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Abstract: VeRCoRs is a research program organized around tests performed on a mock-up of a
reactor containment building at scale 1/3rd. A lot of measurements are collected since pouring of
concrete and predictive calculations were made in the framework of an international benchmark.
The aim of this work is to propose a simplified but efficient modelling approach for simulating the
behavior of the gusset of the mock-up and particularly for predicting the cracking at early age.
Simplification is based on an approach where the calculation imposes diffuse damage. The dialogue
between the situation of diffuse damage and that of localized cracking, established on the basis of
limit analysis concepts, allows providing convincing results on cracking indicators.

single phase on the foundation and the gusset
located at the base of the containment was
made in one layer on the raft already hardened.
Above the gusset, the second layer of the
cylindrical wall was poured several days later.
This study intends to address the issue to
forecast the cracking which appears in the
gusset at early age. This was favoured by a
restrained shrinkage due to the raft which is a
very massive reinforced concrete cylinder.

1

INTRODUCTION
In view of addressing concrete containment
aging issue in nuclear power plant, EDF
launch in 2013 the VeRCorRs program [1].
This program is based on a 1:3rd scale model
of a reactor containment standing at EDF-Lab
Les Renardières site, near Paris (figure 1).
The main objectives of the program are to
study:
 the structural behavior at early age and
during aging;
 the behavior during air-pressure tests
and under severe accident conditions
for which the thermo-mechanical
loading is maintained for several days.
 the aging effects on leak tightness.
Two international benchmarks (2015 and
2018) have been organized allowing many
teams to propose their know-how to deal with
the modeling of these items.
The containment is a cylindrical object made
by concrete layers. The raft was poured in a

Figure 1: The VeRCoRs containment building under
construction.
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The first benchmark (2015) was mainly
focused on the behaviour of the structure
during the construction phase and in particular
on that of the gusset at an early age. 7
participants addressed their results. Most of
them mastered thermomechanical effects
during this period, but the transition to crack
prediction was only addressed by 3 teams and
only 2 gave quantitative results with a low
concordance with respect to the measurement
results [2].
On this subject, more recently, a significant
work has been done by [3]. The author uses a
very complete 3D modelling, including
stochastic variabilities useful to locate cracks,
but requiring several realizations to access the
average cracking mode. The cost of such an
approach makes it unaffordable and leads the
author to defend the interest of alternative
methods.
In this context, we propose below to revisit
the way to approach cracking prediction in
situations where the stress field is almost
homogeneous (tension in a beam or in an
axisymmetric reinforced concrete shell).

value for stress, strain and damage throughout
the structure.
This scheme gives results on average. In
parallel, reality is approached from the limit
analysis concepts, based here on the use of a
cracking scheme, which respects static
equilibrium and kinematic compatibilities. In
this context, some assumptions are taken into
account, as shown in figure 2 for the cracking
process described:
- cracks are regularly distributed, sc being
the crack spacing;
- at the level of a crack, considered
transversal, the concrete stress is
assumed to be nil and the stress in the
rebar reaches a peak value;
- On both parts of the crack, the stress
evolves,
upward
for
concrete,
downward for reinforcement; these
evolutions are assumed to be linear over
a given length xr, which is a
characteristic length of the problem;
outside these areas, the stress is constant
for
both,
concrete
and
rebar
respectively.
Then, the link between the both schemes
must be done:
- the diffuse one, characterized by a mean
damage dm. This mean diffused damage
must include what is due to the crack
formation and what is due to the rebarconcrete debonding. This implies a
specific behavior law for concrete;
- the localized one, which implies
localized cracking, characterized by the
spacing sc and the characteristic length xr

2

CRACKING ANALYSIS OF A TIE
Several authors have worked on the
progressive cracking of reinforced concrete tie
rods, mainly to study the main cracking
indicators (spacing, opening,...) [4], but also to
analyze the details of crack formation (local
strain evolution, progressive debonding…) [5].
These studies were mainly used to develop
formulas for crack spacing and crack opening
presented in the model code [6]. In the same
time, finite element calculations, using
smeared concrete models, were used to
simulate the progressive cracking of reinforced
concrete ties. These calculations are not trivial;
to reproduce the cracking distribution they
imply to introduce, in addition to refined
models, some stochastic approaches [7]. This
makes the analysis more complex and lengthy.
The idea here is to greatly simplify the
approach. On the basis of damage modelling,
the calculation is carried out assuming a
diffuse distribution of damage. At a given
stage of the load, the result gives a constant

