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bLaboratoire d’Essai des Matériaux, Ponts et Chaussées du Grand Duché de Luxembourg, 23 rue du Chemin de Fer, L-8005 Bertrange, Luxembourg
Received 23 August 2002; accepted 20 June 2003
Abstract

The hydraulic mixtures studied in this two-part article are destined for the fabrication of fine reconstituted sandstones. They were obtained

from two sands whose size does not exceed 1 mm, white cement, water, and for some, from mineral additions, fibers, and superplasticizer or

antishrinkage admixtures. During the elaboration, the method of fabrication created significant vertical variations in the water content,

especially in the thick blocks from which were cut the 4� 4� 70 cm test pieces used in the shrinkage measurements. The first part of the

article presented in detail the materials, the formula adjustments, estimates of the rates of hydration and carbonation, and the various

measurements. This second part is devoted the models retained for the description of the evolution of the characteristics of these products as

well as simulation involving a likely cracking index.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Let us first recall that the major dimensional variations of

hydraulic materials are due to the hydration of the cement

(endogenous shrinkage) and then to the desiccation of the

hardened paste (drying shrinkage). It is well known that the

accompanying departure of the water creates a binding

phase capillary depressions, which binding phase is then

submitted to strong internal compression. It is the associated

shrinkage stresses that deform the composite in keeping

with elasticity and creep laws and as function of the

properties of the prevailing phases.

Three models used in calculating hydraulic concrete

shrinkages were compared in regards to the deformations

observed on the different formulas of the reconstituted

sandstones [1]. The first is the model associated with

BetonlabPro2 software [2,3] that especially bases the esti-

mation of the long-term total shrinkage on the elasticity

properties of the composite, which properties are in fact
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deduced from the formula. The other two are more empirical

models of AFREM and CEB-FIB (taken from Eurocode 2

[4]), respectively, presented by Le Roy et al. [5] and Müller

et al. [6]. Both models describe the evolution of the

endogenous shrinkage and the desiccation as a function of

the mechanical strength at 28 days, the average radius of the

test pieces, and the prevailing hydric conditions of the

environment.

After briefly recalling the principles of the three mod-

els, the article presents their application to the high

porosity reconstituted sandstones. Eventual observed dif-

ferences are then used to adjust some of the coefficients

that were initially calibrated on the concretes. One then

chooses the tool that is especially the most adapted for

expressing a likely cracking of the materials. This index

helps to class the formulas by their sensitivity to dimen-

sional variations.
2. Concrete shrinkage models

2.1. BetonlabPro2 software associated model

The calculation of the endogenous and the total shrink-

ages in the BetonlabPro2 software [2] is based on the

three-sphere model [7] (Fig. 1). This is a homogenization



Fig. 1. The triple-sphere model [3,4,7].
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model, an extension of the two-sphere model due to

Hashin [8] in which a three-sphere is an elementary cell

made up of three concentric spheres with the two inner-

most spheres representing a virtual aggregate of granular

phase g at the center of part of paste (the matrix) of

volume 1�g* ( g* is the packing density of the tight

packing of the dry grains). The external sphere is formed

by the rest of the paste, which gives the concrete its

workability. As the concentration of the virtual aggregate,

the mixture is g/g*, the three respective volumes per unit

volume of mixture are g for the aggregate sphere, g/

g*(1�g*) for the sphere of the inner matrix and, 1�g/g*

that of the outer matrix.

Using the compressibility and shear moduli derived from

the Hashin–Shtrikman bounds [9] and applying the equa-

tions of elasticity to the three-sphere structure under hydro-

static stress and, by extension to the entire material, and

with the assumption that the Poisson coefficient of the two

constituents is equal 0.2 [7], the endogenous shrinkage ees,
can be expressed by the following equation:

ees ¼ kem
es;

with k ¼

1þ Emd

Eg

� �
1� g

g*

� �
þ

4
Emd

Eg

ð1� g*Þ g

g*

g*þ Emd

Eg

ð2� g*Þ

1þ g

g*
þ Emd

Eg

1� g

g*

� � ð1Þ

ees
m and Emd are respectively the endogenous shrinkage and

the delayed modulus of the matrix (which takes into account

the intrinsic creep). Eg, g, and g* are, in the corresponding

order, the aggregate modulus, real, and maximal packing

densities. The g* is generally calculated using the model

compressible packing model (CPM) [3], and g is deduced

from the formula of the concrete. Eg can either be measured

on the original rock of the aggregate or estimated from the

measurements of the concrete by calibration with the model.

The matrix modulus Emd, which should logically be related

to the strength of the paste, is in reality altered by the

interactions with the aggregate. It is on the contrary well
correlated to the composite compressive strength fc accord-

ing to the relation:

Emd ¼ 50:6ð1þ 0:966wÞfc ð2Þ

where w describes the relative contribution of the cement

equivalent pozzolanes as in:

w ¼ 1:1 1� exp �Kp

pz

c

� �h i
ð3Þ

Kp is a coefficient that measures the activity of the pozzo-

lanas, and c and pz are mass dosages Portland cement

(clinker) and in pozzolana, respectively.

The matrix endogenous shrinkage ere
m is obtained by

making reference to the concept of long-term hydric stress

rH [5] and the delayed elastic modulus Emd:

emes ¼
rH

Emd

with rH ¼ Kc 0:631� wf

c

� �
ð1þ 3:11WÞ ð4Þ

Kc represents the influence of the cement nature on the

endogenous shrinkage.

Using the three-sphere model, the BetonlabPro2 software

also calculates the total long-term shrinkage ets using the

relation:

ets ¼ egts þ kðemts � egtsÞ ð5Þ

where ets
m and ets

g are, respectively, eventual total shrinkages

of the matrix and the aggregate, and k is as defined in Eq.

(1). ets
m is related to the mortar compressive strength fcm28

and can be calculated from the composition of the concrete

according to the relations given in the sequel. For 160-mm

test pieces exposed after a 28-day curing in an environment

of 50% relative hygrometry, ets
m is given by:

emts ¼ 0:0286fc
�0:414
m28 ð6Þ

By comparing the tensile stress created in the composite

aggregate by these shrinkages to the tensile strength ft of the
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material, one can estimate a cracking index for the endog-

enous shrinkage Ices and the total shrinkage Icts, making the

assumption that all these shrinkages are avoided, as can for

instance happen with sealed stones in constructions:

Ices ¼
eesEd

ft
Icts ¼

etsEdV

ft
ð7Þ

Ed and EdV are the delayed modulus of the composite, which

take into account the intrinsic creep due to the endogenous

shrinkage and the total creep due to the total shrinkage

under dry conditions, respectively. These two moduli and

the instantaneous modulus E are also calculated from the

aggregate and the matrix moduli using the three-sphere

model:

E ¼ kmEm

with km¼
 
1þ2g

E2
g � E2

m

ðg*� gÞE2
g þ 2ð2� g*ÞEgEm þ ðg*þ gÞE2

m

!

