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12  Abstract

13

14  This paper introduces a new approach to model cracking processes in large reinforced
15  concrete structures, like dams or nuclear power plants. For these types of structures it is
16  unreasonable, due to calculation time, to explicitly model rebars and steel-concrete bonds. To
17  solve this problem, we developed, in the framework of the finite element method, a
18  probabilistic macroscopic cracking model based on a ulti-scale simulation strategy: the
19  Probabilistic Model for (finite) Elements of Reinforced Concrete (PMERC).

20 The PMERC'’s identification strategy is case-specific because it holds information about the
21 local behaviour, obtained in advance via numerical experimentations.

22 The Numerical experimentations are performed using a validated cracking model allowing a

23 fine description of the cracking processes.

! Corresponding author : Tel.:+ 33 6 80 01 72 26
E-mail address: pierre.rossi @ifsttar.fr (Pierre Rossi)

1

© 2018 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0958946517301567
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0958946517301567

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

The method used in the inverse analysis is inspired from regression algorithms: data on the
local scale would shape the macroscopic model.

Although the identification phase can be relatively time-consuming, the structural simulation
is as a result, very fast, leading to a sensitive reduction of the overall computational time.

A validation of this multi-scale modelling strategy is proposed. This validation concerns the
analysis of the propagation of a macrocrack in a very large Double Cantilever Beam
specimen (DCB specimen usually used in the framework of Fracture Mechanics studies)
containing rebars. Promising results in terms of global behaviour, macrocracking information

and important reduction in simulation time are obtained.

Keywords

Reinforced concrete structures; Cracking process; Finite Elements; Multi-Scale Modelling

Strategy; Probabilistic Approach.
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1. Introduction

IFSTTAR, the French Institute of Science and Technology for Transports, Development and
Networks, has been developing a probabilistic explicit cracking model since 1987 [1]. The
numerical model, originally developed to analyze the cracking of concrete, was more recently
enhanced to explicitly take into account the presence of rebars and the bond between rebars
and concrete (to model real concrete structures) [2 — 4].

The use of this type of numerical models constitutes a local modelling strategy. They are
interesting because they yield reliable and precise information about the cracking process.
They can also be used in the framework of numerical experimentations in case there is a lack
of experimental data.

Nevertheless, the modelling level they consider becomes inefficient (due to the unreasonably
high computational time) when the structures concerned are large or contain a high
percentage of rebars, which is the case for almost all complex real-life structures such as
dams or nuclear power plants.

Nowadays, there exist other techniques to model cracking in large structures [5 - 8]. They are
mainly based on homogenization approach of reinforced concrete. Although these techniques
are interesting, they presents two main limitations: they do not give precise information about
macrocracks opening and they remain relatively computational time consuming(when large
reinforced structures are concerned).

The objective of this work is to propose a more relevant solution which allows (for design
offices) to obtain good information about the macrocracking (macrocracks spacing and

opening) of a large reinforced concrete structure in a reasonable computational time.
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This solution is the Probabilistic macroscopic Model for finite Elements of Reinforced
Concrete (PMERC).
The strategy of development of this 3D numerical model its theoretical formulation and its

validation are presented, in detail, in this paper.

2. Strategy for developing a PMERC

The strategy has been broken down into distinct steps that map different scales of modelling.
The model depends on the dimensions and the configuration of the macro element (total
section and number of rebars taken into account in each macro element, for example) which
depend on the boundary conditions of the structural problem. The PMERC is thought in terms
of its two interconnected components: the macro element itself (the ERC part of the PMERC
acronym) defined by its dimensions and configuration, and the probabilistic model (the PM
part of the PMERC acronym) describing its behaviour.

A strong assumption is therefore made, which states that the ERC behaves only in tension in
the considered direction(s) of reinforcement(s). To be more precise, it is assumed that only
one macrocrack appears in each macro element, this macrocrack being oriented
perpendicularly to the rebar direction.

The Multi-Scale Modelling Strategy can be summarized as follow:
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First step: determination of the fineness of the finite element mesh and of the dimension
of the ERC(s)

An elastic simulation of the given structure is performed taking into account the boundary
conditions of our problem. 2D or 3D (as required) volume elements are used without
describing any reinforcements. This step is necessary to determine the coarsest finite element
mesh that would still yield the correct kinematic field. This will set an upper limit on the size
of the macro elements. Subsequently, the fineness of the mesh and the optimal ERC(s)

(optimal in terms of geometry, size, and ubiquity) are chosen.

Second step: determination of the different tie-beams geometry

One or multiple ERC(s) are now defined — distinct either by their dimensions and/or their
composition (position, number, and type of rebars).

