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ABSTRACT

RESUME

This paper presents, first, a synthesis of the research
work carried out at LCPC on the dynamic behaviour of
concrete structures, and second, the studies which remain
to be performed in response to professional needs.

The main advances of this research can be summa-
rized as follows:

— For strain rates less or equal to 1 s-1, an increase in
material strength 1s related to viscous phenomena due to
the presence of free water in the nanopores of concrete
hydrates. This increase is independent of the water/
cement ratio of the concrete. For strain rates equal to or
greater than 10 s-1, inertia forces are mainly responsable
for increasing strength.

— Two numerical modellings are being implemented
in the finite-element code CESAR-LCPC: the first is a
visco-elastoplastic degrading model with viscous harden-
ing; the second is a discrete probabilistic viscous cracking
model. These models take into account the physical
mechanisms observed and analyzed during the experi-
mental studies.

Further experimental and theoretical studies of the
dynamic behaviour of the rebar/concrete interface appear
as a priority for the future.

Cet article présente, d’une part, une synthése des travaux
réalisés au Laboratoire Central des Ponts et Chaussées sur le
comportement dynamique des structures en béton, et d’autre
part, une liste, non exhaustive, des recherches qu'’il reste a mener
dans le domaine pour répondre avx besoins des professionnels.

Les principales connaissances acquises, ainsi que les avan-
cées constatées lors de ces travaux peuvent se résumer ainsi:

~ Clest la présence d’eau libre a I'échelle des hydrates du
béton qui induit des augmentations de résistance, indépendantes
du rapport eau/ciment du béton, pour des vitesses de déformation
inférieures ou égales a 1 s1. Pour des vitesses de déformation
supérieures ou égales a 10 s°1, ce sont principalement les effets
d’inertie qui sont a Lorigine des augmentations de résistance.

~ Deux modeles numériques relatifs au comportement
dynamique du béton ont été développés et intégrés dans le code
aux éléments finis CESAR-LCPC : le premier est un
modele visco-élastoplastique avec écrouissage visqueux, alors
que le second est un modele probabiliste de fissuration discréte
avec prise en compte de la viscosité du matériau. Ces deux
modeles intégrent les mécanismes physiques mis en évidence
lors des études expérimentales.

L’étude expérimentale et théorique du comportement en
dynamique de Uinterface acier-béton est considérée comme
prioritaire pour les années a venir.

1. INTRODUCTION

The Laboratoire Central des Ponts et Chaussées
(LCPC) has been working, since about 1990, on the
dynamic behaviour of concrete, both on the level of the
material and on the structural level [1-9]. One of the
main results of this research is that the observed effects of
loading rate on the mechanical behaviour of concrete
depend mainly, within a certain rate range, on the pres-
ence of free water in the nanopores of the hydrates of
concrete. A hypothesis has been advanced concerning

Editorial note

the physical mechanism underlying the effects of loading
rate, a mechanism which is related to the Stéfan effect
and proportional to the viscosity of the water.

This article attempts to synthesize the various work
and findings of LCPC concerning the strain rate effects
in concrete structures, and to evaluate the experimental
and theoretical investigations which remain to be per-
formed in the future to better analyse and model the
dynamic behaviour of concrete structures. Thus, it is
composed of four parts:

— some remarks concerning the physical mechanisms, and in

Pierre Rossi is working at the Laboratoire Central des Ponts et Chaussées, a French RILEM Titular Member. Pierre Rossi was a member of RILEM
Technical Committee 90 FMC on Fracture Mechanics of Concrete; he is still active as a member of the Editorial Group of this committee. He is also

participating in the work of the recently set-up Technical Committee TDF on Test and Design methods for steel Fibre reinforced concrete. Dr. Rossi was
awarded the Robert I'Hermite Medal for 1996 at the last meeting of the RILEM General Council in Garston, UK, on 26 September 1996. This paper is

the final version of the lecture delivered by the author on this occasion.

0025-5432/97 © RILEM

54



Rossi

particular how the Stéfan effect, the cracking process and the
inertia forces participate together in the dynamic behaviour
of a specimen subjected to a uniaxial tensile test (after [10]),
— an analysis of the transition from the material behav-
iour to the structural behaviour,

— the LCPC modelling strategy for dynamic behaviour
of concretes and concrete structures,

— an overview of the principal experimental and theoret-
ical work which remains to be done.

