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Abstract: Dynamic damage phenomenon of quasi-brittle materials is often better addressed by
micromechanical tensile modeling. The macroscopic dynamic damage evolution is due to micro-crack
propagation. One of the ways to address this issue is the analysis of micro-structural damage process. This paper
presents a 1D tensile damage model using two scale approach. The dynamic damage law is implemented in a
finite elements code to simulate the macroscopic behavior of 1D tensile dynamic damage propagation. The
dependency of the structural response on microstructural size and the initial damage value is illustrated
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1. Introduction/ Background

When materials are subjected to high and rapid changes of stresses (due to dynamic loading) the damage process
is governed by dynamic behaviour of fractures. The description of the damage evolution process under dynamic
loading of quasi-brittle materials is currently a real scientific challenge [1].

Generally, two approaches are often used to model the dynamic damage phenomenon: the phenomenological
approach and the micromechanical one. Although some micromechanical models in compression have been
developed ([2],[3]), micromechanical tensile models seem to better reproduce the phenomenon of dynamic
damage.

Dynamic crack propagation and branching is studied with a new rate-dependent stress-based nonlocal damage
mode in [4]. Dynamic propagation of a macrocrack interacting with parallel small cracks is studied in [5].
Simulation of the tensile damage and blast crater near free face of rock massis performed in [6]. Numerical
prediction of dynamic tensile failure in concrete by a corrected strain-rate dependent nonlocal material model is
investiggated in [7].

Despite the existence of these numerous models of damage and fragmentation of tensile rock, few multiscale
models exist for the tensile damage among which we can cite ([8], [9] and [10]). Dynamic rock tensile
phenomena are often illustrated using Hopkinson bar tests ([11], [12] and [13]).

One of the ways to address this issue is the analysis of micro-structural damage process. The macroscopic
damage evolution is due to micro-crack propagation. For this purpose, we use the recent dynamic damage model
accounting for inertial effects deduced from a two-scale framework analysis developed by [1], [14]. The model
is implemented in LAGAMINE finite element code to simulate the macroscopic behavior of uniaxial tensile
Damage response. This paper is structured as following. After the introduction section above, the dynamic
damage model is first presented. Tensile damage propagation simulation is the presented. Then a parametric
study is performed to highlight in influence of the microstructural length on dynamic damage response.
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2. Materials and Methods

Dynamic damage model

In [1] and [14], the dynamic Equations of the present damage model were established. Based on the asymptotic
homogenization schemes and damage evolution from energy release rate analysis the following set of dynamic
Equations was found

The momentum balance Equation is
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The macroscopic stress expression is

S-)) = Cij11(d) ey, (u®) (2)
Where Cij11(d) is the damaged stiffness tensor defined as:
are the homogenized coefficients, in which £ represents the unit cell mode deformation ([15] and [16]). From
the above Equations (1-2), the dynamic damage evolution law for vertical and horizontal micro-cracks
orientation is (see [1] for more details)
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Where Ck is the Rayleigh wave speed, € materials microstructural length, G, the critical energy release rate.
For the material with elastic parameters E=2 GPa and 0.3., the computed homogenization coefficients are
represented in the following Figure 1.
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Figure 1: Homogenized coefficients for elastic parameters E=2GPa and v=0.3 in vertical crack opening

1D Tensile Damage Propagation Simulation
In this section the dynamic damage evolution law (Equation 3) is applied to a specimen with a vertical
orientation of micro-cracks submitted under uniaxial tensile load to simulate 1D damage propagation.
Loading
The following explosion pressure time history has been considered
3 t

P=pu(1) £l @

Where dc, and dy are the diameters of the explosive and blasthole (mm), respectively. Pq is the detonation
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pressure (Pa) which is the pressure exerted by the expansion of gases from the explosion. It can be calculated

from the following Equation as suggested by the National Highway Institute [17]:
p, = 449.93xSG,xVOD? 5
4= " 11008556, ()

Where, SG, is the density of the explosive (g/cm®), VOD is the detonation velocity of the explosive (m/s), t is
the elapsed time, and tr (= 0.0003361 s) is the time to reach peak pressure. The value of P, d. and d,, are
determined according to the type of explosive. In this study we consider the explosive. Emulstar 3000 UG (see
table.1)
Table 1: characteristic of EMULSTAR 3000 UG
SG, (kg/m3) VOD (m/s) Py;(GPa) d.(mm) dj(mm) tr(s)
1.25 5600 9.9 80 165 0.0003361

Geometrical Modeling
The schematic representation of the uniaxial tensile test is shown in Figure 2

o

X1
Figure 2: Geometry and loading for a uniaxial tensile test

3. Results & Discussion

In this section the results of damage variable evolution, the uniaxial stress and strain during damage
propagation. The parametrical study is carried out to determine the influence of the microstructural length and
initial damage value on damage propagation and stress-strain behavior.

