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INTRODUCTION

Damage behaviour of plain concrete in compressive loading is an important consideration in
connection with design or regulations of bridges, offshore concrete structures, nuclear power plants,
earthquake resistant buildings, subjected to high allowable working stresses or in cases where the dead
load forms a smaller part of the total load capacity. In such situations, failure of the construction
material may occur at stresses below its static strength. Accurate knowledge should therefore be
obtained of the mechanical behaviour of concrete subjected to various loadings.

Diverse damage analysis methodologies (Bui & Stolz,1987) have been developed in recent years which
isolate the factors affecting crack initiation and growth, and enable the prediction of their cumulative
effect on the fatigue performance of structural components. They are based on (1) the formulation of
analytical models for fatigue crack and growth ; and (2) the acquisition of supporting baseline data
and validation of such models by means of a comprehensive testing procedure.

The existing partial damage hypothesis gives unsatisfactory results in evaluating the fatigue behaviour
of plain concrete (Tepfers et al, 1977). Volumetric, ultrasonic and acoustic emission measurements
have not permitted a complete interpretation of the deterioration of concrete. Research on absorption
of energy in fatigue loading of plain concrete has been investigated (Tepfers et al, 1984) to aid
understanding of the physical process of degradation when concrete is subjected to varying dynamic
loads. The absorbed energy is believed to be used in the material in forming microcracks, crushing
material, redistributing stress and causing a rise in temperature. Unhappily the difficulties involved
with the measurement systems were such that the results obtained by these methods were not
completely satisfactory.

In rock mechanics, various geological formations are being investigated as possible sites for
underground storage of oil and gas, and underground repositories of radioactive wastes. Much
attention has been given to the saline deposits due to their widespread distribution, relative
accessibility and ease of excavation. The mechanisms of rock salt deformation and fracture are thus
fundamental for processes of strata control, for the support of excavations, and for the construction
of salt cavities (Hardy & Langer, 1981).

Rock salt generally displays failure characteristics intermediate between ductility and brittleness. It is
relatively soft and can deform plastically, but it is extremely notch sensitive. In the presence of a
flaw, brittle fracture often occurs with the onset of yielding.

The present paper proposes the use of infrared thermography as a nondestructive and noncontact
technique to examine the mechanism of cracking and failure processes of concrete or rock salt
specimens which are subjected to a given unconfined compression and a superimposed vibratory
excitation. The aim of this study is to illustrate the onset of crack initiation by stress concentration in
weakness zones, followed by unstable crack propagation and/or flaw coalescence caused by the
thermomechanical coupling, when increasing microcracking is generated by vibratory excitation.
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CHARACTERISTICS OF CONCRETE AND ROCK SALT

Concrete is a composite material consisting of coarse aggregates embedded in a continuous matrix of
mortar which is a mixture of hydraulic binding materials, additives and admixtures distributed in a
suitable homogeneous dosage. This construction material has been extensively used for structural
applications because of its excellent processibility, low cost and versatility in manufacture together
with desirable mechanical properties for engineering design.

Under applied loading, the concrete as a whole deforms in spite of significant incompatibilities
between the aggregates and the matrix which promote further breakdown. At the macroscopic level,
breakdown is accompanied by both loss in stiffness and accumulation of irrecoverable deformations.
At the structural level, breakdown appears as microcracking and possibly slippage at the aggregate-
cement paste interfaces.

Natural rock salt appears to be a discontinuous mass with a medium to coarse grained polycrystal
structure. It contains cracks, defects, joints, dispersed clay impurities and eventually bedding planes
with varying degrees of cohesion along these discontinuities. It sometimes exhibits variable mineralogy
and crystal sizes. Depending on its crystal structure, bond character, and the temperature, it may be
completely brittle, semi-brittle or ductile (Stokes, 1966). Elucidation of the various mechanisms
responsible for fracture is related to the plastic resistance associated with grain boundaries and the
effects of plastic anisotropy.

When it is loaded, the rock salt deforms also as a whole in spite of significant incompatibilities
between the crystal aggregates. Stress concentrations occur and result in localized forces which are
sufficient to promote plasticity and crack formation or both. At the macroscopic level, breakdown is
accompanied by both loss in stiffness and accumulation of irrecoverable deformations. At the
structural level, breakdown appears as microcracking and possibly slippage at the crystal interfaces.

Failure in plain concrete or in rock salt may be viewed as a microstructural process through the
activation and the growth of one preexisting flaw or site of weakness, or through the coalescence of a
system of interacting small flaws and growing microcracks. The stress level corresponding to the
activation of the flaws is related to the flaw size and connected with the encompassing microstructure.
Flaw initiating concrete failure may be divided into two classes : the intrinsic flaws develop during
the processes of hydration and curing of the cement paste, the extrinsic flaws result from significant
incompatibilities between the aggregate and the matrix when the material as a whole deforms under
applied loading.

