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Under the project ‘‘EcoBéton’’ (Green concrete) funded by the French National Agency (ANR), concrete mixtures with a high quantity of mineral additions, 
such as blast furnace slag and fly ash were studied. A first approach to quantify their cracking risk was to measure their plastic shrinkage evolution. In par
allel, the evolution of other parameters such as setting, capillary depression and porosity were also mon itoring to relate this deformation to the evolution 
of the microstructure of the studied mixtures. Setting monitoring by means of ultrasonic measurements allows obtaining significant macroscopic 
information such as hardening process and rigidity evolution. The correlation between these different parameters shows that the plastic shrinkage 
evolution can be divided into three phases driven by different mecha nisms. Moreover, it appears that the use of mineral additions has an effect on the 
plastic shrinkage behav iour, but this impact is not proportional to the percentage of additions. It depends on the hydration process and the 
microstructure of the cementitious materials. So, it seems that an optimum content of cement replacement by mineral additions must be sought to limit 
the development of plastic shrinkage of concretes with mineral additions at early age. However, a high rate of substitution of cement may affect the early 
age compressive strength of the concrete. So these mixtures were also optimised to obtain a significant compressive strength at early age, but this 
optimisation leads to a higher risk of cracking for some of them.

1. Introduction

The clinkerisation of the constituent materials of cement re

quires high energy consumption and release of carbon diox

ide. Since the Kyoto Protocol, cement industries tend to reduce

the greenhouse gas emissions during cement manufacturing, espe

cially from decarbonation of limestone. One solution proposed to

this problem is replacing a part of cement by materials which do

not alter the properties of concrete. Generally, these substitution

materials are mineral additions such as fly ash and blast furnace

slag, which are considered as industrial waste. However, the pre

scriptive requirements of the French Standard NF EN206 1 [5] puts

limit on the use of mineral additions, when they are used during

the concrete mixing. Higher mineral addition contents are allowed

to use in concrete mixtures but their durability has to be shown

according to the equivalent performance concept [18]. As a conse

quence this research project ANR EcoBéton aims to better under

stand the behaviour of concrete with high content of mineral

additions. Under this research project, it has been shown that high

rate of substitution of cement by mineral additions (fly ash,

blast furnace slag and limestone filler) may affect the early age

compressive strength of the concrete. To tackle this problem, these

concrete mixtures with high rate of mineral additions were opti

mised using Bolomey’s equation to have 2 day compressive

strength (10 MPa at 20 �C) high enough to allow rapid removal of

formwork [10]. Although this first approach gives quite satisfac

tory result from the view point of mechanical properties, its valida

tion needs to take into account other properties of cementitious

materials, such as durability and risk of cracking.

At very early age, the horizontal concrete elements such as slabs

show a risk of cracking from the surface of fresh concrete soon

after it is placed, following the development of plastic and drying

shrinkage [7]. This risk of cracking depends on several parameters,

such as the evolution of tensile stress, rigidity, shrinkage and relax

ation of the material, and the restrained degree of deformations. In

this study, a first approach to quantify the cracking risk of

concretes with a high content of mineral additions was based on

the monitoring of the evolution of plastic shrinkage at very early

age. Other experimental techniques have also been used to assess

the properties of concrete and explain the evolution of the plastic

shrinkage. Besides understanding the phenomenon, this study

shows the extent of influence of high content of mineral additions

on the rate of evolution and the final value of the plastic
⇑ Corresponding author.
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shrinkage. The same experimental approach was applied to con

crete mixtures comprising a high content of mineral additions

and optimised in terms of their mechanical performance.

2. Experimental techniques

Plastic shrinkage development was measured using a device developed at GeM

laboratory of Ecole Centrale de Nantes [20]. In parallel to this deformation measure-

ment, the evolution of hydration reaction and rigidity of the material was moni-

tored continuously by means of ultrasonic measurements through a concrete

specimen. This information is useful to better understand the plastic shrinkage

behaviour in combination with the evolution of the microstructure of the mate-

rial. In addition, other experimental techniques, i.e. measurement of mass loss

and capillary depression, have also been implemented to quantify the mechanisms

responsible for this deformation and to explain the effect of mineral additions.

