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Dynamic Behavior of Concrete:

Experimental Aspects

Frangois TOUTLEMONDE and Gérard GARY

1.1. Introduction
1.1.1. Meaning of the word “dynamic”

As distinct from the term “static”, “dynamic” implies the influence of time. A
test is said to be “quasi-static” when the effects of time are present, but can be
neglected. For a structure test, and for any real test, the effects of time are typically
expressed in two ways:

— by forces of inertia resulting from the not equal to zero acceleration to which
the elements of structures are submitted;

— by the behavior of each elementary volume of the material depending on the
evolution in time of the elementary mechanical values (stress and strain) and
possibly of their time derivatives. This dependence is described by the generic name
of “viscosity”.

This distinction is strictly linked to the notion of elementary volume underlying
the definition of behavior. Actually, the fact that viscosity effects might be the
manifestation of inertial microscopic phenomena cannot be excluded. This remark is
important in the case of concrete, as considerations about material homogenity



involve decimeter elementary volumes (but this is not the case with metals for which
the elementary volume is sub-millimetric).

Thus, to be quite clear, we will consider the dynamic behavior aspect as limited
to the description of the effects of time using elementary mechanical values and
excluding inertia effects.

From general physical and thermodynamic considerations concerning behavior
laws [MAN 67], we can deduce that the generalized mechanical variables Q (t)
(stress) and q(t) (strain) can be related in the following way:

0(1) = G| HL oy (q(0))s (1), (1), | [1.1]

where H describes the loading history. This formulation highlights the fact that these
values do not play a symmetric role. The instantaneous mechanical reaction depends
on the geometric history, its current value, and the values of its higher time
derivatives. Thus, it is not natural to consider stress velocity as a behavior variable.

If we limit our attention to formulations likely to be easily integrated into
calculation codes, the relation expressed in equation [1.1] can be re-written in the
following incremental form:

do = f(de, ¢, €..,0;..) [1.2]

The values ¢, are internal parameters that take process history into account.
Their evolution has to be described as a complement to the relationship in equation
[1.2]. Their dependence on the history of the process explicitly results in their
loading and unloading paths being different. The values playing a part in equation
[1.2] are tensors. We can see the complexity of this relation. In most cases, the
simplifications carried out involve discarding strain time derivatives higher than 1,
and expressing the strain speed using a scalar value. Such simplifying assumptions
are justified for two types of reasons. Firstly, programming laws into codes will be
simplified by doing this. Secondly, an insufficient variety of dynamic tests is
available to identify more parameters. For this reason, from this point onwards, we
will refer to “strain velocity” without going back over the definition.

As far as strain velocity is concerned, it is standard practice to study its effects
on long time scales revealed through creep. Even though creep tests can clarify the
analysis of dynamic tests, we will not be considering them. The experimental
aspects of creep tests have no dynamic aspects, as typical strain velocities



implemented are around 10710 s", as compared to “static” test standard velocities that
range from 10° to 107 s, and the strain velocities reached during “hard” shocks on
civil engineering structures, which are usually in the range of 0.1 and 10s™".

These elementary considerations understood, it appears that a critical factor in
the experimental characterization of concrete behavior is discarding the inertia
terms. The problem is more delicate with concrete (a brittle material) than it is with
metals. As a matter of fact, the first manifestation of inertial effects on a sample
submitted to dynamic loading is the transient response observed when the time taken
by elastic waves to pass through the sample (the transfer time) is significant relative
to the test’s time duration. When studying this problem, the pertinent time-
dependent parameter is not the strain velocity (which, in any case, is not well-
defined in the transient phase), but the loading time relative to the transfer time. If
sufficient strain levels are reached in very short periods of time, the sample could
fail before a homogenous stress and strain state, measurable as an average, could be
reached. In fact, low amplitude traction strains (ranging from 100 to 150 x 10°®) lead
to material failure. Test analysis is generally difficult. For common sized samples
(centimeter scale), we cannot go beyond 1/s average strain velocities when
conducting a quasi-static test analysis. This feature of brittle materials can be
exploited advantageously, and is used in scabbing tests (see section 1.3.1).

This limitation is far less a problem with metals, where important local strains
arise, but do not cause failure. Such a situation can only occur in concrete if
particular conditions that guarantee mechanical field homogenity exist to prevent
cracking. This is the case when tests are conducted in strong confinement (under
which circumstances, concrete behavior is described by plasticity-type models). As
far as metals and most polymers are concerned, it is also important to take thermo-
mechanical coupling into account, due to the adiabatic feature of dynamic tests. This
effect can only be neglected when failure occurs under low strain for which the
dissipated heat remains low: with concrete, it can also be neglected in confinement
tests, since we can presuppose a low thermo-mechanical coupling.

1.1.2. Reminders about dynamic experimentation

1.1.2.1. Specificity of dynamic tests

As far as statics and dynamics are concerned, it is reasonable to consider sample
analysis in a separate section, along with the overall measures it involves (generally
carried out on the peripheral part of the material). This is the second aspect
mentioned in the introduction.



The first difficulties encountered in dynamic experimentation fall under the first
category mentioned in the introduction. They are linked to transient effects inside
the machine and the associated sensors: the balancing time of the machine and its
sensor array (elastic waves moving back and forth several times) are not negligible
relative to the length of the test. Thus, carrying out quality measures often requires a
transient analysis of the response of the machine itself. Hence, in a real situation,
characteristic testing times have to be compared with the acquisition chain and the
sensor pass-band. If the acquisition frequency is not far higher than the frequency of
transient signals, the observed result can be completely modified by the measuring
chain, and even average values can be wrong.

1.1.2.2. Hopkinson bar test

For average strain rates in excess of 50/s, because the transient effect inside the
test machine cannot be neglected, a way round the problem involves explicitly
taking wave propagation phenomena into account, using a bar system. Whilst the
transient analysis of three-dimensional structures is too complex to be taken into
account efficiently, using “one-dimensional” bars makes it possible, as we will now
explain.

1.1.2.2.1. A description of the bar test

To carry out a dynamic compression tests with Hopkinson bars [HOP 14] (also
called the SHPB (Split Hopkinson Pressure Bar) system, or Kolsky bars [KOL 49]:
named after the first person to use the system in its current configuration), a small
sample is placed between two identical long bars with a high elastic limit relative to
the tested material (Figure 1.1). Strain gages are glued to both bars. Due to a
projectile, a compression longitudinal elastic wave is induced into the input bar. Part
of this gets reflected at the sample-bar interface, whilst another part is transmitted to
the sample before inducing a wave in the output bar.

Projectile Input bar Output bar
| I 7A =B
¥ = Gage | Sampl Gage 2

Figure 1.1. Hopkinson bar assembly

The waves at points A and B are determined by measuring and recording the
structurally-associated longitudinal strains. The need to know A, the incident wave
induced by the impact separator, and the reflected wave B, which depends on the



reaction of the sample, arises because we need to find the optimal position of the
measuring point at the middle of the bar. On the other hand, considering the bar as
one-dimensional does not allow us to place the strain gauge too near an end. A
typical recording for a concrete sample compression test is shown in Figure 1.2.
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Figure 1.2. Compression test on a concrete sample (40 mm diameter
aluminum bars): basic waves

Next, the waves have to be carried to the contacts between the sample and the
bar. Then we can calculate the stresses and displacements (by integrating the
velocities, which are directly accessible) on the corresponding faces.

The particulate velocities at the input and output faces can be written
respectively as:

V(1) =—c[ ;) &,(1) ]
[1.3]
V(1) = —ce, (1)



The forces on the input and output faces are respectively:

Fy()= SyE| () +£,() ]
[1.4]
Fy (1) = Sy Ez, (1)

Measures on the two opposite faces of the sample allow estimation of strain field
homogenity by comparing the forces on each face (section 1.3.2, Figure 1.12). We
note that for this test, the assumption of homogenity in mechanical fields is
hazardous. As a consequence, the notion of average strain velocity is also hazardous.
In section 1.3.2 we will see the best way to use the available measurements. Thus,
we should stress that the Hopkinson Bar leads to overall values of loads and
displacements on both sides of the sample. All mechanical quantities are obtained by
making additional assumptions completely separate from the test facilities. These
have been widely reported in the literature [NIC 80].

1.1.2.2.2. Limitations of the conventional system
Accurate analysis of wave transport

To carry out a precise virtual wave transport between the measured points and
the sample (forward transport for the incident wave and backward transport for the
others), the three-dimensional feature of the bars need to be considered, and the
dispersal correction must be introduced using a signal treatment technique. This
parameter corresponds to signal modification during transport. An accurate time
calibration (to within a micro-second) is also necessary [ZHA 96]; it is especially
important for measurement of small strains, and thus for brittle materials such as
concrete.

Multi-axial characteristics of the test

The uniaxial characteristic of the test is also an approximation. Let us examine
this aspect in the case of compression. Whenever the material presents a Poisson
effect, the longitudinal strain comes with a lateral strain (as is the case in statics if
the support conditions are well controlled), which is opposed by radial inertial
effects. This causes an induced confinement. The confinement explains the obvious
sensitivity of concrete to strain velocity that is universally observed in dynamic
compression (see section 1.3.2).

