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Keywords: Experimental tests are carried out to evidence the energy emitted during snap-back instabilities
Snap-back instability of rock specimens in compression. Several gypsum samples with different slenderness are con-
Brittleness sidered, and all the tests are monitored by means of the Acoustic Emission (AE) technique. In
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Crushing and fracture energy

particular, the cumulated number of AE signals is used to represent the emitted energy. The
performed tests have been controlled in compression in two different ways: through vertical or
circumferential displacement, by imposing in both cases a constant displacement rate.

For the tests controlled by the vertical displacement, in the more brittle cases crack propa-
gation suddenly occurs with a catastrophic drop in the load carrying capacity, and the resulting
emitted energy appears with a burst in the AE cumulated curve. When the tests are controlled by
the circumferential elongation, the damage increment is measured with a roller-link chain
wrapped around the cylindrical samples at mid-height in order to obtain the complete load vs.
displacement response. In the brittle cases, both load and vertical displacement decrease to ob-
tain a controlled crack propagation: the energy is totally dissipated and consequently no emis-
sions due to snap-back phenomena are observed, proving that crushing or fracture energy and AE
energy are independent physical quantities, the latter resulting from local instabilities in the
structural response.

1. Introduction

The compressive failure of brittle materials such as rocks and concrete is mainly characterized by the nucleation, growth, and
coalescence of microcracks and defects, involving wide ranges of time and length scales [1-3]. According to experimental evidences,
the post-peak phase of the loading process is characterized by a strong strain localization, independently of the actual collapse
mechanism of the structural element. Consequently, in the softening regime, energy dissipation takes place over an internal surface
rather than within the whole specimen volume, in close analogy with the behavior in tension [4].

The shape of the structural load-displacement curve changes substantially by varying the size-scale with the structure geometry
remaining unchanged [1,2,5]. The softening branch becomes steeper when the size-scale increases. For size-scales larger than the
critical one (regarding an infinite softening slope), the post-peak branch presents a positive slope and part of the load-displacement
path becomes virtual if the loading process is displacement-controlled. In extremely brittle cases, crack propagation occurs suddenly
with a catastrophic drop in the load carrying capacity. This means that both load and displacement must decrease to obtain a
controlled crack propagation [6]. Such a phenomenon, the so-called snap-back instability, was deeply investigated with reference to
the crack growth analysis in elastic-softening materials [6-8]. In the framework of Linear Elastic Fracture Mechanics, it reproduces
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Fig. 1. Stable and catastrophic (snap-back) response. The emitted energy during snap-back instability is highlighted by the dashed area.

the classical Griffith instability for very brittle systems, depending on structural geometry and material properties [6].

The size-scale transition from ductile to brittle behavior is governed by a non-dimensional brittleness number, sz, which is a
function of material properties and structure size-scale [9]. A truly brittle failure occurs only with relatively low fracture energies Gic,
high tensile strengths o0, and/or large structure size-scales b, i.e. when sg = Gic/0,b — 0. On the other hand, if the loading process is
controlled by a monotonically increasing function of time, i.e., like the crack mouth opening displacement, the snap-back instability
can be experimentally captured.

2. Dissipated and emitted energy

Some information on the modalities of energy release and the development of cracking patterns can be obtained on the basis of
the Acoustic Emission (AE) monitoring technique, that proves possible to detect the occurrence and evolution of stress-induced cracks
[10-15]. As a matter of fact, cracking comes along with the emission of elastic waves which propagate inside the material. These
waves can be detected by transducers applied to the surface of structural elements. The AE technique was at first used to identify
defects, cracks and plastic deformations in metallic materials, and only then has been extended to studies in the field of quasi-brittle
materials like rocks and concrete, where it can be used for the diagnosis of structural damage phenomena [16-23].

Recently, it has been shown that the energy emission is proportional to the cumulative number of AE events and it is a surface-
dominated phenomenon. This has been demonstrated by interpreting AE data with statistical and fractal concepts [4]. Analogously,
also the localization of microcracks distribution within the specimen volume by means of the AE technique has physically confirmed
the localization of the energy emission over preferential bands and surfaces during the damage evolution [24].

Moreover, according to very recent interpretations [6,25], the relationship between crack propagation and emitted energy, if
analyzed by Acoustic Emissions (AE), is represented by the area subtended by each snap-back branch (Fig. 2). In fact, in a loading
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Fig. 2. Load-displacement curves representing: (a) a catastrophic behavior (single snap-back); (b) a global softening behavior perturbed by multiple
local instabilities (snap-back). The grey areas identify the dissipated energy, D, whereas the pink ones represent the emitted energy, E. The total
released energy, R, is the summation of the two previous ones: D + E = R [6,25].
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process, the total energy released during the test, R, is equal to the sum of the dissipated energy, D (grey area in Fig. 2), plus the
emitted energy during the snap-back phenomena, E (pink area in Fig. 2).

