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ESTIMATING PARAMETERS OF REBARS IN CONCRETE
EMPLOYING NONINVASIVE ELECTROMAGNETIC
TOMOGRAPHY
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Abstract

Noninvasive monitoring of concrete structure is an important element of building
inspection. A new model of inductive sensor and reconstruction algorithm of rebar location is
presented. The Measurement and Diagnostics Department in the Electrotechnical Institute
performs research and development in that field. A new electromagnetic tomographic
method is explored that can be combined with other methods due to fusion of output data at
the image reconstruction phase. Reinforcement of concrete structure is made of
ferromagnetic material characterized by high conductivity. Concrete cover is featured by low
conductivity. The investigated area of concrete construction is stimulated by magnetic field
generated by head. The variation in spatial distribution due to conductivity difference is
registered simultaneously at a few points for different input frequencies. The resulted data is
the reference spatial image for various frequencies. On the basis of the resemblance the
most probable image is selected. As a result of digital processing the spatial image of
reinforcement is obtained and further estimation of cover thickness, rebar diameter and its
location can be done. The paper discusses applied method and shows the experimental
setup, head structure and algorithm for signal processing.

Key words: Electromagnetic Tomography, reinforcement of concrete, multifrequency
sensor

1. Introduction

The key problem in examination of reinforced concrete is to estimate size and
condition of rebars. The first step of testing procedure is determining location and
dimensions of individual rebars. That testing can be done by noninvasive methods [3,
4] and is the crucial element of concrete structure inspections. At Department of
Measurement and Diagnostic Systems in Electrotechnical Institute in collaboration
with Szczecin University of Technology and Building Research Institute [2, 6, 9] the
research on developing of methods for localization, estimating dimensions of rebars
and their covers were performed. The continuation of the performed research is
proposing new, cost effective technique that allows measurements with minimal
measurement uncertainty.
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The work presents a general concept of that technique and device utilizing imaging of
reinforcement structures. The aims of research being performed are to better the
measurement precision of reinforcement geometry and detect existing rebar
corrosion. In experiment inductive multi-sensor heads of various sizes [8] with multi-
frequency current source [1] are used.

2. Methods.

The concrete reinforcement is made of ferromagnetic material characterized by
high conductivity. The concrete cover is made up of low conductivity material. The
inductive head generates magnetic field penetrating tested concrete area. Rebars
present in that area change the magnetic field distribution. The field is registered at
few points for different frequencies. The excitation is given by the following formula:

X(0= xsin(,t+9,) @

where: X; - amplitude of i-th sinusoidal excitation,
wy - angular frequency of i-th sinusoidal excitation,
ox - phase of i-th sinusoidal excitation.

The object modifies incoming signals to that registered by coil:

A =K(X(),P) @

where: K() - given function,
P - vector of parameters characterizing reinforcement.
Assuming that the conversion is linear the following expression is obtained:

N
D= ; kX sin(o,t+K,0,,) ©

Where: X; - amplitude of i-th sinusoidal excitation,
kyi -coefficient of of i-th sinusoidal excitation,
wy; - angular frequency of i-th sinusoidal excitation,
@i - phase of i-th sinusoidal excitation.

The information on reinforcement geometry is contained in k,; and &y coefficients.
Using an A/D probe a measurement is taken at time m:

N
ym = y(tm) = Z kwimsm(a)yitm + kiq;¢y/’) (4)
1

The signal y,, is registered in probe’s memory. The record is accessible by serial
interface. Independent on registration the microprocessor follows FFT algorithm.

2 DEFEKTOSKOPIE 2012



The values of the amplitudes of the measured signal equal:

/7/’ = kxiXi (5)
The estimation of the discrete values at a given point in time is carried out according
to the measurement model taking into account metrological characteristics of
sampling [9]. The above relationships show analog-to-digital conversions of the

temporary values and amplitude values of the frequency components. Having those
values the algorithm EIT creates an image.

3. Measurement system setup.

The data base is being built at laboratory site [2] that enables reinforced concrete
testing with the use of various scanning probes and identification algorithms

Microp_roc_essor L o RS232 »|  Microprocessor
excitation B g “ FFT
generator
Amplifier Amplifier

A
Integrated head
8 Sensor
board

Fig.1 Functional schema of microprocessor head.

The experimental setup consists of: scanning manipulator, excitation probe,
generator of excitation function, excitation signal amplifier, measured signal
amplifiers, data acquisition system, industrial PC and terminal for graphical data
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display device. An important element of the system is a probe based on the
integrated sensor consisting of a number of identical elements with excitation and
measurement coils [6. 8]. Microprocessor generator combines individual sinusoidal
components. The parameters of excitation functions are chosen from outside of the
probe by the parallel interface. Digital version of the signal is converted by A/D
converter, next, after amplifying; the signal controls excitation coils of the integrated
sensor.

4. Signal processing algorithms.

The measurement of the field distribution on the object’'s surface is done for
versatile excitement coil location. The output data are compared with the template
that was created by gathering the data prior to the experiment.

Frequency synthesizer Reinforcement parameter
& identification
X(t) = z )(is'n(wwit+ ¢Wi)
1
Broadband power amplifier Indicating of spectrogram
parameters
A
A
Selection of i-th sensor Spectrogram
located in the head board

Spectral analysis

Sensor winding Digital processing of
measured signal

A 4

Measurement amplifier A/C convertion
Analog filter

Fig.2 Flowchart representing a process of excitement and measured signal
processing.
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The data base comprises of image templates produced for different frequencies.
As a result of comparison the most analogous image set is chosen. The probability is
calculated employing probabilistic methods. The result of digital converting is a spatial
image of reinforcement location that allows for estimating the cover thickness; rebar
diameters and distances between individual rebars. For given reinforcement
configuration the measured signal sent by sensor coil is characterized by temporal
variations, registered as changes in signal spectrum. The most important parameters
for geometry measurement are, as it has been confirmed by previous experiments, the
amplitudes of sinusoidal components. The taken signals are verified for error detection,
to eliminate stochastic disturbances and potential sampling failures. [9].

The employed software is capable of multi-frequency synthesis of excitement
functions, data acquisition, signal frequency analysis and 3D reconstruction image of
reinforcement placed inside the tested area. The experimental setup enables for
measurement of multi-frequency signals sent by the probe coils. Considering the
complexity of computations during the experimental time, the used PC needs to have
big computing power. At every point of scanned area a spectrogram is created for
sensors of various geometries being the part of the head. The obtained spectrograms
are the input data for the EIT algorithms.

5. Conclusions.

The paper presents the application of multi-frequency method for rebar testing.
The reinforcement image is created by measurement signal processing after
receiving the outputs to excitation. The variation of coil location on the surface of the
examined area causes scanning effect to occur. The EIT algorithms allow for
reconstructing an image by comparing output data with prototypes found at the
calibration stand. The head with a number of sensors and multi-frequency excitement
has been implemented. The proposed method delivers more information that allows
for effective identification of model’s structure and precise identification of parameter
values. The electromagnetic field penetrates the conducting material in the way that
depends of applied frequencies, so that the sensor can detect nonuniformity of the
material providing the signal are of different frequencies [5, 7].

In the experiment the sensor of various sizes were used. The reinforcement
parameters are obtained based on the comparison procedure of excitements and
replies. The different rebar configurations provide various signal images as
aresponse to the same excitement. The applied tomographic method can be
combined with other methods due to output data fusion at the reconstruction stage of
the experiment. It is possible to optimize measurement sensors, sampling and
identification algorithms. The aim is to develop a portable device for 3D imaging of
concrete reinforcement. The presented results indicate that the multisensor head
construction gives the possibility of outcoming data to differ depending on rebar
location and its size. The EIT algorithms application leads to improvement of
resolution and high noise tolerance.

6. References.

1. Chady T., Sikora R..: Optimization of Eddy-Current Sensor for Multifrequency
Systems. IEEE Transactions on Magnetics. Vol. 39, No. 3 May 2003.

DEFEKTOSKOPIE 2012 5



. Chady T., Runkiewicz L., Sikora R., Wojtowicz S.: Model systemu pomiarowego
do testowania zbrojenia w budowlanych elementach zelbetowych. XiIlI
Sympozjum Modelowanie i Symulacja Systeméw Pomiarowych. Krakéw, AGH,
20083, s. 37-44.

. Chady T., Enokizono M., Sikora R., Takeuchi K., Kinoshita T.: Eddy current
testing of concrete structures. International Journal of Applied Electromagnetic
and Mechanics. 15(2001/2002) 33-37s. |IOS Press.

. Chady T., Sikora R.,, Gratkowski S., Wojtowicz S., Nagata S.: Eddy Current
Inspection of Reinforcement Bars in Concrete Structures. Proceedings of the
Tenth International Workshop on Electromagnetic Nondestructive Evaluation,
Michigan State University , June 1-2 2004.

. Greve-Dierfeld S., Gehlen C., Menzel K.: DFG Research Group 537: Modelling of
reinforcement corrosion — Validation of corrosion model. Concrete Repair,
Rehabilitation and Retrofitting 11 — Alexander et al (eds), 2009 Taylor & Francis
Group, London, ISBN 978-0-415-46850-3, 407-413.

. Nita K., Wéjtowicz S.:: Multichannel Measuring Setup in Application to Impedance
Tomography. Chapter 11 in: Industrial and Biological Tomography, Theoretical
Basis and Applications. Wydawnictwo Ksigzkowe Instytutu Elektrotechniki,
Warszawa 2010.

. Seppanen A., Karhunen K., Lehikoinen A., Kaipio J.P., Monteiro P.J.M.:
Electrical resistance tomography imaging of concrete. Concrete Repair,
Rehabilitation and Retrofitting Il — Alexander et al (eds) 2009 Taylor & Francis
Group, London, ISBN 978-0-415-46850-3p .571-577.

. Wdjtowicz S., Matuszewski A.: Mikroprocesorowa sonda do wykrywania
zbrojenia budowlanych elementach zelbetowych, Zeszyty Problemowe Badania
Nieniszczace, 2003 nr 8.

. Wijtowicz S., Sikora J.: ,Metrological Analysis of Data Acquisition System for
Impedance Tomography” PROCTOM 2006 4th International Symposium on
Process Tomography, 14-15 wrze$nia 2006r.

DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

NONDESTRUCTIVE IMPEDANCE METHOD
OF BRICKWORK DAMP IDENTIFICATION

Katarzyna BIERNAT*, Alicja IDZIASZEK-GONZALEZ*, Konrad NITA*,

Jan SIKORA*, Stefan WOJTOWICZ*,
*Electrotechnical Institute, Warsaw, Poland

Contact e-mail: gonzalez@iel.waw.pl

Abstract

The objective is to present an application of the Electric Impedance Tomography (EIT)
method to brickwork damp identification. The dampness of brickwork in building structures is
the key element of building maintenance. The walls of most historical buildings are highly
damp and saline because of the lack of any damp insulation. As a result of the damage
caused by dampness the strength parameters deteriorate being hazardous to the building
and environment. In order to stop the progressive damp damage adequate proofing needs to
be applied. The way to select proofing solution is determining the moisture content
distribution along both the height and the width of the walls. The paper discusses the project
that aimed at development of a method of assessing the dampness of brickwork by
conductivity measurement. The spatial distribution of conductivity is obtained by digital
processing of surface potential measurements existing due to low current flow. The accuracy
of the conductivity mapping depends mainly on data acquisition method. The tomographic
unit is equipped in multielectrode array adapted to various materials surfaces, switching
electronics, analog to digital (A/D) converter. The main issue is the application of the general
impedance tomography algorithm made to spatial imaging and experimental testing that
results indicate conductivity- dampness relation assuming given wall structure. The paper
shows the functional structure of impedance tomographic unit applied to brickwork damp
identification. The measurement data of measuring chains are presented.

Key words: Electromagnetic Tomography, brickwork damp identification, spatial distribution
of conductivity, multielectrode array

1. Introduction

Determination of the brickwork dampness is an important factor of building
condition evaluation. The walls of most historical buildings are highly damp and
saline due to weather conditions and environmental impact. As a result of damage
caused by the high moisture content the strength parameters of the brick become
lowered which often poses a hazard to the safety of the building. To stop the progress
in damage the proper proofing and materials need to be chosen. The moisture
content influences electric parameters of the construction that can be used in
technical diagnostics [6, 7]. Electric Impedance Tomography (EIT) allows for
brickwork damp identification inside the object in a nondestructive way. Based on the
performed tests the objects can be distinguished according to the applicable drying
methods.
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In the rehabilitation process drying can be controllable. The aim of the described
procedures is to further develop of damp identification based on the conductivity
spatial distribution inside the inspected object without any destruction of its structure.

The spatial conductivity distribution is obtained by digital processing of surface
potential measurements existing due to low current flow. The application of EIT as
a nondestructive method is developed at the Electrotechnical Institute [1, 2]. The
paper presents the schema of the experimental setup built to multipoint voltage
measurement used to determine impedance parameters.

2. Electric Impedance Tomography

The objective of EIT method is to find out the internal conductivity distribution
of the object. The conductivity measurements are taken on the surface of the
investigated object [3, 4]. The distribution of the measurement points on the boundary
must take into account linear independency of measurements and could not be freely
dense. The relation between potentials and conductivity distribution is expressed by:

v=T(J.7) @

where: v— measured potentials,
J — current density vector,
y— conductivity distribution,
T —nonlinear mapping based on Laplace equation.

In order to increase the number of information on conductivity distribution the data
are taken for different, independent power sources. This relation is described by the
following matrix form:

v=~Ay (2

where: v — vector of measured potential,
v — conductivity vector,
A — matrix of mapping function T.

The inverse problem could be written as:
y=A'v (3)

Such formulated inverse problem of finding the conductivity distribution having
measured the potentials, is usually ill posed and has no unique solution. The
numerical methods are applied to get the proper solution. The analytic solutions are
of cognitive and didactic nature and works for linear, isotropic objects with simple
geometry.

3. Functional system architecture.

The voltage measurement on the surface of tested object is taken by
multielectrode system. The electrode's location on the surface is fixed. Output data
are gathered sequentially for different exciting electrodes. The signal generators
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together with switching electronics are controlled by a PC-computer. Based on the
block diagram in Fig. 1 the measuring system was assembled comprising of a PC-
computer, switching and measuring boards and the software [5]. The electrodes are
connected in parallel way through the signal conditioning system to the multiplexer
and switching unit. The multiplexer is a two-stage, semiconductor device to assure
simultaneous data acquisition in 32 channels.

Fixing electrodes system

ik i

Input conditioning system

4 4
anaog | [[[[} )
multiplexer Analog
A selector
Binary input Binary output
T card . card ™
= A
Analog input »Analog output Amplifier
card < card 1
v
Industrial PC
A
PC Pc with GUI

I
Fig.1. Block diagram of data acquisition system

An A/D converter assures 12-bit precision with maximum frequency sampling of
300 kHz. Additional precision is accomplished by the use of programmable amplifier
preceding the A/D converter [8]. The application based on the general algorithm of
EIT for spatial imaging has been setup. The results show the conductivity and
dampness relationship at given internal structure. The obtained data of temporary
voltage values are gathered in 3D matrix and then post processed using internal
image reconstruction algorithm. The system architecture related to its functionality is
based on the PC and specialized boards [4, 5].
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3. Results
The electrodes are fixed to the surface of the tested brick. (Fig. 2, 3). As it was

planned the source voltage is applied to the electrodes.

current and voltage voltage measured at
electrodes successive time
instants
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Fig. 3. Electrodes fixed to the both sides of the wall.

The investigation was performed on the purpose-built wall that enables dampness
and fast drying process control. [6, 7]. The measurements were taken for specific
frequencies of source current. The laboratory stand is presented in Fig. 4. The aim of
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the performed research was to evaluate dependence between electrical impedance
and dampness inside the wall.

Fig.4 Laboratory stand for preliminary investigation.

Some of the results taken at 1 kHz frequency are presented in the Fig. 5.. One
determined the correlation between the dampness images and frequencies.

+ oo

L B T ST T Sy -
“ 2 M N

i il -
8 & W @ w18 =

Fig.5 Potential distribution on electrodes Fig.6 Potential distribution dependency
at 1 kHz frequency. on projection angle and specific
electrode.

5. Conclusions

The results of the experiment enable the non-invasive diagnostics of brickwork
employing EIT method. The output data provide cross section graphic of tested
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objects containing information on damp distribution. Such images can be archived,
compared and contrasted with others collected at any time. The method can be of
great importance in quality controlling of proofing solution and also in checking on
fast drying processes applied after installing the insulation, particularly in the case of
thick walls. The tomographic measurement system is characterized by the time and
spatial phase’s distribution of data processing. This allows for significant cost
reduction of portable measurement devices and also for shortening the computational
time.
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Abstract

The problem of analytical determination of the pattern of complex acoustic array for
pulse mode is an extremely difficult task. If to take into consideration the existing in practice
form of probe influence which, as a rule, does not undergo analytical description then the
task becomes practically impossible to complete. However to solve many problems of non-
destructive testing it is necessary to determine and analyze the pattern of multi-element
acoustic array for pulse mode. The method of numerical simulation of a linear equidistant
antenna array with information processing by the algorithm SAFT, which enables the
calculation of the radiation pattern of antenna array operating in pulse mode, is proposed in
the paper. Results presented in the article include discussion of the simulation results and
experimental studies that illustrate the spatial parameters of the pattern and characterize the
possibility of quantifying the size of defects, also they allow to make the conclusion about
high efficiency of the method suggested.

Key words: SAFT, radiation pattern, side-lobe, line array, numerical simulation

1. Introduction

Development of acoustic methods of nondestructive testing goes on the way
of implementing ultrasound antenna arrays. This direction is called for several
advantages in comparison with single transducers. A very significant feature is the
capability to increase the signal/noise relation. Multiple sources of noises determined
separately as a rule form a noise which is characterized by probabilistic parameters.
The processing algorithm SAFT [1] presupposes coherent summation of signals of
separate elements which constitute an array. Under the normal law of noises
probability density distribution, the increase of signal/noise relation is in proportion to
the number of elements in the array.

Another positive feature of antenna arrays application is the possibility to form
two- and three-dimensional images of defects. The grounds for this are the capability
to scan by directional diagram (DD) within the required control area. With much
certainty the control area can be considered a linear field and, consequently,
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possessing additivity properties. The obtained data represents the discrete set which
characterizes the state of each point of scan area separately. In pulse-echo method
the pattern of forming a signal-response will be formed, first of all, on such
characteristic as directional diagram. SAFT algorithm suggests realization of integral
value of this parameter in the radiation mode and in the receive mode.

Another factor which influences the signal-response is the coefficient of
acoustic radiation reflection by discrete point of analyzed object. In general terms it
can be written down as:

Flx,y,z) = R{x,%,2) ® Lix,y, z). (1)

where x, y, z — Cartesian coordinates, F(X,y,z) — acoustic image of the object,
represented by signal-response, R(X,y,z) — impulse spatial directional diagram in

echo-pulse mode, L(x,y,z) — reflection characteristic of object under control, @ .
compression symbol.

Expression (1) allows to formulate the required condition for calculation of
acoustic image of the object under control which is at maximum approximated to its
geometrical configuration. Desired function is L(x,y,z),known (measured) function —
F(x,y,z). Therefore, to solve equation (1), it is necessary to determine R(x,y,z) —
impulsed spatial directional diagram of antenna array in echo-pulse mode. Such
variant of directional diagram representation differs in some way from traditional
definition.

2. Antenna array directional diagram calculation for harmonic wave.

Traditionally directional diagram is defined as the function which describes the
relation of acoustic pressure (or the amplitude of oscillating speed) from angular
coordinates (angle of elevation and azimuth) with constant distance to the given point
of field. The majority of antenna systems allow separation of variables x and vy in the
expression of function which describes the directional characteristic. Physical
interpretation of such separation is that each factor describes directional diagram of
linear antenna array oriented accordingly by selection from the whole antenna
system. Therefore, the problem can be formulated as calculation of directional
diagram of linear antenna array.

The theory of antennas [2] gives expression for the directional diagram of
equidistant linear array under harmonic wave of irradiated signal:

R(6,9) = R,(6,9) - Ry (6), )

where R(8,9) — the directional diagram of linear antenna array, Ri(8,9) — the
directional diagram of antenna element, RN(8) — factor of equidistant linear array.

g_/

The last factor is identifies by the formula:

N

=iy

'\n sm— (3)

Ry(9) =
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where N — number of elements in antenna array, W — generalized angular

coordinate identified by the expression k-d-ces@ Kk _ wave number, d — the
distance between neighboring elements of array.

The sizes of antenna element are chosen in such a way as to provide the
maximum area of scanning. Apart from that, highly desirable is the presence of only
one principle maximum. For that it is necessary to meet the condition d < A, where A
— the length of acoustic radiation wave [3]. That is why the sizes of antenna element
along the longitudinal axis of antenna array do not exceed half the wave length and
the width of corresponding directional diagram approximates 180°. Calculation of
fulfilled in such way antenna system is simplified as the function Ri(6,9) in
expression(2) can be set equal to unit. Then the factor of antenna array will fully
characterize its directional diagram. It is necessary to mention that expression (3) is
obtained with allowing some randomness assumption which are typical for the work
in far field zone.

The principle of echo-locating equipment work is based on application of
impulse signals of probing. The calculation of directional diagram in this case
represents considerably more complicated problem. It seems that the only one
method of analytic analysis is the application of spectral decomposition of pickup
signal in Fourier series with the following weight summation of elementary directional
diagrams for harmonic components. This procedure requires large expenses and due
to this reason didn't find wide application. Extra complexities arise with analytic
description of applied in practice probing signals. In most cases it is accompanied by
the whole number of approximations and assumptions which decrease reliability
relation of acquired results to true data.

Another means of obtaining directional diagram for arbitrary type of antenna
array and arbitrary form of probing signal is computational modeling with application
of this or that computational mathematic editor. The widest possibilities are offered by
MATLAB which was used for obtaining the described below results.

Y
A

6, 1)
EEEEEEEEEER

(0, y)

» X

0
Fig.1 Location of acoustic tract in Cartesian coordinate system.

The process of directional diagram modeling according to the algorithm SAFT
consists of two stages. The first stage is about forming sets of A-scans, quantity of na
of which is connected with number n of elementary transduces in relation nz=n,.
Preliminary it is necessary to define the sizes of control zone, scanning pitch in
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transverse direction and longitudinal direction, location of point scattered and speed
of sound in the control zone. Geometry of acoustic tract in Cartesian coordinate
system is given in Fig 1.

It is possible to define three zones on time base of each of A-scans. The first
occupies the time interval from the probing moment till the moment when reflected

signal still hasn't got into transducer. The time equals (I=+1.)/¢  where ¢ — speed
of sound. It is filled with zeros. The next zone represents by itself the digital form of
reflected acoustic impulse. It is evident that this form can possess absolutely arbitrary
configuration because it doesn’t require analytic description. The last zone is the
zone of zeros, the beginning of which is given by the moment of the end of response
signal and the end of which is determined by the control zone boundary. It is
reasonable to convert a set of A-scans into 3-D matrix, the first application of which
equals to the number of oscillators, the second — to the number of receivers, and the
third — to the number of minimum resolutions of full time axis.

The second stage of modeling contains the algorithm of coherent summation
in accordance with SAFT method. In the beginning the time of signal response arrival
from each point located in control zone is determined. Then summation of A-scans
data selected in definite points of time takes place. In such a way the volumetric
(3 dimensional) image of acoustic field distribution in the control zone with the
condition of arbitrary location of reflecting point is being formed. By definition this
image presents by itself the directional diagram of antenna array.

The main difference of impulse mode work from the work in harmonic mode is
localization in time of the field structure in control zone. That is why the
corresponding directional diagrams also differ by this characteristic. Antenna array
which is using harmonic signal possesses the orientability only in transverse direction
in relation to the acoustic beam path. That is why the typical image of such
directional diagram in Cartesian coordinate system has the function mode which
relates only to one argument. As an example the directional diagram of linear
antenna array which is working in the frequency of 2 MHz is shown in Fig 2. The
distance between two oscillators is 1,5 mm and the environment of the control zone
is characterized by the speed of ultrasound which is equal to 1500 m/sec.

amplitude_ _ H
H
0.8
0,6/
0,4/
0,2 1

10 20 30 40 mm

Fig.2. Directional diagram in harmonic mode.
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Cross-sections of elementary piezoelectric element do not exceed the half of
the wave length, that is why its directional diagram wasn't taken into consideration.

The distance from array aperture till the control point is taken as equal to
40 mm. Changes in the phase in side lobes in 180° are not shown in Fig. 2. Scan
angle rate is taken as equal to 0°.

In the Figure the three principal maximums are seen, one of which is the
central maximum (typically it is taken as workable) and there are two lateral ones
which create noise reflections. Side principal lobes are attempted, as a rule, to be
excluded from the control zone by the means of corresponding choice of the distance
between the matrix elements. Side lobes possess considerably smaller sizes but they
also produce noises. The peak value is possessed by the first lobe located close to
the central principal one. It comprises approximately minus 13 dB. The width of the
principal maximum of directional diagram by the level 0,5 equals to 0,8 mm.

3. Antenna array directional diagram calculation for impulse mode.
Experiential studies” results

The directional diagram of antenna array has more complex structure when
probing with impulse signals. The results of experiential studies of linear equidistant
acoustic antenna array the parameters of which were used for directional diagram
calculation in harmonic sound mode are shown in Fig.3.

amplitude amplitude amplitude mm =
0.8 0.8 43;
2
0,6/ 0.6 41
’f&
v
0.4 0.4 390 0
0.5}
0,2 0.2 37
1 %25 05 075 1 mes 0 0" 35 , .
: ol 10 20 30 40mm 40 30 mm 10 20 30 40 mm
a b [ d

Fig. 3 Experiential directional diagram in impulse mode.
a — configuration of probing signal; b — frontal view of directional diagram;
¢ — up projection of directional diagram; d — top view of directional diagram.

It is necessary to point out that only positive part is shown on directional
diagram images while the negative part mirror located to axis x and fully symmetric to
the first one, is omitted. The configuration of experiential probing signal normalized to
unit is shown in Fig 3. Fig 3b shows the result of processing according to SAFT
algorithm of pickup A-scans in case of using pellet as a defect model with diameter of
0,8 mm, placed at the distance of 41 mm from the radiating surface of array. It is
possible to approximately consider it as point scatterer while spacial distribution of
the field amplitude in the given control zone — as directional diagram. There are
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distinguished principal side lobes in the Figure. They constitute less than minus
20 dB of the principal, i.e. less than the first side maximum in harmonic mode for
7 dB. The width of the principal lobe in frontal projection is less than 1,05 mm, that is
a bit more than the corresponding characteristic of harmonic mode.

Fig. 3c shows the profile projection of directional diagram which is not typical

for harmonic mode work. Axis x of this Figure graded in units of length is obtained in
ct

accordance with expression z , where ¢ — speed of sound in control zone, t — time of
echo-pulse arrival. Detailed analysis of the principal lobe shows that its form matches
the form of probing signal. The length of this projection of directional diagram is
identified by the wavelength of acoustic radiation in control zone and by the number
of probing signal cycles. The maximum value of side lobes is observed in the area

located near the principal lobe. Then their amplitude decreases steadily.

Fig. 3d shows the top view on directional diagram. It is visible that the principal
lobe and side lobes are located in the control zone quite nonuniformly. In addition,
side lobes occupy considerable part of the control zone cross-section area. It is
interesting to mention that directional diagram obtained when treating source
information processed by SAFT method has the form of circular arc which center
coincides with the antenna array center.

4. Results of directional diagram computational modeling for impulse
mode

The results of antenna array” directional diagram modeling with information
processing by SAFT method and by probing signal which is maximally approximated
to experiential signal waveform are presented in Fig 4. It was performed in order to
evaluate the degree of credibility of simulation method. The acoustic tract parameters
and the image content correspond to the conditions presented in Fig. 3.

amplitude ~ amplitude amplitude . mm e
0.81 |
s 2.5
0.6 0.6/
’ 40 % H \
) 0.4 .
8 W i\
37.5:
0.2 0.2h
0 02505075 1 mes 0 10 20 30 40 mm D 40 30 mm |.[] 20 30 40 mm
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Fig. 4 Calculated directional diagram in impulse mode.
a — configuration of probing signal; b — frontal view of directional diagram;
¢ — up projection of directional diagram; d — top view of directional diagram.
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Detailed comparison of Fig. 3 and Fig. 4 shows closely approximated
matching of the main characteristics of presented results. The predicted level of side
lobes constitutes minus 22 dB, while the width of directional diagram frontal cross
section on the level 0,5 — is not more than 0,6 mm. The form of profile cross section
also repeats the probing signal waveform. The difference in directional diagram width
which constitutes 0,45 mm, is explained by the presence of distinct cross section
area of defect model which was used in the experiment. The calculation of acoustic
tract’ geometrical characteristics, typology of which is shown in Fig. 1, shows that the
surface on which acoustic waves fall approximates by its form to the pellet segment
with the radius equal to 0,4 mm. It constitutes the difference of point scatterer from
the experimental sample. This fact evidently appears to be also the reason for some
differences in the form and sizes of side lobes presented in Fig. 3d and Fig. 4d.

The presented here results illustrate quite high degree of reliability of modeling
method of antenna array directional diagram with data processing by SAFT method.

4. Conclusions
The carried out research allows to make the following conclusions.

1. The technique of computer modeling of antenna array with information
processing with SAFT algorithm allows more vividly and with high degree of
reliability conduct the analysis of spatial parameters of directional diagram.

2. Directional diagram in impulse mode work possesses the characteristic of
spatial and time-interval localization which depends on the probing pulse
duration.

3. The directional diagram cross section width depends on the probing pulse
duration, more than that, it occurs to be less, the lesser the duration is.

4. The directional diagram form in the direction of acoustic beam propagation
repeats the form of probing signal.

5. The side lobes amplitude is much less than the corresponding amplitude in
harmonic mode and the decrease is more, the shorter the probing impact is.
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Abstract

This paper presents experimental studies of cellulose fiber cement boards using non-contact
ultrasonic system were performed. Both the theoretical and experimental studies were per-
formed on cellulose fiber cement boards. Cellulose fiber cement boards are the materials
commonly used in architectural engineering for many external and internal applications such
as buildings elevation or as walls and roofs covering materials. The theoretical studies of
plate waves served to identification of the wave mode measured in the boards. It was found
that the flexural (AO) mode, having velocity about 1200 m/s, propagates in the material. The
preliminary experiments were done for the cement boards specimens, using 3D laboratory
non-contact ultrasonic system and then, based on the obtained results new dedicated 1D
scanner was designed and built. The obtained results confirmed applicability of the non-
contact ultrasonic method using plate waves to studies of cellulose fiber cement boards. It
allowed distinguishing between healthy and defective area within the boards and thus the
method can be found as promising tool for future factory production control.

Key words: acoustic methods, non-contact ultrasound, nondestructive testing, cellulose
fiber cement boards

1. Introduction

Cellulose fiber cement boards are the materials commonly used in architectural engi-
neering for many external and internal applications such as buildings elevation or as
walls and roofs covering materials [1, 2]. Modern boards are asbestos-free and are
classified as eco-friendly constructional materials. They are characterized by good
fire-proof and heat insulation as well as moisture-proof performance. Moreover, they
are easy for construction, light weight, they have stable dimensions durability and
long service life.

Accordingly to the polish norm [2], the manufacturer of the cellulose fiber cement
boards, which are used in architectural engineering, is obliged to organize engineer-
ing inspection department in the factory, responsible to regular control of products.
The factory production control process is based on studies of repeatability of geomet-
rical parameters, apparent density, leak test, vapor permeability test and standard
mechanical bending strength testing [2].
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The main disadvantage of most of the standard inspection methods, specified by pol-
ish norms [2, 3, 4] is their selective (the size of testes specimens is much smaller
than the size of the whole element) and destructive character.

The abovementioned limitations can be significantly reduced by application of com-
plementary, non-destructive tests e.g. using ultrasonic methods, which are recog-
nized as a powerful tool widely applied tool in NDT community.

The main purpose of the paper is to evaluate the applicability of the non-contact ul-
trasonic method to study of the cellulose fiber cement boards during their production.
The paper is focused on both theoretical and experimental studies of the plate wave
propagation phenomena in the material. Within theoretical framework the analysis of
the Lamb waves (A0 — asymmetric zero mode) was performed, which was found to
be the most convenient to diagnose the quality of the cellulose fiber cement boards.
The preliminary experiments were done for the cement boards specimens, using 3D
laboratory non-contact ultrasonic system and then, based on the obtained results
new dedicated 1D scanner was designed and built.

2. Ultrasonic studies
2.1.Theoretical studies

Lamb waves (also called plate waves) can be generated in a plate with free bounda-
ries with an infinite number of modes for both symmetric and antisymmetric dis-
placements within the layer, [11]. The symmetric modes are also called longitudinal
because the average displacement over the thickness of the plate or layer is in the
longitudinal direction. The antisymmetric modes exhibit average displacement in the
transverse direction and also called flexural modes. The Rayleigh-Lamb frequency
equations for both modes, describing the dispersion of phase velocity can be written
as, [11]:

tan(gn) 4K qu for symmetric modes, @
n(oh) (g - i)
2
tan(gh) _ ( £) for antisymmetric modes, 2
tan(ph) 4K pg
where p and q are given by:
2 2
pzz(w] K and t72=[w] - K. ®
c, Cr

In the expression (1) and (2) the quantity h=d/2, where d is the board thickness, c.
and cr are longitudinal and shear wave velocities of the plate, respectively. The
wavenumber k is equal to alcp, where cp is the phase velocity of the Lamb wave
mode and w is the circular frequency. Fig. 1 plots the calculated dispersion curves,
calculated as a solution of the equation (2), for cellulose fiber cement board are pre-
sented. The numerical values of the material properties used for calculations are
listed in Table 1.

It is visible in Fig.1 that the cut-off frequencies of the first symmetric mode (S1) is
0.25 MHz, while anti-symmetric mode (Al) is 0.2 MHz. Considering the range of fre-
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quencies used in experiments (50-150 kHz), theoretical results give information that
in the cement boards only SO and A0 modes can exist.
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Fig. 1. Calculated dispersion curves for a cellulose fiber cement board.

Tablel. Material properties of cellulose fiber cement board

Density, p (g/cm?) 1.6
Longitudinal wave velocity, ¢, (m/s) 2630
Shear wave velocity, cr (m/s) 1446
Board thickness, d (cm) 7.8

2.2.Experiments

Ultrasonic studies of the cellulose fiber cement boards were performed using non-
contact ultrasonic system. Prior to the pivotal tests the preliminary theoretical and
numerical studies were performed aiming at selection of optimal experimental condi-
tions such as frequency, shape of generated impulse, distance between transducers
and board. The tests allowed also to evaluate which of considered wave modes (lon-
gitudinal wave, surface wave, Lamb wave) is the most effective from the point of view
of transmitted energy. Moreover, such studies have given possibility to understand if,
how and which of the material properties influence on the measured wave parame-
ters. Results of simulation studies yielded the qualitative evaluation of the role of the
defects geometry (shape, size) on measured signals and estimation of the role of
local inhomogeneity of the material on wave parameters.

The laboratory version of non-contact 3D ultrasonic scanner is shown in Fig.2. The
device allow to studies of materials using various methods: in transmission or echo
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mode, using wave reflectometry as well as spectroscopy of surface waves. Prelimi-
nary tests were performed on the device on the specimens of various sizes (obtained
from the whole board) in order to estimate maximal dimensions of the boards for
which the signal to noise ratio is high enough to be acceptable.

Fig.2. Photography of laboratory non-contact ultrasonic scanner.

Following the results of preliminary tests, the Lamb waves operating at 50 and
100 kHz frequency were chosen as the most effective to study the material and the
simplified version of 1D non-contact ultrasonic scanner was built (see Fig. 3b).

The studies were performed on the cellulose fiber cement boards using Lamb waves
propagating along the surface of the materials. In the Fig. 3a scheme of experimental
configuration for Lamb wave composed of a pair of transducers, having 50 and
100 kHz center frequency (ULTRAN Group). The transducers were exited (by arbi-
trary generator) using the linear chirp (signal for which the instantaneous frequency
varies linearly with time within the certain bandwidth) having the frequency range fit-
ted to their bandwidth. The waveforms were recorded by digital oscilloscope at
10 MHz frequency rate. The signal generation and reception was done by a profes-
sional computer controlled measuring instrument Handyscope HS3 (TiePie engineer-
ing) via USB. Moreover, the system was equipped in stepper motor and feed rollers
to move the board along line.
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Fig. 3 Scheme of experimental configuration for non-contact ultrasonic tests using
Lamb waves (a) and photography of experimental setup to study of the cellulose
fiber cement boards (b)

3. Results and analysis

In Fig. 4 and Fig. 5 exemplary results of studies obtained by non-contact ultrasonic
scanner are presented. The Fig. 4 presents the B-scan of the whole cellulose fiber
cement boards in linear (left) and logarithmic (right) scale. In the Fig. 5 the partial B-
scan of the board, focused on cracked part of the cement board is presented.

50kHz-log10

1000 1500

Fig. 4. B-scan in of the of the whole cellulose fiber cement boards in linear and loga-
rithmic scale (vertical axis — boards length [mm], horizontal axis - samples, colorbar
— signal amplitude
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Fig. 5. Partial B-scan in of the cement boards in linear and logarithmic scale (vertical
axis — boards length [mm], horizontal axis - samples, colorbar — signal amplitude

The results presented in the Fig. 4 and 5 concern the A0 mode, which was identified
considering theoretical predictions (velocity about 1200 m/s @ 100 kHz) and then
confirmed in ultrasonic experiments. Analysis of the B-scans allows distinguishing
between healthy and defective area. In the case of results for the board presented in
the Fig.5 it was possible to identify visually the type of defect — delamination. How-
ever, in general the source of the changes of amplitude of the signal may be differ-
ent. For example it is not known how the local thickness changes or local inhomoge-
neity of the material, being result of complex procedures of production of the cement
boards, influence on the signal parameters.

4, Conclusions

In the paper experimental studies of cellulose fiber cement boards using non-contact
ultrasonic system were performed. The main purpose was to evaluate of the applica-
bility of the method to study of the boards during their production. Therefore, in order
to find optimal experimental conditions the first phase the studies were focused on
laboratory tests using 3D non-contact ultrasonic scanner on the board specimens (of
smaller size). Then, new 1D scanner working with Lamb (or surface) waves was de-
signed and made.

Both the theoretical and experimental studies were performed on cellulose fiber ce-
ment boards. The theoretical studies of plate waves served to identification of the
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wave mode measured in the boards. It was found that the flexural (AO) mode, having
velocity about 1200 m/s, propagates in the material.

The obtained results confirmed applicability of the non-contact ultrasonic method us-
ing plate waves to studies of cellulose fiber cement boards. It allowed distinguishing
between healthy and defective area within the boards and thus the method can be
found as promising tool for future factory production control. However, the further
studies, for larger group of representative materials are necessary in order to verify
and optimize its efficacy.

In the paper only the amplitudes of transmitted Lamb waves as a function of position
within the plate were analyzed. In general the sources of the changes of amplitude of
the signal may be different. For example it is not known how the local thickness
changes or local inhomogeneity of the material, being result of complex procedures
of production of the cement boards, influence on the signal parameters. Therefore,
one of the directions of the future studies will be focused on identification of the mate-
rial defects (cracks, delamination etc.) or their geometry, while the second direction
should be focused on studies of effective descriptors of the defects in the material. It
can be achieved by application of simulation of wave propagation phenomena, where
the defects can be directly introduced into the model and by development of the ad-
vanced signal processing methods for effective extraction of the information from
transmitted signals.
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Abstract

This paper presents a survey of current methods of identifying corrosion hazard to concrete and
reinforced concrete structures. As advances in technology are made and our knowledge on diagnosing
concrete structures increases, new methods, equipment and tests for monitoring the degree of
corrosion hazard become available. In the paper the relevant investigative methods are divided into:
nondestructive, semidestructive and destructive ones. Attention is focused on the first two kinds of
methods and their classification is presented. Also an example of the practical application of one of
the methods is provided.

Key words: corrosion, concrete structures, diagnostic methods

1. Introduction

The problem of corrosion of concrete and reinforced concrete structures is still the subject of
research. Corrosion affects both concrete and the reinforcement. Depending on how long and
in what environment a given structure has been in service, the degree of corrosion may be
higher or smaller. If corrosion affects the whole structure and is intensive, a risk to the
operational safety of the structure may arise with the passing of time.

As knowledge on corrosion increases, so does the development of concrete structure
diagnostics and new testing equipment helping one to diagnose the corrosion hazard to
structures and monitor the progress of corrosion.

The diagnostic methods useful for assessing the corrosion hazard and corrosion progress in
concrete elements can be divided into destructive, nondestructive and semidestructive
methods. Particularly interesting are nondestructive and semidestructive methods since they
enable one to determine, in a simple and quick way, how far advanced the corrosion of
concrete or reinforced concrete is. A classification of the methods is presented in a chart
shown in fig. 1. The more interesting of the methods are then described and, what may be
important for the reader, the source references are given.
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Fig. 1. Classification of diagnostic methods useful for assessing corrosion hazard to concrete
structures.

2. Material methods

As shown in figure 1, the group of material methods comprises: the Rapid Chloride Test, the
Rainbow Test and the Deep Purple Test. These are very simple methods, but highly useful in
building practice.

In the Rapid Chloride Test the amount of chloride ions contained in a powdered concrete
sample taken from the tested structure is evaluated /77 s/ifv or in a laboratory. The test is used
to determine the concentration of chloride ions in concrete constituting the reinforcement
cover.
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The Rainbow Test and the Deep Purple Tests are used to determine the depth of concrete
carbonation. A special preparation is sprayed onto the fracture surface of a drill core sample
taken from the tested structure, or onto the side surface of an exposure. Depending on the
degree of carbonation, the surface of the concrete assumes a certain colour. By comparing this
colour with that of the test kit pH reference one can determine the pH of the concrete.

Fig. 2. Rapid Chloride Test kit for measuring chloride fon concentration in concrete.

3. Electrochemical methods

This group comprises several test methods deriving from electrochemistry, which have been
adapted to the complicated conditions prevailing in concrete. Using these methods one can
noninvasively evaluate the intensity of reinforcement corrosion and identify areas with
a different degree of corrosion hazard on the surface of a concrete structure [1].

The Wenner method and the direct current method [7] are based on measuring concrete
resistivity by passing current between electrodes spaced at an equal distance from one another
and being in contact with the tested concrete surface. The corrosion rate is evaluated on the
basis of the measured resistivity, which has an influence on, among other things, the transfer
of chloride ions in concrete. In the Wenner method alternating current with a frequency of
about 1300 Hz is passed through the two middle electrodes [4], as illustrated by the diagram

shown in fig. 3.
@- electrods
a a a
>
y o
% //concrete/f
A1, ////z/////

Fig. 3.General diagram of testing concrete resistivity by Wenner method and direct current
method [7].
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The PROOVE’it Test [2] is used to test the resistance of concrete to the penetration of
chloride ions. It is determined how easily chloride ions penetrate into saturated concrete at an
applied specific electrical potential.

60V DC
Power

Fig.4. Schematic showing how sample Is connected to test chamber containers filled with
chemical solutions and to power supply.

During the test, current intensity is measured. The apparatus automatically integrates the
curve describing the change in current intensity over time (A/s), whereby the test result is
displayed in coulombs. The charge values in coulombs are used to classify the concrete
according to ASTM C1202-91 [10]. The table used to classify concretes depending on their
permeability to chloride ions is shown below.

Table. 1. Classification of concretes according to their permeability to chloride ions [10].

égﬂllf;]g; Permeability class Typical for concretes
> 4000 High with w/c>0.5

4000 - 2000 Average with w/c=0.4-0.5

2000 - 1000 Low with w/c< 0.4

1000 - 100 Very low modified
<100 irrelevant with addition of polymers

The Salt Ponding Test [10] is used to measure the susceptibility of concrete to chloride ion
penetration. During the test the solution which is poured over the sample permeates into the
concrete through its pores. Pore transmission of the solution from the sample’s wet face
through its top surface to the dry air takes place, which increases the absorption of the water
containing chloride ions by the concrete. The concentration of chloride ions at every 1.22 cm
along the whole thickness of the sample section is determined.
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Fig. 5. Schematic of Salt Ponding Test according to AASHTO T259 [11].

The Bulk Diffusion Test is also used to measure the resistance of concrete to chloride ion
penetration. Chloride ions penetrate, without any external intervention, into the concrete.
After a certain time the concentration of the ions in the cross section of the tested sample is
determined.

In the Electrical Migration Test a concrete sample’s permeability to chloride ions is measured.
The movement of the chlorides is caused by low intensity current. The sample is placed
between two chambers, as shown in fig. 6. The liquid in the chamber connected to the anode
is monitored and the concentration of chloride ions in the sample is determined. From the
change in the concentration of chloride ions in the course of the test one can calculate the
diffusion coefficient on the basis of which the time after which the reinforcement will begin
to corrode can be predicted.

I_
electrode

cathode
chamber

-

anode concrete sample
chamber

Fig. 6. Test chamber used in Electrical Migration Test [11].

The Rapid Migration Test (CTH Test) [10] consists in measuring the migration of chloride
ions through a concrete sample under the applied voltage of 30V in accordance with the
principle shown in fig. 7. The depth of chloride ion penetration is measured by spraying silver
nitrate solution on the sample’s fracture surface where the reaction takes place. The areas in
which chloride ions are absent turn brown. The determined penetration depth can be used to
calculate the coefficient of chloride ion diffusion
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Fig. 7. Schematic of test chamber used in Rapid Migration Test [11].

Pressure Penetration Techniques [10] consist in accelerating the permeation of a solution
containing chloride ions into concrete by exerting pressure on the solution, as illustrated by
the schematic shown in fig. 8. This testing of permeability to chloride ions is similar to the
testing of permeability to water under pressure. The depth of permeability is measured using
calorimetric methods.

load

Chloride solution
under pressure

concrete specimen

Fig. 8. Schematic of Pressure Penetration Test [11].

The polarization methods, used to determine the rate of corrosion on the basis of the corrosion
system’s response, are very accurate measuring methods which supply information about the
electrochemical state of the reinforcement in concrete. The test results can be used to
calculate, e.g., the increase in reinforcement surface loss, whereby one can estimate the
decrease in the load-bearing capacity of a reinforce concrete element in the structure [8].

The Linear Polarization Resistance method belongs to the more effective electrochemical
methods of measuring corrosion. By monitoring the dependence between the electrochemical
potential and the current generated between the electrically charged electrodes one can obtain
information about the degree of corrosion. This method is most effective when an aqueous
solution is used. The method has proved to be quick and effective [9].

Electrochemical Impedance Spectroscopy consists in applying alternating current with a wide
frequency range to the tested electrode (reinforcement). As a result of the sinusoidal
disturbance of the tested electrode’s potential, an impedance spectrum characterizing the
response of the corrosion system (the reinforcement in the concrete) is obtained. The
measured impedance defines the apparent resistance of the electrode (the reinforcement) to
the alternating current [9].
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The Galvanostatic Pulses method consists in upsetting the test electrode’s equilibrium by
applying a current with a specified strength, which polarizes the cathode electrode. The action
of the current is limited to a certain short time after which the corrosion system regains its
equilibrium. During both the action of the current and after the latter is switched off the
change in the electrode potential over time is recorded [9].

4. Exemplary results of PROOVE’it test

Concrete drill cores taken from two different road viaducts were tested. Two samples from
each drill core were marked as: 1/1, 2/1 and 2/2. They were cut from the head of the drill
cores taken from the side of the viaducts’ girders. Samples 1/1 and 2/1 came from the near-
surface layer while samples 1/2 and 2/2 came from the deeper layer.

The average compressive strength of the concrete for samples 1/1, 1/2 amounted to 42 MPa.
Preliminary tests using the Rapid Chloride Test showed no concrete carbonation and the
chloride concentration in the near-surface layer was slight — below the permissible value.

In the case of samples 2/1, 2/2, the average compressive strength of the concrete amounted to
25 MPa. Preliminary tests using the same method as above indicated a carbonation depth of
18 mm and the concentration of chlorides was exceeded to a depth of 0.5 cm. Deeper, the
chloride concentration was small — below the permissible value.

The resistance of the concrete to the penetration of chloride ions was tested in accordance
with [2] and the obtained results are presented in table 2.

Fig. 9. PROOVE’it test set with connected four test chambers containing concrete samples
1/1, 1/2, 2/1,2/2 taken from road viaducts.

Table 2. Test results for concrete samples taken from road viaducts.

Sample Average compressive Charge in Class of concrete
number | strength of concrete, [MPa] coulombs permeability
11 42 1775 low
172 1063 low
2/1 25 962 very low
2/2 847 very low
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The tests showed that concrete samples 1/1, 2/1 taken from the near-surface layer of the
viaducts’ girders were characterized by lower resistance to the penetration by chloride ions,
whereas the samples taken from the deeper layer showed slightly higher resistance. All the
tested samples were classified as belonging to concretes with low permeability to chloride
ions.

5. Conclusion

A classification of methods useful for assessing the corrosion hazard to structures made of
concrete has been presented, with special focus on nondestructive and semidestructive
methods among which material and electrochemical methods are distinguished. The group of
material methods comprises three methods (tests). The group of electrochemical methods
comprises 11 methods, including 8 methods based on the measurement of concrete resistance
to the penetration of chloride ions and 3 polarization methods. All the methods are concisely
described and an example of the practical use of the Proove’it Test is provided.
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Abstract

At present time the operators of nuclear power plants increase the installed output of units
with pressurised water reactors in operation and plan to prolong their safe and reliable
operation over a period originally anticipated by project documents. The reactor pressure
vessel is the device, which in WWER (Water-Water Energetic Reactor) type nuclear power
plants has the crucial impact onthe nuclear and technical safety and fundamentally
determines the life time of the whole primary circuit. The status of pressure vessel
is monitored in regular intervals by in-service inspections, which are a part of planned
outages necessary for refuelling and reconfiguration of nuclear fuel in the reactor core.

The paper gives not only the description of inspection systems for the automated
non-destructive testing of WWER reactor pressure vessels, but also a short excursion into
the history of thirty years of automated ultrasonic testing, which SKODA JS has round off this
year.

Keywords: reactor pressure vessel, nuclear power plant, ultrasonic testing, automated
testing

Abstrakt

Provozovatelé jadernych elektraren v soucasné dobé zvySuji instalovany vykon
provozovanych blokd s tlakovodnimi reaktory a planuji jejich bezpecny a spolehlivy provoz
po dobu delsi, nez plvodné predpokladal projekt. Tlakova nadoba reaktoru je u blokd
jadernych elektraren typu VVER (vodo-vodanoj energeticeskij reaktor) zarizenim, které ma
rozhodujici vliv na jadernou i technickou bezpecnost a zasadnim zpdsobem urcéuje Zivotnost
celého primarniho okruhu. V pravidelnych intervalech je monitorovan stav tlakové nadoby
pfi provoznich kontrolach, které jsou soucasti planovanych odstavek nezbytnych pro vyménu
a prekladani jaderného paliva v aktivni z6né reaktoru.

