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Abstract:  

The paper presents the results of the conducted experimental studies on three-point bend testing of 
reinforced concrete beams with incremental cyclic load, up to destruction, using the acoustic emission 
method. Special attention is paid to the investigation of the relationship between destructive processes 
occurring during the testing of reinforced concrete beams and the evolution of acoustic emission data 
registered during the test. The analysis described in the article makes it possible, on the basis of 
acoustic emission data, recorded during the tests, to distinguish the stages corresponding to the 
different engineering status of reinforced concrete structures. 

1. Introduction 

Reliability and security of existing infrastructure facilities (bridges, stadiums, tunnels, etc.) 
has recently received more and more attention. This kind of objects is required to have 
increased security, as their destruction threatens human lives and significant financial 
damage. One of the key structural elements in these structures is reinforced concrete (RC) 
elements, which in general are subject to bending loads. RC is an indispensable material in 
modern construction due to its high strength, which is ensured by the joint work of concrete 
and reinforcement. At the same time, RC like any other material subjected to an external 
load needs examination of its integrity and engineering status. 

Traditionally, the engineering status of reinforced concrete structures is estimated on the 
basis of periodic diagnostic results. As a rule, periodic testing of such objects is based on 
visual inspection, which allows fixing large size surface defects and deviations. To detect 
internal defects, the most widespread for periodic testing get ultrasonic method implemented, 
as a rule, for most critical parts of constructions by means of tomography. In addition, in 
some cases, periodic testing of RC elements is limited to measuring the strength of individual 
sections of construction by mechanical or ultrasonic methods of Non-Destructive Testing 
(NDT). 

However, periodic testing does not allow detecting of sudden changes in the state of 
construction between inspections, is extremely time-consuming, and also has low reliability 
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[1]. In this regard, the actual task is to perform monitoring of such objects. Acoustic emission 
(AE) method is a promising one, which has proved itself for monitoring of the oil and gas 
industry objects due to its remoteness and high sensitivity. 

AE testing is a method of NDT, it is based on the phenomenon of stress waves generation 
caused by sudden stress redistribution in the material structure. Traditionally, AE testing is 
carried out for metal objects. However, the development of AE method for concrete testing is 
gaining increasing popularity. AE testing of concrete is more difficult and less studied 
compared with metals. It is associated with complex structure of RC. The typical AE source 
in metal is a growing crack. In RC, due to its complex and heterogeneous structure, which 
consists of brittle concrete and plastic steel reinforcement, AE sources are more diverse. So, 
in addition to the crack formation as AE sources can be debonding and slipping between 
concrete and reinforcement and also reinforcement and cement stone deformation.     

There are works in which authors proposed criteria that allow evaluate integrity and damage 
degree of RC structures based on criteria parameters determined on the basis of AE data 
recorded during the testing of RC beams [2-6].  

The main purpose of this paper is identification of correlation between AE data recorded 
during destruction of RC beams and physical processes which characterized deferent 
structural state of construction.  Determining of this correlation, in prospect, will allow 
estimate the damage degree of RC structural elements.  

2. The destruction stages of RC beams in the bending test 

Concrete is a brittle material with high compressive and low tensile strength. Low tensile 
strength of concrete doesn’t allow its single using in critical building structures. This 
disadvantage is compensated by addition of steel reinforcement in concrete, which has a 
high plasticity. Using of two materials with different physical and mechanical properties make 
it possible compensate disadvantages which materials have individually. Therefore, an 
important aspect of RC structures reliability is to test joint operation of reinforcement with 
concrete during their deformation.  

In accordance with modern views, when RC beams are tested with a consistently increasing 
load, up to destruction, three characteristic stages of their stress-strain state can be 
distinguished [7], each of which is characterized by different engineering status of the RC 
beam. 

Stage I. Before the appearance of cracks in the concrete of the tension zone. At low loads on 
RC, the stress in concrete and reinforcement is small, the concrete deformations are mostly 
elastic. The stress in concrete is less than the tension strength and tensile forces are 
perceived by concrete and reinforcement together. With increasing load on the concrete of 
the tension zone, inelastic deformations begin to develop, stresses in concrete approach the 
tensile strength limit. This characterizes the end of stage I. With further increase in load, 
cracks are formed in the concrete of the tension zone. There comes a new qualitative state - 
stage II. 

