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Abstract. The paper presents analysis of crack formation in a reinforced concrete beam using
an acoustic emission method (AE) and a digital image correlation (DIC). The examined
element was loaded monotonically until reaching 50 kN force during the three-point bending
test. Six acoustic emission sensors (two on the left and right surfaces of the sample and the
other two on the bottom surface) combined with three-dimensional location method were used
to find the destructive processes. The optical measuring system ARAMIS (DIC) was used to
verify the obtained results. This device help to specify the location of crack and track its
development on the basis of the strain map. The crack width was measured in 6 sections, which
were located in different positions of the element height with the use of ARAMIS software.
First section was applied at the centre of gravity of the longitudinal reinforcement. The
following cross-sections were set every 2 cm towards the top edge of the element. In the first
part of the analysis, a graphical comparison of the strain map (obtained with ARAMIS system)
and the location of events (obtained with AEWin software) was made. In the second part of the
analysis, the obtained crack width results were compared with number of AE events counted in
zones, which were defined around the previously mentioned sections. The statistical analysis
(Pearson's linear correlation) shows that the number of recorded events depends on the
maximum crack width, the average crack width as well as the crack width increase registered
between successive load levels. The results of the study conclude that simultaneous use of DIC
and AE methods provided complete information on local strain and damage location in
concrete.

1. Introduction

Modern technologies in construction are not limited only to the production of materials, construction
or its elements. More and more often an integral part of the buildings are systems to monitor their
condition. This contributes to the development of measurement techniques that allow for more and
more accurate tracking of phenomena occurring in the structure. The paper presents the results of the
location and analysis of the process of formation and development of cracks in a reinforced concrete
beam using the acoustic emission method (AE) and digital image correlation (DIC). In the research,
the spatial location of destructive processes based on the Simplex method was carried out using six AE
sensors. Strains on the lateral surface of the element and its displacement were recorded using the
optical ARAMIS measuring system (DIC). This system allowed to track the process of crack
formation on the surface of the tested element and to measure the width of the cracks. The paper
presents a comparison of the obtained results together with the analysis of counts and crack width
depending on the load stage and location on the length of crack.
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2. Application of a quantitative method to acoustic event location in concrete

Diagnosis of concrete structures is important for assessing their structural integrity and suitability for
further use. Non-destructive methods play a special role among diagnostic methods. The acoustic
emission method used to locate destructive processes is one of such methods, with digital image
correlation based on optical measurement of strains as another example. Complex testing of structural
components uses a combination of several methods. Different techniques need to be compatible,
particularly in the case of measurement and interpretation procedures, so that the results obtained by
different research methods can be compared.

Acoustic emission is characteristic of brittle materials. This is manifested by pulse type emission,
i.e., acoustic emission events are distributed over time, for example, the formation and development of
cracks in concrete. Concrete has characteristics of a brittle body in which pulse signals with
identifiable beginning and end are produced [1, 2]. One of the first reports on acoustic emission
measurement in concrete was published in 1969. The tests were conducted on a small pressurized
concrete tank simulating a nuclear reactor. It was found that elastic wave data can be used to
determine the onset and development of concrete damage processes, including the location of cracks,
loss of strength properties or loss of constancy of performance of the tank. Measurement capabilities
of the apparatus at that time did not allow detecting all potential destructive processes [3].

Measurement and analysis of emission signals in concrete components can be done in two
manners: qualitative (classical) and quantitative, using sensors with adequate characteristics. The
classical method consists in recording selected acoustic emission parameters while the shape of the
elastic wave is not recorded. The elastic wave parameters that are recorded include signal rise time,
number of counts, energy, amplitude, frequency, and signal duration. The acoustic emission signal
described only by these wave parameters reduces the time and volume of data. Strong advantage of
this method is the possibility of interpreting results in real time. Measurement of the entire concrete
structure gives an overall view of destructive processes. Data are analysed using statistical methods
[4]. The quantitative method consists in recording the shape of the elastic wave along with the
corresponding acoustic emission parameters. As a result, the processing time and volume of data
increase. Results cannot be interpreted in real time, but only after the measurement. This method is
commonly used for the local assessment of concrete condition and is based on the characterization of
the cause of acoustic emission source [4, 5]. Event location technique is to determine the position of
the acoustic emission source to visualize cracking concrete. The emission source is located by multi-
channel devices using a sensor system (minimum two sensors). This makes it possible to determine the
position of the emission source on a 1D straight line, on a 2D plane and in the 3D space of the material
under test [6].