Prispévek obsahuje nejen popis zkuSebnich systémd pro automatizované nedestruktivni
zkouseni tlakovych nadob reaktord typu VVER, ale i kratkou exkurzi do historie triceti let
automatizovaného zkouSeni ultrazvukem, které SKODA JS a.s. v letoSnim roce zavrsila.

Kliéova slova: tlakova nadoba reaktoru, jaderna elektrarna, zkouSeni ultrazvukem,
automatizované zkouseni
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1. TLAKOVODNI REAKTORY

Zéakladni koncepce tlakovodnich reaktord se od spusténi prvni velké komeréni
elektrarny s blokem PWR (Yankee, USA, 1961, 175 MWe) prakticky nezménila.
Konstrukce reaktorové ¢asti navazovala na tlakovodni reaktor elektrarny
Shippingport-1 (USA, 1957), ktery byl pivodné planovan jako prototyp pohonného
systému pro jaderné ponorky.

Podobnosti zakladnich projektd tlakovodnich reaktorld jsou mnohem vyraznéjsi
nez jejich jednotlivé rozdily. Velmi rychly a ispésny komeréni vyvoj téchto reaktorl je
v neposledni rfadé dlsledkem faktu, Ze naprosta vétSina ledoborcd, vale¢nych lodi
a ponorek na jaderny pohon byla a stale je pohanéna reaktory praveé tohoto typu.

Moderatorem i chladivem tlakovodnich reaktord je upravena lehka voda (H,O), ktera
se vaktivni z6né ohfivd pouze pod mez sytosti To vyzaduje vysoké tlaky
a silnosténné tlakové nadoby reaktord, v nichzZ je aktivni zéna ulozena.

Typické znaky tlakovodnich reaktorl jsou:

« Parogeneratory oddéleny primarni a sekundarni okruh, tim je radioaktivita
omezena teoreticky pouze na primarni okruh.

» Pouziti kyseliny trihydrogenborité (H3BO3z) v primarnim okruhu jaderné
elektrarny (JE) ke dlouhodobé kompenzaci reaktivity.

¢ Vysoky tlak chladici vody v primarnim okruhu vyZaduje silné stény komponent,
zejména reaktorové nadoby reaktoru.

2. ZAKLADNI PROJEKTOVA HAVARIE

Kazda jaderna elektrarna zarucuje svoji bezpeénou funkci i v podminkach pfi urcité
havarii (poruSe) az do tzv. zakladni projektové havarie (DBA). K nejhorSim
dasledkim muze vést najadernych elektrarnach s tlakovodnimi reaktory havarie
spojend se ztratou chladiva (LOCA). VS8echny moderni tlakovodni reaktory maji
zakladni projektovou havarii stanovenou jako Uplné roztrzeni hlavniho cirkulaéniho
chladiva obéma konci poruseného potrubi (tzv. gilotinovy efekt) pfi sou¢asné upiné
ztraté napajeni JE ze sité. PoruSeni tlakové nadoby reaktoru (TNR) se neuvazuje.
Zadny zdnes provozovanych blokii PWR (VVER) neni projektovan na porusenf
celistvosti TNR, ikdyz se vsoucasné dobé intenzivné feSi problematika
tzv. nadprojektové havérie, ktera se tyka taveni AZ a tim v nékterych pfipadech také
poruSeni integrity TNR.

U jadernych elektraren s tlakovodnimi reaktory je logicky zcela zasadni otazkou
celistvost tlakové nadoby reaktoru po celou dobu provozu. Proto je u jadernych
elektraren typu PWR, respektive VVER, vénovana zvySena pozornost provoznim
kontrolam (prohlidk&m) tlakovych nadob reaktord.
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3. TLAKOVA NADOBA REAKTORU (TNR)

Tlakové nadoby reaktorl patii k nejtéz$im ataké k nejrozmérnéjSim zarizenim
jadernych elektraren. Pozadavky na né kladené — pokud jde o vysoky provozni
pretlak, pracovni teploty, material a provozni bezpeénost — jsou mimofadné vysoké
a podstatné presahujici pozadavky kladené na tlakové nadoby pouzivané v jinych
pramyslovych odvétvich. Zcela novym dulezitym faktorem v projekci, konstrukci
i v provozu TNR je plsobeni ionizujiciho zareni, jehoz ucinky na konstrukéni materidl
jsou nepfiznivé (objemovy vyvin tepla, aktivace a radia¢ni poSkozeni).

Tlakova nadoba jaderného reaktoru pini podle nékolik dilezitych tkolG:
e Oddeéluje prostor aktivni zény a chladiciho média od okoli.
e Je ustfedni nosnou ¢asti aktivni zény s prislusenstvim.
» Piedstavuje druhou bariéru branici aniku (Sifeni) produktt Stépeni do okoli.

Vzhledem k primarnimu okruhu je TNR pevnym bodem ulozZeni, ostatni soucésti
primarniho okruhu, tj. hlavni cirkulaéni ¢erpadla, parogeneratory a pfipadné i hlavni
uzaviraci armatury, museji byt uloZeny tak, aby se na TNR nepfenasely zadné velké
pfidavné sily.

Komplet reaktoru typu VVER tvofi:
e Téleso tlakové nadoby.
e Horni blok reaktoru (tj. viko véetné pohont regula¢nich mechanism).
e Tésnéni pfirubového spoje.

e Hlavni Sroubovy spoj (svorniky, matice, zavitova lizka a podlozky).
M 140x6 (VVER 440) nebo M 170x6 (VVER 1000).

= Vnitini 4sti reaktoru (napf. BOT, KAZ nebo PAZ, SR, pfipadné DS).

Téleso tlakové nadoby ma valcovy tvar, ve spodni ¢asti je uzavieno poloeliptickym
dnem a v horni ¢asti je ukonceno obvykle pevnou pfirubou. V horni ¢asti télesa jsou
umisténa hrdla pro pfipojeni primarniho potrubi a tésné pod spodnimi hrdly TNR je
systém opér nadoby. Osazeni na vnitfni strané priruby télesa a soustava konzol
(,klinG*) a vodicich per uvnitf tlakové nadoby slouzi k zavéSeni vnitfnich Casti
reaktoru.

Tlakové nadoby typu VVER jsou vyradbény z celokovanych prstencd. Cely vnitini
povrch je obvykle opatfen vystelkou z austenitické korozivzdorné oceli.

Svarové spoje jsou nejvice citlivé na radiacni poSkozeni, a proto jsou umistovany
co nejdale od aktivni zény. Véalcovou ¢ast TNR v oblasti aktivni zony tvofi tedy
prstenec, jehoz vySka (limitovana velikosti ingotu) je volena tak, aby svary
sousednich prstencl byly pokud mozno umistény soumérné od horizontalni roviny
symetrie AZ. U reaktorl typu VVER jsou pracovni teploty pod oblasti, v niz je nutno
uvazovat tec¢eni.

Charakteristickym rysem TNR typu VVER je moznost jejich transportu po Zeleznici.
Z toho vyplyvaji jejich rozméry (zejména primér) a nékterda konstrukéni reSeni
— napf. tzv. nastavce hrdel u TNR typu VVER 440.
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Prispévek je vénovan predevSim automatizovanému (mechanizovanému) zkouseni
TNR typu VVER ultrazvukem. Proto se dale budeme vénovat tém ¢astem kompletu
TNR, kde je toto zkouSeni v praxi pouzivano.

Vnitfni €asti reaktoru jsou vyrobeny témér vyhradné z austenitické oceli znacky
08Ch18N10T. Hlavni metodou NDT je zde vizudlni zkouSeni (VT) a to jak pfimé, tak
i nepfimé zkouSeni pomoci televiznich kamer.

Pri zkouSeni elementd hlavniho Sroubového spoje je vénovan dliraz na povrchové
metody (VT, ET a MT). Logicky je hlavni pozornost vénovana nosnym zavitim
M 140x6 a M 170x6, které jsou zkouSeny automatizovanym zpusobem vifivymi
proudy (ET). Ultrazvukové zkouSeni je struéné pospano v nasledujicim odstavci.

4. HLAVNiI SROUBOVY SPOJ

Uzel hlavniho pfirubového spoje tlakové nadoby zajiStuje tésnost tlakové nadoby
reaktoru ve vSech provoznich rezimech.

Sférické viko doseda na pfirubu télesa tlakové nadoby. Utésnéni mista styku pfirub
vika a télesa TNR je provedeno pomoci profilového tésnéni z niklového prutu. Viko je
k pfirubé pripevnéno 60 kusy svornikli M 140x6 (VVER 440) nebo 54 kusy svorniku
M 170x6 (VVER 1000). Svorniky jsou zeslabeny centralnim otvorem (pramér 35 mm)
pro méfici ty¢ku. Pod maticemi svornik(i jsou dvé kulové podlozky — vyduta
a vypukla.

Zavitova hnizda (lGzka) v pfirubé TNR a matice v axialnim sméru se zkouSeji
ultrazvukem piimymi sondami zpravidla ruénim zplsobem.

PodloZky se zkou$eji pouze povrchovymi metodami (VT a MT).

Svorniky M 140x6 (M 170x6) lze nedestruktivné zkouSet automatizované
(mechanizované) ultrazvukem ze stfedového vyvrtu. Vyhodou je, Ze oba typy
svornikd maji stredovy vyvrt o stejném prdmeéru a Ze i jejich délka je pfiblizné stejna.
Neni obtizné pro jejich zkouSeni pouzivat jeden univerzalni manipulator.

PFi nedestruktivnim zkou$eni svorniki M 140x6 (M 170x6) se hlavni pozornost
vénuje necelistvostem, které koresponduji s vnéjSim povrchem. Takové necelistvosti
jsou zjistitelné predevsSim povrchovymi metodami NDT (zejména metodou vifivych
proud(l) na povrchu nosnych zavitd, v oblasti vybéhu nosnych zavitd a i na povrchu
hladké ¢asti dfiku svorniku. Ultrazvukova metoda vhodné dopliuje povrchové
metody NDT. Zaméfuje se na detekci a uréovani pravdépodobnych (skuteénych)
velikosti povrchovych necelistvosti nachézejicich se v hladké &asti dfiku svorniku.
Kromé toho je ultrazvukem prozvucovan také prakticky cely vnitfni objem materialu
svorniku. Vyskyt vnitfnich necelistvosti je minimalizovan stfedovém vyvrtem
o praméru 35 mm, coz potvrzuji vysledky vSech zatim provedenych provoznich
(pfedprovoznich) kontrol.

Poloha svornikd M 140x6 (M 170x6) pfi automatizovaném (mechanizovaném)
zkouSeni mGze byt dvoji:
* Vertikélni.

e Horizontalni.
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V nasich ,zemépisnych Sifkach" se preferuje vertikalni uspofadani. Pfikladem mize
byt manipulator KOMAS Il (Skoda JS, Cesko). Snimek z provozni kontroly svornika
M 140x6 (Jaderna elektrarna DUKOVANY) je na Obrazku 1.

Fig. 1: Manipulator KOMAS II (Skoda JS, Czech Republic)
Obr. 1: Manipulator KOMAS 1l (Skoda JS, Cesko)

Prikladem méné rozsifeného zkouSeni svornikll v horizontalni poloze je zku$ebni
systém SK 33 ruské firmy NIKIMT — viz Obrazek 2.

Fig. 2: Manipulator SK-33 (NIKIMT, Russia)
Obr. 2: Manipulator SK-33 (NIKIMT, Rusko)
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Pro struény popis metodiky ultrazvukového zkouSeni je dale popisovan zpusob
zkouSeni ve vertikalni poloze. Hlavni &asti manipulatoru KOMAS Il je stojan,
do kterého se upina svornik M 140x6 (M 170x6) ve svislé poloze. Stojan vyvozuje
rotatni pohyb svorniku a soucasné podélny posuvny pohyb nosi¢d sond.
Oba pohyby jsou vzajemné vazané, jedné otacce svorniku odpovida vertikalni posun
0 6 mm (stoupani zavitu). DalSi podrobnosti Ize nalézt napf. v Ae 13691 / Dok [1].

Ultrazvukové sondy jsou umistény v ty¢i, ktera se vklada do stfedového vyvrtu télesa
svorniku. Vyvrt je dole utésnény na oto¢ném talifi a je vyplnény vodou s inhibitorem
koroze, ktera slouzi jako vazebni prostredek.

Svorniky jsou prozvuéovany v axialnim sméru Uhlovymi ultrazvukovymi sondami
pFiénych vin s jmenovitou frekvenci 4,0 MHz. Dvojice tzv. sdruzenych sond (kazda
predstavuje dvé jednoduché uhlové sondy, otocené vici sobé o 180 ) umoziuje
prozkouSet cely objem materidlu svorniku pfi jednom skenu. Horni sdruzena sonda
prozvu€uje horni polovinu svorniku, dolni sdruzena sonda analogicky polovinu
spodni. Sdruzené sondy jsou vtyéi odpruzené pomoci pruzin. V pfipadé
jednoduchého manipulatoru, jako je napf. KOMAS I, mohou byt ultrazvukové trasy
tvofeny koaxialnimi kabely, protoze zde Ize jednoduSe eliminovat pfipadné ruSeni
ultrazvukového signalu.

Snimek sdruzené ultrazvukové sondy je Obrazku 3.

Fig. 3: Multi Element Probe
Obr. 3: Sdruzena ultrazvukova sonda
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5. VIKO TNR

Automatizovanym zplisobem se zkous$i nej¢astéji obvodovy svar vika TNR. Jako
pfiklad bude dale uvedeno zkouSeni obvodového svaru vika VVER 440.

Viko TNR typu VVER 440 je vyrobeno z materidlu 15Ch2MFA (18Ch2MFA).
Obvodovy svar byl u starSich TNR realizovan elektrostruskovym zpusobem,
u noveéjSich jsou svary uzkomezerové (Sitka 34 mm). Svary maji jmenovitou tloustku
200 mm a jsou na vnitfnim povrchu TNR prekryty austenitickym ochrannym navarem
0 nominalni tlouStce 8 mm. Osa svarového spoje je 120 mm nad pfirubou vika TNR.

Svarovy spoj se zkousi nedestruktivnimi metodami z vnéjSiho povrchu. Kromé
povrchovych metod (VT, MT nebo ET) je hlavni zkuSebni metodou NDT ultrazvuk.

Zku$ebni systémy (manipulatory) pro zkouSeni obvodového svaru vika TNR mizeme
rozdélit podle principu do dvou skupin:

e Manipulatory s magnetickymi kolecky.

e Manipulatory s pohybem po pomocné vodici kolejnici.

5.1. Manipulatory s magnetickymi koleéky

Modifikovany manipulator MIMIC (Sonomatic, Velka Britanie) pouziva Skoda JS
od roku 1996. MIMIC je jednoduchy dvounapravovy vozik (magneticka kolecka)
s pficnym skenerem. UmozZriuje neseni dvojice ultrazvukovych sond, pfipadné i sond
pro zkouSeni vifivymi proudy. Snimek manipulator MIMIC je Obrazku 4.

Fig. 4: Manipulator MIMIC
Obr. 4: Manipulator MIMIC
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Obvodovy svar vika TNR je prozvuéovan dvojici uhlovych sond pfiénych vin ve vSech
Gtyfech smérech a také dvojici pfimych sond (jednoduchou i dvojitou). To vyzaduje
celkem pét objezdl svarového spoje kolem dokola, coz je pfi vnéjSim priméru
3440 mm ¢asové naro¢né. Pokud se zkousSi i metodou vifivych proudl (ET), potom
se celkovy pocet objezdld zvy$i na Sest. Kazdy objezd kolem dokola je rozdélen
po ¢tvrtinach na jednotlivé skeny. Hlavnim ddvodem je dosaZeni co nejlepSi
pfesnosti soufadnice v obvodovém sméru. V axidlnim sméru se manipulator MIMIC
opira o hlavni pfirubu vika TNR, tim se zaru¢ena poloha k ose svarového spoje.

MIMIC je ovladan pfimo ultrazvukovym pfistrojem Microplus | nebo Microplus Il.
Ultrazvukové sondy jsou specidlné navrzené a vyrobené pro automatizované
zkou$eni. Maji pouzdro z nerezaveéjici oceli (pldorys 30x30 mm), jsou opatieny
rozvodem kontaktni kapaliny a zodolnény proti opotfebeni. Sondy se po zkuSebnim
povrchu pohybuji meandrovitym zptsobem — hlavni pfimocary vratny méfici pohyb je
v axialnim sméru. Jmenovita frekvence ultrazvukovych sond je 2,0 MHz. Citlivost
zkouSeni odrazovou technikou je stejna nebo i vy$si nez pfi vyrobnich kontrolach [2].

PrFistupnost svarového spoje vika TNR umoziuje vyuzivat tzv. podminéné zkouSeni
ultrazvukem. Zakladem provozni kontroly je zkouSeni odrazovou technikou. Indikace
necelistvosti, které podléhaji analyze (posouzeni) jsou dale ovéfovany odrazovou
technikou ruénim zplasobem. Pro uréeni charakteru, typu necelistvosti a jejich
pravdépodobnych (skuteénych) rozméri se dale podle potfeby vyuziva difrakéni
technika ToFD nebo technika Phased Array (PA).

5.2. Manipuléatory s pohybem po pomocné vodici kolejnici

Na viko TNR VVER 440 Ize upevnit pomocnou vodici kolejnici, po které se muze
pohybovat manipulator podobny tomu, ktery se pouziva pfi zkouSeni obvodovych
svard TNR VVER 440 typ V-213 v oblasti hrdlovych prstencud. Tento typ manipulatoru
(tzv. traktor) bude podrobnéji popséan v kapitole 6.

Skoda JS poprvé nasadila v letodnim roce manipulator ,Traktor HB* pfi provozni
kontrole 2. bloku EDU. Pro sbér dat i fizeni manipulatoru byl pouzit ultrazvukovy
pristroj Microplus Il (Sonomatic, Velka Britanie).

Hlavnimi vyhodami je pfesnéjSi snimani polohy v obvodovém sméru, vétsi rozméry
sond (pudorys 40x40 mm), rozSifeni rozsahu zkouseni, vice sond ve zkuSebni hlavici
(v naSem pfipadé Sest) aztoho vyplyvajici mensi pocet objezdl kolem dokola
— staéi pouze dva. | pfes nutnost montaze a demontaze pomocné vodici kolejnice
dochézi k celkovému zkraceni celkové Casu, ktery je potfebny pro provedeni
provozni (pfedprovozni) kontroly.

Prakticky stejna jmenovita tloustka obvodového svaru vika TNR a obvodovych svard
TNR v oblasti hrdlovych prstencti umozriuje sjednotit metodiky zkouseni a pouzivat
shodné ultrazvukové sondy i sondy vifivych proudd.

Objezdy manipulatorem kolem dokola vika TNR jsou rozdéleny opét po Ctvrtinach
obvodu na skeny.

Rozméry a nosnost manipulatoru umoznuji automatizovat (mechanizovat) také
pfipadné zkouSeni difrakéni technikou ToFD nebo technikou PA.

Snimek zkuSebniho systému (manipulatoru) Traktor HB je Obrazku 5.

44 DEFEKTOSKOPIE 2012



Fig. 5: Manipulator Traktor HB (Skoda JS, Czech Republic)
Obr. 5: Manipulator Traktor HB (Skoda JS, Cesko)

6. TELESO TNR

Vzhledem k rozsahu provoznich kontrol TNR typu VVER bude hlavnim pozornost
vénovana nedestruktivnimu zkouseni obvodovych svarovych spojl ultrazvukem.

TNR typu PWR se témérF vyhradné zkouSeji ultrazvukem z jejich vnitfniho povrchu.
JE sreaktory VVER 440 typ V-213 (napf. EDU, EBO, EMO, Paks a Loviisa)
i s reaktory VVER 1000 typ V-320 (napf. ETE) umozfiuji zkouSet TNR z obou jejich
povrch(. Je mozné zvolit rizné varianty provadéni provoznich kontrol — stfidani
zkouSeni z vnitfniho a vnéjSiho povrchu v plném rozsahu nebo kombinaci zkouSeni
z obou povrch(l v rizném rozsahu. Stanoveni intervalu a rozsahu provoznich kontrol
je dnes pIné v kompetenci provozovatell JE a cely proces podléha schvéleni

organiim statniho dozoru (u nas SUJB).

V Rusku plati program provoznich kontrol ATPE-2-2005 [3], ktery stanovuje
pro ultrazvukové zkouSeni TNR typu VVER 440 interval max. 30000 provoznich
hodin (4 roky). Zkous$eni ultrazvukem se provadi vzdy pouze z jednoho povrchu a to
podle zkuSebniho systému (manipulatoru), ktery je na konkrétni JE k dispozici.
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6.1. ZkousSeni z vnitiniho povrchu TNR

Pro automatizované nedestruktivni zkouseni TNR typu VVER (PWR) z vnitfniho
povrchu se pouzivaji dalkové ovladané systémy (manipulatory), které umoznuji
kontrolu nejen vélcové Casti TNR, ale i hrdel, dna a v nékterych pfipadech i pfiruby
TNR. Konstrukéni provedeni jednotlivych manipulatorll se od sebe lisi; dnes
pouzivané manipulatory mdzeme rozdélit do ¢tyf skupin:

e Manipulator s vysuvnym teleskopickym sloupem.
e Manipulator s centralnim (pevnym) sloupem.
e Manipulator s decentralnim (excentrickym) sloupem.

* Ponorka (ROV ... Remotely Operated underwater Vehicle).

6.1.1. Manipuléator s vysuvnym teleskopickym sloupem

Skupinu manipulatord s vysuvnym teleskopickym sloupem mizeme dale rozdélit
do tfi podskupin. Jejich nazvy jsou zjednoduSené zvoleny tak, aby co nejlépe
vystihovaly charakteristicky znak konstrukce manipulatoru:

« Trojnozka.
V zavitovych hnizdech hlavni délici roviny TNR je ustavena pevna cast
manipulatoru charakteristického tvaru. Rotaéni pohyb vykonava pouze
teleskopicky sloup s hlavicemi. Napf. zkuSebni systémy firmy Tecnatom
(Spanélsko) a Skoda JS — MKS (Cesko).

e Kolegjnice.
Na hlavni délici roviné TNR je umisténa kolejnice (kruhova dréha), po které se
pohybuje manipulator jako celek. Napf. zkuSebni systémy firem TRC
(Svédsko) a Skoda JS — SKIN (Cesko).

e Stinici deska.
Soucgasti manipulatoru je stinici deska (prekryti TNR). ZkuSebni systém je
opét poloZzen na hlavni délici roviné TNR. Napf. zkuSebni systémy firmy
NIKIMT (Rusko).

Manipulatory na principu trojnozky jsou ve svété velmi rozSifené, ale jsou zatim
vyuzivany pouze pfi kontrolach reaktort typu PWR.

V roce 1993 ovéfovala firma Tecnatom (Spanélsko) moznost nasazeni tohoto typu
manipulatoru na madarské JE Paks (VVER 440 typ V-213). llustrativni snimek
manipulétoru firmy Tecnatom je na Obrazku 6.
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Fig. 6: Manipulator Tecnatom (Spain)
Obr. 6: Manipulator Tecnatom (Spanélsko)

Skoda JS vsoudasné dob& dokonduje vyvoj a vyrabi novy zkuSebni systém
(manipulator) MKS (,Modularni kontrolni systém"), ktery bude také této koncepce.
Jeho prvni nasazeni pfi provoznich kontrolach TNR typu VVER je planovano na rok
2014.

Hlavnim cilem projektu MKS je zkraceni celkové doby provoznich (pfedprovoznich)
kontrol TNR oproti stavajicimu zafizeni SKIN. Zachovava moznost zkouseni TNR
typu VVER 440 a VVER 1000 a navic rozSifuje pouzitelnost i pro TNR typu
VVER 1200 (MIR) a AP 1000. Vzhledem k velké odliSnosti rozmér (priméru) TNR
typu EPR 1600 v oblasti hlavniho pfirubového spoje neni mozné pouzit univerzalni
portal manipulatoru. Konstrukce MKS v8ak umoznuje pouziti na TNR typu EPR 1600
nahradou opérnych komponent.

Schéma manipulatoru MKS je na Obrazku 7.
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Fig. 7: Manipulator MKS (ékodg JS, Czech Republic)
Obr. 7: Manipulator MKS (Skoda JS, Cesko)
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SKODA JS a.s. ma ficetileté zkuSenosti s provozem zkuSebnich systémd{
(manipulatortl) s vysuvnym teleskopickym sloupem na principu kolejnice.

ZkuSebni systém 3védské firmy TRC nesl piny nazev Skoda REACTORTEST TRC
abyl vletech 1982+92 pouzit celkem pfi 31-ti provoznich (pFedprovoznich)
kontrolach tlakovych nadob reaktorl pouze typu VVER 440. Snimek manipulatoru
TRC je na Obréazku 8.

Fig. 8: Manipulator TRC (Sweden)
Obr. 8: Manipulator TRC (Svédsko)

Zkuenosti z provozu manipulatoru Skoda REACTORTEST TRC byly pIné vyuZity
pfi vyvoji, konstrukci a vyrobé nového manipulatoru SKIN. Od roku 1992 byl
manipulator SKIN zatim pouzit pfi 37-ti provoznich (pfedprovoznich) kontrolach TNR
typu VVER 440 a VVER 1000. V dobé konani konference Defektoskopie 2012 pravé
probiha provozni kontrola 2. bloku Arménské JE (VVER 440 typ V-270) timto
zkusSebnim systémem. Pljde-li vie podle planu, tak to bude jeho derniéra a tim
i konec dvacetileté kariéry. Snimek manipulatoru SKIN na Obrazku 9.
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Fig. 9: Manipulator SKIN (ékodg JS, Czech Republic)
Obr. 9: Manipulator SKIN (Skoda JS, Cesko)
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Manipulatory na principu stinici desky vyrabi a pouziva pouze ruska firma NIKIMT.
Autorlim pfispévku se nepodafilo ziskat kvalitni snimek, proto je zde ukazan
vSeobecny vykres — viz Obrazek 10. Charakteristickym rysem téchto manipulator(
je vysoka hmotnost (cca 40 t). Manipulator SK-27 byl pouzit napf. pfi pfedprovoznich
kontrolach na ¢&inské JE Tianwan (VVER 1000 typ V-428). Na tomto zkuSebnim
systému je stale vyuzivana ultrazvukova technika TTL — viz pfispévek [4].

Manipulstor CE27 52.00.00.00.00-01

Zlo:_d:w\ﬂbﬁquvc BD-O3

CK27.52.15.00.00.00

Device liftmng-
rotary DLR
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I
= e fr—t ‘ CH2T 53.00.00.00 00
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TN Rowor ______
2y CK27.55.00.00.00.00-01
- Anachment paint

CK2752.04.00.00.00

Botom rman;
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Televisson camera
CK27.52.03.00.00.00

Fig. 10: Manipulator SK-27 (NIKIMT, Russia)
Obr. 10: Manipulator SK-27 (NIKIMT, Rusko)
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6.1.2. Manipulator s centralnim (pevnym) sloupem

Pro laickou i odbornou vefejnost je manipulator s centralnim (pevnym) sloupem
spojen s némeckou firmou KWU (Siemens) — systém ZMM (Zentral Mast
Manipulator) a to i navzdory faktu, Ze prototyp a prvni generaci téchto manipulatorQ
vyrobila firma MAN (Némecko). Snimek manipuldtoru ZMM (viz Obrazek 11) sice
neni z kontroly reaktor(i typu VVER, ale to na principu jisté nic neméni. Poprvé byl
tento manipulator pouzit pfi provoznich kontrolach TNR typu VVER 440 na JE NORD
(byv. NDR) v roce 1987.

Fig. 11: Manipulator ZMM (Siemens — KWU, Germany)
Obr. 11: Manipulator ZMM (Siemens — KWU, Némecko)
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ZkuSebni systém firmy INETEC (Chorvatsko) je pfedstavitelem relativné subtilniho
a lehkého manipulatoru s centralnim (pevnym) sloupem. Snimek tohoto manipulatoru
v transportni poloze je na Obrazku 12 (JE Loviisa, Finsko). Loviisa je jedinou
provozovanou JE s reaktory typu VVER 440, ktera je vybavena ochrannou obalkou
(kontejnmentem).

Fig. 12: Manipulator INETEC (Croatia)
Obr. 12: Manipulator INETEC (Chorvatsko)
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6.1.3. Manipulétor s decentralnim (excentrickym) sloupem

Prvni zkuSebni systém s decentralnim (excentrickym) sloupem PIONEER byl vyvinut
firmou MAN (Némecko) koncem 80. let minulého stoleti, kdyz firma General Electric
(USA) hledala spolupréci pfi provoznich kontrolach starsich blokd JE s reaktory typu
PWR. P¥i provoznich (pfedprovoznich) kontrolach TNR typu VVER zatim nebyly
manipulatory tohoto typu pouzity.

V z&fi 2010 prelozila Svédska firma AF Kontroll (koncern DEKRA) navrh zkuSebniho
systému pro zkouseni TNR typu VVER 1000 [5], ktery midzeme vidét na Obrazku 13.

Fig. 13: Manipulator AF Kontroll (Sweden)
Obr. 13: Manipulator AF Kontroll (Svédsko)
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6.1.4. Ponorka (ROV ... Remotely Operated underwater Vehicle)

Ponorky (ROV) zatim nebyly pouzity pfi provoznich kontrolach TNR typu VVER,
protoZze jejich hlavni zkuSebni metodou NDT je VT. Pro pfiklad zde uvadime
nezavisly TV inspekéni systém SUSI 420 (AREVA NP GmbH, Némecko), ktery byl
primarné vyvinuty pro dalkové vizualni zkouSeni komponent priméarniho okruhu
pod vodou, véetné zkouSeni TNR — viz Obrazek 14.

Fig. 14: ROV SUSI 420 (Germany)
Obr. 14: ROV SUSI 420 (Némecko)

Japonska firma IHI pouziva pro ultrazvukové zkou$eni podvodni zku$ebni robot,
ktery nese oznaceni AIRIS 21 aje pouzitelny pro zkouSeni jak TNR typu PWR,
tak i TNR typu BWR. AIRIS 21 mizeme vidét na Obrazku 15.

DEFEKTOSKOPIE 2012 55




Fig. 15: ROV IHI (Japan)
Obr. 15: ROV IHI (Japonsko)

6.2. ZkouSeni z vnéjSiho povrchu TNR

Tlakové nadoby reaktor typu VVER jsou zavéSeny na osazeni (systém opér

nadoby) pod spodnimi hrdly TNR. Tim je nedestruktivni zkouSeni TNR z vnéjSiho
povrchu rozdéleno na dvé zcela odliSné oblasti:

e Spodni hladkéa valcova ¢ast a dno TNR.
e Oblast hrdel (natrubkd) TNR.

Spodni hladkd valcové ¢ast a dno TNR se zkouSi nedestruktivnimi metodami
automatizovanym zpGsobem bud prenosnymi manipulatory s magnetickymi kolecky
(napf. ASK-172) nebo pomoci stabilnich zkuSebnich systém0, které byly pfimo
soucasti dodavky kompletd TNR (napf. USK-213 a SK-187).

Zafizeni (zkuSebni systém) ASK-172 je urc¢eno pro zkouSeni reaktorll VVER 1000
z vnéjSiho povrchu. Bylo vyvinuto a vyrobeno vruské firmé& Atomenergoremont.
ZkuSebni systém se sklada z jednotlivych manipulatord (podsystémy), které se
pohybuji po zkuSebnim povrchu pomoci magnetickych kole¢ek. Prvni prototyp, jesté
pod oznacenim ASK-133, byl poprvé pouzit vroce 1988 pfi provozni kontrole

na Kalininské JE (Rusko). Schéma zkuSebniho systému ASK-172 je na Obrazku 16.
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Fig. 16: System ASK-172 (Atomenergoremont, Russia)
Obr. 16: Systém ASK-172 (Atomenergoremont, Rusko)

Daleko rozsifenéjsi zplsob nedestruktivnino zkouseni hladké valcové ¢asti a dna
TNR je pomoci stabilnich zkuSebnich systémua (manipulatord) firmy NIKIMT (Rusko)
— USK-213 (VVER 440) a SK-187 (VVER 1000).

Pro zkouSeni hladké valcové ¢asti TNR se vyuziva teleskopicky sloup, ktery se
vysouva do mezery mezi TNR a biologickym stinénim. Sloup nese zkuSebni hlavici,
véetné TV kamer.

ZkuSebni systémy USK-213 a SK-187 byly dodany jako soucast kompletd TNR.
Prakticky vSichni provozovatelé JE nebo dodavatelé provoznich (pfedprovoznich)
kontrol tyto zkuSebni systémy pribézné modernizuji.

Zajimavou soucasti puUvodnich (nemodernizovanych) systém( bylo pouzZiti
ultrazvukové techniky TTL — viz pfispévek [4] — pro prozvucovani obvodovych
svarovych spojl v oblasti aktivni zony.

Snimek manipulatoru SK-187 — modernizovaného podsystému pro zkouSeni spodni
hladké vélcové ¢asti a dna TNR typu VVER 1000 (ETE) je na Obrazku 17.
Modernizace manipulatoru byla provedena ve firmé Skoda JS. Manipulétor
(tzv. tancik) je vyfocen v parkovaci poloze pfed zajetim do prostoru pod TNR.
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Fig. 17: System SK-187 (NIKIMT, Russia/ékodg JS, Czech Republic)
Obr. 17: Systém SK-187 (NIKIMT, Rusko / Skoda JS, Cesko)

ZkousSeni oblasti hrdel (natrubk(l) automatizovanym zplisobem je usnadnéno faktem,
Ze jsou v této oblasti na vnéjSim povrchu TNR upevnény vodici kolejnice, které
umoziuji pohyb podsystém( pro nedestruktivni zkouSeni obvodovych svard TNR.
Obdobné manipulatory se pouzivaji pro zkouseni vika TNR — viz kapitola 5.2.

Manipulatory, které pochazeji z pavodnich zkuSebnich systém( USK-213 a SK-187,
se slangové nazyvaji ,traktory“. Prochazeji také prlibézné modernizacemi, lisi se
zejména rozsahem pohybu pohybového mechanizmu (skeneru), ktery vykonava
pfimocary vratny pohyb.

Svarové spoje TNR v oblasti hrdel Ize zkouSet i ruénim zpGsobem; radia¢ni situace to
pfi odstavce s rozsifenou vyménou paliva umozniuje. Standardné se zde provadi
pfima vizualni kontrola (VT).

ZkuSebni systém USK-213 byl na madarské JE Paks po modernizaci pfejmenovan
na systém Trias. Snimek je na Obrazku 18.
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Fig. 18: System Trias (PA Zrt, Hungary)
Obr. 18: Systém Trias (PA Zrt, Mad'arsko)

6.3. Metodika ultrazvukového zkouSeni

Metodicky pfistup k provadéni a vyhodnocovani vysledkd ultrazvukové zkouSeni
TNR pii provoznich kontrolach je dvoji — bud se vychazi stale z pozadavkd a kritérii
pro vyrobni kontroly nebo existuji specialni predpisy pouze pro kontroly provozni.
Citlivost zkouSeni se zvySuje, béZné se pouzivaji difrakéni technika ToFD nebo
technika PA a jsou zohledfiovany poZadavky ztzv. technickych kvalifikaci. Celé
problematice byla vénovana jiz fada prispévkl — napf. na konferenci Defektoskopie

2010 [6] nebo i v lofiském roce [7].
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7. STATISTIKA

Odbor Provozni prohlidky a prohlidky (Skoda JS, divize Servis JE) realizoval
za uplynulych 30 let celou fadu predprovoznich a provoznich kontrol tlakovych nadob
reaktorl (TNR), svarl hlavniho cirkulaéniho potrubi (HCP), vnitfnich &asti reaktord
(VCR) a parogeneratord (PG) typu VVER automatizovanym (mechanizovanym)
zplsobem.
Zde jsou uvedeny souhrnné pocty k dneSnimu dni:

e 66 kontrol TNR typu VVER z vnitfniho povrchu (od roku 1982)

e 77 kontrol svornikl, matic a zavitovych hnizd (IGZzek) TNR typu VVER 440
a VVER 1000 (od roku 1982)

e 49 kontrol TNR typu VVER z vnéjSiho povrchu (od roku 1986)

e 74 kontrol smyc¢ek (& 6 svart) HCP typu VVER 440 (od roku 1996)
e 16 kontrol svaru vika TNR typu VVER 440 (od roku 1999)

e 28 kontrol vétvi (& 5 svar) HCP typu VVER 1000 (od roku 2000)

« 20 kontrol VER typu VVER 1000 (od 2003)

e 2 odbéry vzorka z TNR typu VVER 440 (od roku 2005)

e 11 kontrol teplosménnych trubek (& 1 kolektor) PG typu VVER 440
a VVER 1000 (od roku 2011)

8. ZAVER

Autofi pfispévku pouze naznacili problematiku nedestruktivniho zkouSeni TNR typu
VVER. Uvedené pfiklady vychazeji predevSim zjiz tficetiletych zkuSenosti
s automatizovanym (mechanizovanym) nedestruktivnim zkoudenim, které Skoda JS
v letoSnim zavrsSila. PFi oralni prezentaci budou v3echny obrazky pfedvedeny v lepsi
kvalité a pochopitelné barevné. DalSi informaci o nedestruktivnim zkouSeni TNR typu
VVER naleznou pfipadni zajemci v pfispévcich z pfedchazejicich konferenci
.Defektoskopie®, kde byla publikovana cela fada informaci, které v tomto pfispévku
nebyly z prostorovych a ¢asovych diivodd uvedeny.

60 DEFEKTOSKOPIE 2012



POUZITA A SOUVISEJICIi LITERATURA

[1] Ae 13691 / Dok Rev. 2
Technické zdﬂvgdnéni zkouseni svornikd M 140x6 ultrazvukovou metodou
kolektiv autorl, SKODA JS a.s., vyzkumnd zprava, Plzen, 2011.

[2] Ae 13367 / Dok Rev. 1
ZkouSeni obvodového svaru vika TNR VVER 440 z vnéjSiho povrchu ultrazvukem
— odrazova technika
kolektiv autord, SKODA JS a.s., technicky postup (instrukce), Plzen, 2012.

[3] ATPE-2-2005
Tipovaja programma kontrolja za sostojaniem osnovnogo metalla i svarnych
soedinenij oborudovanija i truboprovodov atomnych elektrostancij s reaktornoj
ustanovkoj VVER 440 pri ekspluatacii
FGUP koncern ,Rosenergoatom*, Moskva, 2005.

[4] Technika TLL (,Tandem®)
kolektiv autord, konference Defektoskopie 2009, piispévek, Praha, 2009.

[5] Delivery of Manipulators for Inspection of Reactor Pressure Vessel and Nozzles

for WWER 440 and WWER 1000
kolektiv autori, AF Kontroll, prezentace, Temelin, 2010.

[6] Automatizované zkouSeni TNR typu VVER ultrazvukem
kolektiv autord, konference Defektoskopie 2010, piispévek, Plzeri, 2010.

[7] Optimalizace ultrazvukového zkouSeni TNR typu VVER pfi provoznich kontrolach
kolektiv autorll, konference Defektoskopie 2011, piispévek, Ostrava, 2011.

DEFEKTOSKOPIE 2012 61



62

DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

MICROSTRUCTURAL PROCESSES ACCOMPANYING
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J.FIALA’, P. MAZAL", M. KOLEGA', F. VLASIC”, P. LISKUTIN"
Uniyersity of West Bohemia Plzefi CZ
Brno University of Technology

Abstract

Changes in the structure of duralumin caused by its cyclic loading up to failure have been followed
using x-ray diffraction. For that purpose, the loading has been interrupted after every 5.000 or 10.000
cycles (up to 39 times at the most resistant sample). Different modes of loading were applied and
structure has been analyzed at three spots on the surface of each sample. The results obtained confirm
our previous findings concerning other samples: that the materials texture (orientation distribution of
its mosaic blocks) changes in the course of the cyclic loading with notable regularity. In order to
explain what lies at the root of these changes, we designed a structural model based on the balance of
the interface energy of the mosaic aggregate and the volume energy of individual blocks. So as to
verify this model, we propose to monitor the redox potential of the surface of loaded samples in the
course of cyclic loading.

Key words: fatigue, x-ray diffraction, paracrystalline distortions

Abstrakt

Pomoci rtg difrakce jsme sledovali zmény, ke kterym dochdzi ve strukture duralu béhem jeho
cyklického zatéZovdni aZ do lomu. Za iicelem analysy bylo cyklovdni po kaZdych 5.000 resp. 10.000
cyklech preruSovdno (u nejodolnéjsiho vzorku celkem 39-krdt). Vzorky byly zatéZovdny riiznym
zpusobem a strukturni analysu jsme provddéli na tfech mistech povrchu kaZdého vzorku. Vysledky
potvrzuji to, co jsme zjistili drive u jinych vzorkii: Ze textura materidlu (orientacni distribuce jeho
mosaikovych blokii) se béhem cyklického zatéZovdni méni s pozoruhodnou pravidelnosti. Abychom
vysvétlili co je pricinou téchto zmén, zkonstruovali jsme strukturni model, vychdzejici z bilance
mezipovrchové energie mosaikového agregdtu a objemové energie jednotlivych blokii. Pro verifikaci
toho modelu navrhujeme monitorovat béhem cyklovdni redoxni potencidl povrchu zatéZovanych
vzorkii.

Klicovd slova: iinava, rentgenovd difrakce, parakrystalické distorse
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1. Uvod

Cyklické zatézovani vnasi do télesa energii nevratné (plastické) deformace. Ta se v ném
postupné, kazdym zatézovacim cyklem kumuluje a kdyz je dost velkd, mize se podilet na
aktivaci raznych strukturnich premén. Spektrum stavii, jichz témito zménami struktura télesa
muze nabyvat, je omezené potencidlni energii vzajemného pusobeni jeho atomi. Zmény
struktury proto nejsou monoténni: opakuji se, vraceji a (kvasi)periodicky se stiidaji.
A protoZe se jedna o systém obrovského mnozstvi stavebnich souéasti, hraje ptitom dileZitou
ulohu ndhoda. Nahodnym soub&hem pii tom kolobéhu strukturnich ptemén vznikne kriticka
konfigurace (nestabilni necelistvost), ktera ma vzapéti za nasledek tUnavovy lom.
Pravdépodobnost takové nahody roste s potem restituci, navratd K historicky piedeslému
stavu struktury télesa v dasledku jeho cyklického zatéZovani. Monitorovanim rytmickych
strukturnich zmén muzeme vysledovat jejich zakonitost a na zakladé toho pak odhadnout
kolik zatéznych cykla téleso jesté vydrzi.

2. Sponténni strukturalizace

Jednorazovou a docasnou (idealn¢) elastickou deformaci se do télesa zadna energie nevlozi.
Skute¢na deformace realnych téles zatézovanych pod mezi kluzu vSak neni idealné elasticka,
ale anelasticka (viskoelastickd). Nenastava totiz ihned po zatiZeni t&lesa, ale s uréitym
Casovym zpozdénim. A to zpusobuje, Ze po odlehéeni (anelasticky deformovaného) télesa
v ném urcitd energie zistane. Pii kazdém cyklu proménného zatéZzovani t&lesa se do ngj
uklada stale nova a nova energie a jejim hromadénim roste potencial, ktery se pak vyuzije na
vykonani prace spojené s unavovym poskozenim a posléze s lomem cyklicky namahaného
télesa. Energie, vkladanad pii cyklickém namahani do zatéZovaného télesa, v ném vyvola
kmitavy pohyb dislokaci sem a tam v rytmu zat&€Zzovani. Pfi takovém pohybu spolu dislokace
interaguji mnohem zivé&ji nez pii statickém nebo monotonnim zatézovani. Uréitou formou
interakce dvou dislokaci (protindnim) miZze dojit k omezeni jejich pohyblivosti. Kdyz se pak
s takovou dvojici znehybnélych dislokaci protne jeSt¢ né&jaka dalsi, tfeti dislokace, je
pravdépodobnost zablokovani jejiho dalsiho pohybu vétsi, nez kdyz se protne s jedinou
dislokaci [1]. Znehybnélé dislokace se hromadi a tim se pole dislokaci strukturalizuje,
dichotomisuje na ,,policka“ (mosaikové bloky) s relativné nizkou hustotou voln& pohyblivych
dislokaci a ,,meze* (rozhrani) mosaikovych blokd, tvorené shluky znehybnélych dislokaci,
jejichz hustota je na téchto rozhranich vysoka.

3. Hrubnuti struktury

Strukturalizaci pole dislokaci v ném vzniknou rozhrani a ta jsou sidlem povrchové energie.
Povrchova energie je linearné Umérna ploSe rozhrani (koeficient této timérnosti, plos$na
hustota povrchové energie, je povrchové napéti). Strukturalizaci pole dislokaci se tudiz
zvétsuje jeho energie. A to tim vice, ¢im jsou mosaikové bloky mensi. Coz je hnaci silou
hrubnuti mosaikové struktury. Hrubnuti mosaikové struktury je tedy spontanni proces, nebot’
je spojen se snizenim jejiho termodynamického potencialu (probiha-li hrubnuti za konstantni
teploty a tlaku, je tim potencidlem volna entalpie, Gibbsova funkce); jinymi slovy, afinita
hrubnuti mosaikové struktury je kladna. Rychlost hrubnuti mosaikové struktury je ovSem
dana aktivaéni energii, kterou je tfeba vynaloZit pti piekonavani prekazek, jez jsou s tim (byt’
spontannim) procesem spojené a ta arci s velikosti mezipovrchové energie agregatu
mosaikovych blokt souvisi jen zprostiedkovang.
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4. Zjemiiovani struktury

Kdyz mosaikova struktura hrubne, zvétsuji se (tedy rostou) mosaikové bloky, (viceméng)
koherentni krystalky (s minimem odchylek od ideélni krystalové struktury). Tomuto procesu
se fika Ostwaldovo starnuti nebo také sekundarni rekrystalisace a spociva v tom, Ze nékteré
krystalky (mosaikové bloky) pfi svém ristu pohlti krystalky jiné (mensi, méné dokonalé,
neptiznivé orientované [povrchové napéti a tedy i rychlost réistu jsou smérové zavislé] ¢i ty,
které maji mensi pocet stén). Pii (jakkoli vyvolaném) ristu krystala se vSak v nich hromadi
(rastové cili) parakrystalické distorse: atomy se uloZi v rostoucim krystalu do ,,nespravné*
polohy (jiné neZ je ta, kde jsou umistény ve struktuie idealniho ,.bezdefektniho“ krystalu).
Pokud k napravé takové chyby nedojde v dobé, béhem které je atom v krystalizaéni zoné,
budou (pozdgjsi) korekce velmi obtizné (nebot’ se musi realizovat difusi, jeZ je v dokonalém
krystalu bez defektd velmi pomald). Chyby vznikajici pii rastu mosaikového bloku
(krystalku) se proto hromadi (obr.1) a jejich pocet (a objemova hustota) roste [2]. Tim se
zvySuje energie mosaikového bloku, coz posléze vyusti v jeho rozpad. Rozpadem bloku se
mosaikova struktura zjemiuje. Zjemiovani mosaikové struktury je tedy stejné jako jeji
hrubnuti procesem spontannim, nebot’ je provazeno sniZzenim ptislusného termodynamického
potencialu. A opét je tieba miti na zieteli, Ze rychlost zjemilovani mosaikové struktury je dana
aktiva¢ni energii (nukleace a rtstu trhlin, kterymi se rozpad mosaikovych blokt uskuteériuje),
jez s velikosti energie parakrystalické distorse, nahromadéné b&hem rastu mosaikovych
bloki, souvisi jen zprostiedkovang.
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Obr.1. Pfi rastu krystalu se v jeho struktuie hromadi defekty, ¢imz vznika pnuti, které dalsi
rast krystalu posléze zastavi.

Fig. 1. In course of the growth of a crystal, defects accumulate in its structure, creating stress
which finally stops its further growth.
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5. Strukturni oscilace

Cyklicky zatézované téleso muze existovat ve dvou termodynamicky stacionarnich stavech:
jedné a téze hodnoté jeho energie (termodynamického potencidlu) piislusi dva konfiguracéné
odli$né stavy — hrubozrnny a jemnozrnny. A struktura toho télesa miize mezi t¢mito dvéma
stavy oscilovat, ale to jenom diky pifisunu energie zven¢i (tedy diky tomu, Ze se jedna
o soustavu termodynamicky otevienou, ktera je tim pfisunem energie zven¢i od
termodynamické rovnovahy oddalovand). Jedna se tedy o disipativni strukturu, tolerantni
k alternativam (coz je pfiznacné pro chaos), které jsou vSak jednoznacné definované (coz je
negaci chaosu) [3,4]. V prib&hu cyklického zatézovani prechazi téleso z jednoho
stacionarniho stavu do druhého, a protoze tento proces je stochasticky, mize ale nemusi
vygenerovat (jako rastovy defekt) kritickou konfiguraci (nadkritickou trhlinu) a nésledné
tinavovy lom. Unava materialu tedy nevznika postupnym hromadénim strukturnich poruch,
ale kumulaci pravdépodobnosti, Ze vznikne kriticka porucha (strukturni konfigurace). A k této
kumulaci dochazi opakovanym ptechodem mezi dvéma stacionarnimi (metastabilnimi) stavy
mikrostruktury télesa. Monitorovanim (poétu) téchto prechoda (napt. rtg difrakei nebo
elektrochemicky) 1ze proto odhad zbytkové Zivotnosti cyklicky zatézovaného télesa zptesnit.
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Obr. 2. Konstrukce hodnoty K, charakterizujici azimutalni profil sledované rentgenové difrakéni
linie (dle textu).

Fig. 2. Construction of K value characterizing the azimuthal profile of the diffraction line under
consideration (according the text).
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6. Rentgenograficka méreni

Strukturni oscilace (stfidavé zjemnovani a hrubnuti struktury) Ize sledovat pomoci rentgenové
difrakce, a to:

(a) mé&tenim Sitky radialniho profilu difrak¢nich linii;

(b) hodnocenim azimutalniho profilu difrakénich linii;

(c) uréovanim poméru intensit pfednich a zadnich difrakénich linii.

Ta prvni metoda je u€inna pouze tehdy, kdyz mosaikové bloky jsou nanodispersni (jejich
velikost je koloidni). Azimutalni profil difrak¢nich linii 1ze hodnotit bud’ na zakladé poméru
integralni intensity soliternich pikd a spojitého pozadi (pokud jsou hrubé mosaikové bloky
vétsi nez 10 pm a jemné mosaikové bloky mensi nez 10 um) [5] anebo podle smérové
distribuce intensity difraktovaného zateni [6]. Pomér intensit pfednich a zadnich linii je
citlivou funkei tzv. pnuti 3. druhu, které vznika vychylkami atoml z jejich rovnovazné
polohy v dusledku parakrystalickych distorsi, jeZ se hromadi ve struktufe mosaikovych blokt
pii jejich rastu.