ð8Þ

and

Ed ¼ kmdEmd and EdV ¼ kmdV EmdV ð9Þ

The coefficients kmd and kmdV are obtained by replacing Em

in the above expression for km by Emd and EmdV , respectively.

Emd is as defined earlier on. The matrix instantaneous

modulus Em and delayed modulus EmdV are given by the

following relations:

Em ¼ 226fc and EmdV ¼ 28:5ð1þ 0:935wÞfc ð10Þ

As the different moduli of the matrix (Em, Emd, and EmdV ) are

directly associated with the compressive strength of the

composite, we deem it important to recall again the

corresponding model associated with the software. It is

based on the composition, the characteristics, and the

granular structure of the constituents. One thus first calcu-

lates the quantity of equivalent cement:

ceqðtÞ ¼ c

"
1þ 1:1 1� exp �

P
Kp;iðtÞpzi

c

� �� �

þ0:017tC3A 1� exp �79

P
fij

tC3Ac

� �� �#
ð11Þ

and then the matrix strength fcm(t):

fcmðtÞ ¼ 13:4 rVc28

"
dðtÞ � 0:0023

dð7Þ
t

�
P

SFI;jfij

c

þ 1þ qc

wf þ a

ceqðtÞ

� ��2:85
#
MPT�0:13 ð12Þ
with

MPT ¼ Dmax
3

ffiffiffiffiffiffi
g�
g

r
� 1

� �
ð13Þ

and the composite compressive strength fct:

fct ¼
p fcmðtÞ

q fcmðtÞ þ 1
ð14Þ

Previously undefined terms appearing in the preceding

relations are:

– d(t), a kinetic parameter describing the rise in the strength

of the cement,

– d(7), the value of the preceding parameter at 7 days,

– wf, free water per unit volume,

– a, air per unit volume,

– tC3A, percentage of C3A content in Portland cement

(clinker),

– fi, per unit volume weight of limestone fillers of surface

mass SFI,

– rVc28, the true class Portland cement of density qc,

– MPT, the maximum thickness of the paste, represents the

interval that separates two initially touching grains of size

Dmax after injection of the binding matrix into the

optimized dry grain stacking,

– Dmax, the sieve size, which allows the passage of 90% of

the aggregate mixture,

– p, a coefficient of adhesion between the paste and the

aggregate (bond coefficient),

– q, a coefficient of the aggregate limiting effect (ceiling

coefficient).

Finally, the tensile strength ft is calculated from the

compressive strength fc according to the relation:

ft ¼ ktfc
0:57 ð15Þ

These models, the foundations of which are presented in

Ref. [3], reproduce to a good accuracy the various shrink-

ages, moduli, and strengths observed on a wide variety of

concretes and mortars, especially of the HPC type. Howev-

er, the size of the biggest grains in these mixtures never

exceeded 5 mm and the test pieces were either protected

against drying or placed in curing, at least in the early age. It

is therefore interesting to apply their principles to the

particularly fine products of ours, some of which were

exposed right after their fabrication.

2.2. AFREM model

Le Roy et al. [5] proposed a simplified model for the

calculation of deformations respecting the regulations for

HPC deformations especially. It was developed within the

framework of the French association for research on and

testing building materials, Association Franc� aise de

Recherches et d’Essais sur les Matériaux de construction
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(AFREM). The code was the result of shrinkage and creep

observations made by Le Roy [7] on a great number of

concretes or found in the literature. It is essentially based on

the characteristic strength of the concrete at the compressive

strength fc before or on Day 28 ( fc28), the age of the concrete

at the start of the drying (ts), the average radius of the piece

(rm), and the external relative humidity (RH).

The proposed model for the endogenous shrinkage has

two parts. The first concerns the shrinkage up to Day 28 and

the second the shrinkage after Day 28. They are as follows:

– for t< 28 days

fc=fc28 < 0:1 eresðt; fc28Þ ¼ 0

fc=fc28z0:1 eesðt; fc28Þ ¼ ðfc28 � 20Þ 2:2
fc

fc28
� 0:2

� �
10�6

ð16Þ
– for tz 28 days

eesðt; fc28Þ ¼ ðfc28 � 20Þ 2:8� 1:1exp � t

96

� �� �
10�6

The model for the drying shrinkage eds is the product of

several terms, which are also expressed as function of the

strength at Day 28:

eds ¼ Kdsðhr � RHÞ10�6f ðtÞ ð17Þ

– Kds takes into account the rigidity of the concrete. Its

value is given by:

Kds ¼ 18 for fc28V57 MPa

Kds ¼ 30� 0:21fc28 for fc28 > 57 MPa

ð18Þ

– hr is the internal relative humidity attained through self-

desiccation. It is given by the relation:

hr ¼ 72expð�0:046fc28Þ þ 75 ð19Þ

– f(t) is a kinetic function that can be written as:

f ðtÞ ¼ t � ts

t � ts þ br2m
ð20Þ

where b is a constant whose value is 2.8 or 8.4 depending on

whether or not the concrete contains silica fumes. Remem-

ber that rm is the average radius of the piece, in the present

case, the cross sectional area divided by the perimeter (m) in

contact with ambient medium.

