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ABSTRACT. This paper deals with the development of a model for concrete subjected to
dynamic loads. Shock waves are generated by Pulsed Arc Electro-hydraulic Discharges
(PAED) in water and applied to mortar samples. A diphasic model (liquid water and vapour)
is implemented in order to describe the electrical discharge and the propagation of shock
waves in water. An anisotropic damage model is devised, which takes account of the strain
rate effect and the crack closure effect. Coupling between anisotropic damage and
permeability is proposed in order to assess the variation of material permeability due to
shock waves. Comparisons with experiments show a good correlation between the
experimental and the numerical results.

RESUME. Cette étude porte sur développement d’un modele du béton sous chargement
dynamique rapide. Le chargement dynamique est généré par des ondes de chocs dues a la
décharge électrohydraulique d’un arc (PAED) sous [’eau. Un modeéle actuel diphasique est
qualifié et utilisé pour simuler la décharge électrique et la propagation des ondes dans [’eau.
Un modéle d’endommagement anisotrope est développé qui prend en compte [’effet de vitesse
de la déformation et la refermeture des fissures. Un couplage entre |’endommagement et la
perméabilité anisotropique est proposé. Apres la comparaison avec l’expérimentation, une
bonne corrélation est observée entre les résultats expérimentaux et numeriques.
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1. Introduction

The mechanical behaviour of quasi-brittle materials like mortar depends quite
strongly on the rate of loading (Abrams 1917; Birkimer et al., 1971). The evolution
of microstructure due to such mechanical loads may be characterized by the
variation of permeability and the variation of stiffness (material damage). The
relationship between static applied loads, the material permeability and damage has
been investigated in the past by theoretical and experimental studies (Kermani,
1991; Hearn et al., 1998; Choinska et al., 2007). The rate of loading effect on the
microstructure and material damage, in connection with the material permeability
remains, however, to be investigated. Micro-cracks generated by dynamic loads are
more distributed (less localized) compared to statics (Cao et al., 2001a; Cao et al.,
2001b). Given a load level, the variation of permeability is expected to be different
in statics and in dynamics. The purpose of the present study is to focus on a specific
type of dynamic loads and to discuss numerical models for the description of
damage and permeability.

In this study, the dynamic load is a compressive shock wave with an amplitude
that is generated by Pulsed Arc Electrohydraulic Discharges (PAED) (Touya et al.,
2006). The wave is generated into water and then transmitted to the immersed
specimen (diameter 100 mm, height 125 mm). It is characterised by its amplitude in
water. An experimental program (Maurel et al., 2010) has already been conducted in
order to correlate the evolution of cracking and damage due to dynamic loads with
the intrinsic permeability of the material, and with its microstructure. Experimental
results are recalled in the Section 2.

Then, the whole experimental process is simulated using a 3D finite element
calculation with the Europlexus code. A dysphasic model is used to describe the
electric discharge and the propagation of the pressure waves according to simplified
assumptions. In this model, water and vapour are folded into a single mixture and
energy is released into a small region of liquid water according to a time history
which is specified by the experimental conditions. The interface between the fluid
and solid meshes is modelled by the FSA algorithm (Fluid Structure ALE), which is
based upon the hypothesis of nodal conformity of the fluid and structure meshes
along their interface (Casadei et al., 2004; Casadei, 2008).

Several rate-dependent damage models have been proposed in order to describe
the strain-rate dependent behaviour of concrete subjected to high dynamic loadings.
Pedersen et al. (2008), and Gatuingt and Pijaudier-Cabot (2002) devised visco-
plastic damage models for this purpose. These isotropic damage-based models did
not account for the crack closure effect. Dubé et al. (1996) proposed a constitutive
relation which includes the effect of crack closure but still rely on an isotropic
description of damage. Anisotropic damage models are also available. The present
work starts from the model developed by Desmorat et al. (2007) in which damage is
orthotropic, with three principal directions and three principal values of damage in
this coordinate system D; D, D; Chambart modified the model (2009) and



