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Abstract

This two-part article deals with the problem of the fissuring of sandstones reconstituted from fine hydraulic mixtures packed and vacuum
dried according to a patented procedure. During more than two years, the dimensional variations of these products were measured on slender
test pieces reconstituted according to several models proposed for hydraulic concretes.

In this part, we present the materials, the procedures used to mould the stones along with the calculations developed to obtain the exact
composition of the test pieces. We also give densities, the mechanical strength and recorded time evolution of the deformations for different
conservation modes which are representative of the possibilities of the envisaged production. In the second part, we present the method for
describing the dimensional variations and the adaptations leading to the introduction of a crack index in choice of the formulas.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Between the setting and the long term, the hydraulic
mixtures undergo various changes in dimension especially
linked with the action of water present in the porous
material (wetting of the binder, drying, soaking) [1].
Depending on the quality of the product (formula, strength)
and on the type of environment (immersion, wrapping,
conservation in open air), generally, the induced shrinkages
(plastic, thermal, endogenous, drying) give rise to the
formation of more or less important cracks at core and/or
on the surface of the pieces. Different shrinkages have been
studied for concretes and the recent literature proposes
several models for doing so.

Three of these models have been tested in the course of
the present study [2] to model the deformations measured on
different formulas of reconstituted fine sandstones. The
measurements were made on slender test pieces 4 X 4 X 70
cm, generally on horizontal sections at the core of the
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different blocks, on obtained by sawing a few hours after
setting, to ascertain vertical variations of the porosity relating
to the vagaries of the method of preparation [3]. The formula
of each sample, among which the quantity of free water, was
then adjusted so as to simultaneously obtain the density of
the products and their water absorptions per unit volume in
28 and 90 days, thanks to a precise water evaluation.
Similarly, calculations based on the time evolution of the
weight of the test pieces, allowed the assessment of the rate
soaking and carbonation of the mixtures. The measurements
were realized during a period exceeding two years. The test
pieces were kept in open air (20 °C, 50% RH) right from the
moment of their manufacture or after a 28- or 160-day curing
period under water or in a watertight and an airtight package,
in accordance with prescribed techniques for this type of test.
The first measurement was on the shrinkage resulting from
the drying of the natural rock from which was obtained the
fine siliceous sands (of grain size <1 mm) used in the
mixtures and then on the endogenous and drying shrinkages
of the five formulas of sandstones reconstituted by associat-
ing or not white cements used in various additions, such as
limestone fillers, white silica fumes, propylene polymer
fibres, a superplasticizer or an antishrinkage admixture. Time
evolutions of the mechanical performances of some of the
formulas (tensile stress, compressive strength and modulus)
were also monitored.
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The first part of the article presents the materials, the
mixtures, the adjustment of the formulas and the measure-
ments carried out. The second part reconsidered the princi-
pal strength models retained, which models were initially
validated on both commonly used and high performance
concretes, to describe the modifications introduced to allow
them to follow faithfully the dimensional variations of these
particularly fine hydraulic products.

2. Materials and methods

The main characteristics of the materials selected for the
fabrication of artificial sandstones are presented in Table 1.
For the aggregates, two 0/1 fine sands are involved. One
designated Sg, is obtained by grinding of natural sandstone
that one wants reproduce. It is a partially carbonated and
contains 10% fine fraction (<80 um). The second, denoted
Sc, is often used as texture and colour corrector. It is
siliceous and contains no fines. Two white cements from
the same clinker were used in the mixtures: CEMI 42.5 N
and CEMII/A-L 42.5 N (the designations follow the Euro-
pean norm EN 196-1). They respectively contain 4% and
19% limestone fillers. The specific surface of the white
limestone fillers (LF) and the very pure white silica fumes
(SF) incorporated into some of the formulas (SiO, >98%)
are respectively 290 and 3400 m?/kg. The density of the
colouring pigment (P) is 4.1. The superplasticizer (SP) is a
lignosulfonate and the antishrinkage (AS) is a water-free a
propanediol ester polymer. Some of the stones had 1 kg/m*
additions of short propanediol ester polymer fibres (F). Tap
water was used. The granularity of the solid components is
presented in Fig. 1.

The patented method [4] used for moulding the artificial
stones consists in pouring a rather fluid mixture into a leak-
proof mould and to remove the air from it by placing the
mould in a vacuum tank submitted to appropriate vibration.
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Fig. 1. The granularity of the constituents used in fabricating the artificial
stones.

At the end of this treatment, the excess water is eliminated
by vacuum drying with the help of a filtering carpet placed
on the preparation or even a second carpet placed at the
bottom of the mould. The principle is to create a depression
between the membrane of the carpet and the mortar so as
use the atmospheric pressure to compress the preparation to
gradually liberate the intergrain residual water. The success
of the method depends closely on the stability of the formula
(absence of segregation) and the technology of the equip-
ment (tightness of the mould, vibration, the vacuum drying
material). These technical aspects, pushed to the limits of
the system, accounted for some of the difficulties encoun-
tered during the adjustment of the method on blocks of
horizontal section 60 X 100 cm. The thickness aimed at also
influences the vertical homogeneity, particularly on account
of the pressure exerted by the filtering carpet(s) in the
packing of the grains of the skeleton as they gradually enter
into contact. The packing density of the walls is generally a
bit higher than that of the core of the block at least when the
thickness exceeds 40 cm. These nuances are admitted for
artificial stones. They however impart certain inaccuracy to
the calculation of the final formula at a given death. Indeed,

Table 1
Principal characteristics of the constituents used in fabricating the artificial stones
Constituents Sg Sc CEM 1 CEM 11 LF SF P Sp
Density (kg/m®) 2550 2630 3100 3000 2700 2250 4100 1190
Absorption (%) 1.49 0.20 1.11
Water content (%) According to supply 144
800 um Passing (%) 89 96
250 pm 46 20
80 pm 10 0 94 100 95 100
25 pm 6 57 85 59 90
8 pm 4 33 57 16 82
2.5 um 2 15 31 6 73
0.8 um 0 2 5 2 63
Specific surface (m*/kg) 290 314 490 290 3400
Rate (%) of limestone fillers 5 0 4 19 100
Rate (%) of clinker 96 81
Bogue composition CsS 61.8 61.8
of the clinker C,S 234 234
C5A 10.9 10.9
C4AF 1.3 1.3




A. Lecomte et al. / Cement and Concrete Research 33 (2003) 1967-1981 1969

Table 2
Formulas of the artificial stones at casting stage (dosages in m>, masses in kg, dry aggregates)
Formulas  Constituents Balance sheet

Sg Sc CEMI CEMII FC FS P SP(ES) AR F Free water Air (I) Total mass® Total volume (I) Ratio wyc
A 604 641 492 1.16 302 58 2049 1000 0.61
B 1071 185 489 49 15 1.08 4.04 259 60 2076 1000 0.53
C 1051 315 399 0.35 1 278 61 2049 1000 0.70
D 902 182 485 0.52 9.69 357 54 1929 1000 0.74
E 1022 207 506 0.53 1.97 297 59 2037 1000 0.59

? Including absorbed water.

the evaluation of the remaining water obtained by subtract-
ing the amount of the vacuum dried water (part of which
had evaporated into the vacuum pump) from the water used
to make the casting and to remove the air, is only a rough
estimation of the free water present in the test piece at the
end of the treatment. The exact formula for each set of test
pieces was the deducted from their density at 24 h and, by
way of verification, from their porosity to water measured at
28 or 90 days. The steps are presented below.