2.3. CEB-FIP model

Exploiting the RILEM database, Müller et al. [6] pro-

posed an extension to the CEB-FIP shrinkage model [10] to

cover concretes ranging from ordinary concretes to HPC

concretes. This model was retained in the Eurocode 2 [4].
The total shrinkage ecs(t,ts) of the concrete at age t and

exposure at age ts and in a medium of relative humidity RH

(%) is given by some of the endogenous shrinkage ecas(t)
and the desiccation shrinkage ecds(t,ts) calculated, respec-

tively, according to the relations:

ecasðtÞ ¼ ecas 0ðfc28ÞbasðtÞ ð21Þ

and

ecdsðt; tsÞ ¼ ecds 0ðfc28ÞbRHðRHÞbdsðt � tsÞ ð22Þ

with:

–ecas 0ðfc28Þ ¼ �aas
fc28=fc0

6þ fc28=fc0

� �2:5

10�6

a coefficient of endogenous shrinkage;

–basðtÞ¼1� exp �0:2
t

t1

� �0:5
 !

a function describing the evolution of this shrinkage;

–ecds 0ðfc28Þ ¼ ½ð220þ 110ads1Þexpð�ads2fc28=fc0Þ	

a coefficient of desiccation shrinkage;

–bRHðRHÞ

¼

�0:25 if RHz99%bs1

�1:55: 1� RH

RH0

� �3
 !

if 40VRH<99%bs1;

8>><
>>:

a coefficient that takes into account the relative humidity

in the desiccation shrinkage,

–bdsðt � tsÞ ¼
ðt � tsÞ=t1

350ðh=h0Þ2 þ ðt � tsÞ=t1

 !0:5

;

a kinetic function describing the evolution of this

shrinkage.

Here are the values of the different coefficients used in

the preceding functions:

- aas, ads1, and ads2 are equal to 800-700-600, 3-4-6, and

0.13-0.11-0.12, respectively, depending on whether the

cement hardens slowly or fast,

- fc0 = 10 MPa,

- t1=1 day,
- RH0 = 100%,

- h0 = 100 mm,

- h = 2Ac/u is the mean radius of the piece, where Ac is the

area of the cross section (mm2) and u the perimeter of the

piece in contact with the external medium (mm).

- bs1 ¼ 3:5fc0
� �0:1

V1:0

fc28



Table 2

Parameters for calculating the strength of the matrix of each formula

Formulas Slab Dmax g g * MPT

A -l1 0.71 0.546 0.696 0.059

-m3a1 0.557 0.054

-t3b1 0.562 0.052

B =m1 0.63 0.542 0.690 0.053

= l3a1 0.552 0.049

= t3b1 0.563 0.044

C =m 0.80 0.600 0.691 0.039

D =m 0.80 0.507 0.690 0.086

E =m 0.80 0.565 0.690 0.055
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3. Application of the BetonlabPro2 mechanical models to

artificial sandstones

The strengths of the artificial sandstones were measured

on certain formulas at various dates [1]. The first stage of

the simulation was therefore to compare the BetonlabPro2

mechanical models to the available results. The specific

parameters of the materials were determined from tests

realized on 16� 32 cm cylindrical test pieces, and

4� 4� 16 prisms were kept in water at 20 jC for 28

days in keeping, with approach elaborated in Ref. [3].

Table 1 shows the values obtained. To be more explicit,

for the aggregates, the coefficients p, q, kt, and its

modulus Eg, and for the cements and the additions, the

coefficients or functions rVc28, Kc, d(7), d(t), and Kp(t). In

the calculations presented in the sequel, the preceding

parameters are weighted in proportion to the respective

per unit volume dosages. We recall that the measurements

of bending tensile strengths of the 4�4� 16 prisms were

assigned a scale effect coefficient of 0.58. Similarly, the

coefficient 13.4 of Eq. (12) was replaced by 11.4 to take

into account the 4� 4 cm2 section of the prisms submitted

to the tests [3].
Table 1

Main properties of the constituents used for the fabrication of artificial

stones

Constituents Sg Sc CEM I CEM II LF SF

Surface mass (m2/kg) 290 314 490 290 3400

Rate (%) of

limestone fillers

5 0 4 19 100

Rate of clinker (%) 96 81

Bogue composition C3S 61.8 61.8

of the clinker C2S 23.4 23.4

C3A 10.9 10.9

C4AF 1.3 1.3

Compressive 2j 26.1 30.4

strength (MPa) 3j 33.2 36.9

7j 42 39

28j 58.9 53.9

– 45

Modulus of

elasticity (GPa)

54 75

Bond coefficient ( p) 0.81 0.80

Ceiling coefficient ( q) 0.005 0

Tensile coefficient (kt) 0.46 0.48

Coefficient of endogenous

shrinkage (Kc)

19 19

Kinetic term, d(7) � 0.0150� 0.0116

Kinetic function, a 0.0247 0.0189

d(t) = alog(t) + b b � 0.0357� 0.0272

Coefficient of activity a 6.5

humid medium,

Kp(t) = alog(t) + b b � 1.66

Coefficient of activity aV 2.57

dry medium,

Kp(t) = aVlog(t) + bV bV 0.08
3.1. Strength models

Table 2 gives for each of the formulas the values of Dmax,

g, g*, and MPT used in the calculation of fcm(t). The graphs

of Fig. 2 compare the compressive and the tensile strengths

obtained to the experimental measurements realized at

various dates, which is also given in Ref. [1]. The predic-

tions for the mixtures protected against desiccation for at

least 28 days are in close agreement with the reality no

matter which formula is considered. The respective average

errors are 4.7 and 2.9 MPa for the compressive strength and

0.4 and 0.5 MPa for the tensile strength for formulas

protected for 28 or 160 days. BetonlabPro2 strength models

can thus be validated for these particularly fine hydraulic

mixtures. However, the predictions are too optimistic for

test pieces exposed to air right from their fabrication or after

2 or 3 days of curing. For these, the mean errors are 0.8 and

12.8 MPa for the tensile and the compressive strengths,

respectively. For this, we decided to modify the compressive

strength model for the matrix (Eq. (12)) simply by engraft-

ing a term T, which depends on the date of the product’s

exposure to the surrounding medium. For the sake of

simplicity and the fact that the differences observed between

the initial model and the experiment were globally constant

for each type of preparation (Fig. 2), we chose as first

approximation a relation that reduced the strength of the

matrix by a uniform value DT no matter the age of the

product. Referring to Eq. (12), the loss in strength of the

matrix is given by:

DfcmðtÞ ¼ 11:4rVc28k
DT
T

MPT�0:13: ð23Þ

k is a constant that depends on the nature of the cement.

