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Abstract

This doctoral thesis is developed in materials, Non-Destructive Testing (NDT) and
signal processing fields. Its purpose is to make a contribution in new non de-
structive techniques focusing in its development and application to real systems.
Durability and damage evaluation in non-homogeneous materials is the keystone
of this document, assembling the structure in two main chapters. In the first
instance the behaviour of Glass-fiber Reinforced Cement under bending test is
evaluated. Multiple ultrasonic signals during the deformation process of the spec-
imens were acquired, implementing a new multi-frequency acquisition technique.
After the acquisition stage, linear and non-linear parameters were calculated from
the pulsed ultrasonic signals correlating those parameters with the stress strain
curve described during the test. In the third chapter, the impact spectroscopy
analysis applied to chemical and thermal damaged mortar samples is exposed.
The non-linear histeretic behaviour of the mortar specimens was studied more
in depth. The analysis of the dynamic modulus softening with increment of the
excitation amplitude is a hot spot at this moment for damage evaluation, being the
current technique depending on the multiple signals acquisition. In this context, a
new technique is proposed which allows a non-linear parameters extraction from
a single reverberation signal.
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Resumen

Esta tesis doctoral se encuentra desarrollada en los &mbitos de materiales, ensayos
no destructivos y procesado de sefial. Su propdsito es aportar nuevas técnicas no
destructivas centrandose tanto en su desarrollo como en su aplicacién a sistemas
reales. La evaluacion de durabilidad y dafio en materiales no homogéneos es el
eje central de este documento, articulandolo en dos capitulos fundamentales. En
primera instancia se evalta el comportamiento del cemento reforzado con fibra de
vidrio bajo esfuerzo de flexién. Muiltiples sefiales ultrasénicas fueron adquiridas
en todo el proceso de deformacion de los elementos implementando una nueva
técnica de adquisicion multifrecuencia. En la fase posterior a la adquisicion se
determinaron parametros lineales y no lineales de las sefiales ultrasénicas pul-
sadas correlacionando dichos pardmetros con las curvas tensién - deformacion
descritas por los elementos ensayados. En el tltimo bloque se expone el analisis
de espectroscopia por impacto sobre probetas de mortero dafiadas quimica y térmi-
camente. Se profundizé sobre el comportamiento dindmico no-lineal e histéretico
de los elementos de mortero. El anélisis del ablandamiento del médulo dindmico
con el incremento de la amplitud de excitacidon es un tema de gran interés para
la evaluacion de dafio, siendo la técnica actual dependiente de la adquisicion de
multiples sefiales. En este contexto, se propone nueva técnica de procesado de
sefial capaz de extraer pardmetros de esta naturaleza a partir de una tnica sefial.
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Resum

Aquesta tesi doctoral esta desenvolupada als ambits de materials, assajos no de-
structius i processament de senyals. El seu proposit és aportar noves técniques no
destructives, centrades tant en el seu desenvolupament com en la seua aplicaci6
a sistemes reals. I'avaluaci6 de durabilitat i dany en materials no homogenis €és
I'eix central d’aquest document, format per dos capitols fonamentals. En primer
lloc s’avalua el comportament del ciment reforcat amb fibra de vidre sotmes a
esforc de flexié. Diverses senyals ultrasoniques van ser adquirides durant tot el
procés de deformacié dels elements que implementa una nova tecnica d’adquisicié
multifreqiiéncia. En la fase posterior a 'adquisicid es van determinar parametres
lineals i no lineals de les senyals ultrasoniques polsades que correlacionen aquests
parametres amb les corbes de tensio-deformacid descrites pels elements assajats.
Al tercer bloc s’exposa 'analisi d’espectroscopia per impacte en provetes de morter
malmeses quimicament i térmicament. Es va aprofundir en el comportament
dinamic no lineal i histeretic dels elements de morter. L’analisi de 'estovament
del modul dinamic amb l'increment de 'amplitud de 'excitacid és un aspecte molt
interessant per a I’avaluacié de dany, técnica que actualment depén de ’adquisicié
de diverses senyals. En aquest context, es proposa una nova técnica de processa-
ment de senyal capag¢ d’extraure parametres d’aquesta natura a partir d'una tnica
senyal.
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Chapter 1

Introduction

This thesis has been written following the journal publishing modality, so it has
been composed as a sum of five papers published in a JCR journals, one inter-
national congress and two papers submitted for publication. The reference to
each publication is pointed out with a superscript number, appearing listed in
Bibliography Chapter. Moreover, at the end of the document, papers and congress
proceedings originated from this thesis have been pointed out but not included in
the document for narrative and extension reasons (Chapter 5).

Given this context, in this chapter, a general approach with the aim of contex-
tualize the reader is presented. The scope and structure of the thesis is commented
at the end of this chapter.

The thesis organization not only follows logical order of research work within
each chapter, but also the chronological order in which this study was developed.
So that, the reader will go forward through the scientific achieved objectives, and
also through the quality and accuracy of the formulated mathematics and later on
analysis. All these aspects take part in the training evolution of the thesis author.

1.1 General approach

Lets take a rubber and tightly squeeze its surface. At this point you will notice
two effects: An axial deformation and a transverse strain. The rubber is following
the Hook’s law and it is behaving close to a linear spring. However, it is affected
by the so called Poisson’s effect which implies a deformation in the perpendicular
direction of the applied load. It is possible to assign then a property to this phe-
nomena. Stiffness is a mechanical property described as the resistance of an object
to be deformed when a force is applied. Thus, it could be reasonable to think that
stiffer materials are better than softer ones, but, certainly, the goodness mostly de-
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2 Chapter 1. Introduction

pends on its usage. For that reason we never use polyurethane to make the pillars
of a skyscraper and we will not use steel to coat the walls of the same building.
Strength performance and acoustic insulation are two different uses that exploits
the same material property. The difference is, for the first one, we need to absorb
mechanical waves propagating through the air, requiring huge deformations to
improve the damping of the sound waves. However, to hold the entire structure,
bear the wind load, and be resistant to different structural actions, a high stiffness
is required to avoid excessive deformations of the structural elements which would
lead to irreversible damages in the building. Materials engineering is a wide field
in science that takes care of several type of materials, with different properties, at
different scales, natures, performance... Materials in our world play a key role in
the development of societies, from sustaining most of great structures to incredible
tiny systems allowing astonishing electrical and thermal properties. In general,
there is no good or bad material in general but knowing and understanding about
the properties and performance of each substance becomes essential.

Ultimately, the aim of this thesis is to show the importance of getting informa-
tion from inside the structure of materials, providing newer and proper tools to
analyse more in depth than common techniques and the naked eye. Also, explod-
ing the metadata concept (the information inside the information), showing the
critical importance that the signal processing has, squeezing the signals to show
more and powerful information than the equipments and electronics provides at
the first instance. Thus, with these tools we are able to extract new parameters and
variables to know more closely the underlying phenomenons behind the materials
responses to certain conditions. Variables are the messengers that give us all the
information about our physical reality, like a puzzle. It is really complicated to
make a puzzle with missing pieces or without having a big picture of the final
result: if you miss some pieces or have a wrong reference of the reality you will
not be able to understand anything. There are two options. Get more parts of your
jigsaw or recompose your hypothesis. Or both. Some beautiful example for that
is related to heat, molecules and atoms. Here is the statement: heat expands the
matter. Heat increases the relative distance between atoms and molecules, chang-
ing its properties and reducing the density of the system. Now you can observe
how an ice cube is floating over your drink. Here it is, part of the puzzle does not
match with the reality, so we are forced to recompose our first statement: heat
expands most matter. But certainly, we really want to know what is happening
to the water (and other substances), so we need to see in other places, searching
for other causes that forces water to increase its volume after some temperature
threshold. Water is strongly related to our first statement, beyond the 4 °C. As
the temperature increases, distance between hydrogen and oxygen in the water
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molecule increases, giving it more freedom. Also, the distances between molecules
rises as a result of the forced motion induced by the heat. However, before 4 °C,
molecules of water begin to experiment a deceleration process, reducing the rela-
tive motion between them. That happens also with all the matter, the difference is
found in the structure of water itself, in the geometry of the water molecule. Water
is a polar molecule, that means, it has a positive pole and a negative pole. The
oxygen atom represents the negative pole while the two atoms of hydrogen the
positive one. So that, the two hydrogen atoms describe an angle with the oxygen
so, when temperature decreases, all the atoms begin to get closer to conserve the
principle of minimum energy. But, when the electromagnetic forces between the
two hydrogen atoms are too strong, the molecule cannot continue decreasing its
volume because bringing the particles closer results in a huge waste of energy. As
a consequence, nature tries to found another way to keep the particles organized
with the minimum energy possible, crystallizing in a beautiful three dimensional
hexagonal structure, occupying more space than the liquid state. This example of
how we underestimate the physical reality seems to be far away from the scope
of this work. Not at all. In Section 3.4 we had the same experience with mortar
samples, starting our experimental program with a wrong big picture of the final
result. The data did not match with our hypothesis and we were forced to see
in other places, looking for an answer and, certainly, doubting about ourselves:
wrong acquisitions, bad data processing, missing results... The end of this story
was astonishing. Missing pieces of the puzzle and bad starting hypothesis. The
physical reality was something much more fascinating than our expectations.
The need to have as much information as possible to understand what is hap-
pening to our systems, to our structures, to our materials, is very remarkable.
Only having information from different angles and perspectives will bring us the
opportunity to identify each degradation mechanisms that materials experiment
in real applications. This is why we bet for the powerful combination between
Non-Destructive Tests and Signal Processing. Traditionally, these fields have been
separated with no interaction between them. On one side, we had valuable in-
formation adopting the shape of signals, sines, echoes, reflections... we had a lot
of information encrypted, waiting to be understood. On the other hand, we had
astonishing scripts, algorithms and beautiful maths. A lot of potential inside a
tiny box, meaningless, waiting to be released and shed light. As an example, the
first work which explodes all this potential so far can be found in the ISI Jour-
nal work in Chapter 5, "Ultrasonic signal modality: A novel approach for concrete
damage evaluation" and continues with an international conference communica-
tion in Washington, "An Advanced Ultrasonic Method based on Signal Modality for
Structural Damage Characterization on Concrete: The Cube Problem". Literally we
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put the two ingredients together, huge amount of acquired signals and the correct
signal processing algorithm, obtaining in this way incredible results that allowed
us to see much more inside a chemical attack on concrete. Things that we totally
ignored before.

Definitely, the decision to work together in a multidisciplinary team to see more
than we see individually was a challenging but beautiful decision. It improved in
a large scale our understanding about signals and materials and also allowed us
to learn new concepts totally alien to our respective fields. The things we learnt
together and the way we managed the combined knowledge have much more
value than the knowledge itself from my own point of view.

1.2 Objectives and Structure

The main matter of this work is to develop new non-destructive methods and
procedures to characterize materials and use those to know the variation of its
properties when a change in its condition is applied. We found that is an important
contribution to the science community and industry: understanding and following
the evolution of materials with time under different states is the cornerstone to
characterise any situation in continuous media. Therefore, it will allow to reach a
higher level of comprehension and knowledge about materials, dynamics and wave
propagation, granting the know-how to develop real applications and industrial
uses. For this, the specific objectives could be detailed by chapters.

Chapter 2 is focused on the characterisation of Glass-fiber Reinforced Cement
(GRC) with ultrasonics. The continuous monitoring of the GRC samples under
mechanical stress and knowing the properties of the material as the deformation
(and damage) increases provide valuable information of the cracking and micro-
cracking process. For that, a through-transmission continuous acquisition system
was developed in order analyse the material response in a wide range of frequen-
cies. Thus, we have established four stages. In Section 2.1, the characterisation
with frequency sweep ultrasonics of different types of GRC in static test is done.
The monitoring of four point bending test with ultrasonics at a fixed frequency
is described in Section 2.2. In Section 2.3, the developing of a broadband ul-
trasonic signal method to obtain the frequency response of ultrasonic waves in
non-homogeneous materials is described. Finally, in Section 2.4, a complete mon-
itoring of the bending test on GRC plates with broadband signals is carried out in
order to obtain non-dependant and dependant frequency parameters during the
whole flexural event.

The scope of Chapter 3 is to deeply analyse the reverberation stage of mor-
tar specimens, calculating linear and non-linear parameters and proposing a new
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signal processing algorithm to extract new features about the relaxation process
of a specimen under an impact excitation. This chapter is not only focused on
impact resonance, but also contains ultrasonics measurements with the aim to
complement the results and shed light to complex damage processes in mortar
samples. Section 3.1 tries to evaluate the ageing process of GRC plate samples
by means of linear and non-linear acoustics parameters. Section 3.2 evaluates
the internal sulphate attack on mortar samples by means of ultrasonic and impact
acoustic methods. In Section 3.3, a complete thermal damage monitoring on mor-
tar samples was performed using acoustic non-linear methods, ultrasonics and
physical and mechanical techniques in order to understand the physical mecha-
nisms under this kind of damaging conditions. In Section 3.4, a new technique
developed in this thesis was evaluated using thermal damaged samples in order
to know the robustness and reproducibility of its results. General conclusions and
future investigations are addressed in Chapter 4. Moreover, a list of published
works in ISI Journals, conferences and patents related to the thesis are given in
Chapter 5 .
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Chapter 2

Frequency sweep ultrasonics:
Case on bending test monitoring
on Glass-fiber Reinforced Cement

The scope of this chapter is to evaluate the mechanical evolution of Glass-fiber
Reinforced Cement plates under flexural stress. This material has interesting prop-
erties in construction and building engineering due to the exceptional toughness
given by the contribution of glass-fibers. These fibers allow the material to bend
avoiding brittle breakage leading the samples to reach more deformation before
the point of fracture. Under these conditions, detecting the first crack and its prop-
agation, the assessment of the micro-cracking process in the matrix is essential
because it determines the performance of the whole system. Thus, this chapter
characterise the material to know its ultrasonic and mechanical properties at the
beginning in order to monitor different parameters depending on its stress state
and also its dosage.

The first section describes the features of GRC plates in resting conditions. The
scope of this work is to characterise and find the differences between ultrasonic,
mechanical and microstructure parameters between two dosages of GRC. The
core of this study is the ultrasonic analysis and its correlation with mechanical
and microstructural tests. Ultrasonic velocity and wave attenuation at different
injected frequencies were extracted and the main differences found with the other
tests was successfully represented (Section 2.1). After this study, the ultrasonic
layout and the signal processing was in the perfect disposition to arrange a dy-
namic experiment when the properties of the material varies with testing loading.
In the second section the specimens were subjected to a four point bending test
while measured with an ultrasonic layout. Due to the quick change of the stress

7



8 Chapter 2. Frequency sweep US: Bending test on GRC

conditions of the samples, fixed frequency tone burst signals were used. This
study allowed us to identify the differences in velocity, energy, attenuation and
non-linearity of the injected wave in each instant of time during the flexural test
(Section 2.2). In the third section of this chapter an optimized ultrasonic measure-
ment was developed. The purpose of this method was to reduce significantly the
acquisition time in a frequency sweep layout. The use of broadband signals were
deeply analysed and compared with burst and continuous signals. This method
also allowed to measure materials when time is a critical variable (Section 2.3).
Section 2.4 was the combination of Section 2.2 and Section 2.3: four point bend-
ing test monitored with broadband (chirp) signals obtaining a lot of information
of the condition of the material under stress. All the parameters extracted from
Section 2.2 developed a frequency dimension, showing interesting results about
the cracking propagation and micro-cracking process as the test evolved.

The sequential investigation in this chapter allowed us to optimize a procedure
where the time is a critical variable. In the course of this chapter, all the steps
from a fiber reinforced material characterisation to capture the material response
under a continuous changing stress field were described. The procedure demon-
strates to be consistent and robust and perfectly applicable to other materials and
mechanical testing methods. Thus, this technique is also suitable for different phe-
nomena when an effective and quick acquisition system with frequency dependant
parameters is required.



2.1 Ultrasonic characterization of GRC with high
percentage of fly ash substitution?

IV Genovés, J. Gosdlbez, R. Miralles, M. Bonilla, and J. Payd. "Ultrasonic characterization of GRC
with high percentage of fly ash substitution," Ultrasonics, vol. 60, pp. 88-95, 2015.

Abstract

New applications of Non-Destructive Testing (NDT) techniques with ultrasonic
tests (attenuation and velocity by means of ultrasonic frequency sweeps) have
been developed for the characterization of fibre-reinforced cementitious compos-
ites. According to new lines of research on glass-fibre reinforced cement (GRC)
matrix modification, two similar GRC composites with high percentages of fly
ash and different water/binder ratios will be studied. Conventional techniques
have been used to confirm their low Ca(OH), content (Thermogravimetry), fi-
bre integrity (Scanning Electron Microscopy), low porosity (Mercury Intrusion
Porosimetry) and good mechanical properties (Compression and four points bend-
ing test). Ultrasound frequency sweeps allowed the estimation of the attenuation
and pulse velocity as functions of frequency. This ultrasonic characterization was
correlated successfully with conventional techniques.

2.1.1 Introduction

Glass-fibre Reinforced Cement (GRC) is a composite made of Portland cement
mortar with low water/cement (w/c) ratio with a large amount of paste in rela-
tion to the aggregate quantity. Addition of a high proportion of glass fibres to the
mortar matrix (3%-5% by weight of mortar) improves the mechanical properties
of the elements formed with this material, especially the toughness and ductility.
This composite has an important role in non-steel reinforced pre-cast concrete ele-
ments, such as sheets, panels, and other slim shapes usually employed in building
engineering and architecture, and also in cast-in-situ sprayed-on surfaces [1, 2].

The most important problem with this kind of material is the glass-fibre degra-
dation. Exposure of the glass fibres to an alkaline environment (e.g.: the Portland
cement matrix) leads to a rapid degradation process which involves strength and
weight losses, and reduction in the filament diameter. This process can be at-
tributed to the breaking of the Si—O-Si bonds in the glass network, by the OH™
ions which are present in high concentration in the pore solution of the cement
matrix [2, 3].

For that reason, research on this topic has focused on three main lines:
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1. Fibre modification, making it more stable to a highly alkaline environment;

2. Matrix modification, adding moderate quantities of pozzolanic powders par-
tially substituting for the Portland cement content;

3. Fibre and matrix modification at the same time.

As to fibre modification investigations, research has focused on modifying the
chemical composition of the glass (e.g.: ZrO,), which makes the system more
chemically stable in alkaline solutions [3, 4], and fibre-coating modification [5,
6].

As to matrix modification, several authors have reported successful results by
means of the partial replacement of cement by reactive mineral admixtures such
as silica fume, fly ash, metakaolin or blast-furnace slag. These modifications of
the matrix have resulted in an improvement of the fibre-matrix interface, partially
inhibiting fibre degradation due to the reduction of the pH level and the Ca(OH),
content [7-10]. Thus, the mechanical properties of the GRC specimens are im-
proved significantly. Usually, the characterization of this kind of cement composite
is carried out through conventional techniques such as X-ray diffraction, thermo-
gravimetry, and mechanical tests [10, 11].

Recently, several researchers have focused on non-destructive concrete and
mortar characterization in order to obtain more reliable information and new
aspects of cementitious composites without damaging the specimen under test.
During recent years, Non-Destructive Test (NDT) techniques applied to concrete
have been investigated, especially ultrasonics and acoustic spectroscopy, in or-
der to obtain parameters related to the physical and mechanical properties of
the material [12]. Some experimental studies have demonstrated that wave pa-
rameters such as the ultrasonic pulse velocity of P-waves are suitable to predict
the dynamic elastic modulus of concrete, and also S-waves for its dynamic shear
modulus. These parameters are proportional to the elastic and shear modulus of
concrete and also to its compressive strength [13, 14]. Other studies based on
ultrasound propagation indicate that wave attenuation can be measured for vari-
ous frequencies, in order to define different cementitious materials, distinguishing
their microstructure, porosity, and other qualities in both the hardened [15-18]
and the fresh state [19]. Some studies have shown interesting correlations be-
tween other properties of cementitious composites, such as their permeability or
porosity, with ultrasonic parameters such as pulse velocity, signal attenuation, or
reflection coefficients, using a specific test setup [20].

NDT techniques for characterizing GRC specimens have been applied: acous-
tic resonance techniques (Non-linear Impact Resonance Acoustic Spectroscopy,
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NIRAS) and ultrasonic guided waves have been used to obtain more informa-
tion about the composite material and its ageing process than traditional tests on
GRC [21]. The scope of this study is to characterize GRC specimens with high
substitutions of the cement content by fly ash. As a novelty for fibre-reinforced
cementitious composites, the characterization will be carried out by means of
ultrasonic frequency sweeps that will allow obtaining ultrasonic parameters as
functions of the frequency. The frequency response will be correlated with the
porosity and the mechanical behaviour of this type of material. Thermogravimetry
and scanning electron microscopy will be used to assess the pozzolanic reaction
and fibre integrity.

2.1.2 Experimental

2.1.2.1 Materials

Two different matrices with the same type of glass fibre and content were designed,
as can be seen in Table 2.1.1. In both mixtures the proportion of Portland cement
to fly ash was 40/60.

Table 2.1.1: Dosages (in grams) used on GRC plate manufacturing.

Material Type fa-035 [g] fa-030 [g]
Cement CEM I-52,5 R 726 726
Fly Ash F' 1089 1089
Water - 635.25 544.50
Aggregate Silica sand 0/2 1216 1216
Superplastizicer Policarboxilate ether 3.50 7
Fibre™ Glass AR 12 mm 212 um  73.50 73.50

" ASTM C-618

“ Cem-FIL® 62 82Tex

The raw materials and their brief description are summarized in Table 2.1.1.
The main difference between both composites was the water/binder (w/b) ratio:
fa-035 corresponds to 0.35 w/b ratio whereas fa-030 corresponds to 0.30 w/b
ratio. The plates used for the ultrasonic tests and the four-point bending test were
manufactured according to the BS EN 1170-5 standard [22]. In this experiment,
a 400 x 400 x 20 mm? mother plate was chosen, according to the standard,
seven specimens of 325 x 50 x 20 mm? were prepared by cutting the hardened
mother plate. Three mortar specimens of each series (40 x 40 x 160 mm?) were
manufactured for the compressive strength test. A sample of each series was taken
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for Mercury Intrusion Porosimetry (MIP). For the thermogravimetry tests, pastes
with neither fibres nor sand were made. The plate manufacturing process was
carried out on mixing the raw materials following the next procedure:

1. 60 s of mixing water + 2/3 superplasticizer + cement + fly ash
2. 30 s of adding sand and mixing

3. 30 s adding 1/3 superplasticizer

4. 60 s mixing mortar

5. 60 s adding fibre and mixing

The mechanical and the non-destructive tests were performed 90 days after
the plates were manufactured, in order to allow the completion of any hydration
and pozzolanic reactions in the matrix. All the specimens were cured in a wet
chamber at 20 °C and 100 % HR.

Table 2.1.2 gives details of the cement and fly ash chemical composition. As
can be observed, the fly ash contains a large amount of SiO, and Al,05 (the sum
of these oxides was higher than 75%), important components for the progress of
a pozzolanic reaction.

2.1.2.2 Test methodology

Several tests were done on this study in order to compare the performance of
ultrasonic tests and other characterization techniques. Mechanical tests (INSTRON
universal testing machine, model 3382), Scanning Electron Microscopy (JEOL JSM
6300 aplying a 20 kV voltage), Mercury Instrusion Porosimetry (AutoPore IV 9500
of Micrometrics Instrument Corporation with a range of pressures between 13,782
Pa and 227.4 MPa) and Thermogravimetry (Mettler TGA 850).

Description of the Ultrasonic test equipment

An ultrasonic through-transmission setup was selected because it offers good pen-
etration and good accuracy for velocity and attenuation estimation [15, 23-25].
The disposition of the equipment is shown in Figure 2.1.1. The transducers used
were the K1SM (for transmission) and K1SC (for reception) from General Elec-
tric. Both are broadband transducers with a bandwidth centered at 1 MHz and a
circular active surface of @28 mm. Due to the cross section of the specimens (50
x 20 mm? ), part of the active surface of the transducers (~18%) keeps out of the
samples. This fact will produce an identical reduction of the injected and received
energy effectiveness for all measures.
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Figure 2.1.1: Ultrasonic equipment layout.

The transmitter transducer was excited directly by a programmable signal
generator (Agilent 33120A) while the reception transducer was connected to a
40 dB preamplifier (Panametrics 5600B). The received and amplified ultrasonic
signal was captured by a digital oscilloscope (Tektronix DPO3014) with a sampling
frequency of 25 MHz. Finally, a laptop was used to control the signal generator
and to acquire and store the digitized signals by the oscilloscope.

The ultrasonic transducers were placed facing the longitudinal axis of the
specimen as shown in Figure 2.1.2. They were fixed by two plastic clamps: a
movable one to adjust to the specimen, and a fixed one. Ultrasonic gel was used
as an impedance coupling medium between the transducers and the specimen.

The emitter transducer was excited by means a sinusoidal tone burst generated
by the signal generator (see Fig. 2.1.3). From this signal, different ultrasonic
parameters can be estimated. As is explained in Section Appendix: Burst Signal,
the main set-up parameters of the tone burst signal are: fundamental frequency
fo, amplitude of the signal A,, the number N of periods included in the burst, and
the repetition period Tpgp.

The transmitted signal propagates through the specimen and is altered by
its physical and mechanical properties and also by the measurement equipment.
Comparing the transmitted and the received signals (see Fig. 2.1.3) allows of
assessing the ultrasonic propagation parameters. Taking into account that most
of the tone burst energy is concentrated around its fundamental frequency (see
Appendix: Burst Signal), it is possible to obtain ultrasonic curves doing a frequency
sweep of the tone burst f;.

The selected values for the transmitted signal were: A, = 10 y N = 5, and
Tprr = 20 ms. The signal generator was set to sweep the fundamental frequency
of the tone burst, f,, from 1 kHz up to 1 MHz with increments of 5 kHz and a delay
of 1 s between each analysed frequency. Therefore, for each specimen, 200 mea-
surements were acquired (one for each fundamental frequency) and a frequency
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Figure 2.1.2: Test disposition: Specimen and ultrasonic transducers.

response of 200 points is obtained for each ultrasonic parameter. Specifically, the
P-wave velocity (v, [m/s]) and attenuation (a,,q; [dB/cm]) were the ultrasonic
parameters for this analysis [15, 26].

v, is obtained as the ratio between the length of the specimen, d,,q, and the
signal time arrival, t, (Eq. 2.1.1). The t, was estimated as the time when the
received signal (xj([(:x)(t)) level exceeds 20% of the noise level (p = 1.2) (Eq. 2.1.2).
The noise level, Noisey,,.;, was estimated as the mean value of the absolute signal

at first t; = 20 us (Eq. 2.1.3).

d
vp(fo) = ’t"—‘“ (2.1.1)

a

Ixj(c;x)(ta)l > p-Noiseppye (2.1.2)
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Figure 2.1.3: Transmitted and received tone burst.

tq
1
Noisejppe = — |x}rx)(t)|dt (2.1.3)
tgq 0 0

Additionally, the attenuation of the material, a,,,.(fy) [dB/cm], was obtained
as the difference between the transmitted energy, E,,(fy) [dB] and the received
energy, E,..(fy) [dB], plus the attenuation due to the equipment, a,q,;,(fo) [dB],
divided by the total length of the specimen, d,,,; [cm] ( Eq. 2.1.4). E,.(fp) is
obtained theoretically from Eq. 2.1.11, meanwhile E, . (f,) was obtained from
the received signal in the frequency domain from Eq. 2.1.10. The a,q,,(fo) is
associated to the frequency response of the measurement equipment (transduc-
ers, amplifier, cables, acquisition module, ...) and is independent of the tested
material. Therefore a calibration process is required.

