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ABSTRACT: The damage process in a concrete specimen subjected to uniaxial compression test is

investigated by detection of the propagating elastic waves because of micro- and macrocrack

growth. Besides the high-frequency acoustic emissions (AEs), the presence of low-frequency elastic

emissions (ELEs), from 1 to 10 kHz, is detected just before the specimen failure. A spectral analysis

of the ELEs is performed by measuring with a calibrated transducer the local acceleration of the

specimen surface. Quantitative information about the macrocrack effects in terms of released energy

is thus obtained. Furthermore, the evolution of damage is followed through the analysis of the

amplitude distribution of AE and ELE signals, distributed according to the Gutenberg–Richter (GR)

statistics.
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Introduction

The mechanical behaviour and the damage evolu-

tion of heterogeneous materials under compressive

loading conditions are of great interest. Acoustic

emission (AE) because of crack growth in brittle

materials is usually observed in the high frequency

(HF) range, typically from 102 to 103 kHz, since the

beginning of the damage process. The AE detection

is used for damage localisation and damage level

assessment in quasi-brittle materials such as

concrete and rocks [1–5]. The increasing rate in the

AE activity is observed as the specimen approaches

impending failure, and it is correlated with

the progressive degradation of mechanical proper-

ties of material (decrease of the Young modulus)

[6–13].

It is established by numerous investigations that

the AE activity varies during damage process. The AEs

released in various stages of this process are distin-

guished by its own energy and furthermore are con-

centrated in various sections of the frequency range;

at the start of the damage process (microcrack initi-

ation), AE is emitted at high frequencies, and later

(microcrack coalescence into cracks of large length),

the AE frequencies drop off to few kHz or less [13, 14].

In this perspective, the attention is focused also on

the characterisation of low-frequency (LF) elastic

emissions (ELEs), specifically in the range of 1–

10 kHz, detected in a concrete specimen under

compression.

The goal is analysing two well-separated frequency

ranges of emitted signals to investigate the different

stages of damage process (microcrack initiation and

macrocrack growth), which precede the failure of

quasi-brittle materials.

Elastic Wave Propagation in High- and
Low-Frequency Ranges

Crack growth in a rigid stressed-strained specimen

causes redistribution of the internal stresses in the

form of transient elastic waves. Therefore, each crack

event acts as an impulsive force that causes elastic

vibrations of the specimen. During nucleation and

growth of microcracks, high-frequency acoustic

emissions (AE) are observable. As soon as microcracks

coalesce to form cracks of large length, the frequen-

cies drop off and ELE clearly appear in addition to AE

[13, 14].

In the case of AE, the longitudinal and/or shear wave

propagation is because of the oscillations of material

particles around their equilibrium positions during

microcrack growth (Figure 1A). While the growth of

large cracks, forming new internal surfaces, is accom-
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panied by high-amplitude and long-wavelength

elastic vibrations (ELE), which are able to deform

the bulk of the solid and break its continuity

(Figure 1B).

Testing Equipment and Measurement
Methods

A 0.1 · 0.1 · 0.1 m3 concrete specimen (q = 2200 kg

m)3) with 10-mm maximum-aggregate-size and

average ultimate strength of 47.07 MPa is analysed

under uniaxial compression conditions. The test is

performed in displacement control at constant pis-

ton velocity of 0.5 lm s)1, using a servo-hydraulic

press (Figure 2A) with a maximum capacity of

500 kN, equipped with control electronics. The

specimen adheres to the press platens without any

coupling material (specimen–platen contact with

friction).

Two kinds of PZT transducers, working in two

different and well-separated frequency ranges, are

attached to the surface of the specimen to detect

variation in frequency signal components in the

spectrum during damage process (Figure 2B).

The first kind is a PZT strainmeter working in the

range of 50–500 kHz, designed for detection of AE

events, which are characterised by the output re-

sponse of the transducer, expressed in volts. Al-

though a calibration diagram fulfilling metrological

requirements of the adopted PZT transducers has yet

to be determined, the electrical signal can be as-

sumed to be proportional to the acceleration at the

specimen surface over the considered frequency

range and thus be used to quantify signal amplitude.

The second one is a ‘delta shear’ accelerometer,

working in the range of 1–10 kHz for detection of ELE

events. In this case, the events are characterised by

the output response of the calibrated transducer

(charge sensitivity 9.20 pC m)1 s)2), expressed in
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Figure 1: (A) Schematic representation of AE because of particle vibration around their equilibrium position; (B) schematic rep-

resentation of ELE because of relevant oscillations of the entire specimen and typical related patterns at the initial and final stage of

failure process
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Figure 2: (A) Testing machine constituted by a standard servo-hydraulic press. (B) PZT transducers and ‘delta shear’ accelerometers

applied to the external surfaces of the concrete tested specimen
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mm s)2. The accelerometer transducer behaves as a

damped mass on a spring, and this oscillation is used

to give a calibrated reading to the surface accelera-

tion.

The maximum sensitivity for the PZT strainmeter

and the accelerometer is shown in Figure 3, where in

particular it can be noted the linear frequency re-

sponse of ‘delta shear’ accelerometer range from 1 to

10 kHz.