Measurement duration

The proportionality between the mechanical values associated with a wave inside
a bar, on which the Hopkinson bar technique is based [1.3]-[1.4], only applies to a



wave propagating in a single direction, which requires measurement of the incident
wave (propagating one way) separately from the reflected wave (which propagates

in the other direction). This limits the measuring duration to AT (AT =L/C ),

C being the propagation velocity and L the length of the input bar. AT is thus a
function of the length of the bars. Consequently, for a behavior test, the total strain
cannot exceed the product of the average strain velocity and AT . For instance,
measuring duration will not exceed 400 ps (C= 5,000 m/s) for a 2 m long aluminum
bar, and the total strain will be limited to 4% for a test with a 100 s™ average strain
velocity. Because of this limitation, even with concrete (for which high strains are
unlikely to be reached), the conventional Hopkinson bar system will not allow tests
at average strain velocities lower than 50 s'. On the other hand, for reasons
explained in section 1.2.1, traditional machines used without specific precautions do
not give reliable results at lower velocities. Besides, their superior limit is not clearly
established and is determined to an extent by the material being tested (the test
piece). The machine must be used in a particular way; it varies between 1 s and
about 10 s”'. However, a recent experimental technique using bars [BUS 02] that
covers this problem now exists.

1.1.2.2.3. Difficulties inherent to dynamic measurements

The dynamic test facilities have numerous limitations, especially for stresses
other than simple compression or small strains. This limitation mostly affects low
strength stressed materials (impedance adaptation and high strain problems) and
brittle materials (low strain at failure).

The Hopkinson bar example illustrates the generic difficulties quite well. The
very short loading times do not enable us to carry out multi-axial dynamic loadings
easily, and it is not easy to synchronize loading with two (or three) orthogonal
Hopkinson bars. If synchronization is tricky in dynamics, it is all the more so when
piloting the test. Therefore, we cannot (for now) contemplate carrying out tests
under controlled multi-axial loading (deviatoric, for example), as is required in a
quasi-static mode. The need to control the loading and the difficulty in carrying out
dynamic displacement measurements limits the potential tests to a very small
number, which are described, along with their specific problems, in sections 1.2 and
1.3.

1.1.2.2.4. Compression tests with confinement

It is quite easy to superimpose quasi-static confinement on a dynamic
compression test. A cell in which a gas pressure confinement can be maintained
during the compression test is described in [GAR 99]. Some authors have proposed
a bi-axial loading scheme, where the secondary static stress is applied using a jack
[WEE 88]. For higher confinements (necessary if we want to study compaction of



concrete, for example), a metal cylinder can be used [GAR 99]. In this case,
confinement pressure is not studied, but can be measured during the test by
assuming the (most often elastic) response of the confinement ring is known (as in
an oedometric test). Another way to carry out high confinements involves using the
“plate on plate” test developed to study the high-speed spherical behavior of metals.
It is a plane strain-loading test, the inverse analysis of which is based on behavior
modeling. High confinement there is associated with very high strain speeds.

1.1.2.2.5. Traction tests

A conventional traction test can be carried out with a Hopkinson bar [REI 86]. If
we consider only global measures, the main difficulty is due to keeping the sample
in contact with the bars. To avoid having to resort to assemblies leading to
impedance failures, it is reasonable to glue the sample to the bars. Some authors
[TED 93] have had the idea of using the Brazilian test again in dynamics. In this
case we have to check that the conditions of strain homogenity are compatible with
the assumptions. Finally, the spalling test [DIA 97] allows an accurate measurement
of the average stress just before failure, but its interpretation is difficult as it is
between the classical traction test and the fracture test (toughness measurement).

1.1.3. Identifying the behavior of concrete under fast dynamic loadings

When identifying the dynamic behavior of concrete, we are confronted with a
series of typical problems for each high-speed behavior identification test. Some of
these problems are increased by the nature of concrete, which is the reason why we
prompt the reader to be very cautious when using experimentation signals or results.

Due to its structure in aggregates, where it is mixed with sand and hardened
cement paste, concrete can be a highly heterogenous material, and the size of a
representative sample is not always an easy thing to state. As far as statics is
concerned, a 2 slenderness cylinder, over five times as big in diameter as the
aggregates, is the lowest volume necessary to obtain stable properties representing
the material in these tests, particularly as far as strength is concerned, otherwise
“scale effects” will be observed. Such a constraint raises several types of problems:

— for standard concretes, in which the maximum size of aggregates ranges from
20 to 25 mm, the dimensions of test samples (diameter over 10 or 12 cm, mass over
5 kg) involve resorting to important energies, particularly for high speed tests, which
involves sometimes tricky technological arrangements;

—to avoid this difficulty, tests are often carried out on micro-concrete, mortar or
cement paste samples. Transposing these results to structure concrete requires a
critical analysis, mainly because the volume fraction of cement paste (generally



considered as the viscous element of the composite) is not always constant. In the
same way, the propagation of waves disrupted by the module differs between
cement pastes, and aggregates can also be different depending on the composition of
the studied material;

—even if we managed to identify the intrinsic properties of the material on big
enough samples, for many structures, the “representative material point” size is
important compared with the dimensions of the smallest pieces (building shells
about 20 cm, bridge webs from 30 to 45 cm). Furthermore, significant stress
variations on the scale of the structure can be discerned over short distances of the
same order of magnitude as the dimensions of the test sample. What is then involved
is the application of continuous medium theory, which is based on the assumption —
generally not well verified — that the material point is infinitely small compared to
the structure;

—a problem (which occurs in statics too) that becomes crucial as far as the
dynamic interpretation of tests is concerned is that the sample is not submitted to an
homogenous state of strain and stress owing to its size, and has to be considered as a
structure submitted to transient loading.

Because concrete is a brittle material (like most geomaterials, concrete can only
withstand very weak extension strains and its apparent “failure” takes place for a
compression strength about 10 to 20 times as strong as its traction strength), most of
the time, in practice, while interpreting the tests, we must consider:

— that we are dealing with an elastic homogenous material (which implies the
size precautions referred to above): the assumption is necessary for relatively low
velocities or low strain levels, in continuity with the quasi-static field. It is not good
enough to interpret the totality of a test when the speed increases, since the
maximum stress is reached when localized cracking has been reached significantly
on only a part of the structure;

— that beyond the stage corresponding to localized cracking, the test sample can
be modeled as a cracked structure where damage concentrates in the crack area,
which corresponds to fracture models;

—that beyond a stage corresponding to a distributed deterioration (which
corresponds to the bonding material crumbling away), the material can be described
by combining damage and plasticity models.

Hence, at the material failure of the sample, the interpretation of the tests
requires different analysis models, regardless of whether we are mainly in a
deviatoric behavior with a possible extension direction allowing localized cracking,
or in a mainly “spherical” behavior, and depending on the stress peak being
identifiable or not.



It is important to note that because of the weak growths withstood by the
material at high velocities, experimental precautions have to be taken — especially
because of transient effects, in dynamic experiments where limit conditions are
difficult to control. In experiments where an “energetic” approach is privileged, this
aspect is also important: the inertia of the test sample cannot always be neglected
with regard to that of the test machine, and the energy dissipation through damage
on the support, or through contact with the impact separator can be important
compared with the energy supposedly dissipated by the “normal” cracking expected
in bending.

Finally, a delicate feature of concrete is its porosity: it has such a tortuous
network that water exchange times with the environment are quite long (about 10
years for the representative volumes considered above). We can consider the
hydration state of the sample as constant during dynamic tests, which is not the case
for shrinkage or plastic flow tests. However, important relative pore moisture and
mechanical state coupling, together with frequent cracking due to the stress levels
reached when desiccated, begins at the sample’s surface and/or their environment as
soon as they are fabricated. In at least one stress and velocity field ((DAR 95] [TOU
95a]), researchers have shown that the partly water-saturated feature of the porous
network explains the modification of apparent mechanical properties: these are
generally called “velocity effects” in the literature.

In following sections (1.2 to 1.4), we will detail the arrangements, test type by
test type, used to analyze the results and infer the indications and modifications
required to calculate and understand the behavior of fast dynamic loading concrete
structures. The actual and measured behaviors are summarized in a rational way in
section 1.5.

1.2. Tests in which the transient rate has little influence

In this chapter, we will deal with behavior identification tests that, for reasons
developed in section 1.1 can have a “quasi-static” interpretation.

Two test families can be distinguished. The first is derived from typical concrete
characterization tests and emphasizes growth or cracking failures. This is called
deviatoric behavior, and is the failure kind that is also, indirectly, the cause of
collapse observed in compression and even in biaxial compression. The second test
type corresponds to “volumic” behavior, which can seldom be observed in ordinary
structures, except in relatively confined areas where specific reinforcement by the
surrounding material ensures tri-axial confinement at high velocity: concrete areas
directly submitted to impact and those close to an explosive charge or perforating
projectile are examples.
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Combining both types of information in statics enables a definition of failure or
plasticity criteria closed on the hydrostatic compression axle, as opposed to the
“intrinsic curves” (Coulomb criterion), the validity of which is preferentially
ensured when an extension direction is possible.

1.2.1. Tests involving deviatoric behavior

1.2.1.1. High-speed press machines and traction tests

Because of the difficulties connected with carrying out dynamic tests, most
authors use privileged uniaxial tests. Owing to the basic feature, traction behavior
identification stands out, and has given rise to a great number of tests. In order to
ensure continuity in the geometry of test samples, by controlling the loading
application speed and considering its limited artifacts, a direct traction test on a
cylindrical specimen has become essential. This is detailed in [HOR 87], [REI 82]
and [TOU 95a]. With particular precautions, this test can actually be carried out on
conventional servo-controlled machines with load build-up speeds ranging from
about 0.05 MPa/s (which is the standard loading rate for standard identification
tests) to about 10,000 times this load, with identification at still higher speeds of the
order of 50 GPa/s possible on the same specimen type thanks to the modified
Hopkinson bar (SHB).

