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Behaviour of quasi-brittle material at high strain rate.
Experiment and modelling

Gérard GARY * and Patrice BAILLY **

ABSTRACT. — Strain-rate effects on the behaviour and on failure of concrete under quasi-static and dynamic loading (with uniaxial srain-rates
up to 1000 s™!) are investigated from both experimental testing and modelling point of views. The main damaging process taken into account is
the brile tensile response induced by Poissons’ effects under compression loading.

The proposed meso-mechanical medel is based on a description of mechanisms observed at a microscopic level after failure has started.
The strain-rate sensitivity then appears as a consequence of the motions of such mechanisms, with the introduction of the time derivative
of the strain-rate (¢) in the formulation. Dynamic loadings under compression are performed with a Split Hopkinson pressure bar (SHBP)
apparatus. To inveskgate the response of concrete under multiaxial loading, a specific device presented in the paper is specially built to
produce dynamic compression under various controlled lateral confinement pressures, allowing for an independent evaluation of radial inertia
and lateral pressure effects.

It is found that a small number of parameters, mostly deduced from a classical pure compression or traction test, allow for correct modelling
of the response under multiaxial loading for a wide range of speeds of loading.

1. Introduction

In recent years, progress in computer technology and development of explicit codes (or hydrocodes) have made
possible the calculation of the transient response of concrete structures under dynamic loading (earthquakes,
collisions of cars, ships or planes with civil engineering structures). The need for constitutive laws taking
account of strain-rate effects has given an impulse to experimental and theoretical investigations of the dynamic
behaviour of concrete and other rock-like materials.

A rather significant literature exists on rate sensitivity of rock tested at medium strain rates, for example in
previous papers (Cheatam, 1968; Lindholm et al., 1974), (Christensen et al., 1972) and more recently (Klepaczko
et al., 1991). The early tests on concrete under dynamic loading have been performed with pendulum and drop
weight tests. The lack of precision of these tests does not allow for an accurate determination of material
behaviour, as shown in a review given by Green (Green, 1958). The arrangement using an impulse loading
in a cylindrical specimen made of concrete is used by Goldsmith and co-workers (Goldsmith et al., 1966) to
study the tensile fracture feature of concrete. Results obtained from different loading devices are compared and
discussed by the state of the art report of the RILEM committee in 1975 (RILEM, 1975). Application of the
tensile SHPB arrangement to the concrete specimen has been reported by Reinhardt and co-workers (Reinhardt
et al., 1986). The use of the compressive SHPB to determine the rate sensitivity of concrete can be found in
recent works (Gong et al., 1990, Tang et al.,, 1972).
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Another type of dynamic test performed on rocks is high strain-rate impulse loading. for example presented in
(Grady & Kipp, 1979; Forrestal et al., 1978). At those very high rates of loading (¢ > 1000s™!). hydrodynamic
models are often used and the deviatoric parts of the stress and strain tensors are disregarded.

In this paper, we are looking at medium strain rates (15~} < ¢ < 1000s™'). In corresponding real loadings
(collision of a car with a concrete civil structure for instance), the influence of deviatoric components of stress
on the behaviour cannot be neglected. In this domain, as is generally the case for brittle materials, concrete
shows an asymmetric ultimate behaviour (with a failure strength in tension much lower than in compression)
under quasi-static loading and a strong sensitivity to the triaxiality of the loading (Cedolin et al., 1977). The
same asymmetry is found for the strain-rate sensitivity, which, for concrete, remains small in traction (Reinhart
et al., 1990) and strongly increases in compression (Tang et al., 1992).

Such an effect is often attributed to the lateral confinement induced by inertia effects (Klepaczko et al., 1991).

