P Mounanga 
  
A Loukili 
  
A Khelidj 
  
  
  
Influence of superplasticizer on activation energy and autogenous shrinkage of a cement paste

Keywords: Activation energy, cement paste, admixtures, temperature, autogenous shrinkage, early age

Three superplasticizers (SP) have been studied in this research: the first is based on modified polycarboxylic ether and is used to improve the workability of concrete and to obtain high mechanical characteristics at the early age; the second, which contains naphthalene sulphonate, is used to reduce drastically mixing water in concrete and improve mechanical strength at the early age; the third SP investigated is melamine-based and is used to improve the workability of concrete creating electrostatic repulsion between cement grains.

The intention with the present investigation was to provide more information about the role of these SP in concrete at early age. The apparent activation, initial and final set times by Vicat needle, chemical and autogenous shrinkage were measured for a cement paste with water on cement ratio of 0.25. The apparent activation energy has been determined by the "setting times method" at different temperatures: 10, 20 and 40 °C. The v olumetric autogenous shrinkage was measured at the same temperatures. The experimental results show that the apparent energy activation is slightly modified by the presence of SP. Also, the evolution of chemical shrinkage shows clearly that the SP acts on the hydration kinetic of cement. The effect of SP on autogenous shrinkage at different temperatures can be correctly predicted by means of the maturity concept.

INTRODUCTION

At early hydration stage, cementitious materials undergo thermal deformations and autogenous shrinkage that, if restrained, may lead to cracking. Both practical experience and laboratory studies have revealed the sensitivity of high performance concrete (HPC) to cracking at early ages. Among the parameters involved in this cracking, the low water-to-binder ratio of HPC seems to be the most important but other material parameters may be pointed out such as cement type, nature and dosage of SP.

The aim of this study was to provide more information about the role of these SP in concrete at early age. The apparent activation, initial and final set times by Vicat needle, hydration degree, chemical and autogenous shrinkage were measured f or a reference cement paste (without admixture) and cement pastes containing different types of SP.

The first part of this paper discusses the effect of both curing temperature and SP on hydration reactions rate. The second part deals with the application of the maturity concept in order to predict the autogenous shrinkage evolution at different temperatures where SP is present in the cement paste.

MATERIAL AND TEST METHODS 2.1. Materials

The cement used (CPA CEM I 52.5 HTS) contained 70.2% C 3 S, 7.8% C 2 S, 3.8% C 3 A, and 6% C 4 AF. The mineralogical composition was determined from Bogue formula. Its Blaine specific surface area was 3320 cm 2 /g. Cement pastes were obtained mixing together cement and water during 3 min. The mixing water was distilled before used and heated or cooled on a case-by-case. This precaution ensured a rapid equilibrium of the mixture at the required temperature.

The three SP tested were produced by MBT Inc., France. Information about their compositions and dosages is provided in Table 1. This l ater parameter was determined from mini-slump tests in order to obtain quite similar mini-slump values for each SP. The unique water-to-cement ratio used in this study was W/C= 0.25.

Test methods

Setting times measurement

Initial and final set times of cement pastes were measured using the Vicat needle apparatus, in accordance with European Standard EN 196-3. The samples were placed in a water bath at various temperatures (10°C, 20°C, 30°C and 40°C).

Quasi adiabatic temperature rising test

Cement paste samples were introduced in plastic bowls immediately after mixing, weighed and placed in a quasi-adiabatic enclosure. The same amount of paste was used for the whole temperature tests (229 ± 0.1 g). A thermocouple embedded in each specimen, at 4 cm below the surface of the sample, enabled to follow the temperature evolution due to hydration.

Chemical shrinkage measurement

Total chemical shrinkage measurement has been performed by using a weighing method (1).

Immediately after mixing, a 30g-cement paste sample w as introduced into a 50ml-flask.

Entrapped air bubbles were removed by a one-minute-vibration sequence. The remaining empty volume of the flask was filled with distilled and desaerated water, gently enough to avoid perturbation of the sample. The flask was then closed. A small orifice in the flask cap enabled continuous water supply to the sample. The flask was hung on a balance (precision ± 0.001g) by a nylon wire and immersed in distilled water at the required curing temperature (± 0.1°C). The measurement started 30 min. after water-cement contact and lasted for 24 h. From the recording of the apparent mass of the flask, quantities of water penetrating into the paste and filling the porosity created by Le Chatelier's contraction can be determined.