Different tie-beam numerical tests, for each ERC, in every direction of reinforcements
(numerical experimentation phase) are then defined. The length of these tie-beam specimens
has to be sufficient to get a representative cracking pattern (it means a cracking pattern which

results in a correct way the number of macrocracks per length of tie-beam).

Third step: numerical simulations of the different tie-beams by using a local modelling

approcah
Numerical simulations on the tie-beams are run to get information about cracking and global
responses. To that end, validated local models are used: a probabilistic explicit cracking

model for concrete and an interface element model for steel-concrete bond (section 4).
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Fourth step: determination of the macroscopic model parameters of the different ERCs

Results from the tie-beam simulations (along with some working knowledge) help to deduce,
by inverse analysis, the cracking behaviour of the different ERCs. The mechanical
macroscopic model and the method used to determine the parameters of the constitutive law

are detailed in section 3.

Fifth step: numerical analysis of the reinforced structure with the macroscopic model

Due to the fact that the macroscopic model used is a probabilistic one, it is important to
perform several simulations (Monte-Carlo approach) to get information about the scattering
related to the structural behaviour. By this way, it is then easy to perform safety analysis of

this structure.

The so-called FE? methods were developed and used, in the past, by others researchers [9,
10]. They are based on the hierarchical, bottom-up one-way coupled description of the
material using the finite element methods in both scales and computational homogenization
procedures at the low scale. The main differences between their work and this one can be
summarized as follow:

* They treated only the problem of material behaviour and not that of reinforced

concrete structures behaviour.
* They did not develop probabilistic approaches.

* They did not precisely treat the problem of cracks opening.
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3. PMERC theory

The model is required to have the following features:

The ability to get information on macro-cracks spacing and openings in a large reinforced
concrete structure.
A probabilistic modelling to allow for a statistical analysis of the structural behaviour via

a Monte Carlo approach (reliability analysis of the structure).

3.1. Formulation of the model

To achieve our objectives, and still save on calculation time, the model has to be simple.

Therefore, some strong assumptions are made:

At the global structural scale, our scale of interest, the concrete part of the PMERC
breaks in a brittle way. Therefore, the composite element is assumed to have an elastic
brittle behaviour. Only failure criteria in tension and in shear are considered (the criterion
for shear is only relevant when compressive stress fields are involved). These criteria are
applied at the centre of gravity of the ERC. As for concrete alone, the values of the
tensile and shear strengths of the ERC are considered as random values. At the difference
of concrete alone, the distribution function chosen for the ERC is not a Weibull one but a
lognormal one is (it is an arbitrary choice).

Once the matrix is broken, the stresses in the element plunge to zero — a reasonable
approximation at the scale of structural elements. Then, immediately after, the rebars
intervene mechanically. This requires a new evaluation of the coefficients of the stiffness

matrix of the ERC — in the direction parallel to the rebars. The new values of these
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coefficients are associated with the stiffness of the rebars and the phenomenon of tension
stiffening. They are considered as random values. It is to take into account the
mechanical scattering related to the tension stiffening phenomenon. A lognormal
distribution function is chosen arbitrary for these random values. As a matter of fact, a
Weibull distribution function is not physically relevant for the post-cracking behavior of
the ERC.

* The PMERC accounts for the plastic behaviour of the rebars in the studied direction:
when the linear elastic strain limit of the steel is reached at the center of gravity of the
ERC, its behaviour would be represented by an elasto-perfectly-plastic model. We chose,
for simplicity, to simulate this behaviour with a damage model (permanent deformations
due to the yield of the rebars are not considered). This simplification is only possible if

monotonically increasing loadings are involved, which the case in this work.

As explained before, the macro-element is reinforced in only one direction. It can therefore be
considered as an orthotropic material. A fixed orthogonal reference frame is locally placed
with its direction 1 as the one of the reinforcement. Next, in agreement with homogenization
techniques, it is considered that the element consists of a smeared orthotropic material. Thus

the elastic 3D constitutive law is:
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[ (1 —0p3.932) (921 —U31.023) (31 — ¥21.U32) 0 0 0
EyE; EyE; EyE;
[le] (912 = 913.032) (1 —VU31.013) (932 — 931.912) 0 0 0 [ 2; 1
ol 1| EiBs E\E, E\E, i
onl" 2 (013 = 012.923) (Op3 —013.921) (1 —I12.924) 0 0 o ||2e2 (2)
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l023J G4 0 0 l2£23J
SYM 0 Gyud 0
0 0 Gy
4 E(EyE;3 3)

1- 1923'1932 - 1931'1913 - 1912'1921 - 2'1923'1931'1912

Assumptions are made concerning the elastic coefficients of the orthotropic stiffness matrix

E: Young modulus in the direction of the rebars; calculated as a result of the average
Young modulus of both the concrete and the rebars according to the rule of mixtures
(Voigt model).