2. PHYSICAL MECHANISMS INVOLVED
IN STRAIN RATE EFFECTS IN CONCRETE

2.1 The Stéfan effect

This effect can be summarized as follows: when a
thin film of a viscous liquid is trapped between two per-
fectly plane plates that are moved apart at a displacement
rate b, the film exerts a return force on the plates that is
proportional to the velocity of separation. This mecha-
nism is reflected by the following equation:

3nV2 .

F= h
2nh’

1)

where:

F is the return force,

M is the viscosity of the liquid,

h is the initial distance between the two plates,

his the velocity of separation of the two plates (h> 0),
V is the volume of the liquid.

If it is assumed that the presence of free water in the
concrete pores underlies a mechanism of this type when
the solid matrix (here regarded as a network of plates) is
subjected to tensile strains, it can be understood why
loading rate effects are large in wet concretes and very
small in dry concretes (Fig. 1). Moreover, it has been
shown [3] that the absolute increase of the tensile

strength and of Young’s modulus due to rate effects is
independent of the wjc ratio (Fig. 2). Knowing that the
diameter of the micropores of the hydrates is, unlike that
of the capillaries, independent of the w/c ratio of the
concrete, it is assumed that the micropores of the
hydrates play a preponderant role in strain rate effects.

2.2 The cracking process in concrete
subjected to uniaxial tensile static loading

The process of cracking in a concrete specimen
under a uniaxial tensile force can be described by three
successive stages as the force increases:

1. First stage: diffuse microcracking

During this stage, the initial microcracks (due to the
shrinkage of the cement paste, blocked by the aggregates
[11]) propagate and new microcracks form in the zones
of lowest strength (paste-aggregate bond, for example),
or in those zones where the local tensile stresses are high
(this is related to the fact that the aggregates and the
cement paste have different mechanical characteristics).
This microcracking is diffuse, in other words, randomly
distributed throughout the volume of the specimen.

2. Second stage: localization of microcracking

As they propagate, the microcracks created during
the first stage “branch” to form one or more macroc-
racks. This is the phenomenon of crack localization in
particular zones of the specimen. The creation of macro-
cracks constitutes the start of the third stage.

3. Third stage: propagation of one of the macrocracks
created during the previous stage, leading to failure of
the specimen.

It must be noted that the notions of microcrack and
macrocrack are relative, defined as follows depending on
the volume of the specimen:
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Fig. 1 - Influence of the presence of free water on strain rate
effects in concrete: O, dry specimen; ®, wet specimen.
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Fig. 2 - Influence of w/c ratio on strain rate effects in concrete: O,
0.3;,0.5; 0, 0.7 (After [3]).
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microcrack: a crack that is very small with respect to
the volume of the specimen,

macrocrack: a crack of which the size is not negligible
with respect to the volume of the specimen and larger
than the maximum aggregate size of the concrete.

When the mechanical behaviour of the specimen
corresponding to the different stages of cracking is con-
sidered, the following is found if the test is performed at
an imposed displacement rate [12]:

— during the stage of diffuse microcracking, the force
applied to the specimen increases monotonically with
the displacement and is very nearly proportional to the
displacement;

— when the microcracking localizes to form macroc-
racks, the force increases up to a maximum value, but
there 1s a slight non-linearity just before the peak load on
the force-displacement curve;

— finally, the propagation of a macrocrack leading to fail-
ure of the specimen coincides with a decrease in the
force as the displacement increases. This is called “post-
peak” or “softening” behaviour.

The mechanical behaviour before crack localization,
which coincides with the peak load, can be regarded as
intrinsic to the material because, since the cracks are
small with respect to the volume of the specimen, statis-
tically homogeneous stresses and strains can be defined
(this is one condition for the existence of a constitutive
relation for a heterogeneous material).

After localization, on the other hand, since these
cracks are no longer assumed to be small with respect to
the volume of the specimen, statistically homogeneous
stresses and strains can no longer be defined, and there-
fore the only relation is that between the force and the
displacement, which are global parameters. The behav-
iour 1s then structural.

This transition from a material behaviour to a struc-
tural behaviour during a uniaxial tensile test can also be
understood as follows:

— before localization, the spatial distribution of the
microcracks could be different (virtual permutations are
possible), but would leave the relation between the force
and the displacement practically unchanged; therefore, it
can be deduced that there is a stress/strain relation intrin-
sic to the material;

— after localization, if the same is applied to the macroc-
racks, the relation will depend significantly on the posi-
tions of the macrocracks in the specimen, which is typi-
cal structural behaviour.