Autogenous deformation measurement

The method used is based on Archimedes' principle. It consists in measuring, by hydrostatic weighing, the buoyancy variations of a sample constituted by an elastic membrane containing cement paste (about 90-100g) and immersed in a thermostated bath. The membrane is filled with cement paste immediately after its mixing and closed using a thin wire. The excess rubber is then cut and the sample is cleaned and weighed. Thereafter, the sample is placed on a nacelle, which is hung on a balance (precision ± 0.001g), and immersed immediately in the water bath at the required temperature ( ± 0.1°C). The apparent mass of the system (nacelle+sample) is continuously recorded from 30 min. after water-cement contact and up to 24 h. Both bleeding and air inside the membrane can lead to overestimate volumetric shrinkage [START_REF] Justnes | Total and external chemical shrinkage of low W/C ratio cement pastes[END_REF]. In order to avoid these artefacts, the greatest care is exercised to evacuate air and measurements were performed on 0.25-W/C cement pastes, which do not present any bleeding.

Measurement of non-evaporable water

TGA was used to determine the hydration degree of cement pastes at initial and final Vicat set times from non-evaporable water content W n (t) measurement. W n (∞) (corresponding to full sample hydration) was estimated from the mineralogical composition of cement. W n (t) was defined in this study as the mass loss recorded between 145 and 1050°C in agreement with (3), minus the mass loss due to CO 2 release caused by calcite decomposition between 600 and 800°C.

RESULTS AND DISCUSSION

Influence of curing temperature and admixtures on hydration kinetics

Table 2 presents values of initial and final Vicat set times (respectively t si and t sf ) at 10, 20, 30 and 40°C for the cement pastes investigated. Both the values of initial V icat set time and Vicat setting time (t sf -t si ) decrease with increasing temperature. This result is in agreement with previous studies [START_REF] Turcry | Can the maturity concept be used to separate the autogenous shrinkage and thermal deformation of a cement paste at early age?[END_REF]. SP also modify the values of initial Vicat set time and Vicat setting time: experimental results reveal strong increasing of these two specific times (between 12% and 50% superior to the reference as the case may be).

The setting of cement paste measured by Vicat apparatus is linked to the formation of a sufficient amount of hydrates bridging the unreacted cement grains and leading to the creation of a solid network. C 3 S and C 3 A are the main cement components involved in this mechanical setting: C 3 S hydration is responsible of the short-term resistance of the material (5) whereas C 3 A hydration increases the network strength at early age creating needled shape ettringite crystals. C 3 S is the major component of the cement used. It can therefore be deduce that the SP dosages used are high enough to reduce significantly the hydration rate of C 3 S. Among the SP studied, PCE seems to be the most efficient in decreasing the C 3 S hydration rate.

Hydration degree values determined from TGA tests show that Vicat setting takes place between 3% and 6% of hydration. Such result has been previously reported [START_REF] Justnes | Correlating the deviation point between external and total chemical shrinkage with setting time and other characteristics of hydrating cement paste[END_REF]. At 20°C, the presence of SP reduces the hydration degree difference ∆α between final and initial set times (∆α 20°C (Ref.)= 2.8%, ∆α 20°C (PCE)= 0.2%, ∆α 20°C (SNF)= 1.5%, ∆α 20°C (SMF)= 0.2%). One explanation could be that the presence of SP made the mixture more homogenous (microstructural effect): therefore, reducing space between each cement grain could lead to decrease the amount of hydrates necessary to bridge the unreacted cement grains. At 40°C, the trend is reversed (∆α 40°C (Ref.)= 0.7%, ∆α 40°C (PCE)= 1.5%, ∆α 40°C (SNF)= 2.0%, ∆α 40°C (SMF)= 1.1%) but no suitable explanation has been found for this phenomenon.