It is thus important to take account of those effects in the physical analysis of the dynamic behaviour of
concrete. Following the rather classical description of concrete plastic behaviour (Chen and Ting, 1980), one
could use a global visco-plastic model to describe dynamic effects (Sluys and de Borst, 1992). One could also
try to use methods closer to the physical microscopic behaviour (Rossi, 1994) but such methods cannot easily
be introduced in classical computer codes. Using a meso-mechanical approach, to allow for industrial efficiency
by the introduction of the model in commercial explicit codes, and following (Bailly, 1994; Economou, 1995
and Reid, 1992), a model is proposed in which local inertia effects are introduced in the constitutive law
through the strain acceleration (¢).

Checking the validity of this model needs a minimum of experimental results under dynamic multiaxial
loading. Those results are obtained using a special device for dynamic tests on rocks under confined pressure,
developed in one of the authors’ Laboratories and presented in this paper.

2. The experiment

2.1. THE SHPB DEVICE

The SHPB (Split Hopkinson Pressure Bar) system, also called Kolsky’s apparatus is a commonly used
experimental technique in the study of constitutive laws of materials at high strain rates. The first use of a long
thin bar to measure stresses in impact conditions has been reported in (Hopkinson, 1914). The experimental
setting with two long bars widely used today is pioneered by Kolsky (Kolsky, 1949). This ingenious technique
for a compression test has been extended to the tensile loading by Harding (Harding et al., 1960) and to the
torsional loading by Duffy (Duffy et al, 1971) with no significant changes in the concepts.

A typical SHPB test system is shown in Figure 1. It is composed of the long input and output bars with
a short specimen placed between them. With the impact of a projectile at the free end of the input bar, a
compressive longitudinal “incident” wave ¢ (t) is created in the input bar. Once the incident wave reaches the
interface specimen-bar, a reflected pulse g (¢) in the input bar and a transmitted pulse 7 (¢) in the output bar
are developed. With gauges glued on the input and output bars, these three basic waves are recorded. Their
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Fig. 1. - SHPB set-up.




treatment allows for the knowledge of forces and particle velocities at both faces of the specimen. Conditions
of the homogeneity of mechanical fields in the specimen can be discussed depending on those measures.

2.1.1. Signal processing

According to the wave propagation theory, stress and particle velocity associated with a wave are simply
related to the strain measured by the gages. Thanks to the superposition principle and the shifting of waves
(propagation theory), these values are known not only at the measured points but everywhere in the bar and
in particular at bar-specimen interfaces.

Following Davies’ and other authors works (Davies, 1948; Malinowsky and Klepaczko, 1986; Malvern et al.,
1991), we use a complete data processing of the waves, including wave dispersion correction—recently extended
to linear viscoelastic bars (Zhao and Gary, 1995)-and an assisted delay setting based on the elastic transient
response of the specimen, (Gary et al., 1992, Gary et al., 1993). The use of that precise data processing is
specially important for testing concrete (or brittle materials) that cannot support large strains without damage
because it insures correct measurements at low strains (in the range of 1%) where rupture occurs and where
the maximum stress is measured (Gary and Zhao, 1996).

Forces and velocities at both sides of the specimen being known, assumptions for the specimen response
must be chosen to obtain the constitutive law. The standard analysis assumes the homogeneity of strains in
the specimen. In the case of concrete, transient simulations (Zhao, 1992; Zhao et al., 1993; Zhao and Gary,
1995) show that correct results are obtained using the so-called improved standard analysis—or three waves’
analysis—using the average of the two forces to calculate the stress (Lindholm, 1964). The nominal values for
average strain rate and stress applied to the specimen are, in that case, the following ones:
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where L; and S are the initial length and section area of the specimen.

The processing of the signals recorded with gauges is based on a one-dimensional description of the bar
(even the dispersion correction, due to a 3D calculation, only takes account of the 1D projection of those results
on the bars’ axes). Consequently, measurements at bar-specimen interfaces are integrated values: total force
applied to the specimen, mean speed of its faces. A 3D modelling of the specimen response is always possible
but it needs additional assumptions for loading conditions.