The necessary precautions particularly involve:

— choosing to glue the specimen in place with centering and a rigid (without
spherical pairs) mounting onto the press to limit looseness which is a source of
interfering moments;

— choosing aluminum hard supports to limit the transversal strain divergence at
both ends of the specimen;

— controlling the hydration state of the specimen [TOU 95a];

—choosing a not too important slenderness ratio (1 to 1.5) to limit potential
bending;

— gauge extensometer or extensometers fixed in the middle of the specimen to
avoid the deformations due to the glue joint;

—using specimens with adequately sized diameters considering the maximum
size of the aggregates, and if possible core cylinders for better homogenity of the
material and to avoid scaling effects [ROS 92a].

With a sufficient automatic control and oil flow unit, and potentially using a
preload to carry out high velocity tests, we can consider that the load build-up speed
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is rather constant during the test. The propagation speed of the waves within
concrete — about 4,000 m/s, the standard size of specimens (10 cm) — and the
traction failure stress (4 to 10 MPa) limit the quasi-static interpretation of this kind
of test, results typically showing a divergence about 10% between the specimen’s
input stress and output stress.

The measurements typically carried out during this test are of the applied force
as a function of time, and of the average longitudinal strain at the center of the
specimen (extensometer gages or sensors for which we have to check that the inertia
will stay weak and the fixing will be ensured during the test). Taking into account
the small size and fixedness of the assembly, we can consider that there are no
differences between the measured force and the force applied to the specimen, so we
can assess traction uniaxial behavior by eliminating time. In such a test, the
specimen behavior corresponds quite well to brittle elastic behavior up to localized
cracking. Localization brings about loss of the homogenity of the strains, and an
almost instantaneous decrease of the load.

Going through these tests, which implies expressing the maximum measured
stress according to the “load build-up” parameter in a logarithmic diagram, typically
allows us to define a traction rate effect corresponding to the strength relative
increase.

1.2.1.2. High-speed press machines and compression tests

The second most conventional test that can be performed at high speed is the
compression test. It enables us to define a compression “rate effect” from the
measurement of the maximum strain reached [BIS 91]. The size of the test sample
necessary to free oneself from the size effect and to ensure the correct strain level
reached lead to strict constraints on press dimensions, unit power and the jack flow
rate. For this reason, a great number of the tests described in the literature were
carried out on mortar, cement pastes or micro-concrete [HAR 90]. As is the case in
traction, it has proved possible to look for a size compatible with the higher speed
test performed with Hopkinson bars [DAR 95].

As it is difficult to stop the jack when its speed has been stabilized, few test
reports have included extensometer measurements [BIS 91], measuring the load
obviously remains the main data. For standard size specimens (10 cm), considering
the wave propagation speed and the maximum stress reached, the load build-up rate
beyond which the sample cannot be deemed to be in a stationary process is about 10
times as important as it is in traction tests, which correspond to the strength ratio.
When expressed in terms of strain rate, the threshold is about 10 instead of 1 st
[MAL 98].
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The incidence of superfluous interference moments is generally less important
than it is in traction tests; however, the precautions to be taken to avoid restricting
transversal strains are as important as in statics, especially for specimens with
slenderness ratios below 2. To this end, we can mention lubricating the faces or
using aluminum. The quality of the stress transmission surfaces is essential to avoid
premature concentration of stresses.

We note that as in statics, and even for specimens that are simply laid, the
relative displacement (including interface crush and deformations at the ends of the
specimens) cannot result in a reliable indication of the strains of concrete in its
standard part, the error typically ranging from 30 to 100% [BOU 99]. As in statics,
failure obtained in compression tests begins with transversal extensions. The traction
rate effect results in an “inertial confinement”. However, the maximum stress is only
reached when the cracks parallel to loading direction meet, allowing either buckling
in the “small columns” formed inside the test body, or shear localization. As a
consequence, interpreting the strength evolution, where load build-up speed is the
only parameter, becomes complex.

We could not find any references to tests deriving from standard quasi-static
identification of multi-axial behavior with prevailing deviatoric behavior (bi-
traction, pure shear, bi-compression), at least not in areas where transient test
characteristic can be neglected. As a matter of fact, the most frequent cases of
dynamic multi-axial behavior identification use unidirectional loading with a
Hopkinson bar [GAR 98], [LOU 94] and [WEE 92], while confinement or loading
in the other direction is often “static”. These tests will be described in section 1.3.
Such a situation can indeed be explained by the difficulty in controlling and
synchronizing dynamic loadings, even at the “low” speeds reached by conventional
presses or jacks. Furthermore, taking the properties of concrete into consideration,
the regulations rarely take multi-axial behavior into account. As a result this lowers
the validation of high velocity dynamic models adapted to concrete, in situations
other than simple traction, uniaxial compression or compaction.

1.2.1.3. Tests with small plates or beams submitted to pressure loading

Considering the difficulty in carrying out dynamic loading with mechanical
application of the loads, some authors perform controlled loadings on mini-
structures (small rectangular plates, beams or small plates), using a pressure loading
generated by an explosion. The purpose is then to identify the bending behavior, the
bend-moment law being material information directly transposable to the calculated
structure, taking into account the similar nature of the tested material and the
geometric and energy similarities — called Hopkinson’s — on the load. Detailed
experimentation of this kind will be described in [BAI 87] and [BAI 88]. The
limitation on the energies that can be used in a laboratory forces the use of
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centimeter thick test elements, therefore generally of mortar (or possibly fiber-
reinforced) rather than concrete.

The loading process links the level of the applied overpressure with its duration
and load build-up speed. However, interpreting the trial remains simple in so far as
the load build-up times can be considered as very short compared with the specific
period of the structure. Thus, we have what is called a pulse loading: the
overpressure time, which causes the structure to start vibrating, is very slightly
ahead of the latter’s peculiar period, which is then in a free-vibration system. As the
probable area of maximum strain and even failure is known, the relevant section can
be instrumented in a preferential way. Therefore, we can measure the traction by
bending the final strain and the final bend. Note that shortly before failure, the strain
of the compressed side is slightly inferior to that of the opposite side (the start of
non-linearity which could be representative of micro-cracking). Since the structure
is undergoing free vibrations, the deformations should be linked to the stresses
generated from the by-pulse loading, which implies that a dynamic analysis can be
used to calculate the moments to link to the bends within the scope of behavior law
identification. Nevertheless as long as we stay at moderate loading levels and deal
with the behavior just before a brittle material fails, an elastic analysis is
satisfactory. The divergence from elastic behavior can be identified “at a quasi-static
speed”.

1.2.1.4. Shock tube tests on plates

The principle of a gas pressure by-pulse loading can also be applied by resorting
to a uniform loading the value of which is controlled thanks to a tube used as a wave
guide and called a shock tube. Using such a device is quite conventional for testing
industrial equipment in the defense field. Using the device for structure elements
was developed more recently [TOU 93]. Using explosives is limited and the loading
profile as well as its spatial repartition is better controlled than open-air explosions.
In so far as the conditions at limits can also be well controlled, we can directly
access to the behavior of a bending plate, which represents “basic” data for the
structure designer [KRA 93] or a simple basic situation to validate a behavior model
[PON 95, SER 98a].

The innovation of this trial was that it generated loading by means of a well-
controlled air shock wave (Figure 1.3). By using the closed tube, for the same plate
with the same support conditions, it is possible to carry out quasi-static loadings by
slowly inflating the whole tube. As an example, a 35 m long tube, 66.6 cm in
diameter, was used to compile an important experimental database about concrete
and reinforced concrete plate bending parameters [TOU 95a].
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Figure 1.3. Skeleton diagram of the shock tube trial (from [TOU 95a])

Considering the inner diameters of the tube and the support area (82 cm), to
preserve the cylindrical symmetry of the test, the test sample is a “thin plate”
(thickness/span < 1/10) 900 mm in diameter and 8 cm high. It has dimensions
compatible with the performances of the tube (allowing it to actually reach failure
requires using a concrete with aggregates that are not too small, or realistically
standard reinforcement (welded wire mesh), or fiber reinforcements). We can note
the particular care taken to achieve limit conditions close to those for an ideal simple
support, the circular slab being “pinched” between the humps of two massive
guides, a thin rubber-steel sandwich (a 3 cm wide ring) allowing absorption of
geometric defects and distribution of the clamping load. Its stiffness has been
measured, and control of the displacement and acceleration on the supports during
blasts enables analysis of the bending of the support slab under uniform loading on a
driven reference line.
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Figure 1.4. Shock tube failure trials for a plain or reinforced
concrete slab (from [TOU 95a])

In addition to excellent loading control and a size adapted to a well controlled
trial on “realistic” concrete, the advantages of this test are the realistic
representativity (bending is obtained with maximum deformation speed typically
ranging from 0.01 s and 1 s, which corresponds quite well to the “hard” shock
range) and geometric simplicity (radial symmetry is preserved up to cracking) which
make it possible to validate a calculation model as well as for comparing various
materials. The relative ease of interpretation stems from the fast loading building up
(about 10 ps for a maximum deformation reached in about 1 ms) and from the
absence of pressure gradients on the loaded face. We can consider that the plate is
loaded instantly (vibration setting with a first deformation peak which is particularly
intense compared to static loading), but with a bearing constant loading, which
allows a stationary vibration rate to be set up before unloading. A “conventional”
modal analysis enables access to local stresses and strains, at least until cracking
starts.

In [TOU 95a], the details about the instrumentation implemented to characterize
strains in test samples in these types of trials are presented. We have seen that in a
series of plain or reinforced concrete plates with strength in the range of 35 to 120
MPa (Figure 1.4), we are able to show the progressive deterioration of the modal
response (frequency drop, increasing damping), the appearance of deflection,
plastification of the reinforcement, crack progression (which is sometimes delayed
with regard to the maximum strain rate) and the collapse mode type (shear
force/bending competition) the respective appearances of which can be justified by
limit analysis-inspired calculations [TOU 95a].
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1.2.2. Tests with prevailing spherical behavior

When loading has a strong tri-axial component, concrete undergoes a global
reaction resembling that of a coherent material, even when it has failed on a
microscopic scale, which is the case for confinements over 10% [GAR 99]. The
models used to describe this are generally plastic models (not necessarily standard
and usually coupled to deviatoric and spherical behaviors). In these cases, even high
strain gradients do not bring about failure or localization, and the concrete sample
can be analyzed as if composed of a homogenous material.