2.1. Plastic shrinkage

The device for measuring the development of plastic shrinkage (Fig. 1) consists

of a prism-shaped steel mould (70 � 70 � 280 mm3) whose inner walls are covered

with Teflon. Concrete were cast in an envelope formed by two PVC plates

(70 � 68 � 5 mm3) named reflecting plates, attached to a plastic sheet and posi-

tioned in the mould; this later was powdered with talc in order to limit friction be-

tween concrete and walls of the mould. Both ends of the mould were pierced in the

centre to have a circular opening in order to monitor the movement of reflecting

plates anchored to the ends of the specimen using two laser sensors. These sensors

have an accuracy of about 2 lm. The specimen temperature was controlled by a

water circulation in the side walls and the bottom of the steel mould, thus the con-

crete samples have been kept in the conditions similar to isotherm. However, the

temperature of concrete was also monitored using a thermocouple placed in the

concrete specimen. In this study, the tests were performed at 20 �C and 50% RH,

and they showed good repeatability (Fig. 2), with a difference of 40 lm/m between

the final values of the plastic shrinkage of two tests performed on the same compo-

sition. Tests started about 20–30 min after adding water during the mixing process.

All data (plastic shrinkage, temperature, mass loss, setting time and capillary

depression) were logged on a computer every 10 min for a period of 24 h.

2.2. Mass loss

Water loss was monitored for all the mixtures using a cylindrical sample

(Ø = 100 mm and h = 70 mm) subjected to the same environmental conditions as

the concrete specimen used for measuring plastic shrinkage. Only the upper surface

of the specimen was subjected to drying conditions. From this test, the rate of evap-

oration of water can be determined by dividing the mass loss by the surface of the

cylinder.

2.3. Capillary depression

The evolution of the capillary depression in the concrete was measured as

shown in Fig. 3, using a porous ceramic cup placed horizontally at mid-height of

a cylinder [13]. Its dimensions were identical to those of the specimen used for

measuring the mass loss. Ceramic cup was connected to pressure sensor using a

thin tube.

2.4. Setting

The ultrasonic velocity measurements were used to monitor the setting of

the material at early age using the FreshCon device developed at University of

Stuttgart [14] (Fig. 4).This device is constituted of two polymethacrylate (PMMA)

walls 5.9 cm apart and held by four screws. The mould is U-shaped foam with

Fig. 2. Deformation evolution of 75GGBS and its derivatives for two trials.

Fig. 1. Plastic shrinkage measuring device (A: mould, B: plastic sheet, C: reflecting

plates made of PVC, D: laser sensor). Fig. 3. Schematic section view of set up for measurement of capillary depression.
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high damping properties to absorb the waves through the mould and travelling

around the concrete specimen (concrete volume of 450 cm3). A pulse signal with

a width of 2.5 ls of which the amplitude was enhanced by an amplifier was gen-

erated at selected regular intervals during this test. The ultrasonic longitudinal

compression waves were then transmitted through the concrete sample by

means of a piezoelectric broadband transmitter. The signal was received by an

ultrasonic receiver after travelling through the sample and sent back to the data

acquisition card (DAQ card). During the test, ultrasonic velocity, energy and fre-

quency spectrum evolution are computed by the FreshCon software. The test was

carried out in an air-conditioned room at 20 �C and the sample was protected by

a plastic foil against desiccation phenomena and risk of decoupling between con-

crete and mould walls following the development of drying shrinkage. During the

test, changes in ultrasonic velocity were measured continuously and used to

determine two parameters: initial and final setting. According to Robeyst et al

[15], the initial setting corresponds to the time of the first inflection point on

the velocity curve determined mathematically by calculating the derivative of

the velocity curve. This inflection point corresponds to the moment when the ce-

ment particles are connected [21]. The final setting appears when the growth

rate of velocity decreases sharply (= the time when the first derivative of the

velocity curve tends to zero). The terms of initial and final setting as defined

in standards such as ASTM C403 are used to describe arbitrarily chosen stages

of setting in practice [11], while the ultrasonic method gives a more complete

picture of the setting process.