2.3 The cracking process in concrete
subjected to uniaxial tensile dynamic loading

When the loading rate is increased in a uniaxial ten-
sile test, the Stéfan effect acts as follows on the cracking
process (within the context of our hypotheses):

1. Before localization, the Stéfan effect can have two
consequences:

— delaying the creation of the microcracks;
— delaying the propagation of the initial microcracks.
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These two actions both delay localization of microc-
racks (and thus increase the peak load) and increase the
apparent Young’s modulus of the concrete.

It must be reported here that the Stéfan effect has a
greater influence on the peak load than on Young’s modu-
lus [4] because, in the case of the latter parameter, the
aggregates, which play an important role, are not subject to
the Stéfan effect, unless they are porous and wet.

2. After localization, the Stéfan effect tends to oppose
the propagation of the macrocrack.

In paralle] to the Stéfan effect, inertia forces can no
longer be neglected when the loading and strain rates
generated by a dynamic loading reach high values.

Before the stage of crack localization, these inertia forces
can act in two different ways during dynamic loading:

— first, during the acceleration resulting from the
imposed loading,

— then, during the creation and propagation of the
microcracks, because a material point at the surface of
one of the edges of a microcrack that has just been cre-
ated, or propagated, changes very rapidly from a speed V1
(before cracking) to a speed V2 >> V1 (after cracking).

These forces of inertia have the consequence of
opposing both the onset of microcracks and their propa-
gation, thereby delaying microcrack localization. Inertia
also acts after the stage of crack localization, opposing
the propagation of the macrocrack (the same mechanism
as for microcracks).

It is clear that, even though they can act simultane-
ously, the Stéfan effect and inertia forces are activated with
different intensities according to the loading rate imposed
on the specimen. A simple model, developed by Bailly
[13], has been used for the effects of loading rate on the
compressive behaviour of concrete (the criterion of failure,
in this model, is that of critical extension). This model, fit-
ted to experimental results, seems to indicate that, at strain
rates smaller than a critical value of about 1 s-1, the inertia
forces are negligible with respect to viscous effects, and
that, at rates greater than or equal to this strain rate, the
inertia forces are no longer negligible at all, becoming pre-
ponderant above a strain rate of approximately 10 s-1.
However, considering the few experimental results [14,
15] taken from the literature on the effect of the loading
rate in concrete subjected to uniaxial tension, it is found
that the tensile strength-log of the strain rate relation
departs from linearity (a sudden increase in strength is
observed) at threshold strain rates close to 1 s-1.

Considering the definitions given previously for
behaviour at the material level and at the structural level,
it is quite possible that the forces of inertia activated by
the propagation of the macrocrack (after the localization
stage) are sufficient, at some strain rates, to increase the
macroscopic tensile strength. In other words, because of
the inertia, it may be that when the loading rate is very
high, the maximum load does not coincide with the
localization of the microcracking, and consequently the
jump in tensile strength observed at a strain rate of
approximately 1 s-1 is only a structural effect.
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3. FROM THE MATERIAL TO THE
STRUCTURE

In a previous paper [4], we discussed the fact that it is
not obvious to directly deduce the performance of a
concrete structure submitted to an impact loading solely
on the basis of knowledge of the dynamic behaviour of
the concrete of which this structure is made.

We related this difficulty to the possible change of
mechanism of failure of the structure due to the loading
rate, the boundary conditions, and the type of concrete.

The physical explanation we proposed was the fol-
lowing:

When a volume of material is loaded very rapidly,
there is an acceleration of the material points in the
vicinity of the points of application of the forces. This
acceleration occurs in a very short time during which
very large stress peaks appear. This phase is then fol-
lowed by a longer transient regime that affects all the
particles of the volume of material, and finally, some-
times (this depends on the problem), by a steady state.
The greater the Young’s modulus of the material, the
larger these stress peaks will be. So, there exist mecha-
nisms on the scale of the structure that are not taken into
consideration on the scale of the material.

This very brief phase of acceleration of some of the
material points in the vicinity of the zone of application of
the dynamic loading is regarded as a phenomenon that can
participate in the change of mechanism of failure of a
structure when it is subjected to faster and faster Joadings.
In fact, depending on the type of structure and the type of
loading, these stress peaks may be tensile peaks leading to
the onset of local cracks that propagate and cause failure of
the structure either in shear or by punching (depending on
the boundary conditions). If the global mechanism of fail-
ure of the structure under dynamic loading is a mechanism
of bending failure, there will then be competition between
this global mechanism (cracking due to bending) and the
local mechanism described above (cracks created by the
acceleration of the material points); if, on the other hand,
the main mechanism of failure is a mechanism of shear fail-
ure, 1t is then obvious that it will be this mechanism that
will actually appear. Depending on the type of structure,
the type of loading, the Young’s modulus of the concrete,
and the quality of the bond between concrete and the rein-
forcement (in the case of reinforced concrete structures),
the transition from one mechanism to the other will occur
at very different loading rates.