Figure 2: localized cracking and diffuse scheme (red) in
a tie rod loaded in tension.
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2.1 Relation between both schemes
In a limit analysis we have to ensure static
equilibrium and kinematic consistency for the
chosen limit state given by figure 2.
F is the global force supported by the whole
structure, , A, E are the stress, the cross
section and the Young modulus respectively,
index s is for steel and c for concrete.  is the
steel-concrete ratio (As/Ac)

- (7) and (9), lead to:
𝜎𝑐𝑚 (𝑡)
𝜌.𝐸𝑠

or, 𝜎𝑐 (𝑥) = 𝐹(𝑡)/𝐴𝑐 − 𝜎𝑠 (𝑥). 𝐴𝑠 /𝐴𝑐
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- mixing (9) and (11), it comes:

𝜀 (0) = 𝜀𝑚 (𝑡 ). [
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- then:
(1 − 𝑑𝑚 ) = [1 −

𝑥𝑟
𝑠𝑐

𝑥

𝐸

] / [1 + 𝑠𝑟 . 𝜌.𝐸𝑐 ]
𝑐

𝑠

(14)

Equation (14) gives the evolution of the
diffused damage dm, which is conditioned by
the characteristics of the rebar-concrete
composite (, Ec, Es) and is driven by the ratio

(5)

xr/sc.

s 10-3

𝑠𝑐
𝜎𝑐 ( ) = 𝜀𝑚 (𝑡). 𝐸𝑐 . (1 − 𝑑𝑚 ) +
2
𝑠

𝑐

𝜎𝑐𝑚 (𝑡) = 𝜀𝑚 (𝑡). 𝐸𝑐 . (1 − 𝑑𝑚 )

(4)

- from (2) & (5) and for x=sc/2:

𝜌. 𝐸𝑠 . [𝜀𝑚 (𝑡) − 𝜀( 2𝑐 )]

] (12)

- but:

Diffused scheme
In the diffused schemem is the strain (the
same for steel and concrete) and cm and dm
are the stress and the damage on concrete
respectively:
𝐹(𝑡) = 𝜀𝑚 (𝑡). [𝐸𝑐 . (1 − 𝑑𝑚 ). 𝐴𝑐 + 𝐸𝑠 . 𝐴𝑠 ]

𝑥

𝑐

- in the regularized zone (x=sc/2) :
𝑠

𝐸𝑐

𝜎𝑐𝑚 (𝑡) = 𝜀𝑚 (𝑡). 𝐸𝑐 . [1 − 𝑠𝑟 ] / [1 + 𝑠𝑟 . 𝜌.𝐸𝑐 ]

(3)

𝐹(𝑡) = 𝜀 ( 2𝑐) . [𝐸𝑐 . 𝐴𝑐 + 𝐸𝑠 . 𝐴𝑠 ]

.

𝑠𝑐 𝜌.𝐸𝑠

- then (7) becomes:

- at the level of a crack (x=0) :
𝐹(𝑡) = 𝜀(0). 𝐸𝑠 . 𝐴𝑠

(10)

2

- but (3) and (4), lead to:

Localized scheme
(x) is the strain at location x, assumed to
be the same for concrete and steel. For every x
between 0 and sc/2 and at a given time t, we
can write:
(1)

(8)

- between xr and sc/2,  (x) is constant, then:
𝑠𝑐
𝑥𝑟
𝑥𝑟
𝜀𝑚 (𝑡) = 𝜀 ( ) . [1 − ] + 𝜀(0).
(9)
2
𝑠𝑐
𝑠𝑐

2.1.1 Static equilibrium

𝐹(𝑡) = 𝜎𝑐 (𝑥). 𝐴𝑐 + 𝜎𝑠 (𝑥). 𝐴𝑠

𝑠𝑐
𝑥𝑟
= [𝜀(0) + 𝜀(𝑥𝑟 )].
2
2
𝑠𝑐 𝑠𝑐
+ 𝜀 ( ) . [ − 𝑥𝑟 ]
2
2

𝜀𝑚 (𝑡).

