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Abstract 
evaluation of the potential drying 

as the reduction drying shrinkage 
proposed based on the analysis of curves 
as a function of the weight loss. Assumptions concerning 
micro-cracks are proposed to analyse experimental curves. 
confirm the hypotheses presented, a modelling 

a probabilistic approach concrete fracture is ._,...., ..... ._,.L ....... ..., ....... 

information concerning the 

1 Introduction 

if drying creep represents an part of 
ordinary concrete, its physico-chemical origins 

Meanwhile, it is now admitted that 
components (ConCreep4, 1986), 
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t) = 

concrete specimen. But the """"'''"' ..... _ .. J.._., ..... '" ...... 

a mater of research (Bazant, 
to determine amplitude 

curves showing the variation 
loss of weight. This method will us to 

close) or a lower bound (cracks are 
potential structural drying 

'"'-'"lf-1 ........ Jl ...... JlVU.l.-U.Jl results obtained on six concretes 
1995), we propose some hypotheses 

using a finite element code 
...... ~·- ... ·-~behaviour concrete in 

shrinkage as a function of 
1 were obtained the following way. After ..... ,_,.'"', ... .._,,..'"" ........ ;-,, 

from drying by using two 
at 20°C during 28 days to ensure a good 

concretes tested. At the age of 28 days, 
placed in a room at 20°C and 50% 

on a 16 cm diameter specimen, 
" .......... , ..... .., ......... ...,."""on a 100 cm long specimen according to 's 

weight loss was measured on a 15 cm long 
measurements were performed a mean 

the drying shrinkage of concrete t) is 
1986) to the variation of water content w 

of concrete were purely ageing viscoelastic (no 
of (2) on a section of the specimen (sections 
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remain planes and fJ a. dS = 0) shows the overall drying shrinkage 
s 

strain would be proportional (3) to the weight loss of concrete (LiP/P0 ) : 

(2) 

E"(t) = K ~P with K = Kp 
0 

where p is the concrete density. Thus, difference between the calculated 
elastic behaviour and the experimental measurements is equal to the 
potential structural drying creep of concrete. It is only potential because it 
would require, to requisitioned at the beginning of the drying process, an 
important compressive stress equal to cr(x E an, t = o+) =EK( w 0 - w(x, 
with E, the Young's modulus of concrete. 

First of all, the curve Erd = F(LiP/PJ is clearly non Its very low 
slope at the beginning of drying can interpreted as the sign of the 
known skin micro-cracking. Then, its slope increases and remains constant 
during the central part of the curve and finally diminishes again the 
run which could be interpreted as a non complete or non closure 

concrete cracks. Meanwhile, the value of K is not easily determined 
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~AAA,,,_,A~ .....,.,,_,,.,"" .............. "'"''"'·"' ..... .ll. procedures and two opposite radical hypotheses 

• Hypothesis 
permits to get 
to the idea 
quickly 
rapidly 
specimen ( 4). 
uncracked 

(3) 

:::::: 

closure of the micro-cracks can be proposed 
1994). 

slope of the curve, in its central linear part, K' 
of KHI , intrinsic to the material. This corresponds 

cracks are not very deep an are entirely opened very 
beginning of drying. Thus, the shrinkage strain is 

the loss of weight of the central part of the 
(2) must now be integrated on S', defined as the 
Since we have now ff a. dS' = 0, (5) has to replace 

s' 

') is weight loss of S '. 

(4) 

~]·~ =[K ~]·L1P => K =K'~ ' p HIS' p HI s 
0 0 

(5) 

Finally, an approximate value of S'/S is obtained in writing that the value 
of (~P/PJ0 (fig. 2) is obtained with a water content equal to 
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Fig. 2. Modelling of Penly's concrete according to hypotheses Hl and 
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~=0.84 s (4) 

with p=2270 kg/m3 and w0=132.7 kg/m3 and Watrn=62.1 kg/m3 for this 
particular case. 

• Hypothesis H2. The cracks close entirely. Thus, the intrinsic curve 
£rd = KH2 i: is tangent to the experimental curve (fig. 2). 

In each case, the difference between the experimental curve and the 
potential drying shrinkage is equal to the potential structural drying 
For Hl, it is increasing up to 100.10-6 and remains almost constant with 
time whereas for H2, it is increasing up to 65 .1 Q-6 and then slightly 
decreasing to zero. Thus, the two hypotheses permit only to give an upper 
bound (cracks don't close) or a lower bound (cracks close completely) 
the real structural drying creep (which could likely be between two 
hypotheses). 

