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Preface

The current book was conceived as one of the outputs of the EU-funded network
COST Action TU1404 “Towards the next generation of standards for service life of
cement-based materials and structures” (www.tu1404.eu), active between 2014 and
2018. This network intended to provide added value through collaborations across
the entire field of cement-based materials and structural concrete—ranging from
concrete technology, over simulation and structural design, production and build-
ing, up to operation, monitoring and maintenance.

Within the Working Group 1 of the Action, which was focussed on experi-
mentation, over 40 laboratories and institutes around the world participated in a
joint testing of cementitious materials using standardised and advanced techniques
within the extended round-robin programme, called RRT+. The idea behind the
book started to develop when it was realised by the editors that there are numerous
innovative concrete characterisation methods being developed across these labo-
ratories that deserve to be put in the forefront. The role of leaders of the WG1 was
to pinpoint these techniques and try to organise them into this book.

Advanced testing of cement-based materials gives rise to different associations.
Some may think of highly specialised techniques in research and development,
while others may perceive it as technical assistance towards the mindset shift from
applying concrete by its strength class towards establishing a performance-based
application of cement-based materials. This book focuses on both the research and
development as well as practical application, aiming to serve as idea generator and
reference work at the same time. Overall, this book contains seven targeted chapters
presenting highly specialised techniques for obtaining individual performance
characteristics of cement-based materials. The application fields of the presented
techniques range hereby from basic material properties up to structural behaviour as
well as from the beginning of mixing over hydration up to the performance during
service life.

In particular, Chap. 1 presents the characterisation of fresh cement-based
materials with acoustic emission measurements. In Chap. 2, up-to-date develop-
ments and achievements in the field of ultrasonic testing of the early-age
cement-based materials are presented. In Chap. 3, a novel method for the
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continuous measurement of elastic modulus evolution during the hardening phase
of cement-based materials is presented. Chapters 4–6 are dealing also with the
characterisation of cement-based materials at early ages, particularly aiming at
viscoelastic properties by means of repeated minute-scale duration loadings (Chap.
4), the development of the autogenous strain and the coefficient of thermal
expansion (Chap. 5) and the consideration of the restraining condition in testing
concrete since setting time (Chap. 6). Besides these innovations, Chap. 7 presents
an experimental setting for the holistic investigation of crack width development in
reinforced concrete members under restrained conditions with the superposition of
hardening-induced stresses with restraint stresses during service life.

The presented experimental techniques were derived from profound develop-
ment and verification within the research of the presenting authors. Besides, they
were also applied, verified and/or advanced within the scientific work of the COST
Action TU1404. The application, verification and/or advancement of the presented
techniques refer hereby mainly to the RRT+. It also refers to the numerical
benchmark campaign in which the well-grounded database from the RRT+ was
further used for sophisticated modelling and simulation with multi-scale approaches
at time and spatial levels.

Beside pure technical aspects, the chapters in this book highlight that concrete—
a material perceived in the practice and everyday life as rather simple—is a
remarkable and complex material bringing constant challenges to scientist and
practitioners in grasping all aspects of its properties and behaviour.

The editors are grateful to all authors, who shared their knowledge and described
their methods in detail, allowing us to share this in the present book. The editors are
also greatly thankful to all participants in the COSTAction TU1404, which took their
time to test, report, analyse and discuss results obtained during the Action, all on
purely volunteering bases. Finally, a remark shall be given regarding the wide
international support that was behind all the activities of the COSTAction TU1404—
and hereby also behind the creation of this book. General support was appreciated
from COST, RILEM, fib, JCI and ACI as well as specific support of the RRT+ by the
Austrian Railway Association (ÖBB Infra), the Norwegian Road Administration
(Statens Vegvesen), Schleibinger Geräte GmbH from Germany, CEVA Logistics
and EDF.

Zagreb, Croatia Marijana Serdar
Zagreb, Croatia Ivan Gabrijel
Graz, Austria Dirk Schlicke
Brussels, Belgium Stéphanie Staquet
Guimarães, Portugal Miguel Azenha
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Chapter 1
Acoustic Emission Characterization
of Fresh Cement-Based Materials

Dimitrios G. Aggelis, Christian U. Grosse and Tomoki Shiotani

Abstract The increase of performance requirements for contemporary cement-
basedmedia and structures calls for better control of thematerial processes. Acoustic
emission (AE) is one of the non-invasive techniques that can provide information
on the internal condition of the material. This includes the time of crack occurrence,
the location as well as the fracture mode. In addition, it can offer valuable insight
on the initial, crucial period of curing and hardening that has serious impact on the
performance and durability of concrete. The present chapter aims to review the back-
ground, offer the reader a basic overview of the application of the technique on fresh
cement-based material and at the same time give some new directions for testing of
concrete.

Keywords Curing ·Monitoring · Sensor · Shrinkage · Settlement · Cracking ·
Source · Energy · Frequency · Fracture

1.1 Introduction

Acoustic emission is a technique offering specific benefits in the monitoring of
cement-based materials and structures. One of the most important AE features is
the high sensitivity to very low energy events, which practically means accurate
determination of the onset of micro-cracking or other processes occurring in fresh
or hardened cement. In addition, it can localize the sources in three dimensions even
though no visual contact is possible with the point of the source. Also, it helps to
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2 D. G. Aggelis et al.

characterize the fracture mode or in general the type of source based on the received
waveform shape and different methods of analysis. More specifically:

• The high sensitivity of themethod allowsmonitoring the actual initiation ofmicro-
cracking or other processes in cement much earlier than other indications, either
macroscopic deflection measurements, stress-strain curves or even other monitor-
ing techniques can indicate. This capability also enables AE to monitor processes
like settlement of concrete, segregation, shrinkage or bubble formation. It is char-
acteristic that the absolute energy of the AE signals is measured in atto-Joules
(10−18 J). To realize the order of magnitude of such signal, it can be stated that one
single cement grain of diameter 10 µm, falling from a height of 15 cm possesses a
dynamic energy in the order of 10−14 J being already 4 orders of magnitude larger
than the sensitivity of the technique.

• Localization is another basic feature of AE. By applying at least four sensors in a
3Dposition pattern, the internal cracking systemcanbe quite accurately visualized.
This is related to the delay of acquisition of a single acoustic event between the
different sensors. Knowing the propagation velocity of themedium (practically the
longitudinal wave velocity or pulse velocity) the exact location can be determined.
If certain conditions are met, the localization error is contained within maximum
15% of the gauge length (distance between the furthest sensors) even in cases
of severe damage where some linear wave paths are blocked. In that case higher
number of sensors (>4) would of course be recommended.

• Another advantage is the possibility to characterize the fracturemode or the source
type in general. The mode of the crack in a matrix or the type of process that
occurs is indicative of the deterioration process, thus providing information on the
remaining life of the component or structure.As an example,when a concrete beam
is under bending load, the initial cracks are from tension on the matrix. Later the
shear diagonal cracks are developedwith the debonding between the reinforcement
and matrix while friction between the banks of the cracks is also included. On a
differentmaterial type, fibre composites (can also be textile reinforced cement) first
develop matrix crack, while later delaminations between layers occur, debonding
of fibres, pull-out and finally even fibre rupture. These distinct mechanisms do not
emit the same elastic waveform and therefore, detailedmonitoring byAE gives the
possibility to characterize the phenomenon and know exactly what is happening in
the material. Such techniques are similar to seismology where the waves radiated
from an earthquake are analysed in respect to the rupture process in the earth
(Grosse and Ohtsu 2008).

In this chapter, after an initial overview of the technique, monitoring by AE is
discussed for the early age of cement-based material. In this case AE intends to
capture phenomena not only related to cracking as will be extensively mentioned.
In this stage, no external stress is applied, as the material is let to cure. However,
still thousands of AEs are recorded being related to intrinsic processes that take
place in fresh cement, mortar or paste. Possible sources that have been discussed
in literature are settlement of cement, segregation, cavitation, bubbles and water
migration, formation of hydrates as well as shrinkage cracking. A summary of the
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basic literature in the field is given, recent advancements are highlighted and insights
on the possibility to enhance the understanding are proposed.

1.2 Overview of Acoustic Emission

The AE technique detects and records elastic waves that are radiated by irreversible
processes in the material. These processes include deteriorations in any form (mainly
cracking, delaminations, fiber pull-out etc.), development of corrosion and related
cracking in concrete or other specific irreversible processes, like the ones occurring in
fresh concrete. Usually piezoelectric transducers are applied, placed on the surface of
thematerial with suitable coupling (e.g. silicon grease). The piezoelectric elements of
these transducers transform transient pressure changes into electric waveforms. After
amplification, the signals are driven to the acquisition board where digitization takes
place, while the main waveform parameters are analysed (Grosse and Ohtsu 2008;
Mix 2005; Grosse et al. 2016). A representation of an AE setup is given in Fig. 1.1,
where two possibilities are demonstrated: monitoring of fracture of a concrete beam
on the left and monitoring of curing of fresh cement-based material on the right.

An AE waveform is depicted in Fig. 1.2. Following standards, like RILEM 2010,
one can extract parameters out of such a waveform that are representative for source
types or other influencing conditions like the media in which the wave propagates.
Sensor characteristics (frequency response functions) can have additional influences
on the waveform.

The waveform starts with a “threshold crossing”. The threshold is a predefined
voltage set by the user to define the onset of the wave. When background noise
allows the setting of a low threshold, then the measured onset is close to the real
one. The time between the first threshold crossing (count) of the signal and the
time of the maximum peak is called Rise time (RT). Similarly, duration (Dur) is
defined as the time between the first and last threshold crossings. Intensity related
parameters include Amplitude (A) which is the highest voltage of the waveform.
Additionally, energy (MARSE, measured area under the rectified signal envelope)
takes into account the content of the waveform between the 1st and last threshold
crossings. These parameters can be indicative of the mechanical energy released by

Fig. 1.1 Typical AE setups
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Fig. 1.2 Typical AE and main parameters

the source. Based on the shape of the first part of the signal, the RA value (RT/A)
or the inverse of the rising angle has been introduced. The frequency content is also
important, and several parameters are used to exploit the frequency information. One
is the “average frequency” (AF) which is calculated in time domain as the ratio of
the total number of threshold crossings over the duration of the waveform in kHz.
Additionally, the peak frequency (PF) is defined as the frequency with the highest
magnitude in the FFT domain, while central frequency (CF) is the centroid of the
spectrum. Going back to the waveform shape, features like the RT, RA and Duration
occupy higher values for shear type of sources, while frequency ones are higher for
tension events (Shiotani 2008; Aggelis 2016).

1.3 Related Literature

In the literature related to elastic (or stress) waves, fresh cement-based material has
been extensively tested by ultrasound. Wave speed (or ultrasonic pulse velocity) and
other parameters show good sensitivity to the development of hydration process,
being able to examine the degree of curing. They also provide a reliable evidence of
stiffness at any given time of curing (Robeyst et al. 2009a, b; Carette and Staquet
2016; RILEM 2011). A comprehensive review can be found in Trtnik and Gams
(2014).

Similarly to other fields, application of AE followed ultrasound testing in fresh
cement-based material as well. The difficult point is to separate the AEs according to
their sourcemechanism, something complicated by the number of different processes
and their overlap in time. Still, the number of studies and research groups interested
in the application of AE for monitoring of the fresh state of the material has recently
started to increase as the results show that the processes occurring in the freshmaterial
emit elastic energy that can be monitored by AE sensors.
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Different approaches have been used so far to first monitor experimentally and
then interpret the results. One of the main aims is the characterization of shrinkage
cracking. When fresh paste loses moisture to the environment it starts to shrink. This
shrinkage strain results in stresses due to movement restrains of the boundary con-
ditions, and finally to micro- or macro-cracking close to the surface of the material.
Since a part of the energy is released in the form of elastic waves, AE use is well moti-
vated as a tool to study shrinkage cracking (McLaskey et al. 2007) and specifically
where and when cracking takes place along with other characteristics. In this study
exactly this phenomenon of fresh concrete was targeted i.e. shrinkage cracking due
to aggregates restrain as well as from differential moisture loss at different depths.
This cracking may start from the shrinking paste, but it is likely to propagate through
the paste-aggregate interface which is the weakest zone of concrete. Two types of
specimen geometries were used, one cubic of 142 mm side and a larger wedge-
shaped (380 mm2 and 190 mm deep). The reason for applying the second type (see
Fig. 1.3a) was to avoid possible reflections that did not allow characterization of the
different wave modes in the smaller cube. Specimens were equipped with multiple
broadband sensors (8 for the cube and 16 for the wedge) and the monitoring lasted
at least four days for both specimens. Results were compatible with the drying (and
therefore, shrinkage) rate as AE started also with high rate being gradually decreased
after the first day of test. Cubic specimen exhibited about double the AE activity of
the wedge shape, something attributed to the smaller size and thus attenuation of the
material. As far as source localization is concerned, despite the inherent difficulties
(variations in propagation velocity, scattering, low signal-to-noise ratio) a standard
error of 5–8 mmwas achieved as tested by artificial excitations of pencil lead breaks.
Most AE events appeared within a few centimetres from the surfaces of the cube and
many of them corresponded to visually observed surface cracks. A slight correlation
between the frequency content and the age was noted as high frequency emissions
were more densely recorded after the first two days (Fig. 1.3b). This was attributed
to the decrease of attenuation as the material cured. Examining the waveform shape
at the different sensor, the tensile surface crack model was confirmed, as sensor 1
at the surface felt large Rayleigh waves, while for the same events, sensors 2–4 felt
much stronger longitudinal waves and no sharply defined Rayleigh waves, Fig. 1.3a
(McLaskey et al. 2007).

Shiotani et al. (2003) monitored the shrinkage cracking of cement containing
glass spheres as aggregates, using AE sensors of frequency 200–800 kHz on the
surface of relatively fresh concrete after demoulding. The specimens were circular
with diameter of 235 mm and thickness of 42 mm. The results showed that more
activities were recorded from a concrete (paste with glass spheres) than a cement
paste, something attributed to shrinkage cracking that was more pronounced due
to the additional restrain of the stiff aggregates. Several AE events were localized
and validated with microscopy. The localized events for the composite continued for
more than 10 h compared to the plain paste. In addition, indices like the average
frequency and the Ib-value of the emissions indicated the moment when small scale
cracking gave its place to larger scale phenomena.
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Fig. 1.3 a Wedge type specimen with indicative positions of sensors (1–4) and exaggerated dis-
placement field after a tensile cracking event denoted by a star. b Peak frequency of AE events
versus time (McLaskey et al. 2007)

Still, in the same subject of detecting of early age cracking, another study uti-
lized concrete prisms of different water to cement ratio, strength class and curing
conditions (Bacharz et al. 2015). AE monitoring with two sensors at the band of
30–80 kHz started 10 days after mixing (allowing for the selected curing) continued
up to approximately 2 months and the authors investigated the possibility to charac-
terize different types of cracking (micro-cracks in paste, micro-cracks in aggregate
paste interface and cracks on the concrete surface). Although the background behind
the separation of classes is not thoroughly explained, it is reported that the surface
micro-cracks produce comparatively high AE energy, while the lowest energy is
produced by paste micro-cracking. According to the authors this allows to identify
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classes and thus characterize these destructive processes in relatively young concrete
due to hardening, shrinkage, evaporation in the absence of external mechanical load.

Researchers have tried to acquire AE even earlier, while the material is still in
the liquid state in the mould. Most used waveguides inserted into the concrete to
transmit signals to the AE sensor, sometimes without details about the material of
the waveguide. For example, Van Den Abeele et al. (2009) used two sensors of
375 kHz resonance “attached on top of two protruding bars” to register the signals
from the microstructural activity of the cement mortar samples. For all specimens,
the main AE activity started after the temperature peaks. Specimens with lower w/c
ratio (0.33) exhibited higher amount of activity earlier being in accordance with the
speed of hydration compared to higher w/c (0.5). Self-compacting concrete which
showedhigher temperature, implyingmore intensive chemical activity, exhibited also
more intense AE from the reference concrete of the same w/c at that stage but later
during themechanical setting the activitywasweaker. Results were also supported by
ultrasonic measurements (longitudinal and shear velocities and nonlinear indices).
Despite that AE activity showed good correlation to hydration andmix proportions, it
only emerged 15 h after mixing, showing no activity from other very early processes.

Another approach based on waveguide concerned the frequency band 100–
500 kHz (Skal’s’kyi et al. 2004). The waveguide had variable cross section and
was checked that its main resonant frequencies fell in the range of sensitivity of the
sensor. In this case AE started to be recorded earlier, between 10 to 20 min after
preparation of the 100 mm cubic concrete specimen. The accumulated AE was con-
nected to the development of the crystal structure and when it was mostly completed
(i.e. up to 6 h) the AE intensity noticeably decreased. It is stated that the formation
of the concrete microstructure and the increase of strength is correlated to the cumu-
lative AE numbers and therefore, AE monitoring can contribute to the optimization
of the mechanical characteristics of the final product.

In Chotard et al. (2001) despite that AE was not recorded for the first 3 h, it was
shown that the frequency content of emissions changed and specifically increased
with curing time by about 50 kHz, something mostly attributed to the change of the
medium illustrating the liquid-to-solid state shift. Here, again the main AE activity
started during the temperature peak. The authors used a small PMMA plate of 3 mm
thickness to couple the sensor to the fresh cement paste. The AE in this study was
attributed to the drying process, creation of porosity and formation of hydrates. The
sensors were sensitive between 50 and 300 kHz and the specimen had dimensions of
100× 100× 30 mm with the last being the height. Amplitude and frequency of AE
were proposed to characterize internal mechanisms like hydration, porosity onset,
micro-cracking.

Lura et al. (2009) recorded AE from 8 g samples of cement paste with varying
w/c ratio. They used a sensor of 375 kHz and received the maximum rate of AE after
8–10 h.Manymechanisms were considered as sources (dissolution of cement grains,
formation of hydration products, friction of the shrinking paste with the container
walls, shrinkage cracking) but it was concluded that nucleation of bubbles including
air and water vapour is the most dominant. As a preparation, the authors monitored
AE activity from carbonated liquids (soft drinks) which showed quite high activity
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for several minutes before losing carbon dioxide. The authors argued that possibly
the early age AE in cement could be attributed to formation of hydrates, but the
activity did not peak at the end of the dormant period, leading them to the conclusion
that possibly the settlement is responsible for the AE at this early stage. Slightly after
the setting time as measured by the Vicat needle, low w/c specimens (w/c = 0.3)
exhibited a peak of AE activity higher than samples with high w/c (0.4). However,
when the open top surface of the small samples was covered by a layer of water,
this peak was eliminated, as according to the authors this water penetrated into the
paste at setting replacing the chemically used water and reducing thus the possible
cavitation phenomena. Also the fact that the AE energy was proportional to the mass
of the specimens, indicated that AE comes from the whole volume and not from
possible friction with the walls of the mould.

Recently another approach saw publicity (Bardakov and Sagaidak 2016), mainly
focusing on predicting the strength of concrete based on the AE acquisition rate
recorded at the first hours after mixing. A seemingly metal waveguide connected to
a 30–300 kHz sensor was inserted into the fresh concrete. AE was recorded from
the first minute and three distinct stages were recognized. Initially AE rate was very
high (stage I, first 4–5 h) attributed to “mobility” or mechanical displacement of the
mixture. As the water was consumed in hydration, the mobility (and the originating
AE) became gradually less until temporarily stopping at 10 h. The authors did not
consider other mechanisms as sources (dissolution of cement grains and formation of
hydration products) because their emissions were expected with low amplitude and
taking into account the high attenuation of fresh concrete, these signals would not be
recorded. However, shrinkage cracking is acknowledged as a possible source. The
2nd stage (between approximately 10–15 h) had very limited AE activity something
attributed to low energy sources like formation of calcium hydrosilicateswhich, how-
ever, are lost due to attenuation. The final stage showed an increase in AE attributed
to growth of crystallites in conditions of limited volume. With the above logic, the
AE slope of the 3rd stage was directly indicative of the intensity of structure for-
mation and giving eventually good correlations with the final compressive strength.
Correlations were also reasonable with the duration of the 2nd, “silent” stage, which
was inversely connected to strength, as according to the authors, longer silencemeant
delay in hydration formation.

A similar approach was applied in Pazdera et al. (2014) based on relatively
broadband sensors placed on steel holders on top of the specimens for 28 days.
Here, the monitoring started after a period of 8 h and a similar trend of AE was
shown: initially high rate of activities followed by a gradual decrease which came
close to the temperature peak. After 24 h the specimens (100 × 100 × 400 mm)
were demoulded and the sensors attached again using steel waveguide and wax.
AE continued to register in low rates up until the end of the experiment. The main
result was that the mix exhibiting the least AE (one containing fly ash), exhibited
the highest compressive strength. This according to the authors was attributed to
less early age cracking which from one side increases the numbers of emissions
and at the same time decreases the strength. In another study of the same group
(Hoduláková and Topolár 2016), mortar was tested, showing, according to the
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authors, that addition of microsilica possibly mitigates early age microcracking as
the AE amplitudes were lower than the reference sample.

In Qin et al. (2014) embedded cement-based piezocomposites with sensitivity up
to 600 kHz were applied for AE monitoring along with a broadband commercial
transducer fixed on a waveguide. The embedded sensor exhibited higher activity for
the first 12 h, attributed to better contact with the material, having peak frequen-
cies below 150 kHz. Based on the shape of the cumulative hits curve, three distinct
stages were suggested, namely the dormant period of low emissions, due to neg-
ligible microstructure development and heavy attenuation, followed by higher AE.
At this second stage a strong increase in temperature was also measured showing
the intensive hydration phenomena as well as shrinkage induced cracking. After the
temperature peak, the AE rate decreased. Then, the authors applied two embedded
sensors with distance of 2m in a large-scale construction (foundation base element of
depth 2.5 m) and were able to linearly localize several hundreds of events, attributed
to the high temperature gradients thatweremeasured inside the bulk of fresh concrete.

Recently, in Iliopoulos et al. (2016a) AE was monitored from the period just after
mixing (10 min) using 150 kHz resonant sensors on the external surface of the metal
mould. This approach led to many thousands of hits showing that the monitored
volume of the material is much larger than using a single waveguide. In this case, the
whole metal mould acted as a waveguide transferring the AE signals to the sensors.
The rate of emissions started at a very high value, being gradually decreased until
approximately 4–5 h. Concretes with high w/c ratio seemed to exhaust their activity
earlier, completing the 85% of their total activity in less than one hour, while for w/c
= 0.65, the same proportion was reached at almost 3 h. Concerning the aggregate
content, it was shown that high a/c (up to 5) led to reduced emissions compared to
cement paste (a/c= 0). The high AE activity for paste could be attributed to the lack
of multiple scattering and attenuation of the waves onto the aggregates, but more
likely to the higher amount of cement which contributes to the mobility through
settlement and is the chemically active compound. Apart from the total number
of emissions, in this study some qualitative features used previously for hardened
concrete were also examined. Parameters RA and AF show distinct trends, with high
w/c mixtures giving higher frequencies in average and shorter signals, something
more evident 3–4 h after mixing. AE activity and parameters during the first hours
correlated well with the 28 days compressive strength. Specifically, mixes with high
a/c ratio that exhibited the highest strength, had also the highest average frequency,
lower RA value between 4 and 6 h after mixing and lower AE activity in total when
fresh (Iliopoulos et al. 2016a). Excluding one outlier class a general trend is given in
Fig. 1.4. The result could be considered reasonable since high amount of early AE
activity is connected to increased settlement and therefore, excessive bleeding.

Amulti-disciplinary approachwas used inDzaye et al. (2016). Apart from twoAE
sensors of 150 kHz resonance attached directly on the mould of standard 40× 40×
160 mm paste and mortar specimens (Fig. 1.5), capillary pressure measurements and
pulse velocity measurements were simultaneously taken on a separate specimen of
the same batch. Results showed that initially, as cumulative AE was increasing with
high rate, the capillary pressure was also building up. When AE was nearly saturated
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Fig. 1.4 Correlation between compressive strength of hardened concrete and the AE during the
fresh state (results from Iliopoulos et al. 2016a)

Fig. 1.5 AE monitoring of fresh paste in standard mould, taken from Dzaye et al. (2016)

for this initial stage and the increase was marginal (approximately at 3 h after mixing
of paste) the capillary pressure dropped suddenly indicating that air has entered
into the matrix. At the same time, ultrasonic pulse velocity and amplitude started
to rapidly develop indicating the setting time (or the point that an interconnected
network of hydration products has been built, see Fig. 1.6.
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Fig. 1.6 AE cumulative curve and UPV development for a cement paste measured with the test
setup of Dzaye et al. (2016)

In addition, measurements in vertical mould of 200 mm height and cross section
of 40× 40 mm with multiple sensors at different heights (Fig. 1.7) revealed that the
activitywas higher for the bottom sensors showing that the initial hydrostatic pressure
is important. Furthermore, and in an effort to isolate AE producing mechanisms,
individual aggregates were let to drop from the top of the mold while an air hose
was separately used to produce air bubbles which rose from the bottom to the top

AE sensor

Magnetic clamp

Fig. 1.7 AE monitoring of fresh paste in vertical mould with sensors at different heights (Dzaye
et al. 2018)
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(Dzaye et al. 2018). It was found that both types of events could be well monitored
by the three AE sensors placed along the height of the mold of Fig. 1.7. There was a
positive correlation between the aggregate size and the AE energy release from the
impact, while the average amplitude due to air bubbles was approximately 6 dB lower
than the one from aggregate impacts but was still detectable. An interesting detail
is that aggregates impact in cement paste resulted in higher frequency than impact
of the same size aggregates in water-filled or empty mold. This was attributed to the
lower speed of the particles due to viscosity of the paste and therefore, shorter impact
contact time with the inner of the steel mould. The basic conclusion was that both
mechanical sources (aggregates impact and air bubble creation/movement) produce
waves that are well received by AE systems (Dzaye et al. 2018).

The early-age cracking was targeted in Topolár et al. (2017), as is the reason for
severe problems with the durability of concrete. Specifically mortars of different
w/c ratio were prepared and two AE sensors of frequency range 100–800 kHz were
attached to steelwaveguides embedded in thematerial. The specimenswere prismatic
with 1 m length and cross section of 100 × 60 mm. There, the AE activity started
at 1 h after mixing. The initial hits were attributed to “plastic setting” and early
microstructure formation, while the peak of AE rate came at 4 h. Duration and
amplitude of AE signals are also presented, without however, showing consistent
trends between the different w/c specimens as one of the specimens contained also
super-plasticizer. The activity continued with some silent stages up to 72 h when the
experiments were terminated.

In another recent study, paste, mortar and concrete prism specimens of dimensions
100× 100× 500mmwere monitored by AE sensors 15–20min after mixing and for
72h inplasticmolds (Thirumalaiselvi andSasmal 2019). Fivebroadband sensorswith
range 100–900 kHz were placed along the top surface of the specimen, and one at the
base as reference. Activity started after 2–3 h for all material types. The highest AE
rate for paste camebetween10 and20h (at 10 events/h),while for concrete the activity
peaked between 23 and 35 h at approximately 2.5 events/h. These peaks coincided
with the heat evolution period in each material. Overall the paste accumulated 120
events, concrete approximately half, while mortar was in between. Attenuation was
acknowledged as a crucial factor since simulations showed that it starts at high
values at time zero while strongly decreases further (at 22 h and later). Looking at
the frequency content, the band 0–100 kHz was always by far the most powerful for
the early stage, while later, the band of 100–200 kHz took over in content. According
to the presented analysis, four basic types of signals were classified, being related
to the CSH formation and emptying of capillary pores, chemical shrinkage while at
the end of monitoring, a cluster attributed to micro-cracking was also added, which
was stronger for concrete than for paste. As a general comment for this interesting
and detailed study, it presents many AE characteristics combined also with “active”
wave parameters (pulse velocity and attenuation) however, it does not present any
activity at the first 2 h, missing therefore, the process of settlement, which in other
studies results in thousands of AE signals within 2 h after mixing. This may be due
to the placement of the sensors directly on the surface of concrete, which initially,
as acknowledged, is very attenuative.
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Assi et al. (2018), after discussing the lack of consensus in literature on the corre-
lation between AE signals and hydration mechanisms, reported the AE application
on fresh cement paste with the use of pattern recognition algorithms, combined with
analysis ofwavelet energy distribution. Specimenswere prisms of 38× 38× 110mm
cast in Plexiglas molds with two different w/c ratios, i.e. 0.3 and 0.5. One relatively
wideband sensor (range from 200–900 kHz) was placed on each specimen, after
placing an acetate sheet of the free surface to increase the transmission of waves.
Results showed the highest amplitude signals came close to the “middle” stagewhere
the temperature peak was exhibited. While there was strong variation in cumulative
energies even of specimens of the same composition, it was seen that a sudden initial
increase was noted at the start of the “acceleration” stage, when temperature was
rising for all specimens. Main mechanisms considered as AE sources were crystal-
lization, formation of hydrates during the acceleration stage, chemical shrinkage and
related micro-cracking and delayed hydration at the deceleration stage. The authors
did not consider settlement as possible source maybe because the setup received
limited AE activity in the first minutes after mixing.

In the field of concrete admixtures Lefever et al. (2017) monitored the AE activity
during the standard shrinkage cracking ring test. Two 150 kHz resonant sensors were
placedon the inner side of themetal ring. In the referencemortar specimen,AEstarted
to be recorded after about 4 h in hand with the increase in shrinkage as measured by
strain gauges on the steel ring, while after approximately 4 days, the mortar rings
were cracked emitting very strong AE, simultaneously with the strain drop. A mix
containing super-absorbent polymers (SAPs) followed a different behavior, as it did
not exhibit strong shrinkage. This was attributed to the action of SAPs that at some
point release water during hydration. At the same time, AE started to be recorded at
very high rates (higher than the reference mix) at 7–8 h after mixing indicating the
release of water by the SAPs, showing how its sensitivity can be utilized to monitor
delicate processes in the microstructure.

Lastly, two interesting cases are reported by Ohtsu (2005). One concerns the
identification of consistency of roller-compacted concrete mixes. An AE sensor was
placed on the outer surface of the large cylindrical container of 48 cm diameter
and height 40 cm (“VS test apparatus”). The contained concrete was submitted to
vibration until bleedingwater appeared on the surface.AEwas continuously acquired
for all mixes in two stages, exhibiting a bilinear curve, first with high slope and
then with lower. This turning point was well related to the number of vibrations as
concrete with higher “VC value” (according to the authors the time until bleed water
is observed at the surface) exhibited this transition point earlier.

In a similar case also reported by Ohtsu (2005) AE was monitored by a sensor
applied on the external surface to estimate the compaction of the concrete mixes. The
concrete volume in the cubic container was of 30 cm side. During compaction by a
vibrator, AE was recorded in rates of more than 1000 hits/s until approximately 80 s.
Then AE rate decreased and stayed constant to values around 500 hits/s implying
according to the authors that compaction was completed, or that “the steady state”
was reached. Changing the w/c ratio from 0.45 to 0.60 did not have strong effect
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on the time to reach the fully compacted stage, but a stiffer mixture tested (called
“non-slump concrete”) exhibited this transition from high to low AE energy much
later.

1.4 Discussion

The above studies show that there is potential in AE monitoring of fresh cement-
based material, as it contributes to the understanding of the complicated processes
during hydration and also provides possible predictions for the final mechanical
properties. However, the explanations of the sources of AE are not consistent and
depend mainly on the assumptions allowed by the experience of the researchers and
the accompanying measurement conditions.

It is characteristic that some studies find positive correlation between the sum of
AE and final strength (Bardakov and Sagaidak 2016), while others find negative,
with specimens of low AE activity at the fresh state, possessing higher strength
at the hardened state (Pazdera et al. 2014; Iliopoulos et al. 2016a). These results
are not necessarily contradictive as the different setups may be sensitive to other
processes that take place at different times of curing (e.g. settlement at very fresh
age, shrinkage cracking or hydration formation later). However, they indicate that a
common understanding would be necessary to advance the field.

Thebasicmechanisms that are considered as sources in the literature are settlement
of cement, migration of water through the capillary pores and air bubbles, cavitation,
formation of hydrates, earlymicro-cracking, frictionwith themould due to shrinkage,
while cracking on the aggregate-paste interphase has been considered (McLaskey
et al. 2007; Pease et al. 2003). These mechanisms may occur at different time zones
but they certainly exhibit overlapping windows.

A characteristic point of the monitoring is the temperature peak. In some of the
aforementioned studies, activity started or peaked at approximately that point, e.g.
(Van Den Abeele et al. 2009; Chotard et al. 2001). However, other studies (Bardakov
and Sagaidak 2016; Pazdera et al. 2014; Iliopoulos et al. 2016a; Dzaye et al. 2016;
Dzaye et al. 2018; Dzaye et al. 2020; Topolár et al. 2017) showed the large majority
of recorded hits earlier than that, leading to the conclusions that significant processes
(possibly of lower intensity and thus more difficult to register) occur from as early
as the mixing time, much before the chemical reaction of hydration and any heat
is developed. This type of mechanical sources has also been studied in relation to
AE for characterizing the deformation of granular media due to jamming of grains
and frictional slip of particles which release strain energy (Michlmayr and Or 2014).
However, differences in the acquisition equipment (including sensor sensitivity), the
coupling (with or without waveguide), the specimen size do not allow for robust
conclusions relatively to some trends. It could be mentioned though that in most
studies different stages are identified, the first of which is characterized by large AE
numbers while later AE gradually stops. In the most recent ones that are able to get
activity from the first moment of the test, meaning just after mixing, the AE curve
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looks like the examples of Fig. 1.6, where a period of silence is found between the
initial high activity period and themoderate activity at the end (e.g. indicatively 5–8 h
in Fig. 1.6).

However, the work is still hardly enough to unambiguously explain the origin of
the AE activity and to contribute to specific open questions:

• Can the “setting time” be characterized by AE?
• Can the mixture proportion be reliably investigated?
• Can the influence of different type of admixtures or additives be evaluated?
• Can the suitability of a mixture be assessed in the first hours just by passive AE
monitoring (or combination of techniques)?

• Can the final properties be predicted by the AE activity of fresh cement-based
material?

• Can otherAEparameters (apart from the hit number and possibly energy) seriously
assist the characterization?

• Can AE provide feedback to the complex modelling of processes taking place in
the microstructure of hydrating cement, basically can the different AE signals be
identified according to their source?

Finally, another serious issue is the contribution of wave propagation through
this changing medium. A certain excitation will be recorded with very different
characteristics after propagating through fresh heavily damping low velocity paste
or after propagation through stiff hardened cement (or concrete) what is well known
from ultrasound experiments at fresh and hardened concrete (Robeyst et al. 2009a,
b; RILEM 2011; Iliopoulos et al. 2016b; Popovics and Popovics 1998). In fact,
fresh concrete can be characterized as a “suspension” of particles (cement, sand,
aggregates, air bubbles) in water. The viscosity of the liquid matrix and its strong
mismatch with the stiff aggregates as well as the cavities induces tremendous amount
of damping and scattering attenuation. This has been demonstrated (Popovics and
Popovics 1998) and treated through multiple scattering models like the well-known
model of Waterman and Truell (1961), in studies aiming at ultrasonically examining
the material since the fresh state (Aggelis et al. 2005). In particular the presence and
content of air bubbles is crucial (Aggelis et al. 2005; Sayers andGrenfell 1993;Boutin
and Arnaud 1995; Robeyst et al. 2008). Even in very small volume percentages (i.e.
0.1%) they are responsible for severe signal distortion compared to de-aired paste and
a considerable delay in the rise of longitudinal and shear wave velocities (Zhu et al.
2011). They also cause very high scattering attenuation at moderate frequencies (i.e.
below200 kHz) attributed to the “bubble resonance effect”which ismore pronounced
in paste rather than mortar (Aggelis et al. 2005; Sayers and Grenfell 1993; Zhu
et al. 2011). On the other hand, sand and larger aggregates dominate the attenuation
behaviour through scattering above 300 kHz (Aggelis et al. 2005). It should also
be mentioned that, especially for the early ages, compaction is very important, as it
drastically reduces the air content and accelerates the settlement and better packing
of cement particles in the mix (Zhu et al. 2011). Later, with the progress of hydration
thematerial is gradually transformed to solid and thus in terms of wave propagation it
has been well treated as a water saturated porous solid medium through Biot theory
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(Sayers and Grenfell 1993; Zhu et al. 2011; Biot 1956). The transition between
different forms has also a crucial effect on the transmitted frequency content, which
for the same initial excitation, extends to much higher range after setting (De Belie
et al. 2005; Robeyst et al. 2009a, b).

An also quite important issue is that with the development of material stiffness,
other types of waves obtain significance. Initially after mixing the material supports
only longitudinal waves due to its liquid form. Later and with the increase of shear
modulus, shear and surface (Rayleigh) waves are also supported and actually may
take up more of the energy from the excitation (Graff 1991). Therefore, although
initially the acquired AE waveforms include only longitudinal wave components,
at later ages they may well contain contributions from all different wave modes,
with longitudinal dominating the early part of the signal and shear and Rayleigh
arriving later within the waveform. This effect may be more straightforward in case
the transducers are placed directly on the surface of the material, where the different
waves can even be separated based on the waveform shape and content (McLaskey
et al. 2007).

All above mentioned propagation effects are coupled to the AE results and there-
fore, so far, any discussion or conclusion on specific AE values (e.g. amplitude or
frequency of emissions) corresponding to a certain mechanism is inconclusive since
it is also a function of curing time that defines the damping and the stiffness of the
matrix. To support this, the following indicative simulations are presented. The geom-
etry of the simulations may be representative but not directly corresponding to any of
the above-mentioned literature studies. The external mould and the waveguide have
properties of steel (longitudinal velocity 6000 m/s, shear 3200 m/s, no damping),
while the cement paste obtains two different set of properties: one corresponding to
fresh (longitudinal velocity 800 m/s, shear negligible, high damping) and the other
corresponding to hardened (longitudinal 4000 m/s, shear 2100 m/s, low damping).
The excitation is in both cases one cycle of period 1 µs (basic frequency 1 MHz),
occurring at the same point, as shown in Fig. 1.8. In the same figure the displacement
fields after several µs are seen when the wave has already reached the waveguide.
In Fig. 1.9a one can see the difference between the received waveforms through the
sensor at the top of thewaveguide despite the same excitation. Thewaveform through
hardened material exhibits much higher intensity and has seemingly longer duration
due to the limited damping of the materials that allows multiple reflections in this
simulation. On the other hand, the waveform through fresh material is much weaker
due to the lower elastic properties and the higher damping factor used. Figure 1.9b
shows the corresponding power spectra showing not only the tremendous difference
in magnitude but the loss of the higher frequencies in the case of fresh matrix. It is
indicative that when the material is fresh, the acoustic impedance mismatch between
paste and metal is huge, not allowing wave energy to propagate through the waveg-
uide, as it is almost entirely reflected back to the paste (see the arrow in Fig. 1.8a).
In Fig. 1.8b, a reflection is still obvious, but a considerable amount of energy enters
the waveguide.

Therefore, propagation through themediumshould be seriously taken into account
when trying to interpret the AE results in this time-dependent material.
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Fig. 1.8 Snapshot of strain field through numerical simulations in hydrating paste. The external
dimensions of the mould are 80 × 80 mm and the thickness is 5 mm. The length of the waveguide
is 50 mm, a fresh (liquid) matrix, b hardened matrix

It is certain that combined experimental techniques are necessary. Recently such
a combination is realized in a collaborative project between VUB and UGent in
Belgium. SinceAEmaybe of chemical (e.g. hydrate formation) aswell asmechanical
(e.g. settlement, cracking) origin, measurements of temperature can enlighten the
ongoing degree of hydration, while the settlement can also provide information on
themobility of the cement particles. Digital Image Correlation is also used to confirm
the onset of shrinkage cracking at the surface, while capillary pressuremeasurements
indicate when the paste has dried and air penetrates through micro-cracking. In any
case the fresh material is extremely attenuative (much more than hardened concrete)
and therefore, the experimental setup should be sensitive enough. Attaching multiple
sensors on the metal mould seems to be a good experimental solution to receive the
emitted activity. Even if, due to shrinkage, one surface of the specimen is detached
from themould wall, others will remain in contact providing continuous information.

On another notice, localization of AE events in the volume of the material would
be very beneficial. This would help to clarify some cases, e.g. if an event is due
to the friction with or detachment from the mould it would be localized on the
concrete-mould interface.However, the tremendous attenuation of fresh cement paste
or mortar would not allow capturing the same event by as many as four sensors to
achieve 3D localization. As argued in Iliopoulos et al. (2016a) the attenuation of
fresh paste and mortar is of the order of 2 dB/mm depending also on the frequency
and composition. This means that for further propagation of 1 cm, the signal would
lose 20 dB which is a tremendous loss. Practically it would be extremely difficult
to record the same source by multiple receivers, taking into account that the sensors
occupy some physical dimension of mm or cm and cannot be placed very close to
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Fig. 1.9 a Simulated waveforms on the receiver of the geometry of Fig. 1.8 for hardened and fresh
matrix. b FFT of the same waveforms

each other. Even if that was possible, then the accuracy would not be sufficient as the
“gauge length” would be too small and comparable to errors in placement and signal
reception. Furthermore, the pulse velocity in such a medium may present variations
for different directions something that would contribute to the increase of errors.
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1.5 Conclusions

AE monitoring is a field that can offer much to the characterization of cement-based
materials especially at the sensitive stage of curing. If during this early stage themate-
rial is controlled, the possibility that later the performance is less than satisfactory
is crucially diminished. A lot of meaningful research efforts have emerged recently
showing the capability of the AE technique to correlate with different processes
of properties. These efforts, however, are all case-specific, meaning that geome-
tries, sensors, coupling types, monitoring periods are different. Some suggestions
for future research include:

• Careful selection of the experimental setup including records of environmental
conditions (ambient temperature, humidity, etc.) and concrete mixing process
(compaction).

• AE experiments usingmultiple sensors with varying frequency response functions
and varying positions, ensuring a good coupling throughout the experiments and
taking into account attenuation and acoustic impedance mismatches.

• Designing experiments that would physically isolate as much as possible the
different source mechanisms.

• Combination of multidisciplinary measurements to reduce the assumptions on
the behaviour of the material and create different correlations with AE to help
interpretation.

• Numerical simulation to understand the wave propagation in cementitious materi-
als and to examine in what way does the received wave after propagation through
cement and waveguide/mould correspond to the sources.

• A coordination in the field in order to steer the efforts in a common direction.
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Chapter 2
Ultrasonic Techniques for Determination
and Monitoring Various Properties
of Cementitious Materials at Early Ages

Ivan Gabrijel, Stéphanie Staquet, Markus Krüger, Jérome Carette,
Christian U. Grosse and Gregor Trtnik

Abstract Ultrasonic techniques have been developedworldwide aimed to determine
and monitor various important properties of cement-based materials. In recent years,
advances in computer and experimental equipment have allowed the development
of advanced ultrasonic systems. This chapter describes principles of determination
of various properties of cement-based materials using ultrasonic techniques. Advan-
tages and limitations of these techniques are briefly presented and discussed. State-
of-the-art form of the chapter gives other researchers a comprehensive overview
of the developed ultrasonic procedures. Due to their clear physical basis, accuracy,
and ease of use, ultrasonic techniques have a great potential to soon become stan-
dard testing techniques for determination of setting and other properties of fresh and
early-age cement-based materials. The first steps in this direction have already been
performed.
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2.1 Introduction

Immediately after mixing cement and water, exothermic chemical reactions begin.
These reactions are known as hydration and result into solidification process
of cement-based materials (CBM). Consequently, various hydration products are
formed, representing a solid phase within the material’s microstructure.

Hydration and associated process of structure formation can be divided into differ-
ent time periods (Ramachandran et al. 2002), as it is illustrated in Fig. 2.1. In the first
stage, as soon as the cement and water get in contact, a short-lasting pre-induction
stage starts during which individual cement particles are completely separated by
water. This initial stage is followed by a low reactivity dormant stage, starting at time
t2. During this stage, several phenomena can be observed, e.g. intensive formation of
ettringite needles, early C–S–H gel formation, loss of workability, internal settling
process caused by gravity, migration of entrapped air bubbles to the surface of the
material, etc. However, the material is still in its liquid form and highly workable.
At a certain moment tPT called percolation threshold, solid phase becomes intercon-
nected. Due to perpetual development of the hydration products, a transformation of
the material from its liquid to solid state occurs, which is generally known as setting
of CBM. Two characteristic setting times can be defined, namely initial tI and final
tF setting. This important and high-reactivity stage is known as acceleration stage.
Generally, the following relations can be given:

tPT ∼= tI ∼= t3 (2.1)
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tF < t4 (2.2)

where t3 and t4 stand for the beginning of the acceleration and deceleration stage of
the solidification process, respectively. During the acceleration stage, a rapid increase
in both total and connected solid phase within the material’s microstructure can be
observed which is later reduced during the deceleration stage. At a time t5, the final
(long-lasting) steady stage begins. Different stages of the structure formation process
are schematically presented in Fig. 2.1.

Various testing techniques exist for determination of different phenomena that
occur during the structure formation of CBM.Among others, calorimetric tests, Vicat
method, and other penetration resistance techniques are frequently used. Although
being widely accepted, these techniques have some limitations and disadvantages,
e.g.: (1) the accuracy of these techniques usually depends on the technologist’s skills,
(2) the techniques can give different results for the same material, (3) the techniques
are affected by the presence of (large) aggregates, and (4) they cannot usually be
used directly in situ.

To overcome these inconveniences, advanced testing techniques to determine and
monitor different phenomena and properties of early age CBM are constantly being
developed. Such methods are usually fully automated, easy to perform, applicable
directly in situ, and have a clear physical basis. Ultrasonic techniques are among
the most frequently used methods and are of great interest. In the following, differ-
ent ultrasonic techniques together with their advantages and limitations are briefly
presented and described.

2.2 Ultrasonic Techniques for Measuring Early Age
Properties of CBM

To establish a measurement of CBM properties during setting and hardening using
ultrasound, a basic understanding of the wave propagation theory is highly rec-
ommended. In the following sub-chapters, some information about relevant issues
related to the setup using different emitter-receiver configurations are given starting
with an introduction to the mathematic-physical relations.

