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emission energies. To this aim, the complete load vs. displacement curves have been
obtained up to complete failure, evidencing very different post-peak responses — variable
from normal softening to catastrophic snap-back - by varying the material, even for the
same size and slenderness. Due to the expected brittle behaviour of some of the considered
specimens, the loading process has been controlled by means of the circumferential strain
Acoustic emission with a linked chain placed around the cylindrical specimen at mid-height. The absorbed
Compression test energy per unit surface is then computed through the overlapping constitutive law. Such
Brittle fracture a parameter, that results to be almost scale-invariant, is compared to the elastic energy
Energy release accumulated in the body at the point of instability to define a structural brittleness index.
Furthermore, all the tests have been monitored by means of the acoustic emission tech-
nique. The obtained data have been analysed in details, in order to draw a connection with
the released energy in the post-peak regime, and to discriminate the different failure
mechanisms.
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1. Introduction

Damage and fracture characterising the compressive failure of heterogeneous materials such as rocks and concrete are
complex processes involving wide ranges of time and length scales, from the micro- to the structural-scale. They are gov-
erned by the nucleation, growth and coalescence of microcracks and defects, eventually leading to the final collapse, and
to the loss of the classical mechanical parameters, such as nominal strength, dissipated energy density and deformation
at failure, as material properties [1]. Furthermore, the collapse mechanism strongly depends on the evolution of the cracking
pattern during the loading process. Typically, crushing collapse is expected for very stocky specimens, shear failure with the
development of inclined slip bands for intermediate values of slenderness, and splitting for very slender samples. Such a
variety of failure mechanisms makes the definition of scale-invariant constitutive laws in compression difficult to be
achieved. However, several experimental results [2,5] have evidenced that the post-peak regime is characterised by a strong
strain localisation, independently of the actual failure mechanism. Consequently, in the softening regime, the energy dissi-
pation results to be a surface-dominated phenomenon, analogously to the tensile behaviour. Such evidences have been prof-
itably used to define a constitutive model for quasi-brittle materials in compression, namely the Overlapping Crack Model
(OCM) [6]. The main assumption of the OCM is that the localisation process, whatever may be its origin, is modelled by
means of a fictitious interpenetration of the two parts of the specimen, that exhibit an elastic behaviour. Accordingly, all
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the energy dissipation takes place over the interpenetration surface. An extensive application of such a simple model to con-
crete-like materials in uniaxial and eccentric compression tests has permitted to explain the well-known size and slender-
ness effects on the structural ductility [6,7]. In particular, it has been demonstrated that the stability of the overall behaviour
can be correctly predicted by means of a dimensionless number function of geometrical (size and slenderness) and mechan-
ical parameters (crushing energy, compressive strength and ultimate strain).

The OCM has been proved to be very effective in describing the overall behaviour of specimens in compression, without
going into the details of the cracking pattern, as well as in determining the amount of dissipated energy during the complete
loading process. On the other hand, more information on the modalities of energy release and the development of cracking
patterns can be obtained from the acoustic emission (AE) monitoring technique. The application of piezoelectric transducers
to the surface of the structural elements, in fact, permits to detect the elastic waves propagating within the bulk material,
induced by the crack formation and propagation. This technique is largely used for the diagnosis of structural damage phe-
nomena occurring in concrete and rock structures [8-10], as well as for detecting cracks and plastic deformations in metals
[11]. Recently, AE data have been interpreted by means of statistical and fractal analysis, considering the multi-scale aspect
of cracking phenomena [12], showing that the energy release, proportional to the cumulative number of AE events, is a sur-
face-dominated phenomenon. Analogously, also the localisation of cracks distribution within the specimen volume by means
of the AE technique has physically confirmed the localisation of the energy dissipation over preferential bands and surfaces
during the damage evolution [13-15]. Furthermore, a detailed analysis of the shape of the AE waves recorded during the
tests permits the different types of failure to be identified [8-10,16,17]. The AE parameters, such as the frequency, the rise
time and the peak amplitude, in fact, strictly depend on the specimen damage, making possible to discriminate shear crack-
ing from tensile cracking processes.