4 Modelling .. Analysis of the results with the probabilistic model 

To confirm the physico-chemical ideas introduced previously, we 
used the modele probabiliste developed by Rossi in LCPC (Rossi, 1992) 
based on a probabilistic distribution of the material characteristics (Young's 
modulus E, tensile strength ft) on the finite element mesh and assuming that 
the entire macroscopic behaviour can be described with a local elastic­
fragile behaviour. This model has recently been "coupled" (Ulm, 1995) 
with a non linear calculation of the water content of the concrete due to 
drying with some conventional decoupling hypotheses between 
diffusion process (resulting from a previous calculation (ConCreep4, 1986; 
Granger, 1994) in non linear diffusion : w = div(D(w) · grad(w))) and the 
mechanical behaviour of concrete. This is a classical but crude 
simplification that limits the generality of the work presented. Meanwhile, 
this will permit to understand better the reduction of drying shrinkage 
to skin micro-cracking and to get some very interesting information 
concerning the spacing, depth, thickness and development of the cracks. 

The mesh used is presented on fig. 3. The first zone is meshed with 8 
nodes quadrilaterals where the concrete presents an elastic behaviour; the 
central part of the concrete specimen has been meshed with 6 nodes 
triangles (perfectly elastic) but interfaced with contact elements presenting 
a fragile behaviour in tension. As soon as the normal stress (resp. the shear 
stress) is greater than the local tensile strength (resp. shear strength), 
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Fig. 3. Mesh used for the probabilistic calculations 

I 

~ 

(a) 

0 

--t--1r-t-r-t--r-r-r-t--t--t--t--t--+--+-+-+--+-+-+-+-+-+-+-+--I--~~~~ 

(b) 

Fig. 4. a) Visualisation of the cracks (depth, spacing) at the maximum 
opening of the tertiary cracks 
b) Place of points used to calculate the drying shrinkage 
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contact element opens allowing to model explicitly a crack. 
interaction between the two lips of a crack, when it closes, is .............. J"""'-''-Jl.'"''~ 
a Coulomb friction law. 

• the first calculation (Cl), we model drying shrinkage test 
loading). The observation of the skin cracks of concrete allows to 
distinguish 4 phases (fig. 4.a and 4.b ). At the beginning of drying, when 
the water content drops suddenly at concrete's skin, a large 
number of primary cracks appear with a very opening. most 

these cracks tend to close whereas a small of them, secondary 
cracks, tend to open every 2.5 cm. a third phase, certain secondary 
cracks close and a small number of them, tertiary cracks, (fig. 7) tend to 
open every 10 cm and reach a maximum thickness 25 µm and a depth 
around 2 cm. Finally, in last phase, at the end the drying process, 
the tertiary cracks tend to close very slowly but not completely. 

• a second calculation (C2), the drying specimen is loaded at MPa. It 
is thus logical that the crack opening is reduced; it is what is observed on 

5 where only "primary" cracks occur. 

Finally, in both cases, comparison of the calculated strain (measured in 
elastic zone where it has been established that the sections remam 

planes) as a function of the weight loss is presented on fig. 6. 
The comparison between experimental results (fig. 2) and .., ............................... ,J ...... ..., 

(fig. 6) shows that the probabilistic model gives an answer closer to 
hypothesis H2 than to hypothesis H 1 since the structural drying creep 
seems to decrease with time after reaching a peak. Meanwhile, cracks 
don't seem to close completely. 

Furthermore, the simulations exaggerate the structural effect at the 
beginning of drying since the peak of the structural drying creep is reached 
for a higher weight loss (between 1.5 and 2% in the simulations as opposed 
to less than 1 % in the experimental data). According to us, this is 
to the fact that the calculation is performed in axysimetric where 
cracking is only horizontal whereas the real cracks should be isotropic. 
Thus it is certain that the vertical cracks that are normally produced would 
reduce the horizontal cracks. Furthermore, the level run observed 
experimentally at the end of the drying process is reached sooner in the 
experimental results than the numerical simulations. This could be 
explained by a non perfect description of the crack closure. 
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Fig. 5. Crack opening function of the weight loss in the two cases tested 
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Fig. 6. Drying shrinkage as a function of the weight loss; comparison 
between experimental results and simulations C 1 and C2 
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Fig. 7. Zoom on a tertiary micro-crack 

5 Conclusion 

A decoupling hypothesis between the drying process of concrete and its 
mechanical behaviour and a linear relationship between drying shrinkage 
and water content has permitted to give interesting information concerning 
the skin micro-cracking of drying concrete. 
Two opposite assumptions have been presented to interprete the curves of 
drying shrinkage as a function of the weight loss. Both conclude on the 
existence of a structural drying creep, increasing with time for hypothesis 

(cracks don't close) and around 65 .1 Q-6 and decreasing to zero for 
hypothesis H2 (cracks are closing completely). The numerical simulations 
performed with the modele probabiliste seem to show that the structural 
drying creep reaches a peak and then decreases with time but without 
reaching a zero value. The reality would then remain between and H2. 
Finally, a 3D calculation, in the future, will certainly some more 
precise information. 

Nota Bene 
The modele probabiliste is part of the CESAR-LCPC finite element code 
developed by P. Rossi since 1983. More recently, the coupling with the 
temperature and the water content has been realised by J. Ulm and A. 
Elouard. 
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