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An original semi-discrete approach to assess gas
conductivity of concrete structures

M. Ezzedine El Dandachy*,t, M. Briffaut, F. Dufour and S. Dal Pont
University Grenoble Alpes, 3SR, F-38000 Grenoble, France

For civil engineering structures with a tightness role, structural permeability is a key issue. In this context,
this paper presents a new proposition of a numerical modelling of leakage rate through a cracked concrete
structure undergoing mode I cracking. The mechanical state of the material, considered in the framework
of continuum mechanics based on finite element modelling, is described by means of the stress-based
nonlocal damage model which takes into account the stress state and provides realistic local mechanical
fields. A semi-discrete method based on the strong discontinuity approach to estimate crack opening is
then considered in the post-treatment phase. Using a Poiseuille’s like relation, the coupling between the
mechan-ical state of the material and its dry gas conductivity is performed.

For validation purposes, an original experimental campaign is conducted on a dry concrete disc
loaded in a splitting setup. During the loading, gas conductivity and digital image correlation analysis are
performed. The comparison with the 3D experimental mechanical global response highlights the
performance of the mechanical model. The comparison between crack openings measured by digital image
correlation and estimated by the strong discontinuity method shows a good agreement.

Finally, the results of the semi-discrete approach coupled with the gas conductivity compared
with exper-imental data show a good estimation of the structural conductivity. Consequently, if the
mechanical problem is well modelled at the global scale, then the proposed approach provides good
estimation of gas conductivity.

KEY WORDS: continuum mechanics; semi-discrete approach; damage; gas conductivity; splitting test;
mortar concrete

1. INTRODUCTION

During their service life, due to external loading (mechanical and/or thermal, environmental, etc.),
concrete structures may undergo cracking in a diffuse manner (microcracking) and/or localized
cracking (macrocracking). Those degradations may directly affect the durability of the structure.
Structural permeability is even a service criterion for structures with a tightness role such as
confinement vessels of nuclear power plant. Therefore, the estimation/prediction of the evolution of
transfer properties in such a cracked structure based on numerical modelling is a key issue for
structural durability analysis. However, estimation of the transfer property evolution of cracked
structures is not possible before understanding the physics behind the means of experiments
performed at the material scale. Three different regimes of radial permeability evolution are seen
during a compression test applied on hollow concrete cylinders [1]. A first regime exhibiting a slight
permeability increase due to the presence of microcracks spreads out in the material [2]. In this
diffuse regime, coupling between permeability and microcracking modelled by a damage variable
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has been proposed when the material is in compression [3-5] and when the material is subjected to
high temperatures [6]. A second regime is observed during which the permeability of the material
increases rapidly due to the cracking coalescence which provides both new porosity and an increase
of the connectivity. A third regime is observed when macrocracks are formed and permeability is
governed at the structural level by Poiseuille’s law (fluid conductivity of a space between parallel
plates) and mainly depends on the crack opening. This regime is characterized by a slower rate of
permeability increase with respect to the second regime. Many authors [7-12] have shown that
Poiseuille’s law overestimates a fluid flow in a real crack because secondary effects such as crack
roughness, crack opening variation and tortuosity are not taken into account. A correction factor,
generally denoted as ¢ in the literature, is introduced in order to account for those geometrical
parameters. As a first approximation, this factor can be supposed to be constant for a given concrete.
For instance, load-induced cracks in high-performance concrete should be smoother than the tensile
cracks in ordinary concrete (OC), and therefore the correction factor might be lower for OC [7].
However, a recent study on water permeability evolution of a localized crack in concrete under
splitting test has recently proposed an empirical relation for the correction factor which depends on
the crack opening [8, 9]. In this way, the wall effect provided by the crack roughness is relatively
dependent on the crack opening.

Numerical models for structural behaviour, cracking assessment and transfer behaviour are needed
for a good description of the material degradation and to estimate/predict the evolution of the gas
permeability of the material. Many numerical models that aim to describe the mechanical response
of concrete structures under mechanical loading exist in the literature. Among the existing models,
some can explicitly describe the cracking in the mechanical model, as shown in extended finite
element method (FEM) [13], generalized FEM [14], embedded FEM [15, 16] or lattice models [17,
18] for instance. The advantage of those models is that the location of the crack and the crack
opening are directly quantified. Nevertheless, the modelling of the crack initiation and crack
propagation accounting for the bulk dissipation (fracture process zone) are still open issues or
numerically very demanding in 3D. Besides, another class of numerical models based on continuum
damage mechanics is a good candidate for cracking estimation [19]. Herein, the microcracking
process and the macrocracking failure are implicitly described and can be modelled by using
regularization techniques to avoid mesh dependencies [20, 21]. Those models are able to predict the
initiation and the propagation of the cracking and account for size effects. Furthermore, if needed,
crack properties (path and opening) can be estimated in a post-processing phase with a good
agreement compared with experimental results [22-25]. Consequently, continuous damage models
are preferred in this contribution. In this work, the stress-based nonlocal (SBNL) regularization
technique [20, 22] is used to provide a realistic damage field based on the Mazars criterion [19] to
represent microcracking and macrocracking during failure. This technique provides sharp strain
profiles upon complete failure which allows to deal with multiple close localized cracks without
overlapping of their strain profiles [22].