E, = E3: Young modulus of the concrete (an approximation).

Y412 = 943 = U3 = 93, : Poisson’s ratio of the concrete.

921 D1z O 9 . .
=21 =12 31 — B3 (¢ ensure that H is symmetric).
E; E1 ~ E3 Eq

G,3: Shear modulus of plain concrete (an approximation)
G1, = Gq3: Shear modulus that takes into consideration the presence of the rebars in

the volume of the element with respect to the rule of mixtures (Voigt model).

When failure criteria are applied in tension (Rankine) or in shear (Tresca) the failure limit is
reached and the stresses are then immediately picked up by a reduced elastic matrix

representing the remaining contribution of the steel bars with some residual action from the
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surrounding concrete (in the form of friction). Some terms of the initial elastic constitutive

relation (1 and 2) are then affected by a reduction coefficient, [:

o=H'¢ (a)
[ (1 —10,3.937) (921 — 031.923) (931 — 921.932) 0 0 0
. E,E- E,Es E,Es .
1 (912 — 013-032) (1 —931-913) (932 — 931-912) 11
022 0 0 0 €22
oss| 1 EiE;3 E E;3 E E;5 | €33 |
012 =2 (913 —V12.923) (923 — 913.921) (1 = 912.921) 0 0 0 | 2615 | (5)
013 E\E, E\E, E\E, 2&43
033 GlZ'A 0 0 2823
SYM 0  Gpd 0
0 0 Gys Al

[ could also be viewed as an anisotropic damage variable. Actually, the whole process
envolving the drop in stresses, and the contribution of steel until yielding, can be numerically

represented by a damage formulation:

o, is the constraint value in direction 1 (that of the reinforcement) right after the drop
resulting from the failure criterion being reached. E; is the residual stiffness in direction 1. g,
and E;, along with o™ (the tensile strength of the unckracked element) are the unknown

model parameters.

The drop from of™ to o, can be the result of an initial anisotropic damage constant DS,

where:

0.
ini €0, E1

&, here is the state of strain in direction 1 after the brittle failure of the element. So we
assume that the cracking of the element has damaged it and we now have established a

damage variable D¢ with a lower bound D{,;.

10
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The stresses are then picked up by the reduced elastic matrix represented by E; = BE; =
(1 — D°)E; (physically the steel bars with some residual friction from the surrounding

concrete).

D€ is considered a state variable, thus its evolution has to verify the following conditions:

D¢>0
{ (7)

¢ = max (DS’ DC)

Where D, is the initial damage state, and D is the actual damage state. The initial damage
threshold (D;,; in this case) is established when the failure criterion is reached in the direction
of the reinforcement. One the element is declared as cracked (failure criteria reached) the
damage evolution is then given by the following relations:

D°(&) = Dfy; ; €< ¢,

_ oy +E{(¢ - 501)'

DE(&) =1 ,
&) EE

&, <&<

(8)

o n OP-0
Dfqx = constant value if € = = L4+ €0,

Where & = (&), ({*); is the positive part of (-)). This behavior is held until the
(predetermined) yield limit of the steel is reached.

To represent the plastic behavior of the reinforcements all it is needed to do is to update the
damage model. Note that it is not saying that plasticity is the same as damage, it is just used
the convenience of the damage formulation to represent the plastic behavior of the macro-
element. Once the stresses in the element reach the yield limit of the steel, the behavior of the

element will be represented as follows:

11
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6=(1-DP)H'.¢ (9)

D? >0

And the damage evolution is now given by:

prey =1 -2 0 tEig, oo (10)

At this stage, the model still carries two unknown parameters: the tensile strength of the
uncracked elementof™, and the residual stiffness in direction 1, E; = BE; (stiffness of the
elastic steel bars in this direction, plus friction with the cracked concrete matrix). Lognormal
distribution functions are assigned to both o™ andEj.

It can be noted that the mean shear strength is assumed to be equal to the half of the
compressive strength, and its standard deviation is equal to that of the tensile strength.

If the fourth step of the numerical strategy (see section 2) is considered, the resulting force-
displacement curve from the global approach has to be fitted to that of the local approach
(numerical experimentations) on the tie-beam tests. The best fit will determine the different
parameters for both distribution functions. Consequently, this classifies the methodology as
an optimization problem. The optimization tool most suited for the problem is the Response
Surface Method (RSM) [11]. RSM is a way to explore the effect of operating conditions (the
factors/parameters) on the response variable, y. In the present case, y is the surface area of the
complex polygon outlined by the real force/displacement curve and the fitted curve. To
calculate the surface area of this highly irregular and self-intersecting polygon the Bentley—
Ottmann algorithm [12] is used. As the unknown response surface of y is mapped out, the

process continues as close as possible towards an optimum (i.e. the minimum value of the

considered area), taking into account any constraints.