V této praci jsme zmény ve struktuie cyklicky zatézovanych vzorka hlinikové slitiny EN
AW-2017A (dural: 4%Cu; 0,6%Mg; 0,7%Si) sledovali métenim $iiky K azimutalniho profilu,
tj. smérové distribuce intensity difraktovaného zafeni podél difrakéni linie (200) hlinikové
matrice. Sitka azimutalniho profilu je p¥imo Gméma disorientaci (dispersi orientace)
mosaikovych blokt: pro hrubozrnnou strukturu je K malé, pro jemnozrnnou velké [6].
Geometricka konstrukce hodnoty

K=100.7
q

je znazornéna naobr.2. p je délka horizontalni usecky CD, ktera pili tse¢ku AB mezi
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Obr. 3. Zavislost veli¢iny K, charakterizujici smérovou distribuci (disorientaci) mosaikovych bloka
na poctu zatéznych cykli.

Fig. 3. Dependence of the quantity K, characterizing the orientation distribution (disorientation)
of mosaic blocks on the number of loading cycles.

DEFEKTOSKOPIE 2012 67



maximem distribuce A a bodem B. Bod B je prasecikem vertikdly vedené bodem A
a ptimkou s aproximujici pozadi distribu¢ni kiivky. Hodnota g (métitkova korekce) je
odlehlost bodd ,,-100“ a ,-90“ na horizontalni ose soufadné, charakterizujici smér.

Na vertikalni ose se uvadi intensita zafeni difraktovaného v daném sméru.
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Obr. 4. Ke strukturni oscilaci dochazi az kdyz se ve vzorku cyklickym zatéZzovanim nahromadi
dost velka energie.

Fig. 4. Structural oscillation sets in only after an energy large enough has been accumulated
by cyclic loading.
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Obr. 5. Strukturni oscilace, indikované ve tiech riaznych bodech jednoho a téhoz vzorku, se lisi
jen malo.

Fig. 5. Structural oscillations, indicated in three different spots of the same sample, differ
only slightly.
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7. Vysledky

Obrazek 3 dokumentuje rytmické zmény textury (smérové distribuce) mosaikovych blokt
vzorku b&hem jeho cyklického zatéZovani. Obrazek 4 ukazuje, Ze ke strukturni oscilaci
dochazi az kdyz se ve vzorku cyklickym zatézovanim nashromazdi dost velkd energie.
Obrazek 5 dokazuje, ze strukturni oscilace, indikované rentgenograficky ve tfech riznych
bodech (A,B,C) jednoho a téhoz vzorku, se vzajemné jen velmi malo lisi.

8. Zavér

(a) Termodynamicky potencial mosaikové struktury je nelinearni bimodalni funkci jeji
disperse.

(b) Stabilita obou konfigura¢nich modu klesa s energii, ktera se v t€lese hromadi jeho
cyklickym zatéZovanim, coZz posléze privodi tepeln¢ excitované strukturni oscilace.

(c) S poctem uskuteénénych prechodi mezi obéma stacionarnimi strukturnimi stavy roste
pravdépodobnost vzniku nadkritické necelistvosti a tnavového lomu.
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Abstract

When erecting concrete structures one may notice defects, in the form of inhomogeneities (due to im-
proper concrete compaction), in some areas of the structural elements. Since they occur on the surface
such defects are easily detectable. It is, however, difficult to detect defects occurring inside structural
elements. Nondestructive test methods can be useful for this purpose. This paper presents tests of con-
crete homogeneity inside a structural element constituting a concrete wall of the hydroelectric power
plant suction pipe, carried out using the nondestructive impulse response method. The results of the
tests showed that this method can be successfully used to identify concrete zones characterized by
inhomogeneity (honeycombing) inside massive structural elements.

Key words: concrete, nondestructive tests, impulse response method

1. Introduction

Concrete is one of the most widely used construction materials. All kinds of structures and
structural elements are built from concrete. It owes its widespread use to the availability of its
constituents, the relatively low costs of its production and the fact that it can be used in vari-
ous atmospheric conditions and to erect structural elements and structures by different meth-
ods [1].

In construction practice quite often in some areas of concrete structural elements defects in
the form of concrete inhomogeneity appear. Defects of this kind particularly often affect mas-
sive structural elements, which has a significant bearing on their durability, compressive
strength and voids index. There are many kinds of concrete inhomogeneity, but the most
common is the so-called honeycombing, i.e. zones of concrete characterized by different de-
grees of compaction, formed as a result of the improper compaction of the concrete. As op-
posed to defects occurring on the surface of structural elements, the internal defects are diffi-
cult to detect. They may appear only in the course of service, whereby a repair is required to
remove them. Therefore nondestructive test methods are increasingly used to evaluate the
homogeneity of concrete in building structures [2-5]. The state-of-the-art acoustic impulse-
response method is particularly suitable for this purpose. The method is described in detail in
[6-10].

This paper presents the testing of the homogeneity of concrete in a massive structural element,
i.e. the concrete wall of the suction pipe in a hydroelectric power plant, by means of the im-
pulse response method.
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2. Range of tests

The impulse response measuring apparatus was used to test a massive structural element con-
stituting the concrete wall of a hydroelectric power plant suction pipe. The about 1000 mm
thick structural element was made of grade C25/30 concrete with 32 mm maximum aggregate
grading, reinforced with smooth rebars made of A-1 St3S steel. Altogether tests were carried
out in 80 testing areas. In each testing area a 3 x 4 to 11 x 5 grid of measuring points was
marked. The distances between the points of the grid amounted to about 50 cm. The total
number of measuring points was about 2000. In each of the measuring points an elastic wave
was produced in a nondestructive way by means of a special calibrated hammer with a rubber
end. The ambient temperature, measured using a Trotec T200 for quick checking relative air
humidity in the vicinity of the measuring point, was 23°C+2°C while the relative humidity
amounted to 82%+5%. At the same time the signal was being recorded in the graphic form,
using a geophone, as shown in fig. 1. Then the data were transformed to produce four maps of
such characteristic parameters as average mobility, stiffness, mobility slope and voids index.
Since average mobility and stiffness are the parameters used in this method exemplary tests
results in the form of distribution maps of these parameters are presented below.

Fig. 1. Testing of massive structural element, i.e. concrete wall of hydroelectric power plant
suction pipe, by means of impulse response apparatus.
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3. Exemplary test results and their analysis

Below, exemplary results of the tests of the massive structural element constituting the con-
crete wall of the hydroelectric power plant suction pipe are presented for two experimental
cases. In case no. 1 no concrete inhomogeneity occurs. In case no. 2 zones of concrete charac-
terized by different degrees of compaction (honeycombing) were detected. The test results in
the form of maps of average mobility and stiffness and histograms of the parameters, obtained
by the impulse response method for experimental cases 1 and 2 are presented in respectively
Sections 3.1 and 3.2. Case 1 occurred in 55 of the 80 testing areas.

3.1.  Experimental case 1
In experimental case 1, mobility is constant in the whole testing area while stiffness may
change only locally. An example here is testing area 10. A map and a histogram of average

mobility for this area are shown in fig. 2 while a map and a histogram of stiffness are shown
in fig. 3.

a)

Row No.

Column No.

[ ®0,00500 ®500-1000 _ 010,00-1500 |

14
b) X a=7,51 m/s*N

2 3 4 5 6 7 8 9 10 11 12 13
N 5, m/s*N

Fig. 2. Map of average mobility (a) and histogram of average mobility (b) for concrete wall
of suction pipe in testing area no. 10.
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Fig. 3.Map of stiffness (a) and histogram of stiffness (b) for concrete wall of suction pipe in
testing area no. 10.

As it appears from figs 2a and 3a in most of the measuring points average mobility is in
arange of 5-10 N-m/s, i.e. it is within the average, while between measuring points 1-2, 1-3,
1-4, 2-4, 3-4, 3-3, 3-2 and 2-2 (row no.-column no.) stiffness ranges from 0.4 to 0.8 (above
the average). In the other measuring points, stiffness is in an interval of 0-0.4, i.e. it is within
the average. As it appears from the histograms of the parameters, shown in figs 2b and 3b, the
average mobility and the average stiffness amount to respectively 7.51 m/s*N and 0.19. The
maps of average mobility and stiffness and their histograms for the suction pipe concrete wall
in testing area 10 indicate that no concrete inhomogeneity occurs in this area.

3.2.  Experimental case 2
In experimental case 2, different values of the two main parameters, i.e. average mobility and

stiffness, are obtained. An example here is testing area no. 3. A map and a histogram of aver-
age mobility are shown in fig. 4 while a map and a histogram of stiffness are shown in fig. 5.
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Fig. 4. Map of average mobility (a) and histogram of average mobility (b) for concrete suction
pipe wall in testing area no. 3.
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Fig. 5. Map of stiffness (a) and histogram of stiffness (b) for concrete suction pipe wall in
testing area no. 3.

As it appears from figs 3a and 4a, between measuring points 1-2, 1-3, 1-4, 2-2, 2-4, 3-4, 3-3
and 3-2 (the first digit stands for the row number and the second digit for the column number)
average mobility is in a range of 4-6 N-m/s, i.e. it is above the average, while stiffness is in
a range of 0-0.6. Within measuring point 4-6, average mobility ranges from 8 to 10 N-m/s (it
is much below the average) while stiffness ranges from 0 to 0.2 (it is below the average).
In the other measuring points, average mobility is in a range of 2-4 N-m/s (it is below the av-
erage) while stiffness is in a range of 0.6-1.0 (it is above the average). As it appears from the
histograms of the parameters, shown in figs 2b and 3b, the averages of average mobility and
stiffness amount to respectively 3.94 m/s-N and 0.32. The local increase in average mobility
and the low value of stiffness indicate that the material is deformable, which may be evidence
of the existence of zones characterized by different degrees of compaction (honeycombing) in
this area. The low values of stiffness also indicate poorer quality of the concrete in these test-
ing points in comparison with the other testing points. The presented maps of average mobil-
ity and stiffness and the histograms of the parameters for the concrete suction pipe wall in
testing area no. 3 indicate that concrete inhomogeneity (honeycombing) occurs in this area.
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4. Conclusion

Exemplary tests of concrete inhomogeneity in a massive structural element, constituting the
wall of the suction pipe in a hydroelectric power plant, by means of the nondestructive acous-
tic impulse response method have been presented.

The tests have demonstrated that the impulse response method can be successfully used to
evaluate the inhomogeneity of concrete in this kind of structures with massive structural con-
crete elements. Using this method one can discern zones of concrete differing in their degree
of compaction.

The nondestructive tests showed that in 55 of the 80 testing areas no concrete inhomogeneity
occurs, whereas in the other 25 areas concrete inhomogeneities in the form of zones character-
ized by different degrees of compaction (honeycombing) occur. Such inhomogeneities may
form as a result of improper compaction of concrete or due to the use of aggregate with grad-
ing much exceeding the design specifications.
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Abstract

This paper presents the results of nondestructive tests of concrete inhomogeneity in a mas-
sive wall of a communication gallery in a hydroelectric power plant located on one of the
largest rivers in Poland. The tests were carried out using the ultrasonic tomography method.
An analysis of the test results showed that in most of the selected measuring places the
quality of the concrete is satisfactory. Concrete inhomogeneity, probably in the form of large
air voids which had formed as a result of improper concrete compaction or because large
aggregate particles had not been properly enveloped in concrete, was detected in only a few
places. In such places the microstructure of concrete is inhomogeneous and loose, whereby
they are susceptible to water leaks through the wall. The investigations have shown that the
ultrasonic tomography method can be successfully used for this purpose. It enables one to
quickly detect concrete zones with a different degree of compaction and larger air voids
formed as a result of, e.g., improper concrete compaction.

Key words: acoustic methods, ultrasonic tomograph, nondestructive testing, concrete

1. Introduction

Nondestructive methods are currently increasingly often used to diagnose various
building structures, including massive hydrotechnical structures [2-4, 7, 8]. The ad-
vantage of such methods is their noninvasiveness, which in some situations is simply
irreplaceable. Acoustic methods belong to commonly used nondestructive methods.
One of the latest acoustic methods is ultrasonic tomography [4] which was employed
in this research to evaluate the homogeneity of concrete in the wall of a communica-
tion gallery in a hydroelectric power plant.

The investigated object is a hydroelectric power plant (built in the 1970s) located on
one of the largest rivers in Poland. It consists of three power generation units sepa-
rated by isolation joints. Each of the units includes two turbine-generator sets forming
two sections called hydroelectric sets. The underground part of the hydroelectric set
consists of the following major parts: an inlet scroll, a suction pipe and galleries con-
necting all the hydroelectric sets. Since they are located below the water level these
components should be watertight. Despite repeated waterproofing and sealing, leaks
continue to appear on the walls of the structure, also on the walls of the communica-
tion gallery tested in this research. The leaks occur not only in the expansion joints,
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but also in places where the structure of the concrete is probably inhomogeneous
and loose. These may be zones of improperly compacted concrete (honeycombing).
There is a problem with such invisible defects occurring inside structural elements,
since they become apparent only in the course of service, and then require repairs to
remove them.

Figure 1 shows a general view of the investigated communication gallery and a water
leak on the gallery wall is shown in fig. 2.

Fig. 1. General view of investigated gallery. Fig. 2. Water leaking through
gallery wall.

This paper presents investigations of concrete homogeneity in a structural element
constituting the concrete wall of the hydroelectric power plant communication gallery
by means of the ultrasonic tomography method.

2. Description of tests

As mentioned above, an ultrasonic tomograph, shown in figs 3 and 4, was used to
investigate the concrete wall of the communication gallery.

The tomograph includes a special multihead ultrasonic antenna and a laptop with
dedicated software for recording graphical images. The antenna, having 40 inde-
pendent heads (probes) with dry point contact, is used to excite, receive and process
ultrasonic signals. The tomograph has been adapted for testing unilaterally accessi-
ble (up to 2500 mm thick) structural elements in order to detect air voids and other
places which may be empty or filled with liquid [1, 3-8].

The communication gallery wall was tested by means of the ultrasonic tomograph in
30 measuring places shown in fig. 5. About 500 mm wide and 1500 mm long meas-
uring zones were tested in each of the measuring places. In the course of the test, in
a given band the ultrasonic tomograph antenna was continuously moved at every
100 mm in one direction. The total number of measuring points amounted to about
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450. Images of the cross sections in each position were stored in a three-dimensional
matrix table and three mutually intersecting cross sections of the investigated object
(images B, C and D) were obtained on the basis of the matrix table. Figure 6 shows
the names of the cross sections (images) of the investigated object and the tomo-
graph antenna coordinate system.

Fig. 3. View of ultrasonic tomograph. Fig. 4. Testing by means of ultrasonic
tomograph.

Fig. 6. Names of investigated object’s cross sections, and tomograph antenna
coordinate system [4,6].
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3. Test results and their analysis

Exemplary results of the nondestructive ultrasonic tomography tests, showing images
of type B and D, are presented in figs 7 and 8. The images were obtained in measur-
ing places 19 and 23. It should be mentioned measuring place 23 was situated close
to a water leak through the gallery wall. In the right upper corner there is a scale
showing correspondence between the ultrasonic dispersion level in the tested point
of the gallery wall and the colour representing it. The ultrasonic dispersion level indi-
cates that the physical characteristics of the media vary in the tested area. The ar-
rows point to the identified areas of concrete inhomogeneity.

28

25

24

061014 18 20 22

Fig. 7. Measuring place 19: a) image D, b) image B.
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Fig. 8. Measuring place 23: a) image D, b) image B.

The results of the ultrasonic tomography tests carried out in the 30 measuring places
showed no significant concrete quality problems in 25 of them. An example here is
measuring place 19. It appears from the images in figure 7 that there are two small
concrete inhomogeneity zones at a depth of about 2200 mm.

However, in five of the 30 measuring places there occur zones of concrete character-
ized by high inhomogeneity. One of such areas is place 23 where water leaked
through the gallery wall. When examining the images in fig. 8 one should notice ten
to twenty places located at different depths, where probably large air voids occur.
In such places the structure of concrete may be inhomogeneous and loose, which
results in leaks. One should suppose that the existing situation is due to the improper
compaction of the concrete mixture during construction or to the use of too large ag-
gregate particles (with a diameter larger than 70 mm) which were not properly envel-
oped with cement grout. Unfortunately the test results could not be verified by taking
drill cores since the owner of the investigated object did not give permission for de-
structive testing.
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4. Conclusions

Thanks to the ultrasonic tomography tests it was possible to evaluate the homogene-
ity of concrete in the wall of the hydroelectric power plant communication gallery.
An analysis of the test results showed that the quality of the concrete in most of the
selected places is satisfactory. Concrete inhomogeneity, probably in the form of large
air voids which had formed as a result of improper concrete compaction or because
large aggregate particles had not been properly enveloped with concrete, was de-
tected in only a few places. In such places the microstructure of concrete is inhomo-
geneous and loose, which has a significant bearing on the durability of the structure
since such places are susceptible to water leaks through the wall.

Moreover, the investigations showed that the ultrasonic tomography method is useful
for evaluating concrete homogeneity in a massive structural element to which a de-
structive test method cannot be applied. It would be advisable to confirm the nonde-
structively obtained results by taking drill cores from randomly selected places.

The authors also note the lack of standard images obtained by the ultrasonic tomo-
graphy method in laboratory conditions from structural elements with modelled de-
fects. Such standard images assigned to the particular defects would be very useful
in the interpretation of results obtained from real objects.
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Abstract

This paper presents the results of the nondestructive testing of the thickness of the concrete
shell of a mine lift shaft. The shaft is located on the premises of one of the largest and deep-
est mines in Poland. The mine was opened in the 1970s. The shaft is 1200 m deep. Cur-
rently, in connection with the planned upgrading of the shaft it became necessary to deter-
mine the thickness of the unilaterally accessible shaft shell and the variation in its thickness
along the shaft length. The tests were carried out using the nondestructive ultrasonic tomo-
graphy method. Consequently, the thickness of the concrete shell of the shaft and the differ-
ences in this thickness along the shaft length were nondestructively determined. The test
results were destructively verified (through control borings) in randomly selected places.

Key words: acoustic methods, ultrasonic tomograph, nondestructive testing, concrete

1. Introduction

Nondestructive methods are today increasingly often used to diagnose all kinds of
building structures [2-4, 7, 8]. Since they are noninvasive, they are irreplaceable in
some situations. Most often acoustic methods are used. One of such methods is the
ultrasonic tomography method [4]. In this research it was employed to determine the
thickness of the concrete shell of a mine lift shaft.

The lift shaft has a diameter of 7.5 and is located on the premises of one of the larg-
est and deepest mines in Poland. The mine is also one of the largest mines in the
world and has 10 shafts in this area. The mine was opened in the 1970s and the in-
vestigated shaft was bored over 35 years ago. The shaft is 1200 m deep. A general
view of the investigated shaft is shown in fig. 1. The deposit started to be mined at
a depth of 850-900 m. Today mining takes place at a depth of over 1150 m and in the
nearest future it is to take place below 1200 m.

The shaft was sunk using the conventional method. Steel tubbing was used to line
the shaft to a depth of about 300 m, and below a one-layer concrete lining was used.
A general view of the inside of the investigated shaft is shown in fig. 2.
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Fig. 1. Outside view of investi- Fig. 2. Inside view of investigated shaft
gated shaft.

Currently, in connection with the planned upgrading of the shaft it became necessary
to evaluate the load-bearing capacity and technical condition of the concrete shaft
shell. Not only to the thickness of the unilaterally accessible shaft shell, but above all
the variation in this thickness along the shaft length had to be determined. Because
of the peculiar location of this structure, only a few destructive (boring) tests could be
carried out. Therefore a decision was made to test the shaft shell nondestructively in
selected (by the designers) points using the ultrasonic tomography method.

2. Description of tests

As mentioned above, an ultrasonic tomograph, shown in fig. 3, was used to investi-
gate the concrete shell of the lift shaft. The tomograph includes a special multihead
ultrasonic antenna and a laptop with dedicated software for recording graphical im-
ages. The antenna, having 40 independent heads (probes) with dry point contact, is
used to excite, receive and process ultrasonic signals. The tomograph has been
adapted for testing unilaterally accessible concrete elements in order to determine
their thickness and detect cracks, inclusions, air voids and other spaces which may
be empty or filled with liquid or other material differing in its density from the sur-
rounding concrete or having different physical and mechanical properties [1, 3-8].
The ultrasonic tomography tests were carried out in twenty measuring places spaced
at every 10 m along the shaft length from the depth of 500 m to 700 m. In each of the
places measurements were performed in about 500 mm wide and 1500 long bands.
In the course of testing the ultrasonic tomograph antenna was continuously moved at
every 100 mm in a given band in one direction. The total number of measuring points
amounted to about 300. The images of the cross sections in each of the positions
were stored in a three-dimensional matrix table, and three mutually intersecting cross
sections of the investigated object (images B, C and D) were obtained on the basis
the matrix table. Figure 4 shows the names of the cross sections (images) of the
tested object and the tomograph antenna coordinate system. Image B is situated on
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the right side while images C and D are situated respectively at the top and bottom.
Figure 5 shows the adopted measuring places in the shaft.

Fig. 3. View of ultrasonic tomo- Fig. 4. Names of cross sections of tested ob-

graph. ject and tomograph antenna coordinate system
[4, 6].

single testing band

;. - \ ."\_teslir)g bands
"\ about 200 m long tested shaft section

Fig. 5 Measuring places in investigated shaft.
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3. Test results and their analysis

Exemplary results of the nondestructive testing by means of the ultrasonic tomo-
graph, in the form of images type B and D, are shown in figs 6 and 7. The images
were obtained from a measuring band located at a depth of about 550 m and 700 m,
respectively. A scale of correspondence between the ultrasonic dispersion level in
a point of the tested shaft shell and the colour representing this level is shown in the
top right corner in each of the figures. The ultrasonic dispersion level indicates a dif-
ference in the physical characteristics of the media in the tested area. The arrows
mark the identified external surface of the tested shell. By marking the positions of
the arrows on a vertical axis one can read the thickness of the concrete shell of the
investigated shaft.

A diagram showing the shaft shell thickness determined in the particular testing
bands on the basis of an analysis of the images is presented in fig. 8. The black col-
our and the grey colour represent respectively the minimum and maximum shaft shell
thickness in a testing band. The figure also shows the averaged shaft shell thickness
in the testing band.

It appears from figures 6-8 that the thickness of the concrete shell is not identical
along the height of the shaft and depending on the depth of the testing band, it
ranges from 580 to 630 mm.

In order to verify the obtained results random destructive tests, consisting in control
borings in a few selected places, were carried out.

a)

Fig. 6. Measuring band at depth of 550 m: a) image D, b) image B.
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Fig. 7. Measuring band at depth of 700 m: a) image D, b) image B.
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Fig. 8. Concrete shaft shell thickness determined in particular testing bands by ultra-
sonic tomography method.
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4. Conclusions

Thanks to the tests carried out using the ultrasonic tomography method the thickness
of the unilaterally accessible concrete shell of the mine lift shaft was determined.
An analysis of the obtained results showed that the thickness of the shell, due to the
different tunnelling methods used, is not the same along the length of the shaft, rang-
ing from 580 to 630 mm. Thus one should suppose that the design thickness of the
concrete shaft was probably 600 mm. This was confirmed by data obtained from the
shaft contractor.

Since the nondestructively obtained results showed considerable scatter they were
verified destructively through control borings in several randomly selected places.
The tests have demonstrated that the ultrasonic tomography method is useful for de-
termining the thickness of concrete elements to which the conventional destructive
method cannot be applied. Nevertheless, the results of such tests should be verified
by another nondestructive method in order to validate them. For a case like this the
authors recommend to carry out tests in selected places, using the impact-echo
method.

Moreover, the authors note the lack of a test methodology for this state-of-the-art
nondestructive ultrasonic tomography method, which would be suitable for the diag-
nostics of concrete objects.
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Abstract

The study reports on the applicability of the IML RESI F500-S Resistograph for efficient and practical
determination of some ring properties (mainly annual ring) of Pinus brutia depending on preliminary
results of an ongoing project. For this purpose increment core samples and resistograph data were
collected from Mediterranean Region of Turkey. The preliminary results reveal that resistograph is
very promising for annual ring measurement of P. brutia.

Keywords: NDE, Pinus brutia, Resistograph, annual ring.

1. Introduction

Pinus brutia is naturally distributed mainly in the eastern Mediterranean Basin encompassing
Turkey, Greece, Cyprus, Syria, Palestine, Jordan and lIrag (Boydak, 2004). The species has
been given a high priority in plantations in various countries with Mediterranean climate due
to its relatively fast growth rate and wide ecological adaptability (Arbez 1974). The species
has a wide geographic distribution (5,420,524 ha forest land) in Turkey, and is an important
source of forest products in the country (Guller 2007; http://amenajman.ogm.gov.tr/).
Determination of ring width is crucial for many areas in forestry. Generally increment coring
is used for annual ring measurement all around the world. Although this is accepted as semi
destructive sampling method, depending on the core diameter (increasing core diameter) this
may be considerably destructive for living trees. Additionally it is time consuming. The
Resistograph is an instrument that penetration resistance of a fine drill needle is measured and
recorded. In recent years the use of Resistograph is widening for the purpose of non-
destructive evaluation of some properties of standing trees (Rinn et al.1996; Chantre and
Rozenberg 1997; Isik and Li 2003; Bouffier et al.2008; Saez et al. 2008; Ukrainetz and
O’Neill 2010). In fact this method is quasi non-destructive, since the diameter of the needle is
so small, that the weakening effect caused by the whole is negligible. Because of this
negligible destruction many researchers mention it as a non-destructive instrument.

The resistograph provides a graphic representation (resistogram) of the energy which is
consumed by the electric engine in penetrating the sample. Thus, given the internal
constitution of the wood, a series of variables can be determined relating the characteristics of
the material (Rinn et al. 1996). The total energy consumed in penetrating the sample is closely
related to the material density. Due to anatomical nature of Pinus brutia, early wood and late
wood visually separable and denser wood (late wood) formed at the end of the growth ring.
Thus, the resistogram appears as a succession of peaks and valleys, corresponding to the
varying difficulty in penetrating early and latewood part of annual rings.
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The purpose of our project (TUBITAK 110-0-560, started in 2011 and will be ended in 2013)
is the determination of P. brutia wood properties using NDE techniques. The study reports our
preliminary results on the applicability of the IML RESI F500-S Resistograph for efficient
and practical determination of some ring properties (mainly annual rings).

2. Material and Method

Wood samples examined in the study were collected from 35-40-year-old trees planted at
a provenance test trial (36° 55° 18" N, 30° 37" 00" E) within the optimal distribution range of
the species near Antalya in South-western Turkey.

Figure 1. Collecting of increment cores

One increment core (5 mm thick) per tree was taken at breast height (1.3 m) in the north-south
direction from bark to bark, intersecting the pith.

IML RESI F500-S and its software (F-Tools) used for resistograph measurements.
Resistograph measurements were obtained from the closest place and same direction of
coring.

Figure 2. Resistograph (IML RESI F500-S) measurements at field
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Ring width was measured on increment cores via image analysis method (Data set RW1,
Image analysis system of the Faculty of Forestry, Suleyman Demirel University was used for
the measurements). Normally an additional software module (including export option) must
be purchased to obtain each amplitude values. But, in the study a free and easy way (free
software, Image J, used for exporting resistograph data proposed by Guller, 2012) which
allows exporting data without any additional purchased module was preferred. Because of
moisture differences between standing trees and increment cores, all the cores were
acclimatized (12% equilibrium) before the measurements and the moisture of each sample
was determined after the measurements. Radial shrinkage of samples was calculated as 4.1%
following the Formula 1 below (Haygreen and Bowyer, 1996) and then, considering moisture
differences, resistograph ring measurements were converted to the new data set which had the
same moisture content of increment cores according to the Formulas 2 and 3 below. Statistical
comparisons were applied for converted data, moisture corrected (RW2), and unconverted
(raw measurements from standing trees) data set (RW3). Ring measurements obtained from
two populations (98 measurements for population 1; 37 measurements for population two,
hence 135 in total) using two different ways (resistograph and increment cores) were
compared for each individual ring and mean values by using statistical analysis (paired
sample t test and ANOVA).

Aar
=——x00 1
pr ar 1)

where;

Br: Radial shrinkage (%)

Adr: Decrease in radial dimension

dr: original radial dimension of sample (mm)

XpBr = kBr xAmxar @
RW2= RW3-Xpr (3)
where;

> Br: Total radial shrinkage (mm)

Am: Moisture difference (from fiber saturation point (28%) to sample moisture; ie:28-12=16)
dr: Original radial dimension of sample (mm)

kBr: Radial shrinkage value for 1% moisture change from FSP to 0% moisture;0.001464 for
our samples)

3. Findings

Correlation is significant (Pearson correlation coefficient found as 0.97) at the 0.01 level for
ring widths between resistograph and core measurements. Descriptive statistics for all data
(Table 1) and separate for two populations are given (Table 2) below.
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Table 1. Descriptive statistics for all data

Std.
Measured properties N Mean Std. Error Deviation
RW1 (Increment core) 135 2.613 0.125 1.452
RW?2 (resistograph-moisture corrected) 135 2.784 0.139 1.612
RW3 (resistograph-raw) 135 2.851 0.142 1.651
RW: Ring width (mm)
Table 2. Descriptive statistics for two populations
Measured Std.
Population | properties N Mean | Std. Error | Deviation
RW1 98 2.618 0.148 1.460
1 RW2 98 2.842 0.169 1.676
RW3 98 2.910 0.173 1.716
RW1 37 2.599 0.238 1.448
2 RW2 37 2.631 0.237 1.439
RW3 37 2.695 0.242 1.474

Although there is high correlation (r=0.97) between resistograph and increment core
measurements and good match for many of the ring boundaries (Figure 3), paired sample
t-test results show that the difference between two ways is statistically significant at 95%
confidence level (Table 3). This finding shows that the ring widths measured by resistograph
are different from core measurements at ring basis. However, if the mean values of the
populations are compared (Table 4), there are no significant differences indicating that the
resistograph can be used to determine population mean ring width.

Table 3. Paired sample t-test for all data (ring basis)

Std. Std.
Mean | Deviation |Error |t df Sig.
Pair 1 |[RW1-RW2 [-0.172 |0.394 0.034 |-5.055 [134 0.000
Pair 2 |RW1-RW3 [-0.238 ]0.415 0.036 |-6.668 |134 0.000
Table 4. Comparison of means for two populations and three grouping data set
Sum of Mean
Population | Groups (RW1, RW2 and RW3) | Squares df Square F Sig.
Between Groups 4.582 2 2291 | 0.871 | 0.419
1 Within Groups 765.016| 291 2.629
Total 769.597| 293
Between Groups 0.174 2 0.087 | 0.041 | 0.96
2 Within Groups 228.267| 108 2.114
Total 228.442| 110
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Figure 3. Matching of resistograpg chart (A) and annual rings (B)

Images obtained from increment cores and resistograph chart for each sample are overlaid and
all failures were determined (Figure 3); also the possible causes of the failures were
examined.

4. Results

e The preliminary results for the project show that resistograph is very promising for annual
ring measurement of A. brutia as a practical hand tool in the field, particularly for the
determination of population mean value.

o Resistograph measurement should be a straight direction intersecting pith. Any slope
causes a failure for matching ring boundaries.

e Viscosity of resin in the summer period affects the efficiency of the work with the tool
(Resistograph needle should be changed more frequently).

e The first part of resistograph charts (from starting point to pith) shows better
synchronization with the ring boundaries than continuing part of chart (generally shows
gradual increasing slope from pith to the end point, possible cause of increasing resistance)

o All defects such as cracks, decay, resin pockets affect reliability of resistograph ring
measurements. The instant paper graph should be followed carefully for each
measurement.
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Abstrakt

Prispévek se zabyva problematikou podpovrchové oblasti plynule littho sochoru.
NavrZzenou imerzni hlavici se zabudovanou ultrazvukovou sondou byly v realnych
podminkéach detekovany ploSné necelistvosti typu trhlin. Povrchova vrstva plynule litého
sochoru v peci oxiduje, tedy sho/i a tim mohou byt obnazeny zarodky pro vznik povrchovych
trhlin na vyvalku. Clanek popisuje experiment s podpovrchovymi vadami a jejich pfenos na
tyce po termomechanickém zpracovani.

Kliéové slova: plynule lity sochor, imerzni hlavice, ultrazvuk, podpovrchové trhliny

Abstract

The paper deals with testing of the subsurface area of continuously cast billets.
Certain types of flat subsurface defects (cracks) were detected in billets by the proposed
immersion head including built-in ultrasonic probe. These subsurface defects can cause
creation of surface cracks on rolled bars because surface layer of cast billets burns in the
furnace, which leads to the exposure of cracks hidden inside the billets. Transfer of
subsurface defects from billets to rolled bars after thermomechanical treatment is described
in the paper as well.

Key words: continuously casted billets, immersion head, ultrasound, undersurface cracks

1. Uvod

Plynule lité sochory z produkce TFineckych Zelezaren, a.s. maji rozméry 150 x
150 mm a pfi délce 12 m vazi cca 2 tuny. Ultrazvukové zkous$eni plynule litého
sochoru se bézné neprovadi, protoze se jedna o hrubozrnnou strukturu a ve stfedové
oblasti je znacné mnozstvi stazenin. Povrch plynule litého sochoru je zvrasnén
pravidelnymi oscila¢nimi vraskami, coz zhorSuje zku$ebni podminky. Z dGvodu vySe
uvedenych nevyhod je patrné, Ze detekce vad ultrazvukem bude omezena na
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vhodné orientované, velké a ploSné vady typu trhlin. Ve spolupréci
s technology TFineckych Zelezaren, a.s. se na zafizeni plynulého odlévani podafilo
fizenou Upravou parametri odlévani vyrobit vadny sochor, ktery se stal pfedmétem
této analyzy.

2. Metodika zkouSeni a popis méfici aparatury

V priibéhu plynulého odlévani oceli mize vlivem nerovnomérnosti chlazeni ¢i
Spatnym vedenim predlitku v zoné sekundarniho chlazeni dochazet k formovani
nahodné se vyskytujicich podpovrchovych trhlin  a dalSich necelistvosti.
Podpovrchové a vnitfni necelistvosti typu trhlin se v pribéhu termomechanického
zpracovani obvykle svafi. NasSim cilem bylo ovéfit, zda se ultrazvukem detekované
vady mohou obnazit pfi ohfevu v peci. V pfipadé otevieni trhliny na povrch a jeji
oxidace jiz nelze se svarenim nedokonalosti pocitat a vada muze byt pfenesena ze
sochoru na vyvalek.

Metodiku zkouSeni jsme zvolili na zakladé prvotniho experimentu, kde bylo
provedeno ultrazvukové zkouSeni podpovrchové oblasti vadného sochoru.
Nalezenou UZ indikaci potvrdil Baumanuv otisk viz obr. 1. Pfi sou¢asném navrhu
100% pokryti podpovrchové vrstvy by musela mit automatizovana UZ linka osm
kanalt z dtvodu Sirokého vstupniho echa. Profil sochoru jsme rozdélili do osmi zén
(viz obr. 2) kde pismena ,S“ oznacuji sméry zvuceni a pismena ,Z“ oznacuji zény
zkouSené oblasti. Tridici prah byl nastaven na druhou polovinu zkouSené tloustky,
tedy pfed KE. Napfiklad ze sméru zvu€eni S1 byla zkouSena z6na Z2.

Obr. 1 Baumandv otisk zobrazujici trhlinu ~ Obr. 2 Zobrazeni zkousenych zén a smérd UZ

v podpovrchové oblasti (vpravo nahore) svazkd v profilu plynule litého sochoru
Fig.1 Baumann printing showing the crack Fig.2 Picture of examinational zones and
in the subsurface are (on the right up) directions of UZ beams at the side face of
casted billet

MéfFici aparatura se sklada ze ¢tyr zakladnich ¢asti. Srdcem celého systému je
konvenéni ultrazvukova sonda B2S ulozena ve specialné navrzeném pfipravku pro
vedeni vodniho sloupce (imerzni vazby), ktery byl pojmenovén ,imerzni hlavice".
Buzeni sondy a zpracovani odezvy mechanického kmitani bylo provedeno za pomoci
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ultrazvukového pfistroje  Olympus EPOCH 1000i. Dvoukanalovy osciloskop
Handyscope HSO03 sledoval alarm z vystupnich konektord UZ pristroje. Informace
o poloze vad byly automaticky zaznamenany do pfipojeného notebooku Lenovo.
Cely zkuSebni systém je zobrazen na blokovém schématu, viz obrazek ¢&. 3.
Zaznamy z osciloskopu umoznily pfesné monitorovat a mapovat polohu indikaci na
sochoru (pfi prekroceni tfidiciho prahu a také pfi podkro¢eni koncového echa).

Z dGvodu velké drsnosti a pfitomnosti oscilaénich vrasek na povrchu sochoru
byl vyuzit imerzni zpUsob vazby sonda-sochor. Tento zpUsob vazby sou¢asné chrani
sondu pred pfipadnym mechanickym poSkozenim. Voda je do imerzni hlavice
pfivedena hadici z vodniho fadu uzitkové vody s pfepadem do kanalu (neuzavieny
okruh). Pretlak vody byl optimalizovan, aby na povrchu zkouSeného materialu bylo
zajiSténo dostate¢né prfedsmaceni.

Imerzni hlavice Ultrazvukovy pfistroj
se sondou B2S Olympus EPOCH 1000i

Notebook IBM T60

Osciloskop
Handyscope HS03

Obr. 3 Blokové schéma systému pro zkouSeni plynule litého sochoru
Fig.3 System diagram for testing of continuously casted billets

ZkouS$eni v laboratornich podminkéach

V laboratornich podminkach (tedy ve statickém rezimu, bez vifeni imerzni
vazby, bez vibraci a nezadoucich vlivl) byly na vzorku s pfirozenymi a uméle
vytvofenymi vadami ovéreny razné typy sond. Vzhledem ke zkuSebnim podminkam,
se jako nejvhodnéjsi jevilo pouziti sondy B2S. Citlivost systému byla ovéfena na
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pfiénych vyvrtech o prdmérech 3, 5 a 7 mm. S dostate¢nym odstupem signal/Sum byl
detekovan vyvrt o priméru 5 a 7 mm. Pomoci uméle vytvorenych vyvrt v riznych
hloubkéch byla sestavena DAC kfivka.

3. Experiment

ZkouSeni v redlnych podminkach provozu (tedy za pohybu sochoru na valniku
pfi rychlosti cca 0,5 m/s) zhorSuje zkuSebni podminky nejen z hlediska vibraci, vifeni
imerzni vazby, ale sou¢asné s polohovanim imerzni hlavice. Profil sochoru nemusi
byt vzdy idealné &tvercovy a chuvili trvalo, nez se podafilo optimalizovat mechanické
vedeni imerzni hlavice vii¢i sochoru, abychom ziskali dobrou UZ vazbu po celé délce
dvanacti metr(i viz obr. 4. Povrch kontinualné litého sochoru je zokujeny, proto jsme
provedli rovnani a tryskani, ¢imz bylo docileno zlepSeni vazebnich podminek.
Jednotlivé indikace v zavislosti na poloze jsou zaznamenany do grafu viz obr. 5.
Na stejném obrazku je patrné rozlozeni vad v grafické podobé sochoru.

Indikace
vady
01

0 5 10
Délka kontislitku {m)

Obr. 4 ZkouSeni sochoru imerzni hlavici Obr. 5 Nacrt s rozmisténim nalezenych
v dynamickém reZimu s indikaci vady vad v sochoru
Fig.4 Testing of billet with a immersion head in Fig.5 Sketch of found defects in the billet
the dynamic regime

Po ohfevu na 1100 °C byl sochor termomechanicky zpracovan za pomoci
Sesti valcovacich stolic a dvou findlnich ASC stolic na Kontijemné trati provozu VJ.
Po odvalcovani sochoru bude mit vyvalek délku cca 50 m pfi prdméru 80 mm. Proto
byly pro lepsi identifikaci polohy vad vytvofeny Ghlovou bruskou (15 cm pfed a 15 cm
za trhlinou) pfiéné zarfezy do hrany sochoru. Pfi€né zafezy na hrané sochoru
vytvorily po odvalcovani viditelné prelozky, které oznacily misto pro odbér vzorkd
k dalsi analyze. Vzorky byly vyfezany a podrobeny UZ zkouSce vimerzni vané
UPR4/HIC.
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Obr. 6 C-sken UZ zkousky v imersni vané UPR4/HIC
Fig.6 C-scan of ultrasound testing in the immersion bath UPR4/HIC

Ukéazka C-skenu jednoho vzorku je na obr. 6, kde jsou zobrazeny indikace
usporadané v fadku, v rozmezi velikosti FBH 1 az 2 mm a v hloubce cca 9 mm pod
povrchem. Pro porovnani byly uméle vytvofeny osové vyvrty o priméru 2 mm
v podpovrchové oblasti tyce, které jsou zobrazeny na pravé strané C-skenu.
Pfenosnym UZ pfistrojem byla jedna z nejvétSich pfirozenych indikaci presné
lokalizovana a predana k fezani a metalografické analyze, jejimz vysledkem byl
nalez vmeéstkd s potvrzenim velikosti 1,57 mm. V misté kolem téchto vmeéstkd maze
dochazet k poruseni materialu.

4. Zavér

Provozni zkousky potvrdily moznost detekce podpovrchovych vad plynule
litych sochorll pomoci ultrazvukového zafizeni. Z nalezu je patrné, Ze fizenou
Upravou parametrd na zafizeni plynulého odlévani se uvolnily ¢asti strusky, které
utuhly v podpovrchové oblasti. Tyto vméstky byly metalograficky identifikovany jako
hlinito-kfemicitany. Jednd se tedy o typ vmeéstkd, které nejsou tvafitelné
a v mikrostukure vytvéareji lokalni napétové koncentratory. Ukazuje se vSak, Ze se
trhlinky kolem téchto vmeéstkd mohou svafit po ohfevu v peci a po valcovani.
Pro preneseni podpovrchovych vad z predlitku na vyvalek totiz hraje ddlezitou roli
také jeji umisténi (hloubka uloZeni) a velikost. DalSi prace tak budou zamérfeny na
stanoveni kritickych podminek pro preneseni podpovrchovych vad z litého
do vélcovaného stavu.

Podékovani
Prispévek vznikl za pfispéni projektu FR - TI2 / 536, v rdmci programu
TIP 2010 - MPO CR.
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Abstract

In building practice the durability of concrete floors is to a large degree determined by the surface
layer’s pull-off adhesion to the structural layer. The strength of the bond between the two layers
largely depends on the preparation of the structural layer. Structural layer preparation can be de-
scribed by surface roughness parameters. This paper presents results of concrete floor structural layer
surface roughness tests done using 3D optical surface scanning. Two differently prepared structural
layers were examined in this way. The results show that this method can be successfully used for this
purpose.

Key words: concrete, roughness, surface topography, bonding surface

1. Introduction

Concrete floors are found in most general and industrial building structures. Owing to their
durability they are commonly used in housing and in multi-storey garages. Concrete floors are
one of the most prominent elements in the interior finish of such buildings and one of the
principal factors having a bearing on the architectural shape of the interiors and the use of the
rooms. The durability of concrete floors is to a high degree determined by the pull-off adhe-
sion of the surface layer to the structural layer. It should be noted that the proper preparation
of the structural layer, describable by surface roughness parameters, has a significant influ-
ence on the mutual adhesion of the bonded layers [1].

Roughness is a surface’s characteristic representing its irregularities (convexities and concavi-
ties) the height of which is at least one order of magnitude smaller than the size of the ele-
ment. It is one of the properties describing a surface’s geometrical structure, i.e. a set of all its
irregularities, including shape deviations, waviness and roughness. The latter is regarded to be
a major indicator of surface preparation.

The profile method is usually used to measure the roughness of concrete surfaces. In this way
two-dimensional surface roughness parameters are determined. In [2], concrete floor surface
roughness parameters were determined for five different ways of preparing the surface. The
roughness of the surface was described using the parameters determined by the profile
method.

A single flat profile does not describe well enough a surface which has a three-dimensional
character. Concrete surfaces undoubtedly belong to this category. Even though roughness
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parameters describing a flat profile are still successfully used in construction [3], recent years
have brought a critical re-evaluation of the two-dimensional analysis, and new solutions in its
description [4-7]. As a result, the surface method, which enables one to determine roughness
parameters in three-dimensionality, has been increasingly used.

Functional volumetric parameters can be useful in the evaluation of the roughness of concrete
surfaces. Such parameters are determined on the basis of the Abbott-Firestone curve for
a given surface [8]. According to [9], the functional volumetric parameters include: peak ma-
terial volume of scale limited surface ¥,,,, core material volume of scale limited surface ¥,.,

core void volume of scale limited surface ¥, and pit void volume of scale limited surface ¥,

It should be noted that the Abbott-Firestone curve represents surface topography structure as
a cumulative probability density of the amplitudes of its particular points. In the case of the
functional parameters, the volumetric curve is an integral over the examined surface. Hence
the position of the surface of a section relative to the highest point of the topography is
marked on the Y-axis while the percentage of the material relative to the highest surface point
is marked on the X-axis.

The results of concrete surface testing using the three-dimensional optical method and the
volumetric parameters are presented below.

2. Description of the surface roughness testing method

The set for the optical testing of surface roughness comprises a laser profile scanner SICK
IVC-3D mounted on a linear drive with a guide bar, an encoder and a laptop (fig. 1a). Scan-
ning is effected by manually shifting the head above the measuring area during which several
surface profiles, separated from one another by a distance of 0.07 mm, are being recorded
with a resolution of 0.074 mm. As a result of the scanning one obtains a cloud of points mod-
elling the topography of the concrete surface with a vertical resolution of 0.015 mm. The data
from the intelligent camera after prefiltration are sent to the laptop to be archived and later
processed in order to determine the surface roughness parameters.

Fig. 1. View of: a) measuring set used in opt/ca/ mez‘hod
b) testing by nondestructive optical method.

The method of the optical scanning of surface topography is based on triangulation by means
of a line of light [10]. It consists in taking photographs at an angle relative to the direction of
lighting (fig. 2a). The photographs depict the deformation of the-line-of-light profile caused
by the shape of the illuminated object (fig. 2b). Because of its high concentration of energy,
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aclass 11/2M VIS laser equipped with a special optical system is used as the illuminator.
In the case of the I\VC-3D scanner, a low power (A=658nm+15nm) diode laser was employed.
The recorded image of the line contains information about the 3D geometry of a single section
of the scene by a plane of light. For this reason this method is referred to as 242D, as opposed
to the methods capable of activating the full geometry of the whole measuring area (e.g. struc-
tural light, stereovision, tomography) [11]. Consequently, it is necessary to effect relative
movement, which was achieved by means of the linear drive. During the relative shift of the
object being scanned the discrete acquisition of photographs, synchronized by the encoder,
takes place. Although the camera system offers a maximum scanning speed of 5000 pro-
files/sec., the actual scanning speed is limited by the exposure parameters and the profile line
segmentation algorithms. In the case of the setup presented here manual shift is used instead
of a controlled electric drive.

‘ ,u—‘-“-h\‘

Fig. 1. Schematic of laser triangulation method (a) and of triangulation image (b) (1) —
camera with lens, (2) — laser line generator, (B) - concrete, (G) — head, (E) — encoder.

In this scanning method only the parts of the scanned surface which are visible from both the
camera and laser perspectives are mapped. As the triangulation angle (the angle between the
plane of light and the camera’s optical axis) decreases so does the number of invisible areas.
But also the measurement resolution along the Z-axis decreases as a result. In the case of the
IVC-3D scanner, both the lens and the triangulation angle (53°) have been set by the manu-
facturer to strike a balance between occlusion and resolution. The scanning system has been
pre-calibrated and ensures constant resolution Az=0.015mm along the Z-axis.
For the adopted measuring area of 50mmx50mm the following average resolutions are
achieved:

e 0.07mm - along the shift (X-axis),

e 0.074mm - along the laser line (Y-axis),

e 0.015mm — height (Z-axis).
The time of scanning the investigated area did not exceed 2 sec. The measurement data were
exported in the csv format to be further processed by the Talymap 3D Analysis Software.
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3. Test results

Tests were carried out on two concrete 50x50mm surfaces constituting the structural layer of
a concrete floor. The surfaces were made of C30/37 grade, S3 consistency concrete with ratio
w/c=0.5 and a maximum aggregate grading of 8 mm. They matured in a natural way in
a laboratory at an ambient temperature of +18°C (+3°C) and a relative air humidity of 60%.
For the first 7 days they were stored covered with plastic wrap.

The following two ways of concrete surface preparation were used:
- surface I: mechanical grinding and dust removal,

- surface Il: no surface preparation, i.e. the surface was left in the after-concreting condi-
tion.

Figure 1 shows spatial images (in false colours) of the scanned concrete surface for surface
land II.

Fig. 1. Spatial image of scanned concrete surface for: a) surface 1, b) surface /1.

[ 10 2|0 30 4|0 50 GIO 70 80 90 100 %
0 s s s N
10.0%
0.25 ] ~vmp 80.0%
05
0.75
Vme Vve
14
1.25
1.5+
1.75 4 Vv
2
2.25
mm
Vmp =9.22 m/m2 Vme =277 miim2
Vve =290 m/m2 Vvv =67.0 mim2

Fig. 2. Graphic analysis of volumetric parameters for surface 1.
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Fig. 3. Graphic analysis of volumetric parameters for surface /1.

It appears from the graphic analyses of the volumetric parameters for surfaces | and I, shown
in figs 2 and 3, that there are differences in the roughness parameters. For surface | the values
of Vimp and Ve are three times lower than for surface 11, whereas the values of parameter V4.
are twice higher for surface Il than for surface I, indicating greater surface irregularities of the
concrete surface without preparation. It seems that parameter ; is less useful for the analysis
of concrete floor roughness since it does not reveal any differences between surface | and sur-
face Il.

4. Conclusion

The results of surface roughness tests for a concrete surface constituting the structural layer of
a concrete floor, carried out using the 3D optical method have been presented.

Two concrete surfaces differing in the preparation of the structural layer were tested. The tests
showed that the parameters: Vi, Vincand V¢ are particularly useful for evaluating the degree
of roughness of the tested concrete surfaces.

The proposed optical surface scanning method and the SICK 1VVC-3D sensor used, ensured
a resolution sufficient for measuring surface roughness of concrete screeds without any no-
ticeable occlusion or speckle effects or disturbances caused by a change in reflectiveness, as
noted in [12]. In the designed test setup the motor drive of the head was abandoned and owing
to the high scanning speed ensured by the manual shift no profiles were lost. The parallelism
between the scanned concrete surface plane and the scanner shift plane was not a critical ac-
quisition parameter and it was corrected (through levelling) at the data processing stage.

