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INTRODUCTION

The design of concrete structures requires the best understanding of the intrinsic behaviour of the main material and its influence in the structuring elements. For the sake of structure durability, control of concrete cracking is an important aspect to consider in the choice of design. The presence of cracks in concrete actually causes a decrease in the mechanical strength and an increase in its permeability to external aggressive agents (water, acid, chloride ions, sulphate ions ...).

The idea of linking the behaviour of concrete to the evolution of its early-age properties is not new [START_REF] Wittmann | Surface tension, shrinkage and strength of hardened cement paste[END_REF]. Many studies have investigated the early-age concrete cracking. This cracking is caused by the shrinkage of the cement paste during its hydration, restrained by the presence of aggregates [START_REF] Wittmann | Surface tension, shrinkage and strength of hardened cement paste[END_REF]. Shrinkage is due to the chemical reduction of the cement hydrates relative to the reactants (clinker and water) and the decrease of the capillary pressure in pores during hydration. It is also due to desiccation. These mechanisms lead to the creation of micro-cracks in the material and change its mechanical properties, which are difficult to assess so far. The damage due to these phenomena is usually not taken into account in models (analytical, empirical or numerical) used to design concrete structures. Generally, these models take into account implicitly the concrete maturity based on mechanical measurements made at the age of 28 days. It is considered that at this age the concrete has achieved almost the maximum of its properties. The GeM explores these questions by developing innovative experimental procedures to measure material properties related to early-age concrete cracking. Based on the experience gained in the study of concrete at very early-age [START_REF] Loukili | A new approach to determine autogenous shrinkage of mortar at an early age considering temperature history[END_REF], [START_REF] Mounanga | Predicting Ca(OH)2 content and chemical shrinkage of hydrating cement pastes using analytical approach[END_REF], the GeM researchers have developed three procedures to define the properties necessary for the improvement of numerical and analytical models for design.

The first procedure is based on the ring test [START_REF] Turcry | Cracking tendency of selfcompacting concrete subjected to restrained shrinkage: experimental study and modelling[END_REF] which was modified in order to have a temperature control. This test is used to define the age and stress of concrete cracking due to the restrained shrinkage by controlling the temperature effects which could cause cracking of the cement paste. The second experimental device is a direct tensile bench for early-age concrete. Concrete is cast in a horizontal mould. The tests are performed from the setting age of the concrete by applying a direct horizontal tensile load. This test is used to assess the tensile strain capacity of concrete at early-age. The third procedure is based on a standard three-point bending test [START_REF]Determination of fracture energy of mortar and concrete by means of three-point bend test on notched beams[END_REF]. The tests are performed from the age of 12 hours for concrete and they allow evaluating the flexural strength and the fracture properties used in models (failure energy, crack opening displacement ...). Compressive and tensile properties are also measured at these ages to complete the data and analysis.

First of all, the various devices developed are presented with emphasis on the originality of the experimental procedures. Then, the test results on cement-based materials (mortar and concrete) are analyzed. Finally, a conclusion shows the importance of these studies for the model developers.

DEVELOPMENT OF SPECIFIC EXPERIMENTAL METHODS

2.1

Temperature controlled ring test device Ring tests were performed to measure the autogenous shrinkage of cement pastes in restrained conditions. Indeed, this testing method offers the advantages of simplicity and relative low cost. This technique has been already used in various studies to investigate the cracking risk of cement-based materials due to drying shrinkage [START_REF] Turcry | Cracking tendency of selfcompacting concrete subjected to restrained shrinkage: experimental study and modelling[END_REF], [START_REF] See | Shrinkage cracking characteristics of concrete using ring specimens[END_REF], [START_REF] Hossain | The role of specimen geometry and boundary conditions on stress development and cracking in the restrained ring test[END_REF]. A review of this matter was published by Radlinska et al. [START_REF] Radlinska | The ring test: a review of recent developments[END_REF]. The test device developed here is especially designed for early-age deformations of cementitious matrices since it is equipped with a thermal regulation system allowing the temperature control of the annular sample during the whole testing period [START_REF] Mounanga | Early-age autogenous cracking of cementitious matrices: physico-chemical analysis and micro/macro investigations[END_REF]. It is therefore possible to both differentiate autogenous strain from thermal strain and quantify the effect of temperature on the age of the first crack induced by self-desiccation shrinkage. This latter special feature is especially used in the present paper to investigate the thermoactivation of the early-age autogenous cracking in cement pastes.