To filter out environmental background noise, we

set appropriate detection thresholds for both acqui-

sition systems, respectively, fixed at 200 lV for AE

signals and 40 dB (referred to 1 lm s)2) for ELE sig-

nals. In this way, we verify that no spurious signals

are detected before the beginning of the test. Fur-

thermore, we proceed to the identification and

quantification of the mechanical noise of the press in

the low-frequency range during the test. In this fre-

quency range, the mechanical noise has an average

value of about 62 ± 2 dB, with three well-pro-

nounced peak levels between 50 and 53 dB at 2.5, 5.3

and 5.8 kHz (Figure 4).

Experimental Results and AE Data Analysis

The mechanical response of the specimen during the

compression test is linear until failure, which thus

occurs abruptly without any apparent accumulation

of damage (Figure 5A); however, an increasing AE

and ELE activity in amplitude and rate (see also Fig-

ure 5B,C) reveals the existence of a damage process

developing during the specimen compression.

At the beginning of damage process, signals are

emitted only at high frequencies, indicating micro-

crack initiation. Later on, the increase in the AE rate

is accompanied by the appearance of ELE activity at

lower frequencies, suggesting both an increase in the

density of microcracks and their coalescence into

large cracks. Finally, during the last seconds of the

specimen life, an abrupt increase in the ELE rate is

accompanied by a sudden drop in the AE rate,

revealing that the final stage of damage process is

dominated by the propagation of large cracks leading

to the specimen failure (Figure 5A).

It is noteworthy that the acquisition of AE signals is

performed storing a set of signal parameters (i.e. the

arrival time and the peak amplitude), whereas that of

ELE signals is performed storing the complete wave-

forms. Thus, ELE signals are subjected to spectral

analysis and plotted in time–frequency–amplitude

coordinates.

Figure 6A represents a time window at the start of

the damage process, characterised by sporadic signals

with energy content concentrated in a narrow fre-

quency band; the ELE spectrum at time t1 = 2457 s

inside this window has a peak level of 62 dB and a

global level of 77 dB (Figure 7A).

Figure 6B represents a time window just before the

specimen failure, characterised by numerous signals

with much higher energy content spread over the

entire frequency interval. The spectrum of ELE

activity at time t2 = 3424 s inside this window has a

peak level of 100 dB and a global level of 115.0 dB

(Figure 7B).

It can be observed that the background noise is

negligible, being <1% of ELE signals, whose acceler-

ation spectral levels range between 80 and 120 dB.

The time histories of peak frequencies and ampli-

tudes are split into two parts (see the dashed line in

Figure 8) corresponding to two different stages of

damage process. In the first part, the peak frequencies

range between 4.8 and 5.8 kHz (Figure 8A), and the

peak amplitudes between 60 and 75 dB (Figure 8B).

In the second part, a sudden drop in the frequency

domain and an abrupt increase in the amplitude

levels are associated with much higher ELE rate

(compare Figures 5A and 8). Therefore, the frequency

drop in ELE signals seems to be correlated with the

coalescence of microcracks forming the through-
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Figure 3: Frequency bands of sensitivity for the transducers

used in the experimental test
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Figure 4: Global level of the background noise vibration
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going fracture surfaces. This evidence suggests that

ELE frequency analysis is a valuable tool for damage

level assessment.

AE and ELE Frequency–Magnitude
Statistics

The most important phenomenological law describ-

ing the amplitude scaling of emission events is the

GR law [15–21]:

LogNð� mÞ ¼ a� bm (1Þ

where N(‡m) is the number of events with magnitude

M ‡ m occurring in the specimen volume during a

given time interval, and b (or ‘b-value’) indicates the

damage level reached in the specimen. The magni-

tude of AE events is defined in dB through the rela-

tion log(Vmax/1 lV); the magnitude of ELE events is

defined in dB through the relation 20 log(amax/

1 lm s)2).

The b-value, being correlated with the degree of

damage localisation, is recognised as a useful tool for

damage level assessment. In general terms, the

damage process moves from diffused microcracking

to localised macrocracks as the material approaches

impending failure, and the b-value decreases from

values in the range (1.5–2.5) at the initial stages to

values approximately 1, and less, during propagation

of the through-going fracture [16–21].

Subdividing the loading process into different

stages, the trend of the related b-values versus time is

plotted in Figure 9 for both AE and ELE. All detected

events are partitioned into groups of 100 events,

calculating for each group the b-value, as previous

studies show that using groups formed by a number

of events between 70 and 130 does not substantially

modify the results [16]. Remarkably, both AE and

ELE b-values show a decreasing trend towards a final
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Figure 5: (A) Load history until failure of the concrete specimen, accumulated number of AE and ELE events versus time; (B) time

series of AE and (C) ELE events
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Figure 6: Spectral analysis of ELE activity in two time windows (A) at the start of damage process and (B) just before the failure
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value close to 1 just before the specimen failure, in

agreement with previous citation studies.

Conclusions

In this work, the damage process occurring in a

concrete specimen under compression is studied by

means of elastic energy release because of crack

growth. In particular, elastic emissions (ELE) in the

frequency range 1–10 kHz are detected and analysed.

In the last stages of the test, the abrupt increase in the

ELE count rate likely describes the transition from

diffused microcracking to localised macrocracks

which characterises failure process in quasi-brittle

materials. Other signatures of damage evolution are

observed, such as the frequency drop in ELE signals

and the decrease in GR b-value.
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Figure 8: (A) time history of peak frequencies and (B) peak amplitudes of ELE signals
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