DEFEKTOSKOPIE 2012 105



5. References

1. Siewczynska M.: Method for determining the parameters of surface roughness by us-
age of a 3D scanner, Archives of Civil and Mechanical Engineering, 1-2, p. 83-89
(2012).

2. Franck A, De Belie N.: Concrete floor-bovine claw contact pressures related to floor
roughness and deformation of the claw, Journal of Dairy Science, 89, 8 (2006).

3. Erdem S., Dawson A., Thom N.: Impact load-induced micro-structural damage and
micro-structure associated mechanical response of concrete made with different sur-
face roughness and porosity aggregates, Cement and Concrete Research, 42, s. 291—
305 (2012).

4. Grzelka M., Chajda J., Budzik G., Gessner A., Wieczorowski M., Staniek R., Gapinski
B., Koteras R., Krasicki P., Marciniak L.: Optical coordinate scanners applied for the
inspection of large scale housings produced in foundry technology, Archives of Foun-
dry Engineering, 49/1, 255-260 (2010).

5. Mathia T., Pawlus P., Wieczorowski M.: Recent trends in surface metrology, Wear,
271, s. 494-508 (2011).

6. Grzelka M., Majchrowski R., Sadowski L.: Investigations of concrete surface rough-
ness by means of 3D scanner, Proceedings of Electrotechnical Institute, 16 (2011).

7. Gonzalez-Jorge H., Solla M., Armesto J., Arias P.: Novel method to determine laser
scanner accuracy for applications in civil engineering, Optica Applicata, Vol. XLII,
No. 1 (2012).

8. Abbott J., Firestone F.: Specifying surface quality: a method based on accurate meas-
urement and comparison, Mechanical Engineering, 55, p. 569-572 (1933).

9. 1S0O 25178: Geometric Product Specifications (GPS) — Surface texture: areal.

10. Kowal J., Sioma A., Active vision system for 3D product inspection: Learn how to
construct three-dimensional vision applications by reviewing the measurements pro-
cedures, Control Engineering USA; ISSN 0010-8049. vol. 56, pp. 46-48 (2009).

11. Tutsch R., Petz M., and Fischer M., Optical three-dimensional metrology with struc-
tured illumination, Optical Engineering, vol. 50, no. 10, p. 101507 (2011).

12. Reiner J., Stankiewicz M., and Wojcik M., Predictive segmentation method for 3D in-
spection accuracy and robustness improvement, in Optical Measurement Systems for
Industrial Inspection VI, Peter H. Lehmann, Editors, 73890A, Munich (2009).

Acknowledgements

This research was carried out as part of research project “Grant Plus” [POKL 8.2.2] co-funded
within the framework of the European Social Fund.

106 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

APPLICATION OF GROUND PENETRATING RADAR (GPR)
AS A DIAGNOSTIC TECHNIQUE IN CONCRETE BRIDGES
INSPECTION

Eleni CHEILAKOU *,Panagiotis THEODORAKEAS*, Maria KOUI*,
Serafeim MOUSTAKIDIS*, Christos ZERIS**
* National Technical University of Athens, NDT Lab, School of Chemical Engineering,
Department of Materials Science & Engineering, 9, Iroon Polytechniou str., 15773,
Zografou, Athens, Greece.

** National Technical University of Athens, Reinforced Concrete Laboratory, School
of Civil Engineering, 9, Iroon Polytechniou str., 15773, Zografou, Athens, Greece.

Contact e-mail: pantheod@mail.ntua.gr

Abstract

The inspection of reinforced and pre-stressed concrete bridges is a critical task and
fundamental element continuing overall safety. Since the service life of those structures is
mainly dependent on the normal age-related degradation and integrity loss of the embedded
metallic reinforcement bars and tendon ducts, a detailed knowledge of the internal structural
state of is essential for the prevention of further damage and the improved planning of
maintenance and rehabilitation. Smart methods for assessing the structural integrity of such
concrete bridges are therefore essential to ensure the safety of the structure, as well as to
reduce the huge manufacturing costs and out of service time of the structure due to
maintenance. Ground Penetrating Radar (GPR) is a well-established and among the leading
diagnostic technologies in the field of NDT&E especially prepared for these purposes. In the
last few decays, GPR has evolved as a powerful tool for the non destructive investigation of
concrete bridges, as it is one of the fastest and most cost-effective non invasive methods,
available to provide efficient information about the true position and condition of embedded
reinforcement bars and tendons ducts. The present research work evaluates the potential of
GPR for the inspection of pre-stressed concrete bridges and its usefulness to provide non
visible information of the interior structural condition required for strengthening and
rehabilitation purposes. For that purpose, different concrete blocks with embedded steel
reinforcement bars and plastic ducts were investigated by means of GPR in order to locate
the internal structural elements and verify the original drawings. A 3D survey was also
performed with the aim to produce a 3D map of the interior concrete structure. The results
obtained showed the effectiveness and reliability of GPR technique for concrete bridge
investigations.

Keywords: Ground Penetrating Radar, non destructive inspection, tendon duct and rebar
location, 3D map

1. Introduction

Pre-stressed concrete bridges represent well over 50% of all bridges built worldwide.
This increase has resulted from advancements in design and analysis procedures as
well as the entrance of new promising materials for such types of constructions.
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However the life of the main concrete structure is still dependant on the normal age-
related degradation and integrity loss of the internal steel reinforcement bars and
tendons. Tendons are vital for the stability of the structure and may be pre-stressed
in sections, or, for large structural beams, post-tensioned after construction. Post-
tensioned tendons run through plastic or metallic ducts in the concrete and are
tensioned after the concrete hardened. The hollow space within the duct is then filled
with grouting to ensure the transmission of forces between tendon and concrete.

For pre-stressed concrete bridges the investigation of steel reinforcement bars and
tendon ducts is one of the most essential test problems. During the construction and
service life time of these concrete structures, many deficiencies may occur due to an
incorrect application or changes of the internal structural elements position with
respect to the original design plans, affecting seriously the performance of the whole
structure. Frequently, areas with very poorly vibrated concrete, insufficiently grouted
tendon ducts and incorrectly positioned reinforcement bars appear. Moreover, during
rehabilitation processes, designers are often faced with a lack of original design
plans and unawareness of the real position of re-bars and tendon ducts. Thus,
a detailed knowledge of the internal structural state of concrete bridges is essential
for the prevention of further damage and the improved planning of maintenance and
rehabilitation. The localization of the ordinary reinforcement bars and tendon ducts is
a fundamental element for efficient structural assessment and strengthening design,
continuing overall safety of the bridge.

Ground Penetrating Radar (GPR) is one of the leading technologies in the field of
NDT&E especially prepared for the above mentioned purposes. It is one of the
fastest, most cost-effective and highest resolution investigation methods available to
render any subsurface imaging, providing thus an efficient means for concrete
structures evaluation studies [1]. Non destructive testing, quasi - continuous results
and efficient data acquisition are the main advantages of GPR systems when
compared to traditional methods, prescribing them as powerful tools for large
concrete structures inspection such as bridges, bridge decks and road pavements
[2]. Using a mobile GPR system to inspect such traffic-related structures permits
a high rate of data acquisition with minimized traffic flow obstruction, as well.

Nowadays, GPR systems are increasingly being used as a diagnostic and quality
assurance tool for the non destructive inspection and condition assessment of pre-
stressed concrete bridges. Important applications concern the localization of internal
metallic reinforcement bars and tendon ducts, the determination of the concrete
cover of rebar and internal tendon ducts as well as the assessment of the pavement
layer thickness [3-6]. The use of this tool has also been validated by numerous
authors for the investigation of grouting condition inside plastic ducts [7], as well as
for locating deterioration and defects detection within concrete structures [8].

The present research work evaluates the potential of GPR for the inspection of
reinforced and pre-stressed concrete bridges, and its usefulness to provide non
visible information of the interior structural condition required for strengthening and
rehabilitation processes. For this purpose, different concrete specimens with
embedded steel reinforcement bars and plastic ducts were investigated by means of
GPR in laboratory environment, with the aim to localize the internal structural fittings
and verify the original design drawings. A 3D survey was also performed in order to
reveal a detailed insight of the interior concrete structure.
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2. Experimental

Samples Description

For the present study, two concrete samples named as Sample 1 and Sample 2 were
tested in laboratory environment by means of the GPR technique. The details of the
samples are described below.

Sample 1, presented in Figure 1, has a length of 1.12 m, a width of 0.2 m and
a thickness of 0.2 m. Totally 6 plastic ducts are embedded in its structure at equal
distances (20 cm) and at a constant depth (9.2 cm), as illustrated in the original
drawing of Sample 1 (Fig. 2).
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Fig.1 General view of Sample 1
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Fig.2 Drawing of Sample 1

Sample 2, that is presented in Figure 3, has a length of 1.5 m, a width of 0.5 m and
a thickness of 0.3 m. Steel reinforcement bars tightened in the form of a cage are
embedded in its structure. The reinforcement consists of 4 deformed longitudinal
bars 16 mm diameter and 10 deformed transverse bars (closed stirrups) 8 mm
diameter. According to the original drawing of Sample 2 that is demonstrated in
Figure 4, the top layer of the rebar is placed at a constant depth of 3.5 cm. The
distance between the longitudinal bars, as well as between the stirrups, is not
constant but varying.
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Fig.3 General view of Fig.4 Drawing of Sample 2

Sample 2

GPR equipment and data acquisition

For the radar measurements a GSSI TerraSIRch SIR System-3000 with a 1.6 GHz
high frequency antenna in reflection mode was used. GPR survey was carried out on
Sample 1 along a single line in the x-direction, as indicated in Figure 1, in order to
locate the internal plastic ducts. As regards Sample 2, GPR measurements were
performed along a single line in the x- direction and along two single parallel lines in
the y- direction (see Fig. 3), in order to locate the transverse and longitudinal bars,
correspondingly. Such approach is important in order to locate tendon ducts at
depths down to 50 cm, detecting voids and detachments, and measuring thickness of
structures that are only accessible from one side [9]. A 3D survey was also carried
out on Sample 2 in order to provide a detailed picture from the interior concrete
structure. For the acquisition of 3D data, measurements were performed in a grid
format both along parallel horizontal (x) and vertical (y) lines on the area marked in
Figure 5. The distance between consecutive survey lines was set to 5 cm, which
allowed sufficiently accurate data to be obtained for 3D subsequent processing. 2D
data were collected along 7 horizontal lines parallel to x-axis and 11 vertical lines
parallel to y-axis and interpolated in order to produce a 3D map of the interior
concrete structure.

Fig. 5 3D survéy area of Sample 2 in a grid format
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During the GPR testing the essential set up parameters for concrete structures
investigations were defined and are summarized in Table 1. The GPR data acquired
were processed using the RADAN 7 software of GSSI.

Table 1: Set up parameters for GPR survey with 1.6 GHz Antenna

Dielectric Constant (€) of concrete 6.25
Samples/ scan 512
Resolution, bits 16
Range, ns 12 ns
Rate (scans/s) 4
Number of gain points (dB) 5
Vertical High Pass Filter, MHz 75
Vertical Low Pass Filter, MHz 700
Transmit Rate, KHz 100

3. GPRresults and interpretation

In Figure 6, the acquired 2D radargram of Sample 1 after data processing is
presented. The horizontal axis corresponds to the length in the x-direction, and the
vertical axis is the two-way travel- time scale (ns), that has been transformed into
a depth scale using an estimated dielectric constant for concrete of 6.25 (see Table
1). The surface reflection has been corrected to time/ depth zero, which is an
essential step during data processing. A corrected O-pisition sets the top of the scan
to a close approximation of the under inspection object surface, in order to provide
a more accurate depth calculation of the embedded targets.
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Fig.6 2D Radargram of Sample 1 revealing the position of the embedded plastic ducts
perpendicular to the acquisition direction.

The hyperbolic reflections detected in the radargram of Sample 1, which are marked
with vertical arrows, are interpreted as the embedded plastic ducts that are orientated
perpendicularly to the survey line. The hyperbolas depict the true position and depth
of the targets. From the radar profile it is observed that the plastic ducts are placed at
a depth of 9.1 cm and the distance between them is constant around 20 cm,
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matching the original drawing of Sample 1 (see Fig. 2). The radargram presented
in Figure 7a represents a 2D data set after processing acquired along a survey line
in the x- direction of Sample 2. The hyperbolic reflections detected reveal the location
of the top layer of the 10 closed stirrups (8 mm diameter) that are running
perpendicularly to the investigation axis. Figure 7b provides a radar profile after
processing acquired along a line in the y-direction of Sample 2. Reflections from the
4 top deformed longitudinal bars (16 mm diameter) perpendicular to the y-direction of
data acquisition are clearly visible. It must be noted that the bottom rebars were not
detected due to overlapping reflections.
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Fig.7 2D Radargrams of Sample 2 acquired along a survey line: (a) in the x-direction
revealing the position of the embedded transverse stirrups (secondary reinforcement), and
(b) in the y-direction revealing the position of the embedded longitudinal bars (primary
reinforcement).

From the acquired radargrams it is observed that the distance between the
secondary reinforcements (Fig. 7a), as well as the distance between the primary
reinforcements (Fig. 7b), is varying and not constant, matching the original positions
indicated at the design drawing of Sample 2 (see Fig.4). The middle of the white part
of the hyperbolas is interpreted as the top layer of the metal targets. The radar
profiles reveal that the depth of the rebars is not constant at 3.5 cm, especially
illustrated in the case of the 4 longitudinal bars (Fig. 7b), but varies from 2.5 to 5 cm,
which is not in accordance with the original drawing of the specimen. This might be
due an incorrect application of the internal structural elements during the construction
of the concrete block, or due to a possible shifting of the internal rebars with respect
to the original design location.

3D display of radar data

The 2D data acquired along horizontal and vertical profile lines on the grid of Sample
2 (Fig. 5), were processed separately with a two-dimensional processing sequence.
Migration is a necessary processing step applied after time zero correction in order to
achieve a quality 3D display. Migration is a technique that moves dipping reflectors to
their true subsurface positions and collapses hyperbolic diffractions into dots
representing the actual targets. Figure 8 demonstrates the same radar profile of
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Sample 2 from a single survey line in the x-direction, shown in Figure 7a, after
migration.
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Fig.8 Migrated GPR data from a single profile line in the x-direction of Sample 2

The processed radar profiles of the grid were interpolated in order to produce a 3D
map of the interior concrete structure. The 3 dimensional displays are presented as
block views of GPR traces recorded on different positions on the surface. A 3D data
cube was created, which is presented in Figure 9, enabling the presentation of depth
slices (plain parallel to the surface at a distinct time interval). Slicing through the 3D
image, position information of the embedded targets can be directly obtained from
the screen. In Fig. 9 a slice at a depth of 3.9 cm (z-axis) is indicated, where the
horizontal and vertical lines represent the top steel reinforcement layer (see
indicative arrows). Corresponding 2D location with 3D location shows the exacts
position and depth of the targets.
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Fig.9 3D data cube of Sample 2 grid area revealing the interior concrete structure.

4. Conclusions
GPR is a cost-efficient, prompt and reliable non destructive tool in the investigation of
concrete structures, and particularly in reinforced and pre-stressed concrete bridges.

DEFEKTOSKOPIE 2012 113



The present paper focused on the application of GPR for the inspection of different
concrete blocks with embedded steel reinforcement bars and plastic ducts. The state
of the art GPR system with a high-frequency antenna that was used in this work,
provided the accurate depth and position of the top rebars and plastic ducts, which is
a fundamental element for the safety of bridges, once accurately detected. No
information about deeper layers of rebar was obtained due to structural complexity.
Furthermore, the 3D survey provided a detailed insight into the concrete structure.
The results obtained showed the effectiveness and reliability of GPR technique for
concrete bridge investigation, and its usefulness to provide non visible information of
the interior structural condition required for strengthening and rehabilitation purposes.
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Abstract

The main objective of that work is to present a novel system solution that applies parameter
control system to magnetic separator. The control system utilizes spatial distribution
measurements taken by Electrical Impedance Tomography (EIT) unit. Magnetic separation is
a process of material segregation based on difference in magnetic properties of materials.
The key issue here is to obtain sufficiently high magnetic field and its gradient that is possible
with application of superconducting magnets. The basis of superconducting technique in
magnetic separation has been built for decades and is widely employed in High Gradient
Magnetic Separators. The EIT is a noninvasive method of recovering electric parameters
based on the electrical surface measurement. Presently some experimental projects are
pursued aiming at commercial applications of proposed solution. In EIT the distribution of
conductivity o, permittivity € and permeability p is searched for. The EIT imaging is the
solution of inverse problem, searching for parameter distribution that determines the
conductivity or permittivity of investigated object. To find a general solution of that problem is
difficult and cannot be obtained analytically. However it is possible to get an approximate
solution based on iterative methods. The industrial applications are related to noninvasive
examinations and belong to the area of process tomography. The main problem of applying
tomographic imaging in magnetic separator is developing of multielectrode sensor array.
The image is constructed based on measured signals coming from the sensors. The quality
of image influences separation parameters in control system. The paper presents the
schema of separation process control system, outline of separator device with superconducting
magnetic field source and tomographic units and impedance tomography sensor.

Key words: magnetic separator, Electrical Impedance Tomography, high gradient magnetic
field.

1. Introduction.

Separation in magnetic field characterized by high values of magnetic flux
density and field gradient has been used in industry and science for several years.
The progress in technologies utilizing magnetic separation is strictly correlated to
achieving high fields at reasonable costs. The advances in magnetic technologies
concern mainly water treatment, metal removal in food processing, kaolin
decolorization in paper manufacturing industry, steel factories and power plants. High
Gradient Magnetic Separation (HGMS) technique is beneficial to ore enrichment,
coal desulfurization, food and pharmaceutical industries [2, 3]. The review of various
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separation methods are discussed in [1]. Some of the limitations for applying
superconductor magnets in magnetic separation process are listed in [4, 5]. Recently,
the research on separation covers diverse commercial applications [6, 7].

2. Separation process.

The principle behind magnetic separation process is to segregate materials
with different magnetic characteristics. The key issue here is achieving relatively high
magnetic field and field gradient. It is obtainable due to employment of
superconducting magnets. The basis for their applications in high field generating
have been created for decades.

Separation process
Transfer
system A
Feed transfer Separation [—®—
system A&B chamber
Transfer
o + system B
3 7'y
Defining of Control of Defining of
Speed of feed separation output
feed parameters compartment parameters Feed outlet
transfer control
control 7y
y K Y
Magnetic
separation
» control system

Fig.1 Scheme of the separation process.

Separation process takes place automatically if the system consists of following
functional blocks:

- Feed transfer to the inlet of the separation chamber;
- Separation chamber that flowing feed is being separated within;
- Transfer system of isolated feed;
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- Measurement system of ingoing and outgoing materials;

- Elements of control system of separation compartment, speed of feed
transfer and isolated products

- Control system of separation process.

The connection between individual elements of the system is shown in Fig. 1. The
indicator of the process quality is separation efficiency per unit time expressed by the
following formula:

=y
()

g . separation mass efficiency of material A determined at the separator outlet 7,

5.4 POrtion of material A traversing per unit time measured at the separator outlet /

Sina portion of material A traversing per unit time measured at the separator inlet;

m_,.4 Mass of material A per unit time traversing through the separator outlet

M,z Mass of material B per unit time traversing through the separator outlet /,

mg;4 Mass of material A traversing per unit time through the inlet;

7 mass of material B traversing per unit time through the inlet;

i =1,2..1 indicates the outlet number.

Similarly, the separation efficiency indicator per unit volume and flow time can be

determined. The indirectly measured values are material masses traversing in unit
time and s,,.,, s...., and s,.,. Having measured the above values the separator

control system adjusts the position of the separation compartment, setpoint of flow
speed and its value at the outlets.

3. Electrical Impedance Tomography

EIT is a noninvasive method of recovering electric parameters based on the
electrical surface measurement. The parameters that space-time distribution is
searching for are conductivity o, dielectric permittivity € oraz permeability p.
Recovering is the solution of inverse problem, i.e. searching for parameter
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distribution that determines electrical quantities on the periphery of an object. Finding
the general solution is difficult and cannot be obtained analytically. However it is
possible to get an approximate solution based on iterative methods.

The industrial applications of EIT are related to noninvasive examinations and
belong to the area of process tomography [10]. Feed is a mixture of components
varying in electrical properties. Depending on the properties that distinguish
investigated components one of the investigation method is chosen. The inlet and
outlet sensors are disposed on the periphery of the separator chamber that has been
depictured in Fig. 2. Paramagnetic particles (in red) response to high gradient
magnetic field in the separation zone of the chamber. Diamagnetic parts (in blue) are
passing through that zone practically not reacting to the field. The EIT inlet sensor
registers spatial distribution of impedance before the feed enters the separation
zone. Based on multielectrode sensor measurements the value of s, is found. The
spatial impedance distribution is characterized by the relationship developed in
calibration process.

Inlet
e

Separation
chamber BINIR
Separation zone
Superconducting
magnet

Fig.2 Separation chamber with indication of EIT sensor location

EIT inlet sensor

EIT outlet sensor
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The EIT outlet placed below the separation zone measures impedance in
multielectrode system using the data acquisition algorithm. The obtained spatial
distribution of impedance parameters is the basis for distribution reconstruction of
material A content s_,.,,. Through comparing and contrasting the inlet distribution

with inlet feed contents the feed composition at every stage of the procedure is
specified. The sensor design is described elsewhere [8, 9]. The material distribution
image is created after registering the sensor signals. The image quality influences
separation parameters in the control system.

4. Experimental setup for distribution measurement.

The separation chamber is cylinder-shaped (Fig.3, a). Superconducting
magnets generate axially symmetric field. Considering the mixing process that takes
place in the separation zone material distribution at the inlet is uniform (level y;). That
has been shown in Fig. 3, where x denotes an axis parallel to the diameter of the
cylinder.
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Fig. 3 Feed content distribution.

a) Geometry of separation chamber;

b) Feed content distribution at the inlet level;

c) Feed content distribution at the outlet level,

d) Feed content distribution as a function of separation distance.
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The components of the mixture can be two substances that masses are denoted as
m; and m; (blue and red colored). The distribution of flowing substance is described
by the function along the radius at the outlet level (level y»). The function needs to be
a good approximation of experimental data. The model parameters are identified for
specific application. One can write:

e a o« B b Py a0
e e ey Gpys Oprees Bpgi Cpoen Cpi Bgue s By

e i
i A

=

—
3
it

where:
.., ay — scalar components of identified model parameters;

by, .., by — scalar components of control system setting;
c4,-.,€x - SCalar components of incoming quantities ;

d,,..,d, — scalar components of confounders;

An analytical form of function is fitted arbitrarily and the parameters are determined
as a result of parametric identification of the model for a given model structure. Next,
the parameters are calculated by optimization method as a sufficiently close
approximation of data measured by EIT method.

5. Control system.

Tomographic measurements are taken sequentially on input and output of the
chamber. Next, the input data taken at the input are processed to get the boundary
parameters of the control system determined by the average feed content
determines. Then, processing of the data taken at the output results in some

particular functions (2). The decision on the system setting is made after integration
of:

D (x5 VY= Fflxa,.. 0nVie, .. cpd;,.., d;, )dx 3)

i Jp £ 1 R L e TRt TR e L

The following conditions are met:

(D, =D )Nn(Dy<Dy)=1-V:i=V,s:=

Lai

(D=0 )N (VCV,)=1=2V=V+AV,5:=5

(D,<DIN(V=0)=1—>V=V—AV,s:=5s 4)
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where:
s — position of separation compartment ;

IV — initial speed of feed movement;

D,- integral’s value of distribution function of material A over the interval s (0,s);
D;- minimal value of integral ;

D~ maximal value of integral;

V,,- maximal speed of feed movement;

AT- minimal change of feed transfer speed,;

As- minimal change in compartment’s position.

The control process is determined by given experimental data, separator’s setup and
a priori characteristics of the separator and feed. The conditions (4) constitute
noncomplicated schema of controlling that needs to be specified in laboratory or
industrial conditions. First of all the arguments of function (2) are considered; i.e.
parameter accuracy of component distribution function, initial quantities, confounders
and their mutual interaction. The accuracy, precision of the system settings, relations
between the respective control system blocks need to be specified.

6. Conclusions

Electrical Impedance Tomography is a powerful tool to noninvasively study
distribution of mixture components. In order to achieve reliable distribution one
selects an appropriate information carrier, electrical parameter related to specific
material that assure detecting of separating components. Additionally, magnetic
separation performed in high gradient field requires separated components have
various magnetic characteristics. The key problem here is to properly design the
multielectrode sensors. If the separated components are weakly conductive
capacitive sensors should be used . In case of high conductance resistive sensors
are employed. Application of eddy current sensors is considered if one cannot have
any direct contact with feed. In practice the use of all the sensors are limited by many
others factors, not mentioned here, that depends on the process. The distribution
image of substances inside the chamber is a result of data processing by numerical
algorithms based on the registered signals. The estimation of the distribution greatly
influences separation parameters in control system. The paper present the schema
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of control system dedicated to magnetic separators, outline of separator device
utilizing superconductive magnets and tomographic unit.

In the process of magnetic separation controlled by EIT the time factor plays an
important role. It is a dynamic process that implies simultaneous measurements and
analysis that result in images. The employed algorithm takes into account the
dynamic character of evaluated images [11] that imposes the detailed study of
conditions present during separation. The described algorithm enables the time
adaptive processing. The characterized system and related solutions are the subject
of laboratory investigation of Measurement and Diagnostics Department of
Electrotechnical Institute in Warsaw [12].
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Abstrakt

V prispévku jsou prezentovany vysledky nedestruktivnich zkouSek provedenych v ramci
kvalifikace procesu svarfovani obvodového tupého svaru austenitického potrubi
9114 x 12 mm. V pfipadé pouZiti Uzké svarové mezery byly zjistény problémy s detekci
kratkych nepravard pii kontrole prozarenim. | kdyz byla pifi prozafovani pouZzita rizna
geometrickd usporadani a dale provedena ultrazvukova kontrola, kratké defekty nebyly
jednoznacné detekovany. Spolehlivd detekce kratkych neprivard byla mozZna pouze
nepfimou vizualni kontrolou.

Kliéova slova: vizualni kontrola, prozafovani, neprovareny koren

Abstract

In the contribution results of non-destructive testing are being presented for the welding
procedure qualification of circumferential butt weld on the austenitical pipe ¢ 114 x 12 mm.
In such the case very narrow gap between welded pipes is used were indentified detection
of lack of penetration difficulties by the radiographic testing method. Although different types
of radiographic geometry were used and the ultrasonic examination was performed too, short
and small defects were not unambiguously detected. Reliable detection of short lack
of penetration was able only by remote visual testing method.

Key words: visual testing, radiography, lack of penetration
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1. Uvod

Nedestruktivni zkousky zkuSebnich svarovych spoji jsou provadény v souladu
s pozadavky CSN EN ISO 15614-1. V piipadé tupych svard na potrubi jsou
standardné provadény vizualni a kapilarni zkousky a kontrola prozafenim. Pokud
rozméry zkuSebniho kusu neumozhuji provedeni pfimé vizuélni kontroly dle
parametri definovanych normou CSN EN ISO 17637, mé&la by byt provedena
vizualni zkousSka pomoci dalSich prostfedkll a pomlcek nebo nepfima vizualni
kontrola. Ugelem tohoto pFispévku je pfedevsim upozornit na skuteénost, Ze pro
vylou€eni nepfipustnych vad typu neprovafeny kofen nelze spoléhat na vysledky
zkouSky prozarenim

2. ZkuSebni svarovy spoj

Predmétem zkousky byl austeniticky obvodovy svar potrubi $114 mm s tlouStkou
stény 12 mm. Priprava svarového spoje byla provedena dle plvodni projektové
dokumentace, ktera vyZaduje sestaveni s maximalni vzdalenosti 0,3 mm dle obr. 2.1.
Vlastni svarovani bylo provedeno v poloze PF dle CSN EN ISO 6947 metodou 141
dle CSN EN ISO 4063.

Po provedeni zkouSek povrchovymi metodami nedestruktivnino zkouSeni byl
zkuSebni svarovy spoj podroben zkousce prozarenim.
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Obr.2.1 Profil svarového spoje
Fig.2.1 Welded joint profile
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3. ZkouS$ka prozarenim

Prvotni zkouska prozafenim byla provedena dle CSN EN 1435 v tfidé B s nize
uvedenymi parametry:

Vzdalenost zdroj-film 250 mm

Napéti 210 kV

Proud 5 mA

UspoFadani zkousky dle &l. 6.1.8 CSN EN 1435 (viz obr. 3.1)"

Mérka na strané filmu, filmovy systém C4 dle CSN EN ISO 11699-1

S
S

Obr.3.1 Expozi¢ni usporadani
Fig.3.1 Exposure arrangement

Zkouskou bylo dosazeno predepsané kvality radiogramu a nebyly registrovany
jakékoliv nevyhovuijici necelistvosti.

4. Opakovana vizualni kontrola

V rdmci inspekce odbératelem provedené pred destruktivnimi zkouSkami bylo
ddkladnou vizualini prohlidkou zjisténo podezieni na vyskyt necelistvosti v kofenové
Casti svaru.

Za ucelem potvrzeni nalezu byla provedena opakovana vizuaini kontrola. Protoze
nebylo mozné dodrzet parametry zkousky pozadované normou CSN EN 1SO 17637,
byla zkouSka provedena pomoci fibroskopu. Touto zkouSkou byly zjistény dva
neprlvary délky 4 a 3 mm. Zobrazeni defektd uvedeno v tab. 4.1
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Tab. 4.1 Zobrazeni defektti / Tab. 4.1 Defects visualization

Defekt 1 — neprovareny koren v délce 4 mm

Defekt 2 — Neprovareny kofen v délce 3 mm
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5. Opakovana zkouSka prozarenim

Na zéakladé nalez(i z opakované vizualni kontroly byla provedena znovu zkouska
prozarenim za nize uvedenych parametr(, které podstatné zleps$uji moznost detekce
nepfipustnych vad:

Vzdalenost zdroj-film 340 mm
Napéti 220 kV
Proud 6 mA

Usporadani zkousky dle &l. 6.1.3 CSN EN 1435 (viz obr. 5.1)
Mérka na strané zdroje, filmovy systém C4 dle CSN EN ISO 11699-1

S S

Obr.5.1 Expozi¢ni usporadani — opakovana zkouska
Fig.5.1 Exposure arrangement — repeated examination

Prestoze opakovana zkouska prozarenim byla provedena dle parametr( pro tfidu B
a bylo dosazeno predepsané kvality radiogramd, neprlvary nebyly detekovany.
Zobrazeni svaru bylo podstatné lepsi, ale postizena mista vykazovala indikace spiSe
podobné hubenému kofeni bez zfetelné indikace nenatavené hrany.

Pro ziskani dalSich informaci byla provedena ultrazvukova zkouska. Touto zkouSkou
sice byly indikovany nesrovnalosti v oblasti kofene, ale tyto indikace byly pomérné
snadno zaménitelné s geometrickymi indikacemi od lokalniho prevySeni kofene
s nahradni velikosti odpovidajici FBH ¢1,2 mm, coz je hodnota pod hranici registrace
dle projektu.

DEFEKTOSKOPIE 2012 127



6. Zavéry adoporuéeni

V pfipadé kontroly dohotovenych tupych svard s tzkou nebo UpIné nulovou mezerou
mezi spojovanymi polotovary potrubi nelze, za ucelem detekce neprivard, spoléhat
na vysledky zkousky prozarenim. Pokud neni mozné z divodu malého vnitfniho
praméru potrubi provést piimou vizualni kontrolu vnitfniho povrchu, je nutné pro
kvalifikaci procesu svafovani aplikovat endoskopické prostfedky.

Vzhledem k nasledné aplikaci svarovani pfi montazi technologickych celkd, kdy jsou
pouzivany izotopové zdroje a neni mozné provedeni nepfimé vizualni kontroly je
doporuc¢eno provadét kontrolu prozarenim po zhotoveni kofene i v pfipadé tloustky
zékladniho materialu od 10 mm.

Literatura

CSN EN ISO 15614-1 Stanoveni a kvalifikace postupd svafovani kovovych materialt
— ZkouSka postupu svarovani —Cést 1. Obloukové a plamenové svarovani oceli
a obloukové svarovani niklu a slitin niklu

CSN EN ISO 6947 Svarovani a pFibuzné procesy - Polohy svafovani
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Abstrakt

Prispévek je nekritizujicim zamys$lenim nad poslednim vyvojem vztahd v ceské
defektoskopii, které pred sametovou revoluci byly na dobré etické drovni, i kdyZ doba byla
tézka. K poznani pravdy nestaci precist si par dokumentd a maild a publikovat jejich atrzky.
Casto je tomu tak, Ze vysvétlovani je vysledkem uréitého dialogu, osobnich setkani nebo
také obraceni srdce. To vSechno jsou véci, které nelze jednoduSe vycist z papiru nebo
z pocitace a odmitat dialog. Dokumenty jsou ddlezité, ale mezilidské vztahy jsou daleko
ddlezitejst.

Kliéova slova : etika, nedestruktivni zkouseni, dekalog

Abstract

The paper is non-critical reflection on recent developments in the Czech relations
defectoscopy, which before the velvet revolution were a good ethical level, even when times
were hard. The knowledge of the truth is not enough to read a couple of emails and
documents and publish their scraps. It is often the case, the explanation is the result of
a dialogue, personal meetings, or conversion of heart. These are all things that cannot be
easily read from paper or computer and rejecting dialogue. Documents are important, but
interpersonal relationships are far more important.

Key words: ethics, non destructive testing, decalogue

V diskusi je vzdycky tfeba vychazet od zasadniho, aksiomatického predpokladu, ze kazdy
z nas ma na kazdé téma urcité nanejvys castecku pravdy a ta ¢astecka je pravdépodobné
Castecné mylna. To by mélo vést k pokornému predkladani vlastniho stanoviska i seriozniho
naslouchani argumentt partner( ¢i odplrct. Takto se nejlépe mizeme vzajemné obohatit
svymi Casteckami védéni a také je korigovat. ZUstavaji tak sice vzdycky jenom ¢asteckami,
ale mohou se trochu zvétsit a ocistit od pochybeni. V tom spociva pozehnani poctivého
dialogu a v tomto duchu bychom si jak v Zivoté, tak i ve spolecenstvi nedestruktivniho
zkouSeni pocinat.

Procesy, systémy, naklady, techniky, metodiky jsou jen technickymi nastroji. Poméahaji ndm
dosahovat vysledku a cilll, fikaji, kdy jsme, uziteéni, kvalitni apod. V celém procesu je jeden
spoleény jmenovatel a to je Slovék. Clovék vytvafi procesy, systémy, pravidla, hodnoty. Je
jedinym aktivnim, tvaréim Ginitelem spolu s pfirodou. Jediné on sam mdlze garantovat
Uspéch a funkénost vytvorenych procesu. Funkénost procesu je a bude postavena
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navzajemné dlvéfe a odpovédnosti pracovnikli, pokud budou lidé existovat. Jediné
odpovédnost ¢lovéka muZe zajistit, Ze proces, systém nebude obchazen. Systémy sice
nastavuji zpétné vazby pro kontrolu, ale vzdy pfi selhani odpovédnosti ¢lovéka je pozdé.
Zpétna vazba jej objevi az je po vSem. Nasledné se dé& jen pfipravit preventivni opatfeni pro
stejnou nebo podobnou situaci. Ta jiz nemusi nastat. S ¢asem se zméni mnoho okolnich
podminek. Jediné osobni odpovédnost Clovéka muze zabranit ztratam. Vizitkou osobni
odpovédnosti je jméno ¢lovéka. Za nim stoji celoZivotni prace, kterou je mozné kdykoliv
zohlednit. Se jménem neni vétSinou spojena jen jedina osoba, ale cely tym, rodina,
generace. Pro jméno, osobni odpovédnost, stoji uz néco udélat. Tfeba jen dodrzet spole¢na
pravidla.

Odpovédnost je jedna z vnitfnich hodnot ¢lovéka. Je tedy ¢as se zabyvat otazkou vnitfnich
hodnot nas samotnych ,defektoskopcl®, jak nas kdysi pojmenoval jeden z naSich ,guru®
Ceské defektoskopie pan Mojmir Véchet. Je ¢as zabyvat se etikou, etickym chovanim. Etika
jsou vlastné principy a hodnoty, které usmériuji nase chovani v situacich, kdy je mozny
vybér. Vybér mame vzdy a vsichni. Vzdy si mGzeme vybrat, jak se zachovame, pro jaké
hodnoty se rozhodneme. Pod pojmem hodnoty si miZzeme predstavit Cestnost, poctivost,
duvéra, odpovédnost. pravdomluvnost, zdvorilost, Ucta, respekt, Slechetnost. To vSe jsou
hodnoty, které jsou zakladem etického chovani. Zarover se jedna o naSe lidské vlastnosti,
nase vnitfni hodnoty, které mame vsichni, ale v rizném poméru zastoupené.

Mame-li fici, co povaZzujeme za moralni v kladném smyslu, je tedy to, co je ,v souladu
dobrymi mravy tak, jak je chape spolecnost‘. Neni to tedy vSe to, co je vsouladu se
zakonem (ten nefeSi zdaleka v8e a nemusi byt ,v souladu s dobrymi mravy* — viz napf.
norimberské rasové zékony nebo uzakonéni vedouci ulohy jedné strany). Protoze Zijeme
v Evropé, mGzeme se snad odvolat na jeji helénsko — Zidovsko — kiestanské koreny, z nichz
také vyrostla ,moralka“ jako soubor vieobecné uznavanych pravidel chovani (z nichz néktera
dnesni spole¢nost stale drzi, néktera zpochybnuje a nékterym se radéji vyhyba, zadna z nich
vSak dosud nezavrhuje).

Lidé, spole€nosti, organizace, auditorské a poradenské organy, profesni komory vymysleji
a zverejiuji tzv. etické kodexy. Chovaji se vSak podle téchto proklamovanych ideji? A pfesto
jiz celou vécnost existuje starozakonni moralni kodex — bozi desatero. Desatero je etickym
kodexem dovolujicim budovat spolec¢nost, ve které se stava svétlem a privodcem
mezilidskych vztahu.

Jaky smysl ma téch deset fadkd pro nas v dnesSnim kulturnim kontextu, v némz hrozi, Ze
sekularismus a relativismus budou kritériem kazdé volby. Pfikdzani nas vychovavaji ke
skute¢né svobodé a autentické lasce, abychom mohli byt opravdu Stastni. Prikazani jsou
znamenim touhy ugit nas spravnému rozliSovani dobra od zla, pravdy od IZi, spravedinosti od
nespravedinosti. Jsou srozumitelné pro vSechny. A pravé proto, Ze shrnuji zakladni hodnoty
do konkrétnich norem a zasad, jejich uvadéni do Zivota muze pfivadét Clovéka na cestu
pravé svobody, ktera jej upeviiuje ve sméru vedoucimu k zZivotu a ke $tésti. Kdyz naopak
¢lovék dekalog ignoruje, vzdaluje se Zivotu a trvalému Stésti. Clovék ponechany sobé
samému, hrdy pouze na vlastni absolutni autonomii, se nakonec uchyluje k néasledovani
model egoismu, moci, vlady, poSpinuje vztahy k sobé samému i k druhym a vydava se nikoli
na cesty zivota, nybrz smrti.
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Abstract

The present paper deals with the application of the acoustic emission method to evaluating
the condition of a particular bridge structure before and after its reconstruction. The
reconstruction consisted in hoisting the bridge by 70 cm and replacing the original steel
saddles by new, elastomer ones. The existing bridge beams were left unchanged. The
objective of our measurements consisted in comparing the response of the different beams
and evaluating the response differences resulting from the bridge reconstruction. In the first
stage, the bridge structure was tested just before the reconstruction start (after the traffic
interruption). The second test stage took place after the reconstruction completion, just
before the traffic resumption. To produce the acoustic emission signal, a fully loaded truck
travelled repeatedly over the bridge. Frequency spectra of the different beam response were
analysed. We tried to find out whether or not there were frequency components in the
frequency spectra correlating with the consequences of the steel armature corrosion.
No frequency components characteristic for the steel armature corrosion and its
consequences have been disclosed in the respective frequency spectra in either
measurement stages. The only changes to appear in the frequency spectra took place in the
frequency range from 100 to 300 kHz. The frequency components which were present in the
above mentioned frequency interval prior to the bridge reconstruction, disappeared after the
steel saddles had been replaced (in the reconstruction) by the elastomer ones.

Key words: bridge structure, truck crossing, wood chock, AE signals, frequency spectrum

1. INTRODUCTION

After many decades’ realization of concrete and reinforced concrete structures the
diagnostics problems of these objects condition have become more actual.
Otherwise most constructions and structures from reinforced concrete show their
considerable stability, but on the other side it is known, that in certain circumstances
the serious defects of some construction parts occur or it may lead to their total
deterioration. The embedded steel armature corrosion, especially in case of bridge
structures, is the most frequent cause of these defects. The reasons for the corrosion
to occur are various: failures occurring during the bridge construction, consequences
of traffic load or ageing of the structures [1]. This is why non-destructive diagnostic
methods (NDT are acquiring growing importance, helping the researchers to evaluate
properly the condition of the bridge and decide upon the most convenient methods of
maintenance, repair or refurbishment of the bridge in question or its parts and
schedule them accordingly. One of the methods, which are recognized worldwide as
the most promising for the mentioned purposes, is the acoustic emission (AE)
method [2, 3]. By contrast to most other NDT methods, AE is a comprehensive
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method, allowing both one-shot examination and long-term monitoring of the
condition of the structure under investigation or its selected parts [4-8].

2. EXPERIMENTAL OBJECT

The acoustic emission method was applied to a bridge structure which was intended
to be reconstructed. The bridge in question was a three-compartment one, see Figs 1
and 2 The bridge was erected in 1968. Its supporting structure is formed by eleven
pre-stressed L-formed beams, supported by steel saddles. The bridge skewness is
60°. The bridge was lifted by 70 cm and its steel saddles ware replaced by new ones,
made of elastomer. The existing bridge beams were left unchanged. Our
measurements were carried out in the extreme bridge compartment, whose span
amounted to 16.18 m. The beams were 1 m high and 1 m wide, being
interconnected at the upper and lower booms by a concrete slab of a width of 0.4 m.
The bridge load-bearing capacity amounted to 25 tons at the time of our
measurements.
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Fig. 2 The bridge cross section
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3. MEASUREMENT PROCEDURE

The measurement was carried out in two stages - before the reconstruction and after
the reconstruction completion. The objective of our measurements consisted in
comparing the response of the different beams and evaluating the response
differences resulting from the bridge reconstruction (the bridge hoisting and the
saddle exchange). Ten beams were measured during the first stage. In the second
stage, only 5 beams located in the bridge middle ware measured, because the
bridge carriageway wearing course was not completed at the time. The extreme span
measurement ware carried out at a distance of 3.5 m from the support (because of
on-the-ladder accessibility). The acoustic emission signals were brought about by
a 17 ton Liaz truck traversing a timber sleeper placed across the bridge carriageway.
The areas at which the sensors were to be placed were mechanically cleaned of
dust and other foreign matter. Two acoustic emission sensors were placed on each
beam at a distance of 30 cm from each other, see Fig. 3. Each beam has been
measured individually. The bridge structure loading procedure is shown in Fig. 4.

Fig. 3 Sensors position Fig. 4 Bridge structure loading

4. MEASUREMENT RESULTS

The frequency spectra shown in Figs 5 through 9 represent the measurements

of beams No. 4 through 8 before and after the bridge reconstruction. When analysing

the frequency spectra, attention was focused particularly on the frequency
components correlating the with the steel armature corrosion and the consequences

thereof [9]:.

e The impairment of the surface oxide layers gives rise to acoustic emission signals
of a maximum frequency of about 275 kHz.

e Frequencies in the vicinity of 300 kHz were observed in the signals which resulted
from the corrosion-layer-compressive-force. induced plastic deformation u of
concrete.

e The impulses resulting from the corrosion layer structure damage feature
frequencies from 225 to 250 kHz

e Acoustic emission impulses of a maximum frequency of about 60 kHz were
observed to accompany the concrete damage (oxide layer ruptures)
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e The signals which are due to the binder chipping- off, ruptures occurring along the
armature and formation of shear cracks, contain mean frequencies of around
120 kHz

e Continuous formation of micro-cracks and local separation of the armature from
the concrete are generating signals with means frequencies of about 150 kHz.

e The formation | of local cracks is characterized by signals of a mean frequency
of 180 kHz.

e The signals which accompany the formation of micro-cracks, feature frequencies
around 350 kHz.
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Fig. 5 Comparison of frequency spectra of beam No. 4: (before - curvel and after
the reconstruction - curve2)
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In the first measurement stage, i.e., before the reconstruction, all beams feature
elevated reading in the region of lower frequencies of up t030 kHz. This frequency
interval is obviously due to the bridge geometry and the load truck travel induced
bridge deflection. In the case of beam No 4 (Fig. 5) a and beam No. 5 (Fig..6),
elevated amplitudes are observed in the frequency interval from 40 to 60 kHz,
corresponding concrete cracks. All above mentioned beams feature also emphasized
components at frequencies of above 100 kHz, which appear to be due to the friction
between sliding parts of the bridge (beams and saddles) [9].

In the second measurement stage, almost all beams featured a slight predominant
frequency shift from 15 to 17 kHz and a more marked emphasis of the 25 kHz
frequency component. An exception is observed in the case of beam No. 5 (Fig, 6),
where both components are identical, with comparable absolute values.
No appreciable value components are observed in the higher-frequency region
(above 100 kHz) as was the case in the first measurement stage, furnishing evidence
of the fact that the replacement of the original steel saddles by new, elastomer ones,
eliminated the contact surface friction.

As the original pre-stressed beams remained unchanged, they were not destroyed
for the purpose of determining the actual condition of the steel armatures. No signs of
the embedded armature corrosion were visually observed on the beam surface.
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4. CONCLUSION

Following conclusions can be drawn up from our measurement results:

One of the problems affecting the bridge testing procedure and results is the traffic-
induced mechanical noise in the frequency range from 20 kHz to 60 kHz, which can
be suppressed by means of frequency filters. However, these filters eliminate also
any information on concrete damage (60 kHz) and reduce any higher frequency
signal amplitudes. However, the main problem consists in the friction between the
sliding parts of the bridge structure and surface impairment of these sliding parts.
These processes can generate - in the case of the surface damaging - higher
frequency noise whose frequency spectrum is similar to that of the crack-propagation
induced acoustic emission signals, as was the case of this bridge structure.
No higher-frequency components occurred in the frequency spectra obtained after
the bridge reconstruction, particularly the replacement of the steel saddles by the
elastomer ones.

The steel armature condition, or better said, the degree of its corrosion, can be
determined by more frequent monitoring of the bridge structure and analyzing
selected parameter changes observed. Frequency of acoustic emission events and,
particularly, frequency analysis of these counts appear to make convenient tools for
this purpose.
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Abstract

The paper deals with nonlinear interaction between elastic wave and structural defects in
concrete specimens. Our research has addressed three groups of specimens which differed
from each other in the structure quality. Non-standard concrete hardening conditions resulted
in the development of micro-cracks in the specimen structure. In the first stage of the
experiment we aimed at identifying the effect of non-standard conditions of the concrete mix
hardening on the structure integrity. A single harmonic ultrasonic signal method was applied
to the specimens and evaluating of the second and third harmonic components as a quantity
of nonlinearity was reviewed. After the first measurements the specimens were undergone
freeze-thaw cycles. In the second stage of the experiment our objective consisted of
determining how the freeze-thaw cycle application induced degradation that depends on the
input structure initial quality. Verification measurements which have been carried out in
parallel with the nonlinear ultrasonic ones, give evidence of the specimen structure integrity
deteriorations and confirm the correlation between the non-linear effects on the transfer
characteristics with the existence of defects in the specimen internal structure.

Key words: nonlinear spectroscopy, ultrasound, concrete samples, structure damage

1. INTRODUCTION

Nonlinear ultrasonic spectroscopy represents new possibilities in acoustic non-
destructive testing of material damage [1-3]. One of the fields in which a wide
application range of nonlinear ultrasonic spectroscopy methods may be expected is
civil engineering [4]. Poor material homogeneity and, in some cases, shape
complexity of some elements used in the building industry, are heavily restricting the
applicability of "classical" ultrasonic methods. Therefore, development of new and
simple defectoscopic methods, capable of determining the integrity of these
problematic structures or building elements is of sign importance. Our experimental
and theoretical research work was focused first on ceramic elements [5, 6]. Having
gained first results and experience, we switched our focus on concrete structures,
showing higher degree of inhomogeneity and roughness as compared with ceramic
materials [7].

2. EXPERIMENTS

The three groups of the specimens of dimensions 4cmx4cmx16cm were prepared
from a fine concrete mix, mixed cement and fine-grained aggregates were used. The
first specimen group (denoted V) was kept, in accordance with standard conditions,
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in water for the entire hardening period (28 days). In this case no water content
reduction took place. The second specimen group was kept in air in laboratory
environment conditions (denotation L). In consequence of water content reduction
after setting, the specimens shrank and microcracks arose in the specimen
structures. The third specimen group (denoted S) was placed for twelve days of the
hardening process into a dryer (60°C) in order to increase the specimen load and get
heavier structure deterioration. All three sample groups were subjected to the
degradation. The goal of the experiment consisted in determining how the freeze-
thaw cycle application (50 cycles) induced degradation depends on the structure
initial quality.

Single-harmonic-signal nonlinear ultrasonic spectroscopy method was applied to
the tests of concrete specimens. An ultrasonic generator with a frequency f; = 30 kHz
was used as an exciter to generate a harmonic ultrasonic waves in the specimen.
The measurement results were represented in the form of transfer function frequency
spectra. It was investigated whether in case of structure damage specimens, the
transfer function showed a nonlinear effects, which were due to the specimen
structure defect.

3. MEASUREMENT RESULTS

The Figures which follow show the measurement results, namely, the higher
harmonic frequency amplitudes as a percentage of the 1st harmonic (exciting
frequency H1) amplitude. Fig. 1 shows the results obtained from V2 specimen and
represents the results obtained from the group of V specimens. During the hardening
period, these specimens were kept — according to standard conditions — in water.
Curve No 1 belongs to the measurements being carried out prior to the thermal
degradation. The amplitudes are seen to fall with the growing harmonic frequency

order.
120

H 2H 3H 4H 5H

harmonic components

Fig. 1 Higher harmonic frequency amplitudes expressed as a percentage of the
first harmonic amplitude, V2 specimen.