In the present paper, experimental results of compression tests carried out on cylindrical specimens of different types of
rock and concrete, are analysed from the point of view of the balance between stored, released and absorbed energy during
the complete loading process. The stability of the loading process is also investigated, and described on the basis of a dimen-
sionless number, function of mechanical and geometrical parameters. Furthermore, the AE monitoring technique has been
applied to all the tests, and the obtained data are put into relation with the released energy, and further analysed to identify
the prevailing failure mechanism by varying the specimen geometry.

2. Scale independent constitutive laws

Damage localisation strongly affects the behaviour of heterogeneous materials in compression, with particular regard to
the post-peak regime [2-5]. As a result, it is well-established that the classical stress vs. strain constitutive laws, which as-
sume a homogeneous response along the specimen axis are strongly affected by the size and the slenderness of the speci-
men. They are commonly used for design purposes, though are completely ineffective in describing complex mechanical
behaviours, such as the ductile-to-brittle transition by varying the structural scale. A significant step toward the definition
of a scale independent constitutive law for quasi-brittle materials has been done by Carpinteri et al. [6], with the proposal of
the Overlapping Crack Model. Based on the original experimental insight by Kotsovos [3], and van Mier [4], the proposed
model describes the inelastic deformation due to material damage in the post-peak softening regime by means of a fictitious
interpenetration, while the bulk material undergoes an elastic unloading. Accordingly, a couple of constitutive laws are
introduced in compression, in close analogy with the Cohesive Crack Model: a reversible stress vs. strain relationship for
the bulk material (Fig. 1a), and a stress vs. displacement (overlapping) relationship for the damage band (Fig. 1b). The latter
law describes how the stress in the damaged material decreases from the compressive strength, o, up to a residual value, g,
by increasing the interpenetration displacement. Such a model provides that the energy dissipation in the post-peak regime
takes place within the damage band. The area below the stress—overlapping displacement curve of Fig. 1b represents the
crushing energy per surface unit, G, which can be assumed as a size-independent material property. The main advantage
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Fig. 1. Overlapping Crack Model: (a) pre-peak stress-strain diagram; (b) post-peak stress—overlapping displacement law.
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Fig. 2. Subsequent stages in the deformation history of a specimen in compression.
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Fig. 3. Stress-displacement response of a specimen in compression.

of such a law is that it can be derived from the experimental test on a specimen of a generic size, and then it can be applied to
every other sizes.

Let us consider the specimen subjected to uniaxial compression test shown in Fig. 2. The application of the OCM permits
the mechanical response to be represented by three subsequent phases. A first stage where the behaviour is mainly charac-
terised by the elastic modulus of the material: a simple linear elastic stress-strain law can be assumed, or even more com-
plicated nonlinear relationships taking into account energy dissipation within the volume due to initiation and propagation
of microcracks (see Fig. 2b). By approaching the compressive strength, such microcracks interact forming macrocracks, and,
eventually, localising on a preferential surface. A second stage where, after reaching the ultimate compressive strength, o,
the inelastic deformations are localised in a crushing band. The behaviour of this zone is described by the softening law
shown in Fig. 1b, whereas the bulk material still behaves elastically (see Fig. 2c). The total shortening of the specimen
can be computed as the sum of the elastic deformation and the interpenetration displacement w:

5=¢l+w;forw<wg, (1)

where [ is the specimen length. Both the contributions ¢ and w can be expressed as a function of the stress level, according to
the corresponding constitutive laws shown in Fig. 1. While the crushing zone overlaps, the elastic zone expands at progres-
sively decreasing stresses. When § > wg,, in the third stage, the material in the crushing zone is completely damaged and is
able to transfer only a constant residual stress, g, (see Fig. 2d). As a result, the transition from softening to snap-back insta-
bility in the load vs. displacement global response, experimentally obtained by increasing the specimen slenderness and/or
by varying the mechanical properties, can be correctly predicted. In particular, the softening process is stable under displace-
ment control, only when the slope dj/dc in the post-peak regime is negative (Fig. 3a). On the contrary, the snap-back insta-
bility is obtained when the slope dé/do of the softening branch becomes positive, Fig. 3c. In this case, the virtual snap-back
branch can be experimentally captured only if the loading process is controlled by means of a monotonic increasing function
of time. Usually, the circumferential expansion can be used. From a practical point of view, it can be detected by means of an
extensometer attached at the ends of a linked chain with rollers placed around the cylindrical specimen, at mid-height. How-
ever, when the slenderness is larger than 3, the failure does not always occur at the middle of the specimen and, therefore,
the circumferential expansion at mid-height is no longer a stable parameter during the loading process. In these cases, an
alternative method of feedback control can be based on the inelastic part of the total deformation, has originally proposed
by Okubo and Nishimatsu [18], and later applied by others. In accordance with the study on the stability of the loading pro-
cess proposed by the authors in [7], a catastrophic softening (snap-back) occurs when:
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Fig. 4. Compression tests on concrete specimens by Ferrara and Gobbi [19] (a); stress vs. strain diagrams (b); overlapping law diagrams (c).
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is the energy brittleness number in compression, proposed by Carpinteri et al. [6].