In this paper, the 3D events location is demonstrated together with the crack image in concrete,
using the ARAMIS optical system and acoustic emission system.

3. Three-dimensional location of AE events

Three-dimensional location is used when the component thickness is important in crack analysis and
the source coordinates are determined in three directions (X, y, z). Sensors should be placed around the
component, minimum on three walls, to cover the thickness of the component. This technique is
similar to that used for earthquake hypocentre location, in which many seismographs record the arrival
time of the wave. To determine the hypocentre of acoustic emission, wave arrival times at the sensors
are used. A minimum of four wave arrival times (four sensors) are required for 3D location to
determine four unknown parameters, three source coordinates and source origin time. Location is
more accurate when more than four arrival times are used (more than four sensors in the system) and
the iterative algorithm is employed. The coordinates of the emission source are computed in the
iterative procedure by minimizing the error of unknown parameters calculation. The more sensors are
placed in the system, the more reliable and accurate the source location will be. It should be stressed
that the accuracy of 3D location is determined by sensor spacing; with small spacing, 3D location is
more accurate [7, 8].
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Longitudinal wave arrives first at the sensors and its arrival time should be recorded by at least four
sensors. The 3D source location is determined based on the difference of a minimum of four arrival
times at the known velocity of the wave [4, 7]. Each difference in arrival times At; contains different

distances from the sensor to the source, thus the formula for the three-dimensional location has the
form (1), [9].
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where (x;,y;,z ) are the coordinates of the sensor sites, (xs,Ys,Zs) are the unknown coordinates of the
source, c, is the longitudinal wave velocity in the concrete. Three-dimensional location is computed

by the iteration method from the arrival times (there are more than four sensors in the system), using
Simplex, Geiger, or Thurber algorithms [10]. The AE source is represented as a point located in three
dimensions of a concrete specimen. First, the velocity of longitudinal wave, constant throughout the
test, has to be determined. The method has the opportunity do visual results in two-dimensional
location.

4. Digital image correlation
The digital image correlation (DIC) method is based on the principles of stereo photogrammetry. It
allows registering the mutual position of individual points on the examined object in space. Tracking
of the changes in the position of the points (relative to the initial position) is possible by comparison of
the pictures from subsequent stages of the measurement (at each stage a pair of photos is taken). An
example of the DIC system used in the described tests is the ARAMIS optical measuring system. It
uses a pair of CCD cameras (monochrome Baumer TXG 50 cameras with a resolution of 2448x2050
pixels and Schneider Kreuznach Cinegon 1.4 / 12-0906 lenses). This set allows registering up to 15
photos per second at full resolution. Optical measuring system based on ARAMIS software allow:

e tracking the deformation of the tested surface of the element during its loading,

e measuring displacements in 3 directions in each point that is within the registered area,

e measuring of crack width using the point-point distance function.

Thanks to this, the system sets a new quality in terms of crack formation observation and analysis.
This is an ideal method to verify the results obtained with the AE method. The rapid development of
the DIC method is associated with its increasing use not only in laboratory conditions but also in
engineering measurements, as well as in the diagnosis of building structures. Examples of application
and capabilities of the ARAMIS system are presented in [11, 12, 13, 14].

5. Description of study

Reinforced concrete beam with dimensions of 150x150x600 mm was made of concrete class C40/50.
As a longitudinal reinforcement, a single @16 bar was used in the lower part of the beam (steel
S355JR). Cross reinforcement was not used. The beam was loaded monotonically until reaching the
force value of 50 kN with one concentrated force (force was applied in the middle of the element span;
distance between the axes of supports - 450 mm). During the load increase every 5 kN, a break of four
minutes was done to perform measurements.

During the study, acoustic emission signals generated by destructive processes developing in
concrete were measured with the microSamos device. It is a 16-channel set of acoustic emission
processors. The device operates in the frequency range from 1 to 400 kHz. AEWin software has been
used to register elastic wave shapes with their parameters. The beam construction and static scheme
with sensors location are shown in Figure 1.
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Figure 1. (A) The beam construction scheme. (B) Location of AE sensors

Six piezoelectric sensors with a flat characteristic in the resonant frequency range from 25 to 80
kHz were used for the study (Figure 1B). The sensors were placed on the element as shown in the
scheme: two on the left and right surfaces of the sample and the other two on the bottom surface.
Recording of acoustic emission signals occurred after exceeding the amplitude threshold value, at the
level of 40 dB.