Stage II. The stage of permissible operation of RC. In that place of the tension zone where 
cracks were formed, the tensile force is perceived by the reinforcement and the concrete 
section above the crack. In the areas between the cracks, the adhesion of the reinforcement 



to the concrete is not completely disturbed, and the concrete continues to work on stretching. 
With further increase in load, the fracture gap continues to grow, shortening the area of the 
concrete that is still stretching, the stress in the reinforcement and in the concrete of the 
compressed zone increases. The end of this stage is characterized by the onset of 
noticeable inelastic deformations in the reinforcement. 

Stage III. Stage of destruction. If the load continues to increase, the stresses in the 
reinforcement reach a physical (conventional) point of yielding, the stresses in the concrete 
of the compressed zone reach the value of the compression break down point. The structure 
is destroyed. 

The destruction of reinforced concrete beams during bending can occur according to two 
different schemes: 

- For RC elements with a normal content of tension reinforcement, the fracture begins 
with the reinforcement of the tension zone and ends with the crushing of concrete in the 
compressed zone. Such destruction is plastic. 

- For RC elements with excess content of tension reinforcement, the destruction occurs 
over the concrete of the compressed zone and is always brittle in the case of incomplete use 
of tension reinforcement. The transition from stage II to stage III occurs suddenly. 

3. Description of experimental studies  

3.1. Experimental samples 

The experimental samples of RC beams were made from concrete of 2 classes of 
compressive strength: M60 and M90. In total, 3 reinforced concrete beams were made from 
heavy concrete. Compositions of concrete for experimental samples are presented in Table1. 

Table 1. Compositions of concrete for experimental samples 

№ Concrete grade Cement, kg Sand, kg 
Crushed stone, 

kg 
Water, l 

1 M90 470 720 970 160 

2 M60 350 840 970 170 

3 M90 470 720 970 155 

RC beams were reinforced with cages of various configurations (Fig. 1). Steel rods A500C of 
various diameters were used as reinforcement. 

a. b. c.  



d.  

Fig. 1 – Reinforcement cages cross-section view (a) type1, (b) type 2, (c) type 3, (d) end  

All the beams were overreinforced, as a result the destruction had a fragile character. 

Weld plates (150x200 mm) were placed on the undersides of each frame, which were used 
as supports during testing. Concreting was carried out in metal molds with dimensions of 
1500x200x150 mm, in which the reinforcing cage was pre-installed.  

During the concreting, in addition to the beams, witness samples were prepared in the 
amount of 10 pcs. from compositions completely analogous to those used for beams. These 
samples were hardened under conditions similar to beams in plastic molds of 100x100x100 
mm size, and were used to perform strength measurements under the press. 

Generalized data on the beams participating in the experiments are presented in Table 2. 

Table 2. Generalized data on the beams 

№ Designation Cage type 
Compression 

strength, MPa 

Beam load to 

failure, kgf 

1 M90 2 101.3 10000 

2 M60 3 80.3 13500 

3 M90(2) 1 94.3 10500 

At the expiration of the 28 days hardening period, the RC beam was tested for a three-point 
bending with incremental cyclic load, up to destruction. 

3.2. Test Equipment 

INSTRON 8802 system was used as a loading machine. The load was applied to the central 
part of the beam from one side. Felt pad was used to reduce the effect of the friction between 
loading device and the concrete surface. On the other side the beam was fixed by two 
supports, one of which was movable and the other was fixed (Fig. 2). 



 

Fig. 2 – RC beam testing   

The loading scheme was incremental cyclic load and consisted of the next stages - load, 
load exposure, unloading, and no-load exposure. The loading was carried out to the same 
value of the load for two cycles (), after which the load value was increased. Then the 
process was repeated until the sample was destroyed. As an example, Fig. 3 shows the 
loading scheme for RC beam M90(2). Loading schemes for other beams were similar and 
differed only in value of the destructive load. In addition to the load, the system also was 
recording the displacement of cross-beam.  

