictions and material or damage-induced inhomogeneity.
This results in strong change of the waveform shape and the calculated AE
parameters. This effect is stronger as the propagation distance increases rendering
crack classification troublesome for structures where the separation distance between
sensors is long. In the present study, fracture experiments were conducted in
cementitious specimens in order to investigate the influence of distance on the AE
parameters as measured by sensors at different distances from the source. Numerical
simulations based on the finite difference method are also used to enlighten the

problem and expand to different material conditions..

Chapter 3 deals with the determination of fracture mechanism under Flexural load in

building materials

The 3.1 Section adapted from “Investigation of different fracture modes in cement-
based materials by acoustic emission” published in Cement and Concrete Research,
Volume 48, June 2013, Pages 1-8
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In this section fracture experiments on cementitious specimens (mortar) are
conducted. The fracture mode is controlled by modifying the experiment geometry
and the process is monitored by acoustic emission. The distinct signature of the
cracking modes is reflected on acoustic waveform parameters like the amplitude, RA-

value and peak frequency.

The 3.2 Section adapted from “Acoustic emission signatures of damage modes in
concrete” Proc. SPIE 9062, Smart Sensor Phenomena, Technology, Networks, and
Systems Integration 2014, 90620P (22 April 2014); doi: 10.1117/12.2044750, ISBN
9780819499882.

In this section fracture experiments on concrete beams are conducted. The aim is to
examine the typical acoustic signals emitted by different fracture modes (namely

tension due to bending and shear) in a concrete matrix.

The 3.3 Section adapted from “Acoustic signature of different fracture modes in
marble and cementitious materials under flexural load” published in Mechanics

Research Communications, Volume 47, January 2013, Pages 39-43

This section deals with the examination of the acoustic emission signatures of distinct
fracture modes. Tensile and mixed mode cracking is excited in specimens of marble

and cement mortar and the acoustic emission behavior is monitored and compared.

The 3.4 Section adapted from “Acoustic emission signatures of damage modes in
structural materials” Proc. SPIE 8694, Nondestructive Characterization for Composite
Materials, Aerospace Engineering, Civil Infrastructure, and Homeland Security 2013,
86940T (16 April 2013); doi: 10.1117/12.2008942

Again in this section Acoustic emission signatures of different fracture modes are
examined. The building materials tested and compared this time are cement mortar,
as a material with microstructure, and granite as representative of more homogeneous
materials. The goal is to check the typical acoustic signals emitted by different modes
as well as to estimate the effect of microstructure in the emitted wave as it propagates

from the source to the receivers.

The 3.5 Section adapted from “Acoustic signatures of different damage modes in
plain and repaired granite specimens” Proc. SPIE 9439, Smart Materials and
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Nondestructive Evaluation for Energy Systems 2015, 94390L (March 27, 2015);
d0i:10.1117/12.2085040

In this section bending and shear fracture experiments on healthy and adhesively
repaired granite samples with concurrent acoustic emission (AE) monitoring are

discussed.

Chapter 4 is adapted from “Monitoring of the fracture mechanisms induced by pull-
out and compression in concrete” Engineering Fracture Mechanics, Volume 128,
September 2014, Pages 219-230

This Chapter deals with the study of the mechanism of fracture induced by Pull- Out

and Compression in concrete.

More specifically acoustic emission (AE) is applied during both compression and
pull-out experiments on concrete cubes. Results show that the two damage modes
emit different AE signatures, with compression leading to higher frequencies and
pull-out to longer signal durations, while the finite element method (FEM) is used to

analyze the stress field.

The Part B of the thesis which includes Chapters 5 and 6 expands on the use of

damage investigation of Cement — based Elements applying elastic wave approaches.

Chapter 5 is adapted from “Mechanical and fracture behavior of cement-based
materials characterized by combined elastic wave approaches” Construction and
Building Materials, Volume 50, 15 January 2014, Pages 649-656

This Chapter deals with the effect of artificial damage in the form of nearly spherical
expanded PS inclusion in the mechanical and fracture properties of cementitious
material (mortar). Different volume contents of light nearly-spherical grains are
included to simulate micro-cracking that could be the result of thermal damage.
Nondestructive monitoring techniques are applied in an effort to establish or improve
correlations with the simulated damage content and the failure load. Specifically, the
specimens are ultrasonically interrogated before fracture, while during fracture their

behavior is monitored by acoustic emission.

Chapter 6 deals with the mechanical behavior of concrete after extensive thermal
damage. After being exposed to direct fire action at temperatures of 700°C and 850°C,
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specimens were subjected to bending and compression in order to determine the loss
of strength and stiffness in comparison to intact specimens. Nondestructive
monitoring techniques were also applied in the form of ultrasonics (i.e. ultrasonic

pulse velocity, UPV) and acoustic emission (AE).

Chapter 7 deals with the mechanical behavior of Reinforced concrete after extensive
thermal damage. After being exposed to direct fire action at temperatures of 700°C
and 850°C, specimens were not been able to subject to bending and compression in
order to determine the loss of strength and stiffness in comparison to intact specimens,
because of extensive damage in the shape of the fired damaged specimens. The
Nondestructive monitoring techniques were not been able to apply too because of

extensive damage in the shape of the fired damaged specimens.

Final conclusions and suggestions for future work are presented in the 8" Chapter.
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Chapter 2. Effect of wave distortion on _acoustic
emission characterization of cementitious materials®

2.1Purpose

The fracture behavior of materials can be nondestructively monitored by the acoustic
emission (AE) technique, using sensors that detect the transient elastic waves after
any crack propagation event. In addition to the information relatively to the total
activity and the location of the cracks, certain waveform features supply detailed
information on the type of cracking. The waveform of the emitted AE signal depends
on the relative motion of the crack sides and therefore, it carries information on the
mode of cracks. Therefore, AE is used for classification of the active cracking mode.
This enables characterization of the current fracturing condition within the material
and warning before final failure. Tension-related cracks, which in most materials and
loading conditions are nucleated first, emit signals with higher frequency content and
shorter rising time than shear cracks. However, in most cases wave propagation from
the crack to the sensor is attenuative and dispersive. This results in signal distortion
which is enhanced by geometry restrictions and material or damage-induced
inhomogeneity. This results in strong change of the waveform shape and the
calculated AE parameters. This effect is stronger as the propagation distance increases
rendering crack classification troublesome for structures where the separation distance
between sensors is long. In the present study, fracture experiments were conducted in
cementitious specimens in order to investigate the influence of distance on the AE
parameters as measured by sensors at different distances from the source. Numerical
simulations based on the finite difference method are also used to enlighten the
problem and expand to different material conditions. This is one of the first studies of
wave dispersion examined not from the classical ultrasonics point of view of phase

velocity dependence on frequency but from the AE view, where specific waveform

! Adapted from “Effect of wave distortion on acoustic emission characterization of cementitious
materials”’, published in Construction and Building Materials, Volume 35, October 2012, Pages 183-
190
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parameters are of interest. Experimental and numerical results show that the influence
of the propagation path is crucial and should be taken into consideration for AE
characterization of large structures, while it should not be neglected even in small-
scale laboratory studies in order to improve crack characterization.

2.2 Introduction

Acoustic emission (AE) is a nondestructive inspection technique utilizing the transient
elastic energy which results mainly from crack propagation events inside a material
[1,2]. The dislocation created at the tip of the crack excites elastic waves which
propagate outwards and can be captured by sensors on the surface of the material.
Acoustic emission is studied in relation with the damage evolution under dynamic
loading or relatively to crack propagation rate [3-5]. It is reasonable that the number
of recorded signals during loading can be correlated with the actual number of active
cracks within the material [6,7]. For certain structures, the rate of incoming activity is
a stand-alone criterion on which engineering decisions are based concerning safety,
while strict standardization has been applied internationally. Apart from the
cumulative AE activity, each signal carries raw information from its source,
concerning the severity (the amount of displacement of the crack sides under the
specific load) and the mode of fracture (opposing movement of the crack sides or
parallel). Therefore, the qualitative characteristics of the waveform, like the
amplitude, duration and main frequency may reveal crucial information on the
damage mode and fracture intensity inside a material [8,9]. The main benefit of this
approach is based on the fact that for most materials and loading conditions, shear
types of failure follow tensile [10,11]; therefore, the classification of cracks according
to their mode would indicate the current fracturing stage and provide an early warning
of final failure. Controlled laboratory studies in different material systems shed light
into the correlation of AE characteristics with the cracking mode. The connection
between the mode of crack and the wave recorded at a specific point is a very
complicated subject depending on the motion of the crack tip, as well as to geometry
factors like orientation of the crack relatively to the receiver and propagation distance.
While the present experimental and numerical study aims to enlighten aspects of the

problem, some simple remarks concerning the excited wave modes can be stated.
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When a dislocation occurs inside a material, both modes of bulk waves (longitudinal
and shear) are reasonable to be emitted. However, it is also reasonable that a tensile
(or mode 1) cracking incident excites a large part of the elastic energy in the form of
longitudinal waves, due to the transient volumetric change near the vicinity of the
crack tip. On the contrary, when shear cracking develops, the percentage of energy is
shifted in favor of the shear waves due to the shape distortion that shear action
induces in the vicinity of the crack tip. In the first case, the main energy carrier is also
the fastest wave type leading to waveforms with short rise time (RT), see Figure 2.1,
top. RT is the delay between the onset of the waveform (practically the first threshold
crossing) and the moment of peak amplitude. Correspondingly, the rise angle of the
waveform is high, as calculated by the Amplitude, A over RT. Recently in the field of
concrete, the inverse of the rising angle is studied, namely RA in ps/V [10]. In the
case of shear incident, the main part of energy travels with the shear waves which are

slower, leading to longer RT and lower rise angle, (see Figure 2. 2, bottom).
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Figure 2. 1 Cracking modes and recorded AE waveforms

The validity of these general remarks is very sensitive to geometric conditions,

relative orientation and the propagation characteristics of the medium, as will be
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discussed in the text. However, these assumptions have been examined in several
experimental studies. Some main points on a literature review are introduced in this
section in order to establish the parameters that are measured and discussed
throughout the text. The AE waveform parameters which have been correlated with
the fracture mode are mainly the RA value and the frequency content expressed by the
number of threshold crossings over the duration of the waveform (average frequency,
AF) [10]. It has been found that the RA value increases, while the average frequency
decreases as damage is being accumulated in bending experiments in steel- and vinyl-
fiber reinforced concrete [12,13]. Additionally, these parameters undergo a great
change at the moment of the main crack formation, which indicates the shift of the
dominant failure mechanism from matrix cracking to fiber pull-out [14,15]. This kind
of analysis has also proven useful in rock failure [16], fracture of composite laminates
[17-19] which exhibit matrix cracking (mode 1) and delaminations (mode II),
corrosion cracking in concrete [20] and damage evaluation on reinforced concrete
panels subjected to seismic load [21]. The mutual trend in all studies is that despite
differences in material, propagation path length or specimen size, the shear type of
damage usually results in waveforms with longer rise time, duration, high RA and

lower frequency than tensile.

The shifting trends of these parameters during fracture in concrete have been proven
quite reliable in several laboratory studies. Consequently, classification of AE signals
concerning the mode of the original crack has proven quite successful, based on AE
parameters like AF and RA [15,20,22]. However, the application of the same
laboratory criteria to real structures is not straightforward. This is mainly due to
intrinsic problems that usually hinder the exploitation of this kind of information.
Some of the factors complicating the assessment are the specimen or structure’s size
and geometry, the heterogeneity of the material and the sensor’s response as explicitly
explained in [19]. These factors render the results case-specific and prevent from
general application, especially when the goal is other than simply crack location. As a
consequence, any attempt of AE material characterization, would greatly benefit by
the complementary study of the influence of the propagation path on the signal
acquired at different surface measurement points. In this study cementitious mortar
specimens were fractured under bending while their AE activity was monitored by

two sensors. The sensors were placed at different distances from the notch which
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enabled acquiring the transient wave from the same fracturing event at two distinct
points and evaluating the effect of distortion and attenuation based on the separation
distance. The problem was also numerically simulated by an available finite
differences code, which gave the opportunity to include different contents of
simulated cracks and to expand to frequencies other than the experimental. The
numerical and experimental results show that the effect of waveform distortion is
strong and it should not be neglected in laboratory. Furthermore, it should certainly be
taken into consideration in-situ in order to expand the use of simple crack

classification schemes to real structures.

It is mentioned that the acquired experimental and numerical waveforms were
analyzed for their acoustic emission parameters. Therefore, the analysis is not based
on a typical ultrasonic approach, which usually employs calculations of wave speed
and attenuation. The investigation involves parameters of the AE waveforms, like RT,
RA and AF, which although carry information on the mode of the cracking event they
suffer strong changes due to propagation through an inhomogeneous medium like
concrete. This discussion is particularly important in the field of concrete where
standardization is currently attempted [10], while it also applies in thin-walled

structures due to plate wave dispersion [23,24].

2.3 Limitations for AE characterization

When the specimen’s dimensions are finite, reflections from the edges interfere with
the original AE waves. However, this is not the only complication met in AE
measurements. Almost the total number of AE applications concern -either
piezoelectric sensors attached on the surface, or in some cases non-contact
measurements, based on laser interferometry [25]; in both cases the information
comes from the transient displacement of the surface. This introduces the effect of
geometry even in large structures, when reflections from other sides are not expected.
The reason is that as the primary wave front of the emitted AE signal impinges on the
surface, mode conversion occurs and a Rayleigh wave is continuously excited. Since

the propagation velocity of Rayleigh is lower, the shape of the pulse is automatically
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influenced, causing distortion and changing crucial waveform parameters like

duration and rise time..

Apart from the waveform distortion caused by the differential velocity of the wave
modes, excessive dispersion is caused depending on the heterogeneity of the material.
It is mainly attributed to scattering which redirects the wave energy each time the
wave front impinges on a scatterer [26]. Dispersion applies to inhomogeneous
materials, like concrete [27-29], or other particulate and fiber composites [30,31] and
suspensions [32] and is enhanced by the presence of damage in the form of micro-
cracks and microstructure [33-35]. It is reasonable that the characteristics of a wave
emitted by a crack are severely distorted while propagating through a heterogeneous
system containing numerous other cracks which act as scatterers. The interaction
between the microstructure and the propagating elastic wave has been correlated to
the damage degree and typical size, mainly through measurements of attenuation and
phase velocity in the several ultrasonic studies [29, 31, 36]. It is reasonable that the
effect of inhomogeneity on the transient AE signal (which is in fact an ultrasonic
wave) is equally important. Therefore, the signal’s shape and main characteristics, as
quantified by AE analysis, also changes for different measurement locations. The

evaluation of this distortion is the primary aim of this work.

2.4 Experimental details

Two different mortar mixtures were produced consisting of six specimens each. One
was plain mortar (PM) and the other included 0.5% (vol.) of straight steel fibers (steel
fiber reinforced mortar, SFRM). Their length was 25 mm, their diameter 0.6 mm,
their density 7.85 kg/dm3 and were supplied by CHIRCU PROD-IMPEX
COMPANY SRL, Romania. The aggregates consisted of 100% crushed sand with
maximum aggregate size 4.75 mm and fineness modulus 2.93, while water/cement
ratio was 0.55 by mass. The density and the water absorption of the sand were 2500
kg/m3 and 2.44 % respectively. The exact mix proportions were as follows: cement
(type 1) 440 kg/m3, water 242 kg/m3, sand 1529 kg/m3, super-plasticizer 4.5 kg/m3.

For the fiber reinforced mortar the mix proportions were the same with the addition of
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39.3 kg/m3 of steel fibers and modification of sand amount to 1517 kg/m3. The

specimens were cured in water for 28 days prior to testing.

The specimens were 40x40x160 mm in size. They were subjected to three-point
bending according to EN 13892-2:2002 [37]( Figure 2. 3).
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Figure 2. 2 (a) Schematic representation of three point bending test, (b) photo of the
specimen with AE sensors.

In order to secure that the crack would initiate at the center of the specimen a notch
was created by inserting a small wooden stick in the midspan of the side to be placed
at the bottom during bending (tensile side). The load was applied at a constant rate of
50N/s until fracture and the loading was automatically terminated at the moment of
load drop. As to AE monitoring, two AE sensors (Pico, PAC) were attached to the
side of the specimen as seen in Figure 2. 4(b). They are considered quite broadband
with central frequency of 500 kHz. Roller bearing grease was used for acoustic
coupling, while the sensors were secured by the use of tape during the experiment
(see Figure 2. 5(b)). The horizontal distance between the sensors was 40 mm and the
first was placed at the horizontal distance of 15 mm from the notch, as seen in Figure

2.1.1. 1(b). The signals were recorded in a two-channel monitoring board PCI-2, PAC
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with a sampling rate of 5 MHz. The threshold was set to 40 dB in order to avoid

ambient noise and the acquired signals were pre-amplified by 40 dB.

2.5 Results

2.5.1.  Total activity

The small size of the specimen results in relatively small level of AE activity. Typical
graphs of cumulative AE activity for PM and SFRM are depicted in Figure 2. 3a and

b respectively.
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Figure 2. 3 Typical cumulative AE activity of (a) PM and (b) SFRM.

The activity of each sensor (S1 near the crack, and S2 away from the crack) is
presented separately. The number of signals is generally less than 100 in total and the
population is divided almost evenly in both receivers. This shows that despite the
inherent attenuation, that will also be discussed later, the small separation distance
enables capturing the fracture events by both sensors. The largest percentage of AE
hits is received at the end of the experiment indicating that serious cracking processes
take place only at the latest stages of loading, just before the maximum load has been

reached. The almost vertical increase of the AE activity at the moment of fracture is
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preceded by small number of few signals approximately 2 s before final fracture, most

likely due to fast-developing micro-cracking just before final failure.

It is interesting to observe qualitative characteristics of the AE waveforms as captured
by the two receivers. Figure 2. 4 shows the time histories of AF of the AE signals of
the same specimens as recorded by the two sensors separately.
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Figure 2. 4 AF history for typical (a) PM and (b) SFRM specimen as obtained by the
two sensors

The symbols represent the AF of each signal, while the lines stand for the moving
average of the recent 5 hits, in order to demonstrate the trends more clearly. For both
cases, after some fluctuations, AF is decreased at the moment of final failure, which is
typical for cementitious materials [10, 12, 14, 38]. Although the differences in
average values are discussed in the next section, it is evident that generally S1 records
signals with higher AF than S2 (see Figure 2. 7a). The same holds for the case of
(Figure 2. 8b) for a typical SFRM specimen. Additionally, in the case of SFRM the
frequency indicator is in general at lower level compared to plain mortar, which will

be discussed along with the average results.

Figure 2. 5, shows the time history of RA for the same specimens.
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Figure 2. 5 RA history for typical (a) PM and (b) SFRM specimen as obtained by the
two sensors

In both cases, RA increases sharply just before the termination of the experiment as is
typical for materials at the onset of macrofracture [10, 38]. For the plain mortar the
initial RA values are below 1 ms/V, while as main fracture approaches, values higher
than 10 ms/V are depicted. Again a distinct difference is seen between the two
sensors, with the sensor closest to the crack (S1) exhibiting lower values for both

specimens.

Correspondingly, in this case SFRM exhibits higher RA than PM, which is again

attributed to the fiber action as was the behavior in AF.

2.5.2. AE Events

The above indicative curves are based on the total number of signals received by each
sensor, including any possible source, even though it is reasonable that the main
source is the notch at the center. Although the trends would still be clear, in order to
exclude any random signals, the data were strictly limited to the “AE events”. An AE
event is the source incidence that releases elastic energy and is captured by both
receivers within a short time window. This secures that each signal recorded by the
first receiver can be compared to the same source signal as captured by the other

receiver after traveling an additional propagation path. For each specimen, the values
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of the AE parameter recorded during failure by the first sensor were averaged and
compared to the corresponding average value of the second sensor. Figure 2. 6(a)
shows the average RA values as captured by the two sensors (S1 at horizontal
distance of 15 mm and S2 at 55 mm from the notch).
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Figure 2. 6 RA values for all (a) PM and (b) SFRM specimens for two propagation
distances. Small symbols represent average values for individual specimens while
large symbols stand for the average of all corresponding points.

Each point typically represents the average of approximately 20 individual values
which was a usual number of identified AE events during the bending test of a
specimen. The symbols corresponding to each specimen are connected by a straight
line, while the large symbols are the average of the individual points for each
distance. The RA values captured from S1 are between 130 and 390 ps/V. For all the
specimens there is an almost uniform increase in the RA for S2 (between 740 and
1010 ps/V). In average, the RA of the second receiver is increased by more than 3
times (901 ps/V) compared to the first (278 ps/V). This is a definite indication of
distortion that occurs for the same signals, for the short additional propagation
distance between S1 and S2. This indicates how important the propagation length is
for AE analysis even in laboratory scale. Figure 2. 9(b) shows the corresponding
graph for SFRM. The trend is similar, with S2 exhibiting 1057 ps/V, almost three
times higher than the RA of S1 (371 ps/V). Though distance is equally critical for
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these measurements as well, a slightly higher value of RA is exhibited for SFRM,

while the variability seems much stronger.

The other basic feature of interest in crack classification schemes is AF which is a
rough but very indicative expression of the frequency content, as explained in the
introduction. It is generally well known that when a pulse propagates through an
inhomogeneous medium its main frequency is downshifted [30,36], due to scattering.
In each specific specimen, AF decreases between the first and second receiver.
Results for plain mortar (Figure 2. 7a) and SFRM (Figure 2. 7b) share approximately
similar trends for the average value of AF.
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Figure 2. 7 AF values for all (a) PM and (b) SFRM specimens for two propagation
distances. Small symbols represent average values for individual specimens while
large symbols stand for the average of all corresponding points.

The decrease is of the order of 20%. This change in the additional propagation of
approximately 40 mm is indicative of attenuation and distortion mechanisms that can

influence basic AE parameters even in laboratory scale.

Figure 2. 8 (a) and (b) focus on the central and the peak frequency of the hits as
monitored by th e different sensors for plain mortar.
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Figure 2. 8 (a) Central and (b) Peak frequency for both sensors and different plain
mortar specimens

A similar decreasing trend is seen again both for central and peak frequencies. The
trends are decreasing and repeatable for each of the specimens. CF decreases by about
11% (from 380 kHz to 340 kHz) between the two sensors. PF which corresponds to

the frequency with the maximum magnitude, exhibits more or less the same trend. A
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strong decrease is noted for all specimens, resulting in an average drop of 23%. This
decrease of frequency descriptors is again attributed to the microstructure and mainly
scattering of the sand grains, pores and cavities of the cementitious material. Again it
is understandable that if a separation distance of 40 mm is responsible for a change of
10 to 25% in an AE parameter, one should be definitely very careful in application of

any laboratory characterization scheme [43] in a real structure.

Concerning the wave amplitude it is expected that energy-related parameters are
downgraded as the wave propagates through cementitious material due to damping
and scattering. Amplitude is a crucial parameter of the waveform. Not only because it
is directly connected to the cracking intensity [7,8], but because it also influences
most of the rest waveform parameters. Higher amplitude, results in larger number of
oscillations above the threshold (counts), influencing therefore, the duration, RT, AF
and most of the calculated AE features. This is of paramount importance in actual
structures, where long distances impose severe attenuation in the signal. The exact

results for both types of specimens are seen in Figure 2. 9 (a) and (b).
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Figure 2. 9 Amplitude values for all (a) PM and (b) SFRM specimens for two
propagation distances. Small symbols represent average values of individual
specimens while large symbols stand for the average of all corresponding points.
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For PM, the amplitude received by the nearest sensor is 58.4 dB in average. Inherent
attenuation imposes a decrease of approximately 6 dB for the second receiver. For
SFRM the decrease is 4 dB in average, still as seen by Figure 2. 9 b, noticeable and

repeatable decrease of amplitude is exhibited even in laboratory scale.

Another energy related parameter that is downgraded as the wave propagates through
cementitious material due to damping and scattering is the AE energy. For the whole
number of events (typically around 20 for each test), the values of selected AE
features were averaged for each sensor. Figure 2. 10, shows the average energy of the

hits for both sensors for plain mortar.
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Figure 2. 10 AE energy for both sensors and different plain mortar specimens

It is seen that for the first sensor, the AE energy ranges between 30 and 100 units. The
recorded energy at the 2nd sensor ranges from 20 to 70. It is noteworthy that for each
one of the five specimens there is a decreasing trend for AE energy between the 1st
and 2nd sensor. As an average for the whole number of specimens the energy reduces
from 58.4 to 42.8 units between the 1st and 2nd sensor. Therefore, an additional
propagation distance of roughly 40 mm reduces the acquired energy by approximately
27%. The reduction seems normal considering attenuation mechanisms. However, the

amount of energy drop in such a small distance shows that the specimen size and
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sensor separation distance are crucial when quantitative AE is undertaken. This
implies how important the propagation length is for AE analysis even in laboratory

scale.

A final example of distortion of AE signal between the two sensors for plain mortar
specimens is included in Figure 2. 11.
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Figure 2. 11 AE duration for both sensors and different plain mortar specimens

There, the duration of the waveforms is depicted for the two sensors and the different
specimens. With just one exception (specimen 3) the duration of the signals drops
considerably between the two sensors. It is reminded that the duration of an AE
waveform is calculated based on a user-defined threshold. When the material is
attenuative (like mortar in the present case) it is reasonable that less peaks of the
waveform will exceed the threshold level as the wave is propagating away from the
source, hence leading to acquisition of shorter waveforms. The average reduction of
duration is about 6% from 506 ps to 475 ps. Different AE characteristics based on the
waveform shape exhibit similar change between the two sensors as was reported

recently [44].
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The three kinds of features (energy-, frequency- and waveform shape- related) that
were analyzed in this section show how propagation of a few additional mm
attenuates and distorts the signals. The differences between the sensors are quite
strong especially taking into account that the two sensors are separated only by 40
mm. This distortion would reduce the accuracy of any crack classification scheme
unless the exact experimental conditions are applied. In laboratory, the distance
between the cracking source and the sensor is limited due to the limited size of the
specimens. Therefore, although the effect of distortion and attenuation is evident, still
it does not hinder the establishment of classification rules. However, in real structures
the cracking event may occur just a few mm away from the sensor or several meters
away. The interchangeable accumulated effect of inhomogeneity that would be
different for events coming from different locations would definitely mask the results

and make derivation of reliable conclusions troublesome [45].

2.5.3. Numerical simulations

25.3.1 Model

Numerical simulations are generally used in order to increase the understanding of
wave propagation in specific problems. They enable recognition of wave modes and
reflections in complicated geometries. Additionally, they can be used to expand to
different geometries and cases that are not experimentally tested. In this case
indicative two-dimensional simulations were conducted on the specific geometry of
the experimental test including different cases of material texture, namely
homogeneous (simulating cement paste), matrix with round scatterers (paste with
sand grains, mortar), and three different contents of thin cracks. The fundamental
equation governing the two-dimensional propagation of elastic waves in a perfectly

elastic medium, is seen below:
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where Y =u(x,y,t) is the time-varying displacement vector, p is the mass density, A and
pn are the first and second Lame constants respectively, while t is time. The
simulations were conducted with commercially available software [39] that solves the
above equation in time domain with the finite difference method in the plane strain
case. Equation (1) is solved with respect to the boundary conditions of the object,
which include the input source that has pre-defined time-dependent displacements at a
given location and a set of initial conditions [40]. For heterogeneous media,
propagation in each distinct homogeneous phase is solved according to Eq. (1), while
the continuity conditions for stresses and strains must be satisfied on the interfaces. In
this case, the propagation of an elastic wave in mortar is simulated. The aim is mainly
to study the influence of cracks and sand grains scattering on the propagating wave.
Different excitation types could be used to create this transient wave, such as force,
velocity or displacement. In cases of crack propagation, where a permanent
dislocation occurs, the magnitude of crack displacement and the AE wave motion are
commonly modeled [41]. Since the source of the elastic wave in this simulation is
supposed to be a crack propagation event, a short displacement excitation was also

used as a conventional way to excite the transient pulse.

