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Abstract

A micro–macro experimental study has been performed, from the end of mixing up to 2 years, on a set of plain cement pastes prepared

with the same type I ordinary Portland cement (OPC) and various water-to-cement ratios (W/C), and cured at various constant temperatures.

In this part I of the paper, volumetric autogenous shrinkage has been analysed in relation to various parameters characterizing the hydration

process: chemical shrinkage, degree of hydration of the cement, Ca(OH)2 content and Vicat setting times, within the early-age period (V24 h).
The effects of the curing temperature (ranging from 10 up to 50 8C) have in particular been investigated. Its effects recorded on both the rate

and the magnitude of volumetric autogenous shrinkage vs. time have pointed out the irrelevance of the usual maturity concept to describe

such phenomenon within the whole early-age period. An improved maturity concept has hence been proposed. It is based on separating the

early-age period in different phases and on using chemical shrinkage data for the calculation of the apparent activation energy applied to the

prediction of autogenous deformations occurring after the setting period. Furthermore, micro–macro relationships have been pointed out,

illustrating in particular the determining role of Ca(OH)2.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Predicting the early-age behaviour of cementitious materi-

als has becoming a challenging task in concrete science and

practice. This results from the fact that many properties of

concrete structures are sensitive to the early-age character-

istics of the material. Therefore, knowledge of these

characteristics has much potential to improve construction

quality and hence durability. In autogenous conditions and

without loading, early-age volume changes of cementitious

materials are usually assumed to include two components.

One is the autogenous deformation related to the hydration
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process and to the progressive hardening of the material. The

second is the thermal dilation governed by the coefficient of

thermal expansion of the material and the temperature

changes associated with the exothermic nature of the

hydration reactions of the cement. Both components can

develop to a great extent, in particular in materials with low

W/C, increasing thereby the cracking risks at early age. The

maturity concept is usually applied in order to de-couple

these two types of deformations and to predict thereafter

autogenous deformations under realistic temperature con-

ditions. This concept is based on the assumption that the

temperature influence on the hydration rate (and associated

properties) is independent of the degree of hydration.

Nevertheless, several recent studies have shown that the

rate and the magnitude of autogenous shrinkage of concrete,

for a given degree of hydration, were influenced by the

temperature history [1,2]. This questions the relevance of
36 (2006) 110–122
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the usual maturity concept to account for temperature effects

on autogenous deformations.

The purpose of the research reported in this paper

(separated in two parts) is a better understanding of the

mechanisms associated with the development of autogenous

deformations in cementitious materials. In order to further

investigate the relevance of the usual maturity concept, the

effects of temperature (isothermal curing process) on

various properties (volumetric autogenous shrinkage, but

also chemical shrinkage, degree of hydration, Ca(OH)2
content, etc.) of cement pastes at early age (V24 h) have

been studied in this part I of the paper. Moreover, an

improved maturity concept has been proposed and dis-

cussed. It consists in defining different phases—before and

after setting—within the early-age period and affecting to

each of them a different apparent activation energy. After

the setting period, the apparent activation energy has been

determined here through chemical shrinkage data.
2. Experimental program, materials and test methods

2.1. Experimental program and materials

The experimental study has been performed at early age

(V24 h) on a set of plain cement pastes prepared with the

same type I OPC (CEM I 52.5, according to the EN 197-1

European standard) and distilled water. Volumetric autoge-

nous shrinkage has been measured together with various

parameters characterizing the hydration process (chemical

shrinkage, degree of hydration of the cement, Ca(OH)2
content and Vicat setting times).

The W/C of the cement pastes ranged from 0.25 up to

0.40 and the mixtures were submitted to an isothermal

curing process at 10, 20, 30, 40 or 50 8C. The cement

contained 70.2% C3S, 7.8% C2S, 3.8% C3A and 6.0% C4AF
Fig. 1. Scheme of the test devices used for volumetric autogenous shrin
(Bogue calculation). Its loss on ignition was 2.3% and its

Blaine-specific surface area was 3320 cm2 g�1. The gypsum

content was 5.2%. The chemical composition and the

particle size distribution of the cement are given in Ref.

[3]. The cement was mixed in a 5-l laboratory mixer for 1

min, before addition of distilled water and a further mixing

period of 3 min, in order to ensure a good homogeneity. As

far as the curing temperature is concerned, the mixing water

was heated or cooled on a case-by-case basis. This ensured a

rapid equilibrium of the mixture at the required temperature.