1.2.2.1. Slab-plate tests

In the standard case [ZUK 82], loading is caused by the impact of two identical
plates. The impact speed is known. On the unused slab, a rear face rate measurement
(usually made using laser interferometers) is conducted. Another version of the trial
involves applying the same type of loading (in plane strain), using an explosive. The
shock induces a plane shock wave propagating at a velocity D. Discontinuities of
material rate u, pressure P, volumic mass or mass volume V and inner energy E are
associated with this wave. Assuming the material speed (uy = 0) and pressure (P, =
0) initial conditions are zero, we can infer from the Rankine-Hugoniot conservation
equations that:

V=Vy(D-u)/D
P=DulV, [1.5]

E=Ey+P/2(Vy-V)

As the time of the shock is known (by contact measurement for example),
measuring the free rear face speed allows us to locate the moment when the wave
arrives and to measure D. It also allows us to calculate u. Thus, one test establishes a
relationship between P and V, and also between D and u: these are called “shock
polar curves”. To deduce a strain-stress uniaxial relationship from them, we will
have to make a hypothesis about the behavior model of the material.

For metals and high strength shocks, the elastic response is neglected, and we
assume that the plastic behavior is purely deviatoric (without any volume variation).
Strictly speaking, concrete behavior analysis should be different. Each test gives a
point on a curve. The “Hugoniot curve” links pressure to material physical speed
and the ““shock polar curve” links shock speed with material speed (objective
measurements). There is therefore no direct way of converting this to mechanical
values that geomechanical engineers are familiar with.
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The plate-plate test is a relatively pure trial. However, it has to be interpreted, is
difficult to implement, and only can only inform us about concrete compaction
behavior at very high strain rates (above 10° sh.

1.2.2.2. Hopkinson bar tests with strong confinement

This test was developed at the LMS in co-operation with LMT Cachan [GAR
99]. A cylindrical specimen is confined within a metal cylinder (Figure 1.5). It is
loaded using a large diameter (80 mm) steel Hopkinson bar, which allows the use of
test samples large enough in comparison with aggregate size to be adequately
representative of the material.

Confinement cylinder

b
Sample Metallic plugs

Figure 1.5. Confined sample for Hopkinson bar test (from [ GAR 99])

The complete collection and analysis of the signals recorded on the bars
(described in section 1.1.2.2) allows the measurement of the forces and
displacements applied on both faces of the sample.

When the input and output forces are equal (which is the case shown in Figure

1.6) and we can assume an homogenous state of stress and strain, the stresses,
strains and axial strain speeds can be deduced.
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The behavior law of the metallic ring is known. A thick enough ring to remain in
the elastic field allows the application of strong confinements. Using a ring made of
material that enters the plastic field (brass for example) will enable controlled
confinement to be applied. Thus, measuring the transversal strain of the ring allows
the confinement to be calculated, after which we can calculate the values that are
usually dealt with in geomechanics. As an example, Figure 1.7 shows evolution of
the volume-pressure relationship compared to the same relationship obtained using a
static trial.

1.3. Tests with transient phase conditioned interpretations
1.3.1. Tests involving mainly traction behavior

1.3.1.1. Modified Hopkinson bar

As explained in section 1.2.1.1, traction behavior is essential for characterizing
the failure of brittle geomaterials like concrete, which is why adapted tests have
been designed to obtain this data for high speeds, and has been widely studied.

The design has been achieved, mainly thanks to modified Hopkinson bar
configurations in which the specimen is glued between the input and output bars,
where it is submitted to traction produced by a shock to a retaining shoulder at the
end of the input bar. The main results with this technique were obtained on the
device of the University of Technology in Delft [REI 86] and [ZIE 82] between
1980 and 1995. The tested specimens are typically core sampling specimens 74 mm
in diameter (the same diameter as the bars), with a 1 to 1.5 slenderness. The duration
and energy of the shock which generates the traction wave depends on the mass
used, hydrostatic pressure and the number of dampers inserted between the masses
whose fall is triggered and the lower input bar shoulder.

In practice, as we want the shock to be intense enough to cause specimen failure,
and the loading build-up rate to be constant during the trial, the device allows
loading rates ranging from 4 to 200 MN/s, about 100 to 1,000 above the rates
reached with conventional press machines with similar specimen geometries.

The analysis of specimen loading uses the transient analysis described in section
1.1. The quality of glueing interfaces and the nature of the aluminum bars
contributes to impedance compatibility between concrete and the loaded material, so
an important part of the wave is transmitted to the specimen and the obstacles to
transversal strains are limited. We have verified that the transmitted-wave signal
gives a precise measurement of the average stress developed inside the sample —
after conversion into stress and calibration in time.
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Figure 1.8. Direct traction tests on Delft University’s Hopkinson bar,
plain concrete and very high performance concrete

The simultaneous measurement of the strains on the specimen (Figure 1.8) is
made possible either by extensometers gages glued to the sample [TOU 95a] or by
pre-slotted fiber concrete (where the measurements concerns crack opening), by
gages fixed directly on the sample [TOU 99b]. For the speeds considered, the time
delay between stress and strain signals is about 220 ps, whilst the space difference is
about 1 meter. The “suitable” loading time (from O to maximum load) ranges from
100 to 500 ps, and sampling is carried out at 250 kHz. The excellent stress-strain
linearity obtained confirms the validity of the hypotheses. Nevertheless, considering
the time to go through the specimen (about 25 ps, i.e. a difference about 1 MPa), the
rates reached limit the interpretation as far as sample homogenity is concerned.
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MODIFICATIONS OF LDTF LARGE HOPKINSON BAR SYSTEM

TENSION TEST OF LARGE CONCRETE SPECIMENS WITH

18 ARMS TO ACCELERATE THE ALLUMINIUM PROJECTILE
19 ALUMINIUM PROJECTILE

Figure 1.9. Ispra Centre device for big sample testing

To improve understanding of the mechanisms of traction failure and crack
dynamic propagation, a specific device has been developed for effort transmission
and measurement and is included in the large-scale dynamic test equipment (LDTF)
at the European Research Centre Ispra [CAD 01]. To increase the capacity of the
shock transmitted to the specimen at that installation (20 cm-edge cube), the shock is
generated by the violent release of a tight cable. The device (a Hopkinson Bar
Bundle (HBB)) consists of a prismatic Hopkinson bar beam, each bar being
instrumented, which transmits the traction wave to the specimen. Potential helical
reinforcements at both ends of the specimen are eliminated. It is possible to follow
both the opening of a crack across the specimen and the loading transmission
remaining in the not yet broken ligament, by applying a simplifying hypothesis of
wave propagation and load transmission inside the breaking specimen.

Most of the significant results concerning high-speed traction concrete behavior
detailed in section 1.5 were discovered using this installation (Figure 1.9) on quite
large scales.
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1.3.1.2. Hopkinson bar Brazilian test

The test is an expansion of the Brazilian test, whose traditional analysis is based
on the assumption of brittle elastic behavior. We consider an elastic cylinder
compressed perpendicularly to its generators: compression is applied along two
diametric generators. A plane deformation elastic calculation shows that loading
causes practically constant traction maximum stress along the cylinder axle, at right
angles to the compression axle. We assume cylinder failure takes place when the
strain reaches the ultimate value. Carrying out this test in quasi-statics is not
obvious, as it requires strict respect for limit conditions and the ideal elastic model
(stiff supports among others). Nonetheless, this trial is easy to carry out and gives a
consistent order of magnitude for simple traction failure stress.

Extension to the dynamic situation is easy. Compression is applied using a
Hopkinson bar. If we want to analyze the results in the standard way, we suppose
that the situation is not too far from the quasi-static case. To do this, we have to
assume that inertial effects can be neglected. They can be neglected before failure
but, as is the case for simple compression, they cause an apparent increase in the
maximum load after failure, so consequently it is important to detect failure by
direct observation (using high-speed imaging), as it is for dynamic compression tests
where localization of strains with block development does not necessarily lead to
load drop immediately. We should also check that the mechanical fields are not too
far away from the fields we would have in statics at the same applied force value.
Thus, we have to verify that failure occurs at a time when input and output forces
are quasi-equal. Such a situation will only happen when loading is slower than the
homogenizing time (typically the time for the elastic waves to cover the diameter of
the sample several times).

Achieving all these conditions simultaneously is difficult, but as we saw in
section 1.1.2.2, the Hopkinson bar provides us with information about the loads and
displacements applied to the sample all the time. Assuming this data is accurate, we
can then carry out a numeric simulation of the test (assuming brittle elastic
behavior), which gives a more precise assessment of failure strength [TED 93].
However, this hybrid approach (calculation-test association) is that of a structure
trial, and is better suited to model validation than directly determining a behavior
parameter.

1.3.1.3. Scabbing test

The scabbing test is a test with a fundamentally transient analysis. Actually it is
based on analyzing wave propagation inside a bar made of the material itself.
Concrete, a brittle material has a uniaxial compression strength that is clearly
superior to its traction strength.
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By using an assembly like the one in Figure 1.10, we induce a compression wave
(propagating to the right in the figure), which is reflected at the free end as a traction
wave [BRA 99], [DIA 97].