2.5. Porosity

Capillary porosity and pore size distribution of concrete were quantified using a

mercury porosimeter (Autopore IV Micrometrics 9510), which can detect pores

with diameters ranging from 360 lm to 0.003 lm. However, such measurements

can only quantify the pores accessible to mercury and lead to a wrong estimation

of the pore size distribution of the cementitious material. Majority of the pores

are located in the interior of the specimen, and most of them can be reached by

mercury only through a long percolative chain of intermediate pores of varying

sizes and shapes [4]. So this experimental technique tends to underestimate the

amount of large pores. In these experiments, measurements were made on samples

of mortar at 1 day collected from concrete to limit the effect of aggregate porosity

on measurements. While interpreting these tests, the capillary porosity of the

material has been considered within the interval characterized by pore diameters

between 5 and 0.01 lm.

3. Materials

In these tests, the concrete mixtures were made of a Portland

cement (CEM I 52.5 N CE CP2 NF), crushed coarse aggregate (10/

14 and 6/10 mm) and sea sand (0/4 mm), a polycarboxylate type

superplasticizer in addition to the mineral additions like blast fur

nace slag and fly ash. Physical properties of these last constituents

are detailed in Table 1. These mineral additions were used with dif

ferent contents: 50% and 75% of blast furnace slag for 50GGBS and

75GGBS respectively and 50% of fly ash for 50FA (Table 2).

Tests were carried out at 20 �C for two different classes of com

position: non optimised concrete mixtures (50GGBS, 75GGBS and

50FA) and optimised concrete mixtures (50GGBSOpt, 75GGBSOpt

and 50FAOpt) (Table 2). Non optimised mixtures are characterized

by identical effective water content, volume of paste and granulo

metric curve. While in case of optimised mixtures, these parame

ters were modified to obtain a compressive strength equal to

10 MPa at 2 days. Therefore, optimised mixtures are characterized

by lower w/b and w/c ratios, higher cement content, lower water

content, volume of paste equal or higher than non optimised mix

tures. Moreover, optimised mixtures contained a larger quantity of

superplasticizer than non optimised mixtures.

4. Experimental results

4.1. Description

Fig. 5 shows the evolution of plastic shrinkage of CEM I and

non optimised mixtures with mineral additions. Directly after

the start of measurement (about 30 min after the water cement

contact), deformation of CEM I began to increase. After 2 h, the in

crease rate of deformation slowed down before rising again. From

that moment, CEM I is characterized by a linear increase in plastic

deformation up to 5.3 h. Concretes with slag (50GGBS and 75GGBS)

showed a similar pattern, but with a temporary delay. Their plastic

shrinkage began to grow at 1.2 h and 0.8 h respectively. This

development was rather slow during the first 2 h, and then evolved

linearly until 6 h and 7 h for 50GGBS and 75GGBS respec

tively. However, the final value of 75GGBS is three times higher

than that of 50GGBS. For 50FA, no deformation was registered dur

ing the first 3 h. Then, the deformation gradually evolved until 9 h

reaching a value of plastic shrinkage close to that of 50GGBS (about

300 lm/m). Moreover, for all mixtures, the temperature of the

specimen was maintained at about 20 �C thanks to temperature

regulation system of the mould (Fig. 5).