3. Formulas and experiments

The dimensional variation of these fine artificial sand-
stones were measured on five different mixtures identified by
the letters A, B, C, D, and E. The aim was to assess the
influence of the mode of conservation, the packing density of
the aggregate skeleton, the nature and the dosage of the
cement, those of water, mineral additions, fibres and of
superplasticizer admixtures or antishrinkage. These mixtures
were formulated using the Compressible Packing Model
(CPM) [5], involving a compaction index calibrated for each
stage of the method [6]. In this way, one controls the quantity
of water and admixture, when appropriate, which ensures the
best mixing, casting and purging of air (compaction index of
the fresh mixture). One then calculates the volume of water to
vacuum dry to obtain the target packing density, which is in
general close to the packing of the dry grains (compaction
index after vacuum drying and air removal). For some of the
formulas, the proportions of the components were chosen so
as to obtain the highest packing density (which is in any case
much lower than that of concretes, on account of the reduced
aggregate spectrum). For others, the aim was to obtain a fresh

Table 3

mixture that had the best stability. A cracking index deduced
from the present shrinkage measurements will also be asso-
ciated with the choice of formulas [2]. Table 2 gives the
dosage per cubic metre for the different constituents used in
casting the five 50-cm-thick blocks, which served as test
pieces. The air volumes were deduced from the density of the
fresh preparations [7]. Table 3 gives the dosages after the
removal of air. A standard volume of 5 1 was conserved since
degassing does not totally eliminate the finest bubbles the
presence of which can provide some protection against frost,
especially in the presence of defreezing salt [3]. Table 4 gives
the quantities of water removed with the aid of the filtering
carpet(s) along with the average formulas for the blocks at
end of the treatment using the assessment of the remaining
water.

Each of the preparations was cast into a removable,
watertight metallic formwork, in six mixes of about 50
| mixed with laboratory equipment (rotary tank). Vacuum
drying and the removal of air lasted a little more than an
hour. At end of the treatment, the blocks, having become
very firm, were then protected by curing under a few
centimetres of water up to the moment of removing the
formwork. This was often done 20 h from the start of the
casting. The artificial stones are then firm enough for
manipulation and sawing. For each of the formulas, nine
samples test pieces were cut off for the shrinkage measure-
ments from horizontal portions (slab) of the blocks, generally
near the median part (Table 5). The dimension of the cross
section of the test pieces was chosen to be as small as
possible (4 x4 cm) for the drying shrinkage to reach its
maximum over a reasonable lapse of time [8] while preserv-
ing the physical integrity of the test pieces, especially at the
earlier ages. The length of 70 cm facilitates an accurate

Formulas of the artificial stones after removal of air (dosages per m®, masses in kg, dry aggregates)

Formulas  Constituents Balance sheet
Sg Sc CEM1 CEMII FC FS P SP (ES) AR F  Free water  Air (I) Total mass® V()  Ratio wyc
A 638 677 520 1.22 319 5 2166 1000 0.61
B 1133 196 518 52 16 1.14 427 275 5 2197 1000  0.53
C 1114 334 423 0.37 1 295 5 2171 1000 0.70
D 948 192 510 0.55 10.2 375 5 2029 1000  0.74
E 1081 218 535 0.56  2.08 314 5 2155 1000 0.59

? Including absorbed water.
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Vacuum-dried water and average formulas the artificial stones after removal of air (dosages per m®, masses in kg, dry aggregates)

Formulas  Spun water Constituents Balance sheet
Sg Sc CEMI CEMI FC FS P SP (ES) AR F Free water Air (I) Total mass® ¥ (I) Ratio wyc
A 76.1 693 735 565 1.33 261 5 2267 1000 0.46
B 50.5 1197 207 547 55 17 120 451 234 5 2280 1000 0.43
C 64.2 1194 358 453 0.40 1 244 5 2268 1000 0.54
D 104 1094 217 578 0.62 11.6 285 5 2203 1000 0.49
E 82.3 1218 242 593 0.62 2.30 233 5 2307 1000 0.39

? Including absorbed water.

measurement. After being cut, the test pieces were delicately
wiped, weighed and accurately measured with a slide calli-
per. The length, the end and the median sections were
measured. A brass slab containing a hemispherical cavity
adapted to the comparator was fixed to the extremities of the
pieces and their initial length L, measured. For each of the
formulas, three test pieces were kept in status quo in open air
in a room whose temperature and hygrometry were regulated
at 20 = 2 °C and 50 + 3% RH. Depending on the series, the
six remaining test pieces were either immerged in water at 20
°C or protected against drying by a double aluminium
adhesive envelope, a well-tested technique for this type of
test [9]. Three of these test pieces were reexposed to air in the
conservation room at the age 28 days and the other three at
age of 160 days. The mass of the equipment (slab and
envelope) was determined by their differences in weight.
The fact that the blocks were fabricated at the different dates
explains certain differences in the dates of the measurements
(Table 8a and b). This is particularly so for the test pieces C,
D and E whose curing lasted 13, 2 and 3 days, respectively,
before their preparation and submission to the tests. Table 5
gives the relevant dates adopted dictated by the mode drying
the test pieces, the situation of the slabs and the type of
conservation. To terminate, three test pieces (4 X 4 X 70 cm),
of same natural sandstone as the sand Sg, were cut from

Table 5
Identification of the test pieces for the dimension variation measurements

stones newly extracted from the same quarry. They are
identified by the letter N. They were kept under water at
20 °C for month before being submitted to the same
conditioning and the same tests as the artificial stones.

Other types of test pieces (4 X 4 X 16 cm) were also cut
out from the same slabs and kept under the same conditions.
They were used in the mechanical tests, the test of frost
resistance (not presented here), and for the measurements of
water absorption per unit volume at 28 and 90 days realized
according to the French standard B 10-503. Table 6 present
these results as well as the densities of the 4 X 4 X 70 cm
test pieces which were calculated from their geometry and
the weight after their cutting. Formulas A and B reveal
significant differences between their respective slabs. Dif-
ferences exist between the other blocks as well, between the
average density of the test pieces and that of the blocks
(Table 4). As mentioned earlier on, these subtle differences
are to be ascribed to the vagaries of the experimental
method and to the imprecision in the estimation of the
remaining water obtained by subtracting the vacuum dried
water. They clearly show that the average formulas of the
blocks do not sufficiently represent those of the test pieces
submitted to the tests. A more precise calculation of the
formula for each type of test piece was therefore carried out
based on the density and mass balances.