I ——

Impactor Loading bar Specimen

Figure 1.10. Scabbing test diagram

The compression pulse produced by the impactor is measured via a strain gauge
glued to the bar. The elastic properties of the bar and the sample being known, we
can infer the shape of the pulse induced inside the sample. We can also glue a gauge
on the specimen to measure it directly. The compression wave thus produced has a
lower amplitude stress than the compression concrete failure stress. The opposite
amplitude reflected traction wave is sufficient to cause failure in the sample at a
specific position. By applying the principle of elastic wave superposition, we can
infer the stress value at the failure point. The analysis is easy because the pulse is
short compared to the propagation time inside the sample. This is why we use short
impactors and long specimens. Making specimens respecting homogenity conditions
is therefore delicate.

The accuracy of the test analysis can be improved by additional information such
as the failure instant, which can be obtained by high-speed imaging. In some cases,
we can observe successive failures in the sample, analysis of which gives redundant
measurements of failure stress.

This trial also gives accurate and reliable measurements of limit conditions, and
the loading parameters are well-mastered. Fine interpretation still remains difficult
as it is one-dimensional (as far as wave propagation is concerned), whereas failure
has to propagate in the transverse direction. Moreover, the characteristic
phenomenon is quite local. High strain gradients do not allow easy measurement of
the strain rate characteristic of the test. This speed is usually taken as the strain time
derivative near the failure point; for a one-dimensional wave, this derivative is
proportional to the deformation spatial derivative.

For concrete, a very marked increase of failure stress with strain rate has been
observed [BRA 99]. Between 1 and 100 s™, failure stress can be multiplied by as
much as a factor of 10. The physical interpretation of this result still has to be more
closely examined.
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1.3.2. Tests implementing compression behavior

1.3.2.1. Hopkinson bar trial

As explained in section 1.1.2.2, the Hopkinson bar allows an accurate
measurement of the forces and displacements applied on a both faces of a sample,
especially in compression. Particular precautions pointed out give access to the weak
strain area in the case of concrete. Figure 1.11 shows an example of the forces
measured on each face, as well as the rates applied to each face of the sample
(Figure 1.12) and the associated displacements (Figure 1.13).

For this test, the specimen is initially 40 mm in both length and diameter. Its
relative density is 2.25 kg/m’, with a largest aggregate diameter of 8 mm. It is
loaded via an aluminum Hopkinson bar, 40 mm in diameter. The 1.3 m long
impactor is projected with a speed of 14.5 m/s. When observing the speeds to be
measured, we notice that the specimen absorbs little of the available energy, since
the loading bar speed is roughly equal to the initial speed of the impactor at the end
of the test, i.e. when the sample has failed. The induced displacements are very low,
as the displacement associated with the force peaks is below 1 mm. The post-peak
phase observed on the loads says a lot about the existence of inertial confinement.

Load (kN) edwige,lms

Input load

100 +
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Figure 1.11. Hopkinson bar compression test input and output loads
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Figure 1.12. Hopkinson bar compression test input and output rates

A one-dimensional transient elastic calculation simulates the test quite well. The
incident wave being known, we calculate the reflected and transmitted waves during
the first 45 s, after which the result of the calculation suddenly deviates from the
measurements. From this, we can infer that failure takes place after 45 us at the
latest. This instant is more or less synchronous with the output load peak. For this
calculation, the apparent elastic modulus is 7.8 GPa. This “modulus” is quite weak
and can probably be explained by concentrated strains at the interfaces between the
specimen and bar surfaces: these cannot be neglected in statics either when
considering the specific strains on a specimen. If we only consider this phase of the
trial, we notice a time shift between the maximum of the load, equal to about half
the 45 ps.

26



Displacement (mm) edwige,lms

5k
Input face

3F

i
o Output face
:_—_..-l""""-‘:—__ ...... | PR R SRS
0 100 300 Time (ps)

Figure 1.13. Hopkinson bar compression test. Displacement at input and output faces

These values taken into account, it is certainly not reasonable to suppose the
mechanic fields are homogenous and deduce a stress—strain relationship from them.
Nevertheless, if this simplified analysis is done to obtain an order of magnitude of
the strain associated to the stress peak and corresponding strain rate, we obtain the
results shown below (Figure 1.14). Depending on the way the stress is calculated
(without homogenity, there is no reason to consider the average effort more than the
output load), the stress peak is reached for an overall “strain” (average relative
displacement between the input and output faces) ranging from 0.75% to 1%. In
fact, as indicated, failure probably occurred 20 us before, i.e. maybe for a half as
low “strain”, the average strain rate is about 200 m/s without being really accurate.

A transient analysis can be carried out within a one-dimensional frame ([GAR
96], [GAR 98], [ZHA 96]), by using a “simple” negative strain-hardening elasto-
visco-plastic model. This approach gives results in accordance with the
measurements. However, it is insufficient, because it considers the sample as the
material and it does not take into account structure effects or inertial confinement. It
makes more sense to use a three-dimensional model and to simulate the test using
finite element dynamic calculation. This approach was developed in the GEO
network [BAI 99].
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Figure 1.14. Approximate average behavior

At last, the same type of trial can be carried out in confinement, using
confinement cells coupled to a compression Hopkinson bar system [GAR 98]. It is
important to use pressure confinement with gas and a large enough chamber inside.
Using an incompressible fluid actually leads to interference confinement, because it
acts as a strain limiter. Typical results [GAR 98] show that the confinement effect is
the same kind as the strain speed effect to which it is added. Therefore, we can infer
that the main effect of strain rate in a concrete dynamic compression test is a
structure effect linked to the inertial confinement. This result was confirmed by
digital simulations, which are developed in [BAI 99].

1.3.2.2. Direct impact tests (shock cannon)

The Hopkinson bar test gives information on high-speed concrete compression
behavior, however the practical limitation of transversal dimensions (less than 10 cm
in general) works against good representativity of the concrete material. That is why
“block bar” devices that carry out direct impacts on a concrete cylinder have been
developed ([BIS 95], [DAR 95]). The impactor is guided and propelled either by
direct falling or a compressed-air canon. The quality of the contact between the
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impactor and the sample face is essential for a good repartition of loads. In practice,
the surface of the impactor and that at the rear of the reaction system can lead to a
limitation of the transverse strains at both ends of the specimen, upon which it is
necessary to use a specimen with sufficient slenderness (2 or more). If an efficient
anti-helical reinforcement system is wused, we observe prismatic failure
corresponding to the cutting of angular sectors [MUR 86].

The rates reached are important, ranging from 1 to 100 s'. The strains can only
be measured by extensometer gages glued to the sample. An artifact is possible due
to confinement, which is different at the heart and at the periphery of the specimen.
Measuring the loads also requires particular precautions, considering the inertia of
the impactor. It is generally inaccurate to consider the acceleration measurement on
the impactor. Bischoff and Perry developed an ultra-flat pressure cell to minimize
the reflections of waves therein, the cell being inserted between the specimen and
the assumed motionless reaction body at the back of the specimen.

The results obtained with these devices (mainly the maximum average stress
reached) are along the same lines as those obtained on Hopkinson bars. Guidance
defects (centering loads) and surface evenness (contact hard spots) could be the
cause of dislocations when the results are in a continuity with those obtained with
presses. Besides which, the immobility of the reaction device has to be verified,
otherwise a correction for inertia becomes necessary. Anyway, at the speeds
reached, the direct transformation of the maximum effort recorded into “failure
stress” can only be considered as conventional, as the analysis reveals inertial effects
and the “inhomogenous” divergent feature of the axial and radial stresses inside the
specimen.

1.4. Other tests
1.4.1. Tests adaptable to an energetic approach

In all that has been said so far, we have noted the difficulties linked to finely
identifying the high-speed dynamic properties of concrete. Considering these
experimental difficulties, and the necessity to identify calculation parameters simple
enough for engineers, some means have been developed to enhance — in a
comparative way — the energy absorption properties of some concretes (especially
fiber reinforced concrete). Basically the approach involves adapting the resilience
test, which is standard for metals, to concrete, and which corresponds to a dynamic
bending loading, the load being applied via a pendulum ram impact testing machine

(Charpy test).
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Interpreting the test relies on the fact that the drop energy (potential energy of
the pendulum, turned into kinetic energy) is partially transmitted to the specimen as
strain energy, and can even be completely consumed in the event of the specimen
failing without resilience of the ram. Depending on the type of impacted sample
(prism slotted or not), the failure energy determined in this way is incorporated in
the hypothesis of a brittle-elastic behavior, by determining either a bending traction
strength, the “global” energy of the failure per unit area, or an energy restitution
critical rate. Employing the result of the *“pre-dimensioning” test involves
determining (by calibrating in comparison to thickness of well-known materials) a
material thickness as a function of the shock energy to be absorbed, in applications
where the concrete wall has to withstand bending impacts. Whatever the case, if this
type of test allows a comparative analysis, it can be subject to artifacts, due to the
energy dissipation sources which are not taken into account (movement of supports,
frame and sample, local dissipation at the impact spot, local deterioration of the
concrete and heating). The respective masses of the specimen, pendulum and frame
are such that the inertia of the test body can rarely be neglected in shock.

However, the use of a pendulum system is based on a good control of the
initially transmitted energy, which is why a traction device adapted from a
pendulum has been developed ([BAN 91], [BAN 96]) so as to carry out traction or
pull-out tests on fiber-reinforced concrete. The strain rate reached with this type of
device is about 0.1 s'. The load measurements carried out are difficult to interpret,
as the presence of the sample acts as a divergence from a no-load measurement. A
significant part of the energy seems to be dissipated by frame vibrations.

