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ABSTRACT

English - For usual concrete structure built in several phases, concrete deformations are restrained
during the hardening process. When shrinkage is restrained, tensile stresses are induced and a
cracking risk occurs. Modelling the evolution of an early age set of parameters on concrete is
necessary to predict the early age behaviour of concrete structures. The difficulty lies in the fact that
the modelling of concrete properties must be based on experimental data at early age and this data
must be obtained automatically because the hardening process of the concrete takes place rapidly
during the first hours and also the first days. The thesis deals with experimental and numerical study
of the early age properties of cement based materials and more specifically the development of the
autogenous deformation, the coefficient of thermal expansion, the E-modulus and the basic creep in
compression and tension. For this purpose, a comprehensive work was carried out at ULB and Ifsttar
involving the development of a new approach with new test procedures and the design of new testing
devices to generate experimental data since the setting of the material. The methodology is based on
two repeated testing methods. For the characterization of the viscoelastic behaviour of a concrete
since setting, a permanent loading coupled to a test with repeated minute-long loadings is needed.
Whereas, the autogenous strain, the coefficient of thermal expansion and the setting are characterized
with repeated thermal variations on a concrete sample. The new approach was defined on an
ordinary concrete and then extended to the study of the following parameters: the water-cement ratio,
the restrained effect of aggregate on the cement paste in the development of concrete properties at
early age, the substitution of cement by mineral addition and the difference of behaviour in tension
and in compression. Based on these experimental results, new models were developed for the
characterization of the early age properties of cement based materials since setting time. An adapted
version of the Model Code 2010 for modelling of basic creep is also proposed.

Francais - Lors de la construction de structure réalisée en plusieurs phases de bétonnage, les
déformations du béton sont entravées durant son durcissement. Quand le retrait est entravé, des
contraintes de traction sont induites dans le matériau et un risque de fissuration est présent. Il est
alors nécessaire de modéliser |’évolution des propriétés au jeune age afin de prédire le comportement
de la structure durant le jeune age du béton. La difficulté réside dans le fait que la modélisation des
propriétés du béton doit étre basée sur des données expérimentales au jeune age et que ces données
doivent étre obtenues automatiquement car le durcissement du béton se produit rapidement pendant
les premiéres heures et les premiers jours. La thése porte sur /’étude expérimentale et numérique des
propriétés au jeune age des matériaux a base de ciment et plus particuliérement sur le développement
des déformations endogénes, le coefficient de dilatation thermique, le module d’élasticité et le fluage
propre en compression et en traction. A cet effet, un travail complet a été réalisé a I'ULB et a /’Ifsttar
impliquant le développement d'une nouvelle approche avec de nouvelles procédures d'essai et la
conception de nouveaux dispositifs d'essai pour générer des données expérimentales depuis la prise
du matériau. La méthodologie est basée sur deux méthodes d'essai répété. Pour la caractérisation du
comportement viscoélastique d'un béton depuis sa prise, un essai de chargement permanent couplé a
un essai avec des chargements répétés de plusieurs minutes est nécessaire. Les déformations
endogeénes, le coefficient de dilatation thermique et la prise sont caractérisés avec des variations
thermiques répétées sur un eéchantillon de béton. Cette nouvelle approche a été definie sur un béton
ordinaire et ensuite étendue sur [’étude de 4 paramétres pertinents . le rapport eau-ciment, I'effet de
restriction de I'agrégat sur la pate de ciment dans le développement des propriétés du béton au jeune
age, la substitution du ciment par des additions minérales et la différence de comportement en
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traction et en compression. Sur la base de ces résultats expérimentaux, de nouveaux modeéles ont été
développés pour la caractérisation des propriétés au jeune age de matériaux cimentaires depuis le
temps de prise. Une version adaptée de la modélisation du fluage propre dans le Code modéle 2010
est également proposee.
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SECTION 1.1 - BACKGROUND

Concrete, general description

Through the several materials used in the construction sector, concrete has a major importance. Its
worldwide consumption represents around 6 billion of m3/year. According to the country, the
consumption of concrete is 5 to 10 times higher than steel and 10 to 30 times higher than cardboard
and plastic. The average annual consumption of cement in Belgium is 574 kg/year/person and in
France is 297 kg/year/person in 2014 [1]. It makes concrete the second most used material in the
world after water. The use of concrete is not new and goes back to the Ancient Rome. However the
concrete as it stands today has significantly evolved due to the composition of its binder. Currently,
classical concretes are composed by sand, aggregate, water and Portland cement. During the 19" and
20™ century its use increased strongly thanks to the many advantages of concrete in comparison with
other structural materials such as wood, brick and steel. Among these advantages there are the
possibility to realize structures with complex shapes, a high compressive strength, a non-combustible
material which makes it fire-proof, a low maintenance requirement and a generally good behaviour
under severe environment. Therefore concrete is an economical solution. However concrete has two
main drawbacks in comparison to other building materials. From a mechanical point of view, concrete
has a low ductility, a low strength-to-weight ratio and a low tensile strength which makes it
susceptible to cracking. From an environmental point of view, the cement production has a significant
carbon footprint with its contribution to the CO, emission. It is estimated that between 4 and 7% of
the CO, emission comes from the production of cement. In addition, the aggregates, which constitute
the inert skeleton of concrete, are unequally shared and are hardly inexhaustible resources.

Environmental issues

During the last decades, a lot of research has been performed in order to reduce the environment
impact of the concrete industry. Several parameters were optimized such as the efficiency of the
cement production chain, optimizing the compressive strength, recycling concrete obtained from
concrete structure demolition and the substitution of cement with by-product of various industries.
Recent studies have shown that the use of recycled element from concrete structure has a double
advantage. The volume of waste coming from the demolition increases and will become critical in the
near future. Therefore, a partial use of such element in concrete structure is a relevant solution.
Moreover, when exposed to the ambient air, the recycled aggregates entrap the CO, in the air by
carbonation and this carbonation improves the microstructural and mechanical properties of the
concrete. However more works are still needed to extend industrially the substitution of natural
aggregate by recycled aggregate in high quantity. Presently, the substitution of Portland cement is
limited to a certain percentage which varies according to the country. One of the primary causes of
this limitation is the lack of knowledge on the effect of high substitution of cement by mineral
additions (blast furnace slag, fly ash, limestone filler...) in the behaviour of concrete. Nevertheless, to
reduce the carbon footprint of cement based materials, such substitution is inevitable and will occur in
a close future in order to respect several objectives as the European directive 2008/98/CE. For long
term objectives, a complete substitution of Portland cement by material with very low environmental
impact must be realized. Recent works have shown interesting perspective in this frame with the use
of geopolymer and sulfoaluminate clinker which allow substituting completely the Portland cement.
But more works are still needed for a correct understanding of this new material and their effect on
the performance of cement based materials.
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Mechanical issues

New advances were also performed in order to decrease the cracking risk of cement based materials
or to improve its control. A first solution is the incorporation of fibres which can increase the ductility
of concrete. This increase allows improving the distribution of cracking on the concrete structure. So,
not one wide crack occurs, but several very small cracks are formed which has for advantage to avoid
contact between steel reinforcement and air, and thus to protect steel from corrosion. Several types
(metallic, organic, ceramic...), dimensions and geometries of fibre exist and lead to a different
behaviour of the concrete. A second solution consists to heal the crack by using self-healing concrete.
The main idea of this method is to plug and grout the crack with the activation of elements when they
are in contact with the environment. Several self-healing methods were developed and use new
materials (superabsorbent polymers, calcium carbonate precipitating micro-organisms, encapsulated
polymers, alkali-activators...). These technologies are not yet fully mastered and are thus under
development.

Actual standards are based on classical concrete and are not yet able to consider the effect of these
new materials on the properties of cement based materials. Therefore new recommendations and
standards are needed for the design of concrete structures using these new materials.

An aging material

Building materials are generally used when their properties do not evolve anymore with the time
(when no external activity occurs). Concrete has the particularity to be a complex material for which
its properties continuously change. 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 a 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. The
structural behaviour is strongly dependent of these properties such as shrinkage, creep and its
associated stress relaxation. On one side, their effects are unfavourable when the time-dependent
deformations cause a loss in pre-stress, excessive deformations of the structure (e.g. deflections) or
stressing of non-load bearing members which may affect the service-life of a concrete structure. On
the other side, they can be beneficial in terms of reduction of eigenstresses (e.g. due to shrinkage) or
reduction of stresses due to a restraint of the displacement of the structure, particularly for early age
concrete.

Restrained shrinkage

For general concrete structures built in several phases, the evolution of the restrained strains is similar
and is composed of two periods: a heating period followed by a cooling one (Figure 1a). The heating
period begins just after the final setting when the mechanical properties of concrete start to develop.
During and after the setting, the heat flow of 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
autogenous strain, because during the heating period, autogenous deformation results in swelling or
shrinkage according to the mixtures proportions and content [2]. 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
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cement decreases strongly or when the formwork 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 (Figure 1b). During the heating period, concrete element is in
compression and inversely during the cooling period the concrete is submitted to tension.

The impact of creep properties at very early age in case of restrained deformation is highlighted on
Figure 1b (red curve, viscoelastic stress). 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 concrete structures at early age. However, at very early age, the creep/relaxation
amplitude is very significant 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 model correctly the basic creep since final
setting time.

Free strain Stress ;I |5

F 9 . &S
gt Elastic stress

____ Viscoelastic
5 F5F stress

Setting time
Setting time

Cracking” ~ .
& f Tensile strength

v

to; Age o] Age

(a) (®)

Figure 1 - (a) Free strain inside concrete element. (b) Stress induced by restriction of the concrete
displacement.

For thin concrete structure, the development of the free strain differs. The amplitude of the
swelling is largely lower and the stresses change faster in tension. In that case, the
creep/relaxation phenomenon plays an important positive role by decreasing the tensile
stresses which reduces the cracking risk or the magnitude of the opening of the cracking.

The calculation of stresses depend also on many parameters such as the boundary conditions
of the concrete elements, the interface between steel reinforcement and concrete, enerqy
release due to cracking, coupling between creep and damage, the self-healing (especially at

early age).

Multiscale problem

Restrained shrinkage occurs at different scales (Figure 2). From a structural view, the displacement of
concrete element can be restrained by the different boundary conditions of the structure (Figure 2d).
When looking in the concrete element, the concrete surrounding the reinforcement is also restrained
due to the bonding between both (Figure 2c). As mentioned in the first paragraph, concrete is
generally composed of aggregate, sand, cement and water which makes it a heterogeneous material.
Each phase has a specific behaviour. Therefore, restrained shrinkage occurs in the concrete itself. At
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this interface between mortar and aggregate, the displacement of the mortar is restrained by the
aggregate (Figure 2b). The same kind of restriction takes place at the interface between the cement
paste and the sand (Figure 2a). This analysis can be extended to the cement paste.

(a) (b) (c) (d)

Figure 2 — Restrained shrinkage at different scales. Left to right: the cement paste around the sand has
its displacement restrained — the displacement of mortar is restrained around the aggregate — the
displacement of the concrete is restrained around the reinforcement bar — the concrete element is

restrained by other concrete elements and or boundary conditions.

Testing concrete since setting

Nowadays, the construction phases of modern concrete structures become more and more complex.
Consequently, for the design of concrete structures it is important to have in depth knowledge of the
early age behaviour of concrete, which will influence all the service life of the concrete structures.
Even though the mechanical behaviour of hardened concrete can usually be correctly predicted; it is
not always the case for the early age behaviour of concrete, when the mechanical properties change
rapidly in function of the advancement of the hydration reaction. However, several multiscale models
are able to estimate the evolution of concrete properties such as the elastic modulus [3] or the basic
creep [4]. Monitoring the evolution of early age properties of concrete is necessary to provide input
data to the models of prediction of the behaviour of concrete structures since setting time. The
experimental challenge lies in the fact that this monitoring must be fully automatic since the earliest
age because the hardening process of the concrete takes place continuously over a period counted in
hours and even in days after the casting time.

Among all the usual parameters (strength values, E-modulus...) needed for the design of the concrete
structures, creep and relaxation in tension and in compression should also be taken into account. For
example, in the design of a concrete dam, Slowik, et al. [5] showed that at early age, the relaxation
phenomenon is responsible for a decrease of 70% of the thermally induced stresses in the structure.
Different investigations were carried out for a good understanding of the physical mechanisms of
basic and drying creep. Currently, there is no consensus on all these physical mechanisms which
occur in a hardened concrete and even less in a hardening concrete. More investigations have to be
carried out to predict with more accuracy the behaviour of concretes at early age.

Modelling concrete

Several models were developed in the past for the characterization of the evolution 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, the
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coefficient of thermal expansion, the autogenous deformation and 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 onto the market particularly at early age.
A more physical approach is needed for the creation of new standards and recommendations.

In addition, the evolution of several concrete properties is strongly dependent on many parameters.
Among all parameters, the composition of the concrete (e.g. nature of the binder, water-cement ratio,
aggregate content...), the boundary conditions of the structure (e.g. the external environment in
contact with concrete, the restriction of the displacement) and the size of the concrete elements
(hydration temperature) play an important role in the development of the early age properties of
cement based materials. This makes concrete a very complex and challenging material to test and
model.

20362
CHAPTER 1: General introduction



SECTION 1.2 - OBJECTIVES AND SCOPE OF THE THESIS

The aim of this thesis is to extend the present knowledge about the development of the early age
properties of cement based materials. It is intended that this knowledge should contribute to better
characterization of the development of the early age properties of cement based materials. The thesis
is focused on the development of the following properties: the setting, the autogenous deformation,
the coefficient of thermal expansion, the elastic modulus and the basic creep. This work is composed
of an experimental and a numerical work.

The experimental work is meant to identify and quantify how the properties of cement based materials
in sealed conditions since very early age evolve. As the early age properties evolution occurs very
fast, the characterization of these properties must be automatic. For that purpose, new testing methods
aim at monitoring the early age properties of cement based materials are needed. Since experimental
testing of several properties such as creep at early ages is very complicated and time consuming, the
necessary number of tests to find parameters related to the model has to be limited. The first part of
the experimental work focuses on the development of new testing methods. For the understanding of
the physical mechanisms which occur during the hydration process, several parameters should be
tested. In that frame, the following parameters are studied: the water-cement ratio, the nature of the
binder (with eco-concrete for which 75% of the cement is substituted by slag and limestone filler) and
the scale effect.

Models for the prediction of stress development due to restrained deformation of cement based
materials suffer from serious lack of experimental data about the development of the early age
properties. The modelling part aims to reproduce experimental results with models based on physical
mechanisms that were observed on the experimental work. Comparison with actual standards is
carried out and improvement of these standards is proposed.

The ultimate goal and perspective of this thesis is to integrate these new models in a finite element
code allowing the use of the models for the study of concrete structures.
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SECTION 1.3 - ORGANIZATION OF THE THESIS

The thesis is organized in 10 chapters. A literature review of existing knowledge about the
development of the early age properties of cement based materials is given in chapter 2.

Chapter 3 presents the different compositions studied in the experimental work as well as their related
mixing procedure and basic mechanical properties. In addition, existing measuring devices and
existing testing procedure and the experimental program are described.

The description of the new developed experimental equipment (tensile creep rig) and the new
adaptation carried out on experimental equipment (compressive creep rig, autoshrink, hydrostatic
weighing and TSTM) are shown in chapter 4. Moreover the development of a new experimental
strategy for the monitoring and the modelling of cement based materials is shown. All results
presented in Chapter 4 are obtained on an ordinary concrete.

The chapter 5 presents a new methodology for the monitoring of the setting of cement paste. This
methodology is based on the combined monitoring of ultrasonic pulse transmission of P- and S-wave.

The effect of the water-cement ratio on concrete is studied in chapter 6. This chapter is separated in 2
parts. The first part is related to the monitoring and the modelling of the autogenous strain and the
coefficient of thermal expansion. The second part is related to the study of the development of the
mechanical properties with a focus on the development of the short and long term creep.

The chapter 7 is an extension of the chapter 6. It presents a multiscale study (on cement paste, mortar
and concrete) on the development of the autogenous strain, the coefficient of thermal expansion and
the short term viscoelastic properties.

The effect of the substitution of cement by slag and limestone filler is studied in chapter 8. Tests of
short and long duration creep are presented. An extension of the model developed in chapter 4 is
shown. Results and modelling of a very high performance self-compacting concrete is also shown.

The chapter 9 presents a comparison between tensile and compressive creep on several compositions.
For this comparison, the effect of the stress level is studied on compressive creep.

Finally, the main conclusions of the thesis are presented in Chapter 10.
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CHAPTER 2:
PROPERTIES OF EARLY AGE CONCRETE

Concrete has the particularity to be a complex material for which its properties continuously change.
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 a
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.

During the hardening of cement based materials, volume changes occur due to the hydration of
cement. If the displacement of the concrete is restrained, stresses are induced in the concrete. When
this displacement corresponds to a contraction of the material, concrete is in tension and per
consequent a cracking risk exists. There is a need for an understanding of the mechanisms involved
and the factors influencing the risk of cracking and particularly for concrete with a low water-cement
ratio. Among all the properties evolving at early age, the autogenous strains, the coefficient of thermal
expansion (CTE), the elastic modulus and the creep play a major role in the calculation of stresses in
case of restrained shrinkage.

The purpose of this chapter is to give a short review of the existing knowledge about the evolution of
the properties of cement based materials during the early age of the material.
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SECTION 2.1 - HARDENING PROCESS

The life-cycle of concrete can be separated in three states:

- The fresh state
- The hardening state
- The hardened state

It is generally accepted that, just after the casting of a concrete, a first period exists during which the
material can be transported and cast into a mould where it can be vibrated and where it can flow to fill
the mould (period of workability). This period corresponds to the fresh state of the material. Just after
casting, the aggregates can move slowly under the effect of the gravity and, eventually, a bleeding can
appear. Cracking is then possible under the effects of these movements, especially when
reinforcement bars are present. A second period, or period of the setting, commonly defined after the
results of penetration tests on cement pastes or mortars, corresponds to a progressive coalescence of a
continuous path of hydrates. At the beginning of this period, the concrete stiffness is almost inexistent
while, at the end of this period (t,), the concrete starts to stiffen [1]. In a third period, after t,, stiffness,
thermal and autogenous deformations evolve rapidly so that risks of cracking become critical,
especially when deformations are restrained. It is then considered that the material behaves like a
solid. Therefore the hardening state of the material starts at the setting. For the sake of predictions of
structural behaviour, measurements of these parameters at early age are of a great interest [2,3].
However one question remains on how to determine ty?

A first attempt for the determination of t, was based on the monitoring of the strain rate of the
autogenous shrinkage on concrete. It has been shown [4] that this parameter is not as reliable as it is in
tests performed on cement pastes. Penetration tests provide reliable information about setting of
cement pastes and mortars. For example, [5] proposed relations between the results of such tests and
mechanical properties like yielding stress and thus shear modulus and ultrasonic measurements. But,
as penetration tests are not well suitable for concrete, other methods have to be found. A steel bar
wrenching device could be used according to the Belgian standard NBN B15-204 [6] but it does not
give a stiffness evolution. A new promising technique, using natural vibrations, has been described
recently [7]. It consists to monitor the first flexural frequency of a concrete beam cast inside an acrylic
tube submitted to ambient vibrations.

Ultrasonic measurements seem to be good candidates for the determination of t, and elastic properties.
Ultrasonic testing is used since a long time and recent applications, using P- or S-waves (primary and
secondary waves respectively moving in compressional or in shear motion), aimed at the detection of
the setting, at high or low frequencies, can be found in the literature [8-14]. Initial and final setting
times have been discussed in previous works [8], [15] and it seems that the former is unambiguous
while the later is more controversial as there is no clear event in the recordings indicating that a
threshold has been crossed. Another ambiguity comes from the fact that the ultrasonic pulse velocity
(UPV) of P-waves, measured in fresh concrete, is almost equal to the velocity in the air even if, for
hardened concrete, results are more expectable. This phenomenon has been attributed to the entrapped
air [14]. De-aeration of concrete is not really feasible in field applications even if, special mixers exist
for such a purpose. However, the flexibility of ultrasound measurements is undeniable. Recently,
Carette, et al. [16,17] have developed new criteria for the determination of the initial and final setting.
These new criteria are based on the monitoring of the p- and s-waves. The initial setting corresponds
to the time when the maximum of the derivative of the s-wave velocity is reached. The final setting is
obtained with the maximum of the derivative of the dynamic E-modulus. Whereas Kruger, et al. [18]
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use threshold values of the dynamic shear and elastic modulus for the characterization of the initial
and final setting. However the physical meaning of such criteria is questionable. It is necessary to
raise the question of why the maximum of the rate evolution of one particular parameter should
correspond at the initial or final setting time of a cement based material. It is true that such events
occur in a small time window but no direct physical link connects them. The use of threshold value
suggests that each cement based material reaches a same stiffness or more generally a same material
property at setting. However the initial and final setting time are highly dependent on the quantity of
the solid phase [19,20] and thus to the aggregate content and nature. It is therefore expected that
threshold criterion is only valid for concrete composition with small changes in the solid phase
(limited variation in the nature of the binder, small variation in the water/cement ratio...) or the
threshold value should depend on the material parameters.
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SECTION 2.2 - EARLY AGE VOLUME CHANGES

2.2.1. General scheme

When concrete is not subjected to a restraint of its displacement or a loading, only free deformations
occur. At early age, the free deformations are mainly related to the hydration of the cement, the size of
the concrete element and the environment in contact with the concrete. However, in practice, the
movements of a concrete structure are generally always partially or fully restrained, and per
consequent stresses are induced. For the stresses calculation at early age, it is needed to divide
correctly the total strain &, according to their associated physical mechanisms.

At early age, the free deformations are divided in three categories:

- The thermal deformations &,
- The hydration deformations,
- The drying deformation.

The development of the thermal deformations is due to the heat release occurring during the hydration
of the cement paste and to the evolution of the temperature around the concrete element. The thermal
deformations are computed with the consideration of the coefficient of thermal expansion and the
thermal variations inside the concrete. The thermal variations inside the concrete are defined with the
consideration of the thermal conductivity of the concrete and other elements inside the concrete
element (e.g. reinforcement), the heat release of the cement paste and the thermal variation around the
concrete element. The distribution of the thermal deformations is non-uniform because of the thermal
gradients inside the concrete element.

The hydration deformations are divided in two parts: the chemical shrinkage and the autogenous
deformations. The chemical shrinkage occurs before setting and the autogenous strains take place
after setting. Both deformations are related to the hydration process and do not consider any drying or
thermal effect. For that reason, tests used for their characterization are performed in sealed condition
and under a constant temperature (generally 20°C).

The development of the drying deformations is due to the exchange of water between the concrete and
the environment. Generally the relative humidity of the environment is lower than the one of concrete.
Therefore, when exposed to the ambient air, water in concrete is lost by evaporation and a contraction
of the concrete occurs. The distribution of the drying deformations is non-uniform because the drying
phenomenon takes places mainly in the surface of the concrete element and particularly at early age.
For massive structure, some standards [21] accept to neglect the effect of drying. As the hydration
deformation, drying deformations are divided in two parts. The plastic shrinkage occurs before setting
and the drying shrinkage take places after setting.

When a load is applied, the viscoelastic behaviour of the concrete is considered for the determination
of the mechanical deformations and the stresses. The mechanical deformations are divided in three
categories:

- The elastic deformation defined with the elastic modulus of the concrete;
- The basic creep deformation defined with the basic creep compliance;
- The drying creep deformation defined with the drying creep compliance.
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Figure 1 - General scheme of the early age volume change.

The general scheme of the volume changes in a cement based material is presented in Figure 1. This
thesis is limited to the study of concrete under sealed condition and, per consequent, the drying
phenomenon will not be studied. In addition, the deformations occurring before setting are not studied
also and concrete is considered as a viscoelastic material. Results presented in this work focus on the
thermal, autogenous, elastic and basic creep deformations. By using the superposition principle, it is
therefore assumed that the total strain €., of a loaded concrete sample is a sum of the elastic strain
€], the creep strain €., the autogenous strain ¢, and the thermal strain &, as expressed in Equation
1. For a constant uniaxial stress o, the uniaxial mechanical strain can be defined as in Equation 1 and
2 where 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. In Equation 2, the behaviour of
concrete is considered as linear (independent of the stress level) and viscoelastic.

€tot = €el T Ecr T €ay T Eth 1

€a(t) + e (tt) =0 ]t t) = G.< + C(t,t’)> 2

E(t")
2.2.2. Maturity

For consideration of the aging and the main temperature effect, concrete properties are expressed in

function of the equivalent time t., the advancement degree of reaction a or the hydration degree ¢.
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» EQUIVALENT TIME

Equation 3 defines the equivalent time which is based on the Arrhenius equation and which is
function of the age of the material t, the evolution of the temperature T (°C), a reference temperature
T: (generally 20°C), the universal gas constant R (=8.314 J/mol/K) and the apparent activation energy
E, expressed in J/mol.

t Eq 11
teq(t,T) = fo €Xp <?' (273+T(s) 273+Tr)> ds 8

» ADVANCEMENT DEGREE OF REACTION

The advancement degree of reaction is defined according to Equation 4 where Q is the cumulated heat
released and Q, is the cumulated heat release for an infinite time. In the frame of this thesis, the heat
released is measured with an isothermal calorimeter.

_o®
a—Qw 4

» DEGREE OF HYDRATION

The degree of hydration corresponds to the fraction of the cement that has reacted. A complete
hydration of all the cement gives a degree of hydration equal to 1. If the cement is fully hydrated, the
degree of hydration is equal to the advancement degree of reaction. Generally, only a part of the
cement reacts. In that case, the hydration degree corresponds to the advancement degree of reaction
multiplied by the final hydration degree &.. Waller [22] proposed a relation between &, and the
effective water-cement ratio Weg/C (Equation 5) where Wy is the effective water content (water
content without any allowance for the water demand of the aggregate) and C is the cement content.
However this equation is limited to Portland cement.

£ = 1 — exp(—3.3. W,y /C) 5

2.2.3. Free deformations

The development of the autogenous deformation and the coefficient of thermal expansion is mainly
related to the hardening and the internal variation of relative humidity in the microstructure of the
cement paste.

» AUTOGENOUS DEFORMATION

The autogenous deformation occurs under isothermal conditions and without water exchange with the
external environment. The autogenous deformations are the results of the combination of three
phenomena:

- The chemical shrinkage (also called “Le Chatelier” contraction)
- The self-desiccation
- The swelling

The first volume change is the chemical shrinkage which is related to the reduction in volume
between the hydration products (CSH, portlandite...) and the anhydrous grains and water combined.
The chemical shrinkage starts when cement particles are in contact with water. When the material
sets, an increase of the mechanical properties occurs. As the stiffness of the skeleton of the cement
paste increases, a restriction of the chemical shrinkage takes places [23]. Then, chemical shrinkage is
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not transformed in volumetric deformation due to the formation of a gaseous volume phase in the pore
(because to the water consumption by the hydration reaction). At this stage, a progressive desaturation
of the capillarity pores and per consequent a decrease of the internal relative humidity takes place in
the cement paste. A capillarity pressure appears due to the superficial tension at the gas-liquid
interphase. This leads to a global contraction of the cement paste and is called the self-desiccation.
According to its composition, concrete can present an early age swelling. Several studies aimed at
understanding the origin of the swelling were carried out in the past. However, there is still no general
consensus on the mechanisms related to the swelling. A first mechanism is linked to the water
absorption of cement paste which cancels the self-desiccation phenomena [24]. The excess of water
can either come from bleeding or from the aggregate. However this parameter alone cannot explain
swelling but can only explain a decrease of the amplitude of the self-desiccation phenomenon during
the very early age. In [25], an opposite observation is carried out. For identical water content, concrete
with initially dry aggregates shows swelling whereas no such behaviour is observed with initially
saturated aggregates. Swelling is also linked to the formation and growth of portlandite crystals
[26,27] and ettringite [28]. 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 [29,30],
porosity (size distribution and quantity), the E-modulus and the creep of the cement paste [31].
Another source of swelling comes from measurement artifacts. The removal of the thermal
deformation needs an accurate knowledge of the evolution of the coefficient of thermal expansion
during the whole hydration process which is generally not the case [24]. Secondly, round-robin testing
[24] have shown quite important dispersion between results from different laboratory and different
test rigs [24]. This can be due to differences between volumetric and linear measurements, between
vertical and horizontal measurements, or between rigid and flexible mould measurements [32,33].
Therefore the main influencing parameters of the autogenous deformations are the nature of the
binder (chemical composition and morphology [34,35], the fineness of cement [36] and the adding of
mineral addition [37,38]), the water-cement ratio [39,40], the aggregate nature and their content [41—
43] and the temperature [44,45].

» THERMAL DEFORMATION

Thermal deformation of cement based materials is defined according to Equation 6 where a, is the
coefficient of thermal expansion (CTE) [um/m/°C], T is the temperature [°C] and &, is expressed in
[um/m]. Several authors [46-51] assume constant value of CTE over time and thus Equation 6
becomes Equation 7.

en(t) = [ ac(0).T(0).dr
een(T,To) = [, ac.dT

The thermal variations are also function of several material properties (thermal conductivity, heat
capacity, heat release) and the exchange of heat with the environment. These properties were not
studied during this thesis and thus are not discussed.

COEFFICIENT OF THERMAL EXPANSION

The coefficient of thermal expansion depends mainly of the relative humidity in the cement paste and
of the nature of the aggregate [52-54]. During the hardening process, 3 stages occur [55,56]. 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 sets, a sudden decrease of the CTE is observed till a value
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corresponding to the CTE of the solid skeleton. Then a small increase of the CTE is observed and is
due to the decrease of the relative humidity in the cement paste. Therefore the CTE has a minimum
value around the setting time. For low water-cement ratio, a factor 2 can be observed between this
minimum and the value of the CTE obtained after several weeks [55].

2.2.4. Mechanical deformation

The modelling of the viscoelastic properties is based on the decomposition of the total strain &, of a
loaded concrete sample in a sum of the elastic strain €., the creep strain ¢, the autogenous strain €,
and the thermal strain &, as expressed in Equation 1. Here drying effect is not considered. For a
constant uniaxial stress o, the uniaxial mechanical strain can be defined as in Equation 2. Generally
authors use the creep deformation, the creep compliance, the specific creep or the creep coefficient
@(t,t") to model creep. The link between these three last parameters is given in Equation 8.

1+ @(tt) 8
E(t")

J(t,t") = + C(t,t") =

E(t")

» ELASTIC MODULUS

How evolves concrete E-modulus since casting and along hydration process is very important for the
prediction of stress development in hardening concrete at early ages. The volumetric change due to
thermal and autogenous shrinkage phenomena is generally responsible of the stress development at
very early age. For this purpose, different devices and technics were developed for the study of the
elastic modulus at early age. These techniques can be divided in two parts: dynamic and static.
Section 5 of chapter 4 presents several technics aimed at monitoring the E-modulus since casting or
since setting. However, the measurement of the static elastic modulus is generally carried out with an
extensometer. The static E-modulus is given by the slope of the stress-strain curve for concrete under
uniaxial load. As this curve is non-linear, three methods were defined in order to compute it: the
tangent modulus, the secant modulus and the chord modulus. The main difference between these three
methods comes from the data considered for the computation of the E-modulus. The tangent modulus
is the slope of the stress-strain curve at one point. The secant modulus is defined with the stress-strain
measurement till a load corresponding to 40% of the strength. The chord modulus is defined between
a point corresponding to a strain of 50um/m and a point corresponding to a stress representing 40% of
the strength. The protocol of loading is also important and two parameters must be considered: the
amplitude of the loading/strain and the rate of loading/strain. For practical reason, it is generally
preferred to refer to a criterion in stress than in displacement which needs to control the device
according to the longitudinal displacement of the sample. Due to the non-linearity of the stress-strain
curve, the magnitude of the loading has an importance for the determination of the tangent modulus.
Higher is the loading lower is the E-modulus computed. The loading must be applied as fast as
possible in order to reduce creep strain occurring when the load is applied. The E-modulus of concrete
is also influenced by its composition with the distribution and the stiffness of its components (binder,
sand and aggregate). The interfacial transition zone (ITZ) between the aggregate and the cement paste
plays an important role in the value of the E-modulus. In general, microcracks, capillarity voids and
calcium hydroxide crystals are very present in this zone. Figure 2 presents the different factors which
influence the modulus of elasticity [57].
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Figure 2 - Various parameters influencing the modulus of elasticity of concrete [57].

Currently, the tensile modulus of elasticity of concrete is considered as equal to the compressive
modulus. This consideration is certainly due to a lack of data on this subject which is related to the
technical difficulties to test concrete in tension. However, this parameter is important for the
estimation of the tensile stresses and the risk of early age cracking that are generated with restrained
shrinkage. The difference of the elastic modulus in tension and in compression has already been
observed by different authors. These results were obtained from direct tension tests [58-61] or tensile
creep tests [62—64] according to [61] and [65]. Results of Atrushi et al., Hagihara et al., Bissonnette et
al. and Yoshitake et al. were carried out at early age. According to the literature, the elastic
modulus seems to be higher in tension than in compression. This difference varied between 9 and
15% generally. Atrushi et al. found a difference of 11% for high performance concrete (HPC) for tests
performed at 1, 2, 3, 4, 6 and 8 days. Hagihara et al. found a difference of 15 % for high-strength
concrete. Aoki et al. found a difference of 9-12% for mature concrete containing ground granulated
blast furnace slag and pulverized fuel ash. Recently, Yoshitake et al. carry out several direct tension
tests on different concretes with a different W/C ratio. The results are shown in Figure 3. The ratio
between the elastic modulus in tension and in compression seems to be very influenced by the
WI/C ratio. Concretes with a lower W/C ratio have a higher difference as for the HPC. A possible
explanation of this difference in tension and in compression comes from the development of
microcracking in the cement paste induced by the restrained of the autogenous shrinkage due to
the presence of the sand and the aggregate (Figure 4). This phenomenon can be better explained by
the difference observed between concrete with high and low W/C ratio. More the W/C ratio is high
more the autogenous shrinkage is low. Then a link between the shrinkage of the cement paste and the
development of the microcracking can be used for the determination of the possible evolution of this
difference in tension and in compression. Atrushi et al. mentioned that the difference might have also
several other reasons: different o-¢ relation in tension and compression, beyond the initial tangent
relation; different load magnitudes imposed to the concrete in the different directions; test procedure.
Other parameters should be also considered in this difference of behaviour in tension and in
compression such as the incertainties in the measurement of the displacement and the force and the
difference in the mechanism of closing of microcracking.
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Currently, no information is given about how evolves the ratio between the tensile and compressive
elastic modulus with time. This property seems to be considered as constant. More investigation has
to be done on this dissymmetry and the physical mechanisms which induce this difference.

According to results of Switek, et al. [66] on an UHPFRC, the stress level (from 19 to 90% of the
tensile strength) has no influence on the E-modulus in tension is not dependent on the stress level.
This means that the elastic stress-strain relation in tension is linear.

To compare results, it is very important to define the same protocol of loading for each laboratory
which allows good repeatability of results. But the protocol of loading for the measurement of
elastic modulus is not yet imposed for a hardening concrete. A new methodology has to be defined
for the measurement of the elastic modulus in compression of concrete material at early age. No
information is neither given for the measurement in tension of the elastic modulus for hardened and
hardening concrete. More investigation has to be done on this subject.

Several models exist for the modelling of the elastic modulus. They differ, between others, by the
main time-dependent variable that is used to express the evolution of the elastic modulus:

- the equivalent time: [62,67] (Equation 9), [68] (Equation 10) and [69] (Equation 11),
- the advancement degree of reaction: [70] (Equation 12),

- the hydration degree [71,72] (Equation 13) and [73] (Equation 14).

In each model, different parameters depend on the concrete composition. These models are detailed
hereafter.

n

N
[o0]
©

E.(t) = Eyg.iexp|s| 1—

t —to

341362
Chapter 2: Properties of early age concrete



Where : E.(t) : the elastic concrete modulus at age t
E,g : elastic modulus at 28 days
t : equivalent time
to . setting time
s : constant related to cement type
n : material fitting parameter

E.(t) = 0.04326. [p3.f, ( ‘ ) 10
e P e\ bt
Where : a,b : constants related to cement type and curing conditions

p : density of the concrete

fem - mean value of the strength measured on cylinders

p\°© 11
E.(t) = a.e_(?)
Where : a,b,c : material fitting parameters
a(t) — ag\* 12
E (@) = Ep | ————
-, (H0=)
Where : E, : elastic modulus at the end of hydration

a : material fitting parameter
a(t) : advancement degree of the reaction at age t
a, : advancement degree of reaction at the setting time

1+ 137 (1.9 13
£ = P
Where : & : hydration degree
£(t) - €o>a 14
E.(§) = Ep | ———
(0=, (0=
Where : &(t) : hydration degree at age t

o : hydration degree at setting time

According to the litterature, the elastic modulus seems to be higher in tension than in
compression.

The lower the W/C ratio, the higher the autogenous shrinkage, the higher the restrained
shrinkage induces by the presence of the aggregate and sand, the higher the development
of microcracking and the higher the difference in tension and in compression of the elastic
modulus.

No protocol of loading exists for the measurement of the elastic modulus in compression
for a hardening concrete and in tension for a hardened and a hardening concrete.

Through this state of art, different questions have to be answered:

» How can we measure the static elastic measurement at very early age?
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What is the difference of the elastic modulus in tension and in compression?

How evolves the difference between the elastic modulus in tension and in compression?
Which physical mechanisms explain the difference between the elastic modulus in tension
and in compression for hardened and hardening concrete?

Which protocol of loading can define correctly the elastic modulus at very early age in
compression?

Which protocol of loading can define correctly the elastic modulus in tension and especially
at early age?

Which model can correctly predict the elastic modulus at very early age in tension and in
compression?

» BASIC CREEP

This work is limited to the study of concrete in sealed conditions. Each time that the creep is
mentioned, it is referred to the basic creep. The drying creep is not studied in this work.

Creep and relaxation have not been thoroughly investigated at early age especially in tension. The
knowledge of these properties is essential for assessing the long term performance but also the early
age performance. Several authors tried to explain the physical mechanism of the creep and the
relaxation. No theories of the basic creep are commonly accepted by the scientific community. But
some experimental facts are accepted. A synthesis of these similarities is given in [74,75]:

A high sensitivity to the age of concrete at loading. The creep amplitude decreases with the
age of concrete at loading (during and after the hydration process).

The influence of the W/C ratio. The creep amplitude increases when the W/C ration
increases.

The fundamental role played by the water in the basic creep mechanism, [76-80].

The influence of the type of cement and the mineral addition [81].

The localization of the creep strain in the C-S-H of the cement paste [82,83].

The creep recovery is only partially reversible [84].The increase of temperature leads to
higher creep deformations [85].

Another commonly accepted point of the basic creep is the non-linear behaviour of basic creep for
which the creep strain depnds on the level of loading. According to the level of loading, the creep
strain can be divided in three parts (Figure 5):

The primary phase (level of loading < 30-50 % of the compressive strength) during which the
creep strain is proportional to the stress.

The secondary phase, the relationship becomes nonlinear between creep strain and stress.

The tertiary phase, during which if the stress level exceeds 85 % of the strength the failure
can occur in a very short period. Before failure a high increase of cracking occurs.
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Among many previous studies like those reported in [62,88-95], several theories were developed to
clarify mechanisms related to creep behaviour. 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. Direct mechanisms are related to the
water mobility and to the solidification of the material and can be separated in short and long terms
phenomena [80,96-98]. The short term phenomenon is reversible with a small characteristic time of
about 10 days, is linked to a stress-induced water movement towards the largest diameter pores and to
the solidification [98,99] of the material, and occurs under increasing volume for uniaxial
compression. The long term phenomenon is irreversible with a high characteristic time and related to
viscous flow in the hydrates and occurs under almost constant volume. The creep rate of this long
term phenomenon evolves as a power function t™ [100-102] with an exponent n between -1 and -0.9
according to [103], between -0.72 and -0.69 according to results of [104] on concrete and an exponent
n between -0.86 and -0.6 on cement paste according to results of [94]. Nanoindentation tests were
carried out on C-S-H by Vandamme, et al [105]. It was shown that C-S-H exhibits a logarithmic creep
which is in agreement with results obtained on concrete. Vandamme [106] compared also this
logarithmic behaviour with other heterogeneous and porous materials with porosity including several
orders of magnitude (soils and wood). For these non-ageing materials, a logarithmic long-term creep
was also observed. It can then be assumed that this long term creep is not linked to a hydration
process or any chemical specificity of the C-S-H.

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 redistribution of the
stresses in the material. Rossi, et al [107-109] proposed an approach of the creep mechanisms by
means of a micro-cracking process which occurs during loading and which is confirmed by acoustic
emission. Over the time, an increase of the density of micro-cracks occurs. These micro-cracks are
distributed through the volume of the specimen and allow water transfers inducing some additional
self-desiccation shrinkage (but there is no experimental evidence of this additional self-desiccation).

The principal load-bearings function of concrete in structures is to carry compressive stresses.
Reinforcement and prestressing tendons carry tensile stresses. For this purpose, most investigations
were carried out for the determination of the mechanical properties of concrete in compression.
Similarly, most explanations about mechanical properties concerned the compressive case. The creep
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phenomenon was also mostly studied in compression for technical reasons. The study of tensile creep
is more elaborated and complex than test in compression. It is yet more uncommon to have
experimental results for the relaxation phenomenon. Indeed, the study of the relaxation is very
complicated for a specific technological reason. The relaxation test needs to take into account in real
time the subtraction between the total deformation and the free deformation. This subtraction has to
be constant during the entire test, so that the jack of the machine must be controlled by this value. It is
possible to avoid this technological problem thanks to the existing relation between the creep function
and the relaxation function according to the superposition principle. Inversely it is also possible to
find the creep function with the relaxation function. However, the direct use of the superposition
principle implies making the assumption that creep is totally reversible.

Tanks and containments are not always prestressed. Tensile stresses occur in the structure and no
cracking has to be ensured. To improve the prediction of the behaviour of the concrete structures and
for economic reasons, designers need more information about tensile properties. In concrete
structures, internal restraint causes a build up of tensile stresses within the material due to shrinkage
whereas tensile creep counteracts the shrinkage as a stress relaxation mechanism. Importance of
tensile creep is to be considered for the onset and the prediction of cracking propagation. The study of
tensile creep has direct relevance for the design of concrete structures. Time that concrete takes to
crack depends on the tensile strength and also the tensile creep. However, the current data about
tensile creep at early age are very scarce. Data about restrained conditions are even less common.

A comparison between tensile and compressive creep were performed in [110]. The ratio between
basic compressive creep strains and tensile ones according to several authors are plotted in Figure 7
and a very large dispersion can be observed. Much more investigations are thus required to
understand the causes of this difference between tensile and compressive creep.
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Figure 7 — ratio of compressive creep to tensile creep [110]

Tensile creep can be measured with different devices as uniaxial tensile test, ring test, restrained
shrinkage test and bending test. Uniaxial tensile tests and bending tests are the most used for the study
of the tensile creep. Differences from both tests were compared [107,111]. Carpinteri et al. [111]
found that load level affect more the time of failure in bending tests than in tensile tests. Rossi et al.
[107]with results of [112], highlight that during bending creep tests on notched sample, it exists at the
notch tip very high tensile stresses and so a high stress/tensile strength ratio. However the
compressive part is very weakly loaded and the stress/compressive strength ratio is very low in the
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upper part of the beam. Consequently, several phenomena occur simultaneously during a creep
bending test. The first point is the stress level. The stress level is far higher in tension than in
compression and nonlinear creep can occur in tension. The second point comes from the dissymmetry
of the creep behaviour in tension and in compression. Both points occur at the same time so that an
important scale effect relating to creep in tension has to be considered.