2.2. Volumetric autogenous shrinkage measurement

The test method used here for volumetric autogenous

shrinkage (also called external chemical shrinkage) meas-

urement at early age is based on Archimedes’ principle. It

consists of measuring, by hydrostatic weighing, the buoy-

ancy variations of a sample constituted by an elastic rubber

(latex) membrane filled with cement paste (about 100–150

g) and immersed in a thermoregulated bath [4–6] (see Fig.

1a). The cement paste is introduced into the membrane

immediately after casting and this membrane is closed

using a thin stainless steel wire. The excess rubber is then

cut and the sample is cleaned and weighed. Thereafter, the

sample is placed on a nacelle hung from a balance and

immersed immediately in the water bath at the required

temperature 10, 20, 30, 40 or 50 8C (F0.1 8C). The

sample is not rotated. The accuracy of the balance is

0.0001 g. Both the bath temperature and the mass of the

system are continuously recorded from 30 min after water-

cement contact up to 24 h.

It can be recalled here that the choice of latex

membranes guarantees a good tightness with respect to

the surrounding medium (at least during the test duration)

and allows unrestrained deformations of the cement paste.

In addition, the greatest care has been exercised to
kage measurement (a) and chemical shrinkage measurement (b).
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evacuate air. The presence of air bubbles inside the

membrane is indeed prejudicial, as the contraction pores,

which form during the hydration process, can suck in this

air and cause a reduction in the volume of the membrane

that can wrongly be interpreted as shrinkage. Likewise, it

is well known that bleeding makes the measurement of

btrueQ shrinkage difficult to carry out [5,6]. In case of

bleeding, which may occur with medium or high W/C,

overestimated values of volumetric autogenous shrinkage

can be measured. This may also explain why no swelling

is generally observed when using this technique, even in

the case of high W/C, and contrary to length change

measurements [7] (see also part II of the paper). There-

fore, in order to avoid the possible occurrence of bleeding

in the experiments performed here, volume change

measurements have been performed only on the cement

pastes with W/C=0.25.

2.3. Complementary investigations

(Total) chemical shrinkage has been measured by

means of a weighing method [4,8] (see Fig. 1b and part

II of the paper). The evolution of both the non-evaporable

water content and the calcium hydroxide content of the

cement pastes has been monitored as a function of time

(age) by means of thermogravimetric analysis (TGA). The

non-evaporable water amount has been used to calculate

the degree of hydration of the cement (a). A description

of the test procedure can be found in Ref. [3] and in part

II. The initial and final setting times of the cement pastes

have been assessed by means of the Vicat (needle) test.

The porosity and pore size distribution of the hardened

cement pastes (hcp) have been determined by mercury

intrusion porosimetry (MIP), after freeze-drying of the

specimens, with an apparatus (Pmax=400 MPa) allowing

the investigation of pore radii ranging from 1.8 nm up to

60 Am.
Fig. 2. Ca(OH)2 content of cement pastes with W/C ranging from 0.25 to 0.40 and

the cement.
3. Experimental results and discussion

The assessment of chemical shrinkage, degree of hydra-

tion and Ca(OH)2 content data has already been described

and analysed in a previous paper [3]. The present paper

focuses more on the volumetric autogenous shrinkage of the

cement pastes and on the correlations between this

shrinkage and the chemical and microstructural evolutions

of the pastes.

3.1. Correlation between Ca(OH)2 content and setting times

It has been shown in Ref. [3] that both the degree of

hydration of the cement and the Ca(OH)2 content

increased when temperature increased, for the cement

pastes studied here (W/C ranging from 0.25 up to 0.40

and curing temperature ranging from 10 up to 50 8C). In
addition, two main observations were made when plotting

the calcium hydroxide content vs. the degree of hydration

(ages below 24 h). First, the curing temperature did not

influence the correlation existing between Ca(OH)2 con-

tent and degree of hydration (see Fig. 2). Secondly, a

threshold was exhibited around a=7%, whatever the

mixture, which corresponded to the appearance of

Ca(OH)2 in solid phase (precipitation), as detected by

TGA (see Fig. 3). Note that lime is already present under

ionic form in the pore solution from few minutes after

mixing. Moreover, from this threshold, the Ca(OH)2
content was linearly related to the degree of hydration,

as pointed out in Fig. 2. These purely experimental

findings were confirmed through a semi-empirical model

based on analytical expressions describing the hydration

process [3].

