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Abstract:
The main problem with using acoustic emission to con-
trol and diagnostics of composite materials and prod-
ucts from composite materials is the interpretation and 
identification of recorded information during develop-
ment processes occurring in the material’s structure. 
This is due to the high sensitivity of the acoustic emis-
sion method to various influencing factorsand the prac-
tical absence of acoustic radiation models. To solve this 
problem, it is necessary to determine the influence of 
various factors on acoustic radiation parameters. In this 
study, based on the acoustic radiation developed model 
we simulate the influence of one parameter character-
izing composite properties on acoustic emission energy 
parameters during composite material destruction 
by shear forces according to the von Mises criterion. 
Simulation of acoustic radiation under given conditions 
makes it possible to determine the patterns of acoustic 
emission signals energy parameters changes and their 
sensitivity to changes of influencing factor, as well as  
to obtain mathematical expressions for describing  
obtained patterns. The results of this case study can be 
useful for developing methods of control, monitoring 
and diagnostics of composite materials and products 
made from composite materials.
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1. Introduction
Methods of the control, monitoring, and diagnostics 
of composite materials (CM) are aimed at ensuring 
quality at all stages of the product life cycle[1, 2]. One 
of the widely used methods is the method of acoustic 
emission (AE)[3]. The AE method is highly sensitive 
to sub-micro, micro, and macro processes occurring 
in the structure of various materials during their  
deformation, including CM.

One research areaisthe study of CM destruction 
processes under shear force[4, 5]. In studies of the de-
struction of CM by transverse force, the concept of the 
destruction of CM represented as a bundle of fibers 
(FBM model) has become widespread [6, 7]. In stu-
dies of CM destruction by transverse force, the ana-
lysis of models and modeling of the CM destruction 

process is carried out. At the same time, the complex 
dynamics of developing processes, and significant 
amounts of AE information recorded at various levels, 
lead to ambiguity in the patterns of AE parameter 
changes and their use for constructing methods for 
the control, monitoring, and diagnostics of CM.

In some articles, we obtained analytical depen-
dencies that describe acoustic radiation during CM 
destruction by shear force using the OR criterion and 
von Mises criterion. It was shown that the generated 
parameters of AE signals are influenced by various 
factors: the rate of composite deformation, the com-
posite physical and mechanical characteristics, the 
dispersity properties of composite, and the area of 
composite destruction. Theoretical studies make it 
possible to obtain patterns of AE parameters change 
under the action of various factors. Such regularities 
provide the interpretation of AE information and can 
be the basis for the development methods of control, 
monitoring, and diagnostics of CM.

At the same time, to increase the reliability of the 
methods of control, monitoring, and diagnostics of 
CM, it is important to determine the sensitivity of AE 
amplitude-energy parameters to the action of various 
factors.

2. Review of Publications
Conducted studies using the FBM concept [8, 9, 10, 11]  
are based on some assumptions. CM is represented as 
a bundle of discrete fibers or elements. If an external 
linearly increasing load is applied to a material, then 
its destruction is considered as a process of succes-
sive destruction fibers.

The fibers have a linear elastic behavior before  
failure. Each fiber fractures brittle when its strength 
value is reached. The value of fiber fracture strength 
is a random variable with a certain probability den-
sity and distribution function. To study the process 
of CM fibers destruction, the rule for redistributing 
load on the remaining fibers is determined. These  
rules are the uniform distribution of load, that is, when 
the fiber is destroyed, the applied load is evenly redi-
stributed to all remaining fibers; local distribution of 
load, that is, when the fiber is destroyed, the applied 
load is redistributed only to the nearest fibers. 

