
 

Early-age cracking in massive concrete structures: an active ring test to 
study the effects of reinforcement and construction joints 

M. Briffaut 
LMT/ENS Cachan/CNRS UMR8535/UPMC/PRES UniverSud Paris, Cachan, France 

Institut de radioprotection et de sûreté nucléaire, Fontenay-aux-Roses, France 

F. Benboudjema 
LMT/ENS Cachan/CNRS UMR8535/UPMC/PRES UniverSud Paris, Cachan, France 

G. Nahas 
Institut de radioprotection et de sûreté nucléaire, Fontenay-aux-Roses, France 

LMT/ENS Cachan/CNRS UMR8535/UPMC/PRES UniverSud Paris, Cachan, France 

J.M. Torrenti 
Université Paris Est, Laboratoire central des ponts et chaussées, Paris, France 

 
 
ABSTRACT: At early-age in massive concrete structures, cracking may occur during hardening. This crack-
ing may increase significantly the concrete permeability and thus increase leakage (tank, nuclear contain-
ment,…) and reduce the durability. The restrained shrinkage ring is a good test to determine the early-age 
concrete behavior (creep strain and cracking) due to the autogenous and drying shrinkage. This test shows 
that at 20°C and without drying, the amplitude of autogenous shrinkage is not high enough to cause cracking 
(for our concrete mix which is representative of nuclear power plant containment). Indeed, in this configura-
tion, thermal shrinkage does not occur. Therefore, a new test has been developed to study cracking due to re-
strained thermal shrinkage. This new test is an evolution of the restrained shrinkage ring test which allows to 
take into account the autogenous shrinkage and also the thermal shrinkage. With this test, the early age crack-
ing due to restrained shrinkage and the influence of reinforcement and construction joints have been studied.  

1 INTRODUCTION 

At early-age in massive concrete structures, cracking 
may occur during hardening. Indeed, hydration is an 
exothermic chemical reaction (temperature in con-
crete may overcome 60°C). Therefore, if autogenous 
and thermal strains are restrained (self restraine-
ment, construction joints), compressive stresses and 
then tensile stresses rise, which can exceed the con-
crete strength (in an elastic finite element calcula-
tion) and induce cracking in a real structure. For 
structures like tanks or nuclear containments, this 
cracking may increase significantly the concrete 
permeability and reduce the tightness.  

The restrained shrinkage ring is a good test to de-
termine the concrete behavior (creep strain and 
cracking) due to the autogenous and drying shrink-
age. In this study, a concrete mix which is represen-
tative of the one of nuclear power plant containment 
(the width of concrete is equal to 1.2m) is tested. 
This test showed that at 20°C and in endogenous 
conditions (without drying, cf. Fig. 1), the amplitude 

of autogenous shrinkage is not high enough to cause 
cracking. Indeed, in this configuration, thermal 
shrinkage does not occur. Therefore, a new device 
(devoted to be representative of a massive structure) 
has been developed to study the cracking due to re-
strained thermal shrinkage in laboratory conditions. 

2 NEW TEST PRESENTATION 

This new test is an evolution of the restrained 
shrinkage ring test which allows to take into account 
the autogenous shrinkage and also the thermal 
shrinkage. 

2.1  “Classical” restrained shrinkage ring test 
presentation 

The “classical” ring test was initially designed to ob-
serve the cracking of a concrete ring specimen 
which is cast around a rigid core (generally in steel): 
only the cracking age was accessible and the stresses 
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generated by restrained shrinkage could not be de-
duced. Then, Pailliere and Serrano (1976) and 
Swamy and Starvides (1979) optimized the ring di-
mension and added instrumentation in order to 
measure strains on the steel ring. Finally, Grzy-
bowski and Shah (1989) placed strain gages on the 
steel ring in order to deduce the stresses in the con-
crete ring. This test configuration offers several ad-
vantages and particularly the fact that the stresses 
are self generated by restrained shrinkage and 
specimen geometry. Indeed, no additional complex 
load system is needed (Fig. 1:  Ring test geometry 
for concrete). Actually, in our laboratory the brass is 
preferred to the steel to prevent chemical reaction 
between the metallic ring and the concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. “Classical” Ring test geometry. 

2.2 “Classical” restrained shrinkage ring test 
results 

A concrete mix representative of a nuclear power 
plant containement has been tested. The cement used 
is a composed Portland cement (French ref.: CEM 
II/A-LL 42,5 R CE PM-CP2). 

 
Table 1. Composition of our concrete mix. 