It is usually assumed that the lime concentration of the

solution is the parameter controlling both the hydration

and the setting process [9,10]. The formation of calcium

hydroxide coincides with the acceleration period of the
cured at 10, 20, 30, 40 or 50 8C, as a function of the degree of hydration of



Fig. 3. Correlation between Ca(OH)2 content and degree of hydration. Zoom of Fig. 2 within the very early age range (ab15%). The symbol marks are the same

as in Fig. 2.
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hydration process [11]. At the beginning of this period, the

calcium ion concentration of the liquid phase reaches a

maximum. This induces the crystallization of Ca(OH)2.

The resulting decrease in the calcium ion concentration of

the liquid phase hence accelerates the dissolution of the

cement compounds. Layers and clusters of C–S–H grow

and interpenetrate, which induces at the macroscopic scale

an increase in the material stiffness. Note that, before this

stage, crystallization of AFt has already taken place

[11,12]. It seems therefore relevant to confirm here this

apparent link between the chemical evolution of the

material (microscopic scale), which can be characterized

in particular by an increase in the TGA calcium hydroxide

amount, and the development at the macroscopic scale of
Fig. 4. Comparison between the initial and final setting times obtained from Vi

detected by TGA), for cement pastes cured at various temperatures, for W/C=0.2
its physical and mechanical properties (e.g. increase in

stiffness). With this purpose, the ages corresponding to the

respective chemical and (physical and) mechanical thresh-

olds have been plotted on a same graph, as illustrated in

Fig. 4 for cement pastes maintained at different isothermal

curing temperatures and with W/C=0.25, 0.30, 0.35 and

0.40. As regards the chemical threshold (Ca(OH)2 precip-

itation), the ages were obtained by linear interpolation

between two experimental plots. The (physical and)

mechanical threshold has been deduced from the initial

and final Vicat setting times (mean values of three Vicat

needle tests). Given the Vicat test accuracy (F10 min), it

can be said that, in most of cases, the appearance of

Ca(OH)2 detected by TGA coincides rather well with the
cat needle and the chemical threshold (precipitation of calcium hydroxide

5 (a), W/C=0.30 (b), W/C=0.35 (c) and W/C=0.40 (d).
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setting times given by the Vicat needle. The consistency is

particularly good at T=40 and 50 8C (the chemical

threshold is found between initial and final setting times),

whatever the water-to-cement ratio, as increasing the

curing temperature yields a decrease in the initial and

final Vicat setting times and in the respective setting period

(see Fig. 4). This last result was expected given the

temperature-activated nature of the hydration process,

usually described by an Arrhenius law: when the temper-

ature increases, the hydrate production rate increases and

the solid network required to resist the penetration of the

falling Vicat needle is obtained more rapidly. At lower

temperatures, the Ca(OH)2 precipitation threshold seems

closer to the final setting time. The results displayed in

Fig. 4 show the effective link existing between the

chemical evolution of the material (as described here by

TGA Ca(OH)2 content) and its gain in mechanical stiffness

(as described here by Vicat test). More precisely, Ca(OH)2
precipitation could be considered as a relevant chemical

indicator of the setting of cement pastes. In addition, these

results enhance the notion of threshold as regards the

material structure evolution, which separates the bfluidQ
state from the bsolidQ state.

3.2. Temperature effects on volumetric autogenous shrink-

age—proposal for an improved maturity concept

The volumetric autogenous shrinkage of the cement

pastes with W/C=0.25 and cured at various temperatures

(10, 20, 30, 40 or 508C) is plotted vs. the age in Fig. 5, from

initial Vicat setting time up to 24 h. In order to select the

same hydration state as the time reference for every cement

paste, the initial Vicat setting time has been taken as the zero

point on the time scale of the curves. Such an initialisation

of the deformations is required, in order to enable the

comparison of their magnitude. Each plot is obtained from

the mean value of three samples. The initial slope of these

curves (rate) clearly increases with increasing temperature.
Fig. 5. Volumetric autogenous shrinkage vs. age for cement pastes with W/C=0.25

Vicat setting time).
Moreover, each plot displays a first phase that ends by a

knee-point. From this knee-point, the curves start to flatten.

This knee-point and the subsequent drastic reduction in

autogenous shrinkage are usually attributed to the formation

of a semi-rigid (self-supporting) skeleton of interconnected

hydration products, i.e. a load-bearing microstructure strong

enough to resist the contracting forces created by chemical

shrinkage [5]. In addition, this time may also correspond to

a significant build-up of self-desiccation. But it is not

elucidated yet whether self-desiccation begins at this

moment, or as early as just few minutes after casting, in

very low W/C cement pastes. The latter case means that

self-desiccation would start far before setting (e.g. at the

mineral suspension-solid transition [13]), even if its

consequences on external deformations are only visible

later (i.e. when this process becomes prominent, see part II

and Ref. [7]).