introduced additional parameters in order to model the evolution of the dynamic
strength and the strain rate dependent properties of concrete. Due to the rate
dependent effect, failure due to localization of strain and damage is described in a
consistent theoretical way, but the fracture parameters, however, are controlled by
the rate dependent properties solely and this may provide some bias on the fracture
energy, in statics especially. In the present paper, an additional regularization
scheme based upon the variation of fracture energy with element size is introduced
in order to recover correct fracture properties in statics, independently from any rate
effect. The new constitutive model describes anisotropic cracking and damage, the
crack closure effect, strain rate effects and the variation of fracture energy with mesh
element size. In addition, a permeability tensor is derived from the damage tensor,
and the mechanical model is coupled with a mass transport model, ie. a simple
Darcy like description of fluid flow in damaged concrete. Section 3 discusses the
numerical model and comparisons with experimental data are provided in Section 4.
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Figure 1. Experimental set-up for PAED on mortar samples

2. Description of the experimental program

The PAED method (Pulsed Arc Electrohydraulic Discharges) has been used to
generate dynamic underwater shock waves impacting mortar samples (Figure 1).
The details of this method and the experimental device have been discussed in
Touya (2003), Touya et al. (2006) and Maurel et al. (2010). Hence, we will only
provide a short overview of the experimental set-up here.

In this experimental program, the pressure compression wave is generated by PAED
in water and then transmitted on one face of a cylindrical mortar specimen. The wave
propagates in the specimen and generates micro-cracking and damage due to extensions
induced by the Poisson effect. Thus, mortar cylinders are subjected to dynamic loads
of various amplitudes propagating along their principal (longitudinal) axis.



2.1. Mortar composition and specimen characterisation

The mortar was made with a maximal grain size of 2 mm and with a water
cement ratio equal to 0.6. Average mechanical properties of mortar are detailed in
table 1. Cylindrical test specimens (diameter 100 mm, height 125 mm) have been
cast in plastic moulds. The characteristics of mortar were obtained from
compression and splitting tests on six specimens of the same size. The pure tensile
strength is supposed to be 16% lower that the value obtained from splitting tests.

Table 1. Average mechanical properties of mortar

f.,3(MPa) f, (MPa) E. (MPa) K, (m’)
19.6 2.5 17300 4.10-17

2.2. Measurement of permeability to nitrogen

The measurement of permeability was carried out on cylindrical specimens
(100 mm diameter and 50 mm height) sawn from tested mortar cylinders. The
apparent permeability of the specimen to nitrogen was measured in the direction of the
applied compressive waves, by imposing different pressures gradient on the faces of
the cylindrical specimens and by measuring the resulting fluid flow. The intrinsic
permeability of the specimens was obtained according to the Klinkenberg model. The
initial permeability of the material, averaged over 5 specimens, is 4.10"'m? which is
used as reference in forthcoming results to define the initial state of microstructure.
The evolution of damage in the specimen is characterized by the variation of
permeability measured after the dynamic loading.

2.3. Test results

Two test series have been carried out in order to observe the influence of the
pressure level and of the number of shock waves applied to the specimens. In the
first series, mortar specimens have been subjected to a single shock wave with a
variable pressure amplitude. The variations of measured permeability with peak
pressure are plotted in Figure 2a. In the second one the amplitude of the shock wave
was kept constant (90 MPa), and several different numbers of applied waves were
considered. The evolution of the permeability with the number of shocks is plotted
in Figure 2b.

X-ray tomography (CT scans, microscan) and Mercury intrusion porosimetry
(MIP) have been used in order to characterize and to visualize the evolutions of the
microstructure of mortar upon the application of shock waves. These results have



been detailed in (Maurel et al., 2010). In the next section, we will turn to numerical
modelling of this experimental set-up and start with the description of the electrical
discharge and the subsequent shock wave generated in water, prior it reaches the
specimen.
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Figure 2. Evolution of permeability a) with applied pressure b) with the number
of shocks under a peak pressure equal to 90 MPa

3. Qualification the computer model to simulate PAED

The underwater electrical discharges is simulated with the diphasic model
available in the code EUROPLEXUS. Liquid water and vapour are described by a
two-phase mixture, each phase being in thermodynamic equilibrium at the same
temperature and pressure. Once the electrical discharge is described, the shock wave
travels into water and reaches the solid specimen. The entire set-up (fluid and solid)
1s modelled with finite element meshes and an ALE description in order to achieve a
proper description of the fluid solid interface. This procedure is rather classical in
the code and we are going to focus on the description of PAED in this section, and
later on, on the solid constitutive models, which are original.