The basic geometry of the model is shown in Figure 2. 12.
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Figure 2. 12 Geometrical model and displacement field 10 us after excitation for
material with 50% sand grains and 5% cracks (a), and homogeneous matrix (b).

The “source” is placed at the bottom of the mid span, at the position of the notch in
the actual specimen with a length of 1 mm. It introduces one cycle of 500 kHz in the
longitudinal mode. This frequency is the resonant frequency of the sensors used in the
experimental section and was indicatively selected among many other possible values
since in AE the major frequency is not known a priori. Two receiving sensors (S1 and
S2) are placed in the middle of the height, with horizontal distance of 15 mm and 55
mm on the right side from the excitation point (see Figure 2.10). The receivers are
simulated by straight lines. In order to better simulate the experimental case their
length was set to 5 mm which is the diameter of the specific AE transducers used.
Considering the grid of 0.2 mm, the sensor length includes 25 nodes. The sensor’s
calculated response is the average of the displacement of these nodes either in the
direction vertical to their length or parallel. Since, the experimental transducers record
motion components vertical to their surface, the same response was also selected to be

analyzed from the simulation results.
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Materials were considered elastic without viscosity components. Different cases were
simulated, namely homogeneous elastic matrix, matrix with 50% stiff elastic
scatterers simulating sand grains, and matrix with sand grains and different contents
of crack, namely 1%, 5% and 10% by cross section area. The properties of the

different materials are seen in Table 2. 1.

Table 2. 1 Properties of the materials used for the simulation model

. A n p Cp
Material 2
(GPa) (GPa) (kg/m?) (m/s)
Cement
_ 8.3 12.5 2100 3984
matrix
Sand grains 15.3 18.5 2600 4486
Alir 10™ 10° 1.2 316

The sand grains were simulated by circles of 1 mm diameter and the cracks by thin
inclusions of size 0.5x2 mm assigned the properties of air. It is mentioned that the
above described model is indicative of concrete-like materials and by no means is the

only appropriate case for studying the problem in hand.

The focus, from the engineering point of view is given on simulating the actual
geometry examined experimentally and not on the numerical method itself. However,
certain prerequisites should be followed in order for the analysis to lead to reliable
results. Concerning the mesh size, a preliminary evaluation took place to select a
suitable value for accurate as well as time-efficient simulation. Different values of
mesh size were applied, namely from 1 mm down to 0.1 mm and the corresponding
wave flight times to the 2nd receiver were calculated. As the mesh became finer, the

calculated transit time increased slightly, as seen in Figure 2. 13.
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Figure 2. 13 Transit time between excitation point and the 2nd receiver of the model
of Fig. 9 vs. mesh size.

This dependence seems quite linear and projecting the value of the linear fit for
infinitesimally small grid, the transit time would be 15.627 ps. For grid of 0.2 mm, the
result was 15.5156 ps, resulting in an error of 0.7% and in quite reasonable
calculation time. Indeed, for a basic frequency of 500 kHz, the major wave length is
about 8 mm resulting in 80 points per wave length. Concerning the time sampling, the
time step was set at the value of 0.0182 ps. Considering that the basic period was 2
us, it is clear that the number of points representing one cycle are higher than 100,
while in similar studies the numbers of 20 points per wavelength and cycle are

considered adequate [42]. The total simulation time window was 100 ps.

2.5.3.2 Simulation results

Figures 2. 12 a and b depict the displacement field at approximately 10 us after
excitation for the case of material with 50% grains and 5% cracks and for
homogeneous material respectively. The distortion of the wave field is evident for the

heterogeneous case and is accumulating as the wave propagates away from the
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excitation. The waveforms received by the two sensors for the first case are seen in
Figure 2. 14.
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Figure 2. 14 Simulation waveforms for the two sensors for material with 50% grains
and 5% crack content.

Despite the short initial excitation of one cycle, both sensors record a long waveform
due to the multiple scattering of the wave on the several heterogeneities either in the
form of grains or in the form of cracks. One of the distinct differences between the
two waveforms concerns the rise time (the delay of the maximum peak compared to
the onset). For S1, RT equals 5.5 ps, while for S2 the maximum peak delays
considerably resulting in a RT of almost 48 pus. It is mentioned that the onset of the
waveform was defined by the first threshold crossing, the threshold being 2% of the
maximum amplitude of the waveform of S1, while 5% has also been checked without
serious change in the resulting trends. Additionally, the oscillations are less dense in
the case of S2, implying a downshift in the basic frequency. The exact values of RA
and AF as measured from the simulation waveforms are presented in Figure 2. 15 for
both receivers (S1 at 15 mm, S2 at 55 mm).
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Figure 2. 15RA (a) and AF (b) for the two sensors and different material conditions.

Concerning RA (Figure 2. 15 a) there is a certain increase for the second receiver,
from three to six times between homogeneous material and material with 1% of
cracks. For 5% cracks the increase for the 2nd receiver is explosive (23 times higher
than the 1st sensor). Finally for 10% cracks the RA is quite high from the first
receiver (480 ps/unit amplitude, [u.a.]), showing the heavy influence of heterogeneity
on the shape of the waveform. It is reminded that the RA of the excited pulse is 0.5
us/u.a. (one fourth of the period of 2 pus over the unity excitation amplitude). Through
the propagation distance of 58 mm, which is the straight distance between the
excitation point and 2nd receiver, this value becomes approximately 2000 times
higher (1045 ps/u.a.) due to distortion of the pulse on the cracks and aggregates. It is
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easily realized that the original information of the pulse is heavily masked and that
any classification approach based on the waveform as received by the sensor would

most likely be misleading.

(Figure 2. 15 b) presents the values of AF. Since the basic frequency of the excitation
is 500 kHz, reasonably the first sensor acquires frequencies close to the original pulse
(465 - 490 kHz) for all cases. With the only exception of the geometry with
aggregates, the frequency is downshifted for the second receiver in all the models.
Especially for the cases of 5% and 10% cracks, AF decreases by 16% and 11%
respectively. The above simulations confirm that even for such short distances of a
few cm, the signal distortion is dominant owing only to elastic scattering excluding

viscosity effects.

2.6 Discussion

The above experimental and numerical results taken from small geometries enable
drawing of conclusions towards the improvement of signals classification schemes
based on simple AE features. Table 2. 2, summarizes the average values of basic AE
parameters as experimentally measured by both sensors.

Table 2. 2 Experimental AE parameters

Dist.
from AMP RA AF
notch (dB) (ns/V) (kHz)
(mm)
St.
Aver. Aver. | St.dev. | Aver. | St. dev.
dev.
_ 15
Plain 58.4 | 5.0% 278.4 33.2% | 134.1 | 14.8%
(Sensor 1)
55
523 | 45% 900.7 12.2% | 109.3 | 18.5%
(Sensor 2)
15
SFRM 58.5 | 6.5% 371.2 51.9% | 130.5 | 18.6%
(Sensor 1)
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55
(Sensor 2)

545 | 49% | 10569 | 45.2% | 108.3 | 18.4%

The decrease of AF by almost 20% and the increase of RA by more than 3 times for
the 2nd sensor (55 mm from the notch), shows that the position of the sensors with
respect to the crack location is crucial. The results, even in such close quarters include
the effect of dissipation and scattering and differ significantly from the original pulse,
as emitted by the source. Since the pulse suffers substantial changes for a short
additional distance of 40 mm between the receivers, it is understandable that the effect
in actual structures would be even stronger. In real-size structures, a finite number of
sensors are placed in order to cover as large volume of the material as possible.
Therefore, a cracking incidence may have its source just millimeters beneath the
sensor or at a distance of several meters away. Although the signal may be acquired in
both cases (provided that its energy is high enough), its characteristics should
definitely differ at various measurement points. Therefore, the event location
relatively to the sensor is crucial in order to evaluate how much the signal has been
distorted while propagating. As already mentioned, in the engineering use of AE,
crack characterization is important since it gives insight in the fracture stage. In
laboratory scale, assuming that distortion and attenuation are limited, classification
criteria have been studied based on specific values of RA and AF [15,22]. As an
example from [15], tensile matrix cracking in steel fiber reinforced concrete under
bending was characterized by an average AF of 400 kHz and RA less than 1 ms/V,
while mixed-mode fracture (macro-cracking with fiber pull-out) by AF of 150 kHz

and RA of 4 ms/V, as seen also in Figure 2. 16.
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Figure 2. 16 Cracking mode classification for steel fiber reinforced concrete beams of
400 mm size under bending.

This classification produced very accurate results (less than 1% overlapping points) in
beam specimens of 400 mm length and sensors placed nominally 50 mm away from
either side of the expected crack. However, if the same criteria were to be used in-situ
for different conditions and sensor separation distances, the classification would not
necessarily be equally accurate. Under the light of the experimental results of the
present study it is understood that the RA of a tensile event after propagation through
a few cm of heterogeneous cementitious material would increase by about 3 to 4
times, as was seen in Table 2. 2. Simulations at higher frequencies indicate a much
stronger increase of RA (from five to twenty five times depending on the material’s
condition). Similarly the frequency content would decrease by more than 20% for
propagation of a few additional cm, as was seen in (Figure 2. 7). When this distortion
effect is incorporated in the values of the micro-cracking population of Figure 2. 16

(small solid green triangles) by multiplying the RA of each point by 3.5 and
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decreasing AF by 25%, the new set of data (larger open red triangles) it results in
much stronger overlap with the original macro-cracking (20% of the population).
Therefore, the influence of distance may easily lead to misclassification of a tensile
event located away from the receiver, as a shear event located close to the receiver. It
is evident, that any crack characterization scheme in real structures should include
certain waveform correction procedures in order to lead to meaningful results.
Concerning laboratory specimens which are commonly used for fracture
characterization purposes, the effect of distortion is limited due to smaller dimensions
and short propagation distances. However, as the results of the present study show,
distortion does exist and although it does not prevent from the establishment of simple
classification schemes, characterization would certainly benefit in terms of accuracy

by taking out the effect of propagation distance.

The specific problem is quite complicated and further numerical and experimental
efforts should be undertaken. Experiments of different fracturing modes should be
conducted, while the number of sensors must be increased in order to monitor AE
signals for longer distance. Concerning simulations, these should be expanded in three
dimensions in order to more realistically simulate the exact geometry and orientation

of the sensors’ surface relatively to the AE wave directions.

Without being the target problem of the present study, a few comments can be pointed
at the comparison between the AE parameters of different materials (plain and fiber
reinforced). Apart from matrix cracking, failure in steel fiber materials includes
another fracture mechanism due to the fiber pull-out. For the case of straight fibers
when the material is being cracked, friction between the fibers and the surrounding
matrix occurs, which resembles shear. As mentioned in the experimental section, the
loading automatically stops at the first load drop; therefore, it is not possible to
monitor sufficient number of pull-out events. However, it is certain that the fibers
located at the center of the specimen are instantaneously involved in pull-out events
when the main crack is formed. This contribution of the steel fibers’ friction with the
cement matrix is bound to be responsible for this slight increase of the average RA
value for SFRM (371 ps/V) compared to 278 us/V for plain mortar, as seen in (Table
2. 2) for sensor 1. For the same reason the AF is slightly decreased for SFRM. This
has been experimentally seen in concrete studies [13, 14, 38] with extensive pull-out
stage. In this case the contribution of pull-out is instantaneous, but still its influence is
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evident on the average values. On the other hand it is interesting to comment on the
variation of the measurements, which is certainly higher for SFRM. (Table 2. 2)
includes the standard deviation of the AE parameters as a percentage of the average. It
can be seen that, especially for RA, the scatter of the different specimens is much
higher for SFRM (approximately 50% compared to 30% or less for the plain
material). This is also evident in (Figure 2. 6 b), where the scatter of experimental
points is larger than (Figure 2. 6 a). This is particularly interesting because it shows
that the increased inhomogeneity of the steel fiber material is reflected in variability
of the fracturing properties along with other physical properties, variability in which

would be certainly expected.

2.7 Conclusions

The present study deals with the propagation of elastic wave pulses within a material
with a specific microstructure. The investigation includes AE parameters which are
used for characterization of the fracture properties of the material, instead of the
classical method of monitoring the wave velocity and attenuation, which are related to
the mechanical and physical properties. These AE parameters are mainly the average
frequency and the inverse of the rising angle of the waveform (RA value), which
under controlled conditions are used for crack classification purposes. Due to the
heterogeneity of concrete, the waveforms are continuously distorted as the wave
propagates away from the source. This results in significant shift of the original
content when the pulses are recorded by the receiver. Experiments in specimens of
mortar show that an additional propagation distance of a few centimeters affects the
calculated values by orders of magnitude. The RA increases by three to four times,
while frequency decreases by about 30%. This strong influence would not allow the
use of any laboratory-based criterion in-situ. Simulations were also conducted in order
to expand this methodology to different materials and higher frequencies. Results
showed even higher influence of inhomogeneity on the propagating wave. Therefore,
it is evident that the AE waveform as received by the sensor should not be directly
used for crack classification purposes; instead the original waveform characteristics,
as emitted by the crack, should be sought for in order to exclude the distortion that

propagation in a heterogeneous medium induces.
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Chapter 3. Determination _of Fracture Mechanism
under Flexural Load in Building materials

3.1. Mortars?

3.1.1.  Purpose

Characterization of the cracking mode in cementitious materials allows evaluations
concerning the remaining life of the structure since in general, shear-like phenomena
occur after tensile cracking. Individual modes of cracking cause different motion of
the crack tip dictating the waveforms emitted after cracking events. In this study,
fracture experiments on cementitious specimens are conducted. The fracture mode is
controlled by modifying the experiment geometry and the process is monitored by
acoustic emission. The distinct signature of the cracking modes is reflected on
acoustic waveform parameters like amplitude, RA-value and peak frequency. Signals
emitted by the shear testing exhibit longer waveforms and lower frequency than the
tensile tests. The influence of inhomogeneity is also evident as signals acquired at
different distances exhibit distinct characteristics. Results show that AE leads to the
characterization of the dominant fracture mode using only two AE descriptors and

offer the potential for in-situ application.

3.1.2. Introduction

Characterization of the fracture mode in engineering materials is a task concentrating
a lot of effort in the engineering community. This is particularly important since
during the fracture process, a sequence of fracturing modes is generally followed.

Therefore, characterization of the dominant mode highlights the stage of failure

? Adapted from “Investigation of different fracture modes in cement-based materials
by acoustic emission” published in Cement and Concrete Research, VVolume 48, June
2013, Pages 1-8
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(initial, intermediate or final). Specifically for concrete, a lot of work has been done
showing that shear phenomena dominate at the last stages of failure, while initially,
tensile mode is mostly active [1-5]. A method that is suitable for the monitoring of the
fracture phenomena is acoustic emission (AE). AE gives the opportunity to highlight
the moments of major or minor fracture occurrences and follow the procedure until
final failure. Information of the population of the AE signals, as well as specific
indices enlighten the understanding of the fracture process and enable the evaluation
of the general condition of the material each moment. Concerning the fracture mode
characterization, moment tensor analysis (MTA) has been developed and successfully
applied in laboratory experiments [6]. The fracture mode is evaluated and reasonably
correlated with the observation of the location of the cracks after failure [1,6].
However, the use of MTA is not easy in real structures due to practical limitations.
The most important is that each AE event needs to be recorded by as many as eight
individual sensors in order to supply enough information on the directionality of the
acoustic wave. In large structures the sensors are distributed in relatively long
distances in order to cover as much volume of the structure as possible and enable
evaluations on the whole scale. Therefore, when using sensor separation distances of
several meters [7,8] it is highly unlikely to record the transient waves of the same
event with the required number of sensors due to inherent material attenuation. Under
the light of the above, a reliable characterization scheme that requires less number of
sensors is desirable which however, can provide useful and reliable information on

the material’s damage status.

The problem of accurate characterization of the cracking condition in a material is a
nearly impossible task. In order to fully describe the damage condition within a
material, several parameters should be evaluated. These include the size, shape and
orientation of each crack, the fracture mode under which it propagates as well as its
propagation rate under a specific loading pattern. Considering that any large concrete
structure includes numerous cracks either from construction or function loads, one
realizes that successfully dealing with the problem of damage status characterization
in its absolute form is highly unlikely. Still, information on the general condition is
vital. If this information derived by NDT monitoring is the basis for a maintenance
procedure that potentially extends the safe service life for decades, it is understood

that even rough evaluations attain great significance. Additionally, indices obtained as
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a function of time, enable comparisons between the behavior and performance of the
structure before and after sustaining additional loading. An effort has been undertaken
in order to monitor damage of cementitious materials based on the recording of
simple AE parameters. A description of AE monitoring and the main signal

descriptors follows.

AE allows monitoring of crack growth using transducers placed on the material.
These transducers record the transient response of the surface after each cracking
event (similar to seismic activity) and transform it into electrical voltage due to their
piezoelectric nature [9]. The information that can be drawn concerns the cracks’
location and the total activity, which is related to the number and the nature of
cracking events [10,11]. Detailed study of qualitative parameters of the received
waveforms leads to characterization of the fracture process [1-6] and sustained
damage assessment [10,12,13]. Certain AE features have been successfully correlated
to the fracture process. One is the maximum amplitude (A) of the waveform that

depends on the intensity of the cracking source, see Figure 3.1. 1 (a).
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Figure 3.1. 1 (a) Typical AE waveform with main parameters, (b) typical frequency
spectrum

Another important descriptor is “RA value” which is the duration of the first, rising
part of the waveform (rise time, RT) over A measured in ps/V, and has been shown
very sensitive to the fracture mode [4,14,15]. Frequency parameters like the “average

frequency”, AF, are also important. AF is the number of threshold crossings over the
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duration of the signal, measured in kHz. Another important frequency feature is the
peak frequency, PF, which is the frequency with the maximum magnitude after fast
Fourier transformation of the waveform [16], see Figure 3.1. 1 (b). The individual
modes of failure, lead to wave emissions with different characteristics allowing
characterization of cracks based on their mode [17]. Several studies have shown that
tensile cracks lead to AE with higher frequency characteristics and lower RA values
than shear cracks [1-4,14,15]. Apart from damage, AE parameters have also been
used to highlight other processes like self-healing in concrete [18,19], melting of

particles in a matrix [20] or correlate with strength and particle/inclusion size [11,21].

In most of the above works tensile and shear phenomena are successfully
distinguished by their AE behavior. However, the distinct fracture signatures are
exhibited by various kinds of phenomena and not by the different fracture mode of the
material itself. As an example, in steel fiber reinforced concrete [3,4] under bending,
tensile cracks are related to matrix cracking. On the other hand shear phenomena are
associated with fiber-pull out. The first depends on the strength and quality of the
concrete matrix, while the second on the interfacial shear strength between the matrix
and the fibers. Similarly matrix cracking and delaminations are monitored in
laminated composites [11,22,23]. The first are basically associated to the tensile
strength of the off-axis layers, while delaminations depend again on the interfacial
shear strength between successive layers. In the present study the modes of fracture
are associated with the core material itself (cement based matrix), without other
sources of inhomogeneity like fibers or laminas. The geometry of the testing
experiment was slightly modified in order to excite different fracture modes as
expressed by the dominant normal or shear stresses developed at the position of
cracking as also suggested by finite element simulation. The material was
cementitious mortar with small aggregates (sand) which is considered homogeneous
relatively to concrete that includes large aggregates. AE was monitored during
fracture and the differences between the typical signals received during shear and
tension are highlighted. It is seen that, at least in laboratory conditions,
characterization of fracture mode can be reliably conducted based on the results of
just two AE receivers. This is the continuation of a study concerning the effect of

propagation distance on the acquired AE parameters of pure bending [24].
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3.1.3.  Experimental details

3.1.3.1. Materials

Two similar mortar mixtures were produced consisting of six specimens each. The
specimen size was 40x40x160 mm as typically used for three-point bending. The
aggregates consisted of 100% crushed sand with maximum aggregate size 4.75 mm
and fineness modulus 2.93, while the water/cement ratio was 0.55 by mass. The
density and the water absorption of the sand were 2500 kg/m3 and 2.44 %
respectively. The exact mix proportions were as follows: cement (type Il 42.5N) 440

kg/m3, water 242 kg/m3, sand 1529 kg/m3, super-plasticizer 4.5 kg/ma3.

Six of the specimens were subjected to three-point bending according to EN 13892-
2:2002 [25], see Figure 3.1. 2 (a).

Figure 3.1. 2 Experimental setup for (a) three-point bending and (b) shear mode with
AE sensors
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A notch was created at the mid span of the bottom (tensile) side in order to secure that
the crack would initiate at the center of the specimen. The load was applied at a
constant rate of 50N/s and the loading was automatically terminated at the moment of
load drop. A slight modification was done in the molding of the other six specimens
that were intended for study of the shear fracture mode. Specifically, a metal tab of
length of 50 mm and width of 40 mm was placed inside the specimen just after
molding at the center of the top side (Figure 3.1. 2b). This modification of the
geometry in combination with the support altered considerably the stress field as will

be discussed in a later section.

3.1.3.2. Acoustic emission

Concerning AE monitoring, two broadband AE sensors with maximum sensitivity at
500 kHz (Pico, PAC) were attached to the side of the specimen as seen in Figure 3.1.
2(a) and (b). Roller bearing grease was used to promote acoustic coupling, while the
sensors were secured by tape (see again Figure 3.1. 2). The horizontal distance
between the sensors was 40 mm and the first was placed at the horizontal distance of
15 mm from the expected location of the crack which was secured by small notches,
as seen in Figure 3.1. 2(a) for the bending and in Figure 3.1. 2(b) for the “shear” type.
The signals were recorded in a two-channel monitoring board PCI-2, PAC with a
sampling rate of 5 MHz. The threshold was set to 40 dB to avoid ambient noise and

the acquired signals were pre-amplified by another 40 dB.

3.1.3.3. Fracture details and FEM analysis

As aforementioned, the target of the study was to develop and passively monitor
different fracture modes in mortar specimens. In the simple 3-point bending test, it is
easily understood that fracture starts from the bottom due to high tensile stresses.
However, concerning the modification of the geometry to test a “mixed” fracture
mode, simple FEM analysis was deemed necessary. Two dimensional analysis was

conducted for both types of testing for comparison purposes. A free version of
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commercially available software was used [26]. For the three-point bending
simulation under discussion, the model geometry was 160x40 mm, similar to the front
view of the specimen. Plain strain conditions were applied. The load was placed at the
central point of the top side and support was provided by two points at the bottom side

(see Figure 3.1. 3a) at the exact points as dictated by the experiment.
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Figure 3.1. 3 Stress field for three point bending test: (a) normal stress (oxx), shear
stress (txy)

For the slightly modified geometry intended for the shear-driven fracture, again the
front view of the specimen was modeled. In this case the load is applied in a
distributed area on the top of the specimen due to a metal tab placed when the
material was fresh, while the bottom support is also distributed at two areas (see
Figure 3.1. 4a).
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Figure 3.1. 4 Stress field for the “shear” test: (a) normal stress (oxx), shear stress
(txy)

The supports were placed in such a way that there is an overlap of opposing forces at
the left side (area A in Figure 3.1. 4), while there is a zone of 10 mm without
overlapping at the right side between the load and support distributions (area B). The
geometry can also be seen in the photograph of Figure 3.1. 2b. This free zone (B) in
conjuction with a small notch that was created at the end of the support (point C) led

in the fracture of the specimen at this zone. Material elastic constants were
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indicatively assigned the following values: Elastic modulus 20 GPa and Poisson’s
ratio 0.2 leading to shear modulus of 8.3 GPa. These values are typical for
cementitious materials without however being the only possible values. The geometry
was divided into triangular elements with nominal side of 6.5 mm, while the total
number of nodes was 163. Other mesh size was also tested (element side of 8 mm)
and resulted in very similar stress values with the ones discussed below. Results of the
analysis concerning normal and shear stresses are seen in Figures 3.1 (3) and (4) for
the two types of specimens. As expected, the normal stresses in the pure bending case,
shown in Figure 3.1. 3a, exhibit a positive maximum at the mid span of the bottom,
where the specimens actually broke. This happens due to the weak tensile strength of
cementitious material. Figure 3.1. 3b shows shear stresses with the same loading
condition. Maximum shear stresses are of lower level (approximately half of the
corresponding normal), while at the mid-span of the specimen shear stresses change
sign, being very close to zero. Therefore, the crack at the center of the specimen can

be considered quite close to pure tensile mode.

Concerning the specimen intended for more “shear” fracture, corresponding results
are seen in Figure 3.1. 4(a) and (b). Forces and supports were applied by means of
tabs instead of contact points. The load application area on top and the left support
were overlapped, while there is no overlap between the load application and the
support at the right bottom (area B in Figure 3.1. 4a). This led to an unsupported zone
available for shearing of the specimen. Figures 3.1 4(a) and (b) show the normal and
shear stresses respectively. It is seen that the maximum normal stresses are exhibited
away from the notch with the maximum tension near the bottom mid-span point.
However, the tip of the notch clearly exhibits maximum shear stresses, as seen in
Figure 3.1. 4b, while the shear zone extends to the top in a diagonal direction until the
normal angle in point D. Although, low normal stresses may still be applied on the
same zone, it can be reasonably argued that the initiation and propagation of the
specific crack includes strong shear components which was not the case for the pure

bending experiment. Figure 3.1. 5 shows fractured specimens after both types of tests.
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Figure 3.1. 5 Fractured specimens after (a) bending, (b) shear.

As the simulation results imply, the specimen tested in pure bending (Figure 3.1. 5a)
was fractured at the mid span where maximum tension is exhibited in Figure 3.1. 3a.
For the “shear” type of test (Figure 3.1. 5b), the crack extends diagonally from the
notch to the top within the zone shear stresses indicated by FEM and being in
agreement with the simulation results. Since the cracking events include different
constituents of the stress tensor, monitoring by AE is expected to show distinct trends,

something presented and analyzed in the following section.

3.1.4. AE results

Results of the acoustic monitoring, concern the total activity and the qualitative
features of the waveforms. Figure 3.1. 6a shows the accumulated AE signals (hits)
received by the near-by sensors (15 mm from the crack) for typical bending and shear
tests.
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Figure 3.1. 6 Cumulative AE activity of typical tests (a) 1st sensor (15 mm from the
crack), (b) 2nd sensor (55 mm from the crack).
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For both of them the population of hits is built gradually until the moment of final
failure where the maximum hit rate is exhibited. The total number of signals is limited
below 100 hits. The 2nd sensor (55 mm away from the crack) follows the same
behavior with the difference of slightly lower number of hits (Figure 3.1. 6b). This is
reasonable due to longer propagation distance which crucially attenuates some of the

signals already captured by the 1st receiver, below the threshold level.
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Figure 3.1. 7a shows, the RA of the signals received by the 1st sensor for the same
experiments.
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Figure 3.1. 7 RA vs. Time for different fracture modes as monitored by: (a) 1st sensor
(15 mm from the crack), (b) 2nd sensor (55 mm from the crack).
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Concerning the bending mode, RA ranges mainly below 1 ms/V except for the
moment of final failure when some RA values of more than 10 ms/V are noted. The
specimen under shear on the other hand exhibited some RA values of level higher
than 1 ms/V, while at the end it showed a certain increase similar or even higher than
the bending case. The solid lines are the moving average of the recent five values in
order to show the trends in a more clear way. The corresponding RA values as
captured by the 2nd sensor, are seen in Figure 3.1. 7b. Again, the signals coming from
the shear experiment exhibit generally higher RA values, as revealed by the moving

average lines.
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Typical results concerning the AF are included in Figures 3.1 8(a) and (b), for both

fracture modes and sensors.
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Figure 3.1. 8 AF vs. Time for different fracture modes as monitored by: (a) 1st sensor
(15 mm from the crack), (b) 2nd sensor (55 mm from the crack).
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In this case, the bending type of fracture exhibits higher frequency in average, ranging
from 50 kHz to 400 kHz while at failure AF values close to zero are also noted. On
the other hand shear mode results in frequencies up to 250 kHz, while at macro-
fracture they are limited below 150 kHz. AF measured by the 2nd sensor follows
similar trends with the shear being again notably lower than bending (Figure 3.1. 8b).
These results are some typical comparisons between pairs of specimens while in the

next paragraph the average values of all specimens are discussed.