   1 m3 

Ciment    kg/m3 350 

Sand (0-5 mm) kg/m3 772 

g (5-12,5 mm) kg/m3 316 
G (12,5-20 mm) kg/m3 784 

Water L/m3 201 
Superplasticizer L/m3 1,225 

Figure 2 shows the temperature evolution meas-
ured during the classical test and on Figure 3, one 
can observe the stresses evolution in both materials. 
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Figure 2. Temperature evolution during the “classical” re-
strained ring test. 
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Figure 3. Stresses evolution during the “classical” restrained 
ring test. 

 
The conclusion of this first test is that no macro-

scopic crack in the concrete ring was obtained be-
cause the stresses generated by the restrained auto-
genous shrinkage do not exceed the concrete tensile 
strength (cf Fig. 3). In fact, in this test, the specimen 
is not massive enough to represent the thermal evo-
lution of a massive structure. Consequently, the ef-
fect of thermal shrinkage is negligible in this test. 
Note that the stresses in the brass and in the concrete 
ring are calculated from the brass strains (measured 
by strains gages placed on the inner radius of the 
brass ring) with the formula given by Hossein and 
Weiss (2004). This highlights the need to develop an 
adapted device for massive concrete structure which 
is presented below. 

2.3 An active restrained shrinkage ring test  

The new test aims to predict the behavior and the 
cracking at early age of massive structures (like nu-
clear power plant containment). The new test princi-
ple is to increase the temperature of the brass ring in 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



order to expand it. In this case, the expansion of the 
ring is restrained by the extern concrete layer (the 
thermal dilatation coefficient of the brass is about 3 
times higher than the concrete one). This induces 
compressive stresses in the ring and therefore tensile 
stresses in concrete. The temperature evolution of 
the brass ring is imposed by the water circulation 
into the ring (Figs. 4-5) and the brass ring strains are 
measured by 3 strains gages placed at 120°. 
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Figure 4. Active ring test geometry scheme. 

 
The device also allows us to measure the perme-

ability of the concrete ring by radial air injection. 
Moreover, temperature sensors (thermocouples type 
J) are placed on the internal radius of the brass ring 
and on the middle of the concrete section. 
 

 
Figure 5. New ring test.  

 

The new test objectives are to reproduce a similar 
stress history that the one which occurs in a “real’ 
massive wall (calculated by means of finite element 
simulations or from experimental temperature data: 
Ithurralde (1989), cf. Figs. 6-7).  
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Figure 6. History of temperature measured in a concrete wall 
(1.2 m width). 
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Figure 7. Geometry of the wall and location of the temperature 
sensors. 

 

The specimen dimensions in the active ring test 
have been increased to obtain a concrete ring section 
of 10cm x 10cm. Indeed, the maximal aggregate size 
of our mix is about 20mm, and the section of the 
ring presented in the first part of this article (7cm x 
7cm) is not sufficient to obtain a representative con-
crete section. Moreover, reinforced concrete is also 
studied and a smaller section cannot guarantee a rep-
resentative covering of a real structure. The dimen-
sions of the brass ring (the internal radius and the 
ring width) have been calculated to obtain measur-
able strains in the ring (strains gages accuracy is 
about 5µm/m) but also to stay in a reasonable range 
of weight: 19cm for the internal radius and 3cm for 
the ring width. Because in massive structure, drying 
is 1000 to 10 000 times slower than heat transfer, at 
early age massive structures are in endogenous con-
ditions (except the external concrete skin). That is 
why, our tests are performed with no hydrous ex-
change with the environment. To prevent this ex-
change, the concrete ring is covered by an adhesive 
aluminum layer (the weight loss is inferior to 0, 1% 
after 7 days). 

A simpler device would have consisted in the in-
sulation of the concrete ring. However, with this so-
lution, the cracking would occur during the tempera-
ture increase (because the thermal dilatation 
coefficient of brass is higher than the concrete one) 
and not during the decrease like in reality.  

It should be noticed that this device is well 
adapted to describe cracking during concrete lift, but 
cannot retrieve thermal stresses due to self restraint 
(temperature gradient inside the thickness). How-
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
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be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



ever, numerical simulation show that, for the studied 
concrete, thermal stresses due to self restrain do not 
lead to cracking. 

3 ACTIVE RESTRAINED SHRINKAGE RING 
TEST NUMERICAL VALIDATION 

In order to optimize the ring geometry and to check 
that cracks rise in concrete with this device the nu-
merical model described in Benboudjema, Torrenti, 
(2008) has been used. 