2.2.1 Theoretical Basics

A description of the physical phenomena of wave propagation would not be com-
plete without an introduction to the different wave types, the derivation of these
wave types from a generalized Hook’s law and the relation of wave properties to
elastic parameters. Following the literature (Landau and Lifschitz 1986; Reinhardt
and Grosse 2005) this will establish a foundation to many ultrasonic applications
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where it is the intention to derive information about material properties of CBM like
the Young’s modulus, workability, setting, air content and others. The derivations are
based on some pre-assumptions and these should be considered to decide, whether
a selected measuring method is suitable for the task and if the elastic quantities can
be determined with expected accuracy. Some physical and particularly geometrical
boundary conditions can prevent relating the easily measurable wave velocities to
the elastic modules like bulk modulus, shear modulus, Poisson ratio, and Lame’s
parameters.

2.2.1.1 Body Waves

The general form of an elastic wave in a solid is the body wave. It propagates as
a spherical wave (generated at a point source) through a solid and has two modes
which are distinguished by the polarization and which are usually coupled. The wave
oscillating in the propagation direction is called longitudinal or compression wave.
Because this wave arrives always as first at the measuring point it is also called P-
wave (for primary). The wave which causes a particle movement transverse to the
propagation direction is called transversal or shear wave. It is also called S-wave
because it arrives as a secondary wave. In a fluid or in gases, no shear wave exists. In
a suspension, the amplitude of these waves is smaller in relation to the compression
wave amplitude in a solid. If there are boundaries present in a solid a third wave type
emerges, namely surfacewaves.However, thesewaves are usuallymore difficult to be
applied in the testing of hardening materials. In Fig. 2.2, propagation of compression
and shear waves through a solid body is schematically presented.

2.2.1.2 Derivation of the Wave Equations for Isotropic Elastic Media

In the general case of a solid body, compression and shear waves are coupled.
Under certain circumstances, the wave equations can be decoupled what leads to
an important simplification. Usually the mechanic behaviour of a solid is described
by continuum mechanics (Irgens 2008). A condition for the application of this the-
ory to non-destructive testing is that the wavelength of the acoustic signal is largely
greater than the microscopic dimensions (lattice constant) of the objects. Regarding
small displacements, the behaviour of an ideal-elastic solid can be described by the
generalized Hooke’s law:

Ti j = Ci jkl · Dkl (2.3)

The equation relates the stresses with the deformation of a solid. In each point
the elements of the deformation tensor D, which is also called Green’s deformation
tensor, are linked to the stress tensor T by a linear function. T is a tensor of second
orderwhichmust be symmetric due to the conservation ofmoments. The link between
T and D is given by a tensor of fourth order, the elasticity tensor C, the coefficients
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Fig. 2.2 Schematic of propagation of body waves: compressional waves (left) and shear waves
(right) (Berckhemer 1990)

of which have the same dimension as the stress. By symmetry considerations (for
instance Cijkl = Cjikl = Cijlk = Cjilk) follows (Landau and Lifschitz 1986) that the
original 81 elements are reduced to 21 independent elements for a general anisotropic
body. If there are symmetries in the stress-strain relation the number of independent
components of the tensor and the number of coefficients is reduced again. A further
simplification arises for isotropic materials. The number of independent elements of
the elasticity tensor can be reduced to two using the following identities: C1313 =
½(C1111 − C1122), (C3333 = C1111) and (C1133 = C1122). One can define the following
two constants:

C1122 = λ and
1

2
(C1111 − C1122) = μ (2.4)

The elasticity tensor simplifies to:

Ci jkl = λδi j · δkl + μ
(
δikδ jl + δilδ jk

)
(2.5)
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where δ is Kronecker symbol. For a homogeneous isotropic body Eq. 2.3 becomes:

Ti j = λΘδi j + 2μDi j (2.6)

This equation has only two parameters, λ and μ, that describe material behaviour
and are called Lamé’s constants. Θ is the trace of the deformation tensor (D11 + D22

+ D33) and is called dilatation. All elastic parameters follow Lamé’s constants. E is
the effective elasticity modulus, K the bulk modulus, G the shear modulus and ν the
Poisson’s ratio:

E = μ
3λ + 2μ

λ + μ
(2.7)

K = λ + 2

3
μ (2.8)

G = μ = E

2(1 − ν)
(2.9)

ν = λ

2(λ + μ)
(2.10)

The further description of the elastic behaviour of a solid can be described using
static equilibrium conditions:

Fi + ∂Ti j

∂x j
= 0 (2.11)

A volume element is in equilibrium, if the sum of all body forces Fi vanishes.
The transition from the static equilibrium condition (d’Alembert’s principle) to the
dynamic case follows from the addition of Newton’s inertia forces. One gets the
equation of motion in a generalized linear form:

ρ
∂2ui

∂t2
= Fi + ∂Ti j

∂x j
(2.12)

where ρ is the density and ui is a component of displacement vector �u in i direction.
After introduction of the displacements u with:

Di j = 1

2

(
∂u j

∂xi
+ ∂ui

∂x j

)
(2.13)

one gets together with Eq. 2.6:

ρ
∂2ui

∂t2
= Fi + ∂

∂x j

[
λ

∂uk

∂xk
δi j + μ

(
∂u j

∂xi
+ ∂ui

∂x j

)]
(2.14)
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In a homogenousmediumλ andμ are spatially invariant. This allows the following
transformations:

ρ
∂2ui

∂t2
= Fi +

[
λ

∂2uk

∂x j∂xk
+ μ

(
∂2u j

∂x j∂xi

)
+ μ

(
∂2ui

∂x j∂x j

)]
(2.15)

and

ρ
∂2ui

∂t2
= Fi + (λ + μ)

∂Θ

∂xi
+ μ∇2ui with Θ = ∂u j

∂x j
(2.16)

Using the transformation ∇2�u = (grad div �u − rot rot �u) Eq. (2.16) can be
generalized for random Cartesian coordinate systems:

ρ
∂2�u
∂t2

= �F + (λ + 2μ)grad div �u − μ rot rot �u (2.17)

This equation is called basic equation of elastodynamics.

2.2.1.3 Decoupling of the Wave Equation

For homogeneous isotropic media the right term of Eq. 2.17 can be split into two
independent equations for compression and shear waves. Another advantage of this
splitting is that the two body waves can be handled separately. This is a considerable
simplification for practical applications of the wave theory and of value for investi-
gations of hardening materials where shear waves are assumed inexistent right after
mixing and emerging during setting and hardening of CBM.

Themathematical separation is achieved through applying the operations of diver-
gence (div) and rotation (rot), respectively, what results in a vortex-free and a source-
free term. The following transformations are limited to small elastic deformations,
which occur during wave propagation. Therefore, the force term �F in Eq. 2.17
vanishes.

First, Eq. 2.17 is used for the generation of the divergence of Θ with respect to
xi. In order to eliminate the third addend with the help of identity div rot �u = 0:

[
ρ

∂2Θ

∂t2
= (λ + 2μ)∇2Θ

]

i

(2.18)

it follows:

∂2Θ

∂t2
− (λ + 2μ)

ρ
∇2ΘP = 0 (2.19)
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The equation represents an inhomogeneous wave equation in which only the
compression part of the displacement appears. Using the “divergence” operation,
the rotation terms vanished. Investigating this wave type in more detail (compare to
Fig. 2.2, left) one can see that particle motion is parallel to the direction of the wave
propagation. This is the reason why this wave type is also called longitudinal.

Compression waves are vortex free. The expression (λ + 2μ)/ρ has a dimension
of a squared velocity. It describes the propagation velocity of a compressional wave
(VP).

VP =
√

λ + 2μ

ρ
=

√
E(1 − ν)

ρ(1 + ν)(1 − 2ν)
(2.20)

Lamé’s parameters are often expressed by the better-known parameter modulus of
elasticity E (Young´s modulus) and Poisson’s ratio ν (Landau and Lifschitz 1986).
The Poisson’s ratio describes the absolute relation of transversal to longitudinal
deformations, i.e. the relative compression with relation to the relative dilatation. It
yields

ν =
∣
∣∣∣

D22

D11

∣
∣∣∣ =

∣
∣∣∣

D33

D11

∣
∣∣∣ = λ

2(λ + μ)
(2.21)

To eliminate the divergence terms using the identity rot grad Θ = 0 and applying
the mathematical operation “rotation” the following equation is generated:

[
ρ

∂2

∂t2
(rot �u) = μ∇2(rot �u)

]

i

(2.22)

If one puts rot �u = 2 �φ, Eq. (2.22) yields the form:

∂2 �φ
∂t2

− μ

ρ
∇2 �φ = 0 with

�φ = 1

2

(
∂uz

∂y
− ∂uy

∂z

)
�i + 1

2

(
∂ux

∂z
− ∂uz

∂x

)
�j + 1

2

(
∂uy

∂x
− ∂ux

∂y

)
�k (2.23)

This expression is divergence free. It represents an inhomogeneous wave equation
from the pure shear part. The waves cause a particle motion, which is perpendicular
to the propagation direction as depicted in Fig. 2.2 (right). This wave type is hence
called transversal wave. The termμ/ρ stands for the square of the shearwave velocity
(VS).

VS =
√

μ

ρ
=

√
E

2ρ(1 + ν)
(2.24)
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Both wave types propagate independently from another in homogeneous media.
P- and S-waves are decoupled. If the elastic properties or the density of a medium
changes P- and S-waves are immediately coupled. An example concerns boundaries
between two homogeneous media. If the elastic properties change only steadily (over
a distance, which is large compared to the wavelength) P- and S-waves coupling
can be neglected. The shear modulus μ (and hence VS) vanishes in fluids; i.e. no
shear forces are transmitted. Contrary to that, for many solids (like stone) in a first
approximation λ ≈ μ is valid resulting in

VS = 1√
3

VP (2.25)

The dependence of the wave velocities from the elastic parameters (Eqs. 2.20
and 2.24) can be used for the determination of E and ν under the condition that
the density and the velocities VP and VS can be measured. However, in practical
applications in non-destructive testing ofCBM this can cause difficulties. Particularly
the determination of the arrival time (onset) of a S-wave at the sensor can cause
problems since they can be camouflaged by the oscillations of the faster P-wave,
which is always simultaneously transmitted even if special shear wave transducers
are used. The damping of concrete is high compared to other materials (like steel)
so that sensitive sensors must be used. A significant high sensitivity can be achieved
using sensors with amore resonant behaviour. However, then the onset of S-wave can
be distorted by the Coda of the P-wave (strong oscillations) so that the determination
of the shearwave velocity is becoming difficult, especially at later stages of hydration.
One possibility for determining the onset time of the shear wave is by transformation
into a time-frequency domain by means of a continuous wavelet transform (Krüger
et al. 2011). The analysis using a continuous wavelet transform is based on the fact,
that the S-wave is of lower frequency compared to the P-wave. Further on, it is
usually more difficult to generate shear waves in concrete than compression waves.
Emitters with special ability to excite shear waves are beneficial in measuring P-
and S-wave velocities and elastic parameters can be more easily evaluated. Two
examples for ultrasound wave transmission tests with different transducer settings
are shown in Fig. 2.3. S-waves are almost invisible in the left graph where P-wave
transmitters were used. S-waves are clearly visible in the right graph as soon as the
fluid suspension turns into a water-saturated solid what will be explained below.

2.2.1.4 Relations Between Elastic Parameters

In ultrasound testing of fresh CBM it is often useful to derive the elastic parameters
related to compression, shear and torsion (E, G, K), Poisson’s ratio (ν) and Lamé’s
parameters (μ and λ) from the velocities. For Poisson’s ratio the equation

ν =
1
2 V 2

P − V 2
S

V 2
P − V 2

S

(2.26)
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Fig. 2.3 Intensity graphs of normalized ultrasonic signals versus hydration time measured with
P-wave transducers (left) and S-wave transducers (right) (cement paste, CEM I 42.5R, w/c = 0.42)

can be found according to the literature (Landau and Lifschitz 1986), while the
effective elastic modulus of a specimen can be determined as:

E = V 2
P ρ

(1 + ν)(1 − 2ν)

(1 − ν)
(2.27)

The determination of Young´s modulus with Eq. 2.27 can only be used, if the
specimen is homogeneous and Poisson’s ratio is assumed to be constant during
hydration, which is not the case as the investigated mix changes from a suspension
to a solid body. An overview of relations between the various elastic parameters is
given in the Table 2.1.

Table 2.1 Relation between elastic parameters

E G K ν μ λ

E – E =
2G(1 + ν)

E =
3K ·(1−2ν)

E =
2μ(1 + ν)

E =
3λ+2μ
λ+μ

μ

E =
λ(1+ν)(1−2ν)

ν

K K =
Eμ

3 (3μ−E)

K =
2G (1+ν)
3 (1−2ν)

– K =
E

3 (1−2ν)

K = λ(1+ν)
3 ν

K = λ+ 2
3 μ

G G = 3K E
9K−E – G =

3K (1−2ν)
2(1+ν)

G = E
2+2ν – G = λ

2ν − λ

ν ν = 1
2 − E

6·K ν = λ
2(λ+G) ν =

3K−2μ
2(3K+μ)

– ν = E
2μ − 1 ν = λ

3K−λ

μ μ = E
2·(1+ν)

– μ = 3K E
9K−E μ = λ

2ν − λ – μ =
3
2 (K − λ)

λ λ =
3K (3K−E)

9K−E

λ = K − 2
3 G λ = 3Kν

1+ν λ =
ν·E

(1+ν)·(1−2ν)

λ = 2μν
1−2ν –
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2.2.1.5 Extension of Wave Equation to Porous Solids

A theory of elastic wave propagation in solids was extended by Biot (1956a, b)
for a solid body which consist of two phases: one phase representing purely elastic
skeleton and another phase representing interconnected pores throughout the elastic
skeleton. If it is assumed that pores are filled with water, stresses in the body can be
transferred through solid and liquid phase. For the anisotropic case relation between
stresses and strain can be written:

⎛
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where s represents the total normal tension force applied to the fluid part of the
faces of the cube (representative volume element of porous solid) and e is the strain
component for the fluid. The seven by seven matrix of coefficients constitutes a
symmetric matrix with 28 distinct coefficients.

For isotropic case relation between stresses and strains can be written as follows:
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where μ and λ are Lamé’s constants. Coefficient R is a measure of the pressure
required on the fluid to force certain volume of the fluid into the elastic skeleton
while the total volume remains constant. The coefficientQ is of the nature of coupling
between the volume change of the solid and that of the fluid.

The displacement vector of the solid is defined as:

�u = ux�i + uy �j + uz �k (2.30)

If the average fluid displacement vector is defined as:

�U = Ux�i + Uy �j + Uz �k (2.31)

then the strain in the fluid is defined by the dilatation:
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e = ∂Ux

∂x
+ ∂Uy

∂y
+ ∂Uz

∂z
(2.32)

The total mass of the fluid-solid per unit volume can be defined as:

ρ = ρ11 + 2ρ12 + ρ22 (2.33)

The mass of the solid per unit volume (ρ1) can be defined as:

ρ1 = (1 − β)ρs (2.34)

where β is the porosity and ρs is mass density of the solid.
The mass of the fluid per unit volume (ρ2) can be defined as:

ρ2 = βρ f (2.35)

where ρ f is mass density of the fluid. Since,

ρ = ρ1 + ρ2 = (1 − β)ρs + βρ f (2.36)

it can be shown that:

ρ1 = ρ11 + ρ12 and ρ2 = ρ12 + ρ22 (2.37)

where ρ12 is a mass coupling parameter between fluid and the solid.
Now the equations for propagation of elastic waves can be written:

μ∇2�u + grad[(λ + μ)Θ + Qe] = ∂2

∂t2

(
ρ11�u + ρ12 �U

)
(2.38)

grad[QΘ + Re] = ∂2

∂t2

(
ρ12�u + ρ22 �U

)
(2.39)

These 6 equations for the 6 unknown components of the displacements �u and �U
determine the propagation of elasticwaves. In the above equations itwas assumed that
thematerial is statistically isotropic so that for all cross sectionswealways observe the
same ratio of the fluid area to solid area.Because of this assumption dilatationalwaves
can be uncoupled from the rotational waves. Applying the operations of divergence
(div)

div �u = Θ and div �U = e (2.40)

we obtain

∇2[(λ + 2μ)Θ + Qe] = ∂2

∂t2
(ρ11Θ + ρ12e) (2.41)



2 Ultrasonic Techniques for Determination and Monitoring … 35

∇2[QΘ + Re] = ∂2

∂t2
(ρ12Θ + ρ22e) (2.42)

These two equations govern the propagation of dilatational waves.
By applying the rotation (rot) operation to Eqs. 2.38 and 2.39

rot �u = 2 �φ and rot �U = 2 �Φ (2.43)

we obtain

∂2

∂t2

(
ρ11 �φ + ρ12 �Φ

)
= μ∇2 �φ (2.44)

∂2

∂t2

(
ρ12 �φ + ρ22 �Φ

)
= 0 (2.45)

These two equations govern the propagation of pure rotational waves.
From Eqs. 2.44 and 2.45 wave velocity of rotational waves is:

VS =
√√√√

μ

ρ11

(
1 − ρ2

12
ρ11ρ22

) (2.46)

The velocity of dilatational waves can be derived from Eqs. 2.41 and 2.42. Since
the expression for velocity of dilatational waves is too long to be represented using
4 elastic constants (μ, λ, R, Q) it is convenient to introduce additional parameters.
Therefore, we can introduce reference velocity VC defined by:

V 2
C = H

ρ
with H = λ + 2μ + R + 2Q (2.47)

a11 = λ + 2μ

H
a22 = R

H
a12 = Q

H
(2.48)

γ11 = ρ11

ρ
γ22 = ρ22

ρ
γ12 = ρ12

ρ
(2.49)

The aij parameters define the elastic properties of thematerial while the γ ij param-
eters define its dynamic properties. With these parameters Eqs. 2.41 and 2.42 can be
written:

∇2[a11Θ + a12e] = 1

V 2
c

∂2

∂t2
(γ11Θ + γ12e) (2.50)

∇2[a12Θ + a22e] = 1

V 2
c

∂2

∂t2
(γ12Θ + γ22e) (2.51)
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Solutions to these equations can be written in the form:

Θ = C1 exp[i(kx + ωt)] (2.52)

e = C2 exp[i(kx + ωt)] (2.53)

where k is wavenumber and ω is angular frequency. The phase velocity of these
waves is:

V = ω

k
(2.54)

Velocity can be calculated by substituting parameters Θ and e in Eqs. 2.50 and
2.51 with solutions for these parameters from Eqs. 2.52 and 2.53. Additionally, if
we define:

z = V 2
C

V 2
(2.55)

we obtain

z(a11C1 + a12C2) = γ11C1 + γ12C2 (2.56)

z(a12C1 + a22C2) = γ12C1 + γ22C2 (2.57)

Eliminating C1 and C2 yields an equation for z,

(
a11a22 − a2

12

)
z2 − (a11γ22 + a22γ11 − 2a12γ12)z + (

γ11γ22 − γ 2
12

) = 0 (2.58)

This equation has two roots corresponding to two velocities of propagation and
shows that there are two dilatational waves: high velocity dilatational wave (V 1) and
low velocity dilatational wave (V 2).

V 2
1 = V 2

C

z1
and V 2

2 = V 2
C

z2
(2.59)

Equations for elastic wave propagation can be further extended to a case when
dissipation ofwave energy occurs, if it is assumed that there is amovement of the fluid
through the pores relative to the solid skeleton. Dissipation of energy is dependent on
the type of flow through the pores which can be laminar (Poiseuille type), transitional
or turbulent. Assumption of laminar flow is valid until the Reynolds number reaches
a certain critical value. This assumption also breaks down when we exceed a certain
characteristic frequency. According to Biot (1956a), for a porous material we may
assume that laminar flow breaks down for frequencies higher than
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Fig. 2.4 Characteristic
frequency as a function of
pore diameter calculated
according to Eq. 2.60 for
water (υ = 0.00127 Pa s)
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(2.60)

where υ is the fluid viscosity and d is the pore diameter. When the frequency of
oscillatory motion is higher than the characteristic frequency, wavelength becomes
small enough to interact with a fluid in the pores. In Fig. 2.4 f t is calculated for pore
diameter varying from 0.01 μm to 1 mm according to Eq. 2.60 for the case when
water is the fluid in the pores.

If it is assumed that the flowof thefluid through the pores is laminar (low frequency
range) than dissipation can be introduced by expanding Eqs. 2.38 and 2.39:

μ∇2�u + grad[(λ + μ)Θ + Qe] = ∂2

∂t2

(
ρ11�u + ρ12 �U

)
+ b

∂

∂t

(
�u − �U

)
(2.61)

grad[QΘ + Re] = ∂2

∂t2

(
ρ12 �u + ρ22 �U

)
− b

∂

∂t

(
�u − �U

)
(2.62)

where b is related to Darcy’s coefficient of permeability k by:

b = υβ2

k
(2.63)

In a case where the assumption of a laminar flow in not valid (high frequency
range) than the coefficient b is replaced by bF(κ) in Eqs. 2.61 and 2.62 where F(κ)
is a function of frequency and viscosity of the fluid.



38 I. Gabrijel et al.

2.2.1.6 From Suspension to Porous Solid

Suspensions aremixtures of solid particles and a fluid. Simple suspensions are binary
mixtures which contain one type of solid material and one type of fluid. Monodis-
perse suspensions are simple suspensions where solid particles vary only slightly in
diameter while polydisperse suspensions have a broader range of particle sizes. In
suspensions, solid particles are not mutually interconnected. Therefore, behaviour
of the suspension will be similar to a fluid regarding the wave propagation. This
behaviour is also greatly influenced by the concentration of solid particles, i.e. the
ratio of solid to fluid volume. Dense suspensions with a high concentration of solid
particles can be treated as unconsolidated porous solid material.

Neat cement paste which is a mixture of cement and water is therefore a poly-
disperse suspension in which fluid phase contains a certain volume of air introduced
during the mixing process. In plastic mixtures air exists in the form of spherical
bubbles (Powers 1968) covering the range of bubble diameters from 10 to 4000 μm.
A 1% volume concentration of air bubbles in water produces a compressibility that is
about 200 times larger than that of thewater alone (Temkin 2005). Because of its high
compressibility, another interesting effect arising from the presence of air bubbles
is the bubble resonance (see Fig. 2.5). This effect may be present during ultrasonic
wave propagation because natural frequency of air bubbles entrapped within cement
paste corresponds to the frequencies of ultrasonic waves usually applied for testing.
As an example, natural frequency for air bubbles in water at 15 °C is 6.02 × 105 Hz
for air bubbles with diameter equal to 10 μm and 5.59 × 104 Hz for air bubbles with
diameter equal to 100 μm (Temkin 2005). Both effects influence the propagation
velocity and attenuation of acoustic waves.

„air bubble resonance“

„fast P-Wave“

„fast P-Wave“

„air bubble resonance“

Fig. 2.5 Intensity graph of normalized ultrasonic signals versus hydration time with resonance
caused by air bubbles and fast P-wave (cement paste, CEM I 42.5R, W/C = 0.36)
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Neat cement pastes with w/c ratio in the range of 0.3–0.7 will have the volume
content of solid particles in the range 30–50% so from that perspective it can be
treated as suspension while it is in the fresh (liquid) state. The effective wave velocity
and attenuation of an ultrasonic wave of angular frequency ω in suspension may be
obtained from the real and imaginary parts of the complexwave number k, describing
wave propagation in suspension (Sayers and Grenfell 1993).

k2 = ω2βρeff(ω) ⇒ V 2 = 1

βρeff(ω)
(2.64)

In Eq. 2.64 β̄ is the mean compressibility of the suspension and ρeff(ω) is an
effective density given by equation:

β = (1 − ϕs)β f + ϕsβs (2.65)

ρe f f (ω) = ρ − ϕs(1 − ϕs)
(
ρs − ρ f

)2

M(ω) + [
ϕsρ f + (1 − ϕs)ρs

] (2.66)

ρ = (1 − ϕs)ρ f + ϕsρs (2.67)

where β f , ρ f , βs, ρs are the compressibility and density of the fluid and the solid
respectively, ρ̄ is the mean density and ϕs is the volume fraction of solid. Harker
et al. (1991) gave the following expression for M(ω) for suspensions:

M(ω) = ρ f S

1 − ϕs
(2.68)

The term S contains the hydrodynamic interactions between suspended particles
and the host fluid and is given by:

S = 1

2

(1 + 2ϕs)

(1 − ϕs)
+ 9

4

δ

r
+ i

9

4

(
δ

r
+ δ2

r2

)
(2.69)

δ =
√

2υ

ωρ f
(2.70)

where r is the radius of suspended particles and υ is viscosity of the fluid.
As the hydration continues, cement particles become connected so a porous elastic

frame will be created which can be characterized by a bulk modulus K and a shear
modulus μ. When the cement paste is in the fresh state K and μ can be assumed to
be K = μ=0. When K and μ start to increase the structure of the cement paste can
be treated as a porous solid, therefore wave propagation can be approximated using
Biot’s theory. For high frequency limit (ω → ∞) Johnson and Plona (1982) derived
following solutions for three wave velocities:



40 I. Gabrijel et al.

V 2
S = μ

(1 − β)ρs + (
1 − α−1

)
βρ f

(2.71)

V 2
1,2 = D ± [

D2 − 4
(
ρ11ρ22 − ρ2

12

)(
P R − Q2

)]1/2

2
(
ρ11ρ22 − ρ2

12

) (2.72)

In these equations VS, V 1 and V 2 are phase velocities of shear wave, fast com-
pressional wave and slow compressional wave respectively, α is tortuosity and β

is porosity. For the case in which solid frame is a single component homogenous
medium elastic coefficients P, Q, R and D from Eq. 2.72 can be expressed through
porosity, bulk modulus of fluid (Kf ), bulk modulus of solid (Ks), bulk modulus of
elastic frame (Kb) and shear modulus of both the elastic frame and of the composite
(μ).

P = (1 − β)[1 − β − Kb/Ks]Ks + βKs Kb/K f

1 − β − Kb/Ks + βKs/K f
+ 4

3
μ (2.73)

Q = [1 − β − Kb/Ks]βKs

1 − β − Kb/Ks + βKs/K f
(2.74)

R = β2Ks

1 − β − Kb/Ks + βKs/K f
(2.75)

D = Pρ22 + Rρ11 − 2Qρ12 (2.76)

In the limiting case where Kb = μ = 0 shear wave and slow longitudinal wave
velocities vanish as may be seen from Eqs. 2.71 and 2.72.

For low frequency range the slow compressional wave becomes diffusive and the
shear wave velocity and fast longitudinal wave velocity are given by (Sayers and
Grenfell 1993):

V 2
S = μ

(1 − β)ρs + βρ f
(2.77)

V 2
1 = P + R + 2Q

(1 − β)ρs + βρ f
(2.78)

In cement paste solid volume is composed of at least two distinct phases: hydration
products andunhydrated cement and therefore bulkmodulusKs andKb are dependent
on the ratio of these two phases. In mortar or concrete aggregate particles are the
third solid component that will also have influence on the value of bulk modulus. For
such multiphase systems it is necessary to carry out some sort of homogenization to
obtain the effective values of bulk modulus Ks,eff and Kb,eff .
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2.2.1.7 Relation Between Heterogeneity, Frequency and Attenuation

Despite of perfect crystals all materials exhibit inhomogeneities. For technical mate-
rials like CBM it depends on the length scale if it is going to be regarded as homoge-
neous or not. For applications of ultrasound, the size of inhomogeneities must be put
into relation to the wavelength. If the wavelength is larger than the obstacle (aggre-
gate, pore) the wave is almost undistorted in its propagation through the material—
aside from attenuation effects. The relation between wavelength λ, compressional
wave velocity VP and frequency f is given by the following equation:

f = VP

λ
(2.79)

Concrete contains aggregates with a maximum size of 16 mm or even 32 mm. In
the hardened state this corresponds (according to the above equation) to a frequency
between 250 and 125 kHz at VP = 4000 m/s. Using Eq. 2.79 one can estimate the
suitable measuring frequencies before testing. Otherwise, the smallest geometrical
dimensions of the discontinuities in a material can be determined. The attenuation
of a material limits the propagation of waves through this material resulting in a sort
of spatial boundary. A wave cannot be detected in an unlimited (or large) distance
from the source. Voids and air pores are a governing factor for attenuation concerning
ultrasound wave propagation—this is certainly a limiting factor for CBM in the fresh
state and for suspensions. Knowing the attenuation factor (damping) of a material
one can predict the maximum propagation distance to a transmitter/receiver from an
emitter source. Another source of amplitude attenuation of ultrasound acoustic wave
exists. The spherical divergence (Militzer and Weber 1987) (geometrical spreading)
describes the attenuation of the energy or intensity I due to the fact that the area of
the wave front increases with distance r. Due to the conservation of energy the decay
of the intensity of spherical waves must be inverse proportional to the surface of the
sphere. Due to the relation between the intensity I and the amplitude A with I = A
· A* the following expression is obtained:

IK ∼ 1

r2
⇒ AK ∼ 1

r
( f or spherical waves) (2.80)

To summarize, the dissipative damping is the attenuation of the intensity due
to dispersion at inhomogeneities and absorption by inelastic processes and internal
friction (transformation of kinetic and potential energy of the wave into heat). The
amplitude attenuation depends on the travel distance r in an exponential way and can
be described by A ∼ e−ϑr . The damping constant ϑ depends on the material and the
frequency.

If one considers both damping types, the following expression for the amplitude
is obtained:

�

AK (r) = r0
r

AK ,0e−ϑ(r−r0) (2.81)
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Mounting of sensors to a specimen is addressing issues of coupling. In caseswhere
the damping of a material over time (due to hardening) is evaluated, the coupling of
a sensor has a decisive influence. Since most ultrasound measurements at CBM use
mounted sensors to a surface, it should be mentioned that it is difficult to establish
identical coupling conditions for two different measurements, what is the basis for
the comparison of damping values. A systematic error must be determined using
Eq. 2.81 at practical applications of ultrasound in CBM.

2.2.1.8 Interaction of Waves with Boundaries and Interfaces

Scattering is the consequence of the combined processes of reflection, refraction and
diffraction at surfaces caused by differences in density and geometry of inhomo-
geneities in the medium. If the inhomogeneities are small compared to wavelength,
diffraction effects dominate the scattering (Rayleigh scattering). If the inhomo-
geneities are large compared to wavelength, reflection effects dominate the scattering
(geometrical scattering).

Geometrical boundaries of a specimen and transitions to other mediums, layers or
internal interfaces have a special importance for the wave propagation. If an elastic
wave hits an interface at which the wave velocity changes, the phenomena of refrac-
tion and/or reflection occurs. In contrast to pure acoustic or electro-magnetic waves,
which propagate as pure compressional or shear waves, both wave types occur as
coupled body waves in solids. Thus, refraction and reflection becomes more com-
plicated because the transition of one wave type into the other is possible and mode
splitting (mode conversion) occurs (Shutilov 1988; Rikitake et al. 1987). Only two
important details shall be discussed concerning the angle of refraction and the ampli-
tude. Figure 2.6 depicts schematically a compression wave with the amplitude Ap,
which impinge an interface at the transition zone between two materials. In the case
that the material properties are not identical (medium I 
= medium II) their acous-
tic impedance is different. In addition to the transmitted (TPP) and reflected (RPP)

Fig. 2.6 Reflection and
transmission of an incident
P-wave with VP,2 > VP,1 AP
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compression wave, a transmitted (TPS) and reflected (RPS) shear wave is generated.
Under the condition, that medium II has a larger propagation velocity for body waves
than medium I angles α1, α2, β1 and β2 occur as shown in Fig. 2.6.

According to Snell’s law the following relations are valid

sin α1

VP,1
= sin β1

VS,1
= sin α2

VP,2
= sin β2

VS,2
(2.82)

In this context, one can establish RPP and RPS to be reflection coefficients and
TPP and TPS to be transmission coefficients, respectively. Analogue to this are the
conditions for an impinging S-wave.One can show that the laws of geometrical optics
can be translated to acoustic waves. The following derivations follow principally the
Fresnel equations of classical optics. However, contrary to the Fresnel equations
the acoustic waves have different modes and different phase velocities (refraction
indices).

For the amplitude and phase of incoming waves there are analytical solutions.
Their universal derivation for general interfaces is lengthy. The main effects can be
described using an incoming P-wave with the amplitude A1 which hits a free surface
(z = 0). Then the problem is reduced to two dimensions. For the incoming P-wave the
displacements in y-direction are irrespective. At the surface the stress components
T zz and T zx (see Eq. 2.6) vanishes in the direction of the z-axis. As shown above, a
P-wave generates a reflected P-wave and a reflected S-wave. Using Snell’s law, one
receives for the reflection coefficients RPP and RPS

RPP = −
(
cos2 2β − γ 2 sin 2α · sin 2β)

cos2 2β + γ 2 sin 2α · sin 2β (2.83)

RPS = − 2γ sin 2α · cos 2β
cos2 2β + γ 2 sin 2α · sin 2β (2.84)

with

γ = VS

VP
and sin β = γ · sin α (2.85)

For the vertical (A⊥) and horizontal (A‖) components of the displacements one
can write at z = 0.

AP,⊥ = (1 − RPP) cosα − RPS sin β = 2 cosα · cos 2β
cos2 2β + γ 2 sin 2α · sin 2β (2.86)

AP,‖ = (1 + RPP) sin α − RPS cosβ = 2 cosα · sin 2β
cos2 2β + γ 2 sin 2α · sin 2β (2.87)
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Fig. 2.7 Relative amplitudes of the reflectedwavesRPP andRPS aswell as forA⊥ and A‖ depending
on the incidence angle α

One can illustrate this fact by plotting these amplitudes and the reflection
coefficients as a function of the incidence angle α as it is demonstrated in Fig. 2.7
(Grosse 1996).

If one considers a solid medium instead of a free surface the energy of the waves
is transmitted partly at the surface into this medium. Again, mode conversion occurs.
An important rule is that the amplitudes of transmitted and reflected waves depend
strongly on the incidence angle. The theory for the amplitude distribution of an
incoming P- and S-wave and the resulting reflected and refracted body waves is
available in analytical form for the case VP,1 > VP,2 and also for VP,1 < VP,2. In
the case of hardening materials, one would calculate a quantitative energy balance.
It is important to state for further considerations that a significant part of wave
energy is converted at the interface between two materials with different acoustic
impedance due to reflection losses and mode splitting. It is principally not important
if this is caused by an air-filled discontinuity or at a sudden change of the body
wave velocity. Only the magnitude of the energy losses and the reflected energy are
determined by the reflection and transmission coefficients, respectively. However,
these findings assume that the wavelength of the incoming wave is one or several
order of magnitudes smaller than the dimension of the discontinuity (interface). In
case of air pores or other smaller discontinuities the described effects of reflection
and transmission is negligible; diffraction and attenuation occur instead.
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2.2.2 Different Types of Ultrasonic Techniques

2.2.2.1 Ultrasonic Wave Transmission Techniques

The basic principle of the ultrasonicwave transmissionmethod is based on generating
ultrasonic pulse and measuring the time t needed for a pulse to travel through the
test specimen from transmitter (Tx) to receiver (Rx). Based on a known distance
L between the transducers, the velocity of ultrasonic longitudinal waves VP can be
simply calculated according to Eq. 2.88.

VP = L

t
(2.88)

During setting and hardening process of CBM, the velocity VP is constantly
increasing with different intensity and thus presents a promising parameter for
monitoring solidification process of the material.

When performing transmission measurements, maintaining a good acoustic con-
tact between the transducers and the CBM during the whole measurement is of
paramount importance. The use of a special coupling agent is usually enough to
avoid decoupling. Transducers can also be partly or even fully embedded into the
test material to additionally improve the contact and to avoid a potential disconnec-
tion between the transducers and the specimen due to the shrinkage of the material.
Instead of P-wave transducers, it is also possible to use S-wave transducers, if the
aim is to conduct further analysis based on shear waves.

Different experimental setups exist to perform ultrasonic wave transmission tech-
nique.However, a vastmajority of such instruments are based on a direct transmission
technique, i.e. when the transducers are placed on two parallel opposite sides of the
test specimen and ultrasonic pulse travels directly through the specimen. Although
semi-direct or indirect techniques can also be used, the main differences between
transmission techniques originate mostly from the shape and material of the mould
to be used and the transducers’ frequencies.

Transducers of frequencies between 20 and 500 kHz are usually used, depending
on the distance between the transducers and type of the material to be tested. For
monitoring early age properties of CBM, high frequency transducers are less recom-
mended due to their high attenuation and small wavelength (Keskin et al. 2011). Short
distance (L) between the transducers is often preferable in order to obtain stronger
signal but may result into a so-called near-field effect at low VP during very initial
stages of the solidification period. Consequently, the selection of an optimal distance
between the transducers (i.e. determining an appropriate size of the specimen) is
quite challenging. This is influenced by the type and frequency of the transducers
and the material’s composition (e.g. the size and amount of aggregate). Based on the
experience from several investigations, it can be assumed that the distance between
the transducers should be in minimum three times the aggregate size. However, for
frequencies of 54 and 82 kHz, L = 15 cm and L = 10 cm is usually recommended,
respectively (Keskin et al. 2011).
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Fig. 2.8 Schematic representations of a typical experimental setup (transmitter/receiver circuit)
used to perform ultrasonic wave transmission measurements

In Fig. 2.8, a block scheme of a typical experimental setup (transmitter/receiver
circuit) used to perform ultrasonic wave transmissionmeasurements is schematically
presented.

An example of a reliable ultrasonic transmission test setup is the FreshCon system
that was developed at the Institute of Construction Materials (IWB), University of
Stuttgart and was further on commercialized by a spin-off company of the University
of Stuttgart (see Fig. 2.9). The system can be used with differently sized containers
for concrete and mortar either to get best test results or to reduce waste.

Figure 2.9 shows the experimental test setup that is used for P- and S-wave mea-
surement on cementitious pastes, mortars and concrete (a. PCwithDAQ; b. high volt-
age pulser; c. ultrasonic transducer; d. test container; e. preamplifier). Additionally,
in Fig. 2.10 photo of a test container is shown. This test setup is an improved version
compared to the one proposed by a RILEM recommendation worked out by RILEM
Technical Committee TC 218-SFC (RILEM Technical Committee 2011). Besides
the usage of a container equipped with P-wave transducers with a center frequency
of 500 kHz an additional container with two broadband S-wave transducers with a
center frequency of 250 kHz are used. A sensor distance of approximately 50 mm
was found to be sufficient for both containers. The sensors are flexible mounted into
the mould and are coupled by a replaceable thin polyimide film (d= 25μm) directly

Fig. 2.9 FreshCon instrument, used to perform ultrasonic wave transmission measurements
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Fig. 2.10 FreshCon test container used to perform transmission measurements with shear wave
and compressional wave transducers

through the mix to allow for best signal transmission and minimized risk of sensor
decoupling even if shrinkage is observed. A detailed system description is given in
Krüger and Lehmann (2010).

Aside the FreshCon instrument, moulds made of different materials are also used.
A successful application of steel e.g. (Ye 2003;Ye et al. 2001, 2003, 2004;Krauss and
Hariri 2006; Kamada et al. 2005), extruded polystyrene foam (Trtnik 2009; Trtnik
et al. 2008, 2009; Trtnik and Gams 2013), aluminium foam (Aggelis et al. 2005; Liu
et al. 2011; Zhang et al. 2012), and wood (Keskin et al. 2011) has been reported.
However, in order to avoid ultrasonic pulse to travel through the mould during the
very early hydration process and to avoid sensor decoupling by shrinkage, the test
container must be carefully designed (see Fig. 2.10).

2.2.2.2 Ultrasonic Wave Reflection Techniques

At the interface between two materials with different acoustic impedances Z1 and
Z2, a part of ultrasonic signal is transmitted into a test material 1 and another part
is reflected into a buffer material 2. The principle of ultrasonic wave reflection tech-
nique for monitoring solidification process of CBM is based on this well-known phe-
nomenon. During setting and hardening of CBM, the value of the acoustic impedance
Z1 of CBM is constantly changing. If Z2 is constant, the following dimensionless
ratio can be defined:

r(t) = Z1(t) − Z2

Z1(t) + Z2
(2.89)
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Consequently, a dimensionless ratio between Z1 and Z2 is also time dependent
and thus presents a promising parameter for measuring hydration and formation of
structure of CBM. Generally, shear wave reflection coefficient r(t) or reflection loss
RL(t) [or WRL(t)] is defined for this case.

Even though various materials can be effectively used as a buffer material when
reflection technique is applied, quartz (Valič 2000; Jupe et al. 2012) or steel (Öztürk
et al. 1999, 2004, 2006; Voigt 2004; Voigt et al. 2005a, b, 2006; Subramaniam et al.
2000, 2002; Sun 2005) are often utilized. Additionally, poly-methyl-methacrylate
(PMMA), (Gimet et al. 1999; Chotard et al. 2001a, b; Subramaniam et al. 2005),
polystyrene (Chung 2010; Suraneni 2011) and acrylic glass (Öztürk et al. 2004) were
effectively used. According to a comprehensive study performed by Voigt (2004),
the buffer medium does not affect the general development of r − t (or RL − t)
curves but has an important influence on the absolute values of r or RL, i.e. the range
in which r (or RL) changes. The r − t curve assigned to the PMMA buffer material
shows the largest bandwidth followed by quartz and steel. Consequently, various
phenomena that occur during the solidification process of CBM can be identified
more clearly when buffer material made of PMMA is used. PMMA (or quartz) are
therefore usually recommended as a buffermaterialwhen performing ultrasonicwave
reflection technique.

Various experimental setups are being successfully used to perform different types
of ultrasonic wave reflection method. Such setups differ mainly in the buffer material
as has been briefly indicated in the previous paragraph. Usually, in order to perform
the measurement a small amount of test material (CBM) has to be put on a special
elementmade of the buffermaterial (e.g. Valič 2000; Jupe et al. 2012). Unfortunately,
due to the small testing specimen, such procedure is generally not appropriate for
the materials with large aggregate size. Alternatively, incorporation of small buffer
elements into a larger test sample is frequently utilized. Steel plates are generally
used for such purpose (Öztürk et al. 1999, 2004, 2006; Voigt 2004; Voigt et al. 2005a,
b, 2006; Subramaniam et al. 2000, 2002; Sun 2005). For the case of simplicity, the
bottom part of steel (Öztürk et al. 1999, 2006; Akkaya et al. 2003), PMMA (Gimet
et al. 1999; Subramaniam et al. 2005; Chotard et al. 2001a, b) or polystyrene (Chung
2010; Suraneni 2011) moulds are seldom used as the buffer medium. In Fig. 2.11,
three typical transmitter/receiver circuits are schematically presented.

2.2.2.3 Other Ultrasonic Techniques

There are methods closely related to ultrasound that can be used to evaluate the
hardening and setting behaviour of CBM. The low-frequency vibroscope technique
was developed in the late 1990s at the Ecole Nationale des Travaux Publics de l’Etat
in Vaulx-en-Velin near Lyon, France, by Laurent Arnaud to be used for similar
applications (Arnaud and Grosse 2005). There have also applications of the Impact
Echo technique been reported by Stephen Pessiki at Lehigh University, USA (Grosse
et al. 2005). According to the best knowledge of the authors of this book chapter, the
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Fig. 2.11 Schematic
representations of three
typical experimental setups
(transmitter/receiver setups)
used to perform ultrasonic
wave reflection
measurements: a setup with
a special element made of
buffer material; b setup with
a small buffer element
incorporated in a larger test
specimen; c setup with a
mould as a buffer material

two mentioned techniques have not been further developed. A description of these
techniques and a few others can be found in RILEM Report 31 (2005).

Acoustic emission (AE) techniques are similar to ultrasound with the difference
that no active ultrasound generation is used but changes of the material produce
elastic waves radiated from the source. Typically, AE techniques are used to record
the formation of crack or crack propagation, but other type of changes can be recorded
as well. The high sensitivity of the method enables AE to monitor processes like
setting of concrete, segregation, shrinkage or bubble formation as well. More details
can be found in this book in Chap. 1.
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2.3 Monitoring of CBMs at Early Ages

2.3.1 Determination of Different Time Periods Within
Structure Formation Process

As has been previously briefly explained in Sect. 2.1, the intensity of the structure
formation of CBM at early ages is not constant but highly time-dependent process.
Consequently, several stages can be defined during the structure formation process
based on the intensiveness of formation of different hydration products. The evolution
of VP in time (VP − t curve) is strongly and directly influenced by the amount of
the total and connected solid phase in the microstructure of CBM and is therefore
an excellent parameter to follow this process. When the amount of the total and
connected solid phase is increasing due to the increase of the amount of different
hydration products, VP is also increasing. This phenomenon is exploited to monitor
solidification process of CBM at early ages.

Three stages (Chotard et al. 2001a; Ye 2003; Ye et al. 2003; Lee et al. 2004;
Kamada et al. 2005; Robeyst et al. 2007; Darquenes et al. 2009; Khokhar et al. 2009;
Mikulic et al. 2011; Liu et al. 2011; Zhang et al. 2012), or five stages (Feylessoufi et al.
2001; Trtnik 2009, 2012; Trtnik et al. 2009, 2013), during the structure formation
process of CBM are usually defined by different researchers based on the VP − t
evolution. These stages can be divided as follows:

• Stage I—Dormant stage
• Stage II—Period of rapid VP increase

– II-a—initial stage
– II-b—acceleration stage
– II-c—deceleration stage

• Stage III—Later stage or steady stage

Figure 2.12 shows two examples of a measurement on concrete mixture and
cement paste mixture where different stages of VP evolution are identified. Both
mixtures in Fig. 2.12 are made with the same cement type and measurements are
made with the same measuring system using 54 kHz transducers.