Measurements of spatial deformations, width of cracks were made using the ARAMIS optical
measuring system (DIC). The analysis included the middle part of the beam, i.e. the area between the
placement points of the AE sensors (surface dimensions: 300x400 mm). Due to the small distance of
the ARAMIS system sensor from the registered surface, the obtained accuracy of measurements was
in the range of 0.018 mm. Figure 2 shows the test stand.

Figure 2. Test stand

6. Obtained results of measurements and analysis
Crack width measurements (ARAMIS system) and counting of the number of events (acoustic
emission system) were made in 6 sections / zones on the research element - Figure 3A. Section 1 was
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applied at the centre of gravity of the longitudinal reinforcement (between the points of installation of
the AE sensors). The following cross-sections were set every 2 cm towards the top edge of the element
as shown in the picture. The use of ARAMIS system allowed observation of the development of crack
on the element side surface in the load process. Obtained results of the measurements are shown in
Figure 3B and on their basis, the following values were determined: average crack width in selected
load ranges; increase in crack width; maximum value of crack width in individual load intervals
(results are presented in Table 1).

crack

SECTION 1

SECTION 2

- SECTION 3

SECTION = [ S — 2 vl 1 |

SECTION 4 SECTION 4

SECTION 3 T
SECTION §

—

SECTION 1 I ] - SECTION 6

0 5 10 15 20 25 30 35 40 45 50 58§
Force [kN]
A B

Figure 3. (A) Location of the sections determined in the ARAMIS system in which crack width
measurements and acoustic emission measurements were performed. (B) The results of crack width
measurements in 6 analysed sections

Table 1. Values describing the development of crack width in individual load ranges

Average crack width [mm]

Loe[ll(jl\lle]vel Section I Section IT  Section III  Section IV Section V. Section VI
20-25 -0.003 0.000 -0.007 -0.007 0.001 -0.003
25-30 0.043 0.036 0.015 0.006 0.003 -0.003
30-35 0.150 0.126 0.088 0.054 0.024 -0.001
35-40 0.234 0.194 0.138 0.089 0.045 0.004
40-45 0.304 0.252 0.182 0.118 0.063 0.008

Crack width increase [mm]
20-25 0.003 0,006 0.005 0.002 0.002 -0.007
25-30 0.089 0.077 0.060 0.036 0.014 0.006
30-35 0.068 0.056 0.042 0.022 0.023 0.004
35-40 0.063 0.048 0.027 0.033 0.009 0.004
40-45 0.062 0.053 0.044 0.039 0.021 0.008
Maximum crack width [mm]
20-25 0.006 0.009 0.000 -0,001 0.008 0.001
25-30 0.107 0.088 0.058 0,033 0.013 0.002
30-35 0.189 0.159 0.116 0,072 0.041 0.004
35-40 0.268 0.223 0.156 0,110 0.054 0.011
40-45 0.340 0.287 0.210 0,142 0.076 0.015
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Next, a two-dimensional comparison was presented for a better visualization of the results. In
Figure 4, strain maps from the ARAMIS system and the locations of acoustic emission events in the
form of points were shown imposed on each other. The photos were arranged according to the load
increase. The pictures show the development of cracks (red colour) and AE events (dark dots)
registered around the crack. The horizontal axis is the length of the element; the vertical axis is the
height of the element. Single AE events are visible at 20 kN of the load and the point cloud is at 45kN
of the load.

¥ Position vs X Position <All Channels> Loc[1] GFit

014+
Force: 45 kN
0,12
01+
i crack
0,06
0,04
0_02_
05 | 7 : 1 ] | | ] ] | i 1
0 0,05 01 015 02 0,25 03 035 04 145 05 055 05
Y Position vs % Position <Al Channels> Loc[1] GFIt
014
Force: 30 kN
012
0,1
0,08+
0,06 crack
0.04—
002+
i o i | ] T ! ‘ : | | |
0 005 i % | 0 j 035 | . 05 055 05
¥ Position v X Posilion <All Channels> Loc{1] GFt
014
Force: 25 kN
012
01
008
0,06
0,04
0,02~ crack
05 1 7 i ] i | T | i i
‘ 0,05 i 015 025 03 035 ; 04 05 055 0§
Y Positian vs ¥ Posiion < Channels> Loc{1) GFk.
0,144
Force: 20 kN
012
01
0,08
0,08
0,04
0,02
15 I : . ; ' . = ; . . o '
0 005 015 0z 0.2 0 3 0 045 05 055 08