Etx(fo) - Erx(fo) - aequip(fo)

dmat

amat(fo) = (2.1.9)
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The calibration process was carried out with the emitter and receiver transduc-
ers face to face without any material between them. In this situation, Eq. 2.1.4
simplifies to Eq. 2.1.5 due to the absence of the material. The testing process
was similar to the material analysis except that the input signal was reduced up
to 0.5V, to avoid saturation.

aequip(fo) = E(fo) —E;x(fo) (2.1.5)

Figure 2.1.4 shows the —a,q,,(fy) which was obtained from the calibration
process. This curve was used to compensate the received energy during the normal
measurement process.

Amplitude [dB]

20+

1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency [kHz]

-25

Figure 2.1.4: Frequency response of the measurement module (—a,qip(fo)) during the calibration process.

2.1.3 Results and discussion

2.1.3.1 Mechanical results

The specimens used for the compression test were 40 x 40 x 160 mm?, in ac-

cordance with the UNE-EN-1015-11 standard, and were manufactured without
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fibres in order to obtain the compressive strength of the matrix and extract some
fragments to analyse by means of Mercury Intrusion Porosimetry (MIP). The speci-
mens used for the four-point flexural test were 325 x 50 x 20 mm?, in accordance
with BS EN 1170-5.

Table 2.1.3: Parameters obtained from mechanical tests.

Serie O comp [Mpa] O flex [Mpa] Ec [GPa] Work of fracture [Nmm]
fa - 030 92.2£2.2 10.9+1.2 20+£2 882+174
fa- 035 86.1+4.1 14.0£0.6 1942 1926+232

The specimens used for the bending test were extracted from a 400 x 400
x 20 mm? mother plate and used to obtain the work of fracture [Nmm], the
maximum flexural strength o, [MPa], and the elastic modulus Ec;,, [GPa].
The mechanical data are summarized in Table 2.1.3.

1200 T T T T T T

——fa-030

——fa-035
1000 b

800 - b

600 7

Load [N]

400 b

200 [ b

0 1 1 1 1
0 0.5 1.0 1.5 2.0 25 3.0 35

Extension [mm]

Figure 2.1.5: Load versus extension curves for both series. Mean value of the parameters is represented by a
coarse line. The shaded area represent the 90% confidence interval.

The mechanical results obtained show that the series possess different proper-
ties. The compressive strength of the fa-030 was higher than that of fa-035: lower
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w/b ratios make the material more compact and better for compressive stress. The
flexural strength of fa-035 was higher, because the specimen suffers high tensile
stress on the lower fibre of the element and the glass fibre begins to work. For this
type of composite, the reduction of the w/b ratio produces a more rigid matrix,
yielding a more brittle fracture. Additionally, the fibres better distribute the ten-
sile stresses into a more ductile matrix. The work of fracture calculated from the
curves shown in Figure 2.1.5 have the best behaviour in toughness for the fa-035
series.

2.1.3.2 Thermogravimetry results

After mixing the raw components of the pastes, the samples were kept in closed
containers at 20 °C. After 28 and 90 days of curing, portions of the samples were
taken and pulverized with an agate mortar adding a small amount of acetone. The
solid was filtered and dried at 60 °C for 15 minutes. These samples were studied
by means of a thermogravimetric analysis. Sealed aluminium crucibles of 100 um
were used with a lid that with a micro hole to create a water vapour self-generated
atmosphere. The analysis was carried out in a dry nitrogen atmosphere with a
flow of 75 mL/min, a heating rate of 10 °C/min, and a temperature range of 35
°C to 600 °C. A thermogravimetric test was performed on the samples to check
the progression of a pozzolanic reaction between Ca(OH), (portlandite) produced
from the hydration of the Portland cement and fly ash. As mentioned before, the
pozzolanic reaction is important in reducing the pH of the matrix and its Ca(OH),
consumption, enhancing the chemical stability of the glass fibre.

Table 2.1.4: Thermogravimetric parameters for 90-day cured pastes.

Series Total loss [%)] Ca(OH), [%] Hydrates [%] Comb. Ca(OH), [%] % Ca(OH),"
control 18.36 9.41 16.07 - 100

fa- 030 12.68 1.44 12.33 65.82 15.28

fa - 035 15.75 1.89 15.29 55.08 20.08

* Respect to the control

Figure 2.1.6 shows the results of the thermogravimetric analysis (derivative
curves, DTG) for fa-035 and the control material manufactured without fly ash and
the same w/b ratio. The DTG curve for fa-030 was very similar to that for fa-035,
and it is not plotted, for the sake of clarity. The control sample was necessary
for calculating the percentage of the portlandite fixation. The portlandite fixation
parameters are shown in Table 2.1.4. As can be observed, both series (fa-030 and
fa-035) have high percentages (55%-65%) of combined Ca(OH),, indicating an
important pozzolanic activity on the fly ash. The matrices containing fly ash have
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only 15%-20% of Ca(OH), in comparison to the control, and consequently, the
chemical stability of the fibres is enhanced.

0.5 T T T

control fa-035

- °C

%

Il Il Il Il Il Il Il Il Il Il L
50 100 150 200 250 300 350 400 450 500 550 600
Temperature [°C]

Figure 2.1.6: Thermogravimetric analysis of matrix samples and cement control.

2.1.3.3 Mercury Intrusion Porosimetry (MIP)

Due to the relevance of the capillary net, pores, and density, Mercury Intrusion
Porosimetries were performed on both series to allow comparison with ultrasonic
parameters.

In Figure 2.1.7, the fa-030 and fa-035 pore distribution curves are shown. fa-
035 shows a more porous structure than fa-030. This behaviour is due to the fact
that fa-035 has a higher water to binder ratio than fa-030. In addition, fa-030 has
slightly different pore sizes than fa-035: the fa-030 curve shifts to smaller pore
sizes in comparison to the fa-035 curve.

The MIP data are summarized in Table 2.1.5. The mortar prepared with
the highest w/b ratio (fa-035) showed the highest total porosity and the low-
est bulk density, since more water remained chemically uncombined as hydra-
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Figure 2.1.7: Pore distribution curves of both series tested without fibres.
Table 2.1.5: MIP obtained parameters.
Serie Total porosity [%] Bulk density [g/mL] Median pore diameter [nm]
fa - 030 15.07 1.96 18.3
fa - 035 18.29 1.89 22.2

tion/pozzolanic products. These results, as will be seen in Section 2.1.3.5, corre-
late with the ultrasonic characterization and also with the mechanical test data.

2.1.3.4 Scanning Electron Microscopy (SEM) observations

Visual observations were performed with SEM on the GRC specimens to verify that
pozzolanic products were formed and the glass fibres were embedded properly
into the matrix.

In Figure 2.1.8a, it can be observed that the fibres were perfectly surrounded
by the matrix and several hydration and pozzolanic products were also found.
Figure 2.1.8b shows a more detailed view of the fibres with unreacted fly ash
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Figure 2.1.8: SEM observations with different magnification of the GRC specimens. Figure 2.1.8a x500 magni-
fication glass fibre embedded on matrix. Figure 2.1.8b x1500 magnification glass fibre with unreacted fly ash
spheres. Figure 2.1.8c x6000 magnification glass fibre surface detail. Figure 2.1.8d x6000 magnification glass
fibre surface detail.

on top of the fibres. A pozzolanic reaction had a successful progression, as was
observed previously on thermal analysis, but a small amount of these particles did
not react. Both images correspond to the fa-035 specimen because there was no
substantial difference between the fa-035 and fa-030 in the SEM, as expected. In
Figs 2.1.8c and 2.1.8d, detailed views of the glass fibre surfaces can be seen. Is
important to highlight that the fibres are not attacked by the matrix.

2.1.3.5 Ultrasonics results

The velocity, v,(f,), and attenuation, anq(fo), responses of the specimens are
shown in Figure 2.1.9 and Figure 2.1.10 respectively.
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Figure 2.1.9: Velocity response versus frequency. Mean value of the parameters is represented by a coarse line.
The shaded area represent the 90% confidence interval.

From Figure 2.1.9, the velocity can be assumed to be constant over a large
frequency range [15]. The velocity dependence at low frequencies (0-200 Hz) is
due to surface waves generated for these frequencies, which are slower than P-
waves, and due to the velocity estimation algorithm, which detects, by the increase
of the signal level over a threshold, the arrival time of the signal, t,. Due to the
fact that the slope of the signal is smaller for low frequencies, the increment of the
level signal is also slower. Therefore the detected arrival time is later than the real
one and the velocity measurements are lower than expected. Over 200 kHz, this
effect can be neglected and a precise estimation of velocity is obtained. Taking
into account this fact, we can assume that the primary velocity response is mainly
flat for both specimens although a systematic difference exists between them. For
fa-030, the mean velocity is v, = 4639 + 29 m/s while for fa-035, it is 200 m/s
lower (v, = 4435+19 m/s). This result is consistent with the mechanical analysis
which offers a higher compressive strength for fa-030. It also indicates that fa-030
yields a higher modulus of elasticity than fa-035, E., which is also consistent with
the calculated E, from the stress—strain curve, 20 GPa for fa-030 and 19 GPa for
fa-035.
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Figure 2.1.10: Attenuation response versus frequency. Mean value of the parameters is represented by a coarse
line. The shaded area represent the 90% confidence interval.

The attenuation response for both specimens (Fig. 2.1.10) shows that fa-035
specimens present a generally higher attenuation than fa-030 specimens. Taking
into account that both of them have a very similar matrix, this different behaviour
can be attributed to the differences in the porosity of the specimens. The average
pore size of fa-035 is greater than the average pore size of fa-030, as is shown
in Table 2.1.5. Therefore the attenuation for the Rayleigh and stochastic zones
(< 550 kHz) is higher for fa-035, as shown in Figure 2.1.10. For frequencies over
550 kHz (the diffusion region, [15, 24]), both specimens converge with a similar
linear positive dependence.

2.1.4 Conclusions

Two glass-fibre reinforced cementitious materials (GRC) with different porosity
and mechanical properties were evaluated using different techniques. It has been
demonstrated that ultrasonic tests allow distinguishing between both materials
and provide additional information on the material behaviour and mechanical
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parameters. The attenuation curves could be used to establish a relationship
between the porosity parameters and some mechanical properties extracted from
a four-point bending test. The P-wave velocity was also stable and indicated a
strong relationship with the elastic modulus.
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Appendix: Burst Signal

The mathematical model of a tone burst signal is shown in Eq. 2.1.6, where a
sinusoidal signal, A, sin (27 f,t) is active for a specific period of time (N T;). This is
repeated periodically, obtaining Eq. 2.1.7. The main parameters of this signal are:
T, is the period of the fundamental frequency (f, = 1/Ty), 4, is the amplitude
of the signal, N is the number of periods included in the burst, and Tpgy is the
repetition period. Figure 2.1.11a shows an example of a tone burst signal.

Ay sin(2 t) ,0<t<NT
x(t) = | Aosin(2fot)., 0 (2.1.6)
0, otherwise
o
xperiodic(t)= Z x(t_kTPRF) (2.1.7)
k=—00

The real model used for the experiments corresponds to Eq. 2.1.7 because the
burst signal is repeated periodically and the signal should have finite non-zero
power. Despite this, the oscilloscope captures just a few microseconds, teqp¢yres
and the signal is cut off and limited in time. As a result of this, the acquired
signal is of finite time duration and has finite energy. Therefore, Eq. 2.1.6 will be
the expression for theoretical analysis and Tpgr will not influence the operations,
provided it will be bigger than the capture time of the oscilloscope. This last
condition is satisfied in this analysis because Tprr =20 ms and t.qp¢yre = 100 us.

Amplitude [V]
o

0 50 100 150 200 0 100 200 300 400 500 600 700 800 900 1000
Time [us] Freuency [kHZ]

(a) (b)

Figure 2.1.11: Figure 2.1.11a Tone burst signal: f; = 125 kHz, A; = 10, N = 5. Figure 2.1.11b Normalized
magnitude spectrum of tone burst signal (f, = 125 kHz, N =5).

The theoretical energy of a burst signal is given by Eq. 2.1.8. It is important to
take into account the following facts: first, the transmitted energy depends on its
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fundamental frequency, fy. Second, the energy is not completely concentrated on
its fundamental frequency, f,, but is distributed over a bandwidth. If the Fourier
transform is applied to Eq. 2.1.6, we obtain the spectrum of the burst signal, Eq.
2.1.9, for positive frequencies. The absolute value of X(f) is represented in Figure
2.1.11b. For these reasons, the energy of the transmitted and received signals
will be calculated from the spectrum over a bandwidth following Eq. 2.1.10 [27].
The bandwidth has been chosen to correspond to the main lobe of the spectrum,
fo£ % If the theoretical expression of the spectrum, Eq. 2.1.9, is used in Eq.
2.1.10, a theoretical expression for the transmitted energy is obtained, Eq. 2.1.11.
This expression also depends on f;. The ratio between the bandwidth energy, Eq.
2.1.11, and the total energy, Eq. 2.1.8, is a constant ratio of 0.9, which means that
90% of the energy is concentrated within the main lobe.

1

VIV
E(fo) [W]1=AN o (2.1.8)
X(f)= AOZTOSinc ((f — fo) NTy) eI —2nf) 5 2.1.9)
fo+fﬁ0
E[J] =2J IX(F)IPdf =2J IX(F)2df (2.1.10)
<BW> fo_ﬁo
1 Si(2
Eixw(fo) [J]=A%NJT (27) (2.1.11)
0
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Abstract

Glass-fiber reinforced cement (GRC) is a composite material based on Portland
cement and alkali resistant glass-fibers. This composite has good mechanical
properties including toughness and flexural strength. The characterization of this
material is carried out by four points bending test. During this test, elastic and
plastic behaviour are identified from load versus deflection curves. The scope
of the research is to monitor this bending test by means on ultrasonic pulses in
order to detect changes on the material and to correlate them with mechanical
behaviour. In this sense, pulse velocity, energy, attenuation and non-linearities
of the ultrasonic received signals have been analysed. First changes in energy,
attenuation and non-linearities were detected during the change from elastic to
plastic step and the first pulse velocity change were observed during the plastic
step.

2.2.1 Introduction

Glass-fiber Reinforced Cement (GRC) is a composite made of Portland cement
mortar with low water/cement (w/c) ratio with a large amount of paste in relation
to the aggregate quantity. The addition of a high proportion of glass-fibers to the
mortar matrix (3%-5% by weight of mortar) improves the mechanical properties of
the elements produced with this material reinforcement, especially the toughness,
flexural strength and ductility. This composite has an important role in non-steel
reinforced pre-cast concrete elements, such as sheets, panels and other slim shapes
usually employed in building engineering and architecture, and also in cast-in-situ
sprayed-on surfaces [1, 2].

Recently, several researchers have focused on non-destructive concrete and
mortar characterization in order to obtain more reliable information and new
aspects of cementitious composites without damaging the specimen under test.
During recent years, Non-Destructive Techniques (NDT) applied on concrete have
been investigated, especially ultrasonics and acoustic spectroscopy, in order to
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obtain parameters related to the physical and mechanical properties of the ma-
terial [3]. Some experimental studies have demonstrated that wave parameters
such as the ultrasonic pulse velocity of P-waves are suitable to predict the dynamic
elastic modulus of concrete and also S-waves for dynamic shear modulus. These
parameters are proportional to the elastic and shear moduli of concrete and also
to its compressive strength [4, 5]. Other studies based on ultrasound propaga-
tion indicate that wave attenuation can be measured for various frequencies, in
order to define different cementitious materials, distinguishing the microstructure,
porosity, and other characteristics in both hardened [6-9] and fresh states [10].
Some studies have shown interesting correlations between other properties of
cementitious composites, such as their permeability or porosity, using ultrasonic
parameters such as pulse velocity, signal attenuation, or reflection coefficients, by
means of an specific test set-up.

Many studies on construction materials tests monitored by ultrasounds were
published by researchers [11]. Research on metallic specimens are predominant
because this material is used in other engineering fields. However, recent studies
on reinforced concrete slabs bending tests with an ultrasonic monitoring were
done successfully [12]. The scope of this paper is to monitor bending tests of
GRC specimens in order to assess the changes on most important linear ultrasonic
parameters (P-wave velocity, energy and attenuation) and non-linear ultrasonic
behaviour.

2.2.2 Experimental

2.2.2.1 Materials

In this experiment the specimen dimension for bending test was chosen as 325 x
50 x 20 mm.

Table 2.2.1: Used dosage for one GRC plate specimen.

Material Type Weight [g]
Cement CEMI52.5R 7260
Water - 2541
Sand Silica sand 0/2 4864
Superplasticizer polycarboxylate ether 14

Fiber Glass AR 12 mm 294
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The specimens were cut from 400 x 400 x 20 mm mother plates. From
mother plate three specimens were obtained. Table 2.2.1 shows the proportions
and information about the raw materials used to fabricate the GRC plate.

2.2.2.2 Experimental layout

An ultrasonic through-transmission setup was selected because it offers good pen-
etration and good accuracy for velocity and attenuation estimation [6, 13-15].
The disposition of the equipment is shown in Figure 2.2.1.
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ch1 o o oo usB
WIW-——0 8 883 —= =
e Bl
[
= [
‘a @ e
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Figure 2.2.1: Ultrasonic equipment layout.

The transducers used were the K1SM (for transmission) and K1SC (for recep-
tion) from General Electric. Both are broadband transducers with a bandwidth
centered at 1 MHz.

GRC specimens were made according to the BS EN 1170-5 [16]. Instron
universal testing machine (model 3382) was used for the mechanical test and
the distance for the supports was 295 mm for passive supports and 98 mm for
active ones. The displacement of the actuator was constant during the test (1.2
mm,/min).

The transmitter transducer was excited directly by a programmable signal
generator (Agilent 33120A). The transmitted signal was a sinusoidal burst signal
Eq. 2.2.1 and the selected values were: amplitude, A;,, = 10V, number of cycles,
N =10, and fundamental frequency, f, = 300kHz (Fig. 2.2.2).

The reception transducer was connected to a 40 dB preamplifier (Panametrics
5600B). The received and amplified ultrasonic signal was captured by a digital
oscilloscope (Tektronix DPO3014) with a sampling frequency of 25 MHz. Finally,



2.2. Narrowband US monitoring on GRC 33

Amplitude (V)

0 10 20 30 40 50 60 70 80 90 100
Time (us)

Figure 2.2.2: Tone burst signal: f, = 300kHz, A, =10, N = 10.

a laptop was used to control the signal generator and to acquire and store the
digitized signals by the oscilloscope.

A, sin(2nfyt) , O0<t<NT,
xtx(t)={ SN (27 fot) 0 (2.2.1)

0 , otherwise

In Figure 2.2.3 the experimental layout of simultaneous mechanical test and
ultrasonic continuous data acquisition system is shown. The plate rests on the
passive supports and four metallic angles were attached to it. These elements
serve to hold the elastic bands which keep the pressure of the transducers on the
faces of the plate. This system is similar to that other authors used previously,
in which rubber bands keep the appropriate coupling between transducers and
specimen [17]. To ensure proper coupling between transducer and specimen faces,
water-based gel was used.

2.2.2.3 Monitorized ultrasound parameters

The estimated ultrasound parameters from received ultrasonic signal are: p-wave
velocity, received energy, attenuation of the material and non-linear behaviour.
These parameters will depend on the time of the assay (t).
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Figure 2.2.3: Experimental layout.

P-wave velocity (v,(t) [m/s]) is obtained as the ratio between the length of the
specimen, d,,,;, and the signal time arrival, t,(t), Eq. 2.2.2. The t, was estimated
as the time when the received signal level exceeds 50 % of the noise level.

d
v (t) = 24 (2.2.2)
(0
Received energy, E,(t) [J] is the energy of the received signal measured by
the oscilloscope. The x,, , is the amplitude of the signal at each instant of time 7.
Its value is obtained from Eq. 2.2.3.

oo

E. () [J]= J x2 (T)dt (2.2.3)
0

Attenuation of the material a,,,,(t) [dB/cm], is obtained as the difference
between transmitted energy, E,, [dB] and the received energy, E,.,(t) [dB], plus
attenuation due to the equipment, a,q,;, [dB], divided by the total length of the
specimen, d,,,, [cm], Eq. 2.2.4. Taking into account that analytical expression
and specific parameters of the transmitted signal are known, Eq. 2.2.5, E,, can
be obtained theoretically using Eq. 2.2.5. This value, 1.7 mJ, is constant through

the test. Meanwhile E,,(t) is obtained from Eq. 2.2.3. The a4, = —5dB is
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the attenuation associated to the measurement equipment (transducers, amplifier,
cables, acquisition module,...) and, it is independent of the tested material and it
is constant through the test although a calibration process was required.

Etx - Erx(t) — Qequip
d

amat(t) [dB/Cm] = (2.2.4)

mat

_ A2 1

Eex [J]=ALN i (2.2.5)
B5(t) was selected as non-linear parameter. It is defined as the ratio between
the amplitude of the third harmonic (A;) and the fundamental harmonic (4;)
following Eq. 2.2.6 and it is very sensitive to the formation of cracks. Therefore,
the variation of this parameter respect to its initial value will be represented as
B3°(t), according to Eq. 2.2.7, where $8.°(0) is the non-linear parameter before

beginning the loading (t=0).

As(t)
Bs(t) = (2.2.6)
T AW
2(t) = 100P2) (2.2.7)

B3(0)

2.2.3 Results and discussion

Mechanical parameters of each plate were obtained from bending tests (Tab.
2.2.2).

Table 2.2.2: Mechanical parameters extracted from bending test.

Specimen Toughness [Nmm] Ecg, [GPa] O max [MPa]
A 595 18.2 10.3

B 438 17.3 9.5

C 794 23.5 12.9

After completion of the tests, ultrasound parameters and load versus exten-
sion curves were plotted on the same figures. The time x-axis was used because
the active supports velocity was constant throughout the test as described in the
experimental subsection, thus, the understanding of the graphs is improved.

In Figure 2.2.4, P-wave velocity was plotted for each specimen. It can be
observed that the wave velocity (v,) does not change during the elastic material



36 Chapter 2. Frequency sweep US: Bending test on GRC

900 -4400
Plate A Plate B Plate C
800
700
4200
600
@
8 400 4000 &
o 5
* 300 o
200
13800
100
0
! 3600
0 10 20 30 40 50 60

Time (s)

Figure 2.2.4: P-wave velocity and Force versus Time.

behaviour (t=0-25 s). When the material comes in plastic stage (t=25-35s), p-
wave velocity changes to lower values due to the micro-cracking process. This
microcracking produce a diminution in the Young modulus. When the material
was very damaged (t <40s), Vp values shown a non-defined trend because the
large size of cracks.
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Figure 2.2.5: Received Energy and Force versus Time.
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Velocity parameter fluctuates after 40 seconds of testing because the signal
amplitude is too low to determine correctly the time of flight of the ultrasonic
signal. In Figure 2.2.5, received energy (E,,) was plotted for each specimen. It
can be observed that the energy is constant during the elastic phase of the curve.
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Figure 2.2.6: Material Attenuation and Force versus Time.

However, when the first microcraks appeared (change from elastic to plastic
phase) the E,, parameter drastically drops to very low values. Thus, after the
plastic step, the value was negligible. This behaviour means that the energy
transmission strongly depends on the formation of the first microcracks during the
test. When the material comes in plastic stage, energy decays quickly to zero due
to the cracks and subsequent subsection loss.

Figure 2.2.6 shows the attenuation (a,,,;) of the material during the bending
test. This parameter is inversely related to received energy (E,,), therefore it
has similar trends. The a,,,; is being constant at the beginning of the essay and
reaching higher values when the plastic stage starts. Non-linear parameter (/3;/"(t))
curves were plotted in Figure 2.2.7. This parameter shows clearly the instant when
the curve in elastic stage turns on plastic behaviour due to the micro-cracking (and
subsequent macro-cracking and subsection loss), beginning with a slight increment
for few seconds (between 15 and 20 second testing time) and high increment when
plastic stage begins indicating greater damage.

As can be observed, both mechanical and ultrasonic parameters behaviours
were very similar among three specimens. In Figure 2.2.8 all parameters for one
specimen (plate B) are plotted in order too see directly differences among them
during the test. Mechanical and ultrasonic parameters were normalized, thus all



38

900
800
700
600
500

400

Force (N)

300

200

100

Chapter 2. Frequency sweep US: Bending test on GRC

1000
Plate B Plate C
—_—--"" - o ~
\
o . 3800
- ~
-~ ~
~ N \
N
.~ N \
~
W ! +600
N \ \
\ \ S o
W \ @
N \
‘e S 400
~ S o S~
e - =~ -

~ J200

1 1 1 1 1 O

0 10 20 30 40 50 60

Time (s)
Figure 2.2.7: Non-linear parameter and Force versus Time.
= = = Force Velocity Energy Attenuation —_— BZ"

Normalized parameter

10 20 30 40 50 60
Time (s)

Figure 2.2.8: Normalized parameters versus Time.

values were in the 0-1 range. All wave parameters are sensitive to the changes of
the material when the mechanical behaviour of the material turns from elastic to
plastic stage but ﬁ;/"(t) has a sudden change on early plastic stage, marking the
beginning of the plastic deformations.
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2.2.4 Conclusions

The bending test process of glass-fiber reinforced cement (GRC) has been success-
fully monitored by means of the study of ultrasonic pulses. Loading (constant
displacement rate) and ultrasonic parameters were compared in the time scale.
Elastic deformation step in the mechanical test does not produce significative
changes in pulse velocity, energy, attenuation and non-linearities of the ultrasonic
received signals. In the beginning of the plastic step in the mechanical test, sig-
nificant changes in energy, attenuation and non-linearities has been identified.
However, the change in the velocity pulse was very less important. The change
in the ratio of the fundamental harmonic (A;) and the third harmonic (A3) was
the highest found, being thus this parameter (non-linearity) the most relevant for
detecting the plastic step. In this step, microcraking of the matrix has been pro-
duced because the mechanical loading, and this alteration in the matrix activates
the generation of non-linearities.
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Abstract

In this paper the study of frequency-dependent ultrasonic attenuation in strongly
heterogeneous materials is addressed. To determine the attenuation accurately
over a wide frequency range, it is necessary to have suitable excitation techniques.
Three kinds of transmitted signals have been analysed, grouped according to
their bandwidth: narrowband and broadband signals. The mathematical formula-
tion has revealed the relation between the distribution of energy in their spectra
and their immunity to noise. Sinusoidal and burst signals have higher signal-to-
noise ratios (SNRs) but need many measurements to cover their frequency range.
However, linear swept-frequency signals (chirp) improve the effective bandwidth
covering a wide frequency range with a single measurement and equivalent accu-
racy, at the expense of a lower SNR. In the case of highly attenuating materials,
it is proposed to use different configurations of chirp signals, enabling injecting
more energy, and therefore, improving the sensitivity of the technique without a
high time cost. Thus, if the attenuation of the material and the sensitivity of the
measuring equipment allows the use of broadband signals, the combination of
this kind of signal and suitable signal processing results in an optimal estimate of
frequency-dependent attenuation with a minimum measurement time.

2.3.1 Introduction

Concrete is a non-homogeneous material prepared by mixing cement, aggregates,
and water, used mainly in the field of civil and building engineering [1]. Due to
its non-homogeneous structure, this material in its hardened state is composed by
air voids, interfaces between the aggregates and hydrated cement paste, micro-
cracks, and other defects inside its microstructure. For that reason, concrete is a
very dispersive material and hard to measure (in order to know its physical and
mechanical conditions) indirectly with Non-Destructive Testing (NDT) techniques
[2].