The main provisions of the FBM concept are used 
for the analysis of CM fracture processes both under 
tension [12, 13, 14] and under the action of shear 
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force [15, 16, 17]. However, in most of the articles, the 
process of CM destruction under tension conditions 
is considered. At the same time, using the general  
provisions of the FBM concept for the analysis of  
CM destruction processes, additional conditions  
are introduced: the introduction of two subsets of 
fibers, one of which is characterized by a probabi-
listic distribution tensile strength [18]; each fiber 
having thermal fluctuations of its energy characteri-
stics in the form of white Gaussian noise, which add 
to the fiber fracture stresses [19]; varying dimen-
sion of the system from location fibers at an equal 
distance from each other along the line to location 
the fibers at the nodes a square lattice with side  
L [20]; restoration (sintering) of broken fibers and 
relaxation of load inhomogeneities (sintering com-
pensates for damage by creating additional undama-
ged load-bearing fibers, which leads to increase the 
strength of bundle) [14]; the randomness of fiber 
configuration, that is, random distribution of fibers 
along the length [21]; strength distribution of ele-
ments according to Weibull [22]; the use of different 
distributions of threshold levels of destruction [23]; 
modeling of two materials with different mechanical 
properties that interact with each other [24]; and 
others. When modifying models, as a rule, studies 
are carried out on stresses change, the number of 
destroyed or remaining elements, time of composite 
full destruction change, distributions of destruction 
avalanches change (the number of fiber failures that 
occur due to the destruction of one fiber) and other 
characteristics.

At AE analysis in studies[25, 26, 27], AE is con-
sidered during the destruction of a CM according to 
the FBM model. The studies were based on the fact 
that an AE event is formed when a fiber is destroyed. 
It was believed that the radiation energy in the event 
is proportional to the fracture stress, and the rate of 
destruction obeys a power law with an exponent of 
2-5 (determined experimentally). When analyzing 
the destruction process of a CM, we consider not the 
process of generating an AE signal, but the process 
of releasing and accumulating the energy of acoustic  
radiation. The research results made it possible to  
obtain an expression for the AE energy release rate. In 
this case, at the moment of destruction, the functions 
have a discontinuity.

In other articles [15, 16], the process of CM  
destruction under the action of shear force was stu-
died for the following cases: independent CM fibers 
destruction by bending or tension or “or rule” (OR); 
destruction of fibers according to von Mises crite-
rion; and failure only by tension. Analytical expres-
sions for change of the equivalent stresses and the 
number of remaining elements during the develop-
ment destruction process are obtained. Analysis was 
completed of the patterns of change in equivalent 
stresses and patterns of change in the number of de-
stroyed CM fibers for different destruction modes, as 
well as destruction avalanches distributions for diffe-
rent fracture criteria.

Analytical expressions for the number of rema-
ining fibers and AE generated signal in time during 
CM destruction by shear force using OR criterion 
and von Mises criterion are considered in articles by 
Filonenko et al.[28, 29]. These studies were based on 
the main provisions of the FBM works [15, 16]. It was 
believed that when a single CM element fails, a single 
perturbation pulse is formed, the amplitude of which 
is proportional to the fracture stress. In this case, 
the kinetics of the destruction process were taken  
into account, the rate of which, according to the  
kinetic theory, changes according to an exponen-
tial law. The conducted studies’ results have shown 
that with the development of the CM destruction 
process, dependencies of the number of rema-
ining elements (fibers) change over time and have 
a continuous falling character. In this case, continu-
ous pulsed AE signals are formed. It was also shown 
that expressions for the number of remaining fibers 
and AE-generated signal over time include parame-
ters that affect the CM destruction and AE-generated 
signals. These parameters are composite deformation 
rate, composite physical and mechanical characteri-
stics, composite dispersion properties, and composite  
destruction area.

In one article by Filonenko et al. [30], the influence  
of composite properties on amplitude-time para-
meterAE during its destruction by shear force using  
the von Mises criterion was studied. It was shown 
that increasing the value of parameter characteri-
zing the CM properties leads to increasing steepness 
of the fall of the change curves of the remaining ele-
ments number over time, decreasing of AE signals’ 
maximum amplitude and duration. The patterns of 
AE signal maximum amplitude and duration change 
are determined and described. It is also shown that 
decreasing AE generated signal maximum amplitude 
is ahead decreasing of AE signal duration with incre-
asing parameters characterizing the CM properties. 
The obtained patterns can be used in the develop-
ment of the methods of control, monitoring, and dia-
gnostics of CM. However, to improve the reliability of 
methods it is important to determine the sensitivity 
of AE amplitude-energy parameters to changes in CM 
properties.