Fig. 5 shows that at T=50 8C the knee-point is reached

more rapidly than at the other temperatures, but the

bultimateQ (at 24 h) value of autogenous shrinkage is

lower than the value reached at T=40 8C. This decrease in

the magnitude, when the temperature increases from T=40

to 50 8C, is probably the result of various chemical,

physical and microstructural changes. First, slight changes

in the chemical composition, stability and structure of the

hydration products (in particular the C–S–H) can be

expected from an exposure to relatively high temperatures

during their formation, according to the literature. In

particular, it is well known that this favours the formation

of inner C–S–H. Likewise, an increase in the polymer-

isation of the silicate network of the C–S–H (increase in

the length of the chains) has been recorded by Jennings

[14,15], while dimeric silicate species predominate in the

C–S–H during the first 24 h and for W/C=0.24–0.25, at

room temperature [16]. In addition, a link between

changes in the C–S–H gel structure and the deformations

of cement pastes has also been pointed out in the

literature: a temperature rise reduces shrinkage in partic-
and cured at 10, 20, 30, 40 or 50 8C (zero point of the time scale: t0=initial
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ular because high temperature pre-shrinks the low-density

C–S–H (see Refs. [14,15]). This latter point was

experimentally demonstrated by Mak et al. [17], who

found that a moderate temperature rise of 15 8C had a

significant impact in reducing the early-age autogenous

shrinkage of low W/C-ratio concretes to a level between

25% and 50%. Secondly, thermodynamic (physical)

effects can be expected: in materials with low W/C,

self-desiccation occurs early and may contribute hence to

a great extent to the recorded shrinkage. As the liquid–

vapour equilibrium governed by Kelvin(-Laplace) law, at

the origin of this process, is temperature-dependent, the

measured shrinkage value will consequently be temper-

ature-dependent. Finally, changes in the distribution of

hydrate clusters and consequently of inter-cluster voids are

expected, as a result of the previously mentioned effects

or additional ones. The pore structure of cement pastes

hydrated at relatively high temperature is indeed modified,

as depicted in Fig. 6. For example, it is reported in Ref.

[18] that a more porous and continuous pore structure is

formed when curing occurs at elevated temperatures (see

also Ref. [19]). The rapid formation of inner C–S–H

hinders the hydration process: the filling of the capillary

pores is less efficient.

These experimental results clearly show the irrelevance

of the usual maturity concept, based on a single apparent

activation energy, for describing and predicting the evolu-

tion of autogenous deformations of cement pastes within the

whole early-age period and for realistic temperature

histories (in particular above 40 8C). This finding is in

agreement with Turcry et al. [20]. In this last reference, the

authors defined the temperature range (10–40 8C) where the
maturity concept could be applied and pointed out that

above 40 8C this concept was unable to predict the evolution

of autogenous deformations.

Plotting now the volumetric autogenous shrinkage vs.

the degree of hydration reveals the existence of a knee-

point, for 10, 20 and 30 8C, located around a=7% (see

Fig. 7), which matches the chemical threshold (calcium
 

Fig. 6. Pore size distribution measured by MIP on hcp with W/C=0.50, after

28-day curing at 20 or 60 8C and freeze-drying.
hydroxide precipitation detected by TGA) previously

pointed out in Fig. 3. This threshold could not be

observed at 40 or 50 8C because the first measurement

of a was too late at these temperatures. Beyond this

threshold, the curves exhibit an almost parallel evolution.

This means that the same degree of hydration increment

leads to the same shrinkage increment for the various

temperatures investigated. Therefore, beyond this threshold

relative to the degree of hydration, the autogenous

shrinkage of cement pastes is directly linked to their

chemical evolution (degree of hydration). In order to

enhance this finding, autogenous shrinkage data have been

plotted in Fig. 8 vs. the degree of hydration, when taking

a=7% as reference. The plots displayed in Fig. 8 have

been obtained as follows: for each temperature, the

measured shrinkage values have been lowered by the

shrinkage values recorded at a=7% (given by the

intersection between y-axis and the perpendicular to the

AVAU line drawn in Fig. 7). Fig. 8 exhibits a linear

correlation between autogenous shrinkage and degree of

hydration, from a=7% (this means before the knee-point,

see Fig. 7 in part II) up to a=50%, except some scatter at

very early age indicated by a circle in the figure. This

scatter can be attributed, on the one hand, to the difficulty

to ensure an appropriate accuracy in the TGA detection

when very few amounts of hydration products are present

and, on the other hand, to the possible influence of other

parameters.