 

Fig. 3 – Loading scheme for RC beam M90(2) 



As a fixed parameter of loading, the duration of each stage - loading / unloading and loading 
/ unloading exposure - was the same. The duration of the loading / unloading intervals was 
40 seconds, and the load / no-load exposure interval was 300 seconds. At the end of each 
stage of loading, cracks were observed on the surface of the beam, and the value of their 
opening was also recorded. The three-point bending tests were accomplished by AE control. 

3.3. Data acquisition system 

A-Line 32D DDM system with 10 channels was used as a data acquisition system. Band DIS 
30-300 transducers with frequency band of 30-300 kHz were used as the acoustic emission 
sensors. Sensors were installed on the surface of a concrete sample through a contact fluid 
layer. Sensor fastening was carried out by means of magnetic holders, which were 
previously glued to the surface of the concrete sample with by epoxy glue. The arrangement 
of  AE sensors is shown in Fig. 4. 

 

Fig. 4 – The arrangement of the sensors 

The selected arrangement of the sensor made it possible to determine the location of AE 
sources using linear and 3D location algorithms. 

4. AE data analysis 

The AE method has a high sensitivity and allows detecting of destructive processes 
occurring in a material subjected to external loading on the basis of an estimation of AE 
parameters evolution. Fig. 5 depicts the cumulative hits for most active channel and the load 
for the RC beam M90(2) as functions of time. 



 

Fig. 5 – Cumulative hits and the load for the RC beam M90(2) 

This dependence characterizes the process of damage accumulation in the RC beam with 
time. Based on the change in the AE parameters, it is possible to distinguish the stages 
characterizing the structural state of the facility, including the 3 stages of the stress-strain 
state described above. Let's consider each of the stages in more detail. Stage I, as already 
mentioned corresponds to low loads. AE activity at this stage is also not high (Fig. 6a) and 
does not exceed tens of hits per second. 

а. b.

Fig. 6 – (а) Cumulative hits and the load for the RC beam, (b) Amplitude distribution for 
loading less than 5 kN (first loading step) 

AE activity occurs at this stage mainly due to the presence of primary concentrators of 
internal stresses arising from the physical and chemical processes of cement stone 
hardening. Cumulative hits on the load is linear, jumpy in nature, the amplitudes of the 
detected signals are low, which is confirmed by the amplitude distribution data (Fig. 6b). At 



the end of the first stage, there are no visible cracks on the surface of the beam. The 
appearance of the first visible cracks coincides with the beginning of stage II. 

Stage II, in its turn, can be divided into 2 sub-stages (stage IIa and stage IIb), each of which 
corresponds to different levels of engineering status of the RC beam. Stage IIa occurs 
simultaneously with the moment of occurrence of the first cracks. Formation of the first 
cracks occurs in the tension zone (Fig. 7), and their position can be localized using a linear 
location algorithm even before they are visible visually. 

 

Fig. 7 – The central area of the RC beam M90(2) under the bending test 

The beginning of the crack formation is accompanied by a sudden increase in AE activity 
(Fig. 8a).  

а. b.  

Fig. 8 – (а) Cumulative hits and the load for the RC beam, (b) Amplitude distribution for 
loading to 15 kN (first loading cycle of the second loading step)  

The time dependence of the cumulative hits has a nonlinear (power-law) nature for a linearly 
varying load. This kind of dependence for metals characterizes them as defective [8]. 
Obviously, this statement is also true for complex structural materials, such as reinforced 



concrete. In addition to AE activity increasing, the amplitudes of the detected signals also 
increase (Fig. 8b). However, the number of low-amplitude signals is still dominant. 

At this stage, there is also a sudden increase in AE activity on exposure to the load. The 
onset of AE activity is associated with creep of concrete. The dependence of the cumulative 
hits has a logarithmic character of time characterizing the gradual attenuation of this process. 

Stage IIa will continue until the crack has reached the reinforcement in the concrete. The 
beginning of stage IIb, conditionally, can be considered as the development of a crack in the 
tension zone above the reinforcement. From this moment, the joint work of concrete and 
reinforcement is disrupted, which is reflected in turn on the AE data (Fig. 9a). 