2.1.2. Tests result analysis

2.1.2.1. Non-constant strein-rate

A typical average strain-rate for the specimen obtained with those assumptions is presented in Figure 2. It
would be convenient to fix the strain rate at a constant value in an idealised test, but this is obviously impassible
(at least since the strain-rate equals zero at the beginning of the test). The assumption of a constant strain-rate
is accepted when the rise time of the strain-rate is small compared with the duration of the test and when
the strain-rate is almost constant during the test (as in quasi-static tests or approximately for some dynamic
tests on metals). A different situation is shown in Figure 2. The strain rate is not constant for a SHPB test
on concrete and the measured stress-strain relation cannot be simply related to a constant value of the strain
rate. In the following, when a nominal value of the strain-rate will have to be attached to a parMcular test, it
will be chosen as the value associated with the maximum stress. Nevertheless, it must be kept in mind that
the response depends on the strain-rate evolution. This point is illustrated in Figure 3. Using a simulation with
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Fig. 3. — Effect of strain-rate evolution on the global stress—strain relation.
(two simulations, using the behaviour modelled in section 3, with the same nominal value for the strain rate).

the model presented in the following: two different loadings with the same nominal value of the strain rate
produce close, but different, stress-strain responses.

2.1.2.2. Contact conditions

Experimental problems found in concrete testing in compression have already been investigated by (Gorisse,
1982; Toutlemonde, 1994). They show, in particular, that fretting effects can induce an over estimated measure
of the failure strain. The influence of fretting conditions appears almost only in the post-peek response of the
specimen. In (Kotsovos, 1983), it is directly illuswated with constant length specimens and various fretting
conditions as in (van Mier, 1986) it indirectly appears through the effect of the specimen length. Following



those authors it is found that the natural explanation of this effect is the presence of an undesired confined
loading induced by fretting effects near specimen ends.

Under dynamic compression, lateral inertia effects will become active as soon as lateral displacements appear
(this is one of the ideas introduced in the model proposed in this paper). If the additional lateral pressure
due to friction effects is the same as in a quasi-static loading, one can expect that it will be relatively less
important with respect to the finite overall lateral pressure induced by inertia. Furthermore, our main purpose is
to investigate the effects of lateral pressure and compare them to inertia effects. We are then always in loading
situations where a significant lateral pressure appears. An indication of less apparent fretting effects, is given in
a similar case, using bars with a Poisson’s ratio close to the one of concrete: strain measurements with a strain
gauge glued on the specimen show results very close to the SHPB ones (Tang et al., 1992).

2.1.2.3. Specimen length

Platens used in our tests are the ends of 40 mm diameter aluminium bars. Specimens have the same diameter
and length (40 mm diameter, 40 mm length). Considering contact condition, this length is rather small and it
is due to the dynamic loading conditions. The analysis of the test is based on the assumption of homogeneous
stress and strain fields. Consequently, the rise time of the loading signal must be long compared to the
travelling time of the waves through the specimen therefore long specimens must be avoided. On the other
hand, the small-scale specimen tested, with a maximum aggregate size of 10 mm, would not have been correctly
represented with a shorter specimen.

A second point is that changing the specimen length could not be independent of changing the speed of
loading in order to keep the strain-rate constant. All the tests have been done with similar specimens.

2.2. THE SPECIFIC DEVICE FOR CONFINED PRESSURE TESTS

Different methods can be used to provide multiaxial loading conditions. A very simple one consists of making
oedometric tests. Such a method has given good results for sand testing (Semblat, 1994; Semblat et al., 1995)
but cannot be easily applied to concrete because of unknown (and probably strong) longitudinal friction effects
induced by the differential strains betweeen the specimen and the thick confining cylinder.

To avoid longitudinal friction, another method exists using a thin metallic ring compressed with the specimen.
This method, used by Gong and Malvern (Malvern et al., 1991) and others (Bragov et al., 1994) needs a special
specimen preparation and the use of a strain-gage on the ring. It allows for a simultaneous measurement of the
radial pressure and strain of the specimen, but without the ability of an easy control of the lateral pressure.