Studying strain rate effects by performing tests simul-
taneously at the scale of the material and at the scale of
the structure, F. Tortlemonde [16] analyzed in detail this
problem of change of failure mechanisms.

4. MODELLING STRATEGY OF CONCRETE
AND CONCRETE STRUCTURES

Two different objectives can be aimed for when
mechanical modellings of the dynamic behaviour of con-
crete are developed:
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— the first is related to the design codes, for which it is
important to know and to take into account the evolu-
tion of the mechanical characteristics of a concrete as a
function of the stress or the strain rates in order to design
a structure submitted to dynamic loading,

— the second is related to developing constitutive rela-
tions of dynamic behaviour of concrete for finite ele-
ment analysis.

4.1. Design code approach

Concerning the first objective, we first proposed [4]
the following relations:

ftdyn. = fisea, * @
Edyn. =B+

where:
— fidyn, and Eqyn_ are respectively the dynamic tensile
strength and the dynamic Young’s modulus,
— fista. and Eg, , the static tensile strength and the static
Young’s modulus related to a reference loading rate of
0.05 MPa/s,
— and ® and &, two functions depending on
ln<6dyn./dsta.), independent of w/c to take into account
the experimental results, but possibly dependent on con-
crete mix design parameters such as the volume of cement
paste and the volume of the maximum aggregate size.
Improving this approach, F. Toutlemonde [9, 16]
proposed and validated two “types” of relations, for the
range 5. 10-5 GPa/s <6 <50 GPa/s:

)
(3)

First series of relations:

ftdyn. = fisra. + 0.7 10g((5dyn./ Ostat.) - P(H) (4)
fcdyn. =fes t45 log(édyn./ Ostat.) - P(H) (3)
Edyn. = Esra. * 0.9 log(ddyn./éstat.) -o(H) (6)

where fedyn. and fey,, are respectively the dynamic and
the static compressive strength, f; and f; in MPa, E in
GPa, ¢(H) = 1 for wet concrete and ¢(H) = 0 for dry

concrete.

Second series of relations:

frdyn. = fsta. + (6.57 10-* . Mcspr + 3.59 gfg*

-2.79) log(Gayn [Gstac.) - 9(H) (7)

where:

— Mcsy is the massic content in CSH (in kg/m3),

— glg* is the ratio of the actual aggregate proportion g to
the ideal maximum proportion g*.

The first type of relations gives the average evolutions
of the mechanical characteristics of concretes as a function
of the loading rate, without taking into account the differ-
ences related to concrete mix design. These relations are
linear functions of the logarithm of the loading rate, which
1s consistent with the fact that the jump of the concrete
strengths, observed in the literature, is probably the result
of a structural behaviour more than a material behaviour.
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The second type of relations allows more precision
and distinguishes between different concretes, taking
into account some significant mix design parameters (F.
Toutlemonde carried out a very complete and fine
analysis to determine these significant mix design para-
meters [16]). No refined relation has been determined
concerning the Young’s modulus, which seems to show
that the concrete mix design has a poor influence on the
strain rate effect sensitivity of this mechanical character-
istic [16]. Concerning the compressive strength, no rela-
tion is proposed due to the lack of experimental data.

4.2. Finite element constitutive relations

The LCPC uses two levels of modelling within the
framework of a systematic strategy [17] to solve the practi-
cal problems. In this strategy, the two levels of modelling,
considered as relevant at two scales of observation of con-
crete, are used to obtain different kinds of information:

— the first modelling level provides some relevant infor-
mation for practical applications, as for example, the load
capacity of the structure, the global displacements
(deflection, ...), the parts of the structure where non-lin-
earities appear;

— the second modelling level gives more precise infor-
mation than the first. On the one hand, it permits a reli-
ability analysis of the structure from the statistical results
obtained on the load capacity and on the global displace-
ments (using 2 Monte Carlo procedure), and on the
other hand, it provides supplementary information on
the basis of direct access to crack-patterns, crack-width,
crack-spacing and failure mechanisms. Of course, this
modelling level is also much more time-consuming.