To assess material permeability with damage models, a fully continuous approach has been proposed
in order to relate the mechanical state of the material and its permeability to gas [26]. It consists of using
a matching law between the Picandet’s permeability relation [3] (Darcy’s percolation through the
interconnected pores) and the Poiseuille’s permeability (percolation through macrocracks). Herein,
the two permeabilities are directly related to damage. This law is straightforward and does not require
a numerical crack opening assessment. The damage field directly provides, using the matching law, a
permeability field that is used in a second step for a diffusion problem to assess the structural
conductivity. The main concern with this approach is that empirical permeability-damage relations
identified on specific experimental test (compression, splitting, etc.) are not always valid for any
loading case and specimen geometry (see [3-5]). Besides, because the experimental damage is
assessed from the structural response and is certainly not valid for extreme loading for which crack
localization is obtained, a material law can no longer be derived. A second possibility to find a
coupling by using damage models is to consider a semi-discrete approach, which is the approach
proposed in this contribution. The main difference is that after solving the mechanical problem,
additional numerical tools are used to locate the crack and quantify its opening. The semi-discrete
approach together with the constitutive laws are detailed in Section 2.



Despite existing studies in the literature [1,3,7-12], there are still some needs for more knowledge
on gas conductivity of cracked structures because there is no study on a single cracked concrete
specimen for which the crack is fully assessed and the percolated fluid does not interact with the
cement matrix. To this end and to validate the semi-discrete approach, an experimental campaign
has been performed on mortar specimens subjected to splitting test; the gas permeability of the
specimens is measured during the tests at different load levels. Crack opening displacements
(CODs) are estimated by means of digital image correlation (DIC; Section 3). The validation of the
proposed gas permeability-mechanical model against experimental results is performed on the
leakage rate perpendicular to the disc for different load stages (Section 4).

2. SEMI-DISCRETE APPROACH

The semi-discrete approach consists of using a regularized damage model for the mechanical
description. In principle, any model can be used as long as it provides a precise description of local
fields. In this contribution, the SBNL damage model [20, 22] applied to the Mazars criterion [19] is
chosen. The next step is to assess the crack path either by using for instance a topological search
[23] or the global tracking algorithm [24]. Once the crack path is found, the COD can be computed
along the discretized crack surface by using a strong discontinuity method in the post-processing
phase [25]. In this framework, each damaged FE of the crack path is represented as an equivalent
porous medium with effective gas transfer-mechanical properties. The representation is carried out
by means of the element crack opening. The final step is to prescribe the modified Poiseuille’s law
along the crack path, taking into account the roughness, crack opening variation and tortuosity of
the crack to estimate the leakage rate whilst imposing a pressure gradient in the crack surface.

2.1. Stress-based nonlocal damage model

The loss of stiffness associated to mechanical degradation of the material is characterized by a
scalar damage variable D. This internal variable links the Cauchy stress tensor ¢ to the strain tensor
g, following:

6=(1-D)C:¢ (1)

where C is the fourth order tensor of elastic moduli. The variable D ranges from 0 for a virgin material
to 1 for a completely damaged material. It is assumed that D depends on a state variable Y, which in
turn depends on the strain tensor, Y= Y(¢).

The nonlocal regularization method on the internal variable Y is used in order to maintain the
objectivity of the results by averaging the state variable Y in the neighbourhood of each point [21].
This method of regularization replaces a local variable Y by its nonlocal counterpart ¥ as:
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The weight function a depends on the distance d to the point under consideration. Generally, a

Gaussian function is used:
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where /. is a model parameter of the nonlocal damage model called internal length and Y is the state
variable that controls the damage (D = D(Y)) according to the Mazars criterion [19]:
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The damage evolution follows a law which distinguishes tensile damage D, and compressive
damage D.:

D = aPD + a D ®)

where o and ¢, are the weights computed from the strain tensor and f is a parameter accounting for
shear behaviour generally equal to 1.06. The tensile damage D, and compressive damage D. are
calculated as follows:

YDO(I _Alc) Arc
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b 7 IED) ©

where A, A., B, and B, are model parameters; Yp, is the strain at first crack in tension and is also
called the damage threshold. The Mazars model is chosen for its capacity, with a minimum number
of parameters to accurately capture cracking initiation and propagation. However, it does not account
for permanent deformation and is thus rather brittle during unloading phases.