Parameters of the codification Designation Sampling and
Vacuum drying— Slab, t:top, Conservation 1 =air; 2 =water; measurement
high = high + low m:middle, l:low 3=alu; a=28j; b=160 j of Lo at
Formulas A - 1 1 A-l1 1 day
m 3a A-m3al
t 3b A-t3bl
B = m 1 B=ml 1 day
1 3a B=13al
t 3b B=t3bl
C = m 1 C=ml 13 days
3a C=m3al
3b C=m3bl
D = m 1 D=ml 3 days
2a D=m2al
E = m 1 E=ml 2 days
2a E=m2al
N 1 NI 28 days
3a N3al

3b N3bl
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Table 6
Density of test pieces and porosity of samples submitted to the tests

Test pieces Samples

Identification Real density Water absorption per unit

orat24h  volume (NF B 10-503)
3
(ke/m)  Age i)/ %  o=hcx
conservation ci(t)
Formulas A -l1 2255 28/air 21.0 0.59
-m3al 2282 28/protection 18.6 0.66
-t3bl 2292 28/protection 18.0 0.65

B =ml 2266 28/air 21.2 0.60

=13al 2290 28/protection 18.3 0.65
=t3bl 2316 28/protection 17.0 0.63

C =ml 2260 90/eau 18.9 0.82
=m3al

D =ml 2189 28/air 234 0.61
=m2a

E =ml 2289 28/air 18.7 0.55
=m2a

N 1 2338 - 18.0
3al
3bl

In this approach, we first assume that gaseous and solid
constituents inside a stone are uniformly distributed, and
only the quantity of water varies vertically. In other words,
the relation proportions per unit volume y; of the n solid
constituents are constant everywhere in the mixture and at
each stage of its elaboration. These per unit volume pro-
portions expressed with respect to the solid volume Vs for
example, are given by the relation:

Md,/ pr; 4 .
yizﬁ, and Y y;=1, with ¥'s = 1000 — a — wy,.
i=1

Vs
(1)

where Md; represents the dry mass of the constituent / and
pr; the real specific gravity, with @ and wyg, representing the
respective volumes of air and free water in the average
formula at the relevant stage (the casting stage for instance).

1

3.1. Formulas of the slabs derived from the density of the
fresh test pieces

Here, one relates the target quantity of the free water wy
of a horizontal cross section to the real fresh density or of
the test pieces extracted from the slabs. For that, it is
assumed that the or of the test pieces generally measured
at 24 h (Table 6), is representative of the fresh or. That
amounts to neglecting the small quantity of curing water
which may have penetrated the block following the Le
Chatelier contraction occurring between the end of vacuum
drying and the moment the test pieces were cut out. The or
per unit volume of slab is given by:

5r=wr+ Y Ms;(1 + Ab;) (2)
i=1

where Ab; is the quantity of water absorbed by the
constituent 1.
Combining Egs. (1) and (2), one obtains:

or=ws+ Vs Zy,»pr,»(l + Ab;) (3)
i=1

which on substitution for Vs becomes:

S = wp + (1000 —a — wr) > yipri(1 + Ab;) (4)
i=1
from which one deduces:
or — (1000 — a) > yipri(1 + Ab;)
Wi = i=1 (5)

1— ZJ’iP”i(l + Abl)
i=1

In this way, one obtains the quantity of free water from
which one derives the formula for the cross section or for
any hydraulic mixture based on the fresh density (or after a
24-h curing) and the relative volume proportions of the solid
and gas constituents.

3.2. Formulas of slabs derived from the porosity of
hardened stones

One uses here water porosity measurements () realized
at a given age of the on samples of hardened samples of
each slab. At the fixed date, these samples, kept under the
conditions recalled in Table 6, were first dried at 70 °C in
order not to destabilize the hydrates, to a constant mass,
then weighed and placed under vacuum during 2 h. After
being immerged under vacuum, they were then kept at
atmospheric pressure for 24 h. From their weight in air and
in water one can calculate the porosity (French standard 10-
503). It is assumed here that the variation in the volume of
the sample between its setting and the moment of the test
has no significant consequence on the accuracy of the test,
or in other terms, that the Le Chatelier contraction occurs
only in the interior of the products which maintain an
apparent quasi-invariant volume. It is also assumed that in
this type of product with an open porosity, almost all the
vacuums are accessible to water [10], and that this water
evaporates under the test conditions. These are spaces left
the entrapped air (a), by water absorbed by the grains (wyy,),
by the Le Chatelier contraction (c cp) and by the excess
mixing water found in the capillaries or the small quantity
adsorbed into the hydrates which we term “porosity water”

(Wp):
n = Wp + Wy, + @+ Crch (6)

The entrapped air (a) and the water absorbed by the
aggregate (wyp,) at the final stage of the treatment are known
in the present case (Table 4). We adopt the relation proposed
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Formulas of test pieces submitted dimensional variations (dosages per m®, masses in kg, dry aggregates)

Formulas  Slab  Constituents Balance sheet
Sg Sc CEMI CEMII FC FS P SP(ES) AS F Free water Air () Total mass® ¥ (I) Ratio wic
A -b 687 728 559 1.32 268 5 2255 1000  0.479
-m 701 743 571 1.34 253 5 2290 1000  0.444
-h 707 750 576 1.36 247 5 2292 1000  0.429
B =m 1183 204 541 54 16 1.19 446 243 5 2265 1000  0.449
=b 1207 208 551 56 17 121 455 228 5 2290 1000 0.413
=h 1231 213 563 57 17 124 4.64 212 5 2317 1000  0.377
C =m 1186 356 450 0.39 1 249 5 2260 1000  0.554
D =m 1088 216 575 0.62 11.4 289 5 2197 1000  0.503
E =m 1211 240 589 0.62 229 237 5 2299 1000  0.402

# Including absorbed water.

by Powers and Brownyard. [11] for estimating the Le
Chatelier contraction:

cren = 0.279wh (7)
where wh is the water in the hydrates. The porosity water
can be derived from the porosity measurement (n) as
follows:

(8)

It remains to calculate the quantity of water mobilized by
the hydrates (wh) to be able to find the free water of the
fresh sample (wy) expressed by the relation:

WP =N — Wy — a — CLCh

©)