Plastic shrinkage development of different concrete mixtures

showed a particular behaviour during the first hours after place

ment of the concrete. This can be attributed to several phenomena

that occur within the fresh material. In fact, the material has

undergone a rearrangement of its constituents due to gravity,

when the solid particles settled down. During this consolidation

process, some water percolated onto surface and it forms a water

film on the surface of the concrete specimen (bleeding water),

which can evaporate. In addition, chemical shrinkage would also

occur when the cement comes into contact with water. After this

first phase, drying shrinkage phenomenon was predominant in

deformation of concrete specimen. Initially, the beginning of the

predominance of drying shrinkage over plastic shrinkage seems

to appear at a moment characterized by an increase in the rate

of plastic shrinkage, which corresponds to the first minimum of

the derivative of the plastic shrinkage values (Fig. 2). This treat

ment of experimental data allowed us determining clearly the im

pact of mineral additions on the amplitude of plastic shrinkage

(Fig. 6), delaying lightly the initialization of the deformation. With

initialization of the shrinkage curves at this point, it appears that

the behaviour of concretes with 50% of blast furnace slag and

50% of fly ash is similar in both the rate of increase in the deforma

tion and its final value. Moreover, the rate of shrinkage for CEM I

and 75GGBS tends to be similar, but their final values are differ

ent. Finally, this analysis shows that the mixture with 75% slag

content is characterized by the highest shrinkage value at

24 h. In addition, the addition of blast furnace slag does not gener

ate systematically an increase in plastic shrinkage, since its value

for 50GGBS is lower than that of CEM I.

Fig. 4. Mould of FreshCon device.

Table 1

Physical properties of the cementitious materials.

Cement CEM I GGBS Fly ash

Density (g/cm3) 3.11 2.89 2.24

Blaine (m2/kg) 340 462 405

Passing 45 lm (%) / / 19.94

SO3 3.3 0.1 0.64
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Table 2

Compositions of the optimised and non-optimised mixtures.

CEM I 50GGBS 50GGBSOpt 75GGBS 75GGBSOpt 50FA 50FAOpt

Composition (kg/m3)

Cement 303 146 163 72 103 126 174

Blast-furnace slag / 146 163 215 309 / /

Fly ash / / / / / 126 174

Weff
a 182 182 171 182 170 182 170

Sand 0/4 855 855 855 855 817 855 824

Gravel 6/10 211 211 211 211 202 211 203

Gravel 10/14 875 875 875 875 836 875 843

Superplasticizer 1 1 1.6 0.9 2.8 0.8 2.2

Characteristics

w/bb 0.60 0.62 0.52 0.63 0.41 0.72 0.49

w/cc 0.60 1.25 1.05 2.54 1.65 1.45 0.98

Vpaste
d (l/m3) 279 279 279 280 310 279 304

Vw/Vb
e 1.868 1.868 1.573 1.866 1.214 1.868 1.260

fc, 2 (MPa) 29.6 8.0 12.5 3.3 12.0 4.8 12.4

fc, 28 (Mpa) 49.1 33.4 39.1 33.4 53.8 11.7 30

Slump (mm) 170 150 170 160 170 170 200

a Weff = wadded + wsuperplasticizer � wabsorbed by aggregates.
b w/b = water to binder ratio.
c w/c = water to cement ratio.
d Vpaste = Volume of paste.
e Vw/Vb = Volume of Weff to Volume of binder ratio.

Fig. 5. Evolution of plastic shrinkage and temperature of non-optimised mixtures (raw curves).

Fig. 6. Evolution of the plastic shrinkage initiated at the first minimum of the first derivative of the plastic shrinkage curve for the non-optimised mixtures.
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4.2. Correlation

To understand the phenomena occurring during the plastic

shrinkage development, evolution in the capillary depression,

ultrasonic velocity, mass loss and temperature were analyzed for

all the studied mixtures. First, it appeared that for all non opti

mised compositions (Figs. 7 9), the raw curve of plastic shrinkage

could be divided into three phases.

4.2.1. The first phase

This phase occurs between the water cement contact and the

moment characterized by the appearance of a negative capillary

depression reflecting the appearance of menisci in the pores of

the cement matrix located near the ceramic porous sensor. This

moment coincides quite well with the appearance time of the min

imum of first derivative of the plastic shrinkage (Fig. 2). During this

first phase, an increase in ultrasonic velocity through a concrete

specimen can be observed. It occurs well before the initial set

ting. At this age, the material is in a semi fluid state and it has

no rigid structure holding together its constituent materials. Thus,

the increase in ultrasonic velocity is probably due to a rearrange

ment of the material under the gravity. This phenomenon can re

duce the distance between the particles and thus enhance the

propagation of compression waves through the material. During

this period, Voigt et al [21] also observed the formation of ettring

ite around cement particles. These hydration products do not cre

ate connected particles and have no or little influence on the

stiffening process. However, they fill pore spaces as a result of

which the porosity and the air content decrease and the velocity

increases. This initial value of velocity can also be attributed to

the presence of air entrained during the mixing procedure [9].