Therefore, the choice of using one or two modelling
levels will depend on the type (and the quality) of infor-
mation required. For example, in the case where the
information required leads to using the second model-
ling level, and where, in the structure studied, there are
several non-linear zones due to its hyperstaticity, it is
necessary to start with the first modelling level to deter-
mine the positions of these non-linear zones, which will
then permit the optimization of the mesh using the sec-
ond modelling level.

Before using non-linear models, it is always recom-
mended to start with a linear elastic simulation: first, to
determine the stress gradients in the structure, since the
mesh elements of the non-linear simulation must be
very small in relation to these gradients, and second, to
evaluate the relevance of performing 2D non-linear sim-
ulations (which are, at the present, the more commonly
used with non-linear models) by comparison with a 3D
simulation (which gives the real stress fields).

The models being developed at the LCPC, within
the framework of the proposed strategy to treat the
dynamic behaviour of concrete structures, are an exten-
sion of static models validated and used to treat real civil
engineering problems.

These models have been described in detail in Ulm
[18], Rossi and Wu [19], Rossi and Ulm [20].

4.3 Static models

The plastic degrading model

The purpose of the plastic degrading model 1s to
model two apparent phenomena related to cracking: the
permanent (or plastic) deformations and the irreversible
degradation of elastic material properties (also designated
as damage in the literature). With respect to standard
coupled plastic-damage models (see, for instance,

- Lemaitre and Chaboche [21]), where damage and plastic
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mechanisms are assumed to occur independently of each
other, the plastic degrading model associates both phe-
nomena with the same physical origin, i.e. cracking.
More precisely, since the plastic variables, namely the
plastic strain €F and the hardening variables , model the
irreversible evolution associated with concrete cracking
in a continuous manner, the damage associated with
cracking necessarily coincides with the plastic evolution.
For quasi-static evaluations and isotropic material behav-
iour, the following state equation is adopted :

6 =2G(y)(e - €F) + 3K(x)(e - €71 8)

where G(y) and K(y) are the shear modulus and the bulk
modulus, the evolution of which depend upon harden-
ing variables . Furthermore, € + e + €l and €P = P + ¢l
are the strain tensor and the plastic stain tensor (with € =
tref3 and € = treP/3). As in the standard plastic model,
plastic evolution occurs when a loading point 6 is at the
boundary of the elasticity domain Dg, defined by the
loading function f{c,{), thus:

ce Dpeflo,l)<0 (9)

where  is the hardening force (current material thresh-
old), which depends upon the hardening variable y (i.e.
€= C(x)). The evolution of hardening force { can be
associated with the evolution of an energy frozen at the
level of the heterogeneous material, which is not recov-
ered as useful mechanical work upon unloading. More
precisely, with respect to the heterogeneity of the matter,
plastic evolution occurring during loading corresponds,
at the level of the heterogeneous material, to a release of
initial stresses, associated with an elastic energy frozen in
the constituents. A part of this energy is dissipated by
friction at the crack lips, while altering the initial stress
state as well as the frozen energy. At the macroscopic
level, the dissipation associated with friction phenomena
is modelled in terms of plastic dissipation (0:de in time
interval dt) reduced/increased by hardening/softening
effects (- dU = {dy). When neglecting second order
strain terms in the state equations of a plastic degrading
model, hardening force { derives from frozen energy U
as in the standard plastic model

(=T du(x)

dx

A detailed discussion of this energy can be found in
Coussy [22] and applied to concrete in Ulm [18]. Here,
we note only that with respect to its origin, i.e. the mater-
ial’s heterogeneity, frozen energy U depends on the scale
of observation of the material’s heterogeneity, as well as

(10)
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hardening force {, and thus the threshold, i.e. when plastic
evolution occurs. The evolutions of plastic variables P
and  are given by the flow and hardening rule:

og(0.5) oh(c.)
ag

deP = dA and dy = d\ (11)

do
where d\ is the plastic multiplier, and g(c,8) and h(c,{)
the plastic and hardening potential, defining the direc-
tions taken by plastic strain increments deP and harden-
ing increments dy. Note clearly that hardening variable
% 1is a plastic variable (for instance, the plastic dilatation
x= ygq = | 2deP:deP, modelling the evolution of elasticity
domain Dg in state equation (9), as well as the evolution
of elastic material properties G()) and K(y) in state equa-
tion (7)). Plastic variable  can thus be accessed - experi-
mentally and numerically — independently of the degra-
dation of elastic material properties. In other words, the
information used (input) and requested (output) are on
an equal basis, since they are measured/calculated inde-
pendently of each other. Note, however, that plastic and
hardening potentials g(6,{) and h(c,{), as well as plastic
criterion f{0,0), determined experimentally for concrete,
are defined with respect to the scale of observation and
will change, when passing from the scale that defines the
representative elementary volume, where the model is
designed to a lower modelling scale. To the knowledge
of the authors, little attention has been paid to this fact in
adaptive mesh strategies for elastoplastic problems.