The quantity (wh) can be calculated from the quantity
(wh,) which represents chemically bound water for com-
plete hydration of the clinker to which is assigned a degree
of long-term hydration (hc) which in particular depends on
the ratio w/c, and a kinetic coefficient [ci(t)] which depends
on the conditions of conservation of the sample and the date
of the measurement:

wg = wWp + wh

wh = wh, .hc.ci(t) (10)
wh, is for example given by the relation proposed by
Czernin [12], reconsidered by Hua [13], starting from the
composition of Bogue (in this relation, wh_, is expressed
with respect to the quantity of hydrates):

wh,, =0.24C3S + 0.21C,S + 0.40C3A + 0.37C4AF - (11)

We used the model proposed by Waller [14] to calculate
the long-term degree of hydration of the clinker (4.):

he=1— exp(—3.38<%— 5)) with

Wf) 0.42hf5fS
c

0= exp<1.637

0.23h
and hg = min(l; °>

fs/c
(12)

In the above relation, wy and ¢ are the dosages of the free
water per unit mass and in the clinker. The quantity ¢ is
setting coefficient taking into account the large quantity of
water adsorbed by the addition, in the present case, the silica
fumes (SF) while Ag is the final degree of silica fumes
consumption which depends on quantity of lime liberated
by the clinker hydrates. The initial free water of the slab is
then given by:

h
we=n—wa —a+ (1 —0.279)(1?7;})1)

><c<1 - exp(—3.38 (% - 5)))ci(t)

or for the Bogue composition of the white clinker used
(Table 1):

(13)

Wg=1n— Wap —a+ 0.2350(1 - exp(—3.38<ﬁ - 5)))
c

xci(t) (14)

The difficulties of finding an explicit solution to this
relation can for example be overcome by an iterative
procedure through a step by step adjustment of the free
water wy, the quantity of the clinker ¢, and eventually the
coefficient hg until appropriate pairs of equivalent of
parameters are found. This application of this procedure
gives a very satisfactory result for all the formulas (density
and formulas very close to previous results) if one takes as
value for kinetic coefficient ci(t), 0.73 for samples prema-
turely exposed to air for measurements taken at 28 days,
0.84 for those protected and measured at 28 days, 0.96 for
samples kept under water and measured at 90 days. Table 6
gives the conservation modes along with the time-table for
the measurements. For the test pieces measured at 28 days,
these coefficients, which need to be confirmed by other
tests, give plausible degrees of hydration o=hc X ci(t)
especially when compared to the values found in the current
literature and for comparable ratios of w¢/c (see Table 6).
The estimation of the hydration coefficients generally
allows from the surface mass [10], the differences in weight
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between the passage of the samples at 105 and 1050 °C
[15], analysis of the MEB images [16], etc.

There is also a second method for adjusting the formu-
las of the test pieces. It is based on a simple measurement
of the porosity water, especially for samples kept in open
air, as is often the case with building site concretes. It is to
be finally noted that these products have a high porosity,
which can be explained by the low aggregate packing
density and the importance of the associated residual
water.

3.3. Results: the formulas of the test pieces submitted to the
tests

Crossed application of the principles presented in the
foregoing section has helped to refine the formulas of the
test pieces submitted to the tests. The results of the
calculations are presented in Table 7. Comparison with
the average formulas of the blocks (Table 4) shows the
interest of these verifications. It highlights certain signifi-
cant differences, especially for the formulas A and B.
Differences are less sharp for the formulas C, D and E,
because of the improvement of the technology of the
method used for the fabrication of these stones which
are of a better vertical homogeneity. At the end of these
adjustments, one is assured of the terms of the nine
formulas on which the measurements of the dimensional
variations were realized.

4. Measurements

Table 8a and b and the curves of Fig. 2a and b present the
measurements of the masses and lengths measured at the
various dates (the scales are logarithmic). Each value is the
algebraic average of the measures on the three test pieces
with a tight variance in general. After an ultimate measure-
ment realized between 400 and around 800 days depending
on the series, the test pieces were dried at 70 °C until a
constant mass is reached. They were then weighed and their
lengths measured and then immersed into water at 20 °C.
Their weights and lengths were then measured, first at close
intervals of time and then at ever increasing intervals of
time. The results are not reported here. At the same time, the
strength (bending tensile strength) of some of the 4 X 4 X 16
cm test pieces of certain series, which were kept under
identical conditions as the shrinkage test pieces, was mea-
sured at certain dates. The set of these results helped in the
modelling the rises in strength and the shrinkages and also
in calculating the cracking index [2]. They arouse a number
of comments.

4.1. Mass of the test pieces

The weighing of the test pieces helps to know the loss of
water with time, which loss can be correlated to shrinkage

[17,18]. It had served in the present study to calculate the
real density Jr(7) and the residual content in free water w(?)
expressed by its ratio to the dry mass of the initial solid
constituents (Table 8a and b). It is a marker of the still
present in the composite either in a bounded form or
strongly adsorbed into the hydrates, or in free a form or
weakly adsorbed into the pores. At a fixed date and for a
unit volume this parameter is expressed by the following
relation:

wg — (or — 0r(1))

or — wy

(1) = (15)

where wy and Or are respectively the amount of free water
and the real density of the formulas prior to the setting
(Table 7). dr(¢) is the density measured at the date ¢ (Table
8a and b).

4.1.1. Test pieces exposed to air from the moment of
fabrication

It can be seen on the graphics of Fig. 2a that the
unprotected or nonimmersed test pieces rapidly lose a great
part of their water right from the moment of their fabrica-
tion, principally on account of their high porosity. This
evaporation is obviously to the detriment of a satisfactory
hydration of the clinker. One can seek to evaluate the rate of
hydration oy, reached at the “point of equilibrium” which
appears when density stabilizes (Fig. 3) from the density of
the test pieces. As initial hypothesis, we consider this point
as marking the end of the exchange of water with the
surrounding medium. The remaining porosity water (wp)
is then roughly the quantity extracted by completely drying
the test pieces at 70 °C to a constant weight at the date n.
Certainly, as will be seen further on, shrinkage due to drying
and the mechanical strengths continue to evolve beyond the
equilibrium point. But the amount of water consumed is
very low compared to the amount consumed and evaporated
before the equilibrium point [19]. The corresponding water
content my,, is then calculated simply as the difference
between residual free water contents before the drying
oy f(n — 1) and after the drying m(n):

Oyp = Owr(n — 1) — wwe(n) (16)