Moreover, the determination of the signal onset time and the wave

velocity is less accurate during this early period (repeatability error

of 10%) due to larger signal attenuation compared to a more hard

Fig. 7. Evolution of shrinkage, mass loss, temperature, ultrasonic velocity and capillary depression for CEM I (IS = initial setting and FS = final setting).

Fig. 8. Evolution of shrinkage, mass loss, temperature, ultrasonic velocity and capillary depression for 75GGBS (IS = initial setting and FS = final setting).
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ened material (repeatability error of 1.0 1.5%) [16]. During the

consolidation of the material, concrete water percolates onto the

surface and a layer of water called bleeding water forms. This phe

nomenon seems to have occurred for all studied mixtures. In fact,

during the first hours after the contact of cement with water, its

evaporation rate is similar for all mixtures (Fig. 10) and it is close

to that of open water. Thus, the evaporation rate of water at a very

early age is not influenced by the type of material. However,

although the drying shrinkage can only be developed within the

material from the time when the bleeding water evaporates more

quickly to the surface it appears, a linear shrinkage has even been

measured during this phase. This deformation may be caused by

rearrangement of the material under the gravity and due to chem

ical shrinkage. In fact, this last deformation could begin because of

the formation of hydration products around the cement grains.

4.2.2. The second phase

With the advancement of hydration reaction, a skeleton of hy

drates is formed gradually in the cement matrix. The formation

of hydrates partially filling the pore spaces previously occupied

by the water facilitates the propagation of compression waves

through the material due to the increased content of solid compo

nents. This phenomenon is reflected by the increase in ultrasonic

velocity. Menisci appear gradually between the solid grains and

capillary depression increases for all studied mixtures, except for

50FA. This capillary depression generates stresses on the solid skel

eton which tends to shrink. From that moment, the deformation

rate increased for all studied mixtures. From the initial setting, a

moment located near the inflection point of the capillary depres

sion curve (Table 3), the evolution rate of the capillary depression

increases significantly and generates an increase in plastic shrink

age. According to the Laplace’s equation (Eq. (1)), increase in the

capillary depression is due to decrease in pore size caused by in

creased hydrates. From that moment, the kinetics of plastic shrink

age seems linked to capillary depression, since the value of these

two parameters increased simultaneously.

Pl Pg

2r
r

cosðhÞ ð1Þ

where h is the wetting angle, r is radius of the pore containing the

meniscus and r is the surface tension of the liquid.

End of the second phase is linked to the change of slope of the

plastic shrinkage curve characterizing a progressive decrease in its

rate. This behaviour is probably due to an increase in material

rigidity, since this moment is near to the final setting of the mate

rial. It is also close to the time when the capillary depression

stopped measuring, means to say when the sensor ceases to be

in contact with the liquid phase of the capillary water. However,

the time when the capillary depression stopped measuring is not

an intrinsic feature of the material and it depends partly on the

characteristics of the sensor for measuring capillary depression.

4.2.3. The third phase

During this phase, kinetics of plastic shrinkage decreases and

eventually vanishes due to significant material stiffness at this

age. An estimation of the evolution of the material stiffness can

be determined from the Eq. (2) suggested by the [1]. This equation

is characterized by two parameters, the Poisson coefficient and the

density, which vary with the advancement of hydration. But they

were taken as constant and equal to 0.2 and 2400 kg/m3 respec

tively. Moreover, this relation is only valid for a solid material. In

fact, increase in the ultrasonic velocity beyond the final setting

shows that the rigidity of the material is increasing and becomes

significant with the progress in the hydration reaction (Fig. 11). It

may therefore oppose to the plastic shrinkage and cancel its evolu

tion. Thus, the final setting may be considered as the time when

the material begins to develop a significant rigidity and can resist

its internal deformation. In this case, it can be treated as time zero,

defined as the moment from which internal stresses may develop

in the heart of the material [3].