For sake of simplicity, and following (Christensen et al, 1972; Malvern et al., 1991), the specimen is
introduced into a cylindrical quasi-static pressure cell. The bars are acting as pistons and are introduced into
the cell through sealing rings. A scheme of the complete set-up is shown in Figure 4. The lateral pressure can
be applied with oil (up to 50 MPa), or with air (up to 10 MPa).

projectile

gas gun

support  removable end caps latex membrane energy absorber

Fig. 4. — Set-up for confined pressure tests.



2.2.1. Sealing problems

Using a significant lateral pressure of oil (20 MPa) a test without a specimen (bar against bar) has been
performed to investigate the influence of seals on waves propagating in the bars. The complete data processing
has been applied to the recorded incident and transmitted waves measured in this test. Input and output forces
have been calculated. those forces, presented in Figure 5, are not very different. This good agreement proves
that the influence of seals can be disregarded.
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Fig. 5. — Input and output forces for a confined “‘bar against bar” test.

2.2.2. Lateral pressure

It seems reasonable to assume that a static confined pressure applied with air will not be significantly affected
by the increase in the diameter of the specimen induced by the deformation (in this device, the chamber is
120 mm long and has a diameter of 75 mm so that with a 40 mm long and 40 mm diameter specimen, the
volume of the fluid in the chamber is almost 10 times the volume of the specimen).

The situation is not so clear with oil and it is not sure, because of transient effects in the fluid, that a
measurement of the oil pressure during the test at a point in the chamber would give an exact measure of the
pressure applied to the specimen. To evaluate this point, tests with oil and with air have been performed, using
the same initial confinement pressure and other initial conditions. Results under oil pressure look very much like
the ones presented in (Malvern ef al., 1991) using a very similar device where water lateral pressure was used.
When lateral pressure is applied with air, the stress strain relation shows a much lower apparent strain hardening,
as presented in Figure 6. The same kind of results have been obtained in tests on sand specimens (Semblat,
1994) showing that oil pressure increases during the test. In that case, for similar tests (same specimen, same
speed of loading, same initial lateral pressure), the stress associated with a given strain was minimum for air
pressure tests, maximum for oedometric (zero lateral strain) tests, and in-between for oil pressure tests.

Consequently, all the test results presented in the following to support our model, are obtained under a
confined pressure of air, assumed constant during the test and equal to the initial imposed and measured value.
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Fig. 6. — Comparison between different lateral loading conditions.

3. Modelling of a quasi-brittle material

3.1. BACKGROUND OF THE MODELLING

3.1.1. The general case

Many constitutive models to describe the macroscopic behaviour of concrete can be found in the literature
(Cedolin et al., 1977; Chen and Ting, 1980; Bazant and Bhat, 1976; Bicanic and Zienkiewicz, 1983). Depending
on physical phenomenon observed in different situations, the non linear behaviour of a concrete-like material
is described by three different classes of models. The first class (“a”) is associated with uniaxial loading or
loading with a small mean stress. The main physical behaviour involved is micro-cracking. The second class
(“b”) is associated with significantly multiaxial loading: the mechanical behaviour shows plastic flow. The third
class (“c”) is associated with high pressure loading where significant compaction of the material occurs. When
this process is involved, the rate sensitivity is generally neglected, even at very high strain rates like those
found during impact producing shock waves.

For “c”-class models, the compacting process can be modelled by an “equation of state”, i.e. a pure spherical
relation between the mean stress and the volumetric strain. When a plastic flow is observed (“b”-class), the
macroscopic behaviour is naturally modelled using a plastic or visco-plastic theory (Piewuszczaks et al., 1988;
Chen et al., 1975). Rather sophisticated models are found in this case, using for example a non associated
flow rule (Elwi et al., 1979; Han et al., 1985). The addition of a deviatoric behaviour, described by a plastic
model, and of a spherical behaviour has also been proposed (Mariotti er al.,, 1994). Other authors associate
damage and plasticity theory (Ulm, 1993). In the case of general plastic behaviour, it is natural to introduce
the rate dependence with the visco-plastic theory (Suaris and Shah, 1984). The more sophisticated models
available for dynamic problems concern loading with medium or high pressures (Holmquist et al., 1993) where
the sophistication is associated with a great number of parameters (to be identified).