This regularization method allows the objectivity of the results. However, it fails to properly describe
both the strain field and the damage profile at complete failure as well as cracking initiation close to
boundaries [27]. In order to improve the description of the continuous fields, an evolution of nonlocal
interactions should be introduced in computations. In the present contribution, the method proposed
in Refs [20, 22] is used. This regularization method, called the SBNL, is characterized by a
regularization that takes into account the stress state of the material. A modification of the Gaussian
function is applied, and the interaction function becomes:

a(d) = exp [— ( lcozjf p) 2] ™)

where p is a stress factor calculated for each integration point and depends on the principal stresses of the
medium. With this regularization technique, the strain profile tends to be localized on one set of
elements upon failure. In other words, the nonlocal interaction with the stress-based technique is
reduced the more the closer to failure until the strain profile becomes narrow at complete failure. This
feature permits to obtain two (or more) close localized cracks without overlapping of their
correspondent strain profiles. More details can be found in Refs [20, 22].

This nonlocal damage model is used in this contribution to simulate the mechanical state. Once the
mechanical state is obtained, the transfer properties have to be derived.

2.2. Coupling permeability with the mechanical state

2.2.1. Darcy’s law. Assuming that the flow is laminar, Darcy’s law [28] is used to determine the mean
structural permeability (gas conductivity) of the concrete structure. For a unidirectional flow, the mean
structural permeability k,, is determined as:

_ %
i (8)

i == grad(P)

where A (m?) is the cross section of the specimen that is perpendicular to the flow direction, grad(P)
is the pressure gradient (Pa/m), p is the dynamic viscosity of the fluid at 20 °C, and Q is the total
volumetric flow rate through the sample (m?/s).

2.2.2. The modified Poiseuille’s law. In order to numerically find the total volumetric flow rate
through a cracked concrete structure by using a FE computation, a permeability model has to be
defined. The simplest model of an incompressible fluid flow through a crack is the parallel plate



model [29, 30] (Poiseuille’s law). Poiseuille’s permeability for concrete is identified by solving
Navier—Stokes equation for two fracture walls modelled as two smooth parallel plates, distant by a
distance [u] [31]. However, the concrete fracture highlights a roughness, a tortuosity and eventually
crack bridging; it means that a reduction factor should be introduced in Poiseuille’s permeability,
taking into account all the presented phenomena. As a first approximation, this reduction factor is
supposed constant for any crack opening [7, 10, 12]. However, based on splitting experiments, it is
shown that this reduction factor is not constant, but it increases with the crack opening [8, 9]. An
empirical equation (Eqn 9) identified on the gas conductivity of a high-performance concrete disc in
splitting with two parameters y (dimensionless) and f (m~ ”) was introduced, and their values were
characterized as —1.19 and 5.625E-5 (m~7) respectively [8, 9]. The relation used in the present
contribution reads:

[’

B

where ¢, is a dimensionless reduction factor that should account for concrete fracture roughness,
tortuosity and bridging. Poiseuille’s permeability accounting for the presented phenomena, noted as
the modified Poiseuille’s law (m?), is given by:

Su= )
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In this way, the evolution of the reduction factor with the crack opening is taken into account by
decreasing wall and bridging effects as cracks keep on opening.

However, it should be noted that this reduction factor is derived from a splitting experiment in which
a single macrocrack forms rapidly in the diametric plane of the specimen parallel to the loading.
Therefore, the effects of tortuosity and bridging of the crack are rather not the most significant. In
other words, they contribute less to the reduction of the flow rate in such experiment. Consequently,
it seems essential to extend this reduction factor for other experimental setups in which the effects
of tortuosity and bridging of the crack on the flow rate might be significant.

2.2.3. Homogenized permeability tensor. Let us consider a representative volume element (RVE) of a
volume V* and characteristic length /°. This RVE is crossed by a crack with a normal unit direction n*
and a surface A® perpendicular to the flow, that is, A. = [°x [uﬁs} , where [uﬁe] is the crack opening.

Let us assume that in all directions the total flow Q is the sum of the flow in the bulk of the material
(diffuse) Qg and in the localized crack Q..

