
Chapter 6
Testing Concrete Since Setting Time
Under Free and Restrained Conditions

Brice Delsaute and Stéphanie Staquet

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

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

6.1 Introduction

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

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

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

(
1

E(t ′)
+ C(t, t ′)

)
(6.2)

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

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

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

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

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

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

6.2.1 Passive Restrained Shrinkage Test

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

6.2.1.1 Plate Test

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

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

6.2.1.2 Substrate Restrained Test

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

6.2.1.3 Longitudinal Test

Two passive longitudinal tests have been designed:

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

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

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

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

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

6.2.1.4 Passive Ring Test

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

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

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

Table 6.1 Main parameters in the design of a ring test

Test apparatus Environment Test protocol

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

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

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

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

• Degree of restraint

• Curing temperature
(ambient or controlled)

• Relative humidity (ambient
or controlled)

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

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

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

6.2.2 Active Restrained Shrinkage Test

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

6.2.2.1 Active Ring Test

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

6.2.2.2 Active Longitudinal Test

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

6.3 The TSTM (Temperature Stress Testing Machine)

6.3.1 Principle of TSTM’s

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

Fig. 6.8 Steps inside each
compensating cycle

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

6.3.2 History of the Development of TSTM’s

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

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

Fig. 6.9 System for monitoring free and restrained shrinkage at the Israel Institute of Technology
(Igarashi et al. 2000)
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deformation was measured by means of LVDT sensors placed on the moving head of
the restrained sample. It has been demonstrated that this kind of method can generate
some artifacts of displacement measurements (Altoubat and Lange 2002). Indeed,
the interaction between the grip and the concrete sample can pollute the displacement
measurements and induces a decrease in the restrained degree of sample. Moreover,
a sliding between the sample and the grip is always possible. During these tests, the
thermal regulation was provided by means of the room air conditioning only.

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

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

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

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

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

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

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

References Springenschmid
et al. (1994)

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

Bjontegaard
(1999)

Grazia
(1999),
Charron
(2003)

Lokhorst
(1998),
Lura
(2003)

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

Deformation
threshold
(μm/m)

2 5 0.86 6 6

Sample cross
section

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

150 ×
150 mm

Sample length
(mm)

1500 1000 1000 1000 1000

Gauge length
(mm)

500 – 700 750 750

Deformation
measurement

Side Mobile head Side Top Side

Thermal
regulation

Yes Room
conditioning

Yes Yes Yes

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

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

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

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

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

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

higher than that of its cross section.

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

6.4.1 Test Setup

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

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

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

Table 6.3 Dimensions of the specimen in the TSTM device

Length of the span (m) 1

Width of the span (m) 0.1

Radius of curvature (m) 0.5

Width of head (m) 0.3

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

Fig. 6.11 Thermal insulation

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6.4.2 Test Protocol for the Restrained Shrinkage

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

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

6.5 Applications

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

6.5.1 Monitoring of the Viscoelastic Properties Since Setting

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

6.5.2 Implementation of Non-destructive Methods
on a TSTM Device

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

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

6.5.3 Testing Concrete in Its Plastic State

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

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

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

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

Fig. 6.23 Loading case induced by the cyclic movement of the wave on the grout (Delsaute 2019)



202 B. Delsaute and S. Staquet

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

6.5.5 Structural Scale

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

6.5.6 Degree of Restraint

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

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

6.6 Conclusions

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

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

This test device can offer much to the characterization of cement-based materials.
Several types of tests can be performed according to the intended application. The
TSTM device is able to simulate experimentally the situation of a concrete member
(e.g. temperature, degree of restraint) whichmakes the TSTM a key tool for the study
of the thermo-mechanical response of cement based materials since very early age.
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