1.4.2. Validation tests on structures requiring an inverse analysis

1.4.2.1. Falling mass tests

Generating shocks using falling mass devices, for example with pendulum
systems, is a relatively simple and economical solution to produce high-speed
loadings on concrete test-bodies, which is also useful in typical loadings, where
concrete distortions on plates essentially operate in bending. These are no longer
behavior identification tests of a material, but tests of representative structure
components. These devices have been widely used ([KRA 93], [KRA 96], [MIN
87]). One advantage — theoretically at least — is that it enables a “static” test with
similar limit conditions and loading application geometry to be carried out.

Nevertheless, correctly interpreting this kind of test requires a careful inverse
analysis, if we want to identify details of the dynamic behavior of the concrete
material (possibility of parametric studies with varying properties of the constituent
materials) or of the reinforcement [DAN O1]. Actually the generally sought
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operation is a bending mechanism, though with some inherent complexities [KRA
93]. We need to consider:

— operation as a slab which cannot be reduced to a beam operation;
— plate operation (diaphragm effect);

— possible local mechanisms depending on the shock range and energy (local
crush, punching or transverse load failure on the supports);

— sensitivity to the support conditions (problem linked to the dynamic unilateral
support conditions);

— problems linked to the resilience of the impactor;

— sensitivity of the failure mode to singularities (corner effects).

As an example of the extra information that can emerge if the above points are
considered, an important sensitivity of such tests’ overall results to the “nose-
shaped” impactor [BIN 01] has been shown, with a part of the impact energy being
consumed when starting a penetration mechanism [WAT 02]. When a complete
inverse analysis can be conducted, notably with well controlled loading and limit
conditions, the competition between the different damage and collapse mechanisms
can be highlighted according to the impact speed, which was especially the case for
reinforced concrete walls submitted to the impact of a pendulum in [MIY 91a] and
[MIY 91b].

As regards validating complex systems [SAT 95a] comprising a concrete
structure (reinforced or pre-stressed) and/or supports interacting with the ground,
tests where impact is achieved by means of a falling mass are often used [PER 01],
the ability to control and modulate the incident energy (blocks ranging from a few
tens to several hundreds of kilos, falling heights up to 30 m — limitations due to the
sizes of cranes) must be taken into account. Re-calculating the test is often difficult
because of the frequent presence of dissipative materials (ground, granular materials,
energy dampers). Research into systematic empirical interpretations worthy of note
(especially with a view to dimensioning rock fall devices to protect transport
infrastructures) includes [LAB 96], [MIK 95], [MON 98] and [SAT 95b].

1.4.2.2. Block fall tests

If we want to collect exploitable information about the participation of the
different materials and components in the overall strength, tests on structure
elements require an inverse analysis, which is often complex in dynamics. However,
in so far as the load and the test body are close to the “real” situation, some tests are
used directly, to confirm and/or compare various technical solutions. In a manner
complementary to block-falling tests, tests where the concrete element itself is

31



submitted to a shock are used. This is especially the case when validating
radioactive waste containers ([LAE 94], [VEC 88]). In order to anticipate the result
of this kind of test, simplified analysis methods have been developed ((MAR 87],
[SER 98a]), and these allow parametric study when designing and developing
prototypes. This experimental configuration allows good control of energy during
the shock, and confirmation of the hypothesis when the impacted area is motionless
and dimensionally stable. On the other hand, fitting structures with the required
instruments for this is generally expensive and difficult (on-board accelerometers);
consequently, identifying the analysis should be based on a posteriori observable
cracking state.

1.4.2.3. Explosion resistance test

For a number of protection structures, overall dynamic loading is more
significant than a local impact. Adapted large-scale experimentation is carried out
via pressure loading caused by an explosion. Control of such loading and its
similarity rules is rather good, subject to limit conditions and simple structure
geometry, which limits uncertainties linked to reflections. In this kind of experiment,
instrumentation can be quite complex (numerous pressure Sensors, gauges,
displacement sensors and accelerometers). The most important factors are the data
acquisition speed, and the qualities of activation and filtering. Many experiments
have been carried out on typical structures, including structural walls and slabs
([GRO 90], [KR 96]), vaults and tunnels [KRA 89] and hot caves. Controlling the
mechanical limit conditions is the main difficulty for obtaining a precise inverse
analysis in such cases; therefore, this kind of test is often used for validating
simplified regulations and abacuses for the dimensioning of protection structures.

Another category of tests carried out using blasting charges is aimed at
characterizing the “compaction” behavior of a material, the latter being closest to the
blasting charge in a highly confined stress state due to the pressure resulting from
the explosion nearby on the one hand, and to the rest of the surrounding structure not
yet hit by the loading wave. Such tests are transient, and the analysis requires re-
calculation (made easier by the semi-spherical symmetry of the problem). The data
is generally adapted to a volume-pressure limit curve interpretation, characteristic of
the areas submitted to strong tri-axial compressions. A recent description and
interpretation of such tests can be found in the works of the GEO network [BAI 99].

32



1.5. Synthesis of the experimental data on concrete and associated materials
1.5.1. Data on cement paste mortar and concrete

1.5.1.1. Looking for a consistent interpretation

When analyzing experimental results, the multiplicity of experimental data,
obtained under different stress conditions, and the difficulty in interpreting them
with frequent necessary re-calculation and transient analysis, coupled with the
variety of observation scales used makes a clear presentation of the characteristics of
concrete’s dynamic behavior rather difficult.

We propose an interpretation based on Rossi’s initial ideas [ROS 91],
highlighted by many experimental programmes, the validity range of which is being
discussed. The underlying idea is essentially linked to the fact that cement materials
that have had evaporable water removed do not show any evolution of strength
when stressed at rates ranging from 10° to 10 s [TOU 95a]. This fact has been
verified on mortar and concrete, in both traction and compression ([DAR 95], [HAR
90], [ROS 92b], [TOU 95a]), within a domain where the quasi-static interpretation
of the test results is valid and thus allows a “conventional” interpretation of the
behavior of the material.

We can infer from this that the “sensitivity” of the concrete material to stress rate
is (within the considered domain) linked to the presence of free water inside the
porous material [TOU 99a]. This fact makes the control of its hydration state crucial
when its properties are being identified at high speeds, which is rather difficult to
implement. Part of the variability of the results observed in literature can be
explained by partial drying of specimens ([COW 66], [KAP 80]), in addition to self-
stresses linked to drying, which are superimposed to the initial mechanical state of
test bodies, the influence of which is all the more important due to their small size.
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Figure 1.15. Apparent strength of concrete in traction
dynamic loading (from [TOU 95a])

The free water present in the porous volume is stressed like a viscous fluid by the
(fast) motion imposed on the sides of the skeleton, which in the ideal case of a film
between two walls is known as the Stefan effect. The consequences of this can be
observed in high-speed traction or compression tests as an increase (low relative
value) of stiffness, and a more significant increase in the strength, called the rate
effect. The macroscopic stress increase can then be interpreted by partition between
the stresses borne by the skeleton and viscous stresses borne by the fluid (Figure
1.15). Things progress as if these viscous stresses cause pre-stress in the skeleton
and delay either its traction failure or the failure in the extension direction induced
by loading when the latter is not purely tri-axial. The partition and its effect on
material failure are at the root of the elasto-plastic viscous strain-hardening model
developed by Sercombe [SER 98b].

For higher-rate tests (over 1 to 10 s, even when the hydration state is well
controlled, the transient character of the test and the failure phase of the specimen
take precedence over the rate effect linked to the nature of the material, qualitatively
at least [WEE 98]. The relative increase in “strength”, compared to the static
reference value, can exceed a value of 2, even for specimens in which free water has
been eliminated [ROS 96]. In fact, we can notice that a dynamic failure mechanical
analysis (which takes critical crack propagation inside a material with non-zero
inertia into account) is consistent with the experimental observation, which is that
the relative strength increase (dynamic increase factor (DIF)) evolves with the strain
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rate in a logarithmic diagram, along a 1/3 slope straight line ((CHA 98], [KIP 80]),
beyond a certain threshold (typically 1 to 30 s, depending on geometry and
loading) which corresponds to the limit beyond which the test has to be analyzed as
a transient state ([REI 91], [WEE 89]). An analogous model taking local inertia into
account [BAI 94] also justifies the “double state” obtained experimentally if the
transient character of the failure is interpreted as a local property.

The latest results obtained on quite large-size concrete samples [CAD 01] are
consistent with these two basic mechanisms causing the strength increases observed
during high-speed dynamic tests, with the participation and viscosity of water,
beyond a specific threshold, and the participation of inertia on both sides of the
failure origin.