3.1. Diphasic model in EUROPLEXUS

The dynamic computer code EUROPLEXUS has been co-developed by CEA
(CEN Saclay, DMT) and EC (JRC-Ispra, ISIS) since 1999. This code is based on the
Finite Element Method and uses an explicit time integration algorithm (Robbe ef al.,
2003, 2004, 2005). At each time step, the conservation of mass, the conservation of
energy, the state laws, and the conservation of momentum are computed
successively. The thermodynamic properties of liquid and vapour follow from
tabulated values. Each finite element has a single gauss point (Serguei et al., 2005),
at which these properties are calculated.



The thermodynamic properties of water are tabulated from two variables: the
temperature and the pressure. The liquid and vapor phases are separated by the
saturation curve denoted as Sat (P, T) = 0, which is illustrated in Figure 3a. In the
case of a liquid-vapor mixture, the saturation curve is followed, i.e. the mixture is in
equilibrium if the thermodynamic variables are on the saturation curve (Lepareux,
2000). The mass fraction of vapour y is defined (Lepareux, 1994):

m

[1]

r=—
m

where my is the mass of vapour and m is the total mass of fluid.  characterizes the
concentration of vapor. When y = 1, the fluid is vapor, when y = 0, the fluid is liquid.
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Figure 3. a) saturation curve; b) rectangle interpolation in the water tables

When 0 < y <1, the fluid is diphasic, the mass volume v and mass enthalpy h are
given by:

dv:(vv—v,)d;(+[;((%‘;J (- Z)(g_;j }dP 2]

oh, (o
Z( opP )sat +(l ;{{ opP jsat:|dP [3]

V,and hv are the volume and masse enthalpy of vapor. V;and h, are the volume and
masse enthalpy of liquid. To simulate the electrical discharge, electrical energy is
injected locally into water as a function of time. The region in which the energy is
injected is located between the electrodes. It is the region in which the electrical
discharge occurs. The total injected energy in this region can be defined as:

dh = (h, —h )dy +




W=["dtSmeq. [4]
e=1

where m¢ is the mass of water in the element where the energy is injected (assumed
to be constant during the application of energy). N is the number of elements in the
area where the energy is applied. The injected mass power in one element g, is
calculated as follow:

g, =a, x f(t) [5]

Function f(r) describes the evolution of energy injected in the fluid during the
discharge, to be defined with time (Figure 4). The coefficient «,, is dimensionless
and is calibrated from experiments.

20. -
W (KJ)

15. -

10. - .

TIME (L.E-65)
0. 50. 100. 150.

Figure 4. Example of evolution of injected energy with time

3.2. Calibration of the PAED model

Several experiments have been carried out with different experimental conditions
(injected energy level, distance between the electrodes and the pressure transducer).
The pressure wave was recorded with a dynamic transducer located perpendicularly
to the inter-electrode space. It is this pressure wave which is compared to the results
of computations.

The mesh used in the computations is shown in Figure 5. It is a full Euler-type
finite element mesh which represents the fluid nearby the electrodes. The energy is
injected locally in the spherical red zone (Figure 5) to simulate the electrical
discharge. The diameter of this zone is the distance between the two electrodes.
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Figure 5. Boundary condition and the numerical mesh of the simulation

The injected energy and distance between the electrodes are the same combination
as those used in the experimentation on mortar. Parameters such as the mesh density
and the damping constants in the time integration scheme have an influence on the
results. These parameters have been set constant, after the calibration between the
experimental and measured pressure peaks on a first configuration (energy = 3.3 kJ,
distance between the electrodes and the transducer = 17.5 cm measured along the
symmetric boundary in Figure 5). Comparisons between the experimental and
numerical results are plotted in Figure 6 for two different configurations.