Several authors have tried to test cement-based materials using different NDT
in order to characterize the properties of concrete and detect damage by means
of monitoring diverse parameters [3-5].
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Due to its robustness, one of the most widely used parameters for ultrasonic
NDT is the ultrasonic pulse velocity. However, attenuation is considered to be a
parameter that is very sensitive to the structural properties of the material. Taking
into account that it is a parameter related to the energy of the wave, it is more
affected than ultrasonic velocity in an experimental setup, such as by coupling
problems between the ultrasonic sensors and the analysed material, and energy
losses due to wires, connectors, devices, etc. [6-9]. Despite these problems,
the determination of the frequency-dependent ultrasonic attenuation, a,,,;(f),
[6, 8, 10-12], is a useful parameter due to its sensitivity to many defects in a
material (voids, cracks...) and properties, specifically for concrete, where the
water to cement ratio and the cement to aggregate ratio are important variables
for concrete design and determine its mechanical and physical properties.

Several authors have used different techniques to measure the attenuation in
cementitious materials. The typical setup is a through-transmission, where the
transmission transducer is excited by an electrical signal to generate an ultrasonic
signal. The transmitted signals include narrowband [8, 13-15] and broadband
signals [6, 8, 16]. On the one hand, narrowband signals provide good performance
against high attenuating materials, due to their high signal to noise ratio (SNR),
but they require a large number of measurements to estimate the a,,,,(f) curve
(one measurement per each point of the curve). On the other hand, broadband
signals require much less measurements because they cover a wider frequency
range, but are more affected by noise because its energy is distributed over a
wider frequency range.

Using broadband signals implies several advantages. Beyond the practical
ones (time cost), there exist real applications which cannot be correctly monitored
due to the fact that the system under study varies quickly in time. In such a
situations, what is needed is the use of a configuration which allows measuring
the attenuation efficiently without losing accuracy. The aims of this paper are to
analyse each kind of transmitted signal, to provide an optimal method to obtain
the frequency-dependent attenuation, a,,,.(f), and to compare the attenuation
results achieved by each configuration in a particular real application: measuring
Portland cement mortar specimens.

The remainder of this paper is structured as follows. Section 2.3.3 describes
and mathematically formulates the analysis of two narrowband signals (sinusoidal
and burst signals) and a broadband signal (chirp signal), as well as the theoretical
and experimental expressions for a,,,;(f) in each case. Different configurations
for the chirp signal are analysed in order to evaluate their noise immunity. In
Section 2.3.2 the materials and test layout for the experiment which validates the
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aforementioned expressions are explained. Section 2.3.4 presents the attenuation
results and, finally, the conclusions are summarized.

2.3.2 Experimental

2.3.2.1 Materials and sample preparation

Mortar specimens were manufactured according to Spanish standard UNE EN 196-
1:2005 [17]. In order to improve the statistical analysis of the processed signals,
three mixes were performed. Each mix was composed of 450 grams of CEM I 52,5-
R Portland cement, 1350 grams of silica sand, and 225 grams of water. The results
of these mixes were nine specimens of 40 x 40 x 160 mm? standardized mortar,
with 0.5 water to cement ratio and 1:3 cement to aggregate ratio. After the iron
moulds were filled with the fresh mortar, they were stored in a wet chamber (20
°C and 100% RH) for 24 hours. After that, the specimens were released and cured
under water (saturated with calcium hydroxide) at 20 °C in the wet chamber for
90 days.

2.3.2.2 Test layout

An ultrasonic through-transmission setup was selected because it offers good pene-
tration and good accuracy for determination of attenuation. The disposition of the
equipment is shown in Figure 2.3.1. The transducers (transmitter and receiver)
used were the K1SC (General Electric). Both are broadband transducers with a
bandwidth centered at 1 MHz.

Computer

Function generator

I 1,000,000 HZ

_use |
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Figure 2.3.1: Scheme of equipment used in a typical ultrasonic inspection.

The transmitter transducer was excited directly by a programmable signal
generator (Agilent 33120A) while the reception transducer was connected to a
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40 dB preamplifier (Panametrics 5600B). The received and amplified ultrasonic
signals were captured using a digital oscilloscope (Tektronix DP03014) with a
sampling frequency of 25 MHz. Finally, a laptop was used to control the signal
generator and to acquire and store the digitized signals. The ultrasonic transducers
were placed facing the longitudinal axis of the specimen. They were fixed by
two plastic clamps: a movable one to adjust to the specimen, and a fixed one.
Ultrasonic gel at the transducer specimen interface was used as an impedance
coupling medium.

2.3.3 Mathematical background

In a through-transmission inspection, the energy spectral density (ESD)" of the
received signal (in the frequency domain), S, (f) [dB], can be modeled by

er(f) = Stx(f) - amat(f) “dmar — aequip(f) (2.3.1)

where S, (f) [dB] is the ESD of the transmitted signal, a,,,,,(f) [dB/cm] is the
attenuation produced by the specimen, d,,,, [cm] is the distance between both
transducers, and a,q,,(f ) [dB] is the attenuation due to the measuring equipment
(amplifier, wires, and frequency response of the emitter and receiver).

From Eq. 2.3.1, the attenuation a,,,.(f )[dB/cm] of the material can be ob-
tained in terms of the other variables, yielding

_ 1010g (Stx(f))_ 1Olog (er(f))_aequip(f)[dB]

dmat

Amai( (2.3.2)
The challenge of this study lies in the estimation of the S(f ), which relates the
transmitted energy/power and received energy/power as a function of frequency.
The following aspects must be taken into account.
The signal to noise ratio (SNR) is directly proportional to the sensitivity of the
attenuation parameter. Therefore, the kind of transmitted signal and its energy dis-
tribution in the frequency domain will affect the accuracy of the method. Working
with sinusoidal or burst signals, the energy will be concentrated in a narrow band
(higher SNR), but the estimation of a,,,.(f) will correspond only to that narrow
bandwidth. Consequently, in order to cover a wide spectrum, it is required to
employ a higher number of input signals varying the fundamental frequency (f;).
On the other hand, in the case of a chirp signal, the energy will be distributed over
a wider band (lower SNR) and the estimation of a,,,;(f) covers a higher range of

"The energy spectral density, S(f), of a finite time signal, x(t), is defined as S(f) = |X(f)I?,
where X(f) = f;l x(t)e 27t dt is the Fourier Transform of the signal x(t).



2.3. US attenuation in non-homogeneous materials 45

frequencies with a single input signal. It must be noticed that a good characteriza-
tion of a highly attenuating material could require the use of signals with a high
density energy. In Figure 2.3.2, the temporal and frequency domains of the three
types of signals are shown. It can be easily appreciated how the density of energy
of the sinusoidal and burst signals is higher than that of the chirp signal.
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Figure 2.3.2: Comparison between narrowband signals (sinusoidal and burst) and broadband signals (chirp) in
the temporal domain (left column) and frequency domain (right column). The red line represents a sinusoidal
signal at 200 kHz, the blue line represents a burst signal of 5 cycles at 200 kHz, and the green line represents a
chirp signal sweeping a frequency range from 100 to 900 kHz in 100 us.

The frequency response of the equipment and, mainly, of the transducers, &g, (f ),
limits the bandwidth that they are able to manage. Usually, the best performance
is obtained at the fundamental frequency of the transducer, but it is also possible
to work on the pass-band taking into account the required calibration process. The
choice of the fundamental frequency depends on the material under inspection.

In this paper, the aforementioned transmitted signals are analysed and pro-
posed for evaluating the attenuation of the material, @,,,.(f ), in order to compare
their accuracies and time costs. To obtain a,,,.(f), it will be necessary to esti-
mate the power/energy of the transmitted and received signals as well as the
attenuation introduced by the equipment. The power/energy of the transmitted
signal will be computed from its well-known theoretical expressions. However,
the power/energy of the received signal will be estimated from the real acquired
signals digitalized by the oscilloscope. The attenuation of the equipment will be
obtained by the calibration process described in Section 2.3.3.4.

2.3.3.1 Sinusoidal signal

The theoretical model of a transmitted pure sinusoidal signal is

stx(t) =A¢xC0s (27Tf0t+¢tx)’ (2.3.3)
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where A,, is the amplitude of signal, f; is its fundamental frequency, and ¢, is its
phase, which will be assumed null. An example is shown in Figure 2.3.2, where
the selected parameters for are A;, = 10 and f; = 200 kHz. It is accepted that
this signal is periodic, and therefore, it has an infinite time duration.

The theoretical spectrum of this signal (Eq. 2.3.4) gives the power contributed
by a single frequency, shown in Figure 2.3.2. The power of this signal (P,,) can
be estimated directly from its amplitude, A,, (Eq. 2.3.5). It has been assumed
that the propagation medium, equipment, and transducers behave linearly. This
implies that no new frequency components will be generated, and the received
signal will be the same as the input signal except with a different amplitude and
phase, which will depend only on the behaviour of the material and equipment,
so that the power of the received signal can be estimated from the amplitude of

the received sinusoidal signal, A(ri?) (Eq. 2.3.6).

Ay 2
Sex(f)= |5 (6(f —fo) +6(F + fo)) (2.3.4)
2 2
)
Spxc(t) =A(rf§?)cos (anot + ¢£J;°)) - Pr(£0) =5 (2.3.6)

Hence, the attenuation due to the material for the input frequency o, (fo)
can be calculated by using both Eq. 2.3.5 and Eq. 2.3.6, resulting in the following
equation:

e
o () = Pl 4B~ Pr [4B] — ey o) dB]

dmat
(f0))?

) U (2.3.7)
10logo (%) —10logo (Q) — Qequip(fo)[dB]

dmat

In order to obtain the values of the a,,,.(fy) curve, it is required to do a
sweep of the input fundamental frequency (f,). The described calculations must
be repeated as many times as the number of points which make up the a,,,.(fy)
curve. The main advantage of sinusoidal signals is the high SNR, which allows
working properly on highly attenuating materials.
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2.3.3.2 Burst signal

The burst signal is a common configuration used in NDT applications since it allows
estimating simultaneously several ultrasonic parameters (attenuation, velocity,
etc.). Its theoretical expression is a time-limited sinusoidal signal:

t— NTo
Sex(t) =Ag, - cos(2mfyt) - rect 2 (2.3.8)
NT,

where A,, is the amplitude of the signal, f; is its fundamental frequency, T, = flo is
its fundamental period, N is the number of cycles of the signal, and rect(-) is the
rectangular function. An example is shown in Figure 2.3.2, where the parameters
selected are A;, = 10, f, =200 kHz, and N = 5.

The total energy of a burst signal (Eq. 2.3.9) depends on its fundamental
frequency f,, the amplitude A,,, and the number of cycles N, but its theoretical
spectrum (Eq. 2.3.10) represented in Figure 2.3.2 shows that this energy is dis-
tributed over a bandwidth around the fundamental frequency. For this reason,
the energy of the transmitted and received signals must be calculated from the
spectrum over the bandwidth following Eq. 2.3.11 [18]. The selected bandwidth
corresponds to the main lobe of the transmitted spectrum, f, %+ %, and the theo-
retical expression for the transmitted energy over this bandwidth is Eq. 2.3.12.
This energy, Eg(‘),l)gw, also depends on f;; and constitutes a constant ratio, 90%, of
the total transmitted energy.

A2 A2
E) — %NTO _ ﬁN (2.3.9)
A, NT, 2

Sex(f)= Tsinc((f — fo)NT,) e 72U —folNTo (2.3.10)

fo"‘f—0
Eff’,ix,BW=2JBW Sexlra()f =2 f C SenPNAf ] 231D

fo—%

(o) _ 42 p 1 Si(27)
Etxo,BW _Athf_O

[J] (2.3.12)
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where Si(-) is the sine integral function. Using the theoretical transmitted energy
(Eqg. 2.3.12), and the received energy (Eq. 2.3.11), the expression of the attenua-
tion for the corresponding input fundamental frequency, a,,,.(f,), becomes

EY) , [dB]1—EY) [dB] — tyguip (fo)[dB]
amat(fO) = d
mat
. fo
1010g (42,N 1 522) ~ 1010g (2 [ 5,4 ) = @y U]

dmat
(2.3.13)

Each signal has associated a fundamental frequency, f,,, so that each mea-
surement will evaluate just one point of the curve, a,,,,(f). This implies that
a frequency sweep of the fundamental frequency, f,, has to be implemented to
obtain the curve a,,,;(f) evaluated over the whole defined interval. This means
taking at least one temporal measurement for each frequency, thereby restricting
the number of analysed frequencies due to the increase in the measurement time.

2.3.3.3 Chirp signal

Swept-frequency signals (chirp) are broadband signals which enable the estima-
tion of the curve a,,,,,(f ) with a single measurement. The mathematical expression
of a linear chirp signal is

T
t_ —
Sie(t) =A;cos (2rtf0t+7cAfmax tz) rect( Tz) (2.3.14)
A = L_fo 2.3.15
fmax T ( )

where A,, is the amplitude of the signal, f; is its fundamental frequency, T is
the active time of the signal, and A¢  controls the maximum frequency (f,q, =
fo+TAy ) which is reached at T seconds (Eq. 2.3.15). An example is shown in
Figure 2.3.2, where the parameters selected are A,, = 10, fy =10 kHz, f ., =1
MHz, and T = 100 us.
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The mathematical expression of the spectrum of a chirp signal is more com-
plicated than the other analysed spectra (Eq. 2.3.16)7, but it allows estimating
Ama:(f) by applying Eq. 2.3.2 directly.

e e ey
Fa Frax S

Ar TH+f—f Ar T+Hf—f
—clv2 fmax ) —js («/E finax ):|
( VB frer VA

As shown in Figure 2.3.2, the spectrum of the transmitted pulse is distributed
along a frequency bandwidth. At the expense of decreasing the SNR, broadband
signals excite several frequencies simultaneously. A single acquisition allows com-
puting the a,,,,(f) curve from the theoretical transmitted and received spectra.
Additionally, a pseudo-continuous attenuation curve is obtained instead of a dis-
cretization of a4 (f)-

) (2.3.16)

TC(x) and S(x) are the Fresnel integrals defined as C(x) = f(f cos(t?)dt and S(x) =
f;sin(tz)dt.
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Taking into account that the energy is distributed over the bandwidth of the
chirp signal, the original chirp signal, which swept from 10 KHz to 1 MHz, has
been split up into smaller frequency intervals. The division can be done in two
different ways: keeping constant the energy in each interval (Mode 1) or keeping
constant the total energy (Mode 2). This analysis allows controlling the SNR of
each interval and, therefore, comparing the accuracy of each configuration versus
the number of intervals.

Mode 1: Constant Interval Energy Mode 2 : Constant Total Energy
N 'I'H!HIIIIII [ T
N CHHM”W [T '“””"”' \ V] ‘”\ I H‘u‘\”””“H‘H‘NHM\H It “'””\‘
LT H‘H\‘””“HH‘ ‘HHHHUHM mmh HWH \ LI WWHWHW HWHH \UHHH
\ [ | |
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Figure 2.3.3: Comparison between an original chirp signal and its equivalent signals, Mode 1 (Constant Interval
Energy) and Mode 2 (Constant Total Energy) in the time domain (second row) and frequency domain (third
Tow).

Figure 2.3.3 compares the original chirp signal and both setups in the time and
frequency domains. The first column corresponds to Mode 1: Constant Interval
Energy. For this setup, the value T was fixed to 100 us and the energy to 5.2 mJ
in each frequency interval. Therefore, the more intervals, the greater the total
injected energy. In the frequency domain, it can be noticed that the total energy
is four times (four intervals) greater than in the original chirp.

The second column corresponds to Mode 2: Constant Total Energy. In this con-
figuration, the total energy injected was fixed to 5.2 mJ by reducing T depending
on the number of intervals. Its spectrum shows that the energy of each interval is
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reduced to keep constant the total energy (by keeping down the signal duration).
Table 2.3.1 summarizes the main parameters of these setups for different numbers
of intervals.

2.3.3.4 Calibration process

The calibration process was carried out with the emitter and receiver face to face
without any material between them. In this situation, Eq. 2.3.2 simplifies to Eq.
2.3.17 (due to the absence of the tested material):

aequip(f) = Stx(f)_srx(f) [dB] (2.3.17)

where S, (f) [dB] is the energy spectral density (ESD) of the transmitted signal
and S, (f) [dB]is the ESD of the received signal. Both variables must be computed
according to the analysed expressions seen in Section 2.3.3, depending on the
transmitted waveform. The testing process parameters were equal to the material
analysis ones except for the transmitted signal amplitude, which was reduced by
up to 0.5 Vp, to avoid saturation.

Figure 2.3.4 shows the —a,q,,(f) obtained from calibration process. The
three curves correspond to the three different transmitted signals: sinusoidal,
burst, and chirp signals. The fact that the curves are almost equivalent (mean
standard deviation is 2.67%) shows that the outlined expressions in Section 2.3.3
are correct. These curves are used to compensate the received signal during the
material measurement process.

2.3.4 Results and discussion

In this section, the results for the three types of signals are presented. The common
parameter for all the signals is the amplitude of the transmitted signal, which was
fixed at A;,, = 10 V. For the burst signal, the number of cycles was N = 5. For the
sinusoidal and burst signals, the signal generator was set to sweep the fundamental
frequency, fy, from 1 kHz up to 1 MHz with increments of 5 kHz and a delay
of 1 second between each analysed frequency. Therefore, for each specimen,
200 measurements were acquired (one for each fundamental frequency) and a
frequency response of 200 points is obtained for a,,,,(f ). For the chirp signal, the
analysed bandwidth was the same as for the sinusoidal and burst signals, but with
just one measurement. The next sections describe and compare the results of the
three signals applied to prismatic mortar specimens.
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Figure 2.3.4: Frequency response of measuring equipment (—aequip(f ).

2.3.4.1 Sinusoidal signal

The attenuation curve, a,.(f), obtained with a transmitted sinusoidal signal
using the expressions developed in Section 2.3.3.1, is shown in Figure 2.3.5, in
which can be seen the positive trend of the attenuation values as the frequency
increases, as well as its low dispersion between measures (the shadowed area
represents the 90% confidence intervals).

The evolution of the attenuation curve is proportional to the internal compo-
sition of the material under study (as the frequency increases, the attenuation
parameter is sensitive to smaller particles/inhomogeneities). However, the results
obtained for the attenuation of frequencies below 450 kHz are likely to correspond
to the propagation of surface waves, proportional to the mechanical properties of
the material and its geometry and not so much to its internal composition.

Throughout this section, the attenuation curve obtained for the sinusoidal
input signal is defined as the reference attenuation curve. In order to compare the
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Figure 2.3.5: Frequency-dependent ultrasonic attenuation, a,,,,(f), obtained with sinusoidal signal.

different results obtained, the root-mean-square error (errorgs) expressed in Eq.
2.3.18 will be computed, where the function error(f) is defined by Eq. 2.3.19.

fa

errorgys = L f lerror(f)|2df (2.3.18)
fz_fl f

error(f)= a(f)_areference(f) (2.3.19)

2.3.4.2 Burst signal

The attenuation obtained with the burst sinusoidal signal is shown in Figure 2.3.6a.
The result has the same trend as the case of the pure sinusoidal signal but it
seems to have a smoother behavior. This is due to the fact that the attenuation
here is computed as the integral of the power spectrum in the main lobe of the
fundamental frequency (Eq. 2.3.11), which implies a frequency filtering. Figure
2.3.6b compares the attenuation curves obtained with the sinusoidal and burst
signals. The errorgys between both curves is 0.15 dB (5.2%).
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Figure 2.3.6: Frequency-dependent ultrasonic attenuation, a,,,.(f), obtained with burst signal.Comparison
of the frequency-dependent ultrasonic attenuation, a,,,.(f), obtained with sinusoidal (red) and burst (blue)
signals. Error curve (black), error(f) between the two results.

2.3.4.3 Chirp signal

In this section, the results obtained for the chirp signal are presented. Firstly, both
setups (Constant Interval Energy and Constant Total Energy) are analysed in terms
of the errorg,s and compared in order to determine the optimal setup. To this
end, the total bandwidth has been divided into different numbers of frequency
intervals, as was explained in Section 2.3.3.3. With the optimal setup, the results
are offered and compared with those of the sinusoidal and burst signals.

Table 2.3.2 shows the mean value of errorgys for the two setups and the
different numbers of intervals. The errors between them are quite similar, although
those for the Constant Interval Energy are slightly lower than those for the Constant
Total Energy as the number of intervals increases. The error is smaller for Mode 1
and as the number of intervals increases, this seems logical since it enhances the
injected energy for the analysis of the material. However, the differences between
the configurations are not very significant because the material does not attenuate
too much and any setup allows enough SNR for the required analysis.
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Figs. 2.3.7a and 2.3.7b represent three curves: the sinusoidal attenuation (as
the reference attenuation), the chirp attenuation, and error(f) for the Constant
Interval Energy setup for one specimen. Figure 2.3.7a corresponds to 1 interval
(the bandwidth is not divided), while Figure 2.3.7b corresponds to 4 intervals. As
can be seen, both graphs offer similar trends and errors despite four independent
signals having been used in the latter case.

(dB/em]
[dB/cm]

4 L L L L L L L L
100 200 300 400 500 600 700 800 900 1000
Frequency [kHz

(a) (b)

Figure 2.3.7: Comparison of the frequency-dependent ultrasonic attenuation, a,,,(f), obtained with sinu-
soidal (red) and original chirp (green) signals. Error curve (black), error(f) between these two results. Figure
2.3.7a one interval. Figure 2.3.7b four intervals.

Taking into account that using the Constant Interval Energy configuration, no
significant improvement was achieved by dividing the chirp signal into subinter-
vals, only one interval is selected as the optimal setup for attenuation estimation
by means of the chirp signal. The attenuation obtained with the chirp signal is
shown in Figure 2.3.8a. The mean attenuation curves of the three analysed signals
are superimposed and shown in Figure 2.3.8b for comparison. It can be seen that
the three methods behave similarly, with minimal deviations. The behavior of the
chirp attenuation is more similar to that of the sinusoidal attenuation because
none of them perform a bandwidth integration for the attenuation estimation as
does the burst signal. The errorgys (assuming the sinusoidal curve as the refer-
ence) is 0.15 dB for the burst signal and 0.08 dB for the chirp signal, which means
the three signals offer similar estimations of a,,,,(f). Table 2.3.3 summarizes
all the quantified results: the mean value of the deviation between the measure-
ments, errorgys, as well as the acquisition time needed by each transmitted signal
assuming that 200 points of the curve of attenuation are analysed.
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Figure 2.3.8: Figure 2.3.8a, Frequency-dependent ultrasonic attenuation, a,,,(f), obtained with chirp signal.
Figure 2.3.8b,Comparison of the frequency-dependent ultrasonic attenuation, a,,,;(f ), obtained with sinusoidal
(red), burst (blue) and chirp (green) signals.

Table 2.3.3: Comparison of results of different transmitted signals. The acquisition time has been computed as
the sum of the transmission time (approximately 0.5 seconds) and the delay between measurements (1 second,
enough for the signal to stabilize).

Deviation [dB] errorgys [dB] Acquisition time [s]
Sinusoidal signal 0.35 - 300
Burst signal 0.28 0.15 300
Chirp signal 0.34 0.08 0.5

2.3.5 Conclusions

In this paper the study of frequency-dependent ultrasonic attenuation in strongly
heterogeneous materials was addressed. To determine the attenuation accurately
over a wide frequency range, it is necessary to have suitable excitation techniques.
Three kinds of transmitted signals have been analysed, grouped according to their
bandwidth: narrowband and broadband signals. The mathematical formulation
has revealed the relation between the distribution of energy in their spectra and
their immunity to noise. Sinusoidal and burst signals have higher signal-to-noise
ratios (SNRs) but need many measurements to cover their frequency range. How-
ever, linear swept-frequency signals (chirp) improve the effective bandwidth cov-
ering a wide frequency range with a single measurement and equivalent accuracy,
at the expense of a lower SNR. In the case of highly attenuating materials, the
use of different configurations of chirp signals was proposed, enabling injecting
more energy, and therefore, improving the sensitivity of the technique without a
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high time cost. Thus, if the attenuation of the material and the sensitivity of the
measuring equipment allows the use of broadband signals, the combination of
this kind of signal and suitable signal processing results in an optimal estimate of
frequency-dependent attenuation with a minimum measurement time. In future
applications, the use of the optimal configuration for proper monitoring of pro-
cesses with high temporal variation is proposed. Such processes do not allow the
acquisition of a large number of measurements at a fixed fundamental frequency,
and therefore, require the use of faster techniques.
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Abstract

In this study, complete ultrasonic monitoring of Glass-fiber Reinforced Cement
plates under bending tests was addressed. In this kind of experiment, the me-
chanical properties of the specimen continuously change during the test, thus, the
acquisition time of the ultrasonic signals is a critical variable. In order to overcome
this drawback, a new ultrasonic procedure based on broadband signals (chirp)
has been applied. Following this line of thought, the analysed ultrasonic param-
eters have been split into the parameters that only depend on time, and those
that depend on both time and frequency. In particular, the frequency dependent
attenuation parameter allows characterizing the evolution of the plate being dam-
aged over a wide frequency range and significantly detecting the main two events
happening during the experiment: the first crack and the maximum stress point.
In short, this paper demonstrates the suitability of ultrasonic broadband signals
for characterizing fiber-reinforced cementitious composites under bending stress.

2.4.1 Introduction

Glass-fiber reinforced cement (GRC) is a composite made of Portland cement
mortar with a low water/cement (w/c) ratio with a high percentage of paste
(water + cement) in relation to the aggregate. The addition of a high proportion
of alkali resistant (AR) glass fibers to the mortar matrix (3%-5% by weight of
mortar) improves the mechanical properties of the composite, particularly its
toughness, flexural strength, and ductility. This composite has an important role
in non-steel reinforced pre-cast concrete elements, such as sheets, panels and other
slim shapes usually employed in building engineering and architecture, as well as
in cast-in-situ sprayed-on surfaces [1, 2].

Recently, Non-Destructive Testing (NDT) techniques applied to concrete have
been investigated, especially ultrasonics and acoustic spectroscopy, in order to ob-
tain parameters related to the physical and mechanical properties of the material
and its durability [3]. Some experimental studies have demonstrated that wave pa-
rameters such as the ultrasonic pulse velocity of P-waves are suitable for predicting
the dynamic elastic modulus of the concrete, and that the velocity of the S-waves
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can predict the dynamic shear modulus. These parameters are proportional to
the elastic and shear moduli of concrete and also to its compressive strength [4,
5]. Other studies based on ultrasound propagation indicate that wave attenuation
should be measured for various frequencies, in order to characterise cement-based
materials, determining their microstructure, porosity, and other characteristics in
both the hardened [6-9] and fresh states [10].

Some studies of construction material tests by ultrasound monitoring have
been reported in the literature. Many of them are related to research on metal-
lic specimens because this type of material is used in other engineering fields.
However, recent studies of bending tests of reinforced concrete slabs, using ultra-
sonic monitoring, have been carried out successfully [11, 12]. The first approach
was recently published by the authors, in which the monitoring of GRC plates
under a four point bending test using an ultrasonic pulse with a fixed frequency
was carried out. Thus, the P-wave velocity, attenuation, energy and non-linear
parameters were obtained [13](Section 2.2). Monitoring mechanical tests with
non-destructive techniques provides a wealth of information about the material
under study, allowing the prediction of its behaviour. Ultrasonic waves could be
appropriate for following the changes during the mechanical test. GRC plates
change their internal structure because micro-cracks develop during the bending
test. In these conditions, different ultrasonic frequencies are needed to cover all
the changes in the specimen. The disadvantage of this kind of test is the fact that
the mechanical properties of the GRC plates change quickly during the test, and
it is difficult to inject various signals with different frequencies to cover a wide
spectrum. To solve this problem, the authors have also recently published a study
of the suitability of broadband signals, comparing different methods and signals to
obtain a reliable method to acquire the information of a wide bandwidth with one
single signal (chirp) [14] (Section 2.3). This procedure permits monitoring a huge
range of situations where the test-time has critical effects. The aim of this paper
is to apply new ultrasonic acquisition techniques to support the previous results
and provide new information about the GRC plates under stress, making use of
the attenuation and non-linear ultrasonic parameters in the time and frequency
domain.