Case of zero damage, comparison with the elastic case

In this sub-section we performed some simulations by considering in our dynamic damage law a zero initial
damage value in order to compare the results to those of a pure elastic law. For an initial damage value d0=0 and
by imposing a zero variation of damage dd/dt= 0, the material behavior should be the same as for a elastic law,
this is confirmed by the figure 3. Figure 3 gives the comparison between the damage law for d0=0 and a elastic
law for the same material (Figure 3.a, b) and uniaxial stress profile at different time (Figure 3. ¢, d). We can
clearly see that the uniaxial stress state oxx and profile are the same in the two simulations. Which validates the
stress-strain integration of our damage law in the finite elements code used.
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Figure 3: Axial component of the stress state ox evolution until time t=1.007*10* s: a) elastic law, b) dynamic
damage law for d0=0. Axial stress profile at different time: c) elastic law, d) dynamic damage law for d0=0
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Parametric study of damage evolution and stress-strain behavior
In this test the damage is obtained using homogenized coefficients in the microscopic problem whose cracks are
vertical orientation. The initial damage value is d0=0.2. Figure 4 illustrates damage evolution at different

loading time.
119
251

Figure 4: Damage zone evolution for different dynamic loading times

We remark the damage front increases with loading duration. Figure 5 shows the global macroscopic behavior at
time t= 9.44*10% s at point 1 (see point 1 on Figure 4 a). We observed the results is the same as the microscopic
behavior in [1]. At the start of loading, the stress-strain relation is linear because the damage does not evolve.
When the deformation generates an increase in damage, the behavior softens revealing a peak in the stress-strain
relation. Finally at d=1 (full damage), there remains residual rigidity
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Figure 5: Global macroscopic behavior evolution until time t=9.44*10 s: a) of axial stress, b) of Damage
variable in function of axial strain at point 1 (Figure 4 a).
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Figure 6: Influence of microstructural lengths, global macroscopic behavior curves evolution until t=9.44*10-6
s: a) of axial stress, b) of damage variable in function of axial strain for different values of € (microstructural
length).
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Then, we analysis the influence of the microstructural length on the structural response of materials. In Figure 6
we present the stress-strain and damage-strain curves for three simulations with different microstructural
lengths. We note that for small sizes of the microstructure, we obtain the rupture of the material with very high
stresses. In other words, the smaller the microstructure size is, the more resistant the material is to damage, and
the behavior becomes more fragile (Figure 6.a). The material behavior is also ductile when the microstructural
length is high. This is explained by the fact that the cracks must propagate over a large distance before
completely cracking the cell.

Let's now analyze the evolution of the damage outside and inside the damaged zone. Figure 7 shows the position
of the three zones at different distance from the left end of the specimen where the dynamic load is applied and
the corresponding damage variable distribution, d at time t=1.0*10%s. We see that damage increases from zone
1 to zones 2 and 3 (Figure 7 a). At the level of zone 3, the damage does not evolve, because it is not yet affected
by the dynamic wave at the time t=1.0*10"s.
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Figure 7: Damage evolution for different elements located outside and in the damage zone until time t=1.0*10°
s: a) damage zones with elements, b) damage variable evolution d, at point 1, 2 and 3

Finally, we show the sensitivity of the damage evolution to the initial damage value d0. Figure 8 represents the
stress-strain and damage-strain curves for three simulations with different initial damage value dO. They
correspond to the initiation with pre-existing micro-cracks of different lengths (d0 = 0. d0 = 0.2 and d0 = 0.5
respectively)
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Figure 8: Influence of initial damage d0, global macroscopic behavior curves evolution until t=9.9*10 s: a) of
axial stress, b) of damage variable in function of axial strain at point 1 (Figure 4 a) for different initial damage
values dO.
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We observed for high initial damage values dO, damage evolves more rapidly leading to a lower material
resistance stress value, while for small values of the initial damage d0, the material is difficult to damage
because it is more resistant (Figure 8 a,b). This fact is also illustrated in Figure 9 by the iso-values map of
damage variable, which shows that the smaller the initial damage value do is, the smaller the damage zone is,
because the material is more resistant

=

Figure 9: Influence of initial damage d0 on damage zone at time
t=1.0%10% s: a) d0=0.1, b) d0=0.2, c¢) d0=0.3

4. Conclusion

This paper allowed simulating the 1D tensile dynamic damage propagation. The new dynamic damage law
account inertial effect was implemented in a finite elements code to study the global behavior of dynamic
damage.

To show the model capability, first, we performed some simulations by considering in our dynamic damage law
a zero initial damage value in order to compare the results to those of a pure elastic law. For an initial damage
value d0=0 and by imposing a zero variation of damage dd/dt= 0, we found the material behavior is the same as
for a elastic law. Then the dynamic damage propagation was simulated and the macroscopic behaviors: stress-
strain and damage-strain were computed. Finally the parametric study were performed to illustrate the influence
of materials microstructural length and the initial damage value on damage response. It was shown for small
sizes of the microstructure, we obtain the rupture of the material with very high stresses. In other words, the
smaller the microstructure size is, the more resistant the material is to damage, and the behavior becomes more
fragile. We observed for high initial damage values d0, damage evolves more rapidly leading to a lower material
resistance stress value, while for small values of the initial damage d0, the material is difficult to damage
because it is more resistant
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