Curve No 2 shows the measurement results obtained after the application of 50
freeze-thaw cycles. The third harmonic H3 is predominating in the curve in amplitude,
whereas the amplitudes of the second H2, fourth H4 and fifth harmonics H5 are seen
to have decreased, the amplitude of the fifth harmonic H5 exceeding slightly that of
the fourth H4 one.
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Fig. 2(a) illustrates similarly the results obtained from specimen L1, representing
the specimens hardened in laboratory condition environment, i.e., in open air, without
water. In this case, curve No. 1 (measurement results prior to degradation) shows
some symptoms of non-linearity. The magnitude of the fifth harmonic H5 exceeds
that of the fourth harmonic H4. Curve No 2 demonstrates a drop in the second
harmonic H2 and the predominating value of the third harmonic H3.

Fig. 2(b) shows the measurement results for S2 specimen, representing the group
of specimens, which were exposed to 60°C while hardening. This specimen group
also exhibits non-linearity symptoms, which are similar to those obtained prior to the
freeze-thaw cycle application (curve 1). Higher harmonics are attenuated heavily.
The amplitudes of the odd-numbered harmonic H3 and H5 exceed those of the even-
numbered ones, H2 and H4. After 50 freeze-thaw cycles have been applied, the
shape of curve No 2 appears to be similar, however, the higher harmonic amplitudes
are not as much attenuated as in the first measurement, reaching higher values than
formerly. It is supposed that the specimen structure integrity has improved as
a consequence of the thermal stress. The specimens are soaked in water in the
course of the degradation cycles, which has probably caused additional hydration of
cement grains [8, 9].

120 120
| - 100 | — 1
100 \-Hé | . —- 2
s ] -
N\ 7 o | N
=80 = 80} \
: . N1
60 60 |
MH 2H 3H 4H 5H MH 2H 3H 4H 5H
harmonic components harmonic components

Fig.2 Higher harmonic frequency amplitudes expressed as a percentage of the first
harmonic amplitude: (a) L1 specimen, (b) S2 specimen.

4. CONCLUSION

Our experiments focused on monitoring the structural integrity of concrete specimens
by means of the single-harmonic ultrasonic signal method. Specimens manufactured
from fine concrete mixes and differing from each other in the concrete structure
integrity were studied in our experiments. In two specimen groups micro-cracks were
generated in the structure due to the lack of humidity. Degradation of the specimens
of all three groups was caused by applying 50 freeze-thaw cycles.

We investigated whether the specimen structure integrity was impaired due
shrinking-induced stressing as a source of non-linear effects in the propagation of
elastic waves. In the case of stressed specimen groups (L and S), there appeared
microcracks-induced nonlinear effects in the frequency spectra. They took effect in
emphasizing odd-numbered harmonics (particularly, the third one H3) and, in the
case of more heavily damaged specimens (group S), in a high attenuation of higher
harmonics.
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In the second experiment stage, we studied the consequences of the freeze-thaw
cycle application on the transfer characteristics of the specimens belonging to the
different groups. The shape of the transfer characteristics of the three group
specimens was similar. The curves gave evidence of non-linear effects: odd-
numbered harmonics, particularly, the third harmonic H3, are prevailing the
frequency spectra. The frequency spectra of the V group specimens (intact structure
integrity prior to degradation) showed the greatest structural changes resulting from
the freeze-thaw cycle application. Group L specimens (lower amount of hardening-
induced damage) showed an enhanced demonstration of non-linear effects, thus
indicating a growth of micro-cracks. Odd-numbered harmonics H3 and H5 are
emphasized in both frequency spectra of the V group (with pre-degradation structure
integrity damage of larger extent). However, a lower post degradation attenuation of
higher harmonics in comparison with the first measurement is observed, probably
due to additional hydration of cement grains in the course of the degradation
process.
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Abstrakt

Prispévek se zabyva zkoumanim porezity vzorkud ze slévarenské slitiny typu Al-Si, tzv.
silumind, prostfednictvim nedestruktivni metody zkouSeni. Prace vyhodnocuje miru porezity
s pouZzitim nedestruktivni metody vifivych proudd a mikroskopickou kvantifikaci

Klicova slova: Slévarenské slitiny, porozity, vifivé proudy, mikroskopicka kvantifikace

Abstract

This paper work examines porosity of samples from casting alloys like Al-Si, the so called
silumin, through non-destructive testing method. The work evaluates the degree of porosity
a non-destructive method using eddy currents and microscopic quantification of porosity.

Key words: anglicky prfeklad klicovych slov casting alloys, orosity, eddy currents,
microscopic quantification

1. Uvod

Ve vétSiné pripady je pordzita nezadouci jev, ktery se snazime eliminovat. Péry
byvaji iniciatnim mistem pro vznik Unavovych lom(, sniZuji pevnost a taznost
materialu, kvalitu obrobenych ploch a jejich naslednou povrchovou Upravu.

Péry maji vliv také na tésnost odlitkl. Prosakovani media skrz odlitek je ve vétSiné
pfipadl zna¢né nezadouci jev. Nicméné pravé propustnosti ¢i nasdkavosti porézniho
materidlu byva s vyhodou vyuzivano napfiklad pfi vyrobé samomaznych lozZisek i
filtrG. Technicky vyznam ma proto nedestruktivni diagnostika porézity. Tento
pfispévek se zabyva vysledky zkouSeni pordzity slitiny AISil10 vifivymi proudy.
Metodiku Ize uplatnit i u ostatnich slévarenskych slitin Al, Cu a Mg. Zde prezentovany
dil¢i vysledek studentské prace O. Kovacse logicky navazuje na [1].
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2. Rozsah reSeni
2.1. ZkouSeni vifivymi proudy [2]

Tato metoda spociva v tom, Ze zkouSeny objekt, jenz ma urcitou elektrickou vodivost,
magnetickou permeabilitu a urcité rozméry, se vystavi pusobeni stfidavého
magnetického pole, které je vytvafeno budici civkou, napajenou stfidavym proudem.
V zkouSeném objektu se v elektromagnetickém poli indukuji vifivé proudy, které
svym magnetickym uc¢inkem pulsobi podle Lenzova zdkona zpétné na magnetické
pole budici civky a zeslabuji ho. Tato dvé magneticka pole (primarni od budici civky
a reakéni od vifivych proudl) se vektorové skladaji ve vysledné pole, které zavisi na
elektrické vodivosti a magnetické permeabilité zkouSeného objektu. Toto vysledné
pole se snima bud pfimo v civce, kterd budi stfidavé magnetické pole, kdy civkovy
systém ma jedno vinuti a vyhodnocuje se zména impedance civky (tj. jeji odpor,
ktery klade stfidavému proudu) nebo sekundarni civkou (civkovy systém ma dvé
vinuti — budici a snimaci), kde se indukuje vysledné indukované napéti, které je
zavislé predevsim na frekvenci budiciho proudu (s rostouci frekvenci se zvySuje
velikost vifivych proudl) ale také na tvaru, struktufe a elektricko-magnetickych
vlastnosti objektu. Vyhodnocuje se amplituda a faze napéti na snimacim vinuti.

Defekty snizuji elektrickou vodivost zkouseného materidlu a vifivé proudy defekty
obtékaji, tim se prodluzuji drahy vifivych proudl a rovnéz se snizuje i jejich hustota.

Nasledné se snizuje intenzita zeslabeni budiciho pole, takze intenzita vysledného
pole a s ni i indukované napéti na snimaci civce stoupne. ZvySena amplituda napéti
svédéi o vyskytu defektu.

Metodu vifivych proudl Ize pouzit u vSech druhd elektricky vodivych materiall

(feromagnetickych i neferomagnetickych). Mezi vyhody by se dala fadit relativné
levna

kontrola oproti jinym technologiim NDT, moznost automatizace kontrolniho provozu,
pfed kontrolou neni nutno upravovat povrch zkuSebniho télesa, pomérné vysoka
rychlost plynulého zkouSeni a ta je pro spravnou diagnostika vad pfimo nutnosti,
protoze k vyvolani vadového signalu je potfeba, aby sonda a zkouSeny objekt byly
navzéjem v pohybu. Cim vice je tento pohyb rychlejsi, tim vy$si a snadnéji
rozpoznatelny impulz dostaneme na stinitku obrazovky. Hustota vifivého proudu se
shizuje exponencialné s hloubkou. A tento Ukaz je znamy jako povrchovy jev.

K vyjadfeni povrchového jevu se udava tzv. hloubka vniku. Je to vzdalenost pod
povrchem, kde hodnota pole je e-krat mensi nez na povrchu vzorku (e = 2,718).
To znamend, Ze je snizena na pomérnou uroven 1l/e = 0,368 oproti hodnoté 1,0
na povrchu. Rozdéleni hustoty vifivych proudd po prifezu zkou$eného materiélu je
velmi nerovnomérné. V ose tyCe je hustota vifivych proudd nulova, nejvétsi je na
povrchu.
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Metoda ET ztraci indikace vad hluboko pod povrchem. Na druhé strané vhodnym
pracovnim nastavenim umoznuje méfit tloustky vrstev, tfidit stavy materialu [2].

Pristroje typu SIGMATEST slouzi k rychlému a spolehlivému méfeni elektrické
vodivosti metodou vifivych proudd v8ech nezZeleznych kovl na zakladé komplexni
impedance méfici sondy; pfistroj pfevede hodnotu komplexni impedance na hodnotu
elektrické vodivosti. Hodnota elektrické vodivosti je indikovana na LCD displeji pfi
péti volitelnych frekvencich (60/120/240/480/960 kHz).

2.2. Porozita [3]

Vyznamny podil na vzniku porézity ve slitindch hliniku méa vodik, ktery ma
dostate¢nou rozpustnost v tekutém hliniku na to, aby odlitky timto zpGsobem ovlivnil.

Hlavnim zdrojem vodiku byva vihkost v pecni atmosfére. Reakci popisuje rovnice
2Al + 3 H,O — A|203 +6H

kdy pfi styku roztaveného kovu s vlhkosti v atmosféfe dochéazi k disociaci vody,
kyslik reaguje s hlinikem za vzniku oxidu hlinitého a pravé vodiku.

DalSim zdrojem vodiku je vihkost v nedokonale vysuSenych rafinaénich solich, které
jsou hygroskopické, proto museji byt skladovany v suchu a pfed pouzitim se vysousi
zhruba pfi teploté 200°C.

Podstatny vliv na pfitomnost vodiku maji také nedokonale vysuSené tavici kelimky,
pecni vyzdivky a pouzivané kovové naradi.

Samotna vsazka mize byt také podstatnym zdrojem vihkosti. Vodik je zde vazan
v pérech na povrchu materidlu a také v hydroxidech, které se vyskytuji na
zoxidovaném povrchu vsazkového materialu.

Ze spalnych plyn( v tavicich a udrZovacich pecich vznikaji uhlovodiky a vodni para,
tedy dalSi zdroje vodiku, stejné tak jako zamasténa ¢i jinak znecisténa vsazka apod.

PFic¢inou vzniku bublin ve slitinach hliniku je snizeni rozpustnosti vodiku bé&éhem
tuhnuti taveniny.

3. Experiment

Pro pripravu vzorkd byla pouZzita normalizovana slitina AlSi11. Chemické sloZeni této
slitiny je uvedeno v tabulce 1.

Slitina chemické slozeni [%], zbytek je Al
Si Fe Cu Mn Mg Zn Ti
Alsi11 | 10,0-11,8 | 0,15 0,03 0,10 0,45 0,07 0,15

Tab. 1 Chemické slozZeni.
Tab. 1. Chemical composition.
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Taveni materialu probihalo v kelimkové indukéni peci PIT 50s/400. Materidl
byl roztaven a pfehfan na teplotu 700°C, nasledné byl viévan pomoci Izice do spodni
poloviny formy o rozmérech 200x100x50 mm. Forma byla pfipevnéna na
hydraulickém lisu PHM — 250C, byla temperovana na 150°C a na jeji povrch byla
nanesena ochranna vrstva z koloidniho grafitu, ktera meéla za uUkol zabranit
pfichyceni taveniny k formé. Nasledné byl spustén lisovaci raznik, forma se uzavrela
a probihalo lisovani. Vznikly tedy odlitky o rozmérech 200x100x25 mm. Tlak na
odlitek pasobil 50 sekund. Po této dobé raznik prestal vyvijet tlak na formu a odlitek
byl vyhozen pomoci ¢&tyf vyhazovacl umisténych v rozich formy. Odlitky byly
pfipravené dvojim zplsobem, pod tlakem 60 MPa a metodou gravitacni, vzdy pfi
teploté formy kolem 150°C.

DalSi odlitky byly pfipravené ze slitiny modifikované stronciem, AISr10
s mnozstvim 0,05% Sr. Modifikujici prvek byl pfidan do slitiny po jejim prehfati na
730°C, nasledné byla pfipravena lazen o stejné teploté, do které se slitina na
10 minut ponofila s cilem homogenizace chemického slozeni. Z takto zpracovaného
kovu byly pfipravované vzorky pfi stejnych podminkach jako pfi pfipravé vzorkl
z nemodifikované slitiny.

V tabulce ¢. 2 je uvedeno oznaceni vzork(l a zpUsob jejich pfipravy. Pro
méreni byly vybrany vzorky ze stfedni casti odlité desky (s oznaenim W)
a z okrajové ¢asti odlité desky (oznaceni Z).

oznaceni misto odebrani stav slitiny AISi1l obsah
vzorku vzorku modifikatoru [%]
1w stfed nemodifikovany, odlévany _
1z okraj gravitacné
2W Stfed Nemodifikovany, odlévany _
2Z Okraj pod tlakem 60MPa
3W stfed modifikovany, odlévany 0,05
3Z okraj gravitacné
AW stfed modifikovany, odlévany pod 0,05
4z okraj tlakem 60MPa

Tab. 2 Prehled vzorkd.
Tab.2. Sample summary

3.1. Méreni pordzity

Porozita byla mérena u kazdého vzorku vzdy na dvou mistech a to u povrchu
vzorku a ve stfedu vzorku, tedy v misté, kudy prochazi tepelna osa vzorkd. Méfeni
probihalo na ploSe o rozmérech 3x3 milimetry.
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Povrch vzorkll byl sniman na optickém mikroskopu NEOPHOT 32 jenz byl
opatfeny digitdlnim fotoaparatem NIKON COOLPIX 4500. Pfi sniméni povrchu
vzorkUd bylo pouzito padesatinasobné zvétSeni.

Nasnimané fotografie byly nasledné zpracovany pomoci systému analyzy
obrazu NIS - Elements, pfi¢emz bylo nutné rozliSit realné poéry ve slitiné od vad
povrchu, které vznikly pfi pfipravé vzorkud. Slitina AlSill méa nizkou tvrdost (50 -
60HV) a proto byly vzorky pfi lesténi velice nachylné na tvorbu Skrabanc(. Nicméné
pravé tyto povrchové vady se podarilo v nastaveni programu eliminovat tak, ze byla
méfena prave jen realna porozita slitiny. Vysledky méreni jsou uvedeny v tabulce 3.

oznaceni vzorku zjiStén4 porozita [%]
stfed vzorku okraj vzorku
1w 1,3 1,2
17 0,2 0,2
2W 0,02 0,02
2Z 0,1 0,02
3w 11 1,2
3z 11 0,5
4w 0,006 0,02
47 0,03 0,2

Tab. 3 Porozita metalograficky
Tab.3. Porosity metalography

3.2. Mikrostruktura vybranych vzorka

Pro popis struktur byly vybrany vzorky odlévané rdznymi technologiemi. Vybrané
mikro-skopické struktury byly ze stfedu odlité desky.

Struktura vzorku 1W obsahuje primarni dendritické krystaly (Al) a eutektikum (Al) +
Si, kde je kfemik vylouc¢en ve formé hrubych jehlic s vyraznymi negativnimi vlivy na
mechanické vlastnosti, protoze tvar eutektického kiemiku Si vyrazné ovliviuje hlavné
pevnost v tahu a taznost.

. e
@

Obr. 1 Tvar porézity, 100xzv.
Fig. 1 Form porosity, 100xinc.
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Obr. 2. Vzorek 1W (nemodifikovany stav) — zv. 500x
Fig. 2. Sample 1W (no-modification) — inc. 500x

Obr. 4. Vzorek s misty méreni.
Fig. 4. Sample and site measurement

Struktura vzorku 4W je tvofena primarnimi dendritickymi krystaly (Al) + eutektika
(Al + Si), které ma zrnity tvar. Eutektikum vzorku 4W je nejjemnéjSi ze vSech
pozorovanych struktur, proto tento vzorek bude dosahovat lepSich mechanickych
hodnot, nez predeslé struktury vzork( a opét je toho docileno vlivem modifikaci slitiny
stronciem.
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Obr. 3. Vzorek 4W (modifikovany stav) — zv. 500x
Fig. 3. Sample 4W (modification) — inc. 500x

3.3. Elektricka vodivost

Namérené hodnoty vodivosti jednotlivych vzorkid pfistrojem SIGMATEST 2.069 jsou
vyjadieny v grafu 5, ¢iselné hodnoty — primérné z 5-ti méreni v tab. 4. Méfeno na
fezné (,obrabéné") plose.

vzorek | Stfedni porézita % |vodivost[MS/m]
2W 0,02 19,2
A 0,04 18,9
2Z 0,06 16,91
4z 0,115 18,6
1z 0,2 16,8
3z 0,8 16,7
3w 1,15 16,04
1w 1,25 16,3

Tab. 4. Porézita a o[MS/m].
Tab.4. Porosity and o[MS/m.]

DEFEKTOSKOPIE 2012 149
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Obr. 5. ¢[MS/m] vzorkd z mist 1 (obr.4) a porézita
Fig. 5. 0[MS/m] sample in site 1 (fig.4) and porosity.

Graf ukazuje, Ze vzorky 2W, 2Z a 4W, 4Z — tj. vzorky

odlévané pod tlakem (2 — nemodifikované, 4 — modifikované) vykazuji pomeérné
odliSné hodnoty naméfené vodivosti. Naopak vzorky 1W, 1Z a 3W, 3Z odlévané
gravitatné (1 — nemodifikované, 3 — modifikované) témeéf zadny rozdil vodivosti
nevykazuji. Z tabulky 4 Ize pozorovat, Ze jde pouze o desetiny.

U mérenych vzorka, které byly odlévany pod tlakem, je tedy viditelné, Ze v mistech B

(tepelné ose) je vétsi pokles vodivosti vzorkl. Toto snizeni vodivosti mohlo byt
zpusobeno vétSim mnoZstvim necelistvosti (pdrd), které se predevsim nejvice
vyskytuji v tepelnych oséach odlitkl, nebo to mohlo byt zpusobeno néasledkem
jemnéjsi struktury vzork(, které byly odlévany pod tlakem. Primérna hloubka priniku
vifivych proudt do materialu byla pouze 0,34 mm.

Namérené body v grafu Ize nejlépe prolozit mocninnou kfivkou pérovitosti (koeficient
korelace ¢ini K = 0,9370). Jednotlivé body pfedpokladané (spocitané) pérovitosti se
od primérné skutec¢né porovitosti vzorkd lisi v prfipadé pouzitého matematického
modelu v priméru o 0,150 %.

Vyhodnocena porezita u vSech vzorkl prokazala jejich pfipustné procento
pérovitosti. Pripustna procenta péra v odlitcich jsou maximalné 2 %.
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Nejvétsi procenta porovitosti prokazali vzorky odlévané gravitaéné — 1W a 3W. Tyto
hodnoty pohybovaly okolo 0,8 - 1, 25 % péri na mérené ploSe vybrusu, ostatni
vzorky se pohybovaly v 0,02 - 0,2 % po6rQ. Takovéto odlitky jsou povaZzovany
za zdravé bez vyraznych vnitfnich necelistvosti.

7. Zaveér

Veskera méfeni probihala na vzorcich z materidlu AlSil1, které byly odlity katedrou
slévarenstvi na polské Politechnice Czestochowské. Tyto vzorky byly specialné
pfipraveny a odlévany tak, aby méli v celém jejich objemu konstantni por6zitu
v podkritickém objemu do 2%.

Porezita byla stanovena metalografickou kvantifikaci elektronickym odecitanim
programem analyzy obrazu NIS-Elements 2.30 na ploSe fezu stfedem vzorkd.

Z hodnot elektrické vodivosti vzorku, ktery byl méfen na téZz ploSe,se stanovil
mochninny

matematicky model s pfijatelnym koeficientem korelace K 0,937. Tento model je
pouzitelny pro méfeni s pfiloznou sondou D8mm s frekvenci 120 kHz. na rovinnych
plochach.

VSechny vzorky obsahovaly ve svém objemu v prdméru jen od 0,02 do 1,25 % péru.
Presto metoda ET prokazala praktickou vyuZitelnost a navazala na praci [1], ktera
vyreSila nedestruktivni diagnostiku porovitosti v nadkritickém rozsahu 2 az 20%
kovovych soustav.

Prispévek podpofil Vyzkumny zamér - &. 4674788501 MST.
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Abstrakt

Sledovani procesu hydratace betonu v odliSnych okolnich podminkach metodou impedancéni
spektroskopie se v literature vyskytuje zfidka. Méné casto jsou provadéna sledovani zrani
betonu uvedenou metodou, kdy mérny odpor smési presahuje hodnoty 500 kQ. Na zakladé
Debyeovy teorie vznikly modely dielektrika, jejich aplikaci a obdrzenymi parametry dielektrika
je charakterizovan méreny materidl a diskutovana jednoznacnost uréeni hodnot parametrd
modelu.

Kliéova slova: impedancni spektroskopie, dielektrické ztraty, ztratovy cinitel, vodivostni
ztraty, polarizacni ztraty

Abstract

The concrete hydratation by miscellaneous ambient conditions monitoring by impedance
spectroscopy occurs rarely in papers. When specific resistence of mixture exceeds 500 kQ,
the impedance measurements of concrete maturing are used less commonly. The Debye
theory of dielectric relaxation is the basis of many models of dielectric materials. The
measured samples are described by characteristics of models obtain by using them. The
uniqueness of solution and pertinency of characterisation are involved.

Key words: impedance spectroscopy, dielectric losses, loss factor, conductivity losses,
polarization losses

1. Uvod

Analyza impedancénich spekter nehomogennich materialll ve stavebnictvi je
doposud nerozvinutad ¢ast metody impedanéni spektroskopie. V sou€asnosti nelze
jednozna¢né ur€it prispévky jednotlivych slozek materialu k celkové vodivosti
a polarizaci pfi riznych frekvencich budiciho elektrického pole. Material o vysSich
hodnotach mérného odporu (>500kQ) Ize pojimat pfi vhodném zjednoduSeni jako
dielektrikum. Pro homogenni materialy vybudoval teorii polarizace dielektrika Debye
[12, 13]. Experimenty a zavéry na realnych latkach vSak vykazovaly odliSnosti
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od zakladnich teorii. K. S. Cole a R. H. Cole, dale Fuoss a Kirkwood odvodili
z Debyeovy teorie modely dielektrika, vice se blizici experimentalnim zavérim [6].
Chovani dielektrika ve stfidavém elektrickém poli je vhodné popisovat pomoci
komplexni relativni permitivity. Debye odvodil pro slabé& polarni kapalna dielektrika
vztah pro komplexni relativni permitivitu, ozn. &*:

e*(Jow)=¢€_ + £ _,g"" o)
1+ jor

Kde 1 je relaxa¢ni doba, nezavisla na Case, ale zavisla na teploté, &5 — staticka
permitivita (frekvence — 0 Hz), &. - optickd permitivita (frekvence — « Hz), uhlova
frekvence w=2mf, f - frekvence budiciho elektrického signalu [6, 7]

Pro ztratovy cCinitel tgd plati:

_&o)_ (es-e)wr
C(w) e+e 0T

9o 2)

V redlném dielektriku se vyskytuje vice relaxacnich dob. Jejich rozdéleni je déano
distribuéni funkci. Pro obtiznost uréeni vhodné distribuéni funkce se zavadi
aproximace zvolenou analytickou funkci. Podle Coleovych vyjadifime komplexni
relativni permitivitu nasledovné:

Es—&,
PR ks 3
1+ (Jor,)"” @)

e*(jw)=¢,
Kde 1, je nejpravdépodobnéjSi relaxaéni doba, kolem niz jsou relaxaéni doby
rozlozeny podle distribuéni funkce f (7), a je distribuéni parametr (O<a<1).

J. R. Macdonald [13] nastinil ekvivalenci mezi tvarem vyrazt pro komplexni relativni
permitivitu ve smyslu (1), (3) a rovnic pro komplexni impedanci Z. Matematicky byly
odvozeny vztahy pro realnou a imaginarni slozku komplexni relativni permitivity
apodle zminéné ekvivalence vyjadfeny vztahy pro komplexni slozky mérné
impedance. Za pouziti matematického softwaru byly hledany hodnoty parametrd
téchto dvou typt modell pro testovany material. Miru linearni zavislosti modelové
a experimentalni zavislosti vyjadiuje Pearson(iv korelaéni koeficient r.

2. Popis méfeného materialu

Vzorky betonu 100 mm x 100 mm x 400 mm byly pro méfeni impedanéni
spektroskopii rozdéleny na tloustku 10 mm tj. 100 mm x 100 mm x 10 mm. SloZeni
vzorkU je uvedeno v tab. 1:

Na stény vzorkU byly pfilozeny mosazné kontaktni elektrody o rozméru 40 x 23 mm.
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Tab. 1 SloZeni pouzitych vzork( betonu (mnoZstvi v kilogramech)
Tab. 1 Composition of the specimens measured (quantities in kg)

C 30/37 XF4, S4, plocha NH
ime
CEM 1425R 320
Struska 420 100
Voda 210
Spolostan 7L 4
Chrysoair 0,15
Halamky D5 0/4 800
Rejta 4/8 280
Rejta 8/16 500

3. Experiment

Metodou impedanéni spektroskopie a s pouzitim generatoru sinusového signalu
Agilent 33220A a osciloskopu Agilent 54645A byly charakterizovany vzorky betonu
po 15 dnech zrani. Zrani kazdého vzorku probé&hlo v odliSném prostfedi. Pomoci
softwaru pro obsluhu uvedenych pfistroji a zpracovani dat byla ziskdna spektra
ztratového ¢initele v zavislosti na frekvenci, zavislosti imaginarni slozky mérné
impedance na realné slozce mérné impedance. Hodnoty sloZzek mérné impedance
kazdého vzorku byly vypoclteny z experimentalné zjiSténych hodnot realné
a imaginarni slozky impedance, podélenim dané slozky impedance tloustkou vzorku
a vynasobenim plochou elektrod.

Z model byly uréeny hodnoty koeficientl, uvedenych v tabulce 2 a diskutovanych
déle.

4. Vysledky méreni a modelové parametry

Obrazek 1 znazornuje experimentalni spektra ztratového ¢initele pro uvedenou 3kalu
frekvencich elektrického pole budiciho signalu.

Hodnoty ztratového Ccinitele betonu ve sledovaném ¢ase pro vzorky hydratované
ve vodé zustavaji vy$8i nez u vzorkd hydratovanych ve folii a na vzduchu az po
frekvenci pfiblizné 4 kHz, kdy spektra nabyvaji navzajem blizkych hodnot. VysSi
hodnoty ztratového ¢initele v levé ¢asti spektra indikuji vySsi ¢etnost relaxa¢nich dob
nez v pravé Casti spektra, maximum by pak uréovalo nejpravdépodobné;jsi relaxaéni
dobu pro dany vzorek v aktualnim stavu (sloZeni, mira hydratace, vlhkost).
Z odliSnosti spekter usuzujeme na vySSi hodnotu nejpravdé&podobngjsi relaxaéni
doby u vzorku, hydratujicim na vzduchu. Nejblize k nejpravdépodobnéjsi relaxacni
dobé uvedeného vzorku se nachazi nejpravdépodobnéjsi relaxaéni doba pro vzorek
zrajici ve folii, srozlozenim relaxacnich dob, podobnym vzorku hydratujicim na
vzduchu. Od frekvence 4 kHz vykazuji vSechny pribéhy ztratového Einitele kolisani
hodnot, je vSak pfitomny trend. U vzorku, ktery hydratoval na vzduchu jsou patrné
vintervalu frekvenci 9 kHz az 100 kHz odlisné hodnoty ztratového dinitele, nez
u zbylych vzorkd. VSechna spektra vykazuji v oblasti vysSich frekvenci mirny narlst
hodnot ztratového Cinitele. Vysvétleni Ize hledat v pfitomnosti vody v kamenivu nebo
druhu pouzitého kameniva (kamen Halamky - frakce 0/4 — druh Zuly). Druhy
argument vice koresponduje se zavéry charakterizace druhd Zuly v suchém
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a navlihlém stavu metodou impedanéni spektroskopie [1]. Na konci ¢lanku bude
srovnani uvedenych rozboru spektra se zavéry na zakladé modeld.

o hydratace ve vodé
3 o v hydratace ve folii
o hydratace na vzduchu

i o
2 2 v
‘ , o
o v a
o
°'v "o
1 Oo'v B
o v a
° a]
oYy O
953 (w'a)
e i Renga e Rt
0
10" 10° 10° 10* 10° 10°
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Obr. 1 Frekvenc¢ni spektra ztratového cinitele betonu,
hydratujiciho v odliSnych prostfedich
Fig. 1 Specific impedance values for the specimen under
investigation at the time of the impedance spectroscopy method
application

Zmérfena spektra hodnot mérné impedance pro sledovany materiél jsou v souladu
s teorii (Coleovi, Macdonald) pulkruznice [12, 13], jejichz stfed je stlaéen pod
vodorovnou osu. Obréazek 2.
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Obr. 2 Hodnoty mérné impedance pouZitych vzorki
v dobé charakterizace metodou impedanéni spektroskopie
Fig. 2 Specific impedance values for the specimen under
investigation at the time of the impedance spectroscopy method
application
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elektrického signalu (narlst frekvence zprava doleva, obrazek 2) byly pozorovany
u vzorku, zrajicim ve vodé. Vzorek byl v dobé experimentu vodivéjsi, ale imaginarni
slozka mérné impedance nabyvala v poméru k realné slozce vysSich hodnot, nez
u ostatnich vzorkd. To koresponduje s popsanymi zavislostmi ztratového Cinitele.
Kfivky ve spektru mérné impedance nabyvaji maxima pfi odliSnych frekvencich.
KFivka vzorku, ktery hydratoval na vzduchu, ma maximum uz pfi frekvencich 50 Hz -
60 Hz, kfivka uprostfed dosahuje maxima pfi 80 Hz - 120 Hz, posledni kfivka ma
maximum kolem frekvence 250 Hz .

Uvedena spektra byla modelovana fyzikdlnim a matematickym modelem.
Vysledky fitovani shrnuje nasledujici tabulka.

Tab. 2 Hodnoty parametri modeld spekter ztratového cinitele a mérné impedance
vzorkd betonu, hydratujicich v rdznych prostfedich
Tab. 2Loss factor and specific impedance spectra values for specimens of concrete
that have hydrated in various environments

Prostiedi hydratace voda folie vzduch
€n 72,3 91,6 99,8
& 5,310° 3,6-10° 1,3:10°
1[s] 6,4 0,964 0,473
a 0,114 0,176 0,268
r 0,9924 0,9621 0,8837
N 46 46 46

Ze spektra ztratového Cinitele byly ziskany hodnoty komplexni relativni permitivity pro
limitni pfipady frekvence budiciho signalu, nejpravdépodobnéjSi doba relaxace r
a distribu¢ni parametr a. Hodnoty dynamické permitivity pro hydrataci v riznych
prostfedich maji vzestupnou tendenci, naopak hodnoty statické permitivity maji
klesajici charakter. NejpravdépodobnéjSi doba relaxace potvrzuje odhady z diskuse
spekter ztratového ¢initele. Hodnoty distribuéniho parametru a jsou vyssi s klesajicim

fitovani spektra ztratového &initele betonu, zrajiciho na vzduchu.

4. Zaver

Metodou impedanc¢ni spektroskopie byl charakterizovan beton, hydratujici v riznych
prostfedich. OdliSnosti ve spektrech ztratového Cinitele svédgili o nejpravdépodobnéjSich
relaxa¢nich dobach, umisténych mimo vyuzité spektrum frekvenci. Model spektra to
potvrdil a urcil tyto hodnoty. Obtiznym a méné pfesnym oznaCujeme fitovani spektra
ztratového Cinitele pro beton tuhnouci na vzduchu, na zékladé nizké hodnoty
Pearsonova korela¢niho koeficientu.

Podékovani
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spektroskopie betonu s rGznymi stupni kapilarnich pér(d” a P104/11/0734 “Vyuziti
elektromagnetické emise ve vyzkumu modernich kompozitnich materidll pro
konstrukéni aplikace”. Autofi ¢lanku dékuji za tuto podporu.

DEFEKTOSKOPIE 2012 157



Prispévek vznikl za podpory projektu ,SUPMAT — Podpora pracovnikl
center  pokrocilych  stavebnich  materiald“.  Registracéni  ¢islo  projektu
CZ.1.07./2.3.00/20.0111. Tento projekt je spolufinancovan Evropskym socialnim
fondem a statnim rozpostem Ceské republiky.

Literatura

[1] Kusak, I.; Lundk, M., Tracking of concrete by means of impedance spectroscopy -
electrical properties and porosity, contribution at Proceedings of the 5th International
Conference on dynamics of Civil Engineering and Transport Structures and Wind
Engineering, ISBN 978-80-554-0354-0, University of Zilina, 2011

[2] PIskova, I.; Chobola, Z.; Matysik, M., Assessment of ceramic tile frost resistance by
means of the frequency inspection method, Ceramics-Silikaty 55 [2] 2011, 176-182,
ISSN 0862-5468, 2011

[3] Lunak, M.; Kusak, 1., An application for the impeadance spectroscopy method and
building material testing, Ministry of transport, ISSN 1802-971X, Brno, 2010

[4] Kusak, L., Luniak, M., Matysik, M.; Topolat, L., Determination of the performance factor
of a heat pump (in Czech), paper in Mediadu Magazine, ISSN 1214-9187,
http://www.mediadu.cz/, 2010

[5] Pazdera, L.; Topolat, L.; Bilek, V.; Smutny, J.; Kusak, L.; Lutiak, M., Measuring of
Concrete Properties during Hardening, In ESA 2010. 1. CZ, Palacky University. Pages
311 - 318. ISBN 978-80-244-2533-7, 2010

[6] Lunak, M; Kusak, I; Pazdera L; Topolat, L., Bilek V., Monitoring of cement-based
material solidification, focusing on electrical properties, In ESA 2010. 1. CZ, Palacky
University. Pages 233-240. ISBN: 978-80-244-2533-7, 2010

[71 Kusak, 1.; Lutiak, M., /mpedance Spectroscopy of Ceramic (Plain) Roofing Tiles, paper
in 1. International Interdisciplinary Technical Conference of Young Scientist Intertech
2009, ISBN 978-83-926896-0-7, Politechnika Poznan, Poznan, Polsko, 2009

[8] Lunak, M.; Kusék, 1., Debye'’s model of impedance spectroscopy, presented in the 2nd
International Interdisciplinary Technical Conference of young scientist Proceedings,
ISBN 978-83-926896-1-4, Uczelniany Samorzad Doktorantow Politechniki Poznanskiej,
Poznan, 2009

[9] Lunak, M.; Kusék, L.; Pazdera, L., Non Destructive Testing of Cetris-Basic Wood-
Cement Chipboards by Using Impedance Spectroscopy, presented at the 10th
International Conference of The Slovenian Society for Non-Destructive Testing
"Application of Contemporary Non-Desructive Testing in Engineering"”, ISBN 978-961-
90610-7-7, Slovensko drustvo, Slovinsko Ljubljana, 2009

[10] Kusék, 1.; Luiidk, M.; Pazdera, L., /mpedance spectroscopy of self-compactible concrete
auring the setting process in: NDT Welding Bulletin 2/2008, Volume 18, 22-25, issued
in 10/2008, ISSN 1213-3825, 2008

[11] Lunak, M.; Kusék, 1.. /mpedance Spectroscopy Measurement Of Concrete Hydration By
Miscellaneous Medium, in: InterTech 2008 - International Interdisciplinary Technical
Conference of Young Scientist, 122-124, Politechnika Poznan, Polsko, ISBN 978-83-
926896-0-7, 2008

[12] Mentlik, V: Dielektrické prvky a systémy, BEN — technicka literatura, Praha 2006, ISBN
80-7300-189-6.

[13] Macdonald, J., R.: /mpedance spectroscopy, emphasizing solid materials and systems,
bibliography, Canada 1987.

158 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

THE METHOD AND DEVICE FOR MEASURING
OF MECHANICAL STRESSES IN COMPONENTS

V. MAKAROV, C. DEMIN
UVZ International S.ar.l. 2 Moscou
vlam@yandex.ru

Abstract

We offer a brand-new device to measure mechanical stress in constructional
materials and metal and alloy materials. European patent for invention
EP 1251343 "Method and device for mechanical stresses measurement” was
obtained for this device. It measures uniaxial and biaxial stresses on the basis of
speed change effect of hardness tester ball springback. This device is absolutely
safe in comparison with other ones based on other physical principles, for example,
on X-ray method. Measurements provide reliable information about stress state of
material surface coating with thickness form 0.15 till 0.5 mm depending on the type
of metal and alloy.
This device is especially important for use in the aircraft industry. Many assembly
parts and elements are shotpeened and peenformed in the process of manufacture
of underframe, hull, foil, fins.
The offered device can be redesigned or adjusted specifically to control some
finishing process, for example, to strengthen an aircraft engine vane with glass shot
or a device version to control the stress field directly in the wing panel cover during its
strengthening or peenforming. It is completely safe and flexible in use.
The principle and essence of measurements will be the same in both the cases, but
the devices differ in the program adjustment of the finishing of different materials and
different depth of deformation.
Nowadays the welding stress is not controlled in any way in production of bodies and
shells. Such control, undoubtedly, would increase safety of staying on space
platforms. Not only aircraft companies show interest in our invention, but also the
companies, which build oil- and gas pipelines to control welding stress. The data on
distribution of stress fields inside an element enables evaluation of this element
service life. In total it will result in the increase of fatigue resistance and reliability of
aviation equipment.

It can be used for measurements of mechanical stress in products made of the
following materials: construction steel, alloyed steel, aluminum alloy, cuprum alloy,
titanium alloy.
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UVZ International S.& rl. & Moscou offers a brand-new method to measure
mechanical stress in constructional materials and metal and alloy materials. This
method is founded on the following effect: the velocity rebound of metal globule from
surface of component with mechanical stresses and this component , but without
stresses, will be very different. (Pic.1). And this different of velocity canto use
for calculation of symbol and quantity of mechanical stresses on the surface of
metallic components. European patent for invention EP 1251343 "Method and device
for mechanical stresses measurement” was obtained in 2006. This device is
absolutely safe in comparison with other ones based on other physical principles, for
example, on X-ray method. Measurements provide reliable information about stress
state of material surface coating with thickness form 0.15 till 0.7 mm depending on
the type of metal and alloy. (Photo.1, Photo.2)

This device is especially important for use in the aircraft industry. Many assembly
parts and elements are shotpeened and peenformed in the process of manufacture
of underframe, hull, foil, fins, panels and overs. The Almen method was normally
used to control these finishing processes and their stability — use of withess samples.
However, nowadays, it is necessary not only to know and be sure about the process
stability, but also about the element processing quality.

In fact, its measurement limits for the depth of stress are actually the same as the
recommended depth of the surface plastic deformation and the depth of beneficial
compression train created by this deformation during strengthening and peenforming
(0.25-0.7 mm). When X-rays are used, no such concurrency is found and it creates
additional problems. As nothing is known about the mechanical stress created in the
entire thickness/depth of the processed surface layer inside the part. And this layer
may ten times exceed the depth reached by X-rays. Besides, portable x-ray devices
are not flexible enough for measurements, their functions are limited and their use
requires taking special measures to protect the personnel and the operator.

The offered device can be redesigned or adjusted specifically to control some
finishing process, for example, to strengthen an aircraft engine vane with glass
microballoons or a device version to control the stress field directly in the wing panel
cover during its strengthening or peenforming.(Pic.3). It is completely safe and
flexible in use.

The principle and essence of measurements will be the same in both the cases, but
the devices differ in the program adjustment of the finishing of different materials and
different depth of deformation.

We believe that the device may be extremely useful for control of mechanical stress
for manufacturing of modules and divisions of space platforms and satellites as
welding is the main technological process in production of space station bodies and
shells. The unfavorable conditions in the open space, the cyclic processes of heating-
cooling and great radiation require a high quality of manufacture. Nowadays the
welding stress is not controlled in any way in production of bodies and shells. Such
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control, undoubtedly, would increase safety of staying on space platforms. Not only
aircraft companies show interest in our invention, but also the companies, which build
oil- and gas pipelines to control welding stress. The data on distribution of stress
fields inside an element enables evaluation of this element service life. In total it will
result in the increase of fatigue resistance and reliability of aviation equipment.

But, using of obtained results of investigations during in the past few years, we can to
show, for example, the process of laser surface strengthening is not very reliability for
aluminum alloys, because this process can to fabricate of dangerous tensile stresses
on the surface components. (Pic.2)
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The purpose of the device is:
- to measure, assembly and operating tension in important structures and junction
points of aircrafts and watercrafts;

- to monitor stress in materials used in the near welding areas of important
structures and, first of all, pipe installations under pressure and gasholders;

- to detect places where structural elements are most likely to break because
of fatigue due to continuous cyclic use;

- to correct and adjust fatigue design by means of finite elements method (FEM)
for aircrafts.

Basic characteristics:
Measurement range: till 0.8 of material yield limit
Measurement error: till 3% of material yield limit

Operating temperature range: from -15 °C till +30 °C

The device consists of mechatronic sensor having diameter 32 mm and length
164 mm and computer. The sensor is connected with the computer with cable.
Its weight may vary from 320 till 410 gram depending on its completing units.
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Computer may be in the form of notebook which is for portable usage or in the form
of stationary computer for laboratory research. Amount of measurements is not
limited. Time of one measurement is not more than 5 seconds. Computer contains
programs for calculations of data from sensor and programs for graphing and
construction of stress diagrams.

It can be used for measurements of mechanical stress in products made of the
following materials: construction steel, alloyed steel, aluminum alloy, cuprum alloy,
titanium alloy.

Photol. The device for measuring of mechanical stresses
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Photo2: Device for present measurement

Pic. 3 The diagram of measurement of residual stresses
for alloy 16T after shotpining

Also, the offered device can be used for control of process of wear and process
of age, for example, chemical reactors, are manufactured from titanium, what is very
good of absorption of hydrogen with very dangerous process of fragile of chemical
vessels. We can to reflection of this dangerous process inthe time and to get
of prevention against sudden destructions

164 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

PROBLEMATIKA ZKOUOSENI' HETEROGENNICH
SVAROVYCH SPOJU NA JE TYPU VVER

DISSIMILAR METAL WELDS EXAMINATION ISSUES
ON NPP TYPE WWER

Pavel MARES, Ondfej HOUFEK, Ivan BULDRA
UJV Rez a.s.
Contact e-mail: mpa@ujv.cz, hfk@ujv.cz, bul@ujv.cz

Abstrakt

ZkouSeni heterogennich svard je velmi ddlezitou oblasti provoznich kontrol, zejména
z ddvodu jejich nachylnosti ke koroznimu praskani. Proto je velmi ddlezité nalézt metodu,
kter4d zaruc¢i detekci vSech necelistvosti, které se mohou v téchto svarovych spojich
nachazet, a zaroveri bude schopna ur¢it jejich rozméry s velmi vysokou presnosti.

Z pohledu ultrazvukového zkouSeni patfi heterogenni svarové spoje k nejslozitéjSim
aplikacim. Je to dano tim, Ze tyto svarové spoje a zejména austeniticky material jsou
charakteristické hrubozrnnou strukturou s vyrazné orientovanymi dendrity. Dale obsahuji
austeniticky navar na rozhrani feritického materialu a austenitického svaru. Tento navar je
charakteristicky velkym rozptylem UZ vinéni na zrnech struktury, lomem na rozhrani
a ohybem ultrazvukového svazku. Proto by mél byt u téchto svard kladen veliky ddraz na
provadéné kontroly.

Jednim z nejvice problematickych svard, zhlediska UZ kontrol, je svar kolektoru
parogeneratoru, ktery se nachazi na JE Dukovany. U tohoto svaru je kontrola zkomplikovana
jednostrannym pristupem, kdy je pfistup umoznén pouze ze strany hlavniho cirkulaéniho
potrubi. Byly zde rovnéZ nalezeny indikace a to jak v CR, tak i v zahraniéi, proto je nutné se
tomuto typu svarového spoje velmi podrobné vénovat.

Ddlezitym krokem pro ziskani co nejpresnéjSich vysledkd méreni je vybrani optimalni
metody a zafizeni. Mezi hlavni kontroly svaru kolektoru parogeneratoru patfi v sou¢asné
dobé impulsni odrazova metoda a jako dodatkova je metoda phased array.

Tento prispévek se zabyva provadénim UZ kontrol na zkuSebnich télesech a jejich aplikaci
na svarovych spojich na JE.

Kliéova slova: heterogenni svary, phased array, rué¢ni kontrola, automatizovana kontrola
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Abstract

Dissimilar metal welds examination is very important part of in-service examinations,
primarily because of their susceptibility to stress corrosion cracking. Therefore it is very
important to find a method that ensures the detection of any discontinuities that may be
located in this weld joints and also will be able to determine their dimensions with very high
accuracy.

In terms of ultrasonic examination dissimilar metal welds belong to the most complex
applications. This is due to the fact that the welded joints and especially austenitic material is
characterized by coarse-grained structure with strongly oriented dendrites. It also contains
the austenitic buttering on interface between ferritic material and austenitic weld. This
buttering is characterized by a large scatter of ultrasonic waves on the grains structure,
refraction at the interface and bending of ultrasonic beam. Therefore, it should be placed in
these welds great importance to the examinations.

One of the most problematic welds, in terms of ultrasound examinations, is steam generator
collector weld, which is located on NPP Dukovany. Examination on this weld is complicated
by one-sided access, where access can be done only from side of main circulation pipeline.
There were also indications found in both the Czech Republic and abroad, so it is necessary
devote to this type of weld in detail.

An important step for getting the most accurate examination results is to select optimal
methods and equipment. Pulse echo method currently belongs to the main examination of
steam generator collector weld and as supplementary method is phased array.

This paper deals with the implementation of ultrasonic examinations on the test blocks and
on weld joints in NPP.

Key words: dissimilar metal welds, phased array, manual inspection, mechanized inspection

1. Uvod

Zkouseni heterogennich svarovych spoju je velmi dllezité z hlediska jejich
nachylnosti ke koroznimu praskani. V sou¢asné dobé se u nas pro kontrolu svard na
JE ve vétSiné pripadd vyuzivd impulzni odrazovd metoda. Pokud je ale ke
svarovému spoji jednostranny pfistup nebo je omezen pohyb sondy, tak mohou byt
schopnosti téchto jednoduchych sond silné omezeny. Oproti tomu phased array
sondy diky vyuziti sektorového skenovani nejsou pfili§ ndro¢né na skenovaci prostor.

2. Svar kolektoru parogeneratoru

Dany svarovy spoj patfi kjednomu z nejvice problematickych heterogennich
svarovych spoju, se kterym jsme méli moznost se setkat na ¢eskych JE. V této
kapitole bude vysvétlena celd problematika tohoto svarového spoje.

V pribéhu prvnich mechanizovanych UZ kontrol na EDU byly nalezeny dveé indikace
na rozhrani austenitického svarového materidlu a feritického materialu horkého
kolektoru u parogeneratoru 2YB11WO01 v roce 2000. Dalsi jedna takova indikace
(stejné polohy a celkového tvaru) byla nalezena v materidlu horkého kolektoru
u parogeneratoru 4YB16WO01 v roce 2001.

Po posouzeni vysledkl téchto UZ kontrol byly tyto indikace oznaceny jako
geometrické indikace, resp. indikace od rozdilné struktury materialu svarového kovu.
Jelikoz bylo stanoveno, Ze se jedna o indikace geometrické, tedy takové, které
nemaji svuj plivod v pfitomnosti makroskopickych defektl (v téchto pfipadech hlavné
neprlvar(), byly rozméry téchto indikaci vyhodnoceny pouze orientatné metodou
poklesu maxima amplitudy indikace o 6 dB (na polovinu maximalni hodnoty). Jako
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ke geometrickym indikacim bylo ktémto pfistupovano i pfi opakovanych UZzZ
kontrolach, které v pfipadé parogeneratoru 2YB11WO01 probéhly v letech 2004
a 2010 a v pfipadé parogeneratoru 4YB16WO01 v letech 2002 a 2007.

Na pocatku roku 2011 byly uvefejnény zavazné skutecnosti, které zménily nahled na
moznost vyskytu a hlavné hodnoceni nélezd makroskopickych defektd
v heterogennich svarovych spojich kolektor(i parogeneratoru.

Jednalo se zde o skute€nost, ze v téchto svarovych spojich v provozech jadernych
elektraren v Ruské federaci (konkrétné JE Novovoronézska a JE Kolska) bylo
nalezeno celkem 5 defektl typu obvodovych trhlin na rozhrani prvniho austenitického
navaru a zékladniho materilu v tepelné ovlivnéné oblasti. Tyto trhliny jsou iniciovany
(komunikuji) od vnitfniho povrchu (viz obr. 1) a je vazné podezieni na jejich rdst
béhem provozu jaderného zafizeni vlivem nebezpecné mezikrystalické koroze.

Kolektor Plast PG
08CH18N10T 22K

Obr.1 Schéma svaru (vlevo) a trhlina na rozhrani Evpravo)
Fig.1 Scheme of the weld (left side) and crack on interface (right side)

DalSim vstupem pro celkové zlepSeni kvality provadéni mechanizovanych UZ kontrol
bylo dokongeni vyroby nového zkuSebniho télesa. V tomto zkuSebnim télese byly
vyrobeny (mimo mnoho dalSich) i defekty (celkem 4), které svoji polohou a ve tfech
pfipadech i sklonem simuluji s dobrou pfesnosti vySe popsané obvodové trhliny.
Na tomto télese byly provedeny praktické zkousky, které obsahovaly nejenom
kontrolu sondami, které jsou pfedepsany pro provadéni provoznich kontrol v EDU,
ale idal$imi s rozdilnymi dhly vystupd a frekvencemi UZ vinéni. Bylo provedeno
zkous$eni jak odrazovou metodou, tak i metodou phased array. Byly téZ provadény
kontroly z feritické €asti kolektoru. Moznost takovych UZ kontrol je ov§em v redlném
prostredi JE velmi omezena.
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Obr.2 ZkuSebni téleso svaru kolektoru parogeneratoru (vlevo) a provadéni praktické
zkousky (vpravo)
Fig.2 Test block of steam generator collector weld (left side) and performing of
practical trials (right side)

Po uvazeni vSech téchto vySe popsanych skute¢nosti bylo rozhodnuto o provedeni
revize v8ech zaznamU v kolektorech obou dotéenych parogeneratord a indikace se
vyhodnoti znovu a to ve vylepSené verzi vyhodnocovaciho SW (MASERA-NT)
a s pfistupem jako k indikacim od moznych makroskopickych necelistvosti na rozdil
od praxe s pfistupem k indikacim geometrického charakteru.