On hardened high performance concrete, Ranaivomanana, et al. [84] compared tensile, compressive
and flexural basic creep of specimens subjected to three different sustained stress levels (30, 40 and
50 % of the tensile or compressive strength), assumed to fall within the linear creep behaviour.
Results of specific creep in compression, in tension and in flexure are presented in Figure 8. An
increase in magnitude during the early days for each type of loading is observed, but differences in
behaviour appear after about five days. During direct compression loading (Figure 8a), strains are
increasing (very fast at the beginning and then slower). During direct tension loading (Figure 8b),
strains are first increasing, but then are decreasing after about five days. During bending loading
(Figure 8c), flexure-induce compression evolves similarly to direct compression, while flexure-
induced tension are not decreasing as direct tension. The effect of the stress level is different for the
different loading:

- For direct compression loading, Non-linearity occurs between 30 and 50%. Compressive
specific creep is higher for higher stress level;

- For direct tensile loading, the results are quite scattered and no conclusion can be drawn about
the stress level;

- For bending loading, a symmetrical trend is observed between flexure-induced compression
and tension at 40 and 50% of the strength, but not at 30%. While specific creep for 30% is the
lowest in tension, it is the highest in compression.

Results of specific recovery in compression, in tension and in flexure are plotted on Figure 9. Results
are roughly similar for each type of loading. As creep recovery corresponds to the reversible part of
creep, discrepancies should be due to the irreversible part of creep in which damage appears.
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Figure 8 — Specific creep in compression (a), in
tension (b) and in flexure (c) [84].

Figure 9 — Specific creep recovery in compression
(@), in tension (b) and in flexure (c) [84].

A difference of behaviour in tension and in compression has already been noticed in the literature
[62,107,113,114]. These differences are relative to the amplitude and kinetic of the creep. All
they have in common is the importance of the stress/strength ratio [75] and of the water/cement ratio
[81,114] on the creep strains. Rossi, et al. [107] suggested three arguments to explain on these
contradictions found in the literature:

- Only few comparisons in tension and in compression on a same concrete were carried out. No
real consensus exists concerning this comparison.

- Generally, literature does not give a lot of information of the sealed condition of the sample.
In the past, sealed conditions were inadequate and are not reflective of the real basic creep
situations.

- Tensile creep tests are technically very complex because of the low measurement of
displacements and of the impact of the temperature on the displacement transducer.
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An investigation of the physical mechanisms of the basic concrete behaviour in tension and in
compression by using acoustic emission was carried out by [107]. The authors proposed explanations
about the difference of results in tension and in compression. As presented above, Rossi et al.
explained the creep mechanism with a microcracking process which allows the transfers of water
through the concrete porosity. Generation of microcracks with loading creates vacuum in the concrete
and generate local hygral shocks. Gradients of concentrations in water molecules as well as gradients
of pressure appear and induce water vapor movements as well as liquid water movements. These
movements lead to a drying of the capillaries surrounding the microcracks. This drying induced by
cracking an additional shrinkage and increases the amplitude and the kinetics of the self-drying
shrinkage. The origin of the difference between basic creeps in compression and in tension is
explained by a difference of the density of microcracks which is higher in compression than in tension
and a difference of the orientation of the microcracks in function of the loading direction.
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Figure 10 — Compressive creep: Strain and Figure 11 — Tensile creep: Strain and cracking
cracking before and after self-drying shrinkage before and after self-drying shrinkage [107]
[107]

As presented in Figure 10 and Figure 11, microcracks are oriented preferentially parallel in the
loading direction in compression and perpendicular in the loading direction in tension. The self-drying
shrinkage induced by microcracking is anisotropic and is important in the direction parallel to the
microcracks and weak in the direction perpendicular to the microcracks. In the compressive case, the
self-drying shrinkage is important in the direction of the loading and thus the apparent Poisson’s of
the concrete increases. In the tensile case, the self-drying shrinkage is important in the direction
perpendicular to the loading. The difference between the tensile and the compressive creep lies in
the fact that for compressive case additional shrinkage increases the creep and for tensile creep
the additional shrinkage reduces the creep. The magnitude of this difference is therefore based on
the development of the autogenous deformation before loading and thus is strongly dependent of the
age of loading. The difference of tensile and compressive creep is shown in Figure 12.
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Switek, et al. [66] have performed tensile creep tests on an UHPFRC at an age of 72 hours for four
stress levels (13 — 30 — 60 and 90%). Non-linearity is observed in the tensile specific creep Figure 13
and Figure 14). The creep magnitude increases with the stress-level. For very low stress level of 13%,
a decrease of the specific creep occurs after 10 hours of loading. This decrease is observed at an age
after loading of 100 hours for a stress level of 30%. Therefore the stress level is a very significant
parameter when studying tensile creep and when comparing it to the compressive creep.
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Figure 13 — Total shrinkage and creep strain for Figure 14 — Specific creep for three stress
four stress levels (13 — 30 — 60 and 90%) at an age levels (13 — 30 — 60 and 90%) at an age of 72
of 72 hours on an UHPFRC [66]. hours on an UHPFRC [66].

Atrushi [62] studied the difference of behaviour in tension and in compression of the creep for a
hardening concrete. Results of several tensile and compressive creep tests are shown in Figure 15. For
both cases, the creep magnitude increases with the age of loading. The rate of creep is high during the
first day and is then lower. Differences occurs for the kinetics, the short term creep in compression is
consequent but is quickly stable. In tension, the short term creep is lower at the beginning but
becomes linear along the time.

421362
Chapter 2: Properties of early age concrete



100

90
80 1
70

60 -
50__ f
40—_ /

30

Creep compliance (10°°)

20

= Compression

10 4

—— Tension

O T 1 T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Age of concrete (d)
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When concrete is loaded in unidirectional direction, creep occurs in the axial and the normal direction.
Currently in the numerical code, creep equations are often extended in 3D with a constant Poisson’s
ratio and not with the creep dilatancy. Mazzotti, et al. [115] carried out different tests at different
stress level to define how evolves the ratio between lateral and longitudinal strain during creep tests
with one hour duration. For low stress level (20-30%), Poisson’s ratio and creep dilatancy remained
constant. For medium stress level (60-70%), only the Poisson’s ratio increased due to microcracking.
For high stress level (80-90%), both parameters increased. Ulm, et al. [96] carried out uniaxial
compressive creep test at 20% of the strength and during 11 days at an age of 3 days. Lateral and
longitudinal displacements were measured. Short term and long term behaviours of the creep
dilatancy were identified. During short term creep, concrete was characterized by a viscous dilatant
behaviour with a positive volume increase rate. The long term creep had a rather non-dilatant nature
and occurred at constant volume. Zhaoxia [116] carried out several compressive creep tests at high
stress level (83-85-90-95% of the compressive strength) at 28 days. He observed an increase of the
ratio of the creep dilatancy and the Poisson’s ratio. The ratio increased strongly (46.7 to 112.4%).
This increase is strongly influenced by the microcracking development during the tertiary creep being
perpendicular to the loading direction. Zhaoxia concludes that the increase of the creep dilatancy is
an important property of the failure of the concrete. For high stress levels, the creep dilatancy has
then to be considered.

Data about the temperature effect on the basic creep strain is not very common. The effect of the
temperature variation on the creep strain is not yet well known. However at very early age,
temperature increases strongly with the heat released during the hydration process. This effect is
named load induced thermal strains (LITS). Some data exists for the creep in compression but no data
are given for the tensile creep. Umehara, et al. [117] observed an increase of the basic creep strain for
high constant temperature. Hauggard, et al. [69] observed an increase of the basic creep strain during
variation of temperature. The increase of the creep strains with increase of temperature can be caused
by a decrease of the water viscosity or the relaxation of the micro prestress [98]. More investigation
has to be done on the influence of the temperature on the creep and the relaxation at early ages.
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Some experimental facts are commonly accepted by the scientific community for the creep
mechanisms (importance of age of loading, W/C ratio, type of mineral addition, the fundamental rule
played by the water movement, the localization of the creep strain in the C-S-H of the cement paste).

Creep can be divided in two types of mechanisms : direct and indirect mechanisms.

Difference between creep in tension and in compression was noticed by different authors. Rossi, et
al. [107] identify the difference between the tensile and the compressive creep lies that for
compressive case additional shrinkage increases the creep and for tensile creep the additional
shrinkage reduces the creep.

The tensile creep is strongly dependent on the stress level.

A difference of kinetic and amplitude was noticed at early age between the tensile and compressive
creep.

The creep dilatancy is an important property of the failure of the concrete.

The effect of the temperature on the creep is not yet well known.

Through this state of art, different questions have to be answered:

How does the difference between the basic creep in tension and in compression evolves with
time?

Is there really a difference between the elastic modulus in tension and in compression?

Which physical mechanisms can explain the difference between the creep strain in tension
and in compression for hardened and hardening concrete?

Which protocol of loading can define correctly the basic creep strain at very early age in
compression and in tension?

How does the creep dilatancy evolve for low and high stress level at early age and for longer
duration of loading than 1 hour?

Which model can correctly predict the basic creep strain at very early age?

How does the basic creep strain evolve in tension and in compression with temperature?

Y VV VY

VvV VY
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CHAPTER 3:
MATERIALS AND METHODS

The investigation of the physical mechanisms at the origin of the development of the properties of
cement based materials since the earliest age is not an easy task. However, for the sake of predictions
of structural behaviour, measurement of these parameters at early age is of great interest [1,2]. That is
why several devices allow already monitoring properties of cement based materials since setting or
even before. Such methods are generally non-destructive and are needed for the study of an evolving
material as concrete. From the experimental data, the concrete behavior is defined. These data can
also be used to validate numerical models. For a good understanding of the physical mechanisms
occurring at early age, several compositions are tested and are presented in the first section of this
chapter. The existing method which has been developed in the past for the characterization of cement
based materials and which has been used in this work are presented in the second section of this
chapter. Finally the main principles of the experimental program are stated in the third section.
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SECTION 3.1 - COMPOSITIONS AND MIXING PROCEDURE

Over a six years period, five phases of testing were performed to observe the influence of the age at
loading, the water-cement ratio, the substitution of cement by slag and limestone filler on the early
development of the free deformation and the viscoelastic properties of cement based materials. This
work was also extended to the study of a very-high performance self-compacting concrete (‘Mikti’),
to concrete used for nuclear powerplant (‘Vercors), to multi-scale analysis and to tensile creep.

3.1.1. Ordinary concrete (OC)

The development of a new approach for the monitoring and the modeling of the early age properties
of cement based materials was performed on an ordinary concrete which has already widely been
studied experimentally at Ifsttar. This composition is called OC. The mix proportions are given in
Table 1. All materials come from the same batch of production. An ordinary Portland cement of type
CEMI 52.5 N was used. Its chemical composition is given in Table 2. Siliceous sand and gravel
coming from Sandrancourt (France) were used. Sand and gravel were oven-dried. The coefficient of
absorption of sand and gravel were determined by [3]. The effective water-to-cement ratio is 0.45.
The initial and final setting times are defined by the criteria developed by Carette, et al. in [4,5] and
based on the monitoring of the ultrasound P- and S-waves transmission through concrete. The same
mixing procedure is used at Ifsttar and ULB and is as followed: gravel, sand and cement are mixed
during (60 s) and then water is added (150 s mixing). The same speed is always applied (300 rpm).

Table 1 — Mixture proportions in kg/m?3 and materials properties of the ordinary concrete.

Components ocC
CEMI 525N - SR 3 CE PM-CP2 NF 340
Sand (Sandrancourt 0/4) 739
Gravel (Sandrancourt 6.3/20) 1072
Added water 184
Wagded/C 0.54
Weri/C 0.45
Slump class S1
Paste Volume (L/m3) 260
fe10 (MPa) 12
fe20 (MPa) 22
fe284 (MPaQ) 40
Initial setting time t; (h) 5.7
Final setting time t; (h) 6.7

Table 2 - Chemical composition of the cement of the ordinary concrete.

Element Clinker | C3S | C,S | C;A | C,AF | MgO | Gypsum | Loss on ignition
Content (%)| 98.5 62 | 16 | 21 | 152 | 11 2.4 0.9

3.1.2. Influence of the water-cement ratio and multi-scale analysis

The influence of the water-cement ratio is studied on three concretes with different water-cement ratio
for which mix proportions are given in Table 3. For each composition, the aggregate content is the
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same. Only the water and cement content are not the same. All materials come from the same batch of
production. An ordinary Portland cement of type CEMI 52.5 N was used. Its chemical composition is
given in Table 4. Sand and gravel were oven-dried. The effective water-to-cement ratio are 0.33 —
0.44 and 0.53. These compositions are respectively called C0.4, C0.5 and C0.6. The mixing procedure
is the same for each concrete mixture and is as followed: gravel and sand are mixed during (20 s),
20% of water is added (20 s mixing), cement is added (30 s mixing) and then the rest of the water is

added (150 s mixing). The same speed is always applied (300 rpm).

Table 3 - Mixture proportions (kg/m?) and materials properties of the concretes, mortars and cement

pastes

P0.3 | P0.4 | P0.5 |P SCM| M0.3| M0.4 M0.5 |M0.6|M SCM | C0.4|C0.5|C0.6 |C SCM
Sand 0/4 - - - - 1339| 1339 (1339 | 1339| 1339 | 853 | 853 | 853 | 853
Gravel 6/10 - - - - - - - - - 210 | 210 | 210 | 210
Gravel 10/14 - - - - - - - - - 873 | 873 | 873 | 873
8EI\CA:I|322N5FN 1620(1394|1223| 333 | 789 | 679 |596 | 531 | 162 | 432|379 | 338 | 103
BFS - - - 528 - - - - 257 - - - 164
LMF - - - 400 - - - - 195 - - - 124
Gypsum - - - 71 - - - - 35 - - - 22
Added water | 486 | 558 | 612 | 533 | 237 | 271 | 298 | 318 | 260 | 173 | 190 | 203 | 165
Wabs/B [/] 0.30{0.40|050| 0.40 | 0.30| 0.40 |0.50 | 0.60| 0.40 |0.40|0.50|0.60| 0.40
Weff/B [/] 0.30{0.40|050| 0.40 | 0.27| 0.36 |0.46 | 0.55| 0.36 |0.35|0.44|0.53| 0.34
t; (h) 47 | 63 | 6.6 | 3.8 32| 41 |50 | 57| 59 35|43 |38 | 46
te () 58 | 72 | 83| 116 | 39| 51 (6.2 | 71| 86 41 | 52| 55| 6.7

For multi-scale analysis, the study is extended to mortars and cement pastes. On mortars, four
compositions with different water-cement ratio (Table 3) are tested. For each composition, the sand
content is the same and the volume ratio between the sand and the binder is the kept constant. The
determination of the mix proportions are done without the consideration of the absorption of water by
the gravel 6/10 (0.63% as coefficient of absorption), the gravel 10/14 (0.57% as coefficient of
absorption) and the sand (1.99% as coefficient of absorption). Per consequent, the effective water-
cement ratios are slightly different from the concrete compositions: 0.27 — 0.36 — 0.46 and 0.55. The
mixing procedure corresponds to the one of concrete compositions. These compositions are
respectively called M0.3, M0.4, M0.5 and M0.6. For cement pastes, three compositions with different
water-cement ratio (Table 3) are tested. For each composition, the water-cement ratios are: 0.3 — 0.4
and 0.5. These compositions are respectively called CP0.3, CP0.4 and CP0.5. The mixing procedure is
the same for each cement paste mixture and has duration of 2 minutes. This study is also extended to
an eco-concrete called CSCM which corresponds to the composition C0.4 for which the cement is
replaced by blast furnace slag (BFS) at 50% and by limestone filler (LMF) at 25%. This concrete was
partially characterized during the PhD thesis of Jérdbme Carette [6]. An equivalent mortar and cement
paste are also tested for multi-scale study. These compositions are respectively called MSCM and
CPSCM. According to the scale of the composition, a same mixing procedure is used as the
compositions with different water-cement ratio. The chemical composition of the slag and the
limestone filler is given in Table 4.
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Table 4 - Chemical composition of the cement, slag, limestone filler and gypsum [7]

CEMI | BFS | LMF | Gypsum
C2s [%0] 12.6 - - -
C3s [%] 63.49 - - -
C3A [%] 8.09 - - -
CAAF  [%] 9.8 - - -
Si02 [%6] 20.12 | 333 | - -
Al203  [%] 503 | 125 | - -
CaO [%] 6453 | 415 | - -
MgO [%] 0.98 7 - -
CaCO3 [%] - - 98 -
CaSO4 [%] 4.5 - - 100
SO3 [%] 3.36 | 0.16 | 0.00 -
Blaine  [cm2/g] 365 450 | 647 354
Density [kg/m3] | 3.15 | 289 | 2.71 2.3

3.1.3. Very High Performance self-compacting Concrete

In the frame of the French national project “Mikti”, a very-high performance self-compacting
concrete was designed in 2005 [8] for pre-cambered beams. The Mikti composition has widely been
studied experimentally at LCPC (now IFSTTAR). A compressive strength of 99 MPa is obtained at
28 days. The mix proportions are given in Table 5. All materials come from the same batch of
production. An ordinary Portland cement of type CEMI 52.5 N was used. Siliceous-calcareous sand
coming from Sandrancourt (France) and limestone sand and gravel coming from the quarry

“Boulonnais” (France) were used. Sand and gravel were oven-dried.

Table 5 — Mixture proportions in kg/m?3 and materials properties of the Mikti composition

Gravel Boulonnais limestone 4 to 12,5 mm 0.920 920
Sand 1 Boulonnais limestone 0 to 4 mm 0.379 379
Sand 2 Silico-calcareous sand from river Seine 0 to 4 mm 0.369 369
Cement CEM 1 52,5N "Bussac" 0.500 500
Silica fume SEPR 0.050 50
Superplasticizer Optima 175 0.010 10
Water added 0.165 165
total mass 2393
Slump flow [cm] 70
Air content [%] 1.8
fe10 (MPa) 50
fc 20 (MPa) 67
fc 280 (MPQ) 9
ti (h) 10.4
te (h) 11.4
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3.1.4. Concrete of nuclear power plant
In the context of the ‘Vercors’ (French acronym of “Verification Réaliste du Confinement des
RéacteurS”) project of EDF [9], a concrete used for nuclear power plant is tested and is called V-OC.
The mix proportions are given in Table 6. All materials come from the same batch of production. An
ordinary Portland cement of type CEMI 52.5 N was used. Its chemical composition is given in

Table 7. Siliceous sand from Sandrancourt (France) and siliceous-calcareous gravels were used. Sand
was oven-dried. The effective water-to-cement ratio is 0.52. The same mixing procedure is as
followed [11]: gravel and sand are mixed during (30 s), cement is added (30 s mixing) and then the
water and plasticizer are added (150 s mixing). The same speed is always applied (300 rpm).

Table 6 - Mixture proportions in kg/m?3 and materials properties of the composition V-OC

V-0C
Cement CEM | 52,5 N CE CP2 NF Gaurain 320
Sand 0/4 REC GSM LGP1 (13% of CaO and 72% of SiO2) 830
Gravel 1:4/11 R GSM LGP1 (rounded, containing silicate and limestone) 446
Gravel 2 : 8/16 R Balloy (rounded, containing silicate and limestone) 551
Sp (SIKAPLAST techno 80) 2.5
Added water* 171
W,s/C 0.52
fe10 (MPa) 12
fc2q (MPa) 21
fc 280 (MPQ) 42
t; (h) 10.4
te (h) 115

*Added water = Effective water (obtained from Weff/C ratio) — 0.8*amount of P (80% of P
mass is water) + water theoretically absorbed by the sand (0.77% as coefficient of absorption).

Table 7 - Chemical composition of the cement.

Element Clinker | CsS | C,S | C;A | C,AF | MgO | Gypsum | Loss on ignition | Limestone

Content (%), 96 68 | 10 9 7 2.2 3.3 2.1 4

3.1.5. Concrete with high substitution of slag

Finally, for the study of the effect of the replacement of cement by slag a last composition is tested
and is called CBFS. The mixture proportions were designed in [6] and are presented in Table 8. This
composition corresponds to the composition C0.4 for which the cement is substituted by blast furnace
slag (BFS) at 75%. The same mixing procedure as C0.4 is used
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Table 8 - Mixture proportions in kg/m3 and materials properties of the composition CBFS [12]

Sand 0/4 853
Gravel 6/10 210
Gravel 10/14 873
CEMI 52,5 N CE CP2 NF 103
BFS 291
Gypsum 22

Added water 167
Wabs/B [/] 0.40
Weff/B [/] 0.34
ti (h) 6.1

ts (h) 8.5

Chapter 3: Materials and methods
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SECTION 3.2 - TEST METHODS

3.2.1. Compressive strength

Compressive strength f. was measured from the setting to the hardened state and up to 28 days of age
or even more for some compositions. Compressive strength is measured on cylinders on cubes.
However, cylinders are not efficient for very early age measurements since they require non-
destructive rectification methods such as surfacing with a fast-setting mortar, which is time-
consuming and induces significant delay before the first measurements can be performed. During the
sample preparation, the concrete is exposed to the environment and drying occurs which could lead to
a small artifact in the determination of the compressive strength at very early age. In addition, any
rectification method can sometimes lead to non-parallel opposite facets, and therefore to a non-
homogenous distribution of stresses in the cylinder and to invalid compressive strength values. An
alternative consists in testing cubic samples. Given that the moulds are designed for this purpose, this
method ensures that at least two facets are parallel to their opposite. No additional treatment is
needed, making early age testing considered as soon as careful unmoulding is possible without
damaging the sample, which generally occurs between the initial and the final setting. Due to the
effect of boundary conditions (confinement induced by restrain to transversal contraction), that cannot
be neglected when the slenderness ratio is equal to one, of cubic samples in comparison with
cylinders, higher compressive strengths are generally obtained. Torenti & Royis [13] show that the
difference is mainly due to the friction at the interface between the concrete and the steel plates of the
testing machine. It was numerically shown that for such typical setups, the cylinder/cube compressive
strength (for the same contact area) is 0.78 [14]. According to the EN 206-1 classification of hardened
concrete, depending on the class of strength, this ratio is in average 0.82 [15].
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Figure 1 — Comparison between compressive Figure 2 - Comparison between compressive
strength results obtained on cylinders (110x220  strength results obtained on cubes 50x50x50 mm
mm) and cubes (100x100x100 mm) after and cubes 100x100x100 mm after applying a
applying a factor 0.79 on cubes results factor 0.935 on cubes results 50x50x50 mm.

The dimension of the sample depends on the scale of the material. For concrete, the results are
obtained on 110x220 mm cylinders and 100x100x100 mm cubes. For mortars, results are obtained on
100x100x100 mm and 50x50x50 mm cubes. And tests on cement pastes are performed with
50x50x50 mm cubes. For each compressive strength tests, a thermocouple is placed in the middle of
the sample in order to consider temperature effect on the maturity of the sample. From measurements,
the ratio cubes (100x100x100 mm)/cylinders is 0.79 and could be used independently of the concrete
composition and of the hydration degree. The compressive strength results were obtained mainly on
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cubes, but will be expressed as equivalent cylinder strength (Equation 1). For the ordinary concrete,
Figure 1 shows the results of the compressive strength on cylinders and cubes after using the factor
0.79 on cubes results. A conversion factor of 0.935 is used between cubes 50x50x50 and
100x100x100. The Figure 2 presents results on the composition M0.4 and shows that this factor could
be used independently of the age of the material.

fe = fc,cyl = 0.79f¢,cubero = 0.79 % 0.935 * f cypes 1

For each test, a hydraulic press Galdabini of 3000 kN is used. The sensitivity of the device is 1 kN.
The same press is used for splitting tensile strength test.

3.2.2. Tensile strength

The determination of the tensile strength f, parameter was made by splitting tensile tests. Such tests
are more easily performed than uniaxial (or direct) tensile tests as they only require a cylinder sample
with no need to use a specific anchorage system. However, such indirect measurements cannot be
directly correlated with the direct tensile strength. It is often considered that f; is 10% lower than fis. The
splitting tensile strength f.; can be obtained through the following formula which derives from the
theory of elasticity, with F the measured peak load [kN], D the sample diameter [cm], and L the
length of the specimen [cm]:
20.F

ft - O-9fts - Ogm 2

For concrete, cylinders with a dimension of 110x110 mm are used (Figure 3).

Figure 3 — Splitting tensile test on the Vercors concrete.

3.2.3. Heat release

Isothermal calorimetry allows a continuous measurement of hydration heat. The device used for this
purpose is the TAM Air micro-calorimeter. It contains eight measuring channels, allowing parallel
measurement of eight different samples. Working in isothermal conditions annihilates the entrapment
of heat and thus separates the combined effects of hydration and increased curing temperature. The
data obtained from this type of experiment is the exothermal heat flow q [J/g/h] generated by the
sample. The integration of the heat flow yields the cumulated heat Q [J/g].

Q) = [, q(0).dt 3
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Based on this measurement, the advancement degree of reaction can be defined according to Equation
3. The duration of the isothermal calorimetric tests is limited in time since its accuracy becomes
limited as the heat flow decreases. Isothermal calorimetry tests were performed on 20g mortar
samples.

3.2.4. Monitoring of the setting

Three devices were used for the determination of the setting. According to the standards, the ASTM
C403 standard [16] can be used on mortar and sieved concrete (Figure 4). The initial and final setting
time are defined as the time when the penetration resistance reaches respectively 3.5 MPa and 27.6
MPa. These tests are performed in three 150 x 150 x 150 mm plastic sealed cubes for each concrete
mix. A thermocouple was placed in the centre of one of the three samples to record the temperature
evolution [5]. The European standard EN 196-3 [17] is used on cement pastes. The initial setting time
is reached when the hint stops at a distance of 6mm from the bottom plate. The final setting is
determined with a specific needle composed of a hint and a circle around it. The test is performed on
the back of the sample (turned upside down for compaction matters) and is positive when the hint
makes a mark but not the circle. Both approaches are qualitative and results depend of threshold
values defined by the standard. In addition, for the Vicat test, the initial and final setting time depends
on the weight of the needle.

Figure 4 — Penetration resistance test [17] Figure 5 — Vicat test needle

The P-wave and S-wave transmission was measured with a FreshCon system (Figure 6) developed at
the University of Stuttgart [18]. For P-waves transmission velocity, this device has already been used
in several studies. Each of the two wave types were simultaneously measured on separate moulds.
Every minute, a 5 us pulse is sent through the sample by a piezoelectric broadband transmitter (centre
frequency of 0.5 MHz and 0.25 MHz fpr the P- and S-wave respectively). A similar sensor situated on
the other side of the sample transmits the signal to a computer through a DAQ card. The sensors are
semi-embedded inside the concrete and overstep the surface of the walls by approximately 1.5 mm
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each. The optimal distance between sensors is the result of a compromise between the signal/noise
ratio and the accuracy on the velocity.

s J

Figure 6 — FreshCon system and mould used for cement paste, mortar and concrete.

Depending on the mixture studied, an adequate mold is chosen in order to reduce the increase of
temperature inside the mixture. Different types (see Figure 6) and dimensions (see Table 9) of the
molds are depicted below.

Table 9 — Dimension of the FreshCon mould according to the scale of the material

Cement Paste | Mortar | Concrete
Thickness [cm] 2.5 5 5
Width [cm] 10 11 10
Heigth [cm] 11 11 10

3.2.5. Autogenous strain measurement

» BTJADE

The free deformation of concrete and mortar is measured from casting using the BTJADE (from the
French acronym ‘BéTon au Jeune Age, Déformation Endogene’) device designed at IFSTTAR by
Claude Boulay [19]. The test rig (Figure 7) is composed of a vertical flexible corrugated PVC mould
to monitor the free deformation 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 125 mm is used. The
base length of the sample is approximately 225 mm. More details about the BTJADE are given in
[19].

When measurements are done, free deformation 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 deformation corresponds to the sum of the autogenous deformation and the thermal
deformation. Therefore the total deformation of the concrete &, (m/m) is defined according to

Equation 4.

AL
gtOt = Sau + (IC.ATC = Z - (Zwt.Ath - (Xat.ATat 4
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where AL is the displacement measured by the displacement sensor (mm), €., is the autogenous strain
(m/m), a. is the coefficient of thermal expansion of the concrete (m/m/°C), AT, 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.

Displ.

tainy
2 I:_;/Con er cap
+—Support plate

Guided rod
~Mould cap

\ng

VAT
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"~ Thermocouple

JIIRIHI

— Insert
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Figure 7 - BTJADE test set up — section of the whole test setup (a) — water tank with three tests rigs
[19] (b) — test rig before introduction in the water tank (c).

» AUTOSHRINK

The free deformation of cement paste and mortar is measured from casting using the Autoshrink
device [20]. The test rig is composed of a horizontal flexible corrugated PE mould to monitor the free
deformation and fixed metallic parts. The device is designed to accommodate 3 samples
simultaneously. For each sample, one sensor is used to monitor the total displacement of the sample.
The diameter of the sample is 30 mm and the base length is 400 mm. More details about the
autoshrink are given in [20].

» Comparison

BTJADE and AUTOSHRINK can be used to monitor the autogenous strain of a mortar. For multi-
scale experimental analysis, preliminary tests were performed on a same mortar from the same batch
in order to compare results from both devices. Autogenous strains are set to zeros at the final setting
time. Results from this comparison are shown in Figure 8. During the first hours after setting, results
evolve similarly. When swelling occurs, a high difference in term of magnitude is observed (around
40 um/m). The peak of swelling appears at the same equivalent age for both devices. At an age of
around 32 hours, results are again similar. Then the evolution of the autogenous strain evolves with a
very similar trend. Therefore, the main difference between both devices occurs during the swelling
period between an age of 10 and 32 hours. This difference can be explained by the position of the
displacement sensor. With the BTJADE, a vertical displacement is measured whereas with
AUTOSHRINK a horizontal displacement is measured. As explained in chapter 2, swelling can be
linked to the excess of water coming from bleeding or the aggregate. If swelling is related to the
bleeding of the cement paste, therefore this effect will be localized on the top of the sample and will
be mostly measured in the vertical direction. After the peak of swelling, when self-desiccation starts
significantly, the distribution of water is therefore not uniform inside the sample of the BTJADE.
Consequently, it is possible that the self-desiccation will be higher on the bottom of the sample.
While, for the AUTOSHRINK sample, the water distribution is quite uniform due to the low diameter
and the horizontal position of the sample. This uniform distribution of water in the sample cans results
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as a lower evolution of the self-desiccation than in the BTJADE. However this explanation is just an
interpretation of the difference observed. Information about the distribution of the relative humidity
inside the sample is needed in order to prove such affirmation.

80
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Figure 8 — Comparison between results from BTJADE and AUTOSHRINK on composition M0.4.
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SECTION 3.3 - EXPERIMENTAL PROGRAM

Tests methods are presented, aiming at allowing a description of some concrete properties from the
time of mixing to the hardened state (compressive strength, tensile strength, heat release, setting and
autogenous strain). The chapter 4 presents devices and test protocols which are developed to monitor
automatically the evolution of the free deformation and the viscoelastic behavior of cement based
materials. All results become from the same concrete composition (OC).

The chapter 5 is an extension of the use of ultrasonic technics for the monitoring of the setting of
cement pastes.

The test methodology defined in the chapter 4 is extended to:

- The effect of the water-cement ratio on the early age properties in the chapter 6 with the
composition C0.4, C0.5 and CO0.6.

- The effect of the substitution of cement by slag and limestone filler in the chapter 7 with the
composition C0.4, CSCM and CBFS. In addition the method will be also extended to an Very
High Performance self-consistant Concrete: Mikti.

- The study of the multi-scale behavior of concrete C0.4, C0.5, C0.6 and CSCM with their
equivalent mortars and cement pastes in chapter 8.

The last chapter concerns the comparison between the tensile and compressive creep of several
compositions: OC, OM, V-OC, V-MOC, V-MOM and Mikti.
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CHAPTER 4:

DEVELOPMENT OF AN EXPERIMENTAL STRATEGY FOR
THE MONITORING AND THE MODELLING OF CEMENT
BASED MATERIALS.

In order to understand the evolution of the free deformation and the viscoelastic behaviour of cement
based materials, several tests have been performed, and thus different tests procedure have been
developed and described in the literature. The free deformations occurring in sealed condition are
divided in two parts: the autogenous and the thermal deformation. These properties depend on several
parameters as indicated in chapter 3. Moreover these properties are very sensitive to the conditions of
preservation of the specimen and to many factors related to the test rig. For that reason several
recommendations where developed in the past [1-4]. The main common requirements for all the
apparatus for free deformation test 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.

The viscoelastic behaviour of cement based materials in sealed condition is composed of two
parameters: the elastic modulus and the basic creep coefficient. These properties depend on several
parameters as indicated in chapter 3. Moreover the creep properties are very sensitive to the
conditions of preservation of the specimen during the test and to many factors related to the test rig.
For that reason several recommendations where developed in the past. For both properties,
recommendations [5-7] were developed for hardened concrete. Currently no recommendation or
standard test method exists for the determination of the elastic modulus and the basic creep for
concrete at very early age. The main common requirements for all the apparatus for testing elastic
modulus 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;

- maintain a constant known load during the whole testing period.

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. As for the measurement of the free deformations, the specimen
must be perfectly sealed to avoid any external drying or water uptake.

For the purpose of performing a monitoring of the free deformation and the viscoelastic properties of
cement based materials since setting time, a new testing equipment and a new testing protocol were
designed at ULB and at Ifsttar.
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For the development of this new tests procedure, an ordinary concrete is used. The main advantages
of this ordinary concrete are:

- The water-cement ratio of the ordinary concrete is high, which limits the shrinkage
development during the creep tests and thus limits the error which occurs when the free
deformation are subtracted from the total strain in order to obtain the mechanical strain
composed by the elastic and creep strain.

- The heat release by the cement paste is quite low during the very early age which limits the
development of the temperature in the specimen during the test.

- This composition uses only a classical Portland cement without any mineral addition, making
easier the understanding of the physical mechanisms during the hydration process.

- No superplasticizer is used in this composition, making also easier the understanding of what
happens at very early age.

The testing and modelling strategy developed in this chapter is then extended in the next chapters to
several other compositions for which the water-cement ratio or the nature of the binder are
significantly different from this ordinary concrete. The extension to such composition will allow
validating the testing and modelling strategy developed in this chapter.

Therefore this chapter is organized in 6 sections. The development of a new methodology for the
monitoring of the free deformation is presented in the first section.

The description of the new developed experimental equipment for the monitoring of the viscoelastic
properties is given in sections 2 and 3. Section 2 is related to the new advances in the design of a
TSTM device at ULB. Section 3 presents the existing tensile creep rigs and the choice carried out for
the design of the new tensile creep rigs developed at ULB.

The section 4 presents the development of a new testing procedure for the monitoring of the static
elastic modulus since casting (Ifsttar) or since setting time (ULB). Results obtained on the ordinary
concrete are presented.

Results from section 4 are compared to new testing methodology based on the dynamic response of a
system to ambient vibration (EMM-ARM) and to ultrasonic testing methods (FreshCon, BTPULSE
and embedded piezoelectric transducers) in section 5. For this comparison, the effect of the magnitude
of loading and the loading rate are tested and modelled.

The sections 6 and 7 present new advances of the monitoring and the modelling of the basic creep. In
section 6 a new protocol of loading is developed. This protocol is based on a coupling between a
repeated minute-long loading tests and basic creep tests of long duration. Based on the experimental
results and the observations made in section 6, the section 7 presents a new approach for the
modelling of the basic creep since setting time.

SECTION 4.1 — Characterization of the free deformations of cement based materials since
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SECTION 4.1 - CHARACTERIZATION OF THE FREE
DEFORMATIONS OF CEMENT BASED MATERIALS SINCE
CASTING.

At early age, the autogenous deformation and the coefficient of thermal expansion (CTE) are two of
the most important concrete properties that are responsible of volume changes of cement based
materials and therefore to possible cracking in concrete structures (especially for massive structure).
A new experimental approach is developed at ULB to define both properties with a single test.

This first part of this section presents the existing method for the monitoring of the autogenous strain
and the CTE and the key points in the development of a test protocol for the characterization of both
properties. The second part of this section presents the new protocol of the test developed. The results
obtained on an ordinary concrete with the BTJADE [8] device are presented in the third part of the
section. Finally, an extension of this methodology on cement paste and mortar is presented.

4.1.1. Existing methods

Several devices aimed at monitoring the thermal and autogenous deformations were developed in the
past. The methods can be in general divided in two categories: linear [8-15] and volumetric [12,16—
22]. 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. However, no clear evidence
of this relation has been shown in the literature till now. This could be explained to the different
artifact 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 [23]. For correct consideration of the
temperature 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 balance.
The volume change is measured through the apparent mass changes of the immersed sample. This
method was significantly improved during the last decade in order to remove artifacts coming from
the absorption of the water by the membrane [17], the liquid used for the thermal regulation [24],
bleeding of the cement paste [25].

Several authors have developed different methodologies to assess the CTE and the autogenous
deformations [23]. A first method consists in removing the autogenous deformation by differences
between two samples subjected to two histories of temperature. For that it is needed to take into
account the maturity of both samples when autogenous deformations are eliminated [26]. However,
the temperature has an effect on the evolution of the autogenous deformation 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 [23]. The second method uses only one sample on which thermal variations are applied
[27]. Several protocols and mathematical treatments were developed for the determination of the
CTE. In Table 1, the parameter of several test protocols coming from the literature are presented. The
main variations in the protocol come from:
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- The amplitude of the thermal variation (AT)
- The duration of the isothermal phase (At)
- The nature of the material tested (cement paste (CP, mortar (M) or concrete (C))

- The evolution of the temperature between the different cycles (sinusoidal variation of the
temperature, thermal variation around a constant temperature, thermal variation around a
temperature history corresponding to the evolution of the temperature in a massive structure).

Table 1 — Parameters of test protocols for the determination of the CTE and the autogenous
deformation by using only one sample.

References AT, °C At, min Kind of device Remark
[20-22] 6 90 Volumetric (CP & M) -

[28,29] 5 240 Linear (C) -

[30] 7 N.A* Linear (C) Sinusoidal variation
[31] 5 N.A. Linear (CP) Isothermal and various
[32] 6 120 Linear (C) temperature histories

*N.A. = not available

The mathematical treatment used for the characterization of the autogenous deformation and the CTE
is generally realized in two steps. First the autogenous strains are defined by consideration of the
value of the total concrete strain obtained when the temperature is constant inside the sample. When
considering all these values at the same temperature, autogenous strains correspond to the interpolate
value obtained between each plateau in temperature. Then the CTE is defined by removing the
autogenous strains from the total concrete strain. An example of such method is presented in Figure 1
for volumetric method [20]. This method has the disadvantage to not correctly consider the thermal
variation of the sample due to the heat release during the hydration process. Indeed, it is assumed that
autogenous strains correspond directly to the value obtained at each plateau of temperature without
consideration of the thermal variation due to hydration process.

13.30 4 Ti3°C
K] measured
8 e points for fitting
5 fit
§ 1325 o
Y e = 120 min T
2 S| g )
@ Q.
E
§ 13.20 E)
T-3°C
13.15 T T
0 5 ) 10 15 >
Time [h] Time
Figure 1 — Fitting of the autogenous strain by Figure 2 — Test protocol
taking into account values of the volume of the
cement paste obtained at the end of the plateau in
temperature for volumetric method [15].
731362

Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials




Recently, Zhutovsky, et al. [33] have developed a new methodology 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. 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 and therefore to an underestimation of the tensile stress when concrete
displacements are restrained.

4.1.2. New protocol of test

During hydration process, both autogenous and thermal strains occur simultaneously and cannot be
directly distinguished. A new experimental 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. This new methodology considers correctly the evolution of the autogenous strain
when the thermal variation due to hydration occurs.

The thermal variations must be 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 duration 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 measurements. The
thermal variations amplitude must be high enough to allow measuring significant displacement
(digital displacement transducer with accuracy of 1 um over the whole stroke). 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 [8] device in order
to optimize these parameters. The test protocol is presented in Figure 2. The recording of data
provided by each thermal and displacement sensor is done every minute. The phase of temperature
increase is limited to 10 min; the magnitude of the temperature variation is +/- 3°C and the duration of
the isothermal phase is 120 min. Temperature stabilization in the concrete is well reached after 120
min. At this period, an identical temperature is measured in the tank and in the concrete sample for
hardened concrete as shown in Figure 3.

24 - ) - 40 20 -
‘oncrete strain —
/ @] 18 -
o 22 4 Tank - 20 g 16 -
= temperature E_
@ \ = T 144
£ 20 4 Lo £ 3 12- o e
: g D RS E Rl
: HE
£ 18 - Concrete - -20 g = 8-
|~
temperature - O 6 -
o
16 ) ) ) -40 47 o Experimental results
0 2 4 6 8 5
- - = Average value (11.63)
Time after thermal variation [h] 0 -
Figure 3 — Preliminary test on hardened concrete. Figure 4 — Results of the CTE for a hardened

concrete.

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
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occurs (the age of the sample was higher than one month at the start of the test). Results of the CTE
are presented inFigure 4. An average value of 11.6 um/m/°C is obtained. The minimal value is 11.1
pm/m/°C and the maximal value is 12.0 um/m/°C. The standard deviation is very low and is equal to
0.3 um/m/°C which corresponds to 2.3% of the average value of the CTE Through these results, it is
concluded that such protocol is enough accurate for the assessment of the CTE on hardened concrete.
As the variation of the thermal conductivity with aging of concrete is limited [34,35], it is assumed
that no thermal gradient occurs because of the temperature variation in 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 checked with the realization of two tests for which the temperature histories
are different. For the first test, a constant temperature of 20°C is imposed. The second test uses the
protocol of temperature illustrated previously in Figure 2. 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 Figure 5.

20 °C 20+/-3 °C
] [ ]

= ]

Figure 5 — Scheme of the experiment

The test starts approximately 1 hour after mixing. Results related to the evolution of the temperature
at early age are presented in Figure 6 and Figure 7. Figure 6 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 Figure 7, 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 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 hours. It is therefore concluded that the thermal variations
cause no significant change in the thermal gradient due to hydration.
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and inside the sample. sample for both tests.

The total concrete strains from both tests are compared in Figure 8 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 Figure 9, 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 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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Figure 8 — Evolution of the total strain for both Figure 9 — Evolution of the total strain and the
temperature histories temperature for the test with repeated thermal

variations.

The coefficient of thermal expansion (CTE) and the autogenous strain are computed in several steps.
First the concrete strain is defined by removing thermal displacement of the test rig (see description of
the BTJADE in chapter 3). Then only physical values of the total strain are considered. This physical
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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 cubic interpolation (function spline in Matlab®©), 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 constant 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 Equation 1.

Agpor = Aegy + . AT 1

The effect of the temperature on the evolution of the autogenous deformation and the CTE [36] 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 130 minutes 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 Equation 2. In this equation, the index 1 and 2 are relative to the two different
temperature histories.

o = Agtor1 — Aétor2 2
¢ ATl - ATZ

4.1.3. Results obtained with the BTJADE

Results of the CTE are given in Figure 10. The CTE changes strongly during the few first hours after
casting till an age of 8 hours. 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
[20] for cement paste. 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 11 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 um/m/°C is obtained for the CTE.
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age.

When the CTE is defined, the evolution of the autogenous deformation is defined with the removal of
the thermal strain on the total strain (Equation 1). Figure 12 presents the evolution of the autogenous
strain by considering a constant value of the CTE of 11.6 um/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 hours (Figure 13). Results from both tests give very
equivalent results and show a very good repeatability.

100 10
9 80 1 T T VYLIVON E 0 1
E 60 - Agm“M 5 ¥
] _ -10 4 A
E 40 4 £E o
E 20 $E 207 .
g == . °
£ 04 - g 07 .
> ° © +/-39 ° o R0
5 204 17204301 E2 4. T® 20+/-3°C #1
E 40 2 T° 20+/-3°C #2 ) : + T° 20+/-3°C #2
@ e £EX 504o
3 -60 J° = T@ 20°C gﬂ A - T° 20°C
= ) }
- 80 . . da 60 T T T T
0 50 100 150 ° 0 30 60 90 120 150
Equivalent age [h] Equivalent age [h]
Figure 12 —autogenous strain evolution Figure 13 — Normalized autogenous strain at 140

hours

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.