In the present case, the ambient noise level was low and the applied threshold secured
that no external signals are acquired. In order to increase the reliability of the obtained
information even more, the following analysis concerns only the “AE events”. This
means that for any hit of the first sensor analyzed, another hit was also recorded by
the second sensor which belonged to the same source event. Typically for each
experiment a number of approximately 20 events were recorded. The AF and RA

value of these events are averaged and presented in Figure 3.1. 9.
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Figure 3.1. 9 AF vs. RA value for different fracture modes and sensor distances (each
symbol is the average of all AE events of each experiment)
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Tensile fracture mode specimens monitored by the 1st sensor, typically exhibit AF
between 110 kHz and 160 kHz, while their RA is less than, 500 ps/V in average.
Figure 3.1. 9, contains also the corresponding values for the shear type of testing. The
average values of AF of the five specimens as measured by the 1st sensor shows a
maximum AF of 105 kHz and a minimum RA of 840 us/V being totally separated
from the corresponding population of the bending (tensile) mode as monitored by the

sensor at the same distance.

Concerning the same events monitored by the 2nd sensor (at 55 mm) distinct changes
are shown. Tensile events exhibit lower frequency (from 80 kHz to 140 kHz) and
higher RA, close to 1000 us/V, compared to the sensor at 15 mm. This is an
indication of waveform distortion that occurs in heterogeneous media like cement
mortar. Scattering on the boundaries of the microstructure (sand grains, air bubbles)
reduces the representative frequency, mainly by more effectively attenuating higher
components, while it also elongates the pulse because the energy is redistributed to
many random wave paths after each impact and does not arrive in a straight line as
would happen in a homogeneous medium [27,28]. Additionally, the sensor at 55 mm
exhibits much lower frequency (around 60 kHz) and higher RA values (2000 to 5500
us/V) than the 1st for the shear mode as well. These indications show that any AE
study should be combined with knowledge of wave propagation in the specific
material, since a few centimeters of additional propagation between sensor 1 and 2
force noticeable changes.

The above mentioned AE descriptors (AF and RA) are two of the most powerful for
discrimination of damage mode [1,4,17]. However, the individual fracture modes
result in differences in other AE parameters as well. Figure 3.1. 10 shows the average
values of peak frequency (PF) and Amplitude (Amp) for both modes and sensor

distances.
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Figure 3.1. 10 PF vs. Amp for different fracture modes and sensor distances (each
symbol is the average of all AE events of each experiment)

The tensile mode exhibits higher amplitude and peak frequency than shear in average
for the same sensor distances. Apart from the effect of fracturing mode, the effect of
distance is again highlighted since the sensor at 55 mm obtains much lower amplitude
and peak frequencies than the near-by sensor for both cracking modes. Table 3.1. 1
summarizes the average values of basic AE parameters for the two examined fracture

modes and propagation distances.

Table 3.1. 1 Basic AE parameters for different modes and propagation distances to
the sensor

Mode and distance AF RA AMP P-Freq

(kHz) (us/V) (dB) (kHz)

Tensile (15 mm) Average 1324 278.4 58.4 295.2
cov 16.5% 33.2% 5.5% 12.5%

Shear (15 mm) Average 87.6 1733.6 53.8 186.1
cov 18.0% 49.7% 2.7% 27.7%

Tensile (55 mm) Average 109.3 900.7 52.3 233.2
cov 19.6% 12.2% 3.0% 10.5%

Shear (55 mm) Average 55.6 3908.0 49.2 101.3
cov 17.8% 30.8% 2.1% 18.2%

88




Chapter 3.1. Mortars

One conclusion from these data concerns the discrepancies in the AE descriptors
between the different fracture modes monitored at a standard distance. Shear (or
mixed mode) fracture emits signals of lower basic frequency characteristics and
amplitude but longer in rise time than tensile. The differences are visible in all
parameters but greater changes are seen in RA, for which the values of shear (1734
us/V) are more than six times higher than tension (278 us/V). The decrease in
amplitude is also large since shear emissions are lower than tensile by almost 5 dB
(58.4 dB to 53.8 dB). Additionally, frequency characteristics measured either by the
AF or the PF show strong decrease for the shear mode by about 35% compared to
tensile events. Overall, the clearly separated averages and the relatively limited
variance (presented as standard deviation over average, coefficient of variation, COV)
enables quite good separation of the clusters without need to employ pattern
recognition approaches. It is seen therefore, that in simple geometries in laboratory

conditions, the cracking mode can be reliably monitored by its AE fingerprint.

However, the differences measured by the two sensors show how much the results are
dependent on the testing conditions and specifically the distance between the cracks
and the sensors. The additional distance of 40 mm between the two sensors forces a
decrease of more than 20% in frequency parameters (132 kHz to 109 kHz for tension
and 87 kHz to 56 kHz for shear) and an increase by three to four times in RA (278
us/V to 900 us/V for tensile and 1734 ps/V to 3908 ps/V for shear). Indeed, scattering
is quite strong in this kind of material due to inhomogeneity which distorts the shape
of the propagating pulse resulting also in considerable attenuation especially at the
higher frequencies. Complimentary to scattering, viscous damping of the material
contributes to loss of transmitted energy to heat, resulting in a decrease in amplitude

of 5 to 6 dB between the first and second receiver.
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3.1.5. Discussion

Combining the information of Table 3.1. 1, an illustration of an AE waveform typical

of each mode, as recorded by the sensor at 15 mm is shown in Figure 3.1. 11.
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Figure 3.1. 11 Typical waveforms attributed to different fracture modes (distance 15
mm).

The “tensile” waveform has an amplitude much higher than shear, while it is also
characterized by shorter “rise time” (30 us compared to 60 ps). Additionally the total
duration of a tensile signal is significantly shorter than shear.

The above mentioned results show that the separation of fracture modes is tangible in
laboratory conditions. The characterization in real structures would also be tangible if
it weren’t for the signal distortion and attenuation that occurs in heterogeneous
materials. Along with the sensor’s response this is another parameter that renders the
application of AE case-specific and does not allow fully exploiting its potential in real

structures [29]. If distortion is not taken into account, tensile signals monitored at
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longer distance (55 mm) may well be overlapped with shear signals received at 15
mm from the source, see Figures 3.1 (9) and (10). This would prevent from applying
characterization in real structures where the distances between cracks and sensors are
typically of the order of meters and highlights the importance of incorporating the
distance that the wave travelled from the crack tip to the sensor. Fortunately
contemporary AE equipment includes software with powerful location algorithms.
Therefore, the time delay between acquisition of waveforms of the same event at
different positions, leads to calculation of the crack location in real time, enabling an
inverse procedure for evaluation of the signal as-emitted by the crack before distortion

due to inhomogeneity is accumulated in the as-received by the sensor waveform [16].

Another issue that should be highlighted concerning the specific study is that although
cement mortar can be regarded as macroscopically homogeneous concerning the
stress analysis, still the material contains grains of average size 2 mm. Therefore, it is
reasonable that the crack propagates on the interphase between the matrix and the
inclusions and the macroscopically simulated or expected stress fields may somehow
differ from the actual in the micro-scale of the grain — matrix interphase. If the
material was totally homogeneous then the actual stresses would possibly be closer to
the shear stresses simulated. However, this study is focused on cementitious materials,
which in any case include sand grains and therefore, this is a realistic way to study
modes of fracture in cement-based materials. As a future task experiments on marble
specimens are scheduled. Also possible modifications in the geometry will be studied
in order to develop pure shear fracture, since currently low level normal stresses are
also developed on the tip of the notch. Upgrading the scale of the problem is also

being considered in order to facilitate concrete testing.

Finally, the sensors response function should be discussed. The results obtained refer
to a specific sensor type. This type may be considered broadband compared to other
resonant AE sensors but still its response is far from being flat. Therefore, the
waveforms captured are certainly influenced by the sensor “preferences”. The specific
values obtained would definitely differ if other pair of sensors had been used in the
experiment. However, what is emphasized herein, is the change between the
emissions of the different fracture modes and separation distances. All the
experiments were conducted by the same pair of sensors so that any distinct trends are
attributed directly to the fracture mode and separation distance. In any case, in the
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field of concrete AE, standardization is currently being attempted [17] meaning that
for the proposed type of sensor a similar procedure could be undertaken to establish a

database with the AE fingerprints of fracture modes at various propagation distances.

3.1.6. Conclusions

The present experiment deals with the nondestructive monitoring of the fracture
process in cementitious materials using the acoustic emission technique. The main
aim is to characterize the acoustic signature of fracture modes. For this reason, the
tensile and shear fracture mode were investigated. Both types of experiments were
conducted using the same loading equipment with slight modifications. Elementary
finite element analysis showed that the modifications were actually effective to alter
the stress field and shift from the normal tensile stresses (responsible for fracture in
three point bending) to dominant shear stress. Monitoring with broadband AE sensors
revealed distinct trends for the different fracture modes. Specifically, AE signals from
tensile tests exhibit higher amplitude and frequency, while shear modes exhibit longer
duration and lower rising angle, as measured by the RA value. The results show that
accurate characterization of modes is possible in laboratory based on simple features
recorded by a single AE sensor. This would be very beneficial for warning against
final failure since, cracking modes generally follow a sequence during fracture.
Results also highlight the need to jointly study AE with elastic wave propagation,
since an additional distance of a few centimeters alters significantly the frequency
content and shape of the acquired waveforms. This is an important parameter that
needs to be amended in order to fully exploit the capabilities of AE in laboratory and

expand its application for reliable characterization in real structures.
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3.2. Concrete®

3.2.1.  Purpose

The characterization of the dominant fracture mode may assist in the prediction of the
remaining life of a concrete structure due to the sequence between successive tensile
and shear mechanisms. Acoustic emission sensors record the elastic responses after
any fracture event converting them into electric waveforms. The characteristics of the
waveforms vary according to the movement of the crack tips, enabling
characterization of the original mode. In this study fracture experiments on concrete
beams are conducted. The aim is to examine the typical acoustic signals emitted by
different fracture modes (namely tension due to bending and shear) in a concrete
matrix. This is an advancement of a recent study focusing on smaller scale mortar and
marble specimens. The dominant stress field and ultimate fracture mode is controlled
by modification of the four-point bending setup while acoustic emission is monitored
by six sensors at fixed locations. Conclusions about how to distinguish the sources
based on waveform parameters of time domain (duration, rise time) and frequency are
drawn. Specifically, emissions during the shear loading exhibit lower frequencies and
longer duration than tensile. Results show that combination of AE features may help
to characterize the shift between dominant fracture modes and contribute to the
structural health monitoring of concrete. This offers the basis for in-situ application
provided that the distortion of the signal due to heterogeneous wave path is accounted

for.

* Adapted from “Acoustic emission signatures of damage modes in concrete” Proc.
SPIE 9062, Smart Sensor Phenomena, Technology, Networks, and Systems
Integration 2014, 90620P (22 April 2014); doi: 10.1117/12.2044750, ISBN
9780819499882.
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3.2.2. Introduction

The fracture of structural materials follows a sequence; micro-cracking due to tensile
stresses is initially induced and consequently shearing phenomena are observed[1].
Monitoring of the dominant fracture type (tensile/shear) provides information on the
structural condition and enables evaluations on its remaining life. Fracture monitoring
can be conducted by the acoustic emission (AE) technique, which records the elastic
pulses after crack nucleation and propagation incidents. This is done by piezoelectric
sensors placed on the surface of the material[2]. Different studies have been published
concerning the characterization of the fracture mode [3,4], monitoring of other
processes like concrete self-healing [5] and damage evolution [6,7]. Classification
results are quite successful under laboratory conditions. Apart from processes like
debonding or pull-out that resemble shear motion and can be separated from tensile
cracking [3,4], recently shear and tensile fracture of the matrix material itself has been
targeted in mortar and granite specimens[8]. In this experiment, the shear and bending
modes are directly applied in concrete as an upgrade of the previous study on mortar.
The experiments are based on four-point bending. Bending results in a tensile fracture
starting from the bottom of the beam. To create shear conditions, a modification to the
basic set up was applied, by decreasing the free span at the bottom and leaving only a
small zone for fracture. AE was monitored by six sensors (two resonant and four

broadband) in both set ups.

Some of the basic parameters of an AE waveform that is recorded by the piezoelectric
sensors are the amplitude, A (Volts or dB) and the energy (area under the rectified
signal envelope, usually dimensionless). Additionally, the duration (delay between
first and last threshold crossings) and rise time, RT (delay between the first threshold
crossing and peak amplitude in ps) are connected to the original fracture mode.
Frequency content is measured by average frequency, AF, which is the number of
threshold crossings over the duration of a signal and the central frequency, CF, which
is the centroid of the frequency of the spectrum measured in kHz. In general, RT
obtains higher values for shear events, rather than tensile due to the stronger shear
wave component excited. Frequency on the other hand is higher for the tensile events
[3,4,7,8].
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3.2.3.  Experimental Details

3.2.3.1. Materials and mechanical testing

One concrete mixture was produced consisting of eleven specimens. The specimens
were prismatic beams of size 100x100x400 mm. The aggregates consisted of 56%
crushed sand, 13.87% fine gravel and 30.13% coarse gravel with maximum aggregate
size 31.5 mm, while the water/cement ratio was 0.70 by mass. The density and the
water absorption of the crushed sand were 2601 kg/m3 and 0.98 %, of fine gravel
2621 kg/m3 and 0.75 %, of coarse gravel 2681 kg/m3 and 0.61 % respectively. The
cement type was CEMII/A-M(P-LL). The exact mix proportions were as follows:
cement (type Il 42.5N) 80 kg/m3, cement (type Il 32.5N) 200 kg/m3, water 195
kg/m3, crushed sand 1050 kg/m3, fine gravel 260 kg/m3, coarse gravel 565 kg/m3 ,
retarder - plasticizer (CHEM 1) 1.54 kg/m3, retarder - plasticizer (CHEM 1II) 1.96
kg/m3 . The actual bulk density of concrete was 2359 kg/m3) while the ambient
temperature was 25 oC. The workability as measured by the slump test was 11 cm.
The specimens were cured in water saturated with calcium hydroxide at 23 +2 oC.
The average compressive strength of three days was fc(3)= 18.0 MPa, of seven days
fc(7)= 24.7 MPa and of twenty eight days was fc(28)= 33.8 MPa (with a standard
deviation of 3.0 MPa).

To establish the flexural testing of the prismatic beams, the BS EN 12390-5:2000
standard was followed. Four of the prismatic beam specimens were subjected to four-
point bending (Figure 3.2. 1a), with a bottom span length of 300 mm. The tests were
conducted on a servo-hydraulic Instron Model 5967 (30kN Capacity) and the third
point loading was applied to the specimen without eccentricity and torque. The load
was applied at a constant rate of 166.7N/sec up to the breaking point. The specimens
failed with a vertical crack in the middle of the bottom span, as seen in Figure 3.2. 1
b.
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Figure 3.2. 1 (a) photograph of the prismatic beam specimen for four-point bending
testing, (b) Representation of the AE sensors location on the bending specimen
(distances in m)

The setup was modified for the test of the other seven specimens that were intended
for the shear mode, a steel tab of length of 140 mm was placed in the center above the
specimen when fresh in the mould (Figure 3.2. 2a). This created a reduction in cross
section, stress concentration points and enabled the distributed loading on the top side
by means of a metallic tab (Figure 3.2. 2b). Additionally two distributed supports at
the bottom were used. Although at the four-point bending test, the crack starts from
the central point of the bottom side due to the tensile stresses, for the modified test,
the metal tabs used for support reduce the free bottom span and leave only a small
zone available for shearing at one side of the specimen (left in Figure 3.2. 2b). The

load was applied at a constant rate of 166.7Nt/sec to the breaking point.

b . IJ ‘ ' 1_1 g o0 ¢
| - B
Sb{)m’ing Gt 11ing

/ AN
steel tab

steel tab

Figure 3.2. 2 (a) Concrete beam with reduced cross section for shear testing, (b) test
set up for the shear testing.
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A sketch of the test set up for the shear test is seen in Figure 3.2. 3a. It is noted that
small notches were applied at the shearing zone to dictate the side of the specimen
where fracture would occur. This enabled the placement of the AE sensors close to
the fracture surface in order to minimize attenuation effects. Figure 3.2. 3b shows the

crack in a typical specimen after fracture in the shear setup.
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Figure 3.2. 3 (a) Schematic representation of loading and support system at the shear
test set up, (b) shear test after fracture, a large crack is visible in the shear zone (see
arrow).

Concerning the developed stress field, it is clear that four-point bending nominally
results in pure tension at the bottom of the beam. The modified set up of the “shear”
experiment is certainly not as straightforward. Investigation with the finite element
method concerning a similar geometry but in smaller scale (40% of the present)
revealed that the maximum shear stresses acting on the notch are stronger than the
normal [9]. Therefore, it is certain that although the test is not pure shear, it is mixed-

mode with stronger shear than normal components.

3.2.3.2. Monitoring technique

AE was monitored by two types of piezoelectric sensors, namely the R15 (Physical
Acoustics Corp., PAC) with resonance nominally at 150 kHz, as well as the Pico
(PAC) which are considered more broadband with a sensitivity peak around 450 kHz.

In total six sensors were applied, namely four Pico and two R15. The signals were
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pre-amplified by 40 dB and were digitized by a sampling rate of 3 MHz in a PCI-8
board of PAC. In total six sensors were applied at the specimens in both cases of
bending and shear tests, namely four Pico and two R15 (see Figure 3.2. 1 for bending
and Figures 3.2. 2(b) and 3(b) for shear). The representation with the location of the
sensors for both setups is seen in Figures 3.2. (4) a and (b). Grease was applied
between the sensors and the specimen’s surface to enhance acoustic coupling, while
they were secured by tape during the experiment. All signals with amplitude higher
than 40 dB (0.01 V) were recorded, while for the analysis, the signals with energy
“zero” were disregarded. For location purposes the pulse velocity was measured by
pencil lead breaks to the value of 4500 m/s. (Figure 3.2. 5) shows a typical AE
waveform. Among many parameters that have been analyzed in AE literature,

particular attention in this study is given to RT and AF.
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Figure 3.2. 4 (a) Representation of the AE sensors location on the bending (a) and the
shear (b) specimen (distances in m)

A

AF=CNTS/DUR

v

Figure 3.2. 5 Typical AE waveform with main features.
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3.2.4. Results

Examples of the cumulative AE behavior for both types of fracture are shown in
Figure 3.2. 6 (as recorded by the nearest Pico sensor). Figure 3.2. 6 (a) concerns the
bending layout. For all specimens there is a scarce AE recording initially followed by
a rapidly accumulating stage which signifies the final failure of the specimen.
Concerning the shear layout, the AE curves exhibit an additional part of intermediate
inclination between the initial and the final part (Figure 3.2. 6b). Three stages could
be discerned, one of micro cracking with low number of emissions, the next with
evidently more serious cracking development and moderate AE rate and finally the
stage of final fracture when the rate of AE is maximum and signifies the end of the
experiment due to split of the specimen in two. This is a repeatable trend for all the
specimens fracture by the shear layout and shows damage in this case came more
gradually as compared to the bending. The population of the acquired signals is

comparable with an increase for shear by about 20% in average.
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Figure 3.2. 6 (a) Cumulative AE activity for bending tests in three concrete specimens
as recorded by two pico sensors per specimen located at 50 mm diametrically
opposite position from the cracking zone. (b) Cumulative AE activity for shear tests in
three concrete specimens as recorded by two pico sensors per specimen located at 50
mm diametrically opposite position from the cracking zone.
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Concerning specific AE parameters, Figure 3.2. 7 shows the average frequency vs.
rise time for the whole population of AE activity of the bending and shear tests of all
the concrete specimens as recorded by the pico sensors. Despite the certain overlap of
the numerous points in the AF-RT plane, a strong shift of the shear hits to lower AF
and longer RT is evident. This is also shown by the difference between the averages
of the two populations (see larger symbols). There is a difference of almost 100 kHz
in AF between tensile and shear average values, while the average RT of the shear is
again visibly higher than the tensile.

Table 3.2. 1 includes the averages of AF and RT as measured by the broadband and
the resonant sensors. The total number of emissions was more than one thousand of
hits for both bending and shear cases for all specimens combined. Monitoring with
broadband sensors shows the different frequency characteristics, bending produced an
average of 281 kHz while shear testing resulted in 192 kHz. Additionally, the RT of
shear is 32% longer than bending (747 pus over 563 us). These trends confirm the
corresponding results obtained in mortar and marble [10]. Resonant sensors manage
to catch a difference in rise time though it is only 11%, while they do not register

systematic changes in frequency.
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Figure 3.2. 7 Average frequency vs. rise time for bending and shear tests in all
concrete specimens as recorded by all the pico (four) sensors per specimen.
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Table 3.2. 1 AE parameters for the different fracture modes with two different types of
Sensor in concrete specimens

AF RISE time
(kHz) (1s)
Bending
(broadband) 281 563
Shear (broadband) | 192 747
Bending (resonant) | 210 392
Shear (resonant) 211 436

Despite the large overlap of the data, the differences in averages are very important.
The experimental scatter is inherent with AE measurements and comes mainly by the
random nature of fracture, since each crack propagation event cannot be identical to
the previous of next. This variability is certainly passed into the AE data, something
that does not occur for example in ultrasonics, where the excitation may always be
identical. However, the analysis of AE does not depend on single hits but on large
populations of data. Therefore, trends and average values obtain great significance

and are indicative of any shift in the fracture process.

It should be kept in mind that in a heterogeneous medium like concrete, the results
always depend on the distance between the cracking sources and the position of the
sensors. The texture of the material imposes strong damping and scattering altering
the waveform characteristics [11,12]. In this case, the presented results concern the
whole number of broadband sensors and therefore, the effect of propagation distance
although it is certainly included in the results, does not mask the trends and some
differences between the two modes can be seen. However, a more thorough
investigation by separating the data to different zones (shorter/medium/longer)
propagation distance would clear the differential effect of scattering which is now

included in the data.
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3.2.5. Conclusions

The present experiment presents the AE behavior of concrete beams under two
different fracture modes. Specifically, the beams were subjected to four-point bending
and shear stress and their activity was monitored by several AE transducers. Despite
the large experimental scatter, which is certainly inherent to the measurement of AE
and fracture processes, distinct differences in waveform characteristics were
registered. Specifically, bending, which is expressed by tensile stress cracking at the
bottom of the beam, exhibited frequency content of emissions nearly 50% higher than
shear in average. Additionally, it registered shorter waveforms with much shorter rise
time. These changes are important because they can lead to the determination of the
active fracture by non destructive and passive AE monitoring. This can help in the
study of materials' fracture in controlled conditions, while even in real conditions, the
determination of the damage mode will enable the evaluation of the fracture stage and

would allow projections on the remaining life span.
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3.3. Marble and comparison with Mortar*

3.3.1.  Purpose

The present study deals with the examination of the acoustic emission signatures of
distinct fracture modes. Tensile and mixed mode cracking is excited in specimens of
marble and cement mortar and the acoustic emission behavior is monitored. Tensile
cracking incidents show a preference to higher frequencies and shorter waveforms
unlike shear events. The results imply that adequate analysis of simple AE features
enables the characterization of the current fracture condition of the material and
consequently predictions on the remaining safe service life for monolithic, as well as

microstructured materials.

3.3.2. Introduction

Fracture of structural materials in most cases follows a sequence, tensile stresses
induce initial micro-cracking and later shear phenomena dominate as damage is being
accumulated (Ohtsu 2010). ldentification of the active damage mode may well
provide real time information on the status of the structural integrity of the material
and allow predictions on its useful life span. Acoustic emission (AE) is a method
suitable for damage monitoring since it utilizes the transient elastic waves after any
crack propagation event. AE enables monitoring of crack growth with sensors
mounted on the material surface. These sensors record the response after each
cracking incident and transform it into electrical voltage due to their piezoelectric
nature (Shull 2002). Several laboratory efforts have been published concerning
characterization of the cracking mode (Aggelis 2011, Ohno and Ohtsu 2010, Aggelis
et al. 2010), monitoring of other processes like healing (Van Tittelboom et al. 2012)

* adapted from “Acoustic signature of different fracture modes in marble and

cementitious materials under flexural load” published in Mechanics Research

Communications, Volume 47, January 2013, Pages 39-43
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and progression of damage (Aggelis et al. 2011, Yonezu et al. 2010). However, in
most of the cases of fracture monitoring, tensile cracking came from the direct tensile
stresses on the matrix material (e.g. lower surface of a concrete beam under bending)
while shear phenomena developed not by shear stresses directly on the matrix but by
phenomena like frictional pull-out of steel fibers (Aggelis 2011), detachment of
reinforcing bars (Ohno and Ohtsu 2010) or delamination between successive plies
(Aggelis et al. 2010). In this study the shear cracking due to shear stresses on the
matrix is directly targeted and the AE activity is compared to reference tests of tensile
fracture on specimens of the same type and size. Two kinds of structural materials are
used, namely marble and cementitious mortar. The first is an example of monolithic
material while the latter contains microstructure in the size of few mm due to the sand
grains. The interphase between the cement matrix and the grains may well dictate the
path of the crack despite the external stress field and therefore, the acoustic behavior
between fracture of the two material systems (monolithic and microstructural) can be
compared. The experiments are conducted on a three point bending set up. Bending
produces a fracture due to pure tensile stresses on the bottom surface of the material.
With a slight modification of the setup, fracture due to shear stresses was also
examined, as will be discussed below. Two AE transducers were used at certain
distances from the crack in order to monitor the same AE event on two positions and
make additional conclusions on the signal distortion as it propagates through different
types of materials (Aggelis et al. 2012, Sause et al 2012). This is important since AE
signals, being elastic waves, suffer distortion and amplitude reduction due to
scattering and damping. If this is not taken into account it may well result in
erroneous conclusions when sensor separation distances are long since the basic
characteristics of the waveforms are considerably changed compared to the emitted

signal.

AE transducers are piezoelectric, and therefore the amplitude, A of a recorded AE
waveform is measured in Volts or dB. Indications of the released -by the fracture
event- energy are: the measured area under the rectified signal envelope, simply
called “energy” or the “absolute energy” with units of Joule (Zarate et al. 2012).
Other important parameters are the duration (delay between first and last threshold
crossings), rise time, RT (delay between the first threshold crossing and peak

amplitude point in ps) and RA, which is RT over A measured in ps/V. Representative
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frequency features are the average frequency, AF, which is the number of threshold
crossings over the duration of a signal and the peak frequency, PF, which is the
frequency of the spectrum with the maximum magnitude, both measured in kHz. It
has been shown that RA undergoes a certain increase as the dominant fracture mode
shifts from tensile to shear, while frequency indicators undergo strong decrease
(Aggelis 2011, Ohno and Ohtsu 2010, Aggelis et al. 2010, Shiotani 2006).

3.3.3.  Experimental details

Two types of materials were used, namely cement mortar and marble. The specimens
were prismatic of size 40x40x160 mm. Two similar mortar mixtures were produced
consisting of six specimens each containing approximately 60 % vol. of sand grains
the maximum size of which was 4.75 mm, while the water to cement ratio by mass
was 0.55. This led to a density of 2217 kg/m3. Six of the specimens were subjected to
three-point bending according to EN 13892-2:2002, see Figure 3.3. 1 (a), with
constant rate of loading.