For the sake of example, the stress vs. overlapping displacement curves obtained from the experiments on concrete spec-
imens having different sizes and slendernesses by Ferrara and Gobbi [19] are shown in Fig. 4 (see Ref. [7] for an extended
model validation on different concrete-like materials). The stress-strain curves reported in Fig. 4b clearly evidence that
the pre-peak elastic regime results to be independent of any geometrical parameters, whereas the post-peak regime is lar-
gely influenced by the slenderness and the scale of the specimen. Therefore, the stress—strain relationship cannot be as-
sumed as a material property. On the contrary, the stress-displacement curves collapse onto a very narrow band (see
Fig. 4c), demonstrating that the g-w relationship is able to provide a scale-invariant constitutive law. From a practical point
of view, the post-peak localised interpenetration, w, is computed from the total shortening of the specimen, é by subtracting
the elastic contribution &l, according to Eq. (1). Similar results are obtained for the limestone specimens extracted from a
pillar of the Syracuse Cathedral [20] (Fig. 5). The substantial collapse of the curves onto a narrow band obtained in compar-
ison to the stress vs. strain diagrams, extends the applicability of the overlapping law, originally proposed for concrete, also
to rock materials.

3. Experimental tests

The experimental investigation herein presented focuses on the mechanical response of cylindrical specimens of different
heterogeneous materials, such as rocks and concrete, subjected to uniaxial compression tests. As regards the rock specimens,
three different types have been tested: Luserna stone, Carrara marble, and Syracuse limestone. Luserna stone is a lamellar
metamorphic rock deriving from a granitoid protolith quarried in Piedmont (Italy). Carrara marble is a type of white or
blue-grey calcite marble quarried in Carrara (Tuscany, Italy) popular for use in sculpture and building décor. Syracuse lime-
stone is a porous calcareous stone obtained from quarries in the area of Plemmirio (Sicily, Italy). All the three rock samples
have a slenderness 4= 2.0, being the diameter d =50 mm and the length /= 100 mm. As regards the concrete specimen, a
normal strength concrete has been considered, having an average compressive strength equal to 45 MPa. The slenderness
of the sample is again 4= 2.0, though the diameter is equal to 100 mm and the length to 200 mm.

On the basis of previous experiences, a very brittle behaviour, characterised by a snap-back instability, was expected for
the Luserna specimen, an intermediate response for the Carrara marble and the normal concrete samples, and a ductile
behaviour for the limestone. On the other hand, a correct evaluation of the dissipated and released energies during the com-
plete loading process can be done only if the load-displacement curve is fully detected, post-peak branch included. To this
purpose, the loading processes of the Luserna stone, the Carrara marble and the concrete specimens have been controlled by
the circumferential strain, that results to be a monotonic increasing function of time, even in case of global brittle behaviour.
An extensometer attached to the ends of a linked chain with roller at each hinge was placed around the cylinders at mid-
height, measuring the circumferential expansion. Such a device is particularly effective in controlling the post-peak phase
for specimens with slenderness of about 2.0, characterised by a splitting failure mode. The velocity of the circumferential
expansion has been set equal to 1 x 107> mm/s for the Luserna specimen, to 5 x 10~ mm/s for the Carrara specimen,
and 2 x 1073 mm/s for the concrete sample. Due to the expected ductile behaviour for the limestone specimen, its loading
process was controlled by the longitudinal displacement (piston stroke). In this case, a constant piston velocity was imposed,
equal to 1 x 107> mmy/s. In all the cases the load has been applied by means of rigid platens without interposing friction-re-
ducer devices. At this regard, it is worth noting that there is vast amount of literature confirming that the friction effects are
very limited in the case of sample slendernesses equal to or larger than 2.0. During the tests, each specimen was monitored
by applying a piezoelectric transducer on the sample surface in order to detect acoustic emissions emerging from the com-
pression process. The sensitivity range for the transducer is from 50 to 800 kHz, making possible the detection of high-fre-
quency AEs. The sampling frequency of recording waveforms was set to 1 Msample/s. The AE waves, captured by the sensors,
were amplified with 60 dB gain before they have been processed, setting the acquisition threshold level up to 2 mV.