For the next part of this thesis, a change in the protocol is carried out. For one mix, it was observed
that the temperature is not fully stabilized at the end of the 120 minutes-long plateau of temperature.
Therefore the duration of this plateau was extended to 150 minutes. The general scheme of this
modified protocol is presented in Figure 14.
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Figure 14 - Test protocol (a), evolution of the temperature during the test (b) and evolution of the
concrete strain during the test (c).

4.1.4. Extension to cement paste and mortar

In order to study the multiscale aspect of the free deformation, a similar strategy is used for the
monitoring of the CTE and the autogenous strain of cement paste and mortar. However the BTJADE
device cannot be used for cement paste and mortar composition for which the size of the sample needs
to be reduced in order to decrease the thermal gradient inside the sample during hydration. For that
reason, tests on cement paste and mortar are carried out with the Autoshrink device [9]. Classical
description of the Autoshrink device is presented in chapter3.

In order to apply thermal variations on the test rig, a thermal regulation was designed. The
temperature of the sample is controlled by a flow of a specific liquid for thermal regulation circulating
in a convolution system which surrounds the Autoshrink device. In order to improve 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 Figure 15. The effects of the temperature changes on the test rig must be taken into
account so a characterization of these effects must be carried out before using the rig. For that reason,
a thermal calibration of the 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 middle) and one PT100 is used to
monitor the temperature of the air inside the convolution system.
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Figure 15 — Autoshrink device with thermal regulation developed at ULB.

The thermal regulation is not performing as the one in the BTJADE system. The main difference
between both thermal regulations comes from the environment surrounding the sample. The BTJADE
system uses a special fluid designed for thermostatic bath and mainly composed by water and the
Autoshrink uses air. Therefore it is not possible to use exactly the same protocol of temperature. An
adaptation of the protocol for the Autoshrink is presented in Figure 16.
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Figure 16 — Test protocol for cement paste and mortar with Autoshrink device

A first thermal variation of +/- 8°C is applied in 10 min. The temperature is kept constant during 25
minutes. Then a thermal variation of -/+ 5°C is applied in 10 minutes. Finally the temperature is kept
constant during 80 minutes. The final magnitude of the temperature variation is +/- 3°C and the
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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 Figure 16.

Results from Autoshrink device with repeated thermal variations are presented in the chapter 7.
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SECTION 4.2 - DESIGN OF A REVISITED TSTM SYSTEM FOR
TESTING CONCRETE SINCE SETTING TIME UNDER FREE AND
RESTRAINT CONDITIONS.

The first and second parts of this chapter are based on the joint publication of Stéphanie Staquet,
Brice Delsaute, Aveline Darquennes and Bernard Espion entitled “Design of a revisited TSTM system
for testing concrete since setting time under free and restraint conditions” published in: Concrack 3 -
RILEM-JCI Int. Work. Crack Control Mass Concr. Relat. Issues Concern. Early-Age Concr. Struct.,
2012: p. 12 and the third and final parts are an extension made in the framework of this PhD thesis
manuscript.

Restraint deformations in concrete structures induce the development of tensile stresses and
sometimes cracking. The durability and the functionality of the structure can then be affected. Some
examples of restraint conditions are friction between the formworks and the concrete in case of
casting by successive phases or the friction between concrete and rebars. The autogenous, thermal and
drying deformations are at the origin of the restraint shrinkage. The knowledge of the mechanical
properties (restriction degree of material, the relaxation of its stresses, the evolution of the tensile
strength and the stiffness,...) and the free deformation are needed to quantify the risk of cracking.
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 [37]. 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 rigidity of the material
used to obtain the restraint conditions. To eliminate these drawbacks, an active longitudinal test
named Temperature Stress Testing Machine (TSTM) was developed from the beginning of the
1980’s. With this device, a full 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 paper will summarize our analysis of the development of the TSTM’s. This analysis allowed us to
develop our own testing system and experimental procedure to study the sensitivity to cracking of
concretes. The first part of this section is related to principle of a TSTM. The history of the
development TSTM in a dozen of other laboratories as well as a synthesis of the key elements in the
design of a TSTM is presented in the second part of this section. Then the first development of the
TSTM carried out during the PhD thesis of Aveline Darquennes is presented and is followed by the
new technical advances performed on the TSTM for the study of the viscoelastic behaviour of cement
based materials in the third and final part of this section.

4.2.1. Principle of TSTM’s

The determination of the different 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 e,
creep e and shrinkage &g, deformations. 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 ¢, equal to a few microns (or microstrains) for applying the
restriction conditions during the experimental test (Figure 17). 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
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another compensation cycle begins (Figure 18). So the cycles succeed to themselves during the entire
test until cracking of the sample occurs.

Beginning of Aegpand Aeg,
Deformation the (.';I"CI{.‘ evolve
(um/m)
S‘sh
Added curve ’ (Tompelllsation
Ss + scr cycles
g e Load applied
T B e e '
............. g o) (back to zero
Time () deformation)
Figure 17 — schematic description of the Figure 18 — steps inside each compensating cycle

compensating cycles to obtain the restriction
conditions with the TSTM [13]

Following these compensation cycles, the sum of all elastic deformations is equal to the sum of the
restraint deformations, i.e. creep and shrinkage (Figure 17). From these experimental results, the creep
deformation can be calculated as the difference between the curves of free shrinkage and restraint
shrinkage. Another parameter can also be estimated from this test: the relaxation stresses.

4.2.2. History of the development of TSTM’s

One of the oldest TSTM equipment was developed in the beginning of the 1980’s by Springenschmid
et al. [38] at the Technical University of Munich in Germany. In this equipment, the dog-bone sample
is characterized by a square cross section 150 x 150 mm? and a length equal to 1500 mm [39]. The
restriction conditions were obtained for a deformation threshold equal to 1 pm and were applied when
the material is characterized by a significant stiffness. For example, this time is the moment when the
stresses begin to develop inside the concrete sample. For the experimental tests realized 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 restraint shrinkage
measurements: a thermal regulation of the concrete sample and a system of deformation measurement
directly placed on the concrete sample. At about the same time, Pailliére et al. [40] 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 mould 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.
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Figure 19. System for monitoring free and restraint shrinkages at the Israel Institute of
Technology [41]

At the beginning of the 1990’s, a TSTM was set up at the Israel Institute of Technology (Technion) at
Haifa [41,42]. The free and restraint 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 deformation was measured by means
of LVDT sensors placed on the moving head of the restraint sample. It has been demonstrated that
this kind of method can generate some artifacts of displacement measurements [43]. Indeed, the
interaction between the grip and the concrete sample can pollute the displacement measurements and
induces a decrease in the restraint 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 Norwegian
University of Sciences and Technology (NTNU) at Trondheim in Norway [11] and at the Technical
University of Delft (DTU) in the Netherlands [44,45]. Tests on high performance concrete were
realized at NTNU. Bjentegaard investigated the effect of different isothermal curing temperatures and
realistic histories of temperature on high performance concretes. For this purpose, they equipped the
TSTM mould with a thermal regulation system. This system consists of copper pipes disposed along
the mould. It allows obtaining an isothermal temperature of 20°C after about 1-2 hours. Moreover, the
temperature increase due to the hydration of a Portland cement concrete sample is limited to 1.5 °C.
However, a thermal gradient in the longitudinal and transverse axis always exists because the
temperature of the regulation 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 experimental 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 [46], the Swiss Federal Institute of Technology in Lausanne in Switzerland
[47], the Monash University in Australia [48], the University of Tokyo in Japan [49] and the
Polytechnical School of Sao Paulo in Brazil [50], 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 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.
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- Size of the sample: length of the straight part (about 1000 mm), cross section (from 40 x 40
mm? to 150 x 150 mm?).

- 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 compensation cycles
(manual or automatic).

- Kind of device for monitoring the free shrinkage (rectangular or dog-bone sample).

- Value of the deformation threshold used for obtaining the restriction conditions which varies
from a value close to 0 (0.1 pm/m; 0.6 um/m) to a value equal to a few microstrains (4 pum/m;

6 um/m).
- Starting time of the restraint shrinkage test: setting of material, stress threshold, material
age...
Table 2 - Differences between TSTM systems
Igarashi et al. Toma [51]
Springenschmid [41] and Bjentegaard and Lokhorst
[44] and
[38] Bloom et al. [11] Charron Lura [45]
[42] [18]
Test Start 0.01 MPa 24h setting time 24h 8h
Deformation
treshold 2 um/m 5 um/m 0.86 um/m 6 um/m 6 um/m
;C’;:Tigr'f CroSS| 150x150 mm  40x40 mm  90x100mm  50x50 mm  150x150 mm
Sample length 1500 mm 1000 mm 1000 mm 1000 mm 1000 mm
Gauge length 500 mm - 700 mm 750 mm 750 mm
Deformation side mobile head side top side
measurement
Thermal es room e - -
regulation y conditionning y y y

However, these TSTM devices allowing the study of the visco-elastic behaviour of concrete at early
age respect the recommendations of the technical committee Rilem 42-CEA [52] for uniaxial tensile
testing of concrete at early age:

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

2. The friction between the sample and the mould 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 of the mould with a thermal
regulation of the TSTM sample and the system monitoring the concrete displacement at the laboratory
of the Université Libre de Bruxelles (ULB). Moreover, an appropriate test method for studying the
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restraint 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 part.

4.2.3. Design testing system and applications

» Part 1: Before the thesis [53]

A revisited TSTM system was developed (since 2006) in the laboratory of civil engineering at the
ULB for testing concrete since setting time under free and restraint conditions. For this purpose, the
testing machine is a Walter+Bay LFMZ 400 kN electromechanical testing setup. The machine 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 is assumed to be homogenous. The
shape of the mould is a dog-bone (Table 3). The dimensions of the cross section are 200x100 mm2 in
the central part and 150x100 mm2 at the ends. The total length of the straight part equals to 1000 mm.
With these dimensions, it is possible to realize tests for concrete with a maximal aggregate size of 20
mm. The shape of the mould 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.
The fresh concrete is cast inside the mould 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 mould. 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.

Table 3 - Dimensions of the specimen in the TSTM device

Length of the span 1m

Width of the span 0.1m
Radius of curvature 0.5m
Width of head 0.3m
Length of head 0.1m

A plastic sheet is placed, before casting, in the mould to ensure sealed conditions. Moreover, the
plastic sheet helps also to reduce, with the presence of Teflon, the friction between the sample and the
mould. The walls of the mould are made of aluminum (Figure 20) which was chosen for its high
thermal conductivity (237 W/m.K) and its low density (2700 kg/m?3). The deflection of the mould is
very limited (+/-2mm) and the isothermal conditions are ensured thanks to a fast heat 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
humidity.
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Figure 20 - Thermal insulation

In this equipment, the displacement is measured by means of two transducers (Solartron LE12). The
sensors of displacement are placed on invar supports which are fixed on a rigid frame made of steel
bars externally supported by the TSTM (Figure 21). 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 pum.

Figure 21 - displacement sensors in the central part of the specimen

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 characterized 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.
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(a)

Figure 22 — 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) [53]

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 behaviour between the core layer and the superficial
layer (less aggregates presence).

Historically, the TSTM was developed for the study of the restrained shrinkage. A test method has
been defined to measure the restraint shrinkage (Figure 23). 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 zeroed and the concrete sample can deform freely until the
recorded deformation in the central part of the specimen reaches a deformation threshold equal to 6.7
pm/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 [20] 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.
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Figure 23 — Free and restraint shrinkage evolution of a Portland cement concrete and stress build-
up in the concrete sample [53]

Other applications have been designed as the tensile and compressive creep. For this purpose,
different changes were carried out on the TSTM device during this thesis.

» Part 2: Development of the TSTM during the thesis

In addition to the creep and elastic deformations, thermal and shrinkage deformation must also be
known. For this purpose, a dummy mould was realized for the measurement of the thermal and free
shrinkage deformations. This mould has exactly the same geometry as the first one. The only
difference is the total free movement of one of the ends (Figure 24).

Moving end Free moving end

Fixed end

Figure 24 — Left to right: Mould (boundary conditions) — dummy mould (free moving end thanks to
ball bearings).

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. A modification of the geometry of the head
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would also make easier the demoulding of the concrete specimen. For these reasons, the geometry of
the head was changed (Figure 25).

Figure 25 — New geometry of the head Figure 26 — Displacement sensor without
contact

Displacement sensors in the central part of the specimen were replaced by Foucault current’s sensors
(without contact sensor) (Figure 26). Sensors have an accuracy of 0.014 um. These sensors have two
advantages. Firstly, the absence of contact between the sensors and the mould avoids measurement
artifacts. Secondly, an instantaneous volt conversion in micrometer of the sensors allows piloting the
TSTM system with the displacement directly measured in concrete.

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 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 Figure 27 for one cycle of 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 cyclic loading is applied. The higher the W/C
ratio and sooner this phenomenon appears. For the ordinary concrete studied in this work, the problem
appears after one week. For cyclic loading, internal anchorage has to be disallowed.
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Figure 27 — Illustration of adherence/deterioration in the concrete around the stem anchorage in the
sample.

Without contact sensors are very sensitive to the air conditioning. A good protection of the sensor is
needed. Figure 28 shows the perturbation of the air conditioning on the sensor. 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.
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Figure 28 — Perturbation on the sensor of displacement

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:
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- 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 displacement 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 (numerical sensor) are used.

- External anchorages are used to avoid internal damage in the section of the concrete
specimen. From these criteria, an extensometer composed of two parts with a U shape has
been designed. The Figure 29 presents this new extensometer. Three elastic anchorages from
the J2P company have been used (see section 3 of this chapter for more information) 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.

- 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
29 shows the new extensometer.

Figure 29 — New extensometer designed for the TSTM device

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 are performed with the new
extensometer except test of restrained shrinkage. For restrained shrinkage, anchorage elements are
used.

Other applications with the TSTM system have been designed. The system is controlled in
displacement (measured in the straight part of the concrete sample or at the end of the moving steel
head) and in force. The direct measurement of the evolution of the Young’s modulus and the creep
behaviour can be carried out. This TSTM has been also developed for the monitoring of the
relaxation. A real time subtraction between the deformation of the specimen in the TSTM and the
specimen in the companion (passive) mould allows piloting the TSTM system on basis of the
mechanical parameters excluding the free deformations due to thermal variations ey and due to
shrinkage &q,. So, the direct measurement of the elastic €, and creep ¢, deformations or the relaxation
stresses is possible with the simultaneous use of the first and the second mould (Table 2).
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Table 2 — Deformation measurements for each mould

Mould 1 :
S1+S2

750 mm

=&t e+ &t &

Mould 2:

53+ 54

750 mm

= &np T &

TSTM device is controlled by (S1+S2)-(S3+S4) which corresponds to creep and elastic deformations.
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SECTION 4.3 - DEVELOPMENT OF TENSILE CREEP RIGS

When the contraction of the concrete is restrained (internally or externally) tensile stresses develop.
The determination of the tensile creep is essential for the computation of the stress in case of
restrained shrinkage. Direct and indirect test rigs were developed in order to characterize the tensile
creep of cement based material. For direct test rigs, a constant tensile load is applied to a sample. The
stress state in the material is assumed constant. Therefore such tests allow defining directly the tensile
creep. Indirect methods are related to tests for which the free shrinkage of the material is restrained.
For such method, inverse analysis is needed in order to characterize the tensile creep. A complete
review of such devices is presented in [53] and is not presented in this thesis.

For direct test rigs, several devices were developed. The main common point is the presence of a
dummy mould for each kind of tensile creep test. The first part of this section presents the two main
categories of tensile creep test: uniaxial tensile creep test and bending creep test. The instrumentation
used for the measurement of the displacement is presented in the second part of this section. The third
part of this section presents the different ways to connect the sample to the test rig. Some additional
instrumentation for the study of the tensile creep is briefly introduced in the fourth part of this section.
Through the observations carried out on the different tensile creep devices and the several
instrumentations, new tensile creep rigs were designed at ULB for the determination of the tensile
creep and relaxation function. This final development is presented in the fifth and last part of this
section.

4.3.1. Existing devices

In the literature, two active methods are used to assess the tensile creep: uniaxial tensile creep rig and
bending creep device. The uniaxial tensile creep rig is the most common way to monitor the tensile
creep properties [54-61]. Three types of uniaxial tensile creep tests for cement based materials exist
in the literature:

- test rig with lever arm
- Electromechanical testing device.
- Temperature Stress Testing Machine (see section 2 of this chapter)

941362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



Figure 30 — Uniaxial tensile creep rig with lever arm at Ifsttar [61]

For the test rig with a lever arm, the loading of the sample is performed by a pile of metallic mass on a
suspended tray at the extremity of the lever arm [55,62-66]. The sample stands in the opposite
extremity of the device (Figure 30). This device has the advantage to maintain the load perfectly
constant during the entire duration of the test. Moreover there is no need of supplementary device for
controlling the load. However this device is quite limited in term of use. The test rig is not able to
control the test in displacement, to work in compression and to apply automatically a history of
loading on the sample. A variant of this sort of device exists with the addition of a hydraulic jack at
the extremity of the lever arm instead of the pile of metallic mass. This allows controlling in force the
device (Figure 31).
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Figure 31 : Uniaxial tensile creep rig with lever arm with hydraulic jack [3]

In place of test rig with lever arm, electromechanical test rig can also be used to assess tensile creep.
The main advantage of such test rig is the possibility to control the device in force and in
displacement by computer. Moreover compressive load can also be applied which leads to higher
possibilities of test. Therefore electromechanical test rig allows testing concrete in tension or in
compression for creep or relaxation test. The main drawback for early age study of cement based
material is the time when the test can start. Indeed, before testing several steps are needed for the
preparation of the sample. These preparations can only start when the specimen has developed a
suitable strength in order to not damage it. A solution to this issue is the use of a TSTM device which
allows testing cement based materials since setting. However, the realization of a TSTM test
represents a heavy experimental work and is high time consuming for the preparation of the test.
Moreover when concrete is casted in the TSTM, no other test can be realized during this period. For
that reason, TSTM test should be limited for very early age test. A synthetic comparison of the three
tensile creep devices is presented in Table 4.

Table 4 — Comparison between existing tensile creep rig

Capacity of the device Test rig with lever arm | Electromechanical test rig TSTM
Tension Y Y %
Compression X % %
Start of the test After 1 day After 1 day setting
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Thermal regulation X X v
Relaxation test X % v
Control in
Force generally manual % v
Displacement X v v

For the study of the coupling between tensile creep and damage, creep bending test has been used by
several authors. Two configurations of bending test has been generally used: 3 points bending test
[67,68] and 4 points bending test [62,63,69] (Figure 32). Creep strain can be defined by monitoring
the evolution of the vertical displacement of the beam [67,68] or by monitoring the longitudinal
displacement of the top and the bottom of the beam [62,63,69].

The monitoring of the tensile creep with bending creep test is currently questioned by several authors
[62,69]. Through results of uniaxial tensile and compressive creep tests, Tailhan, et al. [69] showed
that it is not possible to simulate numerically the bending creep behaviour of a “standard” concrete.
They explain this observation by the scale effect related to the tensile and bending behaviour.
Ranaivomanana, et al. [62,63] highlighted also a difference between the results obtained from
bending creep test and those obtained from uniaxial tensile creep test. From this observation, it seems
that the most appropriate test for the monitoring of the tensile creep is the use of an uniaxial tensile
creep rig.

Figure 32 — 4 points bending creep device at Ifsttar [69]
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4.3.2. Measurement instrumentation

Tensile creep strains of cement based materials are difficult to assess because of the following
reasons:

- The tensile strength of cement based materials is very low. Consequently the applied force in
the sample during the test is also very low as well as the displacement measured.

- The strains arising from the free deformations (autogenous and thermal strain) are in the same
order of magnitude as the tensile creep strains.

- The thermal strains of the measurement instrumentation arising from the thermal variation of
the ambient air are in the same order of magnitude as the tensile creep strains.

Therefore, the measurement instrumentation must be:

- an instrumentation with a very high accuracy;

- identical for the dummy specimen;

- composed of material with very low coefficient of thermal expansion;
- inanenvironment with a very stable temperature.

Several types of instrumentation are used in the literature for the determination of the tensile creep
strain. The main instrumentations are based on:

- internal measurement;

- sensor fixed directly on the sample;

- element anchored in the sample during the casting;
- external extensometer.

An internal measurement (gauge with vibrating wire for example) of the displacement has two
disadvantages. The presence of the sensor can cause artifact in the measurement [65]. Only one gauge
is placed in the sample which leads to a lack of knowledge about the eccentricity of the load.

The fixation of sensors directly on the sample is the easiest way to measure the displacement of a
sample. The instrumentation is generally composed of a square glued in one end of the sample and
which supports a longitudinal rod. In the other end of the sample, the sensor is fixed on another square
which is also glued to the sample (Figure 33). This method allows performing tests on several base
length of the displacement measurement (between few centimeters till several dozen of centimeters).
This instrumentation has the following disadvantages:

- The good implementation of the instrumentation on the sample is time consuming and
requires good precision from the user;

- The different elements of the instrumentation can have different coefficient of thermal
expansion which makes difficult the removal of the thermal strain of the instrumentation and
introduces error in the measurement.

- The fixation of the square is difficult on hardening concrete.

- This instrumentation alone is not able to measure transversal displacement.

98362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



Figure 33 — Instrumentation based on the fixation of the sensor on the sample, left to right: [66,70,71].

For measurement at very early age, it is possible to anchor elements such as rod or metal insert. These
pieces allow monitoring the relative displacement of the sample between two points or more. For that,
a rod is fixed to a first anchored element and a sensor is fixed to a second anchored element for the
measurement of the relative displacement between the two anchored elements (Figure 34). Another
possibility uses an external support on which two displacement sensors are fixed to monitor the
displacement of two anchored elements (Figure 35 and Figure 36). The main drawback of this
instrumentation is the local damage which can occur around the anchored element when working at
high stress level (Figure 34) [72] or when repeated loading are applied to the sample due to fatigue
phenomenon at the interface between the element anchored and the cement based material.

13¢cm

Plot
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50 cm

Support du
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Capteur LVDT

Figure 34 — Instrumentation with insert anchored in the sample and bearing a rod or a displacement
sensor [72]
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Figure 35 — Instrumentation with rod anchored on the sample and external support bearing the
displacement sensors [71]
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Figure 36 - Instrumentation with rod crossing the sample and external support bearing the
displacement sensors [73]

Several extensometers exist in the literature. The most common extensometer for cylinder is
composed of two rings fixed with screws placed at 120°. The space between both rings represents the
base length for the displacement measurement. Generally, three displacement sensors are used to
define the relative displacement. The main advantages of this instrumentation are:

- the easy implementation of the extensometer;
- test can start several hours after setting;
- the eccentricity of the load is measured.

And the main disadvantages of this instrumentation are [74]:
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- the stiffness of the rings is very high and consequently that induces perturbation of the
measurement due to interference fit for small deformation. This phenomenon occurs also for
high deformation (close to the failure).

- When repeated loading are applied to the sample, the screws penetrate in the sample during
the increase of the load. When the load is decreased, a backlash is created between the sample
and the screw. Therefore the ring is not anymore correctly linked to the sample. This
phenomenon increases when new loadings are applied.

- As the stiffness of the ring and the screw is very high, the lateral displacement of the sample
is partially restrained and the screw sinks partially into the sample. Consequently, this kind of
extensometer is not able to correctly measure the lateral displacement.

These problems can be resolved by using elastic anchorages [74]. This kind of anchorage can keep a
nearly constant load between the anchorage and the sample when an external load is applied. This
connection is carried out with elastic blade (Figure 37c, mark 1) which induces no backlash. The
constant holding force on the sample is obtained with an additional spring (Figure 37c, mark 2).
Moreover, displacement sensors can be added on one ring for the measurement of the lateral
displacement. Here no artifact occurs in the measurement of the lateral displacement. The company
J2P instrument built such anchorage. The extensometer built by this company has one main drawback
coming from the material used. The extensometer is composed of aluminum. This material has a
significant coefficient of thermal expansion of 24 um/m/°C. For creep testing, such value of the CTE
is unacceptable.
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Figure 37 — Extensometer from J2P company allowing the measurement of the longitudinal and
lateral displacement by using elastic anchorage

A synthetic comparison of the different sort of instrumentation for uniaxial tensile creep test is

presented in Table 5.

Table 5 — Comparison between different sort of instrumentation for uniaxial tensile creep test.

System with glued
elements

System with
anchored elements

Extensometer  with

elastic anchorage

Implementation

Difficult at early age

Base length From few centimeters | From 20 cm till 75 cm From 10a 20 cm
till +/- 40 cm
Start of the test After an age of 24 Setting of the concrete | Few hours after setting
hours
Thermal dilation of | Several elementwith | OK if elementin Invar | Element in aluminum

the instrumentation

different CTE

with a strong CTE
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Lateral measurement X X Y

High stress level X X \

Repeated loading X X v

Other kinds of instrumentation are under development such as the image correlation method.
Currently the resolution of this method is too low for tensile creep test. However very interesting
results [75] about stable crack propagation control shows very nice perspectives in the frame of the
characterization of the coupling between tensile creep and damage.

3.3.3. Connection between the sample and the test rig

Several methods aimed at fixing a concrete sample to a test rig exists [76]:

- fixation with lateral friction;

- anchorage of metallic bar at the extremity of the sample placed during the casing;
- use of sample with a dog bone shape;

- bonding.

Figure 38 presents the three first sorts of connection. The mechanical difference associated to these
fixations is related to the stress state in the material when a tension load is applied. Fixation with
lateral friction leads to high stress concentration where the friction occurs. The use of anchorage bars
placed during the casting of the sample decrease the stress concentration. In that case main stress
concentration occurs where the anchorage bars are placed. The use of a dog bone shape allows a
better distribution of the stress along the section. However three methods present significant
perturbation of the stress state at the fixation zone. When working at high stress level this perturbation
causes a faster failure of the sample.
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Figure 38 — fixation method between the sample and the test rig and associated stress state. Left to
right: fixation with lateral friction, anchorage of metallic bar at the extremity of the sample placed
during the casing and use of sample with a dog bone shape [76].

Figure 39 presents two types of fixation using bonding. Bonding has the advantage to reduce the
stress concentration at the fixation zone. From finite element analysis, Zheng, et al.[76] recommend to
use two dollies connected mechanically to reduce the stress perturbation at the bonding zone. Another
parameter allowing a reduction of these stress perturbations is the height of the dolly on which the
specimen is bonded and the stiffness of the dolly.

A— —A
L—A— \
tensile stress in A-A tensile stress in A-A

Figure 39 — fixation method between the sample and the test rig and associated stress state. Left to
right: bonding using one dolly and bonding with two dollies mechanically connected [76].

4.3.4. Supplementary instrumentations

Tensile creep rigs can be composed of other instrumentations. For the study of the coupling between
tensile creep and damage, acoustic emission [77,78] can be used to quantify and analysis the evolution
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of damage when the load is applied and also when the load is kept constant. Another interesting
method for the monitoring of damage during a tensile creep test is the ultrasound method. Sensor can
be placed at the extremities of the sample [73] or can be embedded inside the sample [79].

4.3.5. Tensile creep rig developed at ULB

Through the different comparison carried out in this section, it was decided to use the TSTM device
for test occurring at very early age (<24h00) and two electromechanical testing devices for testing
tensile creep on early age concrete (>24h00) and hardened concrete. The TSTM device is already
described in section 2 of this chapter.

For the electromechanical testing device, the following choices are done:

- Dimension of the sample: For good comparison with compressive creep test and practical
reasons, cylindrical specimen with the same diameter of 97 mm is used. The height of the
sample is defined according to two parameters: the base length for the measurement of the
displacement and the preparation of the sample. The base length must be higher as possible in
order to measure significant displacement. The preparation of the sample is done in several
steps among which the grinding of the sample. Generally grinding machines are designed for
sample with a maximal height of 400 mm. For this study, an extension of this maximal height
was asked. Also during the several steps of preparation of the sample, the experimental
testing worker needs to easily transport and work on the sample. Therefore, the weigth and
height of the sample must be minimized. A good compromise is reached with a height of 550
mm.

- The dummy specimen: The dummy specimen must be placed exactly in the same
environmental condition that the loaded specimen. For that reason, the dummy specimen is
placed close to the loaded specimen. The dimensions of the dummy specimen are exactly the
same as those of the loaded specimen. Exactly the same instrumentation is used for the loaded
and the dummy specimen.

- Climatic room: In order to reduce as far as possible the thermal perturbation coming from the
ambient air, the whole test rig is placed in a climatic room at 20 +/- 1°C.

- Testing rig: A Walter+Bay LFMZ 100 kN electromechanical testing setup is used for this
study. The test rig can be used for tensile and compressive test.

- Instrumentation: A J2P extensometer in Invar© including three anchorages with elastic blades
was specifically designed. The base length for the measurement of the longitudinal
displacement is 350 mm. Longitudinal displacement sensors are placed at 120°. Lateral
displacement are also measured with this extensometer and placed at 120° on the bottom ring.
The extensometer is placed in the central part of the specimen where the stress field is
assumed to be homogenous.

- Displacement sensor: Longitudinal Solartron© sensors have a stroke of 0.5 mm, an accuracy
of +/- 0.5 um and are analogical. A conditioning signal system is used for the longitudinal
sensors. The lateral Solartron© sensors have a stroke of 0.5 mm, an accuracy of +/- 0.01 um
and are numerical.

- Temperature sensor: In order to correctly consider the impact of the thermal variation on the
hydration process, a thermocouple type T is placed in the center of the dummy specimen. A
PT100 sensor is used for the monitoring of the ambient air in the room. Both sensors are
linked to the Solartron© network.

105|362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



- Control: The electromechanical testing setup is totally programmable and controlled (force
and displacement of each sensor) by computer with the software DionPro. The longitudinal
sensor can directly control the device. For relaxation test, the testing setup was designed in
order to be controlled by the subtraction of the longitudinal displacement of the loaded and
dummy specimen.

- Fixation of the sample: In tension the sample is linked to the test rig by bonding the specimen
to a dolly at both extremities. Each dolly is linked to the test rig with a hinge. 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.

Such test rig, allow performing the following tests:

- direct tensile strength test;

- tensile and compressive creep test;

- tensile and compressive relaxation test;

- test with several variation of loading;

- repeated minute-long loading test (see section 5 of this chapter);
- restrained shrinkage test for concrete after an age of 24 hours.

The general scheme of operation of the new tensile creep rigs developed at ULB is presented in
Figure 40. lllustrations of the test rig and it components are presented in Figure 41.
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Figure 40 - General scheme of the new tensile creep rigs designed (laboratory of Civil Engineering,
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Figure 41 — Tensile creep test rig. Left to right: dummy specimen — top rig composed by 3 anchorages
with elastic blade and 3 longitudinal sensors — general view.

The adaptation of the device for test in compression is presented in Figure 42.
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Figure 42 - Testing setup for the monitoring of the viscoelastic properties in compression (laboratory
of Civil Engineering, BATir, ULB).

After casting, all specimens are placed in an air-conditioning chamber at 20°C and a relative humidity
of 90%. Then 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. When test occurs at very
early age in compression, a small layer of sieved concrete (+/- 1cm) is placed on the top of the sample
in order to avoid any problem of pullout of the aggregate during the grinding. When test occurs in
tension, the sample is bonded to two dollies after grinding with the 2-component fast curing adhesive

X60 of HBM. The different steps of the sample preparation are presented in Figure 43.
- |

(@) (b) (© (d) (e) ()
Figure 43 — Steps of the sample preparation. (a) Casting of the sample — (b) Glue is put at each
extremity of the sample with the dollies and are placed in a rig which applied a small load on the glue
during its hardening — (c) and (d) the extensometer is placed on the sample — (e) The hinges are
connected to the dollies and the specimen is placed on the test rig — (f) An identical extensometer is
placed on the dummy specimen.

108|362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



SECTION 4.4 - HOW TO MONITOR THE MODULUS OF
ELASTICITY OF CONCRETE, AUTOMATICALLY SINCE THE
EARLIEST AGE?

This chapter is based on the joint publication of Claude Boulay, Stéphanie Staquet, Brice Delsaute,
Jérbme Carette, Michela Crespini, Oumaya Yazoghli-Marzouk, Erick Merliot and Sandrine Ramanich
entitled: “How to monitor the modulus of elasticity of concrete, automatically since the earliest age?”
published in Materials and Structures, 47 (2014), 141-155. The contribution of Brice Delsaute was
the development of the new test protocol used with the TSTM and the realization of the test
performed with the TSTM and FreshCon.

It is generally accepted that, just after the casting of a concrete, a first period exists during which the
material can be transported and cast into a mould where it can be vibrated and where it can flow to fill
the mould (period of workability). Just after casting, the aggregates can move slowly under the effect
of the gravity and, eventually, a bleeding can appear. Cracking is then possible under the effects of
these movements, especially when reinforcement bars are present. A second period, or period of the
setting, commonly defined after the results of penetration tests on cement pastes or mortars,
corresponds to a progressive coalescence of a continuous path of hydrates. At the beginning of this
period, the concrete stiffness is almost inexistent while, at the end of this period (to), the concrete
starts to stiffen [80]. In a third period, after t,, stiffness, thermal and autogenous deformations change
rapidly so that risks of cracking become critical, especially when deformations are restrained. It is
then considered that the material behaves like a solid. For the sake of predictions of structural
behaviours, measurements of these parameters at early age are of a great interest [81,82].

This section presents new methodologies to monitor the hardening process of a concrete and more
specifically the elastic modulus. Tests are performed on three different devices using a different test
protocol are used and are compared. At ULB, the TSTM device is used. At Ifsttar, a new apparatus
has been designed specifically the determination of t, and the monitoring of the sample stiffness for
concrete. The device is called hereafter BTJASPE (French acronym for “BéTon au Jeune Age, Suivi
de la Prise et du module d’Elasticité”). Both results are compared to classical tests which use
unconfined samples removed from their cardboard moulds just after the final setting. These last
experiments are considered as a reference to validate the new testing device. The Young’s modulus
can then be monitored during the first few hours and days with these two methods. Indeed, the
reference tests could be performed without the need of a new testing device but they are really
difficult to perform especially when samples are removed from their mould (brittleness of the sample)
and when an extensometer has to be fixed on them. That’s why the BTJASPE has been designed.

For each apparatus, the methodology consist in applying repeated loadings in compression, soon after
the casting (BTJASPE) or the setting (TSTM and unconfined sample) of a concrete sample. The
sample is kept at a constant temperature during the test.

Finally, complementary experiments gave i) the compressive and tensile strengths (f.(t) & fi(t))
evolutions from the concrete setting until several weeks; ii) the heat released (q(t)) by the cement
hydration and, iii) the ultrasonic pulse velocity (UPV) of compression waves (p-waves).

This section was realized in collaboration with Claude Boulay who has developed the BTJASPE and
has performed the whole tests carried out at IFSTTAR (slump test, semi-adiabatic calorimetry,
splitting tensile strength, compressive strength, BTPULS, BTJASPE and tests on unconfined sample).
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4.4.1. Tests setups

» Material

The tests presented here were performed on the ordinary concrete for which the composition is
presented in chapter 3. The slump is equal to 6.5 cm. An amount of 15 batches were made to cover the
entire early age characterization (classical tests and automatic loadings) in both laboratories.
Compressive test were performed on cylinders capped with sulphur mortar (d11 cm x 22 cm and @
16 cm x 32 cm). Ultrasonic pulse velocities were measured on cylinders (@11 cm x 19.5 cm for
BTPULS) and U-shaped samples (concrete volume equal to 450 cm3 for FreshCon).

For the sake of the maturity calculations, the heat released by the hydration of the cement has been
measured in a semi adiabatic calorimeter for concretes [83,84]. Two tests were performed at two
initial temperatures in order to obtain the activation energy (see below).

» Ultrasonic pulse velocity

The ultrasonic measurements were performed with BTPULS and FreshCon devices. Results obtained
with these two equipments have already been compared [85] and they were in good agreement.
BTPULS is a prototype designed in the 90’s at IFSTTAR which provides three independent channels.
Each channel is equipped with a pair of piezoelectric transmitter-receivers working with p-waves
[86,87]. FreshCon has been developed more recently at the University of Stuttgart and allows p- or s-
waves transmission time and frequency measurements through the sample [88].

» Strength measurements in compression and tension

Compressive and tensile tests were performed according to the European standards [89-93].
Specimens were cylinders, capped with a sulphur mortar. They were cured inside their mould for the
early age determinations and cured at 20 °C in aluminium auto adhesive tapes for long term
determinations.

» Stiffness monitoring with BTJASPE (confined specimens)

It is assumed that the results of the tests performed on unconfined samples are reference values for the
Young’s modulus. Such tests are reliable but at very early age, they are performed on very low
strength samples and the operator has to be present when the concrete setting occurs. At this moment,
the specimen must be handled very carefully just before starting the automatic loadings. A remaining
problem for this type of sample is the fact that, due to the hydration process, the sample temperature
does not remain constant during the test. It means that, comparisons between different concretes are
not easy.
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Figure 44 — BTJASPE. (a) Mould — (b) float, 3 LVDT’s and double wall — (¢) Upper bearing —
(d) lower bearing and clamping devices.

A solution is provided by the equipment presented here. It has been designed in order to apply a
testing procedure soon after the casting. Cyclic loadings in compression are applied every 10 to 60
minutes on a sample confined in a cylindrical stainless steel mould. The sample remains in the mould
all along the testing and a circulation of water around the mould allows keeping the temperature
constant. The mould (Figure 44a) is 100 mm in internal diameter, 102 mm in external diameter (1 mm
in thickness) and 254 mm in height. It is fixed to a base (Figure 44b) together with three columns
placed at 120 °. A thermocouple, passing through a hole centred at the base of the mould and sealed
with a silicon elastomer, is embedded in the concrete after casting. The thermocouple measures the
temperature at the centre of the sample. When the concrete has been poured inside the mould and
levelled at about 200 mm from the base, an upper bearing plate (Figure 44c and Figure 45), called the
“piston”, is then placed on the solid phase of the fresh concrete. It is guided inside the remaining
upper part of the mould. An application of grease inside the mould, before casting, is enough to avoid
any movement of water and fine particles through the space between the inner walls of the mould and
the piston. Holes, through the lower part of the piston (Figure 45), allow the bleed water to pass
through so that the piston is always in contact with the solid phase of the concrete.

Through these holes, the amount of drying is negligible so that the autogenous conditions are
preserved. The pressure exerted by the mass of the piston (1.92 kg) on the bearing surface (7.8 107
m?2) leads to a negligible dry-out of the sample. Indeed, considering a hydrostatic pressure, the effect
is similar to a depth of concrete equal to about 0.1 m. In order to avoid a sticking of the piston on the
sample, a layer of oil, as thin as possible, is applied under its lower face. At mid height of the piston, a
ring participates to the guidance. Three arms supporting three LVDTs are fixed at the upper part of
the piston. The mean displacement measured by these LVDTSs, between the piston and the three
columns, is used as a control variable for the loading.
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An upper bearing plate is fixed under the upper crosshead of the machine (Figure 44d and Figure 46).
It is able to detect finely the contact with the sample, at the beginning of the loading cycles. Inside this
conical bearing plate is located a small shouldered rod (spherical at the tip), acting like a piston,
pushed downward by a spring. The position of this rod is measured by a displacement transducer. As
a consequence, the contact with the sample can be detected, always at the same fixed position of this
transducer, with a greater accuracy than with the testing machine load cell.

The hydraulic jack, located at the lower part of the machine, is actuated by oil under pressure. The
heat flow coming from the oil (operating temperature: 50 °C) is evacuated by a circulation of water
around the lower bearing plate (Figure 44d). The temperature of this bearing is controlled at 20 °C via
the measurement of a platinum probe, embedded in the bearing, just under the sample.

Cyclic loadings are applied by a servo-controlled testing machine. Indeed, the process used with this
equipment is as follow: for every cycle of loading, the piston of the jack moves up controlled with the
piston displacement. The upper conical bearing detects the contact, and then the control is changed to
the mean displacement measured by the 3 Linear Variable Differential Transformers (LVDTSs) around
the sample. A chosen displacement (the same for each cycle) is imposed, finally the sample is
unloaded and the piston returns to its stand-by position (no contact with the sample). The load, the
mean displacement of the 3 LVDTs and the temperature are recorded. This process can be manual but
an automation of the cycles gives a real benefit.

The modulus of elasticity can be determined, for each loading cycle. The measurement of the mean
value of the three displacements around the sample includes the deformations of the bearings and the
effects of the mould reinforcement. In order to obtain the concrete modulus of elasticity, without bias,
it is necessary to use complementary calculations to “extract” the sample deformation from the
measurements. In this purpose, a finite element calculation has been performed, at the end of the
design process (Figure 47). 3D elastic calculations were made for a series of increasing E-modulus
values of the concrete sample. For each calculation, the stiffness of the sample is determined. This
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stiffness is the slope of the curve load / displacement. An adjustment of a 2™ degree polynomial is
applied to all pairs stiffness / E-modulus (Figure 48).
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Figure 47 — Meshing used for the Figure 48 — Relation between the resulting stiffness and the E-
numeric computations modulus of concrete obtained by the numeric computation.

For each experimental cycle, the stiffness is the result of the measurements and the E-modulus can be
determined with the function of the Figure 48. It was assumed, for finite elements calculations, a
Poisson’s ratio remaining constant (0.2) during the hardening process but this hypothesis has to be
experimentally verified.

» Stiffness monitoring (unconfined specimens)

Results obtained with this last new procedure have been verified with measurements carried out on
samples removed from their cardboard mould (@ 112 mm x 220 mm in height) just after the setting
time. The loading protocol is identical to that applied on confined samples.

For these reference tests, the mould is equipped with a thermocouple placed in the core. After the
concrete is poured, the top of the mould is covered with cling film to prevent drying during the
dormant period. Together with this sample, another sample is cast for UPV measurements. When the
setting time is detected by the UPV measurements, the sample is removed from its mould and capped
with a sulphur mortar according to EN 12390-3, after being wrapped in an aluminium self-adhesive
film in order to avoid desiccation. It is then equipped with an extensometer (Figure 49) whose base
length is 130 mm. This extensometer [74] is constituted by two rings made of aluminium alloy. Three
cone-point rods are in contact with the sample on each ring. Each rod is guided by elastic blades and
pushed toward the sample by a spring which exerts a constant load of about 0.2 KN. Three LVDTs at
120° from each other’s measure the relative displacement between the rings. The mean displacement
divided by the base length gives the deformation. Resolution and accuracy are equivalent to classical
strain gauges. The same protocol of loading and the same upper and lower bearings than for the
confined samples are used.
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Figure 49 — The sample is between the bearing plates of the testing machine. An extensometer
provides longitudinal and transversal deformations [74].

» Stiffness monitoring with the TSTM device

The process used with this equipment is as follow: for every cycle of loading, the piston of the jack
moves, controlled with its displacement. The sample is then unloaded and the piston returns to a null
force. Recordings are taken during the cycles. The Young’s modulus is the result obtained for each
loading cycle. In this test setup, the deformations in the span are not restrained (friction is supposed to
be null with PTFE and plastic film). Results can be directly used to compute the Young’s modulus.

4.4.2. Results and discussions

» Expression of the results in equivalent time

For all the tests performed during this experimental campaign, temperature histories can be different
from each other. That is why it has been chosen expressing the results in an equivalent time scale (teq)
[94-96].

For such an objective, the activation energy of the hydration reaction must be known. This
determination was obtained with two calorimeters testing, performed at two different initial
temperatures, thus providing two different temperature histories. The activation energy can then be
adjusted in a calculation of the equivalent time of each sample in order to superimpose the two curves
of heat release. For our concrete, a value of 32.2 kJ mol™ allows superimposing the curves of the heat
released over a period of 4 weeks.