а. b.  

Fig. 9 – (а) Cumulative hits and the load for the RC beam, (b) Amplitude distribution for 
loading to 30 kN (first loading cycle of the third loading step) 

The dependence shown in Fig. 9a can be divided into two sections: non-linear (power-law) 
dependence and linear dependence. The section of nonlinear dependence corresponds to 
the state of RC beam, in which the reinforcement has not yet begun to deform separately 
from the concrete (at the initial stage of stage IIb), or when the values of the previous 
deformation (under repeated loading) have not been exceeded. The section of linear 
dependence proposed corresponds to the state of the RC beam, in which the reinforcement 
begins to deform separately from the concrete. In this case, the slope of the cumulative hits 
is reduced. The decrease of the slope is associated with an increase in the durations of the 
recorded AE signals. The main sources of AE at this stage are friction and adhesion failure, 
as well as the formation of microcracks in the area of contact between concrete and steel 
reinforcement, which is most active, according to the location data, in the anchoring points of 
the reinforcement. In this case, high-amplitude AE signals are generated, which significantly 
change the shape of the amplitude distribution (Fig. 9b), in comparison with the previous 
stage (Fig. 8b). 

At the moment of the inflection of the cumulative hits versus time, a similar inflection can also 
be observed on the dependence of the beam deflection versus time. 

Stage IIb corresponds to the appearance of significant activity at the unloading of the 
sample, which corresponds to the friction between fractured surfaces, which at the moment 
are sufficiently large and in the no-load stage, which is associated with stress relaxation. 
Among other things, it should be noted that the transition from stage IIa to stage IIb 
approximately coincides with the moment of inclined cracks formation (Fig. 7). With a further 



increase in the load, the nature of the dependencies is similar. In this case, the change of the 
non-linear character to linear, with decreasing slope, approximately corresponds to the 
moment when the amount of deflection (deformations) reached at the previous cycle is 
exceeded, during the loading stage (due to creep of the structure).   

Dependencies view described above is similar for all RC beams used in experiment (fig. 10). 

 

Fig. 10 – Dependences of cumulative hits on time for all RC beams   

This kind of dependence of cumulative hits will persist until the collapse of the test specimen, 
as it in strongly reinforced structures comes suddenly (fragile destruction) and, at the time of 
destruction, the reinforcement has not yet used its resource. That fact was established 
previously by other authors [9].  In the case of normally reinforced structures, the destruction 
process accompanies a nonlinear increase of AE parameters. 

5. Comparison of the results with NDIS-2421 

Classification of the damage level according to the quantitative criterion NDIS-2421 [4] was 
carried out for AE data recorded during experiments. That criterion is based on the definition 
of two parameters: 

 



In our experiments Calm ratio was calculated as the number of cumulative AE activity under 
unloading divided into the number of cumulative AE activity under loading, to exclude AE 
activity on the load/no-load exposure intervals.  

The use of these parameters makes it possible to classify damage levels into minor, 
intermediate and heavy for each loading cycle (Fig. 11a). An example of applying of this 
criterion for M90(2) beam is represented in Fig. 11b. 

a.   b.  

Fig. 11 – Classification of the damage levels (a) theory, (b) results 

The number near the point in Fig.11b represents the number of loading step for the first of 
two loading cycles (Fig. 3) for the most active channel.  The classification levels were 
determined as 0.5 for calm ratio (based on the beam deflections experiment results) and as 1 
for load ratio (based on Kaiser effect). 

According to the obtained diagram, damages are classified as heavy beginning with third 
loading step. This result corresponds to loading step for which joint operation between 
concrete and reinforcement was disturbed, and also corresponds to the transition from Stage 
IIa to Stage 2b. That moment was noted earlier based on the change of AE data (Fig. 9).  

6. Conclusion 

The investigation of RC beams destruction by three-point bending with AE data acquisition 
was carried out. The features of AE data which characterized different stages of stress-strain 
behavior were selected.  Selected features can be used to develop criteria for destruction 
state estimation of RC beams.   
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