(6)

- for x=0, c is nil, then:
0 = 𝜀𝑚 (𝑡). 𝐸𝑐 . (1 − 𝑑𝑚 ) + 𝜌. 𝐸𝑠 . [𝜀𝑚 (𝑡) − 𝜀(0)]
 𝜎𝑐𝑚 (𝑡)

= 𝜌. 𝐸𝑠 . [𝜀(0) − 𝜀𝑚 (𝑡)]

(7)

2.1.2. Kinematic consistency

-150 -100

The global displacement must be the same
at a given time (t) for both schemes. This can
be written, for the interval [0, sc/2]:

-50

0

50

100

Figure 3: Rebar-concrete debonding effects, from [5]

Ec, Es and are known, xr is the debonding
length, a material characteristic which must be
3
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determine from specific experiments. From
tests on ties [5], figure 3 gives the evolution of
the steel strain at different stage of loading, in
the vicinity of a crack. Two stages of
debonding are shown: one, until 384kN, is
related to the formation of the crack and one,
after 405kN, is related to the opening of the
crack and at the same time the yielding of
rebars (s>0.25%).
For the specific applications presented in
this paper the first stage is the only one
explored (no yielding is observed at early age).
Then, assuming a fixed value for xr during the
cracking process, a given value of dm
corresponds to a unique value for the mean
crack spacing sc.

concrete and different rebar/concrete ratio (R4,
E4 & E5). For each of them, the steel Young
modulus is Es=200GPa.
From (17), the post-peak tensile diffuse
behavior can be set up:
- R4: cm(t)=1720m(t)+2.64 MPa
- E4 :cm(t)= 1720m(t)+3.12 MPa
- E5 : cm(t)=m(t)+3.155 MPa
Table 1: Mivelaz ties, material characteristics

Element Rebar/concrete Elastic
modulus
ratio ()
(GPa)

Tensile
strength
(MPa)

R4

0.0086

30

2.5

E4

0.0086

45

3

  law for the diffuse scheme

E5

0.0115

45

3

Just before the beginning of the cracking
process, both stress curves (the diffuse one and
the localized one) are confused and the sigma
value is the tensile strength ft.
During the cracking process this stress
(ft=0t.Ec) remains constant between 2 cracks
outside the debonding zones and the related
strain is 0t. Then (6) becomes:

During the test, comparison has been
performed at m= 0.3%, a situation for which
cracking is stabilized. At this stage and from
the previous equation cm can be calculated.
Deduced from (13), the corresponding values
for the diffuse damage are:

𝜀0𝑡 . 𝐸𝑐 = 𝜀𝑚 (𝑡). 𝐸𝑐 (1 − 𝑑𝑚 )
+ 𝜌. 𝐸𝑠 [𝜀𝑚 (𝑡) − 𝜀0𝑡 ]

R4: dm =0.764 - E4 dm = 0.807 - E5: dm = 0.817.

Finally equation (14) allows to give the
related value for xr/sc. Assuming that xr is in
the same range as the value given by the test
shown figure 3 (xr #0.05m), we can deduced
for sc the results given table 2, which are in
good accordance with experimental results.

(15)

- which gives :
(1 − 𝑑𝑚 ) =

𝜀0𝑡
𝜌. 𝐸𝑠
𝜌. 𝐸𝑠
. [1 +
]−
𝜀𝑚 (𝑡)
𝐸𝑐
𝐸𝑐

(16)

Table 2: Crack spacing for the Mivelaz ties

- (16) introduced in (13) gives the following
expression for the post-peak cmmcurves:
𝜎𝑐𝑚 (𝑡) = 𝐸𝑐 . 𝜀0𝑡 − 𝜌. 𝐸𝑠 . [𝜀𝑚 (𝑡) − 𝜀0𝑡 ]

(17)

Then, due to the cracking scheme chosen
(figure 2), one can observe on figure 4 (dashed
line) that the tensile diffuse behavior is
composed of two straight line, one before and
one after the peak.