All the tests performed at a constant temperature, different from the reference temperature, can be
expressed in equivalent time at this reference temperature. Our tests performed on unconfined
samples can also be expressed in equivalent time assuming that the temperature has been recorded.
For the tests realised at the reference temperature, the equivalent time is equal to the real time.
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» Relations between the Young’s moduli, the strengths in compression and in tension

Knowledge of the elastic properties and strengths in compression and in tension was required in order
to properly master the different protocols of loadings applied as well on BTJASPE as TSTM. That is
why compression, splitting and E-modulus tests were performed at early age (0.36, 0.47, 0.79, 0.97,
1.16 and 3.23) on 11x22 cm? cylinders (3 samples at a time) capped with sulphur mortar whereas
compression, splitting and E-modulus tests were performed on 16x32 cm?2 cylinders (3 samples at a
time) at 7, 14, 28, 46 and 90 days. For each batch, a monitoring of a sample’s temperature at early age
was performed, in order to determine the equivalent time. Results are reported in the Table 6.

Table 6 — Mechanical properties (mean values of 3 samples).

Equivalent | Compressive | Standard Tensile Standard E-modulus Standard

age strength deviation strength deviation deviation
(days) (MPa) (MPa) (MPa) (MPa) (GPa) (GPa)
0.36 0.61 0.02 0.053 0.006 2,72 0.02
0.47 1.52 0.09 0.163 0.012 7,32 0.06
0.79 8.42 0.21 0.850 0.017 18,76 0.15
0.97 11.77 0.19 1.100 0.092 22,86 0.19
1.16 14.40 0.14 1.508 0.148 26,14 0.22
3.23 27.41 0.82 2.677 0.049 N/A 0.30
7.23 31.45 1.13 2.796 0.305 36,41 N/A
14.23 35.20 1.68 N/A N/A 37,43 0.32
28.23 39.31 2.86 N/A N/A 39,66 0.34
46.23 44,13 1.87 3.448 0.521 N/A N/A
90.23 44.40 1.81 N/A N/A 39,62 0.35

Time scale in equivalent age (T.s= 20 °C)

In addition, it was also necessary to have models of the evolution of the mechanical properties in
order to compute the loads applied to the samples at any age without risk of cracking. For our
application, the Eurocode2 models (Part 1-1 - § 3.1) were not enough accurate between the setting
time and one day. So, other models, proposed here, were applied taking the same notations than those
used in Eurocode?.
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Figure 50 — Compressive strength function of the Figure 51 — Splitting tensile strength.

equivalent age.

Concerning the evolution of the compressive strength, [97] proposed a model assuming a null strength
before t,. This model is accurate but does not describe very finely the period around the setting. That
is why an S shape model [98], more accurate in this zone, has been chosen (Figure 50):

d
fon(t) = ab+—Cth 3
b+ teq

Where: f;m(t) is the compressive strength in MPa, te, is the equivalent time in days, a = -83.9 MPa, b =
0.56, ¢ = 65.5 MPa and d = 0.3. In a similar way, the tensile strengths are well described by the
following exponential model (Figure 51):

fei,sp = a €Xxp (-i)—b 4

Teq

Where, for this concrete, fe s, is the tensile strength (splitting test) , t.q is the equivalent time in days, a
= 3.5 MPa, b = 0.13 MPa. Finally, two relations based on [98]: E / ., and f. / f., are proposed (Figure
52):

E— C'fcmdl 5
b'+fem
n d“
£ c'' fem : 6
b''+fem
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Where E is the Young’s modulus, ¢’ = 75000 MPa, d’= 0.75, b’=14.3 MPa, ¢”’=5MPa,d”’=1.5
and b”’ = 135 MPa.
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Figure 52 — Relations fcj / E-modulus and Figure 53 — UPV measurements with two types of
fej / ftj. apparatus.

» Monitoring of the UPV

The Figure 53 gives the 4 curves obtained with BTPULS and the recordings made by FreshCon.
Results are in good agreement. FreshCon results indicate, according to [99], an initial and a final
setting time respectively equal to 5.2 and 6.4 h. The initial setting time corresponds to the inflexion
point of the curve UPV / age. This inflexion point can be found accurately on the derivative of the
curve. A noise reduction process is adopted. In a first step, the UPV / age curve is fitted by a logistic
function [100] having an “S” shape. The derivative doesn’t present any noise. The peak of this
derivative corresponds to the initial setting. The final setting corresponds to the time when the value
of the derivative has decreased down to 80 % of the peak.

BTPULS results indicate, with less accuracy and with same criterions, an initial setting time, in
function of the batch, ranging from 4.9 to 5.2 h and a final setting time included between 6.4 and 7.1
h.

» Monitoring the evolution of the E-modulus in compression with BTJASPE

Four samples of the same mix design were cast successively (at months of intervals), in the steel
mould and four unconfined samples were cast and tested after their setting.

The loading protocols are similar. Measurements on confined samples start soon after the casting
while they start after the setting for the others. The temperature of confined samples is set to 20 °C.
The temperature recorded in the core of the specimen shows a flat response (Figure 54) indicating a
perfect control due to the use of a metallic mould with good heat transfer properties. The temperature
of the unconfined sample exhibits a peak due to the hydration reaction. As the temperature is not
constant, results have to be expressed in equivalent age.
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Figure 54 — Temperatures recorded in the core of  Figure 55 — Mean displacement around 2 samples
the confined and unconfined samples. tested in the steel mould. Cycles with 20 um
amplitude are visible.

In the dormant period, the base line of the displacements measured around the confined sample
(Figure 55) shows clearly the effects of the gravity which compact the solid particles. This
displacement corresponds to air bubbles and water going up. It can be observed that changes in the
displacement rate of the base line occur between 3 and 8 hours. Before this period, displacements are
counted in hundreds of um while after they are counted in micrometers.

Applying a mean displacement around the sample (the same value for each cycle) induce an
increasing of the load as the E-modulus of the concrete develops (Figure 56 and Figure 58) from one
cycle to the other.

For each test in confined conditions, the stiffness (slope of the Load / Displacement curve) of the
sample is computed for each cycle (Figure 57) from the set of recordings and entered in the functions
of the Figure 48 in order to monitor the evolution of the Young’s modulus.

For the unconfined samples, a stress / strain curve is directly obtained for each cycle (Figure 59). The
E-modulus is the slope of this curve. It can be observed that, regardless of the cycle, the linearity of
these graphs is always excellent. Thus, the question of the choice between a secant modulus of
elasticity and a tangent modulus of elasticity does not appear.
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Figure 56 — As the stiffness of the sample Figure 57 — During each cycle, the displacement
increases, the maximum load increases under the is controlled. The rate is 1 um/s. 16 um are
effect of the imposed constant displacement. For imposed for each cycle for the samples of the
confined samples, loadings start just after casting. batches 1 to 3 and 70 um for the others. On

confined sample, an experimental stiffness is
calculated for each cycle.

Results obtained with BTJASPE (at a constant temperature) are compared, at the Figure 63, to the
results of the reference samples (whose temperature was not constant) after having expressed their
data in equivalent time (Activation energy Ea = 32.2 kJ mol-1, T, = 20.3 °C).
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Figure 58 — For unconfined samples, the cycles Figure 59 — For unconfined samples, a
start after the setting. stress / strain curve is obtained for each cycle.

The slope represents the E-modulus.

» Monitoring the evolution of the E-modulus, with the TSTM

One sample was cast in the TSTM device for the measurement of the evolution of the E-modulus.
Measurements on the sample start soon after the setting. The temperature of the sample is controlled
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at 20 °C. Except a little peak of 1 °C, the temperature recorded in the core of the specimen shows a
flat response (Figure 60) which indicates a very good control due to the use of an aluminium mould
with good heat transfer properties. Each loading is controlled based on force measurements. In order
to avoid any damage on the sample, it was chosen to apply a constant stress / strength ratio equal to
20 %, assuming an elastic zone in the range 0 to 40 %. The resulting effect on the maximum strain for
each cycle is given in Figure 61. The Figure 62 shows the evolution of the slope of the strain / stress
curve of a typical cycle. A slight non linearity can be observed so it was chosen to remove the non
linear part of the curve (slope calculated between 30% and 80% of the maximum load reached in the
cycle).
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Figure 60 — Evolution of the temperature in the sample

» Comparison between the three methods

Figure 63 shows that the E-modulus evolutions of confined and unconfined samples are in good
agreement. It means that the computations of confined samples give a realistic image (comparison
with the reference unconfined samples) of the combination of the sample, the mould and the bearings.
The differences observed here could be attributed to the concrete properties for the different batches
that were mixed within a period of 12 months and different mixing techniques were used. The setting
times gauged by UPV shows such discrepancies. It seems that the influence of the Poisson ratio used
for the finite element calculations doesn’t have a significant influence on the result. More
investigations are needed.

Despite their slight discrepancies, the curves of the 8 tests performed on confined and unconfined
specimens are grouped during the period of the setting (not represented). The E-modulus of all the
tests starts to increase at about 5.6 h. This setting time is also detected at a similar time by UPV
monitoring. According to the criterion indicated by [99] (decreasing at 80% of the peak of the
derivative of the UPV / time curve), the final setting time is 6.4 h.

As expected, after the UPV results obtained by [85,88], recordings of the Figure 53, doesn’t show a
clear event indicating the end of the setting except the beginning of a linear part of the curve. For all
the tests, this part starts when the value of the E-modulus crosses the 3 GPa line. It has been observed
that such a value correspond to an UPV ranging from 2800 to 3000 m/s [101]. Such a value is also
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reported by [102] as the value corresponding to the final setting given by penetration tests according
to ASTM C403 procedure [103]. For the bunch of our samples, it leads to setting times ranging from
8.2 to 9.6 h. This setting process covers a period between 5.7 to 9.6 h for all the batches. For
individual samples it covers about 2 hours. At 9.6 h the E-modulus for all the samples ranges from 3
to 6 GPa. Concerning the unconfined samples, they were handled quite safely after 7.5 h. It was then
possible to remove the cardboard mould without breaking the sample but with infinite cares. The pin
points of the extensometer entered the concrete easily. Nevertheless, the rings were correctly fixed.
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Figure 61 — Evolution of the maximum strain for Figure 62 — Strain / stress curve during one cycle
each cycle

The Figure 63 shows also the E-modulus evolution for one sample in the TSTM device. The general
shape of the curve is similar to the other two despite a small gap at the beginning of the evolution of
the stiffness. This point must be highlighted: indeed, the tests were performed by several operators,
with different mixing techniques, three different testing setups, two different loading protocols and at
different times. The components and the mix design of the concrete were the only similar things.
Nevertheless, more testing are needed.
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Figure 63 — Comparison of the evolutions of three technigques
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SECTION 4.5-TESTING CONCRETE E-MODULUS AT VERY EARLY
AGES THROUGH SEVERAL TECHNIQUES: AN INTER-
LABORATORY COMPARISON

This chapter is based on the joint publication of Brice Delsaute, Claude Boulay, José Granja, Jérdme
Carette, Miguel Azenha, Cédric Dumoulin, Grégoris Karaiskos, Arnaud Deraemaeker and Stéphanie
Staquet entitled “Testing concrete E-modulus at very early ages through several techniques: an inter-
laboratory comparison” published in Strain Journal, volume 52, issue 2, April 2016, 91-109. Results
from the BTJASPE and BTPULS were provided by Claude Boulay (Ifsttar), results from EMM-ARM
were provided by José Granja and Miguel Azenha (UMinho) and results from the Smart Aggregate
were provided by Cédric Dumoulin, Grégoris Karaiskos and Arnaud Deraemaeker at ULB.

The design of concrete structures is based on calculation rules, which often do not take into account
the very early age behaviour of the material. However, during this period, structural concrete is
subjected to strains due to the hydration process of cement. If these strains are restrained by concrete
itself or surrounding boundaries, stresses start to build up that can lead to the formation of cracks.
Among the parameters involved in the stress build up, the stiffness evolution is of major importance.
This section reports the use of eight different techniques aimed at stiffness evolution assessment,
applied on the same concrete mix, in a round robin experimental test within three laboratories.

Eight different techniques have been implemented in the three laboratories. They can, a priori, be
sorted in three classes, according to their respective ranges of loading rates. There are four techniques
of quasi-static loadings (QSy: classical extensometry (all three labs); QS;: automated loading with
BTJASPE (IFSTTAR), QS,: automated loading using QS; protocol (IFSTTAR), QSs: automated
loading with a TSTM (ULB)); one technique of resonant frequency loadings (RF: EMM-ARM testing
technique (UMinho)) and three techniques of high frequency loadings (HFi: classical UPV
measurements with FreshCon (ULB), HF,: classical UPV measurements with BTPULS (IFSTTAR) ,
HF;: smart aggregates (ULB)). These different protocols were applied without necessarily controlling
the temperature history of the specimens in the same way, often due to practical limitations associated
to the test setups and the size of specimens themselves. That is why observations are compared after
having expressed results at the same concrete maturity using the equivalent time method [104]. These
techniques scan a wide variety of ways for monitoring the E-modulus of concrete since the earliest
age. They are suitable for both industrial and research applications. In the following lines, device not
yet presented will be described into details. It will be followed by the analysis of the results organized
in three parts: firstly, a comparison between the results obtained with the low frequency testing
methods (QS;, QS,, QS;, RF) with a discussion on the effect of the stress amplitude and the stress-
rate on the results obtained with the low frequency testing methods; secondly, a discussion on the
results obtained with the high frequency testing methods only (HF,;, HF,, HF;) and thirdly, a
discussion on the relation between the results obtained with the low frequency testing methods and the
high frequency testing methods.

4.5.1. Specimen preparation and Material Characterization

The same material is used in the three laboratories. The mixture proportions are given in chapter 3.
Fresh concrete was mixed mechanically or manually depending on the volume of the batch (from 2
liters to approx. 40 liters). Even though these differences can lead to scattered results, no significant
effect was observed in the performed experiments on this concrete as presented in the newt part of this
section.
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The strength evolution was useful for quantifying the limits of the automatic loadings applied at early
age in order to avoid any damage of the samples. The samples were cylinders (& 110 mm x 220 mm)
or cubes (100 mm). They were cured inside adhesive aluminum tape at 20 °C, and capped with
sulphur mortar when necessary. Results are reported on Figure 64.
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Figure 64 — Compressive strength results obtained by the teams of IFSTTAR and ULB.

For the sake of these calculations, the compressive strength is modelled by the following
mathematical expression:

With: f.(t) expressed in MPa

a=38.04 MPa, b = 1.67MPa, ¢ = 24 hours

t: equivalent time since mixing (in hours)
The activation energy was determined through calorimetric testing. This parameter, associated to
temperature recordings, allowed calculations, based on Arrhenius laws, of an equivalent age (t.q) [8,

9,10] for each of our results. These calculations were performed at a fixed reference temperature equal
to 20 °C.

Table 7: Classical test setup (QSy) in the three laboratories.

Extensometer Sample Protocol of loading

Spacing (cm)  Heigth (cm)  Diameter (cm) Loading (MPa) Stress rate (MPa/s)

IFSTTAR 12 22 11 5% to 30% of f,n 0.5
uLB 12 22 11 20 % of f,n 0.2't0 0.55
U Minho 10 30 15 0.8 to 33% of f.n 0.3

The setting period corresponds to a period between the time when a needle penetrates completely a
sample of mortar or cement grout and the time when it does not penetrate anymore the sample
[103,105,106]. In field applications, the final setting time has also been identified, as mentioned by
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Sant et al. [105], like the time when the bleeding water is reabsorbed which indicates the creation of
vapour spaces in the matrix. As penetration tests do not apply specifically for concrete, the work of
Robeyst et al. [99] compared ultrasonic testing to penetration tests performed on sieved concrete by
removing the coarse aggregates. They used ultrasonic P-waves in transmission mode. The evolution
of the ultrasonic pulse velocity shows an experimental S shape and the corresponding derivative
function is calculated. The final setting was considered to occur when the value of this derivative
function decreases down to 80 % of the peak value. This last technique was applied in the present
research work. It is worth underlining that the final setting corresponds to a time when a sample can
be manipulated, but gently to avoid any rupture. Before this time, any manipulation leads to a rupture.
It is also the time when the stiffness of the material begins to increase significantly. This final setting
is, here, called ty [107]. An estimation of this time is required for starting tests just after concrete
setting.

Measurements of the modulus of elasticity were performed in the 3 laboratories and stress rates were
ranging from 0.20 to 0.55 MPa/s for the three laboratories (see Table 7 and Table 8).

Table 9 shows the results of the mean values of the quasi-static loading E modulus obtained by the
three laboratories according to the reference test set up (QSo).

Table 8: Loading rates for each device.
Loading control

Device . . Classification
(corresponding strain or stress rate)
Classical tests (QSy) 0.2 - 0.55 MPa/s
BTJASPE (QS,) 5x10° /s (0.001 to 0.2 MPa/s) Low
TSTM (QS)) i/(I)PZISf)rom 0 to 0.2 f,, (0.002 to 0.5 frequency
EMM-ARM (RF) 9-45 Hz (0.1 to 1x10°°/s")
BTPULS (HF,) 10-100 kHz High
FreshCon (HF) 10-100 kHz
frequency

Smart aggregates (HF5) 10-100 kHz
*Strain rate computed by double integration of recorded accelerations and use of analytical derivations [56] (beam theory).

As loading protocols are very similar, these results are mixed in order to obtain a single description of
the evolution of the E-modulus by these classical means as it is shown in Figure 65.
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Figure 65 — Evolution of the quasi-static E-modulus obtained with classical methods (QSg). A model
for quasi-static E-modulus is calibrated on these data.
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For the sake of the analysis of our results, the following mathematical expression is proposed (Figure
65):

E(t)=d —e.(%)f 8

Where E(t) is expressed in GPa,
t: equivalent time since mixing (in hours),
d=41.57 GPa, e =191.04 GPa, t=1hand f=0.72.

This mathematical expression has been calibrated to fit the quasi-static loading E-modulus results
obtained with the reference set up (QSy) and shown in Table 4. This model is used in Figure 65,
Figure 73, Figure 74, Figure 76, Figure 77, Figure 85 and Figure 87 as a reference curve for
comparison. This equation was already used in [98] to model the growth of bacteria populations but it
has been chosen only for its mathematical properties for the determination of the early age properties
of cement based material. This function is accepted as the reference for the comparisons between the
different methods and will thus be used recurrently in the following sections.

This kind of test does not provide an accurate estimation of to; as the first measurement could only be
made 1h and 40 minutes after a t, determined by other means (UPV, QS; or RF) presented in the next
parts of this section.

4.5.2. Description of the methods

Methods using the BTJASPE (QS;), unconfined specimen (QS;) or the TSTM (QS3) are not presented
here. Full description of these devices and their associated tests protocol are given in section 2 and 4
of this chapter.

» Quasi-static loadings

REFERENCES TESTS (QSo)

In the three laboratories, the reference tests (QS,) were performed, after the concrete setting (t), on
cylinders at different ages. For each test, strains were measured by extensometers. For the three
laboratories, the extensometers are almost similar: i.e. three transducers (LVDTs) measuring the
relative displacement between two rings fixed to the specimen, as presented on Figure 66. Prior to the
test, specimens were kept in a curing chamber at 20°C. However, the protocol of loading, size of the
specimen and extensometers used for the E-modulus determination presented some differences among
the three involved laboratories, as synthesized in Table 7 which follows the nomenclature of Figure
66. The selected testing ages associated to the results are given further in

Table 9.
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Figure 66 — Classical test setup (QSg) with extensometers for quasi static loadings on concrete
cylinder for quasi-static E-modulus monitoring.

At IFSTTAR, the testing specimens were cylinders with 110 mm in diameter and 220 mm in length.
The first tests were performed as early as 7 hours after casting. Strains were measured by
extensometers, with results comparable to those of strain gauges [74]. The protocol of loading
consisted in applying four cycles between 5 and 30 % of the strength measured on other cylinders
(with the same geometry) just before the test [108]. The quasi-static E-modulus is evaluated during
the loading cycle. The loading rate was set to 0.50 MPa/s. The testing equipment included a hydraulic
actuator with 500 kN of maximum load.

At ULB, similar cylinders and the same extensometer were used. 20% of the concrete strength at the
time of the test was applied within 10 seconds, on four different samples. Corresponding stress rates
were ranging from 0.20 to 0.55 MPa/s, depending on the age of the sample. The quasi-static E-
modulus is evaluated during the loading cycle. The testing equipment included a hydraulic actuator
with 1000 kN of maximum load.

At the University of Minho, cylinder specimens (150 mm in diameter and 300 mm in length), have
been tested under cyclic compression according to LNEC E397 [109]. The protocol of loading
consisted in applying five cycles between 0.80 MPa and 33 % of the ultimate strength at the age of
testing. The quasi-static E-modulus is evaluated during the loading cycle. The loading rate was set to
0.30 MPa/s. The testing equipment included a hydraulic actuator with 2000 kN of maximum load.

Table 9: Classical extensometry tests (mean values) according to the reference set up QSo.

IFSTTAR® uLB® U Minho®
Time (hours) E-modulus (GPa) Time (hours) E-modulus (GPa) Time (hours) E-modulus (GPa)

8.64 2.72 18.96 16.8 66.72 34.66
11.28 7.32 22.08 20.5 163.2 36.1
18.96 18.76 47.04 29.5

23.28 22.86 117.12 35.2

27.84 26.14

173.52 36.41

®Mean values of 3 specimens
@value of 1 specimen
®)Mean values of 3 specimens
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RESONANT FREQUENCY METHOD (RF)

The EMM-ARM testing technique (Elasticity Modulus Measurement through Ambient Response
Method) has been initially proposed by Azenha et al. [110] for the continuous measurement of
concrete stiffness since the instant of casting. It is called here RF (Resonant frequency). Since its
initial proposal for concrete testing, it has been extended towards application to cement paste [111],
cement stabilized soil [112] and structural adhesives [113]. A more recent work has demonstrated the
in situ applicability of the method and introduced changes that allow re-usability of parts [114]. The
application of the RF method, in the context of this research, was fully made at the UMinho
laboratory.
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Figure 67 — EMM-ARM testing with acrylic mould (RF4) for quasi-static E-modulus monitoring
(units: mm).

The general principle of RF consists on continuously monitoring the first flexural resonant frequency
of a composite beam with known geometry and support conditions, which contains the material to be
tested since the fresh state. The evolution of resonant frequency can be directly and quantitatively
correlated to the evolution of E-modulus of the tested material, without any kind of ambiguity of user
dependency. The test procedure is fully automated and provides results in real time.

For the experiments envisaged in this research, three testing geometries have been adopted, both
based on simply supported conditions for the test beam: (i) the cylinder shaped specimen inside an
acrylic mould (RF,) (Figure 67); (ii) a similar cylindrical shape beam similar to the one presented in
Figure 67 but with internal/external diameters of 84/90 mm and 900 mm of span, and made of PVC
(RFp); (iii) the prismatic shaped specimen inside a reusable metallic mould (RFy) (Figure 68). Even
though the experimental setups, and interpretation techniques have been thoroughly explained and
discussed in previous publications [110,112], some brief remarks are given here for the sake of self-
sufficiency of this section.
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Figure 68 — EMM-ARM testing with metallic mould (RFy) for quasi-static E-modulus monitoring
(units: mm).

The acrylic mould (RFa) is 2000 mm long, with internal/external diameter of 92/100 mm, density
p = 1286.89 kg/m* and E-Modulus of Eacryiic = 3.3 GPa. The PVC mould (RFp) is 1000 mm long, with
internal/external diameter of 84/90mm, density of 1463.49 kg/m® and Young’s Modulus of 4.5 GPa.
Both moulds are crossed by horizontal rods at their supporting points (longitudinally spaced by 1800
mm and 900 mm for the beams RF and RFp, respectively) and vertical rods that act as connectors of
mould/specimen. Lids are utilized at the extremities: one fixed lid, placed before casting and a
removable lid, aimed to be placed after casting. Due to the nature of the moulds, they require
inclined/vertical position for casting. As soon as the removable lid is placed in position and excess air
is purged, the composite beams are placed under simply supported conditions on the rods which are in
turn placed on concrete blocks. At this stage, an accelerometer is attached to the mid span section of
each of the beams (see Figure 67), and the test starts.

The metallic beam was devised for reusability and increased robustness for in situ application [114]. It
is made of a ‘U-shaped’ metallic alloy plate (gyjae = 7800 kg/ m? and Eplate = 170 GPa), that has a total
length of 2600 mm. The space for concrete placement spans through the central 2400 mm of the
mould, with a cross section of 150 x 150 mmz2. The cross section shape of the mould was devised to
assure that the centre of gravity of the metallic beam coincides with the centre of gravity of the tested
concrete. Lids are placed near the extremity of the beam, right over the place where steel supports are
placed to assure a free span of 2.4 m. Two aluminium stiffeners exist at 800 mm from the supports, in
order to avoid significant transverse deformations of the metallic plates due to the weight of concrete.
Connectors are also placed at 200 and 700 mm from the supports, according to the cross sectional
scheme shown in Figure 8, in order to assure full bond conditions. Three accelerometers are placed on
the bottom surface of the beam according to the positions shown in Figure 68. This variant geometry
of EMM-ARM results in easier casting operations, as the mould is kept in its final testing position
since the instant of casting, with the accelerometers placed in position even before casting, which was
not possible with the acrylic/PVC moulds. Also, the reusability of the mould provides a more
sustainable testing protocol, from both the economic and environmental points of view. The feasibility
of the metallic mould for EMM-ARM has been tested and reported in a previous work [114] with
satisfactory results. All mould beams are tested in the scope of this work to extend their mutual

1291362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



validation and make a deeper analysis of the relative adequacy of these methods to test very early
stiffness developments of concrete.

Accelerations of the monitored points have been measured for 28 days with sampling frequency of
200 Hz and PCB accelerometers with 10 V/g sensitivity, 0.15 to 1000 Hz frequency range and 225
grams of mass. Packets of 60 seconds of data have been taken every 15 minutes with a 24 bit data
logger (NI 9234). Data processing to obtain the resonant frequency of the beams was made through
the Welch procedure [115], involving windowing, averaging and Fourier transforms, according to a
process that has been described in detail in [110]. Based on the resonant frequency of the composite
beams, and the detailed knowledge of their geometries, mould stiffness and global masses, the
stiffness of the tested concrete was obtained through analytical derivations based on the dynamic
equations of motion of the corresponding composite beam (detailed explanations in [110]). This
procedure was implemented in LabVIEW [116], thus allowing continuous automatic information
about the calculated E- modulus in all tested beams. Temperature measurements took place in the
central point of the cross section of each concrete specimen. The experiment was conducted in a
climatic chamber with temperature of 19.2 + 0.5 °C.

A final remark is given in regard to the applicability of the analytical derivation of the equations of
motion used for E modulus estimation: before the structural setting instant, such equations that rely on
several assumptions related to concrete as a solid material may not hold, and therefore the EMM-
ARM E-modulus estimations before setting time shown in Figure 66 are plotted as dashed lines. In
fact, even though the reported evolutions seem quite feasible, they may not be rigorous at this period.

» Ultrasonic Pulse Velocity (UPV) measurements

CLASSICAL UPV MEASUREMENTS: HF; AND HF,

On this concrete, two classical techniques of ultrasonic measurements were performed [88,117,118].
First, the FreshCon (HF;) device (see Figure 69) developed at the University of Stuttgart was used due
to its ability to detect very early age signals. Ultrasonic pulses of 5 ps at 800 V are sent through
ultrasonic transducers (0.5 MHz resonant frequency). The ultrasonic pulse velocity (UPV) can
therefore be computed before setting. In addition, the UPV was measured with a BTPULS (Béton
Transmission Par Ultra Sons, HF,) device developed at IFSTTAR [85,119]. This additional test,
performed after the setting, was performed for comparative purposes between these two techniques.

Figure 69 — FreshCon System (HF;) for high frequency E-modulus monitoring.
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For HF,, the sample thickness is 47 mm, which is more than twice the size of the largest aggregate (44
mm). Two samples are cast inside two similar containers: one for P-waves measurements and one for
S-waves measurements. Samples are placed in a thermally regulated chamber and their temperatures
are measured continuously during the test. Detailed information about this method can be found in
[118].

The P-waves (Vp) and S-waves (Vs) velocities can be used to compute the high frequency Poisson’s
ratio (vyr) and E modulus (Eng) through equations 9 and 10, where p is the concrete density:

o)

Ve = 9
SERIPN VENVE)

1 (1-2-
Ene =Vp2-p-( +VH(Fl)—(V ) Vi) 10
HF

These equations apply for a homogeneous and isotropic solid. When they are used during the
hardening process of a concrete, it is assumed that these conditions are fulfilled as soon as the age is
higher than t,. Before this time, the UPV is highly affected by the presence of entrapped air inside the
concrete [120]. Thus, even though very early age recordings are feasible, the relevance of the results
remains controversial.

Figure 70 — BTPULS system (HF,) for high frequency E-modulus monitoring.

For HF, [86], the P-waves are emitted at the bottom and received at the top of a 110 mm diameter and
220 mm height cylinder in its cardboard mould (Figure 70). Up to three samples can be tested
simultaneously.

SMART AGGREGATES (HF3)

The main drawback of the HF; and HF, systems is the use of a fixed sized mould which strongly
limits the possible testing conditions of the sample. In particular, it does not allow applying specific
hygral and/or mechanical boundary conditions on the concrete sample. An alternative is to perform
ultrasonic testing directly inside a concrete specimen of an arbitrary shape and size using embedded
piezoelectric transducers. The use of embedded transducers, also called “Smart Aggregates”
(SMAGS) has been initially proposed by Gu et al. [121] to monitor the strength of concrete using
harmonic excitation, and later to monitor the state of damage using chirp excitation [122,123].
Embedded transducers have also been used to monitor the elastic mechanical properties of concrete in
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[124]. At ULB-BATIr, transducers based on a similar design were recently developed. Each HF;
consists in a flat piezoelectric patch which is wrapped in a waterproof coating and embedded in a
small cube or cylinder made of mortar (Figure 71). One of the advantages of this technique is that no
coupling agent is needed between the sensor and the concrete. The HF3s made at ULB-BATIr have
been used for the monitoring of the P-wave velocity in early age concrete [79], and to monitor the
crack growth in concrete and reinforced concrete in [125,126]. The results for early age testing are
used in this paper and compared to the results obtained with the other techniques presented. We
shortly recall the testing procedure which is detailed in [79].

a) Piezoeletric patch b) With waterproof coating

¢) With conductive paint d) Smart Aggregate
Figure 71 — SMAGs sensors (HF3) for high frequency E-modulus monitoring.

A prismatic mould, containing a pair of HF3s with a distance d = 56 mm is used (Figure 72). The HF,;
system is used to excite the emitter with a pulse of 800 V and 2.5 us and record the wave at the
receiver side. The testing procedure is therefore identical to the one described in Section 3.3.1, except
for the fact that piezoelectric transducers of the mould are replaced by HF3s directly embedded inside
the concrete specimen.

Figure 72 — Prismatic mould with SMAGs before casting the concrete.
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4.5.3. Results and discussions

According to the results, this wide set of methods (quasi-static, resonant frequency and ultrasonic)
can, finally, be divided in two groups: low frequency testing (QSo, QS;, QS,, QS; and RF) and high
frequency testing (HF;, HF, and HF5). The strain rates or loading rates, covered by these methods, are
gathered in Table 3. It is worth underlining that stress amplitudes or strain amplitudes are also
different from one technique to the other. Comparisons of the results obtained with these techniques
are largely influenced by these parameters [127,128].

» Low frequency testing

AUTOMATED QUASI STATIC LOADING RESULTS (QS; AND QS,)

Eight tests with cyclic loadings were performed: four with BTJASPE (QS;) and four validation tests
on samples removed from the mould after the setting called QS,. All these results are plotted in Figure
73a. For each cycle, the behaviour was sufficiently linear so that the modulus of elasticity could be
calculated with a simple linear regression [119].
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Figure 73 — (a) Determination of the quasi-static E-modulus with BTJASPE (QS;) and cyclic loadings
on unconfined specimens (QS,) compared to calibrated model for quasi-static E-modulus; (b) Detail
of the beginning of the recordings during the concrete setting.

It can be observed (Figure 73a) that these data are fairly in good agreement, both between themselves
and also when compared to classical measurements (whose stress rate was 0.50 MPa/s).

Just after to, from the time when the E-modulus starts to become different from a null value (6 hours)
to the time when its evolution reaches a quasi-straight line (8 hours), the 4 QS; recordings are in a
range of variation of + 1 GPa (Figure 73b). They become more scattered after 8 hours. Considering
the validation tests (QS,), as soon as the data are available, this range presents the same type of
scattering. Despite this scattering, from one batch to the other, the global response of such a protocol
is quite satisfying. Indeed, the series of eight tests led to a coefficient of variation of E-modulus not
greater than 13 % over a period ranging from the setting of the concrete to 48 hours.

If a single concrete setting time has to be defined, from QS; results, a value between 6 and 8 hours
can be adopted depending on a chosen definition. In our case, this definition could be the time when
the data start to increase at 6 hours. In real time this point is ambiguous. Indeed, one cannot decide if
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this value is included in the noise of the measurements. The beginning of the quasi linear part of the
recordings, at 8 hours, is totally unambiguous but, may be, a little late. A definition of a point situated
between the two times could suit our problem. Indeed, such a point is clearly outside the noise and it
is very close to the intersection of the extrapolated linear part with the x axis. This extrapolation could
be used even if no data are available before this point.

TSTM RESULTS (QS5)

Three samples have been cyclically loaded according to the protocol described in Section 4.4. In this
protocol, 20 % of the compressive strength is reached in 10 seconds. This means that a constant stress
rate is applied at each cycle but, as the strength is evolving continuously, this stress rate is increasing
with the age of the sample. The range covered goes from 0.002 to 0.50 MPa/s over the first four days.
On this period, and based on the results reported in Figure 74, a very good agreement, between the E-
modulus evolutions for one sample in the QS; device and the model of the classical tests, can be
observed, despite the fact that stress rates are not strictly similar. As a consequence, it can be inferred
that the influence of the stress rate on the evolution of the E-modulus is low as it was observed for
QS; results.
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Figure 74 — Quasi-static E-modulus with TSTM (QS3) compared to calibrated model for quasi-static
E-modulus.

EMM-ARM RESULTS (RF)

The resonant frequency evolutions for the three composite beams (concrete-filled moulds), resulting
from processing the recordings of the accelerometers are shown in Figure 15a. All the data of EMM-
ARM (RF) is plotted according to the equivalent age, normalized to 20 °C. By observation of Figure
75a, it is clear that all composite beams endured a significant frequency shift ranging between 27.49
Hz in the beam RF,, and 109.12 Hz in the beam RFy. However, the differences in the resonant
frequency shift in the beams reveal that the three experimental setups have quite different sensitivities.
To better illustrate such added sensitivity, parametric analyses with the equations of motion of both
composite beams were made, as to infer the changes in resonant frequency (dF) that occur per each
GPa of increase in E-modulus of the tested concrete (dE), along the process of hardening of concrete.
The results of such parametric analyses for all test setups is shown in Figure 75b, where three main
conclusions can be drawn: (i) the sensitivity of all experimental setups decreases with the increase in
concrete E-modulus; (ii) the frequency sensitivity of the PVC mould (RFp) setup to changes in
concrete E-modulus is markedly during the all hardening process; (iii) the metallic beam (RFy,) is the
one that has the lower sensitivity to changes in the E-modulus of the material inside the mould despite
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being almost constant. This point indicates that the results should be more accurate in the beam RFp
when compared to the other beams.
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Figure 75 — (a) Resonant frequency evolution for the acrylic, metallic and PVC EMM-ARM
composite beams (RFa, RFy, RFp); (b) Frequency variation per E-modulus variation of concrete
according to the type of mould and the state of hardening.

The overall results of E-modulus measured by the three EMM-ARM composite beams and the
reference curve of classical tests are shown in Figure 76. It is evident that the coherence of the four
methods is very good at most ages of testing, once more confirming the feasibility and robustness of
RF. It is however remarked that the E-modulus obtained from the metallic mould test is always
slightly higher than the E-modulus obtained from the other beams (acrylic and PVC). This may be
partially explained by some uncertainties in the geometry of the metallic beam due to its high local
deformability (1 mm thick plates) that resulted in some local warping due to previous uses of the
mould. A slight under-estimation of the final E-modulus value of RF methods in regard to the model

can also be observed in Figure 76.
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Figure 76 — Quasi-static E-modulus obtained through EMM-ARM (acrylic, metallic and PVC
composite beams RF,, RFy, RFp) compared to calibrated model for quasi-static E-modulus.

COMPARISON BETWEEN LOW FREQUENCY TESTING METHOD

All low frequency testing results are shown in Figure 77. For these testing methods, the standard
deviations are plotted in dashed lines. The beginning of the increase of the E-modulus seems to well
correspond to the final setting whatever the testing method. Between the setting and 48 hours, the
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kinetic of the E-modulus looks very similar whatever the testing method whereas a limited scattering
is observable between the results, especially at very early age. 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. All low frequency testing method
have a very good correspondence with classical extensometry results.
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Figure 77 — Quasi-static E-modulus obtained with low frequency testing methods QS,, QS:, QS,, QS3,
RF compared to calibrated model for quasi-static E-modulus.

EFFECT OF THE STRESS AMPLITUDE AND STRESS-RATE ON LOW FREQUENCY
TESTING METHOD

The variation of E-modulus as measured by these different methods is attributed to their variable
strain rates and amplitude of loading. In order to quantify these effects the study of these two
parameters, two types of additional tests are performed with the TSTM device at ULB. First, the
effect of loading amplitude is studied. A cyclic test started a few hours after the setting. Then, every
hour, a load up to 5, 10, 20 or 40 % of the compressive strength is applied to the sample within 10 s.
Secondly, a similar test was performed with constant load amplitude up to 20 % of the compressive
strength. In this second test, the loads were applied within 5, 10, 30 or 300 s.

35 1 1 1 1 1 35
Goeeennn rrereeeaenannns e v
98 hours y=-1.3-x+33.9
30+ 30+
< Gl PR Buiiinn, B
o, o, 40 hours y--30x:i283
« 25+ & 25 -
> >
5 5 O mrennn O, Oennnn.
B8 B 24hours T o
£ 20 1 £20 y=-5.2-x+23.4
u il 0 10% L —— -
v --8--20% f 17hours W -
X cm L i o .
15 ,I’ C v 40% 15 y=-6.9-x+18.5
v
10 r r T T T 10 T T T T T T
12 24 36 48 60 72 84 0 5 10 15 20 25 30 35 40 45
Equivalent age [hours] Stress level [%]
(a) (b)

Figure 78 — (a) Evolution of the E-Modulus for loading amplitudes of 5 — 10 — 20 — 40 % of the
compressive strength; (b) Evolution of the E-modulus according to the stress level for several ages of
loading.
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The E-modulus values corresponding to the variable stress/strength ratio are displayed in Figure 78a.
It is observed that with the increase of the applied stress, the estimated E-modulus decreases, and this
effect progressively diminishes as the concrete hardens. On Figure 78b, this amplitude effect is
quantified. Each point is obtained by linear interpolation of the experimental results. For any given
loading age, a non-linear relationship is observed between the loading amplitude and the E-modulus.
This confirms that the stress-strain relationship is in fact non-linear, and can be described by a
guadratic equation [128] such as equation 11, where m is the non-linear parameter. This expression is
not based on any mechanical concept but it is the result of a mathematical fitting on basis of the
experimental results. As it was shown in [128], the non-linear parameter m in the stress-strain
relationship is dependent on the concrete mix design and the degree of hydration. As concrete hardens
and the E-modulus increases, the slope of this stress-strain relationship decreases.

oc=E-e—-m-&* 11

The dependency of E to the stress/strength ratio is described in equation 12, where o is the applied
stress, f., is the compressive strength, E. is the elastic modulus corresponding to a reference
stress/strength ratio of 20 % applied in 10 s, and A is a time-dependent amplitude parameter
describing the effect of a variation of stress on the apparent measurement of E.

E(t, fi] e () A(t)-( f"(t(t)) . o.2j 12

cm

Where E(t, o/f.m), Ere(t) and A(t) are expressed in GPa,
t: equivalent time since mixing (in hours),
o(t), fom(t) are expressed in MPa.

The evolution of parameters E.; and A are shown in Figure 80a. The evolution of A confirms that the
decrease of E due to an increase of the loading amplitude is especially strong at very early age, and
drops to low values during hardening. The expression of A is provided in equation 13.

Alt)= A -(lj% 13

Where A;= -128 GPa, A,=-1.015 and =1 h.

A second test was performed at various loading durations (tieaging) Of 5, 10, 30 and 300 seconds for a
constant load corresponding to 20 % of the compressive strength. The results presented in Figure 79a
suggest that for longer loading duration, the E-modulus decreases. For any loading age, it is observed
that the E-modulus increases as a power law of t|oadmg'1. The best-fit parameters indicate that as the E-
modulus increases, the relative impact of the loading duration decreases. In other words, as hydration
advances, the E-modulus is less affected by variations in the loading stress rate. This observation is
due to the visco-elastic behaviour of concrete, which viscous properties decrease with hydration.
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Figure 79 — (a) Evolution of the E-Modulus for a stress applied in 5 — 10 — 30 or 300 seconds; (b)
Evolution of the E-modulus according to the velocity of loading for several ages of loading.

This loading stress rate effect is taken into account in equation 14, where E.; represents the E-
modulus corresponding to a loading duration of 10 seconds up to a stress/strength ratio of 20 %, tisading
is the loading duration, and V is a time-dependent velocity parameter describing the effect of a
variation of the loading stress rate on the apparent measurement of E.

10 v (t)
E(t’tloading): Eref (t)(—TJ 14

3600. t);44ing

The evolution of parameters E.s and V are shown in Figure 80b. The evolution of V confirms that the
decrease of E due to an increase of loading stress rate is especially strong at very early age, and drops
to low values during hardening. The expression of V is provided in equation 15.

V(t)= tV_l
In [j +V, 15
T
Where E(t, tioaging)and Ere(t) are expressed in GPa,

V;=0.03, V,=-1.179 and 7= 1 h.
t is expressed in equivalent time since mixing (in hours) and tjeaging IS €xpressed in hours

Ultimately, the combined effect of loading stress rate and amplitude can be taken into account by
equation 16.

E[tfitj {E on A<t>-( f(t(t))ozn[tm}() "
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Figure 80 — (a) Evolution of E and amplitude parameter A determined with a single TSTM test
(QS3); (b) evolution of E, and velocity parameter V determined with a single TSTM test (QS5).
Quasi-static testing for the determination of E-modulus is generally performed for loading durations
between 1 and 300 seconds and that the loading amplitude is generally between 5 and 40 % of f..
Based on these parameters, two envelope curves can be computed, showing the upper and lower
boundaries of the E-modulus based on the effect of loading stress rate and amplitude. The envelope
curves are shown in Figure 81 and confronted to the experimental E-modulus results obtained by
extensometry at ULB, IFSTTAR and U Minho (Figure 65). These experimental points, obtained for
similar testing parameters, indicate that the error relative to the reproducibility of the test is of the
same order of magnitude than the effect of loading stress rate or amplitude. As explained later on, by
changing by several orders of magnitude the loading stress rate and/or amplitude (such as in the case

of ultrasonic testing) these effects are much more visible.
40 : s
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Figure 81 — Lower and upper boundaries for the effect of loading stress rate and amplitude on quasi-

static determination of E-modulus.

» High frequency testing (HF;, HF,, HF3)
The results obtained on three batches with the FreshCon (HF,) for the transmitted P-waves and S-
waves velocity are shown in Figure 82. The P-waves velocity increases rapidly during setting and
stabilizes after the final setting time to a value slightly superior to 4000 m/s. However, the S-waves
hardly propagate though fluids. It is only at the beginning of the hardening that the S-waves velocity
increases. Then, it slowly reaches a value close to 2500 m/s. These observations are in good
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agreement with the few results found in the literature [129,130]. The results obtained on three batches
with the BTPULS (HF,) for the P-waves velocity transmission are shown in Figure 83a.
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Figure 82 — P-waves and S-waves velocity evolution through the FreshCon system (HFy).