By subtracting the porosity water content from the lowest
residual free water content recorded during the test (equi-
librium point), one obtains a good approximation of the
water content of the hydrates (Fig. 3):

nfl .
Owh = MiN (Owsi) — Owp (17)
i=1

The mass of water in the hydrates in a unit volume of
stone is obtained by multiplying m, by the density of solid
constituents, that is:

wh = oy (0r — wy) (18)
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Table 8a
Table of measurements realized on formulas A, B and C
Conservation in air Protection during 28 days followed by exposure to air Protection during 160 days followed by exposure to air
Aged or wr% AL/L  ft fc  Aged or wr%  AL/L ft fc Aged or wg % AL/L ft fc
kg/m’ 10°% MPa MPa kg/m® 10-° MPa MPa kg/m® 10-° MPa MPa
A=11 A=m3al A=13b1
1 2255 135 1 2282 12.5 1 2309 11.1
1.2 2238 12.7 024 140 1.2 2281 12.5 0 1.2 2299 10.6 0 3.0 19.0
3 2131 729 —-236 25 319 3 2281 12.5 —14 3 2299 10.6 —18 5.0 47.5
7 2113 640 —447 28 396 7 2281 12.5 -23 7 2299 10.6 —-26 5.0 56.3
14 2103 5.89 —646 3.6 368 14 2281 12.5 —21 14 2299 10.6 —-28 5.7 60.5
28 2099  5.67 —764 39 399 28 2281 12.5 +9 5.0 62.4 28 2299 10.6 -5 6.0 67.7
30 2099  5.66 —782 32 367 30 2253 11.2 —205 48 64.9 59 2299 10.6 +2 5.0 63.9
36 2099  5.69 —808 3.7 384 36 2234 10.2 —419 48 65.1 90 2299 10.6 +18 5.7 75.1
59 2101 575 —843 3.5 423 59 2213 9.16 —690 5.0 67.3 160 2299 10.6 -6 55 78.2
90 2104 590 —888 4.1 448 90 2204 8.75 —794 55 80.6 161 2298 10.6 —191
160 2111 626 —952 42 543 160 2197 8.41 —870 6.0 81.1 163 2292 10.3 —294
299 2123 6.89 —988 58 659 299 2196 8.32 —872 6.1 82.7 167 2284 9.92 —409
450 2133 7.39 —1077 450 2194 8.25 —925 188 2267 9.10 — 604
805 2146 8.04 —1240 600 2190 8.02 226 2262 8.84 —670 5.8 74.6
809 2125 6.96 —1628 938 2186 7.84 400 2245 8.04 — 780
948 2157 6.41 806 2240 7.80 —815
889 2208 6.26 —966
B=ml B=13al B=13bl
1 2266 12.2 1 2290 9.95 1 2316 9.60
1.2 2252 115 0 1.8 103 1.2 2289 9.90 0 1.2 2306 9.12 0 3.1 23.6
2 2147 632 —243 24 236 2 2288 9.88 —43 2 2306 9.12 —-31 4.1 40.1
5 2126 540 —503 5 2289 9.90 —43 5 2307 9.16 —31
7 2115 517 —682 32 337 7 2288 9.88 —40 7 2306 9.15 —-21 42 57.0
14 2105  4.65 —999 48 440 14 2288 9.88 —43 14 2306 9.15 —-26 47 70.2
28 2102 451 —1004 44 455 28 2288 9.88 —-25 5.0 63.2 28 2306 9.13 —16 49 69.8
30 2102 451 —1023 5.1 418 30 2264 8.82 —332 46 65.6 58 2306 9.13 -1 57 82.8
36 2102 453 —1029 42 397 36 2246 8.04 —534 50 67.2 90 2306 9.13 +3 59 76.3
58 2105  4.65 —1089 5.1 521 58 2226 7.16 —789 54 71.6 159 2306 9.13 —12 6.0 85.6
90 2109 486 —1091 4.7 452 90 2217 6.76 —-910 55 799 160 2306 9.13 —185
153 2118 529 —1146 4.6 465 153 2210 6.46 —-994 55 82.1 162 2299 8.79 —304
299 2131 595 —1184 43 614 299 2207 634 —1006 5.6 87.5 166 2290 8.39 —428
450 2142 647 —1258 450 2206 630 —1046 187 2270 7.44 — 646
804 2154 6.70 —1414 600 2204 620 —1070 225 2262 7.06 —743
808 2135 574 —1854 938 2199 598 —1080 299 6.1 83.2
948 2169 466 —1260 400 2225 6.23 — 847
806 2231 6.01 — 861
889 2206 4.40 — 1079
C=ml C=m3al C=m3bl
1 2265 125 0 1 2275 12.3 0 1 2264 12.7 0
13 2265 13.1 0 46 40.0 13 2275 12.3 0 13 2260 12.7 0
15 2227 113 — 149 15 2271 12.1 -30 15 2260 12.7 —18
20 2198  9.82  —330 20 2271 12.1 -32 20 2260 12.7 —26
28 2175  8.68 —482 28 2271 12.1 - 14 28 2260 12.7 -3
41 2161 798 —623 491 51.0 41 2271 12.1 -31 51 44.7 41 2260 12.7 —11 49 45.0
43 2160 793 —653 43 2243 10.7 —128 43 2260 12.7 —24
50 2157 776 —675 50 2211 9.17 —297 50 2260 12.7 —10
73 2152 749 —756 50 589 73 2181 7.65 —603 54 47.1 73 2260 12.7 —-25 52 46.0
103 2150 7.40 —797 103 2171 7.18 —712 103 2259 12.7 —-10
172 2146 723 —852 5.0 582 172 2164 6.82 —-795 53 522 172 2258 12.61 —-27 55 50.0
300 2132 652 —872 400 2155 6.38 — 850 300 2150 7.241 — 750
621 2149 735 -915 718 2148 6.03 —929 450 2142 6.84 —802
706 2119 587 —1184 728 2127 519  —1143 619 2137 6.59 — 829

623 2107 5.11 — 1069
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Table 8b
Table of measurements realized on formulas D, E and N

1975

Conservation in air

In water for 28 days during followed
by exposure to air

In water for 160 days followed by exposure to air

Aged or werr Yo AL/L ft fc E Aged or werr %o AL/L Aged or Werr Yo AL/L ft fc E
kg/m® 10°° MPa MPa GPa kg/m® 106 kg/m® 10°° MPa MPa GPa
D=ml D=m2bl
3 2198 129 0 32183 131 0
6 2059  7.64 —174 28 309 173 6 2194 147 +147 32 281 203
14 2038 6.61 — 400 14 2202 151 +183
28 2026 6.09 —585 39 416 216 28 2203 152 +304 45 425 251
90 2027 6.04 —727 40 392 218 90 2209 155 +378 47 506 269
118 2029  6.13 —767 160 2212 157 +395
385 2045 7.00 —997 350 2062 875  —454
389 2020 576  —1438 450 2072 844  —524
455 2037 652 —6l4
E=ml E=m2bl
2 2297 112 0 2 2281 104 0
6 2186 7.19 —335 35 456 249 6 2286 122 +149 41 468 274
14 2171 6.46 — 600 14 2291 125 +181
28 2163 6.05 —786 4.8 555 279 28 2292 125 +239 55 604 299
90 2161 5.96 —925 48 603 29.0 90 2297 128 +338 54 664 318
118 2162 6.03 —963 160 2301 129 +367
385 2169 662 —1154 350 2175 795 —586
389 2133 4.88  — 1464 450 2182 741  —650
455 2159 596  —808
NI N3al N3bi
1 2345 57 0 1 2337 5.7 0 1 2332 7.39 0
12 2231 0.6 —-31 12 2337 51 -22 12 2332 739 -22
4 2218 0 — 74 4 2336 5.1 —30 4 2331 736 —31
8 2218 0 —126 8 2337 51 —27 8 2331 738 —28
15 2218 0 —127 15 2337 51 —-22 15 2331 738 —-25
29 2218 0 —135 29 2336 5.1 —23 29 2331 738 —24
38 2218 0 — 140 38 2175 0 —207 57 2331 738 —15
57 2218 0 — 140 57 2175 0 —196 160 2231 736 —24
160 2218 0 —139 92 2175 0 —199 180 2172 0 —173
830 2177 0 —191 83 2171 0 —151
834 2176 0 — 164