Toto nové vyhodnoceni vedlo krevizi jak rozmérd nalezenych indikaci, tak i ke
znepokojivému zjisténi jejich rdstu a tim padem i k revizi popisi a zavérd plynoucich
z nalezenych vysledka.

P¥i poslednich odstavkach blokl ¢.2 (2012) a 4 (2011) JE Dukovany byly provedeny
detailni opakované UZ kontroly usek( heterogennich svarovych spoju kolektort
parogenerator(, ve kterych byly detekovany popisované indikace.

V misté indikace oznaované jako N1 na 4 .bloku bylo v Useku jejiho vyskytu
provedeno odstranéni prevySeni koruny svarového spoje zbrousenim povrchu. Toto
opatfeni umoznilo skenovani UZ sondami pfes material svarového spoje (kolmo na
jeho osu) a ve svém vysledku umoznilo podstatné zpfesnit vyhodnoceni hlavné vysky
indikace. Vysledky kontrol dané indikace jsou uvedeny v nasledujici tabulce

Rok N1
L (mm)JH (mm)JAL(mm)}JAH (mm)
2001 83,73 | 29,98 X X

2002 92,74 | 30,00 | +9,01 +0,02
2007 106,08] 28,30 | +22,35 -1,68
2011 166,83 32,27 | +83,73 +2,29

Tab. 1 Vysledky kontrol indikace N1
Tab. 1 Results of examination of indication N1
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Obr.3 D a B zobrazeni necelistvosti N1
Fig.3 D and C-scan of defect N1

Ziskané vysledky slouzili rovnéz jako podklady pro simulaci pravdépodobného tvaru
necelistvosti. Tyto simulace byly provadény v softwaru CIVA.

| pfes doporuceni nebyl provozovatelem, akceptovan pozadavek na odstranéni
prevySeni koruny svarového spoje na kolektoru parogeneratoru na 2.bloku v misté
vyskytu indikaci oznac¢enych jako N1 a N2. Tato skute¢nost se na nestésti negativné
projevila pfi vyhodnocovani rozmérd indikace N2. U této indikace doslo k jejimu ristu
nejenom ve smyslu jeji délky podél osy svarového spoje (stejné jako u vSech
vyhodnocovanych indikacf), ale i ve smyslu jeji vy3ky od vnitfniho povrchu.

Rok N1 Rok N2

L(mm)]H Mmm)]|AL(mm)| AH (mm) L(mm)] Hmm) |AL(mm)] AH (mm)
2000 63,40 | 22,75 X X 2000 63,11 19,54 X X
2004 70,49 | 22,25 | +7,09 -0,50 2004 70,49 20,51 +7,38 +0,97
2010 79,22 | 22,56 | +15,82 +0,21 2010
2012 84,18 | 24,56 | +20,78 +1,81 2012 91,09 | min. 26,34| +27,98 | min +6,80

Tab. 2 Vysledky kontrol indikaci N1 a N2
Tab. 2 Results of examination of indications N1 and N2

Obr.4 D a B zobrazeni necelistvosti N1
Fig.4 D and C-scan of defect N1
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Obr.5 D a B zobrazeni necelistvosti N2
Fig.5 D and C-scan of defect N2

Na daném svarovém spoji byly rovn&z provedeny pracovniky UJV ReZ a.s. kontroly
metodou phased array. Diky sektorovému skenovani v rozpéti ahli 45° - 70° bylo
mozné zaznamenat celou necelistvost N2, ktera méla u odrazové metody ofiznuty
signal. Vysledky hodnoceni rozmérd jsou uvedeny v nasledujici tabulce.

Pozice
VySka | Délka | Pozice (°) (mm) Metoda
N1 28,8 76 98,6 (96,4) | 1032 (1009) Crack Tip
N2 31,2 108 303 (311,1) | -599 (-522) Crack Tip

Tab. 3 Vysledky kontrol metodou phased array indikaci N1 a N2
Tab. 3 Results of examination of indications N1 and N2 by phased array method

0 e 4 008 B 17 841585 6 06 S Bt [r—y

Obr.5 Sektorové zobrazeni necelistvosti N1(vlevo) a N2 (vpravo)
Fig.5 Sectorial scan of defects N1(right side) and N2(left side)

Ziskané vysledky slouzili rovnéz jako podklady pro simulaci pravdépodobného tvaru
necelistvosti. Tyto simulace byly provadény v softwaru CIVA.

i 3 =

Obr. 6 Simulace tvaru necelistvosti N2
Fig. 6 Modeling of defect shape
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3. Svarovy spoj pod kompenzatorem objemu

Na tomto svarovém spoji bude predveden pfinos metody phased array a simulaci pro
zkouSeni heterogennich svarovych spojl. Pro srovnani byly pouzity vysledky
kvalifikace odrazovou metodou HSS pod KO VVER440. Vysledky jsou porovnany
s PAUT kontrolou téhoz svaru. Porovnani probé&hlo pomoci kvalifikaéniho zkuSebniho
télesa s 11 defekty, z nichz je ¢ast v poloze, kde se obvykle nachazi i PWSCC/SCC,
jak je tomu na kolektorech parogeneratoru viz pfedchozi kapitola.

Odrazova metoda Metoda phased array
Siutetna | Jdstranéna 3 Naméfena . Naméfena OM -PAUT
koruna Pouzité Mefoda - AH Pouzité Metoda e AH
Defekt velikost . vyska _ vyska AH
svaru sendy vyhodnoceni sondy vyhodnoceni

[mm] [YIN] [mm] [mm] [mm] [mm] [mm]
70°TRL2 (RTD Tip 35L16-A3_SA3- Tip

P1 6.5 N 02-82) - 8.59 2,09 a0s - 74 09 1.2
60°T1.5 (RTD 05 35L16-A3_SA3- Tip

P2 4 Y 1322) 6dB Drop 5,71 1,71 NE0S Diffraction 3.5 -0.5 1,2
70°TRL2 (RTD Tip 35L16-A3_SA3- Tip

P3 13 N 02-82) - 1n7 13 a0s - 14.1 11 0.2
60°TRLZ (RTD 35L16-A3_SA3- Tip

P4 125 Y 02-79) DRM 1374 1.24 NGOS Diffraction 1.2 -13 0,0
70°TRLZ (RTD 35L16-43_SA3- Tip

P5 165 N 02.82) DRM 15,08 1,42 a0s b _ 15,7 08 0.6
65°T1.5 (RTD 05 Tip 35L16-43_SA3- Tip

Ps 1 & 1323) Diffraction T 0 N60S Diffraction g e 03
65°T1.5 (RTD 05 Tip 35L16-A3_SA3- Tip

P7 185 16.87 -1.63 18.4 0.1 1,6

& 1323) Diffraction : . NE0S Diffraction . :
70°TRLZ (RTD 35L16-A3_BA3-

P& 95 N 03.82) 6dB Drop 946 0,04 oS 6B drop 6.9 26 2,6
65°T1.5 (RTD 0% Tip 35L16-A3_SA3- Tip

P 6 7,95 1,95 66 06 14

& 1323) Diffraction : : N60S Diffraction : ; ’

65°T1.5 (RTD 05 35L16-A3_SA3- Tip

P10 4 N 1323) 6dB Drop 7.43 343 a0s . 4.4 0.4 3,0
65°T15 (RTD 05 35L16-A3_SA3- Tip

P11 12 N 1323) DRM 10,61 -1.39 NGOS Diffraction 108 -11 0.3

Tab. 4 Porovnani vysledkd klasické metody a metody phased
Tab. 4 Comparison of results of pulse echo and phased array method

Zavéry plynouci z tabulky jsou nasledujici:

1. Oproti odrazové metodé u vyuziti PAUT neni tfeba odstranovat pfevySeni svaru —
hodnoceni vysky defektd P2 a P4 Ize provést ve vyborné kvalité (odchylka od
skute¢né vysky 0,5 a 1,3 mm), pficemz odrazovou metodou je vysledek PAUT
s korunou svaru presnéjsi o 1,2 mm nez hodnoceni rozmérli s odstranénou korunou
svaru odrazovou metodou.

2. Vysledky na detekci jsou srovnatelné, ale je velky rozdil ve stanoveni vysky
indikaci ve prospéch PAUT.

3. U 5 defektd je hodnoceni pomoci difrakce u metody PAUT navic oproti odrazové
metodé (porovnanim sloupcd 5 a 9, ve sloupci 9 tucné). Maximalni rozdil je
u indikace defektu P10, kde je rozdil ve stanoveni vysky indikaci 3 mm ve prospéch
PAUT (sloupec 12).

4. Zatimco odrazovou metodou je odchylka stanoveni vysky indikaci defekttd od

skute¢ného rozméru vétsi nez 1 mm pro odrazovou metodu u 9 indikaci defektd
z 12 (sloupec 7) u PAUT méfeni pouze jen u 4 indikaci defektl (sloupec 11).
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Béhem pripravy, provadéni a vyhodnocovani vysledkd mechanizovanych UZ kontrol
heterogenniho svarového spoje hrdla kompenzatoru objemu na 2. bloku JE
Dukovany byly zjistény podstatné rozmérové odchylky mezi skuteénymi rozméry
a tvary hrdel na ostatnich blocich jaderné elektrarny.

Bylo zjisténo, Ze se jedna o kus vyrobeny v byvalé PLR dodany do EDU nahradou
za puvodné projektovany vyrobek tehdejSiho n.p. NHKG Vitkovice. Zasadnim
rozdilem mezi télesy KO dodavanymi do EDU a projektovanymi pro ostatni JE tohoto
typu (zejména potom dodavanymi do SSSR) je tloustka stény zakladniho materialu.
Zatimco byl inspekéni postup navrzen pro tloustku materialu 30 mm, skuteéna
tlouStka materialu KO na 2. bloku EDU je dle ziskané projektové dokumentace
52,5 mm. ZkuSebni téleso, které bylo vyrobeno, kopiruje svarovy spoj na 1., 3. a 4.
bloku. Pro svar, ktery se nachazi na 2. bloku, zkuSebni téleso vyrobeno nebylo. Proto
bylo nutné ovéfit pomoci simulaci v softwaru CIVA moznosti zkouSeni na tomto
svarovém spoji.

4. Zaveér

Z vySe uvedenych vysledku je patrné, Ze kontroly heterogennich svarovych spoja
jsou nezbytné pro v&asné zjiSténi korozniho praskani a ziskavani udaji o jejich
celkovém stavu. Pokud je konfigurace svaru slozita je nutné vyuzit i dalsi metody,
které zajisti, jak proskenovani celého objemu svaru, tak prfesného hodnoceni
rozmérQ pripadnych necelistvosti. Mezi takovéto metody patfi napi. metoda phased
array. Tato metoda dokaze v nékterych prFipadech rovnéz zkratit ¢as potfebny pro
kontrolu a tim padem snizit radiacni davky personalu a zafizeni (pokud se méfeni
provadi v prostfedi s ionizujicim zafenim).

Doporu¢eni nahrazeni nebo dopInéni odrazové metody metodou phased array
nesniZzuje kvalitu kvalifikovanych kontrol odrazovou metodou HSS, ale zdirazriuje
existenci modernéjs§i UT metody, kterou Ize pouZit ke zvySeni bezpecnosti
a predevsim spolehlivosti vysledkl PPK, coz Ize prokazat pfisnéjSimi kvalifikacnimi
kritérii, kterym PAUT vyhovuje. Zcela jednozna¢nym faktem zlstava doporuceni
PAUT kontroly v pfipadé omezené pfistupnosti nebo nutnosti vyuzit jen ruéni
odrazovou kontrolu.
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Abstrakt

NDT metoda, zaloZena na prosté spektralni analyze celého zaznamu I-E signalu, nevyuziva
vSechny informace v ném obsaZené a zbytecné tak omezuje svou citlivost. Proto byly
publikovany rizné detailni analyzy I-E signélu se snahou o zdokonaleni této metody. Clanek
ukazuje konkrétni postupy, které vedou pfimému stanoveni defektu na zakladé jeho
nelinearniho projevu, kdy dochazi k casové zavislé kmitoctové odchylce nékterych
rezonancnich sloZzek. Je ukazano praktické ovéreni algoritmd na vzorku s defektem.

Klicova slova: Impact echo, analyza signalu, nelinearni spektroskopie

Abstract

One NDT method use simple analysis of all I-E signal. It doesn’'t make use of all
information from this signal. Therefore it limits their sensitivity. Therefore there were
published various detailed analysis of I-E signal with effort to improve of this
method. This paper shows concrete procedures which lead to direct determination of
bad sample with defect. It is based on its nonlinear effect when it causes the time
dependent frequency shift of some resonance components. It is shown the practical
verification of these algorithms.

Key words: Impact echo, signal analysis, nonlinear spectroscopy

1. Uvod

NDT metoda vyuzivajici frekvenéni analyzu I-E signalu zacina byt vyuzivana
v bézné praxi a je vyhodna pro levnou a rychlou kontrolu mensich a levnéjSich dild
s vyraznymi akustickymi vlastnostmi (kovy, keramika atp.). VyuZiva historicky
nejstarsi NDT princip, kdy ,spektraini analyzu“ provadénu sluchem pouzivali hrngifi,
zvonafi a mnoho dalSich profesi. S rozvojem technologii a prfedevsim pocitacl preslo
na diskrétni furierovskou spektralni analyzu (rychla Fourierova transformace - FFT),
kter4 odstranila subjektivitu a zvySila kmito€tovou rozliSitelnost a tim i teoretickou
citivost. Dosazeni dostate¢né praktické citlivosti vyzaduje vytvofeni co
nestabilnéjSiho zplsobu testovani (stabilita budiciho Gderu, stabilita umisténi
testovaného télesa) a nasnimani co nevétSiho poctu referencénich signald
z neposkozenych téles. Dulezité je pak nasledné vytvorit spravna testovaci kritéria
na povolené odchylky vypocitaného kmitoctového spektra. Je zfejmé, Ze nastaveni
testovaci aparatury je trochu pracné a vyzaduje urcité znalosti a zkuSenosti. Z toho
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vyplyva, Ze se takovéto testovani vyplati pro sériovou vyrobu s velkou produkci.
V tom pfipadé se tato metoda stava provozné velmi levnou, protoze vlastni provozni
naklady jsou minimalni, zafizeni pracuje naprosto automaticky a s velkou rychlosti
cca 1 test/sec. Pfiklad aplikace této metody je uveden v [6], [7].

Na druhou stranu ma tato metoda nékteré nedostatky. Jednak je jeji citlivost na

malé defekty také omezenda a dale neumi rozeznat napf. rozdily spektra zplsobené
povolenymi tolerancemi rozmérd a defekty. Hlavni divod vyplyva ze samotného
principu FFT spektralni analyzy. Ten spociva v pocitani prGmérného spektra z celé
doby zdznamu I-E signdlu. Nedokaze tak zjistit informace vyplyvajici z Casové
a intenzitné proménného pusobeni tohoto signalu na testované téleso (viz obr. 1).
Urc¢itou nevyhodou je v pfipadé Sirokospektralniho vyhodnocovani i linearni osa FFT
s malym relativnim rozliSenim pro nizké kmito€ty a vysokym rozliSenim pro vysoké
kmito¢ty. Zde je kupodivu na tom lépe ,spektralni analyza“ provadéna lidskym
sluchem. To totiz neprovadi klasickou fourierovskou analyzu ale frekvenéné-casovou
analyzy v logaritmické ose kmitoctu. Navic je ,zpracovani v mozku zvySené citlivé na
intermodula¢ni slozky (zni disharmonicky) oproti vy$§im harmonickym slozkam (zni
harmonicky). Proto dokaze rozlisit Spatny vzorek i bez ,vytvofeni statistického
referenéniho modelu“ poslechem velkého mnozstvi dobrych vzorkd.
s cilem ziskat ze zméfeného signalu co nejvice informaci a zvysit tak praktickou
citlivost metody a snizit jeji citlivost na nestabilitu testovani a na potfebu presné
reference. V tomto sméru byly publikovany rizné Gvodni studie a analyzy [3], [4], [5]
vychazeji z rdznych predpokladanych aspektd projevi defektl v I-E signélu
i zrdznych technik analyzy téchto signal(. Proto je cilem tohoto pfispévku uvést
ovérené prakticky aplikovatelné algoritmy pro automatizované méreni.

2. Metoda vyhodnocujici odchylky rezonanénich kmitoéta v éasové
frekvenénim obrazu I-E signalu

Z&akladni Casovy prubéh I-E signalu s typickym exponencialnim tlumenim jeho
amplitudy (obr. 1a) je velmi dobfe zndm a publikovan v mnoha pramenech. Detekce
poruch a defektld testovanych téles se provadi vesmés ve spektralni oblasti a je
sledovano vice vlastnosti snimanych I-E signalG zaloZzenych na rlznych fyzikalnich
projevech.

Pfiklad nasnimaného I-E signdlu je ukdzan na obr. 1. Je zaznamenan se
vzorkovacim kmitoétem Ts = 5.12 uS. Cela délka zaznamu vyplyva z poctu
zaznamenanych vzorkd (N = 65536) a je dana vztahem Ta=NTs =335 ms (obr. 1 a).
Nas$ zajem se soustfeduje na vyjadreni tohoto signalu v kmito¢tové oblasti (obr. 1 b),
ziskané pomoci FFT. Frekvenéni osa tohoto spektralniho zobrazeni je omezena
dvéma hodnotami. Maximalni kmito¢et odpovida podle vzorkovaciho teorému
poloviné vzorkovaciho kmitoCtu Fs, ktery plyne ze vzorkovaci periody.

Fe=1/T . (1)

V nasem pripadé je to Fs/2 = 97653 Hz. Druhy dullezity parametr vyjadiuje minimalni
frekvenéni rozliSeni Af kmitoctové osy

AF=1/T, ()

jako formalni 1. harmonicka sloZka klasické Fourierovy fady, jak to odpovida FFT.
V naSem pfipadé je Af = 2,98 Hz vysledné spektrum ma 32 768 slozek (jako N/2).
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Zasadni otadzkou je, zda toto kmitoCtové rozliSeni je dostacujici pro dostateéné
pfesné zobrazeni dominantnich rezonanénich slozek signalu. Tento problém bude
diskutovan pozdéji.
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Obr. 1: I-E signél v ¢asové (a) a kmitoctové (b) roviné.

Kmitoétovy obraz IE signélu podle obr. 1b odpovida dosud pouzivané metodé
analyzy se zprimérovanym spektrem celého ¢asové proménného signalu. Jak jiz
bylo vySe naznaceno, ¢asova zména intenzity pusobeni I-E signalu se v pripadé
defektl mGze projevovat zménu hodnot dominantnich rezonan¢nich kmitoétt jeho
spektra. To vyplyva ze zndmého nelinearniho projevu defektu, zplsobujiciho posuv
rezonanéniho kmitoCtu télesa [1]. Jak je z obr. 2 zfejmé, pfi monochromatickém
harmonickém vybuzeni (pomérné pracna a nakladna metoda SIMONRAS) ziskame
pro rliznou intenzitu buzeni rezonancéni charakteristiky s méfitelnym posuvem
rezonanéniho kmitoctu (obr. 2b).
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Obr. 2. Priklad zavislosti rezonanéniho kmitoétu testovaného télesa na intenzité
vybuzeni pro a) nepoSkozeny a b) posSkozeny vzorek (viz [1])

Tento efekt se projevuje nejen pfi harmonickém, ale i pfi obecném vybuzeni
a proto se nabizi vyuzit téchto poznatk(l i pfi analyze I-E signalu, protoze testovani
jednorazovym uderem je znacné jednodussi, rychlejSi a levnéjsi, nez harmonické
buzeni s nastavovanou amplitudou budiciho signalu v metodé SIMONRAS.
V pfipadé buzeni uderem je zfejmé, Ze intenzita mechanického kmitani v télese je
nejvyssi v pocatku odezvy a pak exponencialné klesa. Proto Ize sledovat tento jev
nejen jako zavislost na intenzité, ale i zavislost na ¢ase. Na druhou stranu je zfejmé,
e sohledem na exponencidlni pribéh je doba intenzivniho plsobeni signalu
relativné kratka, plsobi jen v pocéatku odezvy. Jak ztohoto rozboru vyplyva,
potfebujeme vyhodnotit asovou zmény spektra a tim i zménu spektra jako funkci
vybuzeni a konkrétné ¢asovou zavislost kmito¢tll dominantnich rezonanénich slozek.
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Pro ziskani Casové-frekvencnich charakteristik signalu existuje vice pfistupl
a typickou obecnou metodou je tzv. vinkova transformace (WT). Na druhou stranu
limitujicim faktorem vSech téchto pristupl je kmitoctova rozlisitelnost, protoze zde
plati také princip neurcitosti: ¢im presnéji uréime ¢asovou osu charakteristiky, tim
méné presné rozliSime kmitoCet a naopak. Vzhledem k tomu, Ze pfesnost rozliSeni
kmitoctu je zdsadnim parametrem citlivosti této metody, je zfejmé, Ze volba metody
analyzy muaze hrat rozhodujici roli. V tomto pfipadé nepotfebujeme ziskavat obecnou
Gasovou zavislost kmito¢td dominantnich slozek, ale vime, Ze jde o zavislost do
znaéné miry monoténni. Nam jde o zjisténi maximalni odchylky kmitoCtu pfi
nejintenzivnéjSim plsobeni oproti slabému signalu, proto jsme pouzili tzv. kratkou
DFT (STFT), pocitanou pro krat§i segmenty zaznamu signdlu, jak jsou naznaceny na
obr. 3.

Jako pfijatelny kompromis jsme
vybrali ze zdznamu 6 stejné dlouhych
pres sebe prekladanych usekl o délce
20% celého zaznamu. Je zde ale
moznost optimalizace s ohledem na
vlastnosti snimaného signalu. Jak jiz
bylo uvedeno, zasadnim problémem je
snizeni  rozliSitelnosti  kmito&tového
spektra. Ve zvoleném pripadé dojde ke
) snizeni délky useku pro FFT z Ta na Tp
e 20 oo o0 o2 0% oW %% pétkrat a tudiZ i ke sniZeni rozliSitelnosti

Ta

Obr. 3 Déleni I-E signalu na segmenty Af=11T,=5/T, . (3)

V naSem pfipadé rozliSitelnost klesla pétkrat na Af = 14,9 Hz. Proto jsme se
snazili zvysit rozliSeni kmitotového spektra pro tyto diléi Uuseky zaznamu. Pouzili
jsme nejjednodussi zndmou metodu, tzv. doplnéni nulami. Jako optimalni se jevilo
prodlouzeni Useku Tp 8x, dal$i prodluzovani rozliSeni slozek nezvysSovalo (viz obr. 4).
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Obr. 4. RozliSeni spektra v zavislosti na délce ¢asového intervalu: a) To=Ta/5, ¢) Tp
je prodlouzena nulami 8x.

35

DalSi cestou pro zdokonaleni analyzy I-E signalu je zvySeni dynamického
rozsahu méreni pouzitim okénkové funkce, ktera minimalizuje efekt ,rozmazani*
spektralnich slozek. Pro z&kladni pravouhlé okénko lze dosahnout velmi maly
dynamicky rozsah cca 20-30 dB (obr. 5.a), kdy ale nedojde k rozSifeni ,Sifky pasma“
maxim rezonanénich slozek a ty jsou detekovany nejpfesnéji. OvSem mensi
dynamicky rozsah mize vést snadnéji k detekci nespravnych harmonickych slozZek.
Oproti tomu vhodn& okénkova funkce (napf. Hamming) zvySi podstatné potlaceni
efektu rozmazani a tim i dynamicky rozsah na cca 50 dB, ale na druhou stranu asi
1,6x rozsifi pasmo maxim a zhorsi tak moznost kmitoctového rozliSeni (obr. 5.b).
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DalSi typy Casto pouzivanych okénkovych funkci (Hann, Bartlet atd.) maji efekt
snizeni rozliSeni obvykle jesté vySSi. Proto je vhodné vyuzivat tyto funkce obezfetné
popf. v kombinaci podle cile daného kroku analyzy a typickych viastnosti signélu.
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Obr. 5. Detail spektra a) s pravouhlym okénkem, b) s okénkem typu Hamming (neni

kompenzovan pokles urovné cca 2,1x vlivem okénka).

3. Postupy analyzy kmitoétovych odchylek

VySe uvedenym postupem ziskavame sadu Sesti spekter pro jeden zaznam I-E.
Priklad sady Sesti spekter vadného vzorku je ukazan na obr. 6 a. Vzhledem k velké
hustoté slozek a malé prehlednosti je na obr 6 b) ukdzan vyfez spektra pro padsmo
10-15 kHz. Na tomto obrazku a jeSté nazornéji na obr. 7 s detaily spekter je zfejmy
pokles hodnot spekter v zavislosti na intenzité I-E signalu vybranych tseka.

2 \.IH ol

a)

x 10"
Obr. 6. Sada Sesti spekter odpovidajicich Sesti vybranym usekdim zdznamu:
a) pro celé kmitoctové pasmo, b) vyfez pro pasmo 10-15 kHz.

Protoze ani vyfez spektra z obr. 6b) neni dostate¢né podrobny pro posouzeni
vzniku kmito¢tového posuvu dominantnich rezonanénich slozek, jsou na obr. 7
ukézany detaily spekter pro vzorek s defektem a bez defektu. Z tohoto obrazku je
zfejmé, Ze u defektniho vzorku je evidentni vy$Si nestabilita kmito¢tu dominantnich
rezonancnich slozek v zavislosti na vybuzeni (12 990 Hz, 13330 Hz). Dale je zfejmé,
Ze se hodnoty rezonanénich slozek obou vzorkl ¢astec¢né lisi.

b)
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Obr. 7. Detaily spekter $esti vybranych Usekll zaznamu: a) vzorek s defektem, b) pro
vzorek vez defektu.

I3

Realizace pocitacovych algoritml pro spolehlivé rozpoznani vadnych a dobrych
vzorku ale vyZaduje feSeni vice otazek, z nichz jsou duleZité predevsim tyto:

a) nalezeni kmitoétll maxim a volba téch slozek, u kterych bude posuzovana
jejich nestabilita

b) vylouéeni jev(, které se projevu;ji jako nestabilita ale nestabilitou nejsou

c) posouzeni miry mezi pfijatelnou a nepfijatelnou nestabilitou

Pri feSeni prvniho problému (a) je nutno v prvni fazi algoritmicky nalézt kmitocty
a hodnoty vS§ech maxim spektra pro prvni Usek, coz je relativné jednoducha uloha.
Nasledné je nutno ztohoto souboru s nékolika tisici slozkami vybrat dominantni
slozky podle kritéria jejich dostatecné velikosti. Zde jsou v zdsadé dva mozné
pFistupy, a to bud s konstantnim prahem anebo s mezi, kter4 kopiruje kmitoctovou
zavislost stfedni hodnoty spektra. Pro jednoduchost jsme zvolili prvni pfipad, kdy byl
prah stanoven jako 3% hodnoty maximalni slozky. Timto postupem ziskavame
zUzeny soubor s poltem cca stovek dominantnich kmitoctovych sloZzek pro prvni
Usek. Dale je potfebné najit kmitocty odpovidajicich si maxim pro dal$i Useky signalu
a pfifadit je do odpovidajicich Sestic k maximim z prvniho Useku. To pfinasi
problémy a nejednoznacnosti se stanovenim pfijatelné odchylky pfedevsim pro nizsi
Grovné signall.

Reseni bodil (b) a (c) spolu do zna&né miry souvisi, cilem je algoritmicky
stanovit, které slozky vykazuji kmito¢tovy posun odpovidajici projevu defektu typu
prasklina. Vzhledem ktomu, Ze zde nejsou jednoznacné projevy a meze, bude
Uspésnost tohoto postupu uréovat citlivost celého testu.

Problém nejednoznac¢nosti tohoto testu spociva v pomérné vysoké hustoté
riznych rezonanc¢nich slozek s rdznymi velikostmi a rGznymi ¢asovymi zavislostmi.
Proto napf. dvé velmi blizké slozky, kdy jedna je dominantni a druha relativné mala
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srychlym poklesem amplitudy je vzhledem k nedostateénému rozliSeni
vyhodnocovana analyzou FFT vyhodnocena jako jedna slozka s vyslednou zavislosti
ekvivalentniho kmito¢tu vypoéteného maxima na Case. Pak mlze byt fale$né
vyhodnocovana jako projev &i silnéjSi mira projevu defektu. Proto je vhodné déle
optimalizovat délku vyhodnocovaného Useku Tp. Priklad soubor(i spekter pro délky
15, 25 a 30% z délky Ta je uveden na obr. 8. Zde je zifejmé pozorovatelna nespravné
vyhodnocend hodnota posuvu vlivem nedostate¢ného rozliSeni na obr. 8. a) pro obé
maxima, délka Usekl 25% se jevi jako jiz dostacujici.

Obr. 8. Vliv volby délky useku Tp na kmitoctovou rozliSitelnost: a) Tp=0.15Tx, b)
TD:0.25TA, C) TD:0.3TA.

V algoritmickém postupu je vhodné nejprve podle nastaveného prahu ze souboru
dominantnich maxim vydélit soubor slozek, které prekracuji stanovenou kmito¢tovou
odchylku v ¢asové zavislosti. Nasledné je pak mozné podle zvolenych kritérii dale
eliminovat ty slozky, jejichz kmitoCtovy posuv neni zpusoben defektem. Jedno
z takovych kritérii je napf. smér Casové zavislosti odchylky (jestli kmitocet roste ¢i
klesd), dalSi je zména velikosti odchylky v zavislosti na ¢ase, kdy hodnota odchylky
by méla klesat adekvatné poklesu amplitudy apod. Jako mozny testovany vysledek
Ize pouzit primérnou odchylku ¢i soucet odchylek.

4. Experimentalni ovéfeni postupu analyzy

Pro ovérovani jsme pouzili 5 zaznam( IE signalu z dobrého vzorku a dvakrat 5
zdznamu ze Spatného vzorku naprasklé lopatky turbiny leteckého motoru (obr. 9),
ziskané pro Udery do dvou rlznych mist télesa. Prasklina byla cca 15 mm dlouh4,
uzavfend, ve stfedu lopatky (obr. 9 b). Ziskané hodnoty kmito&tovych odchylek jsou
uvedeny v Tab. 1. Jsou zde uvedeny jak pramérné odchylky jednotlivych méfeni, tak
i pocty vyhodnocenych rezonanénich slozek a soucty ochylek pro kazdé mérfeni.
Ve vSech téchto parametrech je jednoznacéné vidét podstatny rozdil mezi hodnotami
ziskanymi pro dobry a pro Spatny vzorek, pfi€emz druhé méfeni pro Spatny vzorek
s odliSnym mistem uderu vykazovalo ponékud vyS$Si hodnoty nez prvni méfeni
Spatného vzorku.

Tab. 1. Namérené hodnoty kmito€tovych odchylek u dobrého a Spatného vzorku

Cis. Dobry Spatny 1. méfeni Spatny 2. méFeni
méf.| & odch. | Pocet | X odch. | @ odch. | Pocet | X odch | & odch. | Pocet | X odch.
1 5,9 21 123 13,8 53 734 16,7 54 901
2 8,8 23 201 15,1 39 588 19,0 54 1026
3 6,2 36 224 18,1 35 633 19,0 54 1026
(%) 7,0 27 183 15,7 42 652 18,2 54 984
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LSS

Obr. 9. Testovana lopatka s defektem: a) celkovy zabér, b) detail s defektem (zvétSeno 20x).

5. Zaveér

Prispévek ukazuje moznosti algoritmizace pro automatizované testovani defektl
téles s rezonan¢nimi vlastnostmi pomoci ¢asové spektralni analyzy I-E signalu. Tato
metoda vyhodnocuje ¢asovy vyvoj kmito¢tovych odchylek jednotlivych dominantnich
rezonancnich slozek, z néhoz Ize usuzovat na existenci praskliny. Dale rozebira
moznosti vzniku a eliminace nespravnych detekci kmitoc¢tovych posuvl, které nejsou
zpUsobeny defektem. Praktické ovéreni této metody ukazalo jeji pouzitelnost i pro
relativné maly a malo se projevujici defekt navic bez potfeby vytvofeni statistické
sady vzorkd. Oproti v soucasnosti pouzivané metodé [6], [7] m& prezentovana
metoda tfi zakladni vyhody:

1) vySsi citlivost (schopnost detekce mensich defekt(),

2) mensSi citlivost na pfesnost testovacich podminek,

3) schopnost odliSit defekty typu prasklina od rozmérovych nepresnosti.
Tato prace byla podporena prostfedky grantové agentury CR pro grant 102/09/H074.
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Abstract

This paper presents a comparative analysis of nondestructive assessments of the moisture
content in the brick walls of a building structure, made on the basis of respectively
a hypothetical dependence and a correlational dependence. The dielectric technique and
a Uni moisture meter with the B50 probe were used for the nondestructive tests. The
dielectric technique is a popular nondestructive technique enabling one to correctly
determine wall dampness, provided the moisture meter is previously calibrated. It is
recommended to do calibration through a correlation analysis of at least 30 pairs of results
obtained destructively and nondestructively. If it is not possible to destructively obtain such
a large number of results (e.g. because the required number of samples cannot be taken
from the masonry), one can select a hypothetical (approximate) dependence between
moisture meter indication X and the real value of mass moisture content Um. In such a case,
there are usually no more than six pairs of results. If the mass moisture content in masonry is
determined using a hypothetical dependence then the question arises: how close are the
obtained results to the ones which would be obtained using a precise correlational
dependence? This paper provides the answer to this question.

Key words: dampness, moisture meter, hypothetical and correlational dependences

1. Introduction

Many old masonry building structures have ineffective or no horizontal or vertical
wall dampproofing. This is the main cause of their excessive dampness resulting
from the capillary ascent of water from the ground. Specialist moisture tests need to
be carried out in order to eliminate the causes and consequences of moisture
accumulation.

Moisture content measuring techniques are divided into destructive (disturbing the
structure of masonry) and nondestructive (noninvasive) methods. The latter are more
popular since they can be used in any number of places as well as repeatedly at
different times in the same places.

The dielectric technique is a popular noninvasive technique which after the
moisture meter is calibrated enables one to accurately assess the moisture content in
masonry. It is recommended to do calibration through a correlation analysis of at
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least 30 pairs of results obtained destructively and nondestructively. If it is not
possible to destructively obtain such a large number of results (e.g. because the
required number of samples cannot be taken from the masonry), one can select
a hypothetical (approximate) dependence between moisture meter indication X and
the real value of mass moisture content Um. In such a case, there are no more than
six pairs of results. As far as possible, one should then try to use dependencies
previously determined for similar, age- and materialwise, building structures [1].

If the mass moisture content in masonry is determined using a hypothetical
dependence, then the question arises: how close are the obtained results to the ones
which would be obtained using a precise correlational dependence? As part of this
research an attempt was made to find the answer to this question through a two-
stage evaluation of the moisture content in the walls of a building structure, using first
a hypothetical dependence and then a precise dependence determined on the basis
of a correlation analysis.

2. Tests and their results

The brick walls of the cellars in a building dating back to 1850 located in Wroctaw
were subjected to moisture tests. The walls are 50-100 cm thick. The moisture
content in the walls was measured at a height of 20-200 cm from the floor, as shown
in fig. 1, by the nondestructive dielectric method using a UNI moisture meter with a ball
probe and by the destructive drier-balance method using a drier-balance (fig. 2).

moisture
measuring !
points SN
tested \\ '

brickwall . "\

floor-level

Fig.1. Measuring place (each measuring Fig. 2. Moisture meter Uni with probe
place consisted of five measuring points B50 (left) and drier-balance (right).
along wall height).

A dependence between moisture meter indication X and wall mass moisture Up,
was selected in two stages. In the first stage, only six X-Un, pairs of results were
available, as compared to thirty pairs in the second stage.

First using the test results shown in columns 2 and 3 in table 1 a hypothetical
dependence X-Unyp, described by equation (1)

Umn=0.13X-2.35 1)

was selected from the database of the Institute of Building Engineering at Wroctaw
University of Technology. Variation coefficient vy calculated for this dependence
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amounted to 15% > 12%, indicating that the hypothetical dependence was incorrect
and according to [2] it had to be corrected through coefficient C. Ultimately, after the
correction the hypothetical dependence assumed the form of a linear function
described by equation (2)

U,,s=C-U,,=108 (0.13.X-2.35)=0.14 X—2.53. 2

After the correction, the variation coefficient amounted to 10% < 12%. The above
dependence, shown graphically in fig. 3, was used to determine the mass moisture
content in the walls of the tested building (tab. 1, column 5).

Tab. 1. Comparison of moisture meter indications X and mass moisture content
determined by drier-balance method and mass moisture content determined using
hypothetical dependence (1) and corrected hypothetical dependence (2).

Number of | Moisture Mass moisture Mass Mass moisture
testiin meter content determined moisture content Umns
measuring | indication by drier-balance content Upp determined from
place j. X method determined corrected

10 U from dependence (2)
[i/]] 1 m
[] dependence %]
[%] Q)
[%0]

1 2 3 4 5
1/2 40 2.80 2.85 3.07
2/3 55 6.20 4.80 5.17
3/8 70 7.00 6.75 7.27
4/9 100 12.00 10.65 11.47
5/13 125 15.00 13.90 14.97
6/14 140 16.00 15.85 17.07

z 59.00 54.80 59.02

In the second stage, when permission was obtained to carry out destructive tests
in the next 24 measuring places, a correlational dependence was determined on the
basis of thirty X-Un pairs of results (tab. 2). This dependence, shown graphically in
fig. 3, is described by linear function (3)

U,,=012X-111. @)

The obtained correlational dependence Umk was subjected to verification consisting
in checking the scatter around the average and proving that the correlation met
correlation accuracy according to [2]. The above dependence was used to determine
the mass moisture content in the walls in all the measuring places (tab. 2).
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Tab. 2. Comparison of cellar mass moisture content measurement results obtained
by nondestructive dielectric method and by destructive drier-balance method [3].

Measuring place 1 |/]2]3 |4 5 |6|]7[8] 9|10
23 X |103|87|93 |BD| 58 |48|BD |70 130|117
2E<L 20
SETS Un [%]]| 12 7
X © =
c*%gm X | 99 |82|55 | BD| 42 |39|BD | 61 [100| 89
S c3 50
8&‘;:;«’3 Un [%] 10 /6.2 12
28 X |90 |77 |51 |BD| 40 |37| 76 | 50 | 50 | 82
-282% 5 |100
SESD Unl%]| 11 | 8
0L g
ESz2o X | 87 |40 32 |BD| 34 [32| 70 | 44 | 37| 78
gosggo 150
2eskE Un [%]|10.5]|2.8
328 c
223§ soo X179 |21 27 | 64| 28 |30 38 | 38 |32 |52
>
ES Un[%]| 9 |15 3
Measuring place 11 (1213 |14 | 15 |16| 17 | 18 | 19 | 20
B3FE X | 12872 |125]140| 120 |72| 78 | 74 | 97 | 53
2csceo 20
SEQT Un [%] 15 | 16
X g EB
c3 8L X |104|29]| 70| 95| 92 |55| 66 |63 |52 |35
2% cy 50
§2%3 Un [%] 7
= — o
Eg’im X | 95 |25|54|92| 85 |47|58 |61 |49 |25
22w 100
SESQ Un [%] 6.5 6.5
[T
ESz%= X | 77 |25|50| 90| 80 |42| 54 | 53 | 36 | 24
Loog 150
2225 Un [%] 4 35
@ S g =
2833 X | 44 |24 44 |29 | 73 |38]39 |51 |22]|23
EZS 2007, [%] 15
m Y0 .
Measuring place 21 |22 |23 |24 | 25 |26| 27 | 28 | 29 | 30
EET X |51 |72|51 (130|121 |91]|128|114]| 82 |134
T cco 20
%'E'GE'S‘—.' Un [%]| 5.5 14
X o E06
c8g8 X | 32 (34|46 |30]|120 (89| 77 |108| 80 | 84
2 Scyg 50
HSEE Un [%] 13 |95
SE7 3 X | 27 |27]|37 |29 120 65| 73 | 87 | 66 | 59
-220 100
OETQ Un [%] 25 13.5
0090
ES2% X | 24 |26|31]29 118 |57| 70 | 69 | 55 | 52
8858 |0,
§§§g Un [%] 6
S85D 200 X | 24|25 29|29 117 |37| 44 |55 | 48 | 49
>
E&° Un [%] 2 13.5 5
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Fig.3. Graphical representations of corrected hypothetical dependence
and correlational dependence.

3. Comparative analysis of test results obtained using hypothetical
dependence and correlational dependence

Table 3 shows mass moisture content values determined in the particular
measuring places, using corrected hypothetical dependence UmhS and correlational
(based on a correlation analysis) dependence Umk.

For a comparative analysis four measuring places were randomly selected from
the thirty measuring places. Diagrams plotted for the four measuring places (1, 5, 19
and 22) are shown in figs 4-7.

The diagrams show the mass moisture content along the wall height in a given
measuring place, nondestructively determined using the hypothetical dependence
and the correlational dependence. Figure 4 shows that in the case of the highly damp
walls (Um > 8%) the moisture content values determined using the hypothetical
dependence differ from the ones determined using the correlational dependence by
about 5%, which is not a large difference. The same was found for the medium damp
walls (Um = 5-8%), as shown in figs 6 and 7. Whereas for the walls with little
dampness (Um < 5%) the moisture content values determined using the hypothetical
dependence differ by as much as over 25% from the ones obtained using the
correlational dependence (figs 5 and 6).
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Tab. 3. Comparison of moisture content values Umns and Uk determined using
respectively hypothetical dependence and correlational dependence.

Measuring Height

place [cm] Dependence G 2 | 3 4 6 7 8 9 | 10
_ 20 UmhS  |11.9|9.7|10.5| BD | 5.6 | 4.2 | BD | 7.3 |15.7[13.9
Ss2, Umk 11.3|9.3/10.1| BD | 5.9 | 4.7 | BD | 7.3 [14.5]12.9
%éo\%é 0 Umhs |11.3[9.0/ 52 | BD | 34 | 29 | BD | 6.0 |115] 9.9
Eggg = Umk 10.8/8.7| 55 | BD | 3.9 | 3.6 | BD | 6.2 |10.9] 9.6
§§§§ = 100 UmhS  [10.1]8.3| 4.6 |BD | 3.1 |27 |81 |45 |45 |90
‘751% §§ § Umk 9.7 /81|50 |BD|37|33|80]|49|49]87
g %%fé 150 Umhs 9.7 |31/ 2.0|BD|22|20|73|36|27]84
§§§8 Umk 93 37|27 |BD|30]27|73]42)|33]|83
= 200 Umhs 8504|1364 14|17 |28|28|20]48

Umk 84 |14/21|66|23]25|35]35]|27]5.1

Measuring | Height | oo nqence| 11 (12| 13 | 14 | 15 | 16 | 17 | 18 20

place [cm]
2 Umhs  |15.4|7.6|15.0(17.1|14.3| 7.6 | 8.4 | 7.8 |11.1] 4.9

S-=. Umk  |14.3|7.5[13.9|15.7|13.3| 75 | 83 | 7.8 |10.5] 5.3
§53¢ Umhs  |12.0]15]| 7.3 108|104 52 | 67 | 63| 48| 2.4
= £S5 50
5305 . Umk  [11.4]2.4]| 7.3 [10.3]| 9.9 |55 | 6.8 [ 65| 5.1 | 3.1
> ag
SEE8S 100 Umhs  |10.8]1.0| 5.0 |10.4| 9.4 | 41 [ 56 | 6.0 | 43 | 1.0
S28E5 Umk  [103[1.9]54 (99|91 |45|59 |62 48|19
0 o =
83% Umhs |83 |1.0]| 45 |10.1|87 |34 5049|2508
EEEE | 150
2258 Umk | 8.1[19|49|97|85|39 |54 |53|32]18

©
= 200 Umhs | 3.6 |08|36|15]|77[28]|29|46|06]07

Umk 42 (18|42 |124 7713536501517

Measuring | Height | o 0ndence | 21 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30

place [cm]
2 Umhs | 4.6 |7.6| 4.6 |15.7|14.4]10.2|15.4|13.4| 9.0 |16.2

Soz. Umk | 5.0|7.5| 5.0 [14.5]13.4] 9.8 |14.3|12.6| 8.7 [15.0
§53¢ Umhs | 2.0 |22]| 39|17 |14.3] 9.9 |83 |126] 8.7 | 9.2
Z£2T 50

$S8w % Umk |27 (30|44 | 25]133]| 9.6 | 8.1 [11.9] 85 | 9.0
S al
8;%%% 100 Umhs | 1.3 [13]| 2.7 | 1.5 |143| 66 | 7.7 | 9.7 | 6.7 | 57
ggggg Umk 21 121/33|24133/67 7793|6860
0w o =
5288 Umhs | 0.8 |1.1]1.8 |15 |140|55| 73|71 |52 |48
EFo L 150
2528 Umk | 1.8 (20|26 |24]131]|57|73|72|55]|51
o} o]
= 200 Umhs | 0.8 [1.0] 1.5 | 1.5 |139] 2.7 | 3.6 | 5.2 | 4.2 | 4.3

Umk 18 (19|24 |24 (12933 |42 |55 |47 |48
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Fig. 4. Comparison of mass moisture content along wall height in measuring place
no. 1, determined using hypothetical dependence and correlational dependence.
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Fig. 5. Comparison of mass moisture content along wall height in measuring place
no. 5, determined using hypothetical dependence and correlational dependence.
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Fig. 6. Comparison of mass moisture content along wall height in measuring place
no. 19, determined using hypothetical dependence and correlational dependence.
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Fig. 7. Comparison of mass moisture content along wall height in measuring place
no. 22, determined using hypothetical dependence and correlational dependence.

4. Conclusion
A hypothetical dependence and a correlational dependence were selected on the
basis of nondestructive and destructive tests of moisture content in the brick walls of

a building structure. The comparative analysis of the nondestructive wall dampness

assessments made using the two dependencies showed that:

1) a correctly selected hypothetical dependence can be successfully used to
assess the moisture content in highly and medium damp walls;

2) the mass moisture content values determined using the carefully selected
hypothetical dependence are little different from the ones determined using
the dependence selected through a correlation analysis; the differences
amount to about 5%;

3) when walls are little damp, the difference between the mass moisture content
values determined by respectively the hypothetical dependence and the
correlational dependence is considerable, amounting to 25-30%; in such
a case it is recommended to use the correlational dependence.

References:

[1] Hota J., Matkowski Z., Selected problems relating to dampproofing of walls in
existing masonry structures (in Polish). 24th Scientific-Technical Conference
“Building Failures”, Szczecin- Miedzyzdroje 2009.

[2] Brunarski L., Runkiewicz L., Fundamentals and examples of use of
nondestructive methods in testing of concrete structures (in Polish). Scientific
Papers of the Institute of Building Technology. The Institute of Building
Technology Publishing House, Warsaw 1983.

[3] Pala A., Study of nondestructive methods useful in general construction
(in Polish). MSc thesis. Wroctaw University of Technology, Faculty of Civil
Engineering, Wroctaw 2009.

188 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

APPLICATION OF ACOUSTIC EMISSION METHOD DURING
SETTING AND HARDENING CONCRETE IN TIMBER
AND METAL MOULD

Lubo3 PAZDERA, Libor TOPOLAR, Jaroslav SMUTNY
Brno University of Technology, Faculty of Civil Engineering
Contact e-mail: pazdera.l@fce.vutbr.cz

Abstract

Concrete is a composite materials consisting of five basic components — cement (usually),
water, additions, admixtures and aggregates different fractions. Hydration process starts
after mixing cement and water. Chemical, mechanical and electrical properties are
continuously changed during the process. Application of the Acoustic Emission Method at
setting and hardening concrete samples are described in this article. The samples setting
have made solidification in the wood and metal mould, for the assessment of the effect of
material moulds on the number and nature of acoustic events.

Key words: concrete, acoustic emission, mould, timber, metal

1. Introduction

The setting and hardening process of concrete can be considered as the most critical
time period during the life of a concrete structure. To assure high quality and avoid
problems in performance throughout the life of the material, it is essential to have
reliable information about the early age properties of the concrete. [Popovics, 1971]
The properties of concrete are solely determined by the composition of its ingredients
and the conditions during the setting and hardening process. [Ozturk et all, 1999]
There are many techniques to determine concrete properties. Therefore their
application during early age is very complicated or impossible. [Struble et all, 2000]
Sonic or ultrasonic method can be interesting for following concrete structure during
lifetime. [Rapoport et all, 2000]

2. Theory of measurement

The hydration of cement is exothermic process. During hydration concrete obtain
strength and other mechanical properties but it also shrinks. The shrinkage affects
creation of micro-cracks which lower durability of the concrete. Course of total
volume exchange is affected by temperature development, see Fig. 1. On the basis
of the temperature course is possible to select the best way of concrete curing for
avoiding of micro-cracking. During the early stages of curing the autogenously
shrinkage decreases thermal expansion. After the peak temperature is reached,
however, autogenously shrinkage and thermal contraction act together in reduction
volume creating micro-cracks. [Morin et all, 2002]
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Temperature

Time
Fig. 1. Why is important to know heat development course of concrete [Aitcin, 1998]

To follow the tension changes and/or the crack generation, the Acoustic Emission
Method is used. This method allows us to follow up active (dynamic) processes
inside the structure. In consequence of local tension cumulation inside the material,
there arise focuses of tension and, consequently, potential sources of acoustic
emission. If the tension reaches or even exceeds the critical value at a certain point
the accumulated energy will be released resulting in an acoustic event. This event is
supposed to be accompanied by the formation of a micro-crack. The tension
propagates through the material. The point at which the tension has arisen is called
the acoustic emission source (Fig. 2). For simplicity, let us assume the propagation
medium to be homogeneous and isotropic. In this case, a spherical wave propagates
from the source, its energy decreasing with the distance from the source. Once the
wave reaches the specimen surface it can be recorded by means of an acoustic
emission sensor. It means that the position of the crack can be determined in the
case of homogeneous isotropic materials and appropriate sensor positioning. [Kek et
all, 2004], [Mazal, 2000], [Mazal et all, 2005], [Pazdera et all, 2005], [Uchida et all,
2000]

record, process

sensor

—

: = \Q\\ E
stimulation| | | |@‘1 14 stimulation

@ source of acoustic emission

Fig. 2. Rise and propagation undulation at matters acoustic emission [Kreidl et all, 2006]
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3. Experimental setup

Two samples of length, 400 mm, height, 100 mm, and width, 100 mm, were
measured simultaneously. Four acoustic emission sensors were placed on the
surface of both samples. (see Fig. 3) Two sensors were placed on the sample from
metal and the other two ones on the sample from wood. Each sensor was kept by
specially made holder, so that the contact between sensor and sample surface was
easy to achieve.