The temperature evolution is obtained by solving 
the heat equation with a thermal source term ( ξ�L ), 
corresponding to the release of heat during hydration:  

 

( ) ξ�� LTkTC +∇∇=  

 
where C is the volumic thermal capacity [J.m-3.K-

1
] 

which can be kept constant  according to Waller 
(2000), T is the temperature [K], k is the thermal 
conductivity [W.m

-1
.K

-1
] which can be kept constant  

according to Mounanga (2003), L is the total heat re-
lease [J.m

-3
] and ξ is the hydration degree [-]. 

The model takes into account the thermal and 
autogenous strains but also the basic concrete creep. 
Finally, an isotropic damage model based on Mazars 
(1986) model is used. The adaptation for the early 
age consists in the dependency of the damage 
threshold to the hydration degree: 
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where γ and β are the coefficients of respectively 
tensile strength and Young modulus evolution (De 
Schutter, 96, 97, 99), ξ is the hydration degree [-], ξ∞ 
is the final hydration degree [-], ξ0 is the percolation 
threshold [-], κ0 is the mechanical strain threshold [-], 
ft is the tensile strength [MPa], E is the Young 
modulus [GPa].  

An example of damage field is display on fig. 8 
(creep is not taken into account), where several 
cracks are to be noticed. Similar results are obtained 
if creep is taken into account. 

 
 
 
 
 
 
 
 

 
Figure 8. Damage field (creep is not taken into account).  
Mesh: ¼ of the ring. 

Therefore, this test may be used to test the sensi-
bility of concrete to thermal cracking. 

4 ACTIVE RESTRAINED SHRINKAGE RING 
TEST EXPERIMENTAL RESULTS 

4.1 Analysis of the experimental results 

The brass ring and the concrete temperatures are 
measured by thermocouples (Fig. 9) and the brass 
ring strains are measured by three strain gages on 
the internal radius of the ring (Fig. 10).  
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Figure 9. New ring test temperature evolution. 

 
Although the temperature is punctually imposed 

by the fluid circulation in this test, the Figure 9 
shows that a quite homogeneous temperature in the 
ring is obtained (the two temperature probes are 
placed opposite on the same diameter). At the be-
ginning of the test (first 24h), the temperature in-
crease is due to the hydration reaction. Then, the 
temperature rise is imposed by the thermostatic bath 
with a rate of 0.35°C/h. Near the middle of the test, a 
stable period at 42.8°C allows us to verify that the 
device doesn’t have too much inertia. 
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Figure 10. New ring test strains evolution. 

 
The brass strains are corrected to take into ac-

count the strain gage thermal dilatation. The first re-
sult is that we effectively obtained an experimental 
crack (Fig. 11) on this test which correspond to a 
gap in the strains evolutions (Fig. 10). Crack occurs 
for a brass ring temperature value of 51.5°C (ex-

D = 1 

D= 0.0 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



perimental crack width was about 650µm).  More-
over, the brass ring solicitations seem to be uniform 
because the three strain gages measures are quite 
similar. 

At the beginning of the test, the strain evolution 
is due to the temperature evolution of the system. 
Then, when the brass ring temperature is imposed by 
the fluid circulation, the ring strain is a combination 
of the brass ring and the concrete ring thermal dila-
tation. Indeed the thermal dilatation coefficient of 
the brass is about 3 times higher than the concrete 
one, therefore tensile stresses rise in the concrete 
ring. When the concrete tensile stress exceeds the 
concrete tensile strength, crack occurs.  

In this test, it is really interesting to note that only 
one crack is obtained and that it is a crossing crack. 
Effectively, the crack crosses the entire concrete 
specimen section and furthermore, this crack crosses 
the concrete aggregates.  

 

 
Figure 11. Experimental crack picture. 

5 REINFORCEMENT AND CONSTRUCTION 
JOINTS EFFECT  

In a real massive structure, concrete is reinforced by 
steel bars. Moreover, massive elements cannot be 
cast in one time and construction joints are needed. 
The effect of the steel bar and the construction joints 
are not similar because the steel bars tends to dis-
tribute the cracks and to limit the crack opening 
whereas the construction joints tends to decrease the 
homogeneity of the massive structure and to create 
weakness areas. That’s why, the influence of each 
parameter has been studied. 

5.1 Steel bars effect 

To study the effect of steel bars on the new test we 
placed in the middle of the concrete section two 
8mm diameter steel bars. In order to guarantee the 
stress continuity in the steel bar and to avoid any re-

covering length we weld the steel bars to obtain steel 
rings (see Fig. 12) 

 

 
Figure 12. Ring reinforcement. 
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Figure 13. Active ring test strains evolution (for reinforced 
concrete). 