3. Research Results
3.1. Simulation Conditions
The study influence of CM properties on acoustic 
radiation amplitude parameters in the previously 
mentionedarticle by Filonenko et al. [30] was car-
ried out when modeling AE signals by expression of 
the form

σ σ

σ σσ σ ⋅ ⋅

⋅ ∫

m 0 0

r[ (t)]-  (t )]m 0 0
0

0

r[ (t)- (t )]
0 0 m 0
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U(t)=U v [ (t)- (t )] e

e ,
t

t

 (1)

where σm(t), σ0 0(t ) is,respectively, the equivalent 
stress change on CM elements in time and threshold 
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stress corresponding to a time t0 of CM beginning  
destruction; U0 is the maximum possible displace-
ment during the instantaneous CM destruction, con-
sisting of N0 elements; v0, r are constants depending 
on CM physical and mechanical characteristics.

Modeling of AE signals, according to expression 1, 
was carried out under the following conditions. The 
CM deformation rate α was taken equal to α = 10. The 
time 0t  of CM beginning destruction was taken equal 
to t0 =0.004. This time t0 corresponds to the threshold 
stress σ 

 0(t ) of CM beginning destruction equal to  
σ0 = 0.03037385029676163. The value of the para-
meter r  was taken equal to r  = 10000. The value of the 
parameter 0v , which characterizes the CM properties, 
changed in the range of values from 0v  = 100000 to 
 0v  = 500000 with an incremental step ∆0v  = 100000.

According to the calculation dependence of AE  
signals amplitudes change at 0v  change, we will study 
the patterns of AE signal energy and AE signal total 
energy changes. We will calculate the energy of AE  
signals and total energy of AE signals using expres-
sions of the form

 ∆ 2
kE(t)= t iiU  (2)

 ∆ ∑ 2
sum kE = t .ii

i U  (3)

where i = 0,…., k is the number of AE signal amplitude 
calculated value at its duration t ; ∆ kt  is the time in-
terval between the AE signal amplitudes calculated 
values (∆ kt  =constant).

Modeling dependencies of generated AE signal 
energy change in time, according to expression 2,  
taking into account (1) at 0v  change will be carried out in 
relative units under the conditions considered above.  
The time interval ∆ kt  between AE signal amplitudes 
calculated values is the ∆ kt  = 1 ⋅10-7.

3.2. Simulation Results
The results of the calculations of the dependencies of 
the change in the energy of the AE signals over time 
in relative units, according to expression 2, are shown 
in Fig. 1. The results of the calculations of the depen-
dencies of the change in the total energy of AE signals 
over time in relative units, according to expression 3, 
are shown in Fig. 2. When plotting Fig. 1 and Fig. 2, 
the time is given to the time 0t  = 0.004 of CM elements 
beginning destruction.

The obtained data processing in the form of AE 
signals maximum and total energy dependencies 
change in relative units at increase the value of a pa-
rameter 0v  is shown in Fig. 3.

Analysis dependencies (Fig. 3) showed that they 
are well described by a power function of the form

 EAE av  (4)

where EAE  is the AE signals maximum or total energy;  
a and b are the coefficients of the approximating  
expression.

The values of approximating expression coeffi-
cients (4) are: for the AE signals maximum energy  
(Fig. 3, a) - a = 0.00001, b = -0.24322; for the 
AE signals total energy (Fig. 3, b) - а = 6.79966,  
b = -0.97332. In describing the dependence in Fig. 3, 
the determination coefficient R2 was R2 = 0.97435, 
and the dependence in Fig. 3, b - R2 = 0.99997. Thus, 
residual dispersion SD2 made: for the maximum 
energy of AE signals - SD2 = 3.9944∙10-16; for the  
total energy of AE signals - SD2 =3.1908∙10-16.