Start of the Stage II is usually very easy to identify because a steep increase
in VP begins. By plotting the rate at which VP develops (dVP/dt) a subdivision of
the second stage is made on stages II-a, II-b and II-c in Fig. 2.12a. Inflection point
PT1 defines the beginning of the stage II-b (acceleration stage) and inflection point
PT2 defines the beginning of the stage II-c (deceleration stage). In case presented in
Fig. 2.12b. inflection points PT1 and PT2 can’t be identified so it is not possible to
subdivide Stage II. From these two examples it is evident that type of subdivision
can be influenced by the material tested. From mixtures tested without and with
aggregate it can be seen that increase of the amount of aggregates always leads to a
smoother increase of VP, so that the different acceleration stages II-a, II-b and II-c
become less visible.
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Fig. 2.12 Representation of
different stages during
formation of structure of
CBMs based on the VP −
t curve determined
experimentally for: a cement
paste with w/c ratio 0.3 and
made with cement type CEM
I: division into three and five
stages; b concrete with w/c
ratio 0.4 and made with
CEM I and maximum
aggregate size 16 mm 0
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First stage: I—Dormant stage

During the dormant stage transmission is governed by liquid phase and strong atten-
uation of ultrasonic signals occurs due to the air entrapped in the material (Keating
et al. 1989; Sayers and Dahlin 1993; Arnaud and Thinet 2003; Aggelis and Philip-
pidis 2004; Aggelis et al. 2005; Robeyst et al. 2008). Consequently, very low initial
values of VP (Reinhardt and Grosse 1996; Ye 2003; Ye et al. 2003; Kamada et al.
2005; Mikulić et al. 2005; De Belie et al. 2008; Liu et al. 2011; Zhang et al. 2012),
usually even lower than VP through air (i.e. 340 m/s) or even no VP (Trtnik et al.
2008, 2009; Mikulić et al. 2011; Trtnik and Gams 2013; Cheng et al. 2013) can be
observed during this initial period.

Second stage: II—Period of rapid increase of VP

Different hypotheses describe initial increase in VP during the Stage II-a. Many
researchers do not attribute it to setting only. The formation of ettringite needles
(Reinhardt and Grosse 2004), early C–S–H formation (Robeyst et al. 2011), worka-
bility loss and thixotropy (Robeyst et al. 2011), internal settling process caused by
gravity (Reinhardt and Grosse 2004; Mikulic et al. 2011; Aggelis and Grammenou
2011), increasing number of contacts between particles (Feylessoufi et al. 2001),
and/or entrapped air bubbles migrating to the surface of the material (Ye et al. 2004;
Aggelis and Grammenou 2011) are usually used to explain this initial steep increase
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in VP. During the Stage II-b, the most intensive development of hydration products
associated with the most intensive development of VP in time can be noticed. This
important stage finishes at the inflection point PT2, which defines the beginning of
the deceleration stage. The rate of VP evolvement decreases during this stage.

Third stage: III—Later stage or steady stage

Deceleration stage is followed by a long-lasting steady stage, during which most of
the hydration products are interconnected. As a result, a very small increase in VP

can be observed during this final stage.
Similarly to the VP, shear reflection coefficient r or reflection loss RL can also

be effectively used as a parameter to monitor formation of structure of CBM at
early ages. However, since S-waves do not propagate through the fluid-like viscous
suspension, they are not sensitive to the formation of different “non-setting” or “pre-
setting” phenomenadescribed in the previous section.Consequently, before the initial
setting time tI, an almost constant value of r (or RL) is usually reported (Sun et al.
2004a, b; Sun 2005; Subramaniam et al. 2005; Trtnik 2009; Trtnik et al. 2009, 2013;
Subramaniam and Wang 2010), during the dormant period. The initial increase in r
(or RL) is therefore often defined as a beginning of the acceleration stage (Ye et al.
2003; Subramaniam et al. 2005; Trtnik et al. 2008; Trtnik and Gams 2013). Usually,
acceleration stage is quite long, and many processes associated with the formation
of structure of CBM occur. At the end of this stage, the intensive development of r
(or RL) in time stops due to the decrease in the intensity of solidification process and
the long-lasting steady stage begins.

2.3.2 Determination of Setting Process

Setting is usually defined as a period during which the material is changing its
aggregate state from the initial, viscous suspension to the solid material. This short
period defined by the initial tI and final tF setting times is considered as one of the
most important periods within the process of structure formation. Consequently, an
accurate determination and monitoring of setting period is of paramount importance.

Basic and the most direct approach to define setting period using ultrasonic trans-
mission technique is to simply define threshold values of VP which correspond to tI
and tF characteristic times. The values of VP in the range between 800 (Lee et al.
2004)—2700 (Van der Winden 1990) m/s and 1200 (Lee et al. 2004)—3180 m/s
(Van der Winden 1990) have been frequently suggested to define initial and final
setting of different CBM, respectively. As can be seen, a relatively wide range of
threshold values is reported to define setting times because VP is strongly influenced
by the testing equipment and materials composition. In the case of larger amount
of aggregate, larger aggregate size, and lower air content in the material, lower VP

values for the initial setting are generally reported. While a larger amount of aggre-
gates will increase the overall wave velocity because they increase the total volume
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Fig. 2.13 Theoretical
analysis of wave velocity for
cement paste with w/c ratio
= 0.4 according to Biot’s
theory: variation with degree
of hydration and air void
contents (percentage of the
volume of cement paste)

0

500

1000

1500

2000

2500

3000

3500

1 10 100

V P
an

d 
V S

(m
/s

)

Degree of hydration (%)

Air=0.00

Air=0.01%

Air=0.1%
Air=1%

Velocity of fast 
compressional 
wave

Velocity of 
shear wave

Air=1%
Air=0.1%

Air=0.01%

Air=0.00%

of solid structure, small changes in the air content strongly influences the absolute
value ofVP (see Fig. 2.13) especially during the very early hydration period.Whether
a three-stage or five-stage evolution of VP is recognized by ultrasonic transmission
is also predominantly influenced by the mixture proportion. A high amount of solid
aggregates will dominate VP evolution often leading to a three-stage type, whereas
tests on pure cementitious pastes that contain certain amounts of air show five stage
type of VP evolution.

Due to the wide interval representing VP values at initial and final set, different
alternative criteria have been proposed to determine these characteristic values more
accurately. Such procedures are usually based on some characteristic changes and
characteristic points on VP − t curves. The time of the inflection point PT1 on the
VP − t diagrams (Voigt et al. 2005a; Robeyst et al. 2007, 2008; Trtnik et al. 2008;
Trtnik 2009; Darquenes et al. 2009; Khokhar et al. 2009), the time when a significant
increase in VP occur (Garnier et al. 1995; Reinhardt et al. 2000; Ye et al. 2003; Zhang
et al. 2010, 2012), or the time of the intersection of three straight lines tangent to the
VP − t curve (Chotard et al. 2001a, b) is usually used to define the initial setting time
tI. Determination of final setting time is often less evident. It can be defined as the
time when the decelerating stage on the VP − t curves starts (Robeyst et al. 2008;
Khokhar et al. 2009), the time of maximum rate of change of VP (Zhang et al. 2012),
etc.

Figure 2.14a shows the evolution of VP and VS of a cementitious paste composed
of Portland cement and limestone (50% CEM I 52, 5R, 50% limestone powder,
w/c = 0.43). While the evolution of VP in principle follows the five-stage division
described in the previous chapter the evolution of VS is of the three-stage type. From
determined wave velocities the dynamic elastic properties can be calculated as it
is described in Eqs. 2.26 and 2.27, Table 2.1 and plotted in Fig. 2.14b. In Krüger
et al. (2016) it is assumed that the dynamic shear modulus of about 0.1 GPa is a
good and reproducible indicator for initial setting independently from the mixture
composition. However, in Krüger et al. (2018) it is as well discussed that the dynamic
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Fig. 2.14 Evolution of compressional and shear wave velocity (left) and dynamic compressional
elastic, shear and bulk modulus (right) of a cementitious paste (Krüger et al. 2016)

shear modulus to determine initial setting is a function of packing density and thus
not constant.

Based on the combinedmeasurement of compression and shearwave transmission
velocity, Carette and Staquet (2015) decomposed the setting process of cement-based
materials as represented in Fig. 2.15. Several stages were successfully identified for
many distinct mortar mixes presenting various binder natures (presence of limestone
filler, blast-furnace slag, fly-ash), different w/c ratios and air contents (Carette and
Staquet 2015, 2016c). During stage 1, a progressive increase in VP is first observed,
until it reaches a maximum rate of increase (δVmax

P ). This point corresponds to the

Fig. 2.15 Four stage decomposition of the setting process of mortar, based on shear (green curve)
and compression (red curve) wave velocity and dynamic Young’s modulus (blue curve). Penetration
resistance (black curve) and heat flow (grey curve) measurements are also shown
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end of the dormant period, marking the end of the first stage (stage I in Fig. 2.12b).
In the second stage, the mechanical properties start to develop as indicated by the
initiation of penetration resistance (Pr) and elastic modulus (Ed). This corresponds to
a fast increase in the volume of hydrates, leading to a progressive solid percolation.
This increase follows until several particles are connected, forming continuous solid
paths through the saturated medium. This moment, defined as initial setting, corre-
sponds to the time where the maximum rate of increase of VS is observed (δVmax

S ).
The third stage spreads from initial to final setting times and is characterized by a
fast increase in Pr, corresponding to a strong increase in Ed. This stage ends when
the Ed − t curve has reached its inflection point (δEmax

d ). This time, defined as
the final setting time, marks the initiation of a slower formation of hydration prod-
ucts, resulting in significant increase of the mechanical properties with a moderately
decreasing rate. Stage 4 corresponds to the hardening process and is not part of the
setting process itself. It is interesting to note that the setting process (stage 3) is also
characterized by the quickest evolution of the dynamic Poisson’s ratio (δνd ), due
to the fast transition between a fluid with particles in suspension and a densifying
viscoelastic material. Interestingly, this methodology can also be applied to the scale
of concrete materials (Carette and Staquet 2016c).

As has been indicated in the previous sections, shear waves do not propagate
through liquid substances. If it is assumed that liquid phase dominates the viscoelastic
behaviour in fresh state, shearwaves cannot propagate throughCBMbefore the initial
setting time tI or are even very hard to measure (only at mixes that show certain yield
stress resp. thixotropy). This phenomenon is usually considered when reflection
technique is used to define setting period of CBM. Initial setting time is therefore
defined as the time of the first significant increase on the r − t curve. Contrary to
the VP, initial setting is often reported to occur at the same or very similar level of
r, regardless of the material’s composition (Valič et al. 1999; Sun et al. 2004a, b).
However, other researchers have indicated that tI cannot be defined at the same r
level for different materials because it is influenced by the material’s composition
(Trtnik et al. 2012; Trtnik et al. 2013). Alternatively, an inflection point on the r − t
(Subramaniam et al. 2005) diagrams or the time when noticeable changes in rate of
r occur (Voigt et al. 2004; Wang et al. 2010), can be used as an accurate indicator of
the initial setting time of an arbitrary CBM.

Similarly, to the ultrasonic transmission technique, definition of final setting time
based on r (or RL) values is less straightforward. Most researchers suggest defining
a specific, material dependent value to define the final setting of CBM which can
be determined after an adequate calibration. An example for such a correlation for
ultrasonic wave transmission can be found in Grosse (2010).

2.3.2.1 Determination of Setting Based on Waveform Analysis

The previous sections indicate that it is rather difficult and often inaccurate to define
both tI and tF characteristic times of arbitrary CBM based on VP and r values. Such
principle is usually greatly influenced by thematerial’s composition, namely amount,
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type, and size of (coarse) aggregate, etc. Advances in computer and equipment tech-
nology have allowed the development of more comprehensive and advanced ultra-
sonic techniques to define setting phenomena, which considerably eliminates such
discrepancies. Monitoring of the whole spectra of P-waves is often used for such
purpose. During the very early stages of the solidification process, low frequen-
cies with relatively small amplitudes are dominating (Boumiz et al. 1996; Reinhardt
and Grosse 1996; Grosse and Reindardt 2000, 2001; De Belie et al. 2006; Robeyst
et al. 2007, 2009a, b; Darquenes et al. 2009; Trtnik and Gams 2013; Gams and Trt-
nik 2013) in the spectra (Fig. 2.16). When enough hydration products are formed
and interconnected, resulting in a sufficient amount of connected solid phase in the
material’s microstructure, high frequencies gradually appear (Darquenes et al. 2009;
Trtnik and Gams 2013; Gams and Trtnik 2013). Several studies have shown that
the time when high frequencies begin to develop can be recognized very accurately
and can be directly correlated to the setting phenomena. In order to continuously
monitor changes that occur in a frequency spectrum of P-waves during structure for-
mation process, Trtnik and Gams (2013) defined a dimensionless TG factor as a ratio
between maximum amplitudes of low and high frequencies in a frequency spectrum
of P-waves. Several studies have shown that TG can be very accurately contributed
to various setting phenomena if properly considered (Trtnik and Gams 2013; Gams
and Trtnik 2013). The initial increase in TG factor from its minimum value was
found to be closely related to the initial setting time. Similarly, the time when TG
factor reaches its final plateau corresponds very well with the final setting time of
the material. These phenomena were found to be independent from the material’s
composition.

Fig. 2.16 Evolution of frequency spectrum during hydration (broadband 500 kHz P-wave
transducer), 50% CEM I 52,5R, 50% limestone powder, w/c = 0.43
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In addition to TG factor, other advanced parameters can also be effectively and
accurately used to define setting process of CBMs. The change of the received ultra-
sonic wave energy in time was found to be clearly related to the setting phenomena
of CBM (De Belie et al. 2005; Robeyst et al. 2009a, b). Thresholds values were
proposed to determine initial and final setting of the material (Robeyst et al. 2009a,
b). However, the efficiency of this method is undermined by the possible decrease
in energy caused by the sample shrinkage or swelling, related to thermal or autoge-
nous origins (Carette 2015). Gabrijel et al. (2010, 2011; Gabrijel and Pintar 2018)
applied parametric analysis of transmitted ultrasonic waveforms, typically used in
acoustic emission technique to identify setting in cement paste and concrete. They
found that some parameters exhibit rapid change during setting and could be useful
in estimation of setting period.

2.3.3 Monitoring of Microstructural Properties

In addition to the initial and final setting times, many other important phenomena that
appear during the early age formation of structure of CBM can be effectively deter-
mined using ultrasonic reflection or transmission technique if properly considered.
Suchphenomena include e.g. percolation threshold andpenetration resistance, degree
of connectivity of solid phase, degree of hydration and hydration products, mechan-
ical properties, temperature development, shrinkage, effect of different admixtures
and additives, etc.

As has been briefly explained in previous sections, percolation threshold of solid
phases is an important microstructural parameter. It is defined as a critical degree of
hydration, when enough hydration products are present to form an interconnected
solid percolation path. At this critical moment tSP, the transformation of the material
from liquid suspension to solid material begins. Consequently, shear waves start to
propagate through the material and significant changes can be observed also on VP −
t curve. Based on this explanation, the time of the percolation threshold of solid phase
tSP is usually considered as the time when r (or RL) starts to increase, (Feylessoufi
et al. 2001; Lacouture et al. 2003; Voigt 2004) or when the Stage II-b starts on the
VP − t curves. Researchers also define the percolation threshold as the initial setting
time tI of specific CBM.

Some studies have shown that both VP, VS, r and RL are not only connected
to the percolation threshold but also strongly follows the trend of the increase of
penetration resistance due to the increasing connectivity of solid phase within the
material’s microstructure. A strong linear relationship between Vicat penetration
resistance and r values was reported during the whole setting period of cement
pastes (Trtnik et al. 2012; Trtnik et al. 2013). Using Hymostruc numerical model
(Van Breugel 1991; Lokhorst 1999), some other parameters which can be effectively
used to define and describe solidification process of CBM have been proposed. Such
parameters include e.g. bridge particles and specific contact area of solid phase. A
unique correlation between VP and the bridge volume (Ye 2003) and unique bilinear
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relationship between RL and specific contact area of solid phase (Voigt et al. 2005a,
b; Sun 2005) was reported in the case of cement pastes. A power trend line between
RL and gel-space ratio, i.e. parameter which describes a proportion of the available
space within the hydrating CBMoccupied by the gel has also been established (Voigt
2004).

Being one of the essential parameters to define the intensity and progress of the
hydration process, a degree of hydration α is an attractive parameter to be corre-
lated to various ultrasonic parameters. A strong linear relation between α and RL
exists for different CBM (Sun et al. 2004a, b; Sun 2005; Voigt et al. 2006). More-
over, relationships between RL and VP and decrease of capillary porosity, amount
of hydrated cement, CH content, degree of C3S hydration, porous volume fraction,
and crystallized hydrates have been proposed by different researchers.

Since temperature development or heat release is often used to describe andmoni-
tor hydration process ofCBM, various attempts to correlate ultrasonic parameters and
temperature development of CBM during early age formation of structure process
have been made. Several studies (e.g. Voigt 2004) have shown that VP increases at a
much higher rate than adiabatic heat release TA at early ages. This can be attributed
to various non-setting phenomena described earlier in this section. However, some
researchers found out that important changes on TA − t curves occurred earlier than
the changes on VP − t curves (Gimet et al. 1999; Chotard et al. 2001a, b). On the
contrary, an excellent agreement between characteristic points on VP − t curves and
the development of the material’s in situ temperature T in time has been reported
by the others. A good relationship between adiabatic heat release TA and RL was
reported and was found to be independent from the material’s composition (Voigt
2004). The time when the rate of VP reaches its maximum was found to occur at the
time of the maximum rate of T increase for an arbitrary cement paste (Trtnik and
Turk 2013).

Finally, it was observed that the sensitivity of cement hydration reactions to tem-
perature changes (through the maturity method and activation energy parameter) can
be assessed by the ultrasonic wave transmissionmethod (Carette and Staquet 2016a).
It is observed that the pre-setting and setting process is less sensitive to temperature
changes than the hardening process. This sensitivity can be determined by perform-
ing ultrasonic transmission tests at various cure temperature. It is also shown than
blast-furnace slag or limestone filler do not affect this sensitivity to temperature.

2.3.4 Ultrasonic Testing and Early Age Mechanical
Properties

A significant amount of studies has been performed in order to correlate VP and
mechanical characteristics of different CBM during the last two decades. However,
such studies usually refer to the hardened materials and are therefore beyond the
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scope of this section. Even though connecting VP and r (or RL) to early age com-
pressive strength is less common, some studies exist which indicate that VP and r
(or RL) can also be used as an effective parameter to describe the development of
the initial compressive strength of CBM if properly considered. However, relatively
large discrepancies can be noticed between different studies in this case. The time
when RL starts to increase from its initial constant value was found to be a promising
indicator of the first significant increase of the material’s compressive strength (Voigt
and Shah 2006). A bilinear (Byfors 1980; Voigt and Shah 2003), power law (Voigt
et al. 2006), and even strong linear (Valič and Vuk 2000; Akkaya et al. 2003) trend
was suggested between r and early age compressive strength. Due to the previously
described phenomena which are not related to setting, connecting VP with early age
compressive strength is more challenging.

2.3.4.1 Determination of the Static Elastic Modulus from Transmission
Techniques

The difference between the dynamic elasticmodulus (Ed) determined fromultrasonic
transmission and the statically determined elastic modulus (Es) comes from the
non-linear (often considered quadratic) stress-strain behaviour of concrete (Shkolnik
2005). In Eq. 2.90 σ is the stress, ε the strain,E0 is the elasticmodulus for a negligible
loading (close to Ed), and a is a non-linear material parameter. The value of this last
parameter is significantly material-dependent. For instance, experiments performed
on 316LN steel show that the static and dynamic elastic moduli reach the same value,
and a is therefore close to 0 (Ledbetter 1993).

σ = E0ε − aε2 (2.90)

In early age concrete difference between Ed and Es is also affected by the creep
behaviour. It is thus expected that more creep potential leads to a higher difference
between static and dynamic elastic modulus. Cement hydration leads to a significant
decrease of the viscoelastic properties at early age. It is therefore expected that
the non-linear parameter decreases through hydration, suggesting that the Es − Ed

relationship also follows a non-linear evolution (Fig. 2.17).
Most studies performed on this matter suggest that a linear equation relates both

properties (Eq. 2.91) (Klieger 1957; Shkolnik 2005). The reason for this approxi-
mation is that these studies are performed on specimens with advanced hardening
processes. More recent studies performed at very early age show that this linear trend
cannot be applied. From a theoretical perspective, as soon as Ed increases, there is a
corresponding increase ofEs. Amore accurate exponential relationship between both
properties satisfies this condition (Eq. 2.92) (Carette and Staquet 2016b). According
to a study by Han and Kim (2004), a power relationship would be even more satis-
fying in regard of very early age results (Eq. 2.93). It is also shown that the value of
parameters p and q is not affected by cement type or w/c ratio.
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Fig. 2.17 Relationship
between static and dynamic
elastic modulus (Carette and
Staquet 2016b)

ES = pEd − q (2.91)

ES = pEq
d (2.92)

ES = Ed
(
1 − pe−q Ed

)
(2.93)

Since there is no unambiguous definition of “dynamic” or “static” elasticmodulus,
the relationship between both measurements is expected to depend on both, their
corresponding loading strain rate and the loading amplitude (Delsaute et al. 2015).
Additionally, the viscosity of the CBM is of upmost importance. The amount and
nature of aggregates might therefore affect these relationships, especially at early
age. These values are highly affected by the content and nature of aggregates (Carette
2015).

2.3.4.2 Determination of Mechanical Strength from Transmission
Techniques

The relationship between compressive (f c) strength and VP has been known for
long time to be exponential. The parameters m and n (m′ and n′ for S-waves) of
such empirical relationship can be calibrated for most CBM. However, their value is
highly affected by the cement composition, w/c ratio or the presence of aggregates.
This type of relationship has been validated up to the earliest age (from initial setting
to several days) (Carette and Staquet 2016a, b, c). It is generally observed that tensile
strength (f t) can be estimated through similar methodologies.

fc/t (VP) = m · enVP (2.94)

fc/t (VS) = m ′ · en′VS (2.95)
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It is also shown (Fig. 2.18) that using VS as an indicator to estimate strength is
more reliable thanVP. The possible reason for that is that shearwave ismore sensitive
to the aggregate interlocking mechanism, which strongly contributes to the concrete
strength. As a result, the effect of w/c variations or type of cement composition (i.e.
presence of limestone filler or blast furnace slag) will have a lower impact on the
VS—strength relationship than on the VP—strength relationship. It is worth to be
noted that Vs is also less sensitive to air content compared to VP.

Ultimately, the aggregate nature and content as well as the air content are the most
influential parameters, as they highly affect the wave velocity, while having a limited
impact on the tensile or compressive strength (Fig. 2.19). For this reason, it is only
recommended to use ultrasonic indicators for strength estimations if the relationship
between both has been previously established for the given composition, or if small
variations in the air volume and aggregate content and nature are applied.

Fig. 2.18 Evolution of compressive strength (left) and tensile strength (right) as a function of VP
and VS for concrete mixes containing various type of cements and w/c ratio from initial setting to
several days (Carette 2015)

Fig. 2.19 Evolution of compressive strength as a function of VP and VS and Ed for concrete and
corresponding mortar mixes (Carette and Staquet 2016c)



62 I. Gabrijel et al.

2.4 Conclusion

In this chapter up to date developments and achievements in the field of ultra-sonic
testing of the early age CBM have been presented. At the beginning of the chapter,
theoretical aspects and phenomena are briefly presented, followed by some most
important experimental achievements. Two ultrasonic techniques, measuring longi-
tudinal and shear waves in transmission or/and reflection modes are discussed in
more detail due to their popularity. It is shown that ultrasonic techniques can provide
useful insight into structural changes of cementitious materials from the period of
placing to a fully hardened state if properly considered.

One of the focus areas of many researchers is to monitor setting behaviour of
cementitious materials, characterised as a transition phase during which material
changes its aggregate state from liquid to solid. Experimental results show that
ultrasonic methods can be used as an effective alternative to standard penetration
resistance techniques and can provide a finer representation of the fluid-solid trans-
formation process. However, such measurement results do not unambiguously show
distinct points during solidification process which are generally defined as initial and
final setting. This led to different criteria for setting times that have been proposed
based on measurement of ultrasonic parameters. One may also raise the question if
tests like the Vicat needle test give the “right” value for initial and final setting. Vicat
needle test is designed to be conducted with a standard consistency that guarantees
a comparable plasticity at the beginning of the test. This means that Vicat setting
times obtained from mixes with consistency different from the standard consistency
might not be interpreted correctly to represent the initial setting time of the material.

In transmission measurements focus is mainly on the measurement of ultrasonic
pulse velocity. However, advances in computer and equipment technology during
the recent years have allowed the development of more sophisticated and complex
ultrasonic techniques, which are based on measuring the whole spectra of ultrasonic
signals. Using this technique, one can more accurately define both initial and final
set as well as some other important phenomena that appear during solidification
process of CBM. Moreover, development of a measuring system for simultaneous
measurement of VP and VS enabled estimation of dynamic elastic constants of early
age CBM under the assumption of homogenous elastic medium. Several research
campaigns have found that application of shear waves in transmission and reflection
modes gives stronger correlation with early age compressive strength development
compared to longitudinal waves.

This chapter shows that due to their clear physical basis, accuracy, and ease of use,
ultrasonic techniques have a great potential to become standard testing techniques
for determination of setting and other properties of (fresh and hardening) CBM in
the (near) future. The first steps in this direction have already been performed.
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Chapter 3
Elastic Modulus Measurement Through
Ambient Response Method

José Granja and Miguel Azenha

Abstract Concrete endures strong evolution in its mechanical behaviour since
casting, passing from a solid suspension to a structural material. It is extremely
important to understand and be able to predict the structural behaviour of concrete
since the beginning of the hardening process for a good structural design, particu-
larly in regard to the development of self-induced stresses (due to heat of hydration
and shrinkage). In order to collect data for the relevant phenomena that have been
mentioned, it is important to have methods that allow continuous monitoring of the
evolution of mechanical properties of concrete since very early ages, both in lab-
oratory environment and ‘in-situ’. In such concern, an experimental method called
EMM-ARM (ElasticityModulusMeasurement through Ambient ResponseMethod)
was proposed in 2009, which is based on the modal identification of a composite
beam during the curing period of concrete, allowing the continuous measurement of
the E-modulus of the tested material (e.g. concrete, mortar, cement paste) since cast-
ing. This chapter provides an overview of EMM-ARM principles, evolution through
the last decade, as well as several examples of application and validation.

Keywords Elastic modulus · Continuous monitoring · Cement-based materials ·
Early age · Modal identification

3.1 Introduction

The measurement of stiffness in cementitious materials has represented a relevant
challenge within both research and practitioner communities for decades, especially
with its assessment at early ages (Powers 1938; Jones 1949;RILEM1975;Boulay and
Colson 1979;Chengju 1989;Boumiz et al. 1996; Jin andLi 2001;Bentz 2008,Boulay
et al. 2013b). Several distinct methodologies have been proposed throughout the
years that allow more or less direct assessment of stiffness properties. One important
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group of such methods pertains to those based on resonance, first developed by
Powers (1938).

An important dynamic property of any elastic system is its natural frequency of
vibration. As an example, if a vibrating beam with known dimensions is considered,
its natural frequency of vibration ismostly related to its geometry, support conditions,
density and elastic modulus of the beam’s material. Indeed, the elastic modulus of a
material can be determined from the measurement of the natural vibration frequency
of beams using existing mathematical relationships between the two parameters,
provided that all other parameters are known. These relationships were derived for
homogeneous solid media, isotropic and perfectly elastic. They may however be
also applied to heterogeneous systems, such as concrete, when the sample sizes are
large relative to the size of the heterogeneities. Therefore, for flexural vibrations of
a simply supported uniform beam, the elastic modulus of the material of which it is
composed can be obtained by Eq. (3.1).

E =
(

f · 2 · L2

π

)2

· ρ · A

I
(3.1)

whereE is Elastic modulus of the testedmaterial (Pa), f is the resonance frequency of
the fist mode of vibration (Hz), L is the free span of the beam (m), ρ is the material’s
density (kg/m3), A is the cross-sectional area (m2) and I is the secondmoment of area
of the composite cross-section around a centroidal axis perpendicular to the bending
plane (m4).

The classical resonance-based method is already standardized by ASTM (2002)
and it has already been extensively used by several authors (Giner et al. 2011; Hassan
and Jones 2012; Zhao et al. 2014; Lee et al. 1997; Kolluru et al. 2000;Wang and Sub-
ramaniam 2011). Nevertheless these methods have some downsides that prevented
their wide spread use as tools for continuous stiffness monitoring (Granja 2016).

Based on the above-mentioned reasoning, and in attempt to overcome the limita-
tions of the classical resonance method, a newmethod for monitoring the E-modulus
evolution was developed called EMM-ARM (Elasticity Modulus Measurement
through Ambient Response Method).

3.2 EMM-ARM Testing Apparatus

The EMM-ARM testing technique is a variant of the classical resonance method
and has been initially proposed by Azenha (2009). Through a continuous modal
identification of a composite beam (comprising the mould filled with the material to
be tested) with known geometry and support conditions, it is possible to obtain the
evolution of the flexural resonant frequency of the first mode of vibration. From this
evolution, it is then possible to directly and quantitatively estimate the evolution of
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E-modulus of the tested material, without any kind of user induced ambiguity in the
data processing methodology.

The test setup varies depending on the material to be tested. The composite beam
can be simply supported, to test concrete mortar, stabilized soil or any hardening
material with similar grain sizes, or a cantilever to test materials with smaller grain
size, such as cement paste and structural adhesives.

3.2.1 Concrete Testing

The setup of the method for concrete testing includes a 1.1 m long cylindrical PVC
tube (acting as mould) with external/internal diameters of 110/98 mm (Granja and
Azenha 2017), as shown schematically in Fig. 3.1. The mould is placed horizontally
through two horizontal rods (with 12 mm in diameter) that laterally trespass the
composite beam through its cross-sectional centre. The beam is positioned over two
specially devised steel supports, one fixed and one pivoted, which allows fine-tuning
of its transversal inclination as to compensate any potential misalignment between
the supporting rods of the beam). This configuration allows the structure to behave
as simply supported with a free span of one meter. The structural vibrations are
measured with a high precision accelerometer (sensitivity: 10 V/g; range: ±0.5 g)
attached to the mid-span of the simply supported beam.

3.2.2 Mortar Testing

Since the original proposedmethod for concrete testing (Azenha et al. 2010), the tech-
nique has been adapted to test other materials like mortars, cement pastes (Azenha
et al. 2012a, Maia et al. 2011a, b, 2012a, b; Garijo et al. 2019), stabilized soils
(Azenha et al. 2011; Silva 2010; Silva et al. 2013, 2014) and other non-cementitious
materials (Granja et al. 2015; Fernandes et al. 2014, 2015). The variant for mortar
testing differs from the concrete version solely in regard to the dimensions of the
testing beam. The cross section and the total length of the tube used are significantly
reduced, by comparison. In this version, the mould is a 0.55 m long PVC tube with
internal and external diameters of 44 and 50 mm respectively and a free span of
0.5 m. Figure 3.2 depicts the experimental setup for this variant of the method.

3.2.3 Cement Paste Testing

The variant for cement paste testing differs from the concrete/mortar versions in two
main aspects (Azenha et al. 2012a): (i) the cross section of the tube used is greatly
reduced and (ii) the structural system of the beam is changed to become cantilevered.
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Fig. 3.1 EMM-ARM concrete test apparatus: a scheme; b 3D exploded view (units: mm)

The experimental setup for this variant of the method is shown in Fig. 3.3. Themould
is a hollow tubular beammade of acrylic, with outside/inside diameters of 20/16mm.
The composite beam consists of a 550 mm long acrylic tube to be filled with fresh
cement paste, with extremity caps made of polypropylene. The composite beam is
then fixed in the horizontal position, operating as a cantilevered structural system
with a span of 450 mm. The specimen is fixed using a metal clamping device with
inner diameter matching the outer diameter of the beam. The metal clamping device
is then rigidly connected to a rigid base to ensure complete fixation.

To monitor the structural vibrations, a lightweight accelerometer (mass and sen-
sitivity equal to 23.25 g and 1 V/g, respectively) is attached to the free end of the
cantilevered beam.
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Fig. 3.2 EMM-ARM concrete test apparatus: a scheme; b 3D exploded view (units: mm)

3.3 Frequency Identification

EMM-ARM is based the modal identification of a composite beam to estimate the
stiffness of the material under test. The identification of modal parameters through
dynamic testing was originally developed in the fields of mechanics and aerospace
engineering (Juang 1994). Modal testing is an experimental technique used to derive
the modal model of a linear time-invariant vibratory system (He and Fu 2001).
The theoretical basis of the technique is secured upon establishing the relationship
between the vibration response at one location and excitation at the same or another



74 J. Granja and M. Azenha

Top view

Front view

Lateral view

AccelerometerClamping device

Acrilic tube
Øi/Øe=16/20

Lid
Popylene

cap

550
450

100 120

41

450

Lid

Accelerometer

Cap

Acrylic tube
Øi/Øe=16/20

Clamping device

(a) 

(b) 
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location as a function of excitation frequency. Modal analysis involves three con-
stituent phases: data collection, system identification andmodal parameter extracting
from the identified system.

For the dynamic monitoring structures, and depending on the source of exci-
tation, two different groups of techniques are currently used: experimental modal
analysis—EMA (He and Fu 2001; Ewins 2000) and operational modal analysis—
OMA (Rainieri and Fabbrocino 2014; Reynders 2012; Peeters and De Roeck 2001;
Overschee and Moor 1996). In the current state of development, the EMM-ARM
uses the two techniques to estimate the modal parameters, depending on the version
used: OMA techniques for the slender beams (e.g. for the cement paste apparatus);
and EMA techniques for the other cases.
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3.3.1 Operational Modal Analysis (OMA)

OMA is based on the measurement of a structure’s response to dynamic excita-
tions caused by environmental factors such as wind and urban traffic, which can
be defined as the operational conditions. The dynamic response of the structure is
acquired through the measurement of accelerations, velocities or displacements in
relevant points of the structure. From the acquired signals the dynamic system is
identified, using stochastic modal analysis techniques, and the modal parameters can
be estimated, namely the eigenfrequencies, damping coefficients and mode shapes
(Reynders 2012).

OMA techniques have the important advantage of not requiring explicit excitation
of structures (Ren and Zong 2004). However, the structural responses induced by
environmental actions have small amplitudes, which requires the use of very sensitive
equipment to monitor the response of the structure (Rodrigues 2004). Fundamen-
tally two sets of OMA methods can be considered (Reynders 2012): the first group
comprises the signal analysis methods, where the measured responses of the struc-
tural systems are analysed and related to each other based on their transformation to
the frequency domain—frequency domain methods; the second group corresponds
the methods were the acquired repose time series are analysed directly in the time
domain—time domain methods.

With these techniques, the EMM-ARM beam is considered to be excited by the
environmental noise (e.g.: wind, peoplewalking, noises/vibrations from construction
site, etc.) which can conceptually be assumed to have an average behaviour of white
noise, i.e. a stochastic process with constant spectral intensity in all frequencies. The
resulting vibrations are then acquired in the vertical direction through an accelerom-
eter attached to the composite beam. It should be noted that for the application of
these techniques, the composite beams need to have a high slenderness in order to be
highly excitable, so that the input provided by the environmental noise is enough to
induce vibrations that can be detected by the accelerometer, allowing the test to be
carried out without the need for explicitly exciting the composite beam. Nonetheless,
in order to increase the amplitude of vibration of the beam and facilitate the reso-
nance frequency detection, a fan should be placed in the vicinity of the experiment
and blowing air towards the beam.

In regard to data processing, Fig. 3.4 shows a flowchartwith a brief overall descrip-
tion of a possible framework to estimate the stiffness of the tested specimen along the
curing process. First the vibrations are acquired in packages of 900s (Fig. 3.4a). From
the recorded accelerograms (Fig. 3.4b), the collected data is converted from the time
domain to the frequency domain through the Welch procedure (Welch 1967), thus
resulting in the normalized power spectrum density (NPSD) of each measured pack-
age of data (Fig. 3.4c)—see further details in Azenha et al. (2012b). The NPSDs can
then be included side-by-side in a coloured frequency vs time surface, with colouring
that is proportional to the intensity of the power spectra (Fig. 3.4d). Then, the reso-
nance frequencies of the first vibration mode are identified through the highest peak
in each amplitude spectrum (Fig. 3.4e). In order to obtain a continuous evolution of
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Fig. 3.4 Non-parametric data processing and stiffness estimation flow chart

the resonance frequency of the composite beam, this whole process is repeated every
60 min.

In more recent publications (Granja and Azenha 2017; Granja 2016) the EMM-
ARMwas used with more advanced OMA techniques like the SSI (Subspace System
Identification) in time domain. This technique allowed to increase significantly the
accuracy of the frequency identification.
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3.3.2 Experimental Modal Analysis (EMA)

The EMA tests essentially consist in applying a controlled excitation to the structure
under study with low intensity (so that the produced vibration levels do not affect
the integrity of the structure) and measuring its response. Since in these tests, both
the excitation forces and the structure response are measured it becomes possible to
perform the evaluation of the impulse response functions (IRF) and the frequency
response function (FRF). Detailed information about these methodologies may be
found in (Caetano 1992; Ewins 2000;He andFu2001; Pintelon et al. 1994;McKelvey
et al. 1996; Juang and Suzuki 1988; Juang and Pappa 1985; Chen et al. 1993).

3.3.2.1 Excitation

Even though forced vibration techniques can increase the accuracy of the modal
identification of the composite beam, it has to be taken into account that the induction
of an external vibration during the curing period of the cementitious materials may
potentially affect the development of the mechanical properties, particularly in the
vicinity of the setting time when bonds are being formed in the cement matrix that
can be damaged due to the vibrations. This issue was studied by several authors
(Dunham et al. 2007; Hong and Park 2015; Fernandes et al. 2011) and it was found
that excessive vibration during the curing process can affect the elastic modulus by
almost 10%. Also in the work of Hong and Park (2015) it was found that even small
vibrations (with maximum accelerations of 14.4 mg at 5 Hz) can have a relevant
impact in the concrete curing process and affect its mechanical properties. Based on
these evidences it was established that the use of forced vibrations techniques should
be quite limited in terms of vibration intensity applied to the material, as to make the
impact of such vibration negligible on the setting and hydration processes (Granja
and Azenha 2017).

In addition to the excitation intensity issue, it is also necessary to take into consid-
eration that the application of Eq. (3.1) presented above demands a structural system
comprised of a simply supported beam, but does not include any potential interaction
issues with an actuator system. Therefore, the actuator must not introduce any added
vertical stiffness to the system, otherwise a spring would have to be considered (and
dully quantified) in the boundary conditions used to derive the equation.

In this way, a custom electromagnetic actuator was developed, specially designed
to be able to apply a very small dynamic force to the testing beam without physical
contact between the actuator and the beam. A representation of this custom-made
electromagnetic actuator is shown in Fig. 3.5. The force is applied to the beam
through a magnet (made of neodymium N50 with remanence: Br = 1.4T; ∅ = 8 mm;
height = 20 mm) that is physically attached to the bottom of the beam at mid span.
On the opposite side, the magnet is surrounded by a coil (made with copper wire
with 0.22 mm in diameter and 3140 turns; ∅int = 10 mm ∅ext = 25 mm). When
subjected to a given current intensity, this coil creates a magnetic field dependent on
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Fig. 3.5 Custom made
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actuator attached to an
EMM-ARM beam (units:
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the current polarity and intensity. The coil’s frame was built in a non-ferromagnetic
material (plastic) to prevent interaction between the magnet attached to the beam and
the body of the actuator, which could again introduce an effect similar to that of an
elastic spring at mid span of the beam.

From the work of Granja and Azenha (2017) it possible to observe that the ampli-
tude of the excitation force ranged ±8 mN and is constant throughout the frequency
range normal for a EMM-ARM test. Despite the very low excitation force range, it
is sufficient to create a response with enough acceleration amplitude to be detectable
by the accelerometer. The maximum response of the beam, as reported by Granja
and Azenha (2017), was in a range of ±6 mg, value that according to the study of
Hong and Park (2015) is small enough to avoid detrimental impacts in themechanical
properties.

3.3.2.2 Signal Processing

The use of forced vibration techniques for testing requires a different data processing
from the one shown in Fig. 3.4. Apart from the necessity to generate the excitation
it is necessary to measure both the excitation and the response of the beam, and
the signal processing needs to be changed to an input-output technique. Yet, despite
different, such techniques are much simpler than the stochastic methods, since the
excitation of the beam is known. In these techniques, the modal parameters (natural
frequencies, mode shapes and damping coefficients) can be calculated by estimating
the frequency response functions (FRF) or the Impulse Response Functions (IRF),
either in frequency or time domain (Caetano 2000; Granja 2016). The modal param-
eters are estimated through the FRF in the frequency domain (defined here as H)
that describes the relationship between the response and the excitation imposed to
the system and can be defined by the ratio of the cross-spectrum excitation-response
(SFX ) and the auto-spectrum of the excitation (SFF) (Oppenheim et al. 1989), as
shown in the Eq. (3.2).

H( f ) = SF X ( f )

SF F ( f )
(3.2)

Figure 3.6 shows an example of a flowchart with a brief overall description of the
test procedure and data processing to perform the resonance frequency identification
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Fig. 3.6 Parametric data processing and stiffness estimation flow chart

along the curing process. First, a sine sweep signal (with linear frequency variation
between 10 and 200 Hz) with 40 s duration was continuously generated in a 24-bit
NI 4431 dynamic signal analyser during 300 s. The signal is transmitted to the non-
contact custommade electromagnetic actuator to perform the excitation of the beam.
Simultaneously both the generated signal and the resulting accelerations of the beam
were acquired in the same device (Fig. 3.6a). From the recorded 300 s accelerograms
and excitation signal (Fig. 3.6b), the FRF of the system was computed and the FRF
spectra were obtained (Fig. 3.6c).
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After obtaining the FRF spectra, they are cumulatively condensed into a single
graph (a surface, as shown in Fig. 3.6d). Then, the resonance frequency of the first
mode of vibration is identified through the highest peak in each amplitude spectrum,
through a fully automatic algorithm, and the evolution of the frequencies along the
curing time is obtained.

In more recent publications (Granja and Azenha 2017; Granja 2016) the EMM-
ARMwas usedwithmore advanced EMA techniques like the Transfer Function (TF)
and the Subspace System Identification (SSI) in time domain. The use of such meth-
ods allows substantial reductions in the sensitivity of EMM-ARM to ambient noise
disturbances, and increases the accuracy of estimations (even in very unfavourable
environments). Also the EMA parametric identification techniques allow the identi-
fication of the beam’s damping along the material curing that might be used in the
future to estimate some viscoelastic properties of the material under test (Granja
2016).

3.4 E-modulus Estimation

The stiffness evolution of the material can be inferred based on the resonance fre-
quency evolution of the composite beam using the corresponding equation ofmotion.
In the case of a simply supported beam with a mass at mid span, one obtains:

Ē Ī
∂4[ϕ(x) · Y (t)]

∂x4
+ m̄

∂2[ϕ(x) · Y (t)]

∂t2
= 0 (3.3)

whereY (t) represents the amplitude of the vertical displacement along the acquisition
time, t (in seconds), expressed in relation to the deflection mode φ(x), x is the
coordinate along the span of the beam (m), Ē and Ī are the homogenized elasticity
modulus (Pa) and second areamoment of inertia (m4) of the composite cross-section,
respectively and m̄ is the uniformly distributed mass along the beam (kg/m). Form
the Eq. (3.3) it is possible to express φ(x) as a function of A1, A2, A3 and A4, as shown
below:

ϕ(x) = A1 · cos(a · x) + A2 · sin(a · x) + A3 · cosh(a · x) + A4 · sinh(a · x)

(3.4)

With

a = 4

√
ω2 · m̄

Ē Ī

where ω = 2π · f is the first angular resonance frequency of the beam (rad−1) and
f is the linear frequency (Hz). At this stage, boundary conditions need to be applied
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to Eq. (3.4) for the present beam, with a double support in one end and a vertical
sliding support in the other, resulting in:

At x = 0 : Ē Ī · ϕ′′′(0) = −k · ϕ(0), Ē Ī · ϕ′′(0) = 0
At x = L : Ē Ī · ϕ′′′(L) = −ω2 · ϕ(L) · m p, ϕ′(L) = 0

(3.5)

where mp is the concentrated mass located at the mid span (kg), L is half of the span
of the beam (m) and k is the vertical stiffness of the supports (N/m). Introducing these
boundary conditions in Eq. (3.4) a set of equations is obtained, whose eigenvalues
ω may be computed according to:

1

2k

⎡
⎢⎢⎣

Ē Ī a3ω2m p · [
1 + cosh(aL)2 − sinh(aL)2 + 2cos(aL)cosh(aL)

]
+2 · Ē Ī · a6 · [sin(aL) · cosh(aL) + cos(aL)sinh(aL)]
+4 · Ē Ī · a3 · k · cos(aL) · cosh(aL)

+2 · k · ω2 · m p · [cos(aL) · sinh(aL) + cosh(aL) · sin(aL)]

⎤
⎥⎥⎦ = 0

(3.6)

With the results of modal identification, all variables in Eq. (3.6) are known except
for E I , thus allowing to mathematically obtain this unknown. Bearing in mind the
composite tubular section of known internal/external diameters (∅i, ∅e), and the
known E-modulus of the mould Em, it is possible to compute the E-modulus of the
tested material (concrete) Ec through Eq. (3.7):

Ē Ī = Em
π

(∅4
e − ∅4

i

)
64

+ Ec
∅4

i

64
(3.7)

By performing the above procedure for all data packages, the E-modulus versus
time evolution curve can be obtained.

A similar reasoning can be applied to the version of EMM-ARM aimed to test
cement paste, which uses a distinct structural system (cantilever). Despite such fact,
the procedure to obtain the resonance frequency of the composite beam is quite
similar to the variant for concrete described before. However, after determining the
first flexural resonant frequency of the composite beam, Eq. (3.6) is no longer valid
due to the different structural system.