Fig. 3. Mounting acoustic emission sensors
(on the left side sample from wood, on the right side sample from metal)

4. Results

Four different mixtures are in graphs in Fig. 4. Each mixture was hardening in wood
(solid line) and metal (dashed line) mould simultaneously. In all cases, the mixtures
in metal mould are showing higher activity of acoustic emission. This higher activity is
particularly evident in the early stage (several hours after mixing). Curve of
cumulative counts of events has a larger slope the metal mould than the wood
mould.
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Fig. 4. Dependence of acoustic emission activity Nc on time t

5. Conclusion

Thus the metal mould has got better thermal conductivity than the wooden mould,
because heat was faster transferred outward, which has given rise to more cracks.
Method of acoustic emission again demonstrated the benefits of its use in the
hardening of concrete particularly in its initial stage, which forms the final properties.
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Abstrakt

V souvislosti s rostoucimi poZadavky zakaznik( v oblasti povrchové kvality vyvalkd je
v soucasné dobé v Trineckych Zelezarnach, a.s. hledana metoda detekce povrchovych
nehomogenit litych sochord. Béhem vyvoje systému detekce nehomogenit bylo odzkouseno
mnoho metod a jako optimalni se ukazala byt laserova triangula¢ni metoda. V této technice
je k detekci povrchu pouZzivan opticky profilomér a namérfend data jsou zpracovavana
softwarem vyvinutym v prostfedi MATLAB. V ramci experimentu doslo ke snimani povrchu
nékolika sochord touto metodou pfimo v provozu a namérené data byly pak porovnavany
s vysledky z defektoskopie pfislusnych vyvalka.

Kligové slova: lit¢é sochory, opticky profilomér, metoda laserové triangulace, povrchova
kvalita

Abstract

Nowadays, in the connection with increasing demands for the surface quality of hot rolled
products evoked by customers is searching a detection method of surface defects of casted
billets in Tfinecké Zelezarny,a.s.. There have been tested many methods of surface detection
during the development and as useful was choose the laser triangulation method. This
technigue includes the optical surface scanner for detection and the measured data are
processed by algorithm developed in MATLAB. As part of the experiment, there has been
scanning the surface of several billets in the operating conditions and the measured data
were compared with the results of the non-destructive defection of rolled products.

Key words: casted billets, optical surface scanner, Laser triangulation method, surface
quality
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Uvod

V soucasné dobé je automobilovy primysl jeden z hlavnich odbératelt oceli
z Tfineckych Zelezéren, a.s. Jedna se o odbératele, ktery ma své striktni poZzadavky
nejen na mechanické vlastnosti oceli, ale také na povrchovou kvalitu vyvalkd. Pravé
poptavka po povrchové ,bezvadné“ oceli je hybnou silou, ktera nuti vyrobce oceli

hledat pfi¢iny vzniku povrchovych anomalii v technologickém toku materiélu.

Hlavnim odrazovym mistkem se v této souvislosti ukazuje byt kontrola povrchové
kvality litych sochorl, tedy materidlQi, které jsou hutnim polotovarem a zaroven
vstupnim materidlem pro naslednou vyrobu ty¢i a dratl. V souasné dobé se
takovéto kontroly provadéji pouze opticky, pficemz vysledky této kontroly jsou silné
zavislé na detekéni schopnosti pozorovatele.

Z tohoto divodu bylo experimentainé zkouseno nékolik metod pro automatickou
detekci a vyhodnoceni vad, jako pfiklad takové metody Ize uvést magnetickou
praskovou detekci, indukéni ohfev s termografii, metodu vifivych proudu aj. Lze fici,
Ze vzhledem k podminkam povrchu predlitku méla kazda z metod uréité vyhody,
zaroveni vSak i omezeni, které nedovolovalo jejich provozni pouZiti.

Na zakladé téchto vysledkl zapocal v Trineckych Zelezarnach, a.s. ve spolupraci
s VUT Brno vyvoj nového automatického systému detekce anomalii ha povrchu litych
sochor(, pficemz pro zakladni detekci povrchu byl vyuZit princip optické triangulace
k bezkontaktnimu mérfeni povrchu [1]. Nedilnou souc¢ésti detekéniho systému je
algoritmus vyvinuty v prostfedi MATLAB, ktery zpracovavd zaznamenané data
a vyhodnocuje je v zavislosti na vstupnich parametrech pro odpovidajici material
monitorovaného sochoru.

Pro posouzeni ucinnosti tohoto systému detekce byly experimentélné snimany
lité sochory o prdfezu 150 x 150 mm a byla hledana korelace mezi nehomogenitami
nalezenymi na povrchu kontislitku s anomaliemi nalezenymi defektoskopii tyci
odvélcovanych z danych sochor(.

Metoda laserové triangulace

Snimani povrchu bylo provadéno s vyuzitim laserového profiloméru ScanControl
2750-100 od firmy MICRO-EPSILON, jehoz princip ¢innosti, pouziti a zplsob méreni
je patrny z blokové schéma uvedeného na Obr. 1.

Pouzity laserovy skener oznacovany jako laserovy profilomér vyuziva principu
triangulace pro dvourozmérnou detekci profill na méfenych plochach. Pomoci
specialnich ¢ocek se ¢oprovany laserovy paprsek rozSifi na staticky liniovy laserovy
paprsek, ktery dopada na zkoumany profil. Difuzné odrazené zareni z nerovnosti
povrchu je zaznamenano snimaci CMOS-matici pfes kvalitni opticky systém.
Vystupni signal zavisi na frekvenci spousténi laseru a pomoci vnitfniho synchronniho
detektoru je demodulovan. Kromé informace o vzdalenosti (osa z), jsou vyuZity
parametry z citlivé snimaci matice pro uréeni pozice vose x. Tyto naméfené
hodnoty tvofi vystupni data ve dvoudimenziondlnim systému soufadnic, ktery je
stanoven s ohledem na polohu méfeného profilu viéi senzoru [2,3]. V piipadé
pohybu objektu (mérfeného vzorku) nebo posuvem senzoru, je proto mozné ziskat 3D
obraz namérenych hodnot. Profilomér disponuje kompenzaci podle druhu méniciho
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se povrchu, a to v redlném Case. To umoznuje méfit vici velkému rozsahu materiall
(napf. lesklé kovy, ¢erna guma nebo lesténé povrchové Upravy).

matice senzord
phijimat
2droj svétla

mifici rozsah 05a-2
(viika profilu)

mikfici rozsah osa-x
(3itka profilu)

Obr.1 Princip ¢innosti laserového profiloméru firmy MICRO-EPSILON
Fig1 Operating principle of optical surface scanner MICRO-EPSILON

Neméné dullezitou operaci tohoto detekéniho systému je zpracovani téchto
vystupnich dat. Vtomto sméru byl na VUT Brno vytvofen algoritmus v prostfedi
MATLAB, ktery v prvni fadé odstrani filtraci parazitni efekty vzniklé v pribéhu
skenovani povrchu sochoru, zvyrazni povrchovou struktury sochoru pomoci metody
STA/LTA (short-term average/long-term average) a dale pak podle zadaného prahu
oddéluje defekty od oscilacnich vrasek. Hodnota prahovani je zalozena na uvaze, ze
defekty se nalézaji ve vétsi hloubce nez oscilacni vrasky. Metoda STA/LTA se bézné
pouziva pro odhad pfichoziho Casu zemétfeseni v seismologii [4] a udalosti
v akusticke emisi [5,6].

V konec¢ném dusledku je tak kazdy defekt oznacen, jsou vypsany jeho
souradnice od zacatku sochoru (Obr.2), jeho hloubka a velikost, tvar a orientace
(Obr.3). Vysledky jsou tedy k dispozici jak v grafické, tak i Ciselné podobé a lze
s nimi dale jednodus$e pracovat.

2m 2-4m 10-12m Majoritni osa
7 T o [mm]
i Minontni osa
X d‘ef‘ekli i [ mam) ',
i sochor ¢ e
H Defekt
v
—
XS -
Obr. 2 Sochor — useky a defekty Obr.3 Popis defektu
Fig.2 Billet — sections and defects Fig.3 Description of the defect
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Experiment

V ramci experimentu dos$lo k méfeni povrchu sochord optickym profilomérem
pfimo v provozu. Byly nasnimény vybrané kusy sochori ze vSech &tyfech stran
o prumérné zkusebni rychlosti pohybu sochoru 0,36 m/s (Obr.4).

Obr.4 Sniméni povrchu sochoru laserovym profilomérem
Fig. 4 Surface scan of the billet

Ziskané data byly nasledné vyhodnoceny algoritmem, ktery nalezl oscilagni
vrasky, defekty a oblasti bez oscilacnich vrasek na povrchu sochoru. Na Obr. 5 Ize
vidét graficky vystup zpracovany algoritmem softwaru, kde oscilacni vrasky jsou
znaceny modrou barvou, oblasti bez vrasek zelenou barvou a samotné defekty
znaceny Cervenou barvou.

Zpracované vysledky byly podrobeny statistické analyze, ktera byla zaméfena
na zjisténi zakladnich odliSnosti parametrl defektt a anomalii mezi stranami sochoru
apo plode jeho jednotlivych stran (boku). Prakticky Slo o zjisténi zavislosti mezi
defekty a anomaliemi, detekci pfipadné periodicity vyskytu, shlukd defektd a indikaci
odli$nosti vyskytu defektl a anomalii na stranach sochoru.

Obr. 5 Nalezené defekty, oscilacni vrasky a oblasti bez vrasek na sochoru pomoci algoritmu
vyvinutého v prostiredi MATLAB
Fig.5 Defects, oscillation marks and areas without oscillation marks found on the billet
surface with algorithm developed in MATLAB
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Z analyzy vyplynulo, Ze nejvice defektd a anomadlii se vyskytovalo v rozich
sochor(i (Obr.6) a jejich nejcetnéjsi uhel natoceni byl 0° a 90° (Obr.7), tedy, Ze se
jednalo hlavné o nehomogenity podélné a pficné. Vysledky také naznacily, které

strany sochoru mohou byt nachyInéjsi na vyskyt defektl a anomalii.

Scatterplot

Histogram
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Obr. 6 Mista vyskytu anomalii na sochorech Obr. 7 Orientace anomadlii na sochorech
Fig. 6 Occurrence of defects on the billets Fig.7 Orientation of defects on the billets

Obr.8 Korelace vysledku defektoskopie ty¢i se skeny povrchu sochoru
Fig.8 Correlation of results of bars defectoscopy with scans of billet surface
Nasnimané sochory byly v dalSi fazi experimentu odvalcovany do ty&i pr. 70 mm.

TycCe byly defektoskopovany na lince Cirkoflux na hloubku vady 0,52 mm a nalezené
defekty na tycich byly po prepoctu porovnavany s defekty nalezenymi na sochorech.

DEFEKTOSKOPIE 2012 199



Na Obr.8 je patrny pfiklad srovnani vysledk( povrchovych anomadlii zjiSténych
defektoskopickym zafizenim Circoflux na ty€ich & 70 mm (spodni z&znam),
dolozenymi fotografiemi pfisluSnych podélnych trhlin, s grafickym vystupem
zpracovanych dat z laserového profiloméru z pfislusného sochoru.

Lze fici, Ze se v této fazi experimentu podafilo kazdé anomalii, vyskytujici se
na tyci, dohledat pfisluSnou nehomogenitu v odpovidajicim mist¢ na povrchu
sochoru. Na druhou stranu vSak systém zpracovani ziskanych dat ukazal, Ze pro
prokdzani relevantnosti danych vysledk( je nezbytny dal$i vyvoj laserové
triangulaéni metody.

Zaver

V souvislosti s rostoucimi pozadavky zakaznikd v oblasti povrchové kvality byla
v Tfineckych Zelezarnach, a.s. zkou$ena laserova triangulaéni metoda detekce
povrchovych nehomogenit litych sochorl. V ramci experimentu doslo ke snimani
povrchu nékolika sochorl touto metodou pfimo v provozu, pficemz namérené data
byly porovnavany s vysledky z defektoskopie odvalcovanych ty¢i priméru 70 mm.

Vysledky tohoto srovnani poukazaly na vzajemnou spojitost anomalii sochor/ty¢,
coz muze byt vyborné pro dal$i vyzkum vtéto oblasti. Nicméné samotné
zpracovavani dat je vzhledem k celkovému objemu informaci a dal§im vlivim natolik
citlivé, Ze pro celkové zhodnoceni laseroveé triangulaéni metody bude potfeba provést
dalSi experimenty.
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Abstrakt

Tento c¢lanek je zaméren na praktickou stranku mérfeni ultrazvukem v elektrarnach,
chemickych vyrobnach a rafinériich metodami Phased Array a TOFD vcetné pomoci
mechanizovanych prostredkd. Praktické priklady praktické stranky uskute¢nénych méreni —
kontroly tlakovych nadob a potrubi, kontroly svarovych spoju, kontrola na pritomnost
a rozsah poskozeni nadob blistry a jinymi vadami.

Klicovéa slova: zkouSeni vizudlni, kapilarni, magnetické praskové, tésnosti a ultrazvukem,
prozafovani, MFL kontrola dna, magnetické rozptylové toky, manipulator, Splha¢, phased
array, TOFD

Abstract

This article describes the practical examples of ultrasonic measuring in power and chemical
plants and refineries by means of Phased Array and TOFD methods using manipulators
included. The examples of performed inspections from practice - real measuring of
pressurised vessels and piping, welds inspection, HIC blister damage and other flaw
identification.

Key words: visual, penetrant, magnetic particle, leak and ultrasonic testing, radiography,
floor inspection by means of MFL, magnetic flux leakage, manipulator, crawler, phased
array, TOFD

Uvod

Skladovaci tanky na ropu a ropné produkty jsou velké nadrze slouzici k uchovani jak
surovin, tak meziproduktl a vyslednych produktl jako je napfiklad nafta a benzin.
Nejedna se vétSinou o zadné malé objemy — skladovaci nadrze neboli tanky maji
primér az kolem 50 metrd a vySku 20 m. Samoziejmé, Ze jsou ale bé&zné i mensi
obcas i vétsi. Nejmensi jsou pod deset metr(i v priiméru. Bez ohledu na velikost vSak
obsahuji latky, které nejsou pro Zivotni prostfedi pfiznivé a pfi pfipadné netésnosti
kromé& zna¢nych materidlnich Skod také velmi negativné ovliviiuji jak blizké tak
i vzdalené okoli. Proto se kontrolam stavu téchto nadrzi musi vénovat nalezita
pozornost. Koneckoncd stavu nadrZi skladujicich tyto produkty se nevénuji pouze
normy, ale i Vyhlasky a dokonce Zéakony, jako napf. Zakon o vodach.

Tento pfispévek ma za ukol poskytnout zakladni informace o realném provadéni
inspekci skladovacich nadrzi pomoci metod nedestruktivniho zkouSeni tak, jak je
provadéna pracovniky spole¢nosti TEDIKO, s.r.0.
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1. Z&kladni metody

Oblast nadrzi fesi rdzné normy a predpisy — od jejich navrhu, pfes vystavbu
a provozovani, po udrzbu a tedy i kontroly. Jednémi z nejznaméjSich jsou napfiklad
predpisy API, napf. APl Standard 653 Inspekce, opravy, Upravy a rekonstrukce tanki
nebo APl Recommended Practice 575 Navody a metody inspekce atmosférickych
a nizkotlakych skladovacich tankd. Tento ¢lanek ale neméa za cil presentovat obsah
APl ani jej nijak zvlast vysvétlovat, ucelem je zaméfit na oblast NDT a jejiho
vykonavani na skladovacich nadrzich s upozornénim na néktera specifika.

Zcela zakladni, pfitom nejjednodussi ale zaroven i zcela nejpodcenovanéjsi metodou
je zcela bézna kontrola vizualni, tedy vtomto pfipadé pfiméa vizualni kontrola.
Je pozoruhodné, jakou provozni slepotou ¢asto trpi persondl provozovatell. | kdyz
na druhé strané — kdo neni postizen provozni slepotou a branim véci za standard,
kdyz stale vidi v podstaté totéz ?

Dal$i dulezitou kontrolou je ultrazvukova kontrola a to jak méreni tlousték stén tak
kontrola svarovych spojl, s tim je spojena i kontrola prozarenim, kterd ma ovSem
vzhledem k charakteru kontrolovaného zafizeni moznosti velmi omezené a to
pfedevSim na hrdla. Magneticka praSkova a kapilarni kontrola jsou nezastupitelné
pro zkou$eni svarovych spojl, pfedevsim z vnitini strany. Specidlnimi kontrolami
jsou kontroly dna — kontrola tzv. ,floor-scannery” pfip. kontrola tésnosti, akusticka
emise apod.

Kontroly se provadéji ,on“ nebo ,off*. Tzn. provadéji se jak za provozu, tak za
odstavky. V pfipadé provozovaného zafizeni je samoziejmé kontrola mozna pouze
zvnéjSku nadrze (a to jeSté ne ve vSech pfipadech). V pfipadé odstavky se
pfedpoklada odcéerpani produktu, vy¢isténi nadrze pro kontroly a provedeni kontrol
i zevnitf tanku. Kontrola dna neni ani jinak mozna.

2. Zakladni specifika kontroly

Kontroly skladovacich nadrzi maji jednu charakteristickou a pro provadéni kontroly
znepfijemnujici vlastnost. Jedna se vzdy o bezpec¢nostni riziko. Skladované produkty
jsou hoflavé, prostiedi i zdravi Skodlivé. | samotny pohyb v tankovisti (jak se nazyvéa
misto se skladovacimi nadrzemi) podléha pfisné regulaci.

Nadrze jsou jak nadzemni tak pod Urovni zemé, v pfipadé LPG se jedna navic ¢asto
i 0 kulové nadzemni z4sobniky. Nékteré zasobniky/ tanky jsou pfimo ulozené v zemi
(zasypané) a to ¢astecné ¢i uplné. U nékterych zasobnikd/tankl je meziprostor mezi
sténou samotné nadrze a vné&jSi bariérou — betonovou sténou, ktera je jesté nékdy
z vnéjSku zasypana zeminou.

Pokud se kontrola provadi za provozu v tzv. meziprostoru, mohou nastat problémy
s H,S. Podobné pfi kontrolach nadrzi pfi odstavce je nutné nadrz povazovat za tzv.
uzavienou nadobu, kde je opét nutné brat v Gvahu razna rizika atmosférou pocinaje
a hoflavym ¢i vybusnym prostiedim konce. A dale 99% zafizeni pouzivaného pfi
NDT kontrolach neni v provedeni do vybuSného prostiedi, tzn. mohou predstavovat
bezpecnostni riziko Dale se provadi tzv. dozor, tzn., Ze pokud inspektor pracuje ve
skladovaci nadrzi, musi nékdo jiny na ného z venku dohlizet a v pfipadé problému
zasahnout. Ztoho vSeho vyplyva, ze ke kontrolam v nadrzich nelze pfistupovat
z bezpeénostniho hlediska tak, jako se k NDT kontrolam €asto pfistupuje.
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Problém H2S, dychatelného prostiedi a prostiedi nevybu$ného je vubec jednou
z primarnich zalezitosti. Proto pracovnici provadéjici kontrolu musi mit osobni
detektory i analyzatory prostfedi. Takze pokud provadéji napfiklad RTG, jsou zcela
ovéseni riznymi detektory, méfaky, pfipadné dalSimi prostfedky BOZP.

3. Vizudlni kontrola

Jak bylo fe€eno vySe — zcela ,podfadna“ NDT zkouSka, avSak s vysokou vypovidaci
schopnosti, pokud se inspektor na zafizeni divA spravné a jesté o tom premysli.
V nadsazce lze fici jako v letitém vtipu — podivame-li se na néco poradné a zblizka,
je tampr.... atd.

Pfi zpracovani ropy je vzdy dostatek suroviny pro pékny ohnicek, proto je potfeba
mimo jiné udrzovat nadrz a jeji okoli v takovém stavu, aby se zde nenachazely napf.
porosty, které kromé toho, Ze jsou hoflavé, tak také rozrusuji betonové zaklady Gi
vany pro zachyt média. Jist¢ nelze povazovat za vyhovujici stav nadrze, kde
z betonu z&kladu vyr(sta stromek ve stafi nékolika let a rozhrani nadoby a podkladu
je plné smési tvofené zbytky hliny, oloupanych zbytk( natéru, mechu a naletu travin.
Vizudlni kontrola provadéna vné nadrze tedy slouzi k ohodnoceni jak celkového
stavu, tak jednotlivych ¢éasti, a na jejim zakladé Ize pfijimat prvotni napravna
opatfeni. Kromé obhlidky okoli samoziejmé spociva v kontrole stavu ochrannych
natér( nadrze piipadné izolaci a to i z pohledu zatékani vody pod izolace. Zatékajici
voda mUzZe byt zdrojem koroze pod izolaci (teplota skladovanych médii nemusi byt
totozna s teplotou okoli, nadrze mohou obsahovat i topné hady a michadla, takze
izolace je nutnou zalezitosti). DulezZitou ¢asti kontroly je stfecha a hrdla z nadrze
vychazejici. Vizualni kontrola samoziejmé ukaze na mista, ktera zasluhuji pozornost
z hlediska jinych kontrol. PFi odstaveni tanku z provozu se provadi vizualni kontrola
z vnitfni strany a to nejenom dna a stén ale i pfipadné vnitini vestavby — vytapécich
hadd, michadel atd.

Na niZze uvedenych obrazcich jsou ukazany zakladni problémy skladovacich nadrzi
zjiStované pfi vizualni kontrole provadéné zvnéjSku. Kromé relativné béznych
problému snadno odhalitelnych jako je pfitomnost vegetace, poskozeni natér(i nebo
koroze v mistech, kde se muZe zdrzovat voda, je problémem také zraku skryta
koroze — v mistech zatékani vody pod izolaci. Nejedna se jenom o klasickou izolaci
pomoci vaty a krycich plech(, kterou Ize relativné jednoduse odstranit i obnovit.
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Nékteré nadzemni nadrze spevnou stfechou ale také maji izolaci stfechy
provedenou pomoci pevné Inouci pény. Tady je situace s odstranénim a obnovou
horSi. Bez odstranéni izolace ale Ize jen velmi obtizné diagnostikovat korozi pod
izolaci. Obrazky niZe ukazuji stav pod klasickou izola¢ni vatou na sténach a pod
odstranénou pénou na stfeSe tanku. V obou pfipadech jsou velmi dobre vidét mista
zatékani vody s vyraznou korozi vedouci az k prodéravéni plechd

V pfipadé kontroly vnitfku skladovaciho tanku, ¢ili za stavu ,OFF*, se posuzuje stav
vSech konstrukénich ¢asti — plasté, podlahy, stropu, pfipadnych vestaveb véetné
otopnych systémU. A¢ by se mohlo zdat, Ze neni dlvod, aby byl vnitini povrch néjak
zvl&st poskozen, opak je asto pravdou. Lze najit poSkozeni dalkovou korozi, dalky
atrhliny vtepelné ovlivnéné zoné svarovych spoju, pozUstatky tzv. pFichytnych
svarovych spoju, plosnou korozi.

Kontroly provadéné uvnitf tanku maji jeSté tu specifiku, Ze nékteré nadrze nemaji
pevnou stfechu, ale jsou vybaveny tzv. stfechou plovouci, to znamena, Ze pokud je
nadrz vyprazdnéna, tak je stfecha ve spodni poloze a vzdalenost podlahy a stropu
neni zrovna velkd. DalSim specifikem je nedostatek svétla, protoze nadrze maji
omezené mnozstvi nikterak velkych vlezd. Vnitfek nadrze je také pro kontrolu nutné
vycistit, tzn. odstranit zbytky skladovacich latek a vylou€enych usad. Pokud ma byt
provadéna detailni kontrola dna (pfedevsim dalSimi metodami NDT), je nutné dno
dokonce pfipravit piskovanim. Na néasledujicich obrazcich jsou uvedeny dva zakladni
pfiklady — poskozeni dllkovou korozi a poskozeni jak svarového spoje tak tepelné
ovlivnéné zény. llustracnich pfikladd je k dispozici tolik, Ze je lze ukazat pouze
Vv prezentaci
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4. Kontrola ultrazvukem

ultrazvukem, predevS§im meéfeni tloustky stén. Kontrola tloustky dava zakladni
pfedstavu o stavu jednotlivych lubl (to jsou ta mezikruzi, z nichz je sestaven plast
tanku). Tloustka plecht, z nichz jsou jednotlivé luby svareny, se méni s vySkou —
tedy vySSi luby maji z konstrukéniho hlediska mensi tloustku stény. Vnitfni koroze
neni stejnomérna a v rdzné vysce muize byt rizna, za provozu samoziejmé zrakem
nezjistitelna. PoSkozeni vnéjSi korozi, pokud neni tank izolovan, je samozfejmé
identifikovatelné vizualni kontrolou.

Ke kontrole se pouzivaji v podstaté bézné ultrazvukové tloustkoméry. My ovSem
zasadné pouzivame tloustkoméry s grafickym displejem a s ukladanim dat v siti.
Zéaroven tyto tloustkoméry umoznuji méfit tloustku stény pres barvu. To je velmi
dulezité, protoze ne vzdy je mozné odcistit povrch na holy kov a pii ,vzdaleném*
(remote) méfeni bez stavby leSeni to neni ani technicky mozné. V zasadé se provadi
méfeni bodové. Toto méreni tlousték dna, stén, stropd, hrdel a dalSich casti
skladovacich nadrzi patfi k zakladnim metodam, jak z hlediska zjisStovani okamzitého
stavu nadrze, tak zpohledu dlouhodobého sledovani. RozloZeni jednotlivych
meéficich bodd je v souladu s inspekénimi plany provozovatele nadrze, pfipadné je
provozovateli navrZzeno na zakladé praxe a v souladu s jeho pozadavky .

Soucasti méreni tlousték vSak muaze byt i pofizovani B-scanl kolmych na dno tanku
a to prfedevSim ve spodnich partiich plasté u dna, protoZe tato oblast je z pohledu
Ocekava se zde zvySeny ale pfitom z hlediska poSkozeni proménlivy rozsah koroze
— napf. ve spodni ¢asti stén tanku u koutovych svard se dnem, v mistech kolisani
hladin apod. Vysledkem je profil tloustky v choulostivé ¢asti tanku. V tomto pfipadé je
ale nutné doporucit pfipravu plochy pro B-Scan, pokud ma byt provedeno relevantni
méfeni.
Zcela zvlastni kapitolou je méreni tloustky ve vysSich ¢astech tanku. Pro tato méreni
je nutné bézné postavit leSeni, coz pfinasi velmi vysoké naklady na kontrolu, vétsi
bezpecnostni riziko padu a stejné zlstavaji prostory, do kterych za provozu nelze jen
tak vstoupit — napf. jiz zminovany prostor mezi sténou tanku a betonovym
mezikruzim, kde za provozu hrozi nebezpeci nedychatelné atmosféry s pfipadnym
zvySenym obsahem H,S.

V téchto pfipadech se provadi bodové méfeni ultrazvukem pomoci Splhace
vybaveného ultrazvukovou sondou pro méfeni tloustky stén. V soucasnosti mame
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k dispozici vyvinuté dva typy $plhade. Ctyrkolovy $plha¢ je Uspé&3n& pouZivan
intenzivné jiz tfeti rok. Jedna se o robustni dalkové ovlddany podvozek vybaveny
ultrazvukovou sondou s dostate€nymi stupni volnosti pro kopirovani povrchu
a zafizenim pro tvorbu akustické vazby, které je propojeno s méficim pfistrojem —
ultrazvukovym tlouStkomérem. Zafizeni je ovladano dalkové operatorem, ktery stoji
na zemi a na dalku ovlada a Ffidi pohyb Splhace a zaroven odecita zméfenou

tloustku.

Tiikolovy Splha¢ je ve stadiu testd a a kromé tfikolového podvozku je hlavnim
znakem sniZzena vaha a vy$§i rychlost i ovladatelnost zafizeni. Tato méreni Ize
samoziejmé provadét jen v pfipadé neizolovanych tanki a tankd z uhlikovych
konstrukénich oceli.
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Kromé méreni tlousték je soucasti i kontrola svarovych, kde se pouzivaji postupy jak
klasického ultrazvukového zkouSeni tak TOFD a Phased Array. Pouziti PA je
v nékterych pripadech zcela nezastupitelné, protoze rfeSeni mnoha svarovych spoja
je s konstrukénim neprlivarem pripadné se jedna o T- spoje ¢i koutové svary.

5. Kontrola svarovych spoja

Ke kontrole svarovych spoji se kromé ultrazvukové kontroly jesté pouZivaji metody
kapilarni a magneticka metodou praSkova a také se provadi kontrola tésnosti
metodou vakuovou.

Oba typy uvedenych povrchovych metod zkouSeni se pouzivaji predevSim ke
kontrole svarovych spojli dna. Zakladni podminkou pro provedeni je pfiprava
povrchu a to byva v nékterych pfipadech problém, pfedevSim pokud se tyka metody
kapilarni. Také z davodu rychlosti zkousky a jednodussiho feSeni se preferuje
predevsim magneticka kontrola praskova fluorescencéni. Povrch se ke kontrole
pfipravuje brousenim nebo opiskovanim.

Kontrola svarovych spojii dna na pfitomnost trhlin je obecné velmi dulezita, protoze
dno se sice d& zkontrolovat témér celé pomoci floor-scannerl, ovSem pravé
s jedinou vyjimkou a tou je kontrola svarovych spoji. ProtoZze povrchové metody
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nefikaji nic o tom, zda trhlina komunikuje s obéma povrchy, provadi se ¢asto kontrola
tésnosti bublinkovou metodou s pouzitim vakuovych komurek.

Hloubka trhlin se uréuje bud potenciometrickou metodou, pomoci phased array nebo
se téz provadi (dovoluji-li to podminky — geometrie a rozmér) pomoci TOFD.

6. Kontrola plecha dna

Kontrola dna se da provadét tfemi zplisoby a vSechny tfi jsme néjakym zpUsobem
béhem témér desetileté zkuSenosti z kontrolami realizovali bud' vlastnimi silami nebo
v kooperaci. Ve vSech pfipadech je nutnd minimalni pfiprava dna. Kontrola
magnetickou metodou praSkovou je asi z uvedenych kontrol nejméné casto
pouzivana, vzhledem k tomu, Ze touto metodou se hledaji pfedevsim trhliny a ty se
nachézeji v oblasti svard. Castsji je pouZivana kontrola t&snosti pomoci vakuovych
komarek. Je provadéna v navaznosti na kontrolu dna pomoci takzvanych floor-
scannerq, tedy zafizeni uréeni ke kontrolam dna (,podlahy*)

Ve spolupréaci se zahrani¢nim partnerem provadime kontrolu zafizenim pracujicim na
bazi MFL/ET. Zafizeni obsahuje desitky meéficich sond/senzor(i pomoci kterych je
tedy kontinualné zjistovat tloustku plechud. Vzhledem k tomu, Ze zafizeni je vybaveno
systémem sledovani polohy, je vysledkem mapa dna s vyobrazenymi polohami vad
rozdélenymi barevné podle hloubky poSkozeni a mapa tlousték ve formé vrstevnic.
Mérfeni je relativné rychlé a s témér okamzitym vyhodnocenim.
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7. Ostatni metody

Kromé v8ech vySe uvedenych metod se pouziva téz prozarfovani. OvSem vzhledem
k charakteru kontrolovaného zafizeni Ize provadét vétSinou jen kontrolu hrdel — tzn.
natrubkl vychazejicich ze skladovacich nadrzi — kontrola se provadi predevsim na
zeslabovani.

Kromé klasickych NDT kontrol Ize pouzit také novéjSi metodu magnetické paméti na
vytipovani mist, ktera se nasledné zkontroluji jinymi metodami.

ProtoZze skladovaci nadrz/tank je velmi velké zafizeni obsahujici bézné tisice tun
ropy, ropnych produktli, chemikalii, je celd konstrukce namahana znacnymi silami.
Ty se jeSté méni stim, jak se méni plnost tanku. Navic jsou zde také vlivy
konstrukéni a vlivy dané vyrobou. Diky tomu takovato nadrz stale ,pracuje”.
Napiiklad si sedd, na dno pusobi veliké tlaky atd. Proto jsou dullezita i jina -
geometricka méreni, kterd mapuji sedani tanku, odchylky stén od svislice apod.

DETAL

+21mm
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Armage o/ 1620/ 020w méritko
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1:200/20

Pl 068 M e AT
Vinaal 12016 44 e / 1636 1D

Zaver

Smyslem tohoto pfispévku bylo ukézat problematiku diagnostiky skladovacich
nadrzi. Nejedna se o pouhou defektoskopii ale o multidisciplinarni pfistup. Kazdy
zpUsob zkouseni, kazda uloha chce ,svoje“. Sam jednotlivy vysledek z konkrétni
metody pfinasi pouze dil€i informaci, ktera slouzi k sestaveni mozaiky avSak sama
0 sobé nese pouze malou informaci. Vyhodnocenim vSech informaci je ale mozné
vyhodnotit nejen okamzity stav zafizeni ale také predikovat vyvoj — to znamena i jeho
Zivotnost.
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Abstract

In this investigation the dynamic response of specimens under vibrational load was monitored to detect
possible damages non-destructively. Our objective is to extract modal parameters of both original and
defected specimens using non-contacting measurements. The presence of a defect causes an alteration of
the specimens mass and stiffness leading to changes of frequency response and damping ratio. The test
specimens were thin steel plates. A small amount of additional mass was glued to some of the samples to
simulate a defect. An electromagnetic shaker was used as vibration source and the dynamic response was
recorded with a scanning laser Doppler vibrometer (SLDV).A periodic chirp signal was applied in order
to excite resonant frequencies of the plates. Finite Element Analysis (FEA) was employed to calculate the
influence of defects on natural frequencies and mode shapes of the specimens. The experimental results
for original and defected specimens were mathematically compared with use of the correlation coefficient
method. Thereby, it was found that the values for resonant frequencies are suitable parameters to
distinguish original and defected specimens. FEA and experiments are in a close agreement verifying the
reliability of the method.

Keywords: laser vibrometer, Finite Element Analysis, correlation coefficient, damping ratio

1. Introduction

Monitoring the presence of damages and realizing causes ofpossible failureis an important topic
of quality control in engineering science. Amodern branch of science which is in particular
focused on such assessments is called structural health monitoring (SHM). Several non-
destructive methods such as X-Ray imaging, ultrasonic methods, thermal - and eddy current
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methods are capableof detecting damage without any contact with the structures [1, 2]. However,
these methods are sometimes time consuming and costly. Another method to detect the existence
of damageis based on measuring the dynamic response of structures under vibrational load. It is
the purpose of this method to extract modal parameters such as resonant frequencies, mode
shapes and damping ratios of damaged samples and compare them with the modal parameters
of undamaged specimens.The change of modal parameters in damaged samples is a consequence
of alterations in mass and stiffness in the region of a defect. The vibration analysis is supposed to
be an efficient way to discover possible damages because of its easy execution and reliability,
and because of its ability of acquiring both local and global information of the structures [3].
In order to implement this method, the structure has to be excited by an external vibration source
and the response needs to be gathered utilizing measurement tools. In the present study, we have
employed an electromagnetic (EM) shaker to impose the vibration force and a scanning laser
Doppler vibrometer (SLDV)provided by Polytec GmbH was used to record the dynamic
response of the structure. Thereafter, the modal parameters of damaged and undamaged samples
were compared with use of the correlation coefficient (CC) [4]. Thereby, a useful criterion for
the detection of damage was established.

2. Experimental Setup

The samples used in the present investigation were thin plates of steel with slits as depicted
in figure 1a. The dimensions of the plates were 28.5mm x 96.3mm x 0.25mm.The existence of
some damage was simulated by gluing an extra mass onto thesurface of the sample as depicted in
figure 1b, schematically. The weight of the extra mass was modified as indicated in table 1 in
order to investigate its influence on the vibration mode. The samples were mounted on the
electromagnetic shaker as can be seen in figure 2a. The vibration direction of the shaker is out of
plane. Furthermore, figure 2a shows the measuring head of the scanning laser Doppler
vibrometer (SLDV).The SLDV allows non-contacting, high spatial resolution measurements [5].
The measurement principle of theSLDV is the detection of the sample velocity by determining
the shift of the laser frequency caused by the Doppler effect. This measurement is repeated for
any sample point of interest. The location of the measurement points is defined through a mesh
as depicted in figure 2b. The vibrations of the sample were excited by a periodic chirp signal in
the frequency range up to 1 kHz. This means that the electromagnetic shaker increased the
vibration frequency periodically in small digital steps. A reference signal from the shaker was
connected to the analyzing unit of SLDV. This signal was used to correlate the results obtained
for the different measurement points. Therefrom, the SLDV can calculate the mode shapes of
the vibrating plates.
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Fig. 1a: Specimen used in experiments

Extra mass location

Fig. 1b: Location of the extra mass on the surface of the specimen.

Table 1: Extra masses and the amounts of the total mass modification

Weight[g] Modified amount (%)
Original Specimen 5.38 =
Mass 1 0.1145 2.13
Mass 2 0.381 7.08

@ (b)

Fig. 2: (a) Experimental setup and (b) measurement points of the SLDV on the specimen
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3. Finite Element Simulations

In order to obtain a deeper understanding of the deformation behavior computer simulations
were performed. The commercial Finite Element code ANSYS was used to derive
naturalfrequencies and mode shapes through modal analyses. The model depicted in figure 3 is
a detailed copy of the experiment.For the steel plates a Young’s modulus of 200GPa and
a Poisson ratio of 0.3were assumed. Damaged samples were simulated by introducing an extra
mass equivalent to the experimental procedure. The model was meshed with elements of type
Solid 186. This is an element using quadratic interpolation functionsfor the displacements. The
total number of nodes in the mesh was between 130941and 226416, whereby the latter number
of nodes was used for the sample with an extra mass of 0.381 g. A frequency range from 0 to
1000 Hz was covered by the simulations, and four different modes were found in this interval.
On a qualitative level, the simulation results are in good agreement with the experiments. The
simulations are considered as validation of the results obtained with the SLDV, and vice versa.

AT

Fig. 3: Sketch of the simulated specimen and specimen holder

4. Results of Experiment and Simulation

A comparison of the experimental and simulation results regarding the resonant frequencies of
undamaged samples is depicted in figure 4, and the deviations between experiment and
simulation are summarized in table 2. The deviations were in the range of approximately 3 %.
Differences in this order of magnitude must be expected when results from two completely
different methods are compared.The effect of an extra mass on the resonant frequencies is
summarized in figure 5 and tables 3 and 4. Once again satisfactory agreement between
experiment and Finite Element Analysis was achieved.
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Table 2: Resonant frequencies of experimental and FE analyses of undamaged samples

Mode 1 Mode 2 Mode 3 Mode 4
FEA 60 270 381 878
Exp. Analysis 58 267 367 850
Error (%) 3.34 1.12 3.67 3.19

Table 3: Resonant frequencies [Hz] recorded experimentally.

Mode 1 Mode 2 Mode 3 Mode 4
Original 58 267 367 850
Mass 1 58 265 365 845
Mass 2 55 256 345 849

—e Experimental
18k — FEM

Normalized Amplitude

100 200 300 400 500 600 700 800 900
Frequency (Hz)

Fig. 4: Resonant frequencies collected from experimental and FE analyses of undamaged samples
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Fig. 5: Simulation results of the specimen before and after adding extra masses
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Table 4: Resonant frequencies [Hz] collected from simulations.

Mode 1 Mode 2 Mode 3 Mode 4
Original 60 270 381 878
Mass 1 58 254 381 853
Mass 2 49 234 369 881

Aside from the value of resonant frequencies, the damping ratios related to the different vibration
modesprovide additional information about the sample. To obtain the damping ratio, one first
needs a complete frequency response diagram showing amplitude versus vibration frequency.
Since the presence of noise in the measurements is unavoidable, we here sum up the frequency
responses of all measurement points belonging to one definite specimen on a logarithmic scale.
Thereby, the appearance of noise is reduced. The experimental frequency response diagrams for
samples with and without additional mass are depicted in figures 6 and 7.

.—('}rigimll
-~ Mass |
OF —=Mass 2

A
L)

Log(velocity[mm/sec])
[

[
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= M . . L
0 200 400 600 800 1000
Frequency(Hz)

Fig. 6: Comparison of frequency response before and after adding extra masses

From these diagrams one can determine the damping ratiolusing the bandwidth method. Thus,
one obtains [6]
Aw
¢= N @
. a)U
where the bandwidth Aw is defined as the width of the frequency response curve when the

amplitude is 1/-/2 times the peak value at . The values for the damping ratios of the different
vibration modes are given in table 5. One can see that especially the damping ratio of mode 4 is
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very sensitive to alterations of mass at the location indicated in figure 1b. Therefore, the value of
the damping ratio can be used as criterion whether a sample has been damaged.

Table 5: Damping ratio before and after inserting extra mass

Mode 1 Mode 2 Mode 3 Mode 4

Original 0.0345 0.0037 0.0068 0.0012

Mass 1 0.0345 0.0038 0.0068 0.0024

Mass 2 0.0370 0.0078 0.0268 0.0088
& b —omiginal]
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Fig. 7: Indicating modes of the Fig. 6 separately, (a) Mode 1, (b) Mode 2, (c) Mode 3 and (d) Mode 4

5. Correlation Coefficient Method

Finally, we suggest a criterion which quantifies the damage of the different specimens. For this
purpose, we utilize the method of correlation coefficients [4].This method was originally
developed to determine correlations between statistically distributed samples. Nevertheless, it is
also very useful when undamaged and damaged specimens are compared. We here compare the
values of resonant frequencies of undamaged and damaged samples. The correlation coefficient

is defined as
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(R -RlA-A

CC= L

[Sla-7 | xla-7)

n n (2)
Where R, are the reference values, Ris mean of the &,, A, are the values to be compared and A
is mean of the A,.CC is a value between -1 and 1. Therefore,r = 1-CC is used to get a value
between 0 and 1. For r = 0 the two sets of values are perfectly correlated, and r = 1 means that
they are completely uncorrelated. In our treatment, <, and A, are the values of the resonant
frequencies ofundamaged and damaged specimens, respectively.

Applying this method to the experiments of the present study yields values for r which
are summarized in table 6. In fact, these valuescan be considered as a measure for damage
occurring in the specimens.

Table 6: Values for r obtained from experimental analyses (Original specimen is the reference).

Original Mass 1 added Mass 2 added

=1-cC? 0 9.38*10” 7.54*10"

It is important to notice that the values obtained for r are usually rather small when
applied to vibration analyses. This is because the correlation coefficient was originally developed
for the interpretation of randomly distributed samples or populations. The correlation coefficient
is an appropriate tool to determine even weak correlations of statistical experiments. However, in
vibration analyses even damaged samples still show a strong correlation with undamaged ones.
But the differences of the signals become more evident when observed on a finer scale.
For instance, the experiments for the vibration response of the present investigation look quite
similar on the scale of figure 6, but the differences become clear on the scale of figure 7.
Therefore, the threshold value for r distinguishing between damaged and undamaged samples is
small.

6. Summary and Conclusions

In this study, a scanning laser Doppler vibrometer was used to analyze the vibration response
of thin plates of steel, and the results for the resonant frequencies were validated by Finite
Element simulations. The damage of a sample was modeled by adding an extra mass to the
specimen. The grade of damage was successfully quantified with the help of the correlation
coefficient method. An alternative method is the determination of the damping ratio related to
the different deformation modes. It has been demonstrated that a scanning laser Doppler
vibrometer is a useful tool to detect damages of specimens non-destructively.
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Abstract

To assess the thickness of the concrete structures may be useful non-destructive method.
Most are acoustic methods. One such method, that belongs to the modern method is
ultrasonic tomography. Using this method, however, requires great skill and experience of
the user, in particular, the analysis of the results. Useful in this respect may be the reference
signals to non-destructive evaluation of concrete structures thickness using ultrasonic
tomography. Such signals for concrete samples made in the laboratory were prepared by the
author, and examples of signals to evaluate the thickness is given in this paper.

Key words: concrete, nondestructive tests, ultrasonic tomography

1. Introduction

Building structures made of concrete need to be monitored and diagnosed during
both their construction and service life. For this purpose nondestructive technigques
can be used. Today they are increasingly commonly used in the diagnostics of
various concrete structures [2, 4-7]. From among nondestructive techniques, acoustic
techniques are most often used. One of them is ultrasonic tomography [2]. But it
requires considerable skills and much experience on the part of the user, especially
in the analysis of the obtained results. Standard (reference) signals for the
nondestructive evaluation of the thickness of concrete structures by means of an
ultrasonic tomograph can be helpful in this regard. Such standard signals for
concrete specimens made in a laboratory have been determined by the author. This
paper presents exemplary standard signals for evaluating concrete thickness.bottom.

2. Description of tests

Nondestructive equipment in the form of an ultrasonic tomograph (fig. 1) was used to
determine the standard signals. The tomograph includes a special multihead
ultrasonic antenna and a laptop with dedicated software for recording graphic
images. The antenna has 48 independent dry contact point heads (probes). It is used
to excite, receive and process ultrasonic signals. The tomograph can be used to
determine the thickness of concrete elements accessible only from one side and to
detect cracks, air voids and other spaces which may be either empty or filled with
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liquid or a material whose density and other physical and mechanical properties differ
from those of the surrounding concrete [1, 3, 4].

The diagrams in figure 2 show the directions of propagation of the tomograph
ultrasonic wave when dry contact point heads are used [3, 4]. The diagram for the
longitudinal wave, represented by open blue circles, is shown in fig. 2 a) while the
diagrams for the transverse wave, represented by closed red circles and a red curve,
are shown in figs 2 b) and 2 c¢). The double arrow and the circle with a dot in its
centre show the orientation of the ultrasonic wave movement transducer vibration
vector.

computer

with software
Fig.1 Ultrasonic tomograph: a) top view, b) bottom view
a) b)
A
e g 72 I

Fig. 2. Diagrams showing directions of ultrasonic wave propagation when dry contact
point heads are used: a) longitudinal wave (open blue circles, blue curve), b) and c)
transverse wave (closed red circles, red curve) [3, 4]

The ultrasonic tomograph (fig. 1) was used to test 1000x1000x1000 mm cube-
shaped concrete specimens shown in fig. 3. The exemplary concrete specimens
presented below: specimen A without inclusions and specimen B with an inclusion in
the form of a lightweight expanded clay aggregate (LECA) layer situated as shown in
fig. 3B, were made of concrete C25/30 with aggregate of up to 8 mm grading. Six
measuring places were marked on each specimen. The axes of the places are
shown in fig. 3. One measuring band was marked in each of the measuring places.
Eight measuring points, in which the velocity of the ultrasonic wave was measured
and recorded, were marked in each of the measuring bands. As a result, flat images
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of the inside of the investigated concrete element in three mutually perpendicular
directions, shown as three images: B, C and D, were obtained. The images with the
measuring antenna in a coordinate system are illustrated in fig. 4.

LECA layer

s 27 b L2
g ) 3 8
= F 1 2 e

- i 4

g 3 -

1000

Fig. 3. Schematic of exemplary test specimens with marked measuring places:
a) specimen A without inclusions, b) specimen B with inclusion in form of LECA layer

Fig. 4. Measuring antenna in coordinate system and obtainable images:

a) image type D, b) image type B, c) image type C

3. Standard signals

Exemplary results of the nondestructive testing by means of the ultrasonic
tomograph, in the form of images B, C and D, are presented in figs 5-10.

Figure 5 shows the images for specimen A (without inclusions) and measuring point
1. The arrows indicate the concrete specimen’s thickness (amounting to 1000 mm).
Figures 6 and 7 show the images obtained for specimen A and respectively
measuring places 2 and 3. The arrows indicate the concrete specimen thickness
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(amounting to 1000 mm). Figure 8 shows the images obtained for specimen B and
measuring place 1. The specimen contained an inclusion in the form of a LECA layer,
as shown in fig. 3 b). In this case the ultrasonic wave reflected off the LECA layer,
revealing its thickness, as indicated by the arrows.

Fig. 5. Images obtained for specimen A and measuring place 1: a) image D,
b) image B, c¢) image C.

Fig. 6. Images for specimen A and measuring place 2: a) image D,

b) image B, c¢) image C.
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b)

Fig. 7. Images obtained for specimen A and measuring place 3: a) image D,
b) image B, c) image C.

Fig. 8. Images obtained for specimen B and measuring place 1: a) image D,
b) image B, c) image C.

Figures 9 and 10 show the images obtained for specimen B and measuring places
2and 3, respectively. The arrows indicate LECA layer thickness (amounting
to 100 mm).

Figure 10 also shows (arrows) the specimen’s thickness in the place where there
was no LECA layer (measuring place 3 on the concrete specimen’s side).
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Fig. 9. Images obtained for specimen B and measuring place 2: a) image D,
b) image B, c) image C.

Fig. 10. Images obtained for specimen B and measuring place 3: a) image D,

b) image B, c) image C.

4. Conclusion

Standard (reference) signals for two concrete specimens: one without inclusions and
the other with an inclusion in the form of a lightweight expanded clay aggregate
(LECA) layer, have been determined on the basis of the ultrasonic tomography tests.
The analysis of the test results showed that it is possible to determine the thickness
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of a concrete specimen and that of an inclusion in the form of a LECA layer by
means of the ultrasonic tomography technique. It should be noted that more such
standard signals need to be determined for the monitoring and diagnostics of
concrete structures.
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Abstrakt

V prispévku je FeSena problematika nedestruktivniho testovdni zrn vzorku supravodivé keramiky
SHS) objevenou A.G.MerZanovem a I.P. Borovinskou v roce 1989. Metodou lze pripravit jakoukoliv
vysokoteplotni keramiku, vyuZivanou zvldsté na ochranu druZic a pristdvacich modulii, pfipadné
raketopldnii. Metodou lze vyrdbét s velkymi isporami energie proti stavajicim metoddm vysokoteplotni
keramiku jako jsou karbidy, nitridy, boridy, silicidy, hydridy, chalkogenidy, intermetalidy a oxidy.
Ponévad? jejich vlastnosti zdvisi na dokonalosti krystalovych zrn, vznikd otdzka, jak jsou zrna
dokonald a jak jednoduse dokonalost popsat. Je navrZend jednoduchd metoda hodnoceni dokonalosti
zrn keramiky rentgenovou difrakci a urcena dokonalost supravodivé keramiky oxidu
yttriumbariummédnatého (YBa,Cu,0, ).