12
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At the end of this step, the parameters that minimize y are the ones which are input into the
model for the final calculations.

To summarize, the parameters involved in the process of creating the complete mechanical
model for a given ERC (given concrete and reinforcements) are:

* The parameters of the probabilistic explicit or semi-explicit cracking model of the
concrete.

 The values of C and §¢ " for the interface elements (steel-concrete bond model) which
allows us to perform the correct numerical simulations of the tie-beam test(s). The
results from these numerical simulations constitute the starting point for fitting the
values of the parameters of the ERC.

* The elastic orthotropic stiffness matrix of the ERC, assembled with the help of some
intuitive hypotheses and the rule of mixtures.

* The parameters of the lognormal distribution function for the tensile strength of the
chosen ERC (in the direction of rebars).

The average value of the tensile strength of a given ERC is necessarily smaller than
the one for the same volume of plain concrete; the presence of rebars introduces an
extra level of heterogeneity (concentration of stresses around the rebars) that promotes
fracture initiation.

* The parameters of the lognormal distribution function for the shear strength of the
ERC. The mean value is equal to half the average compressive strength of the
considered concrete. Its deviation is considered identical to that of the ERC’s tensile
strength.

* The parameters of the lognormal distribution function of the residual stiffness of the

ERC after cracking.

13
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Figure 4 summarizes the model’s pre and post cracking behaviour in the direction of the

rebars.

3.2. Probabilistic cracking models

The probabilistic model was first developed at IFSTTAR (formerly LCPC) by Rossi [1, 13]
and more recently improved by Tailhan et al. [14]. It describes the behaviour of concrete via
its two major characteristics: heterogeneity, and sensitivity to scale effects [15]. The physical
basis of the model (presented in detail in [1, 13]) can be summarized as follow:

1) The heterogeneity of concrete is due to its composition. The local mechanical

characteristics (tensile strength fi, shear strength T.) are randomly distributed.

2) The scale effects are a consequence of the heterogeneity of the material. The mechanical
response directly depends on the volume of material that is stressed.

3) The cracking process is controlled by defects in the cement paste, by the heterogeneity of
the material, and by the development of tensile stress gradients.

4) The following points specify how the numerical model accounts for these physical
evidences:

5) The model is developed in the framework of the finite element method, each element
representing a given volume of (heterogeneous) material.

6) The tensile strength is distributed randomly on all elements of the mesh using a Weibull
distribution function whose characteristics depend on the ratio: volume of the finite
element/volume of the largest aggregate, and the compressive strength (as a good
indicator of the quality of the cement paste). The volume of the finite element depends on
the mesh, while the volume of the largest aggregate is a property of the concrete [1, 13,

14].

14
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The Weibull distribution function is the best to take into account the rupture in tension of
a brittle and heterogeneous material as concrete.

7) The shear strength is also distributed randomly on all elements using a distribution
function: (1) its mean value is independent of the mesh size and is assumed equal to the
half of the average compressive strength of the concrete and (2) its deviation depends on
the element’s size, and is the same (for elements of same size) as that of the tensile
strength.

8) Concerning the cracks representation, two approaches are proposed:

a) First approach: explicit cracking

The cracks are explicitly represented by non-linear interface elements of zero thickness.

These elements connect volume elements representing un-cracked plain concrete. Failure

criteria of Rankin in tension and Tresca in shear (to take into account cracks generated by

compressive stresses [16]) are used. As far as tensile or shear stresses remain lower than their
critical values, the interface element ensures the continuity of displacements between the
nodes of the two neighboring volume elements. The material cell gathering these two volume
elements and the interface element remains therefore elastic. Once one of the preceding
failure criteria is reached, the interface element opens and an elementary crack is created. The
tensile and shear strengths as well as the normal and tangential stiffness values, related to this
interface element, become equal to zero [1, 13, 14]. In case of crack re-closure, the interface

element recovers its normal stiffness and follows a classical Coulomb’s law [16].