Q:Qd+ch (11)

The flow in the bulk of the material is due to the initial permeability tensor K§ of the material
assumed to be isotropic. The flow in the crack is due to the anisotropic permeability. Because the
same pressure gradient applied to both flows, one can directly sum up the two permeability tensors
in a local axis attached to the normal of the crack (n°, t;, t;) to deduce the homogenized anisotropic
permeability tensor:

ko 0 0
[,
k= |0 Rt oEg (12)
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where £k is the initial permeability.
In an FE computation, the permeability tensor K7 is defined for each FE considered as an RVE in its
local axis. It should be noted that for total flow computation, K; should be expressed in the global axis



by using rotation matrices of coordinate systems. In cases where FEs with multiple Gauss points are
used, the same averaged permeability tensor is applied to each. This formulation requires finding the
crack path (location and orientation) as well as the calculation of the crack opening at each
integration point [uﬁe] of the crack path. The numerical method to find the crack path is given in
Section 2.2.4. The crack opening assessment is detailed in Section 2.2.5.

2.2.4. Crack path. Among the numerical methods that exist in the literature to find the crack path
from the continuous calculation, two post-treatment methods are retained: the topological search and
the global tracking algorithm. They are briefly presented in this section. More details can be found
in Refs [22, 23] for the topological search and in Ref. [24] for the global tracking algorithm.

2.2.4.1. Topological search. The method to locate the crack path is based on a topological search
approach. It is a step-by-step procedure with a space step a to follow the ridge of a scalar field
characterizing the degradation of the material. For the continuous model considered here, the strain
field Y (see Section 2.1) is considered as the representative field of cracking because it is the most
robust compared to the damage field whose values are limited to 1. The idea is that from the 2D
scalar field Y, the locus of the maximum values corresponds to the crack path. For 3D domains, the
crack path is successively determined in several 2D parallel cuts of the domain.

Three main steps need to be defined to find the crack path: the initiation step, the current step and the
ending step.

* Initiation step

The Gauss point P, bearing the maximum value of the post-treated field is used to initiate the
searching procedure. As no search direction is initially defined, a circle centred on P, with a radius
equal to a is used to project the field Y. The maximum value of the convoluted profile Y(s) * @ (s, /o),
where * is the convolution product and s is the curvilinear coordinate along the circle, defines the
point P, of the crack. The first point P, is re-evaluated to become P; (because its position depends on
the location of Gauss points) by taking the maximum of the convoluted profile along the profile

which is perpendicular to P,P, at Py. Then, current steps can be performed. As two directions are
defined by points P, and Py, each is considered in turn.

e Current step

From a point P; and a search direction P;_ P;, the point P; .  is defined as the locus of the maximum
value of the convoluted profile Y(s)* @ (s, l.n) along the line which is perpendicular to the search

—_—
oot : pp. — 4 PioiPi
direction at point P, defined as P;Py = a‘i

P P; ’

It is worth noting that the crack path does not depend on the space discretization of the initial
simulation because the crack path is found out from the convoluted field.

e Ending step

Different criteria are considered to stop the searching procedure: Point P;, ; is out of the domain
boundaries, or the maximum of the convoluted profile used to identify P;,; is smaller than epq
(strain at first crack in tension).

2.2.4.2. Global tracking algorithm. This method considers an equivalent conduction problem with
the direction associated to the maximum principal strain identified as the direction of the flux. The
compatible crack paths correspond to iso values perpendicular to the direction of the flux, that is,
maximum principal strain. At the end, the iso line corresponding to the crack path is the one passing
through the Gaussian point with the highest nonlocal equivalent strain. More details can be found in
Ref. [24].

Compared to the topological search method (Section 2.2.4.1), this procedure is directly applicable in
3D. However, the hypothesis of pure mode I crack opening must be valid.



2.2.5. Crack opening assessment. In order to assess the crack opening, a post-treatment of the strain
field obtained from the FE calculation is performed. After identifying the crack path, the crack opening
is calculated by comparing the computed strain field egg and the analytical strain profile esp = [u]d(x)
corresponding to a strong discontinuity (displacement jump) along a line (1D profile) perpendicular
to the crack path. As the analytical strain profile is a Dirac-like function, a direct comparison cannot
be performed with the numerical strain profile. Thus, a convolution product is applied on both
profiles by using a Gaussian function @. By considering the equality of both convoluted profiles at
the crack location x; [25], one can obtain an estimation of the crack opening:

G Q)(xo)jl @ (x — xo)dx
k"= (0) (13)

This method also gives an error indicator A(x, []) along the crack path for each perpendicular
profile by comparison between the numerical profile and the strong discontinuity one.