The ring test device is presented in Figure 1. It is composed of two aluminium plates and two rings -a PVC ring for the external form and a central metal ring, which acts as the internal form and restraint. The aluminium plates constitute the base and the cover of the assembly. The cement paste specimen cast between the two rings has a cross section of 40 × 40 mm 2 and an inner diameter of 210 mm. The internal ring strain induced by the cement paste shrinkage is measured by four strain gauges, axi-symmetrically fixed at the mid-height of the inner surface of the metal rings and connected to a data logging system. The ring test device is thermally regulated with a water circulation system connected to a thermostated water bath (± 0.1°C) via a copper pipe network. Silicon-based thermal grease is applied to the interfaces between the copper tubes and the aluminium plates to improve the heat exchanges. 

2.2

Flexural testing procedure at early-age The three-point bending test is commonly used to determine the crack properties of concrete in order to assess its indirect tensile cracking. Tests are made on notched concrete beams which are sufficiently hydrated and have raised their maximum strength [START_REF]Determination of fracture energy of mortar and concrete by means of three-point bend test on notched beams[END_REF]. Tests are performed with controlled notch opening displacement which is ensured with a crack mouth opening displacement (CMOD) gauge. Two blades of the CMOD gauge are attached to two metal plates one on either side of the notch at the bottom face of the beam. These metal plates are firmly attached to the specimen with high strength glue, which guarantee the perfect stability of plates and consequently the CMOD gauge. The cracking risk of concrete at earlyage can be assessed by applying the three-point bending test with new specifications.
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The concrete specimens are poured into moulds of dimensions 100*150*700 mm 3 . A Teflon plate with a thickness of 3 mm is placed into the mould before pouring the concrete for the notch position. This plate is then removed at the time of the test to reveal the notch. Because the metal plates used to measure the CMOD can not be glued on fresh concrete, two first metal plates are placed into the mould to set in concrete at each side of the notch. Then, one hour before the test, the strip is removed with care to glue two metal plates on the first plates which will be attached to the CMOD gauge, of capacity equal to ±4 mm, each 10mm in length. Also, a square plate is attached in the same condition on the middle of the beam surface in front of the notch for the measurement of the deflection. The specimens are covered with an impermeable plastic sheet and keep in a climatic chamber at a temperature of 20 ±2 °C and a relative humidity of 50% ±5% until the test.

The loading frame consists of Instron make closed loop universal testing of 160 kN capacity. The load was applied with the help of a circular jack to ensure a point load. A rubber pad is placed between the load jack and beam to take care of the surface unevenness and to avoid damage under the load. The beam is simply supported on two circular supports. All the tests are performed with controlled notch opening displacement rate of 0.5μm/sec. Thus load is applied as a function of notch mouth opening. This loading arrangement allows obtaining firstly, a gradual increase in the crack opening and secondly, a steady decrease of load bearing capacity of the beam in the post-peak regime. The mechanical data thus obtained is the evolution of the force with the precision of 1/100 N and the notch mouth opening displacement with the precision of 1/10 of micrometer, acquired after each 1 sec interval. The load is applied in two stages, a preload and then the main load with controlled notch mouth opening displacement. The preload is operated manually. In parallel, cylinder specimens of dimensions φ11*22 cm 2 are tested with an ultrasonic method to measure the elastic modulus.

In these tests, concrete are mixed with a Portland cement (CEMI) 52.5 N, alluvial sand with a maximum diameter equal to 4 mm, a semi-crushed gravel 4/20. For the workability of concrete we add a small amount of super-plasticizer (Optima 206). The formulation is given in Table 1. The water-to cement (w/c) ratio is 0.42 and the gravel-to-sand (G/S) ratio is 1.25. 