Figure 4. Comparison of results of destructive processes with the strain map obtained using the
ARAMIS system and event localization above 70 dB amplitude (AE method)
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Then in Table 2 the number of events in individual zones was counted (and in individual load
ranges, e.g. in the load range from 20 to 25 kN). Six zones were separated, each of them covering the
area consistent with the location of the sections shown in Figure 3A. The zones included a volume
with the following dimensions: width of the sample x length of the sample x 2 cm (1 cm above plus
1 cm below the inserted sections). As the cracks develop with increasing load, increase in the number
of events in subsequent zones can be observed. Zone I illustrates the largest number of events, because
the crack starts and develops in it, and the smallest number of events in zone VI, where the crack ends.
Figure 5 shows the number of AE events in the form of bars depending on the load and zone. A large
number of events in zone I is visible. In comparison to other zones, it is the highest in the entire load
process. This domination is clearly visible in the initial stage of the formation of cracks.

Considering the graphically presented comparison of the conducted location of events (Figure 4)
and the described results, it can be stated that the acoustic emission method accurately reflects the
crack development process registered with the ARAMIS system.

Table 2. Number of AE events, which was registered during studies

Number of AE events - amplitude 70 dB

Position at the height

Zone of the element [cm] Force [kN] 3
20-25 25-30 30-35 35-40 40-45
VI 13 1 1 2 4 8
Vv 11 2 3 1 3 9
v 9 3 11 14 11 39
111 7 6 7 13 9 35
11 5 7 20 8 10 45
| 3 4 16 12 20 15 67
> 35 54 58 52
Number of AE events - amplitude 70 dB
25
20 20
20
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15 14 -
13 12
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Figure 5. Number of AE events in individual zones at different load levels

Next, the values of the cracks width in each load range with the registered number of events were
compared. The results are presented in the graphs along with the trend lines (linear), their equations
and the values of the R-squared determination coefficients successively for:

e average crack width - number of AE events (figure 6A),
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e maximum crack width - number of AE events (figure 6B),
e crack width increase - number of AE events (figure 7).
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Figure 6. (A) Relation between the number of AE events and the average crack. (B) Dependence
between the number of AE events and the maximum crack width
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Figure 7. Dependence between the number of AE events and the increase of crack width

An analysis of Pearson's linear correlation for the above comparisons was also made. The results in
the form of Pearson coefficient values determining the level of linear dependence between the
analysed random variables are presented in the Table 3. The obtained values indicate a fairly strong
relationship between the number of events and selected cracking parameters. It can be stated that as
the width of crack increases, the number of recorded events increases. The highest dependence was
observed between the number of AE events and the maximum crack width occurring in individual
load intervals.

Table 3. Pearson's linear correlation analysis results

Crack

Number of AE Average width Maxim}lm
events crack width increase crack width
Number of AE events 1
Average crack width 0.73 1
Crack width increase 0.77 0.61 1
Maximum crack width 0.78 0.99 0.72 1
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7. Conclusions

Both the rapid development of acoustic emission systems and computer technology allows for more
and more accurate and advanced measurements, their archiving as well as their analysis. It is
associated with the growing popularity of AE systems in the diagnostics and monitoring of building
structures. Comprehensive systems based on a large number of sensors used at the moment mainly in
laboratory conditions allow for a detailed investigation of the destructive processes occurring in the
tested elements (for example, reinforced concrete elements). The analysis presented at work can be an
example of this. Based on the analysis, it was shown that:

e the 3D location of the events carried out using the AE method coincides with the crack image
obtained using the ARAMIS system (digital image correlation) — pictures in Figure 4,

e practically regardless of the load level, the largest number of events was recorded in zone I (at
the height of the centre of gravity of the tensile reinforcement). At the same time, this is the
zone where crack occurred first,

e with the increase of crack width, an increase in the number of recorded events was observed.

The analyses showed the existence of dependence between the number of recorded events and the
maximum and average width of cracks as well as the incensement in crack width recorded between
successive load levels. The highest dependence was observed between the number of AE events and
the maximum crack width.
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