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1 Introduction

Modelling of concrete structures subjected to dynamiciltgduch as explosions, impacts and perfo-
rations is very demanding, both from the point of view of cartep codes and from the point of view
of material modelling. Several macroscopic models for cetgchave been developed [1, 2, 3, 4, 5, 6,
7, 8, 9, 10] to perform non-linear numerical analysis of spatblems. In these models a rate effect in
tension has often been introduced to represent the exparaimata for loading strain rates exceeding
1/s[11, 12]. The influence of the internal microstructureconcrete and the mechanisms that lead to
different crack patterns when varying the loading rate,a@nopen questions. In order to give some
answers to these questions, concrete has to be consideadieterogeneous material where the nature
of the heterogeneity depends essentially on the scale @nadi®n. If one takes the scale of sand’s
grain, concrete can be considered as a biphasic materiad ofaygregates of different sizes randomly
distributed in a mortar matrix. Thus, the failure of a comersample in tension is related to processes
that take place at the so-called mesoscale. In order totigats the role of the meso-structure on the
dynamic tensile response of concrete, one can use a nuiragjm@ach. This is achieved in this paper
using a 2D finite element mesoscopic description of condeejgregates + matrix) with cohesive capa-
bility. This method has proven its efficiency on numericaigiations of fracture of brittle materials [13]
and has been extended to concrete like materials [14].

2 Meso-scale model

Concrete is an heterogeneous material made of various ez which are present in different pro-

portions. This produces a quasi-brittle material, whoselrarical behavior is defined by the wide range
of the ingredients in the mixture. Since every componentmasfluence according to its characteristic

length, considering concrete at a meso-scale level of vasen allow to represent it as a biphasic ma-

terial: aggregates embedded in a mortar paste matrix. desle-continuum models have been tested
by several authors [15, 16, 17, 18]. From those works it teghiat the meso-scale level of material

observation is suitable to capture the main charactesisfithe overall mechanical behavior of concrete:
micro-cracking, fracture initiation and propagation, lesaence and localization. Moreover the consti-
tutive equations might be relaxed when comparing with a oxacale formulation and thus the number

of parameters may be reduced.

In our model only medium and large aggregates are represerg#icitly. Besides those two com-
ponents the interfaces between the two phases, calledacitdriransition zone (ITZ), are represented



by dynamically inserted elements with the presented ceédactional capability. In order to study the
specific effect of the meso-structure on the dynamic temegponse, no random fields have been intro-
duced on the properties. A finite element approach with cebdespability is then used to simulate the
cracks opening and propagation.

2.1 Meso-structure modelisation

Real concrete is based on randomly distributed aggregaesement paste matrix. In our description,
we chose to describe explicitly only the aggregates withaandter larger than 4 mm and smaller than
25 mm with six classes to capture roughly the aggregated@mébution. The smallest aggregates are
then taken into account in the homogeneous matrix of mofitae size of the specimens generated is
100x100 mnt. As in [19], knowing the aggregate size distribution, thenier of perfect circular (in
2D) aggregates of each class can be calculated. To avoidifeciaincrease of the volume matrix due to
the boundary effect, the heterogeneities are placed irgarlaample with a final cut of all parts outside
of the concrete specimen. Figure 1 shows different imagekeomeso-structures obtained using this
method with the same aggregate size distribution.

Figure 1: Different images of the meso-structures geneénatth the same aggregates size distribution.

A 2D finite element mesh is then generated from the mesotateizmages using the PPM20OF [20]
public domain software created at the National Institut8tandards and Technology (NIST). Notice that
this mesh generation is possible since the cohesive elamathbdology here does not require an a priori
definition of the possible fracture planes [21, 15, 16, 22,133.

2.2 Thecohesive e ement method

A well-known method to model the onset of fracture is to hguiacourse to cohesive zone modeling,
which has been introduced by Dugdale [24] and Barenblaftif2he 1960’s. This method describes
fracture as a separation process by relating the displatemm@p, which occurs at the crack tip, with
tractions. The debonding is assumed to be confined in a segidir of material called the cohesive zone,
which represents the region where atomistic separatioarsciVithin the computational framework this
region is represented by interface elements with zero tieis&. While damage is concentrated in these
elements, the surrounding bulk material behaves lineatietdly.

