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Calibration of piezoelectric broadband field mine acoustic sensors and

their practical application
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An algorithm for optimizing the use of piezoelectric broadband sensors in the field has been developed. The

amplitude of volumetric longitudinal waves from a reference source was measured in the laboratory to determine

the sensitivity coefficient of piezoelectric broadband sensors. The possibility and expediency of using these sensors

for practical purposes is considered. It has been established that they can be used in mining. By creating portable

field equipment and adapting laboratory calibration methods, we have successfully diagnosed individual lines of a

stationary acoustic emission automated monitoring system for underground structures in the field. An algorithm

of actions is proposed and a method for adapting the developed laboratory techniques for mining operations with

concrete reinforcement forming underground structures is substantiated.
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Introduction

Studying parameters of elastic waves in various objects

makes it possible to evaluate mechanical stability and

operational safety of large-scale underground structures

including hazardous waste storages, tunnels and liquified gas

reservoirs. These tasks are still relevant today and require

continuous attention and development [1–4].

The main method of research includes registration and

analysis of pulses of acoustic emission (AE), which is

widely used for studying initial stages of the destruction pro-

cess (nucleation and accumulation of microscopic cracks) in
heterogeneous materials such as construction, structural and

composite materials [5–9] and rocks [10–14]. When brittle

heterogeneous bodies are mechanically loaded, damage is

developed through a gradual accumulation of microcracks

since such materials have many
”
weak points“, primarily in

intergranular interlayers [14,15].

Propagation of an acoustic pulse (AP) in rocks and

concretes with specified structural and mechanical char-

acteristics is examined in detail in [16–18]. The applied

procedure determines the velocity of AR propagation by the

first arrival of the signal to a piezoelectric sensor of acoustic

emission (AES) designed to record pulses in the broad band

of frequencies. The measured AR velocity for the rock and

the concrete layer agrees well with the calculations based on

known formulae of the elasticity theory (taking into account

the geometry of the layer in the latter case).

A shape of the acoustic wave from a reference source

was controlled using the photoelasticity method [19], which

has been used to determine a frequency range and calibrate

special AESes designed to control excavations and to be

installed in wells. Using a spectral analyzer, the energy

balance has been calculated in the entire path
”
AR source–

propagation medium–AR receiver“. A source of radiation

of the acoustic wave was elastic collision of a steel ball with

a sample surface (laboratory research) or a surface of the

element of the underground structure (research in the field)

A series of methodical works [20,21] has been also per-

formed in accordance with the requirement of [22] in order

to evaluate capabilities of the developed algorithm for use

in natural conditions of excavations. The research beginning

included comparison of calculation results of coordinates of

the AE sources for two different algorithms applied in the

works [23–26]. It is known that accuracy of coordinate

determination of the acoustic emission sources substantially

depends on how accurately the velocity of a longitudinal

wave is specified [27]. That is why it is desirable after

installation of the sensors on the research object to scan

across all the possible directions in order to specify a

field of elastic wave velocities more exactly. It should be

noted that the experiments [27–29] of loading rock samples

have shown that the velocity field changes substantially

during loading and, moreover, inhomogeneously in different

directions. One of the possible reason for such velocity

changing is opening or closing of the cracks oriented in

any direction. In this regard, it is of a key importance to

periodically determine the field of the velocities of elastic

waves in various directions in a rock massive during its

AE control in order to calculate the coordinates of the AR

source.

Within the framework of the present work, the velocities

have been determined for correct evaluation of results of

acoustic emission monitoring of a complex underground

structure with concrete reinforcement inside the rock mas-

sive.
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1. Determination of frequency responses
of the field piezoelectric acoustic
emission sensors in the laboratory

The work has been performed by comparing the recorded

signals from the piezoelectric film sensor (PFS) with the

reference signals obtained by the photoelasticity method for

the same conditions of field excitation of elastic oscillations

in the reference sample. It was excited by collision of

the steel ball of the diameter of 2.3mm with a surface of

the glass prism 190 × 240× 240mm. The photoelasticity

method is designed to record an undistorted shape of the

signal and measure the elastic waves amplitude in units of

mechanical stress (Pa).
It has been established how much of the mechanical

energy from the ball collision with the prism surface is

consumed to form the elastic wave, wherein the stress in

it was registered, which in turn made it possible to calculate

the energy in this wave. The test experiment exemplified

in Fig. 1, a showed that it is possible to correctly record the

PFS elastic wave and therefore, to calibrate the PFS, thereby

enabling its usage for research in the field. In this case, the

PFS was recorded without AR pre-amplification (Fig. 1, a).
Fig. 1, b [19] shows a general view of a unit for recording

the elastic waves by means of the photoelasticity method,

which was used for such research.