Note that in this modelling approach, the creation and the propagation of a crack is the result

of the creation of elementary failure planes that randomly appear and can coalesce to form the

macroscopic cracks (Figure 1).
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b) Second approach: semi-explicit cracking
The cracks are modeled using linear volume elements. At the finite element scale, the
energetic effect associated to the elementary cracking process is represented through a simple
isotropic damage law with a single scalar parameter [17] (the model is presented in details in
[18]). A probabilistic energetic regularization is also retained.
Without going into details of numerical implementation of the model, its main features can be
summarized as follows:

* A bilinear stress—strain relationship is used to represent elementary cracking (Figure
2). The elementary dissipative process (i.e. crack propagation inside the FE itself)
starts when the major principal stress at a given Gauss point equals the material tensile
strength. Dissipation is then driven by the positive part of the projection of the strain
along the normal direction of the major principal stress. When the total energy
available for the FE is dissipated, it is declared cracked and its elementary stiffness
matrix is set to zero [18]. This allows avoiding stress-locking phenomena.

* The model is numerically implemented using a rotating crack approach [20, 21].
During the dissipative phase, the stress is allowed to evolve according to any changes
in the stress state in the material.

* Differently from smeared-cracking approaches [21-23], no additive decomposition is
introduced in the constitutive law to distinguish between elastic deformation and crack
contributions. An elementary crack is supposed to exist only after the condition the
damage parameter equal 1 is achieved [18]. The elementary crack opening is then
computed from the projection of the elementary displacements along the normal
direction of the major principal stress.

* For sake of simplicity, crack re-closure is not explicitly treated. The model assumes

that the dissipative process does not influence the elementary stiffness in compression.
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So, for reclosed cracks, the elementary stiffness matrix in compression is completely

recovered while the elementary tensile strength is set to zero.

The constitutive law of the model is completely defined by two parameters: the tensile
strength and the volumetric density of dissipated energy. An energetic regularization
technique allows computing the volumetric density of dissipated energy from the surface
cracking energy by dividing this last energy by an elementary characteristic length [24]. This
elementary characteristic length, le, is here computed from elementary volume, Ve, as L. =
V!, More complex definitions are possible, depending on the FE shape and the order of
interpolation of the displacement field. This choice can influence the predicted crack paths,
however due to the probabilistic aspects of the model this effect is strongly reduced. The
volumetric density of dissipated energy is defined element-by element according to spatially
uncorrelated lognormal statistical law [25]. This choice of a lognormal statistical law is an
arbitrary one (the use of a Weibull law is not relevant anymore as for the tensile strength
distribution due to the fact that, in this approach, the rupture is no more considered as
perfectly brittle). As for the tensile strength parameters, the standard deviation related to the
volumetric density of dissipated energy depend on the elementary volume. In contrary, the

mean value of the energy distribution is assumed independent of elementary volume. Its value
is estimated as 2y where Y is the specific fracture energy per unit area (which is an intrinsic

material parameter) according Griffith’s theory [26].

Note that in this modelling approach, the creation and the propagation of a crack is the result
of the creation of elementary holes that randomly appear and can coalesce to form the
macroscopic cracks.

It is important to underline that:
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* The first approach gives a more precise and relevant information about the cracking
description and the cracking process but is a lot of more simulation time consuming
than the second approach.

* Due to this problem of simulation time consuming, the second approach is

recommended to perform 3D simulations.

3.3. Concrete/steel bond model

Two modelling approaches were introduced to model the concrete-rebar bond [2, 3, and 4]:

* The concrete-rebar bond is represented by interface elements. Their behaviour is
described with a simple deterministic damage model with only two parameters,
cohesion and slip (i.e. relative tangential displacement between steel and concrete).

* The notches/indentations are explicitly modeled along the whole length of the rebar

with a perfect bond between concrete and rebar.

The first approach needs to have experimental information about this steel-concrete bond in
order to perform inverse analysis for determining the values of the interface model
parameters.

The second approach is used only when you have not any experimental information about this

steel-concrete bond. It is more local than the first one but also more time consuming.

The interface element for modeling the steel-concrete bond

Its role is to:
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* Ensure the displacement continuity between the concrete and the steel before the slip
of the interface and before the cracking of the concrete, thus ensuring the transfer of
stresses between steel and concrete.

* Represent the macroscopic mechanical effect of the rebar at the ribs — which is not
explicitly represented in the mesh.

* Simulate a local failure between steel and concrete along the rebar resulting from a
loss of the local adhesion due to shear cracking.

* Simulate the local friction between the concrete and the steel after the interface

failure.

The model is implemented in 2D and 3D [2, 3]. It considers the concrete-rebar bond as a
material zone that progressively degrades in shear (the tensile failure is neglected). Prior to
total failure, stresses are continuously transmitted through the interface.