The plastic degrading model is implemented in the
finite element code CESAR-LCPC, and is accessible
with different loading functions, plastic parameter
Willam-Warnke criterion, with an associated rule (g(c,£)
= f{0,£)). Strain-softening in the yield criterion is not

considered (i.e. dU/dy 2 0).

The discrete probabilistic cracking model

Cracking of concrete is strongly influenced by the
material’s heterogeneity: the tensile strength of concrete is
related mainly to that of the cement paste, which in turn is
governed by the presence of voids, microcracks, etc. cre-
ated during concrete hardening by non-uniform shrinkage
during hydration at the scale of the heterogeneous mater-
ial, i.e. at the scale of the concrete aggregates. This hetero-
geneity of the matter of which the concrete is made can be
considered to be the basis for apparent size effects, govern-
ing the overall cracking behaviour at the macroscopic scale
of material observation (i.e., the scale of a laboratory test-
specimen). This has led to the development of the discrete
probabilistic modelling of concrete cracking over the last decade
[19]. It belongs to the family of statistically-based deter-
ministic models using the finite-element method. It
accounts for cracks as geometrical discontinuities (discrete
crack approach), and for the heterogeneity of the matter by
random distribution functions with experimentally-deter-
mined mean values, m(f;) and m(E), and standard devia-
tions, m(f;) and s(E), of tensile strength f; and Young’s
modulus E, respectively. For their experimental determi-
nation, major experimental research has been performed at
the LCPC, which has led to the proposal of analytical
expressions of the distribution functions (Rossi ef al. [23]),
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based solely on the knowledge of:

1. the apparent compressive strength f. of the con-
crete, determined by a standardized test on a cylinder 16
cm in diameter and 32 cm high,

2. the ratio of the volume of concrete Vi to the vol-
ume of the coarsest grain V.

In the finite-element analysis, these functions are
used by replacing, in the experimentally determined dis-
tribution function, the volume of the test specimen Vi
by the volume of each solid finite-element. This is con-
sistent with physical evidence: the smaller the scale of
observation (the modelling scale) with respect to that of
the structure, the larger the fluctuation of the local
mechanical characteristics, and thus the (modelled) het-
erogeneity of the matter. This renders the numerical
results mesh-independent (Rossi and Guerrier [24], and
Rosst et al. [20]). As concerns the local and probabilistic
character of the approach, the volume of the solid mesh
elements must be sufficiently small with respect to the
volume of the modelled structure, so that the probabilis-
tic analysis performed on the scale of the mesh element
is representative with respect to the structure.

The cracks are modelled using special contact ele-
ments that interface the solid elements. A crack (i.e. a
contact element) “opens” (appearance of a geometrical
discontinuity) when the stress normal to a fracture plane
ON = n.6.n reaches the local tensile strength f;, ran-

domly distributed, thus:
on-f<0 (12)

Crack criterion (1) refers to the fact that concrete
cracking corresponds to a mode-I mechanism, in tension
as well as in compression. In the latter, failure occurs due to
the onset of oblique cracks (Torrenti et al. [25]). The failure
mechanisms in compression and the consequences on the
modelling scales are discussed in some detail in Rossi ef al.
[26]. The oblique cracks are created locally by tensile
stresses. In order to capture this failure mechanism in terms
of modelled heterogeneity, the modelling scale must be
small with respect to the “structural” scale at which the
failure occurs (small columns created by vertical cracks
within the sample), and much smaller than that of the sam-
ple. At a higher scale, this oblique cracking appears as a
shear failure and, within the limits of a homogeneous
material, no tensile stresses occur in the material under
compression (see Fig. 3). Hence, as concerns the modelled
heterogeneity in the analysis, a shear-crack criterion may
be necessary, expressed in its simplest form as:

1] -c<0 (13)

where T = t.¢.n is the shear stress and ¢ is the local
cohesion of the material. Since this crack-criterion
reflects a mode-I criterion at a lower modelling scale,
cohesion ¢ cannot be regarded as an independent mater-
1al characteristic — in contrast to the tensile strength f;. In
fact, since the oblique cracks open once the tensile stress
reaches the local tensile strength, cohesion c¢ is related to
the tensile strength, so that:

c=vf (14)
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Material

T

Heterogeneous
Material

+c=5f1,

crit

Fig. 3 -~ Mohr stress plane with different admissible stress states at
different modelling scales of the heterogeneous material.

where 7 is a coefficient of proportionality, assumed con-
stant. This assumption implies that the coefficient of pro-
portionality is independent of size effects and allows for its
determination from experimental data, (y=c [ f; = 5, see
Rossi ef al. [26]). When a crack opens, local tensile
strength f; and cohesion ¢ are set to zero, and remain at
zero throughout the calculation (local irreversible fragile
tensile behaviour). In other words, the strength is not
recovered when the crack recloses, and only normal com-
pression stresses are admissible. The friction between the
two edges of the geometrical discontinuity (edges of the
crack) is taken into account by a cohesionless Mohr-
Coulomb criterion reading:

|T] -ontge <0 (15)

With respect to the local irreverible fragile tensile
behaviour, friction is only activated when the element
recloses after opening. Note that an angle of friction ¢ = 45°
sufficiently represents the experimentally observed non-
linear behaviour in the peak-load and post-peak load range
in compression (Rossi et al. [23]).

4.4 Extensions of the models for dynamic
loadings

The plastic degrading model

The extension of the plastic degrading model in the
dynamic field has been carried out by J. Sercombe et al.
[27]. On the basis of the model in statics, a visco-elasto-
plastic degrading model with viscous hardening has been
developed.

The model being presented in detail in [27], we will
focus here only on its main points.

In order to account for the rate dependency, a new
material variable is introduced, x, which is related to vis-
cous strain due to the Stéfan effect in the micropores of
the concrete hydrates, giving:

de¥ =B dx (16)
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dx/dt = Ay/n
where:
— Ay is the associated force in the thermodynamic frame,
- 1 is the viscosity associated with the viscous phenome-
non.

The visco-elastoplastic degrading model with viscous
hardening is illustrated in Fig. 4.

(17)
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Fig. 4 - Visco-elastoplastic degrading model with viscous
hardening.

In the model, the hardening force now also depends
on the variable x or €Y (phenomenon of viscous harden-
ing), as follows:

§=800 + LX) (18)
with:
C(x) _37pg log (\/g) (19)
ﬁstat log ﬁstat/ k]
This identification is consistent with relation (4).
pg is determined from Willam-Warnke criterion:
T+fO)lp-po + LX) <0 (20)

where:
— p is the hydrostatic tenseur,
— 1 is the second deviatoric invariant.
The 3D formulation of this model renders it consis-
tent with relation (5).

The discrete probabilistic cracking model

In [28], we proposed to replace, in relation (12), f; by
fedyn calculated using relation (2), o(fy) being considered
independent of the loading rate.

In fact, it appears that it is not a good way to take into
account the strain rate effects in a material constitutive
relation (for use in a finite-element analysis). Two main
reasons support this remark:

— the first is a theoretical reason: it is not acceptable that
a material’s intrinsic characteristics be dependent on the
loading rate,

— the second reason is related to numerical aspects: in a
finite-element analysis, we cannot determine objectively,
for a given time increment, the stress rate field.

R. Ben Romdhane [29], has recently returned to our
first proposal, but in a better way, by using the same
approach as ]. Sercombe (in fact the two extensions were
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initiated by O. Coussy and F. Ulm [30]). Thus, he pro-
poses to replace, in relation (12), f; by figyy, calculated
using the following relation:

ftdyn. = fistar = Bt (21)
with:
log X,
Af =37 -1
f’ log X, (22)
k
xc:@ _ nA 1—exp(— ﬁs;:n) (23)
k Jstark n
- Jistat 24)
where:

— 1 is the viscosity associated to the viscous phenome-
non (Stéfan effect),

—k is a rigidity parameter (see figure),

—X¢, and X.. are related to viscous strains.

Thus, the elastic contact element used in the static
calculation becomes a viscous contact element in the
dynamic calculation, of which the rheological modelling
is presented in Fig. 5.

The values of parameters k and h can easily be fitted
to experimental data presented in Fig. 5.