The pulse amplitudes for the fastest low-frequency mode

S0 [18] in the prism are compared and give a sensitivity co-

efficient CSp f = 0.78/62.72mV/kPa= 0.01mV/kPa within

the frequency range 10−30 kHz.

Further, this result was used during calibration of the

manufactured well sensor, which was performed as follows.

The well AES and the PFS were placed on a concrete unit

with the sizes 1000× 1000 × 1000mm. At the distance of

100mm from the place of installation of the sensors the

elastic wave was excited by means of a dynamic emitter.

Then, the first arrival amplitudes from both sensors were

compared and the sensitivity coefficient of the well AES

was determined. Both sensors recorded the waves without

pre-amplification.

Fig. 2 shows the signals from the well AES (a) and the

PFS (b).
Fig. 3 shows the spectra of these signals. The frequency

ranges of these spectra are evaluated by median frequencies

of 12 kHz for both sensors.

The sensitivity of the well sensor can be evaluated by

applying a previously derived sensitivity coefficient for PFS

within the frequency range 10−30 kHz. We obtain

CSws =
PVw

PVp f
CSp f

=
134.8mV

0.94mV
0.01mV/kPa = 1.4mV/kPa,

where CSws — the conversion (sensitivity) coefficient of

the well sensor, CSp f — the conversion coefficient of

the PFS, PVws and PVp f — the amplitudes of the first

arrivals of the well sensor and the PFS, respectively. The

sensitivity coefficient derived thereby for the well sensor

was 1.4mV/kPa for the frequency range 10−30 kHz.
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Figure 1. Comparison of the PFS signals with the reference

signals obtained when recording by means of the photoelasticity

method (a). Photograph, the general view of the unit for recording

the elastic waves, the photoelasticity method (b).
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Figure 2. Calibration of the well sensor by means of the reference

PFS: the signal recorded by the well AES (a); the signal recorded

by the PFS (b).
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Figure 3. Spectrum of the signal from the well AES (a);
Spectrum of the signal from the PFS (b).

The work [27] provides the measurements of acoustic

properties of the concrete reinforcement and the rock

massive near one of the wells, in which a standard sensor of

the AE underground structures monitoring system is fixed,

and analyzes the velocities of propagation of the acoustic

waves in the concrete reinforcement.

2. Practical application of the well
sensors and analysis of the shapes of
signals of the concrete reinforcement
and the rock massive in response to
impact

The measurements were performed to study the acoustic

properties under response of the concrete reinforcement

and the rock massive to impact. The impact was provided

by the steel ball of the weight of 4.684 kg directly hitting

the concrete reinforcement via a steel plate fixed to the

concrete reinforcement as well as an embedment inside the

concrete wall. The ball was suspended as a pendulum. The

massive response was recorded by means of a two-channel

digital storage oscilloscope of the ACK type connected

to a notebook. The following sensors were used: the

channel 1 — the PFS connected to the oscilloscope via

the pre-amplifier (Kgain = 400); the channel 2 — the

AES without pre-amplification; the recording was started

by means of an external sensor AE 100. The PFS and

AES characteristics measured in the laboratory are shown

in Fig. 2. The diagram of the measurements in the

excavation (well) is shown in Fig. 4. The starting sensor

was placed on the concrete reinforcement at the distance of

150mm to the impact point and the PFS was also placed

on the reinforcement at the distance of 400mm to the

impact point. The well AES was placed at the depth of

3000mm in a horizontal well drilled perpendicular to a

plane of the excavation wall. The thickness of the concrete

700 mm 250 mm 150 mm

3000 mm

1 2 3 4 5

Figure 4. Diagram of the measurements of the rock response to

impact excitation by the steel ball directly hitting the concretes

reinforcement on the plate fixed to the concrete wall and the

embedment inside the rock massive through the concrete. 1 —
the well, in which the mine sensor is placed at the depth of 3m,