The remainder of this paper is structured as follows. Section 2.4.2 describes
the materials and specimens used in this study. It also presents the test layout,
composed of the ultrasonic equipment and the mechanical test machine, as well
as the ultrasonic parameters extracted from the signals during the experiments.
In Section 2.4.3, the results are presented, correlating the ultrasonic parameters
with mechanical curves. Finally, in Section 2.4.4, the conclusions are summarized.
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2.4.2 Experimental

2.4.2.1 Materials and specimens

In this experiment, the specimen dimensions for the bending test were 325 x
50 x 20 mm. The specimens were cut from a 400 x 400 x 20 mm mother
plate, obtaining five plates for the tests. Table 3.1.2 shows the proportions and
information about the raw materials used to fabricate the GRC mother plate. The
specimens were made according to the BS EN 1170-5 standard [15].

Table 2.4.1: Used dosage for one GRC plate specimen.

Material Type Weight [g]
Cement CEMI525R 7260
Water - 2541
Sand Silica sand 0/2 4864
Superplasticizer Polycarboxylate ether 14

Fiber Glass AR 12 mm length 294

2.4.2.2 Experimental layout

An ultrasonic through-transmission setup was selected due to its penetration ca-
pability and accuracy for velocity and attenuation estimation [6, 16-18]. The
transducers used for transmission and reception were K1SC (General Electric).
Both are broadband transducers with a bandwidth centered at 1 MHz. Univer-
sal testing machine (Instron model 3382) was used for the four point bending
test. The distance between the supports was 295 mm for the passive supports
and 98 mm for the active ones. The displacement of the actuator was constant
during the test (0.6 mm/min). The transmitter transducer was excited directly by
a programmable signal generator (Agilent 33120A).

In order to do a broadband analysis, the transmitted signal was a swept-
frequency signal (chirp). The use of chirp signals enables estimating any parameter
in a wide frequency range with a single measurement by applying the proper signal
processing. The mathematical expression of the transmitted linear chirp signal is

T
t— —w
Sex(t) =Agcos (277:f0t + A tz) rect ( T 2 ) (2.4.1)

w
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Figure 2.4.1: Time line of the test where three signals are represented: A synchronization signal between
events (Sync.), and the transmitted (Tx) and received (Rx) signals, as well as some of the variables used in the
mathematical analysis (7, T and T,).

where A, is the amplitude of the signal, f; is the fundamental frequency, rect(:) is
the rectangular function, T,, is the active time of the signal, and A; controls the
maximum frequency (finqx = fo + TwAy ) which is reached at T, seconds (Eq.
2.4.2). The selected parameters for the transmitted chirp signal are A;, = 10 |
T,, =10 us and the frequency range varies from 200 to 1000 kHz. The experiment
was monitored by injecting chirp signals with a period (T) equal to 0.5 seconds.
Figure 2.4.1 shows a time line of the test, where three signals are represented:
a signal of synchronization between events (Sync.), the transmitted (Tx) and
received (Rx) signals, as well as some of the variables used in the mathematical
analysis.

The reception transducer was connected to a linear 40 dB preamplifier (Pana-
metrics 5600B). The received and amplified ultrasonic signal was captured by a
digital oscilloscope (Tektronix DPO3014) with a sampling frequency of 25 MHz.
Finally, a laptop was used to control the signal generator and to store the digitized
signals.

The experimental layout of the mechanical test is shown in Figure 2.4.2. The
plate rests on the passive supports and four metallic angles were attached to the
plate in the positions shown. These elements serve to hold the elastic bands which
keep constant the pressure between the faces of the transducers and the specimen.
A similar system was presented in [19], yielding consistent results and suitable
performance, where the rubber bands kept the appropriate pressure between
the transducers and specimen. Pure vaseline was used to ensure an appropriate
coupling between the transducers and the faces of the specimen.
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Transducer Tx N\ Active support

Metallic angle

Passive support

Figure 2.4.2: Experimental layout used in the ultrasonically monitored bending test. Four metallic angles are
attached to the sides of the plate to support the elastic bands that keep constant the pressure between the faces
of the transducers and the specimen.

2.4.2.3 Ultrasonic parameters

Using broadband signals in the analysis allows computing some ultrasound pa-
rameters which not only vary in the time domain (during the test) but also in
the frequency domain. In order to support the previous results, only the time
dependent parameters are also analysed. In the following, the analysed ultrasonic
parameters are classified into two groups: parameters dependent on the time
alone, and parameters dependent on both time and frequency.

Time dependent parameters

Many parameters were extracted from the received signals, giving information
about the material for every instant of time. Let x, ., be the amplitude of the
received signal at time t, and let T be the time variable in the interval from O to
T seconds (Fig. 2.4.1). The propagation velocity, v,(t), is obtained as the ratio
between the length of the specimen, d,,,;, and the time of arrival of the signal,
T¢q (Eq. 2.4.3), which was estimated as the point in time when x, ,, exceeds 50%
of the noise level.

v, (O)m/s] = dmat 2.43)

t,a
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The total received energy, E,,.(t), is the energy of the received signal acquired
by the oscilloscope, obtained as in Eq. 2.4.4.

T
Eror(t) [J]= f Xt (7Y (2.4.4)
0

The total attenuation of the material, a,,,(t), is obtained using Eq. 2.4.5.
Given the analytical expression and the specific parameters of the transmitted
signal (Eq. 2.4.1), the transmitted energy E,, can be theoretically obtained using
Eq. 2.4.6. In this paper, E;, equals 0.5 mJ Meanwhile, E, (t) is obtained from
Eq. 2.4.4. The global attenuation associated to the measurement equipment
(transducers, amplifier, wires, acquisition module,...), Qequips 18 independent of the
tested material and also constant throughout the test. In this paper, @,4,;, = —5dB.
The value of the preamplifier must also be subtracted (a,;eqmp = 40 dB).

Etx - Erx(t) — Qequip — Xpreamp

Ao (t) [dB/cm] = d (2.4.5)
mat
Tw Az T AZ
E,[J]= f Sex(T)dT = e
0 2 2
(2.4.6)

T, 2
w 9 AL T,
cos(2m(2fy)T + T(2Afax)T7)dT ~ 5
0

The main advantage of the attenuation versus the total energy is that it is nor-
malized by the input energy and the distance travelled through the material. That
allows comparing the attenuation between different materials and experiments.

Time and frequency dependent parameters

The characteristic attenuation of the material can not only be analysed globally,
a;..(t), but also in terms of the attenuation introduced in each frequency band.
This two-dimensional variable depends on the analysis time and the frequency,
QAma:(t, f). In this case, the attenuation can be modelled by Eq. 2.4.7 [14].

IOlOg (Stx(t:f)) - 1010g (er(t:f)) - aéquip(f) - apreamp

2.4.
doae (@47

amat(t:f) =
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where S,,.(t, f) is the energy spectral density (ESD)" of the transmitted signal at
time t, S, (t, f) is that of the received signal, d,,,, is the distance of the specimen,
and a, qui p( f) is the attenuation due to the measurement equipment. Note that
o, quip( f) is equivalent to @4, in Eq. 2.4.5 when decomposed by frequency
bands. This analysis considers the frequency response of the equipment used in the
experiment. For further details about the calibration process and the computation
of the ESD of a chirp signal, see [14] (Section 2.3).

The appearance of micro-cracks in the tested material leads to a non-linear
effect known as Contact Acoustic Non-linearity (CAN) [19, 20]. This non-linear
effect can be measured in terms of the variation of the amplitude of the higher
harmonics. f5(t, f) is defined by Eq. 2.4.8 as the ratio between the amplitude of
the third harmonic (X, (t,3f)) and the fundamental harmonic (X,,(t, f)). The
ratio between this parameter and the non-linear parameter before beginning the
loading (t=0) will be denoted by ﬁ;ﬁ’(t,f), as in Eq. 2.4.9.

X (£, 31)
Bs(t,f) = X P (2.4.8)
Lt )= 100M (2.4.9)

ﬁ?;(ozf)

In order to follow the same scheme as in previous papers [13] (Section 2.2),
this parameter has also been analysed for a fixed working frequency, thus obtain-
ing an index that depends only on the time. In the present paper, the chosen
fixed frequency is 363 kHz since the third harmonic appears in the center of the
transducer band (&~ 1 MHz), being more sensitive to its location in the spectrum.
This parameter, in the following denoted by f5(t,363), complements the time
dependent parameter analysis presented in the previous subsection.

A common way to display results depending on these two independent vari-
ables is a time—frequency diagram. In these graphs, the x-axis corresponds to
the time, the left y-axis indicates the stress/strain curve, the right y-axis is the
frequency range, and the color axis represents the intensity of the analysed param-

eters, pq.(t, f) and Bs(t, f).
2.4.3 Results and discussion

In the first instance, due to the fact that the stress—strain curves are different and
the characteristic events of the test occur at different time instants (depending

"The energy spectral density, S(f), of a finite time signal, x(t), is defined as S(f) = |X(f)|?,
where X(f) = f:ol x(7)e 27 d 1 is the Fourier Transform of x(t).
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on the specimen), no statistical values were extracted (mean, standard deviation,
confidence intervals...) and a single plate was selected to follow the discussion
and make it clear and understandable. The rest of the plots have been located in
Section Figures, which shows the reproducibility and consistency of the results.
Moreover, no corrections were made to the mechanical curves, in order not to
disrupt the correlation between the mechanical and ultrasonic parameters.

In this section, the ultrasonic parameters and stress—strain curves were corre-
lated. Firstly, the time dependent parameters, v, (t), E¢o(t), a0, (t), and [3’;/"(t, 363),
are represented and analysed (subsection 2.4.3.1 and Fig. 2.4.3). Then, the time

and frequency dependent parameters, a,,,.(t, f) and ﬂ;/jf(t, f), are described in
subsection 2.4.3.2.
2.4.3.1 Time dependant parameters

The results for the time dependent parameters are plotted in Figure 2.4.3 using a
double y-axis with the corresponding absolute values of each parameter.
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Figure 2.4.3: Comparison between absolute values of time dependent ultrasonic parameters and stress—strain

curve of one specimen: (a) velocity of the chirp signal, (b) energy of the received signal, (c) total attenuation
; %

and (d) non-linear parameter 3;° measured at 363 KHz.
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Figure 2.4.3a shows the evolution of the velocity of the chirp signal during
the test. The velocity parameter, v,(t), stays constant in the initial stage of the
test (supports and specimen’s surface coupling stabilization) and for most of the
elastic step of the stress—strain curve (0-50 s). When the first micro-cracks begin
to appear (50-60 s), v,(t) decays slightly (~ 10 m/s), and after that, goes down
to values around 4000 m/s and becomes unstable due to the low signal-to-noise
ratio (SNR) (failure when estimating Tea)-

Figure 2.4.3b shows the trend of energy of the received wave. Three zones
can be clearly identified in the evolution of E,,,(t). In the first zone (0-50 s), the
parameter stays constant while the specimen deforms. In the second zone (55-100
s), the E(t) curve starts to decay to values close to zero before the cracking process
starts (60 s) due to the micro-cracking process previous to the first large crack.
After that (100-end of the test), E(t) stays at zero values because the section of
the plate is getting progressively smaller.

The attenuation of the material, a,,,(t), is plotted in Figure 2.4.3c. There is
a trend opposite to that obtained for the previous parameters. In the first zone,
a0 (t) stays constant (close to 2 dB/cm), however, before the appearance of the
first crack (55 s), it rises to high values (2.7 dB/cm) and stays constant until the
end of the test.

As mentioned in Section 2.4.2, ﬁg/"(t, 363) was monitored because it is very
sensitive to crack formation. In order to calculate ﬁ;"(t) it is necessary to fix a
discrete frequency since the emitted signal contains information on several fre-
quencies. The specific frequency 363 kHz was used to analyse the generation of
high-frequency harmonics because the third harmonic appears in the center of
the transducer’s band (~ 1 MHz), being more sensitive to its location in the spec-
trum. Figure 2.4.3d shows the evolution of /3;/"(t) as the test progresses. It can be
noticed that this parameter dramatically increases (a variation of 1000%) in the
critical zone, after the beginning of the cracking process of the plate (~ 55 s). The
fact that /3::/"(4‘_) changes quickly in the beginning of the cracking process indicates
premature damage in the specimen (in the elastic step of the stress—strain curve)
warning of the damage that the specimen has already suffered.

In order to compare the time dependent parameters, their normalized values
were calculated (Fig. 2.4.4). As can be observed, vp(t) does not show relevant
information in the stage previous to the first cracks, showing a slow detection of
the damage suffered by the plate. However, E,,,(t) and a,,,(t) are more sensitive,
showing significant variations previous to the plastic step of the stress—strain curve.
Significantly, ﬂ;ﬁ’(t, 363) exhibits an interesting behaviour, marking perfectly the
instant when the specimen begins to suffer initial damage. This means that the
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Figure 2.4.4: Comparison of the normalized values of the time dependent ultrasonic parameters and the stress—
strain curve of one GRC specimen.

non-linear parameter is the most sensitive way to identify the change from the
elastic to plastic zone in GRC.

2.4.3.2 Time and frequency dependent parameters

The results for the parameters depending on both the time and the frequency are
shown in Figs. 2.4.5 and 2.4.6. The x-axis indicates the test time, the left y-axis
the force (stress—strain curve) and the right y-axis the analysed frequency range.
The parameter under study is shown with different colours and its respective
gradients.

Figure 2.4.5a shows the evolution of a,,,.(t, f) as the bending test progresses.
In the first instance and for a fixed value of t, the attenuation parameter rises
with the increase of the analysed frequency, as suggested in most of the literature
and in previous papers [6, 13, 18]. For each frequency, this means, for a fixed
frequency f, the parameter of attenuation also rises along the experiment. A
similar trend can be observed in Figure 2.4.3c for a,,.(t), which only depends
on the test time. By means of analysing a,,,.(t, f), there can be obtained the
complete material response to different injected frequencies along the experiment
time. The attenuation remains constant during the stabilization stage (0-30 s) and
for most of the elastic step (30-60 s). Near the first crack, at the end of the elastic
step (50-55 s), the attenuation patterns change and it starts to rise to higher values
due the initial phase of the micro-cracking process. Once the plate is in the plastic
stage (65-90 s), the attenuation for frequencies under 600 kHz rises. Slightly
before the maximum stress point (& 90 s) the attenuation for higher frequencies
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(over 600 kHz) also increases, to reach its maximum attenuation value. From
the maximum stress point (~ 110 s) on, the attenuation patterns keep constant
until the end of the test, where the effective cross section of the plate is low. The
time—frequency diagrams for the rest of the tested plates are shown in Section
Figures.
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Figure 2.4.5: Time-frequency diagrams of the parameters related to the attenuation. The x-axis indicates the
test time, the left y-axis the force (stress—strain curve) and the right y-axis the analysed frequency range. The
parameter under study is shown with different colours and its respective gradients. a) Time—frequency diagram
of the a,,,4,(t, f)[dB/cm]. b) Time—frequency diagram of the normalized A, (¢, f)-

The interest of this study lies in finding and highlighting the changes in the
ultrasonic parameters with the progress of the bending test and in correlating
these changes with the events produced in the specimen. As has been observed,
amat(t, f) seems to be sensitive to any change in the mechanical properties of the
material under study. Nonetheless, the representation of the absolute values of
QAma:(t, f) may hide some notable changes. Thus, a further analysis of the atten-
uation, considering the sensitivity of each frequency, is proposed. Figure 2.4.5b
plots the variation of the attenuation with respect to time, normalized over the
maximum value for each frequency, A,a,,,.(t,f). This graph allows identifying
the main events happening during the bending test: the first crack (~ 55 s) and
the maximum stress point of the specimen (=~ 110), even by a certain time in
advance of the mechanical curve. Note that this normalized representation allows
comparing the attenuation levels regardless of the working frequency. Changes in
A, amqc(t, f) for the first crack are observed for all studied frequencies, although
frequencies under 600 kHz are more sensitive. Additionally, for the maximum
stress point, the most sensitive frequencies are lower than 400 kHz. In Section
Figures, time-frequency diagrams for the rest of the tested plates are shown. As
can be observed, those attenuation results present similar patterns by overcoming
the differences between specimens and experiences.
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Figure 2.4.6 shows the corresponding graph for ﬂ;A’(t, f). As could be observed
in the previous figures (Fig. 2.4.3d), /3;{"&,363) was very sensitive to the crack
formation, varying its value drastically when the specimen is damaged by the
formation of the first crack. In this figure, this behaviour can be seen for all
frequencies contained in the frequency range chosen according to the location of
the third harmonic and the transducer response as mentioned before (300-500
kHz). This non-linear parameter remains constant during the stabilization stage
for all frequencies, as do the rest of the ultrasonic parameters.

When the stress—strain curve approaches the cracking zone, ﬁ;"(t, f) increases
rapidly for several frequencies, reaching higher values before the cracks promoted
by the deformation of the specimen appear. Since each stress—strain curve is
unique, each time—frequency diagram varies (see Section Figures), depending on
the specimen but always following the same pattern (a rapid increase before the
beginning of the plastic step).
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Figure 2.4.6: Time-frequency diagram of the non-linear parameter ﬁ;"(t, f). The x-axis indicates the test time,
the left y-axis the force (stress—strain curve) and the right y-axis the analysed frequency range. The parameter
under study is shown with different colours and its respective gradients.

Regarding the obtained results, it can be concluded that the attenuation time—
frequency diagram gives information about the continuous changes between the
different steps of the test. However, the non-linear parameter seems to be the best
for an analysis that will robustly characterize the cracking instant.

The sensitivity to inhomogeneities (pores, cracks...) of each frequency depends
not only on the dimension of the discontinuity but also the direction, disposition,
separation between faces, etc. For this reason, it is very important to have the
proposed a,,,:(t,f) and ﬁ;/}(t, f) time—frequency diagrams to accurately detect
when the element under test is being critically damaged.
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2.4.4 Conclusions

In this paper, a complete ultrasonic monitoring of GRC plates under bending tests
was addressed. A recently proposed procedure based on broadband signals (chirp)
was used in order to measure different ultrasonic parameters in a wide range of
frequencies. This new method of monitoring bending tests provides a wealth
of information about the material behaviour in terms of the attenuation, energy,
velocity, and generation of non-linear harmonics in the signal. In order to support
the previous results and provide new information, the analysis has been divided
into two parts: those parameters dependant only on time, and those dependent on
both time and frequency. In the first group, the evolution of the velocity roughly
characterizes the main two events happening during the test: the first large crack
and the maximum stress point. However, the energy and attenuation of the chirp
signal were more sensitive, showing a significant variation previous to the plastic
step of the stress—strain curve, attenuation being more appropriate for comparing
different materials and tests. It was conspicuous that the non-linearity in the
generation of high harmonics exhibited an interesting behaviour, marking perfectly
the instant when the specimen was suffering damage. In the second part, the
attenuation and non-linearity were analysed in terms of time and frequency, giving
more information about the material properties duing the progress of the test. The
study of this variation of the attenuation along time for each fixed frequency has
been proposed. This new normalized approach has allowed comparing the trends
between different working frequencies, as well as significantly detecting both the
first large crack and the maximum stress point. The non-linearity had a sudden
change as the micro-cracking began, pointing perfectly to the time instant when
the specimen is being critically damaged.

This paper has demonstrated the suitability of ultrasonic broadband signals to
characterize fiber-reinforced cementitious composites under bending stress since
it allows simultaneously analysing some of the traditional ultrasonic parameters
in the frequency domain. This approach might open up a new line of research in
any further application where the acquisition time is a critical variable.

Figures
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Chapter 3

Non-linear acoustic spectroscopy:
Cases on chemical and thermal
damages in mortar

Linear and non-linear reverberation parameters are used in this chapter to monitor
chemical and thermal damaging mechanisms. The set of Non-linear Elastic Waves
(NEWS) techniques is a hotspot in science communities at this moment due to
its sensitivity to cracks in a non-homogeneous medium. The lack of information
about how dynamic anomalies interact with each other in a heterogeneous media
is also an important point to consider and investigate. The purpose of this chapter
is to detect and monitor different kinds of damage but also to understand the
underlying phenomenon of non-linear reverberation and to contribute with a
new technique that extracts non-linear parameters from a single excitation event
respect to classical multiple excitation events (NIRAS).

In the first section a multimodal analysis of GRC samples under an ageing
damaging process was carried out. The purpose of this study was to analyse
the evolution of the mechanical performance of GRC using a non-linear impact
technique. In addition, a comparison among the different resonant modes was
carried out in terms of linear and non-linear parameters (Section 3.1). In the
second section, an exhaustive internal sulphate attack in mortar was monitored.
In this case, linear reverberation and ultrasonic parameters were used to follow
the expansion behaviour of mortar samples with different degrees of damage. The
usage of broadband signals to extract attenuation parameters in a wide range of
frequencies gave an interesting overview of the expansion mechanism (Section
3.2). In the Section 3.4 a complete thermal damage study was addressed. Two
main mechanisms of damage coexist in the same situation. Parameters related
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with the stiffness of the material revealed important information about the main
changes in the cement matrix. Nevertheless, contact and interface changes in
the material were perfectly captured by attenuation and non-linear ones (Section
3.3). A new algorithm to extract non-linear parameters from one single impact
event was developed and compared with the traditional one. This new procedure
uses an accumulating windowing system instead of the traditional sliding window
of the Short Fast Fourier Transform. The new algorithm was tested on mortar
subjected to thermal damage in order to have different levels of non-linearity in
the analysed samples (Section 3.4).

Different NDT parameters has been analysed in the described sections of this
chapter. The scope was to contribute with a new procedure to extract non-linear
information from non-homogeneous materials and to try to understand the effect
on the different layouts, geometry and types of damage. Moreover, the analysis
of a complex damage mechanism taught us that the correct way to analyse these
spoiling processes is to examine both linear and non-linear parameters.



3.1 Multimodal analysis of GRC ageing process using
Non-linear Impact Resonance Acoustic
Spectroscopy’

° V. Genovés, C. Riestra, M.V. Borrachero, J. Eiras, T. Kundu, and J. Payd. "Multimodal analysis of
GRC ageing process using Non-linear Impact Resonance Acoustic Spectroscopy," Composites Part B:
Engineering, vol. 76, pp. 105-111, 2015.

Abstract

Glass-fiber Reinforced Cement (GRC) is a composite material composed of Port-
land cement mortar with low w/c (water/cement) ratio and high proportion of
glass-fibers. This material suffers from the ageing process by losing its strength
with time because of its exposure to severe weather conditions. Ageing process
damages the fibre surface and decreases the mechanical properties of the structural
components made of this material. It reduces the elastic modulus and toughness
of GRC. Fracture toughness is traditionally measured by four point bending tests.
In a previous study by the authors it was observed that ageing related deterio-
ration or damage of GRC could be monitored by Non-Destructive Testing (NDT)
techniques such as Non-linear Impact Resonance Acoustic Spectroscopy (NIRAS)
and other ultrasonic techniques. The scope of this paper is to corroborate previous
investigations and offer early damage detection capability by generating more
experimental data points by optimizing location of the point of strike and thus
generating more resonance vibration modes in NIRAS tests.

3.1.1 Introduction

Glass-fibre reinforce cement (GRC) is a composite material formed with Portland
cement mortar with glass-fibre inclusion. The matrix of this material is made
from low w/c (water/cement) ratio and high paste proportion relative to the
aggregate quantity. Adding a high proportion of glass-fibers to the mortar matrix
improves the mechanical properties of the structural components made by this
material, especially, the toughness and ductility properties. This composite plays
an important role in construction of some concrete structures such as sheets, panels
and other slim shapes used usually in building engineering and architecture where
steel-reinforced concrete cannot be used [1].

However, due to glass composition and the nature of the Portland cement
matrix, a chemical reaction occurs between cement and glass provoking the de-
terioration of the fibres, creating holes and coating degradation followed by a
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toughness decrease of the composite [1-3]. For this reason researchers have
been developing new less aggressive matrices that improve the performance of
the fibres and enhance the durability of the GRC system. Enfedaque, Cenddn,
Gélvez, and Sanchez-Galvez have suggested matrix modification with silica fume
and metakaolin substitution, Purnell, Short, Page, and Majumdar studied observ-
ing the microstructure of the material using scanning electron microscopy after
subjecting it to mechanical loading test [2, 4, 5].

Behaviour of a material as it ages is generally tested by first placing specimens
made of this material at high temperatures and under high humidity [6] and then
performing mechanical tests to obtain its stiffness, toughness and strength.

In order to improve the material characterization and damage detection meth-
ods, researchers have been developing different Non-Destructive Testing (NDT)
techniques. It is known that NDT have the capability of obtaining a number of
physical properties of cementitious materials such as their dynamic Young’s mod-
ulus, porosity and compressive strength [7-10]. New, NDT techniques based on
non-linear acoustics have been recently developed by researchers in order to detect
early stage of damage in different materials [11]. Chen, Jayapalan, Kim, Kurtis,
and Jacobs and Le$nicki, Kim, Kurtis, and Jacobs were using non-linear impact
resonance acoustic spectroscopy (NIRAS) technique in order to detect alkali-silica
reaction (ASR) damage in concrete using different types of aggregates [12, 13].

In an earlier study by the authors it was demonstrated that ageing process
could be detected by acoustic resonance techniques like NIRAS more efficiently
than traditional tests [14] .

The scope of this paper is to analyse the ageing process, optimizing NIRAS
test method for GRC specimens to obtain more experimental data points and to
evaluate the suitability of the method for monitoring ageing related degradation.

3.1.2 Experiment
3.1.2.1 Materials

GRC specimens were made according to the BS EN 1170-5 [15]. For this experi-
ment the specimen dimension was chosen as 275 x 50 x 10 mm?. The specimens
were cut from 350 x 350 x 10 mm® mother plates.

Four such mother plates were fabricated. From every mother plate 7 specimens
were cut, thus 28 specimens in total were prepared.
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Table 3.1.1 shows different tests performed on the four plates. NIRAS tests
were performed for different extents of ageing, SEM observations were made for
undamaged and totally damaged specimens in order to see the fibre degradation,
and mechanical tests were performed after Oh, 8h, 24h and 90h of ageing. Table
3.1.2 shows the proportions and information about the raw materials used to
fabricate the GRC plates.

Table 3.1.2: Used dosage for one GRC plate specimen.

Material Type Weight [g]
Cement CEMI525R 3630
Water - 1270.5
Sand Silica sand 0/2 2432
Superplastizicer Policarboxilate ether 7

Fibre Glass AR 12 mm 147

After characterizing all specimens (from SEM, bending test and NIRAS) and
identifying all resonance vibration modes the rest of the specimens were immersed
in a controlled water tank at 65 °C to age them. The tests were performed at
different stages of ageing as shown in Table 3.1.1.

3.1.2.2 Modal analysis

Because of the importance of identifying the vibration modes and obtain as many
modes as possible with high amplitude, a modal extraction analysis was performed
with a finite element method (FEM) software (ANSYS).

During the theoretical analysis study the specimen size influence was investi-
gated considering four sizes of the plate: 225 x 50 x 10, 275 x 50 x 10, 325 x
50 x 20, 325 x 50 x 30 mm® geometries. Modal analysis results were used to
optimize the point of impact and receiving sonsor locations on the specimen in
order to obtain as many modes as possible on the experimental spectrum response.

Table 3.1.3: FEM calculation parameters.