Retardation effect of SP can also be seen on temperature measurements performed in semiadiabatic conditions (Figs. 1 and2). In such conditions, cement hydration is characterised by a temperature peak starting at the end of the dormant period. When SP is present in the mixture, we note an extension of the dormant period, leading to an offset in the apparition of the temperature peak. This offset between the reference and SP-cement pastes is about 1.2 h for PCE and SMF and 0.7 h for SNF. It is superior to the offset observed on Vicat setting times between the reference and SP-cement pastes. As Vicat setting, hydration heat release is mainly due to hydration of C 3 S (hydration heat: ≈500 J/g) and C 3 A (hydration heat: ≈1400 J/g). The offset difference between temperature evolution and Vicat setting tests could be explained by the microstructural effect previously mentioned, which contributed to the gain of material stiffness but not to the hydration heat release.

Temperature evolution tests clearly reveal a two-fold effect of SP on hydration reactions: firstly a retardation effect (extension of the dormant period) and secondly an acceleration of the heat release characterised by a higher temperature peak initial curve slope (Fig. 2) and a higher temperature peak amplitude (about 10 to 8% superior to the reference temperature peak amplitude). This second effect is usually explained by better defloculation of cement grains clusters caused by SP, leading to a greater contact surface between cement grains and mixing water and therefore to an increase of hydration rate and hydration products amounts. This two-fold effect of SP can also be observed on chemical shrinkage measurement results (Fig. 3). It has already been reported that chemical shrinkage was a good indicator of hydration process [START_REF] Garcia Boivin | Retrait au jeune âge du béton: Développement d'une méthode expérimentale et contribution à l'analyse physique du retrait endogène[END_REF]. As a result of the retardation effect on hydration reactions due to SP, the evolution of chemical shrinkage vs. time reveals that at early age chemical deformations of the reference are always superior to those of SP-cement pastes. In order to better quantify the relative deformation rate with and without SP, we plotted at Fig. 3-b the chemical shrinkage evolution of PCE-cement pastes (showing the most important retardation) vs. the reference chemical shrinkage evolution.

From this figure, two main phases can be distinguished: a first linear progression with a curve slope inferior to 1 (retardation effect of PCE) and a second linear phase with a curve s lope superior to 1, corresponding to the acceleration of hydration reactions due to SP.

Vicat setting times and temperature tests results can be related to this later result: indeed, both the Vicat setting and the dormant period take place during the first phase presented at Fig. 3-b and should be affected by the retardation effect of SP, which has been confirmed by our previous experimental results (Table 2). At contrary, the temperature peak, which occurs during the second phase of Fig. 3 -b, shows higher initial curve slope and amplitude in case of SP-cement pastes.

During this phase, the increasing of chemical shrinkage rate is about 36 % for PCE (Fig 3-b), 22% for SNF and 26% for SMF (plotting non presented here). For PCE, this value is very closed to the increasing observed on initial curve slope of temperature peak (Fig. 2). For both SNF and SMF-cement pastes, the difference between chemical rate increasing and temperature initial curve slope increasing can be linked to the fact that the temperature peak of those pastes occurred at the transition phase between retardation and acceleration phases.

Influence of temperature and admixture on autogenous deformations

The second part of this paper deals with the influence of temperature and PCE on the evolution of cement paste autogenous deformations at very early age. The choice of PCE as the SP investigated here is justified by its stronger influence on hydration reactions rate (Fig 3).

Determination of Ea by means of the "setting times method"

The maturity concept is applied in order to predict concrete properties evolution from the knowing of the temperature history of the material and the evolution of its properties at a reference temperature. Among the maturity-functions proposed to describe the kinetic influence of temperature, the modified Arrhenius' law has received the most widespread confirmation.

Application of this law consists in defining an equivalent age t e of concrete as follows:

( ) ( ) ( ) dt t T T R E t t ref a e ∫                 + - + = 0 273 1 273 1 exp , (1) 
where E a is the apparent activation energy of concrete (J/mol), R is the perfect gas constant (8.314 J/mol.K), T ref is the reference temperature (°C) (usually taken to be 20°C, in European practice) and T the temperature of concrete (°C).