The linear fit displayed in Fig. 8 between autogenous

shrinkage and degree of hydration, from a=7% up to

a=50% and from 10 up to 50 8C, could appear inconsistent

with the results shown in Fig. 5. On the one hand, the

ranking (10b20b30b50b40 8C) of the plots bautogenous
shrinkage vs. ageQ from initial Vicat setting time up to 24

h prevents applying the usual maturity concept. On the

other hand, the plot bautogenous shrinkage vs. aQ from

a=7% (located at or after the final Vicat setting time, see

Fig. 4) up to a=50% can be fitted by a unique linear

function within the whole temperature range investigated,

allowing the use of the maturity concept within this range

of a. The contradiction is only apparent. It lies in the fact

that the maturity concept is not suitable to describe the

temperature effects on autogenous deformations within

the whole early-age period 0–24 h, while it is yet

possible to separate this period in different phases, in

order to assign a different value of apparent activation

energy and to apply the maturity concept within each of

these phases. Such an approach has already been

proposed by Turcry et al. [20]. Here, on the basis of

the experimental data, the following preliminary partition

can be proposed: the first phase will take place before

final Vicat setting time (very early age) and the second

phase will correspond to the range between final Vicat

setting time and 24 h. Given the experimental results and

the fact that the first phase includes the setting period,

great difficulties can be expected for applying rigorously



Fig. 7. Volumetric autogenous shrinkage vs. degree of hydration for cement pastes with W/C=0.25 and cured at 10, 20, 30, 40 or 50 8C.
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the maturity concept and to calculate a single value of

apparent activation energy throughout this phase. There-

fore, the first phase will not be investigated further in this

paper. As far as the second phase is concerned, a finer

partitioning may be required, in order to insulate the

range where the maturity concept could be rigorously

applied and where the proposed approach could be

validated.

3.3. Calculation of apparent activation energy from

chemical shrinkage data—validation of the improved

maturity concept

In order to confirm the validity after the final Vicat

setting time of the improved maturity concept proposed in

the previous section, the approach has been applied to the

experimental autogenous shrinkage results discussed in this

paper. The modified Arrhenius law proposed by Hansen

and Pedersen in 1977 [21] has been used, in order to

calculate the so-called equivalent time. This law has indeed
Fig. 8. Volumetric autogenous shrinkage between a=7% and a=50%, for cement p

the shrinkage values is the intersection between y-axis and the perpendicular to t
received the most widespread confirmation [22]. The

equivalent time te, defined as the time required at the

reference temperature Tref (8C) for the cement paste to

achieve the same level of development as under the

influence of the actual temperature history, is thus given by

Eq. (1):

te ¼
Z t

0

exp
Ea

R
d

1

ð273þ Tref Þ
� 1

ð273þ T tð ÞÞ

� �� �
dt ð1Þ

where Ea is the apparent activation energy of the material (J/

mol), R the gas constant (8.314 J/mol/K) and T the actual

temperature (8C). Tref is usually taken as 20 8C, according to

European practice.

The apparent activation energy Ea appears as a key-

parameter in Eq. (1). Its apparent feature lies in the fact

that it is commonly used to describe multi-reaction

processes, whereas its initial definition was related to a

single chemical reaction. This activation energy can be
astes with W/C=0.25 and cured at 10, 20, 30, 40 or 50 8C. The reference for
he AVAU line drawn in Fig. 7, for each temperature.



Table 1

Algorithm for the calculation of the apparent activation energy Ea based on

chemical shrinkage measurements

A. Functional representation of the chemical shrinkage plots DVchem=f(t)

for each isothermal curing regime

B. Calculation of the derivatives of the chemical shrinkage functions and

determination of [D(DVchem)/dt] max for each curve

C. Arrhenius plotting and determination of the apparent activation energy

Ea
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calculated from Eq. (2), which has been theoretically

demonstrated in [23,24]:

ln
Da
Dt

� �
¼ � Ea

R
d

1

273þ T0

� �
þ constant ð2Þ

where T0 is the temperature (8C) of the paste under

isothermal conditions and Dt is the time required to increase

the degree of hydration with an increment Da at T0.