Therefore, in order to infer the stiffness of the testedmaterial, it becomes necessary
to derive a new formulation for the cantilever structural system (Fig. 3.3). In this case
the boundary conditions to introduce in Eq. (3.4), in correspondence to the fixed
support in one end, are:

At x = 0 : Ē Ī · ϕ′′(0) = kθ · ϕ′(0), ϕ(0) = 0
At x = L : Ē Ī · ϕ′′′(L) = −ω2 · ϕ(L) · m p, ϕ′′(L) = 0

(3.8)

where kθ is the rotational stiffness of the support (N/m). Therefore, the relation
between the frequency of the firstmode of vibration and the stiffness of the composite
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beam can be computed according to Eq. (3.9):

a3[cosh(a · L) · cos(a · L) + 1]

+ ω2 · m p

Ē Ī
[cos(a · L) · sinh(a · L) − cosh(a · L) · sin(a · L)]

+ Ē Ī · a4

kθ

[cos(a · L) · sinh(a · L) − cosh(a · L) · sin(a · L)]

− 2 · a · m p · ω2

k
· sin(a · L) · sinh(a · L) = 0 (3.9)

Then the E-modulus of the material inside the mould can be estimated based on
the geometry and stiffness of the acrylic tube through the Eq. (3.7).

3.5 Comparison of EMM-ARM with Other Methods

The E-modulus estimations with EMM-ARM have been extensively compared with
several other distinct methods to infer the E-modulus or other related properties. In
this subchapter two different experimental campaigns will be presented, where the
E-modulus estimations through EMM-ARM for two different variants (concrete and
cement paste) will be compared with several other methods used in the literature for
E-modulus estimation of cement-based materials.

This subchapter presents an extensive comparison between several experimental
methodologies capable of quantifying the stiffness of concrete and cement paste, such
as: EMM-ARM, cyclic compression/tension tests (CC, BTJASPE, TSTM), ultra-
sonic wave transmission (UWT), bender-extender elements (BE), and penetration
resistance.

3.5.1 Concrete

The work that will be presented here was the result of part of an international
collaboration between three research centres [University of Minho (UM), Institut
Français des Sciences et Technologies des Transports, de l’Aménagement et des
Réseaux (IFSTTAR) and Université libre de Bruxelles (ULB)]. The results have
been published in two papers of more general purpose (Boulay et al. 2013a; Del-
saute et al. 2016), but are here filtered and analysed from a perspective of EMM-ARM
comparison.

In addition to the EMM-ARM technique presented in the previous sections, eight
further different techniques have been tested within a round-robin testing program
involving three laboratories: University of Minho (UM), IFSTTAR, and University
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Table 3.1 Mixture
proportions of the concrete
(w/c = 0.54)

Components Mass (kg/m3)

Cement (CEM I 52.5 N PMES CP2) 340

Sand (0/4) 739

Gravel (8/22) 1072

Total water 184

Density 2335

of Brussels (ULB). They can, a priori, be sorted in two classes, according to their
respective ranges of loading rates:

• four techniques of quasi-static loadings [cyclic compression tests: classical cyclic
compressive testing CC (all three labs), automated cyclic compressive testing with
BTJASPE (Boulay et al. 2012) since fresh state (IFSTTAR), classical automated
cyclic compressive testing (ACC) using BTJASPE protocol with initial testing
after setting time (IFSTTAR), automated cyclic E-modulus testing with a TSTM
(ULB) (Delsaute et al. 2012)];

• and four techniques of high frequency loadings: three classicalUPVmeasurements
with PunditLab (UM), FreshCon (ULB) (Carette and Staquet 2015), BTPULS
(IFSTTAR) (Boulay et al. 2012); and Smart Aggregates SMAGs (ULB) (Carette
et al. 2012).

All of the above-mentioned experimental methods were applied without a rigor-
ous temperature history control history of the specimens due to practical limitations
associated to the test setups and the size of specimens themselves. That is why obser-
vations are compared after having expressed results at the same concrete maturity
using the equivalent time method.

The same raw materials have been used in the three laboratories involved in this
comparative programme. The mixture proportions are given in Table 3.1.

The average E-modulus evolutions obtained will all low frequency (or quasi-
static) methods are shown in Fig. 3.7. In all the results the overall evolution kinetics
is similar, with an initial dormant period until ~5 h after mixing. At this point the
E-modulus starts to increase whatever the testing method. After setting, the kinetic
of the E-modulus looks very similar, whatever the testing method whereas a limited
scattering is observable between the results, especially very early ages. It appears
that the difference of protocol of loading (strain rate, stress amplitude) and the type
of testing method did not induce any strong effect on the kinetic and the amplitude
of the E-modulus. Furthermore, all low frequency testing methods have revealed a
good correspondence with classical cyclic compression results.

To illustrate the accuracy and precision of each method the normal distribution of
the estimated E-modulus was computed. But first all the values were normalized to a
reference value at the age of testing computed from the model (fitting of CC results).
The normal distributions of the E-modulus estimations along the whole duration of
the tests form the five distinct techniques are shown in Fig. 3.8 and the mean values
and standard deviations are summarized in Table 3.2.
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Fig. 3.7 E-modulus
obtained with low frequency
testing methods

0.01 0.1 1 10 100
0

10

20

30

40

50
Model
TSTM
BTJASPE
ACC
EMM-ARM
CC

E-
m

od
ul

us
 [G

Pa
]

Equivalent age [days]

Fig. 3.8 Accuracy and
precision of the low
frequency experimental
methods
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Table 3.2 Summary of the mean values (μ) and standard deviations (SD) of the E-modulus
estimated with the low frequency experimental methods

Method EMM-ARM BTJASPE ACC TSTM

µ 0.952 0.902 0.946 0.997

SD 0.0618 0.2914 0.0888 0.1490

It can be observed that TSTM was the most accurate method with an average
(μ) of 0.997, though the precision was low since the Standard Deviation (SD) is
0.1490. Regarding the EMM-ARM results, it is possible to state that the method
is able to estimate the so-called quasi-static E-modulus of the concrete with a very
high precision and a good accuracy. These results enable the validation of the E-
modulus estimations obtained with EMM-ARM since the accuracy and precision of
the estimations are within the range of the competing static methods.
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Fig. 3.9 Comparison of E-modulus obtained with static and dynamic testing methods

Figure 3.9 presents the synthesis of all results. Only mean values of each testing
method are shown here. As expected, clear differences appear between static and
dynamic results. Dynamic modulus is generally higher than static results. A faster
evolution of dynamic results is also observable.

3.5.2 Cement Paste

In this subsection, the validation of the EMM-ARM version for cement paste
is demonstrated through comparison with a set of directly or indirectly compet-
ing methods, such as: classical cyclic compression (CC), ultrasonic pulse velocity
(UPV), bender-extender elements (BE) and Vicat needle. For more details about the
experimental setups, materials and results see (Granja et al. 2014).

The experiments were conducted on cement pastes containing Type I and Type II
Portland cement. In the scope of this experimental program, two cement paste com-
positions with water/cement ratio w/c= 0.50 were adopted. The mixture proportions
of the cement pastes as well as the corresponding nomenclatures are presented in
Table 3.3.

The comparison between the elastic modulus results obtained by EMM-ARMand
by classic methods (CC and Vicat) for the cement pastes 32.5 and 42.5 is shown in
Fig. 3.10. It can be seen that the values obtained through the EMM-ARM are similar
to those collected in CC tests in terms of magnitude and evolution kinetics. However,
the results for the cement paste 32.5 (Fig. 3.10a) show a non-negligible difference
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Table 3.3 Cement pastes
adopted for validation of
EMM-ARM

Reference Cement type w/c ratio Density (kg/m3)

32.5 CEM II/B-L
32.5 N

0.50 1787.4 ± 4.0

42.5 CEM I 45.5 R 0.50 1840.3 ± 4.1
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Fig. 3.10 Comparison of the results of EMM-ARM, Vicat, and cyclic compression for cement
pastes: a 32.5, b 42.5

of 1.4 GPa at teq = 22.4 days (538 h). This deviation may possibly be explained by
differences in the curing conditions of the samples. In fact, the EMM-ARM samples
remained in perfectly sealed conditions during the whole test, while the samples used
for the CC tests were exposed to drying during the curing period. This small variation
in the curing conditions may have influenced the hydration process at the surface of
the CC specimens (Parrott 1990), which may have significant effects in view of the
small size of the specimen, thus resulting in lower stiffness. As the expected porosity
of 32.5 is higher than that of 42.5, it is plausible that this deficient curing of CC
specimens may have affected 32.5 more significantly, as opposed to 42.5.

The results presented in Fig. 3.10 also show good agreement between EMM-
ARM and the data collected by the Vicat needle, in the sense that the end of setting
determined by Vicat testing is approximately coinciding with the end of the dormant
period observed in EMM-ARM, followed by a strong acceleration of the hydration
kinetics.

Taking into account that the methodologies based on wave propagation measure
dynamic parameters, for the purpose of comparison of all methodologies under study,
the results were normalized (‘Norm’ in Fig. 3.11) by dividing all results of each spec-
imen/methodology by their corresponding values at teq = 7 days. Moreover, in order
to simplify the analysis and to compare both methods based on wave propagation
(BE and UPV) with the results of quasi-static methods, the velocity values were
squared (V 2) prior to normalization, as V 2 is proportional to the elasticity modulus
(Granja et al. 2014).

The results of all experimental methods involved in this comparison is given in
Fig. 3.11, which demonstrates a quite reasonable reciprocal agreement, thusmutually



3 Elastic Modulus Measurement Through Ambient Response Method 87

0.01 0.1 1 10 100
0.0

0.3

0.6

0.9

1.2
 EMM1
 UPV
 BE
 Initial set.
 Final set.
 CC

N
or

m
 [-

]

Equivalent age [days]
0.01 0.1 1 10 100

0.0

0.3

0.6

0.9

1.2
 EMM1
 UPV
 BE
 Initial set.
 Final set.
 CC

N
or

m
 [-

]

Equivalent age [days]

(a) (b) 

Fig. 3.11 Comparison of the results of all methodologies used in this study for cement pastes a 32.5
and b 42.5

validating the studied methodologies. The good performance of EMM-ARM in the
scope of this comparative study, together with its ability to provide precise, continu-
ous and quantitative estimates of E-modulus confirms the versatility and applicability
of this methodology.

In regard to setting times, there is also a good coherence between Vicat, EMM-
ARM and BE, as observable in Fig. 3.11. Thus, these results have confirmed the
applicability of the wave propagation methods to monitor the stiffness of cement
pastes since the fresh state and throughout the entire hardening process, as already
mentioned byother authors (Boumiz et al. 1996;Reinhardt andGrosse 2004).Despite
this fact, the results obtained by these wave-propagation based methods should be
regarded qualitatively, since these refer to dynamic properties, whose conversion to
static properties is often arguable, particularly at very early ages. Indeed, it should
be noted that these wave velocity methods (UPV and BE) seem to exhibit a slightly
more accelerated evolution kinetics than EMM-ARM, which is more evident for the
42.5 paste, as shown in Fig. 3.11b. This fact may be related to the early evolution of
Poisson’s ratio. Similar findings have been reported in other research works, where
the consideration of constant Poisson’s ratios led to apparent earlier acceleration of
stiffness when estimated through pulse velocity methods (Boulay et al. 2013a).

3.6 Repeatability of E-modulus Estimations

In the previous subchapter it has been shown that EMM-ARM is capable of very
consistent results when compared with other methods for direct or indirect assess-
ment of E-modulus. The present section pertains to a repeatability assessment of
EMM-ARM (Dotson 2015). According to JCGM (2012) repeatability in the context
of a physical measurement is “the measurement precision under a set of conditions of
measurement (…) that includes the same measurement procedure, same operators,
same measuring system, same operating conditions and same location, and repli-
cate measurements on the same or similar objects over a short period of time”. In
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accordance to the previous subchapter, the repeatability study was divided in two
parts: the first one dedicated to the version of EMM-ARM for concrete testing and
the second on to the cement paste version.

3.6.1 Concrete

To assess the repeatability of EMM-ARM a series of seven tests was performed in
five different concrete mixes with at least 2 beams tested simultaneously. The list of
all the tests performed with the information of the concrete mix tested, the number
of specimens and temperature of testing is presented in Table 3.4. All the tests were
performed at room temperature with exception to the test 7 that was performed
under imposed variable temperature. The mean temperature history measured in the
specimens tested in test 7 is shown in Fig. 3.12. For more information about the
experimental setups, procedures and materials see (Delsaute et al. 2016; Azenha
et al. 2012b; Granja and Azenha 2017; Granja 2016).

The mixture proportions for the five different concretes are given in Table 3.5.
The E-modulus evolutions obtained in the seven different tests are shown in

Fig. 3.13. In this figure only the mean curve (full lines), the mean curve + the
standard deviation (dashed lines) and the mean curve − the standard deviation (dash
dot lines) are represented. As can be observed in all the tests, the deviation from the
mean curve is very small with average error of 1.5% at the end of all the test. In
fact, even in tests performed with the same concrete but with different temperature
histories (1 and 7), the final values measured at the age of 7 days have a very small
discrepancy (a difference of 0.5 GPa or 1.8%). These results enable to state that the
E-modulus estimations obtained with EMM-ARM in the version for concrete have
a very good repeatability.

Table 3.4 Tests performed in
the repeatability study for the
EMM-ARM concrete version

Test Concrete Number of tests Testing temperature

1 M1 3 Room temperature
20 ± 2 °C

2 M2 3 Room temperature
20 ± 2 °C

3 M3 3 Room temperature
20 ± 2 °C

4 M4 3 Room temperature
20 ± 2 °C

5 M5 6 Ambient temperature
17 ± 7 °C

6 M6 3 Ambient temperature
23 ± 8 °C

7 M1 2 Variable see Fig. 3.12
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Fig. 3.12 Temperature history of test 7

Table 3.5 Mixture proportions of the different concrete mixes used

Component Mix M1
(kg/m3)

Mix M2
(kg/m3)

Mix M3
(kg/m3)

Mix
M4
(kg/m3)

Mix M5
(kg/m3)

Mix M6
(kg/m3)

Sand 250 (0/2) 395 (0/2) 245 (0/2) 739
(0/4)

300 (0/2) 330 (0/2)

460 (0/4) 395 (0/6) 786 (0/6) – 540 (0/6) 560 (0/6)

Gravel 1140
(4/16)

840 (6/22) 417 (6/14) 1072
(8/22)

550 (6/14) 550 (6/14)

– – 478
(14/20)

– 420 (11/22) 440 (11/22)

Cement 218
(CEM
II/A-L
42.5R)

320 (CEM
I 42.5R)

280 (CEM
I 42.5R)

340
(CEM I
52.5 N
PMES
CP2)

320 (CEM
II/A-L 42.5R)

220 (CEM
II/A-L 42.5R)

Fly ash 112 – 40 – 100 130

Filler – 260 – – – –

Water
(L/m3)

155 160 143 184 165 160

Super
plasticiser

3.30
(Sikament
400+)

7.64
(Viscocrete
3006)

6.25
(Rheobuild
1000)

– 3.36
(BasfGlenium
Sky 548)

2.45
(BasfGlenium
Sky 548)

Plasticiser – – – – 0.84
(BasfPozzolith
540)

2.10
(BasfPozzolith
540)
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Fig. 3.13 Concrete
E-modulus evolutions
obtained in seven
EMM-ARM tests
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3.6.2 Cement Paste

The repeatability of EMM-ARM for cement pastes was evaluated by performing
seven tests with seven different cement pastes with at least 2 specimens. The list of
all the tests performed with the information of the cement paste composition, the
number of specimens and temperature of testing is presented in Table 3.6. For more
information about the experimental setups, procedures and materials see (Granja
et al. 2014; Granja 2016).

The composition and properties of the different cements used in the cement pastes
are shown in Table 3.7.

The E-modulus evolutions obtained in the seven different tests are shown in
Fig. 3.14. In this figure only the mean curve (full lines), the ‘mean curve + the
standard deviation’ (dashed lines) and the ‘mean curve − the standard deviation’
(dash-dotted lines). As can be observed in all the test results, the deviation from the
mean curve is very small with average error of 1.1% at the end of all the tests. These
results enable to state that the E-modulus estimations obtained with EMM-ARM in
the version for cement pastes have a very good repeatability.

Table 3.6 Tests performed in the repeatability study for the EMM-ARM cement paste version

Cement paste Cement w/c Number of tests Testing temperature (°C)

1 Grey type 1 0.50 7 20

2 Grey type 2 0.50 2 20

3 Grey type 3 0.35 2 20

4 White 0.32 2 20

5 White 0.40 2 20

6 White 0.48 2 20

7 White 0.40 2 10
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Table 3.7 Composition of the different cements used in the cement pastes

Cement Grey type 2 Grey type 1 Grey type 3 White

C3S (%) 42.47 51.63 70.80 66.89

C2S (%) 13.58 17.18 10.20 20.00

C3A (%) 6.82 7.03 6.40 3.51

C4AF (%) 8.84 9.86 7.30 1.00

Free lime (%) – 1.05 – 0.31

Gypsum (%) – – 5.30 –

Fig. 3.14 Cement paste
E-modulus evolutions
obtained in seven
EMM-ARM tests
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3.7 Accuracy of the E-modulus Estimations

According to JCGM (2012) measurement accuracy is the “closeness of agreement
between a measured quantity value and a true quantity value of a measurand”. Thus,
in this section the analysis of the EMM-ARM E-modulus estimations accuracy will
be discussed. Oncemore, the analysis was divided in two parts related to thematerial:
concrete and cement paste.

3.7.1 Concrete

From all the experiments performed during the Ph.D. work of José Granja (Granja
2016) and the results of the first implementation of EMM-ARM (Azenha et al.
2010) the relation between the E-modulus values obtained from the classical cyclic
compression tests (CC) and the EMM-ARM estimation at the same age of testing
was computed and the results are shown in Fig. 3.15.

As can be seen in the figure, the relation between the two estimations is always
very close to 1, and the dispersion of the results is small. Nevertheless, to better
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Fig. 3.15 Relation between the concrete E-modulus estimated from CC and EMM-ARM

interpret the results a normal distribution was fitted to the results. A mean value
of 0.981 was obtained, along with a standard deviation of 0.0496. The probability
density function of this normal distribution is shown in Fig. 3.16. As can be seen the
accuracy of the EMM-ARM estimations is very high, with a mean error of 1.9%.
Additionally, based on this data, it is possible to observe that there is a 90%possibility
that the EMM-ARM E-modulus estimations are between 0.899 and 1.062 of the CC
values.
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Fig. 3.16 Probability density of the normal distribution of the relation between the concrete E-
modulus estimations from EMM-ARM and CC
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Fig. 3.17 Relation between
the cement paste E-modulus
estimated from CC and
EMM-ARM
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3.7.2 Cement Paste

The relation between the E-modulus obtained from the classical cyclic compression
tests (CC) and the EMM-ARM estimation at the same age of testing extracted from
all the experiments performed until now with EMM-ARM (Maia et al. 2012; Granja
2011, 2016; Granja et al. 2013, 2014; Azenha et al. 2012b) are shown in Fig. 3.17.

As can be observed the values are close to the line that represents the equality
between the E-modulus estimated from EMM-ARM and CC. However, the disper-
sion of the results is slightly higher when compared with the results from the tests on
concrete. The mean value and standard deviation of the normal distribution fitted to
the results is 0.953 and 0.1121, respectively. Therefore, one can state that the EMM-
ARM in the cement paste version have a high accuracy with an average error of
4.7%. By plotting the probability density graph of the normal distribution (Fig. 3.18)
one can observe that there is a 90% possibility that the EMM-ARM E-modulus esti-
mations are between 0.769 and 1.137 of the values obtained with the classical cyclic
compression tests (CC).

3.8 Conclusions

This chapter gives anoverviewof all the developments and capabilities that theEMM-
ARM method has for continuous monitor the evolution of the Elastic properties of
cement-basedmaterials. Several works from different authors were combined to give
a clear picture of the method’s state of development.
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Fig. 3.18 Probability
density of the normal
distribution of the relation
between the cement paste
E-modulus estimations from
EMM-ARM and CC
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TheEMM-ARMis under continuous development since its origin in 2009 andnow
it has more than 10 year of continuous implementation in several laboratories around
theworld. From these systematic implementations its potentialities are clear and goes
from just been able to give in situ real-time information about the elastic modulus of
concrete (Granja and Azenha 2015) to support advanced material computation like
the one presented in the work of Charpin et al. (2016).

Since the first implementation the robustness and reliability of the method was
significantly improved togetherwith an easier way to conduct the experiment through
the use of a more user-friendly specimen.
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Chapter 4
Monitoring the Viscoelastic Behaviour
of Cement Based Materials by Means
of Repeated Minute-Scale-Duration
Loadings

Brice Delsaute and Stéphanie Staquet

Abstract This chapter presents a new methodology developed to monitor the E-
modulus and the ageing of the short term creep simultaneously. The methodology
is based on a repeated minute-scale-duration loadings test for which periodically a
loading is applied and kept constant during few minutes and finally removed. The
repeated minute-scale-duration loadings test is used to quantify the E-modulus when
the load is applied or removed and the aging creep when the load is kept constant or
till the moment that the load is applied. This methodology is coupled to a permanent
loading which allows characterizing creep for long duration. Different test setups
and protocols of loading were developed in three laboratories to monitor the ageing
of the E-modulus and the creep function on concrete or cement paste since setting
or one day after casting. This chapter reports on the differences between the devices
used, between the protocols of loading and between the data analysis. Different
applications of the repeated minute-scale-duration loadings test are also presented.

Keywords Early age · Restrained shrinkage · Repeated minute-scale-duration
loadings · Ageing creep · E-modulus

4.1 Introduction

Through the materials used in construction, concrete has a major importance and is
the second most used material in the world after water. Currently, ordinary concretes
are composed by sand, aggregate, water and Portland cement. Due to their extensive
use, the cement production has a significant carbon footprint with its contribution to
the CO2 emission. It is estimated that between 5 and 8% of the worldwide CO2 emis-
sion comes from the cement industry (Andrew 2017). In addition, the aggregates,
which constitute the inert skeleton of concrete, are unequally shared and are hardly
inexhaustible resources increasing the CO2 emission of concrete materials. During
the last decades, a lot of research has been performed in order to reduce the envi-
ronment impact of the concrete industry by replacing partially or totally components
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of concrete. In consequence, there is always the need to get more detailed insight
into the concrete behavior. Even nowadays, many areas need to be explored using
innovative experimental techniques and new modeling approaches. Considering the
new raw materials (e.g. recycled aggregate, mineral addition, admixture) changing
the concrete characteristics, new testing methodology should be developed in order
to monitor as fast and easy as possible the concrete properties.

Concrete has also the particularity to be a complexmaterial forwhich its properties
continuously change. Cementitious materials are obtained by hydration of binders,
and the hydration lasts months to decades. It evolves from a nearly liquid state to
a viscoplastic material within a few hours, followed by the setting of the concrete.
Then the mechanical properties start to develop and the material exhibits viscoelastic
behaviour. During the first days after mixing, the evolution of the concrete properties
is very intense. This period is called the early age. Finally, the concrete properties
continue to evolve on a period counted in years. Therefore, the microstructure of
cementitious materials evolves with time and concrete properties depend on the
maturity of the material.

Concrete exhibits both elastic and viscous characteristics, i.e. thematerial deforms
instantaneously and progressively under, and induced by, a constant sustained load.
It is thus generally considered that cementitious materials display a viscoelastic
behavior. Such assumption is however limited to stress level corresponding to 30–
50% of the strength under compression (Mazzotti and Savoia 2001) and 60% of the
strength under tension (Domone 1974). Above these levels of stress, the behavior of
concrete is non-linear because of the intensive micro-cracks formation.

For the design of concrete structure, it is needed to know in depth the early age vis-
coelastic properties of concrete for mainly three structural reasons: the early removal
of the formwork, the loss of prestress and the deflection of precast concrete elements
and the restraint of the autogenous, thermal and/or drying strains. In structural ele-
ments with thick sections, the internal temperature can reach a significant level.
When the formwork is removed from the concrete, the internal temperature drops
slowly while the surface, in direct contact with the environment, cools down rapidly.
It results in thermal gradient across the section of concrete elements and therefore
this induces stresses (Klemczak and Knoppik-Wrobel 2011). In the prestress/precast
industries, the prestress is applied as soon as possible in order to decrease the time of
each production cycle. The reduction is possible by using new self-compacting con-
crete which develops high strength at very early age. However creep and shrinkage
are very intense during this period and cause significant prestress loss and deflection
(Gardner and Fu 1987; Rosowsky et al. 2000; Kim et al. 2011; Maia and Figueiras
2012; Butler et al. 2016). For general concrete structures built in several phases, free
strain of cement based materials are restrained externally (boundary conditions of
the structure) and internally (interface between concrete and reinforcement, aggre-
gate and mortar, sand and cement paste or even at the scale of the hydrate). These
restrictions of the free displacement induce stresses inside concrete. Consequently, it
is important to model accurately the early age behavior of concrete for their design,
which influences the whole service life. Even though the mechanical behavior of
hardened concrete can usually be accurately estimated, it is not always the case for
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the early age behavior of concrete, when the mechanical properties change rapidly
in function of the advancement of the hydration reactions. Several devices and test
methodology were already developed for the monitoring of several concrete prop-
erties since the casting or the setting such as the autogenous deformation (Boulay
2012), the coefficient of thermal expansion (Delsaute and Staquet 2017), the com-
pressive strength by coupling electrical resistivity and crushed tests (Milenkovic et al.
no date), the dynamic elastic properties (Delsaute et al. 2016; Saleh et al. 2017) and
the heat release (Instruments 2017). Even if experimental tests consisting in applying
a permanent loading at different ages were previously reported in (Laplante 1993a;
Le Roy 1995; Gutsch 2002; Atrushi 2003; De Schutter 2004; Tamtsia et al. 2004;
Briffaut et al. 2012; Forth 2014; Jiang et al. 2014), no specific testing methodology
aimed at monitoring early age viscoelastic properties has already been developed for
concrete.

Several models were developed in the past for the characterization of the evo-
lution of the properties of concrete. These models are based on a large data base
of experimental results. A large part of these results are related to concrete in a
hardened state. During the hardening process, models are not yet able to predict
correctly the evolution of properties such as the E-modulus, the Poisson’s ratio and
basic creep properties. Models were more developed on the basis of fitting than in
an understanding of the physical mechanisms which govern the evolution of these
properties. It is therefore questionable if such models are able to consider correctly
the evolution of properties of new concrete coming into the market particularly at
early age. A more physical approach is needed for the creation of new standards and
recommendations. Finally, the experimental work should focus on the determination
of model parameter related to the physical mechanisms. Experimental data should
also be provided for the calibration or validation of new models.

In this chapter, after an initial overview of the physical mechanisms related to
the basic creep, the development of a new test protocol for the monitoring of the
viscoelastic properties of cement based materials is introduced. The method consists
to apply repeated creep test of minute-scale-duration on a same sample. Different test
setups, test protocols and data treatment developed in three laboratories are presented
and compared. Finally, applications of the repeated minute-scale-duration loadings
are presented.

4.2 Physical Mechanisms of the Basic Creep

Some studies related to the compressive creep have been carried out and are reported
in (Laplante 1993a; Le Roy 1995; Gutsch 2002; Atrushi 2003; De Schutter 2004;
Tamtsia et al. 2004; Briffaut et al. 2012; Forth 2014; Jiang et al. 2014) for con-
crete with an age at loading of one day and more. These studies have shown that
creep is strongly influenced by the age of concrete at loading inducing changes in
terms of amplitude and kinetic. Among many previous studies like those reported in
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(Laplante 1993a; Le Roy 1995; Gutsch 2002; Atrushi 2003; De Schutter 2004; Tamt-
sia et al. 2004; Briffaut et al. 2012; Forth 2014; Jiang et al. 2014), several theories
were developed to clarify mechanisms related to this behavior. However each theory
alone does not allow explaining all experimental observations. Globally each theory
can be linked to two mechanisms: direct mechanisms linked to the cement paste and
responsible of the highest part of the creep amplitude and indirect mechanisms linked
to the heterogeneity of the concrete (Wittmann 1982; Guénot-Delahaie 1997). Direct
mechanisms are related to the water mobility and can be separated in short and long
terms phenomena (Ulm et al. 1999; Acker and Ulm 2001; Bernard et al. 2003b).
The short term phenomenon is reversible with a small characteristic time of about
10 days and linked to a stress-induced water movement towards the largest diameter
pores and also occurs under increasing volume for uniaxial compression. The long
term phenomenon is irreversible with a high characteristic time and related to vis-
cous flow in the hydrates and occurs under almost constant volume. The creep rate of
this long term phenomenon evolves as a power function tn (Wittmann 1982; Bažant
1984; Bernard et al. 2003a) with an exponent n between −1 and −0.9 according to
(Bažant 1995), between −0.72 and −0.69 according to results of (Wittmann 2015)
on concrete and an exponent n between−0.86 and−0.6 on cement paste according to
results of (Tamtsia et al. 2004). Nanoindentation tests were carried out on C–S–H by
Vandamme and Ulm (2009). It was shown that C–S–H exhibits a logarithmic creep
which is in agreement with results obtained on concrete. The indirect mechanisms
are due to micro-cracks which occur progressively in the cement paste and at the
interface between cement paste and inclusions. Their presence can cause a redistri-
bution of stress in the material. Rossi et al. (1994, 2012, 2013) proposed an approach
of the creep mechanisms by means of a micro-cracking process which occurs during
loading. Over the time, an increase of the density of micro-cracks occurs.

4.3 Development of a Test Protocol

The viscoelastic behaviour of cement based materials in sealed condition is com-
posed of two parameters: the elastic modulus and the basic creep coefficient. These
properties depend on several material parameters. Moreover the creep properties are
very sensitive to the conditions of preservation of the specimen during the test, to
many factors related to the test rig and to the stress level applied. For those rea-
sons several recommendations where developed in the past. For both properties,
recommendations (ISO 1920-9:2009 2009; ASTM C469/C469M-14 2014; ASTM
C512/C512M-15 2015) were developed for hardened concrete. The main common
requirements for all the apparatus for testing elasticmodulus and basic creep in sealed
condition are their ability to:

– ensure uniform stress distribution over the cross section of the specimen;
– apply a load very quickly;
– operate in a room with controlled temperature and humidity;
– keep a constant known load during the whole testing period.
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In addition, the measurement of the strain must be carried out in the central part of
the specimen in order to eliminate the edge effects. The specimen must be perfectly
sealed to avoid any external drying or water uptake. Finally, a dummy specimen
should be tested at the same time to separate free and mechanical strain. The typical
durationof amacroscopic creep experiment ranges fromhours to several days (Bažant
et al. 1976; Tamtsia et al. 2004; Rossi et al. 2012), weeks (Laplante 1993b; Tamtsia
and Beaudoin 2000; Atrushi 2003; Briffaut et al. 2012), months (Rossi et al. 1994;
Zhang et al. 2014), or even years (Bažant et al. 2011, 2012; Zhang 2014). Many
researchers reported challenges in performing and standardizing creep experiments,
e.g. creep compliances found in different databases exhibit significant dispersion,
underlining that the problem is not yet solved in a satisfactory fashion. Additionally,
in order to gain reliable insight into long-term creep, creep testing on concrete is
recommended to be carried out over hundreds of days (Le Roy et al. 1996; Havlásek
and Jirásek 2012), and this requires not only the availability of testing facilities over
long periods of time, but it is also difficult to control experimental parameters as
temperature, applied load, and moisture distribution within the sample.

Even if experimental tests consisting in applying a permanent loading at differ-
ent ages were previously reported in (Laplante 1993a; Le Roy 1995; Gutsch 2002;
Atrushi 2003; De Schutter 2004; Tamtsia et al. 2004; Briffaut et al. 2012; Forth
2014; Jiang et al. 2014), no specific recommendation or standard testing methodol-
ogy aimed atmonitoring early age creep has already been developed for concrete. For
that purpose, new testing equipment and new testing protocol were recently designed
to monitor the viscoelastic properties of cement based materials since setting time.
The first part of this section introduces the development of a new testing method-
ology based on observations performed on permanent creep tests at early age, the
second part describes the new testing equipment developed in three laboratories and
the third section described and compared the test protocols developed in the three
laboratories.

4.3.1 Preliminary Observations Performed on Creep Test
of Long Duration

Several studies were performed in the past for the determination of the viscoelastic
properties of concrete at early age [see e.g. (Laplante 1993a; Le Roy 1995; Gutsch
2002; Atrushi 2003; De Schutter 2004; Tamtsia et al. 2004; Briffaut et al. 2012;
Forth 2014; Jiang et al. 2014)]. It was generally observed that the amplitude and the
kinetic of the basic creep are strongly influenced by the age at loading. Consequently,
models are often composed of two terms: an amplitude term and a kinetic term. For
consideration of ageing both parameters can be expressed in function of the age at
loading (Straub 1930; Shank 1935; Ross 1937; Lorman 1940; Bažant and Osman
1976; Thomas Thelford 1993; Atrushi 2003), the advancement degree of reaction
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Fig. 4.1 Compressive
relaxation tests of short
duration time of 180 min
performed since very early
age till 28 days (Wierig
1971)

at loading (De Schutter 2004; Jiang et al. 2014) or the equivalent age at loading
(Laplante 1993b; Guenot et al. 1996; Gutsch 2002).

In 1971, Weirig (1971) performed several compressive relaxation tests with a
fairly short loading duration time of 180 min since very early age (8 h) till an age of
28 days (Fig. 4.1). For very early age loading, 50% of the stresses are relaxed in just
3 h. While at an age of 28 days, 17% of the stresses are relaxed for a same duration.
In 1936, Jones and Richart (1936) [quoted from Neville et al. (1983)] performed
compressive creep tests on five years old concrete at several stress/strength ratio.
They have shown that the creep strains occurring after one minute under load are
significantly influenced by the stress/strength ratio, especially for stress/strength ratio
higher than 40% as shown in Fig. 4.2. It was therefore observed that short relaxation
test of 180 min and short creep test of 1 min shows a considerable age and stress
level dependency respectively.

Recently, Delsaute et al. (2014, 2016a) have reported results on permanent com-
pressive creep test for ages at loading of 15–20–24–40 and 72 h on an ordinary
concrete (Fig. 4.3a) for duration of loading of one week. For such duration of load-
ing, it has been highlighted that the effect of the age at loading can be separated
mainly in two parts:

– The amplitude of the basic creep coefficient is strongly influenced by ageing during
the first hours after loading. Earlier is the application of the loading and higher
is the basic creep coefficient. On the contrary, no ageing effect is detected for the
kinetic of the basic creep coefficient (Fig. 4.3b).

– After the first hours of loading, no significant effect of the ageing is observed on
the kinetic and the amplitude of the basic creep coefficient. However a general
trend shows that, after few hours of loading, ageing increases the amplitude of the
basic creep coefficient as it is shown in Fig. 4.3c. All basic creep coefficients are
set to zero after two hours of loading to highlight this observation.
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Fig. 4.2 Compressive creep strain after one minute under load according to the stress/strength ratio
(Jones and Richart 1936)

Fig. 4.3 a Creep coefficient for several ages at loading. b First two hours after loading of the creep
coefficient. c Creep coefficient set to zero at an age after loading of 2 h (Delsaute et al. 2016a)

These observations were confirmed with experimental results of several authors
and with several types of concrete mixtures [Ordinary concrete (Briffaut et al. 2012),
high performance concrete (Atrushi 2003; Torrenti and Le Roy 2017) and ternary
blended concrete (Jiang et al. 2014)].
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From these experimental results, it was observed that the ageing of the basic
creep can be mainly assessed by several creep tests of short duration. However such
experimental methodology implies the completion of a large number of tests which
is time consuming. To overcome this limitation, a new experimental strategy has
been proposed by means of a repeated minute-scale-duration loadings test.

4.3.2 Testing Devices

During the last years, several devices were developed to monitor at the same time
the elastic properties and the ageing of the short term creep since very early age. As
for the monitoring of the autogenous deformation (see Chap. 5), requirements for
the apparatus for very early age testing in sealed condition are their ability to:

– perfectly seal the specimen in order to avoid any external drying or water uptake;
– keep the temperature constant, which requires external control because the
hydration of cement paste releases heat;

– limit the friction with the specimen in case of confined mold.

Moreover, for the study of the E-modulus and the basic creep at very early age,
special attention was taken on the following criteria during their development:

– the need of high accuracy sensor (force and displacement) due to the very low
amplitude of the displacement and force applied at very early age;

– the consideration of the free strain with a dummy specimen to separate creep strain
from the total strain (by using the superposition principle of Boltzmann);

– the adaptation of the measurement system for very early age measurement.

In order to apply the new testing methodology consisting to apply repeated creep
test of short duration, several deviceswere developed in three laboratories, namely the
Université Libre de Bruxelles (ULB), the Institut Français des Sciences et Technolo-
gies des Transports, de l’Aménagement et des Réseaux (Ifsttar) and the Technische
UniversitätWien (TUWIEN). Horizontal and vertical test setups have been designed.
These devices can mainly be divided in two categories according to the conditions of
the sample: confined or unconfined sample. To performmechanical test since casting
or setting, it is needed to test the sample directly in the mould. The sample can also
be unconfined but then the sample can be tested only few hours after setting for prac-
tical reasons (minimum concrete age required before mould release, grinding and
protecting the sample from external humidity exchange and fixing the measurement
system).
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Fig. 4.4 BTJASPE, vertical testing device developed at Ifsttar (Delsaute et al. 2016a)

4.3.2.1 Confined Sample

BTJASPE

The BTJASPE (Boulay et al. 2014) (Fig. 4.4), french acronym of “BéTon au Jeune
Age, Suivi de la Prise et dumodule d’Elasticité”, is a device which has been designed
to monitor the setting and, in compression, the modulus of elasticity, the creep, the
relaxation and the coefficient of thermal expansion soon after the casting. Loadings in
compression can be applied on a sample confined in a mould. The servo-controlled
testing machine has a capacity of 1000 kN. The machine is fully programmable
and controlled (force and displacement of each sensor) by computer. A cylindrical
concrete sample (100 mm in diameter, 200 mm in height) is cast inside a stainless
steelmould (254mmdepth)whose thicknesswall is 1mm (Fig. 4.3b). Before casting,
the mould inner wall is greased and a thermocouple is placed in the center of the
mould. The ambient temperature is recorded with a thermocouple. A circulation of
water around the mould allows a perfect control of the sample temperature by means
of two external circulator baths (one for the bottom bearing and one along the height
of the sample). Displacements are measured with three invar rods placed at 120°
which are fixed in the bottom part of the mould and the piston which support the 3
LVDT’s. The piston has the particularity to have small holes which allow the bleed
water to pass through so the upper bearing is always in contact with the solid phase
of the concrete (Fig. 4.3c). Through these holes, the amount of drying is negligible
so that the sealed conditions are obtained.
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Fig. 4.5 TSTM, horizontal testing device developed at ULB (Delsaute et al. 2016a)

TSTM (Temperature Stress Testing Machine)

The TSTM, or Temperature Stress Testing Machine, is a device which has been
developed for themonitoring of restrained shrinkage (Fig. 4.5). A revisited design has
been developed at ULB for extending its use to other applications such as creep and
relaxation (Staquet et al. 2012). Loadings in tension and compression can be applied
on a sample confined in amould. TheTSTM is an electro-mechanical testingmachine
with a capacity of ±400 kN. The machine is fully programmable and controlled by
computer (force and displacement of each sensor).

A prism-shaped mould device (100 × 100 × 1000 mm3) is used and placed
between the two crossheads of the machine which are composed of a fixed part
and a mobile part. The crossheads make a dog bone-shaped. Several thermo-
couples are positioned, during the casting, at each end and at mid-length of
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the central section of the mould. The temperature of the sample is controlled
by a flow of water all around the mould. A watertight plastic film in con-
tact with PTFE (poly-tetra-fluoroethylene) sheets covering the mould and the
crossheads, allows reducing the friction between the concrete and the mould. The
mould is surrounded by a thermal regulation and a thermal insulationwhich assure the
control of the temperature inside the sample. All equipment is in an air-conditioned
room. Displacements are measured by Foucault current’s sensors without contact
placed on invar supports which are fixed on steel bars. The distance between both
sensors is 750 mm (where deformations are uniforms in the sample). The tip of
each sensor is placed very close to invar rods anchored in the concrete at a depth
of 50 mm. In addition to the elastic and viscoelastic deformations, the thermal and
free shrinkage deformations must also be known. For this purpose, a dummy mould
was designed. This mould has exactly the same geometry as the first one. The only
difference is the free movement of one of the ends. Complete details about the TSTM
are presented in (Staquet et al. 2012; Delsaute 2016) and the Chap. 6.

4.3.2.2 Unconfined Sample

Vertical Testing Device Developed at TUWIEN

A vertical testing device has been designed at TUWIEN to monitor the E-modulus
(Karte et al. 2015) and the short term of the basic creep on cement pastes (Irfan-ul-
Hassan et al. 2016; Göbel et al. 2018a, b), mortar and concrete (Irfan-ul-Hassan et al.
2017; Ausweger et al. 2019). Loadings in compression can be applied on the sample
since an age of 20 h. The device is an electromechanical universal testing machine
with a capacity of 150 kN. The machine is fully programmable and controlled (force
and displacement) by computer. A cylindrical concrete sample (70 mm in diameter,
300 mm in height) is cast inside a specific hollow cylindrical plastic mold. After
casting, the specimens are stored in a climate chamber at 20 °C and surrounded
by several layers of food preservation foil in order to avoid water exchange with
the environment. Before testing, the specimens are demolded, and both circular end
faces are shaved with a Stanley knife, in order to minimize possible inhomogeneities
resulting from production and/or storage, and to achieve coplanarity of the two faces.
During testing, for achieving a central load application, a serial arrangement of the
specimen with two metal cylinders was used and is equipped by so-called cylindrical
bottlenecks, see Fig. 4.6. The bottlenecks exhibit diameters of 30mm.During testing,
the test setup is placed inside an insulated temperature chamber, equipped with a
temperature control unit. Deformations of the samples are quantified by means of
five Linear Variable Differential Transducers (LVDTs) placed at 72° and giving
access to the relative displacements between two aluminum rings, which are fixed to
the specimens by means of three screws each. Thereby, the rings are positioned at a
mutual distance of 164 mm (Fig. 4.6). Before the actual testing, the position of the
specimen is iteratively improved in order to come close to a central load application.
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Fig. 4.6 Vertical testing device developed at TUWIEN (Irfan-ul-Hassan et al. 2016)

Fig. 4.7 Vertical testing device developed at ULB (Delsaute and Staquet 2019)

Vertical Testing Device Developed at ULB

A second vertical testing device has been designed at ULB (Fig. 4.7) to monitor the
elastic and basic creep properties (Delsaute 2016). Compressive or tensile loadings
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can be applied few hours after the final setting. An electromechanical testing setup
with a capacity of ±100 kN is used. The machine is fully programmable and con-
trolled by computer (force and displacement of each sensor). A cylindrical concrete
sample (97 mm in diameter, 550 mm in height) is cast inside a Polyvinyl chloride
(PVC) mould. For each test, a dummy specimen with exactly the same dimension
is also produced. Before casting, the mould inner wall is greased to facilitate the
removal of the mold and a thermocouple is placed in the center of the mould of
the dummy specimen. After casting, all specimens are placed in an air-conditioning
chamber at 20 °C and a relative humidity of 90%. Few hours after the final set-
ting samples are demolded, grinded on both circular end faces and surrounded by 2
self-adhesive aluminum sheets in order to keep the sample in sealed conditions. The
sealing has been checked by weighting the sample before and after the test with a
high precision balance. As samples are grinded few hours after setting, a small layer
of sieved concrete (around 1 cm) is placed on the top of the sample in order to avoid
any problem of pullout of the aggregate during the grinding. For test in compression,
two trays are connected to the test rig (on the bottom and the top). The tray in the
top part of the test rig is composed of a hinge. All equipment is in an air-conditioned
room. Displacements are measured with an extensometer in INVAR© composed
by two rings spaced of 350 mm and three rods which support the 3 longitudinal
displacement sensors placed at 120°. Three lateral displacement sensors are placed
on the lower ring. Both rings are fixed to the specimens by means of three elastic
anchorages (Boulay and Colson 1981) allowing the measurement of the longitudinal
and lateral displacement.

4.3.2.3 Comparison Between the Test Devices

Although these equipments bear some similarities (existence of a thermal regulation,
sealing of the sample …), it appears that their design differs by several points:

– The typeof testingdevice (Servo-controlled testingmachineorElectro-mechanical
testing machine), their load capacity and the position of the sample (horizontal or
vertical).

– Starting time of the test: casting, setting or several hours after setting.
– The situation of the sample (type of thermal regulation, confined or unconfined
and the type of sealing).

– Size of the sample: length of the straight part (between 250 and 1000 mm) and the
cross section (between 3848 and 10,000 mm2).

– Type of measurement system (anchorated rod, fixation of the displacement sensor
on the top part of the sample, extensometer), the length of measurement (between
164 and 750 mm) and the number of displacement sensor (between 2 and 5).

– The type of thermal regulation (liquid regulation around the mould or air-
conditioned system mold).

– The presence of a dummy specimen.
– The measurement of the lateral displacement.
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A comparison of the testing devices is presented in Table 4.1.

Table 4.1 Comparison between testing devices for repeated minute-scale-duration loadings test
developed in three laboratories

Device BTJASPE TSTM Vertical testing
device
(TUWIEN)

Vertical testing
device (ULB)

Type of device Servo-controlled
testing machine

Electro mechanical testing machine

Test start Casting Setting Age of 20 h Few hours after
setting

Situation of the
sample

In the mould since casting The mould is removed before the
test starts

Direction of the
measurement

Vertical Horizontal Vertical Vertical

Load capacity
(kN)

1000 ±400 150 ±100

Thermal
regulation

Circulation of water around the
mould and all equipment is in an
air-conditioned room

Before testing, the sample is in a
climatic chamber. During testing,
the sample is in an air-conditioned
chamber (TUWIEN) or room
(ULB)

Record of the
temperature

Yes Yes Only before
testing

Yes (dummy
specimen)

Shrinkage
specimen

No Yes No Yes

Sample size Cylinder—F =
100 mm and h
= 200 mm

Prism—1000 ×
100 × 100 mm

Cylinder—F =
70 mm and h =
300 mm

Cylinder—F =
97 mm and h =
550 mm

Gauge length
(mm)

200 750 164 350

System of
measurement

Fixation of the
displacement
sensors on the
piston

2 anchorated rod
inside the sample

Extensometer
with
longitudinal
measurement

Extensometer
with
longitudinal and
lateral
measurement.