The P-wave velocity results obtained, for the same concrete, with the SMAGs (HF3) and the BTPULS
(HF,) systems are compared to the results obtained with the FreshCon (HF,). Results are plotted on
Figure 83b. In this figure, the average of three samples is shown for the HF; and the HF,.

HF, seems to give slightly different results, in the first part of the curve. However, this difference
mainly occurs before t,. More explanations about this observation are given in [131]. From 12 hours
onward, the overall tendency is the same for all techniques, with similar values of P-waves velocity.
Discrepancies before to can be due to different air content in the different moulds. Indeed, different
techniques are used for placing the concrete in the moulds. HF3s are placed in a large steel mould. Its
high weight (concrete + steel) makes the vibrating table less effective. On the other hand, the HF;
samples are efficiently vibrated until no more air bubbles are trapped between the concrete and the
sensors. Vibrating needles are used for HF,. Indeed, it is known that a strong dependency of the early
age P-waves velocity to the air content of the mix exists. In aired mixes, the initial velocity is around
250 m/s, whereas for de-aired mixes, initial values close to 1500 m/s can be observed [99,120].
Ultimately, the coherence between the three experimental techniques and the good reproducibility of
HF,, the distance of 47 mm between sensors is enough in order to provide representative
measurements.
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Figure 83 — (a) Three sets of results obtained with BTPULS system (HF,); (b) Comparison of the
measured P-wave velocities using FreshCon (HF,), BTPULS (HF,), and SMAGs (HF3).

With the HF, system, P-waves and S-waves were simultaneously measured on the same concrete with
dedicated HF; containers, which allows an accurate computation of the high frequency E-modulus
(Eayn) and Poisson’s ratio as shown on Figure 84.
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Figure 84 — Evolution of high frequency E modulus and Poisson ratio computed from the P-wave and
S-wave velocity with the FreshCon system (HF,).

In the case where no S-waves measurements is possible, taking a constant value of vy, in the equation
for the computation of Eg, (equation 10) leads to substantial errors, especially at early age. Indeed,
the Eqy, value is governed by the S-waves velocity evolution. The approximation made by considering
a constant vg, results in an overestimation of the early age high frequency modulus. However, in
order to evaluate the relevance of HF; and HF, methods compared to usual UPV measurements, a
constant vgy, of 0.3 has been considered as no S-wave measurements have yet been performed with
these techniques. In Figure 85 — Comparison of the high frequency E-modulus computed from the P-
wave velocity only with vg, = 0.3 (FreshCon (HF,), BTPULS (HF;), SMAG (HF3)) and from the P-
wave and S-wave velocity (HF;) with the quasi-static E-modulus calibrated model., the values for the
HF, mean curve with a constant vy, equal to 0.3 and the HF; mean curve seem to stabilise after 30
hours, whereas the values of the HF; mean curve with consideration of the evolution of vy, follows
the trend of the static E-modulus given by the model with increasing values after 30 hours.

40
=30
o
1<)
w
=
—§ 201 Model
I — HF, Mean — HF, Mean v=0.3
w g S HF, Mean+std ------- HF, Mean+std v=0.3
10 1 -- - - HF Mean-std - - - - HF, Mean-std v=0.3 [
—HF,Mean  ------ HF, Mean+std
- - - -'HF, Mean-std —— HF,
0 T T T
0 24 48 72 96

Equivalent age [hours]

1411362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



Figure 85 — Comparison of the high frequency E-modulus computed from the P-wave velocity only
with vgy, = 0.3 (FreshCon (HF;), BTPULS (HF;), SMAG (HF3)) and from the P-wave and S-wave
velocity (HF,) with the quasi-static E-modulus calibrated model.

Before the setting time, a scattering is observable between all the high frequency testing methods (see
Figure 85). However, the results computed from the P-wave and S-wave velocity (HF,) exhibit the
lowest amplitude because, before t,, the values of vy, are much higher than 0.3. After to, the kinetic
looks similar whatever the high frequency testing method is. On the contrary for this case, the results
computed from the P-wave and S-wave velocity (HF;) exhibit the highest amplitude because, after to,
the values of vy, tend to lower values than 0.3 (see Figure 84). Therefore, as observed in [129], the
computation of Egy, only from P-wave velocity should be considered as a qualitative indicator of the
E-modulus development.

» Relation between quasi-static or low-frequency and high frequency measurements

Since the 1970s, high frequency determination of the elastic modulus began to be performed on
concrete due to obvious advantages of non-destructive and continuous aspects of this method [132—
134]. Some authors found relationships linking the quasi-static or low-frequency elastic modulus to
the high frequency elastic modulus (Table 10) of hardened concretes.

Table 10: Relations between high frequency modulus Enr and quasi-static or low frequency modulus
E|_|:.
References Model

Shkolnik [128] Er=083-E;
Van Den Abeele, et al. [129] E - =1.25-E,- -19
Benmeddour, et al. [130] Er=1.033-E, —7.245

These empirical equations illustrate the fact that high frequency values are always higher than low-
frequency values of elastic modulus, which is generally true for all viscoelastic materials. This
observation was confirmed experimentally at early age by several authors as well as in this study
[135-137]. However, in this research, these three relations do not seem to apply, especially at very
early age. Two main drawbacks to these equations are advanced here. First, the lack of physical
meaning to p and g in the general equation: E, - = p-Exr — g which does not allow to take into account
different concrete compositions (w/c, paste volume, cement type). Secondly, as shown in this study,
the “low-frequency” or “high frequency” value can be dependent on the measuring method.
Depending on the strain rate or loading amplitude for the low-frequency and high frequency
measurements, different values of Exr and E_r can be obtained [128]. Therefore, the relationship
between both values is ambiguous and certainly not intrinsic for a given concrete. In summary, the p
and q parameters are dependent on the concrete composition, on the measurement method of low-
frequency and high frequency modulus and, certainly, on the hydration degree. However, based on the
hypothesis that the main parameters affecting the difference between E.r and E r are the loading
stress rate and amplitude, such a linear relationship between both properties is consistent with the
modelling approach of equation 16.

In the case of a given experimental protocol to determine Enr and E_r on a given concrete, an
equation of the type E.r = p-( Enr—q) (with p > 1 and q > 0) seems appropriate to describe the
behaviour of concrete throughout the hardening process. Indeed, at the initial setting time, the low-
frequency modulus is close to 0. However, due to the initial increase of the ultrasonic pulse velocity
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before that time, the high frequency modulus has already reached a significant value. The g parameter
represents this initial gap. Then, as concrete hardens, E,r tends to increase whereas Eyr stabilizes
more rapidly. Therefore, the gap between low-frequency and high frequency values tends to decrease
throughout hydration, thus explaining the p parameter, which is representative of the different kinetics
of the low-frequency and high frequency modulus evolution.

Figure 86 shows this relationship in this case by comparison of the HF; results and the classical
extensometry results between the setting time and 66 hours. No linearity between Eyr and E¢ is
directly observable here. But if only results after 18 hours (E.r = 16 GPa) are considered, a linear
relationship is observable. Then, it appears that the relationship between Enr and E g cannot be
assumed as fully linear. Here, this assumption is only available between 18 and 66 hours. Further
research should be carried out in order to be able to determine with precision the loading stress rate
and amplitude of the high frequency measurements. Such measurement could improve the model
presented in equation 16, and confirm the hypothesis that through the mechanism of very short term
creep, the loading stress rate and amplitude are indeed the main parameters affecting the apparent
value of the E-modulus.
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Figure 86 — Relationship between high frequency E-modulus through HF; (from the P-wave and S-
wave velocity) and modelled quasi-static E-modulus through classical extensometry with the

reference test set up QSo.

o

Finally Figure 87 presents the synthesis of all results. Only mean values of each testing method are
shown here. As expected, clear differences appear between low-frequency and high frequency results.
High frequency modulus values with consideration of the evolution of vy are always higher than low-
frequency results. A faster evolution of high frequency results is also observable.
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Figure 87 — Comparison of E-modulus obtained with quasi-static (QSy, QS1, QS,, QSs, RF) and high
frequency (HF;, HF,, HF;) testing methods and with calibrated model for quasi-static E-modulus.
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SECTION 4.6 — CREEP TESTING OF CONCRETE SINCE SETTING
TIME BY MEANS OF PERMANENT AND REPEATED-MINUTE
LONG LOADINGS

This chapter is based on the joint publication of Brice Delsaute, Claude Boulay and Stéphanie Staquet
entitled “Creep testing of concrete since setting time by means of permanent and repeated-minute
long loadings” published in Cement and Concrete Composite, 73 (2016) 75-88. Results from the
BTJASPE were provided by Claude Boulay at Ifsttar.

Nowadays, the construction phases of modern concrete structures (high-rise buildings, piers of a
bridge...) become more and more challenging. Consequently, for the design of concrete structures it
is important to have knowledge in depth of the early age behaviour of concrete, which influences the
whole service life. Even though the mechanical behaviour of hardened concrete can usually be
correctly predicted; it is not always the case for the early age behaviour of concrete, when the
mechanical properties change rapidly in function of the advancement of the hydration reaction.
Among all the usual parameters (strengths, E-modulus...) needed for the design of the concrete
structures, creep and relaxation must also be taken into account. Stress induced by the restriction of
the thermal and autogenous strain can be significantly reduced thanks to relaxation. For example, in
the design of a concrete dam, Slowik, et al. [138] showed that at early age, the relaxation phenomenon
is responsible for a decrease of 70% of the thermally induced stresses in the structure.

For field applications or research purposes, measuring early age deformations as input data for
modelling is of a great interest and should be included in numerical codes [81,82]. For ordinary
concrete (composed by Portland cement), existing models allow obtaining satisfied results for
material properties like compressive strength and Young’s modulus but not for early age creep [139].
For concrete with high substitution of cement by mineral additions like slag, fly ash, limestone filler,
the early age properties of concrete are not necessarily well predicted by models coming from
standards [140]. In fact, just after setting, deformations in concrete change very fast. According to the
superposition principle, in sealed and isothermal conditions, the total strain (g(t)) is the sum of three
terms: the autogenous strain (g4,,(t)), the elastic strain (e.;(t)) and the basic creep strain (e,.(t))
(Equation 17).

£(t) = £4u (1) + €01 (1) + £pc (L) 17

For the monitoring of the autogenous strain, many tests rigs have already been developed in the past
[8,141]. The elastic strain depends on the evolution of the Young’s modulus. Several existing testing
devices for the measurements of the Young’s modulus are presented in [119,142]. The basic creep
strain depends on the evolution of the creep function. Even if experimental tests consisting in
applying a permanent loading at different ages were previously reported in [25,64,143-149], no
specific testing methodology aimed at monitoring early age creep has already been developed for
concrete.

Creep and relaxation of concrete have not been thoroughly investigated at early age. Some studies
related to the compressive creep have been carried out and are reported in [25,64,143-149] for
concrete with an age at loading of 1 day and more. For practical reasons, it is difficult to access creep
before an age of 1 day (minimal concrete age required before mould release, grinding the sample,
fixing the extensometer, very low magnitude of load applied and consequently very low displacement
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measured). It is even more uncommon to find experimental results in the literature for the relaxation
phenomenon of concrete at early age. The experimental testing of the relaxation is very complicated
for technological reasons. The relaxation testing needs to take into account in real time the difference
between the total deformation and the shrinkage added to the thermal deformation. This difference
must be performed all along the test, so that the jack of the testing frame can be controlled by this
value. All these reasons explain why the study of the creep and the relaxation in compression at very
early age is not very developed. Only one kind of experimental methodology is used till now to
monitor the evolution of the creep of concrete: static loading on a series of samples [25,64,143-149].
This experimental procedure requires the completion of a large number of tests which is time
consuming and the earliest obtained results often correspond to an age of concrete of one day. The
period situated between the setting and an age of one day is then often missing. However, in several
structural cases, concrete elements are in compression during the first 24 hours as a result of the
restrained thermal strain. An underestimation of the compressive creep and relaxation phenomenon
during the heating period leads to an underestimation of the evolution of the tensile stresses which
occur during the cooling period of the concrete [150,151]. Following these observations, the aim of
this collaborative work between the BATIir-ULB and IFSTTAR laboratories is to develop a new
experimental testing methodology of creep and relaxation of concrete since setting by means of the
lowest possible number of tests [152-154]. The present section reports on the experimental results
obtained from a comprehensive test program on creep and relaxation of an ordinary concrete. Creep
and relaxation tests have been investigated since the end of setting in isothermal conditions at 20°C
and in sealed conditions.

4.6.1 Experimental Program

» Materials and Mixtures

The tests presented here were performed on an ordinary concrete for which the mix proportions is
presented in chapter 3.

» Assessment of Creep and relaxation

The assessment of the creep and the relaxation is performed by using three devices. For the study of
short duration of loading, the TSTM (see Section 2 of this chapter) or the BTJASPE (see Section 4 of
this chapter) are used. The study of long duration of loading is performed with classical creep rigs
adapted for early age. The compressive creep rigs are presented below.

Compressive creep tests were performed on a frame designed at ULB (Figure 88). The load is applied
on the sample by increasing flat jack pressure with a pump till 40% of the compressive strength. Once
the target pressure is obtained, the pump is disconnected. A cell force is placed on the top of the
sample. According to the age at loading and the force applied the size of the flat jack is adapted. For
loading at very early age, flat jacks with very small diameter are used with a transition piece to assure
a good stability of the load and a very low eccentricity. The criteria used to choose the size of the flat
jack is that the maximal applied force must be situated at the three quarters of the stroke of the jack.
Displacements are measured with an extensometer composed by two rings in aluminum spaced of 200
mm and three rods in INVAR® which support the 3 displacement sensors (Solartron range 2 mm)
placed at 120°. A dummy specimen is used for each series of test to monitor the thermal and
autogenous strain. Thermocouples are placed inside the dummy mould and in the room in order to
monitor the ambient and concrete temperature. The measurement of displacement, force and
temperature are sent to a computer for data recording. The sample is a cylinder with a height of 320
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mm and a diameter of 100 mm. After casting, the samples are placed in an air-conditioning room
(20°C and RH 90%). The mould removal takes place just after setting (for the very early age loading)
or later (for later age loading). Samples are then grinded on both circular end faces and surrounded by
two self-adhesive aluminum sheets. For sample grinded at very early age, a small layer of sieved
concrete (+/- 1cm) is placed on the top of the sample during the casting in order to avoid any problem
of pullout of the aggregate during the grinding. Tests are carried out in a climatic room with a
temperature of 20+/-1°C.

Flat jack dimension
50-200 kN

Transition
piece

Figure 88 — left to right: shrinkage test setup, creep test setup and dimension of the flat jack according
to the loading applied.

4.6.2. Experimental results

» Analysis of creep testing with permanent loadings

Several groups of concrete compressive creep tests are carried out at different ages of loading: 15h,
20h, 24h, 40h and 72h. The load is kept constant during at least 6 days and the stress/strength ratio at
the age at loading is 40%. For each age, tests were carried out on 3 samples to assure a good
repeatability of the result. The evolution of the creep strain for the different ages at loading is given in
Figure 89a.

Here the basic creep behaviour is described through the coefficient @.(t, t"):
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Eer(t 1)
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€el (t’)

oc(t, t’) =

where €. is the creep strain, € is the elastic strain at the age of loading t'.

The basic creep function ¢, is given at Figure 89b for each age at loading. Two main parameters
change according to the age at loading: the amplitude and the kinetic. The increase of the amplitude is
inversely proportional to the age at loading. When each curve is normalized by the value obtained at
an age after loading of 145 hours (Figure 90), the fastest kinetic corresponds to the earliest age at
loading. These two experimental observations are in agreement with results obtained in the literature
[146,155,156].
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Figure 89 — Creep strain (a) and creep coefficient (b) for several ages at loading.

However, if each creep curve is set to zero at an age corresponding to 145 hours after loading, two
distinct stages can be observed in the evolution of the curves of the basic creep coefficient. During the
first hours after loading, the age effect is strongly observable (Figure 91). After this period, the age
effect is much less pronounced.
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Figure 92 — First two hours after loading of the  Figure 93 — Creep coefficient set to zero at an age
creep coefficient. after loading of 2 hours.

To highlight this observation each creep curve is separated in two parts, the first part corresponds to
the first two hours after loading (Figure 92) and the second part, to the period after these first two
hours of loading (Figure 93). The amplitude of the creep coefficient during the two first hours after
loading is strongly depending on the age at loading. When the creep coefficient evolutions are
normalized at the same age after loading (two hours), the kinetic is not significantly influenced by the
age of loading. The results obtained after two hours of loading are superimposed and initialized at two
hours after loading in Figure 93. No strong variation of the amplitude linked to the age of loading is
observable in Figure 93. However, the kinetic changes according to the age at loading. The border,
between both stages, is not clear but it is observed that a first mechanism occurs very fast during the
first hours and a second mechanism develops continuously on longer duration. In synthesis, it could
be considered here that the short term creep for permanent loading during one week can be divided in
two terms. The first term occurs during the first hours after loading. It has a constant kinetic and an
amplitude which is inversely proportional to the age at loading. The second term occurs after the first
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hours of loading and has an amplitude and a kinetic which are not strongly influenced by the age at
loading.

Similar observations have already been published in the literature. Early age creep can be divided in
two terms corresponding together to the short term creep. Ageing impacts strongly the first term of the
short term creep. The duration of each stage depends on the nature of the paste (binder, water cement
ratio...). Some values found in the literature of the duration of the first term are given in Table 11. Of
course for long duration of permanent loading (beyond 14 days), a long term creep should be
considered [157].

Atrushi [64] Briffaut, et al. [145] Jiang, et al. [147]
Time between
stage <1day 0.3 day < 1.5day
w/B 0.43 0.25 0.35
. Portland composite cement Portlant cement (72%) Blast
Binder CEM1525LA (6% of limestone) furnace slag (14%) Fly ash (14%)

Table 11 - Values of durations of the first term of the short term creep.

Through these observations, it is proposed that the basic creep can be characterized by two kinds of
experimental test:

- Long duration loading tests (> one week) carried out at two different ages to define the
duration of the first term of the short term creep and also to characterize the second term of
the short term creep.

- Repeated-minute long loading tests carried out at several ages of loading to quantify the
evolution of the amplitude of the first term of the short term creep.

This experimental methodology allows characterizing basic creep of a concrete but implies to carry
out a huge number of test. To overcome this limitation, a new experimental strategy is proposed by
means of a repeated-minute long loading test.

» Analysis of creep testing with repeated-minute long loadings

A new protocol of loading was developed for the determination of the first term of the short term
creep. This methodology consists in applying repeated-minute long loading on a sample. 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 long loading;
- Protocol of loading ;
- Duration of loading.
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5 min

TSTM : 20% of f,.(t)
BTJASPE : 350 pstrain

A J

Mixing Final setting 25 min

Figure 94 — Scheme of the protocol of loading.

After several tests, it was observed that the test can begin just after the final setting and the repeated-
minute long loading can be repeated every 30 min (Figure 94). Two methodologies were used for the
loading. At ULB, the loading was controlled in force and corresponds to 20 % of the compressive
strength. For batch T1 (T for TSTM), a constant displacement velocity of 1.2 um/s is applied. For
batch T2, the load is applied in 10 seconds and in 1 second for batch T3. The load (for creep) or the
strain (for relaxation) is kept constant during 5 min. An alternation between relaxation and creep is
done at each repeated-minute long loading (batch T2). At IFSTTAR, the loading was controlled in
displacement. The load and unload are applied in 7 min and correspond to a deformation of 350
pstrain (displacement velocity of 1 pstrain/s). The load (batch B1, B for BTJASPE) or the strain
(batch B2) is kept constant during 5 min. The first protocol assures no damage inside the sample. The
second protocol does not imply to wait for the setting time before starting the test and does not require
knowing the evolution of the compressive strength. In compression, it is assumed that no damage is
applied to the sample whatever the age is. However this assumption is checked in section below. All
tests are carried out at 20°C and in sealed conditions.

Three creep tests and two relaxation tests are presented here (Table 12). One relaxation test and one
creep test have started just after the casting and other tests have begun just after the setting.

Table 12 — Experimental program for repeated-minute long loading test.

Device Batch beginning kind of test protocol pf loading
of the test load/strain velocity/duration of loading
TSTM T1 8h00 Relaxation 20% of fc 1.2x10-6 m/s
T2 8h00 Relaxation & 20% of fc 10s
creep
T3 9h00 Creep 20% of fc 1s
BTJASPE Bl 7h00 Relaxation 350x10-6 strain 10-6 strain/s
B2 7h00 Creep 350x10-6 strain 10-6 strain/s
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YOUNG’S MODULUS

For each repeated-minute long loading, the Young’s modulus is defined with the record of the
displacement and the force during the loading and the unloading. In [119], a complete and detailed
description of the way to compute the Young’s modulus with both devices is given.
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Figure 95 — Experimental E-modulus obtained with the TSTM (T), the BTJASPE (B) and classical
extensometry.

Results shown in Figure 95 and obtained with the TSTM device, the BTJASPE device and the
classical extensometry are in good agreement. Nonetheless some differences are observed and
attributed to several reasons. First, samples were casted within a period of 18 months (with the same
cement sample). Secondly, tests were performed by several operators and with different devices.
Thirdly, the protocol of loading is also different. The influence of the type of device has already been
studied in [119] and it was shown that it is very limited. The mixing procedure and the curing have
also been studied and no major effect was observed in the evolution of the Young’s modulus and the
compressive strength. In the protocol of loading, two parameters can explain the slight difference
visible in Figure 10: the amplitude of loading (constant stress/strength ratio with the TSTM and
constant deformation with the BTJASPE) and the rate of loading. Between the setting and 20 hours,
the effect of the loading rate is predominant. For batch “T3”, the time to apply the load was 1 s
whereas for the other samples the time was 10 s and even up to 7 min. It could then be observed that
the loading rate has a predominant influence for loading just after the setting. Faster the load was
applied, higher was the Young’s modulus. This observation is directly linked to the viscoelastic
behaviour of concrete.

In order to assure that no damage, irreversibility or effect of bleeding occurs during the test, classical
extensometry was performed on cylinders with a J2P extensometer [74]. The load corresponds to 20%
of the compressive strength and is applied in 10 s which corresponds to protocol of loading of batch
T2. These results showed that with exactly the same protocol of loading, very similar results were
obtained with the J2P and TSTM.

FREE DEFORMATION
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Figure 97 shows the evolution of the autogenous free strain recorded in the dummy mould as well as
the temperature in the straight part of the specimen. The strains were compared to the results obtained
with a specific device so called BTJADE and designed for the monitoring of the autogenous shrinkage
of concrete [8,141]. At the end of the test carried out with the BTJADE, when there is no significant
evolution of the autogenous strain anymore, a variation of temperature of 3°C was applied to the
sample in order to define the coefficient of thermal expansion. A value of 11 um/m/°C was obtained
and used to remove the thermal strain from the raw measurement and then define the autogenous
strain in isothermal conditions. Figure 97 shows that the autogenous strains obtained with both
devices are in very good agreement. Limited scattering occurs during the first hours after casting so
that the time zero was set to 10 hours instead of 7 hours (end of setting) as in Figure 96. The free
strains of the loaded specimen and the unloaded one are also compared (Figure 96). The free strains in
the loaded specimen are taken into account up to the start of a new loading. Results are again very
close.
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Figure 96 — Autogenous free strain with the Figure 97 — Autogenous free strain with the
dummy mould and the cumulated one at the end BTJADE, the dummy mould and the cumulated
of each repeated minute long loading with the one at the end of each repeated minute long
TSTM. Time zero is set to end of setting (7 loading with the TSTM. Time zero is set to 10
hours). hours.

The Young’s modulus and the autogenous shrinkage obtained with the TSTM device are in very good
agreement with the other classical test devices. It could then be concluded that very short duration of
loading (5 min) followed by a total unloading do not induce irreversible effect on the sample.
Therefore, after the unloading, a full recovery is obtained.

CREEP AND RELAXATION RESULTS

In Figure 98, the force and the displacement recorded in the straight part of the specimen were very
well controlled continuously during the plateau of strain or stress. At each repeated-minute long
loading, the relaxation/creep is recorded as soon as the plateau is reached (t”). Creep and relaxation
are defined through Equations 19 and 20 in which C(t, t") is the specific creep function, R(t,t") is the
specific relaxation function and o(t, t") is the stress at an age t for a loading applied at an age t’.
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Figure 98 — Record of strain during a creep repeated minute long loading and stress during a
relaxation repeated minute long loading.

First, all creep and relaxation curves have been superimposed on the same graph to investigate the
effect of aging on the amplitude. It was done in Figure 99a for batch T2 and the amplitude of the
specific creep depends strongly on the age of concrete at loading. For very early ages at loading, the
amplitude is higher than for older ages. All specific creep curves of each repeated-minute long
loading were normalized by the value reached at the end of the plateau (300 s in Figure 99b): 0 at the
beginning of the ratio and 1 at the end. In that case, all repeated-minute long loadings are quasi
superimposed (Figure 99b). The maximal value of the standard deviation is equal to 0.026 at 142.5
sec (+) and 0.032 at 94 sec (-).The standard deviation is very limited what raises the conclusion that
the kinetics of the specific creep is independent of the age at loading at early age for duration of
loadings limited to 5 min. The same data analysis has been made for the specific relaxation curves. A
significant effect of the age at loading on the amplitude is also observed but not on the kinetic. Same
observations have then been made for specific creep and relaxation. Mean values of normalized
specific creep and normalized specific relaxation are shown in Figure 99c. A same kinetic is observed
for creep and relaxation.
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Figure 99 — Repeated minute long loadings. a: for each repeated minute long loading, creep curves are
superimposed and set to zero when the load is kept constant. b: for each repeated minute long loading,
creep curves are normalized by the value obtained after 5 minutes of loading. ¢: mean values of
normalized curve for creep and relaxation repeated minute long loadings.

For the analysis of the amplitude, all relaxation and creep curves were fitted with least and square
method by means of 3 Maxwell’s chains in parallel (relaxation) or 3 Kelvin-Voigt chains in series
(creep) [158,159]. The amplitude corresponds to the value of the creep coefficient ¢, or the relaxation
coefficient W,. (Equation 21) after a plateau of 5 min with constant stress or strain. This value is called
here the amplitude factor.

o(t,t")y—o(t',t")
o(t',t")

W, (t,t) = 21

Figure 100 shows the evolution of the amplitude factor of the creep and relaxation coefficient in
function of the age at loading for several tests (C for creep, R for relaxation). The amplitude factor is
inversely proportional to the age at loading. Slight differences can be seen between results obtained
with the TSTM and the BTJASPE due to the protocol of loading (see Table 12). The time duration to
apply the load is a key parameter to take into account the determination of the amplitude. For test with
higher time duration to apply the load, the amplitude is lower due to the very fast creep/relaxation
which already occurs when the load is applied. For short duration of loading, the kinetic is a constant
parameter, then, it could be assumed that each amplitude factor curve is a multiple of another
amplitude factor curve. To demonstrate that, each amplitude factor curve is normalized at an age at
loading of 24 hours (Figure 101). Any age of loading could be chosen for the normalization.
However, as some scattering occurs during first hours after setting, an age of 24 hours was used for
the normalization. Normalized results of each test for both devices are very close and show that each
protocol of loading can be used for the study of creep and relaxation for short duration of loading.
Due to the remarkable agreement between results of both devices with the different protocol of
loading, it is observed that no irreversible effect, damage or bleeding effect occurred during the test.
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Figure 100 — Amplitude factor for all repeated Figure 101 — Normalized amplitude factor.

minute long loading tests.

At this point, it can be observed that all the specific creep and relaxation occurring over short periods
of 5 minutes can be modeled by the product of these two terms:

- Adimensionless kinetic term which is constant
- Anamplitude term, function of the age of concrete at loading.

4.6.3. Discussion

» Comparison between results of permanent and repeated-minute long loadings

As explained above, a repeated-minute long loading test was used for the determination of the aging
of the amplitude of the very short term creep. The amplitude of the creep coefficient for duration of
loading of 5 minutes (repeated-minute long loading) and two hours (classical creep test) are given in
Figure 102. Both results have the same trend and the values of the creep coefficient obtained for
duration of loading of 2 hours are about 5.5 times higher than those obtained for repeated-minute long
loadings. Limited scattering can be observed for the results coming directly from classical creep tests.
The amplitude of the creep coefficient after 2 hours of loading is modeled by Equation 22. This model
allows well-fitting the evolution of the amplitude of the creep coefficient by using least and square
method.

1
t'+ 2h tYy=—— 22
Pc(t + Zhours, t) axIn(t) +b

Wherea = 2.87and b = —5.56

For this comparison, each curve is normalized by the value obtained at an age at loading of 24 hours
(Figure 103). A very good agreement is obtained between normalized results of repeated-minute long
loading and classical creep tests. Moreover the model proposed in Equation 22 is well adapted to the
prediction of the value of the normalized amplitude factor for ages at loading situated between the
setting and 15 hours. It can then be concluded that a repeated-minute long loading test allows
determining the aging of the amplitude term.
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The amplitude factor can also be expressed in function of the advancement degree of hydration
reaction a. Isothermal calorimetry with a Tam Air device [160] is used for the determination of a. In
equation 23 it is shown that a is computed as the heat release Q at time t divided by the corresponding
apparent ultimate value Q... To define Q,, equation 24 is used [161] in which @, = 1, and 7 and a
are material parameters. Nonetheless this equation does not fit well experimental data. The equation
24 is then extended by considering two exponential terms (Equation 25). In this new equation,
a,+a,=1; 14, T, a; and a, are fitting parameters. Values of each parameter are summarized in Table
13. In Figure 104, the normalized amplitude factor of repeated-minute long loadings and classical
creep tests is expressed in function of the advancement degree of reaction. The relation between both
is quite linear for o higher than 0.3. This observation is in agreement with results obtained by De
Schutter, et al. [146]. In fact, the model developed for the basic creep is based on two aging
coefficients corresponding to the amplitude and the Kinetic of the basic creep. This amplitude
coefficient is linearly proportional to the advancement degree of reaction. Nevertheless, to model the
amplitude factor since the setting a linear relation is not well adapted. For that purpose, a new model
based on classical creep tests data was developed and is given in Equation 26. This model allows
well-fitting the evolution of the amplitude of the creep coefficient by using least and square method.

QM)
a(t) =—— 23
®) 0
T a
a(t) = ae exp [— (?) ] 24
T, a; T, az
a(t) = a, exp [— (T) ] + a, exp [— (7) ] 25
Table 13 — Isothermal calorimetry parameters of Equation 25
a T1 aq az T2 a
0.70 15.32 1.85 0.30 125.31 1.47

1571362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials




@c(t" + 2hours,t’) = a.exp(b. a(t") + ¢) 26

Where a=1.20; b=-2.85;c=-0.1328
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Figure 104 - evolution of the normalized amplitude factor with repeated minute long loadings and
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» Microstructural interpretation

Two main observations are done through experimental results of classical creep tests:

- The amplitude of the basic creep coefficient is strongly influenced by aging during the first
hours after loading. Earlier is the application of the loading and higher is the basic creep
coefficient.

- After the first hours of loading, no significant effect of the aging is observed on the kinetic
and the amplitude of the basic creep coefficient. However a general trend shows that after few
hours of loading aging increases the amplitude of the basic creep coefficient.

For the physical understanding of these observations, the evolution of the microstructure of the
cement paste corresponding to this ordinary concrete is computed with the NIST’s software VCCTL
(V9.5) [162]. Results of the heat release predict by VCCTL were compared to experimental results. A
very good agreement is obtained between both. According to results from the literature, two main
parameters are studied: the evolution of the volume fraction of the porosity and the one of the CSH.
These both parameters are the main drives of the two mechanisms associated to the short term creep.
Porosity governs the general behaviour of cement based materials but particularly here the porosity is
linked to the water mobility inside the concrete. It is suggested that there is a stress-induced water
movement towards the largest diameter pores [163]. The water diffusion between pores was suggested
by several authors with observations of the effect of the temperature during the first days of loading
[164] or during creep recovery [165]. The activation energy associated to this short term creep is close
to a mechanism of free water migration [166] which explains the reversible behaviour of the short
term creep. Powers [167] attributed the short term creep to the thermodynamic equilibrium which
occurs when a load is applied. Water migrates by diffusion in the layer of absorbed water to the
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capillarity pores where the pressure is lower which leads to a global progressive contraction of the
cement paste. The evolution of the volume fraction of the CSH is linked to the progress of the
mechanical properties of the cement paste. This evolution leads to stiffen the material during the
loading [168,169].
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Figure 105 — Evolution of the porosity for Figure 106 — Evolution of the porosity (pores
different pores size. diameter size from 5 to 9 um) and CSH.

Different categories of porosity should be considered according to the pores size. The distribution of
the volume fraction porosity for different pores diameter at early age is shown in Figure 105.
Different tendencies are observed according to the pores size. For pores diameter lower than 1 um, a
significant increase of the volume fraction occurs till an age of 24 hours. The opposite trend is
observed after an age of 65 hours, a slow decrease of the volume fraction porosity appears. For pores
diameter between 5 and 9 um, a major decrease of the volume fraction porosity occurs during the first
24 hours. After this period, a slower decrease of the volume fraction porosity is observed. Thus, the
subsequent can be observed, for the highest capillarity pores in the cement paste [170], the evolution
of the volume fraction porosity follows a same trend that the amplitude factor of creep. In Figure 106
and Figure 107, the volume fraction porosity of diameter between 5 and 9 um is compared to the
evolution of the CSH and the creep amplitude factor. In Figure 107, the evolution of the porosity has
the same trend as the amplitude factor when each parameter is normalized by the value obtained at an
age of 24 hours. The agreement between both curves is excellent especially during the first hours after
setting. After an age of 24 hours, the agreement between them does not correspond so well anymore.
In fact, the porosity decreases more than the amplitude factor after an age of 24 hours. It is then
observed that the creep during the first hours after loading is well correlated to the evolution of the
porosity of pores with diameters higher than 5 pum. A similar correlation exists between capillarity
pores and the coefficient of permeability [171]. At very early age, the decrease in the total capillarity
porosity is associated with segmentation of large capillarity pores. This segmentation decreases the
size and the number of channel flow in the cement paste which leads to a strong decrease of the
coefficient of permeability. Later in the hydration, when only smaller capillarity pores exist and
disappear, the decrease of the coefficient of permeability is very low because the interconnection
between capillarity pores is already strongly reduced. Thus the following interpretation is proposed:
the large capillarity pores are the main drives of water migration in the cement paste and when they
disappear, the cement paste become less permeable due to the decrease of interconnection between
capillarity pores. Therefore the migration of the absorbed water to the capillarity pores decreases

159|362
Chapter 4: Development of an experimental strategy for the monitoring and the modelling of cement
based materials



strongly. In addition to the porosity, the production of the CSH and their viscoelastic behaviour
should be also considered [157]. When the load is applied, it is considered that stress-induced water
movement occurs towards the largest diameter capillarity pore and also creep strain occurs through
the CSH. It is thus observed that the first mechanism is associated to the state of the material
(capillarity pores, CSH...) when the load is applied and this mechanism is strongly correlated to the
largest diameter pores for which the volume fraction decreases sharply during the very early age.
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Figure 107 — Evolution of the porosity (pores Figure 108 — Increase of volume fraction of CSH
diameter size from 5 to 9 um) and the amplitude  and creep coefficient for different age at loading.
factor.

The second observation can be directly correlated to the Microprestressed-Solidification theory of
Bazant [168]. This theory describes the visco-elastic behaviour of cement based materials by
considering the formation of new hydration products on the aging. When a load is applied, hydration
products should be considered in the elastic response. If the load is kept constant, new hydration
products will take place in the capillarity pores and will bear also the load and others hydration
products will be partially unloading. The reduction of the load on the hydration products will decrease
the amplitude of the creep. Here only CSH layer are considered as hydration products which bear the
load (Figure 108). Between the setting and 72 hours, the volume fraction of CSH swelled from 0.01 to
0.16 which corresponds to 3.7% and 56% of the value obtained at an age of 28 days. Volume fraction
of CSH is given in Table 14 for the different age at loading and for an age after loading of 145 hours.
Difference of volume fraction of CSH between the age at loading and an age after loading of 145
hours is also given. The difference of volume fraction of CSH decreases strongly with the age at
loading. A comparison between the increase of volume fraction of CSH after 145 hours of loading and
the increase of the creep coefficient between 2 hours of loading and 145 hours of loading is given in
Figure 108 for the different age at loading. Results are in good agreement with the theory of
solidification. For very early age of loading, a high increase of CSH occurs while a low increase of
the creep coefficient is observed after duration of loading of two hours. For loading applied at later
ages, the increase of volume fraction of CSH develops in an inverse way than the creep coefficient.
That explains why after few hours of loading, the evolution of the creep coefficient is higher for
specimen loaded at higher age. It is thus observed that the second mechanism is associated to the
solidification [169,172] of the cement paste during loading which is linked to the evolution of the
CSH and ipso facto to the decrease of the capillarity pores.
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Table 14 — Evolution of the volume fraction of CSH for the different age at loading.

Age Volume fraction Age + 145h00 Volume fraction Difference of volume
(h) of CSH (/) (h) of CSH (/) fraction of CSH (/)
15 0.030 160 0.226 0.195
20 0.054 165 0.228 0.174
24 0.069 169 0.230 0.161
40 0.113 185 0.235 0.123
72 0.161 217 0.245 0.084

Through these observations performed with VCCTL software and experimental results, the short term
creep is divided in two mechanisms:

- The first mechanism is associated to the state of the material (capillarity pores, CSH...) when
the load is applied and this mechanism is strongly correlated to the largest diameter pores for
which the volume fraction decreases sharply during the very early age.

- The second mechanism is associated to the solidification [169,172] of the cement paste during
loading which is linked to the evolution of the CSH and ipso facto to the decrease of the
capillarity pores.

All experimental observations were compared to the evolution of the microstructure of the cement
paste. Good correlations are done between both approaches however one important parameter is not
considered in this analysis: microcracking which occurs in the cement paste and at the interface
between cement paste and rigid inclusions. For further investigation this parameter should also be
studied.
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SECTION 4.7 — MODELLING BASIC CREEP OF CONCRETE SINCE
SETTING TIME

This chapter is based on the joint publication of Brice Delsaute, Jean-Michel Torrenti and Stéphanie
Staquet entitled “Modelling basic creep of concrete since setting time” and has been submitted in June
2016 at Cement and Concrete Composites Journal. All experimental results from this section have
been carried out at ULB whereas the modelling approach has been discussed between all the authors.

During this last decade, different creep models have been developed for early age concrete. These
models are generally based on the decomposition of the total strain €., of a loaded concrete sample in
a sum of the elastic strain €., the creep strain €., the autogenous strain €,, and the thermal strain &,
as expressed in Equation 27. Here drying effect is not considered. For a constant uniaxial stress o, the
uniaxial mechanical strain can be defined as in Equation 28 where 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. Generally authors use the creep deformation, the creep compliance, the specific
creep or the creep coefficient @(t,t") to model creep. The link between these three last parameters is
given in Equation 29.

Etot = €el T Ecr T Equ T € 27

ea(t) + e (tt) =0.J(tt') = 0. <E(t’) + C(t,t')) 28
oL NI (1)
Jtt) = EO) +C(tt) = ) 29

As concrete creep at early age is still not well understood, mathematical expressions are used to fit
experimental data. Several models developed for hardened concrete are given in [173]. 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 [64,173-178], the advancement degree
of reaction at loading [146,179] or the equivalent age at loading [144,180,181]. The advancement
degree of reaction «a is defined as the relative amount of hydrated cement and can be computed as a
function of the heat release Q and the heat release at an infinite time Q. (Equation 30). The
equivalent time teq is based on the Arrhenius equation in order to take into account the main
temperature effect on the hydration process. Equation 31 defines the equivalent time which is function
of the age of the material t, the evolution of the temperature T (°C), a reference temperature T;
(generally 20°C), the universal gas constant R (=8.314 J/mol/K) and the apparent activation energy
(material parameter in J/mol).
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Ageing of the creep function can be linked to other parameters such as the mechanical strength
[149,182] and the effect of the stress level could be included [149]. A set of these models are given in
Table 15. Complete details about the different models shown in Table 15 can be found on the
references given in the table itself. For these models no real physical mechanism is associated to the
amplitude or kinetic terms. With only one amplitude term and one kinetic term, it is assumed in these
models that only one mechanism is responsible of creep or that all mechanisms develop with same
kinetics but different amplitudes.

Table 15 - Creep models existing in the literature

Model References
Hyperbolic law N t=t' [174] [175]
SCT(tl t ) - k2+k1.(t—t’)
1 .3
ot t') = < t1t_t’> . 02y -
=t ! fem
But+= <0.1+(§—1) ) /%
(teq—tg,q)A [180,181]

! — !
Cltear tea) = Celtea) 57 Vo

Power law e (t,t) = kq. (t — t")k2 [177,178]
—ap\ 2@ 146,179
P, a) = ey (@) (22 [146.179]
/ toq—tsg) ?(@ [144]
(P(teq' teq) = P;(a). (%)
Double power law (¢ ) = ﬁ [1+ @q. (k+t") 4. (¢t — t")P] [64,173]
Triple power law ajtt’) _ ¢ ¢’ 1 [64]

ot E(t")’ () =

t’

Logarithmic law C(t,t") = W.ln[k. (t—t)+1] [182]
28

Among many previous studies like those reported in [25,64,144-146,148,149,179,180], several
theories were developed to clarify mechanisms related to creep behaviour. 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. Direct
mechanisms are related to the water mobility and to the solidification of the material and can be
separated in short and long terms phenomena [163,168,183,184]. The short term phenomenon is
reversible with a small characteristic time of about 10 days, is linked to a stress-induced water
movement towards the largest diameter pores and to the solidification [168,169] of the material, and
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occurs under increasing volume for uniaxial compression. The long term phenomenon is irreversible
with a high characteristic time and related to viscous flow in the hydrates and occurs under almost
constant volume. The creep rate of this long term phenomenon develops as a power function t™ [185-
187] with an exponent n between -1 and -0.9 according to [188], between -0.72 and -0.69 according
to results of [189] on concrete and an exponent n between -0.86 and -0.6 on cement paste according to
results of [148]. Nanoindentation tests were carried out on C-S-H by Vandamme, et al [157]. It was
shown that C-S-H exhibits a logarithmic creep which is in agreement with results obtained on
concrete. Vandamme [190] compared also this logarithmic behaviour with other heterogeneous and
porous materials with porosity including several orders of magnitude (soils and wood). For these non-
ageing materials, a logarithmic long-term creep was also observed. It can then be assumed that this
long term creep is not linked to a hydration process or any chemical specificity of the C-S-H.

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 redistribution of the
stresses in the material. Rossi, et al [77,78,191] proposed an approach of the creep mechanisms by
means of a micro-cracking process which occurs during loading and which is confirmed by acoustic
emission. Over the time, an increase of the density of micro-cracks occurs. These micro-cracks are
distributed through the volume of the specimen and allow water transfers which induce some
additional self-desiccation shrinkage (but there is no experimental evidence of this additional self-
dessication).

On basis of the results coming from the literature presented above, it could be considered that creep is
separated in three functions which correspond to the short term creep, the long term creep and a term
related to the formation of micro-cracks. In the model B3 of Bazant [188,192], both short and long
term creep are considered separately as expressed in Equation 32 and 33. Complete details about the
different parameters of the model can be found in the references [188,192]. The short term creep is
linked to the solidification theory [169,193] and corresponds to the terms with parameter q, and g3 in
the equations. The long term creep is linked to the microprestress theory [168,172] and corresponds to
the term with parameter q, in the equation.

oC(t, t") __n (9. t™™ 4+ q3) N N 32
ot t—-tH+@—-tH)rtm ¢t

) tnot™™ (r — ¢!

t
Inf1+ =) +q,In () 33
M e T e A

The consideration of the formation of micro-cracks is not directly given in the model B3 but it could
be considered by using a new function based on a fracture mechanics approach coupled to creep
[194], a general damage factor d with effective stress concept [195] (Equation 34) or a damage factor
related to the stiffness of the material coupled to a factor  which connects a part of the creep strain to
damage (Equation 35) [196].