For describing the dependencies of AE signals  
maximum and total energy change with the increasing 
0v , shown in Fig. 3, a criterion for choosing expression 
4 was the minimum value of residual dispersion. 

To compare the sensitivity of AE signals amplitude 
and energy parameters change to parameter 0v , pro-
cessing of AE signals maximum amplitude, maximum 

Fig. 1. Graphs of AE signal energy changes in time in 
relative units during CM destruction by shear force with 
a change of a parameter 0v . The value of parameter  
0v  : 1 - 100000; 2 - 200000; 3 - 300000; 4 - 400000;  
5 - 500000. Simulation parameters: α = 10, r  = 10000, 
σ0 = 0.008897277688462064

Fig. 2. Graphs of changes in the total energy of AE 
signals in time in relative units during the destruction 
of the CM by a transverse force with a change in the 
parameter 0v . The value of the parameter  
0v : 1 - 100000; 2 - 200000; 3 - 300000; 4 - 400000;  
5 - 500000. Simulation parameters: α = 10, r  = 10000, 
σ0 = 0.008897277688462064
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energy and total energy decrease concerning their  
initial values at 0v  equal to 0v  = 100000 as a percentage 
was carried out. The results of performed processing 
are shown in Fig. 4.

In Fig. 4, the following notation is adopted: A, 
% isthe analyzed parameter of AE signals – maximum 
amplitude, maximum energy or total energy of AE 
signal. 

4. Discussion of Research Results 
The study of the influence of various factors on AE is 
important from the point of view of control, monitor-
ing and diagnostics of the state of CM and CM products. 
In previous studies [30], the influence of the param-
eter characterizing the properties of the QM on the 
amplitude-time parameters of the AE was determined.  
It was shown that an increase in the value of the ana-
lyzed parameter leads to a decrease in the amplitude 
and duration of the generated AE signals. At the same 
time, the regularity of the decrease in the maximum 
amplitude of the generated AE signals is ahead of the 
regularity of the decrease in the duration of the AE sig-
nals, which can be used in the development of methods 
for controlling, monitoring and diagnosing the state 
of CM and CM products. However, to improve the reli-
ability of the methods, it is important to determine the 
sensitivity of the amplitude-energy parameters of the 
AE to changes in the properties of the CM. In this work, 
we studied the influence of the parameter characteriz-
ing the properties of the CM on the energy parameters 
of the AE, and also determined the sensitivity of the 
amplitude-energy parameters to its change.

The results of the conducted research show that at 
CM destruction by shear force according to von Mises 
criterion, with increasing parameter 0v , which cha-
racterizes CM properties, both the maximumenergy 
(Fig. 1) and total energy (Fig. 2) of AE signals decrease. 
Thus, the dependencies of AE signals’ maximum ener-
gy and total energy change with the increasing 0v  have 
a non-linear nature of decrease (Fig. 3). Both the ma-
ximum amplitude of the AE signals and their duration 
have similar nonlinear dependencies on the decrease.

Analysis of simulation results shows that the 
patterns of AE signal maximum and total energy 
change are well described by power functions, as in 
the case of the maximum amplitude and duration of 
AE signals. Such a change in the parameters of AE 
signals requires determining their sensitivity to a 
change in the parameter characterizing the proper-
ties of the KM.

To compare the sensitivity of the amplitude-energy  
parameters of the AE signals to a change in the para-
meter 0v , the processing of the decrease in the maxi-
mum amplitude, maximum energy, and total energy 
of the AE signals concerning their initial values at  
0v  equal to 0v  =100000 as a percentage was carried 
out.The calculation results showed (Fig. 4) that with 
increasing parameter 0v  value decrease of AE signals 
maximum energy ahead decreasesAE signals maxi-
mum amplitude. At the same time, a decrease AE 
signals total energy ahead decreases AE signals maxi-
mum energy. Thus, at increasing 0v  2 times (from 0v  =  
100000 to 0v  = 200000) AE signals’ maximum ampli-
tude decreases by 10.29%, and AE signal maximum 