2 — the PFS, 3 — the starting sensor, 4 — the impact point (the
steel plate or the embedment), 5 — the heavy steel ball.
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Figure 5. Shapes of the signals of the sensors: a — placed

on the concrete embedment; b — inside the well in the rock

massive at the distance of 3200mm to the ball impact as well as

the sample (photograph) of the rock massive formed by the biotite

gneisses (c).

reinforcement — 1500mm. Thus, the well sensor was

exactly inside the rock massive. The distance of the well

to the impact point was 1100mm. The monitored rock

massive is formed by biotite gneisses (Fig. 5, c).

Fig. 5 shows typical signals recorded by the PFS fixed

directly to the concrete wall of the excavation (Fig. 5, a)
and by the AES placed in the well at the depth of 3000mm
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inside the massive (Fig. 5, b). The impact was through the

steel plate fixed to the concrete wall.

3. Analysis of the shapes of the
response signals

Fig. 6 shows a cross-spectrum and a correlation function

of response from two successive impacts of the same energy:

as recorded by the PFS (Fig. 6, a); as recorded by the well

(the red AES) sensor inside the well (Fig. 6, b).

It is clear from Fig. 6a that when the elastic wave is

excited by ball impact on the plate fixed on the concrete

reinforcement the acoustic energy, the PFS (black), is con-
centrated in two frequency ranges — around 0.2 kHz and

around 1.5 kHz. The energy recorded by the well sensor,

the AES (red), inside the rock massive is accumulated

around 0.5 kHz (Fig. 6, b).

Fig. 7 shows a cross-spectrum and a correlation function

of response from two successive impacts of the same

energy when hitting the embedded reinforcement that

passes through concrete into the massive: as recorded by
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Figure 6. Cross-spectrum and the correlation function of the

signals from two successive impacts of the same energy on the

plate: as recorded by the PFS (a); as recorded by the AES inside

the well (b).
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Figure 7. Cross-spectrum and the correlation function of the

signals from two successive impacts of the same energy on the

embedment: as recorded by the PFS (a); as recorded by the AES

inside the well (b).

the PFS (Fig. 7, a); as recorded by the AES inside the well

(Fig. 7, b).
It should be noted that the spectrum (Fig. 7, a) and the

shape of the signal (Fig. 5, a) when hitting the embedded

reinforcement differ from the spectrum and the shape of the

signal when hitting the plate (Fig. 6, a and b, respectively)
with the PFS by the fact that hitting the embedment includes

recording only a high-frequency component of response of

the concrete reinforcement around 1.5 kHz. Accordingly, in

this case the response spectrum is represented only by one

frequency range (Fig. 7, a) unlike the spectrum of hitting

the plate (Fig. 6, a), where the impact energy is distributed

in two frequency ranges. The massive responses recorded

by the well AES for the two cases of excitation (Fig. 6, b
and 7, b) are almost the same in terms of a frequency

composition — the elastic waves energy is accumulated

around 0.5 kHz. Fig. 8 shows the cross-spectrum and the

correlation functions of such signals from the two successive

impacts of the same energy on the excavation wall without

the concrete reinforcement.

It is clear that the signal and its spectrum are represented

by a monochromatic process at the frequency of 0.8 kHz

and the Q factor of this process in this cases is higher

than for the case of recording the response of the rock
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Figure 8. Cross-spectrum and the correlation function of the

signals from two successive impacts of the same energy on the

wall of the massive without the concrete reinforcement as recorded

by the mine sensor in the well.

massive in the excavation strengthened by the concrete

reinforcement (Fig. 6, b). Since the maximum amplitudes

of the processes from the DAE are approximately equal

(around 2−3V) for the two cases of the measurements

(Fig. 6, b), we deduce that contact conditions of the sensor

with the rock are comparable for both the cases. The

increased frequency of response of the massive without the

concrete reinforcement (0.8 kHz) as compared with the first

case of the measurements (0.5 kHz) and the increased Q

factor of response of the rock massive may indicate lesser

fracturing of the rock massive in the new excavation without

the concrete reinforcement. It should be noted that the

correlation function reveals another significant peak at the

frequency around 10 kHz (Fig. 8). As it is clear from Fig. 8,

the energy of oscillations at this frequency is insignificant

as compared to a fundamental frequency of the process

(0.8 kHz).
Supposedly, this peak may refer to a low-frequency part

of natural oscillations of the AES.