34
o = (1 - d)& = (1 - d)-E-gel,d
35
&= \/(Sel,d + Becr) s (gel,d + Becr+
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Where £ is the equivalent strain and (. ). is the positive part operator.

Another way to model the viscoelastic behaviour of concrete is the use of rheological model where
the creep behaviour is associated to spring and dashpot in series or in parallel. There is an infinite
number of associations of springs and dashpots, several examples are given in [197]. Bazant advises
to use Kelvin Voigt chains in series for creep [159] and Maxwell chains in parallel for relaxation
[158]. To consider ageing creep, spring and dashpot parameters have to change according to the age
of the concrete. De Schutter [146] linked the creep coefficient to a Kelvin-Voigt chain by considering
that the spring and the dashpot develop according to the amplitude term of a model depending on the
advancement degree of hydration. This model has the advantage of being very simple because it uses
only two parameters. However this model is limited for early age study and for a limited duration of
loading. To extend the use of the model of De Schutter, Benboudjema and Torrenti [198] generalized
this model by means of several Kelvin-Voigt chains in series with different springs and dashpots. The
ageing of each element of each Kelvin-Voigt chain depends on the evolution of one parameter which
is function of the advancement degree of hydration. In case of complex loadings with partial or total
unloadings, Briffaut [145] added a dashpot in series to the three Kelvin-Voigt chains where the creep
strains predicted by the additional dashpot are totally irreversible. Then the Kelvin-Voigt chains are
linked to the short term creep and the dashpot is linked to the long term creep. A more general
rheological scheme of the concrete behaviour is given in Figure 109 [168,199] where elastic, creep
(short term and long term), shrinkage and thermal strain are represented on a same rheological model.
Another way to consider ageing by using rheological model is done by Hermerschmidt [200] who
uses 4 Maxwell units and 1 single spring in parallel to model tensile creep test with several histories
of loading. The influence of the hardening process on the viscoelastic behaviour is carried out by
increasing the stiffness of the single spring and the viscosities of the dashpots according to the age of
the concrete.

solidification
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Figure 109 - Rheological scheme of the concrete behaviour [199]

Therefore several approaches were proposed in the literature and in the design codes to model creep
behaviour for early age or for hardened concrete. The present section reports on a new strategy for the
modelling of the basic creep since setting time. The model is based on physical mechanisms presented
above and experimental results on an ordinary concrete studied in isothermal conditions at 20°C and
in sealed conditions reported in [201]. A comparison between the experimental results and the Model
Code 2010 is carried out in order to point out a certain deficiency in application to very early age and
to suggest a modification which may eliminate this deficiency.
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4.7.1. Experimental details

The results presented here were performed on an ordinary concrete for which mix proportions are
presented in Chapter 3.

4.7.2. Results and observations

All results and observations used for the modelling of the basic creep are based on the Section 4.6.

4.7.3. Modelling

» Partl: Modelling of the repeated minute-long duration loadings test

Two models were developed to best fit the creep coefficient for each repeated minute-long duration
loadings. A first model was introduced in [202]. The model is given in Equation 36. The model is a
power law and is inspired from the work of Gutsch [144] and De Schutter [146]. The model has the
advantage to consider only two parameters: a parameter A; linked to the amplitude of the creep
coefficient after 5 minutes of loading and a parameter K, linked to the kinetic evolution of the creep
coefficient.

t—t' Ky (th
Pt t) = Al(t’).< > 36

ta1

where t,; = 0.083h = 300s. The second model developed is a logarithmic law and is inspired from
the Model Code 2010 (Equation 37). The model is also based on an amplitude parameter A, and
linked to the amplitude of the creep coefficient after 5 minutes of loading and a parameter K, linked
to the kinetic evolution of the creep coefficient.

_ e Ke(t)
(t t)> 37

e (t,t") =A,(t").In| 1+ (e — 1).< ™

where t,, = 0.083h = 300s. 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 minutes 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 (by using the fminsearch function in Matlab©). To compare the power and
logarithmic expression in term of performance, the error is computed by considering the experimental
and modelling value of the creep coefficient for each cycle at the same time according to Equation 38.
N¢ and N, are respectively the number of cycles during the test and the number of measuring points
for each cycle. The error is 0.0020 for the power law and 0.0014 for the logarithmic law. A reduction
of error by a factor 1.5 is observed. This is coherent with results of long duration which show a
logarithmic trend for each age of loading since setting time during the first hours of loading. Then,
only results from the logarithmic law will be considered on the next parts of this paper.
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Coefficient of the logarithmic model is given in Figure 110. The amplitude parameter decreases
strongly with the age at loading and has an evolution inversely proportional to the age at loading as
indicated in Equation 39. The Kinetic parameter is relatively constant as expected with experimental
results obtained. Then, for this concrete, a constant value of 0.35 is considered for the kinetic
parameter K,. The evolution of both parameters is given in function of the age at loading and not in
function of the advancement degree of reaction as it has been done in [146] due to technical reasons.
Calorimetry testing in isothermal, semi-adiabatic or adiabatic condition is generally used to define the
evolution of the advancement degree of reaction. These methods are very accurate for the early age
but not for long term. Indeed, after several weeks the heat flow of the hydration of the cement paste is
very low and is very difficult to assess experimentally. Thus after few weeks, the advancement degree
of hydration does not develop significantly whereas the mechanical properties such as the
compressive strength and the elastic modulus continue to change significantly [119]. That is the
reason why it has been chosen that the expression of all parameters is given according to the
equivalent time. A value of 35 kJ/mol is used for the activation energy [203]. In Figure 111, modeled
and experimental data are compared for several ages at loading. A very good agreement is obtained
between both.

, 1 39
Ay (t) =

where a=11.26, b =-19.62 and t, = 1h.
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Figure 110 — Evolution of the amplitude and Figure 111 — Experimental data of the creep
kinetic parameter of Equation 37 according to the coefficient and modeled curves for several ages at
age at loading. loading from Equation 37.

» Part 2 : Modelling of the permanent loading

RHEOLOGICAL MODEL WITH AGEING FACTOR

Based on experimental observations explained in section “Results and observations”, a new approach
is used for the modelling of the basic creep function at early age. Several Kelvin-Voigt units in series
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were used. The stiffness E and the viscosity n of the chain with retardation time T lower than 2 hours
depend on the evolution of the amplitude parameter A, which is determined by means of a minute-
long duration loadings test. The Figure 112 illustrates the different models proposed before by De
Schutter [146], Benboudjema & Torrenti [198] and the one developed in this study.

De Schutter Benboudjema & Torrenti New approach
11(a) Ny (@) na(a) M1(t'eq) Mn
Ei(a) Ei(a) Ey(a) Eq(t'eq) E,
I i
2h00 T
0.473 Ei(teq) =EP F(Az(t'eq)) T<2h
Er(@) = 5081 - 160822 E(@) = Eiwyiar—1 608" {Ei = qu° ' 7, >2h
Ay(t'eq) = @(t'eq + Smin,t")

Figure 112 - Comparison between the approach of De Schutter [146], Benboudjema & Torrenti [198]
and the new strategy developed

The stiffness of the spring of each unit (expressed in MPa) is imposed to be positive by using
Equation 40 in which the parameter d is computed by using least and square method (with the
fminsearch function of Matlab®©) by considering each creep curve at the same time. Only 4 Kelvin-
Voigt chains are necessary to model the ageing of each creep curve for a period of 145 hours.

Tl'SZh
Ti>2h

{Ei(téq) = 106 exp(—A4,(teq). d;) 40

E; = 10°. exp(—d;)

Values of the parameters of the 4 Kelvin-Voigt chains are given in Table 16 and the results of the
modelling are compared to experimental results in Figure 113.

Table 16 - Basic creep coefficient for 4KV model.

74 (h) dq 7, (h) d, 73 (h) ds 74(h) dy

0.34 24.58 0.94 27.33 19.32 1.66 145 2.80

A good agreement is found between the experimental results and the modelling. This way to model
creep curve has the advantage to be easily implemented in finite element software. For the study of
loading of short duration, as the case of restrained shrinkage, this way to model creep can be very
convenient. However it has also several disadvantages:

- The modelling is not able to predict creep for long duration of loading.

- The modelling needs several creep tests of long duration to be calibrated. If only two tests are
used to fit the parameters, the model cannot predict with a very good accuracy results for
other ages.
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- The model does not highlight correctly the mechanisms which occur during the loading and
does not distinguish between reversible and irreversible creep.

1 : : : :
i i e = = = ==
0.8 4------- T e e e Fommmmmeao
s i | i =
— =
S 0.6 1wt - 1
=
% -
2 Fes
D R B T et ettt S
-+
2
@) - = p(t.t") Mod e | 5h €Xp
0.2 i s 201 €XP s 241 €XPp
s 400 €XPp 72h exp
0 i i i T T
0 20 40 60 80 100 120 140
Equivalent age afterloading (h)

Figure 113 — Comparison between 3 KV chains model developed with minute-long duration loading
testing for long duration and experimental results of long duration creep tests.

MODEL WITH SEPARATION BETWEEN SHORT TERM AND LONG TERM CREEP

To improve the model, several physical mechanisms must be taken into account. By considering the
model B3 of Bazant [188] and also the observations carried out by Ulm, Acker [163] and Torrenti
[204] with regards to the results of Leroy [25] and Laplante [180], it appears that the long term creep
corresponds to a logarithm function. It is particularly highlighted by comparing the evolution of the
derivative of the creep function of several creep curves according to the age of the concrete (Figure
114). The derivative of the creep function follows a power function trend after several days for early
age loading or after several weeks for loading at later ages. The same observations can be done with
the concrete studied in this article as shown in Figure 115. In a previous work [205], Rossi have
carried out creep tests of long duration on the same concrete studied in this paper for a hardened state
(age of 28 days). Results of Rossi are also shown in Figure 115 and are in very good agreement with
all results obtained at early age and very early age. It appears that with very early age loading, the
long term creep can be identified very easily, very accurately and with a short duration of loading
(one week of loading is clearly enough for early age loading). The long term creep corresponds also to
a power expression and is given by equations 41 and 42. As the exponent g of the equation is very
close to a value of -1, the long term creep can be identified as a logarithm expression. Results from
the literature shows that the exponent of the derivative of the creep function can vary between -1 and -
0.69. For that reason, the long term creep is considered as a power expression as shown in Equation
42,
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Figure 114 — Derivative of the
creep function according to the
age of the concrete from [157].

Figure 115 — Derivative of the creep function according to the age
of the concrete for results obtained in this study and results
obtained by Rossi [205].

dCZTt(t) — et 41
our(t,t) = E(). Cr(6,t) = E(E). 2. (e9 = ¢'9+) 42

Where f = 9E-6 MPa-1 and g =-1.048. In Figure 118, the long term creep is removed from the
experimental results by using Equation 42 in order to isolate the short term creep. For early age
loading, the short term creep changes strongly during the first hours after loading with a logarithmic
trend and after approximately ten hours no short term creep occurs anymore. For later ages at loading,
a logarithmic evolution is observed during the first week of loading. Short term creep can then be
separated in two functions:

- A logarithmic function which is function of the actual state of the material (capillarity
porosity, CSH) when the load is applied. The function is linked to the amplitude term of the
minute-long duration loadings test which is strongly correlated to the evolution of the largest
diameter pores (Figure 116). The function has two materials parameters. This part is called
here the initial short term creep and is marked @;gt.

- Another function which is linked to the solidification of the material and associated to the
guantity of formed CSH during loading (Figure 117) and ipso facto to the decrease of the
capillarity pores. This part is called here the solidification term creep and is marked @gr-.
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Figure 116 - Evolution of the porosity (pores Figure 117 - Increase of volume fraction of CSH
diameter size from 5 to 9 um) and the amplitude  and creep coefficient for different age at loading
factor [201]. [201].

Firstly the initial short term creep is modelled by a logarithmic expression as given in Equation 43.
The equation used to model the initial short term creep is inspired from the second term of the model
B3 [188] as for the modelling of the creep coefficient with the minute-long duration loadings test. The
modelling of the initial short term creep is compared to experimental results for which the long term
creep is removed in Figure 118. For early age loading, a very good agreement is observed during the
first hours of loading. For later ages (here loadings at 2 or 3 days), the agreement is good till one week
of loading. In Figure 118, it is also shown that the model developed for minute-long duration loadings
test (Equation 37) is not able to predict alone the creep behaviour for long duration. This can easily be
explained by the fact that only the initial state of the material is considered and not the mechanisms
which develop during the hardening process as the solidification of the material and the viscous flow
in the hydrates. The results presented here are in good agreement with the observation carried out by
Irfan, et al. [206] who show that creep results from repeated minute-long duration loadings on cement
paste are enough to predict the evolution of the creep function for several days.

43
@rsr(6,t) = h. Ay (¢). In(1 + (t — t)¥)

Where h = 20 and k = 0.08. Secondly, the initial short term creep is removed also from the
experimental results in order to identify the solidification part of the creep for each age of loading. In
Figure 119, results of this subtraction are given. For early age loading, the solidification term creep is
very important and changes strongly during the first days of loading. For later ages of loading, the
amplitude of this parameter seems very low. In order to compare only the Kinetics aspect of the
solidification term creep, each solidification creep curve is normalized at a time corresponding to an
age after loading of 145 hours. In Figure 120, it is observed that the kinetics evolution of the
solidification term creep does not depend on the age at loading of the concrete. Results from the
loading applied at an age of 72 hours are not included in Figure 120 because for later ages
corresponding to an high advancement degree of reaction (the advancement degree of reaction for an
age of 72 hours has a value of 0.69), the solidification phenomenon is very low and therefore is very
difficult to analyse. The kinetic of the solidification term creep is modelled by the use of Kelvin-Voigt
chains in series which best fits the experimental data (Figure 119). Three Kelvin-Voigt chains in
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series are used for the modelling of the solidification term. Values of the parameters of the Kelvin-

Voigt chains are given in Table 17.

Table 17 - Solidification creep parameters for 3 KV model

7, (h) E; (MPa) 7, (h) E, (MPa) 73 (h) E; (MPa)
1 8344450 11.94 2788404 1425 1153883
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Figure 118 — Evolution of the creep coefficient

with subtraction of the long term part and
modelling of the very short term creep

Figure 119 — Evolution of the creep function with

subtraction of the long term and very short term
part and modelling of the consolidation creep

Then, the evolution of the amplitude of the solidification term creep is given in Figure 121. The
amplitude is defined as the value of the solidification term creep at an age after loading of 145 hours.
The solidification mechanism is not directly dependent of the state of the material when the load is
applied. This is dependent of how the material will harden during its hydration. That is why a
macroscopic parameter such as the strength and the E-modulus or a microscopic parameter such as the
porosity and the CSH cannot directly be used to characterize the amplitude of the solidification creep.
As the amplitude of the solidification is linked to a mechanism which develops during the hydration,
this parameter should be linked to the evolution rate of one parameter such as the CSH at
microstructural scale (see Section 6 of the Chapter 4) or the elastic modulus at macroscopic scale.
Parameters such as the compressive strength could not be considered because there are not relative to
the general behaviour of the concrete but relative to the behaviour of the material at failure which is
not what is studied here. In Figure 121, the amplitude of the solidification term creep is plotted
according to the derivative of the elastic modulus. A linear relation is observed between both
parameters. Therefore it could be concluded that both parameters develop with a same kinetics and
that the solidification term creep and the derivative of the elastic modulus are directly proportional.
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Figure 120 — Normalization at 145 hours of the Figure 121 — Comparison between the amplitude

creep function after subtraction of the long term  of the solidification term creep after 145 hours of

creep and the very short term creep. Modelling of  loading and the derivative of the elastic modulus
the kinetics of the solidification term creep. according to the age at loading.

Finally the solidification term creep can be defined by the multiplication of two functions:

- One function which is linked to the kinetics evolution of the solidification and is independent
of the age at loading. Three Kelvin-Voigt chains are used to model it.

- One function which is linked to the amplitude of the solidification, dependent of the age at
loading and directly proportional to the evolution of the derivative of the elastic modulus.
This amplitude term is noticed Ag and is given in Equation 44.

N _  dE@t"
Agr(t) = L——=+m 44

Where | = 0.6615 and m = -0.054. In Figure 122, the contribution of the very short term, the
solidification term and the long term are summed and compared to the experimental results. A very
good agreement for each age at loading is observed. It is then concluded that the creep function is
divided in three terms and can be defined since the setting with one early age loading test of long
duration and one minute-long duration loadings test which begins just after setting. The methodology
used to identify each term has three steps:

1. The long term creep is defined with one creep test for which the load is applied at early age
during one week or more. After one day or more, the creep compliance rate follows a power
law which corresponds to the long term creep.

2. The initial short term creep is obtained after having removed the long term creep and
corresponds to a logarithmic law. The kinetic is constant and the amplitude depends on the
amplitude parameter defined with the minute-long duration loadings test. This term fits well
the results obtained during the first hours of loading or more. This term is function of the
actual state of the material (capillarity porosity, CSH) when the load is applied. The function
is linked to the amplitude term of the minute-long duration loadings test which is strongly
correlated to the evolution of the largest diameter pores (Figure 116).

3. The solidification creep is obtained after having removed the long term and the initial short
term creep. The kinetic is constant and the amplitude depends on the derivative of the elastic
modulus at the age of loading.
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Figure 122 — Modelling of the creep coefficient by identification of the long term creep, the short term
creep and the solidification creep.

MODEL CODE 2010

In the recent Model Code 2010 (MC2010) [182], basic creep is expressed as the multiplication of an
amplitude term ¢, ,. Which is linked to the mean compressive strength at an age of 28 days and a
kinetic term B,.(t, t") which is function of the age at loading, the age after loading and the type of
cement (Equation 45 and 46). For one composition defined, all parameters are constant except the age
at loading which is the only parameter which considers the ageing. When the time approaches infinity,
the creep compliance rate approaches a value corresponding to the inverse of the time. Then MC2010
considers the long term creep,

2
1.8 30
0t t") = @opc(fom)-Boc(t,t") = ——%7-In (— + 0.035> t—-tH+1 45
(fcm) tO,adj
) 9 QAcem
toaa = (14 553 *

where a.,, depends on the type of cement and is equal to 1 for CEM 52.5 N, f.,, is the mean
compressive strength at an age of 28 days (here f.,, = 48 MPa). In Figure 123, results from MC2010
are compared to the experimental results. For age at loading of 40 and 72 hours, the predicted values
of MC2010 are quite close to the experimental results. However for earlier loadings, a significant
difference is observed. To understand this difference, results of the elastic modulus and its derivative
are compared to the predictive value of MC2010 (Equation 47 and 48) in Figure 124. Several
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significant differences are highlighted. The elastic modulus is highly overestimated till an age of 20
hours. The derivative of the elastic modulus is always underestimated and particularly during the two
first days. This underestimation is also noted on the amplitude of the creep compliance (Figure 123).
As mechanical properties are not well predicted for the very early age, it is normal that MC2010 is not
able to predict correctly a parameter such as creep compliance at very early age. In order to improve
the prediction of the creep compliance it is necessary to adapt the model by changing the effect of the
age at loading.

E (") = pg(t).Eg 47

) = (e (5 (1.- (%)0'5)»05 8

Where E.;(t") is the elastic modulus in MPa at an age t’ in days, E.;=36300 MPa is the elastic
modulus at an age of 28 days and depends on the concrete grade, s=0.2 depends on the strength class
of cement.
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Figure 123 — Comparison between predicted Figure 124 — Comparison between predicted value
value of the creep compliance obtained with of the elastic modulus and the derivative of the
MC2010 and experimental results elastic modulus obtained with MC2010 and
experimental results.

ADAPTED MODEL CODE 2010

Torrenti [204] puts forward that MC2010 can be expressed as in Equation 49. The parameter C is
constant for one concrete composition and t is the only parameter which changes according to the age
at loading. By adjusting both parameters for different set of results coming from tests carried out on
ordinary and high performance concrete, Torrenti shows that MC2010 could be able to predict the
basic creep coefficient. The same methodology is used on the concrete studied in this paper and
results of the fitting of the creep curve are given in Figure 125. The model is able to fit very well the
experimental results. A value of €=217.8 GPa is found. The value of the parameter t for the different
age of loading is given in Table 18.

Pc(t,t) = E(Ct ) 1n (1 + t‘:') 49
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Table 18 - Value of parameter T from Equation 49

¢ (h) 15 20 24 40 72
T(d) 2.49E-07 8.20E-07 3.90E-04 1.62E-02 4.76E-02
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Figure 125 — Comparison between experimental ~ Figure 126 — Comparison between the derivative
creep curves, creep curves coming from a model  of the elastic modulus and the parameter t of the
inspired by the model code 2010. adapted model code 2010

Results of the parameter t are compared to the inverse of the derivative of the elastic modulus in
Figure 126. A power law linking the parameter = and the derivative of the elastic modulus is
highlighted. Therefore the derivative of the elastic modulus seems to be a very good indicator of the
ageing of the creep function. As for the second model presented, this observation can be explained by
the link between the rate of the elastic modulus and the velocity of the hardening of the cement paste
and thus to the solidification of the material. In comparison, the predictive values of T are plotted
according to the inverse of the derivative of the elastic modulus predicted by MC2010 in Figure 127.
An excellent linear correlation is done between both parameters. In Figure 128, data from
experimental results and MC2010 are superimposed. Two kinds of trend are observed. For very early
age (between setting up to 40 hours), the relation between the parameter T and the inverse of the
derivative of the elastic modulus follows a power trend. Values by MC2010 are not able to predict
this trend. For higher ages (after 40 hours), experimental results and predicted values of MC2010 are
very close and follow a same linear trend. Through results presented in the previous models, this
change of trend at an age at loading of 40 hours can be interpreted as an effect of the solidification of
the material. Indeed, before an age of 40 hours, the amplitude of the solidification of the material is
significant on the evolution of the creep coefficient. For later ages at loading, the solidification of the
material has a low impact on the value of the evolution of the creep coefficient. The mathematical
expression linking the parameter t and the derivative of the E-modulus is given in Equation 50 and 51
where n=0.0884 GPa, q=22542 d, p=-7.41 and tz=1 d.GPa-1.

( dE P 50
=q.\—. ift<
{T q(dt tE) if t <40h
dEN"
=n(— j 51
V n'(dt) if t >40h
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Figure 127 — Evolution of the parameter t from  Figure 128 - Comparison of the relation between
Model code 2010 according to the derivative of the inverse of the derivative of the elastic
the elastic modulus. modulus and t from experimental results and

Model Code 2010.
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CONCLUSIONS
The conclusion of this chapter is divided according to the different sections.
Section 1

A new test protocol is defined for the monitoring of the autogenous strain and the coefficient of
thermal expansion. Every 130 minutes, thermal variations of 3°C are applied on a concrete sample
with the device so-called BTJADE. Thermal and autogenous strains are distinguished by creating a
fictive thermal cure at 20°C from the experimental results. A similar strategy is developed for the
monitoring of the autogenous deformation and the coefficient of thermal expansion for cement paste
and mortar by usin the Autoshrink device.

Section 2

The Temperature Stress Testing Machine (TSTM) allows monitoring the mechanical behaviour of
concrete since setting time under restraint conditions. Actually, the restraint 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 restraint shrinkages and also, creep and relaxation.
The design of this system must include 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 mould was added to the revisited TSTM system for
monitoring the free shrinkage and the thermal deformation. So, the direct measurement of the creep
deformation and the relaxation stresses is possible with the simultaneous use of the first and the
dummy mould. 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. A revisited testing design for
monitoring the mechanical properties of concrete in tension and in compression since setting time
(Young’s modulus, creep and relaxation) was introduced.

Section 3

Section 3 presents a literature review of the existing tensile creep rigs. The different criteria needed
for the design of a tensile creep rig are highlighted and explained in details. From these criteria, it was
chosen to use two types of tensile creep rig. For very early age tests, the TSTM device is used. For
early age or hardened concrete, two electromechanical testing devices are used. For the measurement
of the longitudinal and lateral displacement, these two tests rigs are equipped of extensometer in Invar
with elastic anchorage from the J2P company. The connection between the test rig and the sample is
done with two dollies which are bonded on the ends of the sample and connected to the test rig with a
hinge. In addition, the same instrumentation is used for the dummy specimen

Section 4

A new tool, specifically designed at IFSTTAR and aimed at stiffness monitoring of concrete at early
age, has been designed and applied to an ordinary concrete. Samples are cast and tested inside a
double walled mould. In the double wall, a flow of water ensures the control of the temperature of the
sample and thus its maturity. This test rig must be used in conjunction with testing machines able to
be controlled in load and in displacement.
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Results obtained with this new tool were compared to results obtained at ULB with a modified
Temperature Stress Testing Machine (TSTM). The agreement was good. This modified TSTM has
been specifically designed to control the maturity. A dummy sample has also been added in order to
take into account autogenous strains measurements in the case of creep or relaxation tests at early age.
It allows compressive and tensile testing starting just after the setting time.

Two protocols of loading were applied on the concrete samples. For the first protocol, the same
deformation (100 to 250 10°° depending on the tests) is applied on the sample, at regular intervals, at a
constant strain rate (5 10° / s). For the second protocol, 20 % of the compressive strength is applied at
each cycle. This second protocol implies that the evolution of the compressive strength is known. In
the limits of the loading protocols, it seems that no damage affected the samples.

The E modulus monitoring is useful for research applications but it can be used also for field
applications when the early age characteristics of concrete are of the first importance. Tests are in
progress in order to explore the possibility using the devices of IFSTTAR and ULB for other
properties such as creep or relaxation of concrete at early age. In these cases, the loading protocols
must be adapted. It is also possible to use the systems of temperature control to apply any temperature
histories to perform measurements of coefficient of thermal expansion.

Other characterizations were performed on the concrete: heat released by the hydration process,
monitoring of the compressive and the tensile strength and monitoring of the ultrasonic pulse velocity.
These tests were performed to obtain a set of characteristics of the concrete allowing choosing the
right settings for automatic loadings.

Section 5

Different automatic technigues aimed at measuring changes in the stiffness of a concrete at early age
were used in three different laboratories. They were grouped in low-frequency and high frequency
methods.

The low-frequency methods gave responses similar to classical measurements. These classical
measurements consist in performing the test after having removed the samples from their mould just
after the setting time. Despite the fact that the samples are very brittle, the concrete begins to harden
at the end of the working day thus, automatic methods are almost obligatory to study this initial phase
of concrete behaviour. Two of the low-frequency methods are based on the use of laboratory testing
machine (TSTM or QSs;, BTJASPE or QS;) whereas the third method (EMM-ARM or RF) is well
adapted for laboratory testing and in field. Their mutual performances are in good agreement. For
such inter-laboratories tests, the protocols of mixing and loading should be improved, though.

Both the loading stress rate and amplitude are observed to have an effect on the determination of the
low-frequency elastic modulus. This observation, which might be explained by very short term creep,
is of limited importance when quasi-static measurements are performed, regarding the reproducibility
of such tests. However, similar mechanisms could explain the difference between the low-frequency
and high frequency elastic modulus, since both are measured at very different loading rate and
amplitudes.

The ultrasonic measurements are also automatic methods and they are good candidates for the
monitoring of the stiffness of the concrete at very early age. Two classical techniques (FreshCon or
HF,, BTPULS or HF,) are compared to a newly developed technique (SMAGs or HF3). Ultrasonic
measurements provide values of E-modulus that are higher than the values provided by the quasi
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static or low frequency tests at the time of the concrete setting. This difference decreases as the
concrete hardens. Their results show a clear effect of the loading rate on the E-modulus calculation
compared to values obtained with quasi static tests. A correlation between the results of high
frequency techniques and low frequency ones is not yet clearly accessible and models should be found
to promote the use of ultrasonic techniques applied to the monitoring of the concrete stiffness at very
early age.

Further experimentations are needed to quantify accurately the effect of the strain or stress rates on
the evolution of the elastic modulus in the low frequency and high frequency ranges.

Section 6

Compressive creep frame were used for classical basic creep tests at different age of loading (15 — 20
— 24 — 40 — 72 hours) with duration of loading of one week and a stress level of 40%. It is observed
that the short term of basic creep can be divided in two terms. The first term occurs just after the
loading and has duration of few hours (for the concrete studied). During this period, basic creep
coefficient has constant kinetic and variable amplitude which is inversely proportional to the age at
loading. The second term occurs on longer duration of loading and has amplitude and a kinetic which
are not strongly influenced by the age at loading.

A new test is developed for the monitoring of the first term of the short term creep. The test is based
on repeated-minute long loadings which are applied each 30 minutes for duration of 5 minutes. For
that purpose, a TSTM and a device called BTJASPE were used. It is showed that the autogenous
deformation, the Young’s modulus and the amplitude of the very short term creep can be determined
since setting in only one test. An excellent agreement between the experimental data has been
obtained with the BTJASPE and the TSTM device. What is validated the credibility of the results and
the protocols of loadings with both devices.

A comparison between the experimental observations and the evolution of the microstructure was
done. The short term creep is divided in two mechanisms:

- The first mechanism is associated to the state of the material (capillarity pores, CSH...) when
the load is applied and this mechanism is strongly correlated to the largest diameter pores for
which the volume fraction decreases sharply during the very early age.

- The second mechanism is associated to the solidification [169,172] of the cement paste during
loading which is linked to the evolution of the CSH and ipso facto to the decrease of the
capillarity pores.

This conclusion is however limited to early age concrete, for short durations of loading (one week of
loading) and limited stress levels (40 %). A next step of this research is the study of creep in tension,
higher stress level and the coupling between damage and creep at early age. More sophisticated tests
with more complex histories of loadings (various plateau durations) are still needed for computational
purposes. The measurement of transversal displacement is also needed for future studies.

Section 7

The section 7 presents a new methodology to model basic creep in compression since setting by
means of minute-long duration loadings test with low duration of loading (5 minutes) and classical
creep tests with duration of loading of 6 days or more. Results from the minute-long duration
loadings test allow defining the elastic modulus and an ageing creep factor corresponding to the
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value of the creep coefficient after 5 minutes of loadings. Based on experimental observations, a new
approach is developed for the modelling of the creep function.

For short duration of loading (5 minutes), basic creep is modeled since setting time with a logarithmic
expression inspired of the Model Code 2010. Only one parameter varied according to the age of
loading. This parameter corresponds to the value of the creep coefficient after 5 minutes of loading.

For long duration of loading (6 days or more), several approaches are used to model creep:

1. Four Kelvin-Voigt units in series are used. Only units with a characteristic time lower than 2
hours have an ageing factor which corresponds to the value of the creep coefficient after 5
minutes of loading. This way to model creep curve has the advantage to be easily
implemented in finite element software. For the study of loading of short duration, as the case
of restrained shrinkage, this way to model creep can be very convenient. However it has also
several disadvantages:

a. The modelling is not able to predict creep for long duration of loading.

b. The modelling needs several creep tests of long duration to be calibrated. If only two
tests are used to fit the parameters, the model cannot predict with a very good
accuracy results for other ages.

c. The model does not highlight correctly the mechanisms which occur during the
loading and does not distinguish between reversible and irreversible creep.

2. In previous studies it was highlighted that creep is divided in two terms: the short and long
term creep. Here, it is proposed to divide also the short term creep in two terms: the initial
short term creep and the solidification creep. Thus the creep function is divided in three terms.
Each term is identified since the setting in three steps:

a. The long term creep is defined with one creep test for which the load is applied at
early age during one week or more. After one day or more, the creep compliance rate
follows a power law which corresponds to the long term creep.

b. The initial short term creep is obtained after having removed the long term creep and
corresponds to a logarithmic law. The kinetic is constant and the amplitude depends
on the amplitude parameter defined with the minute-long duration loadings test. This
term fits well the results obtained during the first hours of loading or more. This term
is function of the actual state of the material (capillarity porosity, CSH) when the load
is applied. The function is linked to the amplitude term of the minute-long duration
loadings test which is strongly correlated to the evolution of the largest diameter
pores.

c. The solidification creep is obtained after having removed the long term and the initial
short term creep. The kinetic is constant and the amplitude depends on the derivative
of the elastic modulus at the age of loading.

3. The Model Code 2010 is used and compared to experimental results. For ages at loading of 40
and 72 hours, the predicted values of MC2010 are quite close to the experimental results.
However for earlier loadings, a significant difference is observed.

An adapted version of the Model Code 2010 is proposed. In this version, the effect of the age
at loading is considered by using the inverse of the derivative of the elastic modulus.

The concrete studied is an ordinary concrete with water-cement ratio of 0.54 and was kept in
isothermal condition at 20°C.
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This conclusion is however limited to medium stress levels (40 %). A next step of this research is the
study of creep in tension, higher stress levels and the coupling between damage and creep at early age.
More sophisticated tests with more complex histories of loadings or temperatures are still needed for
computational purposes. The measurement of transversal displacement is also interesting for future
studies.
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CHAPTER b5:

APPLICABILITY OF ULTRASONIC MEASUREMENT ON
THE MONITORING OF THE SETTING OF CEMENT
PASTES: EFFECT OF WATER CONTENT AND MINERAL
ADDITIONS

This chapter is based on the joint publication under review (September 2016 at ASTM International)
of Mohamed Saleh, Jérdbme Carette, Brice Delsaute and Stéphanie Staquet entitled “Applicability of
ultrasonic measurement on the monitoring of the setting of cement pastes: effect of water content and
mineral additions.”

The knowledge of the setting process of cement-based materials is essential in the construction sector.
There are two important parameters that can be defined during the setting process [1] mainly, the
initial setting time t; which is reached when any further mixing has an impact on the further
properties development whereas, the final setting times t; corresponds to the time when the material
begins to develop mechanical properties. The initial and final setting can be interpreted as shown in
Figure 1 with two quantifiable properties as the slump and the E-modulus. For instance, in the
concrete industry, it needs to be ensured that the material is poured before t; has been reached on the
other hand, the knowledge of t; may optimize the formwork removal process for quick construction
phases. In addition, for modeling purposes, the knowledge of tr is essential for the early age
behaviour of the material since it characterizes the beginning of the stress development inside the
material which has to be evaluated accurately in order to assess the early age cracking risk.

N

Penetration
resistance

E modulus

A\ 4

initial final
setting setting

Figure 1 — Three stages interpretation of the setting process [1]

Furthermore, ultrasonic pulse velocity (UPV) measurements have been widely investigated and
correlated with the early age evolution of cementitious materials properties such as the static elastic
properties [1, 2, 3], compressive [4, 5] and tensile strengths [3, 6, 7, 8], the coefficient of thermal
expansion [9] and the basic creep [10]. For instance, the concrete strength measured on cylinder or
cube in a laboratory is different than the one of an in-situ concrete structure due to the fact that in a
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laboratory, the curing and testing conditions are controlled while, in-situ, the curing (inducing thermal
gradients inside the structure) and compaction conditions are variable. Thereby, in-situ strength is not
directly comparable to the measured strength in the laboratory. Hence, there is a need for new
techniques to measure the in-situ properties of concrete for quality assurance. These new techniques
have to be non-destructive and continuous in order to monitor and evaluate changes in the properties
during the overall hardening process.

The setting process can be described in a chemo-physical perspective as follow. At the beginning, the
kinetics of hydration is slow. This corresponds to the dormant period where the workability decreases
slowly until it is lost completely. At this stage, the initial setting time ¢; has been reached and the
hydration products start to develop significant continuous path. Afterwards, the stiffening process
begins with an increasing rate which corresponds to the acceleration period where, the material
solidifies and starts to resist shear or tensile load, which corresponds to the final setting time t;.

Henceforth, several criteria based on continuous non-destructive measurements of UPV have been
developed for the setting time detection for mortar and concrete specimens. In previous studies, only
P-wave velocity was used to detect setting of the material. The initial setting time was computed as
the time of occurrence of the inflection point of the P-wave velocity curve multiplied by 1.45 [11]
whereas, the final setting time occurs when P-wave velocity curve had decreased to 20 % of its
maximum [12].

A new methodology was introduced by Carette and Staquet to determine the initial and final setting
time for mortar in [13] and concrete in [14] based on the combined monitoring of P-wave and S-wave
velocity. They compared heat release, penetration resistance (for mortar) and static Young’s modulus
and compressive strength (for concrete), as well as ultrasonic transmission of P-wave and S-wave
velocities. It was concluded that the ultrasonic method characterizes well the setting process and the
following criteria have been developed to detect setting times. The initial setting time corresponds to
the time of occurrence of the inflection point of the S-wave velocity curve while, the final setting time
is computed as the time of occurrence of the inflection point of the dynamic Young’s modulus curve.

In this study, UPV measurements are used to monitor the setting process and the subsequent
development of the elastic properties of cement paste materials. In particular, the criteria mentioned
above, developed for mortar and concrete, are evaluated and extended to cement paste mixtures. So
far, there are two types of techniques that have been standardized in order to determine the setting
times of cement paste materials, the VICAT test [15] and the Gillmore needles test [16].

However, these techniques have in common the feature of being destructive which can be considered
as a major drawback. While these tests allow to determine setting times only of cement paste and
mortar mixtures, UPV measurements have the advantage to monitor the evolution P-wave and S-wave
velocities, which in return allow to compute setting times and dynamic properties such as, the
dynamic Young’s modulus Eg,,,, the dynamic shear modulus Gg,, and the dynamic Poisson’s ratio

Vayn for cement paste, mortar and concrete.
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SECTION 5.1 - MATERIALS AND METHODS

5.1.1. Materials

The materials used for this study are cement CEM | 52.5 N, limestone micro-filler (LMF), blast-
furnace slag (BFS) and gypsum. There are three compositions with 100 % of ordinary Portland
cement for which the water-cement ratio is 0.3 — 0.4 — 0.5. Whereas, for the last composition denoted
as SCM composition, cement is substituted by limestone filler, blast-furnace slag and gypsum. The
SCM composition has a water/binder ratio of 0.4 and it is studied in order to observe the effect of
mineral additions on the setting process. These compositions are called CP0.3, CP0.4, CP0.5 and
CPSCM and complete details about their composition and mixing procedure are given in chapter 3.
After casting, all samples are placed in a climatic chamber at 20°C and are sealed in order to avoid
any exchange between mixtures and the surrounding air.

5.1.2. Standard setting times

The initial and final setting times are determined with the Vicat normalized test (see Figure 2).
Cement pastes are poured inside a mold of a conical shape where a needle is released at different
times and the penetration is recorded. The setting times are determined when the needle penetration
has reached a certain height. The initial setting time corresponds to the time when the needle stops at a
distance of 6 £ 3 mm from the bottom plate whereas, the final setting time corresponds to the time
when the needle has penetrated only 0.5 mm on the inverted filled mold. There is a specific needle for
each setting time. Complete details about Vicat test are given in [15].

Final setting time ¢

Penetration [mm)|

Inigfhl setting time ¢; at (6 + 3) mm |

Figure 2 — The Vicat apparatus (left). Evolution of the needle penetration (right)

5.1.3. UPV measurements

The P-wave and S-wave transmission information was measured with a modified FreshCon system
initially developed at the University of Stuttgart. A mathematical formula will be used to fit
experimental results. The advantage of this model is the identification of specific points of the
velocity curves. This model consists in 4 superimposed logistic functions (see Equation 1) as the P-
wave and S-wave velocity behavior may have various curvatures. The values of parameters of both
waves are given in Table 1 for each composition.
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4
V() =c+ ; 1+ exp((t —tn)/gn)

where:

t is the age of the material, in h

V(t) is the velocity, in m/s

1}, is the asymptotic value (V(t » o0) = 1,), inm/s,
t, is the inflection point, in h

Jn s the slope, in h

P- and S-wave are simultaneously measured on separate molds. Every minute, a 5 ps pulse is sent
through a 2.5 cm wide cement paste sample by a piezoelectric broadband transmitter (center
frequency of 0.5 MHz for the P-wave sensor, 0.25 MHz for the S-wave sensor). A similar sensor
situated on the other side of the sample transmits the signal to a computer through a DAQ card.

With V, and Vs values, the dynamic properties of the cementitious materials can be computed with the
following equations which are valid for isotropic homogeneous media:

_ VE-2vé 2
Vayn = 52 32
(1+vayn)(1—2vgyn) 2 2 3
E = 2 =pV&(2+ 2v
dyn p P (1_den) p S ( dyn)
G — —Zdyn = VZ 4
ayn = g+2v3, ) PYs
where:

Vayn is dynamic Poisson’s ratio [-],

E4yn is the dynamic Young’s modulus [Pa],
Gayn is the dynamic shear modulus [Pa],

p is the density of the mixture [kg/m?3].
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Table 1 — Values of all parameters of P-waves and S-waves

P-wave S-wave
CP-0.3 CP-04 CP-05 CP-SCM |CP-0.3 CP-04 CP-05 CP-SCM

V, [m/s] 1018.8 7679 954.0 1681.7 | 1005.7 364.4 667.1 454.1
01 [h -186.1 -0.3 -3.7 -20.5 -252.7  -21.1 -3.0 -7.0
t; 45.1 2.7 12.0 36.4 1.0 25.3 13.6 33.6
V, [m/s] 953.1 8653 384.6 1632.4 637.8 2234 229.5 124.5
02 [h] -0.8 -73.9 -4.8 -3066.6 -0.8 -0.4 -10.4 -5.1
t, 7.5 90.4 19.2 74.7 7.4 11.5 36.2 65.9
Vs [m/s] 2539.1 7679 1056.3 1778.7 7329 521.0 529.5 394.6
O3 [h] -6.0 -8.9 -40.8 -400.1 -0.9 -1.1  -500250.1 -83.0
t3 1.0 17.6 40.5 126.8 4.4 6.2 30.9 39.7
V, [m/s] 1430.0 1568.9 16426  1286.2 637.8 1279.2 558.7 1375.9
04 [h -0.8 -3.3 -2.2 -3.0 -3.8 -7.3 -1.5 -6.1
t, 2.6 9.3 2.5 3.7 7.8 2.3 6.7 3.7
c [m/s] -1738.7 163.7 -401.3 -1360.3 | -585.3 -683.6 -277.0 -769.3

5.1.4. Apparent activation enerqy

The temperature evolution in cementitious materials depends on their massiveness. A continuous
monitoring of the sample temperature was done during the measurements in order to take into account
the effect of temperature on the setting process [17, 18, 19]. An equivalent time t,, is computed with
the Eq ( 5) proposed by Freiesleben Hansen and Pedersen in [20].

t tT—Zt: La ! ! At (5)
a®&T) = ) &b\ ~p (57357 273+ Trer) )

0

where:

- T is the temperature, in °C

- Tyey is the reference temperature, generally 20 °C
- R isthe universal gas constant, 8.314 J/mol/K

- E, isthe apparent activation energy, in J/mol

This equation shows the accelerating effect of a given temperature history T in comparison with a
reference temperature T,..;. The apparent activation energy E, was determined from isothermal
calorimetry measurements in another study on mortar with the same binder content [21]. The value of
E, of ordinary Portland cement and SCM composition equals to 38 kJ/mol and 48 kJ/mol
respectively.
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SECTION 5.2 — RESULTS AND DISCUSSIONS

5.2.1. Ultrasonic measurements

Figure 3 represents Vp and Vs values of three batches of the CP-0.4 mixture. Vp increases from
roughly 500 m/s for the fresh state to approximately 3500 m/s in the hardened state whereas, Vg
increases from 20 m/s for the fresh state to roughly 1500 m/s in the hardened state.