In the present paper, the emitted energy is experimentally detected during snap-back instabilities of gypsum specimens in
compression. This energy is derived on the basis of the AE monitoring performed during the tests. In particular, to compute the
emitted energy the cumulated number of AE signals is employed. For the more brittle cases, crack propagation suddenly occurs with a
catastrophic drop in the load carrying capacity, therefore the consequent emitted energy appears with a burst in the cumulated AE
curve. On the other hand, in order to obtain the complete load vs. displacement response, some tests are controlled, during the
damage increase, by a linked chain placed around the cylinder at mid-height. In the brittle cases, both load and displacement must
decrease to obtain a controlled crack propagation, and consequently no emitted energy is observed.

3. Mechanical instabilities and emitted energy: Global or local snap-back phenomena

The mechanical behavior of a specimen subjected to uniaxial compression can be described by three different stages [3,13,26]. A
first stage that takes into account the initiation and propagation of microcracks. By approaching the compressive strength, such
microcracks coalesce forming macrocracks, and localizing over a preferential surface. In the second stage, the ultimate compressive
strength, oy, is reached, and the inelastic deformations are localized in a crushing band. The behavior of this zone is described by a
softening law according to [26], whereas the remaining part of the specimen still behaves elastically. Finally, in the third stage, the
material in the crushing zone is completely damaged. Very different global responses in the stress-strain diagram can be obtained by
varying the mechanical and geometrical parameters of the sample [13]. In particular, the softening process is stable under dis-
placement control only when the slope in the softening regime is negative (Fig. 1). A sudden drop in the load bearing capacity under
displacement control takes place when the slope is infinite. Finally, the snap-back instability is avoided if the loading process is
controlled by means of the circumferential elongation, the slope of the softening branch being positive. Analogously to quasi-brittle
materials subjected to tension, the stability of the overall behavior of specimens in compression depends on geometrical (size and
slenderness) and mechanical (crushing energy and compression strength) parameters [3]. In accordance with previous studies [26], a
catastrophic softening (snap-back) occurs when the global brittleness, B, is:

= See o

B
eA =

1
2.3 (€9)]

where A = I/b is the specimen slenderness, €. is the critical compression strain, and sg. is the energy brittleness number in com-
pression [26]. Therefore, the stability of the compression process is governed by Eq. (1).

In this paper, an experimental correlation is found between the emitted energy, E, and global or local snap-back instabilities of
gypsum specimens in compression.

4. Testing on gypsum samples controlled by vertical displacement

In this section, the results of compression tests carried out on three gypsum specimens having diameter equal to 80 mm, and
slenderness equal to 2.0, 1.0, and 0.5 are presented (Fig. 3). As recently stated [27], gypsum rocks subjected to compression tests
display characteristic fracture phenomena, associated to remarkable crack patterns and coalescence at macroscopic and microscopic
scales in the post-peak regime. As a matter of fact, brittle materials such as naturally occurring rocks like granite or serpentinite
contain pre-existing micro-cracks, which control the failure mechanism and determine the structural strength. The propagation and
coalescence of cracks initiating from such pre-existing defects, on a variety of scales, are the dominant failure mechanisms governing

Fig. 3. Compression tests: gypsum specimens.
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Fig. 4. Load vs time diagram and AE cumulated curve for a gypsum specimen of slenderness 2 subjected to a compression test. An evident
correlation emerges between the loading drops (snap-back instabilities) in the post-peak regime, and the AE bursts (emitted energy, E) in the
cumulated curve.

the strength and integrity of brittle materials [28-31]. Moreover, AE technique has been effectively employed in the study of fracture
phenomena, damage mechanisms, and related fault growth in rocks [32-34].

During experimental tests, the loading process has been controlled by the axial displacement and imposing a constant dis-
placement rate to the upper loading platen, equal to 0.005 mm/s for all specimens, in order to detect all snap-back instabilities. Such
a control has permitted to detect the catastrophic drops in the load carrying capacity, both global and local. This catastrophic
behavior hides a positive slope in the post-peak softening branch, but, at the same time, it allows the emitted energy to be detected.

During the tests, the specimens were equipped with a thin layer of Teflon in contact between the platen of the testing machine and
the specimen ends, to avoid the friction on the bases and facilitate the transversal deformation. Each specimen is monitored by the AE
technique. The AE signals (hits) emerging from the compressed specimens were detected by applying to the sample surface a pie-
zoelectric (PZT) transducer, sensitive in the frequency range from 50 to 800 kHz for detection of high-frequency AEs [35]. The sensor
is glued with silicone resin on the specimen surface.