Fig. 4. Dependencies of AE signals maximum amplitude 
(1), maximum energy (2) and total energy change as a 
percentage with the increasing parameter 0v  value

a

b
Fig. 3. Dependencies of AE signals maximum energy 
change (a) and AE signals total energy change on 
a parameter 0v  value in relative units during CM 
destruction by shear force. Simulation parameters:  
α = 10, r=10000, σ0 = 0.008897277688462064



23

Journal of Automation, Mobile Robotics and Intelligent Systems VOLUME  16,      N°  4       2022

23

and total energy, respectively, decrease by 19.53% 
and by 48, 78%. At increasing 0v  4 times (from  

 = 100000 to 0v  = 400000) AE signals maximum 
amplitude decreases by 15.95%, and AE signal maxi-
mum and total energy, respectively, decrease by 
29.35% and by 74.15 %. At increasing 0v  in 5 times 
(from 0v = 100000 to 0v  = 500000), AE signals maxi-
mum amplitude decreases by 17.11%, and AE signal 
maximum and total energy, respectively, decrease by 
31.3% and by 79.29%.

It can be seen from the obtained results that the 
most sensitive parameter of acoustic radiation to a  
parameter change, which characterizes CM proper-
ties, is registered AE signal total energy (accumulated 
energy) – its decrease is much ahead of the decrease of 
AE signal maximum amplitude and maximum energy.  
The obtained pattern of changes in the total ener-
gy of AE signals with a change in the parameter up 
to 0v  can be used in the development of methods for 
control, monitoring and diagnostics of CM, as well as 
predicting the destruction of products from CM when 
registering AE signals under given conditions. At the 
same time, the developed methods should be based on  
monitoring the rate of change in the total energy of AE 
signals, the pattern of change of which is well descri-
bed by a power function.

At the same time, according to expression 1, the 
AE parameters are affected by several other factors, 
which are the dispersity of the properties of the CM, 
the area of the destroyed CM, and the rate of loading of 
the CM. Undoubtedly, the analysis of their AE influence 
will make it possible to determine the most significant 
factors, patterns of change in the amplitude-energy 
parameters of the AE and their sensitivity. The choice 
of the analyzed parameters will increase the reliability 
of the developed methods for control, monitoring and 
diagnostics of CM and CM products.

5. Conclusion
The paper presents the results of modeling AE signal  
energy during CM consisting of N0 elements destruc-
tion by shear force using the von Mises criterion 
depending on a parameter 0v , which characterizes 
CM properties. It is determined that increase of pa-
rameter 0v , there is a decrease in acoustic radiation 
maximum energy and total energy. It is shown that 
the patterns of AE signals maximum and total energy 
change have a non-linear nature decrease. It is deter-
mined that the dependencies of AE signal maximum 
and total energy change are well described by power 
functions. The influence of parameter 0v  on the acous-
tic radiation amplitude and energy characteristics is 
compared. It is shown that with an increasing value of 
the parameter 0v , the decrease in the maximum ener-
gy is ahead of the decrease in the AE signals maximum 
amplitude, and a decrease of AE signals total energy 
ahead decreases AE signals maximum energy. Thus, at 
increasing 0v  2 times AE signals maximum amplitude 
decreases by 10.29%, and AE signal maximum and 
total energy, respectively, decrease by 19.53% and by 

48.78%. At increasing 0v  in 5 times, AE signals’ maxi-
mum amplitude decreases by 17.11%, and AE signal 
maximum and total energy, respectively, decrease by 
31.3% and by 79.29%. Obtained results showed that 
the most sensitive AE parameter to change of param-
eter 0v  is the registered AE signal total energy.

Research data can be used in the development  
methods of control, monitoring, and prediction of 
product destruction from CM at the stages of their 
production and operation. In the future, it may bein-
teresting to study the influence of CM properties’  
dispersity on AE signals’ amplitude-energy parameters.
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