Sealing Mold and piston Plastic foil, Teflon
and mould

Several layers
of food
preservation
foil

2 layers of
aluminium
sheet

Displacement
sensor

3 2 5 3 (longitudinal)
+ 3 (lateral)

Type of loading Compression Compression and
tension

Compression Compression or
tension
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4.3.3 Parameters of the Protocol

A new protocol of loading was developed for the monitoring of the short term basic
creep. This methodology consists in applying repeated minute-scale-duration load-
ings on a sample. The scheme of the protocol of loading is presented in Fig. 4.8. The
loading has to be applied as fast as possible and automatically to monitor the creep
properties. For this purpose, several parameters must be defined:

– Time of application of the first repeated minute-scale-duration loading;
– Protocol of loading and unloading (control in force/displacement, amplitude of
the load/displacement);

– Duration of loading;
– The period between two loadings;
– The state of the sample between two loadings (partially or completely unloaded).

Studies havebeenperformedatULB, Ifsttar andTUWIEN todefine a test protocol.
A comparison of the different test protocols is presented in Table 4.2. According to
the test setup, the test can start since setting or after. It was observed (Delsaute et al.
2016a) that the test can start since the final setting without inducing any macroscopic
damage within the sample. This was verified by comparing the evolution of the E-
modulus obtained with the repeated minute-scale-duration loadings and classical
extensometry tests on cylinders (Boulay et al. 2014; Delsaute et al. 2016a, c). At
Ifsttar, the loading was controlled in displacement. Every 30 min, the load is applied
in 7 min and corresponds to a deformation of 350 μ strain (displacement velocity
of 50 μstrain/min). The load is kept constant during 5 min. At ULB, the loading
was controlled in force and corresponds to 20% of the compressive strength. Every
30 min or 1 h, the load and unload are applied in 10 s. The load is kept constant
during 5 min. At TUWIEN, the loading was controlled in force and corresponds to
15% of the compressive strength. A continuum micromechanics model was used to
quantify the evolution of the compressive strength evolution (Pichler et al. 2013).
Validation of this strategy was performed on cement pastes, mortars and concretes
with several water-to-cement ratios (Königsberger et al. 2017). Each hour, the load
and unload were carried out with a stress-rate of 2 and 1 MPa/s respectively. The

Fig. 4.8 Scheme of the test
protocol of the repeated
minute-scale-duration
loadings
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Table 4.2 Differences between test protocol of ULB, Ifsttar and TUWIEN

ULB IFSTTAR TUWIEN

Start of the test Setting (Delsaute
et al. 2016a) or few
hours after setting
(Delsaute et al.
2016b)

Casting (E-modulus)
or setting (creep)

20h00

Control during
loading

Force Displacement Force

Stress plateau 20% of fc (Delsaute
et al. 2016a) and
40% of ft (Delsaute
et al. 2012)

350 μstrain (Boulay
et al. 2012)

15% of fc
(Irfan-ul-Hassan
et al. 2015, 2016)

Time to apply the
load/stress rate

10 s 7 min 2 MPa/s

Duration of the stress
Plateau (min)

5 5 3

Remaining force
after unloading

0 kN (Delsaute et al.
2016a) or 0.3 kN
(Delsaute et al.
2016b)

0 kN 0.2 kN

Periodicity of the
loading

30 min or 1 h 30 min 1 h

load is kept constant during 3 min. According to the test setup a residual force is
maintained after the unloading to ensure that the whole test setup stays in an upright
position without tipping over. With the TSTM and the BTJASPE, no force remains
after the unloading. While, with the vertical testing device developed at ULB and
TUWIEN, a remaining force of 0.3 and 0.2 kN respectively is applied on the sample.

Therefore, onemain strategywas developed in the three laboratories: a continuous
monitoring of the viscoelastic properties bymeans of repeated loadingwith a constant
period between each loading since very early age till one week or more. However this
strategyhas the drawback to hog the device for only one composition during thewhole
testing period. To resolve this issue, a second strategy was used at ULB (Delsaute
2016). A continuous monitoring is performed during the first days after casting,
when the hardening process is very intense. Then, when the concrete properties do
not evolve anymore strongly, the sample is tested only at specific ages (e.g. 2, 3, 7 and
28 days). This strategy allows carrying out several tests on various mixtures during
the same period. This strategy is possible with vertical testing device developed at
ULB and TUWIEN for which the sample can be removed from the device and later
handed over. With the TSTM and the BTJASPE, the removal of the sample from the
mould induces the final stop of the test.
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4.4 Results and Data Treatment

Generally authors use the creep strain εc, the creep compliance J (t, t ′), the specific
creep C(t, t ′) or the creep coefficient ϕc to define creep. The link between these three
last parameters is given as:

C(t, t ′) = J (t, t ′) − 1

E(t ′)
= εtot (t, t ′) − εsh(t)

σ
− εel(t ′)

σ
= εc(t, t ′)

σ
= ϕc

E(t ′)
(4.1)

where t is the age of concrete, t′ is the age at loading, εtot is the total strain of
the loaded specimen, εsh is the strain of the dummy specimen, εel is the elastic
strain, σ is the stress on the loaded specimen and E is the elastic modulus. A typical
minute-scale-duration loading test is presented in the Fig. 4.9.

The stress and the strainwere verywell controlled continuously during the loading,
the stress plateau and the unloading for the determination of the elastic modulus and
the basic creep.

Fig. 4.9 Recording of stress and strain during a creep repeatedminute-scale-duration loadings with
the TSTM
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4.4.1 Data Treatment

The consideration of the set of data is different between the three laboratories. At
Ifsttar and ULB, the elastic modulus is defined with the record of the displacement
and the force during the loading and the unloading. At ULB, only data between 20
and 80% of the load applied are considered for the computation of the E-modulus
while at Ifsttar the whole loading is considered. During each stress plateau, the creep
strain is recorded as soon as the stress/strain threshold is reached. Then the creep is
defined with the specific creep function C(t, t ′) (Eq. 4.1). At TUWIEN, both elastic
modulus and specific creep function are defined simultaneously with consideration
of the whole loading and the stress plateau.

For the mathematical treatment of the data, differences also occur in the three
laboratories. At ULB and Ifsttar, the mathematical treatment is based on a first pre-
treatment of results on an ordinary concrete. All specific creep functions were super-
imposed in the same graph to analyse the eventual similarities of the curves and the
effect of aging (Fig. 4.10a). As for the creep test presented in Sect. 4.3.1, it was
observed that the amplitude of the specific creep depends strongly on the age of the
concrete at loading. Two parameters were studied: the evolution of the kinetic and
the amplitude according to the age at loading. In Fig. 4.10b, each creep curve was
normalized by its value obtained after 5 min of loading. Thus each normalized creep
curve has a value of 1 after a duration of loading of 5 min. All normalized creep
curves are very close and no ageing effect is detected. In Fig. 4.10c, the amplitude of
the creep coefficient after 5 min of loading (coming from the repeated minute-scale-
duration loadings test) is compared to the amplitude of the creep coefficient after
2 h of loading (coming from the permanent loading test). Both amplitudes follow
the same evolution according to the age at loading. Thus it was concluded that the
first term of the short term creep can be defined with repeated minute-scale-duration

Fig. 4.10 Repeated minute-scale-duration loadings. a For each minute-scale-duration loading,
creep curves are superimposed and set to zero when the load is kept constant. b For each minute-
scale-duration loading, creep curves are normalized by their value obtained after 5 min of loading.
cEvolution of the amplitude of the creep coefficient after 5min of loading (coming from the repeated
minute-scale-duration loadings tests) and 2 h of loading (coming from the permanent loading tests)
according to the equivalent time (Delsaute et al. 2016a)
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loadings test and is divided in two terms: a dimensionless kinetic term which is
constant and an amplitude term which is function of the age of concrete at loading.

Through these observations, different models were developed for the minute-
scale-duration loadings test. Boulay et al. (2012) used a Dirichlet model composed
of one spring and two Kelvin-Voigt units in series to model the short term creep. As
it was observed that short term creep is composed of two terms, one related to the
amplitude and another one related to the kinetic, the model was expressed as follows:

C(t ′, t − t ′) = Ac(t
′) ∗ �(t − t ′) (4.2)

�(t − t ′) = C1

(
1 − exp

(
− t − t ′

τ1

))
+ C2

(
1 − exp

(
− t − t ′

τ2

))
(4.3)

where Ac(t ′) is the amplitude creep term which corresponds to the specific creep
function after a duration of loading of 5 min at an age of loading t′. �(t − t ′) is
the kinetic creep term for which the parameter C1, C2, τ1 and τ2 are fitted to the
experimental results (least square method).

Delsaute et al. have developed two models to best fit the creep coefficient. A first
model was introduced in (Delsaute et al. 2012, 2013). The model is given in Eq. 4.4.
The model is a power law and has the advantage to consider only two parameters: a
parameter A1 linked to the amplitude of the creep coefficient after 5 min of loading
and a parameter K1 linked to the kinetic of the creep coefficient.

ϕc(t, t ′) = A1(t
′).

(
t − t ′

tA1

)K1

(4.4)

where tA1 = 0.083h = 300 s. The second model (Delsaute et al. 2017a) developed
is a logarithmic law which is also based on an amplitude parameter A2 linked to the
amplitude of the creep coefficient after 5 min of loading and a parameter K2 linked
to the kinetic evolution of the creep coefficient.

ϕc(t, t ′) = A2(v). ln

(
1 + (e − 1).

(
(t − t ′)

tA2

)K2
)

(4.5)

where tA2 = 0.083h = 300 s. The calculation of both parameters was carried out in
two steps. Firstly, each creep curve was fitted with three Kelvin-Voigt chains in order
to remove noise from the measurement. The value of the fitted curve after 5 min of
loading corresponds to the amplitude parameter for each age of loading. Secondly,
the value of the kinetic coefficient is computed with least and square method. A
comparison of both models has been performed (Delsaute et al. 2017b) and shows
that the best fit is obtained with the logarithmic expression. The evolution of the
amplitude parameter A2 and the kinetic parameter K2 of an ordinary concrete are
presented in Fig. 4.11. A comparison of the creep coefficient of the experimental
data and the modeled curves is presented in Fig. 4.12.
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Fig. 4.11 Evolution of the
amplitude and kinetic
parameter of Eq. 4.9
according to the equivalent
age at loading

Fig. 4.12 Experimental data
of the creep coefficient and
modeled curves for several
ages at loading from Eq. 4.5

As creep takes place since the moment that a load is applied on the sample, the
determination of the elastic modulus should theoretically consider the creep strain
occurring during the loading and the unloading. For that reason, at TUWIEN (Irfan-
ul-Hassan et al. 2016), the quantification of the elastic and creep properties is based
on a “tensile undershooting” criterion. First the determination of the E-modulus is
carried out on the unloading phase. Creep strains are defined with the removal of the
elastic strain (based on the value of the unloading modulus). After this operation,
unexpected tensile creep strain were observed during the loading phase as shown
in Fig. 4.13a. This results from an overestimation of the elastic strain with the use
of the unloading modulus. Therefore, the E-modulus was increased iteratively till
the moment that no tensile creep is observed (Fig. 4.13b). This procedure increases
around 3 and 4% the elastic modulus defined on the unloading phase. Finally, basic
creep strains are defined since the load is applied (Fig. 4.13c).
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Fig. 4.13 Procedure developed at TUWIEN for the decoupling of the elastic and creep strains
(Irfan-ul-Hassan et al. 2016)

Once the E-modulus is defined, Irfan-ul-Hassan et al. (2016) have used a power
law expression to fit the basic creep strain during the minute-scale-duration loading.
In order to consider the loading phase, the Boltzmann’s superposition principle is
used:

εtot (t, t ′) =
n∑

i=1

F(ti ) − F(ti−1)

A
· 1

Ec

(
t − ti
tre f

)β

tn ≤ t ≤ tn−1 (4.6)

where F is the load applied, A is the cross section of the sample, tre f = 1d, Ec is the
creep modulus, β is a dimensionless power-law exponent. The basic creep parameter
Ec and β are defined iteratively by optimization. The values of the creep modulus
and the power-law exponent of each repeated minute-scale-duration loading of three
cement pastes with 3 W/C ratios (0.42, 0.45 and 0.5) are presented in Figs. 4.14
and 4.15 respectively. The creep modulus increases with the age of cement paste at
loading. Higher is the W/C, lower is the creep modulus. The power-law exponent
decreases slightly with increasing the age at loading. These results are coherent with
results obtained at ULB and Ifsttar. On concrete and cement paste, the amplitude of

Fig. 4.14 Evolution of the
creep modulus Ec for
cement pastes with W/C of
0.42, 0.45 and 0.5 according
to results of (Irfan-ul-Hassan
et al. 2016)
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Fig. 4.15 Evolution of the
power-law exponent β for
cement pastes with W/C of
0.42, 0.45 and 0.5 according
to results of (Irfan-ul-Hassan
et al. 2016)

the basic creep strain is strongly influenced by the age at loading while the kinetic
parameter is slightly or not influenced by the age of the material. The difference of
evolution of the kinetic parameter on concrete and cement pastes can be due to the
diluting and restraining effects of aggregates.

With the vertical device developed at ULB, for each minute-scale-duration load-
ing, the Poisson’s ratio υel is calculated from the set of recordings (longitudinal and
radial displacement in the central section) on the whole loading and unloading:

υel = εr
el

εL
el

(4.7)

where εr
el and εL

el are respectively the radial and longitudinal strain during the loading
or unloading phase. Experimental results (Delsaute et al. 2016b) obtained on a con-
crete of nuclear power plant (EDF, no date; Staquet et al. 2017) are given according
to the equivalent time in Fig. 4.16. A very good correspondence is observed between
results coming from the loading and the unloading phase. Moreover, the accuracy of
the measurement allows observing a clear decrease of the Poisson’s ratio just after
setting till a minimum value and then an increase till a threshold value (here 0.17).

4.4.2 Impact of the Devices on the Determination
of the Elastic and Creep Properties

4.4.2.1 Autogenous and Thermal Strain

For high strength concrete, the development of the autogenous strain is very intense
during the first 24 h after setting. Even in 5 min, an influence of the autogenous strain
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Fig. 4.16 Evolution of the
Poisson’s ratio of the Vercors
concrete

could be observed on the measurement of the creep strain. To illustrate this fact,
free strain and the amplitude creep term A2 (Eq. 4.5) of an ultra-high performance
self-compacting concrete studied at ULB with the vertical testing setup are shown in
Figs. 4.17 and 4.18 respectively. The test starts at an age of 14 hwhich corresponds to
two hours after the final setting (12h00). In Fig. 4.17, the free strain was measured on
the dummy specimen (strain are set to zero at the start of the test). For comparison,
the cumulated strain at the end of each repeated minute-scale-duration loading is
also given. A very good correspondence is obtained between both evolutions. A
same observation was already performed in (Delsaute et al. 2016a) on an ordinary
concrete. In Fig. 4.18, the influence of the free strain on the determination of the
amplitude creep term is evaluated. The amplitude creep term is first defined with
the removal of the free strain coming from the dummy specimen (case a) and then
evaluated without the removal of the free strain (case b). During the first hours after
the start of the test, the difference between both evolutions of the amplitude creep term

Fig. 4.17 Free strain of the
dummy mould and the
cumulated one at the end of
each repeated
minute-scale-duration
loading. Data are set to zero
at the start of the test
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Fig. 4.18 Evolution of the
amplitude creep term A2
(Eq. 4.5) with consideration
of the free strain of the
dummy specimen (case a),
without consideration of the
free strain (case b) and with
consideration of the strain
fitted just before the loading
(case c)

reaches a value of 11.4%. Consequently, the influence of the free strain is significant
for the determination of the creep strain at very early age even for very short duration
of loading. According to the observation carried out on Fig. 4.17, the evolution of
the free strain can be defined quite accurately by considering the evolution of the
strain taking place before each minute-scale-duration loading. Free strain taking
place during the loading are extrapolated with the evolution of the strain taking place
during the 10 min before the associated loading. A polynomial expression of the
second degree is used to fit the strain. Then the amplitude creep term is defined with
the removal of the fitted free strain coming from the loaded specimen (case c). The
maximal difference between case a and case c is 6.8%.More generally, it is observed
that this procedure reduces the total error by 35% during the whole testing period
(since an age of 14 h till 108 h) and by 50% during the 12 firsts hours after the start
of the test.

4.4.2.2 Confined Versus Unconfined Sample

Delsaute et al. (2016a, c) have compared results coming from the BTJASPE and the
TSTM to results coming from unmolded samples. For the BTJASPE, the longitudinal
displacement measured includes the displacement of the bearings. Moreover, the
radial displacement of the sample is restrained by the stainless steel mould. Therefore
the measurement includes globally the concrete deformation, the deformation of the
bearings and the effects of the mould reinforcement. For the determination of the
elastic modulus, both artefacts of measurement (deformation of the bearings and
the mould reinforcement) were defined by performing a finite element calculation
for several E-modulus values and height of the sample (Boulay et al. 2014). An
adjustment of the data can then be operated to define the elastic modulus of the
sample. For creep, no data treatment was operated because the load remains constant
during the stress plateau. Therefore the confinement of the mould is not so involved
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in the process. For the TSTM, a possible confinement of the mould could appear
in the lateral direction. However, the fixation systems of the mould are not 100%
rigid and therefore only a very small confinement effect is expected with the TSTM.
To confirm these hypotheses, E-modulus results from the BTJASPE and the TSTM
were compared to unconfined specimens (Staquet et al. 2014; Delsaute et al. 2016a,
c). A very good agreement of the E-modulus results was observed. It was therefore
concluded that no or very limited confinement occurs in the TSTM and that the effect
of the confinement can be considered when using the BTJASPE.

4.4.2.3 Bleeding

In case of concrete with high water content or with a lack of fines particles in the
mix, bleeding can occur. The water-to-cement ratio is higher on the top of the sample
and consequently a lower stiffness is expected on the top of the sample. The effect
of bleeding on the measurement system depends on the situation of the sample.
With the BTJASPE, the sample is tested on the vertical direction. The piston has the
particularity to have holes which allows the bleed water to pass through so the upper
bearing is always in contact with the solid phase of the concrete. Through these holes,
the amount of drying is negligible so that the sealed conditions are obtained. Thus it
is assumed, if there is bleed water, that this water is removed from the sample through
the hole of the upper bearing when the load is applied. Then the water is still available
and can be reabsorbed by the cement paste during the whole test. It is also assumed
that if a small weak layer of concrete exists during the test on the top of the sample,
this layer is very small and has no real impact on the measurement of the elastic
and creep strain. With the TSTM, the sample is tested on the horizontal direction. If
there is bleeding at a moment, bleed water would be firstly on the top of the sample
and will have no effect on the horizontal stiffness of the concrete and no effect will
appear on the measurement. During the test, bleed water could be reabsorbed by
the concrete and create a swelling of the concrete on the upper part of the sample
and will lead to a bending of the sample. However, it is assumed that the potential
swelling will represent a very small layer, will not create a significant bending effect
and therefore will not influence the measurement of the elastic and creep strain. With
the vertical testing device developed at ULB and TUWIEN, the sample is tested few
hours after setting and the upper part of the sample is removed in order to assure
the flatness of the sample. In consequence, no effect of bleeding is expected with
these devices. In order to assure that no damage, irreversibility or effect of bleeding
occurs during the test, classical extensometry can also be performed in parallel to
the repeated minute-scale-duration loadings test.
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4.4.3 Microstructural Interpretation of the Results

Experimental results coming from the repeated minute-scale-duration loadings test
and compressive creep tests of long duration were compared to the microstructure
of the cement paste in (Delsaute et al. 2016a). Results from the literature reports that
two main microstructural parameters are associated to the aging of the basic creep:
the capillary pores and the CSH. According to Powers (1965), the short term creep is
related to the migration of water between the layer of absorbed water to the capillary
pores where the pressure is lower which leads to a global and progressive contraction
of the cement paste. In addition, Acker and Ulm (2001) have suggested that there is
a stress-induced water movement towards the largest diameter pores. Based on these
observations, the volume fraction porosity of higher diameter was compared to the
evolution of the amplitude creep term A2 (Eq. 4.5). It has been observed that the
volume fraction of porosity of diameter higher than 5 μm follows a same trend than
the amplitude creep term (Fig. 4.19). During hydration, the volume fraction of the
CSH increases and materials properties such as the E-modulus increases also. When
a load is applied, the CSHwill form in the capillarity pores, will bear a part of the load
and will reduce the load carried by the other hydrates. When concrete is loaded at
early age, a high reduction of the load occurs on the hydrates and in consequence the
amplitude of the basic creep is reduced (Bažant and Prasannan 1989a; Bažant et al.
1997a, b). Based on this observation, the increase of the creep coefficient between
an age corresponding to 2 and 145 h after loading was compared to the increase
of the volume fraction of CSH during the same period for several ages at loading
(Fig. 4.20). For loading applied at very early age, a high increase of the CSH occurs
while a low increase of the creep coefficient is observed. Inversely, for higher age
at loading, a low increase of the volume fraction of CSH is noticed while a high
increase of the creep coefficient takes place.

Fig. 4.19 Evolution of the
porosity (pores diameter size
from 5 to 9 μm) and the
amplitude factor
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Fig. 4.20 Increase of
volume fraction of CSH and
creep coefficient for different
age at loading

Irfan-ul-Hassan et al. (2015) have compared the inverse of the creep modulus
(Eq. 4.6) to the gel space ratio for three cement pastes with different water-to-cement
ratio of 0.42, 0.45 and 0.5 (Fig. 4.21). The gel space ratio corresponds to the ratio
between the volume of hydration products and the volume of both hydration products
and capillary pores. Thus the use of the gel-space ratio as an aging scale allows
considering simultaneously the bearing microstructure formed by the hydrate and
the voids formed by self-desiccation phenomenon. The relation linking the creep
modulus and the gel-space ratio was found independent of the water-to-cement ratio
(Fig. 4.21).

A similar observation was previously performed by Pichler, et al. (Pichler et al.
2013) between the compressive strength and the gel-space ratio. It was observed that,
for different cement pastes with a same gel-space ratio and a same loading applied,
the stress concentrations at the hydrate scale are equivalent. Therefore, results of the
creep modulus highlights that the stress concentrations at the hydrate scale trigger
the basic creep of young cement pastes.

Fig. 4.21 Inverse of the
creep modulus according to
the gel-space ratio of cement
pastes with 3 different w/c
ratio (0.42, 0.45 and 0.5)
(Irfan-ul-Hassan et al. 2015)
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4.5 Application of the Repeated Minute-Scale-Duration
Loadings

Repeated minute-scale-duration loadings tests were used for different applications.
At ULB and Ifsttar, the main application of this test was to model accurately the vis-
coelastic behavior since the setting time. At TUWIEN, the new testing methodology
was used for the identification of creep properties at themicrostructural scale and also
to study the water transfer between aggregate and cement paste during hydration.

4.5.1 Modelling Basic Creep Since Setting Time

Delsaute et al. (2017b) reports on a new strategy for the modeling of the basic creep
since setting time. This strategy uses as a basis the results coming from two types
of test: classical creep test with permanent load applied during one week or more
and repeated minute-scale-duration loadings. Three models were proposed. The first
model used 3 (Delsaute and Staquet 2014) or 4 (Delsaute et al. 2017b) Kelvin-Voigt
units in series for which only units with a characteristic time lower than 2 h have
an ageing factor which corresponds to the value of the creep coefficient after 5 min
of loading. This model has the advantage to be easily implemented in finite element
software which is convenient for the study of the restrained shrinkage. However,
this model cannot accurately predict the basic creep for long duration and cannot
distinguish the reversible and irreversible part of creep.

The second model is based on the physical mechanisms occurring on concrete
under loading during the hydration process. The creep is divided in three terms
(Eq. 4.8). The first term CI ST is related to the state of the material (capillary pores,
CSH) when the load is applied and it corresponds to a logarithmic law composed of
a kinetic term k and the amplitude term A2 (Eq. 4.5). The kinetic is constant and the
amplitude depends on the amplitude creep termA2 (Eq. 4.9). The second termCST is
related to the solidification of the material under loading (Eq. 4.10). The kinetic term
KST is constant and is expressed with two Kelvin-Voigt units in series (Eq. 4.12).
The amplitude term AST (t ′) depends linearly on the time derivative of the elastic
modulus at the age of loading (Eq. 4.13). The third term CLT corresponds to the long
term creep and is expressed with a power-law expression (Eq. 4.11).

C(t, t ′) = CI ST (t, t ′) + CST (t, t ′) + CLT (t, t ′) (4.8)

CI ST (t, t ′) = h.A2(t ′)
E(t ′)

. ln
(
1 + (t − t ′)k

)
(4.9)

CST (t, t ′) = AST (t ′)
E(t ′)

.KST (t − t ′) (4.10)
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CLT (t, t ′) = f

g + 1
.(t g+1 − t ′ g+1) (4.11)

KST (t − t ′) =
2∑

i=1

1

Ei
.

(
1 − exp

(
− t − t ′

τi

))
(4.12)

AST (t ′) = l.
d E

dt
+ m (4.13)

The third model (Eq. 4.14) is a logarithmic law adapted from the Model Code
2010. The model is composed of a parameter CMC related to the global amplitude
of the basic creep and is independent of the age at loading. The effect of the age at
loading is considered with a second parameter τMC which is function of the concrete
composition [binder (Delsaute et al. 2017b) and aggregate (Delsaute and Staquet
2019)] and is a power-law function of the inverse of the time derivative of the elastic
modulus during very early age and is linearly function of the inverse of the time
derivative of the elastic modulus at later ages (Eq. 4.15).

C(t, t′) = 1

CMC
. ln

(
1 + t − t′

τMC

)
(4.14)

τMC =
{

q · (
d E
dt · tE

)p
, t ′ < 40h

n · (
d E
dt

)−1
, t ′ ≥ 40h

(4.15)

According to the basic creep results of Zhang et al. (2014) on mature cement
pastes, Irfan-ul-Hassan et al. (2016) shows that the specific creep can be also accu-
rately fitted with a power law expression during the first days after loading while the
long term creep can be represented with a logarithmic law. However, the direct use
of both mathematical expressions cannot fit the experimental results.

4.5.2 Identification of Concrete Properties by Means
of Multiscale Modelling

4.5.2.1 Downscaling Based Identification

A mentioned in Sect. 4.2, a part of the creep strain exhibited by cementitious mate-
rials is related to the creep properties of the hydrates. The hydration process and the
subsequent formation of hydrates make concrete an aging material. Hydrates them-
self show non-aging creep properties (Bažant and Prasannan 1989a, b; Scheiner and
Hellmich 2009). Königsberger et al. (2016) have investigated the creep properties
of hydrates by using minute-scale-duration creep tests performed on cement pastes
with different water-to-cement ratios.
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Fig. 4.22 Micromechanical representation of the cement pastes (a) and the hydrate foam matrix
(b) (Königsberger et al. 2016)

A microstructural representation of the cement pastes was used to identify the
viscoelastic properties of the hydrates (Fig. 4.22). At a scale of several hundred of
microns, the cement paste is defined as a representative volume element composed of
cement clinker inclusion in a continuous hydrate foammatrix (Fig. 4.22a). At a lower
scale of 20 μm, the hydrate foam matrix is represented by water, capillary pores and
thick hydrate needles oriented uniformly in all space directions (Fig. 4.22b).Hydrates
creep propertieswere identifiedbyback-analysing experimental results obtainedwith
the repeatedminute-scale-duration loading. For that purpose, homogenization at both
scales (cement paste and hydrate foam matrix) was carried out. It was observed that
the creep of the hydrates follows a single power-law for which the exponent is close
to the one of the cement paste.

4.5.2.2 Water Transfer Between Aggregate and Cement Paste

Porous aggregates are likely to absorb or release water from cement paste (Alhoza-
imy 2009). If aggregates are not fully saturated before mixing, water is absorbed by
the aggregate duringmixing and few hours after.When self-desiccation starts, aggre-
gate acts as a water tank and releases water to the cement paste. Therefore, porous
aggregate can be considered as an internal curing agent. This is especially true for
cement basedmaterials with lowwater-to-cement ratio. The porosity of the aggregate
affects the development of capillary pressure (Bentz andSnyder 1999;Henkensiefken
et al. 2009) and the microstructure of interfacial transition zone (ITZ) between the
cement paste and the aggregate (Ollivier et al. 1995; Scrivener et al. 2004). Irfan-ul-
Hassan et al. have investigated the influence of the water transfer between aggregate
and cement paste on the creep properties (Irfan-ul-Hassan et al. 2017). For that pur-
pose, several repeatedminute-scale-duration loadingswere applied on cement pastes,
mortars and concretes with different water-to-cement ratios and volume fractions of
aggregate. The influence of the internal curing was modelled by using microme-
chanics upscaling (from cement paste to mortar and concrete). An extension of the
Powers hydration model was performed by considering the water uptake capacity of
the aggregate and the cement paste void-filling extent. It was therefore shown that it
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is possible to model the creep properties of concrete based on cement paste data by
using micromechanics approach.

4.6 Conclusion and Outlook

A new experimental methodology is presented for the characterization of the vis-
coelastic behavior of cement based materials since very early age. This new method-
ology consists in applying repeated creep test of minute-scale-duration on a same
sample. Testing devices, test protocols and data treatment methods were developed
recently in three laboratories. A comparison of the testing and modelling strategy
was presented. It was shown that basic creep can be tested since final setting time
by means of repeated minute-scale-duration loadings. Three main aging parameters
are identified to define the viscoelastic properties of cement based material for short
duration of loading: the elastic modulus, an amplitude creep term and a kinetic creep
term which can be linked to a power law or a logarithmic law.

The new testingmethod based on repeatedminute-scale-duration loading is a field
that can offer much to the characterization of cement-based materials especially for
the characterization of concrete composed of new rawmaterials (e.g. recycled aggre-
gate, fibres and geopolymer). A lot of meaningful research efforts have emerged
recently showing the capability of this new testing methodology to define with a
limited number of tests and a limited time duration the elastic and creep properties
of cement-based materials at the macroscopic and microscopic scale. However these
works were limited to medium stress levels (up to 40%), laboratory temperature
condition (20 °C), binder composed of ordinary Portland cement, compressive load-
ing, sealed condition and uniaxial testing. Therefore suggestions for future research
include:

– more sophisticated tests with complex histories of loading and temperature for
computational purposes,

– the study of the transversal creep at early age,
– the influence of mineral additions (e.g. slag and fly ash) and admixtures (e.g.
superabsorbent polymer and superplasticizer) on the basic creep at very early age,

– the influence of external drying,
– the study of the tensile creep,
– the coupling between damage and creep at early age.
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Chapter 5
Monitoring of the Thermal
and Autogenous Strain

Brice Delsaute and Stéphanie Staquet

Abstract During early age, the autogenous and thermal deformations are two of the
most important concrete properties that are involved in the cracking risk in cement-
based materials and concrete structures (especially for massive structures). For that
reason, several test rigs were developed in the past for the monitoring since casting
time of these deformations. During early age, the thermal strain depends strongly on
the evolution of the coefficient of thermal expansion (CTE), the thermal conductivity,
the heat capacity, the heat release of the cement paste and the boundary conditions.
During hydration process, both autogenous and thermal strains occur simultaneously
and cannot be directly distinguished. In previous work, two kinds of methodology
were used to monitor the CTE. The first method uses two distinct tests with two
different histories of temperature in order to define autogenous and thermal strain.
The second method uses only one test during which repeated thermal variations are
applied to a sample. This chapter reports on the most recent advances on the physical
mechanisms associated to the development of the autogenous strain and the CTE.
The recent devices and test protocols developed for the simultaneous monitoring of
the coefficient of thermal expansion and the autogenous strain at three different scales
(cement paste, mortar and concrete) are presented. The global testing methodologies
bear some similarities but major differences remain in the test set up designs, in the
testing processes and also in the data processing. Based on the physical mechanisms,
existing test facilities and test protocols, a new test protocol is established and is
compared to existing test protocols. Finally, recommendations are proposed for the
determination of the autogenous strain and the CTE.
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5.1 Introduction

The free deformations are evolving quite fast during the hardening process and par-
ticularly just after the setting of the material. According to the composition, the
structural and environmental situation, the amplitude of these deformations can be
very significant. Dam, piers of bridge, gas containment are relevant examples for
which the free deformations are important. If these deformations are partially or fully
restrained, stresses are induced in the material which can lead to cracking. Therefore,
it is meaningful to consider correctly the development of the free deformation in the
design of concrete structures which are massive, use low water-cement ratio or silica
fume, or which need to be waterproof or airtight. When the material is not exposed
to drying, the free deformations of the material after setting are composed by the
autogenous deformation εau and the thermal deformation εth:

εf(t) = εau(t) + εth(t) = εau(t) +
t∫

0

αT(t) · Ṫ · dt (5.1)

The thermal deformations are function of the evolution of the temperature inside
the concrete material and the evolution of the coefficient of thermal expansion αT

(CTE, expressed in °C−1) of the concrete (Eq. 5.1). The evolution of the temperature
depends on the boundary conditions and the dimensions of the structure and the
evolution of materials properties of the concrete. The evolution of the temperature
caused by the hydration of cement is defined by solving the heat equation (Eq. 5.2)
for which the density ρ (expressed in kg m−3), the thermal conductivity λ (expressed
in W m−1 K−1), the heat capacity Cp (expressed in J °C−1), and the heat release by
the concrete during hydration process Q (expressed in J g−1) must be known.

ρ · Cp · ∂T

∂t
= div(λ · gradT) + ∂Q

∂t
. (5.2)

The heat release, the thermal conductivity, the heat capacity and the density are
material parameters which evolve during the hydration process and are necessary
to know in order to define the evolution of the temperature. The heat release can
be determined by using adiabatic calorimetry (Darquennes 2009), semi-adiabatic
calorimetry (Boulay et al. 2010) or isothermal calorimetry (Instruments 2017). The
thermal conductivity and the heat capacity can be determined by generating a thermal
gradient inside the sample and measuring the temperature distribution (Campbell-
Allen and Thorne 1963; Mounanga et al. 2004; Bentz 2007). The coefficient of
thermal expansion can be determined by applying thermal variations on a specimen.
Nevertheless, the monitoring of the CTE and the autogenous deformation remains
difficult to assess during early age. As a matter of fact, during the hardening process
both parameters evolve at the same time.Displacements due to both are superimposed
during the measurement.
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In the present chapter, a new test protocol is developed for the monitoring of
the autogenous strain and the coefficient of thermal expansion since setting. First,
an initial overview of the physical mechanisms related to the development of the
autogenous strain and the coefficient of thermal expansion is presented. The recent
devices developed and their associated test protocol for the characterization of both
properties at the three scales (cement paste, mortar and concrete) are then presented
and compared. Based on the physical mechanisms, existing test facilities and test
protocols, a new test protocol is established. The results obtained on an ordinary
concrete with the BTJADE (Boulay 2012) device are presented then. A sensitivity
analysis is performed in order to highlight the importance of the data processing in the
determination of the CTE. Finally, an extension of this methodology on cement paste
and mortar is presented and recommendations are proposed for the determination of
the autogenous strain and the CTE.

5.2 Physical Mechanisms

5.2.1 Autogenous Deformation

Le Chatelier (1900) has first shown that the hydration of cement causes shrinkage,
because the volume of hydration products is lower than the volume of reactants. This
is known as chemical shrinkage. As long as cement paste remains fluid, autogenous
deformation is equal to chemical shrinkage (Fig. 5.1a). When the material sets,
the stiffness of the skeleton of the cement paste increases and a restriction of the
chemical shrinkage takes places (Bouasker et al. 2008). Then, chemical shrinkage
is not transformed in volumetric strain due to the formation of a gaseous volume
phase in the pore (because of the water consumption by the hydration reaction). The
internal voids, or capillarity pores, created in the cement paste cause self-desiccation
shrinkage (Fig. 5.1b). Capillarity pores have a size ranging from 10 nm to 10 µm

Fig. 5.1 a Chemical shrinkage and autogenous deformation (Bouasker 2007), b definition of
autogenous shrinkage after setting (Garcia Boivin 1999)
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(Mindess et al. 2003). Most of studies dealing with autogenous deformation actually
refer to self-desiccation, in other words autogenous shrinkage after setting. However,
at the very early stages after setting, some cementitious materials exhibit swelling
during several hours or days before shrinking (Darquennes et al. 2011; Delsaute and
Staquet 2017a).

Despite themany studies carried out in the paste, there is still no general consensus
on the mechanisms related to the swelling. Three reasons were observed:

1. The water absorption of cement paste during hydration due to bleeding
or due to the internal curing coming from porous aggregate (e.g. lightweight
aggregate (Kohno et al. 1999; Liu and Hansen 2016) and recycled aggregate
(Delsaute and Staquet 2017b, 2019), fillers (Esping 2008; Craeye et al. 2010)
or super absorbent polymer (Wyrzykowski and Lura 2013a) which cancels the
self-desiccation phenomenon.

2. The volume of the hydration product, swelling is also linked to the formation
and growth of portlandite crystals (Baroghel-Bouny et al. 2006; Sant et al. 2011;
Stefan et al. 2018) and ettringite (Mehta 1973). The formation of both elements
will lead to a crystallization stress. These stresses depend on many factors such
as the size of the elements and their growth direction (Min and Mingshu 1994;
Odler and Colán-Subauste 1999), porosity (size distribution and quantity), the
E-modulus and the creep of the cement paste (Chaunsali and Mondal 2016).

3. Another source of swelling comes frommeasurement artifacts. The removal of
the thermal strain needs an accurate knowledge of the evolution of the coefficient
of thermal expansion during the whole hydration process which is generally not
the case (Bjøntegaard et al. 2004). Secondly, round-robin testing (Bjøntegaard
et al. 2004) have shown quite important dispersion between results from different
laboratory and different test rigs (Bjøntegaard et al. 2004).

The autogenous shrinkage is related to the self-desiccation of the cement paste
during the hydration process. This results in a decrease of the relative humidity till a
value of around 75% (Le Roy 1995; Barcelo et al. 1999; Hammer 2003; Eppers and
Mueller 2008). In this range, the mechanisms involved in self-desiccation shrinkage
are capillary tension, disjoining pressure and surface tension (Brooks and Megat
Johari 2001).

Capillary pores are initially filled with water. As water is consumed by the hydra-
tion of cement, voids appear and liquid-vapour menisci are created in the pores. Thus
capillary tension develops in the pore water and compressive stresses are generated
in the solid. By considering Young-Laplace andKelvin laws, the capillary depression
σcap can be expressed as a function of the radius of capillary pores or the internal
relative humidity:

σcap = Pg − Pl = R · T · ρe

M
· ln(RH) = 2 · σ

r
· cosαm (5.3)

where Pg is the pressure in gaseous phase (air + vapour) [Pa], Pl is the pressure
in liquid phase (water) [Pa], R is the universal gas constant [8.314 J mol−1 K−1],
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T is the temperature [K], ρe is the density of water [kg m−3], M is the molar mass
of water [kg mol−1], RH is the internal relative humidity, defined as the ratio of
vapour pressure to saturated vapour pressure, σ is the surface tension of pore fluid
(σ = 72.75 × 10−3 N m−1 for water) [N m−1], r is the radius of curvature of
the meniscus of the pore size [m], and αm is the liquid-solid contact angle [rad].
From the latter equation, it follows that the finer the capillary pores, the higher the
capillary depression, and that large capillarity pores dry first. The hydration products
progressively fill the porosity of cement paste and refine the capillary porosity, thus
the hydration reactions cause changes in moisture capacity (adsorption isotherm) of
cement paste (Xi et al. 1994). The internal surface of hydration products increases
which induces a redistribution of pores water and a growing effect of surface forces
of solid gel particles. As a consequence effective pore pressure and self-desiccation
shrinkage increases as hydration goes on (Bentz et al. 1998; Coussy 2003).

Disjoining pressure develops in the microstructure of cement paste in the areas
of hindered adsorption. The formulation of this approach of hindered adsorption
was first developed by Powers (1968), then by Feldman and Sereda (1968), Bažant
(1972) and Ferraris andWittmann (1987), Beltzung andWittmann (2005). At a given
temperature, the thickness of the adsorbed water layer depends on the local relative
humidity. If the distance between two solid surfaces is lower than two times the
thickness of the free adsorbed layer, adsorption is hindered and disjoining pressure
develops. It tends to separate the adjacent surfaces.Adecrease of the relative humidity
results in a reduction of this pressure and causes shrinkage.

The surface tension concerns materials with a large internal surface, such as
hydrating cement pastes and cement-based materials (Wittmann 1968). According
toBanghamandFakhoury (1931), a local increase in relative humidity of drymaterial
results in a reductionof surface tension and an expansion.The adsorbedwater actually
reduces surface tension and lowers the hydrostatic pressure of the gel particles.
Therefore, when the thickness of water adsorbed on solid surface is reduced, as it
is the case during the hydration process, an increase of the surface tension of the
solid occurs and leads to shrinkage. However, the changes of surface tension play a
role minor in case of high relative humidity (Powers 1965) as it is the case in sealed
condition for cement based materials (Le Roy 1995; Barcelo et al. 1999; Hammer
2003; Eppers and Mueller 2008).

As the interactions between hydration products and the pore solution are not
fully understood, research is still needed to understand the mechanisms related to
autogenous shrinkage and swelling.

Autogenous shrinkage is influenced by the main composition parameters of con-
crete, namely: W/C-ratio (Delsaute and Staquet 2017a), cement or binder type (Ben-
boudjema et al. 2019; Staquet et al. 2019), volume of paste and aggregate (Liu and
Hansen 2016) and nature of aggregate [porosity (Maruyama and Teramoto 2012)
and stiffness (Le Roy 1995)].
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5.2.2 Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) expresses the variation in a unit length
of a material in response to a change in temperature. The CTE is indicated as a linear
change (linear expansion coefficient αT in µm/m/°C) or as a volumetric change
(volumetric expansion coefficient βT in µm3/m3/°C). The volumetric CTE can be
approximated as 3 times the linear one. In cement based materials, the coefficient of
thermal expansion depends mainly on the internal relative humidity of the cement
paste and the nature of the aggregate (fib 2013; Siddiqui and Fowler 2014, 2015).
During the hardening process, 4 stages occur (Sellevold and Bjøntegaard 2006) as
shown in Fig. 5.2. First the value of the CTE is very high due to the contribution of
water when the cement paste is still in a plastic phase. When the cement paste starts
to set, a sudden decrease of the CTE is observed till a minimum value corresponding
to the CTE of the solid skeleton. During this second stage, the evolution of the
CTE is driven by the amount of water which is no yet chemically bound and by
the increase of the stiffness of the cement paste. Then an increase of the CTE is
observed and is due to the decrease of the internal relative humidity in the cement
paste. Finally, no significant evolution of the CTE is observed after a certain age
even if the material is still hydrating. This age is function of the composition of
the material and the curing temperature. During this last stage, only the boundary
conditions and the associated environmental conditions (external relative humidity)
of the concrete structure affect the magnitude of the CTE. Therefore the CTE has
a minimum value around the setting time. For compositions with low water-cement
ratio, a factor 2 can be observed between this minimum and the value of the CTE
obtained after several weeks (Sellevold and Bjøntegaard 2006).

During the third and fourth stage, the CTE varies according to the change in the
internal relative humidity of the cement paste induced by the hydration process and/or
the environmental conditions. Two contributions have to be considered to define the
magnitude of the CTE: the thermal expansion of the solid body, which is caused
by the molecular movement of the cement paste, and the hygro-thermal mechanism
(Bažant 1970; Wyrzykowski and Lura 2013b). Sellevold and Bjøntegaard (2006)
have shown that the thermal dilation of the solid body is nearly independent of the

Fig. 5.2 Typical evolution
of the CTE of a cement paste
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saturation state of the cement paste and that hydration has a very low effect on the
dilation of the solid skeleton. In addition, this dilation takes place immediately when
the temperature of the solid skeleton changes.

As already mentioned, the magnitude of the CTE is strongly related to the mois-
ture content of the cement paste and, in particular, to the change of internal relative
humidity (Grasley and Lange 2006; Sellevold and Bjøntegaard 2006; Yeon et al.
2009; Wyrzykowski and Lura 2013b). A decrease of the internal relative humidity
causes an increase of the CTE. The internal relative humidity is function of the tem-
perature. Thus, in a cement based material, an increase of the temperature leads to
an increase of the internal relative humidity (Jensen and Hansen 1999) and therefore
to a decrease of the CTE. The hygrometric coefficient 	RH/	T is used to quan-
tify the change of RH as a result of the unit change of temperature. In Fig. 5.3,
based on several results coming from the literature (Bažant 1970; Nilsson 1987;
Persson 2002; Radjy et al. 2003; Grasley and Lange 2006), a typical evolution of the
hygrometric coefficient is shown as a function of the internal relative humidity of a
cement paste. An asymmetrical bell-shaped is observed between both parameters.
A maximum is reached around a relative humidity of 60%. Whatever the relative
humidity, the hygrometric coefficient is always positive. Between a range of rel-
ative humidity between 50 and 100%, the hygrometric coefficient increases when
the relative humidity decreases. For relative humidity lower than 50%, a decrease
of the hygrometric coefficient is observed. In case of early age concrete in sealed
condition, the internal relative humidity of the cement paste is higher than 75% (Le
Roy 1995; Barcelo et al. 1999; Hammer 2003; Eppers and Mueller 2008). In such
range of relative humidity, the hygrometric coefficient increases always when the
relative humidity decreases. This explains why the CTE increases during the hard-
ening process with the self-desiccation of the cement paste. This evolution of the
hygrometric coefficient is associated to the redistribution of liquid water inside the
cement paste. According to Bazant (1970), water migrates from gel pores to capil-
lary pores when the temperature increases. Recently Wang et al. (2018) have shown

Fig. 5.3 General scheme of evolution of the hygrothermic coefficient of cement paste as a function
of the internal relative humidity based on results from the literature (Bažant 1970; Nilsson 1987;
Persson 2002; Radjy et al. 2003; Grasley and Lange 2006)
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by using micro-poromechanics with a three-scale representation of the cement paste
that the hydrometric coefficient is related to the quasi-instantaneous transfer of water
between the hydrates and the nanoscopic pores and to the change in pore pressure
associated to this water transfer.