1.5.1.2. Effect of the structure of the cement paste

The crucial part played by free water in determining the sensitivity of concrete
behavior to loading speed in a transient state has led to speculations about the
relevance of conventional parameters used to describe the dependence. Actually, it
appeared that the conventional definitions ([COL 88], [BIS 91], [MAL 98]) of
compression or traction DIFs, as well as those of ultimate strain or Young’s
modulus, have led to values varying according to the static properties of concrete,
including compression strength ([COL 88], [JAW 87], [ROS 95]). This is apparently
responsible for the wide discrepancies in the diagrams used to describe strength
evolution (Figures 1.16 and 1.17), and interferes with them being taken easily and
reliably into account in a regulation context.
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Figure 1.16. Concrete compression strength. “Rate effects” (from [BIS 91])
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If, as a first approximation, we assert that in the rate domain (where inertial
effects can be neglected), absolute traction strength increases observed in concretes
of various strengths (35 to 120 MPa [TOU 95a] and 230 MPa for tests on high
efficiency concretes [TOU 99b]) are not a function of the strength (Figure 1.18),
with a careful identification of the specimens to avoid hydration gradients, we have
proposed that this characteristic should be used [TOU 99a], rather than the relative
increase [ROS 95]. A reasonable order of magnitude is obtained with a rounded
down value of + 0.7 MPa/log;, (loading rate in MPa/s) to represent the increase in
strength, for a common or high-efficiency concrete. In the same way, a
+ 0.9 GPa/log;, increase of the Young’s modulus (loading rate in MPa/s) can be
adopted as a first approximation. From these values, using classical hypotheses
about concrete behavior in other stress states, we obtain a reasonable order of
magnitude for the compression strength increase (about + 6MPa/log;, with loading

rate in MPa/s).
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Figure 1.17. Concrete traction strength. “Rate effects” (from [BRA 99])
More accurate identification of the really influential parameters has been
obtained from data for which the amount of hardened cement paste, the size of the

biggest aggregates and the water/cement ratio (control of micrometric porosity) were
used as the main variables of the experiment surface. The fact that the whole amount
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of hydrated calcium silicate (CSH) and the relative compactness of the aggregated
skeleton [LAR 00] (a characteristic value of the part of the cement paste and its
defects with regard to the part of the defects due to the paste-aggregate interfaces
and the compactness defects of the skeleton) could constitute two significant factors
to improve the accuracy of the description of rate effects as a function of the
composition of concrete has been brought about [TOU 95a]. Within the limit where
the strength is not first controlled by various defects, the sensitivity of the strength
of the material at loading speed is mostly controlled by the amount of free water
present in the nanopores of the material, which are intrinsic to the porosity of
hydrates and become saturated when the outside relative humidity exceeds 50%.
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Figure 1.18. Traction strength variation according to loading rate (from [TOU 95a])

1.5.1.3. Description of a plasticity criterion in terms of evolution

The previous description from monotonous testing is based on the evolution of
the maximum load applied to the specimen. For the purposes of dimensioning by
extrapolation from static calculations, on verifying the section strength or the
ultimate time, concrete dynamic strength (especially in compression for reinforced
concrete pieces) is the main problem, and the ultimate time can be used to calibrate
the oscillator that corresponds to the structure element under consideration,
according to several codes or recommendations ([COL 88], [COL 86]). With such
an approach, the DIF concept becomes interesting, despite the fact that the value
obtained is linked, amongst other things, to the considered concrete and the stress
rate.
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For more comprehensive calculations, strength evolution is insufficient, as the
strain speed value is not constant and cannot define the behavior characteristics
alone. In addition, strain data during characterization experiments (modulus, limit
strains) are not abundant and are sometimes contradictory because of difficulties
with measurements and interpretations (like localization, the effects of which have
been described when mobilizing inner inertial loads), as shown by [COL 88], [BIS
91] and [SER 98a].

A “unified” use of results published in the literature can lead to a description of
the dynamic behavior of the material through the “evolution” of its static behavior.
The advantage of this approach is that it covers a priori (using a conventional three-
dimensional interpretation) all possible stress states, whilst also taking advantage of
the (rather rare) validations of criteria in strongly tri-axial stress domains. However,
from this perspective, using viscoplasticity or damage models with “standard”
gradients has limitations, because experimental data coincide rather badly with the
calibration of viscosity aimed at mastering numerical regularity problems ([GEO
98], [TOU 95b])).

This is why it has been necessary to explore more complex modeling by
extension of a damageable elasto-plastic model, thanks to a strain-hardening
variable with the same nature as a viscous strain [SER 98B]. This inner variable
corresponds to an extension strain (Figure 1.19), in so far as the rate effects are
principally linked to the deviatoric component of the stress state, the intervention of
confinement delaying localization of failure in the potential growth direction, the
same as in statics [KON 01]. The methodology for identifying the parameters of the
model from a relatively low number of well controlled empirical data points (direct
traction tests at various rates) have been detailed and validated by traction
simulations, compression and shear tests on specimens, and bending tests on slabs
[SER 98b]. These simulations have allowed it to be validated within the studied
domain, for testing hypotheses about the kinematic nature of viscous strain
hardening (Figure 1.20). The validation of such an approach should be continued
using high-confinement tests ((GON 90], [GRA 89], [MAL 91]). As for the problem
of falling containers, which was used as a basis for this development, the importance
of the various sophistications of the model (damaging, taking viscous strain-
hardening into account) was verified by a sensitivity study, which essentially
showed the behavior of the studied structure was governed by both local
compression of concrete at the impact point and propagation of induced tractions
within part of the structure where confinement was weak [SER 98a].
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Figure 1.19. Visco-elasto-plastic model with viscous strain hardening [SER 98a]. In this
1D diagram, the total strain & is the sum of the 3 scalar terms g’ , x and &’

Figure 1.20. Visco-elasto-plastic model with viscous strain hardening [SER 98a].
The plasticity criterion is translated into viscous strain hardening

Note that such modeling is below the localization of strains integrated into the
local description of the behavior. For the purpose of the study behind the
development of the model [TOU 99b], this limit seemed acceptable because
calculating the structure was not supposed to reveal any fracturing, and the
calculated strain rates appeared to be limited to about 1 s™.

For justifications based on “ultimate limit state” calculations including possible
localization of strains in part of the structure, the question of integrating inertial
effects into the local behavior description can be raised [MAL 98]. We have to be
aware of the theoretical difficulties caused by taking non-linearities into account,
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and difficulties in ensuring validation on the scale of the structure, as it has already
been enhanced during test interpretation.

1.5.2. Data available for reinforced concrete

1.5.2.1. Dynamic behavior of reinforcements

To design structures, the dynamic characteristics of the steel framework are as
crucial as those of concrete; indeed, the ductile character of a failure due to
accidental dynamic strain can be investigated, owing to failure due to R-bars.
Technical data concerning high-speed behavior of reinforced concrete framework
proved to be rare, and information about pre-stressed frameworks was non-existent.
A recent synthesis is available in [MAL 97]. The results are exploited to determine a
relative increase in traction strength (DIF) or elastic limit. Owing to the idealization
of framework behavior that is general in calculations and to the fact that no elasticity
modulus variation seems to be revealed at the strain rates considered, rate effects on
the elastic limit and strength are sufficient to ensure that a consistent behavior
description is obtained using standard calculation methods for reinforced concrete
sections.

The expression proposed by Malvar for describing the relative increase in steel
strength as a power of the strain rate (value imposed in the monotonic identification
tests) is consistent with the usual descriptions given for concrete ((MAL 98] for
example). For about 1/s, relative increases ranging from 10 to 50% of the elastic
limit can be expected, depending on the nature of the steel considered. Taking into
account the mainly one-dimensional feature of strain in frameworks, it must be
possible to directly calibrate a strain-hardening elasto-plastic model for frameworks
from this data — with the physical meaning of the variable driving the increase of
strength still to be determined.

1.5.2.2. Identification of steel-concrete adherence in dynamics

The R-bar-concrete adherence enables us to consider the strains of the
surrounding framework and concrete as identical, and is at the root of the operation
and calculation of reinforced concrete structures. The permanence of this property in
dynamics and the evolution of limit shear stress are basic questions; however,
experimental identification of adherence properties is relatively complex, because
measuring techniques used at the interface disrupt the phenomenon itself. In
practice, most of the sliding strength of reinforcement is provided by setting locks
on concrete, which disconnect when traction strength is reached in the transverse
direction. Adherence can then be considered to be directly linked to concrete traction
strength, as stipulated in most calculation regulations. Nevertheless, transverse
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confinement, which delays disconnection of the rods and activates their gearing with
each other, also has a significant influence [MAL 92].

In a reinforcement dynamic pull-out strain, we can expect some inertial
confinement to be brought about because the concrete around the reinforcement is in
traction, and traction strength increases activation. A description of the evolution of
adherence limit shear with regard to speed, which uses a DIF with the same form as
the equivalent coefficient for traction strength, has therefore been proposed [VOS
82]. It is based on pull-out tests carried out for an assembly using the Delft modified
Hopkinson bar [REI 82]. We note that for smooth steel, the adherence increase is not
significant, which confirms the proposed mechanisms.

1.5.2.3. Repeated stresses

The behavior of specimens submitted to repeated dynamic stresses is difficult to
access experimentally, especially when it is important to achieve significant damage
from the first impact. In practice, this information seems to be important if the
dynamic situation is not only considered as a fortuitous action, but as likely to be
subject to “replicas” (successive shocks between structure elements during
earthquakes, for example) or even as a servicing action (which could be the case
with rock fall protection works). As for behavior in traction repeated dynamic
stresses, it appears from [REI 82] that the “rate effect” displayed is reduced in
comparison to the DIF obtained for a single shock. However, the accumulation of
traction cycles would cause an apparent reduction of strength that could be of the
same order, even at low speeds. As regards numerous indeterminate repeated
shocks, avoiding crack propagation once they have started seems out of the question.
This leads us to rely on the cracking limit obtained in statics where we have to
guarantee the structure must not be cracked; otherwise calculations have to take
probable concrete cracking into account.

The main problem with repeated dynamic stresses concerns the operation of the
R-bar framework, especially if the action causes a variation of R-bar stress sign.
Without confinement, the effect of limit shear during a shock causes concrete
damage around the reinforcement according to orientation, and the effect of
alternating vibrations or additional shocks can keep on damaging the surrounding
concrete fast and irremediably, which reduces adherence and damages the anchorage
of the reinforcement. Therefore, it is advisable to cautiously take into account
the “adherence increase” due to rate effects, and to associate them with constructive
arrangements that will enable them to stay effective — transverse confinement, for
Instance.

Implementing such arrangements has particular relevance for earthquake
resistance fields. Because of identification difficulties at a local level, it is often
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necessary to resort to experiments on structure components (see [PAU 02] and [TOR
88]). In fact, at this level it is possible to underline the effectiveness of transverse
reinforcement, thereby ensuring the confinement of concrete beyond cracking,
allowing loads to travel after redistribution via the creation of “joints”. The amount
of experimental work in this field and its complexity will not be dealt with here.