The load vs. circumferential and longitudinal displacement curves obtained from the tests are shown in Figs. 6a-9a. The
mechanical response of the Luserna stone is highly unstable in terms of load vs. axial displacement, whereas a global soft-
ening behaviour with the presence of several peaks and valleys is obtained in terms of load vs. circumferential expansion
(Fig. 6a). Carrara marble and normal concrete are characterised by a load vs. axial displacement with perfect vertical drop
after the peak load and a smooth softening curve in the load vs. circumferential expansion diagram (Figs. 7a and 8a). Finally,
a ductile response in the load vs. axial displacement diagram has been obtained for the Syracuse limestone specimen
(Fig. 9a).

As far as the acoustic emission activity is concerned, in the Luserna stone specimen it is mainly concentrated in the post-
peak stage, as clearly evidenced by the cumulated number of AE and the AE count rate diagrams shown in Fig. 6b and c. The
cumulated number of AE events referred to the post-peak regime is about 3200. Analogously, also the Carrara marble and the
concrete samples have exhibited significant AE events in the post-peak, even if the cumulated numbers are one order of mag-
nitude lower than that of the Luserna stone (300 for marble and 160 for concrete, as can be deduced from Figs. 7 and 8). On
the contrary, almost all of the AE events in the limestone specimen has been detected in the pre-peak stage, as shown in
Fig. 9b. As regards the post-peak regime, the cumulated number of AE is around 400.
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Fig. 6. Compression test on the Luserna stone specimen (d =50 mm, /= 100 mm): (a) load vs. circumferential expansion and longitudinal displacement
diagrams; (b) load vs. time curve with cumulated number of AE and, (c) AE count rate.
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Fig. 7. Compression test on the Carrara marble specimen (d = 50 mm, [ = 100 mm): (a) load vs. circumferential expansion and longitudinal displacement
diagrams; (b) load vs. time curve with cumulated number of AE and, (c) AE count rate.
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Fig. 8. Compression test on the concrete specimen with slenderness Z=2.0 (d=100 mm, /=200 mm): (a) load vs. circumferential expansion and
longitudinal displacement diagrams; (b) load vs. time curve with cumulated number of AE and, (c) AE count rate.
4. Stability of the loading process and energy release

The mechanical responses obtained for the considered materials can be referred to the three cases shown in Fig. 3: normal
softening, vertical drop and snap-back instability. Such a transition can be obtained either by varying the specimen geom-
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etry, the material being the same, or, as in this study, by varying the material properties and keeping the geometric param-
eters constant. The procedure described in Section 2 has been used to derive the overlapping laws for the four considered
materials. They are shown in Fig. 10, in terms of normalised stress vs. overlapping displacement. The values of the strength,
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Table 1
Mechanical parameters for the four considered materials.
. (MPa) & W (Mm) Gc (N/mm) Sg B Gc x Area (J) AE (J)
Luserna stone 168 0.0105 0.12 13.90 0.0016 0.079 29.51 186.40
Carrara marble 75 0.0080 0.60 25.35 0.0065 0.410 49.57 57.75
Normal concrete 45 0.0077 1.60 43.00 0.0095 0.620 337.72 272.14
Syracuse limestone 51 0.0180 6.00 165.00 0.0650 1.889 323.89 85.42