Element

Experiment
(m)

Calculation
(m)

R4

0.27

0.33

E4

0.25

0.27

E5

0.24

0.21

Figure 4 gives, as an example, the
corresponding behavior for the tie E5. The
dashed line corresponds to the previously
defined cm-cm equation and the solid line
curve is a modified one to take into account
the tension stiffening which appears at large
deformation.
From this last curve, the overall forcedisplacement behavior of the tie (concrete
force + rebar force) is deduced, which is

2.3 Application to Mivelaz ties
An experimental campaign on reinforced
concrete tie sponsored by EDF, have been
done at EPFL by Mivelaz [8]. We use some of
these results here to validate the proposed
approach. Table 1 gives the concrete
characteristics for 3 ties tested with different
4
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compared, figure 5, with the experimental
curve. This figure shows the consistency of the
current simplified modelling.

been prepared and tested to determine material
properties
and
behavioral
parameters,
including modulii and strengths, drying,
shrinkage, creep, permeability…etc.

--- diffuse damage
modified curve

Figure 4: Dashed line, diffuse tensile behavior for the
Mivelaz ties E5. Full line, modified curve to take into
account the tension stiffening at large deformation.
Figure 6: Location of the gusset in the whole structure.

The base slab (raft) was poured in a single
phase on the pedestal and the gusset, located at
the base of the containment, was made in one
layer on the raft already hardened. Above the
gusset, the second layer of the cylindrical wall
was poured twenty days later. A few days after
pouring cracks appear in the gusset. These
cracks will then be closed by prestressing. The
intention here is to predict, through the method
described above, the occurrence of this
cracking and to give its characteristics.
In comparison with the problem discussed
section 2, the problem here is different for two
main reasons:
1- The gusset is a circular element, that can
be considered axisymmetric.
2- The loading is exclusively due to the
combined effects of early age and boundary
conditions; it is particularly due to strains
hindered by the presence of the base slab.
From the first point, the choice was made to
treat the problem in an axisymmetric way
(2D). Discretization is done in a section of the
gusset and the results are considered identical
all around it, thus implying diffuse damage
throughout the element.
The second point requires treating the THM
problem from the date of pouring of the gusset
to the formation of cracks (the experiment

Figure 5: Force-Displacement of the Mivelaz tie E5,
comparison experiment – simplified calculation.

Confident about this approach, we propose
in the following to use it to forecast the
cracking of the gusset VeRCoRs mock-up,
bearing in mind that the cracking is directly
related to the effects at early age.
3

THE VERCORS MOCK-UP
Figures 1 gives a global view of the whole
VeRCoRs facilities and figure 6 a cross
section of the mock-up. During the
construction measurements were achieved just
after concreting during time intervals of one
hour. During the research program, several
measurements are collected every day on each
sensor. Hundreds of samples of concrete have
5
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showed that they are almost stabilized after 12
days). To do this, we have resumed the work
already done to simulate the behaviour of the
RG8 experiment, which was a large beam
whose shrinkage has been restrained by
metallic struts (see [9]). As it was a beam, the
problem has been treated using a multifiber
beams type discretization (1D modeling). In
the present case the modeling is 2D in the
section of the gusset and assumed
axisymmetric.

  A( ) exp( 

* The external exchange, given by the heat
flux  (W.m-2):
  hTs  Text n

MODELS
At early age following phenomena are
strongly coupled for reinforced concrete:

4.2 Mechanical modeling
The basis is the  damage model [13].
Damage description is assumed to be isotropic
and directly affects the stiffness evolution of
the material. Let  be the stiffness matrix of
the original material, then the constitutive
tensorial equation is:

The following describes how these different
issues are addressed.
4.1 Thermal model for early age
Hydration is a thermo-activated phenomenon. Thus, the gusset heats up under the
effect of internal heat sources, especially since
it is massive (diameter 15m, height 1m,
thickness 0.6m). Exhaustion of the reaction
and external exchanges lead to cooling, until
gradually reaching balance. At the same time
the material is subjected to various volumic
variations and the mechanical performance
increases.
As usual, the thermal problem is treated
independently of the mechanical problem and
the three main equations which follows must
to be solved [10].