This equivalent time corresponds to the time required to obtain the same hydration level if the material has been cured at the reference temperature.

E a quantifies the kinetics gain (or loss) of hydration process due to temperature. This parameter is called apparent since it uses to describe a multi-reaction process and therefore differs from the initial definition of activation energy, originally applied to single chemical ractions. D'Aloïa [START_REF] D'aloïa | Détermination de l'énergie d'activation apparente du béton dans le cadre de l'application de la méthode du temps équivalent à la prévision au jeune âge: approches expérimentales mécaniques et calorimétrique, simulations numériques[END_REF] has proposed and demonstrated theoretically the following definition of Ea:

constant 1 0 +         - =       ∆ ∆ T R E t Ln a α , (2) 
where T 0 is the temperature of the paste (K) under isothermal conditions and ∆t is the time required to increase the degree of hydration by an increment ∆α at T 0 .

The method used here to determine Ea is based on the "setting times method". This method consists in measuring initial and final Vicat set times for different isothermal conditions and considering that these two times indicate definite hydration level. Therefore Eq. 2 becomes: However, these values remain close to E a results reported in literature for the same type of cement (4). Three main phases can be pointed out on each curve: an initial slope, which value increases with increasing temperature, ended by a knee-point (second phase). This knee-point leads to the third step, where the autogenous shrinkage curves flatten out. This flattening is usually assigned to the apparition of a semi-rigid network of interconnected hydration products, strong enough to resist the contracting forces created by Le Chatelier's contraction.
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Autogenous shrinkage vs. real time at 10, 20 and 40°C

The initial slope value of the curves decreases with the presence of SP. Such phenomena can be linked to the retardation effect of SP on chemical shrinkage (Fig. 3) since, before the apparition of the knee-point, the volumetric autogenous shrinkage corresponds to the total chemical shrinkage.

At t= 24 hours, the amplitude of autogenous deformations vs. real time varies from one curing temperature to the other. Such phenomenon has already been reported (8): comparing autogenous shrinkage curves of cement pastes cured at different temperatures vs. real time does not permit to take account of the cement paste hydration level (in fact the material maturity), which one is directly responsible for autogenous shrinkage.

In order to take this fundamental parameter into account, we have applied the maturity concept.

Autogenous shrinkage vs. equivalent time at 10, 20 and 40°C.

The evolution of autogenous shrinkage vs. equivalent time for the cement pastes investigated in the second part of this paper i s plotted at Fig. 6. Equivalent age has been computed by means of Eq. 1. The reference temperature has been taken at 20°C and the origin of deformations is the same as in the previous section. Strictly speaking, the deformations should be initialised at the same equivalent age, i.e., for the same theoretical hydration degree. However, we can consider that, 30 min. after water-cement contact and for each cement paste investigated, the hydration level reached at 10, 20 and 40°C is low enough to consider the same hydration degree for all samples at this age (for example, using Vicat setting time and TGA tests results (Table 2), at 0.5h, 40°C-reference sample should had reached 0.5*4.7/1.7=1.4% of hydration, whereas at the same time, 20°C-reference sample should had reached 0.5*3.4/2.8=0.6% of hydration, that is to say a difference inferior to 1% of hydration).

For the reference, Fig. 6-a shows that the three curves follow similar trends with just little scatter at very early age, which is caused by measurement accuracy levels. For PCE-cement paste, whereas the 20 and 40°C-curves are quite well superposed, the 10°C-curve shows a different evolution (Fig. 6-b): until about 7h, it follows the same trend than 20 and 40°C-curves. After 7h, a deviation appears between the 10°C-curve and the two others. 20 and 40°C-curves flatten out whereas 10°C-autogenous shrinkage curve continues to increase rapidly, to finally flatten at equivalent age=10h. This phenomenon is probably due to bleeding of cement paste into the membrane, which causes the prolongation of the chemical shrinkage phase and lead to overestimated values of autogenous shrinkage. The combination of retardation effect of SP and of relative low curing temperature (10°C) may contribute to cement paste settlement in the membrane and therefore to bleeding. Further works seem necessary to elucidate this phenomenon.