In addition, according to the literature, (total) chemical

shrinkage of cement pastes and degree of hydration of

cement are linearly linked [25,26,8,3]. The time-derivative

of such a linear relationship reads (see Eq. (3)):

DðDVchem tð ÞÞ
Dt

¼ Da
Dt

ð3Þ

where D(DVchem)/Dt (mm3/g/s) is the slope of the chemical

shrinkage vs. age plot. Including Eq. (3) in Eq. (2) yields

Eq. (4):

ln
DðDVchemÞ

Dt

� �
¼ � Ea

R
d

1

273þ T0

� �
þ constant ð4Þ

Hence, according to Eq. (4), Ea can directly be assessed

from chemical shrinkage data. Here, the experimental values

discussed in Ref. [3] and recalled in Fig. 9 are used. In Fig.

9, the chemical shrinkage data have been initialised at the

initial Vicat setting time for the same reason as that

mentioned in Section 3.2 in the case of autogenous

shrinkage.

The calculation ofEa has been performed in three steps (A,

B and C), as summarised in Table 1. After approaching the
Fig. 9. Chemical shrinkage vs. age for cement pastes cured at 10, 20, 30, 40 or 50 8
scale: t0=initial Vicat setting time).
chemical shrinkage plots by polynomial functions (step A),

the derivatives of these functions have been determined (step

B) (see Fig. 10, for cement pastes with W/C=0.25). The

derivative curves, which have the same shape as hydration

heat flux curves obtained by isothermal calorimetry (see Refs.

[27,28], for example), can be divided into two main stages.

The first (ascending) stage corresponds to a constant

acceleration of chemical shrinkage. The second (descending)

stage indicates a reduction in the chemical shrinkage rate. The

maximum on the derivative curves, which corresponds to the

inflexion point on the chemical shrinkage curves, is usually

interpreted as the starting point of the diffusion-controlled

hydration process. This process occurs after the nucleation-

growing process, when the thickness of the C–S–H layers

reduces the accessibility to the unreacted core of the grains

[29,11]. It has been shown in the literature that an Arrhenius

law was not suitable to describe correctly the temperature

sensitivity within the second stage [28,19]. Therefore, the

descending portion of the derivative curves has not been

taken into account here for the calculation of Ea. The value of

the term D(DVchem(t))/Dt appearing in Eq. (4) has been
C, with W/C=0.25 (a), 0.30 (b), 0.35 (c) and 0.40 (d) (zero point of the time



Fig. 10. Derivative curves of chemical shrinkage vs. age plots for cement pastes with W/C=0.25 and cured at 10, 20, 30, 40 or 50 8C.
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determined at the maximum of the derivative plots

[D(DVchem(t))/Dt]max, through the initial slope of the

chemical shrinkage curves (see Fig. 9). These initial slope

values are reported in Table 2 and the best-fit linear

regression of the experimental plots according to Eq. (4)

are illustrated in Fig. 11 (an overall r2 value z0.98 was

achieved) (step C). The Ea values deduced from Eq. (4) and

Fig. 11 are reported in Table 3, where they are compared, in

the case of W/C=0.25, to the values calculated by the bVicat
setting time methodQ for the same type of cement (CEM I

52.5) and already published [20,30]. A rather good agree-

ment is observed, between the results obtained here after the

final Vicat setting time, and the published values corre-

sponding to the range between initial and final Vicat setting

times.

The volumetric autogenous shrinkage results have then

been plotted vs. the equivalent time computed according

to Eq. (1) with the Ea values reported in Table 3, from the

final Vicat setting time (according to the improved maturity

concept proposed in Section 3.2). It can be seen in Fig. 12

that the application of the maturity concept provides

mitigated results. In front of these results, a finer partition-

ing in three phases of the range (final Vicat setting time–24

h) can be proposed:

1. From the final Vicat setting time up to an equivalent

time of 2 h.

The five curves follow a similar trend (see Fig. 12).

It can thus be deduced that this phase can quite well
Table 2

Values of the initial slope of the chemical shrinkage vs. age plots for the

cement pastes with W/C=0.25, 0.30, 0.35 or 0.40 and cured at 10, 20, 30,

40 or 50 8C (see Fig. 9)

W/C Initial slope (mm3 g�1 h�1)

10 8C
(AB)

20 8C
(CD)

30 8C
(EF)

40 8C
(GH)

50 8C
(IJ)

0.25 0.74 1.80 2.75 4.59 6.50

0.30 0.72 1.48 2.65 3.94 5.81

0.35 0.71 1.19 2.59 4.17 5.60

0.40 0.78 1.49 2.66 4.12 5.73
be predicted by the maturity concept. This is the period

where chemical shrinkage is the main component of

autogenous deformations of cement pastes (see Fig. 14).

As the maturity concept was successfully applied to the

initial slope of the chemical shrinkage curves (see Fig.

11), it is not surprising that this concept gives also

good results within this phase for autogenous shrinkage

data.