Ec [MPa] v 5 [kg/m?3] Range [Hz]

28000 0.18 2300 0 - 5000
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Table 3.1.3 shows values used for the FEM analysis. Mechanical properties
were taken from references [16] and adjusted to match the experimental results.

3.1.2.3 NIRAS technique

NIRAS method is a relatively new NDT technique which can detect changes in
materials from the resonance frequency shifts of the vibrational modes of a spec-
imen made from this material as the impact energy increases [17]. This change
is simply due to the non-linearity of the material. This technique has been shown
to be highly high sensitivity to material defects, specifically to the micro-cracks
of the material. It is well-known that defects in a material can be detected from
the vibrational frequency resonance values of a specimen made of that material.
Distributed cracks reduce the stiffness of the specimen, and therefore, the natural
frequency of the structural element made of that material. Besides this linear ef-
fect (f = +/k/m, where k is the stiffness and m the mass of the specimen) cracks
also change non-linear properties of the material: Those cracks form imperfect
matrix and non-homogeneity zones and thus creates, for instance, pores or voids,
micro pores, paste-aggregate interface and other mesoscopic effects [13, 17].

This kind of imperfections trigger non-linear effects such as change of the
frequency when the impact energy is increased, non-linear modulation of two
waves and scalability loss. This distortion of the elastic waves is responsible for
the change in the observed resonance frequency in NIRAS tests, which can be
described as a non-linear hysteretic macroscopic behavior of the material itself
[13].

According to the phenomenological model for hysteresis and classical non-
linear constitutive relations proposed by Van Den Abeele, Johnson, and Sutin[18],
the elastic modulus for a material with non-linear effects can be represented as
Eq. 3.1.1:

E=Ey)1+pe+5e®+a(Ae+e-sgn(e))] (3.1.1)

where E is the linear elastic modulus, # and & are the coefficients of cubic and
quartic anharmonicities, A€ is the strain amplitude variation, € and € are the strain
and strain rate, a is the measure of hysteresis, and sgn(-) is the sign function [18].
Specimens made with these materials that follow Eq. 3.1.1 change their natural
vibration frequencies with the variation of the excitation energy. This non-linearity
could be defined as follows (Eq. 3.1.2)

fo—f

7 = ale (3.1.2)
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where f; is the frequency for the low impact energy, f the frequency for the high
impact energy, a the measure of non-linearity and € the deformation suffered by
the specimen. In this experiment, 10 impacts were given for every NIRAS test.
After collecting ten signals with different impact energies and identifying the peaks
in the frequency domain a first order polynomial was fitted to obtain the R? of the
line as a measure of the reliability of the hysteretic parameter.

fse”“” GC  GC+1 GC+2 GC+3 GCH4 GC+5 GC+6

Figure 3.1.1: Point of impact layout.

3.1.2.4 Test disposition

In order to optimize the location of the hammer impact point, multiple points of
the specimen were hit by the hammer and corresponding response spectra were
recorded. Figure 3.1.1 shows different impact point locations on the specimen
and the sensor location. Figure 3.1.2 shows the test configuration. It is composed
of one hammer support attached to a rigid base and both sides of the support are
linked by a metallic axis that makes the impact hammer to rotate, for hitting the
specimen with different levels of impact energy. There are also two additional
supports for placing the specimen in the required position when it is struck by the
hammer. The specimen support frame is attached to the same rigid base where
the hammer support frame is attached. The test disposition permits the specimen
vibrates without constraints (a case of free vibration).

After location of the hammer strike point had been optimized, the study of
ageing process with this configuration began.

3.1.3 Results and discussion

3.1.3.1 Modal analysis results

As mentioned in previous sections, modal analysis was performed to see frequency
response of different specimen geometries and select the best option.

More than four geometries were simulated for the modal analysis, but only
the most interesting ones are plotted in Figure 3.1.3. Colour code used in this
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Figure 3.1.2: Tests disposition: Specimen and apparatus.

figure indicates specimen’s vibrational modes. Blue color is for flexural xy modes,
red color is for torsional modes and green color is for flexural xz modes. Figure
3.1.3a shows bad spectrum distribution: some modes (2" flexural xy and 1°
torsional, 3" flexural xy and 2™ torsional) appear too close to one another in the
spectrum, leaving some wide empty frequency bands. When two modes appear
too close to each other then it is a problem because then two close peaks having
finite width. Figures 3.1.3b and 3.1.3c have a good number of well-separated
peaks in the spectrum, however 3.1.3b, have more modes to analyse and therefore
is a better distribution choice. In addition, 275 x 50 x 10 mm? specimens require
relatively less amount of material to make. Figure 3.1.3d shows only six modes in
the frequency range of analysis and this specimen also needs more material and
was discarded for that reason.

A complete analysis was then performed for the selected specimen geometry
275 x 50 x 10 mm3. Figure 3.1.4 shows the mode shapes for displacement
variations for the extracted modes. From these diagrams a fixed location for the
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(a) 225 x 50 x 10 mm? specimen.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

(b) 275 x 50 x 10 mm® specimen.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

(€) 325 x 50 x 20 mm? specimen.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

(d) 325 x 50 x 30 mm?> specimen.

Figure 3.1.3: Modal analysis simulations done with FEM software for different specimen geometries.

accelerometer at the corner of the specimen where the deformation is maximum
was selected. This mode shape analysis gave important information about how to
choose the point of impact location. Hitting at a high deformation location made
the specimen capable of exciting the desired number of modes. For instance, 1°¢
flex xz (Fig. 3.1.4d) mode could not be excited due to the specimen disposition on
the testing support (the impact direction is normal to the plane of displacement).
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3.1.3.2 Point of impact results

In order to optimize the test method and obtain more modal experimental spec-
trum response, an investigation to determine the point of impact experiment was
performed. It was done by varying the impact point by one centimetre from the
geometric centre towards one end of the specimen. Response spectra for the same
impact energy level for different impact locations plotted in Figure 3.1.5. Impact
at the geometric center of the specimen generated only a few modes. This obser-
vation can be justified from the fact that for many modes geometric center is a
node position and hitting at the node position cannot generate that specific mode.

10 T T T T T T T T T
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Figure 3.1.5: Frequency response of the same specimen for different impact locations as shown in Figure 3.1.2.
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Thus, impacting on geometric centre of the specimen (Fig. 3.1.5a) activates
only three modes (first flexural, third flexural and second torsional, Figures 3.1.4a,3.1.4e
and 3.1.4f) because second flexural and first torsional (Figs. 3.1.4b and 3.1.4c)
have a node (zero displacement) at that impact point. As the impact point is moved
from the geometric center, other modes start to appear. One and two centimetres
offsets from the geometric centre (Figs. 3.1.5b and 3.1.5c) show low amplitude
modes near 1000 to 1500 Hz frequencies. Three centimetres offset from the ge-
ometric centre (Fig. 3.1.5d) seems to be the most appropriate position since the
modes are stable and have relatively high amplitudes. Other positions also have
interesting spectral response (Figs. 3.1.5e,3.1.5f and 3.1.5g) but were discarded
because the specimen became unstable on the test support for those cases. First
flexural xz (Fig. 3.1.4d) mode could not be excited for obvious reasons (no peaks
at 2147 Hz).

3.1.3.3 Linear and non-linear results

Table 3.1.4 shows the variations of toughness, elastic modulus and flexural strength
at different stages of ageing or degradation. As can be observed, there is a remark-
able decay for some of these parameters due to the fibre degradation. Note that
toughness increases at the early stage of ageing because of a late hydration process
due to the thermal treatment. However, during later stages of ageing, toughness
decreases due to the fibres degradation. o,,,, did not have any noticeable change.

Table 3.1.4: Mean values and standard deviation of mechanic parameters extracted from four points bending
test.

Hours Toughness [Nmm] Ecfiey [GPa] O max [MPa]
0 142.45 £ 37.1 4428 + 534.0 11.31+£ 2.0
8 167.528 £ 29.3 2745.52 + 821.7 11.08 £ 1.3
24 123.77 £13.7 3151.85 £320.5 10.02 + 1.0
90 113.77 £49.4 3333.42 + 604.7 1093 £ 1.9

The experimental and the theoretical resonance frequencies are plotted in
Figure 3.1.6a. The slight difference between these two series on the graph is due
to the plate cutting and manufacturing. The experimental data correspond to
28 specimens after being cured at 20 °C in wet chamber for 28 days, before any
ageing or fibre degradation. As commented before, NIRAS tests were performed
in order to evaluate the frequency and non-linearity parameter changes due to the
material degradation.
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After computing the frequency values for every mode, the experimental data
points were plotted in Figure 3.1.6b. Frequency and alpha variation (A frequency
and Aa) was computed using Eq. 3.1.3:

Pt_PO

-100 (3.1.3)
0

where P, is the parameter at ¢ time and P, is the parameter for the undamaged
specimen at the beginning of the experiment (after 28 days of curing in the wet
chamber). Table 3.1.5 shows mean values of a and frequency for all modes and
ages.
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Figure 3.1.6b shows frequency increase for all modes. It is important to note
that the low frequency modes show more relative variation than the high frequency
modes. It is also noted that all modes in the range of our study have the same
tendency or behaviour.

[ Experimental NI Numerical o _—
4500 4

4000
3500
30001

2500

Frequency [Hz]
A Frequency [%]

20001

1500

1000

500

iflex 2flex ftor 3flex 2tor 4flex 3tor 10 20 30 40 50 60 70 80 £
Age [Hours]

(a) (b)

Figure 3.1.6: Figure 3.1.6a represents theoretical and experimental frequency comparisons. Figure 3.1.6b plots
the frequency variation with ageing process.

During the early stages of ageing there is a slight decrease of the frequency
variation which coincides with that shown in the Table 3.1.4 which then stabilizes
over time. Then it shows monotonic increase. After monitoring all resonance fre-
quency modes, it is concluded that monitoring one mode is sufficient for defining
the frequency variation during the ageing process.

Non-linearity parameter a was computed using Eq. 3.1.2. Figure 3.1.7 shows
the a variation as the specimen ages. With ageing the percentage change of this
parameter is much higher than the linear parameter. Clearly hysteretic parameter
is more sensitive to ageing than the linear parameters. One can note that when
the age of degradation increases, for most modes the variation of the hysteretic
parameter monotonically increases.

2" flexural, 1°¢ torsional, 3" flexural and 2"¢ torsional modes show similar
behaviour. Generally, when the vibrational mode is at relatively high frequencies,
the non-linearity parameter derived from that mode is more sensitive to ageing.
However signal strengths for 4" flexural and 3¢ torsional modes were too weak
to generate consistent and reliable results.
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Figure 3.1.7: Non-linearity parameter variation with ageing.

3.1.3.4 SEM observations

In order to see the physical condition of the fibres, scanning electron microscopy
images were taken at different magnifications (Fig. 3.1.8).

The images were taken for two different states as mentioned in Table 3.1.1,
at the beginning of the ageing process and at the end (90 hours under wet and
warm conditions of ageing).

Figure 3.1.8a is a 200x magnification of the fibres embedded in the cement
matrix 28 days after setting. The fibres were clean and their surfaces were smooth.
After 90 hours of ageing similar specimen was analysed under SEM (Fig. 3.1.8b)
and a new layer of new products over the fibres were noticed. In 6000x magni-
fication images the smooth surface condition can be clearly seen. Figure 3.1.8¢
shows the initial state of the fibre with the intact surface and Figure 3.1.8d shows
a deteriorated fibre with small voids and damaged surface.

3.1.4 Conclusions

In this study, it has been corroborated that NIRAS is a suitable technique to eval-
uate ageing process for GRC specimens. Different vibrational modes have been
evaluated over a frequency range in order to compare the variations of linear and
non-linear parameters with ageing. It is observed that non-linear parameters are
more sensitive to ageing than linear parameters. Scanning electron microscopy
and four point bending tests corroborated NDE observations.
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Figure 3.1.8: SEM images of unaged and aged specimens.
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Abstract

An exhaustive monitoring of an internal sulphate attack of Portland cement-based
materials is addressed. Four series of Portland cement mortars with different
amounts of gypsum (0%-2% SO; respect to the cement by mass) were moni-
tored by means of physical, microstructural and non-destructive tests, studying
specimens with a low expansion rate to examine the sensitivity of the applied
techniques. The expansion analysis has shown the suitability of a fitting model,
allowing the examination of two characteristic parameters: the characteristic time
of the expansion reaction and the maximum amplitude of the expansion. In the
mechanical analysis, higher values of R, and R; were attained as the gypsum
content decreased. A microstructural analysis (thermogravimetry and FESEM)
supported ettringite formation and expansion process. These results have been
correlated with non-destructive tests: impact resonance acoustic spectroscopy and
ultrasonic measures. The dynamic modulus and ultrasonic pulse velocity have
closely predicted the stiffness of the specimens. The total material attenuation
(absorbed energy of the chirp signal ultrasonic wave) presented different trends,
showing clear differences for the most damaged series (2% SO3). Attenuation
supplied interesting information about the hardening process and the microcrack-
ing effect due to a mortar expansion higher than 0.04%. The novelties of this
study are the exhaustive monitoring of an internal sulfate attack, as well as the
examination of the sensitivity of brand new NDT techniques when this damage
process overlaps with the curing process.

3.2.1 Introduction

Sulphate attack is considered one of the most aggresive causes of concrete degra-
dation. Ettringite triggers expansion mechanisms that have harmful effects on the
Portland cement matrix, causing micro-cracking and, consequently, a reduction
in the stiffness and strength. Primary ettringite has no negative effect because
the expansions produced by the reaction between C;A and the sulphate anions
are absorbed by fresh concrete. Secondary ettringite is formed for months, or
even years after the concrete has been hardened [1]. The stresses that appear
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when an external or internal source of sulphate salts reacts with calcium alumi-
nates hydrates (C-A-H) can spoil the matrix, causing micro-cracks, expansion and
spalling. Additionally, gypsum is also formed by the reaction of sulphate ions and
portlandite [2, 3]. Moreover, delayed ettringite formation (DEF) happens when
concrete products are cured at high temperatures, and the transformation of the
monosulphoaluminate (Afm) phase to the trisulphoaluminate (Aft) phase also
produces internal stress after thermal curing.

There are two types of sulphate attack in concrete. The main difference be-
tween them is the location of the sulphate source: an external sulphate attack
(ESA) and an internal sulphate attack (ISA). In an ESA process, sulphates present
in the ground, water or air (like gypsum soils, rich sulphate-mineral waters, or SO5
polluted air) penetrate into the capillary network of the concrete and react with
the C-A-H compounds, forming ettringite [4]. The stresses produce a damage gra-
dient from the surfaces to the core of the element. In contrast, ISA yields damage
in the Portland cement matrix through the sulphates contained in the original mix
(a high SO5 percentage in the cement used, aggregates with sulphate or sulphide
minerals, mixing water with high sulphate concentration), releasing them over
time. If the sulphates contained in the mix are free initially, the setting process of
the concrete could be delayed, and also promote a loss of the early-age strength
gain over time. In the ISA case, the damage homogeneously spreads throughout
the concrete matrix. Also an homogeneous deterioration process can be achieved
when sulfide containing aggregates are oxidized by molecular oxygen in the air,
and the sulfide is transformed to sulphate, which reacts towards C-A-H [5].

These degradation processes have become a worldwide problem responsible
for the premature deterioration and development of pathologies in countless struc-
tures. It can be observed in certain circumstances if specific parameters are met
simultaneously, including the concrete formula, the temperature at which the
concrete has been exposed, and the presence of water. The conditions under
which the degradation takes place, the impact of secondary ettringite formation
on the properties of the concrete, and the techniques of diagnosis, are still subjects
of intense debate [6]. Several authors have worked hard on understanding the
large number of factors that play a role in ISA: sulfates and aluminates in the
cement [6], drying and wetting cycles [7], temperature, etc. Some other studies
have investigated the role of different additives and mineral additions to improve
the behaviour of cement-based composites under sulphate attack [8-11]. All the
aforementioned studies quantitatively characterize the mechanical damage to the
concrete due to sulfate attack using different physical/mechanical parameters,
such as the flexural strength, compressive strength, and long term linear strains
(expansion). The microstructure of cement mortars are usually characterized
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by scanning electron microscope (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS). Moreover, recent studies have monitored the sulphate attack
process with XRD [12] and combined methods with micro-tomography, obtaining
significant additional information [13].

During recent years, Non-Destructive Testing (NDT) technique applied to con-
crete have been investigated, especially ultrasonics and impact resonance acoustic
spectroscopy, in order to obtain new measures of the physical and mechanical prop-
erties of the materials without damaging the specimen under testing [14]. Studies
using acoustic spectroscopy have shown remarkable results monitoring sulphate
attack in cementitious composites by means of linear and non-linear parameter
determination [15, 16]. In ultrasonic-based NDT, one of the most widely used
parameters, due to its robustness, is the ultrasonic pulse velocity (UPV). Some
experimental studies have demonstrated that the UPV of P-waves is suitable for
estimating the changes in the dynamic modulus of concrete depending on the
sulphate attack damage [8, 9]. Other studies based on ultrasound propagation
have indicated that ultrasonic wave attenuation can be used to define different
cementitious materials, distinguishing the microstructure, permeability or porosity,
and other characteristics in both hardened [17-20] and fresh states [21].

The main aim of the present paper is to develop an exhaustive temporal mon-
itoring of the evolution of mortars which have suffered an ISA with different
degrees of damage by measuring different parameters, as well as correlating the
results obtained using traditional techniques with other more new techniques
based on NDT. The novelty of this study is not only the exhaustive monitoring
of a damage process on a Portland cement composite with NDT techniques, but
also the examination of the sensitivity of brand new NDT techniques when the
damage process overlaps with the curing process (and the consequent stiffness
and strength developments). This paper is structured as follows. Section 3.2.2
presents the materials studied as well as the different tests and measures used in
this study to monitor the ISA process. Section 3.2.3 describes the results obtained
from the application of the different tests to the specimens. Lastly, the conclusions
are summarized in Section 3.2.4.

3.2.2 Experimental

Several tests and measures were carried out in this study in order to monitor the
ISA process in Portland cement based systems (mortar and pastes). The tests
were divided into three categories: physical, microstructural, and non-destructive
tests. The expansion (Exp), compressive strength (R.), and flexural strength (Ry)
were determined by means of physical tests. For the microstructural tests, a high
resolution thermogravimetry (HRTG) and field emission scanning electron mi-
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croscopy (FESEM) were performed. Lastly, in the category of non-destructive tests
(NDT), the dynamic modulus (E4 yn)> ultrasonic pulse velocity (Vp), and ultrasonic
wave attenuation (a,,,;) were determined. All tests performed for each series are
summarized in Table 3.2.1.
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3.2.2.1 Materials and specimens

A 40 x 40 x 160 mm> geometry was chosen for the mortar specimens, using
various dosages to obtain four series with different rates of ISA damage varying
the total SO5 content. In Table 3.2.2, the dosages for the four performed series are
summarized. Twenty-four mortar mixes were prepared according to the Spanish
standard UNE-EN 196 to obtain three specimens per batch, which were used for
physical and non-destructive tests. Additionally, four pastes were made to perform
micro-structural tests following the proportions in Table 3.2.2. After the iron
moulds were filled with the fresh mortar, they were stored in a wet chamber (20°C
and 100% RH) for 24 hours. After that, the specimens were removed from the
moulds and cured under water at 20°C for the whole duration of the experiment.

The cement used in this experiment was a Spanish CEM BL II/A-L 42,5-R with
5.95% tricalcium aluminate (C3A) and 4.63% SO3; by weight. The rest of main
components were 19.27% SiO,, 2.45% Al,05, 65.85% CaO, 0.1% Na,O, 0.74%
K,0, 0.4% MgO, 6.48% LOI by weight.

The sulphate source was pure CaSO,4-2H,0 (gypsum) and the aggregate was a
normalized silica sand (NORMSAND). The ratio of water to binder (cement+gypsum)
was maintained constant for all dosages in this experiment (0.5). Four mortar
series were prepared, in which the added gypsum produced an increasing SOq
content: in 0%, 1%, 1.5%, and 2%.

Table 3.2.2: Dosages for mortar mix series by weight [g].

Series Sand Cement Water Gypsum added SO5 [%]
0% 1350.0 450.0 225.0 0 0

1% 1350.0 440.3 225.0 9.7 1

1.5% 1350.0 435.5 225.0 14.5 1.5

2% 1350.0 430.6 225.0 19.4 2

3.2.2.2 Physical tests

Physical tests were performed in order to monitor the ISA process and correlate
the destructive and conventional parameters with the non-destructive ones. As
mentioned earlier, 24 mixes (6 for each dosage) were prepared for the physical
and NDT, 4 of them (one per dosage) for expansion and NDT (and also for the
last destructive test), and the remaining 20 (5 per dosage) for the intermediate
destructive tests (determining flexural and compressive strength) at different ages.
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In order to monitor the expansion undergone by the specimens, the Demec
extensometry (mechanical strain gauge) method was used instead of that pro-
posed by the ASTM standard [22]. The equipment was a Mituyoto ID-C112MB
(£1um) extensometer, and metal disks were attached centred on the two adjacent
faces (excluding the rough face) with 10 cm separation between them. Thus, 6
measurements (2 measurements for each specimen, 3 specimens per series) per
series and expansion test age were carried out.

For the mechanical tests (determining the compressive and flexural strengths)
an universal testing machine was used (INSTRON model 3382) following the
Spanish standard UNE-EN-196. For each curing age and series, three specimens
were tested by means of three-point bending tests (Ry) and the six obtained semi-
prisms were used to determine the compressive strength (R.).

3.2.2.3 Microstructural tests

For the purpose of determining the internal changes of the hydrated Portland
cement matrix, a microstructural analysis was carried out by means of HRTG and
FESEM. These analyses were carried out on the pastes, which had the same dosage
as the mortars, excluding the sand.

The HRTG tests were performed in order to support the formation of ettringite
formed for all pastes. In order to carry out this analysis, portions of the paste
samples were taken and pulverized with an agate mortar, adding a small amount of
acetone. The solid was filtered and dried at 60°C for 15 min. The equipment used
was an ultrabalance Mettler TGA 850. Sealed aluminium crucibles of 100 ml were
used, each with a lid with a micro-hole to create a water vapour self-generated
atmosphere [23]. The analysis was carried out in a dry nitrogen atmosphere
with a gas flow of 75 mL/min and a temperature interval of 35°C-300°C. For
high resolution thermogravimetric analysis (Max-Res, Stare software), the lowest
heating rate was 0.1°C/min and the highest one 10°C/min. The heating rate was
changed according to the mass loss rate. The highest heating rate was achieved
for mass loss rates lower than 1 ug s, and the lowest heating rate was achieved
for mass loss rates higher than 3 ug s~!. This analysis was carried out to be more
sensitive in detecting peaks on thermogravimetric derivative curves (DTG) when
the various decomposition processes are very close in their temperature range
(the case of decomposition of calcium silicate hydrates and ettringite). The main
decomposition DTG peak related to the calcium silicate hydrates is recorded in
110°C-130°C, that for the ettringite within the 140°C-150°C range, and those
for the calcium aluminosilicate and calcium aluminate hydrates within the 210°C-
220°C range [16].
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For the FESEM observations, portions of the paste samples were taken, drying
at 60°C and coating them with a carbon layer. A ZEISS (ULTRA 55) electron
microscope was used, setting it to voltages of 2-3 kV and to distances between
3.9 mm and 6.0 mm.

3.2.2.4 Non-Destructive tests

Impact resonance acoustic spectroscopy

The dynamic modulus (E4,,) is a mechanical parameter highly correlated with
the Young modulus in concrete [14]. Some studies have demonstrated the quasi-
equivalence between both parameters [15], with Eg,,, being an accurate indication
of the stiffness of the concrete, without the need for destroying the specimen during
the test. To determine Ey,,,, (transverse mode), an ASTM standardized method was
used [24]. Specimens were placed in an acoustic foam absorber surface and were
struck ten times with a known mass sphere in the centre of the larger faces of the
prismatic specimens. The signal was collected with a piezoelectric accelerometer
sensor. The frequency was extracted from the frequency domain signal and mean
values were calculated. After that, the corresponding ASTM equation was used to
obtain E4,,. Details about the layout can be seen in Figure 3.2.1.

Ultrasonic measurements

Different layouts can be used to make an ultrasonic inspection. In this study, a
through-transmission setup was selected, since it offers good penetration and good
accuracy for estimating the velocity and attenuation[17, 25-27]. The transduc-
ers (transmitter and receiver) used were the K1SC from General Electric. Both
are broadband transducers with a bandwidth centred at 1 MHz. The transmit-
ter transducer was excited directly by a programmable signal generator (Agilent
33120A) and the reception transducer was connected to a 40 dB preamplifier
(Panametrics 5600B). The received and amplified ultrasonic signal was captured
by a digital oscilloscope (Tektronix DPO3014) with a sampling frequency of 12.5
MHz. Finally, a laptop was used to control the signal generator and to acquire
and store the digitized signals. The ultrasonic transducers were placed facing the
longitudinal axis of the prismatic specimen, and they were fixed by two plastic
clamps: a movable one to adjust to the specimen, and a fixed one. Pure vaseline at
the transducer-specimen interfaces was used as an impedance coupling medium.
Further details about the layout can be seen in Figure 3.2.2.



3.2. NDT ISA monitoring on mortar

109
Computer Oscilloscope
Ch.1 D O [=R=]=} <
L _ 02 22 e ©
H 0000
rrlr|rrr|él
@ aDoD OO
= O Ll_l
S Spherical
mass
h
Accelerometer )
Signal
conditioner
Acoustic foam
Figure 3.2.1: Scheme of equipment used in the resonant frequency test.
Computer
S o
Function generator
Oscilloscope
] SYNC. 10 "="
DEI\:ICIEIDE§ 5. o HQDOD?DQ 8
ch1 oo oo usB
AW, B 556065 _ _¥eb =
st WEd
o © o
] ] ] Pre-amplifier
Tx Transducer Specimen Rx Transducer
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The transmitted signal s, was a swept-frequency signal (chirp). The mathe-
matical expression of a linear chirp signal is

T
t —_ =
Six(t) =A,, cos (2rrf0t +TAp tz) -rect ( T 2 ) (3.2.1)
—fo
A — - max 3.2.2
fmax T ( )

where A,, is the amplitude of the signal, t is the time, f; is the fundamental
frequency, T is the active time of the signal, and A  controls the maximum
frequency (fax = fo + TAg, ) which is reached at T seconds (Eq. 3.2.2). The
selected parameters were A,,, = 10V, f, = 100 kHz, f,,,,,, = 1 MHz and T = 200 us.

The estimated ultrasound parameters from the received ultrasonic signal are
the wave velocity and the total attenuation of the material. With s,,.(t) the ampli-
tude of the received signal, the propagation velocity (or UPV), v,,, is obtained as
the ratio between the length of the specimen, d,,,;, and the signal time arrival, 7,
(Eq. 3.2.3). The signal time arrival, t,, was taken to be when x,, exceeded 50%
of the noise level of the received signal.

vp[m/s]= dmat (3.2.3)
tll

The ultrasonic wave attenuation due to the material, a,,,,, can be calculated
from the transmitted and received energies, taking into consideration the effect of
the equipment and the distance travelled. Given the analytical expression and the
specific parameters of the transmitted signal (Eq. 3.2.1), the transmitted energy
E,, can be obtained theoretically using Eq.3.2.4. In this paper, E,, equals 10 mJ

and is constant throughout the test.

2

~ A%XT A%X ! AtXT
E,[J]= s, (O)|*dt = -t cos(2m(2f)t + TM(2A e )t2)dt ~ 3 (3.2.4)
0 0

The total received energy, E, . (t), is the energy of the received signal acquired by
the oscilloscope, obtained according to Eq. 3.2.5.