25 3.5
3 Injected energy: 31.25)
2 Injected energy: 20) 25 Distance: 9cm
< Distance: 9cm ©
o o
S 1.5 é 2
° o Experimental curve
2 1 a 1.5 ---- Numerical curve
o ¢
& Experimental curve e 1
——-- Numerical curve
0.5 Y
05 o~
0 o CooToomomommmmmemomrommenomoon
0 20 40 60 80 100 0 20 40 60 80
time (us) time (s)

Figure 6. Comparison of the experimental and the numerical pressure
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Figure 7. a) propagation of the pressure wave at different distance d; b) comparison
the numerical peak pressures relative to the distance d and the empiric formulation

The peak pressure P, may be determined by an empiric formula proposed
by Touya ef al. (2006) and obtained from experiment datas:

where Ez = 1/2.C.Us’ (U the breakdown voltage value and C is the capacity of the
electrical set-up. The parameters k and a depend on the inter-electrode geometry and
on the distance d between the pressure transducer and the plasma channel. The
amplitude of the pressure wave reduces during the propagation in water (Figure 7a).
Figure 7b shows the evolution of the peak pressures with the distance between the
electrodes and the pressure transducer. The empiric curve, which is fitted by the
empirical formula in Equation [6], and the numerical results are quite close to each
other. The transducer could not be placed too close to the electrodes because the
pressure would damage it, experimental data in this range are extrapolations from
Equation [6]. The two curves are increasingly close to each other and superpose for
distances larger than 12 cm.

4. Numerical modelling of the experiments on mortar

The entire experimental process is described numerically with three models:
fluid and solid finite element meshes with the FSA algorithm for the interface
between the two, a diphasic model for water, and the 3D anisotropic model for
mortar. The anisotropic numerical permeability of the damaged specimen has been
also introduced. This section describes the constitutive models for mortar.
Comparisons with PAED experiments are discussed.



4.1. Anisotropic rate-dependent damage model

The model is based on the rate-independent anisotropic damage model proposed
by (Desmorat et al., 2007). The model introduces an effective stress denoted as &
defined by:

B B 1 <tr0'>
G=|1-DY"?c?(1-D)"?| +=| —L=+(ro) |I [7]
[1-D)* 0?10y + S| =tk (o).
where o is the stress tensor, o 1s the deviatoric stress, D is a second order damage
tensor, tr(X) is the first invariant of tensor X, and <X>+is the positive part of scalar x.

The relationship between the effective stress and the elastic strain € is the classical
elasticity isotropic relationship:

e=Vs Y oar 5]
E E

where E is the Young’s modulus of the material, v is the Poisson’s ratio, and | is
the second order identity tensor. The growth of damage is defined by a damage
criterion:

A k& . 1
=é— r with 2 _ ot a *
L (1 o el R T L)
[9]
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Figure 8. a) elasticity limit surface; b) stress-strain curves for concrete at different
loading rates
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Parameters ¢, and k,are material parameters which represents the elasticity limit
and fracture strains in tension. The parameter a is used to adjust the ratio between
the tensile and compressive strength. An example of elasticity limit surface is
plotted at Figure 8a).

When f < 0 elasticity is used, the effective stress is computed according to
Equation [7] and inserted into Equation [8]. The condition /> 0 corresponds to
damage growth. In this case, the rate dependent damage law proposed by Dubé et al.
(1996) is used for each principal value of damage:

gﬁgi,g:L@y [10]
é M \k,

M and n are the model parameters that control the rate dependent effect on
damage growth. An example of monotonic stress-strain relation for concrete in
tension at different loading rates is plotted in Figure 8b). The material parameters
describing quasi-static behaviour of concrete are: £ =19.3 GPa, v=10.2, ko =1 107,
& =810" G,= 100 J/m*. The stress strain diagram in uniaxial tension is adjusted in
order to keep this fracture energy constant upon strain and damage localisation in
statics, whatever the element size. This is the classical Hillerborg type regularisation
scheme. The viscous parameters are M =1 10~ and n = 0.4.