Our approach is for “a”-class models. The micro-cracking can be introduced with damage theory (Mazars,
1984; Kachanov, 1980; Andrieux, 1986). Another approach is based on the study of mechanisms observed at a
microscopic level (Deng et al., 1994; Kusano N. et al., 1992). It should be expected that a constitutive law based
on such an approach needs a reduced number of parameters and that it will contribute to the understanding of



the physical response of the material. The rate sensitivity of the concrete and other semi-brittle material has for
a long time been a subject for experimental investigations and theoretical modelling in this field.

In any case, when an apparent macroscopic rate sensitivity of the material is observed it raises the question
whether it is due to a rheological material behaviour or is a simple consequence of the structural dynamic
response of a finite volume dynamically loaded. In the latter case, especially when numerical finite elements’
models are used—with elements, as they can be found in civil engineering, that are large compared with local
mechanisms due to failure—, the question would remain of how to find a macroscopic rate-sensitive model.
This question has already been widely discussed. On the rheological side, time dependent effects have been
found. It has been proved that the crack velocity cannot exceed the speed of Rayleigh’s waves (Bui, 1978;
Deng et al., 1994). The presence of free water in the open porosity of the concrete could also explain a part of
a rheological viscosity (Rossi, 1991). The opening of micro-cracks creates motion at a micro-level which could
also induce inertial effects at the macro-level (Economou, 1995; Kusanov et al:, 1992). On the macroscopic
side, one could expect that a correct transient dynamic calculation of a concrete structure would be sufficient to
describe the apparent rate sensitivity response. In recent works (Daudeville, 1996; Le Nard, 1996), it has been
observed that a rate effect in the response of a cylindrical sample can be found, through a dynamic (including
inertia effects) transient 3D calculation using a model that is not rate sensitive. Nevertheless, the agreement of
such calculations with experimental results becomes better when the confining presure increases, showing that
the rate sensitivity of a constitutive model is specially needed when lateral extension can occur, as it is the
case when the confining pressure is closed to zero.

One purpose of the present modelling work is to contribute to the understanding of the basic physical
principles involved in the behaviour, using a micro-mechanical model with a small number of parameters. This
model is then not intended to provide an exact mechanical description of a specimen in compression and our
proposed comparisons between simulations and experiments are only a first step for a general qualification of
basic ideas. The domain of validity investigated concems loading paths of the structure leading to extensions
in the material. In this case special attention is focused on the post-peak phase where failure in extension is
under development. It is then expected that the response of our model and, in particular, the time sensitivity,
will depend on inertia or viscous effects involved in the motion of basic mechanisms.

3.1.2. Construction of the model

In the construction of the model, the following observations concerning the general behaviour of concrete
will be kept in mind:

— the damage criterion is a function of the strain in extension (Mazars, 1984),
— effects of internal friction are observed in the fractured material (Attia, 1991),

— structural effects like buckling of the fractured material (Janach, 1979) and inertia of micro cracking
(Klepaczko, 1988; Klepaczko, 1990) are involved in the dynamic behaviour.

The fractured material is described through a virtual continuum the behaviour of which includes structural
effects. Those effects are obtained by introducing a mass in a rheological model, following previous authors
(Economou, 1995; Bischoff and Perry, 1991). An analogical scheme, used as a rheological model, is built-in
two dimensions, as shown in Figure 7.

This model is then to be used when there is at least one direction in extension producing cracks. Consequently,
and as mensoned before, the behaviour under high pressure, as described in (Holmquist et al., 1993) is not
investigated in this paper.
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Fig. 7. - Elementary volume of concrete and analogical rheological model.