A(XO, [u]e) _ Jl |(6'SD * @)(X,XO, [u]e) _ (ng % @)(X)|dx i

J.l (SFE & @)(x)dx

Equation 14 gives only a model error and should be seen by the user as an indicator of the quality of
the hypothesis made by comparing the FE strain profile and the strain profile of a strong discontinuity.

2.2.6. Staggered algorithm. The advantages of a post-treatment procedure for the gas transfer
problem are that its implementation is not intrusive in the FE tool and that the mechanical problem
can be solved by means of any constitutive models and FE code.

The algorithm of the post-treatment procedure to determine the total leakage rate can be summarized
as follows (Figure 1). After solving the mechanical problem, the crack path (crack surface in 3D) is
defined first (see Section 2.2.4). Secondly, the crack opening is estimated by using the analytical
analogy (see Section 2.2.5), then the local permeability of the FE at its integration point in the crack
surface is calculated. For the undamaged elements, the permeability is supposed to be equal to the
initial one. Thirdly, the diffusion problem imposing a pressure gradient is solved (more details

Resolution of the 5 =
mechanical problem ementary
(Section 2.1) permeabilities
(Eq. (12))

’ r
Crack path
(Section 2.4)

Total flow by solving the
diffusion problem
/

Crack opening
(Section 2.5) /

Mean Permeability
(Darcy’s Law)

(Eq. 8)

Figure 1. Algorithm, type staggered, for the mechanical state-permeability coupling.



can be found in Section 5). Finally, by means of Darcy’s law, the mean structural permeability
(conductivity) in the direction of the pressure gradient can be calculated out of the diffusion problem.

3. EXPERIMENTAL SETUP

The experiment consists of a Brazilian splitting test applied on dry mortar specimens (Figure 2). The
samples have a cylindrical shape of 40 mm height and 110 mm diameter. It is worth noting that the
samples are not perfectly cylindrical; a difference of approximately 0.1 mm in diameter is observed
due to the geometry defaults of the steel mould. Although this test is rather complex to control in
the post-peak regime, it presents a single macrocrack in the specimen which is an advantage for the
gas transfer part of the experiment. Furthermore, the crack position is known a priori. Thus, it can
be instrumented for the test control and accurately measured by DIC. In the experiments, the test is
controlled by means of the relative displacement between two points on the face (Sy,) with the largest
diameter. Those points are located at a distance of 10 mm from the centre of the disc. This relative dis-
placement is identical to the COD for large values. The smallest face (S) is discretized by means of a
speckle pattern (Figure 3a) to perform a DIC analysis and to obtain the 2D horizontal displacement
field on the face. A window of interest is placed around the crack as shown in Figure 3b to estimate
the crack opening, that is, the jump in the horizontal displacement field along the crack path.

In the post-peak regime, dry nitrogen flow rate measurements are taken after partially unloading the
sample to avoid rupture due to the coupling between creep and damage (Figure 4).

Figure 2. Conductivity analysis whilst performing a Brazilian test on a mortar sample.

(a) (b)

Figure 3. Speckle pattern (a) and the horizontal displacement field at failure of the specimen face with the
grid to estimate the crack opening displacement along the crack path (b).
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Figure 4. Mechanical behaviour and permeability evolution versus the total displacement for two mortar
specimens.

3.1. Mechanical and gas transfer behaviour

The mechanical response (applied force vs the relative horizontal displacement) and the mean
permeability evolution of two mortar specimens are shown in Figure 4, with a good repeatability.
Classically, the mechanical response starts with an elastic part, reaches a peak, and the softening
behaviour ends up by a complete split of the specimen. At horizontal displacement equal to
approximately 0.034 mm, the specimen is split and the behaviour afterwards is described by the two
half portions of the specimen subjected to compression which explains why the bearing capacity is
increasing again. A detailed analysis comparing the COD measures obtained with the sensor and
with the DIC has shown that there is a 3D effect on the specimen behaviour. In particular, the 3D
effect is important between the peak (start of the macrocrack propagation) and the complete splitting
of the specimen obtained for a relative displacement of approximately 0.034 mm. Indeed, as also
described in Refs [9, 10, 12], the crack initiates on the largest face (S,) and then propagates in the
longitudinal direction to the other face (Sy).

The mean permeability evolution can be described by the three regimes proposed in Ref. [1]. For
displacements varying from 0 to 0.03 mm, a slight increase in the mean permeability is observed.
Afterwards, a large increase in the mean permeability begins where both crack opening and
connectivity are increasing. Finally, the increase rate of the mean permeability is slower because the
connectivity is already established.