Marble
specimen

Figure 3.3. 1 (a) Three point bending test of mortar and (b) shear test of marble with
concurrent AE monitoring by two sensors.
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A slight modification was done for the other six specimens that were intended for
study of the shear fracture mode. Specifically, a metal tab of length of 50 mm was
placed on top center of the specimen, Figure 3.3. 1(b). This was escorted by
distributed support at the bottom considerably altering the stress field. While at the
three point bending test, the crack is bound to start from the central point of the
bottom side due to the tensile stresses, for the modified test, the metal tabs reduce the
free bottom span and leave only a small zone available for shear fracture at one side
of the specimen (right in Figure 3.3. 1b). The marble specimens were tested on the
same experimental set up (three specimens for bending and three for shear.) The
specific slab used to cut the specimens was of the “Afyon white”” marble type and had
a density of 2727 kg/m3. Figures 3.3. 1(a) and (b) show typical specimens after the
bending and shear test respectively.

Simple finite element stress analysis was also performed to evaluate the different
stress fields for the “shear-like” experiment. It was shown that at the unsupported
zone (see Figure 3.3. 1b), the strongest stress component was shear although normal
stresses were also developed. Therefore, it can be considered that pure tensile (from
three point bending) and shear to mixed-mode fractures can be compared.

AE measurements were conducted via two broadband sensors (Pico of Physical
Acoustics Corporation, PAC). Their maximum sensitivity is at 450 kHz while their
response from 300 to 600 kHz is with -3dB from the maximum, see also (PAC
website). They were attached to the side of the specimen, as seen in Figure 3.3. 1,
with grease to enhance acoustic coupling, while they were secured by tape. The first
sensor was placed in a horizontal distance of 15 mm from the cracking zone, while
the second in 55 mm. The cracking position was secured by notches that were
machined on marble specimens. The monitoring board was a two-channel PCI-2 of
PAC and the sampling rate was 5 MHz. The threshold and the pre-amplifier gain
were both set to 40 dB.

3.3.4. Results

Initially the behavior of representative specimens will be discussed and then the

results will be generalized for the whole population of specimens. For both types of
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fracture tests, the acoustic emission cumulative activity exhibits a type of sigmoidal
curve; a number of hits are recorded at an early stage of the experiment, followed by
a period of moderate and constant emission rate, as seen in Figure 3.3. 2 a for two

marble specimens.
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Figure 3.3. 2 (a) Cumulative events for bending and shear tests in two marble
specimens. (b) Peak frequencies for the same events as recorded by the sensor at 15
mm away from the cracking zone. The symbols stand for the PF of the corresponding
events, while the solid lines for the moving average of five points.
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The highest AE rate comes with the final fracture and the separation of the specimens
in two parts. The cumulative number of events is approximately twenty for this kind
of marble specimen. Concerning qualitative characteristics of AE, at the fracture
moment of the shear experiment (around 72 s), out of twelve recorded events, only
three exhibited peak frequency (PF) around 500 kHz and nine PF around 200 kHz
(see Figure 3.3. 2b). On the contrary for the bending experiment and the
corresponding moment of macroscopic fracture just after 100 s, out of totally ten
recorded events, only one exhibited frequency around 200 kHz and nine between
400-500 kHz. This observation shows that events due to pure tensile stresses show a
preference to higher frequencies, while shear or mixed-mode show preference to
lower ones. Representative FFT spectra from the two groups of the signals (of higher
and lower peak frequency) are seen in Figure 3.3. 3.
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Figure 3.3. 3 FFT spectra of indicative AE waveforms of lower and higher peak
frequencies.

The first has a peak magnitude at 224 kHz (typical of shear) while the other at 490
kHz which is typical of tensile cracking in this study. Apart from the peak of 224
kHz, the “shear” spectrum exhibits content below 200 kHz while the “tensile” has

negligible content below 300 kHz but exhibits random peaks up to 800 kHz.
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This trend indicatively depicted for two specimens is generalized for the whole
population of the AE events recorded during fracture of the bending and shear
specimens. Figure 3.3. 4a shows the correlation plot between PF and rise time (RT)
for all the events recorded by the nearest transducer (15 mm from the crack) for the

whole population of marble specimens (three for shear and three for bending test).
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Figure 3.3. 4 Peak frequency vs. Rise time for all the events recorded in marble by (a)
the near sensor, (b) the furthest sensor. (c) and (d) concern events in mortar for the
near and the furthest sensor respectively. (Larger symbols of each type stand for the
average of the points of the same type).
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For shear fracture only a small portion of the population reaches 500 kHz, while most
of the signals are below or around 200 kHz. For the signals coming from bending test
the population is approximately equally dispersed in the bands of 100-200 kHz and
400-500 kHz, resulting in an average value of 300 kHz, considerably higher than the
242 kHz of shear, see large symbols in Figure 3.3. 4a. Figure 3.3. 4b shows the same
events as captured by the furthest transducer (55 mm away from the crack). The
results follow the same general trend while the frequencies are reduced due to the
accumulated effect of attenuation of the longer distance. This decrease may seem
limited, but considering that it occurs over just 40 mm of additional propagation
between the two sensors, it bears great significance for larger specimens and

definitely for actual application in structures, as will be discussed later.

The results of Figures 3.3. 4(a) and (b) concern marble material which can be
considered macroscopically homogeneous. Similar experiments have been conducted
in cementitious materials, as mentioned earlier. These specimens have microstructure
in the form of sand grains, air bubble of similar size to the sand grains, as well as
capillary porosity. In this case due to the weak cement paste — sand interphase the
path of the crack is dictated around grains since they are stiffer than the matrix.
Therefore, even though macroscopically a stress situation can be assumed or a stress
field calculated, this may well differ from the actual stress condition responsible for
the crack propagation around the microstructure. This was the reason to employ both
types of materials in this study. Figures 3.3. 4(c) and (d) show the correlation plots
between PF and RT for cementitious materials as recorded by the near and the far
sensor respectively. The trends only slightly change compared to the behavior of
marble. For the nearest sensor (Figure 3.3. 4c) two main groups of points are
observed. The higher frequency group (400 — 500 kHz) is much more densely
populated by events of the tensile mode than shear, while several events with peak
frequencies below 200 kHz are noted for both modes. Concerning the furthest sensor
in Figure 3.3. 4d, the shear mode exhibits only one event near 500 kHz while the
number of tensile events remains large though certainly reduced compared to the
nearest sensor. The drop of average value of PF (see large symbols, especially of the
“shear” signals) between the two sensors is more evident for mortar than for marble,

something attributed to the more attenuative microstructure of cementitious materials.
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Concerning RT the differences are similarly strong with the RT of the shear events

being approximately 3 times longer than tensile in average value.

In order to discuss the trends on a firm basis, Table 2.2.3. lincludes the average and

coefficient of variation of important AE parameters.

Table 3.3. 1 Average values of AE parameters.

Material Distance from | Rise  Time | Peak Amp
event (us) Frequency (dB)
(kHz)
Tensile | Close (15 mm) | 136 (101%) | 300.3 (47%) | 48.1 (8%)
Marble Far (55 mm) 144 (71%) 289.6 (48%) | 47.9 (8%)
Shear | Close (15 mm) | 439 (263%) | 242.8 (56%) | 52.8 (13%)
Far (55 mm) 472 (256%) | 221.7 (49%) | 51.5 (13%)
Tensile | Close (15 mm) | 31.3 (191%) | 295.5 (57%) |57.9 (12%)
Mortar Far (55 mm) 38.3(135%) | 229.2 (62%) | 52.6 (11%)
Shear Close (15 mm) | 102.6 (245%) | 180.6 (85%) | 53.5 (13%)
Far (55 mm) 182.9 (320%) | 104.9 (68%) | 49.2 (13%)

(in parenthesis the coefficient of variation)

Therefore, comparisons can be made between different materials, fracture modes and
distances to the crack. The first trend that should be pointed out is that the “shear”
events repeatedly exhibit longer RT than the “tensile” for the same material and
sensor distance. For marble, the average RT of the tensile mode is around 140 ps
while for shear it is almost 440 ps being more than three times longer. The increase is
analogous for mortar with the values being in general much shorter than marble (31
us for tension compared to 103 ps for shear). Concerning frequency characteristic,
shear fracture exhibits constantly lower PF than tension (e.g. 243 kHz compared to
300 kHz for marble and 180 kHz compared to 296 kHz for mortar for the nearest

sensor).

It is worth to mention that the additional propagation distance of 40 mm has a strong
effect on the waveform shape. It increases RT for all materials (6-7% for marbles and
up to 75% for mortar). This is related to the microstructure of the material, which

exhibits stronger scattering characteristics in cement-based materials. The energy of
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an ultrasonic pulse propagating through the medium is dispersed in time due to
multiple scattering on inhomogeneities (Tsinopoulos et al. 1999) and this has an
effect on the duration of the rising part as well as the main frequency content of the
signal. Similarly the PF is consistently lower at the 2nd transducer for all cases. The
decrease between sensors is again more evident in mortar where PF drops by about 70
kHz, while the decrease in marble is less than or about 20 kHz. The same decreasing
trend is noted for amplitude, where events in marble suffer a drop of about 1 dB,
while events in mortar lose 4 to 5 dB for the additional propagation of 40 mm,

something again attributed to the microstructure of cementitious materials.

For AE waveform features the variation is quite large and especially for the RT the
coefficient of variation (standard deviation over the average) is of the order of 100%
or more. This is inherent to AE measurements since the amount of crack displacement
during each event and the state of the material as damage is being accumulated are
continuously changing. This randomness is inevitably transferred to the AE results, in
contrast to e.g. ultrasonic measurements where the excitation and the medium through
which propagation occurs are usually constant. Completely separating populations of
tensile and shear signals would be desirable, however, the fact that the AE parameter
averages of tension and mixed mode fracture are quite far apart is of great
significance for material science and engineering research, as it enables the correct
characterization of shifting trends in real time. It is also very important to mention
that this parameter-based approach is easy to perform and requires just a few sensors
in order to monitor the process offering therefore the potential for in-situ use in
contrast to other laboratory oriented approaches like the moment tensor analysis that

requires practically eight sensors for mode classification (Ohno and Ohtsu 2010).

It should be noted that the specific values of AE features and frequencies certainly
depend on the response characteristics of the transducers. The specific sensors,
although considered broad band, still exercise certain influence on the acquired
waveforms. However, since the same set of transducers is used throughout the testing
series, any differences can be attributed to the fracture mode or propagation distance.
It is shown therefore, that broad band AE sensors can monitor the differences of
fracture modes while using other set of transducers, the discrepancies would still be
monitored though most likely with different values of AE parameters. It is mentioned
that the above trends concern the specific materials tested. Although the AE
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characteristics depend on the transient displacement of the crack sides dictated by the
active fracture mode, the microstructure of the materials is also important and
therefore, similarities to other type of structural materials like wood or steel should
not be taken for granted.

3.3.5. Conclusions

The present experiment examines the evidence of the AE signature of different
fracture modes in cementitious mortar and marble materials under flexural load. This
subject exhibits strong interest from the engineering point of view since usually a
specific sequence of failure mechanisms is followed in actual fracture. Passive
monitoring can reveal the dominant fracture mode and help the estimation of the
remaining life of the material. Materials with different microstructure were tested in
bending and shear, namely marble as a typical homogeneous material and cement
mortar as a material with microstructure on the level of millimeters. Simple
alterations on the experimental set up allowed triggering different fracture modes.
The results show firm evidence that actually the different fracture modes (tension and
mixed mode) exhibit different AE signatures in terms of frequency and waveform
shape parameters like the rise time. Shear fracture exhibits lower frequency and
longer waveforms in average. Collecting an adequate population of signals may
certainly help to distinguish the dominant fracture mode despite the inherent variation
on the measurements. A noteworthy detail is that the distance between the cracking
source and the sensor is of primary importance, since an additional propagation of 40
mm poses substantial changes in the values of AE features for both materials. . Any
AE monitoring should therefore be combined with elastic wave propagation study,
since the distortion and attenuation imposed by the medium may well mask the
original characteristics of the emitted wave even in small laboratory samples. Future
efforts should employ larger concrete specimens and recording of signal by more
sensors and longer propagation distances while the testing set up could be improved
by the aid of FEM analysis in order to result to pure shear fracture instead of mixed

mode.
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3.4. Granite and comparison with Mortar °

3.4.1. Purpose

The prediction of the remaining life of a structure can be assisted by the
characterization of the current cracking mode. Usually tensile phenomena precede
shear fracture. Due to the different movement of the crack sides according to the
dominant mode, the emitted elastic energy possesses waveforms with different
characteristics. These are captured by acoustic emission sensors and analyzed for their
frequency content and waveform parameters. In this study fracture experiments on
structural materials are conducted. The goal is to check the typical acoustic signals
emitted by different modes as well as to estimate the effect of microstructure in the
emitted wave as it propagates from the source to the receivers. The dominant fracture
mode is controlled by modification of the setup and acoustic emission is monitored by
two sensors at fixed locations. Signals belonging to tensile events acquire higher
frequency and shorter duration than shear ones. The influence of heterogeneity is also
obvious since waveforms of the same source event acquired at different distances
exhibit shifted characteristics due to damping and scattering. The materials tested
were cement mortar, as a material with microstructure, and granite, as representative
of more homogeneous materials. Results show that in most cases, AE leads to
characterization of the dominant fracture mode using a simple analysis of few AE
descriptors. This offers the potential for in-situ application provided that care is taken
for the distortion of the signal, which increases with the propagation distance and can

seriously mask the results in an actual case.

> Adapted from “Acoustic emission signatures of damage modes in structural
materials” Proc. SPIE 8694, Nondestructive Characterization for Composite
Materials, Aerospace Engineering, Civil Infrastructure, and Homeland Security 2013,
86940T (16 April 2013); doi: 10.1117/12.2008942
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3.4.2. Introduction

Most structural materials follow a sequence while fracturing, initially tensile stresses
induce micro-cracking and consequently shear stresses or phenomena become active
[5]. Characterization of the damage mode provides real-time information on the
structural integrity of the structure and allows estimations on its useful life span.
Acoustic emission technique (AE) is capable of damage monitoring since it records
the stress waves after any crack propagation event. AE enables monitoring crack
development with sensors placed on the surface of the material [8]. Several laboratory
efforts have been published relatively to the characterization of the fracture type [3,4],
monitoring of other processes like healing [9] and progression of damage [11,3].
Though classification results can be considered quite successful in the laboratory, in
most of the cases, tensile cracking came from the direct tensile stresses on the matrix
material (e.g. lower surface of a concrete beam under bending) while shear
phenomena developed not by shear stresses directly on the matrix but by phenomena
like frictional pull-out of steel fibers [3], detachment of reinforcing bars [4] or
delamination between successive plies. In this experiment the shear cracking of the
matrix due to shear stresses is applied and the AE activity is compared to tests of
tensile fracture on similar specimens. Two kinds of structural materials are used,
namely granite and cement-based mortar. The first is monolithic material while the
latter contains microstructure due to the sand grains and air bubbles. Since the
interphase between the cement and the sand grains is weak it dictates the path of the
crack without necessarily following the external stress field. Therefore, the acoustic

behavior between the two material systems is compared.

The experiments are based on a three-point bending set up. Bending leads to a tensile
fracture on the bottom surface of the material. Applying a slight modification of the
set up, fracture due to shear stresses was also examined, as will be discussed below.
AE was monitored by two sensors at certain distances from the crack and enable
conclusions on the signal distortion as it propagates through different types of
materials. This is important since AE signals, being elastic waves, undergo distortion
and amplitude reduction due to scattering and attenuation. If this is not accounted for

it will result in erroneous results especially when sensor separation distances are long.
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This is because the characteristics of the waveforms change compared to the emitted

signal due to propagation in a heterogeneous medium.

Some important parameters of an AE signal is the amplitude, A, and is measured in
Volts or dB. Other descriptors are the energy (area under the rectified signal
envelope), the duration (delay between first and last threshold crossings), rise time,
RT (delay between the first threshold crossing and peak amplitude in ps) and RA,
which is RT over A measured in ps/V. Indicative frequency features are the average
frequency, AF, which is the number of threshold crossings over the duration of a
signal and the peak frequency, PF, which is the frequency of the spectrum with the
maximum magnitude, both measured in kHz. In general RA exhibits strong increases
as the fracture mode shifts from tensile to shear, while frequency parameters show
decrease [3,4,2,7].

3.4.3.  Experimental Details

Two types of materials were used, namely cement mortar and granite. The specimens
were prismatic of size 40x40x160 mm. Two similar mortar mixtures were produced
consisting of six specimens each containing approximately 60 % vol. of sand grains
with maximum size of 4.75 mm. The water to cement ratio by mass was 0.55 and the
density of mortar was 2217 kg/m3. Six of the specimens were subjected to three-point
bending according to EN 13892-2:2002, see Figure 3.4. 1(a), with constant rate of
loading. The setup was modified for the test of the other six specimens that were
intended for the shear mode, a metal tab of length of 50 mm was placed in the center
above the specimen (Figure 3.4. 1(b)). Additionally two distributed supports at the
bottom were used. Although at the three-point bending test, the crack starts from the
central point of the bottom side due to the tensile stresses, for the modified test, the
metal tabs used for support reduce the free bottom span and leave only a small zone
available for shearing at one side of the specimen (right in Figure 3.4. 1(b)). The
granite specimens were tested on the same experimental set up and specifically three

specimens for bending and three for shear. The granite type was absolute black from
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India with a density of 2970 kg/m3. Figures 3.4. 1(a) and (b), show typical specimens

after the bending and shear test respectively.
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Figure 3.4. 1 (a) Three point bending and (b) shear test of granite with concurrent AE
monitoring by two sensors.

AE measurements took place with two broadband sensors (Pico, PAC) with good
response from 50 kHz to 800 kHz. They were attached on the front side of the
specimen as seen in Figure 3.4. 1. Grease was applied between the sensors and the
specimen’s surface to enhance acoustic coupling, while they were secured by tape
during the experiment. The first sensor was placed in a horizontal distance of 15 mm
from the cracking zone and the second 40 mm away from the first. The cracking
position was secured by notches that were machined on granite specimens. AE signals
were acquired on a two-channel PCI-2 of PAC with a sampling rate of 5 MHz. The

threshold and the pre-amplifier gain were 40 dB.

3.4.4. Results

For both types of fracture, the acoustic emission cumulative activity (as recorded by
the nearest sensor) exhibits a type of sigmoidal curve, as seen in Figure 3.4. 2 for two

mortar specimens. These specimens showed approximately fifty hits for shear and
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seventy hits for bending while the maximum rate of AE recording was at the final
fracture, which came at approximately 400 s for bending and 750 s for shear.
Concerning specific AE parameters, Figure 3.4. 3(a) shows the RA values of the
corresponding hits. Most of the hits from bending test are within 100 and 1000 us/V,
while only at the moment of final fracture some higher values are exhibited. On the
contrary, RA values of the shear test lie around the level of 1000 pus/V while at the
end even higher values are exhibited. The solid lines in the graph stand for the
average of recent five hits in order to show the trend more clearly. Constantly, the line
of shear is higher than the bending for the corresponding stage of the experiment. This
shows that events due to pure tensile stresses have quite short rise time and attain their
maximum peak quite early after their onset. On the other hand shear ones show a
different behavior since their RA value is generally higher.
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Figure 3.4. 2 Cumulative AE activity for bending and shear tests in two mortar

specimens as recorded by the sensor at 15 mm away from the cracking zone.

Figure 3.4. 3(b) shows the average frequency of the same specimens. Unlike the RA
values seen in Figure 3.4. 3(a), the hits originating from the bending test lie to higher
frequency ranges from 100 kHz to 400 kHz than the shear ones which do not pass

above 300 kHz. At the end both specimens exhibit low frequency emissions. Again
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the moving average (of recent five points) line shows clearly that there is
approximately a difference of 100 kHz between bending and shear.
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Figure 3.4. 3 (a) RA values of the AE signals of Fig. 2 and (b) AF of the same signals.
The symbols stand for the RA of the corresponding signals, while the solid lines for

the moving average of five points.
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In order, to discuss the results in a firm basis, Table 3.4. 1 includes the averages of
some important AE parameters of the whole population of hits for both sensors (15

mm away and 55 mm).

Table 3.4. 1 AE parameters for the different fracture modes and sensor distances in
mortar

Duration Av.  Freq. | Amplitude | RA

(us) (kHz) (dB) (us/V)
Bending (15 mm) | 554 175 54.6 2966
Shear (15) 600 110 515 5434
Bending (55 mm) | 509 163 53.8 4276
Shear (55) 693 83 50 5685

Quite strong differences are seen in most of the AE parameters. The AF of shear hits
is 40% less than bending for the nearest sensor, while the average amplitude is lower
by 3 dB. RA value on the other hand is higher by about 80% and duration is slightly
higher. The differences remain for the second sensor although with somehow
modified values. Actually despite the short propagation distance, remarkable
differences can be seen for the same population of events. Concerning bending the
furthest sensor records the hits with a frequency reduced by 12 kHz compared to the
first while for the shear the drop is stronger (83 kHz compared to 110 kHz, or 25%
decrease). This is due to attenuation which is more intensive for higher frequencies
and is due to damping and scattering. The same mechanism is responsible for the
decrease in amplitude by about 3 dB between the two receivers. Differences are also
noted in other waveform parameters like duration and RA since the nature of the
material imposes dispersion as has been shown in materials with microstructure
[1,10].

The trends of granite material are similar, Figure 3.4. 4 shows the cumulative AE
activity for typical bending and shear tests. In both tests the AE hit rate is increasing

smoothly up a point when a high and nearly constant rate is obtained around the
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moment of fracture. The total population of hits of the nearest sensor is of the order of
150 hits. However, it should be noted that this is not necessarily the case for different
granite types examined, some of which exhibited much less activity during fracture.
Figure 3.4. 5 shows the RT of the signals of Figure 3.4. 4 for the time window
focusing at the end of the experiment. For both specimens RT is quite limited for the
earlier part of the experiment while hits with progressively higher RT are exhibited as
final failure approaches. It is characteristic though that for the bending test only two
hits have RT longer than 2 ms, while for the shear the corresponding number is more
than five and some reach close to 7 ms. This is in accordance to the mortar test and

shows that for granite similar trends apply concerning the different fracture modes.
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Figure 3.4. 4 Cumulative AE activity for bending and shear tests in two granite
specimens as recorded by the sensor at 15 mm away from the cracking zone.
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Figure 3.4. 5 RT values of the AE signals of Figure 3.4. 6 .

Table 3.4. 2 shows the average values of AE parameters for the whole duration of the
tests. Again, the bending signals are shorter in duration and higher in frequency
content. The shear test on the other hand exhibits higher RA. Nevertheless, the
difference between the two sensors is obvious. The frequency decreases by about 20
kHz for the additional distance of 40 mm between sensor 1 (15 mm from the crack)
and 2 (55 mm). The amplitude drops by about 1 dB. Though the differences are
strong, they are much less striking than mortar, where frequency dropped by more
than 70 kHz for the same distance and the amplitude lost about 2-3 dB. This can be
attributed to the texture of the materials, mortar contains microstructure in the form of
sand grains, air bubbles and porosity that impose stronger attenuation and dispersion
[6]. On the other hand granite is much more homogeneous and therefore, the
differences for the same propagation distance is not as high, though they are still
strong. This shows that when testing materials with intense microstructure by means
of AE, one should be particularly careful for the distance between the crack and the
sensors as this may well impose a large percentage of deviation from the original

signal as emitted by the sensor.
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Table 3.4. 2 AE parameters for the different fracture modes and sensor distances in

granite
Duration Av.  Freq. | Amplitude | RA
(us) (kHz) (dB) (us/V)
Bending (15 mm) | 842 123 54.5 4221
Shear (15) 1182 106 54 5176
Bending (55 mm) | 554 123 51.9 5738
Shear (55) 1022 103 52.8 6453

The fact that the AE parameter averages of tension and shear (or mixed mode)
fracture are quite far apart for each material is of great significance for material
science and engineering research, as it enables the correct characterization of shifting
trends in real time, even though the variation of AE descriptors is inherently large. It
is also important to mention that this parameter-based approach to separate the signals
according to the corresponding fracture mode is easy to perform and requires just a
few sensors in order to monitor the process. Therefore, it offers the potential for in-

situ use.

It should be noted that the specific values of AE features and frequencies certainly
depend on the response characteristics of the transducers. The specific sensors,
although considered broad band, still exercise certain influence on the acquired
waveforms. However, since the same set of transducers is used throughout the testing
series, any differences can be attributed to the fracture mode or propagation distance.
It is shown therefore, that broad band AE sensors can monitor the differences of
fracture modes while using other set of transducers, the discrepancies would still be

monitored though most likely with different values of AE parameters.
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3.4.5. Conclusions

This experiment presents the measurements on the AE signals of different fracture
modes. The subject exhibits strong engineering interest since usually a sequence of
fracture mechanisms is followed in material failure. Passive monitoring by AE reveals
the dominant fracture mode and enables the evaluation of the remaining life of the
material. Materials with different microstructure were tested. Specifically, granite as a
typical homogeneous material, and cement mortar as a material with heterogeneity,
were examined in bending and shear modes. Modifications on the experimental set up
allowed triggering different types of failure. The results show reliable trends that the
different fracture modes (tension and shear or mixed mode) exhibit different AE
signatures in terms of frequency and waveform shape. Shear events exhibits lower
frequency and longer waveforms. Collecting an adequate population of signals helps
to discriminate the active fracture mode. Additionally, the distance between the
cracking source and the sensor is important, since an additional propagation of 40 mm
influences substantially the values of AE features. AE monitoring should therefore, be
combined with elastic wave propagation studies in order to avoid masking the
characteristics of the emitted wave by the distortion and attenuation of the medium.
Future efforts should employ larger concrete specimens and recording of signal by
more sensors and longer propagation distances while the testing set up could be
improved by FEM analysis in order to result to pure shear fracture instead of mixed

mode.
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3.5.  Acoustic emission signatures of different fracture
modes in plain and repaired granite specimens °

3.5.1. Purpose

In this study, bending and shear fracture experiments on healthy and adhesively
repaired granite samples with concurrent acoustic emission (AE) monitoring are
discussed. AE can characterize the shift between the fracture modes using simple
features analysis. It is the first time that such a direct correspondence between the
stress field and the results of a monitoring technique emerges for granite. This offers a
new insight in the material’s behavior especially in relation to complicated geometries

where the dominant stress mode is not known a priori.

3.5.2. Introduction

Fracture of structural materials exhibits a typical succession. Micro-cracking due to
tension occurs with low to moderate load and later shear phenomena tend to dominate
[1]. Defining of the main fracture mode provides information on the fracture process
and the structural behavior of the materials and structures. A suitable way to monitor
fracture is the acoustic emission (AE) technique. AE utilizes piezoelectric sensors
attached on the surface of the material to record the stress waves triggered after crack
nucleation and propagation events in analogy to the earthquake activity but in smaller
scale [2-4]. Several studies have been published on monitoring of fracture evolution
[5-8], monitoring of corrosion [9], healing [10] and creep in granite or other materials
[11,12]. AE signals from cracking and debonding have been separated in composite
structures, where in addition to the cracking of the matrix material, reinforcement in

the form of bars, fibers or patches was detached from the matrix [13-15]. Recently

® Adapted from “Acoustic signatures of different damage modes in plain and repaired
granite specimens” Proc. SPIE 9439, Smart Materials and Nondestructive Evaluation
for Energy Systems 2015, 94390L (March 27, 2015); doi:10.1117/12.2085040
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shear and tensile patterns of fracture in the matrix material itself have been targeted in
mortar, concrete and marble specimens [16-18]. This section presents the AE activity
during bending and shear tests of granite beams in laboratory. Mechanical behavior of
granite is of interest in different fields, from restoration of cultural heritage
monuments to underground engineering and excavation works [19-21]. AE has been
used for monitoring the fracture and localizing the sources [20,21] while ultrasonics
for correlations to the damage degree of granite materials [22]. AE total activity and
indices like the “b-value” have proven helpful to improve the difficulties in
determining the damage level of granite in conjunction with electrical variation
measurements [23]. After the test, the specimens were repaired by epoxy resin with
polyamide hardener, and loaded to failure a second time under the same mode in
order to evaluate the degree of restoration of properties. AE was monitored by two
resonant sensors enabling event location and allowing to capture all relevant activity
due to material fracture excluding noise. The AE characteristics most sensitive to the

changes in the stress field are presented and discussed.