𝜎 = 𝑬(1 − 𝑑): 𝜖



(21)

d is the effective damage, a scalar driven by
the variable:
Y= rYt+(1-r)Yc
(22)
Yt =Max(0tmaxt) and Yc =Max(0cmax-c).
t , care the equivalent strains cracking and
crushing respectively. 0t is the tensile strain
threshold and oc is the compressive strain
threshold. r is the triaxial factor [14], the
expression of which is given by :

 ~
r
 ~

i 

i

(23)

i

i

𝜎̃ =/(1-d), is the effective stress. Generally

* The energy balance equation:


(20)

n is the vector normal to the surface, Ts is the
surface temperature (K) and Text the external
temperature (K). h is the exchange coefficient
(W.m-2.K-1).

Cement hydration;
Thermal deformation of concrete and steel;
Evolution of performance with maturation;
Autogenous shrinkage of concrete;
Basic creep of concrete;
Elasto-damaging behavior of concrete;

C T  (kT )  L 

(19)

A() is the chemical affinity (s-1), an
expression of  derived from Sciumé et al.
[11] and in which the maturity concept
presented below is introduced [12]; Ea is the
activation energy (J.mol-1), R is the ideal gas
constant equal to 8.3145 J.K-1.mol-1.

4

-

Ea
)
RT

0t

corresponds to the tensile strain at peak, then it
can be written: 0t=ft /E (ft being the tensile
strength).
This model is suitable to describe unilateral
damage (d is nil when cracks are closed and
positive if they are opened). For more details
see [13].

(18)

x  dx / dt , T is the temperature (K), k is the

thermal conductivity (W.M-1.K-1), L is the
latent hydration heat (J.m-3) and C is the
volumic thermal capacity (J.m3K-1).
* The Arrhenius equation, from which is
deduced the hydration degree :
6
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th is the thermal strain:

4.3 Thermo-Chemo-Mechanical coupling
The mechanical performances progressively
increase with the hydration process. To
describe the state of the medium, the maturity
M is introduced [12]. for 
M

  0
  0

au is the autogeneous shrinkage:
 au    M

(24)

Creep is described by a series of three
Kelving-Voigt models and the behavior of
each model is given by :
k i ( M )
~
i
 bci bci  ( bci bci
 1)bc
 i
(30)
k bc ( M )

k bc ( M )

 is the basic creep.
bc

The stiffness of each spring is on the form
k (M) = A(M) k
, and  =/k is the
bc

bc

bc

characteristic time of a given Kelvin -Voigt
model. A non-linear internal procedure is
carried out inside the constitutive law to fulfill
the stress equilibrium in each spring.

These relations are a specific case of the
ones proposed by de Shutter [15].
From this, it is easy to describe the nonlinear behavior of the material by
substitutingby in the equation (21)In
other words, this gives for the Young modulus
at a given maturity M and a given damage d:

5

APPLICATION TO THE GUSSET

5.1 Meshing
As indicated below the gusset, is considered
axisymmetric. Then the mesh is totally
described by a vertical cross section of the
structure and axisymmeric assumptions.
The concrete of the base slab is hardened
when the gusset is poured, it is a very massive
object (a cylinder with a diameter of 15m and
a thickness of 2m). To simplify the problem
the central part of the base slab is not meshed
(figure 7). The pedestal is assumed perfectly
stiff. Then, in the r, , z repair, a zero
displacement in the z direction is imposed for
the bottom part of the base slab in connection
with the pedestal.
The horizontal rebars are located at their
right positions in the mesh and the vertical
ones are homogeneized and appears as a
cylinder in the mesh (black lines in figure 6).

(25)

Global description of the problem
This description is based on the following
strain superposition [9]:
(26)

From which, the global behaviour is
written:
𝜎
̃̇ = 𝑬(𝑀): (𝜀 ̇ − 𝜀𝑏𝑐̇ − 𝜀𝑎𝑢̇ − 𝜀𝑡ℎ̇ )

(29)

∞ being the final shrinkage (m/m).

reaction is over (# 0.8, from previous
experiments).
M evolves from 0 (beginning of the
process) to 1 (end of hydration) and is used in
a simple way to forecast:
- the Young modulus : E=M.E , E being
the value when M =1 (matured concrete);
- the tensile strength of concrete : ft(M) =
E(M).0t (0t is constant whatever is the
maturity).