The interface model is based on a damage model that maintains a constant level of stress
when the critical shear has been reached (Figure 3). When the relative tangential
displacement between the concrete and the rebar exceeds a critical value, the interface
element is declared broken [27]. After failure, a Mohr-Coulomb type of friction behaviour is
maintained.

The interface model is deterministic. This is a valid approximation because the cracking
process around the rebar is governed by the presence of the ribs (rather than the heterogeneity
of concrete) [28].

Only the values of the maximum shear stress, and of the tangential critical relative
displacement, have to be determined. It is realized by performing a numerical inverse
analysis, it means by fitting tie-beam test results obtained with the rebar and the concrete

concerned [2, 4].
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In the framework of the proposed numerical modelling strategy, only 2D interface elements
are used. As a matter of fact, it should be unrealistic, due to computational time
considerations, to perform 3D numerical analysis of tie-beam tests. This assumption that a 2D
numerical analysis (plane stresses conditions) of a 3D tie-beam test is acceptable has been

clearly justified and validated in previous works [2, 4]

4. Example of application of the Multi-Scale Modelling Strategy

As validation example, a structural problem that has been previously studied by the authors
has been chosen [29-31]. This structural problem concerns the analysis of the macrocrack
propagation in a Double Cantilever Beam (DCB) concrete specimen. This type of specimen
and study are very common in the framework of Linear Fracture Mechanics theory. The
specificity of the specimen concerned by this paper is related to two points: the first one
concerns the fact that the dimensions of the specimen are very (unusually) important (3.5
meters length and 1.1 meters width) and the second concerns the fact that the specimen
contains rebars along of the potential propagation of the macrocrack [29].

So, this structural problem is clearly related to the propagation of a macrocrack over a long
distance and crossing rebars. It is an interesting case in relation with the spirit of the
modelling strategy approach presented in this paper.

To make a comparison between the local approach performances with the macroscopic
approach performances, it has also been decided to model the DCB specimen behaviour in the

framework of the local approach. As, it is not reasonable (due to simulation time
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considerations), to use a 3D approach to achieve this local modelling, a 2D approach is

performed.

4.1. Some details about the validation test

The dimensions of the specimen and the loading conditions related to the test are presented in
Figure 5. The steel bars used were ribbed ones with 6 mm diameter. The distance between the
rebars was 10 cm and the first rebar was located at 30 cm from the front tip of the notch
(Figure 6).

Note that the specimen contained a narrowed section in its center part to force the propagation
of the macrocrack along this reduced section (Figure 5). For the same reason and objective,

prestressing cables were used and placed along the flanges of the specimen (Figure 5).

4.2. Numerical simulations

4.2.1. 3D macroscopic approach
The first step of the modelling strategy (section 2) is to choose the dimensions of the ERC
(dimensions of the “macro-element”). These dimensions have to be relevant in respect to the
achievement of a correct kinematic field.
In the case of the DCB specimen concerned by this study (figure 5), two points have to be
noted:

* The first one is that the mesh has to be very fine at the front tip of the notch where only

concrete is present (high stresses concentration).
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* The second one concerns the part of the specimen where rebars are present. In this
part, there are not stresses concentration due to the mechanical acting of the rebars. So,
the finite elements can be much larger.

* To evaluate the influence of the dimension of the ERC chosen both on the relevancy of
the numerical results (by comparison with the experimental result) and the
computational time, it has been decided to consider 3 types of ERC dimensions:

- ERCI: Length (L): 10 cm, High (H): 10 cm, Thickness (T): 10 cm.
- ERC2:L:10cm, H: 5cm, T: 10 cm.

- ERC3:L:10cm, H: 20 cm, T: 10 cm.

It can be noted that:
- ERCI1 and ERC2 contain one rebar.

ERC3 contains two rebars.

- The thickness of the 3 ERC is the same and equal to 10 cm, because it is assumed
that the macrocrack will pass along the narrowed section of the DCB specimen. It
means that, in this zone, only one ERC is present in the thickness of the DCB

specimen

In Figure 7 is presented (as example) the 3D finite elements meshes containing, ERC1. In
Figure 8 is presented 2D cuts of the three different 3D finite elements meshes (with ERCI,
ERC2 and ERC3). It can be noted that for the finite element mesh related to the use of ERC2,

it is necessary to introduce also finite elements representing only concrete.

The second step of the modelling strategy is related to the choice of the tie beam

configurations (3 configurations, one by ERC), on which the inverse approach permitting to
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determine the parameters of the macroscopic mechanical model associated to each ERC has
to be performed. Considering Figure 7, the 3 tie-beams chosen for performing 2D (plane
stresses conditions) simulations with the local approach have the following dimensions:

- ERCI: tie-beam 1 (TB1) with a high of 10 cm and a length of 140 cm.