3.5.3.  Experimental Details

3.5.3.1. Materials-Repair method

Two types of granite were used, one named Giallo Rusty from China with a density of
2470 kg/m3 and the other named Tropical Black with a density of 2613 kg/m3 from
Italy. For convenience the first type will be addressed as G2 and the next as G6. The
specimens were prismatic of size 40x30x160 mm. Three of the specimens per granite
type were subjected to three-point bending according to EN 13892-2:2002 see (Figure
3.5. 1a). The load was applied at a constant rate of 50 N/s and the loading was
automatically terminated at the moment of load drop. The setup was modified for the
test of the other three specimens per granite type that were intended for the shear
mode: a metal tab of length of 50 mm was placed in the center above the specimen
(Figure 3.5. 1b). Although at the three-point bending test, the crack starts from the
central point of the bottom side due to the tensile stresses, for the modified test, the
metal tabs used for support reduce the free bottom span and leave only a small zone
available for shearing which is triggered by notches on both top and bottom sides of
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the specimen of 5 mm depth (right in Figure 3.5. 1b). In a previous study, static FEM
simulations confirmed that shear stresses obtain much higher values than normal at
the notch tip [17]. Figures 3.5. 1(a) and (b) show typical granite specimens during the
bending and shear test respectively.

Figure 3.5. 1 (a) Three point bending and (b) shear test of granite with concurrent
AE monitoring by two sensors.

After bending and shear fracture has occurred all the specimens were repaired in the
crack surface with a two-component bonding system based on epoxy resin and
hardener named “Epoxol” in its commercial product name. It is a specially
formulated, high viscosity two component polyester marble adhesive-putty, used to
bond and fill for repair purposes with hardening time of approximately 5-6 hours [24].
The bonding was carefully established so that the original geometry of the specimen
was not altered.

3.5.3.2. AE testing

AE monitoring took place by means of two piezoelectric sensors, (R15, Mistras).
Their resonance comes at 150 kHz and their positions on the specimens are shown in
Figure 3.5. 1. One sensor was placed 15 mm away from the expected crack, which
was secured by a notch. The second sensor was placed 40 mm away. Both sensors
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were positioned at the same side of the crack in order to be able to characterize the
distortion of the signals as they propagate for the additional distance of 40 mm.
Acoustic coupling was improved by silicon grease between the sensors face and the
specimens’ surface. AE activity was captured by a two-channel PCI-2 Mistras board
with sampling rate of 5 MHz. The threshold was 40 dB, as well as the pre-
amplification. A schematic representation of a waveform is seen in Figure 3.5. 2.
Some of the main features are the maximum amplitude, A (usually in dB), and the
duration (period between the first and the last threshold crossing). The “rise time”, RT
(which is the time between the first threshold crossing and the point of peak amplitude
in ps) is related to the fracture mode of the crack. It has been shown that shear type of
failure like debonding of patches, pull-out of fibers and shear matrix cracking induces
signals with longer duration and RT, mainly attributed to the higher proportion of
transverse elastic waves that are triggered by the parallel motion of the crack tips
[13,14,16-18]. Frequency content can be measured by AF (average frequency), which
is the total number of threshold crossings divided by the duration while there are other
indices based on the spectrum of the FFT.

- 4

ouéns (threshold crossings)

AdHLA f( Threshold
T

Figure 3.5. 2 Typical AE waveform and its basic characteristics.

Before the fracture tests, ultrasonic measurements were conducted on the samples,
according to Figure 3.5. 3. They were conducted by the same piezoelectric
transducers as the AE monitoring. The electric excitation triggering the pulser was
one cycle of 150 kHz. The received signal was digitized with 10 MHz sampling and
the first detectable disturbance of the waveform was picked manually. The
measurement corresponds to the longitudinal waves which are the fastest type. Pulse
velocity was calculated by the length of the specimens (160 mm) over the wave transit

time.
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Figure 3.5. 3 Schematic representation of ultrasonic test with longitudinal waves.

3.5.4. Results

3.54.1. Ultrasonic and Mechanical results

Table 3.5. 1 includes the results of the ultrasonic pulse velocity test. Specimens of
type G6 exhibited values close or above 6000 m/s, while G2 lower, around 5000 m/s.
This implies higher stiffness for G6. Indeed based on the densities of the materials
and the measured wave velocities, the elastic moduli values are between 60 and 70
GPa for type G2 and around 90 GPa for type G6, as seen in Table 3.5. 1. The
maximum loads for both bending and shear tests for the intact and the repaired
version of the specimens are included in Table 3.5. 2. The intact Tropical Black (G6)
specimens exhibited steadily higher bending load which is in accordance with its
higher ultrasonic pulse velocity. In the shear test, there is again a difference in favor
of G6 in average (approximately 1 kN), but with overlap between the populations.
Concerning reloading after repair, all specimens maintained their initial fracture
surface and for the bending test there is a noticeable restoration of approximately 50-
75% of the initial strength. For the shear, the restoration is much lower between 30-
40%. This is for both types of granite indicating that after repair by epoxy, the
material is more susceptible to shear, while for bending the order of load that can be
carried is quite restored to the “virgin” state, though not completely. Photographs of

typical specimens after fracture are seen in Figure 3.5. 4.
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Table 3.5. 1 Pulse velocities and elastic moduli for both granite types

Pulse Elastic
Type | Specimen | velocity | modulus*
(m/s) (GPa)

G2AB 4969 61.0

Giallo | —=5eE— 5333 70.3
Rusty

G2CB | 5031 62.6

G6AB | 5735 85.9

Tropical | ~emm 6084 | 967
Black

G6CB 6061 96.0

*Elastic modulus E, was calculated through relation E=pC?, where p is
density and C the pulse velocity.

Table 3.5. 2 Maximum load for two granite types for both test modes

Bending (kN) Strength Shear (kN) Strength

Type | Specimen - Restoration | Specimen - Restoration
Healthy | Repaired (%) Healthy | Repaired (%)

G2AB 3.626 2.303 63.5 G2DS 5.491 1.513 27.6

(;'L?;tl; G2BB 3.883 1.882 48.5 G2ES 3.626 1.395 38.5
G2CB 3.836 2.759 71.9 G2FS 4.074 1.138 27.9

_ G6AB 5.286 3.527 61.8 G6DS 4.222 1.576 37.3
Tg:g:j(a' G6BB | 4.89 | 2.989 51.1 G6ES | 7.209 | 2.152 29.9
G6CB 4.444 2.287 73.8 G6FS 4.771 1.693 355

Last letter “B” in the codenames denotes “bending” and “S” denotes “shear”.

Figure 3.5. 4 Typical specimens after fracture (a) bending, (b) shear.
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3.5.4.2. Acoustic emission activity-Bending test

Before presenting the differences of AE descriptors based on the mode of test, the
curves of the cumulative AE events activity vs. time can be seen in Figure 3.5. 5.
These curves reveal the rate of nucleation/propagation of cracks and help to assess the
time or load during which most of the damage is occurring. The left column concerns
bending of three healthy specimens and right concerns the reloading of the same
specimens after repair by epoxy. The depicted activity concerns the “events” and not
the whole number of recorded AE hits. Specifically, by applying two sensors, it was
possible to activate “linear localization”. Practically, by the time delay between
acquisitions of two successive signals by the two sensors, the actual location of the
source can be calculated. Localization makes use of the ultrasonic pulse velocity that
was measured beforehand. This way, the activity concentrated in a zone of 10 mm
around the crack was isolated in the specific analysis. This serves two purposes: one
is to eliminate possible sources of noise that may contribute to the overall recorded
activity but they are not actually due to the fracture in the intended mode and location.
The second is to avoid contributions by the attenuation and dispersion of the material:
isolating the origin of the events in a narrow zone of 10 mm, it is sure that the path of
propagation was very similar for all the different events until being recorded by the
sensor. Therefore, possible influence by attenuation and material heterogeneity is kept
to a minimum. The information presented in this analysis comes from the sensor
closer to the crack in order, as aforementioned, to clear the waveforms from effects of
distortion from the additional propagation of 40 mm, even though the distance is quite

short.

The plots start at time zero when the central loading point touched the specimen. This
contact resulted in a small number of hits, but not in events as it did not originate from
the fracture zone and it was not related to the fracture process. After a period (A) of
silence indicating no cracking activity due to negligible stresses, a few events were
recorded (point B). Another plateau followed (C) and at point D a moderate activity
started to be noted, continuing throughout period E. Finally, there is an increase of AE
rate (stage F) leading to the final fracture of the specimen. All healthy specimens
seem to follow a more or less similar pattern of AE activity. The only remark is that
stage “E” for the specimen G2CB exhibits much less activity than the other two

specimens. These plateaus in the AE activity have been observed in compression
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experiments of granite as well [25], and more specifically, two zones of “avalanche-
like” activity interrupted by a long period of acoustic silence. This is related to initial
micro cracking which is restrained, while the material accumulates elastic energy

before mechanisms of larger scale become active.

The behavior of the same specimens at reloading after repair does not seem as
uniform and cannot be described with the same stages. This is not surprising as the
homogeneity of the material has been irreversibly changed leading to stronger
experimental scatter between different samples. Indicatively, the second specimen
(G2BB repaired) did not even exhibit a plateau once the emissions started at 31 s,
while the last specimen (G2CB repaired) exhibited a large plateau between 35 and 55
s. On the other hand, the first specimen (G2AB repaired) had a stage of moderate
activity.
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Figure 3.5. 5 Accumulated AE activity of granite G2 vs. time for the bending test: left
healthy, right repaired specimens.

143



Chapter 3.5.Acoustic emission signatures of different fracture modes in plain and

repaired granite specimens

The behavior of specimens from granite type G6 is shown in Figure 3.5. 6.
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Figure 3.5. 6 Accumulated AE activity of granite G6 vs. time for the bending test: left
healthy, right repaired specimens.
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For the specimens of this granite type the same succession of stages seems to hold
(especially the two last healthy specimens). Concerning the repaired, again there is
not a unique trend, as the first specimen exhibited a long silence plateau, the second
an exponential increase of AE and the last, a stage of moderate activity instead of
plateau or exponential increase. One detail that can be mentioned is that the initial
plateau was slightly longer for the repaired specimens than the healthy in both
categories. For the repaired version of the specimens this silent period was between
30 and 40 s, while for the healthy it was equal or shorter than 25 s. This can be
attributed to the elasticity of the epoxy resin which is one order of magnitude lower
than elastic modulus of granite. Therefore, under a certain displacement rate, it can
strain for longer period of time before emitting acoustic signals due to irreversible

cracking.

3.5.4.3. Acoustic emission activity — Shear test

The corresponding AE activity for specimens G2 tested in shear is shown in Figure
3.5. 7. The behavior of the intact specimens is shown at the left. All specimens
exhibited a continuous line once the activity starts, without plateaus like the
corresponding bending tests. It seems that shear micro-cracking was continuous
without periods of stress build-up as was the case for bending. For the repaired
specimens at the right of, Figure 3.5. 7, the whole duration was shorter since the
specimens failed at much lower load. The initial period of silence remains of the same

order followed by a more or less linear path until failure.
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Figure 3.5. 7 Accumulated AE activity of granite G2 vs. time for the shear test: left
healthy, right repaired specimens.

The AE behavior of granite G6 is shown in Figure 3.5. 8. The trends remain similar
for the healthy specimens, with the AE activity building up in a more or less linear
way until failure. In this case, the repaired specimens showed a more uniform
behavior, including an initial plateau, an increase of the rate followed by a slight
decrease before the rise of the slope up to failure. The linear development to failure

was not followed by the repaired specimens.
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Figure 3.5. 8 Accumulated AE activity of granite G6 vs. time for the shear test: left
healthy, right repaired specimens.
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3.5.4.4. AE waveform parameters analysis

Apart from the total activity, AE parameters shed light in the fracture process and
specifically have been used to characterize the fracture mode [26-28]. Therefore, it is
deemed very important to check the values of AE parameters as it has been shown
that they are sensitive to the different type of loading and the resulting fracture
pattern. Of particular importance in this study is the rise time, RT, as shown in Figure
3.5. 2, which showed the most drastic changes between the two fracture modes. In
order to analyze the development of the AE parameters during loading, indicative
parts of the whole population were isolated as shown in Figure 3.5. 9. One part was
taken during the early stage of the loading when the AE rate was still moderate
(below 50% of ultimate, class 1, green) and the second just before final failure when
the AE recording rate was much faster (class 2, blue).

608 .0

1
.

>

= 400}

feury

T

S’

ey

£

£ 200} -

4
ol 4

0.00 2500 50.00 7500 100.00 13046
Time (*)(s)

Figure 3.5. 9 Cumulative history of events and indicative class separation using the
Noesis software [29].

The populations from all three specimens of each type were added together to produce
a larger database of AE signals, received at initial loading stages (class 1) and before
failure (class 2) separately for bending and shear loading. Figure 3.5. 10, shows the
density distribution of the values of RT of the early class 1 for bending and shear of
granite G2 (top) and G6 (bottom). Concerning bending of G2, most of the RT values
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are below 40 ps, having a peak at 20 us. For the shear type of loading, the distribution
moves to higher values up to 100 us, while there is also a small peak at 180 ps. The
picture is quite similar for granite G6; bending load results in RT mostly below 40 ps,
while the corresponding distribution for shear extends up to 200 ps. This is a very
direct indication of the influence of the stress tensor (normal-shear) to the AE
exhibited during fracture and has never been measured in granite so far. In addition to
the whole distributions as depicted in Figure 3.5. 10, the averages of the populations
are very indicative; Bending of G2 and G6, results in average values of RT of 45.1 pus
and 42.5 ps respectively, while for the shear tests the corresponding average RT
values are 210.8 us and 229.7 s, being four to five times higher. The reason can be
related to the different wave modes (longitudinal or transverse) that are triggered by
the motion of the crack sides under the dominant mode [30]. This enables the
assessment of the type of stresses acting on the material by passive AE monitoring of
the initial loading stage without inducing serious damage in the material (e.g. 50% of

maximum load or even less).

For the repaired version of the specimens things do not seem to change considerably
(see right of Figure 3.5. 10). For both material types, bending RTs are limited up to
40-60 ps, while shear ones extend to 200 us or more. This shows that the intended
fracture mode is followed even after repair confirming that AE is a suitable technique
for passive characterization of the stress built-up and fracture accumulation. It should
be mentioned that apart from the populations up to 300 us which are shown in the
graphs, there are systematic differences in the higher regimes. Specifically, for the
bending tests of both granites, only 2% of the RT population is included above 300
us, while for shear this percentage is 10% leaving a substantial part of the population
to higher values. This behavior of higher RT values corresponds to the different stress
field, which as aforementioned targeted the shear type of failure and has been seen in
materials like mortar and concrete [16,17]. Measuring the waveform parameters
enables conclusions on the fracture mode simply using one sensor (essentially the 2™
is for noise removal in this case), while a more elaborate approach would be the
moment tensor analysis (MTA) that requires multiple sensors. Though the results of
MTA are quite detailed [31], application may not be practical in all situations since

the number of at least six sensors is necessary for recording of each AE event.
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It is interesting to note that these differences in the activity of class 1 were obtained
much earlier than final fracture, before the load bearing capacity of the specimens has
been compromised. Therefore, it is possible that after suitable study, a proof test with
simultaneous recording by AE can reveal the dominant stress component as well as

indicate the suitability of the repaired material to withstand the same loading pattern.
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Figure 3.5. 10 Density distributions of RT for AE populations at moderate load (class
1)

The behavior of the AE populations at higher load (class 2) is shown in Figure 3.5.
11. It is interesting to see that the differences between bending and shear in this case
are much smaller. For granite G2, the density distribution of shear RT values has its
peak at the same point (i.e. up to 20 ps) but is wider reaching to values up to 200 ps.
For G6 the distributions are essentially the same. This finding shows that after the
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initial micro-cracking is developed according to the different fracture mode (bending
or shear), at the final stage of loading the material fractures nearly in the same way
independent of the type of loading. This behavior, although should be further
investigated, it has been evidenced in similar media where the regime near the load
peak “is characterized by a strong strain localization, independent of the actual failure
mechanism” and the energy dissipation is “a surface-dominated phenomenon,
analogously to the tensile behavior” [5,32]. Most of the systematic differences
therefore, are seen in the early behavior, while later fracture resembles tensile
behavior, which justifies the low RT values during high load even in the shear test. It
will be interesting to use FEM to simulate the stress field during fracture, in order to
reveal how the dynamic stress tensor changes after the crack initiation, relatively to
the initial stress field revealed by static simulations [17]. The repaired specimens’
behavior is similar, with the “shear” distributions peaking at the same point but
usually expanding to slightly higher values than “bending”. The above show that
simple analysis can reveal the preliminary fracture mechanism and the tendencies that
will be followed throughout loading. Experimental scatter is inherent with AE and
therefore, it is almost impossible to completely separate the data hit by hit regarding
their origin. However, taking into account an indicative group, the relative shifts can
be well identified and shed light in the damage process since, as shown the population

distributions are quite different.
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Figure 3.5. 11 Density distributions of RT for AE populations at high load (class 2)

3.5.5. Discussion

In this section some specific issues are discussed after the basic results were
presented. The first point concerns the characterization of the fracture mode. This
characterization is based on the initial static stress field as simulated by FEM analysis.
For the so-called “shear” experiment, the ratio between shear and normal is more than
10 at the point of the notch [17]. Therefore, it is highlighted that although shear stress
is high, this is not pure shear. We use the term “shear” for simplicity to denote mixed
mode with stronger shear components. It is also highlighted that the microstructure of
the material may well change the conditions of crack propagation from what is
macroscopically calculated even in the static case, let alone the dynamic crack

propagation. The present manuscript considers the initial “macroscopic” static loading
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conditions and not how the fracture process develops after crack initiation. From the
moment the fracture starts, the process zone is affected “by the stess field generated
by the fracture itself” [32] and simulations become much more difficult and would
need more details to yield reliable results. Thus, it is certain that the stress field is
dynamic and changes continuously after each crack propagation event compared to
the initial static field. However, due to the different starting points of fracture (strong
normal in the one experiment and strong shear in the other), there are still
considerable changes in the fracture behavior as monitored by the AE parameters.

In the “shear” experiment, in order for the fracture to be developed in the specific
intented way, the notches were necessary. After breaking some specimens it was
made clear that notches were important to achieve the fracture in the predefined zone.
Else, several specimens were fractured again near the middle, where the shear stresses
are lower and normal are higher. By making the notches, the cross section is reduced
in the targeted zone and the fracture zone is dictated to occur at the point where shear
stresses are higher. Thus the comparison between the bending and “shear” test is
possible. Additionally the notches were essential for the placement of the AE sensors.
In order to be able to collectively study all experiments, the distance between the
fracture zone and the sensors should be similar. Else if the location of crack was
random, due to attenuation and distortion of the signal, a few additional cm would not
allow studying the signals as one group. In order to check only the effect of fracture
mode, it was necessary to fix the other parameters (like propagation distance between
source and receiver) so that they do not crucially influence our result. The first sensor
was in all case 2 cm from the zone of the crack. The second was another 4 cm away.
The reason that both sensors were at the same side, is that it gives the opportunity in
the near future to check the AE parameters in terms of their additional propagation
distance from one to the other receiver. Since all sources are from the same side of the
sensors, this additional distance can be useful for characterizing how the AE
parameters change by the additional propagation of 40 mm (between the two

receivers).

Concerning the difference in the cumulative AE behavior between shear and bending
it is difficult to state a specific reason. Failure under the shear loading registers a
nearly constant AE rate until failure. The reason is difficult to conclude from this
experimental study. Literature does not help since previous works do not target two
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distinct tests like herein, but a single test type was performed (usually compressive)
which leads to all different fracture events (tension, shear, mixed). In most of the
cases these modes coexist [5,23,31,33]. This behavior seems to be a finding to be
explored further.

3.5.6. Conclusions

This section describes and discusses the fracture behavior of two granite types under
different modes. Tests were accompanied by ultrasonic assessment before loading and
acoustic emission monitoring during loading. The two granite types exhibited quite
consistent behavior either in bending or shear exhibiting the similar trends in AE
cumulative history and AE parameter values. This cannot be said for the adhesively
repaired version of the specimens during the second loading as each specimen
behaved in a unique way. Apart from the fact that ultrasonic pulse velocity is
considerably higher for higher strength granite, the basic conclusions are mentioned

below:

i) The characteristics of AE waveforms are directly sensitive to the loading pattern
(bending or shear). When preliminary damage is building up during moderate
shear loading, AE signals have much longer RT than the corresponding bending
damage. This direct correspondence between the stress field and the AE waveform
parameters has not been explored in granite before. It allows to get information on

the fracture very early in loading and before serious damage starts to be inflicted.

ii) Shear loading produces a more continuous acoustic activity compared to bending.
This implies that while bending damage resumes after periods of silent stress

build-up, the shear goes on without serious “plateaus”.

iii)Repair by means of epoxy in between the crack faces, restores the load bearing

capacity up to 70% for bending and up to 40% for shear loading.

iv)Repaired specimens exhibit longer initial silent periods in bending. This behavior
is attributed to the elasticity of epoxy which allows straining longer before starting

to have irreversible damage than granite itself.

This study shows that passive monitoring by AE can provide information on the stress

field and the fracture pattern which cannot be provided by other nondestructive
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techniques. The research continues with several other types of granite as well as
marble materials. The effect of attenuation due to damping will be studied through the

results of multiple sensors, something that could help to upgrade the test to larger
geometries.
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Chapter 4. Fracture _induced by  pull-out _and
compression in concrete’

4.1. Purpose

In-situ characterization of strength is of paramount importance for concrete engineers.
To get an estimation of the compressive strength, slightly destructive tests are
conducted on the surface of the material. One is the LOK test (pull-out) which offers a
reliable estimation of compressive strength. The developed stress field is quite
complicated and researchers have argued about the nature of the fracture mechanism.
In the present study, acoustic emission (AE) is applied during both compression and
pull-out experiments on concrete cubes. Results show that the two damage modes
emit different AE signatures, with compression leading to higher frequencies and
pull-out to longer signal durations, while the finite element method (FEM) is used to
analyze the stress field. Identification of the active damage mode in real time is
beneficial in order to assess the condition of integrity of concrete in structures by

nondestructive monitoring.

4.2. Introduction

The issue of structural integrity assessment is of primary concern nowadays, due to
the aging of existing infrastructure. Effective monitoring and maintenance schemes
are sought for in order to characterize the damage status and select the proper repair
methodology. One of the factors that can provide valuable information about the
structural condition is the dominant fracture mode. This is because in engineering

structures the failure procedure follows a succession of modes starting from (micro-)

7 Adapted from “Monitoring of the fracture mechanisms induced by pull-out and
compression in concrete” Engineering Fracture Mechanics, Volume 128, September
2014, Pages 219-230
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cracking of the matrix material and leading eventually to catastrophic shear
phenomena like delaminations, detachment of reinforcing bars or fiber pull-out. The
dominant mode can possibly be characterized after fracture tests when the cracked
surface is investigated with Scanning Electron Microscopy (SEM) [1,2]. However, it
would be of great importance to characterize the fracture mode in real time. On this
respect the acoustic emission (AE) technigque has shown the potential to provide
crucial information on the damage mode in a non-invasive and real time fashion. This
has been demonstrated in many fields, ranging from metals [2-4], composites [5,6],
rock [7], as well as cementitious materials [8,9]. The present work is concerned with
the comparison of AE signatures during two different widely used fracture tests of
concrete that lead to different failure modes, specifically the compression test and the
“LOK” test.

The compression test is generally applied on cubes or cylindrical specimens. The
maximum load over the cross section area is termed as “compressive strength” due to
the nominally compression stress field that is developed and is the most significant
engineering property of concrete [10]. However, the actual field may be more
complex, influenced by the friction between the rigid metal plates and the concrete
specimen that tends to expand laterally. In order to be able to evaluate as close as
possible the compressive strength in-situ, different slightly destructive test have been
developed. These tests cause minor damage on the surface of concrete and therefore,
they do not compromise structural performance. One of the most widely applied tests
is the pull-out test, the first reference on which can be found in 1938 [11]. It involves
a metallic insert which is cast into fresh concrete with the aim of pulling it out when
the material hardens. This is mainly for checking the compliance with concrete
strength regulations, while drilled-hole methods are also applicable for estimations on
an existing structure. The advantage of such a test is that it immediately supplies a
result on the “strength” of the material on the spot, without the need to extract cores
saving time and resources, while the surface disruption caused is certainly smaller
than sampling a cylindrical core. When the insert is extracted, a cone of concrete is
also pulled out of the specimen or structure, meaning that the result depends on
strength properties of the material, making the test a reliable assessment of strength
[12,13]. However, the exact failure mechanism is not clear, while different

researchers have worked on the subject with sometimes contrasting studies as to the
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strength property that dominates failure [14,15]. What should be generally accepted is
that LOK results in a non-uniform three dimensional field with strong shearing
components, which certainly differs from the stress field of the standard compressive
test.

In this study the compression and pull-out test (in the form of LOK) are used to study
the acoustic emission signature of different damage modes while the results are
escorted by a finite element analysis on the developed stress field. To the authors’
knowledge it is the first time AE monitoring during the LOK test is presented.
Preliminary results on pullout of reinforcing bars out of concrete have been published
[16] after the pioneering work of Ohtsu et al. in a different pull-out setup of hook
anchors [17] Concerning compression on sampled cores, the AE activity has been
used to evaluate the status of the bulk material and damage development [18,19].
Among others, the AE behavior is related to compressive strength, cracking
development during bending as well as fracture energy [18-20] while recently AE
events have been correlated to the creep behavior of concrete [21]. This is a part of a
series of ongoing studies concerned with the identification of the dominant fracture
mode in concrete based on the parameters of the emitted AE signals [22,23].
Previously it has been shown that the stage of matrix micro-cracking has distinct AE
signature than the fiber pull-out stage in steel fiber reinforced concrete (SFRC) in
terms of frequency (e.g. average frequency, AF) as well as other waveform
parameters like “RA value” [8,22]. Additionally bending and shearing of mortar
beams resulted in distinct differences with shear fracture emitting lower frequencies
and longer AE waveforms [23]. In the above mentioned works the differences
between the AE characteristics show the potential to identify the dominant fracture
mode at least in controlled laboratory conditions using simple schemes based on a few
AE parameters. Characterization of the active damage mode in real time is of great
importance for the field, in order to supply information and basically warning against
final failure, while it bears significance for material science studies, since it can help
to characterize the type of damage that the material is susceptible to and contribute to
a better design. This is the first step in an effort to apply characterization in real
structures after of course other parameters like the wave attenuation and distortion due

to microstructure are accounted for [23,24].
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4.3. Experimental Details

4.3.1. Materials

One concrete mixture was produced consisting of fourteen specimens. There were two
types of cubical specimen size: one was 200 x 200 x 200 mm and the other was 150 x
150 x 150 mm. Two of the larger specimens were produced, one for conducting the
LOK test and the other for compression. Twelve specimens of 150x150x150 mm size
were also produced for measuring the average compression strength per age: three
days (three specimens), seven days (three specimens) and twenty eight days (six
specimens). The aggregates consisted of 56% crushed sand, 13.87% fine gravel and
30.13% coarse gravel with maximum aggregate size 31.5 mm, while the water/cement
ratio was 0.70 by mass. The density and the water absorption of the crushed sand
were 2601 kg/m3 and 0.98 %, of fine gravel 2621 kg/m3 and 0.75 %, and of coarse
gravel 2681 kg/m3 and 0.61 % respectively. The exact mix proportions were as
follows: cement (type 11 42.5N) 80 kg/m3, cement (type Il 32.5N) 200 kg/m3, water
195 kg/m3, crushed sand 1050 kg/m3, fine gravel 260 kg/m3, coarse gravel 565
kg/m3 , retarder - plasticizer (CHEM 1) 1.54 kg/m3, retarder - plasticizer (CHEM 11)
1.96 kg/m3 . The actual bulk density of concrete was 2359 kg/m3 while the ambient
temperature at mixing was 25 0C. The workability as measured by the slump test was
11 cm. The specimens were cured in water saturated with calcium hydroxide at 23 +2
0C. The average compressive strength of three days was fc(3)= 18.0 MPa, of seven
days fc(7)= 24.7 MPa and of twenty eight days was fc(28)= 33.8 MPa with a standard
deviation of 3.0 MPa.