The rate of hydration oy, at the equilibrium point can
then be written as:

_ wh/(c+ wh)
- wh

Oh1 (19)
wh, is defined by Eq. (11). It can moreover be observed
that beyond the equilibrium point, generally about 40 days,
the test pieces progressively increase in weight. Conditions
of conservation being regular (20 °C, 50% RH), this can
only be due to carbonation with hydrated phases of the air.
Coloration test with alcoholic solution of phenolphthalein
on freshly sawn sections of the 4 X 4 X 16 cm test pieces
kept for 160 days in air did confirm a fairly well spread and
noticeable diminishing of pH (attributing to Ca(OH), con-
sumption), by comparison to sections of test pieces pro-
tected for 160 days. Exploiting further the weights, one may
wish to find an indicative rate of carbonation reached at the
end of the tests by computing the ratio of the quantity of
carbonated Portlandite (Ca(OH),)car, to the total quantity of

Portlandite formed (Ca(OH),),,;. We assume that CSH and
aluminates react much less to carbonation than Portlandite
[20]. This coefficient is equal to:

(Ca(OH)Z)car
(Ca(OH) ).y (20)

Olcarb =
tot

Let us recall the carbonation reaction:
Ca(OH), + CO, — CaCOs + H,0

or, after dissolving: (21)

Ca’" 4 CO3™ + H,0 — CaCO; + H,0

the molar weights of different constituents being 74, 44, 100
and 18, respectively for Portlandite, carbon dioxide, calcium
carbonate and water. We consider that major part of the
water liberated by this reaction remains in the medium and
hydrates an extra amount of the binder. The observed
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increase in weight in this case roughly results from the entry
of a certain mass of carbon dioxide (Mco,), into the system.
But must logically also deduct a certain of water taken out
of the system. The latter is unknown. (Mco,) is therefore
under-estimated.

The minimal CO, content fixed by the Portlandite, wco,,
expressed in terms of the mass of dry solid constituents (Fig.
3), is in this case the difference between the final content in
residual free water before drying and the equilibrium point
content in residual free water.

n—1
wco,=ws(n — 1) — min (wsi) (22)
i=1

The corresponding mass of CO, per unit volume (Mco,),
is obtained by multiplying wco, by the density of the solid
constituents, as in:

1\/[(302 = WCo, ((31” — Wf) (23)

or and wy are as previously defined.

Finally, by considering the relation of proportionality
between the molar weights of Ca(OH), and CO,, and also
H,0 and CO,, one obtains the minimal weight of Por-

(a) Protection for 28 days before air
exposure (2)

Conservation in air (1)

2400

N
[9%)
(=3
(=)

2200

2100

Density (kg/m?)

2000

tlandite transformed into carbonate (Ca(OH);)car, and the
weight of water liberated by the carbonation reaction

(Wcarb):

4
(Ca(OH)Z)carb = HMCOZ = 1.68MCO2 and

18
Wearh = HMCOZ = 0-41MC02 (24)

The long-term rate of hydration oy, can then be written
as:

Wh + Wear ) /(€ + Wh + Wear
oo = (R M) ¢ d (23)

The amount of Portlandite supplied by a hydrated clinker
is generally estimated to be roughly 25% of the quantity of
hydrates [20]. In the present case, that comes to 1.235.c
(according to Eq. (14)). Taking oy, as the hydration rate
gives:

(Ca(OH),),.,=0.25.1.235.c.op = 0.31.c.on (26)

tot

where ¢ is the weight of the clinker.

Protection for 160 days before
air exposure (3)
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N
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Fig. 2. (a) Evolution of the characteristics of the mixtures as function mode of conservation. (b) Evolution of the characteristics of the mixtures as function

mode of conservation.
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Fig. 2 (continued).

The rate of carbonation oy, is then derived from weights
through the relation:
n—1
1.68 (wf(n — 1) — min (wfi)>
i=1
0.31.c.om

Certainly, the present approach is global and simplifying.
It can only give an average indication about the rates of

(27)

Olcarb =

16 1

—_
NS}
1

Equilibrium Point

!

®co2

"Residual water content" @y
(o]
1

Oy~ O‘)Wh+(‘)wp

T 1
1 10 100 1000
Age (D)

Fig. 3. Evaluation of Portlandite fixed water and CO, contents, expressed as
a ratio of dry solid constituents, calculated from the weights of test pieces
exposed to air right from their fabrication.

hydration and carbonation. We in fact assumed that the
hydration of the Portlandite and of the CSH follows the
same kinetics when the water content diminishes, and that
the major part of the water liberated by the carbonation
reaction remains in the system. Moreover, we also know that
the phenomena of evaporation and carbonation are not
homogeneous in all parts of a composite material, and much
less between the core of the pieces and their periphery. But
in the case of these tests pieces which are of small radius
and made up of a mixture of fine and porous grains, their
water and carbonation profiles can be thought of as being
rather regular, when compared to those of more compact
materials of higher radius. The rates of hydration obtained
and the corresponding porosities, as presented in Table 9,
are quite in agreement with those derived from water
porosity measurements (Table 6) realized at dates close to
the equilibrium point. These porosities per unit volume (n),
are calculated using the relation:

n=ws— AVy +a+ wa, = eff — 0.235.c.on; +a + wap
(28)
where wg, AV}, a and wy, are respectively the volume free

water before the setting, the increase in the solid volume of
the clinker due to hydration, the volume of residual air and
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the volume of water absorbed by the aggregates. Finally,
with the same reasoning, one can also derive, from the
measurements, the packing density ¢ (excluding the internal
porosity). For that, subtract from the unit volume, the
volume of free water and of occluded air and add the
increase in volume due to the final hydration of the cement
AV}, and that due to the carbonation of the Portlandite
AV The latter term is found by considering the molar
volumes of the calcite and the Portlandite and their respec-
tive densities, which are 2.715 and 2.23. Table 9 gives the
corresponding results. On can then write:

¢=1000 — wg —a + AVip + AViarp, With AVan

_ Ca(OH), , 100/2.715  1.68Mco, x 100
T 223 U™ T74/223 0 2715x 74
= 0.836.Mco, (29)

This thus validates the coherence of the processing of the
weights recorded. These data provide a backing for certain
descriptions. They also show that, in the absence of the
means for conducting more sophisticated investigations,
simple weights of the test pieces and measurements of their
porosity to water, recorded at appropriate the time intervals
and dates between the setting and the long term, can indeed
provide interesting and likely quantitative parameters.