3.2. RADIAL LOADING

The explicit formulation of the behaviour is deduced from the goveming equations of the two-dimensional
mechanism. Those equations are written in the principal axes of the stress tensor. The first equation describes
the current state of the geometry of the mechanism (Fig. 7).

1+ &9
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The second and the third ones describe the equilibrium of forces on the mechanism.
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Where the principal strains are named in increasing order (¢11 < €22). R a stiffness, p,, an equivalent specific
mass and 1 a viscosity coefficient.

« is a geometric parameter (o is relative to the virgin material) described in Figure 7.

In equation (5), the first term describes a buckling effect, the third an inertial one and the fourth a viscous
one. Function py, that appears in the second term, will influence the overall evolution of the response of the
model. This function describes an extension process and should depend only on the tensile behaviour of the
material. A tensile behaviour has been experimentally measured, by (Terrien, 1980). It is described here by an
elastic model complete with damage and friction:

—if g9 < g4 of(e22) = Een
—if e9m > €4 Of = Ofe + 0fs
where:
€q 1is the strain limit of tension,
€2y = mMax (szg)t., is the maximum of the value of €22 (¢) before the current time.
'F is classical Young’s modulus.



When damage has occurred (g3 ,, > £4), the term oy is the resuit of two effects: oo 1s a residual strength
after cracking, for the most part due to bridging in the heterogeneous material, that is characterised by a damage
parameter as written below, and a7, is a stress due to friction in the cracks. If the loading is tensile (17 = 0)

the behaviour is directly governed by equation (5).

n
(6) afR:E(1~£)ezgo*rcrf,,=E( £ ) g99 with 1 <n <2
E2m
(7) Ofs = (—va11) <1 - f-‘—g~>sign (é22) (where (&) = max (0, a))
€22
where

v is classical Poisson’s ratio,
¢ is a damage parameter.
n is an empirical power law exponent.

It is important to note that, with such a model, the continuity of the stress is always verified with respect
to time (or during the evolution), even when cracking occurs. When softening appears, the size of the strain
localisation domain is a consequence of the effects of the equivalent specific mass and the viscosity coefficient
in the equations of motion (de Borst, 1993; Zaki, 1995 and Zaki, 1996). For a small and reversible strain
this model gives a response very close to classical linear elasticity. It is then easy to obtain relations between
coefficients of the model and usual elastic constants:

_E cos? ay
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The rate sensitivity introduced in (5) is associated with the opening of cracks in two different ways: - First,
7 is a viscosity coefficient (£¢ is then a reference strain rate, for instance &y = 10~5/s) that will not play an
important role (see § 4.2.1). — Second, the time dependence is related to an equivalent density sy, that describes
inertia effects associated with structural movements and a similarity can be found with the buckling of a column
(Gary, 1983). This effect will be shown to dominate at high strain rates.

This modelling approach can be extended to the three dimensional case when there is at least one principal
stress in compression. The mechanism is then completed by the superimposition of a second (identical) one,
chosen in a perpendicular plane, both planes being parailel to the compressive (loading) stress. Using the same
analysis as in the single case (2D), the model is described by the following equations:
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with G = 2,3 # Jj)
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An important area for this kind of model is the explicit formulation of the behaviour which is suitable for a
dynamic computation. In the case of a radial loading, the stress is given by equations depending on the strain,
the strain rate, the strain acceleration and damage parameters = = (&;)

(1)

I
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The thermodynamic consistency of the model is verified: the reversible energy is close to the one of a pure
elastic material with actual moduli depending on damage parameters. A specific internal kinetic energy, Fj,
is associated to inertial effects by:

(12) Pr=pmeigi 1=2,3

The dissipated power is due to damage, friction, and viscosity:

fu ‘ +(~vo11) <1 - fi>> i=23
) €

Its positiveness follows from the model construction.
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3.3. THE GENERAL CASE (NON-RADIAL LOADING)

The model is simple to apply in the case of proportional loadings, frequently found in common dynamic
loadings on real structures.