1500
3000
= 2000} é1000-
S &
1000 t S00¢
0 . . . 0 . . .
0 10 20 30 40 0 10 20 30 40
Leq [h] teg [h]

Figure 3 — Reproducibility of the FreshCon device - P-wave (left) & S-wave (right)

Prior to 2-3 hours of age, the signal detection of the waves is difficult due to the liquid state of the
sample and the low signal/noise ratio [13]. This can be seen with one of the three CP-0.4 mixtures. On
the other hand, in the long term, the Vp/Vs ratio is roughly equal to 2, which corresponds to
observations made on previous studies on ultrasonic measurements in mortar and concrete [13, 14].

Nonetheless, the deviation is much higher between the Vp curves than the Vs curves. Therefore, a
better reproducibility is obtained for the S-waves. It is worth mentioning that the same observation
has been made for mortar and concrete [13, 14]. According to [22], S-wave velocity is less dependent
on the air content compared to P-wave velocity in the very early age (before the final setting time). On
the other hand, comparing cement paste, mortar and concrete for the same quantity of mixture and the
same binder content, it can be noticed that the latter two will have small quantity of binder therefore,
the influence of the air will be limited compared to cement paste mixture.

Figure 4 represents a qualitative evolution of Vp and V5. On one hand, a three-stages trend can be
identified in Vp. First, Vp reaches high values in the early age (Stage ). According to [23], the
ongoing hydration reactions and the internal setting of the sample due to gravity forces may be
responsible of the sharp rise of V,. Therefore, the material microstructure consolidates while its
stiffness does not change. Later on, Vp rises untils it reaches the inflection point where the velocity
starts to rise slowly (Stage Il). In the last stage, V, reaches a plateau which represents the stiffening of
the material.
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P-wave

S-wave

Time since casting

Figure 4 — Early age evolution of P-wave and S-wave [13]

On the other hand, S-wave curves can be divided in two stages. In the first stage, it can be observed
that Vs has low values compared to Vp. According to [13], this stage corresponds to the initiation of
the hydration reactions which will lead to the onset of the solid percolation. Vs will increase until it
reaches its inflection point. At this point, the second stage begins and Vs will increase slowly until it
reaches a plateau.

Figure 5 shows Vp, Vs, Egyn and vy, results of all cement paste mixtures studied in this experimental

campaign. A detailed interpretation of the effect of w/c ratio and the determination of the setting
times and the effect of mineral additions will be discussed hereafter.
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Figure 5 — VP, VS, Edyn, vdyn of all cement pastes

5.2.2. Effect of the water-cement ratio and the mineral additions

In Figure 5, it can be observed that an increase of the w/c ratio implies a decrease of P-wave and S-
wave velocities and thus, the dynamic Young’s modulus while, the initial and final setting times given
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by the Vicat test increase (see Table 2). It is concluded that the setting process is affected by the water
content in particular, a high water content slows the process due to the fact that the inter-particles
spacing [24, 25] as well as the porosity [26] have increased.

A delay of roughly 2.7 h is observed for the initial setting time while, 4.5 h is observed for the final
setting time when comparing mixes CP-0.3 and CP-0.5. According to [27], solid percolation needs a
higher hydration degree in order to occur and thus explaining the delay observed. Furthermore, a
delay of roughly 1.7 h is observed between setting times of CP-0.4 and CP-SCM mixtures while they
have the same water/binder ratio of 0.4.

As reported by [14, 28, 29, 30], the limestone filler consists mainly in a physical contribution to the
early age hydration of cement, as it acts as nucleation sites for the C;A. From a chemical perspective,
it only reacts up to 5% in mass to form hydration products, therefore it can be considered as an inert
material. As a portion of the reactive cement is replaced with an inert material, the water content
inside the mixture is increased and as mentioned earlier, this will increase the inter-particle spacing of
the hydration products which in turn, will delay the setting process [14]. The same explanation can be
made regarding the slag content inside the mixture. As stated in [14], the hydration kinetics of slag is
slow compared to that of cement. In addition, during the first hours, slag is unreactive which will
cause an increase of the water content inside the mixture. As a result, there will be a delay of the
setting process and its duration will be increased likewise.

Table 2 — Criteria for initial and final setting determination: Vicat test & UPV measurements
CP-0.3 CP-04 CP-05 CP-SCM

Vicat initial setting time t; [h] 2.4 4.0 51 5.7

Vicat final setting time t; 3.1 7.0 7.6 8.6

g Egpn att, [MPa] 59 165 193 192

g § At(160-200MPa) [min] S 7 7 11
! Gayn at t; [MPa] 20 55 65 65
5 Atesoromral [min] 7 11 11 16
S 1.45%4(5V,™) [11] - 4.0 4.0 3.6 N/A

= t(5Vs™) [13, 14] 4.7 6.3 6.6 3.8
= 0.2*((5V™) [11, 12] - 12.5 3.8 22.7 16.3
o t(8Eayn™) [13, 14] 5.8 7.2 8.3 11.6

& At represents the delay between the occurrence of the two values

5.2.3. Ultrasonic criteria for the setting time determination

Setting process can be divided in four stages as depicted in the following section (see Figure 6).
During the first stage, P-wave velocity increases slowly until the end of the dormant period, which
corresponds to the time of occurrence of the minimum of the heat release (gray curve). Afterwards,
the derivative of P-wave velocity increases gradually up to its maximum, which represents the
inflection point of the V7, curve and the end of the first stage. At this point, the mechanical properties
start to develop as illustrated with the penetration resistance PB.. Stage 2 is ranged between the
maximum rate of VVp and Vs. The solid percolation starts to develop owing to an increasing rate of the
volume of hydrates. Thereafter, a continuous solid path starts to develop in the saturated medium.
This corresponds to the initial setting time t;, where any further mixing will break bonds and
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deteriorate dramatically its mechanical properties. In stage 3, the dynamic Poisson’s ratio and the
Young’s modulus Eg,, evolve gradually as well as the penetration resistance B.. The rate of Eg,,,
increases up to its maximum which corresponds to the inflection point of E;,,, curve. At this point,
the formation of the hydration products slows down whereas the mechanical properties increases with
a decreasing rate. This point corresponds to the final setting time tr. Finally, the last stage
corresponds to the hardening process of the material where, the maximum of the heat release g4
occurs.

The setting process of cement paste material can be summarized as depicted in Figure 7. The latter
represents the setting process of the CP-0.4 mixture which is a representative qualitative evolution of
the setting process of all cement paste mixtures. The initial setting time occurs after the occurrence of
the inflection point of the V, curve while, the final setting corresponds to the time of occurrence of the
maximum of the derivative of E,,,, curve.
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Figure 6 — From [13]. Four stage description  Figure 7 — Qualitative evolution of VP, VS and Edyn
of the setting behaviour based on the derivatives and the Vicat penetration test (Vi). CP-
gualitative evolution of heat flow (grey), 0.4 mixture.

penetration resistance (black), and VP (red),
VS (green), vdyn (cyan) and Edyn (blue)
gradient on mortar

» Initial Setting Time t;

In previous studies, two criteria have been developed in order to determine the initial setting time of
cementitious materials based on the ultrasonic quantities Vp and Vs. Figure 8 represents the obtained
results which are compared with the reference initial setting time t; given by the Vicat test. t; can be
considered as the time:

- When the V5 curve has reached its inflection point. This criterion has been developed by [14,
13] for various mortar and concrete mixtures.

t; = t(6V¥X)

- When the Vp curve has reached its inflection point multiplied by 1.45. The latter has been
developed by [11] for different concrete mixtures.

t; = 1.45 * t(SVaX)
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It is observed that the criteria based on V, gives scattered results in comparison with the Vicat test.
For CP-0.4 and CP-SCM mixtures, the difference between the time based on Vp criterion and the one
of the Vicat test is roughly 0.2 h. On the other hand, for CP-0.5 mixture, a difference of roughly 1.5 h
is observed between results from Vicat test and from the two ultrasonic criteria. However, both
criteria give scattered results for the CP-0.3 mixture. This can be explained by the fact that a w/c ratio
of 0.3 implies a bad workability of the mixture in which the reproducibility of the experiment is not
guaranteed as well as the follow-up of the procedures of the Vicat test. Indeed, the mixture was
vibrated a bit longer than the standard recommends [15] in order to pour it inside the mold as a
consequence, a settlement of the mixture is induced before the setting process begins. On the other
hand, with a w/c ratio of 0.3, the bad workability induces lump formation inside the mixture as a
consequence, lumps will act as aggregates and can result in a decrease of the setting time.
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Figure 8 — Initial (left) and Final (right) Setting Times of all cement pastes mixtures. Comparison of
UPV criteria and the Vicat test

Figure 9 represents the early age evolution of the dynamic shear modulus Gg,, and the dynamic
Young’s modulus Egy,. The black diamonds represent the value of the quantity at the initial Vicat
setting time (see Table 2). The average and the standard deviation of CP-0.4, 0.5 & SCM mixtures are
also depicted. The mixture CP-0.3 has not been considered for the calculation because of the reason
mentioned above. It is noticed that the standard deviation equals roughly 9 % of the average value, 60
MPa. For all mixes, if CP-0.3 is not taken into account, it is noticed that the quantity Gg,,,, varies
between 50 and 70 MPa. Nonetheless, the average time At required to pass from 50 MPa to 70 MPa is
roughly 10 min for CP-0.4 and CP-0.5 mixtures, and 16 min for CP-SCM mixture.
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Figure 9 — Early age evolution of the dynamic shear modulus (left) & dynamic Young's modulus
(right) of all cement pastes mixtures. Black diamonds represent the value at the initial time
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Likewise, for the dynamic Young’s modulus Eg,,, the standard deviation equals to roughly 9 % of
the average value (183 MPa). Furthermore, the quantity Eg,, for all mixes, expect the mixture CP-

0.3, varies between 160 and 200 MPa. In this case, the average time At for all mixes is roughly 10
min.

With the quantities G4, and Eg,,,, a new criterion based on threshold value can be developed in
order to assess the initial setting time t;. The new indicator of t; can be considered as:

- the time at which the dynamic shear modulus has reached a value situated between 50 and 70
MPa

- or, also expressed as the time at which the dynamic Young’s modulus has reached a value
situated between 160 and 200 MPa.

Nevertheless, as previously stated, S-wave velocity is less dependent on the air-content at early age
compared to the P-wave velocity. Thereby, the criterion based on the dynamic shear modulus Gg,,,,
can be considered as more reliable to determine the initial setting time [31] as it is a function of S-
wave velocity only (see Eq 4), while Eg,,,, is a function of Vg and V,, (see Eq 3).

» Final Setting Time ty

The final setting times is determined by the following two criteria based on ultrasonic measurements:

- Time of occurrence of the inflection point of the Ej,,,curve [14, 13]: t; = t(6E§;,3{‘

- The time at which the derivative of Vp curve has decreased by 20% [11, 12]: ¢ =
(0.2 * SV MaX)

Figure 8 compared both criteria with the final Vicat setting time. It can be noticed that the criterion
based on V, provides scattered results, while the criterion based on Ej,,,, gives results in agreement
with the Vicat test. For instance, the difference between the time based on Ejg,,,, criterion and the
Vicat test is roughly 0.7 h for the CP-0.4 and CP-0.5 mixtures, while for the CP-SCM, the difference
is 3 h. The mixture CP-0.3 has not to be considered for the reason that has been discussed earlier. It
can be concluded that the criterion based on Ey,,,, is appropriate to determine the final setting time of
cement pastes. The same conclusion has been made for mortar [13] and concrete [14].

5.2.4. Influence of the air content on the dynamic properties

Air content of all cement pastes mixtures was measured with an air meter device. Furthermore,
additional data derived from a recent study made by Kriger et al. [31] has been analyzed. In [31],
ultrasonic techniques have been used to compute elastic properties of cement pastes with the same
device as used in this study: The FreshCon system. Two different compositions have been studied
with three different consistencies each: compositions with 100 % ordinary Portland cement or, with
mineral additions. Nonetheless, additional calculations have been performed in order to derive the air
content of the investigated cement paste mixtures from the data provided. The fresh density was given
for all compositions while, the theoretical density was calculated from the true density of the binder
(cement and limestone) used in the paper. Air content was calculated with the following formula.

A[%]=100x(1—ﬁ) 6

Po
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Where:

A is the air content, in %
p is the fresh density, in kg/m3 (given data)
Do is the theoretical density (without consideration of air), in kg/m3 (calculated values)

Figure 10 represents the effect the air content on the shear modulus Gg,,, and the dynamic Young’s
modulus Eg,, at the initial setting time ¢;. Mixtures based on ordinary Portland cement are denoted
“Kriiger et al. (OPC)” while, for the other composition denoted “Kriiger et al. (ECO)”, 60% of the
Portland cement is replaced by mineral additions (ECO Filler). Compositions, based on ordinary
Portland cement, investigated in this study are denoted “This paper (OPC)”. The corresponding w/c
ratio is also depicted in the figure. A linear relationship is observed between the dynamic properties
Gayn and Eg,,, and the air content. Those dynamic properties decrease when the air content increases.
Furthermore, air content is dependent on the w/c ratio as it can be noticed in Figure 11. When w/c
increases, the air content decreases accordingly. Same observation can be made for the data provided
by Kriger et al. [31].

» Kriiger et al. (OPC) [ 0.48 » Kriiger et al. (OPC)
048 + Kriiger et al. (ECO) a0l b + Kriiger et al. (ECO)| |
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Figure 10 — Influence of the air content on the dynamic shear modulus (left) & dynamic Young's
modulus (right)

The air content of the mixtures CP-0.4 & CP-0.5 equals to 0.68 % & 0.58 % respectively whereas,
E4yn equals to roughly 165 MPa & 193 MPa on the other hand (and G4y, equals to 55 MPa & 65

MPa).

The air content can be considered as the same for these two mixtures (CP-0.4 and CP-0.5) since the
difference equals to only 0.1 %. However, for the CP-0.3 mixture, the air content equals 1.3 % which
is roughly the double than that of the CP-0.4 mixture. Accordingly, the dynamic properties Eg,,, and
Ggayn Of the CP-0.3 mixture (20 MPa and 60 MPa respectively) decrease dramatically as it can be seen
on the Figure 10. When the w/c ratio is very small, the workability becomes bad to such an extent
that lumps are formed inside the mixture. Therefore, voids correspond not only to the theoretical voids
between particles of cement and water, but also, to the voids between lumps. The latter acts as solid
particles. Hence, the hardening occur much faster compared to other mixtures with higher w/c.
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Another observation is the effect of the binder nature on the relationship between the dynamics
properties Eg,, and Gg,, and the air content. Cement paste mixtures investigated in this paper are
based on Portland cement as well as the ones of Kriger et al. [31]. From the Figure 10 showing the
effect of the air content on E;,, and Gg4,, and, from the Figure 11 showing the effect of the
water/cement ratio on the air content, it can be noticed that a similar slope appears in the case of
ordinary Portland cement mixes (both investigated in this paper and the ones by Kriiger et al. [31])
whereas, for the ECO-composition investigated by Kriiger et al. [31], a different slope appears.
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CONCLUSIONS

In conclusion, the following observations are drawn:

- Setting times of cement paste mixtures can be correlated with UPV measurements. The final
setting time occurs when the dynamic Young’s modulus has reached its inflection point. On
the other hand, the initial setting times computed with previous criteria, based on P-waves and
developed on mortar and concrete, gives scattered results compared to the initial setting time
of the Vicat test. Nonetheless, these criteria can give an overall idea of the occurrence of the
initial setting time. This can be explained by the fact P-waves are dependent on the air content
compared to S-waves. In addition, for a same amount of mixture, mortar and concrete have
small quantity of cement paste and thus, are less sensitive to the air content. For this reason,
these criteria show a better compatibility for mortar and concrete than for cement paste
mixtures.

- Nonetheless, threshold values of the elastic properties were observed when the initial setting
time occurred. The initial setting time can be defined as the time at which the dynamic shear
modulus has reached a value between 50 and 70 MPa or, when the dynamic Young’s modulus
has reached a value between 160 and 200 MPa. However, for very low water/cement ratio,
this threshold value is no longer valid.

- For all different water/cement ratios, a linear relationship is observed between the air content
at the fresh state and the values of the dynamic shear modulus and the dynamic Young’s
modulus at the initial setting time given by the Vicat test. This explains the influence of the
air content on the early age evolution of the elastic properties.

- Finally, the relationship between the water/cement ratio and the air content is linear and is
influenced by the binder nature (ordinary Portland cement or binder with mineral additions)
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CHAPTER 6:

INFLUENCE OF THE WATER/CEMENT RATIO
ON THE EARLY AGE PROPERTIES OF
CEMENT BASED MATERIALS

During the design stage of concrete structures, the concrete mix design plays a prominent role. The
control of the properties of concrete in a hardened state is not enough to insure no cracking risk at
early age and consequently a good durability of the concrete structure. For the construction of
prestressed, tight or massive structures the consideration of the early age properties is an asset. For
example, if autogenous and thermal deformations (which evolve significantly at early age) are
restrained, it will lead to the development of stress and might possibly yield to the development of
prejudicial cracking, especially in concrete with low water-cement ratio. Among all material
parameters, water-cement ratio (W/C) plays an important role in the development of the viscoelastic
behaviour of cement based materials. Several studies have already shown that a decrease of the w/c
ratio will lead to an increase of the amplitude of the strength and of elastic modulus whereas a
decrease of the creep function [1].
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SECTION 6.1 — INFLUENCE OF THE WATER/CEMENT RATIO ON
THE EARLY AGE FREE DEFORMATION OF CEMENT BASED
MATERIALS

This section is based on the publication under review (September 2016 at ASTM International)
entitled “Influence Of The Water/Cement Ratio On The Early Age Free Deformation Of Cement
Based Materials.”.

The purpose of this section is to improve the understanding of the mechanisms and the modelling
related to the effect of the water-cement ratio on the free deformation of concrete in sealed condition.
Within this framework, a new experimental strategy was developed for the monitoring and the
modelling of the free deformation since setting.

6.1.1. Materials And Methods

» MATERIALS AND MIXTURE COMPOSITION

The tests presented here were performed on the four concretes C0.4, C0.5, C0.6 and CSCM for which
the compositions are given in chapter 3. For each composition, the aggregate content is the same.
Only the water and cement content varies or the nature of the binder. The effective water-to-cement
ratio are 0.35 — 0.44 and 0.53. 75% of the cement is substituted by ground granulated blast-furnace
slag (GGBFS) and limestone filler (LMF) (25%) for the composition CSCM.

» TIME-SCALE

For consideration of the ageing and the main temperature effect, concrete properties are expressed in
function of the equivalent time t., or the advancement degree of reaction a. The apparent activation

energy was determined in [2] with the compressive strength results obtained at 3 different
temperatures (38 kJ/mol for compositions with CEM I and 48 kJ/mol for CSCM composition).

» SETTING TIME

Setting time of the concretes was determined by monitoring of the transmission of the ultrasound P-
and S-wave through concrete according to the method developed by Carette, et al.[3,4]. Values of the
initial and final setting time are given in Chapter 3. The value obtained was compared to ASTM C403
[5] and very equivalent results were obtained for several compositions including composition C0.4
and CSCM [3].

» ASSESSMENT OF THE AUTOGENOUS STRAIN AND THE CTE

The free deformation of the studied concrete is measured from casting using the BTJADE [6] and the
test protocole presented in the Chapter 4, section 1.
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6.1.2. Results

» COEFFICIENT OF THERMAL EXPANSION
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Figure 1 - Evolution of the coefficient of thermal
expansion according to the equivalent age.
Dashlines correspond to model presented in

Equation 2.
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Results of the CTE are given in Figure 1 according to the equivalent time and in Figure 2 according to
the advancement degree of reaction. Three successive stages are observed in the results. Before the
inital setting time, the value of the CTE is very high and is associated to the CTE of a liquid. General
value obtained are around 100-200 pm/m/°C. However this results are not shown because
measurements before setting are not purely related to the free deformation of the concrete (artifact
coming from the settling and the sedimentation of the material occurs before setting). During setting,
a strong and quasi instantaneous decrease of the CTE takes place. Then a low decrease of the CTE is
observed for each composition till a minimum value varying between 7 and 10 um/m/°C. After this
minimum, an increase of the CTE is observed till a threshold value varying between 10 and 14
pm/m/°C. For composition with high water-cement ratio, the value of the CTE is globally higher
except during the first hours after setting. The general substitution of cement by slag and limestone
filler increases significantly the value of the CTE. The age of concrete when the minimum of the CTE
occurs depends on the concrete composition. For composition with low water-cement ratio, the
minimum value takes place just after setting and for high water-cement ratio the minimum value of
the CTE occurs later. For CSCM mixture, the minimum of the CTE occurs at an equivalent age of 60
hours. This is explained by the very low rate of the hydration process during this period. However,
when regarding the results according to the advancement degree of reaction, the minimum value of
the CTE as well the start of the final threshold value of the CTE occurs during a very close interval
(between 0.45 and 0.6) for each composition.

» AUTOGENOUS DEFORMATION

Results of the autogenous strain are given in Figure 3 according to the equivalent time and in Figure 4
according to the advancement degree of reaction. Autogenous strains are set to zero at the final setting
time. Values obtained before the final setting are not associated to the autogenous strain. Two stages
are observed in the results. Just after the final setting time, the swelling of the concrete takes place till
a maximum value. Swelling can be induced by re-absorption of water (no bleeding was observed here
during the casting and at the end of the test) or crystallization pressures generated due to solid phase
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formation [7,8]. Then a shrinkage period (due to self-desiccation of the cement paste) occurs. As
expected, for composition with high water-cement ratio the swelling is significant (40 um/m for the
composition C0.6) and close to zero for low water-cement ratio. Effect of substitution of cement by
slag and limestone filler is strongly highlighted on the swelling. The age of concrete when the
maximum of the autogenous strain occurs depends on the concrete composition. For composition with
low water-cement ratio, the maximum value takes place just after setting and for high water-cement
ratio the maximum value of the autogenous deformation occurs later. For CSCM mixture, the
maximum of the autogenous strain occurs at an equivalent age of 60 hours. This is explained by the
very low rate of the hydration process during this period. When regarding the results according to the
advancement degree of reaction, the maximum value of the autogenous strain occurs during a very
close interval (between 0.4 and 0.5) for each composition. Also the evolution of the autogenous strain
is very similar for the different water-cement ratio between an advancement degree of reaction
between 0.4 and 0.65.
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Figure 3 - Autogenous strain according to the Figure 4 - Autogenous strain according to the
equivalent age. Dashlines correspond to model advancement degree of reaction. Dashlines
presented in Equation 10. correspond to model presented in Equation 11.
6.1.3. Modelling

» COEFFICIENT OF THERMAL EXPANSION

As the evolution of the coefficient of thermal expansion is still not fully understood during early age,
no general expression is able to predict the evolution of the CTE. Model using multi-layer theory and
considering concrete as a three phases material (cement paste, aggregate and water) before final
setting and two phases material (cement paste and aggregate) after the final setting time was
developed by Mitsuo & Hiroaki [9]. This model is able to consider the decrease of the CTE during the
setting period. However this model assumes that no change of the CTE occurs after the final setting.
Mathematical expressions are used to fit experimental data. Such as the expression developed by
Maruyama, et al. [10] presented in Equation 1.

t<t; a(t)=a.expb.t)+c.In(t)+d 1
{t >t; a®)=eln(t—f)+g.t+h

Where t is expressed in hour, a is expressed in um/m/°C and t, is a temporal parameter. However no
direct physical mechanism is highlighted and there is no continuity in the expression which leads to
the assumption that the mechanisms occurring at the beginning have no impact in the final value of
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the CTE. The existing models found in the literature are therefore not able to correctly consider the
physical mechanisms which occur during the hydration process in the evolution of the CTE. From this
observation, a new model is developed. The model uses two terms which are related to the decrease of
the CTE and a second term related to the increase of the CTE due to the internal decrease of relative
humidity in the material. In equivalent time (Equation 2), the first term is an exponential law and the
second term is inversely proportional to the equivalent age. With the advancement degree of reaction
(Equation 3), the model developed by De Schutter for the Poisson’s ratio [11] is used and adapted
(sum of a sinusoid law and an exponential law). All parameters are defined by least square method
using the function “fminsearch” in Matlab©. A very good agreement is obtained between
experimental results and the modelling for each composition and both timescales.

T 41 p T2
ac(teq) = ¢ <Ta+t—:q—tl> + Atp. €XP <— (é) ) 2

. ma
a.(a) = ayq.sin (T) + gy exp(—cq. ) 3

Where t.q and t; are expressed in hour, t,=1 h, r;, 7, and p, are kinetic parameters, a;, and a,, are

amplitude parameters. For Equation 3, a,; and a,, are amplitude parameters and c, is a kinetic
parameter. The values of parameters of both models are given in Table 1 for each composition.

Table 1 - CTE parameters from Equation 2 and 3

C04 | C05 | C0.6 | CSCM

a1, Pm/m/°C | 25.68 | 10.23 | 11.92 | 12.59

o 048 | 007 | 012 | 0.03

@¢r, UM/M/°C 10.78 | 8.79 3.29 4.49

Dg, N 26.14 | 208.20 | 63.95 | 106.78

1y, / 1.29 | 061 2.15 2.81

QAgq, UM/m/°C | -7.07 | -8.27 | -10.79 | -11.32

Ay, IM/M/°C | 11.18 | 10.47 | 11.49 | 12.70

Car ! -0.57 | -0.60 | -0.64 | -0.83

» AUTOGENOUS DEFORMATION

The modelling of the autogenous strain was studied by several authors in the past. Models are
generally based on one global term and are expressed according to the age of the material [12,13]
(Equation 4 and 5) or the degree of hydration [14] (Equation 6). These models are not able to consider
swelling and shrinkage simultaneously. For the modelling of the autogenous strain of concrete
composed of CEM I1I/A, Darguennes, et al. [15] have developed a model able to consider swelling
and self-desiccation by using a single equation (Equations 7) where one sinusoid expression is used
for the self-desiccation (Equation 8) and another expression is used for the swelling (Equation 9).
However this model has the disadvantage to use several fitting parameters. Therefore it becomes
difficult to use for comparison between several models. Complete details about the different models
can be found on the references [12-14]
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For this study, a new methodology is used for the modelling of the autogenous deformation. To model
the autogenous strain, it is necessary to divide the modelling in two terms. The first term is relative to
the swelling (index sw) and the second term is relative to the self-dessication (index sd). In equivalent
time (Equation 10), both terms are associated to an exponential law. With the advancement degree of
reaction (Equation 11), the term related to the swelling is the inverse of an exponential law and the
self-desiccation is a sinusoid law. For both timescales, first the term related to the self-desiccation is
defined with consideration of data only after the swelling peak. Least square method is used in order
to optimize each parameter. Then, all data are considered to define the term related to the swelling.
This methodology has the advantage to keep physical value in the model. If all parameters are defined
simultaneously, then a best fit is obtained and parameters of the model have no physical meaning.
Results of the modelling are presented in Figure 3 according to the equivalent time and Figure 4
according to the advancement degree of reaction. A very good agreement is obtained between
experimental results and the modelling for each composition and both timescales.

Tsw
sau(teq) = Ag,. exp (— (ps_w) ) + Agq.exp <— ( Psd )) 10

teqg—ty teq—tr
1 (T,
Equ(a) = BSW.( )/) + Byy. sin (E a Sd) 11

1+ exp(—(B.a)%sw) B

Where teq and tes are expressed in hour, pg,, psq and r, are Kinetic parameters, A, and A, are
amplitude parameters. For Equation 11, B, and B, are amplitude parameters and 8, ag,,, a4 and y
are kinetic parameters. The values of parameters of both models are given in Table 1 for each
composition. The parameters of both models are given in Table 2 for the different compositions. The
final difference between the amplitude of the swelling and the shrinkage deformation defined by the
models (Agq — Ay, for equivalent time model and Bgy — Bg,, (@ = 1) for advancement degree of
hydration model) is also given in Table 2. It is observed that from results of both models this
difference is higher for concrete with high water-cement ratio and the substitution of cement by slag
and limestone filler increases this difference.
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Table 2 - Autogenous strain coefficient for Equation 10 and 11.

C0.4 Co.5 C0.6 CSCM
Agyyy UM/M
14.53 22.08 70.55 176.55
h
Psw 4.37 2.68 434 20.77
Tow !
4.69 2.23 2.09 2.62
Agq, UM/m
-127.60 -126.53 -91.20 -130.22
psd1 h
27.41 34.54 16.70 147.71
Bg,,, um/m
swi H 1583 51325 307 330
7
p 0.15 3017.24 5.08 3.01
Ay, |
0.0105 0.0009 1.5633 3.6756
l
v 0.72 0.73 0.48 0.48
Bsg, pm/m
-116.96 -166.53 -173.86 -119.94
Clsd,/
4.16 3.90 0.99 5.73
Acq — Agyy, UM/M
sa = Aswi H -142.13 -148.61 -161.75 -306.77
B.; — B, (¢ = 1), um/m
s = Bou )1 12752 -195.52 -334.60 -290.51

6.1.4. Discussion

> RELATION BETWEEN AUTOGENOUS STRAIN AND CTE

For both autogenous deformation and CTE, an extremum value is obtained for each composition. In
Figure 5 and Figure 6, results of autogenous strain and CTE from composition C0.6 and CSCM are
compared. For each composition, the extremum occurs around a value of 0.5 in advancement degree
of reaction. For the CTE, the change of trend is very clear and occurs during a very small time
window. With the autogenous strain, the change of trend occurs on a longer period. However, a clear
decrease of the autogenous strain starts at an advancement degree of reaction of 0.5. For both
compositions, the CTE and the autogenous strain evolve in an opposite direction during the whole
hydration. The same observations are done with composition C.04 and CO0.5. It is however more
difficult to define the time when the extremum of the autogenous strain occurs for composition with
low water-cement ratio because of the low amplitude of the swelling.
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Figure 5 — Evolution of the CTE and the
autogenous deformation for composition C0.6

From these observations, value of the CTE and the autogenous deformation are compared in Figure 7
and Figue 8. For this comparison, autogenous deformations are set to zero when the extremum occurs.
In Figure 7, results from the swelling period are presented. A general linear relation is observed
between the autogenous deformation and the CTE. This relation is function of the water-cement ratio.
The increase of the autogenous swelling will lead to a higher variation in the CTE for concrete
mixture with lower water-cement ratio. For the SCM composition, the variation of the swelling
deformation has a very low impact on the CTE. In Figue 8, results from the shrinkage period are
presented. A general linear relation is also observed between the autogenous deformation and the
CTE. The effect of the water-cement ratio is not clear but the general tendency shows that the increase
of the autogenous shrinkage will lead to a higher variation in the CTE for concrete mixture with
higher water-cement ratio. For the SCM composition, the variation of the shrinkage deformation has a
significant impact on the CTE. Therefore it is observed that swelling and decrease of the CTE after
the initial setting time are linked to a same mechanism as for the increase of the CTE and the self-
desiccation. The relation between the CTE and the autogenous deformation is linear but the effect of
the mixture content is not the same during the swelling and the shrinkage period.
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» SETTING TIME

Several methods were developed in the past for the determination of the initial and final setting time.
In [16], it is shown that final setting time can be defined using the rate of autogenous strain
development in a cement paste. The final setting time corresponds to the minimum of the derivative of
the autogenous strain. In [17-19], final setting time is associated with the start of the decrease of the
CTE from the liquid to the solid phase in cement paste. For this study, two criteria were used to define
setting time. First, ultrasonic measurement using P-wave and S-wave for which the initial setting time
corresponds to the maximum of the derivative of the S-wave. The final setting time corresponds to the
maximum of the derivative of the dynamic E-modulus [3]. Secondly, for composition C0.4 and
CSCM, resistance penetration tests were carried out in [3] using the ASTM C304 standard [5] on
sieved concrete. In Figure 9, the evolution of the CTE during the setting process is compared to the
initial setting time defined with both criteria. Results from ultrasonic measurement and penetration
resistance tests are in very good agreement. It is observed that the initial setting time is associated to
the moment when the value of the CTE does not correspond anymore to a liquid. No strong effect of
the water-cement ratio (between 0.35 and 0.53) is observed on the detection of the initial setting time.
Due to technical issue, no thermal variation were applied to the composition CSCM before an age of 7
hours, it is therefore not possible to define the initial setting for this composition with the CTE. This
observation is in contradiction with results of [17-19] on cement pastes. In Figure 10, the evolution of
the autogenous strain during the setting process is compared to the final setting time defined with both
criteria. Some differences are obtained between ultrasonic measurement and penetration resistance
tests. Results of final setting time from ultrasonic measurement occur earlier than results from
resistance penetration tests. It is observed that the final setting time, defined according to the ASTM
C403, takes place when the swelling strain starts. It is thus observed that the final setting time is
associated, for the autogenous strain, to a minimum which corresponds to a zero value of the
derivative on concrete. No strong effect of the water-cement ratio (between 0.35 and 0.53) is observed
on the detection of the final setting time. For CSCM composition, a strong delay of the final setting
time is observed. This is due to the slow hydration Kinetics of the blast furnace slag. This observation
is in agreement with results of [16] on cement pastes.
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Figure 9 - Comparison between the initial setting  Figure 10 - Comparison between the final setting
time determined with ultrasonic criterion (index  times determined with ultrasonic criterion (index
US) and ASTM C304 (index AS) and the US) and ASTM C304 (index AS) and the
evolution of the CTE during the setting process. evolution of the autogenous strain during the

setting process.
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Only every 160 minutes a thermal variation is applied to the sample which corresponds to an accuracy
of 80 minutes to define the initial and final setting time. By using spline interpolation method, it is
possible to improve the determination of the zero value of the derivative of the autogenous strain.
However for a better assessment of the initial setting time, it is needed to reduce the period of thermal
variation. An easy way to override this is to impose smaller thermal variation during the very early
age in order to get a faster stabilization of the temperature in the sample.
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SECTION 6.2 — EFFECT OF WATER-CEMENT RATIO ON THE
VISCOELASTIC BEHAVIOUR OF CEMENT BASED MATERIAL
SINCE SETTING TIME

During these last decades, several predictive models for creep have been developed for the
consideration of basic creep since early age for the design of concrete structures. Three well-known
models, currently used, are the ACI models [20] (Equation 12), the Model Code 2010 [21] (Equation
13 and 14) and the model B3 of Bazant [22] (Equation 15).

o @=t)¥ 12
p(tt) = md)u
, , 1.8 30 2 , 13
(6, t") = @opc(fem)-Boc(t,t) = W-ln oo @) +0.035) (t—-tH+1
cm ,adj
toaaj(t) =1t (1 + m%) 14
tnot™™, (z —t )1 15

t
C(tt) = qz.f dt + gz.In[1+ (t —t')"] + g4 In (F)

v 1+ @—t)n
A comparison between these three models is carried out in Table 3. The ACI model contains a
hyperbolic law which does not separate creep in basic and drying creep. Aging have an impact only
on the ultimate creep coefficient ¢,,. That means that aging has only an effect on the amplitude of the
creep and not on the kinetics in this model. Effect of the water-cement ratio is considered indirectly in
the ultimate creep coefficient via the slump and the air content. In the recent Model Code 2010
(MC2010) [21], the basic creep is expressed as the multiplication of an amplitude term ¢, ,,. which is
linked to the mean compressive strength at an age of 28 days and a kinetic term S,.(t,t") which is
function of the age at loading, the age after loading and the type of cement. For one composition
defined, all parameters are constant except the age at loading which is the only parameter which
considers the ageing. Water-cement ratio has indirectly an effect on the amplitude of the creep with
the mean compressive strength. In the model B3 of Bazant [22,23], the basic creep is separated in
three terms. The terms with parameter q, and q5 correspond to the short term creep [24] which is
linked to the solidification theory [25]. The last term with parameter q, corresponds to the long term
creep [24] which is linked to the microprestress theory [26]. Aging is considered in the model B3 with
parameters q, and q,. The water-cement ratio is considered indirectly in the term q, which is linked
to the mean compressive strength and is considered directly in the parameter q5. In summary, it is
observed that aging could have an impact in amplitude and kinetic and water cement ratio has only an
impact on the amplitude of the creep but not on the kinetic. When creep is divided in short and long
term creep, water-cement ratio has no effect on the long term creep. Complete details about the
different models shown in Equations 12-15 can be found on the references given in the Table 3.
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Table 3 - Consideration of aging and water-cement ratio in ACI model [20], B3 model [22] and
Model code 2010 [21].

ACI 209R-92 [20] Model Code 2010 B3 [22]
[21]
Division between basic No Yes Yes

creep and drying creep

Directly considered
for the short and long
term creep

Yes, on the final Directly considered

. . - |
Consideration of aging? amplitude of the creep With to gq;

Indirectly with the values | Indirectly considered
of the slump and the air with f,,,, which
content which influences influences the final
the final amplitude of the amplitude of the
creep creep

Directly considered
for the short term
creep but not for the
long term creep

Effect of water-cement
ratio?

For consideration of the aging and the main temperature effect, concrete properties are expressed in
function of the equivalent time t¢q, the advancement degree of reaction « or the hydration degree .
The hydration degree ¢ corresponds to the advancement degree of reaction multiplied by the final
hydration degree &,,. Waller [27] proposed a relation between &, and the effective water-cement ratio
(Equation 16).

£ = 1 — exp(—3.3. W,y /C) 16

The purpose of this research is to improve the understanding of the mechanisms and to propose a
modelling related to the viscoelastic behaviour of concrete in sealed condition. Within this
framework, a new strategy was developed recently at ULB and IFSTTAR for the monitoring [28] and
the modelling [29] of the viscoelastic properties of cement based material since setting. The
methodology is based on a repeated minute-long loading test for which each hour a load representing
20% of the compressive strength is applied during 5 minutes and a classical compressive creep test for
which a load representing 40% of the compressive strength is applied during more than one week. It
was highlighted that short term creep is divided in two mechanisms. The first mechanism is linked to
the state of the material (capillarity porosity, CSH...) at the age of loading and has a logarithmic
behaviour. The second mechanism is linked to the solidification theory of Bazant [25] which
considers the evolution of the mechanical properties of the cement paste during the loading.

The effect of the water-cement within the range 0.28-0.60 will be investigated on several properties
(compressive strength, heat release, E-modulus, Poisson’s ratio, short and long term creep) since
setting in relation to the development of the microstructure. Comparison with several results coming
from the literature will be done. This study is carried out at 20°C and in sealed conditions.

6.2.1.Materials and mixtures

The tests presented here were fully performed in the laboratory of civil Engineering at ULB on three
concretes with different water-cement ratio C0.4, C0O5 and C06 for which mix proportions are given in
Chapter 3. For each composition, the aggregate content is the same. Only the water and cement
content are not the same.
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» Preliminary results

A certain number of fundamentals properties were determined before the study of the viscoelastic
behaviour of the three concrete mixes. The setting is determined on basis of the monitoring of the
transmission of the ultrasound p- and s-wave through concrete according to the method developed by
Carette, et al. [3,4]. Values of the initial and final setting time are given in Table 1.
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For the determination of the equivalent time, the apparent activation energy was determined in
previous studies [2] with the compressive strength results obtained at 3 different temperatures (36
kJ/mol for each composition). Isothermal calorimetry testing with a Tam Air device [30] available at
BATir, ULB is used for the determination of the advancement degree of reaction. The heat release for
an infinite time is defined by linear extrapolation between the heat release and the inverse of the
equivalent time and with only consideration of data with equivalent age higher than one week. The
Equation 17 [28] is used to fit experimental data and to predict value of the advancement degree of
reaction for equivalent age higher than two weeks. The Equation 17 is composed of two exponential
terms with a; + a, = 1; 74, 72, a4, a, are fitting parameters. Values of each parameter needed to
model the advancement degree of reaction are given in Table 4 for the three water-cement ratios.

a(t) = a; exp <— <tr_1> 1> + a, exp (— (Z—2> 2> 17
eq eq

Table 4 - Isothermal calorimetry parameters of Equation 17

9o [I/9] aq [1] 7y [h] a; [1] a, [1] 7, [h] a, [
C0.4 340.11 0.63 11.21 1.47 0.37 17.08 0.68
C0.5 371.29 0.08 11.08 410 0.92 16.96 0.95
C0.6 398.62 0.68 11.92 1.55 0.32 68.65 1.08

All experimental parameters obtained for this study will be presented in the next section according to
three timescales. Equivalent time and advancement degree of reaction are classical timescales for
which it is possible to impose in the model a value which corresponds to the final hydration of the
cement paste (a¢ = 1 or t,q = o). The degree of hydration allows comparing various compositions
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according to a proportional quantity of cement hydrated. The modelling of the mechanical properties
of the different composition with these three timescales will highlight:

- The predicted final value of a property (t.4 and a),
- The kinetic evolution of a property according to the evolution of three parameters,
- The value of a property when the cement paste is fully hydrated.
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Figure 14 - Evolution of the compressive strength according to the equivalent time (a), the
advancement degree of reaction (b) and the degree of hydration (c).

The compressive strength is defined since few hours after the final setting till 28 days. Results of the
compressive strength £, are given according to the equivalent time t.q in Figure 14a, according to the
advancement degree of reaction in Figure 14b and according to the degree of hydration in Figure 14c.
Equation 18, 19 [2]and 20 are used to model the evolution of the compressive strength.

fc(teq) = fc(teq = 00).exp <_ %) 18
fc(a) = fc,a- ((Z - ao)af'a 19
20

fe(©) = feg (€ = E0)V%

Where t.q is expressed in hour, p and ar are material parameters which are related to the kinetic
evolution of the compressive strength, f.(teq = o) is expressed in MPa and corresponds to the value
of the compressive strength at an infinite time, f. is expressed in MPa, f¢ is expressed in MPa.
Values of each parameter are given in Table 5. Each model well represents the evolution of the
compressive strength.

Table 5 - Compressive strength parameters for different water-cement ratio

fu(teg = ) [MPal| py [N | foo [MPa] | . [ | fo [MPa] |ar 1] a0 | & 1]

C0.4 52 16.87 56 1.47 97 1.54 0.035 | 0.024
C0.5 43 22.62 46 1.38 65 1.47 | 0.043 | 0.033
C0.6 34 22.88 36 1.31 46 1.35 | 0.035 | 0.021
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In Figure 15, parameters of three models are plotted according to the effective water-cement ratio. A
linear relation between material parameters and the effective wic ratio is highlighted. Equations
linking parameters and the effective w/c ratio are given in Equations 21, 22, 23 and 24. As expected,
the final amplitude of the compressive strength decreases with the increase of the effective water-
cement ratio. The Kinetic is faster for concrete with a lower effective water-cement ratio.
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Figure 15 - Compressive strength parameter of Equation 18, 19 and 20 according to the effective
water-cement ratio.

fe(teq = ) = —98. <W"ff/c) + 86 21
ps = 32. (W"ff/c> +6.5 22
f.(a=1) =-108. (Weff/c) +94 23
asq = —0.86. (Weff/c) +177 24
fe(§ =1) =-276. (W"’ff/c) +190 25
ape = —1. (Weff/c> +1.89 26

Several laws were already developed in the past to characterize the effect of the water-cement ratio on
the compressive strength. Among the models developed during more than one century, four of the
most popular empirical equations are used in order to compare the linear relation obtained: Bolomey
[31], Feret [32], Powers and Brownyard [33] and Abrams [34]. The models are presented in Table 6.
The main difference between each model comes from the nature of the law (linear, quadratic, power
or exponential). The effect of the water-cement is based on the mass or volume proportion of the
cement and the water. The other components are considered with one or two material parameters. All
models are able to correctly consider the variation of W/C ratio on an interval of variation between
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0.4 and 0.6 with a very good accuracy (R? is higher than 0.98 for each equations). For lower water-
cement ratio, these relations are not necessarily true.

Table 6 - Models for compressive strength considering the W/C ratio.