4.3.2. Compression and LOK test

Compression and LOK tests were conducted at the age of 28 days. Concerning
compression, the load was applied on the 200x200x200 mm specimen at a constant
rate of 0.3375 MPa/s until fracture and the test was automatically terminated at the

moment of load drop. The compressive strength was 30.8 MPa.
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The LOK test is generally applied to provide a reliable measurement of the actual
strength of concrete mainly in newly cast structures in accordance with the pullout
test method described in ASTM C900, or EN 12504-3 [25,26]. The steel disc
(diameter of 25 mm) is cast at a depth of 25 mm into concrete, either by attaching it to
the formwork before placing concrete or by inserting it manually into fresh concrete,

see Figures 4. 1 (a) and (b) shows the fresh specimen after placing the insert, which is

attached to the red buoyancy cup.

Figure 4. 1 a) Schematic cross section of cast-in-place LOK-TEST insert, b) LOK-
TEST insert placed in fresh concrete, (c) close up of the insert and the floating cup.

In practice the axis of the insert is slightly inclined relatively to the surface. Figure 4.
1(c) shows the insert and buoyancy cup system in more detail. After hardening, the
steel disc is pulled against a 55 mm diameter pressure ring bearing on the surface
similarly to Figure 4. 1 (a) and the required force to pull the insert out is measured.
The material in the strut between the disc and the counter pressure ring is subjected to
a complex stress pattern. The pullout force is strongly correlated to the compressive
strength [27].

Unlike the compression test, the loading rate for the LOK test cannot be constant
because it is handled by a hydraulic jack driven by human hand thus, the loading rate
is approximately 0.5 +£0.2 kN/s [25]. As the insert is being pulled out, a conical
fragment of the material is extracted. The compressive strength can be evaluated from
established calibration curves [27]. The pull out load measured during the specific

LOK test was 25.1 kN corresponding to a compressive strength of 31.9MPa. More
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details about the geometry and the whole procedure of LOK test can be found in
literature [12,13,27].

4.3.3.  AE monitoring

AE was monitored by two types of piezoelectric sensors, namely the R15 (Physical
Acoustics Corp., PAC) with resonance nominally at 150 kHz, and the Pico (PAC)
which are considered more broadband with a sensitivity peak around 450 kHz. In total
six sensors were applied, specifically four Pico and two R15. The signals were pre-
amplified by 40 dB and were digitized by a sampling rate of 3 MHz in a PCI-8 board
of PAC. In both cases of compression and LOK tests the four Pico were attached near
the top surface of the cube and the two R15 in opposite corners near the bottom, see
Figure 4. 2.
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Figure 4. 2 Representation of the AE sensors location on the cube (distances in m).
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All signals with amplitude higher than 40 dB (0.01 V) were recorded, while for the
analysis, the signals with energy “zero” were disregarded. For location purposes the

pulse velocity was measured by pencil lead breaks to the value of 4500 m/s.

Figure 4. 3, shows a typical AE waveform. Among many parameters that have been
analyzed in AE literature, this illustration focuses on the RA value, which is the ratio
of Rise Time (us) over Amplitude (V) [8,22,28,29].

RA=RT/A

[\Mw __________
VV\}\/V vV

Figure 4. 3 Typical AE waveform

Threshold |

Additionally, peak frequency (PF) is the frequency with the maximum magnitude
after fast Fourier transform of the time domain signal. These are the parameters that
will be discussed in the results, while other indicators of frequency, like average or

central frequency show similar trends.

4.4. Results

44.1. AE hits

The gravity in this study is given on some of the qualitative parameters of AE but
introductory the cumulative population of individual signal (hits) will be discussed.
Since two types of sensors with different characteristics were used, it is deemed
essential to present the results separately for each type. Comparison of their behaviors
is essential since the broadband type are better-suited for more detailed but
laboratory-scale studies, while the resonant ones are fit for in-situ application. Figure

4. 4(a) shows the cumulative activity for the LOK test.

165



Chapter 4. Fracture induced by pull-out and compression in concrete

_. 2000 _ 7000

£ £ 6000 -

_,Es 1500 ‘;’ 5000 |

2 2

° = i

= 1000 5 000

< < 3000

2 2

5 500 £ 2000

£ £ 1000 -

3 3

0 0 T T T T T
20 40 60 80 100 120 80 100 120 140 160 180 200

Time (s) Time (s)

Figure 4. 4 Cumulative activity for (a) the LOK test and (b) the compression test as
recorded by the different sensor types.

Initially the activity is gradually building up until about 50 s, when a sharper increase
is noted. This is the moment of maximum pull-out load. Consequently the rate of the
recorded activity decreases exhibiting an asymptotic behavior. The resonant sensors
reasonably acquire much higher number of emissions, even though they are two
compared to four broadband sensors. Concerning the rate of the emissions, although
the moment of peak load can be determined (as mentioned around 50 s) further
comments cannot be done due to the fact that the rate of loading is not constant, as it
is hand driven by a hydraulic jack. Figure 4. 4 (b) shows the corresponding activity
for the compression test. The trends are quite different with a quick increase (at 100 s)
followed by a nearly constant (but not negligible) rate for approximately a minute.
Afterwards, the activity for both sensor types increases as the final fracture stage of
the specimen has started. Again resonant sensors exhibit more than double activity

compared to the broadband ones.

Concerning qualitative features, which are the focuses of this study, Figure 4. 5 (a)
shows the peak frequency (PF) of the hits as measured by the broadband sensors for

both loading configurations.
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Figure 4. 5 Peak frequency history for different loading patterns as recorded by (a)
the Pico sensors and (b) the R15 sensors. Lines are moving averages of 50 successive
points.

Starting from the hits generated during the LOK test (Figure 4. 5a) it can be seen that
the population can be divided in three major parts, one below 100 kHz, one between
100 kHz and 200 kHz and another smaller part with PF higher than 200 kHz.
Specifically, the majority (75%) of the hits exhibit PF lower than 100 kHz, 20% is
between 100 kHz and 200 kHz and only 5% scatterers in the highest band above 200
kHz.

For the compression test, the same general classification holds with the difference that
the third part of the population with frequency higher than 200 kHz is more densely
populated than the LOK test, while the other bands are apparently weakened.
Specifically from the total number of hits received by the Pico sensors during the
compressive failure process up to 160 s, 30% have peak frequency below 100 kHz,
42% between 100 and 200 kHz and 28% PF higher than 200 kHz, which indicates a
considerable shift to high frequencies compared to the LOK test. The sliding average
lines which are also included in, Figure 4. 5 (a) show that for the period of stable
micro-cracking (up to 160 s for the compression test) the “compressive” signals
constantly exhibit higher frequency as an average than the LOK since the line
fluctuates around 200 kHz, while for the LOK it is around 100 kHz.

It is mentioned that concerning the compression test, the above analysis of qualitative
features are based on the AE population recorded up to 160 s when a stable cracking

was being recorded. After that, the final stage of fracturing started during which, the
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cube was severely cracked while parts of the surface layer were detached (see Figure
4. 6).

Pico

R15

Figure 4. 6 Concrete cube after final failure under the compressive test.

Due to the obvious disruption of the continuity of the medium, no correlation of the
received waveform with the actual emitted signal can be supported for that stage and
this is why the signals of the final part of the compression loading (after 160 s) are not
taken into account for parameter analysis rather than only the cumulative activity

graphs presented earlier.

For the same experiment the two resonant sensors showed two main bands (see Figure
4. 5b), below and above 100 kHz. Due to the resonance of the sensors, signals of
higher frequencies were not recorded. The LOK test exhibited 75% of the population
under 100 kHz and 25% above, while for the compression the majority of the hits is
above 100 kHz, specifically 56% and the rest 44% below. The differences between
the moving average lines as seen in Figure 4. 5 (b) are still clear despite the resonant
behavior of the sensors, i.e. the LOK line fluctuates around 75 kHz while the

compression line around 120 kHz.

Another parameter that has been used for classification of AE signals based on their
fracture mode is the RA value. The RA history for both tests based on the Pico

sensors is shown in Figure 4. 7.
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Figure 4. 7 RA-value history for different loading patterns as recorded by the Pico
sensors. Lines are moving averages of 50 successive points.

The moving average line shows clearly that before the last stage of large scale
fracture, the compression signals’ RA lies in values approximately half or less than
the signals of LOK, something that is in correspondence with previous results
concerning matrix cracking and fiber pull-out of SFRC [8,22]. Results of RA based

on the signals of R15 are not discussed as they did not exhibit strong trends.

4.4.2. AE events

The number of sensors (totally six) mounted on the specimens allowed to map the AE
sources in three-dimensional space. When different sensors acquire signals within a
limited time window, these are classified in an acoustic emission “event”, which is the
source fracturing incident that results in the individual signals recorded by the
different receivers. By the time delay between acquisition of the signals at the
different positions and provided that the elastic wave velocity of the material is
known, the location of the source cracking event can be calculated [30,31]. Results of
this analysis are presented below with discussion of the limitations. Figure 4. 8 (a)

shows the location of AE sources for the LOK test.
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Figure 4. 8 (a) Location of AE sources for the LOK test and (b) photograph of the
specimen after LOK test. The depth of the conical hole is 50 mm. The units are in mm.

The sources are located at the upper half of the cube. Specifically almost the whole
population rests above the height of Z=120 mm, averaging at 150 mm which actually
corresponds to the depth of the insert (50 mm below the top surface of the cube). The
empty volume after the cone was extracted is seen in Figure 4. 8 (b), having a depth
of 50 mm which is the depth that the metal disc was inserted during casting of the
concrete cube. It is admitted that the accuracy of the AE sources location cannot be
absolute as it depends on the sensor size relatively to the propagation distances as well
as the heterogeneity of the medium [30,31]. In the specific case the insert is fixed to
the plastic buoyancy cup (see Figure 4. 1) which reaches the surface of the cube,
creating —in terms of wave propagation- a large void near the top surface of 50 mm
diameter. Therefore, when a cracking incident occurs, the straight path is not available
for propagation to each one of the sensors. This condition worsens as the cracking
system between the insert and the surface is formed increasing the volume of the
material which cannot support un-deviated wave propagation. This renders results of
location approximate, still under these conditions, the results of Figure 4. 8 (a) appear

satisfactory.
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Figure 4. 9, shows the corresponding location results for the compression test.

280 0 25 59 75 100 125 150 175200
v AXis

Figure 4. 9 Location of AE sources for the compression test.

The sources in this case may be more dispersed in the volume of the cube, something
reasonable due to the nominally uniform stress field but the results are not even as
satisfactory. The reason is mainly that after the major cracking events, the whole
volume of the medium loses its continuity and most of the emissions do not reach the
required number of five sensors in order to be qualified as “events”. This is why a
relatively small number of events are shown on the graph of Figure 4. 9
corresponding to testing times before 170 s. After that moment the AE activity
continued resulting to extensive number of individual AE hits as shown in Figure 4. 5
and Figure 4. 7. However, this activity could not be received by the required number

of sensors to be geometrically located so it does not appear in the events plot.

This can also be seen in Figure 4. 10 where the RA history based on the broadband (a)

and the PF based on the resonant (b) are plotted based on the events.
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Figure 4. 10 (a) RA history for different loading patterns based on the qualified
events, as recorded by the Pico sensors and (b) peak frequency for different loading
patterns based on the qualified events, as recorded by the R15 sensors. Lines are
moving averages of successive 30 hits.

The trends shown in Figure 4. 10 (a) are quite similar with the whole hit population
discussed above and shown in Figure 4. 7. Additionally, the PF results from the
resonant —based again on the events - show the same trends as the whole population
of hits, with the average line of signals from compression being between 100 kHz and
150 kHz, while the LOK signals exhibit averages below 100 kHz. It is characteristic
that from the dense population of hits at the last stage of the compression experiment
(shown in Figure 4. 5 and Figure 4. 7) most of them are individual due to the severely
cracked texture of the material at this stage and are not qualified as events. Therefore,

the points of Figure 4. 10 are much less dense at the end.

4.4.3. Finite element model

The finite element method (FEM) is usually applied for stress analysis of static
problems [32], [42]. It was used to investigate the stress field involved in the LOK
test, while a previous effort was published in the 1980s [15] aiming at predicting the
cracking system for the same test. In the present case, FEM was used to determine the
level and the area of influence of the shear as well as the normal stresses. For this
purpose, a three dimensional model of the concrete specimen was generated according
to the dimensions used in the experimental process (see section 2.2). Tetrahedral solid

elements of the Lagrangian formulation with four nodes, one integration point and
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linear displacement interpolation functions were used. The quality of the mesh was
evaluated through a mesh convergence test based on the strain energy of concrete.
The refinement of the mesh was based on the h-refinement process [33]. The mesh
convergence analysis provided the result that an element size of 2 mm guarantees the
necessary accuracy of the solution without significant increase of the computational
time. To reinforce the stability of the numerical analysis an implicit integration
scheme was selected. The concrete specimen was considered as linear elastic material
with Young’s modulus of 40 GPa and Poisson’s ratio of 0.2, which is sufficient for
the purpose of this study, i.e. to analyze the stress field developed due to the LOK
insert pull out force. It is mentioned that the actual microstructure of concrete
including aggregates, sand grains, air voids and porosity down to the size of um could
not be simulated due to the several millions of elements that would be required,
number that renders the simulation unrealistic. In any case this is a static stress
simulation while the microstructure would play important role in the simulation of the
propagation of cracks, the path of which could be influenced by the interphase
between the paste and aggregates. Dynamic fracture simulations have also been
studied in different cases recently to reproduce the generation of AE events and
predict the subsequent developments of cracks in concrete and other materials based
on some assumptions concerning the elastic/plastic behavior of the material [34-36].
The steel disk, as well as the counter-pressure ring, were simulated as rigid bodies
since they are much stiffer than concrete and their deformations are of no interest. For
the execution of the numerical analysis the commercial finite element software
ABAQUS/CAE 6.10 was used. Finally, all the calculations performed on an Intel
Core i7 processor at 2.50 GHz. [42].

Figure 4. 11, illustrates the mesh used for the concrete specimen (a) as well as the
assembly and the loading conditions applied (b).
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Figure 4. 11 Finite element mesh with elements of 2 mm (a) and assembly with
loading conditions (b)

A pull force with magnitude of 25 KN was applied on the LOK-TEST insert for
calculation of the developed stress field. The angle of the force with respect to the
vertical edges of the specimen was 20° as in the experiment. The counter-pressure
ring with inner diameter of 55 mm was placed concentric with the disk on the surface
of concrete. Concrete surfaces are free of constraints and therefore, the loading
conditions are limited to the pulling force and the reaction of the counter-pressure
ring. The results of the analysis are plotted relatively to the central cross section of the
cube [42]..

Figure 4. 12, shows the distribution of the normal stress oyy (at the loading direction)
in the plane of section A-A.
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Figure 4. 12 Distribution of the normal stress component oyy. Decomposition into a
tensile (a) and a compressive part (b).

To determine the areas under tension and compression, the stress component is

decomposed into a tensile (Figure 4. 12a) and a compressive part (Figure 4. 12b). The

maximum value belongs to compressive stress just below the reaction ring (see Figure

4. 12b). Perpendicular stresses (oxx, vertical to the loading direction) are of much

lower value and their presentation is not deemed important [42]..

Figure 4. 13(a) presents the distribution of the shear stress component oxy in terms of

absolute values.
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Figure 4. 13 (a) Distribution of the in-plane shear stress component oxy, (b) focus on
the area of the insert.

Considerable shear stresses are observed in paths AB and CD, as seen in Figure 4.
13(b) [42].. Notice that these paths form a conical perimeter around the LOK insert
that coincides with the final area of fracture observed during the experimental

process.

To provide a more clear visualization of the stress mechanism that is developed
during the test, the ratio of the in-plane shear component to the normal stress
component is computed in terms of absolute values. Figure 4. 14 (a) presents the areas
where the value of the ratio oxy/cyy is greater than 1.2. These are areas dominated by

shear stresses.
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Figure 4. 14 Areas of influence of shear stresses (a), combination of shear with
normal stresses (b) and normal stresses (c).

Figure 4. 14 (b) shows the areas where the ratio is between 0.8 and 1.2. The

characteristic of these areas is that the normal and the shear stresses are acting

simultaneously with approximately the same order of magnitude. Finally, Figure 4.

14 (c) shows the areas where the ratio is less than 0.8. In these areas shearing has a

minor effect and the major stress mechanism are due to normal stresses. It can be seen

that in contrast to the traditional compression test where fracture is (nominally)
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caused from purely compressive stresses, in the LOK test the effect of shearing to

fracture is of extreme importance.

This is highlighted in Figure 4. 15 which provides a representation of the stress ratios
in the area around the steel disk, where the absolute value of stresses is high,
neglecting areas away from the insert where stresses are negligible.

normal stresses

shear + normal stresses

shear stresses

Figure 4. 15 Stress mechanism acting on the areas around the steel disk.

The thick dot lines represent the fracture path that has been experimentally observed.
Purely normal stresses are limited on the concrete surfaces around the steel axis as
well as on small areas around the upper surface of the steel disk insert. Areas along
the fracture paths are dominated by high shearing stresses (oxy/cyy>1.2). Finally,
transition areas characterized from shear and normal stresses of similar magnitude are

observed between areas under pure normal stresses and areas under shearing.

4.5. Discussion

As the results of the FEM analysis demonstrate, the stress field initially developed
during the LOK test combines both normal (tension and compression) and shear
stresses. On the conical fracture surface, which is of great interest, strong shear
stresses appear while their absolute values are higher than the normal stress at the

same area. This mechanism substantially differs from the one involved in the concrete
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compression test where fracture is nominally caused by compressive stresses with
absence of shearing. In an earlier study of AE during pull-out with different boundary
conditions (absence of confinement ring) [17], the application of moment tensor
analysis concluded that tensile stresses contributed strongly to fracture. However, in
the present case, the existence of the confinement ring in the LOK test obviously
increases the shear components as indicated by FEM and the AE parameters, leading

to a more mixed mode of failure.

In this case, the FEM simulation model was not expanded to follow fracture rather
than the initial elastic stress field [42].. The reason is that it in the present stage it
would be premature to conduct reliable prediction for the fracture of concrete with
such complicated microstructure. Air bubbles, porosity, and fine sand grains would
require an ultra fine mesh unrealistically increasing the computation power.
Additionally, the macroscopic fracture is the result of interaction of several
parameters; interphasial strength between the different components (paste-sand, paste-
aggregates), strength of paste and aggregate, as well as local stress concentration
factors in the microstructure which altogether induce more uncertainty than clarifying
the results. The main aim of the present study was focused on quantifying the
differences in AE emitted from a nominally uniform compressive stress field, and the
pull-out field which certainly includes strong shear components as verified by the
analysis of the initial stress field. Though different stress fields may be expected to
emit AE signals of different characteristics, before these are quantified in laboratory-
controlled studies, the trends cannot be possibly exploited in situ. In this experiment
this quantification is attempted as a first step towards acoustic structural health
monitoring. Investigating the AE signatures of different fracture modes in concrete
will contribute in interpreting the trends in real time monitoring applications.
Therefore, the condition severity will be possibly evaluated based on shift of simple
AE parameters as the ones described in the manuscript, indicating the shift between

the different dominant fracture mechanisms.

From the experimental part of the study it is clearly concluded that the normal stresses
of the compression test result in higher frequencies and lower RA values of AE
signals than the shearing of LOK, as measured by two types of sensors. Specifically,
compressive stresses result in double value of emitted frequencies than shear in

average (approximately 200 kHz over 100 kHz). RA values exhibit similar
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differencies between the two tests, with the pull-out emitting double values. Still, the
specific values of AE parameters assigned to the different modes may not necessarily
hold for other specimen geometries or structures. Peak frequencies recorded by the
broadband sensors in Figure 4. 5 (a) would more likely be downshifted for larger
specimens and longer propagation distances, with compressive signals maintaining
their relatively higher frequency than shear in any case. The reason is connected to the
conditions of wave propagation through concrete. It is well known that propagation of
elastic waves through heterogeneous media is both attenuative and dispersive [37-39].
This certainly changes the parameters of the waveform from their emission at the tip
of the crack until acquisition at the sensor. Distortion and attenuation is active even in
small scale influencing the AE signals. This is a matter of great significance when
qualitative waveform parameters of the signals are of interest and is treated separately
by the authors both by experiments and simulations [40,41]. In this case due to the
finite size of the specimens as well as the same positioning of the sensors around all
the edges of the cubes for both types of loading, it is assumed that the influence does
not crucially mask the observed trends.

It is also worth to mention that using broadband sensors, differences in waveform
parameters as well as frequency are readily available between the LOK and
compressive test. As has been shown in previous studies broadband sensors are quite
suitable for detecting various sources. However, even with resonant sensors, the
discrepancies between loading patterns could be distinguished, something important
for in-situ application where resonant sensors are preferred due to their higher

sensitivity.

4.6. Conclusions

The acoustic emission behavior during different fracture tests on concrete is examined
in this section. Two tests were conducted in order to apply different stress conditions
on concrete cubes. The basic modes targeted are compression in the standard
compressive test and shear during the insert pullout in the form of the LOK
test. As FEM analysis indicates, the latter results in a complex state of stress

including strong shearing components that overpass normal ones at the area of
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fracture. The resulting trends show distinct behaviors allowing discrimination of the
AE signal populations from the two fracture modes. Fracture due to strong shearing
stress components emits waves with longer duration and lower frequency than
compression. The passive characterization of the cracking mode can prove very
beneficial for structural health monitoring operations as it supplies information that
cannot be vyielded by any other technique. Discrimination of the modes is
accomplished by a few AE parameters which is very encouraging for in-situ
application. Apart from this, the analysis can assist material characterization studies in

laboratory as it reveals the sensitivities of the material at different stress states.
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5.1 Purpose

In the present experiment cementitious material with simulated damage is examined
as to its mechanical and fracture properties. Nondestructive monitoring techniques are
applied in an effort to establish or improve correlations with the simulated damage
content and the failure load. Specifically, the specimens are ultrasonically interrogated
before fracture, while during fracture their behavior is monitored by acoustic
emission. Scattering theory seems adequate to explain the experimental ultrasonic
behavior showing that modern approaches should incorporate the heterogeneity
instead of considering the material macroscopically homogeneous. Apart from the
strong correlations between wave velocity and damage content in the form of light
inclusions, specific acoustic emission parameters show good correlation not only to
simulated damage content but also to the ultimate bending load. Overall, the
suitability of ultrasonic parameters to investigate damage and of acoustic emission
parameters to correlate with failure load are discussed, while the influence of

material’s heterogeneity on the distortion of the signals is also discussed.

5.2 Introduction
Reliable nondestructive evaluation (NDE) of material condition is a prerequisite for

successful structural health monitoring (SHM). Wave propagation, commonly
referred to as ultrasonic testing (UT) offers this nondestructive nature along with
certain advantages. One of the strongest advantages is that wave velocity is directly
connected to the elastic constants [1]. In most of the cases concrete can be considered
macroscopically homogeneous and hence without large error, the elastic and shear

moduli can be calculated. Additionally, numerous empirical correlations have already

¢ Adapted from “Mechanical and fracture behavior of cement-based materials
characterized by combined elastic wave approaches” Construction and Building
Materials, Volume 50, 15 January 2014, Pages 649-656
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been proposed between elastic wave velocity (mainly longitudinal) and strength,
being quite valuable for on-site evaluations [2]. Quite recently the heterogeneity of
concrete and other materials have started to be considered in order to explain more
accurately phenomena like dispersion and attenuation [3-7]. Aggregates, porosity and
especially air bubbles or damage in the form of cracking or light inclusions act as
scatterers deflecting the wave beam. This introduces excessive scattering attenuation,

and imposes a frequency dependent velocity behavior, as will be discussed.

Another utilization of elastic waves is in the framework of acoustic emission (AE)
studies. In this case, no external wave excitation is applied but the elastic waves are
emitted by fracture incidents inside the material under loading [8]. These waves carry
information on the source of the fracture events and after recording and suitable study,
characterization of the damage stage and mode is possible, especially in laboratory
conditions [9-12]. However, due to their elastic nature, acoustic emission waves are
similarly influenced by the heterogeneity of the medium, as any ultrasonic wave.
Therefore, their energy, frequency content and general waveform shape changes as
they propagate from the source to the receiver which is usually placed on the
material’s surface. Analysis of the AE parameters can well be used to characterize the
damage process of brittle materials but simultaneously, care should be taken for the

scattering influence on the signals [13, 14].

In the present study both elastic wave techniques are applied in the characterization of
cementitious mortar. Different volume contents of light nearly-spherical grains are
included to simulate micro-cracking that could be the result of thermal damage. The
spherical size of the inclusions make them suitable to simulate the randomly oriented
micro-cracks as has been shown in cementitious and other material [15-18]. The
material is ultrasonically interrogated in order to check the effect of inclusion content
on the measured velocity of both longitudinal and surface wave modes. The density of
the expanded polystyrene grains used as simulated damage, is an order of magnitude
lower than the density of mortar, resulting in a strong acoustic impedance mismatch
with the matrix, while the scattering contribution of sand grains is considered weak
due to similar stiffness and density to the cement matrix. The results are compared
with the prediction of scattering formulation of the problem of cavities inside an
elastic matrix showing that the existence of damage is responsible for the observed
behavior. Furthermore, and since strength is the most important property of a material
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from the engineering point of view, the specimens are fractured and their AE behavior
is monitored. The effect of simulated damage is very strong on the AE signals as well,
since several monotonic and innovative correlations are observed between AE
parameters and damage content. Additionally, specific AE parameters exhibit strong
correlations to the bending tensile strength since the latter is firmly connected to the
fracture events occurring inside the material which give rise to the recorded
emissions. Although the empirical relation between ultrasound and (mainly
compressive) strength is well known, there is no theoretically justified relation
between the elastic constants and strength. Strength depends on fracture mechanisms
acting at the tip of cracks even in the micro-level which are not possible to critically
affect wave propagation of elastic wave lengths several orders of magnitude longer.
On the other hand even the smallest fracturing event emits an amount of energy that
can trigger its acquisition by the AE transducers. Therefore, parameters evolving from
UT and AE testing are related to both mechanical and fracture properties. After proper
combined study, the different techniques may act complimentarily in evaluation of
different parameters related to the material’s performance, like heterogeneity content

and failure load.

5.3 Experimental Details

5.3.1.  Materials and testing

Seven different mortar mixtures were produced consisting of three specimens each.
One was plain mortar (PM, including cement sand and water) and the others
additionally included 1.5%, 2.5%, 5.0%, 7.5%, 10.0% and 12.5% (vol.) of light

nearly-spherical expanded polystyrene inclusions (see Figure 5. 1) acting as voids.
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Figure 5. 1 Particles used as simulated damage

The average inclusions size was 3.9 mm as measured from a population of twenty
particles. Sand grains were of 4.75 mm maximum size, while the water to cement
ratio was 0.70 by mass. The density and the water absorption of the sand were 2500
kg/m3 and 2.44% respectively. The exact mix proportions of PM were as follows:
cement type (11 42.5 N) 440 kg/m3, water 308 kg/m3, sand 1364 kg/m3, super-
plasticizer 4.5 kg/m3. For mortar with simulated damage the corresponding amount of
inclusions was added in the mixer to account for the prescribed volume content, while
the other parameters were modified accordingly so that to keep water to cement and
sand to cement ratios constant. An idea of the microstructure at the scale of the
inclusions, air bubbles and grains is shown in the photograph of Figure 5. 2 where the

cross section of a specimen with 12.5% inclusions is included.