4. Discussion of the results

The calibration of the well sensors and determination of

their frequency responses in the laboratory and the field

enabled more exact pre-measurement of the velocity field

for propagation of the elastic waves in the rock in the

region of sensor installation in the well. The velocity of

elastic wave propagation oscillated around 5318m/s, which

is almost the same as the calculated velocity [18]. In order

to measure the energy of the AR source in the absolute

unit scale (J) for the recorded acoustic pulses, the energy

balance
”
AR source–transmitting medium–AR receiver“

has been analyzed in the laboratory using the spectral

analyzer. The experiment included measurement of a

portion of mechanical energy spent for excitation of the

elastic wave and independent measurement of stress in

the elastic wave, which was taken to calculate the wave

energy. The wave radiation source was elastic collision

of the steel ball (AR source) with the surface of the

glass prism 190× 240 × 240mm (transmitting medium)
and the stresses in the elastic wave were measured by the

photoelasticity methods (AR receiver) [19,28].
The two independent methods for determination of elastic

interaction energy were compared to show discrepancy be-

tween the results below 20%. I.e., for the model case almost

the entire energy of elastic collision passed into energy of

elastic oscillations of the prism, which in turn has an almost

perfect transfer function. The spectral composition of the

interaction energy was also determined [29].
To adapt this procedure to the underground structure, a

piezoelectric receiver with a linear frequency response in

the range up to 30 kHz [18] was developed, manufactured

and calibrated to measure the elastic wave stresses. It was

placed in the underground structure in the region of one of

the wells which stationarily include standard AESes of the

AE monitoring system. The sensor was used to measure

the spectral composition of the rock massive response to

massive excitation by the impact of the ball with weight of

M = 4.684 kg, and also energy of the elastic wave formed

from the impact by the ball was estimated.

Comparison of the estimate of the elastic energy

(about 0.3 J) with the loss of mechanical energy upon

impact by the ball (about 6 J) is very approximate [18]. This
is first of all due to the fact that when the elastic wave is

excited by a ball hitting the excavation surface, the collision

is not purely elastic, but is accompanied by rock destruction

at the point of contact, to which a significant portion of

the mechanical energy of the ball lost during the collision

is used. Secondly, it is due to the fact that the medium

transfer function is unknown and it can be determined after

exclusion of the first reason of discrepancy between the

results. Therefore, in order to correctly evaluate the energy,

it is necessary to eliminate the massive destruction when

it is excited by the ball impact, for example, by installing

embedded parts. The spectral density of massive excitation

due to the ball impact is concentrated within the range

0.7−3.2 kHz [28].

Conclusion

The created algorithm can diagnose separately all the AE

monitoring lines during operation of the AE monitoring

system and it was demonstrated that the well AESes with

specified characteristics could be used in conditions of the

real rock massive with concrete reinforcement. A channel

is created for transfer of data of the AE monitoring system

from the standard computer to any other computer (for
example, notebook) for further independent AR analysis

in the field and in the laboratory. An algorithm for use

of the broadband piezoelectric transmitters was developed,

so was a capability of their calibration in the laboratory

and in the field. It was made possible only after creating

Technical Physics, 2025, Vol. 70, No. 4
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a mobile device that is usable both in the laboratory and

in the field. It also included development of methods

of optimization and recording AES frequency responses

in the field. It is recommended to use the algorithm

when controlling operation of the signal recording lines

and calibrating them by the AE automated monitoring

system, especially, when there is no location of the signal

sources during AE control of the object. The developed

algorithm provides valuable data on the current state of the

object and specifies a procedure and scope of necessary

recorded parameters of the AE signals during acoustic

emission monitoring of elements of underground structures

of a hazardous production facility in order to evaluate

their geomechanical stability and safe operation, thereby

detecting potential problems with substantially reducing a

calculation error.

The defining parameters to be used for determining

a technical condition shall be selected based on results

of analyzing a database of the AE monitoring of the

underground structures and periodically determining the

velocity field for propagation of the elastic waves in the

controlled rock massive, and of expert examination.
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