By definition:

Dfcmð28Þ ¼ 0: ð24Þ

The governing relation then takes the form:

k
DT
T

¼ k
28� T

28*T
; ð25Þ



Fig. 2. Comparison between measured mechanical properties and simulation results using the initial version of the BetonlabPro2 model.
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from which follows fcm(t):

fcmðtÞ¼11:4rVc28

"
dðtÞ þ k

28� T

28*T
� 0:0023

dð7Þ
t

P
SFI;jfij

c

þ 1þ qc

wf þ a

ceqðtÞ

� ��2:85
#
MPT�0:13 ð26Þ

The experimental values for DT were found through

numerical optimization to obtain the minimum of the

absolute deviation between the simulations and the results

of the tests on the test pieces exposed to air from their

fabrication (Formulas A and B) or after 2 days (Formula E)

or 3 days (Formula D) of conservation under water. The

Formula C was excluded from this adjustment because of

the presence of fibers. The results are presented in Fig. 3a,

which shows a good agreement between the experiment and

the smoothing. The constant k is equal to the value of DT at

T = 1; in the present case, DT =� 0.0244 for the two

cements made from the same clinker. It can be observed

that the negative effect on the strength sharply diminishes if
the test pieces are protected for at least 4–6 days. On the

contrary, there is a slight improvement in the strength of test

pieces protected for more than 28 days compared to that of

test pieces exposed to air on Day 28. For the unprotected

test pieces, the application of the modified model leads to a

mean error comparable to that of the other tests, namely, 0.4

MPa for the tensile strength (Fig. 3b) and 3.9 MPa for the

compressive strength (Fig. 3c).

Finally, in regards to Formula B, which contains silica

fume, it is to be noted that its activity coefficient Kp(t) was

not measured on ISO mortars but fitted from the results of

test pieces of artificial stones (which in fact mortars)

protected against desiccation for 28 or 160 days. The

corresponding values represented by a straight line in a

semilogarithmic coordinate system (coefficients a and b
given in Table 1) are very high on account of very high

long-term strengths obtained. Thus, for instance, the term

Kp(28) takes the exceptional value 7.7 (value published in

the existing literature do not exceed 6). This can be

explained by the very pure nature of the white silica

fumes (content in SiO2>98%) used here in a nondensified



Fig. 3. Taking into account the age at which test pieces were exposed to air and new comparison between the mechanical properties and the results of

experimental simulation using BetonlabPro2 modified models.
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form. But the activity of this addition must be reduced

significantly before one can obtain the performances of test

pieces of this same formula that were, on the contrary,

exposed to air only a day after their fabrication. It is

therefore justified to think that premature depart of water

also reduces the pozzolana activity of this addition. The

best fitting was obtained when the coefficients aV and bV
were equal to 2.57 and 0.08, respectively (Table 1). In this

case, the value of Kp(28) is only 3.8.

Modified in this manner, the BetonlabPro2 strength

models are appropriate for these fine hydraulic products,

no matter the formula and the age of exposure to air.

However, it would require other measures before the pro-

posed modifications could be generalized to commonly used

concretes, the formworks of which are removed on con-

struction sites just a day after their preparation and which

are known to suffer a substantial drop in strength compared

to products that have been protected for a longer period of

time [11]. These measures would allow the integration of

the nature of the cement and the average radius of the pieces

into the coefficient k.

3.2. Elasticity models

The next stage of the modeling consisted in calculating

the moduli of elasticity E for the different products (Eqs. (8)

and (9)) and to compare them (Fig. 2) to those measured on

test pieces of the Series D and E [1]. Here again, we found a

good agreement of the results for the pieces, which were

under water for 160 days (mean error of 1.3 GPa) thereby

validating the BetonlabPro2 elasticity models for these fine

products. Once again, the test pieces exposed to immediately

after their fabrication (transparent points on Fig. 2) show a

significant difference (a mean error of 4.1 GPa). In principle,

these differences should not have existed since the calcula-

tion of the elasticity moduli E took into consideration the

already penalized compressive strength on account of the

negative effect of the premature exposure to air (Eq. (26)). It

seems then that the elastic properties of these products suffer

additional modifications probably linked with the impor-
tance of the shrinkage (and creep) that occurs at the young

age and which can provoke a substantial internal shrinkage

restrained, especially in the corona of transition. Unfortu-

nately, the scantiness of available measurements excluded

any attempt at parameterization. As first approximation and

only for these products, we simply adjusted the coefficients

linking Em to fc (Eq. (10)) so as to minimize the difference

between the model and the experiment. With a coefficient of

185 in place of the initial value of 220, the mean error was

only 0.75 GPa (opaque points on Fig. 2). The coefficients

linking Emd and EmdV to fc (Eqs. (2) and (10)) were also

reduced in the same proportion, respectively, giving 43.0 and

24.2, instead of the initial values of 50.6 and 28.5.

3.3. Conclusion

We retain from these calculations that BetonlabPro2

mechanical models, initially validated on concretes, are also

appropriate for much finer hydraulic products. The methods

underlying these tools, which consider the characteristics of

the binder and the additions, the aggregates ( p, q, and kt,

Eg. . .), and the granular structure ( g, g*), thus appear to be

valid no matter the size of the grains. Only few adaptations

were needed to take into account the low performances of

test pieces that were prematurely exposed to air. We thus

obtained, to a reasonable accuracy, the same set of measure-

ments realized on the different formulas of the artificial

sandstones for various values of the ratios w/c and for the

different conditions of conservation. The mechanical prop-

erties needed for the coming modeling of deformations will

therefore be supplied by these tools.
4. Fine artificial sandstone shrinkage modeling

4.1. BetonlabPro2 software associated models

BetonlabPro2 shrinkage models give only the long-term

deformations, which are generally sufficient for establish-

ing comparisons between formulas (see further on in the
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sequel). The shrinkages are calculated using the three-

sphere model and from the aggregate modulus, the matrix

delayed modulus (in cure or dry conditions), and from the

shrinkage of the matrix (in cure or dry conditions) and even

from the shrinkage of the aggregate (Eqs. (1) and (5)). For

the endogenous shrinkage, the shrinkage of the matrix is

related to the mortar compressive strength on Day 28 (Eq.