Ed V2 q ð1þ tÞ ð1 2tÞ
ð1 tÞ

ð2Þ

where Ed is the dynamic elastic modulus (Pa), V is ultrasonic veloc

ity (m/s), t is Poisson coefficient and q is the density (kg/m3)

5. Discussion

5.1. Impact of mineral additions

Fig. 5 shows that the concrete mixture with 50% of mineral

additions is characterized by the lowest value of plastic shrinkage

at 24 h, while 75GGBS is characterized by the highest shrink

Fig. 9. Evolution of shrinkage, mass loss, temperature, ultrasonic velocity and capillary depression for 50FA (IS = initial setting and FS = final setting).
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age. Thus, this mixture possesses an actual risk of cracking because

of the development of its plastic shrinkage. Its deformation reaches

860 lm/m at 24 h, a value close to that proposed in the literature

[8] to characterize the high risk of cracking of the material

(1000 lm/m).

After the first phase dominated by the phenomena of putting

the material in place, evaporation and chemical shrinkage, plastic

shrinkages of CEM I and 75GGBS show similar kinetics

(Fig. 6). However, plastic shrinkage of CEM I reached its final value

earlier than 75GGBS. This behaviour is probably due to the rapid

setting of this material (Table 4). So, its cement matrix attains rap

idly a significant rigidity.

Analysis of the Figs. 7 9 shows that the plastic shrinkage devel

opment during the concrete setting process seems to be directly

linked to the evolution of the capillary depression because of their

linear growth. From this observation, it would seem logical that in

crease in the capillary depression of CEM I and 75GGBS is similar,

because their deformation kinetics tends to be similar during set

ting. However, the development of their capillary depression

(Fig. 12) differs by their initialization times (2.4 h and 3.1 h for

75GGBS and CEM I respectively) and their kinetics. This early ini

tialization of the capillary depression for 75GGBS can be explained

by its rapid initial setting (Table 4), a phenomenon that may be

associated with the existence of a path of interconnected and hy

drated binder particles allowing the appearance of capillary pores

in the cement matrix. This rapid hydration initialization of 75GGBS

is probably due to its large w/c ratio. Thus a larger amount of water

is available for the hydration of the clinker particles of this con

crete and their hydration can begin earlier. This behaviour allows

accelerating the beginning of the slag hydration since its hydration

depends on its dissolution by the hydroxyl ions released during the

clinker hydration [12].

Fig. 10. Evolution of the mass loss in the non-optimised mixtures.

Table 3

Moment of appearance of the inflexion point of capillary depression and initial setting

time of the non-optimised mixtures.

Compositions Inflexion point of capillary depression

(h)

Initial setting time

(h)

CEM I 4.80 4.17

50GGBS 4.75 3.23

75GGBS 5.58 4.00

50FA 6.22 5.53

Fig. 11. Evolution of the dynamic elastic modulus in the non-optimised mixtures.
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The difference in kinetics of the capillary depression develop

ment can be explained by the pore structure and the rate of evap

oration of CEM I and 75GGBS. In fact, these last are the driving

parameters of the capillary depression development for concretes

subjected to desiccation [19]. CEM I is characterized by a slow

evaporation rate during the second phase (Fig. 10) and a lower

and finer porosity than 75GGBS (Figs. 13 and 14). Thus, the inten

sity of the capillary depression of CEM I is amplified by the lowest

pore size of its main population (Table 5) compared to that of

75GGBS. Capillary depression is inversely proportional to the pore

diameter according to the Laplace’s equation (Eq. (1)). Porous

structure of 75GGBS is coarser simply due to its low content of hy

drates in the cement matrix, because of the initial slow reaction of

its hydration [2].