It may be said that fatigue of concrete is associated with the development of internal microcracks,
probably both at the cement matrix/aggregate interface and in the matrix itself. For rock salt, it may
occur at the crystal interface and in the crystal itself. The occurrence of microcracking and slippage
leads to nonlinearity and softening in the stress-strain response of concrete with a marked dependance
on the mean normal stress (Kotsovos & Newman, 1978). Under repetitive stresses, fatigue mechanism
is a progressive, permanent internal structural changes occurring in the concrete and in the rock salt.
These changes result in progressive growth of cracks and complete fracture.

The formation and propagation of microcracks have been detected by means of different measuring
methods : :

a) The ultrasonic pulse velocity technique involves measurement of the transit time of an ultrasonic
pulse through a path of known length in a specimen. The velocity of the ultrasonic pulse in a solid
material will depend on the density. and elastic properties of the material and it will therefore be
affected by the presence of cracks.

b) The acoustic emission method is based on the principle that the formation and propagation of the
microcracks are associated with the release of energy. When a crack forms or spreads, part of the
original strain energy is dissipated in the form of heat, mechanical vibrations and in the creation of
new surfaces. The mechanical vibration component can be detected by acoustic methods and recorded,
hence microcracking may be detected by studying sounds emitted from the concrete or the rock salt.

It can be considered that the failure mechanism of concrete and rock salt consists primarily in the
formation and propagation of microcracks. The formations of microcracks are often associated with
points of stress concentration in the material. The stress concentrations are located on flaws present in
the material, or on existing cracks and notches. Cracks initiate quite early at a site of weakness or
stress concentration, then propagate through the plastic zone and into the elastic region.
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In others cases, flaws are inherent in the material owing to the process of fabrication of concrete or
crystallisation of rock salt. These defects exist prior to the application of any load. There may be
some initiation period during which the material at the tip of the flaw undergoes dislocations pile-up,
microvoid formation and coalescence, etc... prior to the onset of progressive growth.

HEAT DISSIPATION

Infrared thermography has been successfully used as an experimental method for detection of plastic
deformation during crack propagation of a steel plate under monotonic loading (Bui et al, 1981) or as
a laboratory technique for investigating damage, fatigue and creep mechanisms occurring in
engineering materials (Reifsnider et al, 1980).

This experimental tool is used to detect the onset of unstable crack propagation and/or flaw
coalescence due to the thermomechanical coupling, when increasing irreversible microcracking is
induced by vibratory loading.

1 - Coupled thermoviscoplastic analysis

Traditionally, thermomechanical coupling effects have been neglected in thermal analyses. The
temperature field and the deformation induced by thermal dilation and mechanical loads were solved
separately. However this effect could become noticeable if the material is loaded beyond its elastic
limit.

The development of the thermoviscoplasticity equations requires three types of basic assumptions
(Kratochvil & Dillon, 1969) :
a) The basic thermomechanical quantities describing thermodynamic processes : the motion x, the
second Piola-Kirchhoff stress S, the body force per unit mass b, the Helmholtz free energy ¥, the
specific entropy s, the heat supply r, the absolute temperature T, the heat flux vector per unit area q,
the inelastic strain tensor EI and a set of internal state variables oD,
b) The fundamental equations of mechanics :
(i) balance of linear momentum

VSFT + p(b-x)=0 (1)
when F denotes the transformation gradient.
(ii) conservation of energy

p(1/1+§T+sT)=pé=S:E-V.q+pr )
(iii) second law of thermodynamics
~p@W+sT)+S:E-q(VT)/T20 3)
where p is the density in the reference configuration, e the specific internal energy and E the Green-
Lagrange strain tensor E = (VxT.Vx - 1)/2. The superposed dot stands for the material time
derivative. The continuity equation and the balance of angular momentum are implicitly satisfied in
the fundamental equations.
c) The constitutive assumptions describing the material response and abiding the compatibility of the
constitutive equations with the fundamental equations of mechanics.
When adopting the separability of the strain tensor
E=Ee+EI+ﬂ(T-TR) )
where B is the coefficient of the thermal expansion matrix and Ty the reference temperature, the
requirement of inequality (4) yields :

(i) The response functions S, ¥ and s are independent of the temperature gradient VT.
(ii) ¥ determines both the stress tensor and the specific entropy through

S = p (3Y/3E®) and s = - (3¢/3T) + (3Y/3E®) : B
(iii) ¥ , E! and q obey the general inequality

(S - » (O/3ED) : EX - q. (VT)/T 2 0 )
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The above thermodynamic restrictions may now be applied to equation (2) yielding
p (39/3E! - T 8%)/TOEY) : El - T(3S/8T): E* - pT(3%/dT)T + S: T =S: El - Va+pr (6)