the critical interpenetration displacement and the crushing energy are reported in Table 1. The crushing energy G¢ has been
evaluated as the area beneath the overlapping law comprised between the peak stress, g, and a residual stress equal to
0.20.. On the basis of these mechanical properties and the specimen diameter, the energy brittleness number s has been
computed for each specimen. The lowest value is that of the Luserna stone sample, equal to 0.0016, and the largest one is
that of the Syracuse limestone sample, equal to 0.065. The marble and the concrete specimens present intermediate values
for sk, equal to 0.0065 and 0.0095. The values of the parameter B, defined in Eq. (2), are also reported in Table 1. They com-
pletely agree with the critical condition defined by Eq. (2): snap-back instability for B < 0.43, and normal softening for
B >0.43. The Carrara marble specimen, characterised by a vertical drop in the load-displacement diagram, has B = 0.41.

According to the OCM, the energy absorbed in the post-peak phase by the damaging process is equal to the crushing en-
ergy times the transversal cross section of the specimen. The values for the four samples are reported in Table 1. On the other
hand, the elastic strain energy at the peak load, AE, represents the maximum energy stored in the specimen, that will be
partially absorbed and partially released during the post-peak phase. As can be deduced from the results reported in Table 1,
the Luserna specimen releases an energy equal to 156.89 ], and the Carrara sample to 8.18 ]. On the contrary, the concrete
and the limestone specimens requires a supplementary amount of energy, to be provided by the testing machine, for the
advancement of the post-peak damaging process (65.58 ] and 238.47 ], respectively). As regards the Carrara marble speci-
men, the value of the crushing energy multiplied by the cross-sectional area is not exactly equal to AE, even if the load-dis-
placement diagram has a vertical drop, because the crushing energy is computed up to the residual stress ¢, = 0.26, and not
up to a complete failure. The obtained experimental results evidence that the AE activity in the post-peak phase can be di-
rectly related to the energy release. The largest number of AE events, in fact, has been detected for the Luserna stone spec-
imen, which, according to the previous calculations, is that releasing the largest amount of energy. Limited AE events have
been detected from the Carrara marble specimen, for which the accumulated and the absorbed energies are almost the same,
whereas a low AE activity in the post-peak regime has been observed for the limestone specimen.

5. AE analysis to discriminate the failure mechanisms

All the specimens described in the previous sections, having a slenderness equal to 2.0, were characterised by a splitting
failure, i.e. dominant Mode I failure. In order to verify the capability of the AE in discriminating the types of failure, another
specimen of normal concrete, having a diameter equal to 100 mm and slenderness equal to 1.0, has been tested. In this case,
the loading process has been controlled by the circumferential strain up to the maximum displacement for the extensometer
(point A in Fig. 11a and b), then, the test control has been switched to the piston stroke.

The load vs. circumferential expansion and the load vs. axial displacement curves for the specimen having slenderness
equal to 1.0 are shown in Fig. 11a. The obtained overall behaviour results to be more ductile then that of the specimen with
slenderness equal to 2.0, the post-peak regime being characterised by a normal softening response. Such a result is consis-
tent with the prediction given by the parameter B defined in Eq. (2). In this case, in fact, it is equal to 1.24, twice the value
referred to the previous specimen. However, the two failure mechanisms are very different: a shear failure with several slip
bands characterises the specimen with 4 = 1.0, whereas a splitting failure is obtained for the specimen with / = 2.0. Further-
more, the behaviour of the specimen less slender is also affected by the friction between loading platens and specimen ends.
Such an effect yields to an increase in the load carrying capacity and in the energy dissipation.