4. COMPARISON WITH EXPERIMENTS

This numerical application is a simulation of one of the two physical experiments presented in
Section 3 to validate the mechanical model, the crack property assessment and the coupling with
transfer properties. The steel bearing plates are modelled as elastic plates with high Young’s
modulus (E=300GPa) and the Poisson’s ratio of mortar (v=0.2) in order to avoid a local
confinement effect of mortar. Numerical simulations are performed in the FE code CAST3M [32]
with 20807 four-node tetrahedral elements. Due to the two symmetries of the problem, the
computational domain is reduced to a quarter of the specimen. Thus, the relative displacement
which controls the test is now reduced to the total displacement at point P. The mesh (Figure 5b) is
generated with the same conicity than the real specimen in order to reproduce the 3D effect in the
simulations. An arc-length procedure driven by the maximum strain is performed to solve the
mechanical problem in the post-peak regime [33, 34].

4.1. Mechanical description of the splitting test

A calibration of the mechanical model parameters is performed by considering a trial-and-error process
applied on the physical response. The parameter set of the SBNL Mazars model is given in Table 1.
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Figure 5. Brazilian splitting test (a) face S;, (b) 3D conic finite element mesh.

Table I. Set of parameters.

Parameter SBNL
Ypo 3.5x10° 4
A 14

A 0.88

B, 800

B, 4050

L 1.06

leo 7.5 mm
E 18 MPa
v 0.2

y —-1.19

S 5.625E-5
i 1.79% 10" > Pas

The comparison between the numerical model and the experiment made on the mechanical response
(force vs displacement at P) is shown in Figure 6. This result shows that the SBNL damage model
provides a good estimation of the physical response in describing the behaviour even after the total
split. This is possible because both the damage and the strain are well localized at failure without
spurious diffusion as for other nonlocal approaches. One can see that the Mazars model presents an
exaggerated snapback (elastic discharge of the face S,), where the displacement of point P decreases
from about 0.035 to 0.0305mm. Indeed, this model does not account for the permanent
deformation, and consequently, the elastic discharge described by the model is more important.

4.2. Damage propagation

Damage fields at four loading levels given by the SBNL model are presented in Figure 7. At peak A,
damage is initiated in the centre of the surface Sy. In the post-peak behaviour (between A and B),
damage propagates on the surface S, and in the longitudinal direction towards the surface S,. At
point B, the damage starts to occur on the surface S, then it propagates on this face from the centre
towards the bearing plates. It provides a rotation of the specimen with respect to the vertical axis,
yielding a decrease of the displacement at point P. The latter ends up by a total split (point C) and
the end of the snapback phenomenon. The behaviour becomes the one of the half portion, and
almost all the crack surface is totally damaged. D corresponds to the last state, with displacement of
point P equal to approximately 0.1 mm. At some points (three), a mechanical discharge is performed
to compare the structural stiffness with the experimental one.
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Figure 6. Mechanical response (force vs total horizontal displacement of point P) described by stress-based
nonlocal damage model compared with experimental response.
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Figure 7. Damage fields given by stress-based nonlocal damage model at four loading levels (A), (B),
(C) and (D).
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In this specific example, the crack path is obviously the symmetry surface parallel to the loading,
and there is no need to perform one of the two procedures presented in Section 2.2.4. However, they
have been checked to provide the right solution.

4.3. Crack opening displacements

The method presented in Section 2.2.5 is applied on the splitting simulation to determine numerically
the CODs.

A comparison is made between CODs obtained experimentally by the DIC technique and
numerically by analogy, with the strong discontinuity method at five different loadings that
correspond respectively to horizontal displacements at point P: (a) 0.0247 mm, (b) 0.033 mm, (c)
0.06 mm, (d) 0.08 mm and (e) 0.1 mm (Figures 7-9).

On the face S, at state (a), the analytical method fails to assess properly the COD (Figure 8). Indeed,
the assumption for this method is to have a strong discontinuity. Because the cracking is not fully
developed on the face S (rear face), the assumption is not fulfilled, and consequently, the method
cannot reproduce properly the COD on that face. Moreover, the error indicator for the analytical
method (Eqn 14) shows a very high relative error (>60%; Figure 10). This error indicator is indeed
very useful to decide whether the crack opening estimation based on the FE computation can be
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Figure 8. Crack opening profile along the crack path at (a) 0.0247 mm.
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Figure 9. Crack opening profiles for four loading states corresponding to total horizontal displacement of
P equal to (b) 0.033 mm, (c) 0.06 mm, (d) 0.08 mm and (e) 0.1 mm.

used if the experimental results are not known. Nevertheless, on the face S, (front face) where the
cracking is developed, the calculated COD given by the analytical approach is in the same order as
the one provided by DIC, and the error indicator shows a relative error of around 20% in the central

part (zone of interest where the cracking is dominant).