2. bThe knee-point periodQ.
The 40 8C-curve diverges markedly from the other

curves and reaches a magnitude 60% higher than the

other values (see Fig. 12). Except for the tests performed

at 20 or 30 8C, the maturity concept does not allow a

correct prediction of the autogenous deformations within

this phase. This can be explained by the complexity of

the phenomena that take place (concomitant occurrence

and competition between Le Chatelier’s contraction,

matrix hardening, self-desiccation, etc.) and their diver-

gence from an Arrhenius law. According to the literature

and as previously seen, the knee-point is indeed assumed

as a transition point, separating the period where chemical

shrinkage is the prominent component of autogenous

deformations, from the period where self-desiccation

shrinkage is the prominent component (see Section 3.2,

part II and Refs. [5,31]).

3. From an equivalent time of about 6–24 h.

The evolution of autogenous shrinkage is linear and the

curves are rather parallel for the various temperatures

studied (except 10 8C) (see Fig. 12). In order to clarify this

observation, the autogenous shrinkage data have been

initialised at an equivalent time of 6 h (i.e. after the bknee-
point periodQ, see Fig. 13). As expected, the 20, 30, 40 and

50 8C curves then obtained are rather well superimposed.

This illustrates that the maturity concept provides good

results within these temperature and equivalent time

ranges: experimental autogenous volume changes can

correctly be predicted. As far as the 10 8C curve is

concerned, a drastically lower bultimateQ value is reached.

This temperature effect may be attributed to the various

chemical, physical and microstructural changes already



Fig. 11. Best-fit linear regression according to Eq. (4) for cement pastes with W/C=0.25 (a), 0.30 (b), 0.35 (c) and 0.40 (d) and cured at 10, 20, 30, 40 or 50 8C.
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mentioned in this paper (see also Ref. [32]) and to the low

hydration level reached with W/C=0.25 at a curing

temperature of 10 8C, even after 24 h (see Ref. [3], for

comparison with higher curing temperatures and W/C).

Finally, these results illustrate the difficulty in

applying the maturity concept (even improved) within

a broad temperature range to early-age autogenous

shrinkage of cement pastes, even after the final Vicat

setting time. The bknee-point periodQ appears as the

most critical phase. After the bknee-point periodQ, when

the material is in a bsolidQ state and when self-

desiccation becomes the driving force of autogenous

deformations, the application of the maturity concept is

likely to give good results, but only for Tz20 8C. The

improved maturity concept proposed in this paper has

thus been validated within these ranges. Note that higher

temperatures than 50 8C have not been investigated in

this study.
Table 3

Values of apparent activation energy Ea for cement pastes with cement

CEM I 52.5 and various W/C

W/C 0.25 0.30 0.35 0.40

Apparent

activation

energy Ea

(J mol�1)

Exp. results 40,500 39,450 41,040 38,155

[20] 29,000a

39,000b

[30] 29,300a

36,900b

a Before initial Vicat setting time.
b Between initial and final Vicat setting times.
3.4. Comparison between chemical shrinkage and volumet-

ric autogenous shrinkage

According to the literature, the evolutions vs. the age

of chemical shrinkage and volumetric autogenous shrink-

age are merged at very early age (before setting), but

after a couple of hours a deviation appears at the same

time as the autogenous shrinkage knee-point previously

discussed [5,6,31,33]. In the case of the paste with W/

C=0.25 tested here, it seems relevant to investigate how

a relatively high temperature may influence the relation

between chemical and volumetric autogenous shrinkages.

It is well known that, for low W/C, cement particles are

very close to each other. In these conditions, a low

hydration level is sufficient to bridge up the distance

between the hydrating particles and then give strength

and stiffness to the developing microstructure, and

consequently, start self-desiccation that can more rapidly

become the driving force of deformations. In addition, if

the temperature is relatively high, the microstructure will

be stabilized even earlier as a result of the temperature-

induced acceleration of the chemical reactions. Therefore,

in the case of W/C=0.25 and T=50 8C, self-desiccation

will occur very early and the period where chemical and

autogenous shrinkages are merged will be very short.

This is confirmed here and illustrated in Fig. 14, where

the experimental results of chemical shrinkage and

volumetric autogenous shrinkage obtained for the cement

paste cast with W/C=0.25 and cured at T=50 8C are

plotted vs. the age, together with initial and final Vicat

setting times. It can be seen that the curves diverge

before the age of 2 h.