4.1.2. Test pieces exposed to air for 28 or 160 days

These test pieces also undergo a rapid loss in weight right
from their exposure to air (Fig. 2a), but contrary to the
preceding test pieces, the weight stabilizes after a few
months of drying with the appearance of no clear critical
point. They have therefore not undergone any significant
carbonation a priori. The development and the consolidation
of the CSH in the presence of a sufficient quantity of water
seem to limit this reaction. The porosity and the permeabil-
ity of the stone to air are therefore reduced, thereby delaying
the carbonation or limiting it to the periphery of the test
pieces. One can however determine the hydration rate oy,

Table 9

the porosity and the packing density at the long term by
applying the preceding relations. The corresponding values
are given in Table 9.

4.1.3. Results

Concretely, one observes for the artificial sandstones
which were not protected right from their fabrication, a
relatively low hydration rate oy, at the critical point, with
oy situated between 0.56 and 0.62 according to the w/c
ratio (Table 9). The mixture C, which was kept in cure for
13 days, presents a shifted critical point with a hydration
rate of 0.80, the corresponding porosity being 19.1. That of
the other formulas is situated between 18.6 and 23.4. At the
end of the drying, the carbonation rate o, seems to be
directly related to the duration of the curing and the cement
dosage; it is 0.7 for 1-day exposed test pieces, and about 0.3
for (the cement rich) 2- or 3-day exposed test pieces or (the
cement poor) 13-day exposed pieces. Carbonation signifi-
cantly improves the final hydration rates oy, by lowering
the porosity from 0.4 to 1.3 points and increasing the solid
volume so that the final densities are close to those of the
test pieces cured during 28 or 160 days.

For these mixtures (cured 28 or 160 days), the loss of
weight on exposure to air is sharply less important. The “hy-
dration water content w,,” is therefore higher, which proves
that the binding phase is of a better hydration. The coeffi-
cients oy, are between 0.72 and 0.82, and the packing den-
sities between 0.828 and 0.859 according to the w/c ratios.
Differences between a 28- and 160-day curing are slight.

Finally, there exist differences between the formulas of
the unprotected test pieces in particular. Thus, formula A
globally presents the same density over time as B even
though the latter contained less water at the beginning and a
lower free residual water over time In fact, the presence of
additions (LF, SF) did not increase the packing density of
this stone as expected, because the proportions of the two
sands which initially led to the maximal packing density of
the aggregate mixture were modified to assure the stability

Formulas, « free water and CO, contents », rates of hydration and carbonation, porosities and final packing density derived from the weights of the test pieces

Formulas Wep  wp - Critical point Terms relating to drying

Reference c kg/m3 Wi kg/m3 wic Cure (day) Age o1 n % Age co, oo Oearb n % ¢
A=11 559 268 0.479 1 1.1 4.6 30 0.62 207 800 24 0.73  0.68 194  0.858
A=m3al 571 253 0.444 28 1.4 6.4 - - - 950 - 0.82 - 16.6  0.846
A=13bl 576 247 0.429 160 1.5 6.3 - - - 800 - 0.81 - 159  0.853
B=ml 541 243 0.449 1 1.0 3.6 30 0.61 21.2 800 22 073 0.78 199  0.856
B=13al 551 228 0.413 28 1.3 4.7 - - - 950 - 0.75 - 172 0.846
B=t3bl 563 212 0.377 160 1.6 4.4 - - - 800 - 0.72 - 159  0.859
C=ml 450 249 0.554 13 1.5 5.0 200 0.80 19.1 700 0.8 085 0.25 18.7  0.846
C=m3al 41 1.0 5.0 - - - 720 - 0.81 - 184  0.828
C=m3bl 172 1.5 5.1 - - - 600 — 0.82 — 183  0.833
D=ml 575 289 0.503 3 1.2 4.8 90 0.60 234 400 1.0 065 029 229 0.803
D=m2a 160 1.9 6.5 - - - 450 - 0.79 - 21.1 0.806
E=ml 589 237 0.402 2 1.7 4.2 90 0.56 18.6 400 0.7 0.59 0.25 18.2 0.848
E=m2a 160 1.4 6.0 - - - 450 - 0.75 - 16.1  0.858




A. Lecomte et al. / Cement and Concrete Research 33 (2003) 1967—1981 1979

of the mortar for the casting stage [3]. The formula D has the
lowest density, since at the end of the treatment, it contained
the highest amount of water. But this water does not
evaporate in the same proportions as the other mixtures,
without doubt, on account of the presence of antishrinkage
admixture, which is known to modify the surface tension of
water.

These results show the necessity to keep the artificial
stones in cure for two to three weeks for the binding phase
to reach a satisfactory hydration, the porosity minimized and
to limit the carbonation. When the carbonation is important
(test pieces prematurely exposed to air), it shows on the
surface in the form of cullet which generates efflorescences
and unsightly rings for a quality product.

Moreover, it is to be noted that natural sandstone dries up
completely in a few hours provided it is in contact with air.
Its high and open porosity, which is corroborated by capil-
larity and mercury porosity tests [3], explains this result.

4.2. Dimensional variations

The corresponding tests show in the first place that natural
sandstone presents a nonnegligible drying shrinkage of the
order of 150 to 200 10°. It gets stabilized only after one week
drying, no matter the conditions of prior conservation. Sand
obtained from this sandstone for reconstituting the stone
contains free grains of silica and calcite, comprising grains
of size less than or equal to 400 um and grains of size bigger
than 400 um [21] in a proportion of 70/30. The measured
shrinkage of natural sandstone test pieces must therefore be
taken into account in the total shrinkage of artificial stones (in
proportion to the volume of the latter present in the mixtures,
in the absence of another approach). Artificial sandstones
prepared with hydraulic binders have much higher total
shrinkage than natural stones and vary in amplitude in
function of the formula and the mode of conservation.