E. [J]= J s2 (0)dt (3.2.5)
0

The global attenuation associated to the measurement equipment (transducers,
amplifier, wires, acquisition module, ... ), Qquip, is independent of the tested
material and is constant over the test. In this paper, a,q,;, = —5dB. The value of
the preamplifier must also be subtracted (ap,¢qmp = 40 dB).
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Considering all the aforementioned terms, the total attenuation of the material,
Omat 1S obtained according to Eq. 3.2.6.

amat[dB/cm] _ 10- 10g (Etx[J]) —10- IOg (E(;X(t[)(li:j]) - aequip[dB] - apreamp[dB] (3.2.6)

3.2.3 Results and discussion

3.2.3.1 Physical tests

The prismatic mortars were stored under water after demoulding. In the samples
with SO; added (in the chemical form of gypsum), the reaction between the
calcium aluminates and the sulfate anions becomes very rapid, because of the
high solubility of gypsum (ca. 2 g/L at 20°C) in water. In these conditions, the
formation of secondary ettringite is achieved according to the following chemical
equation:

3Ca0-Al0, +3(CaS0, - 2H,0) + 26H,0 — 3CaS0, - 3Ca0 - AL,0, -32H,0 (3.2.7)

The great molar volume of ettringite (710.32 cm®/mol) promotes internal
stress in the cementing matrix, and this yields an expansion. The expansion val-
ues (e(t)) of specimens with different amounts of added SO; were measured at
different ages, and the expansion curves are given in Figure 3.2.3a. The control
series, 0%, showed a small axial deformation due to the SO; content in the cement
and hydrothermal changes (the temperature and humidity during the testing pro-
cess). The rest of the series experienced significant expansion values at short and
long curing times. It is noticeable that the maximum expansion value, 0.072%
(produced for the 2% sample after 180 days of curing), is lower than the maxi-
mum allowed value (0.1%) established by the ASTM C 1157 for non-expansive
cements after 15 weeks. Thus, the different characterization techniques need to
have a high level of sensitivity in order to characterize well the different degrees
of damage studied in this work.

On the basis of these results, we were able to evaluate the effect of the pres-
ence of additional gypsum in comparison with the control series (0%). For this,
two characteristic parameters (¢*° and 7 .,,) were determined to describe the
expansion curves (solid line in Fig. 3.2.3a) and to predict future trends (dashed
line in Fig. 3.2.3a) for each series, using the equation proposed by Larive [28]
and given below.

e(t)=%+e°°~(1—e‘ﬁ) (3.2.8)
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Here, o is the external force applied to the concrete element, K is the elastic
modulus of the concrete, €°° is the maximum amplitude of the expansion, and
T.nar 1S the characteristic time of the expansion reaction (influencing the slope of
the curve). In this case, o is 0 due to the non-existence of any force applied to the
specimens, making null the first term of Eq. 3.2.8.

The fitted parameters according to Eq. 3.2.8 are summarized in Table 3.2.3.
It is apparent that adding extra amounts of gypsum increases the characteristic
time of the expansion reaction (7.;,,) as well as increasing the amplitude of the
expansion (€°°). From these results it is obvious that the percentages (of added
S0O3) were very low, suggesting that the formation of ettringite is reduced. The
value of €*° for the 1% series is only 0.025%, whereas it increased three times
(0.072%) for the 2% series. This behaviour is due to the increase in the stress
when the amount of ettringite formed surpasses the available pore volume for
ettringite crystallization. Thus, a non-linear behaviour of the expansion with the
added SO5 has been obtained.
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Figures 3.2.3b and 3.2.3c show the evolution of the compressive and flexural
strengths. As the percentage of gypsum increases, not only does the cement hy-
dration process slow down, but also different maximum values of the mechanical
strength are achieved. After 180 days, in the case of the compressive strength,
the 1%, 1.5% and 2% series reached values of 10%, 15%, and 20% less than
the 0% series, respectively. However, in the case of the flexural strengths, the
1% and 1.5% series reach strengths only 3% and 4% lower. This indicates that
the presence of sulphates generated a delay in the evolution of the strength, but
without provoking significant structural damage. However, in the case of the 2%
series, the compressive strength is 28% lower and the flexural strength is 20%
lower than for the 0% series. In the ISA, the available sulphate is limited to that
present in the cement and the added one. Consequently, as the reaction progress,
the sulphate is consumed, and the concentration of sulphate into the pore solution
decreases. This delays the evolution of the strength and conditions its maximum
value but a great expansion is not achieved because sulphate is consumed, no
further strength decrease is produced along the time. On the contrary, for ESA
the available sulphate is not limited and consequently a continuous decrease in
mechanical properties is observed during the attacking process [29].

Apart from the experimental results, the fitted models according to ACI [30]
are represented. This standard establishes the curves of the evolution of the
compressive strength versus the curing time for non-damaged series (Eq. 3.2.9).

R.(t) = # .R® (3.2.9)
Here, R>° is the ultimate compressive strength and y is the age of concrete at
which one-half of the ultimate compressive strength of concrete is reached. In this
paper, we have employed the expression for both the compressive and flexural
strength in order to model the curves. Note that the fit (measured by means of R?
value) decreases in the case of the flexural strengths and for highest values of SO
(Table 3.2.3). Adding extra gypsum produces less compressive/flexural strength
and an older age to reach that ultimate strength.
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3.2.3.2 Microstructural tests

In order to estimate the ettringite formed in mortar specimens, an HRTG analy-
sis and FESEM observations were performed. Thermogravimetric analysis is an
instrumental technique that allows us to correlate mass change and temperature.
In particular, due to the mass losses related to the thermal decompositions of the
C-S-H (110°C-130°C) and ettringite (130°C-150°C) would overlap in the tem-
perature domain using the traditional thermogravimetry test: in this research, a
high-resolution thermogravimetric analysis was done. HRTG is based on a dynamic
process which progressively changes the heating rate depending on the mass loss
rate, allowing to separate the thermal decomposition events corresponding to the
hydrated products from the Portland cement. It allows properly quantifying the
mass loss related to the content of C-S-H and ettringite, as was done in previous
studies [16, 31].

The results of the mass loss for the C-S-H and ettringite at 90 and 180 curing
days for each series are set out in Table 3.2.4. In general, there can be seen an
increase in the ettringite and a decrease in the mass loss associated to the C-S-
H content with time (90 to 180 days) for all series: the more SO5 content is
added, the more the ettringite formation increases with time. The decrease in
the C-S-H with the SO5 supports the mechanical results: as the C-S-H content
increases, better mechanical behaviour ensues. In the case of the 2% series, the
C-S-H formation at 180 days breaks up the general trend of all series: it did not
decrease as the SO5 content rose, maybe caused by the fact that the rate of the
chemical reactions of the matrix through time are different when the gypsum
content in the initial mix is relatively high.

The FESEM observations were taken after 90 days of curing for all series.
Representative micrographs are shown in Figure 3.2.4. Figure 3.2.4a shows the
C-S-H and portlandite phases, without noticeable ettringite crystals in the 0%

Table 3.2.4: Mass loss (in percent) related to C-S-H and ettrigite decomposition peaks in the HRTG analysis for
each series.

C-S-H Ettringite
Series 90 days 180 days 90 days 180 days
0% 4.68 4.60 3.22 3.41
1% 4.42 4.10 3.79 4.08
1.5% 4.41 4.07 3.81 4.17

2% 4.25 4.24 4.00 4.45
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series. In Figures 3.2.4b and 3.2.4c (1% and 1.5% series, respectively), needles
of ettringite are identified together with portlandite crystals and C-S-H gel. Lastly,
a micrograph of the 2% series is shown in Figure 3.2.4d. In this image, a large
amount of ettringite needles surrounding the C-S-H gel and portlandite can be
seen. The observations from these micrographs support the ettringite content
found in the HRTG.

(a) 0% series (b) 1% series

(¢) 1.5% series (d) 2% series

Figure 3.2.4: FESEM images for the ISA series taken after 90 days of curing: 3.2.4a 0% series, 3.2.4b 1%
series, 3.2.4c 1.5% series, 3.2.4d 2% SO; series. Note that all of them were taken with the same magnification
(5000x). (key: C-S-H: calcium silicate hydrate, E: ettringite, P: portlandite).

3.2.3.3 Non-Destructive tests

Impact resonance acoustic spectroscopy

The dynamic modulus (Edyn) was calculated from the fundamental transverse
frequency obtained from the impact resonance acoustic test (ASTM C215 - 14
[24]). This parameter was monitored in order to follow the evolution of the
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stiffness for all series (Fig. 3.2.5a). The 0% series presented a normal stiffness
evolution due to the lack of additional gypsum in the initial mix. This allows
the matrix to evolve quickly, as the mechanical results suggested in the previous
section (Section 3.2.3.1). The 1% and 1.5% series experience a slowdown process
in the evolution of the E;,, parameter due to the delay effect in the hydration
process of the cement matrix caused by the addition of gypsum. However, the
values of g, for these two series converged after 180 days to the value obtained
for the 0% series. This behaviour means that an expansion under 0.04% has no
significant effect on Eg4,,,. Interestingly, the 2% series showed a similar trend, with
E4yn increasing with the curing time. However, in contrast to the findings for the
other series, the maximum value of E;,, was significantly lower. Figure 3.2.5b
shows the relation between the normalized dynamic modulus and the expansion
experienced by the specimens. The derivative of each expansion curve has been
calculated, in order to remove points with no increase in the expansion from the
linear fit plot (the expansion process stopped; removed experimental points are
marked as filled symbols). In this graph, the change in the slope of the different
series can be clearly observed, showing a clear relation between the gain in stiffness
of the series as the ISA progresses.
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Figure 3.2.5: Results of impact resonance acoustic spectroscopy tests for all series. Figure 3.2.5a: the evolution
of the dynamic modulus. Each errorbar represents 30 measurements. Figure 3.2.5b: the relation between the
normalized dynamic modulus (calculated by means of the ratio between the dynamic modulus for a given test
time and the dynamic modulus value reached after 180 days) and the expansion experienced by the specimens.
The derivative of each expansion curve has been calculated in order to remove from the linear fit plot those
experimental points for which there was no increase in the expansion (filled scatters).

In the case of the 0% and 1% series, the slope of the linear fit is equal, but
the regression for the 0% series starts at higher values due to the quick gain in
stiffness. However, the 1.5% and 2% series decrease their slopes, indicating a
loss of speed in the curing process. A normalization with respect to the maxima
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of all values of E4,, was necessary in order to make an accurate analysis of the
geometry of the fitting for all series.

This behaviour demonstrates that there is no relation between the evolution
of the dynamic modulus and the expansion of the material due to the internal
sulphate attack. Probably a low level of a microcracking process is not easily
identified by means of the impact resonant acoustic technique, due to the non-
activation of micro-cracking process typical of high stage damaging process in ISA.
Nonetheless, the 2% series did not reach the same values of Eg,,,,, due to the large
amount of gypsum added in the initial mix and, consequently, the large amount of
ettringite formed in the hydrated cement matrix. For high levels of damage, the
impact resonant acoustic technique is suitable.

Ultrasonic measurements

The computation of the ultrasonic velocity v,, proportional to the mechanical
constants of the material, basically consists in the estimation of the time arrival
t,. Figure 3.2.6a shows the initial part of the signals, taken at 90 days. It can
be observed that the time of flights for different series are different, producing
a systematical phase difference in the time domain signals. This change in t,
makes the propagation velocity decrease when the SO5 content in the original mix
increases. Figure 3.2.6b shows the average values of the ultrasonic wave velocity
for each series at different testing times. The trend of the resulting curves is closely
correlated with the evolution of the stiffness of the materials due to the setting
and curing process of the concrete plus the addition of an extra amount of gypsum.
Therefore, this measure is able to characterize each series both in terms of the rate
of reaching a stable value, and the maximum ultrasonic wave velocity.

During the hydration of Portland cement, different hydrates are formed. C-S-H
gel is the most important hydrate in terms of the strength development.

The gel particles formed connect to other gel particles, or to other hydrates,
or to aggregate particles, reducing the porosity and increasing the solid network.
This behaviour is confirmed through the ultrasonic attenuation measurements.
Figure 3.2.7a shows the time-domain signals for the 0% and 2% series at 90 days.
In this plot, the differences in the amplitudes of the signals of both series can be
observed, making more evident the contrast in the intensity of the wave at higher
frequencies, where the 0% series has more cohesive elements in its structure than
the 2% one.

The received signals were analysed in terms of their energy according to
Eq.3.2.4. Attenuation of the signals were calculated according to Eq. 3.3.5. The
total material attenuation values, a,,,;, observed for the different mortars are
depicted in Figure 3.2.7b. The general trend of the attenuation values is a decay
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Figure 3.2.6: Results of ultrasonic pulse velocity test for all series. Figure 3.2.6a: the beginning of time-domain
signals at 90 days and time of flight (t,) concept. Figure 3.2.6b: the results of the ultrasonic pulse velocity. Each
data point represents the mean of three measurements.
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Figure 3.2.7: Results of ultrasonic attenuation test for all series. Figure 3.2.7a: the time-domain signals for the
0% and 2% series at 90 days. Figure 3.2.7b: the total material attenuation obtained by means of a linear chirp
signal. Each data point represents the mean of three measurements.

as the hydration process of the Portland cement matrix progresses. The reference
series (0%) can only be distinguished from the 1% and 1.5% series in the initial
steps of the process. The decrease in attenuation for 0% series is due to the densifi-
cation of the matrix and the increasing in the number of contact points and contact
surface area. This attenuation decrease is produced in the first 28 days, from 5.5
dB/cm to 4.1 dB/cm, suggesting that the ultrasonic wave transmission is achieved
by means of the contact area among the gel and the different types of particles
(other hydrates, unhydrated particles, or sand particles). The effect in the 1% and
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1.5% series of the addition of SO5 as gypsum produces a delay in the development
of the solid network: the initial attenuation is 6 and 6.5 dB/cm, and after 28 days,
this was reduced to 4.5 dB/cm, both reaching the same value. After this curing
age, the evolution of the attenuation for both materials is similar to those found
for 0% series. Nevertheless, the 2% series presents huge differences from the other
series, remaining higher along the whole process. Thus, attenuation values after
28 days higher than 5 dB/cm and 5.5 dB/cm are reached after 60 days, oscillating
until 80 days. After 90 days, the attenuation begins to decay until reaching values
near those from the 1% and 1.5% series at 180 days, when the expansion process
seems to stop (at 0.08% expansion, Fig. 3.2.3a).

The attenuation showed similar trends to the rest of the monitored parameters
for all series, but it seems to be more sensitive to the mesoscale elements in the
mortar structure rather their elastic constants, constituting an interesting way to
evaluate damage processes in non-homogeneous materials like concrete.

3.2.4 Conclusions

In this paper, there were presented the results of monitoring an internal sulphate
attack (ISA), which was exhaustive in terms of the number of measurements taken
along the the experiment (180 days) as well as the number of methods used in
order to characterize the process. Four types of mortar with different amounts
of gypsum have been monitored by means of physical, microstructural and non-
destructive tests. The experiment had been designed to reach low expansion rates
(<£0.1% of expansion) in order to examine the sensitivity of the applied techniques.

The physical tests were to determine the expansion and mechanical strength
parameters. The expansion analysis has shown the suitability of the fitting model
proposed in the bibliography, increasing the slope of the expansion process (T 4;)
and maximum expansion rate (¢°°) as the SO content of the series rises. In the
mechanical analysis, the series reached lower values of R, and Ry as the gypsum
content increases.

HRTG allowed qualitatively identifying the amount of expansive products
formed during the whole process: the ettringite formed in the series rises as the
initial amount of gypsum increases and the curing time advances. FESEM micro-
graphs showed the needles of ettringite surrounding the C-S-H and portlandite
phases for the high gypsum content series.

Impact acoustic resonance spectroscopy and ultrasonic measures have shown
the accuracy of these non-destructive techniques applied to detect and characterize
an ISA process. The dynamic modulus and ultrasonic pulse velocity have closely
predicted the stiffness of the specimens, according to the aforementioned trends.
However, the total material attenuation presented different trends, showing clear
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differences between the 2% SO; series and the rest of the series, reaching similar
values at the end of the experiment. The attenuation monitoring is an interesting
procedure for the assessment of low-level expansion processes in mortars which
have suffered an internal sulphate attack.
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Abstract

An exhaustive thermal damage of Portland cement-based materials is addressed.
Different temperatures between 40 °C and 525 °C were monitored by means of
microstructural, physical and non-destructive tests. Microstructural analysis (Ther-
mogravimetry and Scanning Electron Miscroscopy) showed the principal changes
of the Portland cement hydrated products for the different analysed temperatures.
Compressive and flexural strength results remained constant or even increased
at a low temperatures meanwhile the mass loss increases. Dilatometry results
revealed important information about deformation incompatibilities between the
paste and the aggregate. These results have been correlated with non-destructive
tests: non-linear impact resonance acoustic spectroscopy and ultrasonic measures.
The dynamic modulus and ultrasonic pulse velocity have closely predicted the
linear stiffness decay of the specimens. However, non-linear parameter exhibited
different trend from stiffness-related parameters, keeping constant until 250 °C
and performing a huge increasing for 400 and 525 °C. Ultrasonic attenuation com-
puted with a broadband ultrasonic signal (chirp) unveiled true information about
scattering components inside the material, being sensitive to interfacial transition
zone between aggregate and paste in a large range of frequencies. The correla-
tion between microstructural, mechanical and non-destructive techniques were
carry out successfully, being non-linear vibration and ultrasonic attenuation a non-
conventional parameters that gave a lot of information about a complex damage
process like thermal attack in highly heterogeneous materials like Portland cement
composites.

3.3.1 Introduction

Owing to the good performance against high temperatures, concrete is the most
used material in fire-resistant structures in civil and building engineering. Because
of its great thermal inertia and insulating properties, concrete protects steel bars
from fire and keeps its mechanical properties in relatively good condition [1].
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Despite the goodness of this material, the cement paste that assembles the sand
particles and coarse aggregates losses stiffness gradually and adhesion capacity
when the temperature is significantly high. Several studies were performed in the
past evaluating mechanical properties and general behaviour of concrete under
high temperatures, assessing compressive and flexural strength, modulus of elas-
ticity, stress-strain relationship and physical and chemical changes mainly. There
are several factors that influence the aforementioned parameters of concrete af-
fected by high temperatures. Water evaporation is the first mechanism of change
due to the cementing matrix lose their free water from capillary network and phys-
ically absorbed water from surface of cementing C-S-H gel completely. At higher
temperatures (105 °C), it start to lose the chemically bonded water from hydrated
compounds. Most of the capillary water is lost at 400 °C. The hydration products
plays an important role in cement paste degradation. From 105 °C to 300 °C a
continuous mass loss due to the ettringite, C-S-H and C-A-H decomposition occurs,
bringing a stiffness decay of the material but keeping the compressive strength al-
most intact. From 400 °C to 525 °C decomposition of Portlandite occurs (yielding
lime Ca0), decreasing stiffness without affecting directly to compressive strength
of the cement paste. However, if cement paste is water cooled after exposure to
high temperature, the rehydration of lime will cause a great reduction of strength
due to a considerable expansion owing to such hydration reaction [2, 3].

Nevertheless, not only the loss of water plays an important role in thermal
damage in concrete. According to some studies, the incompatibility of deforma-
tions between the cement paste and the aggregates is essential to understand the
decay of performance of elements made by concrete at high temperatures [4].
Limestone and quartz aggregates expands until 573 °C in a linear way. After that,
quartz experiments a great expansion due to the the transformation from a-quartz
to f-quartz [5]. Limestone aggregates performs less expansion than quartz ones
and maintain the same phase until its decomposition at 700 °C. However, cement
paste expands slightly until 200 °C, but, beyond these threshold, starts to shrink
rapidly due to the loss of combined water. Such difference in strain behaviour
develop an aggressive microcracking stage, damaging the interfacial transition
zone between the cement paste and aggregates, even reaching to completely dis-
connect the aggregate from the paste. It is evident that the general behaviour
of a structural element will be conditioned to the design of the concrete and its
boundary conditions: Water/binder ratio, moisture, type of aggregates, cement
type and fiber inclusion are the most influencing variables in concrete durability
against high temperature [2, 3].

Because of the multiple causes that can affect the integrity of concrete under
thermal damage situation (and other kind of physical and chemical damages),
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scientific communities are focused in the development of Non-Destructive Test-
ing (NDT) techniques due to its robustness and non-invasive nature. NDT can
help to determinate the internal state of concrete structures in-situ or from ex-
tracted cores from pillars, walls or beams among others. These techniques are
classified according to the method for measuring the target scope of the structure.
Beggining from mechanical waves, there are techniques for the purpose of overall
inspection (ultrasonic, impact echo) and techniques for the purpose of surface eval-
uation (Schmidt rebound hammer, Windsor probe, and spectral analysis of surface
acoustic waves) [6]. Other techniques focus on the response of specific points
by obtaining concrete samples from different locations (small-scale mechanical
testing, differential thermal analysis, thermogravimetric analysis, scanning elec-
tron microscopy or thermoluminescence analysis among others). Some of these
techniques are appropriate for in-situ test, but it is hard to use these (e.g., ultra-
sonic pulse velocity, Schmidt rebound hammer, Windsor prove, or impact echo)
to characterize mesoscopic defects in global damage case. Others (e.g., differen-
tial thermal analysis, thermogravimetric analysis, scanning electron microscopy)
can sensitively evaluate contact-type defects, but involve either time-consuming
processes or limited potential for laboratory experiments due to their location.

Non-linear Elastic Waves Spectroscopy (NEWS) [7, 8] techniques such as Non-
linear Resonant Ultrasound Spectroscopy (NRUS) [9] or Non-linear Impact Res-
onance Acoustic Spectroscopy (NIRAS) [10] can evaluate the non-linearity and
hysteresis by analysing the relationship between the amplitude of excitation and
the frequency response of a granular material. They offers an interesting informa-
tion about the mesoscopic defects in complex global damage cases like thermal
damage, where a different degradation mechanisms take place at the same time
(stiffness loss, incompatibility of deformations...) with an accessible and com-
mon equipment [11, 12]. Besides resonant techniques, ultrasonic attenuation and
pulse velocity measurements can also be performed in the field with a relatively
simplicity and gives a lot of information about the stiffness of the material and the
scattering components. Such variables becomes essential to evaluate thermal dam-
age on concrete, giving information about multiple processes inside the concrete
elements [13-17] .

The scope of this paper is to evaluate thermal damage by means of NDT and
destructive tests on normalized mortar specimens at different temperatures in
order to distinguish the different degradation mechanisms. Besides, a correlation
between NDT results and microstructural and physical tests will be carried out.
The demonstration of the suitability of NIRAS and broadband frequency ultrasonic
analysis as a non-invasive techniques will bring the opportunity to accurately
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analyse thermal damage in heterogeneous materials without compromising its
integrity.

The remainder of the paper is organized as follows: In Section 3.3.1 thermal
damage in concrete, used NDT techniques and the scope of the paper had been de-
scribed. Description of the materials, layout and the explanation of the techniques
are addressed in Section 3.3.2. The results and correlation between the exposed
techniques are founded in Section 3.3.3. Finally, in Section 3.3.4 the conclusions
of the study are presented.

3.3.2 Experimental
3.3.2.1 Materials and specimens

Six mixes of standardized (UNE EN 196-1:2005) Portland cement mortar (wa-
ter/cement = 0.5) made of 450 g of Spanish cement CEM I-52.5-R, 1350 g of
0/2 mm crushed quartz sand and 225 g of water were carried out in order to
obtain eighteen 40 x 40 x 160 mm? specimens to perform the present study. Each
mix of three specimens was used to reach the different temperatures of thermal
damage. After the mixing process, iron moulds were stored in the wet chamber
(20 °C and 100 % H.R.) for 24 hours, then, the mortar pieces were released and
stored in the wet chamber again for 60 days in order to reach elastic properties
stabilization stage. Afterwards, specimens were dried to constant mass at 40 °C
for 7 days and wrapped with plastic film until reached room temperature again
in order to characterise them in its pristine state. Thermal damage protocol was
designed according to mass loss due to the decomposition of bonded water. A pre-
vious thermogravimetric (TG) analysis was undertaken in order to fix the analysis
temperatures.

Figure 3.3.1 shows the derivative TG curve for a 0.5 w/c cement paste. Anal-
ysed temperatures were established according to the beginning and ending of
principal mass loss from the hydration products in the thermogram, thus, 90,150,
250, 400, 525 °C were selected. The analysis stopped in 525 °C due the phase
change in silica sand to 3-phase that brings the aggressive expansion of quartz. A
programmable oven was used to damage the mortar bars, increasing the tempera-
ture at 3 °C /min rate until the desired temperature was reached. After that, the
temperature was maintained during 3 hours, then, the oven was switched off and
cooled slowly during 24 hours.
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Figure 3.3.1: DTG curve of a cured of 0.5 water to cement paste used select the analysed temperatures.

3.3.2.2 Microstructural tests

These analyses were carried out on the pastes, which had the same dosage as the
mortars, excluding the sand. The thermogravimetry tests were performed in order
to support the chemical decomposition of hydrated products for all analyzed tem-
peratures. In order to carry out this analysis, portions of the paste samples were
taken and pulverized with an agate mortar, adding a small amount of acetone. The
solid was filtered and dried at 60°C for 15 min. The equipment used was an ultra-
balance Mettler TGA 850. Sealed aluminium crucibles of 100 ml were used, each
with a micro-holed lid to create a water vapour self-generated atmosphere [18].
The analysis was carried out in a dry nitrogen atmosphere with a gas flow of 75
mL/min and a temperature interval of 35°C-600°C. For conventional thermogravi-
metric analysis with 10°C/min heating rate was selected. The main decomposition
DTG peak related to the calcium silicate hydrates is recorded in 110°C-130°C, that
for the ettringite within the 140°C-150°C range, and those for the calcium alu-
minosilicate and calcium aluminate hydrates within the 210°C-220°C range [19].
Portlandite decomposition occurs between 500°C-600°C.

For the FESEM observations, portions of the paste and mortar submitted to 40
°C and 525 °C samples were taken, drying at 60°C and coating them with a carbon
layer. A ZEISS (ULTRA 55) electron microscope was used, setting it to voltages of
2-3 kV and to distances between 3.9 mm and 6.0 mm.
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3.3.2.3 Mechanical tests

Mechanical tests were performed in order to monitor the thermal damage pro-
cess and correlate the destructive and conventional parameters with the non-
destructive ones. For the mechanical tests (determining the compressive and
flexural strengths) an universal testing machine was used (INSTRON model 3382)
following the Spanish standard UNE-EN-196. For each analyzed temperature,
three specimens were tested by means of three-point bending tests, and the six
obtained semi-prisms were used to determine the compressive strength.

3.3.2.4 Dilatometry tests

A test to obtain the linear deformation of the pastes and mortar were performed.
The equipment used for this experiment was an absolute dilatometer NETZSCH
model 402-C, which was calibrated with a sapphire pattern. Special samples of
mortar and paste of 10 x 10 x 60 mm? were used for this test. After the curing
process, the samples were polished to the appropriate geometry for the dilatometer
equipment (5 x 5 x 30 mm?) and then dried during four days at 45 °C. The thermal
increment rate was 5 °C /min.