Fig. 12. Application of the maturity concept on volumetric autogenous shrinkage data. Shrinkage values are initialised at final Vicat setting time, according to

the improved maturity concept proposed in Section 3.2.
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3.5. Threshold value, micro–macro correlations and

determining role of Ca(OH)2

A threshold located around a=7% has been found both at

the macro-scale, with respect to early-age deformations, and

at the micro-scale, with respect to the calcium hydroxide

content (precipitation of Ca(OH)2 detected by TGA). From

this threshold, linear fits are displayed as regards calcium

hydroxide content vs. degree of hydration (see Figs. 2 and

3) and volumetric autogenous shrinkage vs. degree of

hydration (see Fig. 8).

It can thus be deduced that the Ca(OH)2 content is a key-

parameter as regards the development of autogenous

deformations of cement pastes and that volumetric autog-

enous shrinkage at early age (and for W/C=0.25) is linearly

related to this Ca(OH)2 content. This is illustrated in Fig. 15.

Further, the comparison between Ca(OH)2 precipitation

threshold and Vicat setting times has exhibited a good

correlation, particularly above T=40 8C (see Fig. 4).

Therefore, Ca(OH)2 precipitation can be considered as a

relevant chemical indicator of the setting of cement pastes.

The determining role of Ca(OH)2 will be investigated

further in part II of this paper.
Fig. 13. Application of the maturity concept on volumetric autogenous shrinkage

bknee-point periodQ.
4. Summary and concluding remarks

Experimental tools for assessing key-parameters have

been presented in this paper. These tools can be used in view

of designing and optimising mixtures, within the framework

of the prediction of early-age deformations and of the

prevention of early-age cracking. Various experimental

results have been obtained, at early age (V24 h), by means

of these tools on a set of plain cement pastes prepared with

the same type I OPC, with W/C ranging from 0.25 to 0.40,

and isothermally cured at various temperatures ranging from

10 to 50 8C. In particular, the following temperature effects

have been observed:

n An increase in the (isothermal) curing temperature

within the range 10–50 8C yields a decrease in initial

and final Vicat setting times and in the respective

setting period.

n The application of the maturity concept to chemical

shrinkage data obtained at various isothermal curing

temperatures has shown that the increase in the initial

slope of the chemical shrinkage vs. age plots was only

due to kinetic effects of temperature.
data. Shrinkage values are initialised at 6 h (equivalent time), i.e. after the



Fig. 14. Comparison between chemical shrinkage and volumetric autogenous shrinkage, for the cement paste with W/C=0.25 and cured at T=50 8C.
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n Temperature-induced changes are recorded on both the

rate and the magnitude of volumetric autogenous

shrinkage measured on cement pastes with W/C=0.25.

n At T=50 8C, the period where chemical and volumetric

autogenous shrinkages are merged is very short for W/

C=0.25. The divergence occurs before 2 h.

Furthermore, practical conclusions can be drawn regard-

ing the use of the maturity concept within the field of

concrete technology. The temperature-induced changes,

recorded on volumetric autogenous shrinkage data, clearly

show the irrelevance of the usual maturity concept (based on

a single apparent activation energy) for the prediction of

such phenomenon within the whole early-age period 0–24 h.

Nevertheless, improved solutions can be suggested on the

basis of the results obtained in the study reported in this

paper. On the one hand, if the degree of hydration (or the

Ca(OH)2 content) can be experimentally assessed within a

given temperature range, the bcomplicatedQ direct determi-
Fig. 15. Volumetric autogenous shrinkage vs. Ca(OH)2 content for cement pastes

Ca(OH)2 contents are initialised at a=7%.
nation of the apparent activation energy can be avoided.

Early-age autogenous shrinkage at required temperatures

can indeed be derived from the linear relationship existing

between shrinkage and the degree of hydration (or the

Ca(OH)2 content) within the ad-hoc range, whatever the

temperature. On the other hand, if neither the degree of

hydration nor the Ca(OH)2 content is available, the maturity

concept can be applied after separating the early-age period

0–24 h in different phases and calculating the respective

values of apparent activation energy Ea. The experimental

results presented in this paper have shown that Ea values

could efficiently be assessed through chemical shrinkage

data. This takes benefit of an automatic and accurate

measurement, which is suitable to pastes with various

water-to-cement ratios (contrary to standard Vicat tests). In

addition, it has been pointed out that the application of this

improved maturity concept could allow the prediction with a

correct accuracy of volumetric autogenous shrinkage within

the range 20–50 8C, after the bknee-point periodQ.
with W/C=0.25 and cured at 10, 20, 30, 40 or 50 8C. Shrinkage values and
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