 
The mechanical results obtained are presented in 

Figure 13. It represents the evolution of the brass 
strains. In this graph, the strains have been reinitial-
ized at the beginning of the temperature increase 
(time when the temperature is imposed by the hot 
water circulation). It shows that the concrete crack is 
obtained later than for the concrete without bars. Ef-
fectively, the crack is obtained for a temperature in-
crease of 27.7°C (the reference correspond to the 
time when the temperature is imposed by the hot wa-
ter circulation) whereas the temperature increase for 
the concrete without bars is about 21°C. Moreover 
the strain gap on the strain evolution is lower com-
pared to the gap obtained with a ring without steel 
bars. That indicates that the crack opening is limited 
by the presence of steel bar which can be also ob-
served experimentally on Figure 14 (the cracks 
opening is equal to about 100µm whereas the crack 
opening in the test without bars was equal to about 
650µm). 

650µm 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Location of cracks in the reinforced concrete ring 
bar at the end of the test. 

 

 

Figure 15. Complementary cracks. 

 

Finally, we can also deduce from this test that the 
steel bars distribute the cracking because more than 
one crack are obtained. On Figure 14, four cracks 
can be observed. Among these, two of them are 
crossing cracks, whereas the two other ones are not 
(Fig. 15). 

5.2 Construction joints effect 

To study the influence of the construction joints on 
the early age behavior of massive structures we cast 
a concrete ring in two parts. The first part is com-
posed by two quarters of the ring placed on the same 
diameter and the second part is composed by the two 
other parts of the ring (Fig. 16). The second part is 
cast 2 weeks later than the first one. Thus, we obtain 
a complete ring with four construction joints. 

 
 

 

 
Figure 16. Scheme of the cast partition for the ring with con-
struction joints. 

 
To obtain a roughness of the surface which is rep-

resentative of the surface state of massive structure 
construction joints, the surfaces between the two 
parts of the ring have been mechanically scraped 
(Fig. 17). The results of the test are presented on 
Figure 18.  

 

 
Figure 17. Surface state for the construction joints. 
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Figure 18. Strains evolution (CJ = construction joints). 

 

On this graph, the strains have also been reinitial-

ized at the beginning of the temperature increase 

(see §5.1). It shows that the concrete crack is ob-
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



tained earlier than for the concrete without construc-

tion joints. It is interesting to note that the benefit 

from the addition of steel bars on the time of crack-

ing (about 7°C) is approximately the same than the 

loss lead by the construction joints.  
The Figure 19 represents the cracking pattern. In 

this test only one crack at one construction joint is 
obtained and its width is about 550µm. This crack 
opening is nearly the same than for the concrete with 
no steel bar and no construction joint, given the fact 
that the cracking temperatures are not the same. 

 

    
Figure 19. Ring with construction joints at the end of the test. 

 
This study shows that the effects of the construc-

tion joints are very important and harmful for the 
mechanical strength of concrete, especially in ten-
sion. That is why, they have to be taken into account 
(and all the construction stage) in the modeling of 
massive elements. Otherwise, long term perform-
ance could be widely overestimated.  

6 CONCLUSION 

In this study, an active device to study the early 
age behavior and cracking of massive structure has 
been developed. This new test was needed because 
the classical restrained ring test did not take into ac-
count the thermal strains. So it was not able to re-
produce realistic stresses which can occur in mas-
sive structures. With this active test we are allowed 
to study early age concrete cracking. 

The active device is an evolution of the restrained 
shrinkage ring test. The thermal strain effects are 
created by an expansion of the brass ring to repro-
duce the stress rate of a real massive structure. The 
expansion of the ring is obtained by the circulation 
of hot water into the brass ring.  

Firstly, a numerical validation of the test was 
achieved and shows that cracks should be obtained 
for suitable value of temperature. Then, the new test 

was performed and cracking was experimentally ob-
tained.  

Secondly, a study on the effect of steel bars rein-
forcement and construction joint was performed 
with this new device. The results showed that the ef-
fect of steel bar are multiple (cracking is delayed, 
cracking opening are reduced and cracks are distrib-
uted). They also corroborate the fact that construc-
tion joints reduce considerably the strength of the 
concrete element and highlight the fact that they 
must be taken into account in the modeling of mas-
sive structure. 

The next step is to study the permeability evolu-
tion of the concrete ring due to the early age crack-
ing. Furthermore, the numerical model (which is not 
able at this point to predict the occurrence of only 
one crack) is being improved : variability of materi-
als parameters and interface elements between con-
crete and brass are being added. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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