3.3.2.5 Non-destructive tests measurements

Non-linear spectroscopy

NIRAS method is a relatively new NDT technique which can detect changes in ma-
terials from the resonance frequency shifts of the vibrational modes of a specimen
as the impact energy increases. This change is simply due to the non-linearity of the
material. This technique has been shown to be highly high sensitivity to material
defects, specifically to the microcracks of the material [10, 11]. It is well-known
that defects in a material can be detected from the vibrational frequency resonance
values of a specimen made of that material. Distributed cracks reduce the stiffness
of the specimen, and therefore, the natural frequency of the structural element
made of that material. Besides this linear effect, cracks also change non-linear
properties of the material making an imperfect matrix and non-homogeneity zones
that increment some mesoscopic effects. This kind of imperfections trigger non-
linear effects such as change of the frequency when the impact energy is increased,
non-linear modulation of two waves and scalability loss. This distortion of the
elastic waves is responsible for the change in the observed resonance frequency
in NIRAS tests, which can be described as a non-linear hysteretic macroscopic
behaviour of the material itself.
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Figure 3.3.2: Graphic information about vibrational setup and non-linear parameter calculation. Figure 3.3.2a
Amplitude versus Frequency scheme for a calculation. Figure 3.3.2b Vibrational layout.

Two parameters were obtained with this layout. Dynamic moduli (Eg,,) cal-
culated following the expressions in the ASTM C215-14 with the linear frequency,
and non-linear parameter a related to frequency shift with the increase of the am-
plitude excitation. To calculate the non-linearity of a single specimen, ten impacts
in an increasing amplitude were applied. From each vibrational signal, fundamen-
tal frequency, f; and its resonant amplitude, A; were extracted (Fig. 3.3.2a). The
linear frequency, f,, is obtained from the intersection with the y-axis at a virtual O
amplitude of a linear regression on a A; versus f; plot of the ten impacts [11]. Once
the f, is determined, frequencies for each impact were normalized by the linear
frequency and the linear regression of the normalized frequency versus amplitude
is recomputed in order to obtain the slope as a value (Eq. 3.3.1).

fomfi_qon
fo

Acoustic resonance tests were performed with the setup presented in Figure
3.3.2b. An impact hammer (Briiel & Kjer 8206-003) was attached to an axis,
located in a metallic structure. This axis, supported on two ball bearings, yields
a free rotational motion in one plane with minimum friction. The specimen was
located in the metallic supports, slightly sloping, positioned for impact in the center
of the face and perpendicular to the axis of greater inertia of its cross section. In the
opposite top-left corner, a piezoelectric accelerometer sensor (PCB 352A21, 0.956
mV/m/s? sensitivity) was attached in order to obtain the vibrational motion of the
test probe. The electric signal of the instrumented hammer and the accelerometer
go through a signal conditioner (PCB 482A18) polarizing it and transmitting it
to the oscilloscope (Tektronics MDO3014). The oscilloscope was configured to

(3.3.1)
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optimize the signal acquisition and processing with f, equals to 250 kHz, N equals
10000 samples (40 ms acquisition time), trigger voltage equals to 120 mV and
pre-trigger time equals to 4 ms. Finally, the information was transmitted via USB
to a computer with a control software developed by the authors.

Ultrasonics

Ultrasonic techniques have been use widely for materials characterization and
defects detection. A detailed analysis of the velocity and attenuation of the injected
wave has been carried out in this study by means of broadband signals. Velocity
is a well studied ultrasonic parameter that is directly related with the stiffness of
the material. However, attenuation phenomenon is close related to the scattering
media, being proportional to the injected frequency and the quantity and size of the
elements of the specimen that may cause reflection, absorption and dissipation of
the energy of the wave travelling through the media. The development of defects
during a damage process in the material as debonding elements, micro-cracks
or voids will distort noticeably the geometry of the wave, and consequently, its
energy.
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Figure 3.3.3: Emitted signal in time and frequency domain.
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In Figure 3.3.3, the transmitted swept-frequency signal (chirp) s,,(t) can be
observed. The mathematical expression of a linear chirp signal is

T
t_ —_
Six(t) =Ag, sin (anmint + TEAfmaxtz) -rect ( T 2 ) (3.3.2)

Afmax _ fmax ;fmin
where A;, is the amplitude of the signal, t is the time, f,,;, is the fundamental
frequency, T is the active time of the signal, and Af,,,, controls the maximum
frequency (fiax = fo + T Afnax) Which is reached at T seconds (Eq. 3.3.3). For
this work and for the selected parameters are A;, =1V, fy = 100 kHz, £, =1
MHz and T = 100us.

The estimated ultrasound parameters are the wave velocity and the total at-
tenuation of the material. The propagation velocity (or UPV), v,, is obtained as
the ratio between the length of the specimen, d,,,;, and the signal time arrival,
t, (Eq. 3.3.4). The signal time arrival, t,, was taken when the level of received
signal exceeded 50% of the noise level.

(3.3.3)

dmat
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vp[m/s]= (3.3.4)
The ultrasonic wave attenuation due to the material, a,,,.(f), is calculated as
the difference between the transmitted and received energies, taking into consid-
eration the effect of the equipment and the distance travelled (Eq. 3.3.5).
The mathematical expression of the spectrum of the transmitted chirp signal
attends to Eq. 3.3.6, and allows estimating a,,,.(f ) by applying Eq. 3.3.5 directly.

10-log (Stx(f)) —10-log (er(f)) - aequip(f)

Amae(f) = 7 (3.3.5)
Atx it —f) f—fo . f=fo
N A E e R S
V280 VA s VA s (33.6)
5 3.
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where C(x) and S(x) are the Fresnel integrals (Section 2.3.3.3). The received
energy spectral density is computed as Eq. 3.3.7, where X(f) (Eq. 3.3.8) is the
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Fourier Transform of signal s,,(t). As shown in Figure 3.3.3, the spectrum of
the transmitted pulse is distributed along a frequency bandwidth. At the expense
of decreasing the Signal to Noise Ratio (SNR), broadband signals excite several
frequencies simultaneously. A single acquisition allows computing the a,,,.(f)
curve from the theoretical transmitted and received spectra. Additionally, a pseudo-
continuous attenuation curve is obtained instead of a discretization of a,,,.(f).

er(f) = |X(f)|2 (3.3.7)

t
X(f)= f x()e 2t (3.3.8)
to

The global attenuation associated to the measurement equipment (transducers,
amplifier, wires, acquisition module, ... ), &.quip(f), is independent of the tested
material and is constant over the test. The calibration process of the system was
assessed with the same configuration but without the specimen under study, being
the transducers surface facing each other. For further details about the calibration
process see [14](Section 2.3).

Different layouts can be used to make an ultrasonic inspection. In this study, a
through-transmission setup was selected, since it offers good penetration and good
accuracy for estimating the velocity and attenuation [20, 21]. Figure 3.3.4 shows
the ultrasonic setup for this experiment. The transducers (transmitter and receiver)
used were the KO5SC from General Electric. Both are broadband transducers with a
bandwidth centred at 0.5 MHz. The transmitter transducer was excited directly by
a programmable signal generator (Handyscope HS3) and the reception transducer
was connected to a 40 dB preamplifier (Panametrics 5600B).

The received and amplified ultrasonic signal was captured by a digital oscillo-
scope (Handyscope HS3) with a sampling frequency of 50 MHz. Both oscilloscope
and signal generator are the same device in the real experiment. Finally, a laptop
was used to control the signal generator and to acquire and store the digitized
signals. The ultrasonic transducers were placed facing the longitudinal axis of
the prismatic specimen, and they were fixed by a clamp. Pure vaseline at the
transducer—specimen interfaces was used as an impedance coupling medium.
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Figure 3.3.4: Ultrasonic layout.

3.3.3 Results

3.3.3.1 Microstructural tests

Thermogravimetry

In thermogravimetry analysis, the decomposition of different hydration products
of Portland cement paste can be observed. In Figure 3.3.5, the derivative of mass
loss curve shows the typical decomposition peaks of this kind of material for all
analyzed temperatures.

At 90 °C a premature decomposition of de C-S-H can be noticed respect to 40
°C series. At 150 °C, C-S-H and ettringite peaks partially disappeared. At 250 °C
and 400 °C no important changes happen in terms of thermal decomposition. At
525 °C a displacement and decrement of the Portlandite peak occurs.

Table 3.3.1 shows the percentages of mass loss (relatives to the anhydrous
mass) of the total water, portlandite and hydrates for all tested temperatures.
As the temperature increases, the total mass loss decreases due to the previous
thermal treatment. Water associated to portlandite remains constant or slightly
increased due to the free portlandite generated from the S-C-H and A-C-H de-
composition for temperatures under 400 °C. However, water loss associated to
portlandite experiments huge decrease when 525 °C is reached due to its partial
decomposition. The percentage of H,O loss respect to the water content for sam-
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Figure 3.3.5: DTG curves for all analysed temperatures [°C].

ple treated at 40 °C showed a continuous increase, reaching to 81.07 % for 525
°C treatment.

Table 3.3.1: TG results based on anhydrous mass.

Temperature [°C] Combined water [%]  H,O from Ca(OH), [%]  Portlandite [%]  H,O lost [%]"
40 30.01 4.76 19.56 0.00

90 22.22 4.68 19.24 21.23

150 17.97 4.75 19.54 34.01

250 14.32 5.05 20.77 45.71

400 8.81 6.10 25.10 64.90

525 4.57 3.66 15.05 81.07

Respect to 40 °C sample

Scanning Electron Microscopy

Microscopy images were acquired with the aim of analize differences between pris-
tine and damaged samples in a micro and nanoscopic scale. To see differences in
the Portland cement matrix, pastes with 0.5 water to cement ratio were prepared
and cured 90 days before exposing them to 40 and 525 °C. Figures 3.3.6a, 3.3.6b
and 3.3.6¢ show pristine paste samples under SEM. In Figure 3.3.6a, amorphous
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particles of C-S-H and A-C-H can be observed. This type of hydration products
are the most common components in the Portland cement matrices. Ettringite
needles and Portlandite formation can be distinguish in Figures 3.3.6b and 3.3.6c¢
surrounded by C-S-H and A-C-H respectively. At the same magnifications, Figures
3.3.6d, 3.3.6e and 3.3.6f show paste specimens exposed to 525 °C. In this series,
mainly C-S-H and A-C-H products can be observed. Ettringite and Portlandite,
easily detectable in 40 °C samples, completely disappeared as shown in the ther-
mogravimetic analysis. Apparently, the morphology of the attacked C-S-H and
A-C-H products can not be distinguished from the pristine ones at a naked eye in
SEM.
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(a)

(c) (d)

Figure 3.3.7: Microscopy images of polished mortar sections. Figure 3.3.7a image of a pristine sample of
mortar under optic microscope. Figure 3.3.7b image of a thermal damaged (525 °C) sample of mortar under
optic microscope. Figure 3.3.7c image of a pristine sample of mortar under SEM. Figure 3.3.7d image of a
thermal damaged (525 °C) sample of mortar SEM .

Figures 3.3.6a-3.3.6c and 3.3.6d-3.3.6f shows 40 and 525 °C polished sections
of paste specimens respectively. In Figure 3.3.7a (40 °C) it can be observed a
highly cohesive material with strong matrix perfectly embracing the aggregates
inside observed in optic microscope. On the contrary, Figure 3.3.7b (525 °C)
shows remarkable fractures in the matrix in a radial direction surrounding the
aggregates. Besides, the disconnection between cement paste an the aggregate
becomes noticeable to the naked eye. Same behaviour can be noticed from Figures
3.3.7c and 3.3.7d where the same specimens where analysed in the nanoscale
under SEM.
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3.3.3.2 Physical and mechanical tests on mortar

In order to distinguish the different mechanisms of degradation in the thermal
damage on cementitious materials, different kind of physical tests were performed.
Three additional specimens per analyzed temperature were manufactured due to
the destructive nature of the compression and flexural strength tests. Figure 3.3.8a
shows the mass loss due to the debonded water in hydration products of Portland
cement. As can be observed, the mass of specimens decrease in a non-linear
trend as the temperature increases. Nonetheless, mechanical performance of the
elements increases during this heat treatment as shows Figures 3.3.8b and 3.3.8c
until 150° C .
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Figure 3.3.8: Physiscal and mechanical tests performed to the material for all monitored temperatures. Figure
3.3.8a Mass loss. Figure 3.3.8b Compressive strenght. Figure 3.3.8c Flexural strenght. Figure 3.3.8d Dilatome-

try.

This slight improvement (or conservation) in the strength could be attributed
to an increase in curing speed of the element, directly enhancing its mechanical
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properties. After 150 °C, mechanical strength starts a decay process during the rest
of the experiment. To understand the degradation process, Figure 3.3.8d should
be analyzed in detail. In this figure, relative longitudinal elongation (strain) was
plotted for paste and mortar samples. These specimens were made with the same
dosage presented in the previous section. In the first instance, in 20 °C to 150
°C paste and aggregate expands at the same rate, being paste and mortar series
quasi-coincident. After this temperature, a bifurcation between mortar and paste
occurs due to a trend change until 350 °C. Beyond 350 °C the negative slope of
deformation increases while mortar continues expand linearly. This test reveals the
incompatibility of thermal deformations between the paste and aggregate, leaving
clear evidences about the damage produced by the increment of the temperature,
being this a complex mechanism that not only involves the destruction of hydrated
products of the cement paste but also the difference in thermal strain of the raw
materials that are part of the mortar sample.

3.3.3.3 Non-destructive techniques measurements

Non-linear spectroscopy

Non-linear Impact Resonance Acoustic Spectroscopy (NIRAS) technique can ex-
tract non-linear elastic and hysteresis information of mesoscopic materials like
mortar or concrete.
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Figure 3.3.9: Vibrational test performed to the material for all monitored temperatures. Figure 3.3.9a Dynamic
modulus. Figure 3.3.9b Non-linear parameter.

Figure 3.3.9a represents elastic modulus extracted linear frequency (f,) from
NIRAS test. The plot clearly defines a linear decay of the stiffness on mortar ele-
ments due mass loss directly related to debonding water of the hydrated portland
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cement matrix. Non-linear parameter reveals important information about the in-
ternal state of the material. As can be observed, a values remains constant before
250 °C; after this temperature, a values increases to higher values during the ex-
periment. As observed in previously section, in Figure 3.3.8d, the huge differences
between the deformation of the aggregate and the paste, force the aggregate to
separate from the paste. Such phenomena increases the non-linearity and hystere-
sis of the system, rising the hertzian contact effect and mesoscopic discontinuities.
This process is the only one provoking a real decay in global performance of the
material since the mass loss is only affecting to its softening. NIRAS test takes ad-
vantage of linear and non-linear analysis of materials allowing to describe complex
damage processes, when in the same system different mechanisms of degradation
take place at the same time.

Ultrasonics

Ultrasonic tests reveal information about the changes in a mechanical wave travel-
ling through a material unlike vibration tests, where the material resonates in its
principal modes after an excitation. Pulse velocity and material attenuation are
complementary parameters extracted from the ultrasonic signal, and from they; it
can be registered different kind of information from the material. Pulse velocity
is more related to the stiffness of the material, being proportional to the dynamic
modulus. However, attenuation is more related to the dispersive elements inside
the material like aggregates, voids and micro cracks.

Figure 3.3.10a shows the changes in ultrasonic pulse velocity for all specimens.
As can be observed, non-linear negative trend can be revealed as the temperature
rises. This behavior matches with the trend of E;,, extracted from NIRAS test
since velocity is squared in dynamic modulus equation when is extracted from
P-wave and S-wave velocity [6]. As commented in vibration tests, the stiffness on
mortar elements decays due mass loss directly related to debonding water of the
hydrated portland cement matrix. In Figure 3.3.10b, attenuation versus frequency
curves are plotted for different temperatures.

Since frequency is proportional to wavelength, the increment of frequency in
ultrasonic inspections implies being more sensitive to small defects and discontinu-
ities. That means the attenuation mechanism (absorption and reflection, mainly)
reveals the global status of the material, being an interesting phenomena to an-
alyze pores, cracks and defects. As can be observed, 40, 90 and 150 °C presents
almost the same attenuation values for all frequency range. From 250 °C to 400 °C,
a huge change in attenuation values from 600 to 900 kHz appears, predicting the
paste-aggregate separation forced by the incompatibility of deformation between
them. 525 °C series exhibited a high attenuation behaviour for all frequency range,
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Figure 3.3.10: Ultrasonic test performed to the material for all monitored temperatures. Figure 3.3.10a Ultra-
sonic pulse velocity. Figure 3.3.10b Material energy wave attenuation.

rising to higher values with a noticeable slope since 100 kHz provoked by the soft-
ening of the portland cement matrix, induced micro cracking and the degradation
of interfacial transition zone between the paste and the aggregate.

3.3.4 Conclusions

Thermal attack in concrete is a complex mechanism of damage in Portland ce-
ment composites. Temperature do not only affect to the cement matrix, but also
to incompatibility of deformation between aggregate and paste. In this study a
complete analysis of this kind of damage is addressed, not only with traditional
methods but also trying to capture the intricate system with non-destructive tests
and also analyse and correlate this data with physical and microstructural tests
for different temperatures between 40 °C and 525 °C.

Microstructural analysis (Thermogravimetry and Scanning Electron Microscopy)
showed the principal changes of the Portland cement hydrated products for the dif-
ferent analysed temperatures. Compressive and flexural strength results remained
constant or even increases at low temperatures (up to 250 °C) meanwhile the mass
loss increases. Dilatometry results revealed important information about defor-
mation incompatibilities between the paste and the aggregate. These results have
been correlated with non-destructive tests: non-linear impact resonance acoustic
spectroscopy and ultrasonic measurements. The dynamic modulus and ultrasonic
pulse velocity have closely predicted the linear stiffness decay of the specimens.
However, non-linear parameter exhibited different trend from stiffness-related
parameters, keeping constant until 250 °C and performing a huge change for 400
and 525 °C. Ultrasonic attenuation computed with a broadband ultrasonic signal
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(chirp) unveiled true information in one single signal about scattering components
inside the material, being sensitive to interfacial transition zone between aggregate
and paste in a large range of frequencies. The correlation between microstructural,
mechanical and non-destructive techniques were carry out successfully, being non-
linear vibration and ultrasonic attenuation a non-conventional parameters that
gave crucial of information about a complex damage process like thermal attack
in a highly heterogeneous materials (Portland cement composites).
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Abstract

The microstructural features of heterogeneous and porous materials causes unique
non-linear dynamic behavior in such materials. The purpose of this work is to inves-
tigate the dynamic response of thermally damaged concrete specimens measured
by two different methods: Non-linear Impact Resonance Acoustic Spectroscopy
(NIRAS) and new Flipped Accumulative Non-linear Single Impact Acoustic Spec-
troscopy (FANSIRAS). The specimens have been characterized in two different
dynamic condition states of the material: relaxed and conditioned. The relaxed
state of the specimen indicates that there is no previous dynamic excitation event
while the conditioned state indicates the specimen has been dynamically tested be-
fore. NIRAS results show that the non-linear parameter related to the resonance
frequency shift, ay, varies its trend depending on its previous dynamic history.
However, the non-linear parameter related to the damping properties, a,, shows
more stable values since is not affected by the dynamic background of the material.
The recently proposed algorithm, FANSIRAS, extracts from a single resonant signal
equivalent results to NIRAS when the specimen is conditioned. In this situation,
both parameters a¢ and a, have been shown to be equivalent.

3.4.1 Introduction

Geomaterials, such as rocks, sand, soil or their aggregates, such as concrete, belong
to a newly defined class of so-called as Non-linear Mesoscopic Elastic (NME) mate-
rials [1]. These materials are characterized by a heterogeneous internal structure,
whose non-linear response appears related to its large variety of microstructural
features (i.e. micro-cracks, grain contacts, interstices, etc.) and becomes orders
of magnitude larger than that shown by the classical atomic elastic materials. The
non-linear elastic behavior of NME materials cannot be described by Landau’s
[2] classical non-linear theory. Its singularity is reflected in the manifestation of
a hysteretic behavior and evidence of discrete memory effects in the relaxation
processes, which are denominated in the literature Anomalous Non-linear Fast
Dynamics (FD) and Slow Dynamics (SD), respectively [3], for both the quasi-
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static behavior (stress-strain experiments) and for the dynamic (resonant-wave
experiments).

The most widely employed Non-Destructive Testing (NDT) methods for mon-
itoring damage processes in concrete and other cement-based materials have fo-
cused on the study of the material’s non-linear dynamic anomalies due to its
greater sensitivity in comparison with linear dynamic anomalies when early de-
tecting global defects [4]. Ostrovsky and Johnson [5] listed a thorough variety
of non-linear response manifestations in quasi-static and, especially, in dynamic
laboratory experiments. Some of these are the non-linearity and the hysteretic
and discrete memory phenomena, both in stress-strain experiments: the appear-
ance of new harmonic frequency components, wave cross-modulation amplitudes,
resonance frequency shifts, amplitude-dependent losses and slow dynamics in
non-destructive procedures [4, 6]. These NDT, which draw on the non-linear dy-
namic behavior, are considered as Non-linear Elastic Wave Spectroscopy (NEWS)
methods.

Regardless of the source used to excite the specimens under study, all of the
NEWS methods share the same baseline concepts for extracting the character-
istic non-linear parameters of mesoscopic materials. Due to its easy excitation
procedure and remarkable sensitivity when measuring the non-linear behavior, a
prominent line of research is focused on impact spectroscopy. In contrast to the
multiple increasing impact driving amplitudes needed in the Non-linear Impact
Resonance Acoustic Spectroscopy (NIRAS) methodology [7-9] to quantify the
non-linear response, recent advances have focused on single impact approaches
based on a optimal signal processing procedure [10, 11]. Accordingly, the authors
introduced a novel single impact technique, FANSIRAS, with the aim of character-
izing the underlying non-linear physical phenomenon within a signal processing
perspective [12]. In the present study, the comparison between both techniques,
NIRAS and FANSIRAS, is taken a step further. Both approaches are applied on
two different motion process moments of the specimens, resting (a rested speci-
men is excited by impacts whose level consecutively increases) and conditioned
(a rested specimen is excited by impacts whose level consecutively decreases) to
evaluate the effects of slow dynamics and conditioning over the impact resonance
spectroscopy techniques. The joint analysis of both configurations (upward and
downward impacts) may describe the hysteretic behavior of non-linear mesoscopic
materials, such as concrete.

Damage in concrete has been widely investigated throughout the years from
many different points of view. Different degradation mechanisms cause distinct
modifications to the material’s dynamic response, which implies that a detailed
analysis of all physical mechanisms is required to fully understand degradation
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processes [13-15]. In particular, thermal attack in concrete depends on many
variables, the most important of which is the dosage of the composite (aggregate
type and proportion, water/cement ratio, cement type...) and the exposed temper-
ature. Due to the complexity of this damage (stiffness matrix loss, incompatibility
of deformation between aggregate and paste, expansive products...), several stud-
ies have been carried out to distinguish and quantify the damage and physical
behavior of the material [16, 17]. NDT evaluation through ultrasonic inspection
and vibrational analysis are the most used and developed techniques to assess this
degradation process due to their simple implementation and non-invasive nature
[9, 18-22]. In this study, the authors continue vibrational analysis with the inclu-
sion of the non-equilibrium dynamics of mortar elements under stepped thermal
damage. This analysis permits us to, simultaneously, draw on all the potential of
the NEWS techniques and evaluate the robustness of the non-linear parameters
extracted with NIRAS and FANSIRAS against the effects of slow dynamics and con-
ditioning at different levels of damage. The overall motivation is to understand
the notable dispersion between results of different NEWS experiment layouts in
different research groups involved in non-linear dynamics projects.

3.4.2 Mathematical background
3.4.2.1 NIRAS

The NIRAS technique relies on an impulse excitation of the specimen repeated
with different impact strengths. The different reverberation signals are denoted
by y;(n), being i the impact number (in this study, i € [1,10]). The non-linear
parameter related to the resonance frequency shift a}v IR is obtained from a linear
regression fit o
fomfi _ ol R . A, (3.4.1)
fo

where A; is the obtained peak amplitude spectrum
A; = max{|v;[f ]I} (3.4.2)

and fl is the peak normalized frequency of one mode

fi=maxg{|Y:[f 11} (3.4.3)

from the multiple impacts at different strengths i. Here, f, denotes the resonance
frequency obtained in the linear strain regime. For low excitation amplitudes [23],
the frequency shift (f, — f;) is non-existent and the peak frequency is considered
to be obtained in the linear strain regime. In this study, f, is determined as the
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intersection with the y-axis of the linear relation between the peak amplitudes A;
(x-axis) and the peak frequencies fl (y-axis). The non-linear parameter related to
the shift of the damping properties, agIR, is assumed to exhibit a linear relationship
(Eq. 3.4.4):
L1 A (3.4.4)
Q Q ¢
where A; is the peak amplitude (Eq. 3.4.2), Q; is the damping factor obtained for
each impact i (Eq. 3.4.5)

Q= _ S (3.4.5)

fia—fix
where fi’z— ]Ei,l is the half-power bandwidth resonance, and Q is the linear regime
damping factor determined as the intersection with the y-axis of the linear rela-
tionships between the peak amplitudes A; (x-axis) and the measured damping
factors Q; (y-axis) [19]. One expects to find an increase in both parameters pro-
portional to the hysteresis, a?’ IR and agIR, when increasing the thermal damage
of the specimen.

3.4.2.2 FANSIRAS

The Flipped Accumulative Non-Linear Single Impact Resonance Acoustic Spec-
troscopy (FANSIRAS) technique only requires a single reverberation signal y;(n)
plus a suitable optimal signal processing to obtain a reliable estimate of the non-
linearity. The acronym of the technique corresponds to the underlying signal
processing algorithm based on the reconstruction of the signals of the NIRAS tech-
nique from a single signal: flipping the signal and windowing cumulatively. To
ease the mathematical nomenclature, the method is described as a window of ini-
tial length equal to that of the acquired signals, N, which progressively decreases
its length to the lower bound, and transforms the time segment of the impact
signal within the p-th window, yLW;p (n), to the frequency domain at each window

position:

Yy ()= yi(n) - wh (n—p - M), (3.4.6)

N

ne{O,...,N—l},pe{0,...,{MJ—1}.
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L . .
Here, w,’(n) represents a rectangular window, which shortens at each step of the

algorithm
L, 1, 0sn<L,—-1
w,'(n)= 3.4.7
P (n) { 0, otherwise ( )

The length of the window varies at each position p, L, = N —p - M, where M
represents the number of samples by which the window decreases at each step
of the algorithm. The number of points used in the later regression is related to
the value of M but it does not significantly affect the estimation of the non-linear
parameters. In this work, M equals the number of samples in 2 periods of the
signal (M = 2f,/f,, where f, is the sampling frequency).

The non-linear parameters aJ’fAN and a are both estimated according to the
linear fits seen for NIRAS technique but usmg the current variables obtained from
a single reverberation signal corresponding to the strongest impact level I. Each

time segment of the reverberation signal within the p — th window, Y, b (n), is
P

studied in the frequency domain by applying the discrete-time, discrete-frequency
Fourier Transform (DFT) resulting in YI L [f]
Wp

Y, wl? [f1= DFT{}’I’W?(H)} (3.4.8)
For each position p, the peak amplitude spectrum A, ,, is computed (Eq. 3.4.9)

Arp = max(|Y, 1, (11} (3.4.9)

and the peak frequency fNI,p is computed (Eq. 3.4.10)
frp =maxpA1¥, o [F1} (3.4.10)

where the function max;{-} defines the peak amplitude spectrum projected over
the frequency vector. The non-linear parameter related to the resonance frequency
shift a?"}N is obtained from the linear fit of the A; , and f; , (Eq. 3.4.11)

fIO pr FAN

afN A, (3.4.11)
fro

where fI’O is the resonance frequency obtained in the linear strain regime. ]EI,O is
determined as the intersection with the y-axis of the linear relation between the
peak amplitudes A; , (x-axis) and the peak frequencies f; , (y-axis).
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Analogously, the damping factor Q; , is also computed for each p — th window
position (Eq. 3.4.12): )
fI,p
fI,p,Z _fI,p,l
FAN

and the non-linear parameter proportional to the damping properties a;," is
obtained as the slope of the linear relation between the peak amplitudes, A; ,, and
the damping factor, Q; ,:

Qrp= (3.4.12)

1 1 v
% Qo =a;, “Arp (3.4.13)
where Q ( is the approximation for the linear regime damping factor related to the
reverberation signal y;(n). When working with real signals (N samples acquired
with a sampling frequency f,), window shortening must stop before losing signal
information (i.e. too small window). The window in FANSIRAS algorithm is
decreased until the value of Q is lower than that obtained in the previous window.
See [12] for further technical aspects of the algorithm.