- ERC2: TB2 with a high of 5 cm and a length of 140 cm.

- ERC3: TB3 with a high of 20 cm and a length of 140 cm.

The third step of the modeling strategy is, now, to perform the numerical simulations of the
different tie-beams. Normally, to perform the numerical simulation in the framework of the
local approach, the best way (related to computational time considerations, see section 4) to
model the concrete/steel bond is to use interface elements.

The problem is that no tie-beam tests were performed in parallel to DCB test. So, it is not
possible to determine the parameters of the interface element behaviour law.

The solution is to use the second way to model this steel-concrete bond (see section 4.2), it
means to explicitly model all the notches/indentations of the rebars. Of course, this solution is
computational time consuming, but it consists to replace experimental tests, which are also
time consuming, by numerical tests.

The three 2D finite elements meshes related to the 3 numerical tie-beams (local approach and
2D stresses plane conditions) are presented in Figure 9.

Concerning the probabilistic model used for the concrete, the semi-explicit approach is
chosen (section 4.1).

Concerning the modeling of the rebars behaviour, a classical Von Mises law (perfect
plasticity) is chosen.

The parameters values related to the concrete and the steel models are given in Table 1.
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Figures 10, 11 and 12 present examples of cracking process obtained with the three numerical

tie-beam tests.

The fourth step consists, now, to determine, by inverse approach, the parameters values
related to the macroscopic model.

Figure 13 presents the three 3D finite elements meshes chosen to model the three tie-beams in
the framework of the macroscopic approach.

Figures 14, 15 and 16 present the force-displacement curves obtained with the local and the
macroscopic approaches respectively for the three tie-beams.

Table 2 gives the values of the material parameters used in the framework of the macroscopic

model to get the results summarized by the Figures 14 to 16.

The fifth step of the modelling strategy consists, finally, to model the cracking behaviour and
the global behaviour of the DCB specimen using the results obtained with the modelling of
the three tie-beams.
The crack mouth opening displacement (CMOD) versus loading curves related to the three
3D meshes are presented in Figures 17 to 19.
It can be noted that:

* As the macroscopic model is a probabilistic one, several numerical simulations are

performed in relation with each 3D mesh.

* In each figure is reported the experimental curve (one test was performed [27])

An example of crack propagation using the macroscopic approach is presented in Figure 20.
To make a comparison between the local approach performances with the macroscopic

approach performances, it has been decided to model the DCB specimen behaviour in the
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framework of the local approach. As, it is not reasonable (due to simulation time
considerations), to use a 3D approach to achieve this local modelling, a 2D approach is

performed.

4.2.2. 2D local approach

The first step of the 2D local approach is to determine the values of the parameters related to
the concrete/steel bond model using interface elements (section 3.2). As a matter of fact, it is
not still reasonable to perform the 2D modelling of the DCB specimen by representing the
ribs of the rebars (as for the tie-beam).

To get these values, the way chosen is to perform an inverse approach (fitting approach) as
proposed, realized and validated in [2-4]. To achieve this inverse approach, the 2D numerical
simulations performed with the TB1 are considered as the reference results (Figures 7 and
14).

The values of the parameters related to the concrete/steel bond model using interface
elements are given in Table 3 (obtained from the inverse approach).

Figure 21 presents the 2D (plain stresses conditions) finite element mesh used to model the
DCB specimen with the local approach.

Concrete is modeled by using the semi-explicit approach (see section 3.1).

The values of all the parameters involved in the numerical simulations (several numerical
simulations are performed, the modelling of the concrete cracking being probabilistic) are
those given in Tables 1 and 3.

Figure 22 presents the CMOD versus loading curves related to the numerical simulations. The
experimental curve is also reported in the figure.

Figure 23 presents an example of cracking process obtained with the 2D local modelling.
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It is now possible to analyze all the results obtained with all (2D and 3D) numerical

simulations and to compare them.

4.3. Analysis of the results and discussion

This analysis and discussion is based on Figures 17 to 20 and 22 to 23.

A look of these figures leads to the following comments:

The macroscopic approach (with the three different macro-elements) gives good
enough results in terms of global behaviour of the DCB specimen (in comparison with
the experimental result). It can be noted, however, that larger are the macro-elements,
larger is the difference between the experimental result and the numerical simulations
ones. It is an expected result. As a matter of fact, the numerical homogenization,
linked to the numerical strategy of modelling proposed in this work, has to lead to a
lost of precision of the information obtained (it is the price to pay).