Viewing these differences in behaviour of the capillary depres

sion of CEM I and 75GGBS, it appears that it is not the only factor

driving the plastic shrinkage evolution. This observation seems to

be confirmed by the presence of a linear relationship between

the plastic shrinkage and evaporation rate during the second phase

(Fig. 15). Thus, the combination of these two phenomena could ex

plain the similar rate of development of plastic shrinkage of CEM I

and 75GGBS during the second phase.

In the end, the final value of the plastic shrinkage of 75GGBS is

higher than that of CEM I despite its coarser porosity and its slow

rate of increase in capillary depression. Two explanations may be

suggested to understand this observation. The first is the slow

hydration reaction of 75GGBS delaying the increase in its rigidity

and the appearance of its threshold value from which the plastic

shrinkage does not evolve anymore. The second is related to the

porous structure of the material. The low capillary depression

Table 4

Initial and final setting time determined by the evolution of ultrasonic velocity.

Compositions Initial setting (h) Final setting (h)

CEM I 4.17 6.83

50GGBS 3.23 5.45

50GGBSOpt 4.13 7.64

75GGBS 4.00 7.08

75GGBSOpt 3.60 7.82

50FA 5.53 8.85

50FAOpt 7.10 11.67

Fig. 12. Evolution of the capillary depression in the non-optimised mixtures.

Fig. 13. Pore size distribution for non-optimised mixtures.
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occurring in the large pores of 75GGBS could be compensated by

its high total capillary porosity (Table 5). The large capillary pores

content of 75GGBS reflects a larger connectivity between its pores

than that of CEM I. So, the rate of evaporation is larger for 75GGBS

than for CEM I (Fig. 10). Finally, this analysis shows that differences

in behaviour between CEM I and 75GGBS are mainly due to the

advancement of their hydration and their porous structure.

Mixtures with 50% of mineral additions (50GGBS and 50FA) are

characterized by a quasi similar evolution of their plastic shrink

age during the second phase and a same final value at 24 h

(Fig. 6). However, the development of capillary depression is not

quite similar (Fig. 12). The initialization of the deformation and

its rate is later and slower respectively for 50FA than for

50GGBS. This difference in behaviour is probably related to slow

hydration reaction of 50FA due to its pozzolanic reaction. Its ini

tialization strongly depends on the alkalinity of the aqueous solu

tion of the pores. However, the alkalinity of pore solution grows

slowly and can take up to several days [6]. This delayed hydration

development is confirmed by the presence of larger pores within

the cement matrix for 50FA than for 50GGBS viewing its larger

penetration threshold value (Table 5). However, their main pore

population and volume of capillary pores tend to be similar (Table

5). Moreover 50FA, which is characterized by a higher rate of evap

oration (Fig. 10), can accelerate the drying shrinkage at the surface

of the specimen and increase plastic shrinkage. However, the linear

evolution of plastic shrinkage with reference to mass loss is less

pronounced for the two mixtures with 50% of mineral additions

(Fig. 15).

Fig. 14. Cumulative porosity for non-optimised mixtures.

Table 5

Capillary porosity and population of main pores.

Compositions Capillary

porosity (%)

Penetration

threshold (lm)

Population of main

pores (lm)

CEM I 16.2 1.04 0.121

50GGBS 25.5 1.31 0.835

50GGBSOpt 20.4 0.68 0.435

75GGBS 26 2.53 1.610

75GGBSOpt 21.1 1.33 0.434

50FA 26.8 3.08 0.837

50FAOpt 21.1 0.83 0.432

Fig. 15. Evolution of shrinkage as function of mass loss during the second phase.
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5.2. Optimised mixtures

Compared to concrete mixtures with mineral additions pre

sented previously, the optimised mixtures (Table 2) are character

ized by higher cement content, lower w/c and w/b ratios, and same

or higher volume of paste. The variations of these parameters di

rectly influence the behaviour of the plastic shrinkage of these

mixtures, since their hydration reaction development (Table 4)

and their porous structure (Table 5) are modified.

Four changes can be observed in the evolution of plastic shrink

age of optimised mixtures compared to non optimised mixtures

(Figs. 16 and 17): acceleration of initialization of plastic shrinkage,

increase in its evolution rate, duration of the second phase and its

final value.