(6)). In the present case, the strength was taken to be equal

to that of the gravel-free artificial sandstone. The Beton-

labPro2 total shrinkage model was calibrated on concrete

test pieces of 160 mm in diameter kept under a condition of

relative humidity of 50% after a 28-day curing under water

or in a watertight envelope. Our test pieces were kept in a

room regulated at the same relative humidity of 50% and

some were protected against desiccation for 28 days or

more. The smallness of their cross section is not a priori an

inconvenience since the cross section intervenes only in the

shrinkage kinetics but not in its final amplitude. Moreover,

the duration of the measurements was sufficient to take it

that the quasi totality of the shrinkage had been reached,

putting aside the problem of carbonation [1]. The desicca-

tion shrinkage of the rock from which the sandstone sand

Sg was obtained is of the order of 170 10� 6 [1]. This was

taken into account in calculating the shrinkage of the

artificial stones, in the same proportion as the per unit

volume dosage of this sand in the mixture and weighting

with a coefficient of 0.3 representing the percentage of

grains of the same texture as the original rock and of size

greater than 400 Am. The results of the calculations

(simulation at the age of 1000 days) are presented in Table

3 and on the graphs of Fig. 3 (big rhombuses on the right

sides of the diagrams). These plots also show the results of

the experimental measurements given in part I (small

rhombuses).

Once again, one sees that the predictions of the Beton-

labPro2 models are relevant for the test pieces protected
Table 3

Recalling a few parameters for the formulas and for calculating the delayed modu

Day 1000 using the BetonlabPro2 software

Formulas Properties

Reference c wf /c Cure (d) Ed
a (GPa) EdV (GPa) ees

A-l1 559 0.48 1 9.2 � 1

A-m3a1 571 0.44 28 16.0 � 1

A-t3b1 576 0.43 160 18.2 � 1

B=m1 541 0.45 1 10.9 � 2

B= l3a1 551 0.42 28 15.9 � 3

B= t3b1 563 0.38 160 18.0 � 3

C=m1 450 0.55 13 12.8 �
C=m3a1 41 16.6 �
C=m3b1 172 17.9 �
D=m1 575 0.50 3 7.1 � 1

D=m2a 160 11.5 � 1

E =m1 589 0.40 2 11.0 � 1

E =m2a 160 16.8 � 1

a At the end of the cure.
against desiccation for 28 or 160 days, both for the endog-

enous shrinkage (transparent rhombuses) and the total

shrinkage (opaque rhombuses). Between the calculation

and the extrapolation of the measurements to 1000 days,

the mean error is only 80 10� 6 for the long-term total

shrinkages of Formulas A and B. The predictions are, on the

contrary, too optimistic for the test pieces exposed to air

immediately after their fabrication (mean error for all the

formulas is 200 10� 6), probably because the pieces were

not cured. Moreover, the observed shrinkages integrate extra

deformations attributed to the carbonation reaction and the

loss of part of the water due to this reaction [1]. For these

products, we proposed a simple modification of the coeffi-

cient in Eq. (6), linking the total shrinkage of the matrix to

the compressive strength of the mortar at Day 28. A good

fitting is obtained with the value 0.0383 instead of the initial

value 0.02286. This leads to a mean error of 40 10� 6. The

corresponding total shrinkages are presented in Table 3

(column Modifications/air) and on Fig. 4 (modified models,

second column, big rhombuses).

The shrinkages measured on Series C and D were

excluded from these calculations on account of the presence

of fibers (F) or of antishrinkage admixture (AS). One can

now assess the effectiveness of these products by comparing

the total shrinkages calculated with the model to those of the

long-term measurements/extrapolations. In the case of fibers

(Formula C), the shrinkage calculated for the test pieces

kept in cure using the initial model and the one calculated

for the pieces exposed to air using the modified model are

close to the measured shrinkage (Fig. 4). Thus, propylene

polymer fibers do not have a significant effect on the

amplitude of the shrinkage. They, on the contrary, affect

the shrinkage distribution as previously pointed out [1].

Notice that this is the formula that contains the smallest

dosage in cement content and presents the least theoretical

shrinkage in absolute value. In the case of antishrinkage
li, the endogenous and desiccation shrinkages, and the cracking indexes at

(10� 6) ets (10
� 6) Ifts

Initial Modifications/air Modifications/AS

63 � 990 � 1312 2.41

39 � 866 2.39

42 � 835 2.58

96 � 1068 � 1408 3.01

16 � 1047 2.79

39 � 983 2.87

58 � 690 � 906 2.34

52 � 725 2.43

52 � 724 2.61

75 � 1202 � 1593 � 1012 1.51

48 � 1212 � 632 1.50

99 � 821 � 1079 2.25

71 � 844 2.62



 

 
 

  

 

  

 

Fig. 4. Measured shrinkage [1] and modeling according to BetonlabPro2, CIB-FIB, and AFREM.
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(Formula D), the model yields the highest total shrinkage

(1600 10 � 6 for the formulas that were not protected

immediately after their fabrication and 1200 10� 6 for the

protected test pieces; Table 3) on account of the residual

water of the mixture. The measurements effectively show a

sizeable shrinkage (1000 10� 6 and 600 10� 6, respectively

[1]) but still lower than the theoretical value. The effective-

ness of the antishrinkage for the recommended dosage used

can then be expressed as the ratio of the 1000-day extrap-

olated value of the shrinkage measured to the value calcu-

lated at the same date. That gives [(1600� 1000)/

1600]c 0.375 and [(1200� 600)/1200]c 0.50, respective-

ly, for the unprotected test pieces and those hardened under

cure. This product is therefore more effective when the

mixtures harden under cure. BetonlabPro2 total shrinkage

models were therefore assigned a reductive coefficient of

0.625 or 0.50, depending on the mode of conservation. The

corresponding modified theoretical shrinkages are reported

in Table 3 (Modifications/AS column) and on Fig. 4

(modified models, Formula D, big rhombuses). The coef-

ficients are recalled in Table 5.

4.2. CEB-FIB model

The results of the simulations realized according to the

CEB-FIB model are plotted in Fig. 4 (dotted curves for

the initial models). For these calculations, the coefficients

aas for endogenous shrinkage, and ads1 and ads2 were

taken to equal 700, 4, and 0.11, respectively, on account

of the normal hardening of the cements used. The com-

pressive strength fc28 at Day 28 is the one given by the

modified BetonlabPro2 strength model that, it should be

remembered, yields values that are very close to the

experimental measurements. The other parameters in-

volved in the desiccation shrinkage [bRH(RH) and

bds(t� ts)] depend on the rate of relative humidity prevail-

ing during the tests (RH = 50%) and the mean radius of

the test pieces. For these hydraulic products, it can be

observed that whatever their formula and mode of con-

servation, the endogenous shrinkage predicted by this

model is always higher than those measured, while the

predicted total shrinkages are always lower than those

measured. It is clear that this model is not really adapted

to these fine hydraulic mixtures, the deformations of

which are obviously more important than those of the

ordinary and high-performance concretes described by the

BetonlabPro2 strength model.