Direct tensile testing device

The new procedure enables a reliable assessment of the displacements of concrete through digital image correlation (DIC). Figure 3 shows the tensile testing machine. The load is applied horizontally by an electric displacement-controlled actuator. The load cell is placed between the actuator and the mobile part of the mould. The mould actually comprises two halves with curved transitions to a central part with reduced constant section, 100 mm high, 100 mm long, and 105 mm wide (Figure 4). The inner face is covered with PTFE and protected with thin polyethylene sheets during the test. The two parts of the mould are linked to the frame and the load cell by spherical pin connections.

The concrete specimen was cast in the steel mould just after mixing then vibrated in one layer. An external frame was placed on the plate to avoid displacements of the two halves of the mould due to the vibration and pressure of fresh concrete. The specimen was covered with a polyethylene sheet to avoid drying. The ambient temperature was 20±2 °C. One hour before the test, the polyethylene sheet was removed and the specimen was covered with white then black painting. This resulted in a contrast that enabled the DIC. The loading rate of the actuator was 0.5 µm/s. The displacements of the mould and the concrete specimen were actually monitored by two different devices. Linear variable displacement transducers (LVDT) gave the relative displacements of the two halves of the mould (Figure 4). The displacement of two regions of the central part with reduced section was monitored without any contact by two cameras placed vertically above the frame. The failure actually occurred in this part of the specimen. Then the displacements were deduced from the images through DIC (Ref). Because of displacements between the specimen and the steel mould, the actual loading rate in the central part of the specimen is 0.04 µm/s (150 µm/hour), which is consistent with plastic shrinkage kinetics [START_REF] Darquennes | Early age deformations of concrete with high content of mineral additions[END_REF].

The compositions of the concrete mixtures are given in Table 2. A pilot study was done on a normal strength concrete (C 0 ). Another study dealing with the influence of gravel type was done on a series of concrete mixtures Ci with constant water, cement, and sand content. A presents an example of experimental results obtained with the temperaturecontrolled ring test device on a cement paste prepared with a cement of type III and a w/c ratio of 0.30. The strain curve evolutions at different temperatures clearly highlighted the thermoactivation of early-age autogenous restrained shrinkage. The age of the first cracking was divided by 1.8, 4.4 and 9.7 at 20, 30 and 40°C, respectively, in comparison with the 15°C-results. A maturity approach was applied to evaluate the relevance of this concept in describing the thermoactivation of early-age autogenous cracking of three cement pastes. For this aim, it was considered that, in "isothermal" conditions, the autogenous cracking occurred at the same maturity level, whatever the curing temperature considered. The strain curves were then expressed as a function of equivalent age calculated as follows:

RESULTS AND DISCUSSION

Thermal effects on early-age autogenous cracking
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Where t eq is the equivalent age (h) of the cement paste at the curing temperature T (K), E a the apparent activation energy for autogenous cracking (J/mol), R the constant of perfect gas (8.314 J/mol.K), T ref the reference temperature (293 K) and t r the real age (h).

Figure 5.B provides the experimental curves as a function of equivalent age for the CEM III cement paste, considering a E a -value equal to 67.5 kJ/mol. The superposition of the curves demonstrates that the maturity concept enables to correctly describe the thermoactivation of autogenous cracking age for isothermal curing conditions. As shown in Figure 5.C, the application of this approach to the three cement pastes investigated allows the prediction of their age of autogenous cracking, between 15 and 40°C for the CEM III cement paste (w/c = 0.30) and between 20 and 40°C for the CEM I cement pastes (w/c = 0.30 and 0.40).