In our case the crack path is not knoapriori and all lines in the mesh are considered as a potential
crack path. During the simulation, the stress on the interfaetween two adjacent continuum elements
is computed and compared to the fracture criterion at theoémedery time step. The interfacial stress,
o, is calculated averaging stresses of the adjacent Gausts mfithe two continuum elements. If the
inter-element stress exceeds the critical stress valaadtles located at the inter-element boundary are
doubled, the two elements are topologically disconnectebsacohesive element is inserted (see Figure
2). After the nodal disconnection, the interfacial stressts being controlled by the traction separation
law implemented in the cohesive element (Figure 2).
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Figure 2: Schematics of the nodal disconnection betweercomtinuum elements in which the interfa-
cial stress has exceeded the critical stress and the m&ssjmaration law

wheret is the effective cohesive tractioffi;; represents the local material strength &pdepresents
the effective relative displacement beyond which compiieteohesion occurs. Note that the definition
of fe andd. implicitly establish the existence of an effective fraet@nergyGc, which corresponds to
the area under the curve of Figure 2:

1
GC - E fctéc (1)

Partially damaged cohesive elements have dissipated agyane< G.. As the present work is
focused on tensile uniaxial loading, the fracture energheflifferent phases of our concrete is identified
to the experimental one for Mode |, i.6; = G .

3 Numerical simulation of direct tensiletest in dynamics

3.1 Initial and boundary conditions

The specimen is loaded under displacement control with goged strain rate. To avoid stress wave
propagation and an early fracture near the boundaries #i@he nodes of the finite element mesh are
prescribed an initial velocity in accordance to their \a&tipositiony as illustrated in Figure 3:

W(y) = -V (2

To obtain the stress-strain curves, we define the macrasstygss as the boundary reaction force
Fy divided by the initial width of the specimen and the macrgscastrain as the displacemedudy of the
boundary divided by the initial heigltof the specimen.

3.2 Material parameters

As shown in section 2 our numerical model is based on thresgshahe mortar paste, the aggregates
and an ITZ. For these phases we have to identify the eladlicugrture parameters of equation 2.2. We
used the parameters given in Table 1.
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Figure 3: Velocity initial condition

Table 1: Material properties used in the simulations

Aggregate| Mortar paste| ITZ
Density —p (kg/nv) 2700 2200 -
Young’'s modulus — EGPa) 75 25 -
Poisson’s ratio v 0.2 0.2 -
Fracture Energy G, (J/n) 60 50 30
Tensile Strength 4 (MPa) 10 4 2.41
Cohesive zone lengthl- (mm) 41 72 -

The relationship between the cohesive element law @nthtroduces a length scale — called the
cohesive zone length — into the material description. This length has an impariafluence around
the crack tip in numerical simulations and we shown that inaase it is of the order of sxmfor the
aggregates (see [29]). So the finite elements have to beesrttadin Immto have at least four elements
in the cohesive zone.

4 Thedynamic tensile response

As previously mentioned, the numerical model does not doraay random field to represent the scat-
tering often observed on the macroscopic response of denciehis scattering can be important in
experimental tests for the same initial concrete mix buetetsn several specimens. The main differ-
ences are then due to the different aggregate arrangenmehts the macro-porosity distribution. In this
section, we study only the influence of spatial distributtdraggregates and not the role of the macro-
porosity. This porosity has probably a great influence orcthek initiation and ultimately on the crack
path but in order to clearly separate the influence of aggesgd will be omitted in our simulations.

The results of the strain-stress curves obtained for fiveamioal concrete specimens in tension for
several strain rates are presented in Figure 4. One can stésdigure that the microstructure has a
slight influence (less than 4 %) on the peak strength valueupfconcrete. The macroscopic tensile
strength is mainly governed in our case by the ITZ strength raot by the meso-structure. This can
be best explained by examining the failure process in getasie for which we can observe a gradual
transition from diffuse micro-cracking to strain localimm and finally to a macroscopic crack. Figure 5

1This value is estimated froi®, of the ITZ with 3. equal to the value obtained for the mortar. With this assionpwe
obtain afct smaller in the ITZ than in the mortar, which is commonly adeéfor a classical concrete



shows this evolution to a uniqgue macroscopic craclkefo0.1/s. In the upper row of Figure 5, which was
obtained at the peak stress just before strain localizabioa can remark that for the five meso-structures,
the micro-cracks are diffuse and that their numbers are stlimolependent of the aggregates spatial
distribution. This explains the slight influence on the pstikngth value observed at the macroscopic
scale. Conversely, on the lower row of Figure 5, which isaoted from the softening part, we notice that
the crack path is strongly dependent on the meso-structinis.is why one obtains a stronger difference
(50 %) on the stress value fer= 3.10°* at the end of the loading far=0.1/s.
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Figure 4: Influence of the meso-structure on the stresgistraves for different strain rates: a& 0.1
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Figure 5: Influence of the meso-structure on the crack pathlifterent meso-structures at= 0.1 /s:
upper row ak = 7.10°° for ~ the peak stress (disp 2000), lower row at = 3.10°4 (disp. x 100)

5 Loading rate effect

It is well-known that experimental results on dynamic tensiests show a rate sensitivity of tensile
strength [27, 12]. In quasi-statics, the macroscopic kessiength is mainly governed in our case by the
Interfacial Transition Zone strength (ITZ between the aggtes and the mortar paste) and not by the
meso-structure [28, 29]. For low strain rate < 1 /s — the dynamic resistance increase is mainly due to
the presence of water in the material [30] and we have a diightamic Increase Factor — equal to the
ratio of the static versus the dynamic strengths. For higtrain rate € > 1 /s — the usual explanation



of a more important DIF is the transition between single kiragr in quasi-statics to diffuse cracks in
dynamics.