Our desire, however, is to have to dispose of a tool that

completes the BetonlabPro2 strength model and with which

to follow the time evolution of the shrinkages and determine

a chronological cracking index. To this end, we adjusted two

coefficients of our experimental measurements.

The coefficient aas was first modified by minimizing

the differences between the calculations and the measure-

ments, realized up to Day 160, on those of test pieces of

the Series A, B, and C, which were protected against
desiccation during 160 days. The value 75 obtained,

instead of the initial value 700, expresses the very small

endogenous shrinkage that characterizes these products

(incidentally, it is supposed that this shrinkage did not

show in significant way before 24 h, especially for

Formulas A and B).

In the second stage, only the coefficient ads1 of the

desiccation shrinkage model was adjusted following a

similar approach, but this time by minimizing the differ-

ences between the calculations and the measurements on the

test pieces of the Series A and B, which were hardened

unexposed to air during 28 days. The resulting coefficient

was 10 instead of 4 initially. The new values differ radically

from the initial coefficients; the reasons for this can be

attributed solely to the nature of the cement. The granular

structure of these fine mixtures, close to a stack, plays a

decisive role. It was not unfortunately taken into account in

this model.

The shrinkages are plotted on Fig. 4 (dotted curves,

modified models), where one can see the good final

agreement with the experimental measurements, Formula

D, which contains an antishrinkage, included. As in the

preceding case, the shrinkage of this formula was assigned

a reductive coefficient, 0.80 for mixtures prematurely

exposed to air and 0.675 for those kept in cure for 28 or

160 days, to take into account the effectiveness of the this

product. On the contrary, the calculated shrinkages for the

Formula C are higher than those measured, probably

because the wf/c ratio is much higher than that of the

other formulas. This marks the limits of the proposed

adjustments for this empirical model, which are obviously

valid only for formulas that to those used for the adjust-

ments. A coefficient of 0.75 was applied to the predictions

of the model to obtain the shrinkages measured on the

fiber-loaded test pieces.

4.3. AFREM model

The strength characteristic fc28 used in the AFREM

model is the average strength determined by the Betonlab-

Pro2 mechanical model after a 15% reduction. The initial

predictions obtained are slightly better than with those

obtained the CEB-FIB model, with the endogenous shrink-

ages lower and the total shrinkages higher for all the

formulas (full line curves in Fig. 4, initial models). But

they are still too far from the experimental measurements to

allow a direct determination of a plausible chronological

cracking index.

As with the preceding case and for the same reasons

(calibration of the model on concrete), certain coefficients in

the initial relations were adjusted by successively minimiz-

ing the differences between the measurements up to 160

days on the test pieces A, B, and C protected for 160 days

and the calculated endogenous shrinkages and then on those

test pieces of A and B that were exposed to air from Day 28

and beyond (the total shrinkages).
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The modified model most appropriate for these products

can then be written for the endogenous shrinkage as:

- for t < 28 days

fc=fc28z0:1 ereðt; fc28Þ ¼ ðfc28 � 20Þ

� 0:28
fc

fc28
� 0:2

� �
10�6

- for tz 28 days

ereðt; f c28Þ ¼ ðfc28 � 20Þ 0:9� 1:1exp � t

96

� �� �
10�6 ð27Þ

For the total shrinkage, only the relation describing the

rigidity of the material was modified. The appropriate

relation is given by:

Kds ¼ 43:3� 0:21fc28 for fc28 > 57 MPa ð28Þ

As the curves for the modified model in Fig. 4 show, these

modifications lead to better matching predictions with the

measurements. In this case too, the calculated shrinkages for

the Series C (fibered) were assigned the same coefficients as

with the CEB-FIB model to take into account the presence

of the fiber or the effectiveness of these products. The

coefficients are reported in Table 5.

4.4. Conclusion

Of the three models tested, only that of the BetonlabPro2,

essentially based on the principles of homogenization, pro-

vided relevant predictions for the fine hydraulic products

investigated, be it the endogenous or the total shrinkage. It

therefore constitutes a privileged tool for the determination

of formulas that are less prone to cracking. Unfortunately, it

only provides long-term values. This is why we modified

some of the coefficients of the CEB-FIB and AFREM

models so as to follow the evolution of the shrinkage and

derive a time-dependent cracking index. The models modi-

fied in this way cannot be generalized to other fine products

whose granular structures and nature are different, wf/c ratios

far apart, containing particular mineral additions, etc., since

the corresponding effects ( g, g*, hydric constraints, the

activity index, etc.) on the mechanical performances and

on the shrinkage are not really taken into account in these

tools. We recall that they rely only on the knowledge of the

(often measured) compressive strength at Day 28 and on

coefficients and functions (kinetic functions in particular)

that are calibrated on concretes for they are effectively well

adapted. Finally, it is to be noted that the action of the

antishrinkage admixture is more interesting if the mixtures

are kept in cure for a sufficiently long period of time.
5. Cracking index

This index was calculated, with respect to time,

according to Eq. (7) by comparing the internal stress
created by these shrinkages to the tensile strength of the

materials. For products exposed to air after 28 or 160

days of curing, the cracking index for the days following

the exposure to air is, however, underestimated since a

delayed modulus under curing condition is higher than

one calculated under dry conditions. For this reason, we

simply kept the value of the delayed modulus calculated

at the end of the curing condition to determine the

cracking indexes between the date of exposure to air

and the long term (Table 3). These moduli are provided

by the BetonlabPro2 model (Eq. (9)). The shrinkages at

the different dates were calculated with the AFREM

model according to the prescription presented earlier on.

The time-dependent tensile strengths were provided by the

BetonlabPro2 mechanical model (Eq. (15)). The results

are reported in Table 4 (Icts) and the graphs on Fig. 4

(curves), where one can also read the experimental

cracking indexes (symbolized by points) obtained by

comparing the measured deformation combined with the

appropriate modulus to the tensile strength measured at

the same date (Icexp). Table 5 reports the coefficients

adopted to take into account the effectiveness of fibers

and the antishrinkage.

We recall that this index expresses the probability of

cracking under conditions of inhibited shrinkage. An index

that exceeds the critical value of 1 means that desiccation

shrinkage-related cracks can appear on the skin of products

common cross section and even ruptures in the case of finer

pieces sealed inside a construction.