The points (b), (c), (d) and (e) are located after the split at 0.033, 0.06, 0.08 and 0.1 mm respectively
(Figure 7). It is shown that after the split (point C), the cracking is developed on both faces. Moreover,
at those states, the numerically assessed CODs are in great agreement with the DIC results (Figure 9).

12



Crack opening error evolution (T. Disp.=24.7 microns) Crack opening error evolution (T. Disp.=33 microm)

——— e
100 - 100
%0 %0
8 / 0
E E x
> & Crack opening SO rror (Rear face) 2 90 Crack opening SD errer (Rear face)
& = { |~Crack openng SO error (Front face) 5 w ~=Crack opening SD error (Front face)
g 40 2 @ 40
o o
30+ 4 0
20 £ 20
10 - 10
o = - I ) - - -
100 -50 o 50 100 150 200 -140 120 -100 -80 -80 40 20 0 20 0 &
Relative error (%) Relative error (%)
Crack opening error evolution (T. Disp.=80 microm) Crack opening error evolution (T. Disp.=100 microm)
110 — 110 —
i - 5 ding
—
» g 1 = p——t
— — .
) —— ) —
E 70 E 70 —_—
> > @ e
= = ’—;:-T_:_
S %0 S %0 :
B w % 40
& & .
0 0

__ Crack opening SD error

20+ (Rear face)
_._Crack opening SD error
10 (Front face)

Crach opening SO error
0 (Rear face)

_. Crack opening SD error
0 (Front face)

%2 13 14 15 16 7 18 %2 13 " 15 ® 7 8 1
Relative error (%) Relative error (%)

Figure 10. Relative error on crack opening profiles for four loading states corresponding to total horizontal
displacement of P equal to (a) 0.0247 mm, (b) 0.033 mm, (d) 0.08 mm and (e) 0.1 mm.

This shows again that once the crack is fully developed, the herein proposed method is well positioned
to assess the crack opening. At states (b), (d) and (e), the error indicator shows a maximum error in the
central part that is lower than 20% and a minimum error (13%) at mid-height where the COD is the
largest (Figure 10). This shows that the system dynamics assumption is adequate and acceptable
when the crack is fully developed.

4.4. Coupling permeability-mechanical state

Once the numerical description of the mechanical response for the splitting test is achieved, the
algorithm presented in Section 2.2.6 (Figure 1) is applied to numerically compute the total flow rate
through the cracked specimen.

The next step, after assessing the crack openings along the crack path, is to compute the mean
permeability tensor by using Eqn 12 (Figure 11). For the 3D splitting test, the mean permeability
tensor K7, is given in Eqn 16. This tensor is calculated for each FE in its local frame, whereas n° is
the unit vector that corresponds to the normal direction to the crack path at the FE. For this
particular case of splitting test, the unit vector n® is along the axis X. The permeability tensor K¢, is
directly expressed in the global axis. The total flow rate can be computed by solving a diffusion
problem in the volume by applying a pressure gradient between the two faces Sy, and S (Figure 11).

ko 0 0
5]
k= |0 PTREs 0 (16)
e 137
0 0 kel

REF1x v 2
The diffusion problem is solved by introducing all matrices K¢, in the FE software (CAST3M [33])

and imposing the pressure boundary conditions shown in Figure 11. Eventually, the mean structural
permeability (gas conductivity) is calculated by applying Darcy’s law (Eqn 8).
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Figure 11. Solving the diffusion problem by applying a pressure gradient.

The evolution of the mean structural permeability calculated from the experiment versus the
estimated one as a function of the horizontal displacement at point P is presented in Figure 12. Two
cases are considered. In the first case, the concrete crack surfaces are supposed to be perfectly
smooth and straight according to Poiseuille’s hypothesis (¢=1). In the second case, the empirical
relation for the correction factor proposed in Refs [8, 9] is considered (Eqn 9). In the phase
where the crack is opened, the nonmodified Poiseuille’s model overestimates the mean structural
permeability (flow through the cracked structure) with respect to the experimental results, whilst
the proposed model that includes the parameters proposed in Refs [8, 9] shows a good agreement
with respect to experimental results. This shows that those parameters are also valid for OC when
a macrocrack is developed. Moreover, less agreement between the proposed model and the
experimental measurements is seen in the transition phase from microcracking to macrocracking. In
this phase, the quality of the crack opening assessment is lower, and consequently, dispersion in the
mean structural permeability estimation is seen.