Acceleration of the initialization of plastic shrinkage can be

attributed to the decrease in pore size of the optimised mixtures

leading to an increase in capillary depression (Eq. (1)), hence accel

erating the appearance of the drying shrinkage. In fact, the opti

mised mixtures are characterized by a decrease in capillary

porosity (Table 5), pore diameter characterizing the threshold of

penetration (Figs. 18 and 19), as well as that of the main popula

tion of pores (Fig. 20 and Table 5). In addition, a lower w/b ratio

also generates an accelerated chemical shrinkage.

Beyond the first phase, the plastic shrinkage evolves linearly as

function of time and its growth rate has increased compared to

non optimised mixtures. This observation is also valid for the

capillary depression (Figs. 16 and 17) and can be also explained

by the porous structure of these materials. The duration of this sec

ond phase is also longer for optimised mixtures. This behaviour is

probably due to delayed final setting of these concretes (Table 4);

these delays can be related to their higher content of

superplasticizer.

Although these optimised mixtures have satisfactory mechani

cal properties, optimisation of the concretes with mineral addi

tions does not allow to obtain a microstructure similar to CEM I

(Figs. 18 and 19). Moreover, their ultimate value of plastic shrink

age is significantly higher than non optimised mixtures. Finally, it

appears that 50FAOpt and 75GGBSOpt have a high risk of cracking,

since the value of plastic shrinkage at 24 h is greater than

1000 lm/m (Figs. 16 and 17). This behaviour is probably related

Fig. 16. Evolution of the plastic shrinkage initiated at the first minimum of the first derivative of the plastic shrinkage curve for the mixtures with 50% of fly ash.

Fig. 17. Evolution of the plastic shrinkage initiated at the first minimum of the first derivative of the plastic shrinkage curve for the mixtures with 50% and 75% of slag.
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Fig. 18. Cumulative porosity of mixtures with 0% and 50% of fly ash.

Fig. 19. Cumulative porosity of mixtures with 0%, 50% and 75% of slag.

Fig. 20. Pore distribution of the mixtures with 0% and 75% of slag.

11



Acc
ep

te
d 

M
an

us
cr

ip
t

to the higher volume of paste of these mixtures (Table 2). Accord

ing to Rozière et al [17], the drying kinetic tends to increase with

the volume of paste.

6. Conclusions

This research allowed improving the knowledge about concrete

mixtures with a high content of mineral additions at very early age

by means of an in depth study on plastic shrinkage. An estimation

of cracking risk at early age was also made based on the develop

ment of this deformation. Moreover, the plastic shrinkage was

linked to the evolution of the material microstructure to under

stand the mechanisms responsible for this deformation and to ex

plain the effect of mineral additions. The main conclusions of this

study can be emphasized hereafter:

The concrete with a simple substitution of 75% of slag is charac

terized by the highest amplitude of plastic shrinkage, with a

value close to 1000 lm/m. So, this mixture shows a relatively

high risk of cracking. This behaviour is attributed to its slow

hydration and its high capillary porosity.

The mixtures with 50% of mineral additions (fly ash or blast

furnace slag) are characterized by a quasi similar evolution of

their plastic shrinkage which is inferior to that of the refer

ence mixture. So, the addition of blast furnace slag does not

generate systematically an increase in plastic shrinkage. It

seems that an optimum percentage of cement replacement

by mineral additions must be sought to limit the develop

ment of plastic shrinkage of concrete with mineral additions

at early age.

The optimisation of concrete mixtures to obtain a significant 2

day compressive strength leads to a higher amplitude of plastic

shrinkage with a faster kinetics. This behaviour is linked to their

finer porous network. But the optimisation of concrete mixtures

with a high content of mineral additions also increases their

cracking risk at early age (plastic shrinkage amplitude

>1000 lm/m). The use of such compositions for horizontal sur

faces susceptible to plastic shrinkage requires minimising the

paste volume or an appropriate surface curing.
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