It can be seen from Fig. 4 that as long as the stones are

protected, there is no risk of cracking since the endogenous

shrinkage is very small. But once the stones are exposed to

air, the cracking index increases rapidly to exceed the

critical value only after a few days of drying. For the test

pieces A, B, C, and E, which were exposed to air immedi-

ately after their fabrication, the critical value is attained after

9, 4, 5, and 12 days, respectively. For those that were

protected for 28 or 160 days before exposure, the critical

value is attained only after 2–5 days. In the long term, this

index increases with time excepting the Formula B, which

contains silica fumes. Thus, for Formulas A, C, and E, this

takes 23, 2.4, and 2.6 days depending on whether the test

pieces were exposed to air at an early age on Days 28 or

160. For Formula B, the respective values are 3.0, 2.8, and

2.9 days. These behaviors relate to the evolutions of the

delayed moduli Ed and EdV, which are less when the artificial
stones are exposed to air at a young age. The stones are then

less ‘‘fragile’’ in spite of their weaker tensile strength.

Moreover, these indices are of the same order of magnitude

as those known for concretes [2] thus showing that the fine

character of the mixtures does not increase their sensitivity

to this risk.

The results are different for the Formula D, which

contains the antishrinkage. The critical cracking index is

attained after 15 or 30 days of drying, the former for test

pieces exposed to air after 160 days of curing and the latter



Table 4

Experimental and theoretical cracking indexes (deduced from the AFREM model)

Age Icexp Icts Age Icexp Icts Age Icexp Icts Age Icexp Icts Age Icexp Icts

A-l1 B =m1 C=m1 D=m1 E=m1

Air 1 0 0 1 0 0 36 1.87 1.98 6 0.32 0.32 6 0.93 0.83

3 0.36 0.41 2 0.40 0.45 75 2.13 2.31 28 0.83 0.97 28 1.59 1.51

7 0.83 0.83 7 1.25 1.36 167 2.37 2.41 90 1.11 1.24 90 1.96 1.88

14 1.06 1.26 14 1.44 1.73

28 1.29 1.64 28 1.76 2.00

60 1.72 1.94 60 1.83 2.20

90 1.63 2.06 90 2.10 2.28

160 1.82 2.19 150 2.36 2.37

300 1.44 2.29 300 2.81 2.46

A-m3a1 B = l3a1 C =m3a1

Protection 28 days 28 0 0 28 0 0 36 0.06 0.02

60 2.21 2.24 60 2.30 2.31 75 1.91 2.49

90 2.31 2.45 90 2.61 2.38 150 2.37 2.81

160 2.32 2.57 150 2.85 2.40

300 2.27 2.64 300 2.85 2.40

A-t3b1 B = t3b1 C =m3b1 D=m2b1 E =m2b1

Protection 160 days 1 0 0 1 0 0 36 0.03 0.02 6 � 0.4 0 6 � 0.5 0

then air exposure 3 0.05 0 2 0.11 0.01 75 0.07 0.05 28 � 0.7 0.01 28 � 0.7 0.01

7 0.08 0.01 7 0.09 0.01 150 0.09 0.08 90 � 0.9 0.04 90 � 1.0 0.08

14 0.08 0.01 14 0.10 0.02

28 0.01 0.01 28 0.06 0.02

60 0 0.06 60 0.01 0.07

90 0 0.08 90 0 0.11

300 2.42 2.41 300 2.84 2.61
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for those exposed right after their fabrication. In the long

term, the index is only 1.5. It is its lower delayed modulus

combined with a higher w/c ratio that minimizes the fragility

of this product whose total shrinkage, compared to other

stones, remains limited (small) on account of the action of

the admixture.

In conclusion, it was found that the risk of cracking for

these artificial stones does not increase with if they are

exposed to air right after their fabrication. It is even delayed

and its long-term value is smaller (excepting mixtures

incorporating silica fumes). But if the mixtures do not

contain antishrinkage admixture, every stone that is totally

sealed in a casing can present damaging skin cracks only

after a few days period of drying. The use of propylene

polymer fibers is a good way of spreading out and finally

limiting these surface cracks.
Table 5

Coefficients taken into account in the effectiveness of the fibres and the

antishrinkage in the models

BetonlabPro2 CEB-FIB and AFREM

Fibers Antishrinkage Fibers Antishrinkage

Conservation

in air

1 0.625 0.75 0.80

Conservation

in cure

1 0.50 0.75 0.675
6. Simulations

The calibration and the validation of the preceding

models with these fine products now provide the possibility

of assessing the repercussions of the variation of the terms

of the formula and the mode of conservation on the

properties of these artificial stones. Not only is it possible

to determine the porosity and the final rate of carbonation

[1], but also the mechanical performances and the shrink-

age, which controls the durability of the pieces, through the

cracking index Icts.

In the simulations that follow, only the index determined

from models associated with the BetonlabPro2 is consid-

ered, given the limited character of the adjustments made on

the other codes of calculation. For the three modes of

conservation, we first choose to assess the influence of

the cement dosage, water dosage, and granular proportions

on the compressive strength, total shrinkage, and the

cracking index. We will next examine the role the anti-

shrinkage plays on these properties. The ultimate criterion

for characterizing the packing density of a mixture at its

final stage of elaboration is the packing index K [2,12],

which is fixed at the value 7 for all the formulas, obviously

excluding those for which the quantity of water is varied.

For an average formula (550 kg of cement, equivalent

granular proportions, 5 l of air), this index leads to a

quantity of residual water per cubic meter about 20 l above

the porosity of the packed solid skeleton under optimal
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conditions (packing index of 9). We use CPM to calculate

the porosity. Under these conditions, if one varies the gran-

ular proportions or the cement dosage, the packing density of

the mineral skeleton varies also and leads to a readjustment of

the residual water. Inversely, when the quantity water is

varied in an average formula of constant mineral skeleton,

it is the level of packing that changes. The numerical values of

these parameters are not given here. Only the curves showing

the evolution of these parameters are presented in Fig. 5. In

short:

(1) When the cement dosage (CEM I) varies from 350 to

700 kg/m3 in the average formula:
- the quantity of water diminishes by 24 l,

- the compressive strength increases from 60 to 100

MPa for mixtures kept in cure and from 40 to 88 MPa

for those kept in air,

- the total shrinkage passes from � 650 to � 900 10� 6

for mixtures hardened in cure and from � 1085 to

� 1200 10� 6 for those kept in air right from their

fabrication, with a minimum of � 960 10� 6 towards

450 kg of cement per cubic meter,

- the minimum cracking index is reached with mixtures

kept in cure for 28 days. This change occurs for those

hardened in air towards 550 kg of cement per cubic

meter. Mixtures kept in cure for 160 days have a

slightly higher index, between 2.5 and 2.6 depending

on the cement dosage. Mixtures poor in cement kept

in air have much higher index (3.3 for a cement

dosage of 350 kg/m3),
 

Fig. 5. Simulated proper
- a dosage of about 550 kg cement per cubic meter

appears a good compromise to the risk of cracking for

all modes of conservation.