Its extension to general loadings is still theoretically possible (provided that the three principal strains are not in
tension). Nevertheless, when the principal axis of the strain tensor varies during the loading, it becomes difficult
to describe in a simple way the anisotropy of the damage and its evolution and it is necessary to introduce
complementary assumptions. A simple criterion can be found to determine the first direction of the mechanism.
For example, when the principal strain €3, which is an extension, reaches the limit &4, it is assumed that the
cracks of the corresponding elementary volume are orthogonal to the corresponding direction. One direction of
the mechanism is then fixed. The determination of the second direction, chosen orthogonal to the first one, is not
so natural. Furthermore, the axes of the mechanism become different to the principal axis of the strain tensor
and complementary relations, not provided by the mechanism, are needed between stress and strain components.
Following this kind of frame, a theoretical generalisation of the model has been proposed (Bailly, 1994).

Knowing that dynamic test results under non radial loading are not generally available, such a generalisasion
is not developed in this paper.

11



4. Comparison of experimental results and theoretical predictions

4.1. STATIC TESTS

The parameters of the model are either directly deduced from a traction test, or indirectly derived from a
classical compression test. For the simulations presented in the following, the set of parameters below is used.
It is deduced from a compression test.

E=3210"Pa, v=02, n=157, e5=10"%

stress (Mpa)

strain (107%)

Fig. 8. — Swess—strain relation for the simulation of a quasi-static compressive test.

The response of the model for a typical quasi-static loading is shown in Figure 8. In that case, a constant
low skain-rate of loading is applied (10* s7!) with no lateral pressure (02 = 0) The compressive strength f.
is the maximum value of the axial stress (f. = 65 MPa). The behaviour obtained with the model presents the
classical phases of a compression test on concrete:

1. 01 < 20 MPa (g2 < €4), the behaviour is close to linear elasticity.

2. 01 > 20 MPa (% fc), damage appears and there is a non linear radial expansion but damage is still not
visible on the axial stress-strain curve. The volume change is still negative in this region and -becomes positive
at about o = 0.75 f..

3. 01 = f., a very high radial expansion is observed and the failure looks like an unstable phenomenon.

The simulation of a confined compressive quasi-static test has been carried out (with the set of previously
identified parameters). The triaxial test is divided in two phases: in the first phase, a hydrostatic pressure is
applied (o1 = o2) which leads to a confined state (10 MPa); in the second phase a deviatoric loading is applied
where the radial stress is constant. An experiment has been performed on a concrete specimen the compressive

12
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Fig. 9. — Stress—strain relasion for the simulation of a quasi-static confined compressive test.
(solid line: experiment, dotted line: simulation).

swength of which is about 65 MPa. The results of the simulation are compared with experimental ones in
Figure 9 showing a good agreement in the ultimate strength (which is about 130 MiPa).

4.2. DYNAMIC COMPRESSION TESTS

The capability of the model to describe quasi-static tests under lateral pressure indicates that the proposed
mechanism provides a good description of some bi-axial loading effects. A more important goal is nevertheless
to have a model working in the dynamic range.

4.2.1. Pure compression tests

Many results found in the literature show an increase of the maximum stress with the average strain rate.
Experimental results presented here have been obtained in a joint research program (Gary and Klepaczko, 1992)
on a large range of strain-rates, see Figure 10. They show a change in the strain-rate sensitivity of the maximum
sicess, for a swain-rate about 10 s~!, that could be due to inertial effects. Below this value, only a strain rate
effect due to the viscosity may be visible. This viscous effect is small and is atwibuted to the presence of free
water in the concrete (Rossi and Boulay, 1990; Rossi, 1991). For high strain rates (¢ > 100 s™1), the structural
effect is very important and becomes the major contribution to the apparent increase of the maximum strength.
Parameters used in the model have already been identified with a quasi-static test except the specific mass pp,.
This last value is now chosen to give the best fit with dry concrete test results. In the simulation, nominal
strain-rate is that defined in section 2.1. The maximum value of the stwress as a function of strain-rate is shown
in Figure 10 and compared with experimental points.
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Fig. 10. — The apparent compressive strength function of the strain rate
(experimental data from Gary and Klepaczko, 1992).