The load vs. time diagrams for the three considered cylindrical specimens are shown in Figs. 4 and 6, together with the AE
cumulated curves. According to the expectations, the more slender specimen has exhibited a more brittle behavior with a global snap-

Fig. 5. Final collapse for gypsum specimen of slenderness 2: Dominant sub-vertical crack.
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Fig. 6. Load vs time diagram and AE cumulated curve (a) for a gypsum specimen of slenderness 1 subjected to a compression test. A correlation
emerges between the slight and multiple loading drops (local snap-back instabilities) (b), and the slight and multiple AE jumps (emitted energy, E)
in the cumulated curve.

back instability, the post-peak branch being almost vertical compared to that of the other specimens, characterized by a softening
response.

As regards the AE monitoring, the signals were detected by piezoelectric dedicated sensors. The sampling frequency of recording
waveforms was set to 1 Msample/s. The data were collected by a National Instruments digitizer capable up to 8 channels AE sensors.
The AE waves captured by the sensors were amplified with 60 dB gain before being processed, setting the acquisition threshold level
up to 2mV.

As regards the gypsum specimen with slenderness A = 2.0, two severe global snap-back instabilities were detected in the post-
peak branch of the load vs time diagram (Fig. 4). Moreover, an evident correlation emerges between the catastrophic drops (snap-
back instabilities) in the post-peak regime of the loading process and the AE bursts (emitted energy, E) in the cumulated curve. Due to
the slenderness of the specimens, the failure mode observed during the experiment is governed by a dominant sub-vertical crack,
leading the damage evolution up to the final collapse (Fig. 5).

The load vs. time diagram of the gypsum specimen with slenderness . = 1.0 is shown in Fig. 6a. As previously remarked, whereas
the more slender specimen has exhibited a global snap-back instability, the post-peak branch being almost vertical, the specimen with
A = 1.0 is characterized by a typical softening response. Nevertheless, the softening post-peak regime is perturbed by slight local
snap-back instabilities (Fig. 6b), generating multiple and almost continuous AE jumps in the cumulated curve (Fig. 6a). It is worth
noting the link between a globally smooth softening branch, and the corresponding AE cumulated curve: the smaller the snap-back
instabilities in the loading process, the smoother the AE cumulated curve.

The load vs. time diagram of the gypsum specimen with slenderness A = 0.5 is shown in Fig. 7. It is characterized by a ductile
response in the post-peak stage of the loading process. A global snap-back instability was detected just after the peak load, at the same
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Fig. 7. Load vs time diagram and AE cumulated curve for a gypsum specimen of slenderness 0.5 subjected to a compression test. An evident

correlation emerges between the loading drops (snap-back instabilities) in the post-peak regime and the AE bursts (emitted energy, E) in the
cumulated curve.

time as an evident AE burst (emitted energy, E) in the cumulated curve (Fig. 7).

5. Fractal domain of the emitted energy

From the fragmentation theory point of view, it can be shown that the energy detected during microcrack propagation, E, is
emitted over a fractal domain comprised between a surface and a volume [4,11,36]. As a result, the following size-scaling law has
been assumed for the energy emission during fragmentation:

E o« VG-d/3, 2

where the fractal exponent, (3 — d), is comprised between 2.0 and 3.0 [4], while the parameter d represents the dimensional de-
crement with respect to 3. Considering L as the characteristic dimension of the specimen, we have
VG-I = y(-d3) = yjyd/3 = 312, If d = 0.0, damage will be distributed in the whole specimen volume, i.e., [*/1 = I*. On the
contrary, if d is approaching to 1.0, damage will be organized on a preferential surface, i.e., L}/L = .

This implies that not the true energy density but a fractal energy density (having non-integer physical dimensions)

E

r= y3-d)/3’ 3

can be considered as the size-independent parameter.

On the other hand, during microcrack propagation, AE can be clearly detected. The energy emission, E, is proportional to the
number N,,,, of AE signals. Accordingly to the energy emission from a fractal domain, the number of AE signals, N, not over a
volume but over a fractal domain, can be considered as the size-independent parameter:

| p— Ninax
AE = U G-d)/3” “

where 4 is the value of AE signals fractal density [11].
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Fig. 8. AE size-scaling in damage evolution.
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Fig. 9. Compression tests on a gypsum specimen controlled by the circumferential elongation.

The size-scaling on N, is represented as a function of the specimen volume, fitted to the experimental data (Fig. 8). A slope in
the log-log plane close to 0.87 emphasizes that the energy emission occurs in a fractal domain comprised between a volume and a
surface. Thus, the fractal AE energy density is about 2 cm ™ %! (mean value).