Figure 3.4.1 shows a schematic representation of the two algorithms both in the
time and frequency domains. It summarizes the differences between the proce-
dures mainly distinguished by the number of input signals (number of blows)
and the signal processing. NIRAS uses 10 measurements with varying impact
force amplitude while FANSIRAS requires just one measurement at high impact
force amplitude. FANSIRAS signal processing algorithm tries to reconstruct the
signals of the NIRAS technique with the aim of extracting equivalent non-linear
parameters from a single measurement.

3.4.3 Experimental
3.4.3.1 Materials and specimens

Six mixes of standardized Portland cement concrete (water/cement = 0.5) made
of 450 g of Spanish cement CEM I-52.5-R, 1350 g of 0/2 mm crushed quartz sand
and 225 g of water were carried out to obtain 18 40 x 30 x 160 mm?® specimens.
After the mixing process, iron moulds were stored in a wet chamber (20 °C and
100 % H.R.) for 24 hours. Then, the 18 mortar pieces were released and stored
in the wet chamber again for 60 days in order to reach elastic properties stabiliza-
tion stage. Afterwards, the specimens were dried until a constant mass at 40 °C
for 7 days and wrapped with plastic film until reached room temperature again
in order to characterize them in what we define to be the pristine state. Two
levels of thermal damage treatment were performed according to the chemical
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Figure 3.4.1: Schematic comparison between NIRAS and FANSIRAS techniques. NIRAS algorithm (top) is
represented by 10 impact signals with varying input force amplitude x;[n],i € [1,10], and its corresponding
output reverberation signals, y;[n],i € [1,10], and their corresponding the Fourier Transform spectra, Y;[f ].
The FANSIRAS algorithm (bottom) reconstructs the equivalent NIRAS signals from a single output reverberation
signal, y;[n], by means of signal processing.

decomposition of Portland cement hydrates. The first level contained six speci-
mens were thermally damaged at 400 °C (C-S-H and C-A-H decomposition took
place), reaching this temperature in 2 hours, keeping it during 3 hours and slowly
cooled for 12 hours inside the oven. The second level contained six specimens
were thermally damaged at 525 °C (Ca(OH), decomposition took place) following
the same procedure as commented for 400 °C damaging test. Consequently, six
different specimens per condition (40, 400 and 525 °C) were created to carry
out the non-linear acoustic analysis. Three additional specimens per series were
manufactured to carry out traditional destructive tests. In the first instance, con-
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crete blocks were tested in three-point bending test configuration to obtain the
flexural strength of the material exposed at 40, 400 and 525 °C. The remaining
six semi-prisms were used to obtain compressive strength.

3.4.3.2 Test Layout

Acoustic resonance tests were carried out for the 18 specimens at the three thermal
treatments. The experimental layout is composed of an impact hammer (Briiel
& Kjeer 8206-003) attached to an iron axle located in a metallic structure. This
metallic axle is supported on two ball bearings yielding a free rotational motion in
one plane with minimal friction. The specimen was located in a metallic supports,
slightly sloping, allowing a centred and perpendicular impact to the specimen
face. In the opposite face to the impact, in the top-left corner, a piezoelectric
accelerometer sensor (PCB 352A21) was attached in order to obtain the vibrational
motion of the test probe. The electric signal of the instrumented hammer and the
accelerometer go through a signal conditioner (PCB 482A18) polarizing it and
transmitting it to the oscilloscope (Tektronix MDO3014). The oscilloscope was
configured with f, equals to 250 kHz, N equals 10000 samples, trigger voltage
equals to 120 mV and pretrigger time equals to 4 ms. Finally, the information
was transmitted via USB to a computer with a control software developed by the
authors based on the Instrument Control Toolbox of MATLAB.

3.4.4 Results and discussion
3.4.4.1 Mechanical and physical properties of concrete

The compressive strength results are shown in Figure 3.4.2a. Compressive strength
at 40 °C, 62.5 £ 4 MPa, is slightly higher than the corresponding value for this
type of dosage and cement type (52.5 MPa) due to the treatment at 40 °C. For
400 °C, a value of 55 + 3 MPa was obtained, being a small variation (reduction
in 12 %) from the initial value due to the stiffness loss of the matrix and the
degradation of the interfacial transition zone between the paste and the aggregate.
At 525 °C compressive strength falls dramatically obtaining 27 + 2 MPa, loosing
at least the 56 % of its initial strength. A similar trend in performance can be
found for flexural strength (Figure 3.4.2b. It can be noted that this parameter is
more sensitive to the thermal damage than compressive strength because spoiled
interfaces, micro-cracks and defects are expected to be partially stressed with a
tensile load. Reductions in flexural strengths of 40 % and 90 % were observed
for 400 and 525 °C treated samples, respectively. In the case of compressive test,
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such defects are completely compressed, allowing it to withstand a higher stress
than the tensions produced by the flexural test.
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Figure 3.4.2: Mechanical properties as a function of exposure temperature: a) Compressive strength. b) Flex-
ural strength. c) Transversal dynamic elastic modulus.

Figure 3.4.2c shows the dynamic modulus values calculated from the first
flexural mode from the mortar specimens following ASTM C-215 standard. In
this plot, a linear decay of the stiffness of the material can be observed. Linear
modulus is related with the state of the cement matrix and, therefore, in the case of
thermal attack, hydration products are lost during this process until the complete
decomposition of portlandite (>550°C).

3.4.4.2 Resonance Techniques based on Impact Spectroscopy

Reproducibility Test

The discrete memory effects of the hysteretic behaviour have been reported in
several studies [3, 24]. Impact spectroscopy techniques rely on the impact of a
specimen at different amplitudes, so the importance of the order of the blows and
their intensity must be taken into account. Therefore, two different configuration
tests were raised: upward configuration, 10 blows progressively increasing the
impact energy, and downward configuration, 10 blows decreasing the impact
energy. To analyze the repeatability of the tests, five consecutive repetitions for
each configuration were done. Given that memory recovery time follows log(t)
dependence, the test samples were left undisturbed for 48 hours between tests
to ensure a consistent initial relaxed state of the material. The majority of the
idealized memory recovery is achieved during the 48 hour rest period. Figure
3.4.3a plots the obtained results in the upward configuration for a representative
specimen damaged at 400°C.

Two different trends can easily be identified: the first test (dashed line) shows
a slope different than the remaining four tests (solid lines). Despite being parallel
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Figure 3.4.3: Reproducibility Tests. Repetitions of the resonance tests (10 different amplitude impacts) on the

same specimen. a) Upward configuration (starting with the lowest energy impact), b) Downward configuration
(starting with the highest energy impact), ¢) Upward configuration at different positions (Fig. 3.4.4).

lines differ on the y-axis intersection. This plot allows a graphical understanding
of the anomalous non-linear concepts introduced in Section 3.4.1: fast dynamics,
slow dynamics and conditioning. The slope of the linear regression indicated by
the amplitude-dependent frequency shifts represents the fast dynamics behavior,
which is constant from the second upward test. The decreasing intersection of
each consecutive test with the y-axis represents a manifestation of the discrete
memory, which is a manifestation of slow dynamics. The particular trend shown
by the first test (dashed line) represents the behavior of the specimen without
conditioning, when it is relaxed. Once the specimen is conditioned, after a series
of blows has occurred, the observable trend are indicated by the solid lines. The
specimen is conditioned in terms of fast dynamics (the slope of the linear fit is
constant); however, the slow dynamics conditioning continue by decreasing the
linear resonance frequency at each consecutive experiment.

Figure 3.4.3b shows the analysis of the five consecutive downward tests, where
the specimen is completely conditioned from the very first and strongest impact
and a constant trend is observed for the five test. Even though the specimen
had relaxed, the linear regressions allow us to identify the same slope and y-axis
interception than in the upward configuration after having been conditioned.

Previous tests were done by applying the impact event at one single position. To
address concerns about measurement disruption cased by the hardening of the hit
surface area, a further experiment has been done. In this case, 10 upward NIRAS
configuration tests have been done in 10 different positions following Figure 3.4.4;
five on the right-hand face of the specimen, and five on the left-hand face. The five
positions are separated by 0.5 cm approximately (7-7.5-8-8.5-9). The obtained
results are plotted in Figure 3.4.3c. Despite changing the hit position for each test,
the same two different trends are identified: the first regression fit corresponds to
the relaxed specimen, and the rest correspond to the conditioned specimen. To
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fully characterize the thermal damage given in the previous results, the specimens
are tested using the two established configurations, an upward and a downward
test, leaving 48 hours of resting time between tests.

Figure 3.4.4: Testing configuration: impact sites indicated by crosses (in centimeters).

NIRAS and FANSIRAS analyses

In the present section, the non-linear parameters a; and a, obtained both by NI-
RAS and FANSIRAS techniques are shown for three representative mortar samples
at three different stages of thermal damage (40 °C, 400 °C and 525 °C). First,
the two techniques for both configurations are compared to estimate the differ-
ent trends arising from the conditioning effect and how it evolves along with the
increasing deterioration degree of the specimens.

Figure 3.4.5 shows the effect of signal amplitude on the resonance frequency for
each level of damage. It can be observed that the resonance frequency significantly
drops as the damage increases (5670 Hz, 40 °C; 3890 Hz, 400 °C; and 3270 Hz,
525 °C). For the three levels of damage, the NIRAS technique (circle markers)
identifies two different trends related to the applied configuration: upward (solid
line) and downward (dashed line). However, the FANSIRAS algorithm (triangle
markers) estimated over the strongest impact of the NIRAS technique results in
a unique trend which coincides with the downward NIRAS trend. Table 3.4.1
summarizes the numerical values of a; obtained by both algorithms NIRAS and
FANSIRAS, and in each configuration. The differences between the NIRAS upward
configuration and the NIRAS downward configuration seems to be proportional
to the degree of conditioning of the system between the resting state and the
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excitation state. That conditioning angle increases as the applied thermal treat-
ment damages the concrete matrix. The slight differences between a? IR in the
downward configuration and af4N are due to the differences in sensitivity of the
techniques. The NIRAS algorithm has a limited range of amplitude values depend-
ing on the hardware involved in the experimental, however, FANSIRAS processing
allows to increase the measurable dynamic range from smaller peak amplitudes
up to the same largest value. This improves the reliability when estimating the
linear regime parameters fo and Q.
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Figure 3.4.5: Representative results of the relative resonance frequency shift () at different exposure temper-
atures computed by the NIRAS technique (circle markers) and the FANSIRAS technique (triangle markers) and
for the two analyzed different configurations: upward impact amplitudes (solid lines) and downward impact
amplitudes (dashed line). a) 40°C (blue), b) 400°C (green) and c) 525°C (red). Table 3.4.1 summarizes the
numerical values of a¢ obtained by both algorithms NIRAS and FANSIRAS, and in each configuration.
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Figure 3.4.6: Representative results of the amplitude dependent damping factor (aq) at different tempera-
tures computed by the NIRAS technique (circle markers) and the FANSIRAS technique (triangle markers) and
for the two analyzed different configurations: upward impact amplitudes (solid lines) and downward impact
amplitudes (dashed line). a) 40°C (blue), b) 400°C (green) and c) 525°C (red). Table 3.4.1 summarizes the
numerical values of a, obtained by both algorithms NIRAS and FANSIRAS, and in each configuration.

Analogously, Figure 3.4.6 shows the amplitude-dependence for the damping fac-
tor Q for each level of damage. As the damage increases, the maximum value
of the damping factor increases. Unlike the results for resonance frequency shift
shown in Figure 3.4.5, the NIRAS technique (filled circles) does not distinguish
differences between the upward (solid line) and downward (dashed line) con-
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Table 3.4.1: Representative results of the relative resonance frequency shift (ay) and the the amplitude depen-
dent damping factor (a)) at different exposure temperatures (40°C, 400°C and 525°C) computed by the NIRAS
technique and the FANSIRAS technique and for the two analyzed different configurations: upward impact am-
plitudes and downward impact amplitudes.

Sample TH40 TH400 THS525

(x107®) Upward Downward Upward Downward Upward Downward

ayfR 0.7 0.5 3.5 2.5 5.9 3.3
anAN 0.6 0.6 2.9 3.2 4.3 3.6
ang 0.4 0.4 1.9 1.8 3.3 3

agAN 0.4 0.5 2.5 2.8 4.2 3.9

figurations. Thus, the damping factor computed by NIRAS algorithm seems to
be robust against the conditioning of the specimen. Meanwhile, FANSIRAS algo-
rithm (triangles) also allows the estimation of the damping factor, reaching similar
values both for upward (solid line) and downward (dashed line) configurations.
FANSIRAS estimations slightly differ from NIRAS estimations due to the lost of
linearity in the regression fit as the damage increases. The damping factor data
obtained with FANSIRAS exhibits a non-linear S—shaped trend with increasing
signal amplitude, which is directly attributed to the estimation of the lowest bound
of the resonance, f; ; (Eq. 3.4.12). This difference might be related to the nature
of the signals used in each spectroscopy technique. NIRAS technique estimates
non-linear parameters from several original reverberation signals; however, the
FANSIRAS algorithm estimates the different strain levels from a single relaxing
signal. Table 3.4.1 summarizes all the numerical values of a, obtained by both al-
gorithms NIRAS and FANSIRAS, and in each configuration, upward and downward
for three representative specimens exposed at different damage treatments.

It is important to understand the differences obtained by NIRAS and FANSIRAS.
The first NIRAS upward configuration quantifies the non-linear parameters when
the specimen is relaxed. This situation is not repeatable until the specimen reaches
the relaxation stage once again. In contrast in the NIRAS downward configura-
tion, the specimen is conditioned from the first driving impact, which is the largest
and resulted in isolating the hysteretic parameter to the first impact. FANSIRAS
technique applied over the strongest impact is not influenced by the kind of con-
figuration used. The results shown in Figure 3.4.5 and Figure 3.4.6 have proven
its robustness by virtue of using a single impact.



160 Chapter 3. NLAE: Chemical and thermal damage in mortar

. ‘ 0.06 \ ;
0,08} ~® TH40 Upward i —-TH40 Upward
-®-TH40 Downward 0.05 -A-TH40 Downward
—#-TH400 Upward ~~-TH400 Upward
0.06 - ~®-TH400 Downward 4 ] 0.04+ -A-TH400 Downward

—®-TH525 Upward

15
Amplitude [m/sz] Amplitude [m/sz]
@ (b)

Figure 3.4.7: Representative results of the normalized relative amplitude dependent damping factor (ay) at
different exposure temperatures: 40°C (blue), 400°C (green) and 525°C (red) computed by a) the NIRAS
technique (circle markers) and b) the FANSIRAS technique (triangle markers) and for the two analyzed different
configurations: upward impact amplitudes (solid lines) and downward impact amplitudes (dashed lines).
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Figure 3.4.8: Representative results of the normalized relative amplitude dependent damping factor (a) at
different exposure temperatures: 40°C (blue), 400°C (green) and 525°C (red) computed by a) the NIRAS

technique (circle markers) and b) the FANSIRAS technique (triangle markers) and for the two analyzed different
configurations: upward impact amplitudes (solid lines) and downward impact amplitudes (dashed line).

Once this conduct has been pointed out to have been influenced by the test
configuration, the set of resonance frequencies and damping factor values, ob-
tained by means of NIRAS and FANSIRAS, are normalized by its values at the
linear strain regime to compare the different thermal level responses, for each
technique separately, and obtain comparable outcomes.

It can be noticed in Figure 3.4.7a that NIRAS is excited by the upward con-
figuration and displays larger non-linear parameters than those obtained with
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the downward configuration and FANSIRAS, as shown in Figure 3.4.7b. Without
knowledge of the specimen impact history, the lack of consistency between previ-
ous states may lead to failure in damage level classification (see TH400 upward
and TH525 downward). The FANSIRAS results show consistent trends, regardless
of the two proposed configurations (Figure 3.4.7b. This research has also shown
that the estimation of the damping factor is not influenced by the conditioning of
the specimen under study (Figure 3.4.8). This behavior might be related to the
nature of the Q parameter of a signal drawn by an harmonic damped oscillator,
where the quality factor is the ratio between the system energy and consumed
energy. This ratio seems to be more robust against the conditioning induced to
the specimen impact after impact. Besides the steadiness shown when using the
FANSIRAS technique regardless the excitation configuration used, characterization
of thermal damage in each of the tested stages remains showing a very reliable
sensitivity.

In order to understand the significance of the variation of the non-linear pa-
rameter values along with the increasing thermal damage, a comparison between
as and a, parameters from a higher number of samples (6 at each of the proposed
thermal damages for a total of 18 specimens) is shown in Figure 3.4.9. Figure
3.4.9a shows the resonance frequency shift amplitude-dependent parameter (o)
in the same fashion Figure 3.4.9b shows it for the damping factor response (a).
The error bars depict the standard deviation of the set comprised by six a param-
eters computed for six independent specimens at each temperature degree. The
markers, circles and triangles, denoting NIRAS and FANSIRAS techniques, respec-
tively, represent the arithmetic mean of the aforementioned set. As was discussed
in the previous results, the test configuration in impact resonance spectroscopy
assessment plays an important role when quantifying the non-linear response of
the material. At first, a significant divergence of the values was obtained by means
of the NIRAS technique in the upward configuration regarding the other three
evaluations taken into account in the present study. Thus, Figure 3.4.9 could be
interpreted as a confirmation that the FANSIRAS technique seems to be robust
when quantifying the a parameters. However, NIRAS upward seems sensitive
to the a priori relaxed stage of the specimen. Regardless of the configuration
used, FANSIRAS seems able to characterize accurately the microstructural degra-
dation process, reproducing differentiated damage intervals and establishing a
more stable evaluation scenario.

Finally, a comparison of the evolution of both non-linear parameters, a; and
ag, for both techniques and configurations is shown in Figure 3.4.10. It can be
noticed that, regardless the level of damage, the non-linear parameters are very
similar to FANSIRAS upward and downward configurations, and almost coincident
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Figure 3.4.9: Results of the non-linear hysteretic parameters at different exposure temperatures, 40°C, 400°C
and 525°C, computed by the NIRAS technique (circle markers) and the FANSIRAS technique (triangle markers)
and for the two analyzed different configurations: upward impact amplitudes (solid lines) and downward impact
amplitudes (dashed line). The error bars depict the standard deviation of the set composed of six a parameters
computed for six independent specimens at each level of exposure condition. a) Amplitude-dependent frequency
shift (af). b) Amplitude-dependent damping factor (ag).

for NIRAS downward. This suggests that the results obtained by FANSIRAS are not
affected by the dynamic hysteretic behavior of the material. Although both non-
linear parameters must reproduce the same underlying phenomena, this similarity
in the non-linear parameters has not previously been reported.

3.4.5 Conclusions

We studied the differences between impact resonance spectroscopy methods NI-
RAS and FANSIRAS through tests on thermally damaged mortar samples. Fur-
thermore, the NIRAS tests were conducted using either sequentially increasing
(upward) or decreasing (downward) load amplitudes. The upward and downward
loading profiles allowed us to evaluate the effects of slow dynamic conditioning
and recovery on the results. The mortar samples were exposed to sustained tem-
peratures of 40 °C, 400 °C and 525 °C , providing different levels of thermal
damage. The NIRAS results have shown that the non-linear hysteretic parameter
related to the resonance frequency shift, a'R, differs between the upward and
downward loading configurations. The NIRAS results as a function of the damage
treatment show that differences between upward and downward series are greater
as the level of damage increases. However, the results of the non-linear parame-
ter related to the damping properties, agIR, are equivalent for both upward and
downward loading configurations. The damping factor, Q;, was observed to be
essentially unaffected by the slow dynamics and conditioning of the specimen.
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Figure 3.4.10: Comparison of the evolution of both hysteretic parameters, a¢ and a,, for NIRAS and FANSIRAS,
in upward and downward configurations. The error bars depict the standard deviation of the set composed of
six a parameters computed for six independent specimens at each temperature condition.

The FANSIRAS algorithm extracts results from a single resonant signal that are
equivalent results to NIRAS when the specimen is conditioned. When the speci-
men has been previously tested, both of the parameters a; and a, obtained by
NIRAS in the downward configuration and FANSIRAS are equivalent.

The disrupting effects of slow dynamic conditioning on NIRAS tests using the
conventional upward loading configuration have been shown to be significant.
However, erroneous conclusions related to the level of damage may be made if the
previous relaxed or conditioned state of the specimen under study is not taken into
account. Meanwhile, the data analyzed by the FANSIRAS algorithm are largely
unaffected by slow dynamic or hysteretic effects.
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Chapter 4

Conclusions and future research

4.1 Conclusions

This thesis has different chapters with their objectives; thus, in every section of
each chapter, particular conclusions were commented. Therefore, general and
specific conclusions, with an overview of the accomplished work, are described
below.

After testing hundreds of specimens, processing thousands of signals, analysing
large amounts of datasets, the general conclusion we have reached is that each
NDT parameter responds to a different underlying phenomena. Therefore, the
best way to analyse and characterise materials lies in understanding linear and
non-linear variables from different sources and natures in NDT, aversely to the
general thinking in this field: non-linear parameters are more sensitive than the
linear ones. Thus, the understanding of each NDT technique and signal processing
algorithm is essential to get as much information as possible without invading the
integrity of the specimen under study. Following this line of thinking, in Chapter
2 we described how a complete overview of a complex material under stress is
achieved analysing different ultrasonic parameters of the same wave travelling
trough the specimen. One of the achievements was to obtain several ultrasonic
parameters (attenuation, velocity, non-linear relations...) at the same time as the
4 bending test being carried out. Each one has an exclusive information about the
test, but only having in mind the evolution of each one individually we see the
complete response of the system, reporting very valuable information about the
performance of the GRC.

The following specific conclusions were selected from Chapter 2. Ultrasonic
tests allowed distinguishing fly ash containing GRC with different water/binder
ratio and provided additional information on the materials behaviour and mechan-

167



168 Chapter 4. Conclusions and future research

ical parameters. The attenuation curves could be used to establish a relationship
between the porosity parameters and some mechanical properties extracted from
a four-point bending test. The P-wave velocity was also stable and indicated a
strong relationship with the elastic modulus.

The bending test process of glass fiber reinforced cement (GRC) has been suc-
cessfully monitored by means of the study of ultrasonic pulses. In the beginning
of the plastic step in the mechanical bending test, significant changes in energy,
attenuation and non-linearities (the ratio between the amplitude of the fundamen-
tal harmonic, Al, and the amplitude of the third harmonic, A3) were identified.
However, the change in the velocity pulse was much less sensitive.

Linear swept-frequency ultrasonic signals (chirp) improve the effective band-
width, covering a wide frequency range with a single measurement and equivalent
accuracy, at the expense of a lower signal-to-noise ratio. In the case of highly
attenuating materials, the use of different configurations of chirp signals was pro-
posed, enabling injecting more energy, and therefore, improving the sensitivity of
the technique without a high time cost.

A new method based on broadband signals (chirp) for monitoring bending
tests in GRC provides a wealth of information about the material behaviour in
terms of the attenuation, energy, velocity, and generation of non-linear harmonics
in the signal. The energy and attenuation of the chirp signal were more sensitive
than velocity, showing a significant variation previous to the plastic step of the
stress—strain curve. Attenuation was more appropriate for comparing different
materials and tests. The non-linearity had a sudden change as the micro-cracking
began, pointing perfectly to the time instant when the GRC specimen is being
critically damaged.

In Chapter 3 we tried to understand the complexity of non-linear dynamics in
mesoscopic materials. This kind of effect, composed by different phenomena, is
still today difficult to control due to the high influence of the memory, environ-
mental conditions and the inner state of the system. The development of a new
algorithm allowed us to understand much better the reverberation behaviour of
a material under an impact excitation and solved problems about the layout and
the way we test our samples. More research about fast and slow dynamics and
the effect of the conditioning is needed to exploit the potential of this property in
damage characterisation.

The following specific conclusions were selected from Chapter 3. NIRAS is
a suitable technique to evaluate ageing process for GRC specimens. Different
vibrational modes have been evaluated over a frequency range in order to compare
the variations of linear and non-linear parameters with ageing. It is observed
that non linear parameters are more sensitive to ageing than linear ones. Impact
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acoustic resonance spectroscopy and ultrasonic measures have shown the accuracy
of these non-destructive techniques applied to detect and characterize an internal
sulphate attack process. The dynamic modulus and ultrasonic pulse velocity have
closely predicted the stiffness of the specimens. The attenuation monitoring is
an interesting procedure for the assessment of low-level expansion processes in
mortars which have suffered an internal sulphate attack.

The study on thermal damaged concrete demonstrated the suitability of FAN-
SIRAS algorithm by means of resonance spectroscopy, but also, to shed light on
the need for right practises when applying such a popular technique like NIRAS. If
the previous state of the specimen under study is not taken into account, relaxed
or conditioned states, erroneous conclusions may be made.

The complete characterisation of thermal damage in mortar allowed to un-
derstand the different damage mechanisms in this spoiling procedure. The NDT
tests revealed different sensitivity to the matrix degradations and the incompat-
ibility of deformation between the aggregate and the cement paste. Ultrasonic
attenuation and hysteretic parameter appeared to be sensitive to the changes in
the interface between paste and aggregate; also, the UPV and dynamic modulus
showed proportionality to the stiffness loss of the cement paste.

4.2 Future research

Mechanical test monitoring with ultrasonic signals was an important part of this
thesis. The application of the developed measurement systems to other materials
and tests has an important value. Hotspot tests like shrinkage and creeping in
concrete samples are very important fields of work with a lot of interest in the
scientific communities. Providing more parameters from mechanical waves will
shed some light to try to understand and characterise these deferred effects over
time. Developing new techniques and advanced signal processing algorithms has
been an important point in this thesis. For issues related to the norms established
for doctoral thesis publications, this part has not been included in the written
version of this document but the reader can find this publications in Chapter
5. We think that developing this kind of new techniques with advanced signal
processing algorithms, that allows to increase the amount of information extracted
from a system under changes, is really interesting and important for scientific
communities. The technique developed with signal modality evaluation opened a
new way to process ultrasonics to see the scale of inhomogeneities inside materials.

To continue exploring the potential of this technique in different kind of dam-
age and materials more tests and variable analysis will be essential. In short-
medium term our efforts are completely focused in understanding the slow and
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fast dynamics interactions and the effect of memory and conditioning in meso-
scopic materials. We found this critical, not only because it is necessary to control
the damage detection but also for the curiosity and the necessity to deeply under-
stand a complex behaviour like that. For this, the understanding and comparison
between techniques is required. A lot of authors are focused in these kind of non-
linear hysteretic techniques, giving values and parameters which are proportional
to each other but without giving any correlation between them. At this moment
there is a current investigation with other research groups to try to understand
this phenomena, correlating different techniques like NRUS, NIRAS or DAET. The
exchange of knowledge, the multidisciplinary collaboration and the continuous
finding of synergies between researchers and groups will boost our scientific work
improving the understanding of signals and materials.
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Epilogue

This thesis has been developed under very particular circumstances. In a more
personal way, I think that the main conclusion I can extract from this work is that
the best thing you can do in science and research, no matter the field, no matter
the topic, is sharing knowledge with other people: the disposition and availability
to learn about everything and the desire to train your creativity to solve issues.
It is much more valuable to learn how people solve and face problems in science
than the result itself. Knowledge is usually in books and papers but attitude,
determination and passion are not.
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