It should be noted that the difficulties arise not because of the dynamic character
of stresses (some Hz frequencies with regard to the specific frequencies of the
elements — in the 100 Hz order of magnitude) or the dynamic reaction of the
material. The difficulties are linked to the intense and repeated feature of stresses
(incursions into the plastic field, stiffness damage, crack spreading), and even to the
interaction between the loading frequency and the specific frequency of the whole
structure (whether sound or progressively damaged).

1.5.3. Data about fiber-reinforced concretes

1.5.3.1. Post-cracking mechanisms and “rate effects”

Thanks to metallic fibers, the favorable influence of diffused reinforcement in
dissipating energy during a shock has been empirically proven [ROS 98], but is
difficult to quantify. The sensitivity to pealing caused by shocks during transport of
some prefabricated fiber reinforced concrete pieces, compared to corresponding
concrete or reinforced concrete pieces is admitted by professionals. Using fiber
reinforced concrete for particular applications where absorption of energy is
important has been shown to be interesting with regard to conventional reinforced
solutions [HAN 92]. Most of the time it was proved globally through experiments
allowing interpretations in terms of energy. However, complete and documented
experimental data on the dynamic behavior of such materials in traction for
characterizing after-peak behavior and revealing the contribution of fibers [ROS 98]
are quite rare.

The existing data [KOR 88, TOU 99b] highlight major aspects of the rates of
behaviors of these materials: the increase in the linearity limit corresponding to
matrix traction strength, a phenomenon which can be directly compared to rate
effect of all cement materials in direct traction; also, a stress increase in the after-
peak phase (with regard to the load obtained in statics during this phase), the
increase being all the less important as a widespread range of crack openings is
considered. In other words, the relative increase of the absorbed energy and its peak
value is lower than the relative strength increase of the matrix, and it is even weaker
if we take crack openings into account.
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Such observations are consistent with the rate effect being a function of the
cement phase only. Before cracking occurs, fibers have no influence, and the
linearity-limit increase (matrix cracking) is similar to that observed in a non-fiber
reinforced concrete. After cracking however, the anchoring provided by fibers on
both sides of the crack assists in the maintenance of strength. As for reinforcement
anchoring, the strength of concrete mini-connecting rods confined by the presence of
the other fibers shows a rate effect, as the anchorage is limited by the strength of the
concrete around the fibers. Moreover, the wider the crack opening, the more micro-
cracked the concrete where anchoring has to take place will be, which limits the
effect of the viscous mechanisms underlying the strength increase.

A beneficial “synergy” could be observed by comparing the shock strength of
reinforced and fiber reinforced concrete pieces to those of fibered or reinforced
pieces. Considering the limited crack openings permitted by fibers for a given load,
once cracking has started, some confinement seems possible around the
reinforcements, which is not the case for reinforced concrete where adherence has
been damaged because of alternating dynamic stresses.

1.5.3.2. Anisotropy and its consequences

Mean stress (MPa) Mean stress (MPa)
T 15

oM D

0 0.5 1 1.5 2

Opening (mm) Opening (mm)

a) Opening rate 0.15 um/s b) Mean opening rate 3.2 m/s

Figure 1.21a and b. Direct traction characterization tests on very high performance
concrete, at low and high rates, on pre-slotted specimens. Direction A specimens.
Low efficiency of the fibers (from [TOU 99b])
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Figure 1.22a and b. Direct traction characterization tests on very high performance
concrete, at low and high rate, on pre-slotted specimens. Direction C specimens.
High efficiency of the fibers (from [TOU 99b])

Quasi-static reference
value Variation with speed
(0.05 MPa/s) in MPa/u. log.
in MPa
Traction strength 8 +0.8
eq. 1 mm threshold stress 7 +0.5
Young’s modulus 52,000 env. + 450

Table 1.1. Calculation characteristics for very high performance
concrete containers, derived from the traction characterization
(“rounded off” values used for calculation) (from [TOU 99b])
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Quasi-static value
(interpolation for Trend of evolution
Value Direction 0.05 MPa/s) and .
- with rate
standard deviation
Young’s modulus
A 50.9 GPa (2 GPa) + 0.32 GPa/u.log.
C 53.9 GPa (2.5 GPa) + 0.38 GPa/u.log.
A+B+C 52.2 GPa + 0.31 GPa/u.log.
Maximum stress
(unslotted
specimens)
A 5.96 MPa (2 MPa) + 0.82 MPa/u. log.
C 11.17 MPa (3 MPa) + 0.77 MPa/u. log.
A+B+C 8.52 MPa + 0.65 MPa/u. log.
Maximum stress
(slotted
specimens)
A 4.29 MPa (2 MPa) + 0.70 MPa/u. log.
C 16.35 MPa (5 MPa) + 0.73 MPa/u. log.
A+B+C 9.65 MPa + 0.40 MPa/u. log.
Equivalent
threshold  stress
(1 mm opening)
A 3.75 MPa (1.6 MPa) + 0.53 MPa/u. log.
C 13.99 MPa (3.8 MPa) + 0.62 MPa/u. log.
A+B+C 8.06 MPa + 0.45 MPa/u. log.

Table 1.2. Traction characterization of very high performance concrete and rate effects.
Results (means): A, B and C are the three perpendicular directions of the sampling
within an L piece deemed representative for the project (from [TOU 99b])

Let us recall that observing the mechanisms referred to above and obtaining
characteristic properties suited for the calculation of fiber reinforced concrete
structures demands respect for the strict regulations concerning possible anisotropies
in the behavior and constitution of the material, which may arise due to the
manufacturing mode of the structure [ROS 98]. It was thus possible to enhance
(Figures 1.21 and 1.22) rate effects (strength absolute increase), according to the
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traction maximum stress or equivalent plastic stress absolute increase, which are
comparable as they are linked to the cement matrix for the different directions
considered in a fiber concrete piece.

Nevertheless, the absolute values of these strengths and stresses proved to be
widely different according to the direction (Tables 1.1 and 1.2), due to preferential
orientating of fibers during manufacturing [TOU 99b]. Therefore, the problem of a
potential taking into account of the anisotropy as far as fiber-reinforced structure
modeling is concerned remains in dynamics as well as in statics. The questions
related to the dispersion of properties are also the same.

1.6. Conclusion

The accumulated knowledge available for understanding and describing the
high-speed behavior of concrete material remains at a complex overall stage and
leaves both the structural engineer and the mechanic dissatisfied. This can be
explained by several factors: experimental difficulties in accessing the intrinsic
behavior of materials in dynamics tests, difficulties linked to the heterogenity range
of the concrete “material”, its sensitivity to the water environment, its brittleness as
a geomaterial which involves crack propagation effects within the specimens, and
the wide range of materials actually corresponding to the generic term “concrete”.
Besides this, we also have to note that part of the difficulties reflecting on
mechanical modeling problems are also present in the usual quasi-static field, even
if a standardized corpus valid for engineering common needs often avoids having to
ask too many questions.

After recalling the different experimental techniques that allow us to explore
concrete dynamic behavior, and after taking a few precautions, we described the
main established facts, i.e. the noticeable increase in strength and slight apparent
increase in the Young’s modulus, which can be explained by the viscosity of the
interstitial water present inside the nanopores (the finest pores within the cement
hydrates). This viscous inner phenomenon is inherent to porous solids, and can be
observed separately in direct traction tests over a standard range from 10°to 1 s It
also explains the rate effects induced in other stresses (compression, adherence, fiber
concrete behavior) reasonably well. At higher rates, interpreting the tests involves a
transient analysis of the loading and failure phases of the specimen, as inertial
phenomena (in terms of measured loads) that oppose critical crack propagation
become predominant.

Different empirical description levels of the mechanisms have been developed,

together with the underlying theoretical support and its potential limits: the DIF,
which can vary widely depending on the rate and strength of concrete, absolute
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traction strength increase, which enables us to calibrate a visco-elasto-plastic model
with viscous strain-hardening, and application of dynamic failure mechanics when
high-rate failure propagation is at stake. The choice of the behavior description level
seems to be consistent with a clear choice of other modeling hypotheses: speed
range of the considered strains, unique or repeated characteristic of the dynamic
stress, presence or absence of uniaxial behavior, presence or absence of
reinforcements, possibility or impossibility of limiting the justification validity in a
domain where concrete can still be considered as continuous, etc. Depending on the
circumstances, we will naturally turn to a different description level with a more or
less important integration of chance in the properties of the material.

After taking these considerations into account, as well as considerations dealing
with dimensioning an important number of structures and increasingly considering
fortuitous situations ([PER 01], [TRO 01]), we underlined a few shortcomings. First
we have seen how difficult it is to access the material under high tri-axial stress.
However, it is a crucial problem for direct impacts, areas close to an explosive
charge or in cases of potential penetration. As for validating “viscous strain-
hardening” hypotheses, and in order to better model the combined effects of inertial
confinement [UNO 02], more complete information in the field would be quite
helpful as well.

While understanding the mechanisms in the case of a single dynamic stress can
be considered as correct and reliable for calculations, the problem of repeated
impacts remains difficult, both for validating the potential progressive damage
predictions models are likely to supply, and accurately taking into account the
evolution of adherence for reinforced concrete structures. This field seems to
represent very important stakes for engineers, in the frequent cases of fortuitous
dynamic stresses.

Finally, the increasing range of materials coming under the definition of
“concrete”, including fiber reinforced concretes, high and very high-performance
concretes and ultra-efficient fiber-cement composites will demand more diversified
validation of the indications and mechanisms highlighted in this synthesis.
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