The fracture energy Gy is given, in static conditions, by:

S foue [11]
h 0
with / the element size. By combining Equation [8], Equation [9] and Equation [11],

with o — £, the fracture energy Gyis expressed as follows:
KO

(440¢° - 440¢° )log(l o J +605¢" —1210¢° +525¢°
¢_

7986¢° —32670¢” + 445500 — 20250

G

_r [12]
h

=9Ek,’

4.2. Simulation of the experiment

The Finite Element mesh used is shown in Figure 9. A quarter of the specimen
was meshed using symmetry conditions in order to reduce the computation time.
The tank and specimen dimensions are provided in Figure 10. The mechanical
properties of mortar are listed in Table 1.
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Figure 9. Finite element mesh of the simulation

4.2.1. Distributions of damage

a) b) c) d) e)

Figure 10. Radial damage at different pressure levels in specimen: a) 28MPa,
b) 79MPa; c) 105MPa; d) 193MPa, e) 216MPa

a) b) c) d) e)

Figure 11. Tangential damage at different pressure levels in specimen: a) 28 MPa;
b) 79 MPa; c) 105 MPa; d) 193 MPa, e) 216 MPa

The compressive pressure wave is applied to the top face of the specimen. The
specimen is damaged due to extensions induced by the Poisson effect. Hence, the
principal directions of damage are in a plane perpendicular to the longitudinal
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loading direction. Radial, tangential and vertical damage at different pressure levels
are presented in Figures 10-12. Damage evolves with the peak pressure. The radial
and orthoradial damage values are greater than vertical damage which is related to
the Poisson effect as in the above description.

I I I I I 1.0
' F 0.5
I 0.0

a) b) c) d) e)

Figure 12. Vertical damage at different pressure levels in specimen: a) 28 MPa;,
b) 79 MPa, c) 105 MPa, d) 193 MPa; e¢) 216 MPa

Figure 13 presents the comparison between X-Ray tomography scans and the
value of principal numerical damage which is the same in a plane perpendicular to
the direction of loading. In the X-Ray scans, the higher the density, the darker the
colour. In Figure 13b, damage appears symmetrically at the top part of the specimen,
which corresponds to the evolution of microcracking at Figure 13a.

Figure 13. a) vertical cross tomography scans of specimen submitted to one shock
under 250 MPa; b) principal damage of specimen under 216 MPa

4.2.2. Evolution of permeability

The correlation between the material intrinsic permeability and scalar damage has
been reported in several works (see e.g. Picandet et al. (2002) or Choinska et al.
(2007)). In the framework of anisotropic damage, the correlation needs to be
reconsidered, as directional effect should be included in the formulation. In the
coordinate system corresponding to the principal axes of damage, damage growth in
one direction generates an increase of permeability in the two perpendicular directions.
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Hence, the permeability in one direction corresponds to contributions of the two
orthogonal principal values of damage. In the present study, we consider that the
relationship between principal damage and permeability is unique and that in one
direction (corresponding to a given principal direction of damage), the permeability is
the maximum between the two permeabilities computed according to the two
orthogonal principal damage values. The relationship between permeability and
damage is the one used by Jason ef al. (2007):

K, = K, 10202 i vra(p p)- D, >0 171

K, =K, if Max(D,,D,)-D, <0

where K, 1s the permeability of the undamaged material, D, 1s the threshold of

damage above which permeability starts to grow and C is a model parameter. The
values of model parameters (C and D)) were adopted according to Jason ef al. (2007).

Same as in the experimental measurement of permeability to nitrogen, the
calculation of an apparent permeability was carried out on cylindrical specimens
(100 mm diameter and 50 mm height) sawn from tested mortars cylinders. Figure 14
shows the variations of permeability according to the numerical and experimental
results. The good correlation results from the fit between the experimental and
numerical results.
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Figure 14. Comparison of the experimental and the numerical permeability
as a function of the amplitude of the pressure wave

5. Conclusion

This paper deals with the development of a computational model for the simulation
of the experiments reported earlier by Maurel et al. (2010) on the effect of PAED on
damage and permeability of mortar specimens. The computational model implemented
in the EUROPLEXUS software is based on a diphasic description of water, in which
the electrical discharge is modelled by an increase of energy in a small region between

14



the electrodes. The computational model describing the mechanical effect of PAED
has been calibrated from separate experiments using the same set-up.

Mortar is modelled with an anisotropic, rate dependent, damage constitutive
relation that account for crack closure. The growth of permeability due to anisotropic
damage is also introduced. It is observed numerically that damage evolves with the
amplitude of the shock waves. The computational results are consistent with
experimental data obtained by X-Ray scans. The evolution of apparent permeability of
mortar specimen is also consistent with the experimental observations.
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