Furthermore, despite that the study in Ref. [9] is on water conductivity of concrete, the results found
in the latter study are in a good agreement (Figure 12) with the results of the study presented in this
paper (gas conductivity of mortar), especially at total displacement equal to 0.1 mm. This means that
the mean structural permeability is governed by the crack opening, and that this permeability tends
to be independent of the percolated fluid when the crack opening is very large.

The mesh dependency analysis is illustrated in Figure 13. For computational time reason, only two
meshes of mean element sizes of 3.3 and 2 mm were addressed. Based on Figure 13b, it is clear that
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Figure 12. Estimated mean permeability evolution versus total displacement of point P.
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Figure 13. Mesh sensitivity on mechanical global results (a) and mean permeability (b).

there is no mesh dependency once the crack is fully formed and widely opened. The reason is that by
using the SBNL approach, as stated in Ref. [20], the strain is fully localized in a band with a width of
one element. Thus, the maximum strain is mesh dependent and inversely proportional to the mesh size.
In contrary, the crack opening, that is, a displacement quantity, which is roughly the product of the
strain perpendicular to the crack path, is mesh independent and thus the transfer properties.

In addition, for intermediate states, a slight mesh dependency is observed in the mean permeability
evolution. This is completely related to the mechanical response for which the snapback initiation is
not exactly for the same mechanical state (Figure 13a). This is highlighted in the transfer property
response due to the great evolution upon the crack propagation. Snapback is not that easy to capture
and follow in a quasi-static manner. Even with a nonlocal approach, slight differences are observed.
One may also suspect that the complete mesh independency could be reached only with smaller
mesh sizes.

5. CONCLUSIONS

This contribution presents an original gas transfer modelling as a post-treatment procedure based on a
mechanical model for concrete structures undergoing mode I cracking. A semi-discrete approach in
a continuous framework is proposed to find a numerical coupling between structural permeability
and mechanical properties for concrete/mortar. For validation purposes, an original experimental
campaign on gas conductivity measurement during a splitting test is presented. Due to a 3D effect,
the crack crosses the specimen well after the peak force. Until this point, the leakage rate does not
change much because the connectivity between the two faces is not yet fully established. Upon the
crossing of the crack, the leakage rate increases by much due to the development of cracks and
connectivity. Once the splitting is complete, the bearing capacity starts increasing and the leakage
rate increase is reduced because it is only due to the opening of the main crack.

After calibration of material model parameters on the global mechanical response, the SBNL
damage model describes accurately the global behaviour of the specimen subjected to the splitting
test presented here. The model is able to reproduce the global behaviour even after the split of the
specimen. Damage initiation and propagation are similar to experimental observation. In the crack
surface, COD is assessed by using an analytical method based on the analogy with the strong
discontinuity approach. When a macrocrack is formed, the results given by the latter method show a
good agreement with experimental measurements. Thus, the proposed mechanical model is able not
only to reproduce the global response but also to provide good estimation of local quantities.

It was shown that in the phase where there is an opened crack, the nonmodified Poiseuille’s model
of perfectly smooth parallel plates overestimates the mean structural permeability (flow rate through
the cracked structure) with respect to the experimental results, whilst the proposed model that
includes the parameters found in Refs [8, 9] shows a good agreement with respect to experimental
results. This shows that those parameters are also valid for OC when a macrocrack is developed.
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Moreover, less agreement between the proposed model and the experimental measurements is seen in
the transition phase from microcracking to macrocracking. In this phase, the quality of the crack
opening estimation is lower, and consequently, dispersion in the mean structural permeability
estimation is seen. A comparison has been made between the calculated mean structural permeability
in this study (gas conductivity of mortar) and the one calculated in the study on water permeability of
concrete [8, 9]. The results found in the latter study are in a good agreement with the results of the
study presented in this paper (gas conductivity of mortar), especially at high level of cracking. This
means that the mean structural permeability is governed by the crack opening, and that this
permeability tends to be independent of the percolated fluid when the crack opening is very large.
Finally, the proposed model is based on a staggered algorithm which is simple and easy to
implement. One can solve first the mechanical problem and then solve the gas transfer one. This
model is validated by two different studies that emphasize again that the description of the crack
opening field is the key issue for the estimation of the mean structural permeability. Finally, mesh-
independent results are obtained with the proposed model. Consequently, if the mechanical problem
is well modelled, then the gas transfer problem, based on local mechanical quantities, is well
modelled as well. It should be noted, however, that this proposition is limited to mode I cracking and
definitely not valid when shearing occurs. The perspective of this work is to extend the proposed
model to other cracking modes. Moreover, it seems essential to extend the reduction factor in the
modified Poiseuille’s permeability to general cases in which all phenomena that contribute to the
flow rate reduction occur.
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