Figure 5. 2 Photograph of cross section for a mortar specimen with 12.5% of
inclusions.
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No conglomeration of inclusions was noticed in any of the specimens after saw

cutting at the end of the experiments.

The specimens were cured in water for 28 days prior to nondestructive and destructive
testing. Their size was 40 x 40 x 160 mm and they were eventually subjected to three-
point bending according to EN 13892-2:2002 (Figure 5. 3a).

@)“

! AE sensors
£ mortar g \
= specimen : l
< 100 mm 40 mm.
P 160 mm<——» _
(b)
Pulser eceiver

t
AL pecimen Ch

20 mm /
(c) A7 Excitation

mortar
specimen

Figure 5. 3 Schematic representation of (a) three point bending test with AE
monitoring, (b) ultrasonic test with longitudinal waves, and (c) ultrasonic test for
surface waves.
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The load was applied at a constant rate of 50 N/s until fracture and the loading was
automatically terminated at the moment of load drop. Table5. 1 includes main

physical and mechanical properties of the different materials.

Table 5. 1 Basic physical and mechanical properties of the mixes (average of three
specimens)

Mix Inclusions | Density Max. Longitudinal | Rayleigh Elastic*
name | content (kg/m?) bending velocity velocity modulus
(vol.%) load (KN) (m/s) (m/s) (GPa)
A 0 1969 2.92 3693 1960 24.4
B 15 1941 2.67 3684 1966 24.7
C 2.5 1821 2.55 3684 1891 22.6
D 5 1959 2.75 3582 1854 22.5
E 7.5 1914 2.36 3569 1893 22.6
F 10 1921 3.01 3545 1848 22.4
G 125 1880 2.22 3390 1729 18.9

*Calculated from the longitudinal wave velocity and density.

5.3.2.  Nondestructive monitoring

As to AE monitoring, which was conducted during the bending test, two AE sensors
(Pico, PAC) were attached to the front side of the specimen as seen in Figure 5. 3 (a).
They are considered quite broadband with central frequency of 500 kHz. Roller
bearing grease was used for acoustic coupling, while the sensors were secured by the
use of tape during the experiment. The horizontal distance between the sensors was 40
mm and the first was placed at the horizontal distance of 15 mm from the center
where the crack was expected, as seen in Figure 5. 3 (a). The sensors were placed
from the same side of the specimen, in order to be able in future to correlate the AE
values with the travelled distance between the source crack (mid span) and the sensor.
The signals were recorded in a two-channel monitoring board PCI-2, PAC with a
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sampling rate of 5 MHz. The threshold was set to 40 dB in order to avoid ambient

noise and the acquired signals were pre-amplified by 40 dB.

Before the fracture test, the specimens were also ultrasonically examined both through
the thickness (longitudinal mode) and on the surface (Rayleigh mode). The
measurements were conducted by acoustic emission transducers (R15, PAC) which
exhibit maximum sensitivity around 150 kHz and have a diameter of 15 mm. For the
longitudinal wave examination (see Figure 5. 3 (b)), the electric pulse fed to the
transducer acting as pulser was one cycle of 150 kHz. The received signal was pre-
amplified by 40 dB and digitized with a sampling rate of 10 MHz. Noise level was
low and therefore, pulse velocity was measured by the first detectable disturbance of
the waveform (onset). Due to the finite number of specimens (seven mixes of three
specimens each) the onset was manually picked. The first disturbance corresponds to
the longitudinal waves which are the fastest type. The length of the specimens (160
mm) over the pure wave transit time (after sensor delay effects are excluded) resulted

in the pulse velocity for each measurement.

Concerning the Rayleigh mode, the excitation was introduced by a pencil lead break
and the response at two positions on the surface was recorded again by R15 sensors
(see Figure 5. 3 (c)). Although the onset of the Rayleigh wave cannot be determined
as it is masked by the faster longitudinal wave, the velocity is measured by a reference
peak of Rayleigh in both waveforms which is much stronger than longitudinal [19-
21].

Theoretical prediction

Due to the strong acoustic impedance mismatch between the stiff cementitious matrix
and the light inclusions, and the relation between the applied wave length and
inclusion size as will be discussed later, scattering is the first reasonable approach to
explain the wave behavior of this material. Specifically the impedance of the mortar
matrix is approximately 8 MRayl (with pulse velocity 4000 m/s and density of 2000
kg/m3). For the inclusions, pulse velocity values were not found in literature while
their density is less than 100 kg/m3). In order to investigate the influence of the light
inclusions on ultrasonic parameters, the simple multiple scattering theory of

Waterman and Truell [22] is employed, which is an advancement of the model
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proposed by Foldy [23]. Application of this theory to concrete is well documented in

literature [3, 4, 24, 25] so only a short introduction will take place herein.

A pulse propagating in a particulate composite or material with cavities undergoes
both dispersion and attenuation due to its interaction with the embedded particles.
According to the above mentioned model, this wave dispersion and attenuation is
represented by a frequency-dependent complex wavenumber, k, which is expressed in
terms of the particle concentration, ¢, and the forward, f(0), and the backward far-

field, f(m) scattering amplitudes:

(kkj 12, f(0)+4s:f;6 [£2(0)- £2(x)

C C

1)

where in the above equation, R is the size of the scatterer and kc is the wave number

of the matrix.

The scattering amplitudes f(0) and f(n) are taken from the solution of the single
particle wave scattering problem where a plane wave of given frequency impinges
upon a particle/cavity suspended in the matrix. The single scattering parameters
required are evaluated by means of the corresponding analytical expressions provided
by Ying and Truell [26]. Using this formulation, the problem of a longitudinal plane
wave impinging on a spherical obstacle is dealt with, taking into account the
continuity of displacements and stresses on the scatterer—matrix interface. A
schematic representation of the two addressed problems is depicted in Figure 5. 4 ()

for single and Figure 5. 4 (b) for multiple scattering.
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Figure 5. 4 (a) Scattering on a single void and (b) scattering on a matrix with

randomly distributed voids.

The velocity of the scattered wave is of interest, while the incident wave is a
monochromatic wave with user-selected frequency. Practically the procedure is
repeated for as many frequencies the user selects. In this case results up to 400 kHz
were obtained. For each different radial frequency o, the complex wave number, k, is
calculated through (1) and the phase velocity is derived from the real part of the wave

number, k:
k==+ia )
while the attenuation coefficient a is the imaginary part.

For the specific calculations the elastic modulus used for the cement matrix is 24.4
GPa as measured by ultrasonic test in plain material, while the measured density of
the same reference material is 1969 kg/m3. The size of the scatterers used for the
theoretical calculations was 3.9 mm, as mentioned earlier. Concerning their
mechanical properties, the light particles were considered as cavities (bulk, shear

moduli and density near zero).
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Figure 5. 5, shows the phase velocity vs. frequency curves for different percentages of

inclusions.
3700
Q’QQOQOQQOQOOQQQO”#
gpoon
— 3650 (O000oeeaneaonlll s ids 40
£ P
g X 01.50%
%’ 3600 XXXXX)(XXXX | I|I 2.50%
TQJ Kt f } ' I | < 5%
= 3550 £y | 7ot ! _
9 KX £7.50%
=
= 3500 10%
12.50%
3450 | , :
0 100. 200 300 400
Frequency (kHz)

Figure 5. 5 Theoretical phase velocity vs. frequency curves for mortar with different
volume content of cavities.

As expected in scattering media, the dispersion curve is not a horizontal line;
specifically it exhibits a minimum below 200 kHz. This minimum is more intense as
the inclusion content increases. This is typical behavior of porous media [27] and the
frequency of the minimum is defined by the typical size of the voids. In this case the
local minimum of velocity is exhibited at the frequency of 160 kHz, where the
wavelength (V) is approximately 23 mm and the product of wavenumber (k=2m/L)

times the inclusion size (R) is approximately equal to one:
k*Rz(ZT“)*Rzl.% (3)

In this regime (k*R=1) the scattering interactions are strong [28]. This is another
reason that the scattering model is used, as opposed for example for k*R tending to
zero, where the wavelength is orders of magnitude longer than the characteristic size
of heterogeneity and homogeneous approaches are able to provide reasonable results.
These results are compared to the experimental ones in the next section. It is mentioned
that in similar media, approaches focusing on the incoherent part of the wave have also
shown the potential to characterize distributed damage in the form of air voids or micro

cracking taking into account diffuse ultrasound and late wave arrivals [29,30].
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5.4 Experimental Results

54.1. Ultrasonics

Figure 5. 6 (a). shows the experimental longitudinal wave velocity vs. the inclusion

content.
a
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Figure 5. 6 Wave velocity vs. inclusion content: (a) longitudinal, and (b) Rayleigh
waves.
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For plain material, the velocity is close to 3700 m/s a value quite usual for sound
cementitious materials. For damage content up to 2.5% the velocity seems little
influenced, while for higher content the velocity clearly decreases down to 3390 m/s.
The red solid squares stand for the average of three specimens, while the dot lines
represent the standard deviation. The velocity decrease incurred by damage is of the
order of 10%. On the same graph, the theoretical values of longitudinal phase velocity
are plotted, as taken for the frequency of 130 kHz from Figure 5. 5 (see arrow on
horizontal axis of Figure 5. 5). This frequency is selected as the closest to the peak
frequency of the received experimental signals (120-140 kHz). The agreement
between the theoretical phase velocity and the experimental pulse velocity is good
showing that the wave behavior of damaged concrete can be well simulated by
scattering on material with cavities and the scattering contribution of sand is relatively
negligible. This agreement shows that scattering should be used to explain the wave
behavior of damaged cement-based materials in more detail than homogeneous
approaches. As an example from Table 5.1, if the macroscopically homogeneous
approach is followed for material G, the effective elastic modulus would be calculated
at 18.9 GPa (given its wave velocity of 3390 m/s and its density of 1880 kg/m3).
However, in reality this velocity measured at 130 kHz is the result of the existence of
12.5% of cavities of size 3.9 mm inside a cement matrix of 24.4 GPa, as shown by
scattering theory.

In a theoretical basis (i.e. the scattering model in this case) when all but one
parameters are fixed (size of scatterers, elastic properties, applied frequency etc.) and
only the value of volume content varies, there is one wave velocity value that
corresponds to one specific volume content of scatterers (R2=1 in Figure 5. 6 (a)).
Therefore, a simple inversion would lead to deterministic results; i.e. by knowing the
wave velocity, the volume content would be calculated. When experiment is
concerned, due to several “random” parameters this inversion cannot provide
similarly accurate results, so some differences in the theoretical and experimental
curves of Figure 5. 6 arise (experimental R2<1). Still in laboratory conditions most of
the parameters can be controlled. So in the present case, since the volume fraction of
scatterers is of interest, other mix design parameters like cement type, water to cement
ratio, aggregate to cement ratio, aggregate size distribution are kept constant.

Therefore, a quite satisfactory inversion can be conducted despite the possible random
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experimental parameters that concern mixing, small differences in air content etc.
Under controlled conditions these inversions are possible. For example in the specific
case, velocity values less than 3500 m/s indicate scatterer volume content of more
than 10%. On the other hand velocities higher than 3650 m/s correspond to scatterer
content lower than 5%. This characterization is certainly rough compared to the
theoretical one-to-one inversion, but in an actual situation it would be very helpful
and would contribute to the identification of the most vulnerable parts of a member
given that other material parameters are similar (which is normal for a concrete

belonging to the same batch).

The experimental surface (Rayleigh) wave velocity is depicted in Figure 5. 6 (b).
Similarly to longitudinal, it exhibits a certain decrease with damage increase. The R-
wave velocity exhibits a drop of more than 11% for inclusion-rich material showing
that the influence of damage is at least equal in the Rayleigh mode, while the
experimental scatter is also enhanced. Each dot is the average of twelve

measurements on each type of material.

Scattering is a suitable way to explain the correlations between wave parameters and
inclusion content since the wave physically propagates through the material and each
inclusion/cavity leaves its fingerprint on the wave front. On the other hand,
correlations with strength cannot be taken for granted, as the fracture of a material is a
much more stochastic process. This is shown in Figure 5. 7 where the correlation of
wave velocities vs. average load sustained on the bending test is depicted (“a” for

longitudinal and “b” for Rayleigh).
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Figure 5. 7 Wave velocities vs. maximum bending load: a) longitudinal, b) Rayleigh
(percentages on graph denote inclusion content).

While most of the classes follow a reasonable trend, two of them (containing 5% and
10% of inclusions) exhibited a higher failure load than material with fewer inclusions
and in overall they result in a non monotonic curve. Only the 12.5% material exhibits

constantly lower strength and wave velocities of both modes.

An idea of the experimental scatter of the strength data is given in Figure 5. 8, which

depicts the load of all twenty one specimens (three for each class).
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Figure 5. 8 Maximum load vs. inclusion content for all mortar specimens.

The range of values for each class is typically around 0.3 MPa and the maximum
range is 0.38 MPa for the 7.5% inclusion content. While a general decreasing trend is
seen as the inclusion content increases, the trend cannot be regarded as monotonic
since the 10% class exhibits the highest load bearing capacity in average. This is not
unfamiliar to cementitious materials and mixtures, due to the inherent large variation
of properties and mixing conditions. Although conglomeration of inclusions was not
the case, it may have resulted by local variations on the amount of light inclusions. In
the three point bending configuration, the maximum bending moment is exhibited in
the mid-span. Therefore, the maximum load registered is a combination of the applied
load, and the amount of reduction of the effective central vertical cross section due to
the inclusions. Though the bending moment is sure to obtain its maximum value in
the mid span due to geometry, the uniform reduction of the load bearing cross
sections cannot be guaranteed, leading to some variability on the resulted maximum
load. The fact that the 10% mortar surprisingly exhibited the highest load could have
led to the decision to repeat the mix for this inclusion percentage. This would be the
case if the only aim of the work was the correlation between ultrasonic velocity and
inclusion content. However, one of our aims was to examine the possible correlation
between AE parameters to failure load. Therefore, from this point of view there are

seven classes of materials with different values of failure load and different AE
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parameters that exhibit the correlations which will be described later. Due to the
physical existence of the inclusions that act as cavities, the wave velocity is
influenced showing the corresponding decreasing trend of Figure 5. 6. However, due
to the more complicated behavior at fracture, the existence of the total amount of light
inclusions cannot guarantee the expected strength relatively to the more or less

densely inclusion-populated specimens.

5.4.2. Acoustic emission results

At the moment of main fracture the tensile stresses at the bottom exceed the strength
of the matrix material. The emitted signals from the fracture are recorded and their
parameters analyzed. As aforementioned, frequency and waveform parameters are
used for characterization of the severity of the process. Specifically the following
parameters are discussed herein: central frequency, defined as the centroid of the
spectrum after fast Fourier transform (FFT) of each recorded waveform, measured in
kHz and RA value which is inverse of the “rising angle” of the waveform and is
defined as the ratio of rise time over the amplitude (us/V) [9,10,12]. Additionally, the
number of threshold crossings (counts) are of interest, while energy related
parameters are also included since they have proven useful in monitoring of real
structures [31]. In the present case RMS (root-mean-square — square root of the
average of the squares of all points of a waveform) and ASL (the average signal level
defined as the average amplitude of samples of the rectified signal [32]) are applied.
Figure 5. 9 (a), shows the maximum central frequency exhibited during the fracture of

the specimens vs. the inclusion content.
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Figure 5. 9 AE parameters at the moment of fracture vs. the damage (inclusion)
content of the material: (a) central frequency, (b) RA.

This feature monotonically decreases as inclusions increase and is characteristic of
their scattering action. Actually the material of the specimens which is fractured under
the bending load is the same mortar matrix regardless of the inclusion content.

Therefore, a typical AE event should not systematically differ from specimen to
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specimen. Though the emissions from the fracture of the matrix are reasonable to be
similar, the scattering action of the inclusions will certainly influence their
propagation. Results of Figure 5. 9 (a), show that the frequency received after a
matrix crack may well differ by more than 100 kHz (20%) depending on the inclusion

content of the material.

Additionally, the maximum RA recorded is seen in Figure 5. 9 (b). In general, RA
value exhibits maxima at the moment of main crack formation [9,10] and it is related
to the severity of the incident. In this case although, as mentioned earlier, the fracture
events are not expected to differ in their source, the received signals exhibit a
decreasing trend of RA as damage increases. This is again a result of the scattering
action of the inclusions, which influences the amplitude of the signals, their duration
and rise time and most of the waveform parameters possibly posing serious problems
in AE classification as will be discussed.

As also examined for the ultrasonic parameters, correlations between AE parameters
and failure load were sought. Since the failure load does not necessarily follow the
increase of inclusion content, AE parameters well correlated to inclusions are not
expected to correlate in the same way to the failure load. However, correlations exist,
though not for the same AE indices which were found well correlated to simulated
damage. These parameters are relative to the emitted energy, namely ASL and RMS,
see Figure 5. 10 (a) and (b) respectively.
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Figure 5. 10 (a) Average signal level and (b) root-mean-square vs. maximum load
(percentages on graph

The straight curve fitting is just indicative of the clear increasing trend, showing that
as the maximum load of the specimens increases, so do these AE energy indicators
recorded by the sensors. This is reasonably connected to the released energy at
fracture which depends on the load level. It is indicative that the RMS of the AE
signals increases by a factor of two for material with the highest failure load (3.01 kN)

compared to the lowest (2.22 kN). The same parameters are not similarly well
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correlated to the percentage of inclusions, showing that some parameters are suitable
for correlation with existing damage or heterogeneity while others are more indicative

of strength properties.

5.5 Discussion

In general, ultrasonic velocities are more successfully linked to inclusion content
while AE energy parameters are linked to the failure load. However, due to their
elastic nature, AE signals exhibit strong dependence on the inclusion content as well,
mainly seen through RA value and central frequency. From the reported correlations
of this study it seems that the strongest one is between the wave velocity and
inclusion content, since the trend is monotonic with a correlation coefficient R? higher
than 0.9. Concerning failure load though, AE energy-related parameters seem to yield
also strong correlations (R? just below 0.9). However, it would be premature to
classify the different descriptors according to their characterization strength from this
series of laboratory measurements. This mainly goes for the AE parameters, which are
more sensitive than pulse velocity to the experimental conditions (sensor types,
coupling, distance between crack and sensor). The importance is that AE parameters
can be used in conjunction with slightly destructive tests, like the pull-out or drilling
in order to supply extra correlations with the load bearing capacity of a material in a
structure. So far several models have been proposed for compressive strength
estimation based on ultrasonic pulse velocity and rebound hammer. Most of these
provide relatively good results but they leave a substantial zone of uncertainty related
to the specific material. Possible addition of another parameter (of the AE family this
time) in a multiple parameter model will hopefully increase the accuracy provided by

pulse velocity and is an area that needs serious future effort.

Although it can be argued that ultrasonic properties are physically related to elastic
modulus, there is no certain relation between elasticity and strength (tensile, bending
or compressive) so as to expect a robust correlation between UT results and failure
load. In several cases, as already mentioned in the introduction, correlations may have
emerged but these are empirical, while there is no proved physical connection

between elasticity and the failure load of the specimen. Elastic modulus is the
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incremental resistance of a material to strain in the elastic region, while strength is
defined by fracture criteria and the role of the material’s microstructure (certainly
smaller than the ultrasonic wavelength of some cm) is imperative. Therefore, it is
reasonable that correlations to any type of strength should be sought for in the family
of AE parameters, while existent damage in the form of cracks, voids, or inclusions
which certainly influences the overall elastic properties should be better described by
ultrasound propagation. In the specific case, the AE parameters are related to the

bending strength of the material.

It is significant to highlight that up to a large extent the AE parameters depend on the
texture of the material and not solely on the source. Despite the fact that AE sources
are the same in all specimens since fracture starts from tensile cracks on the mortar
matrix, several strong monotonic trends are noticed between AE parameters and
damage content. This is particularly important since AE parameters are used for crack
classification concerning the dominant fracture mode (tensile, mixed-mode or shear
[9,12,33]). In any specific crack classification scheme the values of AE parameters
including frequency indicators and RA are used to classify the events according to
their source. Therefore, the differences presented due to heterogeneity can mislead

characterization and misclassify the data.

The understanding of the different role of the two techniques is of paramount
importance since it opens the direction for evaluating not only the content of damage
which is one of the main goals of structural health monitoring but also the estimation

of failure load which is the most crucial parameter for a load bearing construction.

5.6 Conclusions

This is a study of combined elastic wave techniques on cementitious material with
simulated damage. The main objective is to help in establishing tools for detailed
assessment of the material’s condition. Wave velocity can be quite accurately used to
correlate to the damage content in the form of light spherical-like inclusions.
Experiments are supported well by scattering theory, the results of which are in very

good agreement for the experimental frequencies. Additionally, the load bearing
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capacity of the specimens was tested. Though ultrasonic parameters do not exhibit
similarly strong correlations with the ultimate load, specific parameters of AE seem to
correlate better. This is reasonable since the ultimate load depends on the fracture
incidents which are monitored through the emitted acoustic waves. Energy related
parameters of AE reveal quite strong correlations directly to bending strength
implying that apart from ultrasonic velocity which has been used for empirical
correlations with strength, AE should be studied complimentarily in order to improve

the rough estimations of strength offered by ultrasonic velocity.
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Chapter 6. Effect of real damage (fire) in concrete

6.1 Purpose

The mechanical behavior of concrete after extensive thermal damage is studied in this
experiment. After being exposed to direct fire action at temperatures of 700 °C and
850 °C, specimens were subjected to bending and compression in order to determine
the loss of strength and stiffness in comparison to intact specimens. Nondestructive
monitoring techniques were also applied in the form of ultrasonics (ultrasonic pulse
velocity, UPV) and acoustic emission (AE). Apart from the good-but well known-
correlation of UPV to strength (bending and compressive), strong correlations are
noticed between UPV and absorbed fracture energy. Additionally, AE parameters
based mainly on the energy of the emitted signals after cracking events, show similar
or —in certain cases- better correlation with the mechanical parameters and
temperature. This demonstrates the sensitivity of AE to the fracture incidents which
eventually lead to the fracture of the material and it is encouraging for potential use
in-situ, where it could provide indices with additional characterization capacity

concerning the mechanical performance of concrete after fire.

6.2 Introduction

Concrete structures under service conditions are normally exposed to temperatures
below 100°C. Only in the event of accidental situations (fire) the temperature of the
material may increase to several hundred °C. Even in these cases, after a fire has
finished, the concrete structure will often remain standing which gives the opportunity
to repair the structure if it is economically feasible, rather than demolishing and
reconstructing [1]. However, for these cases it is essential to know the mechanical and
physical behavior of the material after having sustained high temperatures in order to
allow assessment of the residual strength and performance capacity in general [2].
Concrete generally exhibits good resistance to thermal loads. This is due to its low

thermal conductivity which also provides a barrier for thermal protection of the
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reinforcing steel [3]. However, elevation to high temperatures of the order of several
hundred °C or even 1000°C can well compromise its mechanical performance. This is
due to a combination of reasons including chemical decomposition of structural
substances and thermal micro-cracking due to the different expansion coefficients of
its constituents. Finally there is spalling, which results from increase of the pore
pressure and from temperature gradients due to which, the hot surface layers tend to
separate and spall from the cooler interior. This exposes deeper layers of concrete to
the elevated temperatures and accelerates deterioration. Once the reinforcing bars are
also exposed, they conduct heat and accelerate the action of high temperature [4-7].
Therefore, reliable assessment of the mechanical properties of concrete after exposure
to high temperatures is a crucial issue in order to decide if the structure can be
repaired and how [1,8].

Elastic waves have been used in order to provide characterization of the structural
condition of concrete materials and structures. Ultrasonic pulse velocity (UPV)
depends on the elastic properties and void content of concrete supplying valuable
correlations to strength and evaluations of the interior condition [9,10]. Furthermore,
acoustic emission (AE) detects the elastic waves due to cracking events occurring
within the volume of the material allowing a reliable monitoring of its fracture
process. AE indices are used to correlate to strength, damage content, while they also

help to characterize the dominant damage mode [11-13].

In the field of thermally damaged cementitious materials although a unique
relationship between the maximum sustained temperature and strength cannot be
found, several studies have shown that the remaining strength (compressive, flexural
or tensile) reduces from 50% to 80% for temperatures at 800°C or higher [14-18],
while the strength of the concrete-steel bond reduced dramatically at 450 °C [19].
Elastic modulus decreases in a similar way [4,8] while toughness or the capacity of
the material to absorb energy during fracture is also decreased by a factor of two or
more [8]. Along with the drop of strength the material after thermal damage exhibits
higher ductility [4,8,20]. Ultrasonic pulse velocity has been used to evaluate the
thickness of the fire-damaged concrete layer in-situ [21] and estimate the remaining
strength [22], since it is quite sensitive to the drop of material stiffness induced by the
elevated temperatures [3,5,23]. Wave attenuation measured in the first MHz range
was shown to significantly increase as a function of the sustained temperature [24-26]
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while dispersion curves at the same frequency range exhibit a large shift to lower
velocity levels for temperatures below or slightly above 500°C [25,26]. Nonlinear

wave techniques have also been used to monitor progressive thermal damage [25,27].

The use of AE is certainly more limited concerning thermally damaged material. AE
has been used to monitor the cracking behavior of various materials due to exposure
in open flames [28]. Specifically for concrete it was shown that thermal micro-
cracking causing recordable AE is not induced below the temperature of 180°C [4]. In
another study, strong number of AE events were recorded as the temperature rose
from 500°C to 750°C [29], while the AE results were used for the development of
models for prediction of the spalling behavior. Additionally, when thermally loaded
concrete was mechanically tested, it emitted AE energy in a slower pace in agreement
with the more ductile texture that allows considerable increase of maximum strain [4].
It was also shown that the width of the fracture process zone, measured by AE
location increases for thermally damaged material [20]. Finally, AE of concrete
specimens with metal bars under constant axial load on the rebar with increasing
temperature up to 600°C has indicated long ago that the technique is sensitive to the
deterioration of bonding quality after fire [1].

In this study concrete specimens were subjected to direct fire action, instead of
elevated temperatures in an oven that is usually the case. This kind of experiment is
not easily conducted due to the specialized necessary equipment, chamber, as well as
safety precautions. In our case the facility of a brick manufacturing industry was used.
After being exposed to as high temperatures as 850°C, the concrete specimens were
ultrasonically interrogated and mechanically tested in bending and compression with
simultaneous AE monitoring. Important conclusions are drawn with respect to the
mechanical behavior of concrete after fire. The combined results of the monitoring
methods and the mechanical properties obtained show that incorporation of
parameters from both AE and UPV techniques may lead to more precise

characterization of remaining strength after severe thermal damage.
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6.3 Experimental Details

6.3.1.  Materials and mechanical loading

One concrete mixture was produced consisting of sixteen specimens. Half of the
specimens were prismatic beams of size 100x100x400 mm for conducting four-point
bending test and half were cubes of size 150x150x150 mm for compression testing.
The aggregates consisted of 56% crushed sand, 13.87% fine gravel and 30.13%
coarse gravel with maximum aggregate size 31.5 mm, while the water/cement ratio
was 0.70 by mass. The density and the water absorption of the crushed sand were
2601 kg/m3 and 0.98 %, of fine gravel 2621 kg/m3 and 0.75 %, of coarse gravel 2681
kg/m3 and 0.61 % respectively. The cement type was CEMII/A-M(P-LL). The exact
mix proportions were as follows: cement (type 11 42.5N) 80 kg/m3, cement (type Il
32.5N) 200 kg/m3, water 195 kg/m3, crushed sand 1050 kg/m3, fine gravel 260
kg/m3, coarse gravel 565 kg/m3 , retarder - plasticizer (CHEM 1) 1.54 kg/m3,
retarder - plasticizer (CHEM 11) 1.96 kg/m3 . The actual bulk density of concrete was
2359 kg/m3) while the ambient temperature was 25°C. The workability as measured
by the slump test was 11 cm. The specimens were cured in water saturated with
calcium hydroxide at 23 +2°C. The average compressive strength of three days was
fc(3)= 18.0 MPa, of seven days fc(7)= 24.7 MPa and of twenty eight days was
fc(28)= 33.8 MPa (with a standard deviation of 3.0 MPa).