For the unprotected test pieces, their long-term maxi-
mum, before being dried in the drying room, is between
1000 and 1400 x 10 ~ . After their drying, the shrinkage for
formula B reaches more than 1800 x 10 ~ °. The shrinkage
kinetic varies depending on the formula, with the extreme
case of formula B which contains additions and for which
the shrinkage is the most precocious and the most pro-
nounced. The formula D, which contains an antishrinkage
admixture, has a delayed shrinkage but in the long run the
amplitude is comparable to that of the other stones. Formula
C, which incorporates fibres, presents the smallest final
shrinkage (820 x 10~ °). We recall that its drying began
only after 13 days of curing. Al the same it is the formula
that still presents the smallest final shrinkage, even after
complete desiccation. Moreover, its visible and very short
fibres (<1 mm, can be burned on the surface, if need be),
assures a homogeneous shrinkage, so that non-micro-crack
whatsoever can be seen on the huge stones exploited on
construction fields in contrast to other formulas, for which
the beginning of cracks at regular intervals can sometimes

be detected, particularly at moments of pronounced hydric
changes. Fibres thus constitute an interesting solution for
attenuating the shrinkage effect of these products.

We recall that these are just relative comparisons between
raw measurements realized on these stones. Only a realistic
modelling of the dimensional variations that integrates the
different terms of the formula can allow understanding of
the role of each of the components and, in the end, help
identify those mixtures that less prone to shrinkage.

For test pieces of small section, it can be taken that,
under the conditions of laboratory conservation, the quasi-
totality of desiccation shrinkage of these pieces is reached
after 450 days of drying. Indeed, referring to the kinetic
functions of the models of total shrinkage, like that of CEB-
FIB [22] recalled below, for a section of 4 x 4 cm?, one
obtains at the same date (after 450 days of drying), 98.5% of
the total shrinkage:

(t*tS)/tl " (30)
350(h/ho)* + (1 — 1) /1y

ﬁds(t - ts) = (

with 2o=100 mm and h=2A4.u. A. and u, respectively
denote the cross-section area (mm?) and the perimeter (mm)
of the test pieces in contact with external medium. (z — #) is
the duration of the drying with 7, =1.

However, for the test pieces which were not protected
since their fabrication, it was observed that the total shrink-
age did not stabilize at this date, but continued to evolve
significantly to the last measurements near 800 days, which
contradicts the preceding calculation.

Could it be the loss of part of the water liberated by the
carbonation that provoked the additional shrinkage while
the solid volume and the strength (see further below)
continued to increase?

The test pieces protected for 28 or 160 days showed very
small dimensional variations up to the moment of their
exposure to air (Table 8a and b and Fig. 2). Despite their
small ratios w/c, they thus underwent little endogeneous
shrinkage, except if this had happened between the setting
and the moment the initial lengths were measured at 24
h (formulas A and B). It is indeed known that, in massive
pieces, such shrinkage can develop, in a short term, in a
substantial manner, on account of heat activation. However,
the long-term shrinkage of these test pieces is less than that
of those prematurely exposed to air, probably because they
have a better mechanical strength. The differences described
between the preceding formulas are found again with the
present formulas too. Once again, the advantage is on the
side of stones with fibre fillers.

The test pieces conserved in water (formulas D and E)
swell up to 400 x 10 ~° in 90 days. The total dimensional
variation exceeds 1500 x 10 ~°.

It is finally noteworthy that at end of the tests, despite the
important shrinkages, none of the test pieces presented any
rupture, nor apparent cracks. The small section of the test
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pieces, the four faces of which are exposed to the ambient
surrounding, and their high porosity favoured the homoge-
neity of the development of the desiccation and the associ-
ated shrinkage.

On the contrary, such disorders sometimes appear on
stones used in constructions. Their big size can lead to a
cracking of the skin (differential shrinkage) of unprotected
faces after a dry period. In addition, they are often fixed on
more rigid concrete supports. This can create a stifled
shrinkage going as far as ruining the product if it is
submitted to an additional external mechanical stress.

4.3. Mechanical performances

In general, as can be expected, the mechanical perform-
ances of stones kept in open air right from their fabrication
are lower than those of stones protected or kept in water for
28 or 160 days. For example, for the formula B which
contains some additions, if it is not exposed to air after its
fabrication, its compressive strength at 28 days is 75 MPa
and the long-term strength close to 100 MPa. If on the
contrary, it is exposed to air after its fabrication, compressive
strength at 28 days is only 40 MPa and increasing to attain
60 MPa at 300 days. This behaviour may be related to the
phenomenon of carbonation which reduces the porosity and
thereby increases the strength. The water liberated but not
evaporated may also form new CSH with the clinker and/or
allow the continuation of the pouzzolanic reaction with the
additions present. The overall evolution of the tensile
strength follows that of the compressive strength with the
exception of the fibred formula C which shows an interesting
gain. Notice that the bending tensile strength measurements
realized on the 4 X 4 X 16 prisms were weighted by a scale
effect coefficient of 0.58 which gives, to a good accuracy,
the values normally obtained by cleaving on cylinders, 16
cm in diameter and 32 c¢m in height [23].

The elastic modulus measured on formulas D and E
increases also with the compressive performance, with the
test pieces conserved in water showing a higher perfor-
mance than those kept in air after their fabrication.

5. Conclusion

The aim of the calculations was to establish the exact
terms of the formula for each set of test pieces submitted to
the tests of dimensional variations. We determined the
postsetting density and the posthardening porosity to water,
that is, two simple tests which allow the determination of the
free water of the mixtures. Parallel observation of the time
evolution of the weights of the test pieces often shows,
especially for test pieces exposed to air at an early age, the
existence of a point hydric equilibrium. By calculating the
residual water content at this instant (the equilibrium point)
and after a moderate temperature complete desiccation
realized later, one can derive a reasonable degree of hydra-

tion. The calculations are based on commonly admitted
hypotheses concerning the hydration of hydraulic binders.
Similarly, an estimation of the volume of hydrates, as a
function of the degree of hydration, helps to determine the
porosity which turns out to be close to that measured at
dates near the critical point. Finally, the increase in the
volume of the test pieces beyond the critical point allows the
estimation of a degree of carbonation and the final packing
density of the stones. The proposed methodology constitutes
a coherent set based on simply weighing the test pieces and
measuring associated shrinkages.

The shrinkage measurements showed that these formulas
presented no or little apparent endogenous shrinkage. The
desiccation shrinkage, which starts immediately with expo-
sure to air, is on the contrary very high. The final amplitude
depends on the time interval between the fabrication and the
exposure to air. Globally, the long-term shrinkages for the
same duration of exposure to air are comparable for all the
formulas excepting formulas with fibre additions for which
the final amplitude is significantly less pronounced.

Finally, the mechanical strengths depend none only on
the composition, but also on the mode of conservation.

These data have allowed the adjusting of the different
models used in order to reproduce more faithfully observed
evolutions [2]. The helped determine a cracking index and
to study the respective roles of each of the constituents.
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