
Chapter 5
Monitoring of the Thermal
and Autogenous Strain

Brice Delsaute and Stéphanie Staquet

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

Keywords Early age · Autogenous strain · Coefficient of thermal expansion · Heat
release

B. Delsaute (B) · S. Staquet
Service BATir, LGC, Université Libre de Bruxelles (ULB), Brussels, Belgium
e-mail: bdelsaut@ulb.ac.be

© Springer Nature Switzerland AG 2020
M. Serdar et al. (eds.), Advanced Techniques for Testing of Cement-Based Materials,
Springer Tracts in Civil Engineering, https://doi.org/10.1007/978-3-030-39738-8_5

135

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39738-8_5&domain=pdf
mailto:bdelsaut@ulb.ac.be
https://doi.org/10.1007/978-3-030-39738-8_5


136 B. Delsaute and S. Staquet

5.1 Introduction

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

εf(t) = εau(t) + εth(t) = εau(t) +
t∫

0

αT(t) · Ṫ · dt (5.1)

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

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

ρ · Cp · ∂T

∂t
= div(λ · gradT) + ∂Q

∂t
. (5.2)

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

5.2 Physical Mechanisms

5.2.1 Autogenous Deformation

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

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

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

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

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

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

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

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

σcap = Pg − Pl = R · T · ρe

M
· ln(RH) = 2 · σ

r
· cosαm (5.3)

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

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

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

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

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



140 B. Delsaute and S. Staquet

5.2.2 Coefficient of Thermal Expansion

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

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

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

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

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

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

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

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



5 Monitoring of the Thermal and Autogenous Strain 143

5.2.3 Correlation Between the Development
of the Autogenous Strain and the CTE

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

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

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

5.3 Test Setup

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

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

– limit the friction with the specimen.

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

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

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

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

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

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

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

5.3.1 Cement Paste and Mortar

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

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

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

5.3.2 Concrete

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

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

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

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

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

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

5.4 Test Protocol and Data Treatment

5.4.1 Review of the Literature

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

teq(t,T) =
t∫

0

exp

(
Ea

R
·
(

1

273 + T(s)
− 1

273 + Tr

))
· ds (5.4)

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

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

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

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

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

αT(t) = εtot − αta · 	T

	T
(5.5)
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Table 5.2 Parameters of test protocols for the determination of the CTE and the autogenous
deformation by using only one sample (Delsaute and Staquet 2017a)

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

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

6 90 Volumetric (CP and
M)

Trapezoidal variation

Cusson and
Hoogeveen (2006,
2007)

5 240 Linear (C)

Ozawa and Morimoto
(2006)

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

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

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

Bjøntegård and
Sellevold (2001)

6 120 Linear (C)

aN.A. = not available

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

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

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

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

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

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

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

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

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

L0
− αwt · 	Twt − αat · 	Tat (5.6)

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

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

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

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

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

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

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

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

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

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

20 ºC 20 3 ºC

Fig. 5.15 Scheme of the experiment

Fig. 5.16 Thermal variation
in the water tank and inside
the sample
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Fig. 5.17 Evolution of the
temperature of the sample
for both tests

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

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

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



5 Monitoring of the Thermal and Autogenous Strain 159

Fig. 5.19 Evolution of the
total strain and the
temperature for the test with
repeated thermal variations

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

	εtot = 	εau + αc · 	T (5.7)

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

αc = 	εtot,1 − 	εtot,2

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

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

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

Fig. 5.21 Evolution of the
coefficient of thermal
expansion after setting
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Fig. 5.22 Autogenous strain

Fig. 5.23 Normalized autogenous strain at 140 h

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

5.5 Investigations and Results

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

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

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

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

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

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

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

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

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

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

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

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

s =
√√√√ N∑

i=1

(
αT (ti ) − αT,m(ti )

)2
N

(5.9)

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

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

5.5.2 Extension to Cement Paste and Mortar Scale

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

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

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

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

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

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

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

5.6 Conclusion and Outlook

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

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

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

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

– the influence of external drying during the hardening process on the development
of the CTE and the autogenous strain.
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