Several authors (Bažant 1970; Day 1974; Wittmann and Lukas 1974) reported
that the CTE is composed of an instantaneous and delayed terms. It was observed
that the delayed term is function of the temperature history and the internal relative
humidity. The thermal strain induced by the pure thermal dilation of the solid skeleton
and the change of internal relative humidity caused by temperature changes develops
very fast and consequently are considered to be nearly instantaneous. According to
Wyrzykowski and Lura (2013a, b), these thermal strains refer to a time spans ranging
from minutes to hours. This time is needed to reach thermal equilibrium and quasi-
equilibrium of the corresponding thermal strain in the sample. These mechanisms
are responsible of water redistribution between gel and capillarity pores causing
delayed thermal shrinkage/swelling. The delayed deformations are also induced by
the pressure dissipation in pores which causes a delayed recovery of pure thermal
dilation (Scherer 2000, 2003).

Aggregates are inert and have a diluting effect on the evolution of the CTE. After
setting, the CTE of a cement paste ranges from 8 to 25 µm/m/°C while the CTE
of aggregate is generally smaller with a magnitude ranging from 4 to 14 µm/m/°C
according to its mineral composition (Johnson and Parsons 1944). Consequently,
for concrete material, an incompatibility of the free thermal strain of the component
exists and leads to an internal restraint of the displacement of the cement paste
resulting in stress development which may cause micro-cracking and reduce the
durability of concrete elements (Cagnon et al. 2016).

The coefficient of thermal expansion is influencedby themain composition param-
eters of concrete, namely: the nature, the porosity and the content of gravels (Kumar
Mehta and Monteiro 2006; Maruyama and Teramoto 2012; Delsaute and Staquet
2017b), the type, the fineness and content of the cement, including type and amount
of supplementary cementitious materials (Mitchell 1953; Emanuel and Hulsey 1977;
Maruyama et al. 2014; Delsaute and Staquet 2017a), and the adding of other admix-
ture such as super absorbent polymer (Wyrzykowski and Lura 2013a; Staquet et al.
2019). The sand-aggregate ratio, the nature of the sand and the temperature do not
affect significantly the magnitude of the CTE of concrete (Ziegeldorf et al. 1978;
Alungbe et al. 1992; Maruyama et al. 2014). The water-to-cement ratio changes the
evolution of the CTE during the hardening process but does not change significantly
the amplitude of the CTE of hardened cement paste (Maruyama et al. 2014) and
concrete (Delsaute and Staquet 2017a).
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5.2.3 Correlation Between the Development
of the Autogenous Strain and the CTE

Delsaute and Staquet (2017a) have compared the evolution of the autogenous strain
and theCTE for concrete compositionswith awater-to-binder ratio of 0.4, 0.5 and 0.6.
It was observed that the evolution of both parameters is linked. For each composition,
the CTE and the autogenous strain evolve in an opposite direction during the whole
test duration and the maximum of the autogenous swelling takes place when the
CTE reaches a minimal value. In other words, when concrete exhibits swelling, the
CTE decreases while shrinkage is observed when the CTE increases. In addition,
results of the CTE were plotted in function of the autogenous strain (Fig. 5.4 for
the swelling period and Fig. 5.5 for the shrinkage period). For this comparison,
autogenous strain was set to zero when themaximum of swelling is reached. For each
composition, a linear relation was observed and is function of the water-to-cement
ratio and the nature of the binder during early age. It was therefore concluded that
the mechanism related to the expansion of the concrete is also linked to the decrease
of the CTE. The increase of the CTE and the autogenous shrinkage are correlated
to the mechanism of self-desiccation of the cement paste as explained in previous
sections. These observations were then confirmed on mortar with different type of

Fig. 5.4 Evolution of the
CTE according to the
autogenous swelling
(Delsaute and Staquet 2017a)

Fig. 5.5 Evolution of the
CTE according to the
autogenous shrinkage
(Delsaute and Staquet 2017a)
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cement (Milenkovic et al., no date) and concrete composed of recycled aggregate
(Delsaute and Staquet 2017b, 2018a, b, 2020).

5.3 Test Setup

The characterization of the autogenous strain is very sensitive to the conditions of
storage of the specimen and to many factors related to the test rig. For that reason
several recommendationswere developed in the past (Jensen andHansen 2001;Ham-
mer and Bjøntegaard 2006; ASTM Standard C1698 2014; Bjøntegaard et al. 2015).
The main common requirements for all the apparatus for autogenous deformation
test are their ability to:

– perfectly seal the specimen in order to avoid any external drying or water uptake;
– keep the temperature constant, which requires external control because the
hydration of cement paste releases heat;

– limit the friction with the specimen.

Several devices aimed at monitoring the autogenous deformations were devel-
oped in the past. The methods can be in general divided in two categories: lin-
ear (Paillere and Serrano 1976; Baroghel-bouny 1994; Kovler 1994; Kronlöf et al.
1995; Mejlhede Jensen and Freiesleben Hansen 1995; Bjontegaard 1999; Bouasker
2007; Boulay 2012) and volumetric (Loukili et al. 2000; Charron 2003; Mitani 2003;
Bouasker 2007; Stefan 2009; Loser et al. 2010; Wyrzykowski and Lura 2013a, b).
Whereas volumetric methods are mainly used on cement pastes and mortars, the
linear methods have been used on three scales including concrete. Horizontal and
vertical setups have been designed. Both methods can be divided into two groups:
rigid moulds and flexible moulds. Rigid moulds have been reported to underestimate
the magnitude of autogenous shrinkage because of friction between the specimen
and the mould. It is assumed that volumetric free deformations are isotropic. Thus
volumetric free deformation corresponds to three times of the linear one. Zhutovsky
and Kovler (2017) have shown that results obtained with both methods are close
when considering the maturity of the samples. However, no clear evidence of this
relation has been shown in the literature till now. This could be explained by the
different artifacts of measurement coming from volumetric and linear methods. In
the linear method, elongation and shortening of the sample is monitored with either
direct measurement of the sample length change or by displacement measurement
with e.g. LVDT, strain gauges (Boulay 2003). For correct consideration of the tem-
perature variation, it is needed to have knowledge in depth of the thermal sensitivity
of the test rig. The volume change of the cement paste or mortar is monitored by
using hydrostatic weighing method. The sample is immersed in a bath containing
liquid of known density and is supported to a scale. The volume change is measured
through the apparent mass changes of the immersed sample. This method was sig-
nificantly improved during the last decade in order to remove artifacts coming from
the absorption of the water by the membrane (Mitani 2003), the liquid used for the
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thermal regulation (Lura and Durand 2006), bleeding of the cement paste (Le Roy
1995).

No standard was developed till now for the simultaneous monitoring of the auto-
genous strain and the coefficient of thermal expansion since setting. However, as
mentioned in (Benboudjema et al. 2019), the ASTM C1698-09 (ASTM Standard
C1698 2014) standard exists for the determination of the autogenous strain since
setting on cement paste and mortar. No standard has been developed for concrete.
For the CTE, the ASTM C531-00 (ASTM C531-00 2012) standard was developed
for hardened mortar and concrete. Hammer and Bjøntegaard (2006) have developed
a recommendation for the simultaneous characterization of the autogenous strain and
the CTE. In addition to the requirements stated above, the test rig should be designed
with the consideration of several other performance criteria:

– the side, length or diameter of the sample must be 4 times higher than the nominal
maximum diameter of the aggregate;

– Thermal gradient between the core and the surface of the specimen and between
the core of the specimen and the target temperature must be never more than 2 °C;

– Thermal dilation of the test rig and/or the measuring devices must be minimized
and controlled. This means that the test rig and/or measuring devices must be
calibrated;

– During the first 24 h after the final setting of the material, measuring intervals must
be less than 15 min. Measurements must continue till an age of 2 weeks minimum;

– The resolution of the measurement devices must be less than 15 µm/m;
– In case of bleeding, arrangement must be taken in order to minimize its effect.
Rotation of the specimen or removal of the bleed water on the top surface of the
specimen at the end of the bleeding period can prevent effect of bleeding on the
development of the autogenous strain and the CTE.

5.3.1 Cement Paste and Mortar

Volumetric and linear methods were developed for the monitoring of the autogenous
strain and the coefficient of thermal expansion on cement paste and mortar. Loser,
et al. (2010) have developed a volumetric method for which a sample with a mass
of around 20–30 g is inserted in an elastic membrane. The sample is hung to a high
accuracy scale (sensitivity of 0.1 mg and accuracy of 0.28 mg), then immerged in
an oil bath and placed in a permeable box which reduces strongly the impact of
oil circulation induced by the thermal regulation on the weight measurement. The
temperature around the sample is measured and is considered as the temperature of
the cement paste or mortar during the test for the determination of the autogenous
strain and the coefficient of thermal expansion. In order to validate the test rig, results
of the autogenous strain and the coefficient of thermal expansion were compared to
results obtained on prisms (linear method) and a good agreement was observed. The
test rig is shown in Fig. 5.6.
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Fig. 5.6 Volumetric testing
device designed for cement
paste and mortar with a
sample weight of 25–30 g
(Loser et al. 2010)

Fig. 5.7 Linear horizontal
testing device designed for
cement paste and mortar
with laser displacement
sensor in a 370 × 60 ×
10 mm beam (Maruyama
and Teramoto 2012)

Maruyama and Teramoto (2011) have developed a horizontal device for which
the sample has a cross section of 10 mm× 60 mm and a length of 370 mm (Fig. 5.7).
The sample is casted in a hollow copper mold in which water from temperature
controlled water tank circulates. A layer of polyester with a thickness of 0.05 mm is
placed between the sample and the mold in order to reduce the friction and to keep
the material in sealed condition. The whole system is surrounded by an insulation
to improve the efficiency of the thermal regulation. The temperature of the sample
is recorded with two thermocouples placed in one extremity and in the center of the
specimen. At both extremities of the sample, a measurement guide is anchored in
the sample in order to monitor the displacement of the sample by means of two laser
displacement sensors (resolution of 0.5 µm).

5.3.2 Concrete

Measuring the thermal dilation of concrete at early ages can represent an impor-
tant challenge due to the fact that: (i) volumetric methods cannot be applied in
non-homogeneous ‘small’ samples; (ii) the size of concrete specimens causes the
cooling/heating processes to take a few hours and it is very hard to get more than a
few measurements in the first 24 h of age (the CTE is evolving significantly during
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such measurement). Several test apparatus were developed in different laboratories
for the determination of the autogenous strain and the CTE. In Table 5.1, the param-
eter of several test apparatus coming from the literature are presented. The main
variations in the test apparatus come from:

– Dimension of the sample;
– Sample orientation (horizontal (H) or vertical (V));
– The system used to limit the friction between the mold and the specimen and to
assure the sealing of the specimen;

– The thermal regulation;
– The measurement length;
– The displacement measurement system (internal or external and the sort of
displacement sensor);

– The knowledge of the dilation of the test apparatus and the instrumentation
(temperature compensation in the measurement);

– The temperature measurement of the sample;
– The need of sample preparation (for measurement after setting).

The dimensions of the sample are generally based on the nominal maximum
diameter of the aggregate of the concrete and the length of measurement necessary
to ensure sufficient measurement accuracy. In order to characterize the material since
the setting or even before, the orientation of the sample is generally horizontal (ease
of casting, no influence of the dead load of the specimen on the measurement). The
friction between the sample and the mold is minimized by using specific material
like the combination of plastic film and grease. The temperature of the concrete
can be regulated by means of thermally controlled insulated mold (Koenders 1997;
Lokhorst 1998; Bjontegaard 1999; Gutsch 2000; Hammer et al. 2003) or by placing
the test apparatus in a environmental chamber controlled in temperature. Two types
of instrumentation are used for the monitoring of the displacement: external sen-
sor (displacement transducer) and embedded extensometer. Embedded extensometer
behaves as an inclusion and should be small as possible and with a low rigidity in
order to not restrain the displacement of the concrete being tested. Linear variable
displacement transducers (LVDT) are the most used sensor for the measurement of
concrete displacement (Boulay 2003) because of their accuracy and the fact that they
are reusable. The temperature of the sample is generally measured in the center of
the specimen by using a thermocouple while the temperature of the testing room
is recorded only by few authors. However, when thermal variation are applied on
a sample, thermal variation of the test rig occurs and should be considered for the
correct determination of the CTE. Several examples of test apparatus designed for
the monitoring of the autogenous strain and the coefficient of thermal expansion are
shown in Fig. 5.8.
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Fig. 5.8 Examples of test apparatus designed for the monitoring of the autogenous strain and the
coefficient of thermal expansion, a Kada et al. (2002), b Bjøntegaard et al. (2015), c Cusson and
Hoogeveen (2007) and d Viviani et al. (2007)

5.4 Test Protocol and Data Treatment

5.4.1 Review of the Literature

As explained by Boulay (2003), several authors have developed different method-
ologies to assess the CTE and the autogenous strain. A first method is based on the
removal of the autogenous deformation by differences between two samples sub-
jected to two histories of temperature. The maturity of both samples is considered
when autogenous deformations are eliminated (Laplante and Boulay 1994). For con-
sideration of the ageing and the main temperature effect, concrete properties can be
expressed in function of the equivalent time teq (Eq. 5.4). Equivalent time is based
on the Arrhenius equation and is function of the age of the material t , the evolution
of the temperature T (°C), a reference temperature Tr (here 20 °C), the universal gas
constant R (=8.314 J/mol/K) and the apparent activation energy Ea (J/mol).

teq(t,T) =
t∫

0

exp

(
Ea

R
·
(

1

273 + T(s)
− 1

273 + Tr

))
· ds (5.4)

However, the temperature has an effect on the evolution of the autogenous defor-
mation and the CTE. Thus it is needed to have very close temperature histories
which lead to a lack of accuracy in the determination of the CTE (Boulay 2003).
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Fig. 5.9 Test procedures
proposed by Hammer and
Bjøntegaard (2006) for the
characterization of the
autogenous strain and the
CTE

The second method uses only one sample on which thermal variations are applied
(Bjøntegaard et al. 2004). The test procedure is based on the repeated application of
thermal variation around a constant temperature (isothermal condition) or around a
variable temperature (non-isothermal condition). Hammer and Bjøntegaard (2006)
recommend imposing thermal variations as fast as possible in order to reduce the
amount of autogenous deformation taking place during the thermal variation. The
amplitude of the thermal variation should be high enough to insure a good accuracy
in the determination of the CTE and small enough in order to reduce the influence
of the temperature in the determination of the CTE. However, no specific value was
provided for the frequencies and the amplitude of the thermal variation. An example
of test procedure in isothermal and non-isothermal condition is shown in Fig. 5.9.

As presented by Delsaute and Staquet in (2017a), several protocols and mathe-
matical treatments were developed for the determination of the CTE. In Table 5.2,
the parameter of several test protocols coming from the literature are presented. The
main variations in the test protocol come from:

– The amplitude of the thermal variation (	T)
– The duration of the isothermal phase (	t)
– The nature of the material tested [cement paste (CP), mortar (M) or concrete (C)]
– The evolution of the temperature between the different cycles.

No specific recommendation is provided in the literature for the calculation of the
CTE.When applying repeated thermal variation on a sample, the CTE was generally
computed for hardened concrete by using Eq. 5.5 in which εtot is the total strain mea-
sured, αta is the CTE of the test apparatus and 	T is the thermal variation applied.
This method has the disadvantage to not consider the autogenous strain development
of the sample during the thermal variation. In case of a decrease/increase in tempera-
ture of the samplewhen the specimen is shrinking, anoverestimation/underestimation
of the CTE is done which is especially significant at very early age.

αT(t) = εtot − αta · 	T

	T
(5.5)



152 B. Delsaute and S. Staquet

Table 5.2 Parameters of test protocols for the determination of the CTE and the autogenous
deformation by using only one sample (Delsaute and Staquet 2017a)

References 	T, °C 	t, min Kind of device Remark

Loser et al. (2010),
Wyrzykowski and
Lura (2013a, b)

6 90 Volumetric (CP and
M)

Trapezoidal variation

Cusson and
Hoogeveen (2006,
2007)

5 240 Linear (C)

Ozawa and Morimoto
(2006)

7 N.A.a Linear (C) Sinusoidal variation

Maruyama and
Teramoto (2011,
2012), Maruyama
et al. (2014)

5 25 Linear (CP and M) Isothermal and various
temperature histories
with alternated
triangular variation

Bjøntegård and
Sellevold (2001)

6 120 Linear (C)

aN.A. = not available

To overcome this issue, Maruyama and Teramoto (2011) have developed a test
protocol presented in Fig. 5.10a for cement paste and mortar. Four thermal variations
of 5 °C are applied in 100 min on a sample. The coefficient of thermal expansion is
defined as the average slope between the sample strain and the temperature during
the four thermal variations (Fig. 5.10b) and corresponds to the midpoint age of the 4
thermal variations. To decrease the fluctuation in the results, only results between a
thermal variation of 0.5 and 4.5 °C is considered for the computation of theCTE. Such
calculation reduces the influence of the autogenous strain in the determination of the
CTE. However, such calculation method makes the assumption that the evolution of

Fig. 5.10 Scheme of determination of the coefficient of thermal expansion of Maruyama and Ter-
amoto (2011), a representative evolution of the temperature during thermal variations, b evolution
of the temperature—strain relationship when thermal variations are applied
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Fig. 5.11 Scheme of determination of the coefficient of thermal expansion of Loser et al. (2010),
a representative evolution of the temperature, b evolution of the volume of the paste when thermal
variations are applied

the autogenous strain is linear during the thermal variations which still induces small
error in the determination of the CTE.

To solve this problem, the non-linear development of the autogenous strain should
be considered in the calculation of the CTE. On cement paste and mortar, Loser et al.
(2010) have applied repeated thermal variations of 6 °C (between 17 and 23 °C)
since casting (Fig. 5.11a). Only data obtained at the end of each plateau of temper-
ature (when no thermal gradient is assumed in the sample) have been considered
(Fig. 5.11b). By means of cubic smoothing splines, two encasing envelopes of the
volume of the paste are defined for a curing temperature of 17 and 23 °C. The CTE
is then defined by knowing both the difference in volume and temperature between
the two envelope curves. An example of such treatment is presented in Fig. 5.11
for volumetric method (Loser et al. 2010). This method has the disadvantage to not
consider the maturity of the sample. During thermal variation, an acceleration or
deceleration of the hydration process is induced. For a good consideration of the
maturity of the sample, strain should be considered according to the equivalent age
(Eq. 5.4).

Recently, Zhutovsky andKovler (2017) have developed a newmethodology based
on ultrasonic pulse velocity measurement for the assessment of the coefficient of
thermal expansion. The calculation of the CTE is based on poromechanics theory.
This approach has the advantage of defining the CTE without having to perform a
decoupling with the autogenous strain. However, this method does not consider the
self-desiccation of the material and thus the increase of the coefficient of thermal
expansion which leads to an underestimation of the CTE after the final setting of the
cement paste.
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5.4.2 Development of a New Test Protocol for Concrete

At the concrete scale, no specific data treatment associated to a test protocol was
presented in the literature to properly define the development of the CTE and the
autogenous strain since setting. For that reason, the development of a new experimen-
tal protocol and a new mathematical analysis strategy were defined to characterize
the autogenous deformation and the coefficient of thermal expansion during the same
single test at the Université Libre de Bruxelles (Delsaute and Staquet 2017a). This
new methodology considers correctly the evolution of the autogenous strain when
thermal variations are applied to the sample since the setting.

The free strains of the concrete or mortar are measured from casting using the
BTJADE (from the French acronym ‘BéTon au Jeune Age, Déformation Endogène’)
device (Boulay 2012). The test rig (Fig. 5.12) is composed of a vertical flexible corru-
gated PVC mold to monitor the free strain and fixed metallic parts. The whole frame
is placed in a temperature controlled bath and is designed to accommodate 3 tests
rigs simultaneously. The sensors for each channel are the central displacement, the
temperature of the sample with a thermocouple, the temperature of the surrounding
water in the tank with a platinum probe and the temperature in the air above the cover
of the tank, near the displacement transducer, with a platinum probe also. For a good
consideration of the heterogeneity of the concrete, the diameter of the cylinder has
to be greater than the coarse aggregate (a factor 5 is a minimum). For that reason, a
diameter of 125mm is used. The base length of the sample is approximately 225mm.
More details about the BTJADE are given in Boulay (2012).

When measurements are done, free strain of the concrete is defined by removing
the influence of the temperature variations itself inside the tank and the influence of
the temperature of the room on the displacement transducer located above the cover
of the tank. As the test is carried out in sealed condition, the free strain corresponds
to the sum of the autogenous strain and the thermal strain. Therefore the total strain
of the concrete εtot (m/m) is defined as:

Fig. 5.12 BTJADE test set up (Delsaute and Staquet 2017a)—section of the whole test setup (a),
water tank with three tests rigs (b), test rig before introduction in the water tank (c)
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εtot = εau + αc · 	Tc = 	L

L0
− αwt · 	Twt − αat · 	Tat (5.6)

where 	L is the displacement measured by the displacement sensor (mm), εau is the
autogenous strain (m/m), αc is the coefficient of thermal expansion of the concrete
(m/m/°C), 	Tc is the thermal variation of the concrete, the index wt is related to the
thermal variation of the water in the tank and the index at is related to the thermal
variation of the air above the cover of the tank. The thermal dilation coefficient of the
test rig αwt and αat are defined by replacing the concrete sample by a stainless steel
rod whose the coefficient of thermal expansion is well known. αwt is determined with
a room temperature constant and steps of temperature imposed to the water inside
the tank. αat is obtained with a constant temperature of the water inside the tank and
steps of temperature imposed to the air of the room (Boulay 2012).

The base length of the sample is approximately 225 mm and the inner diameter
125 mm. When measurements are done, the free strain of the concrete is defined by
removing the influence of the temperature variations themselves inside the tank and
the influence of the temperature of the room on the displacement transducer located
above the cover of the tank. As the test is carried out in sealed condition, the free
strain corresponds to the sum of the autogenous strain and the thermal strain.

At the basis the test rig has been design for the monitoring of the autogenous
strain. In order to validate the test apparatus, results coming from a horizontal testing
device has been compared as presented in (Delsaute et al. 2016). A general very good
agreement was observed between both results.

The test protocol is based on repeated thermal variations which are applied since
the casting of the sample. The thermal variations are designed by optimizing the
three following parameters: the duration of the temperature increase, the thermal
variation amplitude and the duration of the isothermal phase in the tank. The dura-
tion of the temperature increase in the tank must be as fast as possible in order to
minimize concrete autogenous deformation amplitude between two sets of measure-
ments and to maximize the number of thermal variation at early age when the CTE
evolve significantly. The thermal variations amplitude must be high enough to allow
measuring significant displacement (digital displacement transducer with accuracy
of 1 µm over the whole stroke) and small enough in order to reduce the influence of
the temperature variation on the development of the autogenous strain (Jensen and
Hansen 2001). The duration of the isothermal phase in the tank must be high enough
to avoid any thermal gradient inside the concrete sample at the end of the plateau of
temperature.

Several preliminary tests were performed on hardened concrete with the BTJADE
device in order to optimize these parameters. The test protocol is presented in
Fig. 5.13. The recording of data provided by each thermal and displacement sen-
sor is done every minute. The phase of temperature change is limited to 10 min; the
magnitude of the temperature variation is ±3 °C and the duration of the isothermal
phase is 150 min. The duration of the isothermal phase can be adapted according to
the composition. For composition with high thermal conductivity, temperature stabi-
lization in the concrete is already reached after 120 min. At this period, an identical
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Fig. 5.13 Preliminary test
on hardened concrete

temperature is measured in the tank and in the concrete sample for hardened concrete
as shown in Fig. 5.13. As the thermal inertia of the test rig is lower than the one of
the concrete sample, a faster change in temperature takes place in the test rig. This
induces an error in the computation of concrete strain (Eq. 5.6) when the temperature
of the water changes in the tank. This is observed in the evolution of the concrete
strains in Fig. 5.13 at the beginning of each thermal variation.

Therefore no thermal gradient occurs at the end of the plateau of temperature.
10 cycles were performed on this hardened concrete for which it is assumed that no
significant autogenous strain occurs (the age of the samplewas higher than onemonth
at the start of the test). Results of the CTE are presented in Fig. 5.14. An average
value of 11.6 µm/m/°C is obtained. The minimal value is 11.1 µm/m/°C and the
maximal value is 12.0 µm/m/°C. The standard deviation is very low and is equal to
0.3 µm/m/°C which corresponds to 2.3% of the average value of the CTE. Through
these results, it is concluded that such protocol is accurate enough for the assessment
of the CTE on hardened concrete. As the variation of the thermal conductivity with
aging of concrete is limited (De Schutter and Taerwe 1995; Briffaut et al. 2012), it
is assumed that no thermal gradient occurs because of the temperature variation in

Fig. 5.14 Results of the
CTE for a hardened concrete
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the tank during the hardening process of the concrete. The thermal gradient due to
the hydration is assumed to be unchanged.

This last assumption is verified on an ordinary concrete on which two tests was
performed with different temperature histories. The composition of the concrete
is presented in the references (Boulay et al. 2014). For the first test, a constant
temperature of 20 °C is imposed. The second test uses the protocol of temperature
illustrated previously in Fig. 5.13. For each test, two test rigs are used in order to
assure the repeatability of the results. For a good comparison, both tests use a concrete
coming from the same batch. The scheme of the experiment is presented in Fig. 5.15.

The test starts approximately 1 h after mixing. Results related to the evolution of
the temperature at early age are presented in Figs. 5.16 and 5.17. Figure 5.16 shows
the evolution of the temperature in the water tank and inside the sample. For each
thermal variation, the temperature of the sample reaches the temperature imposed
by the thermal regulation. At the end of the plateau of temperature, the temperature
is stable in the sample. In Fig. 5.17, the temperature inside samples from both tests
is compared. Moreover the comparison is extended to two additional curves which
correspond to the temperature of the sample with a constant thermal cure of 20 °C

20 ºC 20 3 ºC

Fig. 5.15 Scheme of the experiment

Fig. 5.16 Thermal variation
in the water tank and inside
the sample



158 B. Delsaute and S. Staquet

Fig. 5.17 Evolution of the
temperature of the sample
for both tests

Fig. 5.18 Evolution of the
total strain for both
temperature histories

on which an addition or a subtraction of 3 °C is operated. For each end of plateau of
temperature, a very good correspondence of the temperature is obtained between both
tests. This very good correspondence is also observed during the peak of hydration
occurring the first 24 h. It is therefore concluded that the thermal variations cause no
significant change in the thermal gradient due to hydration.

The total concrete strains from both tests are compared in Fig. 5.18 since final
setting time. Results obtained at the end of the plateau of temperature at 20 °C are
very close to the results obtained at a constant temperature of 20 °C. It is therefore
possible to fit results obtained at the end of the plateau at 20 °C in order to define
the total strain obtained for a cure at 20 °C. The same methodology can be used
to define the free strain at 17 and 23 °C. In Fig. 5.19, the temperature and the total
strain in the sample with repeated thermal variation are compared. A good coherence
between both evolutions is observed. At the beginning of each thermal variation, a
discontinuity in the evolution of the total strain is observed. This discontinuity comes
from the computation of the total concrete strains. When the displacement induced
by the dilation/contraction of the test rig is removed from the total measurement, it is
assumed that each component of the test rig has an instantaneous thermal response.
The thermal inertia of each component is not considered. That is why such variations
in the computed total concrete strains are observed. Therefore only results obtained
at the end of the plateau of temperature have a physical meaning.
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Fig. 5.19 Evolution of the
total strain and the
temperature for the test with
repeated thermal variations

The coefficient of thermal expansion (CTE) and the autogenous strain are com-
puted in several steps. First the concrete strain is defined by removing thermal dis-
placement of the test rig (an acquisition is carried out each minute). Then only
physical values of the total strain are considered. This physical value corresponds
to the moment when the test rig and the concrete have no thermal gradient and
have a constant temperature. This moment corresponds to the end of the plateau of
temperature. An average value of the last five data recorded during the plateau in
temperature is considered in order to reduce the noise coming from the measurement
of the temperature and the displacement sensors. To define the autogenous strain and
the CTE, it is needed to have two temperature histories. For that purpose, a fictive
temperature history is created by considering only the values obtained during the
plateau of temperature at 20 °C. With a spline interpolation, it is possible to create
new data (total strain and temperature) which correspond to a constant cure at 20 °C.
Therefore a predictive value of the total strain and temperature is obtained for a con-
stant temperature of 20 °C in the tank. For both temperature histories, the variation
of the total strain, the autogenous strain and the thermal strain between two plateaus
of temperature is given in Eq. 5.7.

	εtot = 	εau + αc · 	T (5.7)

The effect of the temperature on the evolution of the autogenous deformation
and the CTE (Bjøntegaard 2011) was previously demonstrated by several authors.
However the difference of evolution was highlighted for a very large difference of
temperature. For a very small difference of temperature, as here 3 °C, the effect of
the temperature on the evolution of the autogenous deformation and the CTE is very
low. In consequence it could be considered that, for both temperature histories, the
evolution of the autogenous strain during 150 min and the value of the CTE is the
same. Therefore, with value of the thermal variation and total strain variation for both
temperature histories, the CTE is defined as expressed in Eq. 5.8. In this equation,
the index 1 and 2 are relative to the two different temperature histories.

αc = 	εtot,1 − 	εtot,2

	T1 − 	T2
(5.8)
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Fig. 5.20 Evolution of the
coefficient of thermal
expansion according to the
equivalent age

Results of the CTE are given in Fig. 5.20. The CTE changes strongly during the
few first hours after casting till an age of 8 h. Afterwards, the CTE follows a very
constant value. The age when this change takes place corresponds to the setting of
the concrete. This observation was already done by Loser et al. (2010) for cement
paste and by Delsaute and Staquet (2017a) for concrete. For this composition, the
CTE seems very constant after setting. This is in coherence with results obtained in
the literature on ordinary concrete. Indeed, for concrete with a high water-cement
ratio, no strong variation of the CTE occurs because the value of the relative humidity
stays high during the whole hydration process. Figure 5.21 presents only results of
the CTE obtained after setting. The scattering in the results is very low. However
just after setting a higher scattering is observed. It is due to the strong increase of the
autogenous strain during this period. An average value of 11.6 µm/m/°C is obtained
for the CTE.

When the CTE is defined, the evolution of the autogenous deformation is defined
with the removal of the thermal strain on the total strain (Eq. 5.7). Figure 5.22 presents
the evolution of the autogenous strain by considering a constant value of the CTE
of 11.6 µm/m/°C. Results are strongly dependent on the time when the autogenous
strains are initialized. In order to correctly compare results, each curve is initialized
at an equivalent age of 140 h (Fig. 5.23). Results from both tests give very equivalent
results and show a very good repeatability.

Fig. 5.21 Evolution of the
coefficient of thermal
expansion after setting



5 Monitoring of the Thermal and Autogenous Strain 161

Fig. 5.22 Autogenous strain

Fig. 5.23 Normalized autogenous strain at 140 h

It is then concluded that the new methodology developed here is able to monitor
the evolution of the CTE and the autogenous strain since setting in one single test.
The general scheme of the test protocol and the treatment of the results is presented
in Fig. 5.24.

5.5 Investigations and Results

5.5.1 Sensitivity Analysis on the Determination of the CTE
Induced by the Data Processing

As presented above, different methodologies have been developed and used in the
past for the determination of the CTE since casting. At very early age, the CTE is
very sensitive to how the data are processed. To illustrate and quantify the importance
of the treatment of the data, the coefficient of thermal expansion of a concrete was
computed by using six different methods.

The first method does not consider the evolution of the autogenous strain taking
place during the thermal variation. The second method is inspired from the work
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Fig. 5.24 Evolution of the temperature and the concrete strain during the test (Delsaute and Staquet
2017a)

of Maruyama and Teramoto (2011) for which the slope between the strain and the
temperature of the concrete is computed between 10 and 90%of the thermal variation
in order to define the CTE. Third, the method developed by Loser et al. (2010) has
been adapted to the testing methodology developed at ULB. Three envelope curves
considering data at 17–20 and 23 °C were computed as by Loser et al. (2010). The
computation of the CTE has been carried out as the average of the CTE obtained
between each envelop curve and the maturity of the sample was not considered in
the computation. Ultimately, the novel method presented in this chapter was used
with three sorts of interpolation: linear interpolation (method 4), spline interpolation
(method 5) and Piecewise Cubic Hermite Interpolating Polynomial (PCHIP (Fritsch
and Carlson 1980)—method 6). The studied concrete is a Very High Performance
Self-Compacting Concrete (VHPSCC) which was designed in 2005 (Staquet et al.
2005) for pre-cambered beams. The decoupling between the autogenous and thermal
strain is very complex for such composition due to the fast and intense development
of the autogenous strain during the first 24 h after setting (Roziere et al. 2015).

In Fig. 5.25, the development of the CTE computed with eachmethod is presented
according to the equivalent age.These results correspond to the averageobtained from
measurement performed on 2 samples. The general trends observed are the same for
each method. A strong decrease of the CTE is observed during a short period which
is related to the setting of the material. At an age of around 15 h, the CTE reached a
minimum and then increases slightly. Till an age of 20 h, the development of the CTE
is significantly different according to the method used for the data processing. This is
highlighted in Fig. 5.26 inwhich only results obtained before an equivalent age of 30 h
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Fig. 5.25 Comparison of 6
methods for the
determination of the CTE

Fig. 5.26 Zoom during the
first 30 h of the Fig. 5.25

are shown. In addition, in Fig. 5.27, the development of the autogenous strain and the
autogenous strain rate is presented. CTE results got with the first and secondmethods
show quite different trends in comparison to other methods of data processing. An
increase and then a significant decrease of the CTE are calculated during the first
10 h. Negative CTE values are obtained between an equivalent age of 10 and 15 h.
These non-physical variations are related to the non-consideration of autogenous
deformations in the treatment of the results. Indeed, during this time interval, the
autogenous strain rate is very intense (Fig. 5.27). When calculating the CTE, the

Fig. 5.27 Development of
the autogenous strain and the
autogenous strain rate
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Fig. 5.28 Evolution of the
CTE with the use of moving
average on 4 points

concrete deformations due to temperature variations are underestimated during an
increase in temperature and overestimated during a decrease in temperature. This
underestimates and overestimates respectively the value of the CTE. The influence
of thematurity of the concrete sample on the determination of the CTE is then studied
with the third method. A faster decrease of the CTE is observed during the first 15 h.
Then the value of the CTE is similar to the value obtained with the other methods.
The influence of the interpolation method is studied with the methods 4–6. For each
method, very similar value of the CTE is obtained after an age of 6 h and the decrease
of the CTE takes place between an age of 6 and 15 h. Significant difference in the
amplitude of the CTE between the three methods is only observed during the 20 first
hours after casting.

The error in the computation of the CTE induced by the data processing used
for the removal of the autogenous strain is reduced by applying 4 points moving
average method on data obtained after the induction period (Fig. 5.28). It is generally
observed that the spread in the results obtained is minimized and especially between
an equivalent age of 10 and 20 h. No negative value of the CTE is then computed
with the method 1 and 2. The early decrease of the CTE is still observed with the
method 3.

The importance of the data processing in the determination of the coefficient of
thermal expansion is quantified with the computation of the relative difference in the
evolution of the CTE between the 6 methods. For each thermal variation, the mean
value of the CTE obtained with the 6 methods of data processing αT,m is computed.
The relative change in the evolution of the CTE is given in Fig. 5.29. A maximal
relative change of around 60% is obtained with the first and the second method at an
equivalent age of 14 and 6 h respectively. At very early age, the relative difference
is generally lower for the method 6. For later ages, a very limited relative difference
is obtained with each method except for the method 2. The origin of this divergence
comes from the difference of thermal inertia between the test rig, the tank and the
concrete sample. Concrete strains are computed according to Eq. 5.6 for which it is
assumed that the thermal dilation of the test apparatus occurs directly when thermal
variation are applied. With such computation, it is not possible to correctly define the
concrete strain when the temperature of the water in the tank changes. Therefore, the
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Fig. 5.29 Relative
difference in the evolution of
the CTE with the different
method of data processing

second method of data processing cannot be used for the computation of the CTE at
early age and at later ages. Such method can only be used if the concrete strains are
well defined when the temperature varies. The use of this method leads here to an
underestimation of the CTE during the hardened stage. In addition, for each method,
the standard deviation s is computed according to Eq. 5.6 where N is the number of
thermal variation applied during the test.

s =
√√√√ N∑

i=1

(
αT (ti ) − αT,m(ti )

)2
N

(5.9)

The standard deviation is given in Fig. 5.30 for data got till an equivalent age
of 30 or 160 h. The methods developed for cement paste and mortar (methods 2
and 3) have higher standard deviation. This highlights the higher scattering in the
results obtained when the autogenous strain development and the maturity of the
concrete are not considered accurately. In addition, as presented by Loser et al.
(2010), how concrete strains are interpolated when thermal variations are applied
has a significant impact in the determination of the CTE. It is observed that the
use of PCHIP decreases the standard deviation in comparison to linear interpolation
and spline interpolation especially at early age. In conclusion, the method 6 of data

Fig. 5.30 Standard
deviation of the CTE
obtained with each method
for test duration of 30 h and
168 h
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processing is recommended for the determination of the CTE and the autogenous
strain when thermal variations are applied on a sample.

5.5.2 Extension to Cement Paste and Mortar Scale

For the study of the multiscale aspect of the free deformation, a similar strategy has
been developed for the monitoring of the CTE and the autogenous strain of cement
paste and mortar. As presented in the Sect. 5.3.1, several devices were developed for
themonitoring of the autogenous strain. One of themost used at the cement paste and
mortar scale is the Autoshrink device developed byMejlhede Jensen and Freiesleben
Hansen (1995). A thermal regulation has been designed in order to apply thermal
variations on the test rig (Milenkovic et al., no date; Delsaute 2016; Königsberger
et al. 2018). The temperature of the sample is controlled by a flow of a specific
liquid for thermal regulation circulating in a convolution systemwhich surrounds the
Autoshrink device. In order to improve the efficiency of the thermal regulation, the
whole system is surrounded by a box with thermal insulation which limits exchanges
with the ambient environment. The equipment is located in an air-conditioned room
with a control system of the temperature and the humidity. The thermal regulation
and the Autoshrink device are presented in Fig. 5.31. A thermal calibration of the
whole test rig has been carried out by using a stainless steel rod for which the CTE
is known. For the measurement of the displacement and the temperature, a Solartron
network is used. It is composed by three displacement sensors Solartron LE2 and
two temperature sensors. A thermocouple is used to monitor the temperature of one
sample (embedded in the centre at mid-length) and one PT100 is used to monitor the
temperature of the air inside the convolution system.

Fig. 5.31 Autoshrink device with thermal regulation developed at ULB (Delsaute 2016)
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Fig. 5.32 Test protocol for cement paste and mortar with Autoshrink device

The thermal regulation is not performing as the one in the BTJADE system. For
that reason, some adaptations have been made to the test protocol (Fig. 5.32). A first
thermal variation of ±8 °C is applied in 10 min. The temperature is kept constant
during 25 min. Then a thermal variation of ∓5 °C is applied in 10 min. Finally the
temperature is kept constant during 80 min. The final magnitude of the temperature
variation is ±3 °C and the duration of the isothermal phase is 80 min. Temperature
stabilization in the cement paste or mortar is well reached after 80 min as shown in
Fig. 5.32.

5.5.3 Correlation Between the Early Development of the CTE
and the Autogenous Strain and the Setting

The setting period is commonly defined according to the results of penetration tests
on cement pastes or mortars and corresponds to a progressive coalescence of a con-
tinuous path of hydrates. At the beginning of this period (initial setting), the concrete
stiffness is almost inexistent while, at the end of this period (final setting), the con-
crete starts to stiffen (Hansen 2011). Correlations between the early development of
the CTE, the autogenous strain and the setting had been made by several authors.
Remarkable points were observed by different authors. Sant et al. (2006) have shown
that final setting time can be defined using the rate of autogenous strain development
in a cement paste. The final setting time was identified as the minimum of the deriva-
tive of the autogenous strain. Several authors (Loser et al. 2010; Wyrzykowski and
Lura 2013a, b) have also associated the final setting timewith the start of the decrease
of the CTE from the liquid to the solid phase in cement paste. Delsaute and Staquet
(2017a) have compared the evolution of the CTE and the autogenous strain to the ini-
tial and final setting obtained with penetration resistance [according to ASTM C304
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standard (ASTM C403 2008)] and with ultrasonic measurement using P-wave and
S-wave (Carette and Staquet 2015; Mohamed et al. 2017) for concrete composition
with differentW/C ratio and different type of binder. For each composition, the initial
setting time has been associated to the moment when the value of the CTE does not
correspond anymore to a liquid. The final setting time is associated to a minimum of
the autogenous strain obtained before the swelling of the concrete. This value corre-
sponds to a zero value of the derivative of the autogenous strain. Therefore, results of
the autogenous strain and the CTE obtained by means of repeated thermal variation
could be used for the determination of the initial and final setting time. However, the
duration between two thermal variations must be reduced strongly at very early age
in order to define both parameters accurately.

5.5.4 Further Recommendation for the Monitoring
of the CTE and Autogenous Strain at Very Early Age

When the rate of the free strain is very high, as it is the case before (chemical
shrinkage) and after (autogenous strain) setting, the computation of the CTE and the
autogenous strain is very sensitive to how the data are processed (Sect. 5.5.1). To
override this problem it is recommended to apply thermal variation faster at very
early age even if their amplitude is lower in order to get a faster stabilization of the
temperature in the sample. This will reduce the influence of the method used to treat
the data. In addition, this will improve the assessment of the initial and final setting
time. After this period, thermal variations of ±3 °C each 160 min allow defining
accurately the development of the autogenous strain and the CTE.

5.6 Conclusion and Outlook

The volume changes of cementitious materials in sealed conditions are governed at
early age by the evolution of the coefficient of thermal expansion (CTE) and the
autogenous strain. The most recent advances on the physical mechanisms associated
to their development are reported. The recent devices and test protocols developed
for the simultaneous monitoring of the coefficient of thermal expansion and the auto-
genous strain at three different scales (cement paste, mortar and concrete) are also
presented. The general testing methodologies bear some similarities but major dif-
ferences remain in the test set up designs, in the testing processes and also in the
data processing. Based on the physical mechanisms, existing test facilities and test
protocols, a new test protocol and its associated data processing has been developed
for the monitoring of the autogenous strain and the CTE. This new methodology
consists to apply repeated thermal variation of ±3 °C each 160 min on a concrete
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sample with the device so-called BTJADE. Thermal and autogenous strains are dis-
tinguished by creating a fictive thermal cure at 20 °C from the experimental results
by using interpolation method and by considering the maturity of the sample. A
sensitivity analysis has been performed in order to highlight the importance of the
consideration of the autogenous strain, the maturity of the sample and how data are
interpolated between thermal variations in the determination of the CTE. The use of
Piecewise Cubic Hermite Interpolating Polynomial is recommended for the interpo-
lation of the concrete strain between thermal variations. An adaptation of this new
testing methodology has been presented with the Autoshrink device for cement paste
and mortar. Finally, recommendation on the test protocol and the data processing are
proposed for the determination at very early age of the autogenous strain, the CTE
and the initial and final setting time.

The new testing method based on repeated thermal variation is a field that can
offer much to the characterization of cement-based materials especially for the char-
acterization of cement based materials composed of new rawmaterials (e.g. recycled
aggregate, fibres and geopolymer). A lot ofmeaningful research efforts have emerged
recently showing the capability of this new testingmethodology to definewith one test
the initial and final setting time, the autogenous strain and the CTE. However these
works were limited to laboratory temperature condition (20 °C), binder composed
of mainly ordinary Portland cement and sealed condition. Therefore suggestions for
future research include:

– the measurement of the internal relative humidity of the sample,
– the optimization of the time duration and amplitude of the thermal variation
according to the maturity of the material,

– the decoupling between the instantaneous and delayed terms of the CTE,
– more sophisticated tests with complex histories of temperature,
– the influence of mineral additions (e.g. slag and fly ash), admixtures (e.g. super-
absorbent polymer and superplasticizer) and the porosity of the aggregate at very
early age on the development of the autogenous strain and the CTE,

– the influence of external drying during the hardening process on the development
of the CTE and the autogenous strain.
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Chapter 6
Testing Concrete Since Setting Time
Under Free and Restrained Conditions

Brice Delsaute and Stéphanie Staquet

Abstract Restrained deformations in concrete structures induce the development
of stresses and sometimes cracking. Therefore the whole service life of concrete
structures is influenced by the appropriate consideration of the early age behaviour of
concrete under restrained conditions. For that reason, several devices were developed
in the past to characterize the risk of cracking of cement-basedmaterials. In the 1990s,
a new experimental concrete testing concept has been designed: the Temperature
Stress Testing Machine (TSTM). The device is able to monitor several parameters
such as the age of cracking, the stiffness development and the stress relaxation.
Between 1990 and 2010, less than fifteen laboratories worldwide have developed or
acquired this kind of experimental equipment. All devices bear some similarities but
major differences remain in the test set up designs, in the testing processes and also
in the scale of the material used. This chapter summarizes all existing technics used
to assess the behavior of concrete under restrained deformation, a comparison of the
different existing TSTM is presented. New advanced techniques aim at monitor the
cracking risk of cement-based materials such as the active ring test or the elliptical
ring test are also presented.

Keywords Restrained deformation · Cracking · Shrinkage · Early age ·
Creep/relaxation

6.1 Introduction

As explained in detail in the Chaps. 4 and 5, concrete has the particularity to be a
complex material for which its properties continuously change. It evolves from a
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nearly liquid state to a viscoplastic material within a few hours, followed by the set-
ting of the concrete. Then the mechanical properties start to develop and the material
exhibits viscoelastic behaviour. During the first days after mixing, the evolution of
the concrete properties is very intense. This period is called the early age. Finally,
the concrete properties continue to evolve on a period counted in years. Concrete
has also another important specificity coming from its time-dependent properties.
At early age, the development of the free deformation induced by desiccation (dry-
ing shrinkage) and hydration (thermal and autogenous deformation) are generally
partly or fully restrained which leads to the development of internal stresses. For
the determination of the stress under restrained condition, the development of the
elastic and creep properties are important parameters. To model the behaviour of the
concrete, the total strain of the concrete εtot are decomposed as the sum of 5 terms:
the autogenous strain εau, the thermal strain εth, the drying strain εds, the elastic strain
εel and the creep strain εcr (Eq. 6.1). Creep strains are also divided in two terms.
The first term is related to the behaviour of concrete under sealed condition and the
second term is caused by the drying phenomenon. Both are called basic creep and
drying creep respectively. The constitutive law related to the viscoelastic behaviour
of cement basedmaterials is given in Eq. 6.2 for a constant uniaxial stress σwhere t is
the age of the concrete, t′ the age of the concrete at loading, J(t, t′) is the compliance
function, E(t′) is the elastic modulus and C(t, t′) is the specific creep.