4.2.2. Dynamic compression tests under lateral pressure

All parameters used in the model are now fixed, a new loading condition is introduced with lateral pressure.
The experimental device for confined dynamic compressive tests is described in section 2. Simulations with the
model are performed in the same way as for previous cases. An example of the axial stress-strain evolution is
presented in Figure 11. The model provides a good evaluation of the maximum stress. The effect of the lateral
pressure produces a post-peak residual stress which is also correctly described.

stress (MPa)

158

58
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Fig. 11. — Stress-strain relations for a confined dynamic compressive test. (solid line: experiment,
dotted line: simulation) (confinement pressure =5 MPa, nominal strain rate =250 s™'),

14



Figure 12 presents results at two different strain rates. Experimental results show that the strain rate has an
influence on the maximum stress (apparent strength), as in the unconfined compression tests. It seems that
the residual stress (post-peak phase) only depends on the confinement. The model provides good evaluations
of those “apparent” and “residual” stresses. At high strain rates (¢ ~ 600s™!), it produces oscillations in the
softening phase of the stress-strain curve that are not observed in experimental results. This discrepancy could
be due to transient effects in the specimen (propagation of waves through the specimen) which are neglected
in the analysis of the test and are not introduced in the modelling. Indeed, stress and strain fields are assumed
homogeneous in the model and the experimental average strain-rate used as input data is based on the same
hypothesis. In the case of higher velocity impacts, very high strain rates can be locally produced that will not
appear in the average strain rate history. The simulation of high velocity tests then requires a transient analysis
of the specimen which is not developed in this paper.

In Figure 13, the effect of the lateral pressure on the stress-strain curve is presented (with approximately the
same axial strain rate for the different tests). The maximum stress and the “residual” stress both depend on the
value of the pressure. The model correctly describes those effects.
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Fig. 12. — Confined compressive test (left hand side) and simulation (right hand side).

Influence of the strain rate (confinement pressure 5 MPa).
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Fig. 13. - Confined compressive test (left hand side) and simulation (right hand side).
fluence of the confinement (¢ 600s1) a, 0 MPa; b, 2.5 MPa; 5 MPa;d,7M
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5. Conclusion

Experimental results have been presented for concrete specimens under dynamic compression and quasi-static
lateral loading. The original use of air pressure for lateral loading allows for a constant controlled value of this
pressure during the test facilitating comparisons between experimental and theoretical results.

This model allows inertia effects to be taken into account by introducing the second time-derivative of the
strain in the constitutive relation. A rather small number of parameters is needed so that an easy identification
of the model is possible. It gives good agreement with experimental results in the dynamic range where it also
correctly describes the effect of lateral pressure.

Our purpose was to investigate the capability of taking account of inertia effects with the derivative of the
strain rate and the model has been constructed to describe the behaviour of concrete when damage has already
occurred. Dynamic results being mostly obtained under radial loadings, the use of such a model in a complex
3D loading situation will need further development.

Results presented here are obtained under the assumption of homogeneous stress and strain fields in the
specimen, even in the dynamic range, as is commonly done in similar situations. Considering now the specimen
as a structure itself, the same model has to be validated in the case of transient loadings. The measure of input
and output forces and speeds at both ends of the specimen provides sufficient data to support such calculations
(Rota, 1994). The transient simulation of the specimen response in which certain input conditions are prescribed
(velocities for instance) provides calculated values of the other quantities (forces for instance) which can be
compared with measured—or assumed—values. Results already obtained in this direction (Zaki, 1996) further
validate the proposed model.
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