Remark: It is obvious that the models developed at
LCPC and presented above integrate the inertia effects
necessary for a complete analysis of the dynamic struc-
tural behaviour.

5. RESEARCH WHICH REMAINS
TO BE DONE

In view of the work already performed at LCPC, we
can attempt to list what still needs to be analyzed concern-
ing the behaviour of concrete structures submitted to
dynamic loadings. Two main objectives appear as priorities:

1. The first objective is related to the validation or
the determination of the domain of validity of the con-
crete models presented above. This can be realized by
using these models to analyze the behaviour of full scale
structural members subjected to realistic dynamic load-
ings. Verification of the experimental boundary condi-
tions and of the loading are essential and unfortunately,
there are not many experiments in the literature, except
in [16], which respect these conditions.

2. The second objective is related to the mechanical
behaviour and modelling of the interface between con-
crete and steel bars in reinforced concrete structures sub-
jected to dynamic loadings. As a matter of fact, the
behaviour of this interface plays a prominent part in the
change of the mechanism of failure in reinforced con-
crete structures mentioned above. At present, the exper-
imental results related to the dynamic behaviour of the
rebar/concrete interface to be found in the literature are
not numerous enough to develop an efficient model of
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Fig. 5 - Rheological model of the viscous contact element.
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this behaviour. So, this work remains to be done!

Concerning the probabilistic discrete cracking model,
we employ a special contact element to model the inter-
face. Knowing that its behaviour strongly depends on the
tensile behaviour of the concrete [14], we believe that a
good solution would certainly be to develop a viscous con-
tact element such as that developed for the discrete con-
crete cracking model. The parameters of the constitutive
equation related to this viscous element could be deter-
mined by using relations similar to relation (4).

6. CONCLUSIONS

We have presented in this paper the research strategy
the LCPC has chosen to analyze the dynamic behaviour of
concrete structures. This strategy is based upon three steps:
— Step 1: Understanding the physical mechanisms at the
origin of rate effects in concrete by performing a large
number of experimental tests at the material level.

— Step 2: Developing mechanical models which are
physically relevant for design code and finite-element
analysis.

~ Step 3: Validating the models by simulating tests on full
scale structural members.

The physical mechanisms that may be involved in the
dynamic behaviour of concrete in tension, and which
may explain the loading rate effects observed experi-
mentally, can be summed up as follows:

1. At strain rates smaller than approximately 1 571, the
main physical mechanism is a viscous mechanism that
may be regarded as similar to the Stéfan effect. This
mechanism opposes both microcracking localization,
leading to an increase of tensile strength (behaviour at
the material level), and the macrocrack propagation that
leads to failure of the specimen (structural behaviour).

2. At strain rates greater than or equal to approxi-
mately 10 571, the forces of inertia become preponderant.
Like the Stéfan effect, these forces oppose microcracking
localization and macrocrack propagation. The increase of
tensile strength observed at these rates is perhaps not
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intrinsic to the material, since the forces of inertia,
which are very large in the stage of macrocrack propaga-
tion, can lead to an increase of the maximum load even
after microcracking localization. This would be a struc-
tural effect and would have to be taken into account as
such in any mechanical and numerical modelling.

3. The viscous effects, together with the forces of
inertia, result in an increase of the Young’s modulus of
the concrete, but to a much smaller extent than the ten-
sile strength, because as far as Young’s modulus is con-
cerned, the aggregates, which play a major role, are not
sensitive to the viscous effects.

Taking into account these physical mechanisms, two
types of models have been developed to perform finite-
element analysis of concrete structures:

— the first model provides some relevant information for
pratical applications, for example, the load capacity of the
structure, the global displacements (deflection, ...), the
parts of the structure where non-linearities appear. This is
a visco-elastoplastic degrading model with viscous hardening;

— the second model provides more precise information
than the first, because, on one hand it permits a reliabil-
ity analysis of the structure from the statistical results
obtained on the load capacity and on the global displace-
ments (using a Monte Carlo procedure) and, on the
other hand, it provides supplementary information on
the basis of direct access to crack-patterns, crack-width,
crack-spacing and failure mechanisms (rigid motions, for
example); of course, it is also much more time-consum-
ing. This is a probabilistic discrete viscous cracking model.

The two models are being implemented in the
LCPC finite-element code CESAR-LCPC.

Their validation remains to be done.

Finally, to analyze the dynamic behaviour of reinforced
concrete structures, it is necessary to use the same three-
step strategy for modelling the rebars/concrete interface as
for concrete. This work also remains to be done.
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