εtot = εau + εth + εds + εel + εcr (6.1)

εel(t
′) + εcr (t, t ′) = σ · J (t, t ′) = σ ·

(
1

E(t ′)
+ C(t, t ′)

)
(6.2)

For concrete structures, the evolution of the restrained strains and the associated
stress development depend on the type of structure (thin or massive), the exposi-
tion of the structure to the environment (e.g. sealed by the formwork or exposed
to drying) and the composition of the concrete (e.g. type of cement, W/C …). For
illustration, two opposite situations are presented in the Fig. 6.1. On the left, the
first case corresponds to a thin concrete element exposed to drying since the casting.
This is for example the case of concrete slab for which normal strength concrete is
generally used. In such case, low thermal changes are caused by hydration. Thus
the development of the free deformation is mainly driven by the autogenous strain
and the drying shrinkage (Bendimerad et al. 2020; Delsaute et al. n.d.). This corre-
sponds to a global shrinkage of the concrete element as shown in Fig. 6.1, left. As
a result, tensile stress is induced in the concrete element when the free deformation
is restrained. The second case refers to a massive structure for which the free defor-
mations are mainly composed of the autogenous and thermal strain. Two periods are
observed in the development of the free deformation: a heating period followed by
a cooling one (Fig. 6.1, right) as explained in (Delsaute and Staquet 2019; Delsaute
et al. 2017). The heating period begins just after the final setting when themechanical
properties of concrete start to develop. During and after the setting, the heat flow of
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Fig. 6.1 Evolution of the stress induced by the restriction of the concrete free strain for thin structure
exposed to drying (left) and massive structure [right (Delsaute et al. 2017)]

the cement is very intense which leads to an increase of the temperature inside the
concrete element and as a result to an increase of the thermal strain. In the meantime,
autogenous strain starts to develop. No systematic tendency can be given for the auto-
genous strain, because during the heating period, autogenous deformation results in
swelling or shrinkage according to the mixtures proportions and content (Benboud-
jema et al. 2019; Bentur 2003b; Staquet et al. 2019). However thermal strains are
generally higher than autogenous strain (especially for massive structures) and thus
a general swelling of the concrete occurs during the heating period. The cooling
period starts when the heat flow of the cement decreases strongly or when the form-
work is removed (according to the massivity). During this period, both autogenous
and thermal strains decrease. As a result of the restriction of the strains of concrete,
stresses are induced (Fig. 6.1, right). During the heating period, concrete element is
in compression and inversely during the cooling period the concrete is submitted to
tension.

The impact of viscous properties at very early age, in case of restrained deforma-
tion, is highlighted on the development of the stress as shown in Fig. 6.1 (red curve,
viscoelastic stress). In the case of a thin concrete element exposed to drying, creep
and relaxation have the positive effect to reduce the development of the tensile stress,
especially at very early age when the creep/relaxation phenomena are very impor-
tant. In the case of massive concrete element, in a general view, no consideration of
creep/relaxation leads to a global overestimate of the stress. Thus creep/relaxation
seems to play a general positive role for the design of massive concrete structures
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at early age. However, at very early age, the creep/relaxation amplitude is very sig-
nificant and reduces strongly the compressive stresses. Then, during the cooling
period, stresses switch rapidly in tension. During this period, an underestimation of
the creep/relaxation phenomenon leads to an underestimation of the tensile stresses
which can cause cracking in the concrete structure. Hence it is important to con-
sider correctly the creep and relaxation phenomena since final setting time for the
study of the behavior of cement based materials under restrained conditions. All the
concrete properties depend on the composition of the concrete. For high strength
concrete, the development of the autogenous and thermal strain is higher and thus
those compositions are more sensitive to a cracking risk.

The cracking sensitivity of cement basedmaterials is therefore defined by the type
of structure, the environmental conditions and the concrete compositions. Moreover
the early age and long term concrete properties are dependent of the massivity of
the structure and the environmental exposition. This makes the study of the cracking
sensitivity of concrete structure a challenging task when considering the evolution
of the whole concrete properties for the determination of the stress inside a concrete
element when its deformation is restrained. For that reason, several tests have been
developed to estimate the cracking risk of cementitious materials, such as the ring
tests, the plate tests and the passive longitudinal tests (Bentur 2003a). Generally,
these experimental tests allow determining the number of cracks, their width and
the stresses evolution inside the concrete sample. However, this evolution strongly
depends on the geometry and the stiffness of thematerial used to obtain the restrained
conditions. Thus, these devices can be used for qualitative means which are useful
for comparison of the cracking sensitivity of different concrete compositions but are
not sufficient alone for the study of the mechanisms involved in the cracking risk.
To eliminate these drawbacks, an active longitudinal test named Temperature Stress
Testing Machine (TSTM) was developed from the beginning of the 1980s. With this
device, a full or a partial degree of restriction of the concrete sample can be obtained
by means of the application of a compressive/tensile stress on a dog-bone shaped
concrete specimen to keep its length constant with a manual or an automatic system.

The present chapter summarizes the analysis of the development of the TSTM’s
at the Université Libre de Bruxelles. Based on this analysis, a revisited TSTM and
experimental procedure have been developed to study the sensitivity to cracking of
concretes. The present chapter is structured in five main sections (apart from the
present introduction). The second section of this chapter is related to the presenta-
tion of the tests rig developed for the determination of the stress of concrete under
restrained condition. The third section explains the principle of a TSTM, the history
of the TSTM development in a dozen of other laboratories as well as a synthesis of
the key elements in the design of a TSTM. In the fourth section, the development
and the new technical advances performed on the TSTM during this last decade at
ULB are presented. Several new applications of the TSTM are introduced in the fifth
section. Finally, conclusions are given in the sixth and ultimate section of the present
chapter.
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6.2 Test Rig Designed for the Study of the Risk of Cracking
of Cement Based Materials

Restrained shrinkage tests can be divided mainly into two categories: passive and
active restrained shrinkage tests. In case of passive restrained shrinkage test, there
is no control of the degree of restraint of the concrete strain in the test setup. The
degree of restraint is driven by the difference of stiffness of the restraining frame and
the concrete one. For that reason, active devices, for which the restraining part of
the device is controlled (in terms of displacement, force or temperature controlled),
have been developed.

6.2.1 Passive Restrained Shrinkage Test

As presented by Bentur and Kovler in (Bentur 2003a), mainly four passive restrained
shrinkage tests have been developed, namely the plates test, the substrate restrained
test, the longitudinal test and the ring test.

6.2.1.1 Plate Test

The plate test is mainly used in the study of plastic shrinkage and it quantifies the
performance of concrete by estimating the extent of its cracking by means of the
average and maximum width of the crack, of their total length, their total area and
number per unit area (Bentur 2003a). For this test, the concrete is poured into a
slab mold (Fig. 6.2). In addition to the relative friction in the contact zone between
the mold and the slab, the restrained is mainly induced by the presence of steel
reinforcement embedded in the slab and fixed to the edges of the plate.

Fig. 6.2 Scheme of the plate
test (Yokoyama et al. 1994)
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Fig. 6.3 Substrate restrained
tests developed for the study
of the curling (Bentur 2003a)

6.2.1.2 Substrate Restrained Test

Substrate restrained tests were developed to simulate the restraint of the deformation
of fresh mortar or concrete used for the reparation or the resurfacing of concrete
structure. Two types of test were developed in order to study the risk of cracking
or curling. To study the risk of cracking, a fresh layer of mortar or concrete is
casted on a hardened concrete layer (Banthia et al. 1993, 1995, 1996) or a steel layer
(Vaysburd et al. 2001) and is exposed to ambient air (Vaysburd et al. 2001) or to
a controlled temperature and relative humidity (Banthia et al. 1993, 1995, 1996).
This quantifies the performance of mortar/concrete by estimating the extent of its
cracking by means of the number of cracks, the average and maximum width of the
crack, time of cracking and detachment from the substrate layer. To evaluate the risk
of curling, a rectangular layer of the material is casted alone or on a steel substrate
and the top part of the specimen is exposed to ambient environment. One end of
the specimen is embedded while the other one is free. The vertical displacement of
the free extremity or at mid-span is measured to evaluate the performance of the
material as illustrated in Fig. 6.3 (Vaysburd et al. 2001). At the structural scale,
similar test setups were designed for the study of the curling phenomenon induced
by the differential shrinkage between the bottom and the top surface of slab [see e.g.
(Jaafri et al. 2019)].

6.2.1.3 Longitudinal Test

Two passive longitudinal tests have been designed:

– Longitudinal-qualitative: In this test, the longitudinal geometry of the apparatus
is used as a restriction to the free deformations of the concrete element and it only
allows quantifying the cracking by measuring the width of the cracks and the total
length of cracking.

– Longitudinal-quantitative passive: In addition to cracking measurement, this
device is able to determine the restriction forces and stresses developed within
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Fig. 6.4 Longitudinal passive restrained shrinkage test (RILEM TC 119-TCE 1997)

the material. This test is considered as passive because the restriction is obtained
by means of external bars of constant length (Fig. 6.4). In this device, concrete
deformations are not completely restrained and thus the length of the specimen is
still slightly variable. Deformation gauges are placed on the metal columns and
quantify the existing displacement. The restraining stresses are therefore calcu-
lated from the strain gauge data with consideration of the steel properties of the
outer columns of the device and the dimensions of the section of the concrete
specimen. In addition, for the study of mass concrete element, insulation can be
placed around the sample and the mold can be regulated in temperature (Bentur
2003a).

Longitudinal-quantitative passive tests were also developed at the structural scale.
In the frame of the French national project CEOS (CEOS.fr n.d.; Delsaute et al. 2013),
3 blocks subject to restrained shrinkage were tested. The dimension of each body is
6.1 m × 1.6 m × 0.8 m (Fig. 6.5). These tests were performed in order to improve
the design of massive concrete structure, specifically the crack pattern of special

Fig. 6.5 Restrained
shrinkage test at structural
scale (CEOS.fr n.d.)
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concrete structures. For that reason, reinforcement ratio (0.6 and 2%) and concrete
cover (50 and 70 mm) vary from one block to another.

6.2.1.4 Passive Ring Test

The ring test is themost commondevice used for the study of the restrained shrinkage.
Plastic shrinkage cracking and shrinkage cracking can be assessed with the ring test.
The device is composed of a ring (generally in steel) around which a concrete ring
is casted. During the test, the free shrinkage of the concrete ring is restrained by
the inner ring. It quantifies the performance of the material by estimating the age of
cracking, number of crack and the average and maximum width of the cracks. When
lateral faces of the concrete ring are exposed to drying, the test simulate the behavior
of an infinitely long structure subjected to restriction (Weiss and Shah 2002). As
highlighted by Kanavaris et al. (2019), the main parameters varying in the design
of a ring test are related to the test apparatus, the environment and the test protocol.
For example, the dimensions of both rings depend on the standards and the type of
material studied (i.e. cement paste, mortar or concrete). All variable parameters are
synthesized in the Table 6.1.

For illustration, the dimensions of the ring test according to theAASHTO standard
(Darquennes et al. 2006) are shown in Fig. 6.6.

Based on the geometry of the test and the measurement of the deformation in the
internal part of the inner ring, analytical solutions were developed for the calculation
of the elastic hoop stress of concrete [see e.g. (Hossain and Weiss 2004, 2006;
Kovler and Bentur 2009;Weiss et al. 2000)]. A comparison of the different analytical
approach fund in the literature is performed in (Kanavaris et al. 2019). Recently, a
critical review of the development of the ring test was carried out by Kanavaris et al.

Table 6.1 Main parameters in the design of a ring test

Test apparatus Environment Test protocol

• Dimension of the
restraining core (inner and
outer radius, hollow/solid
and height)

• Dimension of the restrained
ring (inner and outer radius
and height)

• Nature of the restraining
ring (e.g. stainless steel,
Invar)

• Nature of the restrained
ring (cement paste, mortar
or concrete)

• Degree of restraint

• Curing temperature
(ambient or controlled)

• Relative humidity (ambient
or controlled)

• Formwork removal age
• Drying direction
(circumferential, top and
bottom, top, all 3 sides
exposed or all 3 sides
sealed)
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Fig. 6.6 Ring test according to AASHTO standard (Darquennes et al. 2006)

(2019). From this review, new recommendations in the testing method are addressed
according to the type of application.

Other alternatives to the conventional ring test were developed to accelerate the
development of cracking. This improvement is interesting since cracking can occur
after several months for Portland cement-based concretes [see e.g. (Darquennes et al.
2006)]. For example, Dahl (Bentur 2003a) encloses the concrete ring between two
steel rings. The outer ring is provided with ribs causing an increase in the stresses
within the material. Other authors (Turcry 2004) have notched their concrete ring,
which allows obtaining relatively short material cracking times. Recently, several
authors have also proposed to replace the steel ring by an elliptical ring for which
stress development is higher in the minor radius of the ellipse (Dong et al. 2018; He
et al. 2004; Zhou et al. 2014). For the consideration of the restrained of the swelling
deformation, Weiss et al. (2008) have added an outer restraining steel ring. This
device is called dual ring test.

6.2.2 Active Restrained Shrinkage Test

In order to control the degree of restraint of the concrete strain during the test, active
restrained shrinkage tests have been developed. Three methods were adopted: the
control in displacement, in force and/or in temperature of the concrete specimen.
Mainly, two types of device were developed: active ring tests and active longitudinal
tests.

6.2.2.1 Active Ring Test

The active feature of the ring test is related to controlled temperature changes imposed
during the test. As the coefficients of thermal expansion (CTE) of the restraining
ring(s) and the concrete ring are different, a change in temperature restrains the
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deformation or imposes an expansion of the concrete ring. First, Kovler et al. (1993)
have replaced the hollow steel ring by an active-expansive core with a CTE higher
than concrete. When increasing the temperature, additional tensile stresses were
therefore induced in the concrete ring which shortened the age of cracking. Then
Schlitter et al. (2010a, b) have developed a dual ring test for which both restraining
ring are made of Invar. The whole device is placed in a highly insulated chamber
which is controlled in temperature. As the CTE of Invar is very low, the restraining
boundaries of the concrete ring are nearly constant. For the study of massive concrete
element, Briffaut et al. (2011a, b) used a thermally-active ring. The restraining ring
is made of brass (the CTE is about 3 times higher than concrete) and is regulated
in temperature thanks to water circulation into it. Contrary to Schlitter’s system, the
restraining boundaries are moving during the test. Recently, Bourchy (2018) has
developed a dual ring test for which both restraining rings are made of Invar and
are thermally-controlled (the temperature evolution correspond to the temperature
recorded during a quasi-adiabatic calorimetry test).

6.2.2.2 Active Longitudinal Test

The active part of the longitudinal test is related to the control in force or in dis-
placement of one of the extremity of the concrete specimen. Two configurations of
the specimen were developed: vertical and horizontal test rig. These devices, named
TSTM (Temperature Stress Testing Machine), are described in detail in the next
paragraph.

6.3 The TSTM (Temperature Stress Testing Machine)

6.3.1 Principle of TSTM’s

The determination of the different concrete parameters is based on the hypothesis
of independence of the deformation components. The total deformation is assumed
to be equal to the sum of the elastic εe, creep εcr, thermal εth and shrinkage εsh
deformations, as expressed in Eq. 6.1. The degree of restriction of deformations
is equal to zero if this sum is null. For the study of the evolution of the different
parameters, compensation cycles are used with a threshold value of deformation εl
equal to a fewmicrons (ormicrostrains) for applying the restriction conditions during
the experimental test (Fig. 6.7). As soon as this value is exceeded, a load is applied
on the concrete sample to cancel the deformation. Then, the concrete sample can
shrink again and the load is kept constant but the stress/strength ratio increase with
the time. Then another compensation cycle begins (Fig. 6.8). So the cycles succeed
to themselves during the entire test until cracking of the sample occurs.
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Fig. 6.7 Schematic description of the compensating cycles to obtain the restriction conditions with
the TSTM (Kovler 1994)

Fig. 6.8 Steps inside each
compensating cycle

Following these compensation cycles, the sum of all elastic deformations is equal
to the sum of the restrained deformations, i.e. creep and free strain (Fig. 6.7). From
these experimental results, the creep deformation can be calculated as the difference
between the curves of free strain and restrained deformations. Another parameter
can also be estimated from this test: the relaxation stresses.

6.3.2 History of the Development of TSTM’s

One of the oldest TSTM equipment was developed in the beginning of the 1980s by
Springenschmid et al. (1994) at the Technical University of Munich in Germany. In
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this equipment, the dog-bone sample is characterized by a square cross section 150
× 150 mm2 and a length equal to 1500 mm (Schöppel et al. 1994). The restriction
conditions were obtained for a deformation threshold equal to 1μmandwere applied
when the material is characterized by a significant stiffness. This time is the moment
when the stresses begin to develop inside the concrete sample. For the experimental
tests performed with this TSTM, the displacement was measured by means of steel
bars placed in the concrete sample in its central part at an interval equal to 500 mm.
The same device was used for measuring the free shrinkage. This boundary condition
was obtained by cancelling the force applied on the concrete sample when the stress
inside the concrete reaches a value equal to 0.01 MPa. It appears that this first device
is already characterized by two main parameters limiting the artifacts of restrained
shrinkagemeasurements: a thermal regulation of the concrete sample and a system of
deformationmeasurement directly placed on the concrete sample.At the sameperiod,
Paillière et al. (1989) also developed a TSTM equipment in which a dog-bone sample
was tested in vertical position. However, this device cannot be used at early age
because its specimen must be firstly casted in a horizontal mold before its placement
in the TSTM. Moreover, this device is not equipped with a thermal regulation and
the vertical position of the sample can lead to an early cracking localized in its upper
part as a consequence of the non-uniform stress distribution arising from the hanging
self-weight. These first TSTM devices allow underlining several major parameters
which must be taken into account for their design: the position of the deformation
measurement system, the presence of a thermal regulation on the concrete sample
and the sample position (Fig. 6.9).

At the beginning of the 1990s, a TSTM was set up at the Israel Institute of
Technology (Technion) at Haifa (Bloom and Bentur 1995; Igarashi et al. 2000). The
free and restrained shrinkages were simultaneously measured on samples that differ
only by one of their extremities, which is free for the sample used for measuring
the free shrinkage and which is piloted in the other case. With this equipment, the

Fig. 6.9 System for monitoring free and restrained shrinkage at the Israel Institute of Technology
(Igarashi et al. 2000)



6 Temperature Stress Testing Machine 189

deformation was measured by means of LVDT sensors placed on the moving head of
the restrained sample. It has been demonstrated that this kind of method can generate
some artifacts of displacement measurements (Altoubat and Lange 2002). Indeed,
the interaction between the grip and the concrete sample can pollute the displacement
measurements and induces a decrease in the restrained degree of sample. Moreover,
a sliding between the sample and the grip is always possible. During these tests, the
thermal regulation was provided by means of the room air conditioning only.

Several tests on TSTM’s devices were carried out for several applications at the
NorwegianUniversity of Sciences andTechnology (NTNU) at Trondheim inNorway
(Bjontegaard 1999; Ji et al. 2018) and at the Technical University of Delft (DTU)
in the Netherlands (Lokhorst 1998; Lura 2003). Tests on high performance concrete
were realized at NTNU. Bjøntegaard investigated the effect of different isothermal
curing temperatures and realistic histories of temperature on high performance con-
cretes (Bjontegaard 1999). For this purpose, they equipped the TSTM mold with
a thermal regulation system. This system consists of copper pipes disposed along
the mold. It allows obtaining an isothermal temperature of 20 °C after about 1–2 h.
Moreover, the temperature increase due to the hydration of a Portland cement con-
crete sample is limited to 1.5 °C. However, a thermal gradient in the longitudinal
and transverse axis always exists because the temperature of the liquid coolant varies
from its initial temperature during its travel following its calorific losses. They also
demonstrated that the value of the deformation threshold directly affects the value of
Young’s modulus calculated from each compensative cycle. From these first exper-
imental results, it seems better to evaluate the value of the elastic modulus from
complementary tests.

More recently, several university laboratories, namely at the University of Illinois
at Urbana Champaign in the USA (Altoubat and Lange 2001), the Swiss Federal
Institute of Technology in Lausanne in Switzerland (Kamen et al. 2008), the Monash
University in Australia (Aly and Sanjayan 2008), the University of Tokyo in Japan
(Kishi and Lin 2008) and the Polytechnical School of Sao Paulo in Brazil (Melo
Neto et al. 2007), equipped themselves with a TSTM equipment. Although these
equipments bear some similarities (a dog-bone sample, a horizontal position for the
specimen …), it appears that their design and their test method differ by several
points. These differences are indicated in the Table 6.2 and summarized below:

– Position (top or sides of the straight part of dog-bone specimen) and accuracy of
the LVDT sensors, as well as the gauge length generally included between 500
and 750 mm.

– Size of the sample: length of the straight part (about 1000mm), cross section (from
40 × 40 mm2 to 150 × 150 mm2).

– Existence of a thermal regulation system around the specimen for stabilizing the
temperature at the beginning of the test, keeping an isothermal temperature during
the test and limiting the thermal gradient in the sample.

– System for controlling the displacement of concrete sample during the compen-
sation cycles (manual or automatic).

– Kind of device formonitoring the free shrinkage (rectangular or dog-bone sample).
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Table 6.2 Differences between TSTM systems

References Springenschmid
et al. (1994)

Igarashi et al.
(2000),
Bloom and
Bentur (1995)

Bjontegaard
(1999)

Grazia
(1999),
Charron
(2003)

Lokhorst
(1998),
Lura
(2003)

Test start 0.01 MPa 24 h Setting time 24 h 8 h

Deformation
threshold
(μm/m)

2 5 0.86 6 6

Sample cross
section

150 × 150 mm 40 × 40 mm 90 × 100 mm 50 ×
50 mm

150 ×
150 mm

Sample length
(mm)

1500 1000 1000 1000 1000

Gauge length
(mm)

500 – 700 750 750

Deformation
measurement

Side Mobile head Side Top Side

Thermal
regulation

Yes Room
conditioning

Yes Yes Yes

– Value of the deformation threshold used for obtaining the restriction conditions
which varies from a value close to 0 (0.1; 0.6 μm/m) to a value equal to a few
microstrains (4; 6 μm/m).

– Starting time of the restrained shrinkage test: setting of material, stress threshold,
material age …

These TSTMdevices allowing the study of the visco-elastic behaviour of concrete
at early age respect the recommendations of the technical committee Rilem 42-CEA
(Rilem 42-CEA 1981) for uniaxial tensile testing of concrete at early age:

1. The experimental tests are performed horizontally to avoid the dead load effect
of specimen.

2. The friction between the sample and the mold is minimized by using specific
material like the combination of Teflon and plastic film.

3. The sample is prismatic and its extremities are larger than its central part.
4. The length of the longitudinal central part of the sample is at least four times

higher than that of its cross section.

So, these different parameters have been taken into account in the design with
the integration of a thermal regulation inside the mold of the TSTM sample at the
laboratory of the Université Libre de Bruxelles (ULB). Moreover, an appropriate test
method for studying the restrained shrinkage has been also chosen to limit the early
cracking of the sample. The details of the revisited TSTM system are presented in
the next paragraph.
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6.4 Design Testing System

6.4.1 Test Setup

A revisited TSTM system was developed (since 2006) in the laboratory of civil engi-
neering at the ULB for testing concrete since setting time under free and restrained
conditions. For this purpose, the testing machine is a Walter + Bay LFMZ 400 kN
electromechanical testing setup. Themachine is totally programmable and controlled
(force and displacement of each sensor) by computer. The machine is composed by
a fixed steel head, a central unidimensional part and a moving end. The moving end
is controlled by a motor moving the steel head.

The transition area between the ends and the central part is characterized by a
rounded shape in order to minimize a possible stress concentration and the risk
of premature cracking in this zone. In the central part where the measurements of
the displacements are taken, the stress field has been computed with finite element
analysis and it was shown that the stress filed is homogenous (Baesens and Delsaute
2010). The shape of the mold is a dog-bone (Table 6.3). The dimensions of the cross
section are 100 × 100 mm2 in the central part and 300 × 100 mm2 at the ends.
The total length of the straight part equals to 1000 mm. With these dimensions, it
is possible to perform tests for concrete with a maximal aggregate size of 20 mm.
The shape of the mold induces stress concentration in the junction between the head
and the straight part of the specimen. The failure of the sample takes often place
in this part of the sample. For the study of the creep at high stress level, the stress
concentration at the junction between the head and the straight part of the sample has
to be decreased. For these reasons, the geometry of the head was replaced (Fig. 6.10).

The fresh concrete is cast inside the mold until a level of 100 mm. One T type
thermocouple is placed in the middle of the sample during the casting, at each end
and at mi-length of the central part of the mold. The temperature of the sample is
controlled by a flow of a specific liquid for thermal regulation circulating on all the
sides of the specimen. A plastic sheet is placed, before casting, in the mold to ensure
sealed conditions. Moreover, the plastic sheet helps also to reduce, with the presence
of Teflon, the friction between the sample and the mold. The walls of the mold are
made of aluminum (Fig. 6.11) which was chosen for its high thermal conductivity
(237 W/m K) and its low density (2700 kg/m3). The deflection of the mold is very
limited (±2 mm) and the isothermal conditions are ensured thanks to a fast heat

Table 6.3 Dimensions of the specimen in the TSTM device

Length of the span (m) 1

Width of the span (m) 0.1

Radius of curvature (m) 0.5

Width of head (m) 0.3

Length of head (m) 0.1
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Fig. 6.10 New geometry of the head

Fig. 6.11 Thermal insulation

transfer with the zinc boxes. A specific liquid for thermal regulation flows inside
zinc boxes beams which are placed all around the central part and on the ends and
under them. Each box is independent and has its own water input and output system.
A thermal insulation limits exchanges with the ambient environment. The equipment
is located in an air-conditioned room with a control system of the temperature and
the relative humidity.

In addition to the creep and elastic deformations, thermal and shrinkage defor-
mation must also be known. For this purpose, a dummy mold was built for the
measurement of the thermal and free shrinkage deformations. This mold has exactly
the same geometry as the first one. The only difference is the total free movement of
one of the ends (Fig. 6.12).
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Fig. 6.12 Left to right: mold (boundary conditions)—dummy mold (free moving end thanks to
ball bearings)

In this equipment, several instrumentations were developed at ULB for the moni-
toring of the concrete deformation. For the first instrumentation, the displacement is
measured by means of two transducers (Solartron LE12). The displacement sensors
are placed on invar supports which are fixed on a rigid framemade of aluminum tubes
externally supported by the TSTM (Fig. 6.13). The distance between both sensors
is 750 mm (where the stress field is homogenous in the sample). These sensors are
characterized by a measuring range of 12 mm and accuracy of about 0.4 μm.

Invar rods are anchored in the concrete at a depth of 50 mm. The link between
the concrete displacement and the sensor is then assured. These invar rods are char-
acterized by a low dilatation coefficient limiting the effect of ambient temperature
on the deformations measurement. They are kept in their initial position thanks to a
brass ring before the beginning of the test. The horizontality of the TSTM device is
an advantage for the efficiency of the casting. Moreover, sensors are well anchored
at mid-height and not in the superficial layer of the sample, what could have induced
an error by a possible different behavior between the core layer and the superficial
layer (less aggregates presence) (Fig. 6.14).

Fig. 6.13 Displacement sensors in the central part of the specimen
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Fig. 6.14 Stem (Invar, threaded stem in steel) with plastic plug and brass ring (a)—incorporate
stem in the concrete (b)—embedding system in steel of the Invar rod (c) (Darquennes 2009)

In order to improve the displacement measurement since setting time and to
perform relaxation test, different changes were carried out on the instrumentation.
The aluminum tubes connecting the columns of the test device and the displacement
sensors have been replaced by solid steel bars for which the thermal inertia is higher
and the CTE is lower. The influence of thermal variation in the room is therefore
lower on the measurement of displacements. Displacement sensors in the central
part of the specimen were replaced by Foucault current’s sensors (without contact
sensor) (Fig. 6.15). Sensors have a resolution of 0.014 μm and a measurement range
of 2 mm.

These sensors have two advantages. Firstly, the absence of contact between the
sensors and themold avoidsmeasurement artifacts induced by the spring of theLVDT
sensor when the stiffness of the concrete is very low. Secondly, an instantaneous Volt
conversion in micrometer of the sensors allows piloting the TSTM system with the
displacement directly measured in concrete. A real time subtraction between the

Fig. 6.15 Displacement
sensor without contact
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Fig. 6.16 For relaxation test, TSTMdevice is controlled by (S1+S2)–(S3+S4)which corresponds
to creep and elastic deformations

deformation of the specimen in the TSTM and the specimen in the companion (pas-
sive) mold allows piloting the TSTM system on basis of the mechanical parameters
excluding the free deformations due to thermal variations εth and due to shrinkage
εsh. So, the direct measurement of the elastic εe and creep εc deformations or the
relaxation stresses is possible with the simultaneous use of the first and the second
mold as illustrated in Fig. 6.16.

Without contact sensors are very sensitive to the air conditioning. A good pro-
tection of the sensor is needed. Figure 6.17 shows the perturbation caused by the
air conditioning on the sensor when repeated loadings in tension are applied on a
concrete sample (Delsaute 2016). The different “waves” are in direct relation with
the air conditioning. The use of displacement sensor with contact as LVDT decreases
the impact of the air conditioning. However this problem was solved by protecting
the sensor from the air conditioning. A wood box was designed in order to protect
completely the sensor from the ambient air.

For some tests, the failure occurs in the straight part of the specimen where the
anchorage is placed. To decrease the risk of failure and to avoid a preliminary damage
in this zone, the plastic plug was removed to limit the reduction of the concrete
cross section. However different problems were observed for the measurement of the

Fig. 6.17 Perturbation on the sensor of displacement caused by the air-conditioning
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Fig. 6.18 Illustration of adherence/deterioration in the concrete around the stem anchorage in the
sample

Young’s modulus in tension and in compression. Damage by fatigue phenomenon is
observed. A problem of adherence/deterioration was also observed for the anchorage
of the stem as illustrated in Fig. 6.18 for one loading.During the beginning of loading,
when a compressive load is applied to the sample, the stress increases as expected
but the strain increases as if a tensile load is applied. Then the strain develops in the
good direction. This problem is assumed to be a wobble in the sample due to damage
around the anchorage. This phenomenon was observed in different concrete when
repeated loadings are applied. The higher theW/C ratio and sooner this phenomenon
appeared. For repeated loading, internal anchorage has to be disallowed.

For these reasons, a new experimental measurement tool was designed for the
measurement of the longitudinal strain. This tool is an extensometer which is adapted
to the TSTM device. The transversal measurement is added for the study of the
Poisson’s ratio and the creep dilatancy. Here are the different criteria which are on
the basis of the design of the extensometer:

– For the limitation of the thermal dilation of the extensometer, all structural elements
of the extensometer are in INVAR©.

– All elements for the measurement of longitudinal and transversal displacements
have to be protected from the air conditioning.

– Sensors with a high accuracy are needed for the measurement of the transversal
displacement. For this purpose, Solartron LE12 sensors (digital sensor) are used.

– External anchorages are used to avoid internal damage in the section of the concrete
specimen. Three elastic anchorages from the J2P company (Boulay and Colson
1981) have been used to assure a good contact between the extensometer and the
sample.

– Measurement of the transversal displacement has to be done in the same section
as the anchorage to follow the longitudinal displacement and avoid artifacts of
measurements.
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Fig. 6.19 New extensometer designed for the TSTM device

– A free lateral displacement of the specimen has to be allowed during the test to
avoid confinement effect when a compressive load is applied.

From these criteria, an extensometer composed of two parts with a U shape has
been designed. Figure 6.19 shows the new extensometer.

For the study of the restrained shrinkage since setting time, such instrumentation
cannot be used. Indeed, in that case the test must start just after the setting. The
implementation of the extensometer takes time and needs to remove the formwork.
For this reason, all tests can be performed with the new extensometer except test of
restrained shrinkage. For restrained shrinkage, anchorage rod system is used.

Finally, for the study of the restrained shrinkage under drying condition, the
upper part and/or the lateral part of the mold and the thermal regulation is removed
in order to expose the sample to the controlled environment (temperature and relative
humidity). To simulate the case of a slab, only the upper part of the thermal regulation
is removed (Bendimerad et al. 2020; Delsaute et al. n.d.) while the case of the
formwork removal of a wall is simulated by removing the lateral faces of the mold
and the thermal regulation.

6.4.2 Test Protocol for the Restrained Shrinkage

Historically, the TSTM was developed for the study of the restrained shrinkage. A
test method has been defined to measure the restrained shrinkage (Fig. 6.20). At
the beginning of the test, the sample placed in the TSTM is initially restraint by
the stiffness of the frame with the motor being turned off until the stress inside the
concrete reaches a threshold value of 0.01 MPa. At that moment, the displacement
transducer readings are set to zero and the concrete sample can deform freely until
the recorded deformation in the central part of the specimen reaches a deformation
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Fig. 6.20 Free and restrained shrinkage evolution of a Portland cement concrete and stress build-up
in the concrete sample (Darquennes 2009)

threshold corresponding to 6.7 μm/m. This moment coincides with the end of the
first cycle. From this time on, the load is adjusted to pull the specimen back to its
initial length. Then, the applied load at the end of the adjustment process is kept
constant throughout the following cycles until the sample deformation reaches again
the deformation threshold value. The test goes on until the specimen cracks. This
kind of experimental process is quite similar to the one used by Charron (2003) and
allows avoiding an early cracking of the specimen. During this test, four parameters
were continually monitored: the load applied on the sample, its deformation, its
temperature and the displacement of the moving head. For concrete composition
with high W/C ratio (Delsaute and Staquet 2017; Delsaute et al. 2016c) or high
content of slag (Carette et al. 2018b) or in case of high increase of temperature due
to hydration, a swelling is observed just after the final setting time. To consider the
restrained of the swelling strain, the test protocol has been adapted (Carette et al.
2018a). The test starts at the final setting time. At that time the strains are set to
zero. When the strain in the central part of the specimen reaches a strain threshold
corresponding to −6.7 μm/m or +6.7 μm/m, a tensile or a compressive load is
applied to put the specimen back to its initial length.

6.5 Applications

The use of TSTM devices was mainly related to the study of the restrained shrinkage
at the laboratory scale on concrete as presented in the previous sections. However,
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during this last decade, other kinds of TSTM devices were developed whether for
industrial applications or for a better physical understanding of the physical mecha-
nisms related to early age cracking of cementitious materials. Several new kinds of
device and associated applications are presented succinctly below.

6.5.1 Monitoring of the Viscoelastic Properties Since Setting

As presented in Chap. 4, repeated minute-scale-duration loadings method was devel-
oped for the monitoring and the modelling of the viscoelastic properties of cement
based materials in three laboratories: the Université Libre de Bruxelles (ULB), the
Institut Français des Sciences et Technologies des Transports, de l’Aménagement et
des Réseaux (IFSTTAR) and the Technische Universität Wien (TUWIEN). At ULB
and Ifsttar, the main application of this test was to monitor and to model accurately
the viscoelastic behavior at very early age (Boulay et al. 2012, 2013, 2014; Del-
saute et al. 2012, 2013, 2014, 2016a, b, c, 2017; Delsaute and Staquet 2014; Staquet
et al. 2014). In order to apply repeated loadings since the final setting time, a TSTM
device was used at ULB. At TUWIEN, the new testing methodology was used for
the identification of creep properties at the microstructural scale and also to study
the water transfer between aggregate and cement paste during hydration (Ausweger
et al. 2019; Göbel et al. 2018a, b; Irfan-ul-Hassan et al. 2016, 2017; Karte et al. 2015;
Königsberger et al. 2016).

6.5.2 Implementation of Non-destructive Methods
on a TSTM Device

To characterize experimentally the internal restriction of the cement paste caused by
the aggregate, Pirskawetz et al. (2012) have developed a TSTM device which com-
bines non-destructive methods. Ultrasound velocity method and acoustic emission
have been integrated to the TSTM mold. These methods allow monitoring con-
tinuously the damage process in hardening material. Ultrasound velocity method
characterizes the development of the microstructure during hardening while acous-
tic emission has been used to observe and detect the formation and the develop-
ment of micro-cracks. The TSTM device was designed for cement paste and mortar
(Fig. 6.21). The central part of the TSTM has a length of 34 cm and a cross section
of 4 cm × 4 cm. Ultrasonic sensors are placed at the end of both extremities while
the 3 acoustic emission sensors are put on the upper part of the measuring part.

It should be noticed that the first TSTM device designed for cement paste scale
was developed in Delft University of Technology for the study of the development
of the autogenous strain and the development of shrinkage-induced stresses (Lura
2003; Zhou et al. 2006). This device has a cross section of 7.5 mm × 7.5 mm and a
measurement length of 37.5 mm.
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Fig. 6.21 TSTM device combining acoustic emission and ultrasound velocity method (Pirskawetz
et al. 2012)

6.5.3 Testing Concrete in Its Plastic State

TSTM device were generally designed for the study of the behavior of cement based
materials during the hardening phase. However, concrete elements, with a large
exposed surface, are sensitive to cracking when concrete is still in a plastic state.
Different curing procedures were developed to reduce the cracking risk of plastic
concrete. One way to prevent cracking consists periodically in applying a fog spray
on the exposed surface. Such method is responsible of wetting and drying cycles
and thus causes variation of capillary pressure inside concrete. This corresponds to
cyclic loadings of concrete during its plastic state. In order to simulate this situation,
Khan (2018) and Khan et al. (2017) have developed a TSTM device which is enable
to measure the tensile strength, and stress relaxation properties of plastic concrete as
well as its resistance to cyclic loading till the end of setting. The device is shown in
Fig. 6.22. The whole test setup is supported by a beam. The measurement length is
100 mm and the total length of the sample is 618 mm. One LVDT sensor is placed
on the top of the specimen in the central part for the measurement of the concrete
deformation. Concrete was tested in a climate control room.

6.5.4 Influence of Cyclic Loading/Displacement
on the Hardening Process of Grout Material

The foundation of offshore wind turbines in a seabed is a major technical challenge
for engineers. To insure the stability of the wind turbine, the ring between the steel
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Fig. 6.22 TSTM device developed to study the influence of tensile cyclic loading and relaxation
on plastic concrete (Khan 2018)

monopile and the seabed is filled with a grout. Since casting, the grouted connections
have to carry the loadings resulting fromwaves acting on themonopile. As illustrated
in Fig. 6.23, this leads to cycling loading of the grout and further to potential local
damage in form of micro-cracks if the associated stress/strength ratio is high enough.
The damage might accumulate over time and might eventually lead to a significant
reduction of the local mechanical strength and local durability properties of the grout.
In addition, the application of cyclic loadings can lead to irreversible plastic strain
which can induce the formation of a gap at the interface between the monopile and
the grouted connections (Lohaus et al. 2015). In order to point out the influence of
early age movements and deformational restraints on the performance of a grouted
connection, Delsaute (2019) and Delsaute et al. (2018) have developed a new testing
methodology inwhich aTSTMdevice has beenused. The test protocolwas developed
in order to reproduce the displacement/loading imposed by the waves on the grout

Fig. 6.23 Loading case induced by the cyclic movement of the wave on the grout (Delsaute 2019)
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annulus during the construction process. Firstly, cyclic displacements are applied to
the sample since an age of 1 h till themoment that a force threshold is reached (around
the initial setting). Then cyclic loadings are applied on the sample. At this moment,
displacement sensors were activated in order to monitor the displacement of the
anchored rod in the straight part of the sample. From this moment, the recording of
the displacementwas used to compute theE-modulus for each loading and unloading.
At an age of 24 h the cyclic loadings are stopped. At the end of the test, the prismatic
part of the TSTM and dummy specimens were removed from the mold and were
cut in several cubes of 10 cm side for the determination of the compressive strength.
Compressive strength fromboth specimens are compared in order to define a potential
strength reduction induced by the cyclic loading. Results of the E-modulus obtained
by means of cyclic loading are then compare to the E-modulus obtained by means of
repeated loadings in order to evaluate the potential damage of the grout. Finally, the
free strains of the loaded specimen and the dummy specimen are also compared in
order to quantify the irreversible strain induced by the application of cyclic loadings.
From this new experimental protocol, new indicators were developed in order to
evaluate the performance of grout materials under cyclic displacement and loading
since casting.

6.5.5 Structural Scale

At the Technical University of Graz, a TSTM device has been elaborated at the
structural scale. Such device was created for the development of a mechanically
consistent design model for crack width concrete in restrained concrete members
(Turner et al. 2015). For this purpose, the sample has a dog bone shape with a total
length of 3.7 m and a cross section of 25 cm× 25 cm in the central part. The stiffness
of the whole frame has been designed to simulate restrained shrinkage of reinforced
concrete structure. In addition, hydraulic cylinders have been placed at one end of
the steel columns and are used to impose displacement to the concrete member in
order to simulate load variation induced by the seasonal temperature change. At the
other end of the columns, a load cell was placed to monitor the force induced by the
restrained of the free deformation of the concrete member and by the displacement
imposed with the hydraulic cylinders. Finally, variable insulation system has been
developed in order to simulate the thermal history of concrete element induced by
hydration heat. Complete details about the test setup are given in the Chap. 7.

6.5.6 Degree of Restraint

Generally, in concrete structures, only a part of the free strains of concrete are
restrained. 2D or 3D linear elastic calculation can be performed in order to evaluate
the degree of restriction of a concrete element by the structure [see e.g. (Schlicke
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and Matiašková 2019)]. Thus, the degree of restraint in early age concrete structure
depends on the location of the concrete element and the general configuration of the
structure (Klausen 2016). At NTNU, Klausen et al. (2015) have updated a TSTM
device in order to control the degree of restraint R (between 0 and 100%) of a con-
crete sample. Also, the test protocol was adapted. When a measured length change
in the TSTM exceeds a displacement threshold χ, a displacement is automatically
applied to cancel partially the deformation and corresponds to −R · χ . The concrete
sample can shrink again and the load is kept constant till a new length change of χ

is reached. Then another partial compensation cycle (−R · χ) begins. At Tsinghua
University, Zhu et al. (2017, 2018) have developed a multiple TSTM system named
“Synchronous closed loop federated control TSTM system”. Four TSTM systems
are placed in a same room which is controlled in temperature and relative humidity.
The degree of restraint of each TSTM system can vary between 0 and 100% and the
mold of each TSTM can be detached from the test rig. Such configuration allows
casting the concrete directly on a construction site.

6.6 Conclusions

In this chapter, a succinct state-of-the-art of passive and active restrained shrinkage
test method for the evaluation of the risk of cracking of cementitious materials under
restrained condition has been presented. In the 1990s, a new experimental concrete
testing concept has been designed: the Temperature Stress TestingMachine (TSTM).
The device is able to monitor the mechanical behaviour of concrete since setting time
under restrained conditions. Actually, the restrained shrinkage test set up designed
with a TSTM system takes into account all the parameters affecting the stresses
development inside the concrete sample: the degree of restriction, the relaxation of
stresses, the evolution of the strength and the stiffness … On basis of this kind of
test, several parameters can be quantified such as the elastic deformation, free and
restrained shrinkages and also, creep and relaxation.

Between 1990 and 2010, less than fifteen laboratories worldwide have developed
or acquired this kind of experimental equipment. All devices bear some similarities
but major differences remain in the test set up designs (e.g. sample dimension, mea-
surement length, instrumentation, thermal regulation), in the testing processes (test
start, deformation threshold) and also in the scale of the material used (cement paste,
mortar or concrete). Based on the development of several TSTM devices, a revisited
TSTM system has been designed at ULB for monitoring the mechanical properties
of concrete in tension and in compression since setting time. Several updates have
been operated during this last decade in order to improve the device for the study of
the restrained shrinkage and to extend its use to other applications. The design of this
system includes a thermal regulation in contact with all sides of the concrete sample
and, especially, for the very early age, displacement sensors without contact to limit
the measurement artefacts on the concrete. A dummy mold was added to the revis-
ited TSTM system for monitoring the free shrinkage and the thermal deformation.
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So, the direct measurement of the creep deformation and the relaxation stresses is
possible with the simultaneous use of the first and the dummymold. The test method
for measuring the early age properties of concrete must also avoid an early cracking
of the concrete sample. To do so, the test method starts after the end of setting time
of concrete when the stiffness of the studied material is sufficient.

This test device can offer much to the characterization of cement-based materials.
Several types of tests can be performed according to the intended application. The
TSTM device is able to simulate experimentally the situation of a concrete member
(e.g. temperature, degree of restraint) whichmakes the TSTM a key tool for the study
of the thermo-mechanical response of cement based materials since very early age.
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Chapter 7
Adjustable Restraining Frames
for Systematic Investigation of Cracking
Risk and Crack Formation in Reinforced
Concrete Under Restrained Conditions

Dirk Schlicke, Katrin Hofer and Nguyen Viet Tue

Abstract The Institute of Structural Concrete at Graz University of Technology
developed adjustable restraining frames (ARFs) in order to enable systematic inves-
tigations of the behaviour of reinforced concrete under restrained conditions. The
focus was hereby set on the following aspects:

• holistic experimental simulation of the stress history due to imposed deformations
including cracking and crack opening by time, as well as

• experimental determination of cracking patterns to be expected in externally
restrained and ordinarily reinforced thick members (reinforcement is located near
the surface whereby the core is not affected by reinforcement; Ac � Ac,eff).

The results of these experiments give profound insights on the stress history, the
cracking risk, the crack pattern and further crack opening to be expected due to the
complex interplay of thermal, hygric and mechanical behaviour of concrete. Special
attention was given to the restraining condition as well as the present reinforcement.
In particular, the most important results of the whole campaign were:

• confirmation and additional findings regarding the effect of viscoelastic behaviour
on the hardening-induced stress history,

• clarification of the behaviour of reinforced concrete when it comes to super-
imposition of hardening-induced stresses with further stresses due to imposed
deformations during service life and

• experimental verification of the existence and effectiveness of secondary cracks
in thick members on the limitation of the crack width of the primary crack.