(2) When the water dosage varies from 218 (minimal

porosity of the solid packing minus entrapped air) to

298 l:
- the packing index diminishes from 9 to 4.6,

- the compressive strength diminishes from 92 to 66

MPa for mixtures hardened in cure and from 80 to 53

for those hardened in air,

- the total shrinkage passes from � 660 to � 1130

10� 6 for mixtures hardened in cure and from � 850

to � 1670 10� 6 for those kept in air right after their

fabrication,

- the cracking index increases slightly, from around

2.25 to 2.6 for mixtures kept in air, from around

2.25 to 2.4 for those kept in cure for 28 days, and

from 2.4 to 2.8 for those kept in cure for 160

days,

- the quantity of residual water therefore does not have

a marked effect the cracking index. All the same, its

dosage need be reduced to satisfy other properties

(porosity, strength. . .).
(3) When the proportions of the sandstone sand Sg to the

corrector sand Sc vary from 0 to 100% in the

mixture:
- the quantity of water passes from 227 to 253 l/m3,

- the compressive strength diminishes from 112 to 66

MPa for mixtures hardened in cure and from 92 to 57

for mixtures hardened in air,
ties on Day 1000.
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- the total shrinkage passes from � 710 to � 820 10� 6

for mixtures hardened in cure and from � 970 to

� 1070 10� 6 for those kept in air right after their

fabrication,

- the cracking index increases from 2.27 to 2.43 for

mixtures kept in air, from 2.15 to 2.5 for those kept in

cure for 28 days, and from 2.4 to 2.5 for those kept in

cure for 160 days,

- these behaviors are related to the difference in the

granularity and in the morphological and mechanical

properties (modulus) of the grains, which particularly

influence the packing density and on the delayed

modulus of the composite. To optimize the stability

of the formula at the moment of casting, an

equivalent dosage of two sands is recommended

[12], which leads to the lowest the cracking index for

mixtures that can be kept either in air or kept in cure

for 28 days.

(4) Finally, the incorporation of a 2% cement weight of

the antishrinkage admixture into the formulas signifi-

cantly reduces the cracking index. Moreover, it is

known that this admixture has a proved fluidizing

effect, which is comparable to that of the organic

product used [1]. For a cement dosage between 350

and 700 kg/m3, one then obtains the same mechanical

performances as before. On the contrary, the shrink-

age reduces by 45%. The cracking index also

diminishes significantly to the advantage of products

kept in cure since the effectiveness of the product is

better in these conditions (see the previous case). In

the present case, the cracking index is between 1.14

and 1.26 for mixtures protected against air for 28

days.

In conclusion, according to the models, the proposed

optimal formula for these artificial stones contains an

equivalent mixture of two sands, a dosage in CEM I white

cement of 550 kg/m3, and a dose of 2% cement weight of

the antishrinkage admixture. Addition of about 1 kg/m3 of

propylene polymer fibers provides extra security by homog-

enizing shrinkage cracks. The spin drying must be con-

ducted in such way that every 1 m3 of the fresh mixture

retains about 240 l of water. The product must be kept in

cure for more than 1 week and, if possible, for nearly 1

month. Its compressive strength will be of the order of 83

MPa, its long-term total shrinkage around 400 10� 6, and its

cracking index will attain its maximum of 1.2 under relative

hygrometry conditions of 50% HR. The final porosity of the

stone will be around 17% and its medium-term carbonation

rate will be low.

These models allow other simulations to be envisaged,

especially concerning the presence of silica fumes and the

duration of the curing. On an optimized formula, the

adjusted models of the type AFREM or CEB-FIB allow

the illustration of the role of the average radius of the pieces

and of the ambient hygrometry (HR).
7. Conclusion

The work presented in this two-part article is on a

coherent set of measurements realized on fine hydraulic

mixtures known to be sensitive to shrinkages and on

which little is published. A long analysis of the mass of

measurements, collected between 100 and 800 days,

allowed in the first place to find, with accuracy, the

effective dosages of the sampled section cut horizontally

from blocks presenting certain vertical variations in free

water as well as the rates of hydration and carbonation of

test pieces submitted to shrinkage tests. These two param-

eters explain certain behaviors observed. Mechanical per-

formances measured in time showed that the strength

model BetonlabPro2 software, based on a realistic con-

sideration of the granular structure, the properties of the

cement, aggregates, and additions, were valid for these

products, with the exception of test pieces prematurely

exposed to desiccation. An extension to this model was

then proposed.

Similarly, the shrinkage models of this software, based on

a theory of phase homogenization inside a three-sphere cell,

globally reproduce observed dimensional variations. On the

contrary, the predictions of more classical models dedicated

to concrete shrinkages, such as those of CEB-FIB and of

AFREM, deviate significantly from the observations. These

discrepancies attributed to the different structure of these

artificial stones with high porosity and sizeable strength.

Adjustment of some of their coefficients allows the deriva-

tion of observed deformations in the range of formulas

analyzed, characterized by lower endogenous shrinkage,

and a higher total shrinkage than those of concretes contain-

ing coarse aggregates. We were able to determine a cracking

index under conditions of inhibited shrinkage by comparing,

in time and in the long term, the internal stress created by

these deformations to the tensile strength of the products. In a

general manner, this index exceeded the critical value, which

is 1, as soon as the test pieces are exposed to desiccation for a

few days with significant differences in the value depending

on the terms of the formula and the duration of the cure. The

simulations, however, showed that this risk could be reduced

through a search for the most compact granular mixtures

with a sufficient cement dosage and having just enough

water to fill the porosity of the compact packing of the

mineral skeleton. The method of fabrication adopted for

these products allows in principle to realize these conditions

by proceeding stage by stage. Finally, the use of propylene

polymer fibers in association with an antishrinkage admix-

ture leads to products of much better durability.
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