Assuming 4 ,
$ =1+ (E :D:E?)/2-C, Tln (T/Tg - 1) (7

and the Fourier heat conduction law
q=-KVT @®

here ¥, D C, and K are material constants. D stands for the fourth-order elasticity tensor, C, is the
specific heat at constant deformation and K is the thermal conductmty
Finally we get the coupled thermomechanical equation

pC,T=KV:T-(8:D:E)+S:Eapr ©)

The first term on the right hand side of equation (9) governs the thermal diffusion which tends to
make the temperature uniform in the specimen. The second term is the reversible portion of the
mechanical energy generated this thermoelastic effect may be significant in cases of isentropic
loading. The third term is the energy dissipation generated by viscosity and/or plasticity. The last
term shows the existence of heat source in the specimen.

2 - Electromagnetic radiation

Electromagnetic radiation is a form of energy characterized as waves or as particles called photons.
Visible light is the most familiar form of electromagnetic energy. The electromagnetic spectrum is a
categorization by wave length of electromagnetic energy. The range from 2 to about 100 micrometres
is called "thermal infrared".

All matter radiates energy because it contains charged particles being accelerated (changing speeds or
directions), the higher the temperature the greater the acceleration. The amount of energy radiated
depends on the object’s temperature and its ability to radiate.

3 - Infrared vibrothermography

Infrared thermography utilizes a photovoltaic detector composed of indium antimonide InSb in a
sophisticated electronics system in order to detect radiated energy and to convert it into a detailed real
time thermal picture in a video system. Response times are shorter than a microsecond. Temperature
differences in heat patterns as fine as 0.2 °C are discernible instantly and represented by several
distinct hues.

This technique is sensitive, nondestructive and noncontact, thus suited for records and observations in
real time of heat patterns produced by the heat transformation of energy due to stress concentration
and/or plastic strains. No interaction at all with the specimen is required to monitor the thermal
gradient.

The quantity of energy W emitted by infrared radiation is a function of the temperature and
emissivity of the specimen. The higher the temperature, the more important is the emitted energy.
Differences of radiated energy correspond to differences of temperature, since W, = h w T4, where h
denotes a constant, w the emissivity and T the absolute temperature.

Concrete and rock salt presents a low thermomechanical conversion under monotonic loading. Plastic
deformation, whereby microcracking and slips occur creating permanent changes globally or locally, is
however one of the most efficient heat production mechanisms. Most of the energy which is required
to cause such plastic deformations is dissipated as heat. Such heat development is more easily observed
when it is produced in a fixed location by reversed applied loads. These considerations define the use
of vibrothermography as a nondestructive method for observing the damage process of concrete and
rock salt.

4 - Experimental set-up and results
The high frequency servohydraulic test machine Servotest provides a means of vibration and dynamic

testing of engineering materials. Control of the machine is provided by a sophisticated closed-loop
electronic control system. This utilizes feedback signals from the force and displacement transducers.
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The programming section comprises a digital function generator and a frequency sweep controller
which enables resonant phenomena testing.

The sample is observed in a nondestructive, noncontact manner by means of an infrared
thermographic system AGA THERMOVISION 782. The thermal image is shown on the monitor
screen.

The parameter investigated in this test is heat generation due to the energy dissipated by the concrete
which has been excited beyond the stable reversible domain. A vibratory loading at 100 Hz on the
specimen subjected to a given static compression exhibits in a nondestructive manner tae irreversible
plastic strain concentrations around gaps or cracks generated by stresses exceeding locally the stability
limit of the material. The contribution of the plasticity term is revealed by the rapid evolution of heat
dissipation once the stable reversible domain has been exceeded (Fig. 1 and 2).

Fig. 1 - Different stages of heat dissipation describing the process of unstable crack propagation
occurring in a natural rock salt specimen (0.2 °C for each colour hue).

Fig. 2 - Records of flaw coalescence mechanism in concrete : the growth rate of heat on the warmest
point enables the detection and the location of the onset of specimen failure (0.2 °C for each colour
hue).

Thus the thermomechanical coupling offers a quantitative evaluation for the growth rate of thermal

dissipation monitoring the damage evolution of the material. The damaged areas are located and
highlighted by heat patterns (Luong 1984).

161



CONCLUDING REMARKS

Owing to the thermomechanical coupling, infrared vibrothermography offers the possibility of a
nondestructive, noncontact test of concrete and rock salt degradation. It allows a measure of the
material damage and permits the detection of the limit of a progressive damaging process under load
beyond which the material is destroyed.

It is of particular interest that the method allows not only qualitative work such as finding flaws, but
also quantitative analysis of the effects of flaws on strength and durability of structural components.
This useful and promising technique allows accurate illustration of the onset of unstable crack
propagation and/or flaw coalescence when increasing irreversible microcracking is generated by
vibratory loading.
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