In this section, AE parameters such as rise time, peak amplitude and average frequency are analysed in order to classify
active cracks. In particular, the ratio of the rise time (expressed in ms) to the peak amplitude (expressed in V) of each signal
are used to calculate the Rise Angle (RA) value [8-10,16]. The shape of the AE waveforms is typical of the fracture mode
(Fig. 12): shear events are characterised by long rise times and usually high amplitudes [17,21,22], whereas low rise time
values are typical of tensile crack propagations [21,22]. Another parameter used to characterise the cracking mode is the
Average Frequency (AF) expressed in kHz. The AF values are obtained from the AE ringdown count divided by the duration
time of the signal. The AE ringdown count corresponds to the number of threshold crossings within the duration time. In
general, the shift from higher to lower values of AF could indicate the shift of the cracking mode from tensile to shear
[17]. Nevertheless, when a cracking process involves the opening of large cracks (Mode I), the frequency attenuation must
be a function of this discontinuity. In other words, in this case the wavelength of the AE signals needs to be larger for the
crack opening to be overcome, and the shift of the frequencies from higher to lower values could support also a dominant
tensile cracking mode [12,23].
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Fig. 11. Concrete specimen with slenderness Z=1.0 (d =100 mm, /=100 mm): (a) load vs. circumferential expansion and longitudinal displacement
diagrams; (b) load vs. time curve with cumulated number of AE and, (c) AE count rate.

In the case of 1= 1.0, the cumulative number of AE events at the end of the test is larger than the case with 2=2.0 (see
Fig. 11b compared to Fig. 8b), representing a higher energy dissipation due to friction. The AE average frequencies decrease
from 230 kHz to 190 kHz during the loading test. The load process involves a small shift in frequencies from higher to lower
values (Fig. 13a) and a significant increase in RA values after the peak load is come out (Fig. 13b). Therefore a dominant pres-
ence of shear cracks seems to lead the damage evolution up to the final collapse. The analysis of the energy content obtained
by the AE signals (Fig. 13c), calculated as proportional to the envelope of the signal waveform [8], verifies that the damage
evolution carries more powerful signals after the peak load, when the final collapse is approaching. During this test, the
amount of released AE signals energy is estimated as 1460 103> ms V.
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Fig. 13. Concrete specimen with slenderness /= 1.0: (a) AF values vs. time; (b) RA values vs. time; (c) AE signals energy vs. time.

As regards the specimen with slenderness 4 = 2.0, the AE average frequencies decrease from 100 kHz to 50 kHz during the
loading test (Fig. 14a). The loading process involves a shift in frequencies from higher to lower values and a significant de-
crease in RA values after the peak load (Fig. 14b). Therefore a dominant presence of tensile cracks seems to lead the damage
evolution up to the final collapse. Due to the slenderness of the specimens and the failure mode shown during the experi-
ment (a single large subvertical crack), the shift in frequencies tends to very low values. As a matter of fact, for high fre-
quency waves it is possible to propagate only through small inhomogeneities, whereas low frequency waves can
propagate also through large inhomogeneities [12,23]. From the analysis of the energy content obtained from AE signals
(Fig. 14c), also in this case it is verified that the damage evolution carries more powerful signals after the peak load. The
amount of released AE signals energy at the end of the test, estimated as 680 10~ msV, is lower than the previous case.
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Fig. 14. Concrete specimen with slenderness / =2.0: (a) AF values vs. time; (b) RA values vs. time; (c) AE signals energy vs. time.

6. Conclusions

In the present paper, the results of compression tests carried out on cylindrical specimens of concrete and different rock
types have been analysed considering the stability of the loading process and the relationship between absorbed and re-
leased energy during the post-peak phase. The following main conclusions may be drawn:

(1) The use of the circumferential strain as controlling parameter of the compression tests permits the post-peak branch
to be detected, also for a very brittle material such as Luserna stone. This is fundamental to derive the scale-invariant
overlapping constitutive law by applying the inverse of Eq. (1), that, in its turn, is useful to define the structural brit-
tleness, represented by the dimensionless parameter B defined by Eq. (2). In particular, for the considered specimen
dimensions, Luserna stone results to be the most brittle, and Syracuse limestone the most ductile.

(2) The results depicted in Figs. 6-9 show how the number of AE events in the post-peak regime is proportional to the
released energy, that is evaluated as the difference between the elastic strain energy at the peak load and the energy
absorbed by the crushing process.

(3) The AE results obtained from compression prove that the variation of the AE parameters during the loading process
strictly depends on the specimen damage: a decrease in the frequency coupled to low RA values suggest a Mode I crack
propagation, whereas a decrease in the frequency coupled to high RA values are obtained in case of Mode II crack prop-
agation. All the monitored damage processes display an increase of AE signal energy content approaching the final
failure.
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