Models Equation R? References
2
Ve
Feret (quadratic law) fe =K. (_vcﬂ,e) 0.9917 [32]
Bolomey (linear law) f. = (£ — 0.5)_1(” 0.9899 [31]
E
Powers (power law) . (w\B 0.9889
f.=A(%) [33]
Abrams (exponential law) £ = AW 0.9977 [34]
B)C
Linear law f.=4%4+p 0.9999 /
C

6.2.2 Repeated minute-long loading test

» Assessment of E-modulus, Poisson ratio and the short term creep

Cylindrical specimen with a diameter of 97 mm and a height of 550 mm are produced. For each test, a
dummy specimen with exactly the same dimension is also produced. One T type thermocouple is
placed in the center of the dummy specimen. After casting, all specimens are placed in an air-
conditioning chamber at 20°C and a relative humidity of 90%. Then 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 an high precision balance. As samples are grinded few hours after setting, a small layer
of sieved concrete (+/- 1cm) is placed on the top of the sample in order to avoid any problem of
pullout of the aggregate during the grinding.

A Walter+Bay LFMZ 100 kN electromechanical testing setup with an extensometer in Invar©
designed and available at the laboratory of Civil Engineering at ULB is used for the monitoring of the
E-modulus, the Poisson ratio and the creep by means of repeated minute-long duration loadings [28].
More information about the test rig and the instrumentation is given in chapter 4, section 3.

» Protocol of loading

Measurements on the sample have started a few hours after setting (between 4 and 9 hours). The
whole test duration is 28 days. The temperature of the sample is set to 20°C and is recorded since the
casting. Two strategies were used for the monitoring of the E-modulus. For the composition C04,
repeated minute-long loadings were applied each hour during the first weeks and then the specimen
was again loaded two times at an age of two weeks and four weeks. For the composition C0O5 and
CO06, specimens were loaded at an age of 15, 24, 40, 168 and 672 hours. These ages were chosen
according to the evolution of the advancement degree of reaction in order to follow accurately the
hardening process on the viscoelastic properties. Both methodologies give equivalent results [35] but
the second one allows carrying out several tests on various mixtures during the same period.
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» E-modulus
50 50 50
E-
- ":: 7 - r"&—

40 By gt ] 40 FEORE 40
= g = e -
= v o7 -3 ‘e =
é @ "Io 5 .nn’ (] é
= 30 B “r = 30 pagard “ = 30
w0 r7.s =] (4 ]
é ”'3 é r///;q, % 'y

2 z 4 o Co4

g 20 r o Co4 E 20 ”’l/ o Co4 E 20 ’:I/
= Cos = 4 €05 & K Cos

10 o CO06 10 x o C06 10 ” ° €06

- = =Model 1 - — —Model n - = =Model
0 0 L 0 Lu
1 10 100 1000 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Equivalent age [h]

@)

(b)

Advancement degree ofreaction [/]

Degree of hydration [/]

(©)

Figure 16 - Evolution of the E-modulus according to the equivalent time (a), the advancement degree
of reaction (b) and the degree of hydration (c).

For each repeated minute-long loading, the E-modulus is calculated from the set of recordings (load
and displacement in the central section) between 30% and 80% of loading [35]. In each case, the
tangent elastic modulus E is computed by least square method. Results are given according to the
equivalent time in Figure 16a, according to the advancement degree of reaction in Figure 16b and
according to the degree of hydration in Figure 16¢. Equation 27, 28 and 29 [36] are used to model the
evolution of the E-modulus.

S\TE 27
E(teq) = B(teq = 0)-exp(—(2) )
E(a) = Ey. (@ — ay)?E* 28
E(@) = Eg. (§ = &) 29

Where t.q is expressed in hour, pg, 15, ag, and ag ¢ are material parameters which are related to the
kinetic evolution of the E-modulus, E(teq = o) is expressed in GPa and corresponds to the value of

the elastic modulus at an infinite time, E, is expressed in GPa and E(§ = 1) is expressed in GPa.
Value of each parameter is given in Table 7. Both models well represent the evolution of the elastic
modulus.

Table 7 - E-modulus parameters for the three water-cement ratios

E(teq =) [GPa] | pg [h] | 75 [ | E(a =1) [GPa] | agq [/] | EC =1) [CPa] |agg [1]
C0.4 46.2 633 | 1.25 48.0 0.43 56.5 0.46
C0.5 45.7 599 | 0.85 45.9 0.42 51.1 0.45
C0.6 44.9 552 | 0.68 43.7 0.44 473 0.46

In Figure 17, parameters of each model are plotted according to the effective water-cement ratio. A
linear relation between material parameters and the effective wi/c ratio is highlighted. The kinetic
parameters ag , and ag ¢ are not impacted by a variation of the effective w/c ratio and has an average
value of 0.43 and 0.46 respectively. Equations linking E-modulus parameters and effective w/c ratio
are given in Equations 30, 32 and 33. A very good agreement is obtained. The final values of the E-
modulus predicted by Equations 27 and 28 are close. This parameter is not strongly influenced by the
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wi/c ratio in contrast with the compressive strength as previously observed by Byfors [37]. This is
explained by the different factor related to both. The compressive strength is strongly related to the
cracking occurring in the cement paste at the interface with the aggregate. While the E-modulus is
highly dependent on the content and stiffness of the aggregates. More developments are realized in
the chapter 7 about the multi-scale aspect of this observation.
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Figure 17 — E-modulus parameter of Equation 27, 28 and 29 according to the effective water-cement
ratio.
W,
E(teq = ) = —6.74.< eff /C) +48.55 [GPa] 30
W,
P = _4.36.< eff /C) +7.86 [h] 31
W,
rg = —3.07.< eff/C> +2.28 32
W,
E, = —23.21.< eff/C) +56.11 [GPa] 33
w,
Ef = —49.47.< eff /c> +73.34 [GPa] 34

» Poisson ratio

For each repeated minute-long loading, the Poisson’s ratio is calculated from the set of recordings
(longitudinal and lateral displacement in the central section) on the whole loading. Results are given
according to the equivalent time in Figure 18a, according to the advancement degree of reaction in
Figure 18b and according to the degree of hydration in Figure 18c. For mixture C0.4 and CO0.5, the
Poisson’s ratio increases during the hardening process (from 0.12 to 0.15). For the composition CO0.6,
first the Poisson’s ratio decreases till a value of 0.16 and then increases till a value of 0.18. From
results of the literature [11,37,38], the static Poisson ratio starts at an approximative value of 0.5 (as
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an incompressible liquid) and decreases till a minimal value, followed by an increase. But no clear
effect of the water-cement ratio has been highlighted in the literature. According to Bernard, et al.
[39], the decrease of the Poisson’s ratio occurs as long as the water phase is continuous and is due t0
the consumption of water during the hydration process. When the cement begins to set, the water
phase becomes discontinuous and the evolution of the Poisson’s ratio is then governed by the solid
stiffness evolution which will increase the Poisson’s ratio.
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Figure 18 - Evolution of the Poisson ratio according to the equivalent time (a), the advancement
degree of reaction (b) and the degree of hydration (c).

To model the Poisson’s ratio, it is therefore necessary to divide the modelling in two terms. A first
term associated to the water consumption and a second term associates to the solid stiffness evolution.
In Equation 35, the first term is expressed as an inverse function of the equivalent time and the second
term, as an exponential law. The initial setting time t;s is associated to both mechanisms. Both
amplitude and kinetic parameters are used to consider the evolution of both mechanisms. For an
equivalent time lower than t;s, the value of the Poisson’s ratio must be imposed to a value of 0.5. In
function of the advancement degree of reaction (Equation 36) and the degree of hydration (Equation
37), the model developed by De Schutter [11] is used with adaptation of the parameters. The first term
is associated to an exponential law for which the amplitude is imposed to 0.50 when alpha is zero and
the Kkinetic is governed by one material parameter. The second term is associated to a sinusoid law for
which the amplitude is a material parameter. A good agreement is observed between model and
experimental results for three time-scales.

T f tis Tv,s 35
V) =ver (i) s (- (2)")

teq

v(a) = 0.5.exp(—cq. @) + Vg.sin (ﬂz—a) .

V(&) = 0.5.exp(—cg.€) + vg.sin ("75) 37

Where teq and t;s are expressed in hour, v, s corresponds to the Poisson’s ratio when the material is
considered as a fluid, v, ; corresponds to the Poisson’s ratio when the material is considered as fully
hydrated, r ¢ is a kinetic parameter which represents the velocity of the consumption of the free water
by cement and 7, ¢ is a kinetic parameter which is linked to the rate of the solid stiffness evolution. v,
corresponds to the Poisson’s ratio when the advancement degree of reaction is equal to 1, ¢, Is a
kinetic parameter which is linked to the rate transition between the liquid and solid phase. v
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corresponds to the Poisson’s ratio when the whole cement is fully hydrated and c; is a kinetic
parameter which is linked to the rate transition between the liquid and solid phase. Value of each
parameter is given in Table 8.

In Figur

Table 8 - Poisson's ratio parameters for the three water-cement ratios

Ves [ | Tos U1 | ver U0 | 1o U] | Va [ | Ca [/] | ve [7] | ce /]
C04| 015 | 1.50 | 0.45 | 13.01 | 0.15 | 6.36 | 0.18 | 8.07
C05| 015 | 1.06 | 0.45 | 10.63 | 0.15 | 6.50 | 0.16 | 7.48
C0.6| 0.7 | 2518 | 044 | 0.86 | 0.16 | 3.44 | 0.16 | 3.87

e 19, main parameters of the three models are plotted according to the effective water-cement

ratio. The correlation between parameters and the effective water-cement ratio is not direct. However
the following observations can be done:

30

Both kinetic parameters of Equation 35 are shown in Figure 19a. The evolution of these
parameters is in coherence with their linked mechanisms. For low water-cement ratio, the
Kinetic parameter r, ¢ is higher which means a faster consumption of the free water. The
Kinetic parameter r, s is lower for low water-cement ratio which means a faster evolution of
the solid stiffness.

Both parameters of Equation 36 are shown in Figure 19b. Value of the final Poisson’s ratio v,
are very close (between 0.15 and 0.16). The kinetic parameter c, is higher for low water-
cement ratio which means a faster decrease of the free water in the cement paste.

Both parameters of Equation 37 are shown in Figure 19c. Value of the Poisson’s ratio
corresponding to a full hydration of the cement v depends on the water-cement ratio. For low
water-cement ratio vg is higher which means that the value of the final Poisson’s ratio
depends on the quantity of cement hydrated. The kinetic parameter c; is higher for low water-
cement ratio which means a faster decrease of the free water in the cement paste.
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Figure 19 - Effect of water-cement ratio on the Poisson ratio parameter in Equations 35, 36 and 37.

>

Creep for short duration of loading

For each repeated minute-long loading test, a load corresponding to 20% of the compressive strength
is applied during 5 minutes. During these 5 minutes-long plateau of stress, the creep coefficient is
computed from raw displacement measurements after having removed the free strain from the dummy
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specimen (thermal and autogenous strain). In [29], basic creep for short duration of loading is
modeled with a logarithmic expression inspired from the Model Code 2010 (Equation 38).

pc(t,t') = A(t').In <1 + (e —1). ((t;_:))K(t )> 38

Where t, = 0.083h = 300s, A is the amplitude creep factor which varies according to the age of
loading and which corresponds to the value of the creep coefficient after 5 minutes of loading, K is a
kinetic parameter and was previously observed as independent of the age at loading for an ordinary
concrete [28,29].

The calculation of the amplitude creep factor was carried out by fitting experimental results with three
Kelvin-Voigt chains in series in order to remove noise from the measurement. The value of the fitted
curve after 5 minutes of loading corresponds to the amplitude creep factor for each age of loading.
This parameter is modeled with the inverse of a logarithmic law in equivalent time (Equation 39) and
with a power law with the advancement degree of reaction (Equation 40) and the degree of hydration
(Equation 41).

1

At =———— 39
At,l'ln(tt%)-'—At,Z

A(a) = A, (a — ay)*4a 40

41

AG§) = Ag. (§ — §)™

Where t, = 1h, A¢; and A, are material parameters, a, , and a4 , are material parameters, A, and
Ag are material parameters related to the magnitude of the amplitude creep factor. Results of the
amplitude creep factor according to the equivalent time, the advancement degree of reaction and the
degree of hydration is given in Figure 20. Value of each parameter is given in Table 9. A good
agreement is observed between model and experimental results for the three time-scales.
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Figure 20 - Evolution of the amplitude of the creep factor according to the equivalent time (a), the
advancement degree of reaction (b) and the degree of hydration (c)

For each composition, the amplitude creep factor decreases during the hardening process and is lower
for concrete with higher water-cement ratio. However results of composition C04 and CO5 are very
close especially when regarding results according to the equivalent age and the degree of hydration.
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For both time-scales the final value of the amplitude creep factor seems to converge to a same value.
However, when regarding results according to the advancement degree of reaction, a clear difference
is observed in the evolution of the creep factor for each water-cement ratio.

Table 9 — Amplitude creep factor parameters for different water-cement ratio

At [ | A2 [ | Aa [ | asa 1] Ac [ | aue [
C04| 658 | -9.14 | 0.039 | -1.38 | 0.024 | -1.38

C05| 732 |-11.12 | 0.033 | -1.26 | 0.025 | -1.23

C0.6 | 828 |-11.03 | 0.028 | -1.10 | 0.024 | -1.07

In Figure 21, main parameters of the three models are shown according to the effective water-cement
ratio. A general linear relation is highlighted between parameters and effective w/c ratio. The kinetic
parameters a, , and a, ¢ increase with the effective water-cement ratio meaning that a faster kinetic
of the amplitude creep factor is observed for mixture with a higher water-cement ratio. Inversely, with
the advancement degree of reaction, the amplitude creep factor decreases when the effective wic ratio
decreases. When regarding results according to the degree of hydration, the value A; appears to be
independent of the effective water-cement ratio with an average value of 0.024. This value is very
close to the value of the amplitude creep factor at a degree of hydration equal to 1 and thus to the
amplitude creep factor obtained with a complete hydration of the whole cement. Therefore, that
means that the final value of the amplitude creep factor is dependent on the quantity of cement
hydrated.
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Figure 21 - Effect of water-cement ratio on the amplitude creep factor parameters of Equations 39, 40
and 41.
Equations linking parameters and effective water-cement ratio are given in Equations 42-45.
w,
Acs = 9.19.( eff/C> +3.35 42
w,
Acs = —10.25.( eff/c> ~ 593 43
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w
Ay = —0.057.< eff/C) +0.059 44
w
Gpg = 1.43.( eff/C> —~1.79 45

The value of the kinetic coefficient is computed with least square method (by using the fminsearch
function in Matlab®©). Results of K are given in Figure 22 according to the equivalent time (a), the
advancement degree of reaction (b) and the degree of hydration (c).
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Figure 22 - Evolution of the kinetic creep factor according to the equivalent time (), the advancement
degree of reaction (b) and the degree of hydration (c)

For each composition, K decreases during the hydration process. For high water-cement ratio, the
decrease of the kinetic parameter is very low and is nearly constant which is in coherence with results
obtained in [28,29]. For lower water-cement ratio, the kinetic parameter varies significantly. In
equivalent age, the kinetic parameter follows a logarithmic trend. With the advancement degree of
reaction and the degree of hydration a linear trend is observed. Based on these observations,
Equations 47, 48, and 49 are used to fit K (Figure 22).

te

K(teq) = Kf,l' 11’1 (t_lj) + Kt'z 47
K(a) = Ky o+ P 48
K@) =Ke. 5+ P 49

Where tx = 1h, K1, K¢ 5, K, K and K are material parameters. VValue of each parameter is given in
Table 10 and is compared to the effective water-cement ratio in Figure 23. A linear relation is
observed for all parameters. In addition, when regarding the value of K obtained for a degree of
hydration equal to 1 (K; + P), a same value of K is obtained for the three water-cement ratio (Table
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10). Therefore, that means that the final value of the kinetic creep factor is dependent on the quantity
of cement hydrated as the amplitude creep factor
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Table 10 - Kinetic factor parameters for the three water-cement ratios
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Figure 23 - Effect of water-cement ratio on the kinetic creep factor parameter of Equations 47, 48 and

49

Equations linking parameters and effective water-cement ratio are given in Equations 50-54.

w,
Ky = 0.13.( "ff/C> —0.087

w,
Kes = —1.14.< eff/C) +1.06

w,
K, = 0.86.( eff/C> —0.56

P = —1.30. (Weff/c) +1.15

7%
Ks = 1.40.( eff/C> —0.87
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» Comparison with results of the literature

Repeated minute-long loading tests on cement paste with different water cement ratio (0.42, 0.45 and
0.5) were recently carried out [40]. A power law (Equation 55) was used to model the creep behaviour
for short duration of loading.

n

n B
F(t;) —F(ti-1) 1 t—t 55
t,t") = E . . t,<t<t
SCT( ’ ) -~ A Ec(t/) tref n—=>=""=>"'n+1

1=

Where t,..; = 1d, E, is the creep modulus which is related to the creep amplitude after 1 day of
loading without change of the microstructure during loading, f is a material parameter which is
related to the kinetic evolution of the basic creep. In this approach, the creep is also considered during
the loading period. Creep strains develop already during the short loading process preceding the
plateau of a creep test. In order to compare results obtained by Irfan, et al. [40] with the results
obtained in this study, the creep strains are divided by the elastic strain which defines the creep
coefficient (Equation 56). The ratio between the elastic modulus and the creep modulus corresponds
to the creep coefficient after 1 day of loading with no evolution of the microstructure during the
loading. This ratio is very close of the amplitude creep factor presented before in term of evolution.
As the approach of Irfan, et al. [40] considered creep before the plateau of stress, the dimensionless
ratio between the elastic modulus and the creep modulus is not exactly the same between both
approaches

IR CLON (G ((t—r’))ﬁ 56

ea(t) — Ec(t)’

In Figure 24, the evolution of the ratio E /E, is shown for the different water-cement ratio. All results
are very close and no impact of the water-cement ratio appears in the amplitude of the creep
coefficient for short duration of loading. Thus the same observations are done here for water-cement
ratio with a range 0.42 - 0.5. In contrast to the specific creep function, for short duration of loading the
creep coefficient is not influenced by the water-cement ratio (till a value of 0.5).

tref
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Figure 24 — Evolution of the ratio between the Figure 25 - Evolution of the power law factor of
elastic modulus and the creep modulus for three Equation 55 for three cement pastes with
cement pastes with different water-cement ratio  different water-cement ratio (based on results of

(based on results of [40]) [40])
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In Figure 25, results of the power law factor 8 are presented for the three water-cement ratio. For a
range of water-cement ratio between 0.4 and 0.5, no significant difference is observed for results
obtained after an age of one day till an age of 2 days. After an age of 2 days, a smaller value of the
power law factor is observed for the composition with a lower water-cement ratio (0.42). This
observation is in discrepancy with results obtained on concrete.

6.2.3. Long duration creep test

» Modelling with separation of the short and long term creep

A new methodology is proposed in [29] to model basic creep for long duration of loading since very
early age. The basic creep is divided in a short and long term creep. The short term creep is also
divided in two terms: the initial short term creep and the solidification creep. Thus the specific creep
function is divided in three terms (Equation 57):

- The initial short term creep C;st is a logarithmic function (Equation 58) which depends on
the actual state of the material (capillarity porosity, CSH...) when the load is applied. The
initial short term creep is function of the E-modulus, two material parameters (k and h) and
an amplitude creep factor A;gr which corresponds to the value of the creep coefficient after
2 hours of loading.

- The solidification term creep Cgr (Equation 59) is related to the development of the
mechanical properties during loading [25]. This term is function of the E-modulus, a kinetic
function Kg (Equation 61) which is not dependent of the age at loading and an amplitude
solidification factor Agt (Equation 62) which depends on the age at loading.

- The long term creep Cpt is a power function (Equation 60) which is related to the viscous
flow in the hydrates [24]. This term is function of two material parameters (f and g).

C(t,t") = Csr(t, t') + Cop(t, t') + Cpp(t, t)) 57
Crsr(t, t) = &1(1+(t t')%) 58
IST E(t)

, (t") )
Cor(t,t') = Z;T(t,) Ker(t—t) 59

N — f g+1 rg+1
Cur(t,t') = 7 (097 = 0% 60
Kep(t —t' —ZZ L (1 _t=t 61
ST ) = - 1E exp I,

"N o_ 1
AIST(t ) - n.ln(ﬁ)ﬂ)

dE

Agr(t) = 1.— 62

Several creep tests of long duration on hardening and hardened concrete were carried out by Le Roy
[41]. Through the several parameters studied during his PhD thesis, it included the effect of the water-
cement ratio. Tests were carried out at an age of 1, 3, 7 and 28 days for mixture with an effective
water-cement ratio range 0.28 — 0.42. The load applied to the sample corresponds to 30% of the
compressive strength at the loading time. The description of the mixture proportions and value of the
compressive strength and E-modulus are given in Complete details about the test procedure are
presented in [41,42].
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Table 11. Complete details about the test procedure are presented in [41,42].

Table 11 — Mixture proportions and materials properties of the concretes [41]

Composition Bl B5 B6 B7

Gravel (Seine 5/20) (kg/md) 1216 1204 1200 1202
Sand (Seine 0/5) (kg/m?3) 669 660 658 659

CPA CEM 1 52,5 (kg/md) 398 355 429 373

Silica fume (kg/m3) 39.8 355 42.9 37.3
Superplasticizer (kg/m3) 19.3 17.2 20.1 18.1
Added water (kg/m?3) 118 137 106 129

W,/C 0.33 0.419 0.279 0.379
f.10 (MPa) 254 | 206 | 342 14.3
f.34 (MPa) 51.5 35.6 53.7 37.8
fe.70 (MPQ) 70.7 56.6 75.6 57.8
f. 264 (MPa) 92.1 74.6 97.3 79.5
Eiq (GPa) 30.8 29.2 38.6 23.1
Esq (GPa) 43.1 41.1 47 40.7
E;q (GPa) 46.4 44.6 51 43.7
Ezsq (GPa) 50.4 46.9 53.4 45.3

A preliminary treatment of the Le Roy data is carried out in order to fit experimental data and remove
noise from the measurement. This assures a better understanding of the physical mechanism which
occurs at early age and in a hardened state for the study of the short and long term creep. The specific
creep C(t,t’) is fitted with 7 KV chains in series. The fitting carried out for each test is given in Figure
26 for each composition. Derivative of the E-modulus appears to be an important parameter which is
related to the amplitude of the creep solidification (Equation 62). For that purpose, E-modulus is fitted
with Equation 27. Results of the fitting are given in Figure 27. A very good agreement is observed
between the fitting and the experimental results. Results of Le Roy are generally in coherence with
results obtained in this paper. However, in term of water-cement ratio effect, the composition B7 does

not follow the global tendency.
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Figure 27 — E-modulus evolution for the different
concrete composition of Le Roy [41] and
modelling with Equation 27.

The first parameter studied is the long term creep. Acker, et al. [24] have highlighted that the basic
creep rate follows a power trend after several days of loading (for early age loading) or several weeks
(for loading at later age). Delsaute, et al. [29] highlights that for very early age loading (< 1d on an
ordinary concrete), the power trend is already observable after one day of loading. The long term
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creep of each composition is shown in Figure 28. All curves seem to follow the same trend especially
at early age. However some dispersion is observable after an age of 10 days. This difference is in
coherence with the variation of water-cement ratio. The amplitude of the creep rate decreases when
the water-cement ratio decreases. Long term creep parameters fand g in Equation 60 are given
according to the effective water-cement ratio in Figure 29. A linear relation with the water-cement
ratio is observed for both parameters. The parameter f corresponds to the creep rate at an age of 1
day. This parameter appears to be lower for concrete with a higher water-cement ratio. The power
parameter g decreases for concrete with lower water-cement ratio. The variation of amplitude of the
long term creep is mainly governed by the parameter g. Several values of the parameter g were
identified in the literature. For concrete a value between -1 and -0.9 is observed by [22] and between -
0.72 and -0.69 is observed by [43]. Here values of g varying between -1.35 and -1.1 are obtained. For
high water-cement ratio, the exponent parameter g is closer to value observed in the literature. This is
in coherence with results obtained in [29] where for an effective water-cement ratio of 0.45, an
exponent of -1 was obtained. This leads to the conclusion that the long term creep develops faster for
concrete with a higher water-cement ratio. In the model B3 of Bazant [23], the water-cement ratio has
no influence in the long term creep.
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Figure 28 - Long term creep for different
effective water-cement ratio

Figure 29 - Long term creep parameters
according to the effective water-cement ratio

The second parameter studied is the initial short term creep. The amplitude of this parameter is linked
to the value of the amplitude creep factor obtained with the repeated minute-long loading test (see
Chapter 4, Section 6). It was shown in [28] that a direct linear relation exists between the creep
coefficient obtained after 2 hours of loading and 5 minutes of loading. In order to define it, two
operations are carried out on the results. First the long term creep is removed from the results.
Secondly, each creep function, with the long term creep removed, is normalized by its value obtained
after 2 hours of loading. In Figure 30, both operations are carried out for the different ages at loading
of composition B1. All curves follow a same master curve during the first hours or days. As expected
with results obtained with repeated minute-long loading test, the master curve follows a logarithmic
trend (Equation 58). In Figure 31, results of the normalized initial short term creep coming from the 4
compositions are presented. Only results following the logarithmic trend are plotted. When this
logarithmic trend is not followed anymore, it is assumed that it represents the effect of the
solidification of the material. For specimen loaded at early age, the solidification phenomenon is
already marked after few hours of loading (see Figure 30). For concrete loaded at later ages,
solidification phenomenon appears after several days. During the first days after loading, no
difference is observed in the kinetic of the initial short term creep for the different ages at loading and
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the different compositions. Therefore it is observed that there is no effect of the age at loading (for age
at loading higher than 1 day) and no effect of the water-cement ratio (for a range between 0.28 and
0.42) on the Kkinetic of the initial short term creep.

—_ 4 4
— o B1-0.33
— t'=672h
g o o B5-042
;‘ 3 R i Z ;.\ 3 1’
2 t'=168h S o DB6-0.28 P
—~| ™ ﬁ 2
Nk [ E o B7-038 &
=|E 2 > - 2 I:I'?
5l = '=72h o e - = =Model
S| S S ~
1] LN N o
— A~ | | <
<ls | @
\t'/ o- 1 N _________//_ ........... :_ - 1 | %
S =8
= L]
3 t'=20h = i_i
- +
S ol = 0 . : :
0.001 0.1 10 1000 “  0.001 0.01 0.1 1 10

Age after loading [d] Age after loading [d]

Figure 30 - Evolution of the specific creep after Figure 31 — Evolution of the normalized initial
removing the long term creep and normalized short term creep for each composition.
each creep curves by their own values obtained at
an age after loading of 2 hours for the
composition B1.

For each composition, the value of the initial short term creep coefficient obtained after 2 hours of
loading is defined and is plotted according to the age at loading in Figure 32. All results seem
generally to follow a same master curve. No effect of the water-cement ratio is detected. This is in
coherence with results of repeated minute-long loading test obtained in this study and by [40]. For
water-cement ratio lower than 0.42 no difference is observed in the evolution of the amplitude creep
factor.
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Figure 32 - Evolution of the creep coefficient Figure 33 - Evolution of the normalized (26 days)
after 2 hours of loading according to the age at solidification creep for the composition B1.
loading.

The third and last parameter studied is the solidification term creep. The amplitude of this parameter
is linked to the derivative of the E-modulus [29]. As for the initial short term creep, two operations are
needed in order to characterize the solidification term creep. First the solidification term creep is
obtained after removing the long term creep and the initial short term creep from the results.
Secondly, each solidification creep functions are normalized by their value obtained after 26 days of
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loading. In Figure 33, both operations are carried out for composition B1. For early age loading (< 3
days), the solidification term creep evolves strongly during the first days after loading and has high
amplitude. When normalized, the solidification creep follows a same master curve. For later ages at
loading, the amplitude of the solidification phenomenon is very low and therefore is very difficult to
assess especially when already two subtractions were already applied to the results. That’s certainly
why, in Figure 33, results for an age at loading of 7 and 28 days do not follow the same tendency. The
average results obtained from early age loading is presented for the different composition in Figure
34. No effect of the water-cement ratio is observed on the kinetic of the solidification term creep.
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Figure 34 - Evolution of the normalized Figure 35 - Amplitude of the solidification creep

solidification creep for each composition. obtained after an age after loading of 26 days
versus the derivative of the E-modulus obtained
at the age of loading

In Figure 35, the amplitude of the solidification term creep (corresponding to the value of the
solidification creep function obtained after an age after loading of 26 days) is compared to the
derivative of the E-modulus for each age at loading of each composition. A general same linear
relation is obtained. However some dispersion occurs for age at loading of 1 day or less for
composition B1 and B7. This dispersion can come from the computation of the derivative of the E-
modulus or the experimental results. Indeed, for the composition B1, no data for age lower than 1 day
exists and then the value of the E-modulus before this age could not be modeled with very good
accuracy. For the composition B7, it was already noticed that the results of the E-modulus does not
follow the general trend in term of amplitude and kinetic especially the result obtained for an age at
loading of 1 day (Figure 27). For all other results, no effect of the water-cement ratio is detected. It
could then be concluded that the relation between the amplitude of the solidification creep and the
derivative of the E-modulus is independent on the water-cement ratio.

Values of each parameter of the model are given in Table 12 or are plotted in Figure 29.

Table 12 - creep factor parameters which are independent on the effective W/C ratio

hil | k[/] [[hGpPa-l] | m[] | n[/] | pI/] | Ex[/] | ©[d] | E,[/] | 7p[d]

2.9 0.325 -3.9E-5 0 3.8 3.2 1.39 3.4 0.97 94.6

It is thus concluded that the new methodology presented in [29] can be used for concrete for different
low water-cement ratio (range 0.28-0.42). The main observations are:
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- Long term creep is higher for composition with high water-cement ratio

- The kinetic and the amplitude of the initial short term creep is not influenced by the water-
cement ratio.

- The kinetic of the solidification term creep is not influenced by the water-cement ratio. The
linear relation between the derivative of the E-modulus and the amplitude of the
solidification term creep is independent on the water-cement ratio.

It was also proposed in [29] to model long duration creep by using an adapted version of the Model
Code 2010 (MC2010). As presented in [42,44], MC2010 can be simplified in Equation 63, where the
parameter C is related to the general amplitude of the creep, is independent of the age at loading and
is expressed in MPa. The parameter 7 is only function of the age at loading and is expressed in [d].

C(t,t) ==.In (1+t‘7t') 63
Results of the modelling with the adapted MC2010 are presented in Figure 36 for the four
compositions. In order to improve the modelling, only creep results obtained after several days of
loading were considered for concrete loaded at very early age (less than 26 hours). A general very
good correspondence is obtained between experimental results and the modelling particularly for
hardened concrete. For loading applied at an age of 26 hours or less, the model is not able to correctly
fit in the same time creep occurring during the first days after loading and for long duration. That
leads, at very early age, to an overestimation of the creep phenomenon during the first days after
loading. In case of restrained deformation in massive structure, this conducts to a decrease of the
compressive stresses and then to an increase of the tensile stresses. Therefore, for massive structure,
the adapted version of MC2010 vyields safe-side predictions (expected tensile stresses are
overestimated). Whereas the inverse situation is obtained for thin concrete element such as a wall for
which the displacements are restrained by its foundation. In that case, the tensile stresses are
underestimated during very early age with the adapted MC2010. For long duration creep, the
correspondence is very good whatever the age at loading. This is in coherence with results obtained
with the previous model considering that creep is divided in three terms. Indeed, the variation of the
exponent g of the long term creep was observed but this variation is small and in addition the value of
the exponent was close to a value of -1 for each composition, therefore it is normal that a logarithmic
law for which the compliance rate tends to 1/Ct can correctly fitted these creep results.
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Figure 36 — Specific creep and adapted MC2010 (dashed lines) for composition B1, B5, B6 and B7

The amplitude parameter C of the adapted MC2010 is shown in Figure 37 according to the water-
cement ratio. It is observed, as in [42], that this parameter is linearly dependent of the water/cement
ratio for compositions with a same aggregate content. Higher is the water/cement ratio lower is the
parameter. This means that creep on long duration is higher for concrete with a high water-cement
ratio. These values obtained from experimental results are also compared in this figure to the value
predicted by the Model Code 2010. Results are in very good agreement with the predicted value of
MC2010.

The value of the parameter t is plotted according to the inverse of the derivative of the E-modulus in
Figure 38. Predictive values obtained with MC2010 are also presented. For hardened concrete, a very
good correspondence is obtained. No effect of the water-cement ratio is observed whatever the age at
loading for experimental results and predictive values of MC2010. For concrete loaded at an age
around 24 hours, a difference occurs between the predictive values of MC2010 and the experimental
results. This confirms the observations realized with the ordinary concrete in the chapter 4, section 7.
MC2010, in its actual state, is not able to predict accurately the effect of the age at loading during the
very early creep of high performance concrete and classical concrete. An adaptation is needed (as
proposed in the chapter 4, section 7) for the parameter T to correctly consider creep at early age and
the parameter C needs to be changed for high performance concrete with low water-cement ratio.
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Figure 37 — Relation between the parameter C of ~ Figure 38 — Relation between the parameter t of
the adapted MC2010 and the water/cement ratio. the adapted MC2010 and the inverse of the E-
modulus rate.
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6.2.4. Discussion

For the physical understanding of the different observations achieved, the evolution of the
microstructure of the cement paste corresponding to the concretes called C0.4, C0.5 and CO0.6 has
been computed with the software VCCTL (V9.5) [45]. According to the literature, two main
microstructural parameters govern the viscoelastic behaviour of cement based material: the capillarity
pores and the CSH [28]. The E-modulus increases when the volume fraction of capillarity pore
decreases and when the volume fraction of CSH increases. The creep has an opposite correlation with
the capillarity pores and the CSH [28]. Several models, aimed at predicting the value of the E-
modulus [39,45-48] and creep [49,50] on the basis of the knowledge of the microstructure, were
developed in the past. However, the volume fraction of each constituent itself is not enough.
Knowledge of the density [51] and the shape of the CSH are needed as also the size distribution [52],
the number and the shape of capillarity pores [53]. In spite of all variables needed, the gel-space ratio
GS alone is a good indicator which considers together capillarity pores and CSH [40,54]. The gel-
space ratio is defined as the volume of gel divided by the sum of the volumes of gel and capillarity
pores [54].
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Figure 39 - Evolution of the gel-space ratio for Figure 40 - Evolution of the gel-space ratio
different water-cement ratios (VCCTL V9.5). normalized at an equivalent age of 1 month for

three water-cement ratios (VCCTL V9.5).

The evolution of the gel-space ratio is presented in Figure 39 for the three water-cement ratio. As
expected, for low water-cement ratio a higher value of the gel-space ratio is obtained. A similar
kinetic is observed for the different water-cement ratio. In order to highlight it, each evolution of the
gel-space ratio is normalized by their own value obtained at an age of one month in Figure 40. Each
evolution follows a nearly identical evolution especially for composition C0.5 and C0.6. However a
slight variation in Kkinetic is observed for composition C0.4. Thus, the subsequent is observed, for the
different water-cement ratio studied, the kinetic evolution of the gel-space ratio is very similar and
only the amplitude of the gel-space ratio changes significantly. A similar observation is also done
with the evolution of the mechanical properties such as the compressive strength and the E-modulus.
Powers [54] has shown that the compressive strength of concrete is proportional to the gel-space ratio.
The relationship between the gel-space ratio and the compressive strength is independent on the age
of the concrete and its mix proportions. In Figure 41a, the compressive strength is plotted according to
the gel-space ratio. A linear relation is observed for the different water-cement ratios for a range of
compressive strength between 15 and 50 MPa. Therefore compressive strength is modelled according
to the gel-space ratio with a linear relation. In comparison, results obtained since setting time till three
months [28,55] of an ordinary concrete (OC) using a cement of a same class and a different
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granulometry are shown. The linear relation obtained for the compositions C0.4 corresponds very well
to the value of the compressive strength of the ordinary concrete since setting. Since setting time till
several months, the relation between the gel-space ratio and the compressive strength is thus linear.
From results of the literature, a less linear relation is observed. Powers [54] uses a cubic function and
Pichler, et al. [56] use a power law for which the exponent varies between 2.11 and 3.42.

In Figure 41b, the E-modulus is presented according to the gel-space ratio for the three water-cement
ratios and the ordinary concrete. No effect of the water-cement ratio is observed in the relation linking
the gel-space ratio and the E-modulus. For a same gel-space ratio, a lower value of the E-modulus is
observed for the ordinary concrete. This difference is explained by the difference of granulometry.
The ordinary concrete has a lower quantity of aggregate. Whereas an increase of the aggregate content
leads to a global increase of the evolution of the E-modulus of concrete and has no effect on the
evolution of the gel-space ratio of the cement paste. It is then concluded that the relation between the
E-modulus and the gel-space ratio is not affected by the water-cement content but by the aggregate
content. The evolution of the E-modulus is modelled according to the gel-space ratio by Equation 64.
This model allows well-fitting the evolution of the E-modulus by using least square method. More

investigations about the effect of the aggregate on the evolution of the E-modulus are presented in
chapter 7.
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Figure 41 — Evolution of the compressive strength (a), the E-modulus (b) and the amplitude creep
factor according to the gel space ratio.

In Figure 41c, the evolution of the aging creep factor is presented according to the gel-space ratio for
the three water-cement ratio and the ordinary concrete. As with the advancement degree of reaction
and the degree of hydration, an effect of the water-cement ratio is clearly visible. The amplitude creep
factor corresponds to the creep coefficient obtained after duration of loading of 5 minutes. For a same
gel-space ratio, the E-modulus is the same for each composition. Thus, the difference observed comes
only from the creep strain. For a same E-modulus, the composition with a high water-cement ratio
creeps less. This observation is strongly visible when concrete has a gel-space ratio lower than 0.5.
For the understanding of this observation, the volume fraction of the capillarity pore and the CSH is
plotted according to the gel-space ratio in Figure 42. The volume fraction of the CSH does not vary
significantly between each composition. The volume fraction of capillarity pores differs relevantly
between each composition for low gel-space ratio. For high water-cement ratio, the volume fraction of
capillarity pore is higher. However it should be expected, according to the physical mechanism linked
to the short term creep, that creep will be higher for composition with a high volume fraction of
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capillarity pores. But here several aspects are not considered as the thickness of the adsorbed water
layer and the internal surface area of empty pore. The thickness of the adsorption layer will change
during the hydration process. Variation of the thickness will lead to a change of the surface energy of
the gel particles. This change will be accompanied by external volume changes [57]. These
parameters could explain this difference. Indeed, for a same E-modulus, the age of the material is not
the same for the different composition. Therefore the state of the microstructure is not the same. Other
parameter such as the pore size distribution could also give explanation on these observations.
However, for a complete understanding of the mechanisms, experimental and modelling results are
needed at the microstructural level.
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Figure 42 — Evolution of the volume fraction of CSH and
capillarity pores according to the gel space ratio.

The evolution of the amplitude creep factor is modelled according to the gel-space ratio with a power
function (Equation 65) for which two parameters (Equations 66 and 67) depend on the water-cement
ratio. This model allows well-fitting the evolution of the amplitude creep factor since setting time
(ordinary concrete) till one month by using least and square method. As shown in Figure 43, the
amplitude (Equation 66) and the kinetic (Equation 36) factors depend linearly on the effective water-
cement ratio.

A= AGS,l'GSAGS'Z 65

Agsy = —0.021.<W9ff/c) +0.032 66
W,

Ags; = 2.98.< eff/C) — 2.46 67

From results of Irfan, et al. [40], the same comparison is done in Figure 44. A same power trend is
observed between the ratio E/E. and the gel-space ratio. Also a same linear relation is also observed
between the water-cement ratio and the parameters Agg ; and Agg 5.
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CONCLUSIONS

Section 6.1

Every 160 minutes, thermal variations of 3°C are applied on a concrete sample with the device so-
called BTJADE. Thermal and autogenous strains are distinguished by creating a fictive thermal cure
at 20°C from the experimental results.

New models are proposed for the characterization of the autogenous strain and the coefficient of
thermal expansion since setting. For both properties, models were developed according to the
equivalent and the advancement degree of reaction for computational purpose. Physical mechanisms
are highlighted and considered in the modelling.

Through results of the modelling of the autogenous strain, it is observed that the difference between
the final amplitude of the swelling and the shrinkage is higher for concrete composition with a higher
water-cement ratio.

It is observed that swelling and decrease of the CTE after the initial setting time are linked to a same
mechanism as for the increase of the CTE and the self-desiccation. The relation between the CTE and
the autogenous deformation is linear but the effect of the mixture content is not the same during the
swelling and the shrinkage period.

Through comparison between the experimental results and the setting time obtained with ultrasonic
measurement and penetration resistance test, it is observed that:

- the initial setting time is 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 corresponds to a zero value of the derivative of the
autogenous strain.

For further study, the evolution of the relative humidity should be measured during the test and
considered in the modelling.

Section 6.2

Repeated minute-long loading tests were applied on three concrete compositions with three different
effective water-cement ratios (0.35, 0.44 and 0.53) since very early age. The Poisson’s ratio, the E-
modulus and an amplitude creep factor correspond to the creep coefficient obtained after 5 minutes of
loading are defined. For all the investigated properties, new or existing models are used. Models are
expressed in function of the equivalent time, the advancement degree of reaction and the degree of
hydration for the understanding of the physical mechanisms associated to the water-cement ratio and
also for computational modelling purpose. Results were compared with results of the literature on
cement paste and show a very good agreement.

For the study of the long term creep, data from Le Roy [41] were used. A new modelling
methodology is used for concrete with different low water-cement ratio (range 0.28-0.42). The main
observations are:

- Long term creep is higher for composition with high water-cement ratio
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- The Kkinetic and the amplitude of the initial short term creep is not influenced by the water-
cement ratio.

- The kinetic of the solidification term creep is not influenced by the water-cement ratio. The
linear relation between the derivative of the E-modulus and the amplitude of the
solidification term creep is independent on the water-cement ratio.

An adapted version of the Model Code 2010 (MC2010) is also used to model basic creep. It is
possible to model accurately the specific creep especially for hardened concrete. For very early age,
creep is overestimated during few days after loading. Results predict by MC2010 are compared. The
general amplitude of the creep is underestimated for law water-cement ratio. For hardened concrete,
the effect of the age at loading is well considered and corresponds very well to the experimental
results. For very early age, an adaptation of the aging factor is needed as proposed in chapter 4,
section 7.

Short term creep is compared to the E-modulus for the different concrete compositions. It is observed
that for a same E-modulus, concrete with low water-cement ratio creeps more.
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CHAPTER 7:

INFLUENCE OF THE WATER-CEMENT RATIO AND THE
NATURE OF THE BINDER ON THE EARLY AGE
PROPERTIES OF CEMENT BASED MATERIALS BY MEANS
OF MULTI-SCALE MONITORING

The testing and modelling strategy developed in the Chapter 4 is extended in this chapter to mortar
and cement paste with different water-cement ratios. Water-cement ratio is known as a key parameter
influencing strongly the development of all the properties of cement based materials, especially at
early age. The aim of this chapter is to analyze and model the effect of the effective water-cement
ratio on the development of the early age properties of cement based materials at different scales.
Several tests are performed on cement paste, mortar and concrete with different water-cement ratio. In
addition, this study is extended to an eco-concrete for which the cement is substituted by slag (50%)
and limestone filler (25%).

This chapter is divided in two sections. In the first section, repeated minute-long loading tests are
performed in order to characterize the short term mechanical properties of cement pastes, mortars and
concretes since very early age. Several homogenization methods are used and compared in order to
see the ability of these models to predict the E-modulus of concrete materials from cement paste data.
Data from short term creep results are used in order to quantify the degree of restriction of the basic
creep of cement paste by the sand and aggregate. The autogenous deformation and the coefficient of
thermal expansion of cement pastes, mortars and concretes are defined in the second section of this
chapter. Homogenization method is used in order to see the ability of the model to predict the
coefficient of thermal expansion of concrete materials from cement paste data. Data from autogenous
deformation results are used in order to quantify the degree of restriction of the autogenous
deformation of the cement paste by the sand and aggregate.

SECTION 7.1 — Multiscale monitoring and modelling of the Mechanical properties and the
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