𝜀 = 𝜀𝑒 + 𝜀𝑏𝑐 + 𝜀𝑎𝑢 + 𝜀𝑡ℎ

(28)

 being the thermal dilation coefficient (K-1).



 is the percolation threshold (close to 0) and
the hydration degree when the hydration

𝐸𝑑 (𝑀) = 𝐸 . 𝑀. (1 − 𝑑)

 th  T

(27)

These equations are obviously tensorial, all
the phenomena that are considered here are
taken into account in an isotropic way. To
simplify the writing we will not repeat in the
following the tensorial symbolism.

Then the total number of elements is :

𝜎̃ is the effective stress, then (27) introduces

damage in the whole process.

7

-

66 quad4 elements for the gousset;

-

182 quad4 elements for the base slab;

-

46 elements for the vertical rebar.
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z


r

This temperature varied between night and
day, to simplify it was assumed a constant
mean value 18.5°C.
Figure 8 shows the results obtained, after
identifying the parameters (from tests on
samples), for the evolution of temperature at
measured points (F1-F2) of the gusset. A very
good
comparison
is
obtained
with
measurements performed in situ.

#1m
0.6m
R=7.20m

#3m

5.3 Shrinkage and creep
Due to the massiveness of the structure and
the relative brevity of the experiment (12 days)
drying is not considered in the structure.
In this context:
- autogenous shrinkage was calibrated on
previous tests performed on samples
(∞=150 m/m);

b.c. fixed z
Figure 7: Mesh and boundary conditions.

5.2 Thermo-Chemo-Mechanical loading
The gusset is the first layer poured on the
matured base slab and the second layer is
poured twenty days after (see figure 6). The
present calculation is performed during this
first period [0, 12 days].

- basic creep model was also calibrated on
previous laboratory tests and, in order to
cover in an optimized way the whole
duration of the test, the characteristic times
of the three Kelvin –Voigt models were:
 =0.1day,  =1day, =10days.
1

2

3

5.4 Mechanical properties
From equations (19) and (24) and the
temperature evolution, M(t) can be calculated,
it is used to match the Young modulus at a
given time.
Table 3: Gusset characteristics

Figure 8: Temperature evolution of the Gusset during
the first 12 days– comparison measures/calculations.

Rebar/conc.
ratio ()

Steel
elastic
modulus
(GPa)

Concrete
elastic
modulus at
28d. (GPa)

Tensile
strength
at 28days
(MPa)

0.007

200

33

2.8*

*estimated from splitting tests on samples (11cm)

As presented section 2 for the tie analysis,
damage calculated in the gusset is a diffuse
one, which implies an adapted damage
evolution law given by equation (17). Then,
using the material characteristics given table 3,
the post-peak tensile diffuse behavior can be
set up:
cm(t) =m(t)+2.925 MPa
(31)

To recreate the thermal conditions observed
during the pouring of a gusset for a real
containment, a specific external temperature
has been imposed:
- from 0 to 3h: Text=20°C;
- from 3h to 17h : Text=38°C;
- from 17h to 35h : Text = 48°C;
- after 35h: Text is the one measured outside
the construction.
8
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As presented section 2, the post-peak curve
has been modified to take into account tension
stiffening at large deformation, in the present
case it was transformed into a quadratic curve
that respects the post peak line determined
above on the first phase of the cracking
process due to the THM loading (figure 9a).

a

a

b

b

Figure 10: Strain evolution in the gusset during the first
12 days– comparison measures (dashed lines)
/calculations (full line): a/ Tangential strain; b/ Vertical
strain.

Figure
10
gives
the
comparison
calculation/measures for tangential strains
(figure 10a) and vertical strain (figure 10b).
The results are globally good apart after 50
hours for which the vertical ones are
overestimated.

Figure 9: Response of the  model identified for the
matured concrete of the gusset; a/ tensile response; b/
cyclic uniaxial response.

Respecting the principle exposed section
4.2, equation (22) and (23), the final
expression for dm is a quadratic form of Ym (=
rYtm+(1-r)Ycm), Ytm and Ycm being the
maximum value reached by tm, cm
respectively. Figure 9b gives the uniaxial
cyclic response of the model.