The results of the strain-stress curves obtained for ourenigal simulations in tension for several
strain rates are presented in Figure 4. We can see on thi figarnumerical rate effect in tension
obtained. We can notice that in our case the dynamic incrieaser is equal to almost 2 fa& = 100
/s which can be to slight compared to experimental en8). We may have to take into account rate
dependency at the material level, for example by linkingdbieesive strengtffi; to the rate of deforma-
tion of the surrounding material and to the crack opening, fiatorder to achieve better agreement with
experimental results.
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Figure 6: Numerical rate effect in tension for three mesaoestires

Figure 6 shows the numerical rate effect in tension obtafoethree meso-structures with our as-
sumptions. One can see on this figure that the computed sem#h strain rate is slight concerning
the tensile strength. We obtain here a dynamic increaserfacequal to the ratio of the static versus
the dynamic strengths — of3 for € = 100 /s while it is equal to approximately 3 in the experinsent
This result shows that the assumption of no rate effect irctiesive traction law is not totally realistic.
The micro-inertia effects in the fracture process zone atesufficient to explain the rate dependency
of concrete in tension even at the highest loading rate ite&sc One has to take into account a rate
dependency at the material level, for example by linkingdbleesive strengtlfi; to the strain rate.
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Figure 7: Influence of the meso-structure on the dissipatettifre energy for different strain rates

Figure 7 depicts the evolution of the dissipated fracturergy as a function of the macroscopic
strain of the specimen for different loading rates and logteneities. One can see on this figure that
the dissipated fracture energy strongly depends on thenigadte even with a rate independent local
fracture energy. We note that even if the dynamic increasmifdor the tensile strength is not large
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enough, it is less the case for the dissipated fracture gréripe specimen.
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Figure 8: Influence of the loading rate on the final crackingtie meso-structure Meso 1 (disp.100):
ale=0.1/s, bl =100/s,

According to the structural effect hypothesis, the expi@neof higher dissipated fracture energy for
high loading rates resides in a more diffuse micro-crackirtgs effect can be seen on Figure 8 where the
final aspect of the concrete specimen based on the mestusériideso 1 are compared for low and high
loading rates. This behavior only explains that the diffiees between low and high loading rates are not
important for the peak stress but only for the total disggdtacture energy, which is in contradiction
with experimental observations.

To improve our simulations and the representativeness rafiamerical concrete, the challenge will
be to find a rate dependent cohesive traction law (at leagh#of; value) that will not increase too
much the total dissipated fracture energy. But an open igmestmains. Should we use a rate dependent
function for only the ITZ, mortar, or aggregates or for ak tharts of the meso-structure? This point will
be difficult to answer without some specific experiments endifferent constituents of a real concrete.

6 Conclusion

In this paper we proposed a mesoscopic model for the analfsignamic tensile failure of concrete.
This model is based on a 2D finite element description witresate capability of a mix of aggregates
larger than 4 mm in a mortar paste matrix. The influence of gterbgeneous meso-structure of concrete
and the loading rate on the tensile response and the disgifi@cture energy are studied. With our
specimen size we observe a small impact of the aggregatesyament on the tensile strength. This is
of course based on the strong assumption of a perfect mixneitimacro-porosity. Nevertheless when
the post-peak response and then the dissipated fracturgyesme considered, we show that the meso-
structure has an influence.

The second main interest of the paper is the study of the dignlaeding rate effects on the tensile
strength and on the dissipated fracture energy with ourceggr. The cohesive law used is independent
of the local or global strain rate to see if the dynamic inseefactor observed experimentally is due to a
material effect or a structural (inertial) effect. The clustons are not the same for the tensile strength
and for the dissipated fracture energy. In the first casentimeerical results exhibit a small rate effect
that is not coherent with the experiments. One the other haiglvery interesting to see that for the
second case we are very close to the experimental results.nEans that the tensile strength increase
is mostly due to a material effect (moisture, visco-eldstic..) while the dissipated fracture energy
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observed in the post-peak part is more due to the increage oiumber of microcracks with the loading
rate. With a small change in the cohesive law it will then begilde to have a realistic virtual material
to test the influence of other experimental configurations.
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