A way to eliminate this artefact when applying maturity concept is to consider the origin of deformations after the occurrence of the knee-point. Fig. 6 -c represents the evolution of PCEcement paste autogenous shrinkage vs. equivalent age at different temperatures considering the equivalent age of 10 h as the origin of deformations. The whole curves are quite well superposed.

4. CONCLUSIONS § Very small amounts of SP are sufficient to influence significantly cement hydration rate at early age and particularly C 3 S hydration. § Both the initial Vicat set time and the Vicat setting time of cement pastes increase with the presence of SP and decrease with increasing temperature. § Both the initial slope curve and the amplitude of the temperature peak occurring after the dormant period decrease with decreasing ambient temperature and increase when SP is present in the mixture. § Chemical shrinkage measurement permits to detect the two-fold effect of SP at early age on hydration reactions rate. § Apparent activation energy calculated from Vicat setting tests is slightly influenced by SP the presence of SP and enables to predict the evolution of autogenous shrinkage at different isothermal curing temperatures. 
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 4 Figs.[START_REF] Turcry | Can the maturity concept be used to separate the autogenous shrinkage and thermal deformation of a cement paste at early age?[END_REF]-a and 4-b show the linear fitting of experimental data points. From Eq. 3, we computed
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 5 Figs 5-a and 5-b show the autogenous shrinkage evolution at 10, 20 and 40°C vs. real time for the

Table 1 :

 1 SP dosage values and pictures of mini-slump tests performed on each cement paste tested (ambient temperature 20 ± ± 1°C). Reference W/C= 0.25 (No admixture) SNF ( * dosage: 0.10%) W/C= 0.25 This SP containing naphthalene sulphonate was Rheobuild 1000, a solution of 39.5% solids PCE ( * dosage: 0.05%) W/C= 0.25 This SP containing polycarboxylic ether was Glenium 27, a solution of 20% solids SMF ( * dosage: 0.15%) W/C= 0.25 This SP containing modified melamine and formaldehyde condensate was Rheobuild 2000B, a solution of 40 % solids Mini-slump value: 45 mm Mini-slump value: 75 mm Mini-slump value: 85 mm Mini-slump value: 100 mm * The dosage represents here the ratio between SP solids mass introduced in the mixture and the initial anhydrous cement mass.

Fig. 1 :

 1 Fig. 1: Influence of admixtures on the temperature evolution of cement pastes maintained in semi-adiabatic conditions: a) Ambient temperature= 22 ± ± 1°C, b) Ambient temperature= 10 ± ± 1°C.

Fig. 2 :

 2 Fig. 2: Influence of admixtures on the initial curve slope of the temperature peak of cement pastes maintained in semi-adiabatic conditions (ambient temperature = 22 ± ± 1°C).
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 3456 Fig. 3: Evolution of chemical shrinkage with admixtures vs. time hydration (a) and vs. reference chemical shrinkage (b). From Fig. 3-b, two phases can be clearly distinguished in PCE-cement paste chemical shrinkage evolution.

Table 2 : Initial and final Vicat set times expressed in hour (at 10, 20, 30, 40°C) and in hydration level determined by ATG (in brackets at 20 and 40°C) for the different cement pastes investigated.

 2 

		Initial Vicat set time (hours)	Final Vicat set time (hours)
	Curing temperature	10 °C 20°C	30°C	40°C	10°C	20°C	30°C	40°C
	Reference (without admixture)	4.4	2.8 (3.4%)	2.1	1.3 (4.7%)	6.3	4.4 (6.2%)	2.9	1.7 (5.4%)
	Cement paste with PCE (0.05 %)	6.2	3.6 (4.5%)	2.7	2.0 (4.4%)	9.6	5.7 (4.7%)	3.8	2.9 (5.9%)
	Cement paste with SNF (0.10 %)	5.4	3.8 (3.6%)	2.3	1.6 (3.8%)	7.3	5.3 (5.1%)	3.2	2.2 (5.8%)
	Cement paste with SMF (0.15 %)	5.8	4.0 (4.7%)	2.5	1.8 (3.9%)	8.4	5.3 (4.9%)	3.5	2.6 (5.0%)