The local approach leads to a more scattered global behaviour of the DCB specimen
than the macroscopic approach.. It is still a normal and expected result. As a matter of
fact, the numerical homogenization linked to the building of a macro-element leads,
obviously, to a kind of smoothing of the mechanical heterogeneities related to the
cracking process of a reinforced concrete.

The local approach is capable to give detailed information about the cracking process,
it means, microcracks creation accompanying the tortuous propagation of the

macrocrack. It is always an expected result.

So, now, it is capital to make the comparison related to the computational time linked to the

use of each approach. To do that, it has been chosen to consider only the computational time
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(average values related to the several simulations performed) related to the crack propagation
in the zone where the rebars are present.
This comparison is summarized in Table 4.
A look of this Table 4 leads to the following comments:
* To model the same crack propagation length, the local approach spends ten times
more computational time than the global one.
e The fact to consider a macro-element with one or two rebars does not lead to a
significant difference concerning the computational time.
* The fact to model the concrete cracking alone between the cracking of the macro-

elements leads to multiply by two the computational time.

In fact, to be fully precise, it is important to take into account the simulation time linked to
the numerical tests on tie-beams. If it is done, the total simulation time to perform the 3D
analysis of the DCB specimen is around 26 hours. It could be considered as too important in
view of the initial objective of this work, it means to propose an approach compatible with
design offices work. But, it should not be forgotten that this simulation time devoted to the

numerical tests replaces real experimental tests which should take more time to be performed.

5. Conclusions and perspectives

A multi-scale strategy to develop a Probabilistic Model for Elements of Reinforced Concrete
(PMERC) is introduced in this paper. This multi-scale strategy consists in building a macro
model from numerical experimentations using validated local ones: the probabilistic explicit
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or semi-explicit cracking model for concrete and the interface element model with a Mohr-
Coulomb law for steel/concrete bond.

As a validation of this Multi-Scale Modelling Strategy, a previous experimental study related
to the crack propagation in a very large DCB specimen is proposed. The 3D numerical
simulations show that the scientific approach proposed is promising: the global behaviour of
the structure is correctly predicted and the macro-cracking pattern is consistent with results
given by the local approach (only precise information about the tortuosity of the macrocrack
propagation and the microcracks appearance is lost with the macroscopic approach).

The main objective of the PMERC is to reduce the massive computational time required to
get information about the cracking process in large structures. It can be considered that this
objective is reached in the considered example. These results could still be improved and the
gain in computational time would be even more acute for larger structures

As perspectives go, it is now important to validate the proposed strategy on larger and real-
life structures. It is also necessary to consider the situation where the rebars are positioned in
two or more directions. It is also important to emphasize that the strategy proposed in this
paper, which consists in changing scale of analysis by changing the numerical modelling
scale, can be used in the framework of more sophisticated mechanical models than those
implemented in the present work. For that, it is essential for the local scale models chosen to

have a strong physical relevance and to be fully validated.
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740 Tables
741 Table 1
Material Parameter Value Unit
Tensile strength (Weibull distribution) MPa
Scale parameter 8.0
Shape parameter 1.0
Concrete | dissipated energy Gc (lognormal distribution)
Mean value 1.3 10*MN mm™
Deviation 8.4 10*MN mm™
Compressive strength 55 MPa
Young modulus 35000 MPa
Steel Young modulus 191000 MPa
Elastic limit 400 MPa
742
743
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744  Table 2

745
ERC Type Parameter Symbol | Value (MPA)
ERCS Tensile strength ofm
Mean Hoeri 3.2
Deviaion 0 seri 0.4
Tensile recovery oy 1.3
Residual stiffness Ej
Mean Ug! 1000.
Deviation Op! 50.
ERC10 Tensile strength of™
Mean Hgeri 3.05
Deviaion 0 seri 0.4
Tensile recovery oy 0.75
Residual stiffness E;
Mean Ug! 390.
Deviation og! 50.
ERC20 Tensile strength ofm
Mean Hoeri 34
Deviaion 0 seri 0.6
Tensile recovery oy 0.75
Residual stiffness Ej
Mean Kg! 550.
Deviation og! 100.
746

747 UgerisO geri, are the parameters of the lognormal distribution function of the tensile strength,

748 and pgr, og, are the parameters of the lognormal distribution function of the residual

749  stiffness after cracking.
750
751
752
753

754
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760

Table 3
Cohesion C 10 MPa
Critical tangent displacement | §¢™ 4 107°m
Table 4
Model used Calculation time (sec) .Numbel.‘ of elements Numb.e r of nodes in
in the reinforced zone the reinforced zone
Local 4750 2318 1398
Macro-ERC1 527 1125 1480
Macro-ERC2 1220 2057 2592
Macro-ERC3 520 625 888
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