3.2

Determination of the failure properties of concrete at early-age Figure 6 shows the differences between the curves Force-CMOD obtained for concrete at different ages from 12h to 24h. The flexural strength and the elastic slope increase with age according to the evolution of the cement hydration. The cohesion between the cement phases becomes stronger which makes the material more rigid. That is confirmed with the measurements of the Young's modulus (Figure 7). At very early-age, concrete has a ductile behaviour due to the viscosity of the cement paste. Along the hydration, a more fragile behaviour takes place. Thus, one can see that the force decreases after the peak more rapidly with the age. The deflection evolution has been also measured at different ages. The fracture energy (Gf) is defined as the surface area under the curve Force-deflection. It represents the dissipated energy along the cracking process firstly stored by concrete under an external load. Concrete deforms with a part of this energy and it stores the other part. The Figure 7 shows the evolution of Gf of concrete with the age. Gf increases more rapidly than the elastic modulus between 12h and 24h. Concrete deforms less with the age because it becomes more rigid and cohesive, so it stores more energy than it spends. Thus, the dissipated energy along the cracking process tends to increase with the age.

Tensile properties

The stress was deduced from the measured load and the cross section (100x105 mm²). It was actually assumed that the stress distribution was uniform over the central cross section. Figure 8 shows the evolution of the peak stress of specimens of concrete Ci. Different gravels were used at different initial degrees of water saturation (0%, 50% and 100%).

The tensile strength increased very rapidly from the age of 8 hours, which approximately corresponded to the end of setting (according to the Vicat test). Changing the gravel type resulted in significant variations of the strength, which confirmed the relevance of this parameter as far as the tensile behaviour of concrete is concerned. The stress-strain can be deduced from the data recorded before the failure of the specimen (Figure 9). This curve was used to determine the tensile strength ft, the modulus, and the tensile strain capacity ε ctu . 0,0 0,5 Only the first part of the curves (before the failure) was used. Complete stressdisplacement curves are given [START_REF] Hannant | Equipment for tensile testing of fresh concrete[END_REF], [START_REF] Dao | Tensile Properties of Early-Age Concrete[END_REF], but these studies were done at earlier ages (before 7 hours). At 10 hours, the materials began to show a brittle behaviour and it was not possible to monitor the post-peak stage. The values are closely linked to the experimental procedure and the parameters of testing, such as the loading rate. However, this period (10-24 hours) is a critical stage for hardening concrete, because of the kinetics of shrinkage and temperature gradients. Therefore such results can be useful in a comparative approach to optimise concrete mixtures as far as cracking is concerned.

4.

CONCLUSIONS AND FUTURE RESEARCH

In order to prevent the cracking of concrete structures at early-ages, designers need information on the evolution of the physico-chemical properties of concrete. The GeM researchers have developed specific experimental methods to determine failure properties of cement-based materials. A new device, for the measurement of the tensile strength, or adapted current devices or procedures have been presented. Experimental tests have been performed to determine the cracking age at different temperatures, the evolution of the mechanical properties (strength, elastic modulus) and the failure properties with the age. These parameters could be used to improve the numerical models to take into account the cracking risk at early-age by considering the shrinkage and the evolution of the material properties which are usually considered constants.
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 1 Figure 1. Temperature-controlled ring test device. A: Principle of the ring test method; B. Photograph of the ring test device; C. Photograph of the complete system
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 55 Figure 5. Ring test results obtained on cement pastes at various temperatures. A: Strain vs. age; B. Strain vs. equivalent age; C. Measured cracking ages vs. cracking ages calculated using the maturity concept
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 6 Figure 6. Evolution of the Force-CMOD for different ages
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 7 Figure 7. Evolution of Young's modulus and fracture energy with age
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 89 Figure 8. Peak stress of concretes Ci

Table 1 .

 1 Mix-design of the concrete studied in the three-point bending test

	Components	Dosage (kg/m 3 )
	Gravel 4/20	980
	Sand 0/4	785
	CEMI 52.2N	400
	Super-plasticizer	1.8
	Added water	154.1
	Effective water	165.9

Table 2 .

 2 Mix-design and properties of concrete mixtures (kg/m 3 )

		Components	C 0	Ci
		Diorite 10/14	875	-
	Gravel	Diorite 6/10	211	-
		4/20	-	1082
	Sand	Sea sand 0/4 Crushed limestone 0/4	855 -	367 377
	Cement CEM I 52.5 N	303	350
	w neta (= w added + w aggregate + w absorption )	182	175
	Sp		0.9	1.8
	w/c		0.6	0.5
	Slump (mm)		140	160
	fc 28d (MPa)		49.1	52.5