Thermal damage needs specialized equipment and is not always an easy task to
accomplish. In this case, the fire loading was conducted in a specialized facility. Six
of the bending and six of the compression specimens were exposed to fire action. The
fire damage process took place in a furnace of a brick industry and the specimens
were exposed in direct fire, from every side, except from the side that they laid down.
Half of the specimens were exposed to fire with maximum temperature of 850°C and
the other of 700°C. The fire developed gradually to maximum temperature for 12 hrs
and the temperature was held constant for 8 hours. After that, the temperature
gradually reduced for about 12 hours. Photographs of typical bending and
compression specimens after fire exposure are seen in Figure 6. 1 where spalling is

obvious.
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Figure 6. 1 Typical specimens after fire exposure.

Six of the prismatic beam specimens (two healthy, two exposed at 700°C and two at
850°C) were subjected to four-point bending (Figure 6. 2 a), with a span length of 300
mm.
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(a) (b)

Figure 6. 2 (a) Prismatic beam specimen after fire damage subjected to four-point
bending with AE monitoring, (b) Cubic specimen after fire damage subjected to
compressive test.

The tests were conducted on a servo-hydraulic Instron Model 5967 (30kN capacity).
The loading and support system was designed in accordance with BS EN 12390-
5:2000 and the third point loading applied to the specimen without eccentricity and
torque. The displacement rate was 0.12 mm/min.

A number of seven specimens were subjected to compression, see Figure 6. 2b. The
load rate was 0.3375 MPa/s

6.3.2. Monitoring techniques

AE was monitored by two resonant piezoelectric sensors, namely the R15 (Physical
Acoustics Corp., PAC) with resonance nominally at 150 kHz, see Figure 6. 2a. The
signals were pre-amplified by 40 dB and were digitized by a sampling rate of 3 MHz
in a PCI-8 board of PAC. It is mentioned that for the healthy specimens a number of
four small broadband Pico sensors were additionally applied, but this was not possible
for the rough texture of the fire-damaged. Therefore, the analysis is limited in this
case to the results of the sensitive R15 sensors. Grease was applied between the
sensors and the specimen’s surface to enhance acoustic coupling, while they were

secured by tape during the experiment, see Figures 6. 2 (a) and (b). All signals with
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amplitude higher than 40 dB were recorded, while for the analysis, the signals with
energy “zero” were disregarded. Some of the most important parameters of a received
waveform are the amplitude (A), which is related to the intensity of the cracking event
and energy (ENE) which is the area under the rectified signal envelope and is again
connected to the energy released by the crack [30]. These, along with the accumulated
hit activity are analyzed in the next sections offering strong correlations to the

mechanical parameters.

Pulse velocity was measured with a commercial device (PUNDIT), see Figures 6. 3

(@) and (b) for testing of a prismatic and a cubic fire damaged specimen respectively.

Figure 6. 3 UPV measurements in (a) bending specimen, (b) compression specimen
after fire damage.

The frequency of excitation was 54 kHz while the transit time through the known
thickness of the material was recorded. Three measurements were taken at different
vertical wave paths for bending specimens and two for compression ones. The results

were averaged for each specimen.
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6.4 Results
The basic properties of the specimens are shown in Table 3.2. 1 and Table 3.2. 2 for

bending and compression specimens accordingly.

Table 6. 1 Basic properties for concrete specimens in bending

Code | Temperature | Mass Max. Toughness* | UPV

(°C) reduction | load J) (m/s)

(%) (kN)

A 850 37 1.265 0.985 1839
D 850 23 1.319 0.778 1778
E 700 20 2.128 0.817 1959
F 700 21 2.238 0.829 1988
G 20 0 11.855 | 2.351 4619
H 20 0 8.581 1.601 4565

*As measured by the load-extension curve

Table 6. 2 Basic properties for concrete specimens in compression

Code | Temperature Mass Strength | UPV

(°C) reduction (MPa) (m/s)

(%)

A 850 24 1.69 1942
B 850 25 1.47 1086
C 700 12 1.85 1403
D 700 19 4.96 1455
E 700 21 2.85 1938
G 20 0 36.55 4490
H 20 0 34.19 4179

A great reduction in maximum load and toughness, accompanied by severe mass
reduction due to spalling is noted for the bending specimens. The situation is quite
similar for the compression specimens. Additionally, the exposure to 850°C results in
lower mechanical properties than 700 °C. These trends are accompanied by the

corresponding strong decrease of UPV that is of the order of 60-70% compared to the
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intact specimens. The results are analytically presented and discussed separately for

bending and compression below.

6.4.1. Bending

Figure 6. 4 shows indicative curves of load vs. extension for typical specimens.
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Figure 6. 4 Load vs. extension curves for concrete beams. The fire damaged
specimens were subjected to 8500C.

Apart from the obvious decrease of ultimate load bearing capacity of the fire-damaged
specimens (decrease of approximately 80% compared to the intact beams), a certain
increase in ductility is noticed in terms of extension at peak load. While the intact
beams are fractured at a load cell extension of 0.5 mm, the extension at load drop for
the fire-damaged reaches even 0.8 mm. The load drop is much smoother than the one
of sound beams. Apparently the stiffness is also diminished as seen by the different
slopes of the load — extension curves. The slope of the fire-damaged is approximately

one tenth of the sound specimens. It is mentioned that since the extension is measured
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by the displacement of the load cell and not the mid-span deflection of the specimen,
projections to actual Young’s modulus are not conducted. The more ductile nature of

the material after fire damage can also be seen in Figure 6. 5, where the specimen has

not split in two parts even after the termination of the experiment.

Figure 6. 5 Bending specimen after the four-point bending test. A large crack is
visible (see arrow).

The AE activity in terms of recorded hits for indicative specimens is shown in Figure
6. 6 along with the load histories. Figure6. 6 (a) and (b) concern fire damaged

specimens.
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Figure 6. 6 AE activity and bending load history for specimens sustained fire damage
at 850 oC (a) and (b) and intact specimens (c) and (d).

It is seen that AE activity starts quite early, while the rate of incoming signals
increases at the point of load drop. On the other hand, for sound specimens, the load
drop at the moment of main failure is much sharper (see Figures 6. 6 (c) and (d)),
since the specimen fails catastrophically in two parts. The AE curve of these
specimens reveals negligible activity at early stages of loading while continuous
emissions are recorded after 70% of the maximum load. At the moment of load drop
there is a vertical slope of the accumulated AE activity curve which shows that almost
all the energy is emitted at that time. Focusing again on the concrete directly exposed
to fire action, the specimens did not split in two after the load drop, while the
continuation of AE recording even after the maximum load, confirms the more plastic

nature of the material after fire [3,20]. Concerning the moment of main failure, the
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maximum rate of acquisitions which was noticed at the load drop moment was
approximately 3 hits/s for fire damaged, while it was ten times higher for intact

specimens.

Concerning concentrated information from all the bending specimens, interesting
correlations are noted between mechanical properties and parameters obtained by
NDT techniques (AE and UPV). Figure 6. 7 shows the relation between the bending

load and pulse velocity.
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Figure 6. 7 Bending load and fracture energy vs. UPV of concrete specimens.

The two sound specimens which did not sustain any fire load exhibited the two
highest values of bending load, while exhibiting the highest UPVs (above 4500 m/s).
On the other hand, fire damaged specimens revealed a decrease of the order of 90% in
strength escorted by a decrease of around 60% of UPV. The situation is similar for the
absorbed energy as measured by the area under the load-extension curve. Though it
cannot be considered the same as fracture toughness (which would require accurate

deflection and not load cell extension measurement) it is quite indicative of the work
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consumed for the failure of the specimens. Again the specimens that sustained fire
damage exhibited a significant drop of fracture energy, in this case of the order of
60%). The larger drop of strength as a percentage relatively to absorbed energy has
been also reported in [8] but in compression mode. The fitting lines and correlation
coefficients are indicative and are supplied for completeness while for robust and

mathematically significant correlations more specimens would be necessary.

Looking into the AE family of descriptors quite strong (or even stronger) correlations
emerge. Figure 6. 8 shows the corresponding graphs of bending load and fracture
energy vs. the cumulative energy of AE.
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Figure 6. 8 Bending load and fracture energy vs. total AE energy of concrete
specimens.

The logarithmic fitting exhibits again high correlation coefficient. AE energy for the
fire damaged is limited to a few percent of the AE recorded by the sound specimens,
which relates well with the drop of mechanical properties. It is also indicative that the
AE energy seems sensitive not only to the existence or not of the fire damage but also

to the fluctuations of the mechanical properties within each class. Specifically,
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concerning the intact specimens, the one with the highest bending load (11.9 kN)
exhibited approximately double AE energy compared to the second highest (8.6 kN).
Fire-damaged specimens emitted AE energy one to two orders of magnitude lower.
The correlation of AE energy to the absorbed fracture energy is almost similarly good,
which is reasonable bearing into mind that AE is a part of the fracture energy. This,
along with the similarly strong or even stronger correlation coefficients of AE energy
to the mechanical data than UPV shows that AE descriptors can also be used to
enhance the estimations of strength that is being attempted with the UPV so far, as

will be discussed in a next section.

The drop of mechanical properties seems to follow the maximum temperature

increase, as shown in Figure 6. 9.
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Figure 6. 9 Bending load and fracture energy vs. maximum sustained temperature of
bending concrete specimens.

Especially the load exhibited quite consistent values being reduced by 79% and 88%
for temperatures of 700 °C and 850 °C respectively. The fracture energy on the other

hand, showed some fluctuations for the 850°C, but still exhibited a quite consistent
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curve to temperature. The corresponding dependence of NDT parameters on the

temperature are shown in Figure 6. 10.
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Figure 6. 10 Total AE energy and UPV vs. maximum sustained temperature of
bending concrete specimens.

While the total AE energy emitted by the specimens during bending shows a good
correlation of R2=0.87, the correlation of UPV is almost absolute.

6.4.2. Compression

Results exhibit similar trends for the compression loading. Correlations concerning
the compressive load and NDT results (UPV and total AE energy) can be seen in

Figure 6. 11.
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Figure 6. 11 UPV and total AE energy vs. compressive strength.

The fire loading induced a huge drop of more than 90% on strength escorted by a drop

of 60% in pulse velocity and approximately 90% in recorded AE energy.

In the specific case, other parameters of AE were more representative of the strength,

as seen in Figure 6. 12.
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Figure 6. 12 AE amplitude and AE counts vs. compressive strength.
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Specifically, the average amplitude of AE emissions seems to be well correlated to the
compressive strength. In fire damaged concrete the recorded signals are
approximately 4 dB lower in average than the ones in sound material, which is
connected to the intensity of the original crack propagation incidents. This is
reasonably related to the texture of the material which changes from brittle to plastic
with the fire damage, as has already been seen by the load-extension curves. The
amplitude of the acquired signals certainly depends on the crack tip displacement
during any crack opening moment. Therefore, for a brittle material it is reasonable
that the amount of energy recorded at each step is higher than a ductile one. Of course
it should always be kept in mind that the AE signals are elastic waves which are prone
to damping. Therefore, a part of the amplitude reduction between sound and fire
damaged should be related to increasing attenuation after fire, as has been seen in
related studies [24-26]. However, still this is an effect of deterioration induced by the
fire damage which indirectly affects the AE measurements. Correlations with the
absorbed energy were not possible since deflection was not monitored in the

compression test.

Quite strong is the correlation of the AE threshold crossings (“counts” in AE
terminology) and the final strength. Material with normal strength (above 30 MPa)
exhibited more than double number of counts compared to the fire damaged. Counts
do not have a direct physical connection to material properties like pulse velocity
does; however, it is one of the first parameters to provide empirical correlations with
strength [31]. Large number of counts show longer recorded waveforms and is also

related to less attenuation of the material.

Figure6. 13, shows the relation of compressive strength with the sustained

temperature.
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Figure 6. 13 Compressive strength vs. maximum sustained temperature.

The relation seems quite strong while a drop in average strength can be seen even for
the specimens burnt at 850 °C relatively to the 700 °C. The compressive strength
drops by 95% as a result of exposure to 850 °C of direct flames, while for the 700 °C
the percentage of reduction is between 85% and 94%.

Similarly for bending, correlations with temperature are noted for monitoring
parameters in compression specimens. Figure6. 14, shows the correlation of AE

amplitude and UPV with the maximum fire temperature.
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Figure 6. 14 Total AE energy and UPV vs. maximum sustained temperature of
bending concrete specimens.

Both parameters exhibit a quite strong correlation with the sustained temperature.
Although it is certain that the increase of temperature has a deterioration effect on the
material’s quality, the curve would benefit by addition on intermediate temperatures
between 20°C and 700°C.

6.5 Discussion-Conclusion

The assessment of concrete materials and structures after fire is a very important
safety issue. In that respect, any assessment parameter that can be drawn may act
complementarily to the visual inspection which always supplies the initial and crucial

information.

To create a statistically reliable database, exposure to different temperatures and for
different durations would be desirable. Although a new series of experiments is
already prepared for this purpose, the focus herein is the investigation of novel
monitoring parameters as to their characterization power over fire-damaged concrete
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quality that could act complementarily to the UPV, which is a traditional and
established parameter for strength estimation. UPV can be directly connected to
elasticity and empirically to strength. The well-known correlations seem to hold for
the case of this study as well. Use of ultrasound can easily discern between sound and
fire-damaged concrete, while it is proven sensitive to changes in the sustained
temperature. However, one aspect that has not been sufficiently studied, is the
correlation between the mechanical properties of fire-deteriorated concrete and the
AE behavior. In the framework of this study, quite strong correlations emerge.
Parameters related to the emitted energy during the fracturing events, as well as
waveform descriptors, like the number of threshold crossings show similarly good
correlation with the mechanical properties related to strength (in bending and
compression) and absorbed energy (in bending). Practically, these parameters can be
obtained in conjunction with some slightly destructive tests that are always necessary
for in-situ assessment. As an example AE can be measured while drilling for
assessment of the thickness of the deteriorated layer [32,33]. AE will change
considerably as the drill penetrates deeper into stiffer material with less thermal
damage. Alternatively AE can work in conjunction with other type of slightly
destructive test like the pull out [34]. The energy released during fracture incidents
will vary significantly as shown in the present study depending on the existence or not
of fire damage. Based on the presented correlations, inclusion of AE in the armory of
NDT for concrete assessment, can provide additional parameters, the characterization
capacity of which concerning the remaining strength after fire damage is similar or
even better to UPV.
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Chapter 7. Effect of real damage (fire) in Reinforced
concrete

7.1. Purpose

The mechanical behavior of Reinforced concrete after extensive thermal damage is
studied in this experiment. Bending and compression specimens of Reinforced
concrete were produced and exposed to direct fire action at temperatures of 700 °C
and 850 °C, in order to determine the loss of strength and stiffness in comparison to
intact specimens. The mechanical tests could not been executed because of the
extensive damage of the fired damaged specimens and the change of the shape due to
spalling. Nondestructive monitoring techniques were not been able to applied too in
the form of ultrasonics (ultrasonic pulse velocity, UPV) and acoustic emission (AE)
because of the extensive damage of the fired damaged specimens due to spalling.

7.2. Experimental Details

7.2.1.  Materials and mechanical loading

The same concrete mixture with the plain fired damaged concrete specimens witch
was studied in the previews chapter was produced consisting of sixteen specimens.
The specimens for bending were reinforced by two steel rebar reinforcement of 14mm
diameter each. The specimens for compression were reinforced by four steel rebar
reinforcement of 14mm diameter each. Half of the specimens were prismatic beams
of size 100x100x400 mm for conducting four-point bending test and half were cubes
of size 150x150x150 mm for compression testing. The aggregates consisted of 56%
crushed sand, 13.87% fine gravel and 30.13% coarse gravel with maximum aggregate
size 31.5 mm, while the water/cement ratio was 0.70 by mass. The density and the

water absorption of the crushed sand were 2601 kg/m3 and 0.98 %, of fine gravel
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2621 kg/m3 and 0.75 %, of coarse gravel 2681 kg/m3 and 0.61 % respectively. The
cement type was CEMII/A-M(P-LL). The exact mix proportions were as follows:
cement (type Il 42.5N) 80 kg/m3, cement (type Il 32.5N) 200 kg/m3, water 195
kg/m3, crushed sand 1050 kg/m3, fine gravel 260 kg/m3, coarse gravel 565 kg/m3 ,
retarder - plasticizer (CHEM 1) 1.54 kg/m3, retarder - plasticizer (CHEM II) 1.96
kg/m3 . The actual bulk density of concrete was 2359 kg/m3) while the ambient
temperature was 25°C. The workability as measured by the slump test was 11 cm. The
specimens were cured in water saturated with calcium hydroxide at 23 £2°C. The
average compressive strength of three days was fc(3)= 18.0 MPa, of seven days
fc(7)= 24.7 MPa and of twenty eight days was fc(28)= 33.8 MPa (with a standard
deviation of 3.0 MPa).

Thermal damage needs specialized equipment and is not always an easy task to
accomplish. In this case, the fire loading was conducted in the same specialized
facility like the plain concrete specimens studied in the previews chapter. Six of the
reinforced concrete bending and six of the reinforced concrete compression specimens
were exposed to fire action. The fire damage process took place in a furnace of a brick
industry and the specimens were exposed in direct fire, from every side, except from
the side that they laid down. Half of the specimens were exposed to fire with
maximum temperature of 850°C and the other of 700°C. The fire developed gradually
to maximum temperature for 12 hrs and the temperature was held constant for 8
hours. After that, the temperature gradually reduced for about 12 hours. Photographs
of typical reinforced concrete bending and reinforced concrete compression
specimens after fire exposure are seen in Figure 7. 1 where the excessive spalling is

ohvious.
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Figure 7. 1 Damaged reinforced concrete specimens after fire exposure.

7.3. Discussion-Conclusion

Due to extensive spalling of the fired damaged Reinforced bending and compression
specimens both the mechanical tests and the Nondestructive monitoring techniques in
the form of ultrasonics (ultrasonic pulse velocity, UPV) and acoustic emission (AE),
were not been able to applied because the extensive damage leads to the change of the
shape of the fired damaged specimens. The study should be repeated with different
lower max temperatures this time so as to investigate the influence of fired damage in

steel rebar reinforcement in concrete structures.

239






Chapter 8. FEinal conclusions and suggestions for future
work

8.1. Final conclusions

This study involved the development of a methodology for evaluating the
structural integrity of reinforced concrete elements especially with innovative Non-

Destructive Evaluation (NDE) techniques mainly acoustic emission and ultrasonics.

The main aim is to characterize the acoustic signature with the passive
monitoring of different fracture process in cementitious and others materials.

Ultrasound was also applied on these different materials and damage scenarios.

In Chapter 2 has been studied the propagation of elastic wave pulses within
material with microstructure. The investigation includes AE parameters which are
used for characterization of the fracturing properties of materials, instead of the
classical wave speed and attenuation which are related to mechanical and physical
properties. Due to the heterogeneity of concrete, the waveforms are continuously
distorted as the wave propagates away from the source. This results in significant shift
of the original content when the pulses are recorded by the receiver. Experiments in
specimens of mortar show that an additional propagation distance of a few cm affects
the calculated values by orders of magnitude. RA increases by three to four times
while frequency decreases by about 30%. This strong influence would not allow the
use of any laboratory-based criterion in-situ. Simulations were also conducted in order
to expand to different materials and higher frequencies. They showed even higher

influence of inhomogeneity on the propagating wave

In 3.1 session of Chapter 3 has been studied the fracture process in
cementitious materials (mortar) with the use of the acoustic emission technique.
Monitoring with broadband AE sensors revealed distinct trends for the different
fracture modes. Specifically AE signals from tensile tests exhibit higher amplitude
and frequency, while shear exhibit longer duration and lower rising angle, as
measured by the RA value. The results show that accurate characterization of modes

is possible in laboratory based on simple features recorded by one AE sensor.
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In 3.2 session of Chapter 3 has been studied the AE behavior of concrete
beams under two different fracture modes. Specifically, the beams were subjected to
four-point bending and shear and their activity was monitored by several AE
transducers. Despite the large experimental scatter which is certainly inherent to the
measurement of AE and fracture processes distinct differences in waveform
characteristics were registered. Specifically, in bending fracture mode, which is
expressed by tensile stress cracking at the bottom of the beam, exhibited frequency
content of emissions nearly 50% higher than shear in average. Additionally, it

registered shorter waveform with much shorter rise time.

In 3.3 session of Chapter 3 has been studied the AE behavior of Materials with
different microstructure that were tested in bending and shear, namely marble as a
typical homogeneous material and cement mortar as a material with microstructure on
the level of millimeters. Simple alterations on the experimental set up allowed
triggering different fracture modes. The results show firm evidence that actually the
different fracture modes (tension and mixed mode) exhibit different AE signatures in
terms of frequency and waveform shape parameters like the rise time. Shear fracture

exhibits lower frequency and longer waveforms in average.

In 3.4 session of Chapter 3 has been studied the comparison in the AE
behavior between another pair of materials with different microstructure. Specifically
granite, as a typical homogeneous material, and cement mortar as a material with
heterogeneity were examined in bending and shear. Modifications on the
experimental set up allowed triggering different types of failure. The results show
reliable trends that the different fracture modes (tension and shear or mixed mode)
exhibit different AE signatures in terms of frequency and waveform shape. Shear
events exhibits lower frequency and longer waveforms. Collecting an adequate
population of signals helps to discriminate the active fracture mode. Additionally, the
distance between the cracking source and the sensor is important, since an additional

propagation of 40 mm influences substantially the values of AE features.

In 3.5 session of Chapter 3 has been studied the fracture behavior of two granite
types under different modes. Tests were accompanied by ultrasonic assessment before

loading and acoustic emission monitoring during loading. Apart from the fact that
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ultrasonic pulse velocity is considerably higher for higher strength granite, the basic

conclusions are mentioned below:

> The characteristics of AE waveforms are directly sensitive to the loading
pattern (bending or shear). When preliminary shear damage is building up
during moderate loading, AE signals have much longer RT than the
corresponding bending damage. This direct correspondence between the stress

field and the AE waveform parameters has not been explored in granite.

> Shear loading produces a more continuous acoustic activity compared to
bending. This implies that while bending damage resumes after periods of

silent stress build-up, the shear goes on without serious “plateaus”.

> Repair by means of epoxy in between the crack faces, restores the load bearing
capacity up to 70% for bending and up to 40% for shear loading.

> Repaired specimens exhibit longer initial silent periods in bending. This
behavior is attributed to the elasticity of epoxy which allows straining longer

before starting to have irreversible damage than granite itself.

In Chapter 4 has been studied the acoustic emission behavior during different
fracture tests on concrete. Two tests are used as means to apply different stress
conditions on concrete cubes. The basic modes targeted are compression in the
standard compressive test and shear during the insert pullout in the form of the LOK
test. As FEM analysis indicates, the latter results in a complex state of stress including
strong shearing components that overpass normal ones at the area of fracture. The
resulting trends show distinct behaviors allowing discrimination of the AE signal
populations from the two fracture modes. Fracture due to strong shearing stress

components emits waves with longer duration and lower frequency than compression.

In Chapter 5 has been a combined study of elastic wave techniques on
cementitious material with simulated damage. The main objective is to help in
establishing tools for detailed assessment of the material’s condition. Wave velocity
can be quite accurately used to correlate to the damage content in the form of light
spherical-like inclusions. Experiments are supported well by scattering theory, the

results of which are in very good agreement for the experimental frequencies.
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Additionally, the load bearing capacity of the specimens is tested. Though ultrasonic
parameters do not exhibit similarly strong correlations with the ultimate load, specific
parameters of AE seem to correlate better. This is reasonable since the ultimate load
depends on the fracture incidents which are monitored through the emitted acoustic
waves. Energy related parameters of AE reveal quite strong correlations directly to
bending strength implying that apart from ultrasonic velocity which has been used for

empirical correlations with strength,

In Chapter 6 has been studied the investigation of novel monitoring
parameters as to their characterization power over fire-damaged concrete quality that
could act complementarily to the UPV, which is a traditional and established
parameter for strength estimation. UPV can be directly connected to elasticity and
empirically to strength. The well-known correlations seem to hold for the case of this
study as well. Use of ultrasound can easily discern between sound and fire-damaged
concrete, while it is proven sensitive to changes in the sustained temperature.
However, one aspect that has not been sufficiently studied, is the correlation between
the mechanical properties of fire-deteriorated concrete and the AE behavior. In the
framework of this study, quite strong correlations emerge. Parameters related to the
emitted energy during the fracturing events, as well as waveform descriptors, like the
number of threshold crossings show similarly good correlation with the mechanical
properties related to strength (in bending and compression) and absorbed energy (in
bending)

In Chapter 7 has been studied the influence of fire-damage in Reinforced concrete.
Due to extensive spalling of the fired damaged Reinforced bending and compression
specimens both the mechanical tests and the Nondestructive monitoring techniques in
the form of ultrasonics (ultrasonic pulse velocity, UPV) and acoustic emission (AE),
were not been able to applied because the extensive damage leads to the change of the
shape of the fired damaged specimens. The study should be repeated with different
lower max temperatures this time so as to investigate the influence of fired damage in

steel rebar reinforcement in concrete structures.
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8.2. Suggestions for future work

The passive characterization of the cracking mode with the acoustic emission
technique can prove very beneficial for structural health monitoring operations as
it supplies information that cannot be yielded by any other NDE technique.
Discrimination of the modes is accomplished by a few AE parameters which is
very encouraging for in-situ application. Apart from this, the analysis can assist
material characterization studies in laboratory as it reveals the sensitivities of the
material at different stress states. On the other hand, results highlight the need to
jointly study AE with elastic wave propagation since the distortion and attenuation
imposed by the medium even in an additional distance of a few centimeters alters
significantly the frequency content and shape of the acquired waveforms by
masking the original characteristics of the emitted wave even in small laboratory
samples. This distance between the cracking source and the sensor is of primary
importance, since an additional propagation of 40 mm poses substantial changes
in the values of AE features especially for heterogeneous materials.

Future efforts should employ larger concrete specimens and recording of
signal by more sensors and longer propagation distances while the testing set up
could be improved by the aid of FEM analysis in order to result to pure shear
fracture instead of mixed mode. This is an important parameter that needs to be
amended in order to fully exploit the capabilities of AE in laboratory and expand
reliable characterization in real structures.

In monolithic structures, passive monitoring by AE can provide information
on the stress field and the fracture pattern which cannot be provided by other non-
invasive techniques. These materials (granite and marble) are adequate to
highlight the effect of pure stress field in AE without serious influence of the
microstructure on the wave propagation and the fracture itself. The effect of
attenuation due to damping will be studied through the results of multiple sensors,
something that will help to upgrade the test to larger geometries.

In general passive monitoring with the Acoustic Emission technique should be
studied complimentarily in order to improve the rough estimations of strength
offered by ultrasonic velocity. Especially in fire damaged concrete evaluation the
energy released during fracture incidents will vary significantly depending on the

existence or not of fire damage. Based on the presented correlations, inclusion of
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Chapter 8. Final conclusions and suggestions for future work

AE in the armory of NDT for concrete assessment can provide additional
parameters, the characterization capacity of which concerning the remaining

strength after fire damage.
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