6. Loading processes controlled by circumferential elongation

In this section, the results of compression tests carried out on two gypsum cylindrical specimens having diameter equal to 80 mm,
and slenderness equal to 2.0 and 1.0 are presented. The loading process has been controlled by the circumferential elongation,
measured by means of an extensometer attached to the ends of a linked chain with roller at each hinge, and placed around the
cylinder at mid-height (Fig. 9). Such a damage control, obtained by imposing a constant rate of the circumferential strain equal to
0.002 mm/s has permitted to completely detect the load—displacement curve, even in case of severe snap-back. Such a device is
particularly effective in controlling the post-peak phase for specimens with slenderness values lower than 3.0, and characterized by a
splitting failure mode. However, when the sample slenderness is larger than 3.0, 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 [3].

Also in this case, during the tests each specimen was monitored by means of AE. The AE hits emerging from the compressed
specimens were detected by applying to the sample surface a piezoelectric (PZT) transducer, sensitive in the same frequency range of
that applied on the specimens controlled by the axial displacement.

The load vs. axial displacement diagrams for the considered specimens are reported in Figs. 10 and 12, showing both global and
local snap-back instabilities evidenced by the positive slope in the softening branch.

As regards the crushing energies, they are G¢c ~ 19 N/mm for the gypsum specimen with A = 1.0, and G¢ ~ 1.4 N/mm for the
gypsum specimen with A = 2.0. The corresponding values of the total dissipated energy, D, are: 95J (A = 1.0) and 7J (\. = 2.0),
respectively.

Concerning the stability of the compression loading process, by the application of Eq. (1), it is verified that, for the gypsum
specimen with A = 1.0, B = 1.37 (stable post-peak regime), whereas for the gypsum specimen with A = 2.0, B = 0.39 (unstable post-
peak regime).

As regards the specimen with slenderness A = 2.0, the cumulative number of AE events is represented in Fig. 11, together with
the load vs time diagram. In spite of the loading drops (snap-back instabilities) in the post-peak regime, no AE bursts (emitted energy,
E) are observed in the cumulated curve, due to the fact that the loading process is controlled by a monotonically increasing function
of time, and the snap-back instability is captured experimentally. Therefore, the dissipated energy, D, computed above, is equal to the
total released energy, R, because no emitted energy, E, is detected (R = D).

Also for the specimen with slenderness A = 1.0 (Fig. 13), no burst is detected in the AE cumulated curve, in spite of the local
negative jumps in the softening branch of the load vs. time diagram, the snap-back instabilities being captured experimentally. Also
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Fig. 10. Load vs. axial displacement for a gypsum specimen of slenderness 2 subjected to a compression test. Local and global snap-back instabilities
emerge in the post-peak branch.
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Fig. 11. Load vs. time diagram and AE cumulated curve for a gypsum specimen of slenderness 2 subjected to a compression test controlled by the
circumferential elongation. In spite of the loading drops (snap-back instabilities) in the post-peak regime, no AE bursts (emitted energy, E) are
observed in the cumulated curve, due to the adopted circumferential strain control.
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Fig. 12. Load vs. axial displacement for a gypsum specimen of slenderness 1 subjected to a compression test. A series of slight and multiple loading
drops (local snap-back instabilities) emerges in the post-peak branch.
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Fig. 13. Load vs. time diagram and AE cumulated curve for a gypsum specimen of slenderness 1 subjected to a compression test controlled by the
circumferential elongation. In spite of the slight loading drops (snap-back instabilities) in the softening branch, no AE bursts (emitted energy, E) is
observed in the cumulated curve.

in this case, the dissipated energy is equal to the total released energy (R = D).
7. Conclusions

In this paper the results of experimental tests carried out on cylindrical samples of gypsum are analyzed, in order to demonstrate
that the energy emitted during the loading process is generally due to snap-back instabilities. Gypsum samples with different slen-
derness are considered, and all the tests are monitored by using the Acoustic Emission (AE) technique.

In particular, the cumulative number of AE signals is used to calculate the emitted energy, E, which is equal to the difference
between the energy released during the loading, R, and the dissipated energy, D (R = D + E).

For the analyzed samples showing a brittle behavior, the crack propagation occurs suddenly with a catastrophic drop in the load
carrying capacity, and the resulting emitted energy appears with a burst in the AE cumulative curve. On the other hand, to get the
complete load vs. displacement response, other tests were controlled by the circumferential elongation, measured with a cir-
cumferential chain positioned around the half-height of the specimen. In the brittle cases, both load and displacement must decrease
in order to obtain a controlled crack propagation, and consequently no AE hits due to snap-back phenomena are observed, because
the energy is totally dissipated in order to create new fracture surfaces. It proves that crushing or fracture energy and AE energy are
independent physical quantities, the latter resulting from local instabilities in the structural response.
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