Damage results
As presented in section 4.2, the calculation
gives the axisymmetric diffused damage dm.
Figure 11 gives the damage field showing that
the gusset is the only part damaged. The
bottom part of the gusset is a sensitive part due
to the effect of the base slab which restrained
the shrinkage of the gusset. This generate on
both side two locations of relatively high
damage, prefiguring the onset of possible
horizontal cracks. Vertical cracks (observed
during experiment) are related to the diffuse
damage value in the core of the gusset which

5.5 Results
Strain results
Strain evolved due to the combination of
thermal and shrinkage effects. Measurement
have been done at the same points in two
direction (tangential ( and vertical (zz)).
9
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is, at 12 days in mean value, dm # 0.55 (figure
11b).

prestressing anchors). Table 4 gives the
comparison with the one calculated.
Calculated at 12 days, at a stage where
maturity is close to one, the average crack
spacing value estimated is quite good. Figure
11b shows that damage increase mainly
between 2.5 and 5 days which is consistent
with the in-situ observations: most of the
cracking is formed at 5 days (green line figure
12).

a
Level 1

at 5 days
at 12 days
at 8 months

cracks

Damage at Level 1

b

Figure 11: Damage in the Gusset due to maturation
effects; a/ Damage field; b/ Damage evolution inside the
gusset at level 1.

Figure 12: Cracks observed in the gusset presentated in
developed form between 100 and 300 grades.

Equation (14) gives the link between dm and
the ratio xr/sc. Without any specific results for
xr, we have taken into account the same value
as the one used for the ties in section 2 : xr #
0.05m.

It is also possible to estimate the cracking
opening (wc), from the use of the localized
scheme (figure 2) and related to the stress
transition zone. From a given crack: at x=0,
c=0 and c=r, at x=xr, c=ft and c=0t, then
it comes:

Table 4: Cracking observed in the gusset
Time

Spacing
measure

Spacing
calcul.

Opening
measure

Opening
calcul.

t0+5
days

# 1.2m

-

< 0.1mm

-

t0+12
days

# 1.2m

1.06m

0.1mm

0.096
mm

t0+8

# 1.2m

-

0.2mm

-

𝒙

𝑤𝒄 = 2 ∫0 𝒓(𝜀(𝑥) − 𝜀0𝑡 )𝑑𝑥

(32)

The linear behavioral curve figure 9a leads to:
wc=(r-0t).xr, then with r#2.10-3 (deduced
from (31) for cm=0) and xr#0.05m,
wc=0.096mm, which is a value close to the
measured one (cf. table 4).
6

months

CONCLUSIONS

The aim of the present study was to revisit
the way to approach cracking prediction in

Figure 12 gives the spacing measured on
extrados between two ribs (used to locate the
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situations where the stress field is almost
homogeneous (tension in a beam or in an
axisymmetric reinforced concrete shell).
A simplified approach was proposed, based
on an approach where the calculation imposes
a diffuse damage. In the same time a localized
cracking scheme issued from limit analysis
concepts is considered. The dialogue between
the two schemes, diffuse and localized, leads
to mean cracks indicators (spacing, opening,..).
In a first stage the method was applied to
reinforced concrete ties submitted to tensile
forces. The results were convincing. Then, in a
second stage, the idea was to forecast, with the
same procedure, cracking due to early age
effects in the gusset of the VeRCoRs mock-up.
To simulate early age effects a complete
and efficient modelling previously used in the
RG8 test (large RC beam under restrained
shrinkage conditions [9]) was applied. The
problem is consideed axisymmetric and the
various fields (strain, damage,..) in the gusset
are assumed quasi homogeneous. The dialogue
between the diffuse scheme and the localized
one leads to very good cracking indicator
values.
The difficulties to forecast the location and
the opening of cracks in such a RC structures
is well known, even using a 3D approach this
needs
refined
modelling
and
some
probabilistic
ingredients.
The
present
modeling is simplified, it leads to results as
pertinent as the one obtained in the benchmark
VeRCoRs 2015 [2] and moreover the
calculation is stable and performed at low cost
on the software platform ATL4S [16],
developed under Matlab and for internal
numerical developments. It is initially inspired
by the philosophy of FEDEASLAB for data
entry [17].
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