Besides the outlined findings and their application in guidelines for crack risk
assessment (ÖBV in Analytical design of watertight structures with optimized con-
crete (in German). Austrian society for construction technology, Vienna, Austria,
2018) as well as crack width control and jointless design (BAW in Merkblatt
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früher Zwang – Rissbreitenbegrenzung für frühen Zwang in massiven Wasserbauw-
erken. Referat Massivbau der BAW, Karlsruhe, 2010; BAW in Merkblatt Zwang bei
fugenlosen Wasserbauwerken. Referat Massivbau der BAW, Karlsruhe, 2019), these
experiments provide also clear and transparent data for the verification of thermo-
mechanical calculation models for simulation of hardening-induced stress histories,
(e.g. Schlicke in Mindestbewehrung für zwangbeanspruchten Beton. Graz Univer-
sity of Technology, Graz, 2014; Heinrich in effiziente Berechnung viskoelastischer
Spannungen in gezwängten Bauteilen. Graz University of Technology, Graz, 2018;
Jędrzejewska in Constr Build Mater 174, 2018) as well as nonlinear calculation
models for simulation of secondary cracking in thick concrete members.

Keywords Restraining frames · Restraint stressing · Cracking risk · Crack width
development · Superposition of hardening-induced stresses with restraint stressing
during service life

7.1 Introduction

Concrete shows distinct volume changes due to cement hydration, drying, creep and
thermal dilation. Under restrained conditions, in which concrete members cannot
deform freely, restraint stresses occur due to these imposed deformations. Temporal
occurrence of herewith caused cracking is subject to a complex interplay of thermal,
hygric and mechanical behaviour of the concrete as well as the restraining condition.
Crack width and further crack opening during service life depend also on the present
reinforcement and the bond.

In addition, thick members with ordinary reinforcement near the surface show a
deviant mode of cracking due to restraint as the usually assumed successive cracking
of a reinforced concrete tie in current theories, (e.g. EC2 2015 or fib 2010) Despite
the possibility of surface cracking, macroscopic cracking in thick members starts
also with a primary crack. With regard to the very low reinforcement ratio in thick
concrete members, the influence of the reinforcement on the creation of the next pri-
mary crack is very small and it can be assumed on the safe side, that the next primary
crack occurs according to the restraining condition, as explained in (Schlicke 2014;
Schlicke and Tue 2015). These primary cracks have a certain distance according to
geometrical conditions of the restraining condition and separate the member into
almost independent parts. Further cracking between the primary cracks is still possi-
ble, but this secondary cracking is now caused by the activation of reinforcement in
the primary crack. As illustrated in Fig. 7.1, the secondary cracks are restricted to the
vicinity of the primary crack and do not propagate through the whole cross section.
A profound understanding of this so-called secondary cracking and its effectiveness
on the limitation of the crack width of the primary crack is of crucial importance for
an economical determination of minimum reinforcement for crack width control as
well as for the jointless design of concrete structures (Turner 2017).
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primary crack
secondary cracks

Ac,eff

”near the surface” Ac lcr
conventional reinforcement

between primary cracks
lcr...geometrically set distance

lcr

Fig. 7.1 Schematic illustration of geometrically set primary cracks in a bottom-restrained wall and
secondary cracks due to reinforcement in the vicinity of the primary cracks

For a systematic and holistic investigation of this behaviour with all its partic-
ular effects the Institute of Structural Concrete at Graz University of Technology
developed adjustable restraining frames for reinforced concrete (ARFs). On the one
hand, the experimental setup provides a continuous monitoring of stressing due to
hydration in the concrete since setting. And after hydration, a realistic experimen-
tal superimposition of the prior imposed hardening-induced stressing with further
restraint stressing during service life is enabled by an integrated extension mecha-
nism in the frame. On the other hand, the ARFs can be modified in a way that they
allow experimental studies of cracking patterns to be expected in conventionally
reinforced thick members with reinforcement near the surface.

This chapter contains a comprehensive description of the design and functionality
of the experimental setup. Besides, conditions and properties of the experimental
programme as well as the most important insights are presented. Several parts of the
herewith outlined specifications and results can also be found in other contributions
of the authors; however, they had never been published in such a comprehensive and
detailed form as in the present chapter.

7.2 Motivation and Concept

The basic motivation of this research was the provision of experiments by which the
behaviour of reinforced concrete with imposed deformations can be studied as close
to real member behaviour as possible. The study is twofold. In the first step, a holis-
tic investigation of restrained stress histories and herewith caused crack formation
was carried out. The holistic approach refers to a time-discrete simulation beginning
from hardening-induced stresses over the superimposition with additionally imposed
deformations representative for service life. And in order to enable targeted para-
metric analysis of this complex behaviour, two identical frames were built and used
in parallel for comparative studies. Besides, and since these investigations were con-
ducted on slender concrete ties, the particular cracking behaviour of thick members
was investigated in the second step.
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For the hardening-induced stress history the aim was to provide a partial restrain-
ing condition which is given passively in order to implicitly account for the changing
degree of restraint due to the evolution of stiffness of the hardening concrete. Besides,
the imposed deformations of the hardening phase should be given exclusively by
internally occurring strains of the hardening concrete itself (thermal dilation due to
hydration heat, and additional deformations due to shrinkage and viscoelasticity) in
order to ensure a physically correct coupling of thermal and mechanical behaviour
with respect to maturity. Occurring deformations and stresses had to be monitored
since setting which required a casting directly into the frames.

After the hardening phase, it was desired to impose additional deformations,
representative for service life,without affecting the existing stresses due to hardening.
For this purpose, the frames had to have the possibility to move the head girders apart
from each other as well as to lock the system afterwards in the new deformed stage.

The test specimens in these series were reinforced concrete ties with a square-
shaped cross section and symmetrically located reinforcement in the corners. And
with the reinforcement in the specimen the experiment could be conducted beyond
cracking with detailed monitoring of the development of the remaining restraint
forces after cracking and the crack width opening in the course of time.

Next to the comparative tests on ties, one of the ARFs was modified to conduct
further deformation-controlled tension tests on plate-shaped test specimens repre-
senting a horizontal slice of a thick wall with reinforcement near the surface. As
outlined before, these tests should give important insights on the specific cracking
patterns to be expected in thick members. Therefore, it was very important that these
tests were deformation controlled to consider the influence of the decreasingmember
stiffness on the actual restraint force.

Figure 7.2 gives a summarized illustration of both experimental settings with
the ARFs with regard to the respective static system, a picture of the setup and a
schematic illustration of the force evolution according to imposed deformations.

The self weight of the specimen was carried in the ARFs by an auxiliary frame
constructionproviding four vertical supportingpoints over the lengthof the specimen.
By this, any effects of additional bending due to self weight of the specimens was
excluded.

7.3 Technical Specification of the Frames

7.3.1 General Setup and Functionality

The ARFs were developed with regard to the functionality of different prior devel-
oped experimental setups aiming at determination of stress histories in restrained
concrete, in particular Springenschmid Cracking Frame and Temperature-stress test
machines (TSTMs) as presented e.g. in Springenschmidt et al. (1994). Of course,
current advancements in the application and further development of TSTMs as well
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Fig. 7.2 TU Graz adjustable restraining frames (photographs D. Schlicke)

as the development of specific deviceswas considered during the project, in particular
this refers to the works of (Springenschmidt et al. 1994; Thielen and Hintzen 1994;
Bjøntegaard and Sellevold 2004; Klausen et al. 2015; Westman and Emborg 1994;
Staquet et al. 2012; Bentur and Kovler 2003). The ring test method, as comprehen-
sively summarized inKanavaris et al. 2019,was not further regarded for this research.
It is simply less suitable for detailed investigations of temperature-dominated stress
histories with change of sign in stresses (initial expansion with compression in the
warming and subsequent contraction due to cooling until pronounced tension at tem-
perature equalization), aswell as formonitoring of restraint-induced crack opening of
reinforced concrete. Besides, restraining ring tests have usually very thin specimens
with rather small opportunities to produce temperature-dominated stress histories
solely with the heat of hydration of the concrete, they produce always non-uniform
stress distributions in the specimen and it is problematic to precisely determine the
stiffness of the restraining condition for detailed analysis.
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As a basic requirement of measuring the hydration-induced stress history in con-
crete, the stress recording in the ARFs starts also with the beginning of setting. And
similar to the cracking frame but in contrast to TSTMs, the restraining condition in
the ARFs is realized fully passively. Such passive restraining condition implicitly
provides a time-dependent partial restraining condition as it is to be expected in real
cases of restrained members. In fact, the restraining condition at setting is always
100% and decreases in dependence of the evolving elastic modulus in the hardening
concrete and the stiffness of the restraining condition. In case of the experimental
setup of the ARFs the degree of restraint develops from 100% down to 65%. Of
course, this behaviour can be simulated with TSTMs as well, however, in a purely
passive restraining condition, viscoelastic strains interact only within this partial
restraining condition, so that the effect of relaxation is implicitly given within the
setup of the ARFs. In contrary to this, the simulation of partial restraining conditions
with TSTM’s requires a mechanical imitation of the restraining condition and con-
cerns exist that this can cause an unnatural drift in the resulting stress history under
partial restraint.

In contrast to Springenschmid Cracking Frame and conventional TSTM’s, the
test specimens of the ARFs are reinforced in order to enable the conduction of
the experiment beyond cracking of the specimen. The reinforcement ratio in the
measurement length of the ARF test specimens for stress history amounts 1% and
2% in the anchorage regions at the edges respectively. By this, a representative
reinforcement ratio for conventional reinforced concrete is provided in the cracked
state of the specimen. Restraining frame experiments with reinforced concrete bars
can also be found elsewhere, e.g. in Faria et al. 2016, but these experiments work
with rather slender specimens and solely in combination with an active control. The
focus of these experiments is predominantly set on the material behaviour during
drying, however, the aimed fully passive restraining of the hardening phase with the
ARFs cannot be achieved with them.

Subsequently after the hardening phase, it was desired to impose additional defor-
mations representative for service life without affecting the prior stresses due to
hardening. The aim of this research was a detailed investigation of the stress history
of predominantly restrained concrete members with pronounced hardening-induced
stresses. Detailed investigations on the superposition of stresses during the service
life of reinforced concrete members can also be found elsewhere, e.g. in (Gomes
et al. 2018; Schnell et al. 2017; Berger and Feix 2018). However, these experiments
focus strongly on the reduction of restraint stresses due to crack formation and crack
opening caused by loading which is clearly to be distinguished from the interplay
of restraint stresses only. For the simulation of the interplay of hardening-induced
restraint stresses with imposed deformations during service life, one head girder of
the ARFs was therefore designed with the ability to move it on the longitudinal
support beam with externally attachable hydraulic cylinders. In the hardening phase
with passive restraining condition the head girder was rigidly screwed to the sup-
port beam providing full stiffness. Only after hydration and before moving the head
girder, the connection was unscrewed and the head girder could be decoupled from
the support beam without any loss of stresses in the test specimen. This is possible
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Fig. 7.3 View of the individual steel components of one ARF (photographs LKI)

because the head girder is sitting in vertical direction on the support beam. And in
horizontal direction the contact area between head girder and supporting beam is
compressed at this stage due to the tension in the test specimen. The great challenge
for the experiments with the ARFs was to realize this movable connection without
weakening the passive restraining condition. The passive restraining condition needs
a high stiffness and thus, the contact surfaces between head girder and supporting
beam required a very low roughness (ISO Rz 6.3) and also very small tolerances of
the fit of the movable parts were required (ISO F8).

Figure 7.3 shows the two head girders and the two supporting beams of one ARF
before assembling. Attention should be paid to the solid supporting beams with
diameter of 230 mm and the highly precise prepared surfaces of the one edge of the
beam as well as the holes in one head girder to provide a movable connection without
any play.

The head girders were produced with 60 mm sheets and fillet welding with pre-
conditioned surfaces between the contact surfaces in between the single sheets. After
welding and coating the required holes for the connection with the supporting beams
were drilled. The detailed connections between supporting beams and head girders
are shown in Fig. 7.4 in the final state. The moveable connection at one side was
simply enabled by inserting the surface-conditioned end of the supporting beam into
the precise hole of the moveable head girder. After that, supporting beam and head

(a) moveable head girder with cylinder (b) load cell and frictionless support

Fig. 7.4 Constructive details of the head girder connections (photographs D. Schlicke)
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girder were screwed together with a head plate, which is visible in the photographs
of Fig. 7.2. Besides, these head plates have also a hole in its centre for later attach-
ment of the cylinders, see Fig. 7.4a). On the other side of the frame, the connection
between head girder and supporting beam is fully stiff. And in between this rigid
connection very stiff load cells (GTM RF 500 kN) were included for monitoring
the force directly in the frame, see Fig. 7.4b). The opportunity of monitoring the
force indirectly on basis of strain measurements attached to the supporting beam
was deliberately not done due to concerns regarding the influence of the ambient
temperature on the measurement results as well as the stability of such sensors in the
long-term.

The ARFs were put on wooden slats and wedge mounts for precise positioning.
Hereby, the support was located below the supporting beams and at the position,
where the loads of the auxiliary frame for carrying the self weight of the speci-
mens was introduced. In addition, Teflon plates were placed between wedge mounts
and supporting beam. Altogether, all these measures provided a frictionless support
enabling a perfect force coupling between the specimen and the frame. Figure 7.5
exemplifies the outlined functionality of the ARFs in the passive and in the active
phase schematically.

The experiments showed that the frames provide a suitable restraining condition in
the horizontal plane. However, the experiments showed also that the head girders are
sensible against rotation to some extent. Thus, special carewas neededwhen cracking
started only at one side of the specimen (top or bottom side) and the significant change
of bending stiffness in the specimen caused a rotation of its ends. In such cases the

load cellspecimenfrictionless
support

[[[2206]]]ΔT, εcs

cylinder
hydraulic

head girder
moveable

Δ l load cellspecimen

hardening phase
(passive restraining)

L =3.70m

ΔT , εcs, εcc

frictionless
support

superposition
(active elongation)

Fig. 7.5 Schematic illustration of the functionality of the ARFs with concrete ties



7 Adjustable Restraining Frames for Systematic Investigation … 219

rotation had to be corrected by tightening or loosening the additional supports of the
specimen by adjusting the auxiliary frame.

The experiments were monitored with various measurements consisting of:

• force measurement in the frames with load cells (Type GTM RF 500 kN),
• overall deformationmeasurement of the specimens using LVDTswith ameasuring
length spanning between both head girders (3.70 m),

• concrete deformations with locally applied LVDTs and a measurement length of
10 cm,

• crack width development with high strain transducers (DD1) applied to the surface
with a measuring length of 2 cm as well as

• temperature in the concrete using thermo-elements Type K (one sensor in the core
and one in the edge of the cross section).

The measurements were taken continuously with a measurement frequency of
1/300 Hz (every 5 min.). Only in times in which deformations were externally
imposed with the cylinders the measurement frequency was increased to 2 Hz.

7.3.2 Passive Frame for Simulation of Hardening-Induced
Stress History

The passive frame for simulation of hardening-induced stress history is the most
basic setting of the frame. Head girders and supporting beams are rigidly connected
and a concrete tie is casted directly into the frame. The connection between the frame
and the concrete tie was simply provided by a screw connection of the continuous
reinforcement as well as additional starter bars at the dog bone-shaped ends of the
concrete tie, see Fig. 7.5. Before casting, formwork as well as reinforcement were
precisely placed in the centre axis of the frame and the reinforcement was prestressed
with ~20MPa to minimize the sag of the reinforcement to an acceptable value. After
casting, the formwork was closed on top with an identical wooden plate as it was
used at bottom and side surfaces. Besides, the specimen was insulated with an XPS
layer as well as a foil cover. The whole procedure is illustrated with Fig. 7.6.

Although, the cross section of the concrete tie is rather slender, the formwork
and XPS insulation around it could cause a hydration-induced temperature history
in the tie which is comparable with mass concrete. E.g. the general setting with a
concrete cross section of 25 × 25 cm2 and 2 cm wooden formwork as well as an
insulation of 30 cm XPS showed a temperature history which is representative for
a mass concrete member with an effective thickness of ~1.0 to 1.5 m. After cooling
down, the specimen was stripped as shown in Fig. 7.7a). Hereby, foil, XPS layer
and formwork were fully removed except very small stripes of formwork below
the suspension in order to maintain an undistorted support of the self weight. In
some cases, the specimen was stripped much earlier, at the time of the maximum
temperature, in order to study the effect of a rapid temperature shock.
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reinforcement
casting of the specimen

with formwork and covering
before casting

directly in the frame
with insulation and foil

formwork and after casting: closing of the top

Fig. 7.6 Preparation, casting and insulation for holistic monitoring of hardening-induced stresses
since setting (photographs D. Schlicke)

stripping

application of strain transducers
directly on the concrete surface

immediate
foiling

aluminium foilwas
opened at these places( )

LVDT measuring concrete DD1 measuring
strain between cracks crack opening

Fig. 7.7 Stripping, immediate foiling with aluminium foil and application of strain sensors at the
surface of the specimen (photographs D. Schlicke and K. Hofer)

Independent of the stripping time, all specimens were equipped after stripping
with additional deformation sensors along the specimen length in order to monitor
the development of the crack widths and the concrete strain between cracks, see
Fig. 7.7. In detail, the development of the crack widths was measured with 2 cm long
‘DD1 high accuracy strain transducers’ which were applied over the cracks whereas
the development of the concrete strain between cracks was measured with 15 cm
long LVDTs. Besides, some specimens were sealed after stripping with aluminium
foil in order to prevent the specimens from drying, which is also shown in Fig. 7.7.
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Altogether, the stress-independent deformation of the hardening concrete tie con-
sists of the occurring thermal dilation and autogenous shrinkage. Besides, stress-
dependent deformation develops according to the stress history and its timely vis-
coelastic behaviour. Drying shrinkage, however, becomes solely relevant at later
stages after hardening and only in cases in which the specimens had not been sealed
with aluminium foil after stripping.

The hardening-induced stressing of the test specimen can be reliably concluded
from the measurements in the load cells. On basis of the force equilibrium in the
system it can be formulated at any point in time:

∑
FARF = −σ I

c,max · Ac · (1 + αEρs) = −σ II
s · As = −[σc(x) · Ac + σs(x) · As]

(7.1)

where:
∑

FARF—sum of forces in the two load cells in the ARF,
σ I
c,max—maximum concrete stresses in the uncracked part of the specimen (this part

of the equation is only valid as long as the stabilized crack pattern is not reached),
Ac—cross sectional area of the concrete in the specimen,
αE—ratio of modulus of elasticity (Es/Ec),
ρs—reinforcement ratio in the cross section (As/Ac),
σ II
s —steel stresses directly in a crack,
As—cross sectional area of present reinforcement,
σc(x)—concrete stresses at a certain location x in the specimen and
σs(x)—steel stresses at a certain location x in the specimen.

At the same time, the compatibility of deformations can be formulated on basis
of the imposed deformations and the deformation response of both the frame and the
specimen. The solution is not trivial and requires a time-discrete analysis with special
regard to the evolution of the elastic modulus and the highly significant viscoelastic
behaviour of the hardening concrete. For the purpose of a better understanding,
however, the solution is given firstly in a general way without the context of timely
dependence. It holds:

ε0,p · L = �L real −
∑

w − L∫
0

σc(x)

Ec
dx (7.2)

where:

ε0,p—imposed deformation due to hardening concrete in the passive phase; i.a.
consisting of thermal dilation due to hydration, shrinkage strain and viscoelastic
strain,
L—length of the specimen,
�L real—real deformation occurring in the frame (free deformation due to partial
restraining condition),
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∑
w—sum of occurring crack widths along the specimen and

Ec—elastic modulus of the concrete.

Onbasis of the force equilibrium inEq. (7.1) and the compatibility of deformations
shown in Eq. (7.2) the stressing in the ARFs can be directly determined by means
of another important state parameter of restrained concrete members, namely the
degree of restraint. In particular, the degree of restraint is a factor representing the
amount of imposed deformations which will be restrained. In case of the ARFs it
can be determined with:

a = 1

1 + E Am
L · 1

kF

(7.3)

where:

a—degree of restraint,
E Am—mean axial stiffness of the specimen with respect to the present modulus of
elasticity as well as cracking and
kF—equivalent spring stiffness of the frame.

For the ARFs, in which the stressing of the specimen is directly connected to
the sum of forces in the load cells according to Eq. (7.1), the resulting forces to an
imposed deformation have a size of:

∑
FARF =

(
ε0,p +

∑
w

L

)
· E Am · a (7.4)

Asmentioned before, the occurring stress histories in restrained concretemembers
and also in the specimens of the ARFs are strongly time-dependent for two main
reasons. One reason is the evolution of the modulus of elasticity by time so that the
size of the stress response to a certain restrained deformation increment changes
throughout the hardening phase. For instance, a deformation increment at an early
concrete age with low modulus of elasticity causes only low stresses, whereas the
imposition of the same deformation increment at a later concrete age with higher
modulus of elasticity causes a higher stress response. And the other reason is the
pronounced viscoelastic behaviour of concrete depending on the occurring stress
history. In terms of time, these additional viscoelastic deformations are depending
on the age of concrete at stressing as well as on the duration of the stressing. The
detailed determination of viscoelastic strains in hardening concrete is not trivial but
also no essential requirement for the general understanding of the functionality of
the ARFs. Thus, this contribution considers the viscoelastic strains implicitly within
the imposed deformation without further discussion on their actual determination.
Further detailed information on the actual consideration of viscoelastic behaviour in
the analysis of the experiments are given in Schlicke (2014), Heinrich (2018).

Finally, and with regard to the time-dependence of stress histories in restrained
concrete members, the real stressing in the ARFs can be determined with:
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∑
FARF(tn) = tn∫

t0

(
�ε0,p(t) +

∑n
i=0 �wi (t)

L

)
· E Am(t) · a(t)dt (7.5)

where:

t0—time at setting of concrete,
tn—given point in time and
n—number of existing cracks.

Equation (7.5) is composed in a way that increments of the imposed deformation
and the change of crack width are superimposed with the currently present axial
stiffness of the specimen as well as the currently present degree of restraint. The
axial stiffness of the member affects the degree of restraint directly, as indicated
in Eq. (7.3). Of course, axial stiffness and degree of restraint could be merged in
Eq. (7.5) but they are considered separately for the purpose of a clear formulation.
Either way, both parameters depend on the present modulus of elasticity of the
concrete as well as on the stage of cracking and they change contrarily. In general,
the increasing modulus of elasticity increases the axial stiffness but decreases the
degree of restraint, whereas cracking decreases the axial stiffness and increases the
degree of restraint.

Before cracking, concrete stresses can be assumed to be uniformly distributed
along the specimen length so that axial stiffness and degree of restraint change
throughout the time only due to the evolution of the elastic modulus. After cracking,
however, concrete stresses are not uniformly distributed along the specimen length
anymore and steel stresses increases significantly in the cracks. The axial stiffness
depends now predominantly on the steel strain in the cracks and the tension stiff-
ening effect of the concrete between the cracks. A computational verification of the
experimental observation in the cracked state requires at least the knowledge about
the distribution of steel strains along the member length. Unequivocal measurements
of the stress distribution along the member length could not be provided in the past
test series. However, in (Turner 2017) it was shown on basis of detailed analysis
of the experiments with respect to the observed crack widths that the deformation
compatibility can be roughly verified with the average bond strength and the tension
stiffening factor according to EC2 (2015).

Altogether, the stress history in the ARFs can be characterized as following. After
casting and before setting of concrete, the axial stiffness is negligible small and the
degree of restraint is 1.0. In this phase, all occurring strains are fully restrained
without occurrence of any significant force in the ARF. Directly with the setting of
concrete the occurring deformations are immediately restrained, whereby the degree
of restraint decreases proportionally with the evolution of the elastic modulus. Later,
if critical tensile stresses are reached and cracking occurs, the degree of restraint
increases according to the decreasing axial stiffness of the specimen. In case of the
investigated hardening ties, the degree of restraint decreases from 100% at setting to
65% when the evolution of elastic modulus shows no significant changes anymore
and the specimen is uncracked. In case of cracking, however, the axial stiffness
of the test specimen decreases, so that the degree of restraint increases again. For
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Fig. 7.8 Evolution of the degree of restraint in the experiment

the reinforcement ratio of 1% an increase of the degree of restraint up to 95% in the
stabilized crack patternwas observed in the experiments. Figure 7.8 gives a schematic
illustration of this behaviour.

In general, externally restrained members show a direct correlation between the
increase of the degree of restraint and the decrease of forces when cracking occurs.
The same can be observed in the experiments. As long as the ARF is kept in the
passive stage and cracking occurs rather at a single point in time without significant
changes of imposed deformations at this time, the change of the degree of restraint
can be derived directly from the reduction of forces in the system due to cracking. It
holds:

a
(
t II

) =
∑

FARF
(
t I
)

∑
FARF

(
t II

) · a(
t I
) ≤ 1 (7.6)

where:

t I—time directly before cracking and
t II—time directly after cracking.

7.3.3 Activation of the Frame for Superimposition
of Hardening-Induced Stresses with Additional Stresses
During Service Life

After temperature equalization in the passive phase, the actual stress state of the
specimen was superimposed with additional deformations typical for service life.
For this superimposing the passivity of the frame can be halted temporarily without
losing any stresses in the specimen. Only the screw connection between the movable
head girder and the supporting beamwas opened, but this does not change the present
restraining condition of the specimen since this connection is compressed at that
stage. Then, the hydraulic cylinders were attached at the head girder and a relative
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Fig. 7.9 ARFsetup for long-termobservation, left: application of hydraulic cylinders for imposition
of additional deformations, right: crackwidthmonitoringwithDD1high accuracy strain transducers
(Photographs BAW and K. Turner)

displacement is induced between head girder and supporting beam, see Figs. 7.4 and
7.9. With this modification, the deformation impact is increased according to the
targeted change in the system, namely:

1. increase of stressing in a still uncracked specimen
2. creation of a first crack or
3. creation of additional cracks until the stabilized cracking pattern is reached.

Afterwards, the ARF is locked again and the frame works passively again.
For the further analysis, the externally imposed deformations with the hydraulic

cylinders can be considered the same way as the internally imposed deformations in
the passive phase, except that they have to be taken into account as fully restrained
deformation at the timeof their imposition.However, all further (internally) occurring
deformations after the system is locked again are working against the remaining
degree of restraint. Altogether, the following can be formulated:

FARF(tn) =
tn∫

t0

(
�ε0,p(t) + �εcs,1(t) + �εcc,1(t) − �Lcyl(t)

L · a(t)
+

∑n
i=0 �wi (t)

L

)

· E Am(t) · a(t)dt (7.7)

where:

�εcs,1(t)—shrinkage strain in the concrete occurring after hardening phase,
�εcc,1(t)—viscoelastic strain in the concrete occurring due to stress change
according to externally imposed deformations and
�Lcyl(t)—actively imposed elongation of the specimen with hydraulic cylinders
(representative for imposed deformations during service life).

As indicated in Eq. (7.7), the new status of the system (here expressed with the
force in the ARF) can be determined with a clear distinction between the two phases
of imposed deformation due to hardening and imposed deformation due to external
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conditions. In contrast to the generally in practice accepted assumption, that ongoing
creep has a significant influence on the remaining stressing from the hardening phase
(Grube 1991; VDZ 2014), the experiments with the ARFs indicated that the time of
such superimposition is ofminor importance as long as the concrete can be considered
as hardened concrete. The reason is a very small relaxation of the restraint force after
temperature equalization. Further information and first explanation attempts can be
found in Schlicke et al. (2015), Schlicke and Dorfmann (2017).

In the long-term, the stress history and the crack width development depend both
on the local and global difference between steel and concrete strain along the speci-
men. The strain difference in turn is influenced by the bond properties which impair
under sustained and/or repeated loading. Next to the actively imposed elongation by
hydraulic cylinders in the experiment, the drying shrinkage contributes to the imposed
deformations in all cases without sealing with aluminium foil after stripping.

7.3.4 Modified Frame for Investigation of Cracking in Thick
Members

Themodified frame for investigation of cracking in thick members is basically work-
ing like the frame with the tie in the active mode when additional deformations are
imposed externally with the hydraulic cylinders. Only differences are:

1. plate-shaped specimen instead of a tie with quadratic cross section,
2. additional adaptors at the head girders for mounting of the specimen in the frame,
3. stressing is caused without simulation of hardening-induced stresses and
4. no long-term monitoring of the development of the crack width after loading.

The aim of these experiments was the experimental simulation of the cracking
pattern to be expected in thick concrete members, as illustrated in Fig. 7.1. Therefore,
a plate-shaped specimen was designed which enables detailed investigations of one
crack system (one primary crack + secondary cracks) in a thick wall. The thickness
of the specimen represents a horizontal cut of one layer of longitudinal reinforcement
in the wall and the length is representative for the distance between the geometrically
set primary cracks, so that all parts of the wall affecting the crack openings in one
crack system are represented. Figure 7.10 illustrates the theoretical location of the
specimen in the wall.

Similar experiments have been conducted in the past by Fellmann and Menn
(1984) and Helmus (1990), however, these experiments were force-controlled and
provide only limited information on the development of the restraining force dur-
ing the cracking process. Thus, the experiments with the modified frames were
deformation-controlled. An overview of the experimental setup and its functionality
is given in Fig. 7.11.

A basic requirement of the experiment was ensuring an even cross sections at both
free edges of the plate. Therefore, massive steel adaptor constructions were used to
mount the specimen into the frame. They consisted of a massive outer part around
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Fig. 7.10 Location of the plate-shaped specimen in the wall
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Fig. 7.11 Schematic illustration of the functionality of the modified ARF for experimental
investigation of cracking patterns to be expected in thick members with reinforcement near the
surface

the head girder and an inner slat which was anchored to the plate with the continuous
horizontal reinforcement at top and bottom of the vertically aligned plate as well as
additional horizontal starter bars in between, see Fig. 7.12.

Overall, the presented construction provided adequate maintaining of even cross
sections at both free edges of the specimen during the experiment, without affecting
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Fig. 7.12 Reinforcement arrangement of the plate-shaped specimen and construction for mounting
the specimen into the frame

the area in which the crack formation takes place. However, the secondary cracking
of the specimen did usually not occur perfectly symmetrically over the length and
the height. It was realized, that the beginning of secondary cracking at only one side
(top or bottom) comes along with a significant change of bending stiffness in the
specimen which caused a rotation of the head girders. In such cases the rotation had
to be corrected by tightening or loosening the additional supports of the auxiliary
frame, see Fig. 7.13.

Furthermore, it should be noted that the free surfaces of the specimen in plate
direction (horizontal cut surfaces of the specimen in thewall) do not exactly represent
the support condition of the conceived layer when it would still be in the wall.
Practically, it is almost impossible to overcome this disagreement in the experiment,
however, the influence on the cracking pattern itself is minor and the influence on
the restraining force can be determined with comparative computational studies on
basis of the experimental results.
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moveable load cellfrictionless
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secondary cracks

released to
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Fig. 7.13 Sensitivity of the head girders against rotation and countermeasures
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7.4 Selected Results

7.4.1 General Remarks on the Testing Programme
Conducted So Far

Since October 2012 until now, a comprehensive testing programme was conducted
with the ARFs. Altogether, this includes five comparative test series on the restraint
stress history to be expected in mass concrete and 3 tests on the cracking pattern to
be expected in thick members. All tests were performed with a common concrete
composition formass concretewith a strength classC35/45.The concretemix is given
in Table 7.1. Besides, comprehensive material testing was performed in parallel to
this testing programme in order to enable a profound analysis of the experiments.
In detail, this refers to measurements on the hydration heat release, the evolution of
mechanical properties (compressive strength, tensile strength and elastic modulus),
autogenous shrinkage and drying shrinkage on dummy specimens of the same cross
sectional dimensions as the specimens as well as targeted tensile creep tests, given
in Schlicke (2014), Turner (2017), Schlicke et al. (2015), Schlicke and Dorfmann
(2017).

The specimens were all reinforced with reinforcement steel f yk = 500 N/mm2

and a diameter of 14 mm. The concrete ties contained in the measurement length
4 Ø 14 mmwith one rebar in each corner and a cover of 40 mm to each side, whereas
the plate-shaped specimens contained in the measurement length 2 Ø 14 mm, one at
each side with a cover of 38 mm.

With a total duration of up to twelve months per series, the five series on the
restraint stress history gave insights on the evolution of hardening-induced stresses
and the risk of early age cracking as well as the continuation of this stress history
in the service life with respect to cracking and crack opening. The tests on the
cracking pattern, however, were performed in one go without further investigations
on the crack width development in the long-term. Selected results and insights were
presented in the following.

Table 7.1 Concrete
properties

Parameter Value (kg/m3)

CEM III/A 32.5 N Holcim 300

Water 145

Sand and Aggregates: 0-2/2-8/8-16 620/720/630

BV ViscoCrete-1051 PCE 3
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7.4.2 Hardening-Induced Stress History and Risk of Early
Age Cracking

Figure 7.14 shows the temperature and stress evolution of the five series during the
hardening phase until temperature equalization. Each series consist of two speci-
mens which were cast at the same time and run in parallel. In general, the series
can be distinguished in comparative studies on the influence of the duration of the
cooling down phase presented in Fig. 7.14 (left) and comparative studies on the crack
formation and crack width development presented in Fig. 7.14 (right).

Qualitatively seen, the experimentally simulated temperature and stress histories
comply with the expected results. The temperature increase due to hydration heat
has a size of ~20 °C which is representative for an effective thickness of ~1.0 to
1.5 m. Also, the undisturbed cooling phase is realistic for such thickness. Only in
order to safe time during the experiments, the specimens with continued insulation
were stripped slightly before temperature equalization.

Quantitatively seen, however, the experiments regarding the influence of the dura-
tion of the cooling down phase indicated a controversial behaviour compared to what
was generally expected. In detail the following observations could be made from
series 1 and 2 shown in Fig. 7.14 (left):

1. The duration of the cooling down phase did not significantly reduce the size of
the occurring tensile stresses. The results of both series show almost the same
tensile stresses at the end, even though the duration of the cooling down phase of

Fig. 7.14 Hardening induced temperature (top) and stress (bottom) histories
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the specimenswithin one series differed bymore than oneweek. According to the
theory, the slower cooling should lead to lower stresses since the time-dependent
stress reduction due to viscoelasticity (relaxation) has more time to act. The
hypothesis that the expected difference was compensated by the evolution of the
elastic modulus (early stripping with smaller elastic modulus but less creep may
lead to the same stresses as late stripping with bigger elastic modulus but more
creep) cannot be confirmed by the accompanying testing of the elastic modulus.

2. The early stripping and associated early occurrence of high tensile stresses did
not significantly affect the risk of cracking. According to the theory, the spec-
imens with early stripping in series 1 and 2 should be subjected to a higher
risk of cracking. Their tensile strength is less evolved at the early occurrence of
high tensile stresses than in case of the two specimens with late occurrence of
high tensile stresses. However, both specimens of series 1 remained uncracked
whereas both specimens of series 2 cracked. Therefore, it appears for cases with
a pronounced warming and associated maturity effect that the small variation of
mechanical properties between the series may even have a bigger effect than the
time of stripping.

3. The created tensile stresses after temperature equalization show no significant
reduction with ongoing time. According to theory, the time-dependent viscoelas-
tic behaviour should cause a relief of stresseswhen no further strains are imposed,
see e.g. Grube (1991) and VDZ (2014). Although, this relaxation can clearly be
found in the phase with compression stresses between 42 and 60 h, when the tem-
perature is only slightly but still increasing meanwhile the compressive stresses
were already visibly reduced by ongoing viscoelasticity under compression. On
the contrary, this behaviour cannot be obtained in tension. The hypothesis that
such reduction in tension is compensated by parallel drying cannot be confirmed
by the accompanying shrinkage dummy.

The results of series 3–5 shown in Fig. 7.14 (right) do partly confirm the above
outlined observations. However, these three series were designed in order to conduct
comparative studies on the crack formation and crack width development. There-
fore, the temperature histories in these series are always identical between the two
specimens of one series. The differences to series 1 and 2 are metal sheets for pre-
determination of cracking at desired positions in series 3 and 4. And series 5 stands
out because no thermal insulation was used at all.

Altogether, series 3 to 5 do not provide additional insights on the hardening-
induced stress history and risk of early age cracking. These series were mainly
needed for investigations of the superimposition of hardening-induced stressing with
further imposed deformations representative for service life. But it is noteworthy that
reducing the temperature maximum in series 5 did not lead to a significant decrease
of restraint stresses after temperature equalization compared to series 1 to 4.
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7.4.3 Superimposition of Hardening-Induced Stressing
with Further Imposed Deformations Representative
for Service Life

Theoretical considerations of pronounced viscoelastic material properties in young
concrete would support the conclusion of a significant relaxation of hardening-
induced stresses with ongoing time. On the contrary, the created tensile stresses
in the experiments do not show any significant reduction after temperature equaliza-
tion; they even remain almost to a full extent. And this applies in the same way to
uncracked specimens as to cracked ones.

For a better understanding of this behaviour, a comparative computational analysis
was performed in Turner (Turner 2017) based on the calculation model in Schlicke
(2014) andHeinrich (2018). In this analysis, the series 1 and the series 5were compu-
tationally simulated, whereby different case studies with and without viscoelasticity
as well as with and without drying shrinkage (according to the conditions in the
experiment) were performed. The result is shown in Fig. 7.15.

Generally seen, the agreement between measurements and computational results
under consideration of viscoelasticity anddrying shrinkage is acceptable.A small dis-
agreement exists for series 1 after temperature equalization,which could be explained
with the very high tensile stresses in the magnitude of f ctk,0.05 at that time. This
high utilization may cause non-linear viscoelastic effects which were not taken into
account here.

Nonetheless, this comparative study confirms the very limited effect of relaxation
of hardening-induced stresses after temperature equalization. Even if drying is not

Fig. 7.15 Influence of drying shrinkage and viscoelasticity on the stress history after temperature
equalization, cf. Turner (2017)
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Fig. 7.16 Development of the restraint force and crack opening due do sustained restraining

taken into consideration, the initially imposed stresses do not decrease in a visible
manner. It should be noted, that the achieved agreement depends profoundly on the
applied material model for viscoelasticity according to Schlicke (2014), which has
a very small long-term component for creep in tension.

Altogether, the common assumption of a significant reduction of hardening-
induced stresses after temperature equalization cannot be confirmed, neither with
experimental results, nor with the computational analysis. This conclusion is also
viable for a longer time frame, as shown in Fig. 7.16. A safe design of structures
with strict requirements on crack avoidance or crack width control require therefore
a combined consideration of imposed deformations originating from the hardening
phase as well as during service life.

7.4.4 Crack Opening During Service Life

The combined action of hardening-induced stresses with further restraint stresses
during service life makes it very likely that cracking occurs under service, especially
in case of exposed structures. After cracking, the stressing is reduced since parts
of the imposed and restrained deformation were released in form of crack width.
Nonetheless, time-dependent effects in the transfer length due to bond creep and
local drying shrinkage as well as additionally imposed deformations during service
life, e.g. due to seasonal temperature variations and/or overall drying of the structure,
cause an increase of the crack width. Such behaviour was also simulated with the
ARFs by opening the frames without affecting the hardening-induced stress state
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and imposing additional deformations with the hydraulic cylinders. Afterwards the
system was locked again.

The additionally imposed deformations lead to first or further cracking in the
specimens since the stress level after hardening has already reached approx. 80%
of the concrete’s tensile strength. In some specimens the impact was increased until
an equivalent cooling of 45 °C and the crack pattern was stabilized. The obtained
results for the development of the restraint force (given as concrete stresses in the
uncracked parts) and the associated crack width development are given in Fig. 7.16,
whereby it was distinguished between specimens which remained still in the crack
formation stage (left) and specimens with stabilized crack patterns (right).

In the viewed time, the stress histories and crack width developments are subject
to drying shrinkage and changing bond properties, which counteracts regarding the
restraint stresses.

In specimens with single cracks the contraction due to drying shrinkage is dom-
inant and leads to continuously increasing tensile stresses and crack widths. In the
specimens of series 3 this results in further cracking after 16 and 18 weeks. In a sta-
bilized crack pattern, the local effects in the bond length (bond creep) are more influ-
ential and reduce the axial member stiffness and the restraint stresses accordingly.
Despite the declining steel stress the crack widths increase.

In the specimens of Series 5 the upper stress level of 3.2 MPa was re-induced at
different points of time. It showed that the impairing of the bond properties slows
down by time, however, the bond stress is always higher than 70% of the short-term
property which confirms the current design code assumption to be on the safe side.

7.4.5 Evolution of the Restraint Force During Cracking
in Thick Members with Reinforcement Near
the Surface

Figure 7.17 shows the evolution of the restraint force during the crack formation
process in thick members with reinforcement near the surface. In detail, the exper-
imental results determined with three experiments as well as the theoretical result
without influences of the experimental set-up are shown. At first, the restraint force
is built up with imposed deformations in one go with a speed of ~10 µm/min. until
the primary crack occurs. Subsequently, the primary crack opens meanwhile the
restraint force decreases until a new equilibrium is found. Afterwards, the imposi-
tion of deformations is continued and the restraint force is increased again, whereby
the stiffness of the specimen is significantly smaller after formation of the primary
crack. Nonetheless, the stresses in the effective concrete zone increase comparably
fast so that secondary cracks occur now on a lower force level than in the uncracked
state (Fcr,0). In summary, all three experiments absorbed an imposed deformation
of ~−65‰ by formation of one primary crack and two pairs of secondary cracks,
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force-strain-relation to be expected in reality

Fcr,0 ≈ 225
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Fig. 7.17 Experimentally simulated evolution of the restraint force during cracking and final crack
pattern in a thick cross section with reinforcement near the surface

whereby the cracking force reached a magnitude of ~66% of the cracking force of
the undisturbed cross section.

The real stress history due to hydration was not particularly simulated during the
experiment since this would had been enormouslymore complicated without gaining
any beneficial effect on the test result. As indicated in Fig. 7.2, these types of thick
members have a comparably late time of macro-cracking in which the mechanical
properties of the concrete are far developed. When the cracking force is reached at
such stage, the prior stress history is not important for the further crack formation
process.

Besides, the primary cracks in the experiments occurred already at ~55% of the
theoretical cracking force of the undisturbed cross section. The reason was the tar-
geted initiation of the primary cracks at half length of the specimen by inclusion
of metal sheets in the cross section at this location. In reality, the location of the
primary crack is geometrically set, as outlined in Sect. 7.1, but in the experiment, it
was important to create the primary crack in the symmetry of the specimen. After
cracking, the restraint forces in the experiments decrease slower as compared with
the theoretical decrease. The reason is the relief of the hydraulic system in the exper-
iment when the restraint force decreases. This imposes additional deformations on
the specimen. In reality, this influence does not exist and the decrease of the restraint
force is much more abrupt. However, the stiffness of the experiment after primary
cracking is similar to the theoretical one and the forces increase similarly as soon as
the imposed deformations due to the hydraulic relief are compensated.

One key insight of the experiments with the modified frames is the evolution
of the restraint force during cracking in thick members with reinforcement near
the surface. Further insights are the cracking pattern to be expected as well as the
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temporal development of crack widths of the primary crack as well as the secondary
cracks. These results will be presented elsewhere in the near future.

7.5 Conclusion and Outlook

This chapter presented an experimental setup for the holistic simulation of the stress
history in restrained RCmembers with special regard of the hydration-induced stress
development since setting and a continuous superposition with additionally imposed
deformations representative for service life of exposed structures. By this, important
parameters such as concrete technology, thermal treatment and crack formation itself
can be studied systematically. The major insights of the past experiments are:

• Thermal control after maximum temperature did not influence the hardening
induced restraint positively. Therefore, the effect of thermal treatment in order
to prevent early through-cracks might be overestimated in building practice. How-
ever, this does not apply to the risk of surface cracking caused by high temperature
gradients when removing the formwork at a time of high temperatures in the core
of the member.

• Common simplifications in designpractice neglect the superpositionof early defor-
mation impacts and later imposed deformations during service life. These simplifi-
cations are based on a significant decrease of hardening-induced restraint stresses
after temperature equalization which could not be confirmed in the experiments.
This insight is particularly important for the design of jointless concrete structures,
which require for that reason a combined consideration of all deformation impacts
during the life time.

• Especially watertight constructions are often optimized for preventing early crack
formation with measures of concrete technology and specific construction meth-
ods. Nevertheless, those constructions can be subjected to high tensile stresses
after hardening. If there is the possibility of additional deformation impacts in
service life, the higher crack risk at later age should be considered within design.

Besides, the experimental setup was modified in a second step in order to sim-
ulate the restraint-induced crack formation in conventionally reinforced thick con-
crete members with reinforcement near the surface. The major insights of these
experiments are:

• Thick concrete members with conventional reinforcement near the surface show
a specific mode of cracking consisting of a primary crack, which is caused by the
restraining condition, and secondary cracking, which is created by the activation
of the reinforcement in the vicinity of the primary crack.

• The force level of secondary cracking is significantly lower than the restraint force
causing the primary crack, which was detectable by conducting these experiments
with externally imposed deformations instead of a force control.
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• The deformation compatibility along the member is achieved by the sum of crack
widths of the primary crack and the secondary crack. By this, the crack widths
at the surface are effectively limited by distributing the imposed deformations
over several cracks. On the contrary, the width of the primary crack increases
significantly in the core of the member to which secondary cracking does not
propagate.

• A clear understanding of the mechanical background of this cracking enables an
effective reinforcement design for control of cracking in thick concrete members
on basis of the deformation compatibility.

The experimental programme with these frames will be used in the near future for
targeted in-depth studies of the effect of viscoelastic properties of concrete during the
hydration-induced stress history and in the transition phase of construction process
and service life. Besides, the modified setup will be used for a better description of
the crack development in the primary crack when secondary cracks are formed. In
particular, it is planned to monitor the zone of cracking with digital image correlation
as well as equipping the reinforcement with distributed fibre optical measurements
for determining the steel strain distribution along the cracking zone.
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