Abstract

In the contribution the problematic of nondestructive testing of the ceramic grains is being solved,
prepared in using the new energetic and ecological advantageous self-propagated high temperature
synthesis (SHS). This technology is capable to produce high temperature ceramics as carbides,
nitrides, borides, oxides and others are. The new diagnostic nondestructive rontgenodifractometric
simple method has been proposed to the estimation of the superconducting ceramics grain using the
diffraction of X-rays of the yttriumbariomcopperoxide (YBa,Cu,0, ).

1. Uvod

Supravodivost je jev v pevnych latkach, pfi kterém pevna latka ztraci elektricky odpor pfi
teploté vyssi neZ je absolutni nula. Byl objeveny vroce 1911 H.Kammerligh-Onnnesem
v roce 1911. Objev byl tak vyznamny, ze byl ohodnoceny Nobelovou cenou za fyziku (NCF)
v roce 1913. Chybéla vsak teorie, kterou navrhli v roce Bardeen, Cooper, Shiefer , za kterou
ziskali NCF v roce 1972. Nevyhodou pro aplikace supravodivosti dosavadnich supravodict
(Hg, Pb, Sn, Nb) byly nizké kritické teploty pod 4,2K, pti kterych klesla jejich vodivost
prudce na absolutni nulu. Zajimavé je, ze typické vodivé kovy jako zlato, stfibro a méd
supravodivost nejevi. Byly hledané materialy s vyssi kritickou teplotou alespoii nad 70K.
Vroce 1986 ziskali J.D.Bednorz a K.A.Miiller supravodi¢e s kritickou teplotou 35K na
perovskitové keramice. Tuto teplotu prekonal kratce nato Ching-Wu Chu na 92K s keramikou
YBaCuO (YBCO). Situace dosahovani kritické teploty az po tzv. vysokoteplotni keramiku
do soucasnosti je uvedena na obr.l. Ztabulky je patrné, Ze jednim z vysokotrplotnich
supravodivych materiali je oxid yttriumbariummédnaty (YBa,CusO7.x), zkracené YBCO.
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Kromé toho byly hledané technologie vyroby tohoto materialu pro masové vyuziti. Jednou
z metod, kterou pro tuto vyrobu zajistily, a to velmi energeticky a ekologicky vyhodnou
technologii vroce 1989 A.G.Merzanov a I.P.Borovinsk4 v Ustavu molekularnich struktur
v Moskvé. Nazvali ji Vysokoteplotni samositici se syntéza., VSS, (SHS selfpropagating high
temperature synthesis).

2. Vysokoteplotni samosirici se syntéza

Po objevu vysokoteplotni samositici se syntézy (VSS) se VSS ukéazala jako vhodna pro
piipravu vysokoteplotni keramiky jako je SiC, BN, TiC a dalSich. Vyuzila se také tato
technologie k piipravé supravodivé keramiky YBCO. Do reaktoru byla pfipravena vsazka
v stechiometrickém poméru k reakci do reaktoru. Povrch byl zahiaty na zapalnou teplotu
reakce laserem (obr.2). Reakce na povrchu piedava energii spodnim vrstvam a materidlem se
§ifi vuzké zoné slucovaci reakce (obr.2) a vytvati se sloucenina YBCO. Ponévadz
supravodivost keramickych materialti zalezi jak na struktuie vytvoieného supravodice tak i na
jeho poruchach je tieba provést nedestruktivni zhodnoceni struktury vytvoiené touto
technologii. Pro takovou zkousku se jevi jako vhodna metoda rentgenova dfiraktografie.
Ponévadz technologie VSS mize pripravit materialy jak jako mononokrystaly, tak i jako
prasky, byl pro dalsi studium zvoleny praskovy material.
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Obr. 1 Stav kritickych teplot supravodicii do roku 2010

3. Rentgenové difraktografie materialu YBCO

Rentgenova difrakéni méfeni byla provadéna na rentgenové difrakéni aparatuie rentgenovém
difraktometru a spektrometru fy Siemens za vyuziti mé&déné rentgenky a jeji vinové délky
CuKa. Praskovy material YBCO byl slisovany do tabletek priméru 30mm a umistény do
pracovni polohy disfraktometru za pouziti Debye-Scherrerova-Hullovy praskové
difraktografie [2] [3] [4]. Pro uréeni strukturnich Gdaji byl proméfeny celkovy difrakéni
diagram, tj. pro difrakéni Braggiiv thel 20 az 90°. Vysledny difrakéni zaznam pofizeny
praskovou metodou je na obr.3. Sledovana supravodiva keramika je typu perowskitu
s tetragonalni mfizkou suzkymi difrakénimi maximy, které se dokonale shoduji
s teoretickymi idedlnimi difrakénimi Garami ve spodni ¢asti obrazku, coz sveéd¢i v prvnim
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kvalitativnim pfibliZzeni o dokonalosti struktury métenych zrn YBCO. Nyni budeme vysledky
meéfeni na obr.3 kvantifikovat.

r}'clll:)st i produkt spalovani
reaktivna
zony U ,

- vsadka YBCO
0-0,2m/s

zona reakce

rozhrani

Obr.2 Podstata metody VSS

Zobr3 je patrné, ze difrakéni maxima vychdzeji spomérné vysoké hladiny zafeni
rozptyleného po celém spektru difrakéniho zdznamu. K hodnoceni dokonalosti krystalovych
zrn prasku YBCO je nutné vzit v Givahu difrakéni maxima i vzniklé pozadi zaznamu, které od
sebe oddélime. Nejprve vyuzijeme difrakéni arové spektrum. Difrakéni maxima budeme
méfit od pozadi a omezime se na nejsilngjsi difrak¢éni maximum. Krystalovou dokonalost
popiseme pomérem

D=v/p D

vV némz v je vyska nejvétsiho maxima v libovolnych jednotkach a p je $iika v polovi¢ni vysce,
coz pro nejvétsi maximum dava D=114, coz sv&d¢i o dokonalosti zrn YBCO. V idealnim
pripadé je D=5(0) je D rovné delta funkci §(8). Nyni obratime pozornost na vysku pozadi,
které je v celém difrakénim intervalu téméf konstantni, coz miize byt zptisobené v podobg
nanocastic nezreagované casti vzorku a vznikem nanocéstic sloucenin zakladnich slozek
v nanorozmérech. Tuto &ast odhadneme z difrakénich zaznami. Pragkové vzorky budeme
povazovat za dvojslozkové, a to krystalové &asti prasku a zbytkové ktera zptisobuje vznik
pozadi. Podle zakond kvantitativni rentgenodifrakéni analyzy, je intenzita difrakéniho
maxima slozky
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I(hkl)=Kx(hkl), 2

kde x je hmotnostni podil krystalové slozky, K je konstanta nezavisla na x ([2] str.149).

Na zakladé této Gvahy odhadneme &ast vzorku vytvarejici pozadi z poméru vysky difrakéniho
maxima méteného od osy diagramu

U= V(hkl)/P(hkl)=6, 3)
coz se v naSem ptipadé rovna 6 a ,, nekrystalicka ¢ast™ tvoii jednu Sestinu tj. 16 hmotnostnich
procent vzorku.
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Obr.3 Difrakéni zéznam YBCO

Tim lze vylozit i zna¢nou velikou hodnotu difraktovaného zafeni v pozadi, coz je pro metodu
VSS neobvyklé.
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Motto: R.Feynman (parafrdze) : Je velky prostor pro studium fyziky v rozmérech od 1nm
do 100 nm..Origindl: R.P.Feynman ,, There s plenty room at the bottom*“.

Abstrakt

V prispévku  je uvedeny prehled technologii zvldkiiovdni nanovldken , ndznaky teorie a pouZiti
akustické emise k testovani monofilii. Jsou uvedené nékteré stdvajici technologie pripravy
polymerovych nanovldken a zvldsté pak nedestruktivni diagnostika technologie, struktury a vilastnosti
nanovldken z nanotrubicek a jejich diagnostické nedestruktivni testovdni. PFi pripravé protahovdnim
a dlouZenim je moZné vyuZit akustické emise k hodnoceni kvality téchto vidken.

Abstract

In the paper the review of nanofiber technology are being presented, elemental theories are being
suggested and properties testing method of drawn and enlarged monofils using acoustic emission are
being proposed. The paper is being also contained the review of all nanofiber technologies used for
their production. The principles of preparing the polymer nanofiber technologies: gravitational, melt
blowing, electrostatic, drawing, enlarging and centrifugal are being reviewed. The nondestructive
methods for diagnostic of nanofiberes are being presented.

1. Uvod

Od roku 1970 se objevily pro vyrobu nové technologie materiali v nanorozmérech. Ukazaly
se jejich vyuzivatelné a univerzalni vlastnosti ve vSech oborech techniky také v biologii
amedicing€. Zvlastni a zdsadni vyznam maji pak nanovldkna. Nanovlakna jsou vyznamnym
konstrukénim prvkem ptirodnich podptrnych pletiv v listech stoncich, ve svalech a kostech
[1] kap.26. Jde o novy druh materidlu sestavajici ze dvou fazi pevné faze v jadru nanovlakna
a povrchovou fazi, spojenych v jeden celek. Nanovlakna se vyskytuji ve dvou druzich jako
vlakna polymerova a vlakna nanotrubi¢kova. V prvnim ptipad¢ jde o dvojfazovou strukturu
sestavaji z povrchu vléken a objemu. Jde tedy o spojeni dvojrozmérové ,2D a trojrozmérové,
3D struktury. Polymerové struktury jsou jiz podle jejich technologie jen Gaste¢né krystalické.
Cht&ji-li se zarucit reprodukovatelné vlastnosti polymerovych nanovlaken, je tieba
diagnostikovat jejich strukturu. K tomu je nutné vyuzivat vSechny dostupné diagnostické
nedestruktivni metody, a to metody piimé i nepfimé jako jsou metody elektronové
mikroskopie a rentgenové, elektronové a neutronové difrakéni metody, metody optické jako
jsou laserové difrakéni metody, holografie, spektroskopické metody, interferenéni metody,

DEFEKTOSKOPIE 2012 233



metoda snizovani Gplného odrazu (ATR metoda), rezonanéni metody [1], kap.3 . Priib&Znou
kvalitu vyroby nanovldken je mozné zajistovat laserovymi difrakénimi a interferenénimi
metodami a akustickou emisi. Daleko slozit&jsi je diagnostika uhlikovych tubulenovych
véalen. Ponévadz jde o strukturu v nanorozmérech, jevici i vlastnosti kvantové, je tieba
vyuzivat i v§ech diagnostickych metod zasahujicich do nanorozméra jako jsou ramanovska,
rayleighovska spektroskopie, metoda zeslabovani tplného odrazu,. laserové difrakéni metody
a skvrkova interferometre, rentgenové difrakeni a interferenéni metody [1] kap.3. Jisté se
uplatni i rezonan¢ni metody [1] dill. Ukazuje se, Ze nanovlakna pfinaSeji do materialovych
véd nové materidly s novymi vlastnostmi, které vyzaduji k hodnoceni jejich technologie
a vlastnosti, téméf vSechny zname nedestruktivni metody, navic pak jest¢ takové, které
vyzaduji hodnoceni kvantovych projevii materialt, nebot nanovldknové uhlikové
nanotrubicky a jejich agregaty svymi rozméry zapadaji do rozmérd kvantové fyziky.
Nanovlakna ozivi podstatné nedestruktivni diagnostické metody a mozna, ze budou vyzadovat
i metody nové.

2.Technologie nanovlaken

I kdyz stopy nanovlaken mohou vést az do Starého Egypta, kdy pro ozdobné (lely textilii
byla tazend vldkna ze zlata a stiibra a mohou pro védecké Ucely dosahovat i rozméra
nanovlaken. Uhlikovym nanovlaknim predchézela v 90 letech 19.stoleti, také uhlikova vlakna
T.A.Edisona pro Zarovky. Za nanovlakna se povazuji délkové utvary, jejichz p¥icné rozméry
dosahuji hodnoty daleko mensi nez 1000nm. Dnes existuje jiz piesnéjsi definice. Nanovlakna
maji pficné rozméry v mezich Inm az 100nm. Zatimco se tyto hodnoty u polymerovych
vlaken dosahuji obtizné, u uhlikovych trubicek to jiz tak obtizné neni.

2.1 Piehled technologii polymerovych viadken

Zatizeni na tvorbu nanovlaken jsou zaloZena na n€kolika principech , a to: 1. tazeni z roztoku
¢i taveniny (obr.1), 2. protlatovanim mikrootvory v masce (obr.2), 3. sdruzovanim molekul
(obr.3) [2], 4. rozfoukavanim roztoku ¢i taveniny (obr.7.4 a 7.6), 5. metoda elektrostatického
zvlaknovani a 6. metoda odstiedivého zvlaknovani. Zda se najdou jesté dalsi metody ukaze
budoucnost. Za¢neme zatim nejrozSifenéjsi metodou elektrostatického zvlakiovani
(elektrozvlakiovani).
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% mikropipeta
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_ oxidu
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s povrchem

- \hieni

vlakna

Obr.1 TaZeni nanoviiken Obr.2 Protlacovani nanoviaken Obr.3 Sdruzovani

Zatim nejrozsifenéjsi jsou technologie elektrostatického zvlakiiovani, technologie
rozfukovanim a v posledni dobé technologie nejproduktivnéjsiho odstiedivého zvlakiiovani.
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Zvlakiovani se provadi jednak z roztoka a jednak z taveniny polymera.

Jako ptiklady elektrostatického zvlakiovani je uvedené jesté jejich nékolik prikladi
elektrostatického zvlaknovani. Podstata prvniho z nich je na obr.5A: Podle ného se vlakno
uklada na rovinovy kolektor jako pavuéinka ptipadné jako rouno.
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Obr.6 1 tryska, 2 zdrof napéti Obr. 7 Zdvojeni tvorby nanoviikna
3 otocny kolektor, noZové elektrody

Modifikace elektrozvlaknovaci technologie na obr.5 A, B umoziiuje vytvaiet z vytvofenych
vlaken elektrozvlaknovanim kabilek pfipadné pfizi tj. linearniho utvaru pro dalsi textilni
zpracovani. Kolektorem je pak otacejici se deska s nalevkovityn otvorem.

Nejproduktivngjsi a nejmladsi metodou zvlakiovani nanovlaken je odstiedivé zvlakiiovani,
jehoz princip je na obr.11.

DEFEKTOSKOPIE 2012 235



pripojeny kladny pal
vyaokiho napati

tryska ‘w visici kapka
I

‘/ ptim§
notova elekiroda - kuZel

zvlakiiovat

vytveiens nanovlikne

-

- dvojkuzel

nepfimy
ohalivy

olektor

5 sur s

. otafivé kolo
R )

A nanesenym
olymerem

nofova elektroda

zaporna by ykle nzenning elekivoda

0sa
otafeni

Obr.9 NozZovy otdcivy kolektor

¥

Zdroj kapalného

Obr.8 Sikmé navijeni nanovidkna na kolektor

prekurzaru
1ryzka
ee——— nanovkikno
zdroj VN monafll
tryska
Tayloruy )
kutel _.—- _#_jhruhmrf elektrody e
T T e | e droj VN _
no__ . ' nasavinf
P ||' ‘1 widuchem
3l
i |
- |
; '
kolektor fsbérat nanovlaken

Obr.9 Vicelektrodovd soustava zajist uje vidkno, v ose.  Obr.10 Vidknovy ttvar zajistluje
nasdvani do trubicky.
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Obr.11 A: CelkoVé funkéni schéma odstredivé zvidkiiovici nanoviiken, B: Detaily rotoru a
celkovy pohled na nanovliknovou odstiedivku

Podstatou OZ(ZO) je zvlaknovaci komora se dvéma tryskami. Tekuty material nanovlaken je
vytlatovany odstiedivou silou dvéma tryskami do okoli OZ, po vystupu strhavany, proudicim
vzduchem a ukladany na okolni valcovy kolektor v podobé vlaken. Rozdéleni proudu
vnanovldkna je zajisténé proudénim vzduchu a elektrostatickym odpuzovanim.
Elektrostatické pole vznikda  triboelektrickym nabojem vytvoieném tienim v trysce
a s okolnim vzduchem. Provedeni takové OZ linky pro malokapacitni vyrobu je uvedené
na obr.11A. Jak se ukladaji vlakna na kolektoru OZ, tvoticich vieteno, je na obr. 11 B.

A
Obr.12. A: Zarizeni OZ pro stiedné kapacitni vyrobu. B: Uklid4ni vidken do vretena.

Vznik svazku téméf rovnobéznych vlaken pii OZ je vidét na snimku pofizeného rychlostni
kamerou na obr.13. Z obr.13 jsou patrné drahy jednotlivych nanovlaken a jejich piiblizna
rovnobéznost i jejich pramér.Je mozné uréovat i pramér vlaken, ktery je na prvni pohled
rovnomérny a ,,nekone¢nost vlaken pfi jejich ukladani na kruhovy kolektor v podobé
kruhovych piaden, jak naznacuje i obr.12B. Vyrobni zafizeni na zakladé OZ vyvinula
a vyrabi firma Fiberio typu cyklone L-1000 s riznou vyrobni kapacitou [16,17,18,19,20,21]
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Obr. 13 Tvorba a ukldddni svazku vidken — Obr.14. Chomdc piijpraveny odstiedivym
pii OZ zvidkriovdnim

Odstiediva technologie vyfeSila problém vyroby vétsiho mnozstvi vlaken, které Ize
zpracovavat jiz béznymi textilnimi technologiemi, nebot' poskytuje neomezené mnozstvi
vldken ve vytvofeném rounu (obr.14). Dal$im krokem je méfit fizeni technologii
k dosahovani reprodukovatelnosti a jakosti vyrdbénych vlaken a jejich vlastnosti napf.
stejnomérnosti. K tomu je tfeba vyuzivat soucasnych nedestruktivnich metod zkousSeni
materidld a ptipadné vyvinout nové pro nanovlakna a aplikovat nedestruktivni metody

testovani na nanovlakna.

2.2 Prehled technologii uhlikovych nanotrubiéek (nanotubulent)

laserové zéfeni
k vypafovant grafitu

Gocka
]
| katoda
aksike || H
T
i N
g)r:i[&]wha [ grahl ] mlckulovy tryak.\ He l uhlik
[—'ia—J svazek
b E:ii:rux kolektor i I
Ty
Obr.15 Podstata laserové technologie Obr. 16 . Plazmova technologie pripra
gie pripravy

nanotrubicek

Technologie nanotrubic¢ek je mnohem mladsi nez technologie polymerovych nanovlaken.
Navazuje na technologii fulerent objevenych Curleem, Krotoem a Smalleyem v roce 1985.
Za objev ziskali Nobelovu cenu za chemii v roce 1996. Objevem fullerend nastala také doba
uhlikovych nanotrubi¢ek. Bylo tieba vypracovat technologii pro ziskavani vétsiho mnozstvi
tohoto materiald. Ktomu byly vypracované v podstaté tfi rizné technologie zalozené
na prevedeni grafitu v pary uhliku a ty pak chlazenim v nanotrubicky,. Prvni je zaloZzena na
technologii fulerent a nazyva se laserova se schématem na obr.15. Druha technologie je
zaloZend na ohfevu grafitovych elektrod vysokoteplotni plazmou (obr.16). Pary grafitu
chranéné inertni atmosférou se ochlazenim ptevadgji kondenzaci na nanotrubicky.

Tieti metoda je chemicka. Jeji podstata je na obr.17. Do tiemenné trubice vyhiaté na 600
a2 700° C se vhani uhlovodikové plyny (CzHz, CHa,...) pfipadné CO za vzniku par uhliku
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Obr. 17 : Metoda chemického ukladani par k pripravé uhlikovych tubuleni.

3. Diagnostické nedestruktivni metody nanovlaken

PonévadZ nanovldkna jsou v podstaté dvoufazové struktury dvojrozmérové (2D)
a trojrozmérového (3D) vnitini ¢asti nanovlaken, bude tieba uZivat k hodnoceni jejich
technologie a vlastnosti nedestruktivnich metod jak povrchovych tak i objemovych. Ty
rozdélime na hodnoceni technologii a vlastnosti nanovldken a na metody hodnoceni
polymerovych nanovlaken a nanovlaken na bazi nanotrubi¢ek.

3.1 Diagnostika polymerovych nanovlaken

Jak ukazala zjednodus$ena teorie elektrostvlakiovani polymert z roztokd a taveniny [5], [6] ,
[7] zavisi elektrotechnologie nejsilngji (kvadraticky) na intenzité elektrického pole, dale pak
na vlastnostech polymerové suroviny permitivité g, dynamické viskozité n a povrchovém
napéti ¢ prekurzorové kapaliny. Ponévadz viechny zaviseji obecné na teploté T a na intenzité
elektrostatického pole E, sta¢i pro udrzovani stalych technologickych podminek monitorovat
tyto dveé veliciny a veli¢iny €, n, o , a to klasickymi méficimi technikami [2], aby se
dosahovalo reprodukovatelné vyroby nanovlaken. Pro vyuzivani nanovlaken je vSak tieba
mefit jejich vlastnosti, a to nedestruktivnimi méficimi technikami. Obr.4.1. Porovnani
podstaty mikroskopického zobrazovani zleva do prava. Svételny mikroskop (optical),
transmisni elektronovy mikroskop (TEM), fadkovaci elektronovy mikroskop (SEM).
Atomovy silovy mikroskop (AFM) (google).

Vyuziva se zatim prevazné zobrazovacich metod ultrarychlostni kamery (obr.13),

metod elektronové mikroskopie (obr.14), zvlasteé pak atomového silového mikroskopu
a fadkovacich tunelovych mikroskopi elektronové a neutronové difrakce, ramanovské
a luminiscenéni spektroskopie .
I kdyz pro strukturni diagnostiku polymerovych vldken je tfeba uZivat rentgenovou
difraktografii, zatim nebyla pouzitd. Je tfeba ziskdvat krystalovy a amorfni podil vldkena
k tomu pouzit rentgenovou difraktografii. Z vlastnosti ¢ekd prozkoumat mechanické vlastnosti
vlaken a zjistit i pohyblivé poruchy. Ktomu je vhodné pouzivat klasické diagnostiky
mechanickych vlastnosti doprovazenych spektroskopii akustické emise (AE) a Fourierovy
transformace (FT) prabéht pulsi a tak ziskat informace o deformaci nanovlaken.
k diagnostice povrchii je tieba pouZzivat interferometrickych metod a z optickych metodu
snizovani uplného odrazu , tzv. ATP metodu [1].
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Obr.18 A Zatim nejuzivandjsi zobrazovani nanovidken elektronovymi mikroskopy s principy
Porovnani podstaty mikroskopického zobrazovini zleva do prava. Svételny mikroskop
(optical), transmisni elektronovy mikroskop (TEM), rddkovaci elektronovy mikroskop
(SEM). Atomovy silovy mikroskop (AFM), rddkovaci tunelovy mikroskop, radkovaci blzsky
optickému v kombinaci s ATM. (google). B technické provedeni SNOM.

3.2 Diagnostika uhlikovych nanotubuleni

LN Lot
Obr. 19. Ze snimku elektronového mikroskopu Ize urdit typ a miizky a miizkové parametry.

Obr. 20 A Elektronovy difiaktogram jednosténoveétrubicky, B dvojsménove trubicky

240 DEFEKTOSKOPIE 2012



Pro diagnostiku struktury a vlastnosti uhlikovych nanotubulent je tieba diagnostické
metody proti metoddm polymerovych nanovlaken podstatné rozsifit. Podobné jako u fulerént
je treba zkoumat nanotrubi¢ky nejprve hmotovym spektrografem k ziskani jejich poctu
uhlikovych atomu Vv trubi¢kach. K ur€ovani strukturni morfologie a dokonce i 2D strukturni
miizky lze uZzivat elektronového mikroskopu s vysokou rozliSovaci schopnosti, jak dokazuje
snimek na obr.19. Z jeho je mozné urcit monoklinickou 2D mtizku spolu sjejimy parametry.

K rozliSeni jedno a dvojsménovych tubuleni poslouzi i snimky elektronové
difraktografie, jak naznacuji obr. 20A a B. PonévadZ nanotrubi¢ky vznikaji teoreticky
sbalenim rovinového grafenu (obr.21), je zfejmé Ze nanotrubi¢ky jsou téméi dokonalé 2D
krystalové struktury [1]. To potvrzuje I snimek rentgenové difraktografie na obr.21, ktery
potvrzuje vyuziti rentgenové difraktografie k hodnoceni struktury uhlikovych trubicek. Rada
vétsiny vlastnosti nanotrubicek zavisi na indexech (n,m), na praméru trubic¢ek dnm= (0,246/x)
V(n* nm + m?). Obs& velitiny jsou kvantované celymi ¢isla, n a m , tvarem tubulent a jejich
poruchami. Poruchy v nanotrubi¢kach podobné jako u pevnych latek rozhoduji o vétsing
jejich vlastnosti. U nci v8ak pfistupuji navic poruchy ve strukture nanotrubi¢ek jako jsou
jejich vakance, intersticialy deformace trubicek, opasani nanotrubi¢ek a poruchy mezi
tubuleny. Napft. zavislosti na indexech (nm) urcuji kovovou ¢&i polovodi¢ovou vodivost.
Poruchy pak urcuji urcité typy polovodicii p ¢i n dilezité pro elektronické a optoelektronické
vlastnosti. Vedle urCovani struktury elekronomikroskopickami metodami se uZivaji
k ur¢ovani elektronickych a optoelektronickych vlastnosti nanotrubi¢ek metody optické. Jde
predev§im o ramanovskou spektroskopii, fotoluminiscenci a elektroluminiscenci, které
umoznuji vytvoret v nanovlaknech i lasery, jak dokazuje obr.23.

; Yorsd { = ) ':; :
i o Need W =L
W e M, A e T 2 s

P o, B o "_;.kreslovu'a CE ,_.‘-’
. S struktura
sindexy
(lll.lll)

grafen trubicka

Obr.21 Vznik tubulenu sbalenim grafenu

raand

Obr.22. Rentgenovy difrakéni snimek nanotrubicky Obr.23 Molekulova struktura AFM
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Obr.23 Laser v nanovidknech Obr.24 Prenosny ramanovsky spektrometr
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Ramanovska spektroskopie umoziiuje ziskavat Gidaje o presunech a reakcich na molekulové
Urovni. Soudové pristroje,jejichz piedstavitel je na obr.24, jsou schopné provadét
ramanovskou spektroskopii témér okamzité a tak sledovat zmény v materialech v zavislosti na
case. Didlezitymi diagnostickymi metodami pro nanotubuleny jsou také metody
luminiscenéni, které zkoumaji nanotrubi¢ky z hlediska jejich elektronové struktury,. tj.
v oblasti kvantové fyziky. Zatim nejuzivanéjsi je fotoluminiscence a elektroluminiscence,
které se zaslouzili i na konstrukci nanolaseru, jehoZz podstata je na obr.23. V budoucnosti se
stanou i diagnostickymi luminiscenénimi metodami fraktoluminiscence, a tribolumiscence
vedle triboelekttiny [8], nebot’ hlavni pouziti nanotubulenu se predpoklava v optoelektronice.
O tom sv&d¢i jiz dnes vyvinuté obrazovky a displeje na bazi uhlikovych nanotrubicek.

Obr.25 Plosné, foliové obrazovky

Nekteré vyznamné diagnostické metody jako jsou ultrazvukova, mikrovlnova diagnostika
a diagnostika akustické emise ¢ekaji jesté na vyuziti. Mikrovinova spektroskopie se uplatni
k hodnoceni supravodivého stavu nanotubuleni a akustickd emise ke sledovani jejich
mechanickych vlastnosti a fizeni kvality technologie.

Vyroba a vyuzivani nanovlaken jako novych materiali pfinese vyuzivani ve vétsi mire
soucasnych nedestruktivnich diagnostickych metod a vypracovani novych specidlnich pro
diagnostiku nanovldken. Vzhledem k silné zavislosti vlastnosti nanotrubi¢ek na nizkych
teplotach pfi studiu supravodivosti a na silné zavislosti elektronickych vlastnosti na silnych
magnetickych polich, je tfeba pripravit pro tyto Ucely i diagnostické metody.
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Abstrakt

Normy pro kapildrni zkouSeni uvddéji cetné poZadavky, které musi byt pii zkouSeni
splnény. V prispévku jsou popsdny normy, které vymezuji pracovni postupy pri zkouSeni svarii
kapildrni metodou. Analyza ziskanych indikaci na zkousSeném povrchu svaru vykonand presné
podle zdsad uvedenych v normdch, vysledné umoZituje stanoveni stupné jakosti zkouseného
svaru.

Abstract

The standards, that determine penetration testing conditions, conduct a very wide range of
issues. In the paper the important group of standards ware discussed. This group of standards
describes procedures of penetrating testing of welded joints. Analysis of the penetrating test
results, carried out on the tested surface according to the presented standards, allows
to determine the quality level of tested joint.

1. Nedestruktivni zkouSen{ svara
Svarové spoje kovovych konstrukei c¢asto predstavuji kritickd mista, kterd jsou nositelem
strukturnich vad. Svarové spoje mohou byt téZ mistem vyskytu geometrickych vrubu, které
jsou cCastym iniciatorem unavovych trhlin materialu. Metody nedestruktivniho zkouseni
umoziuji s vysokou pravdépodobnosti odhaleni vyskytu téchto povrchovych i vnitinich vad
ve svarech.

Zakladem je norma ISO 17653[6], ve které jsou ptedepsany zasady zkouSeni. Tato
norma podava kritéria pro volbu metody zkouseni i hodnoceni vysledki, v plné zavislosti na
pouzité metod¢ svarovani, svafovanych materidlech, obrobeni svaru, druhu svaru a jeho
geometrie, pozadovaného stupné jakosti svaru i na druhu a poloze eventualnich vad. V této
normé je uveden i pozadavek kvalifikace pracovnikii vykonavajicich nedestruktivni zkousky
(EN 473 [7] nebo ISO 9712 [8]).

2. Zkouseni svarua kapilarni metodou

Kapilarni metoda zkouseni (PT) umoziuje zjiStovani povrchovych necelistvosti
prakticky u v8ech materiald, pokud jsou zkuSebni komponenty (isti¢, penetrant a vyvojka)
netecné k testovanému materidlu a tento material neni nasaklivy, poptipadé porézni
(neglazovana keramika, odlitky, vykovky, svarové spoje, atd.). U kapilarni metody se vyuziva
jevu spocivajicim na vnikani penetrantu do tenkych otevienych strukturnich nespojitosti, kdy
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pak nasledné, s pomoci saciho U¢inku nanesené vyvojky, je ziskdn dobie viditelny
defektogram. Pouziti normalizovanych slozek procedury kontroly kapilarni metodou
umoziuje spravné vykonani zkousky, zajisténi jeji opakovatelnosti i interpretaci ziskanych
vysledka.

Vseobecné pozadavky tykajici se kapilarniho zkouseni pouzitého ve vyrobé i pii exploataci
uvadi norma PN EN 571-1 [9], kterd nahradila normu PN-I1SO 3452:1997 [10]. Zde jsou
uvedeny zasady ptipravy zkouseného povrchu, pozadavky na komponenty kapilarni zkuSebni
metody, zpasobu jejich pouziti, zapisu o provedeni zkousky i interpretaci vysledkd. V této
normé jsou uvedena i natizeni tykajici se pracovniki vykonavajicich zkousky (EN 473 [7]),
pozadavki na testovani komponent penetraénich materialtt (PN-EN ISO 3452-2 [12]), etaloni
EN ISO 345-3 [13]), piistrojového vybaveni (EN ISO 345-4 [14]), zasad zkouSeni pfi
teplotach nad 50° C (ISO 3452-5 [15], pfi teplotach nizsich nez 10° C (1SO 3452-6 [16])
i pozadavkid na vyhodnocovani defektogramt (EN I1SO 3059 [17]). Doplnéna je také specialni
technologickou normou PN EN ISO 12706:2003 [21], uvadgjicich v abecednim sefazeni az 38
termind v angli¢ting, némgeing a francouzsting.

Zakladni norma ISO 17835 [6] doporuCuje kapilarni metodu, spolu s vizualni
kontrolou i ke zkouseni povrchovych vad svarti austenitickych oceli, hlinikovych slitin, slitin
medi, titanu a niklu.

V dodatku A-3 je v tabulce 2A uvedena zavislost mezi stupném jakosti podle EN 1SO
5817 [18], technikou zkouSeni podle EN ISO 3452-1 [11] a stupném pfipustnosti podle EN
1SO 23277 [19] (tab. 1).

Tabulka 1. Zkouseni kapilarni metodou — stupné pripustnosti [6]

Zku3ebni technika a stupei

Stupeii jakosti ve shodé s normou Stupeii jakosti podle

1SO 5817 nebo 1SO 10042
Quality levels In accordance
with 1SO 5817 or ISO 10042

jakosti ve shodé s 1SO 3452-1
Testing techniques and levels
in accordance with 1SO 3452-1

1SO 23277
Acceptance levels in accordance with
1SO 23277

B 2x
[ Stupeii jakosti neni specifikovan 2x
D Level not specified 3x

Stupné piipustnosti 2 a 3 mohou byt doplnény znakem ,,X”, coz znamend, ze vSechny zji§téné linearni indikace musi byt
hodnoceny ve stupni 1. AvSak pravdépodobnost zjisténi mensich indikaci, nez jsou uvedeny v tabulce s uréenim pro
stanoveni pivodniho stupné ptipustnosti, mize byt nizka.

Norma prEN ISO 3452-1 [11], vyZaduje velmi disledné vykonani zkousky. Odvolava
se 1 na normy, které se tykaji komponent zkuSebniho materidlu (EN ISO 9934-2 [12])
a pouzitych pfistroju (EN 1SO 9934-3 [13]).

Norma EN ISO 23277 [19] uvadi kriteria urovani stuprii piipustnosti na podkladé
zjisténych povrchovych vad vzniklych pii svafovani. Indikace, zobrazujici vady pfimo na
zkouSeném povrchu, nedovoluji vSak ptimé urceni velikosti a tvaru vady (obr.1, 2). V normé
pouzity vyraz ,indikace” Cili obraz vady, je jen takovy, ktery umoziuje pouzita technika
zkouSeni. V piipadé ,kapilarek” jde o barevny nebo fluorecenéni defektogram ziskany na
zkouseném povrchu. Mize byt stanoven jako indikace dlouhd (délka indikace je vétSi nez
trojnasobek $ifky) nebo indikace kratka (délka kratsi nez trojnasobek $ifky). Piiklady indikaci
uvadi obr. 1.
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Obr. 1. Barevné defektogramy vad

Stupné pripustnosti uvedené v norm¢ EN ISO 23277 [19] byly stanoveny na zakladé
moznosti zjisténi vad jednotlivymi metodami zkouseni. Tyto stupné ptipustnosti jsou uréeny
predevsim pro zkousSeni ve vyrobnim sektoru (tab. 2).

Tabulka 2. Stupné pripustnosti indikaci [19]

Dimensions in millimetres
S Stanoveny stupeii @ vizanglicky ted
Typ indikaci Y pa}
Acceptance level
Type of indication 1 2 3
Linearni indikace 1= podéIné indikace
nearni Inciace ' = pocern® ine 1<2 I<4 1<8
Linear indication | = length of indication
Nelineérni (sférické) indikace d = hlavni rozmér
) .(. . )_ ) . ) d<4 d<6 d<s8
Non-linear indication d = major axis dimension
7 Acceptance levels 2and 3 may be specified with a suffix "X chich de notes that all linear indications detected to level 1. However the probabil-
ity of detection of indications smaller than those denoted by the original acceptance level can be low.

Sousedici indikace, jejichz vzdalenost je mensi nez hlavni rozmér a nejmensi indikace,
se hodnoti jako indikace jedina [19].

RZECZYWISTY
SLAD NIECIAGLOSCI

NA POWIERZCHNI

g

Obr. 2. Sousedici indikace, predstavujici jejich skutecny obraz na zkouseném povrchu,
Jsou hodnoceny jako jedina dlouhd vada.
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V dodatku A (informa¢ni) v tabulce Al jsou uvedeny doporucené parametry zkouSeni
pro zjistovani malych vad. Zkusebni materialy jsou zapsany v potadi podle jejich pouziti
(tab. 3) [19]. Na obr. 4 jsou uvedeny piiklady defektogramii charakteristickych vad
vyskytujicich se pti svafovani.

Tabulka 3. Doporucené parametry zkouseni [19]

PFijaty stupen Stav povrchu Typ penetraéniho systému
Acceptance level Surface condition Type of penetrant system
Fluorescenéni kapilarni zkouska,

normalni citlivost podle 1SO 3452-2.
Barevna kapilarni zkouska, vysoka citlivost

1 Zévereené obrobeni ¥k | 150 34502
Fine surface? Fluorescent penetrant system, normal sensitivity of high er
fo 150 3452-2.

Colour contrast penetrant, high sensitivity to 1SO 3452-2
Hladky povrch P vizand! tod Jakykoliv

2 Smooth surface” Any
3 B&Zné obrobeni © V72!t Jakykoliv
General surface Any

¥ The weki cap and parent material offer mooth clean surfaces with negligible undercut, rippling and spatter.
The surface finish is typical of welds made by automatic TIG-welding, submerged arc welding (fully
mechanized) and manual metal arc welding process using iron powder electrodes.

) The weld cap and parent material offer reasonably smooth surfaces with minimal undercut, rippling and
spatter. The surface finish is typical of welds made by manual metal arc welding vertical downwards
and MAG welding using argon rich gas for the capping runs.

9 The weld cap and parent material are in the as-welded condition. The surface finish is typical of welds
produced by the manual metal arc and MAG welding processes in any position.

’ .&F j,l,., b
Obr. 4. Defektogramy vad svarii
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Zaver

Ur¢ovani stupiid jakosti vzdy zptsobovalo technicko-pravni problémy [1, 2]. Nové evrop-
ské zkusebni normy a podobné i normy vyrobkové dovoluji upravu procedur a pozadavka na
vyrobni kontrolu. Literarni odkaz [3] prezentuje standardni piipady zkouSeni svart kovovych
konstrukci. Hlavnim tkolem kapilarnich zkousek je zjiStovani povrchovych necelistvosti
a jejich polohy [4]. Nazvoslovi pouzité v normach, jako napt. indikace kratkd nebo dlouha
nereprezentuji v tomto piipadé technologické nazvy. Nékteré indikace mohou byt nepravé
(falesné), coz je ¢asto vyvolano subjektivnimi faktory zkousejiciho. Spravna analyza vysledki
zkousky a urceni nedokonalosti zkouseni daji kone¢ny obraz o jakosti kontrolovaného sva-
rového spoje [5].

Literatura

[1] Dudek K., Przystupa F., Sozanski L.: Aspekty europejskiej normalizacji metod
nieniszczacych. Prob.Masz.Rob. 2002, z.19.

[2] Czuchryj J., Sikora S., Staniszewski K.: Problemy oceny jakosci ztaczy spawanych
réznymi metodami oraz wykonanych z réznych materiatéw konstrukcyjnych. Biuletyn
Instytutu Spawalnictwa, 2011, nr 1.

[3] Pasternak J., Wolanski R.: Procedura badan penetracyjnych. Przeglad Spawalnictwa,
2002, nr 5.

[4] Borowiecka — Wilczynska A.: Badania penetracyjne. Repetytorium. Biuro Gamma. 2007.
[5] Hlebowicz J.: Zrodla niepewnosci badan nieniszczacych. Badania materiatéw, 2001, nr 2.

Normy

[6] (PN)-EN 1SO 17635:2010. Badania nieniszczace ztaczy spawanych. Zasady og6lne
dotyczace metali.

[7] (PN)-EN 473: 2008. Badania nieniszczace - Kwalifikacja i certyfikacja personelu.

[8] ISO 9712:2005. Badania nieniszczace - Kwalifikacja i certyfikacja personelu.

[9] (PN)-EN 571-1:1999. Badania nieniszczace — Badania penetracyjne. Zasady ogélne.
[10] (PN)-1SO 3452:1997. Badania nieniszczace — Badania penetracyjne. Zasady ogodlne.
[11] EN ISO 3452-1:2011. Draft. Non-destructive testing - Penetrant testing Part 1: General
principles (ISO/DIS 3452-1:2011).

[12] (PN)-EN ISO 3452-2: 2006. Badania nieniszczace — Badania penetracyjne. Czgsé 2:
Badanie materiatdéw do badan metoda PT.

[13] (PN)-EN ISO 3452-3:2001. Badania nieniszczace — Badania penetracyjne. Cze$¢ 3:
Etalony

[14] (PN)-EN I1SO 3452-4:2001. Badania nieniszczace — Badania penetracyjne. Czgs¢ 4: Wy-
posazenie.

[15] 1SO 3452-5:2008. Non-destructive testing — Penetrant testing — Part 5: Penetrant testing
at temperatures higher than 50° C.

[16] 1SO 3452-6:2008. Non-destructive testing — Penetrant testing — Part 6: Penetrant testing
at temperatures lower than 10° C.

DEFEKTOSKOPIE 2012 247



[17] (PN)-EN 3059:2005. Badania nieniszczace. Badania penetracyjne i badania
magnetyczno-proszkowe. Warunki obserwacji.

[18] (PN)-EN ISO 5817:2010. Badania nieniszczace ztaczy spawanych. Zasady ogélne
dotyczace metali.

[19] (PN)-EN ISO 23277:2010 Badanie nieniszczace spoin - Badanie penetracyjne spoin -
Poziomy akceptacji.

[20] (PN) EN 1330-7:2007. Badania nieniszczace. Terminologia. Czes¢ 7: Terminy
stosowane w badaniach nieniszczacych.

[21] (PN)-EN ISO 12706:2003. Badania nieniszczace - Terminologia - Terminy stosowane
w badaniach penetracyjnych.

Prispévek vznikl pro realizaci projektu nr R 03 0039 06/09

248 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic
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TESTOVANI
INFRARED THERMOGRAPHIC (NON-DESTRUCTIVE)
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Abstrakt

Infracervend termografie (ddle ICT) je metoda zobrazovdni teplomich poli/ zddnlivych teplot na
objektech v redlném case. Je to nekontaktni, nedestruktivni metoda zobrazovdni povrchovych
i podpovrchovych teplot, kterd se prakticky pouzivd od r. 1965; v tomto roce byl predstaven prvni i¢
termograficky systém na svété (AGA 665 Thermovision), ktery zobrazoval teplotni pole na povrchu
objektit v redlném case. 'V dalSich letech se i¢ termografickd technika ddle vyvijela (obdobné jako
napfiklad vypocetni technika) a to jak po technické strdance, tak i podle jejiho vyuZiti a zaméfeni.
V soucasné dobé je moziné rozdélit i¢ termografické metody zkouSeni /testovdni na dvé zdkladni
skupiny a to na ,,pasivni“ a ,,aktivni“. V prispévku je uveden zdkladni piehled poZivanych metod v i¢
termografii, véetné zdkladnich informaci o pouZivané i¢ termografické technice - i termografickych
systémii.

Klicovd slova: Infracervend termografie, i¢ termograficky systém, termogram, infracervené
nedestruktivni testovdni

Abstract

Infrared (hereinafter referred to as IR) thermography is a method of imaging thermal fields and
apparent temperatures on the targets in real time. It is a non-contact as well as a non-destructive
method of imaging temperatures on and also below the surfaces. This method is use practically since
year 1965. In that year was introduced the first IR thermographic equipment on the wide word called
AGA 665 Thermovision, which could display a thermal field on the surfaces of targets in real time.
The IR thermographic technique has been developing in the following years (in similar way as for
example a computer technique) from their technical side and also in application and specialization in
use. Currently it’s possible to divide the IR thermographic methods / testing into two basic groups —
“passive” and “active”. This article introduces a basic overview used methods in IR thermography
including basic information about a used IR thermographic technique — IR thermographic equipments.

Keywords: Infrared thermography, IR thermographic equipment, thermogram, infrared non-
destructive testing
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Uvod
Infragervenou termografii (dale ICT) je mozné, podle zaméFeni, rozdélit do nekolika skupin &i
oblasti:

- Prediktivni udrzba a diagnostika (PM)
- 1IC nedestruktivni testovani (IC NDT)
- Vyzkum a vyvoj (R&D)

- Automatizace a pozarni bezpe¢nost

- Specialni méteni (v pecich,...)

- Zobrazovani plynd

Dalsi déleni miize byt na kvalitativni nebo kvantitativni ICT a dale zda se jedna o pasivni &i
aktivni ICT.,

Kvalitativni ICT je metoda vyhodnocovani odstinti &i kontrasti v obrazech-termogramech bez
toho, aby byly vypocitavany/kvantifikovany absolutni hodnoty teplot.

Kvantitativni ICT je metoda, kdy jsou vypogitavany/kvantifikovany absolutni hodnoty teplot.
Zde jenom kratké ptipomenuti, ze zadny termograficky systém (a ani standardni bezkontaktni
teplomeér) neméti teplotu pfimo. Pro vypocet ¢i kvantifikaci teplot musi byt uvazovany a co
nejpiesngji pouzity viechny fyzikalni zakony a parametry ICT, aby byly ziskany spravné
hodnoty absolutnich teplot. Témito parametry ICT jsou: emisivita, odraZena zdanliva teplota,
vzdalenost a relativni vlhkost atmosféry (vyhodnoceni pienosu atmosférou) a teplota
atmosféry. V piipadé, Ze je jesté pouZita tzv. externi optika, tj. opticky, v dané spektralni i¢
oblasti transparentni prvek—okno, které je v optické ose mezi méfenym objektem a méficim
systémem, je nutné znat jeho propustnost a v dob& méieni i jeho teplotu.

Prediktivni idrzba a diagnostika (PM)

Tuto oblast je moZné charakterizovat jako oblast s nejvétSim vyuzitim i¢ termografickych
systémi. Zakladni zaméfeni je na diagnostiku stroji, rozvodia elektrické energie
a stavebnictvi. Prevazné se pouzivad pasivni, kvantitativni termografie. Nejvice pouzivané
termografické  systtmy vPM  jsou  systétmy s mozaikovymi  nechlazenymi
mikrobolometrickymi (tepelnymi) detektory.

(Vice informaci o diagnostice (mechanickych) strojii je mozné vyhledat napt. v CSN 1SO
18434-1 : Monitorovani stavu a diagnostika strojii — Termografie — Cast 1: Vieobecné
postupy. Pro diagnostiku rozvodi elektrické energie zatim nebyla zpracovana zadna (CSN,
ISO, EN,...) norma, existuji ale rGzné metodiky ¢i piedpisy, které jsou pouZivany pfi
diagnostice rozvodu elektrické energie. Pro diagnostiku stavebni objektii existuje v soucasné
dobé revidovana CSN EN 13187: Tepelné chovani budov — Kvalitativni uréeni tepelnych
nepravidelnosti v plastich budov — Infracervena metoda.)
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IC nedestruktivni testovani (IR/IC NDT)
obecné patii do zakladnich principi/metod NDT, které podle ISO 9712 jsou:

- Akustickd emise/Acoustic emission (AT)

- Vikivé proudy/Eddy current (ET)

- Infracervena termografie/Infrared thermographic (TT)
- Net&snosti/Leak (LT)

- Magnetickd/Magnetic (MT)

- Penetrace/Penetrant (PT)

- Radiografie/Radiographic (RT)

- Tenzometrie/Strain gauge (ST)

- Ultrazvuk/Ultrasonic (UT)

Terminy vztahujici se pro IR/IC NDT:

Anizotropie, dutina; delaminace; emisivita; koroze; napéti; odrazivost; porosita;
slozeni/skladba; spojovani; stav vytvrzeni; tepelnd vodivost; tepelné tvarovani; tloustky
pokoventi; tloustka; tepelné zpracovani; vlhkost

V IC NDT se pouziva pasivni ale hlavné aktivni termografie.
Pasivni termografie ma nejvetsi vyuziti v PM.

Aktivni termografie je zalozena na fizené simulaci tepelné viny v télese, nasledném snimani
rozlozeni teplot i¢ termografickych systémem a analyzou signalu. Defekty v podpovrchové
vrstvé se projevi rozdily v rozlozeni povrchovych teplot. Zdrojem tepla mize byt halogenova
lampa, pulzni laser, xenonova vybojka nebo teply proudici vzduch. Pti znamych vlastnostech
materialu lze ztepelného obrazu vyhodnotit rozsah a hloubu podpovrchové vady a to
teoreticky nebo srovnanim s etalonem.

Zékladni pozadavky na i¢ techniku pro aktivni termografii jsou obdobné jako pro techniku pro
Vyzkum a vyvoj (R&D) tj.:

- Kratky integracni ¢as (rychlé pohyby)

- Velky rozsah métenych teplot — rezim Multi-TI (superframing)

- Rychlé zmeny teplot

- Vysoka teplotni citlivost

- Lock-in termografie

- Vysoké prostorové rozliseni (malé objekty)

- Multispektralni analyza

- Spektralni filtrace

- Moznost on-line pfenosu dat do vyhodnocovacich zafizeni (po¢itaci)
- Specialni vyhodnocovaci software

DEFEKTOSKOPIE 2012 251



Aktivni termografie miize byt:
- Pulzni
- Pulzni fazova
- Stupnové/krokové zahiivani

- Lock-in
- Lock — in ztratového uhlu
- Vibro

Teorie tepelné viny

Pti modulovaném ohtevu povrchu ihlovou frekvenci @ se v podpovrchové oblasti $iii velmi
tlumena a rozptylena tepelnd vlna. V rovinnych vrstvach télesa 1ze pro vyhodnoceni teploty ¢
v hloubce za ¢ase fpouzit rovnici:

zZ

9(z,t) = 9, e ¥ cos (

"
=

— wt) (1)

A

kde u je hloubka vniku tepelné viny, pii které klesne teplota na hodnotu 1/e &, kde %, je
teplota na povrchu télesa.

Plati vztahy:
i 2K JZ_CL"
K= Joe ™ o ()
P ]
A=2mu ; v= A- ©)
wl{z) = nz = i
' A H @)
kde
K soucinitel tepelné vodivosti (W.miK?h
p hustota materialu (kg.m™)
¢ mérna tepelna kapacita (T kg'K?h
o souginitel teplotni vodivosti  (m%s™)
2
o= —
5)
p objemova hmotnost
¢, Mérna tepelnd kapacita pfi stalém tlaku
A tepelna vinova délka (m)
v rychlost §ifeni tepelné viny (m.s™)

¢ faze tepelné viny
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Obr. 1 Priklad hloubky vniku tepelné viny / An example of penetration depth of heat wave

Defekt v télese zpuisobi snizeni rychlosti §iteni tepelné viny a na povrchu télesa lze pozorovat
na teplotnim poli podle Cela tepelné viny oblasti s rozdilnymi teplotami. V dasledku tohoto
jevu se defekty ve vétsi podpovrchové hloubce projevi/zobrazi pozdégji a se sniZzenym
kontrastem (obr. 2)

C(t)

ohrev defekty

el Sy

t

max,1

tmax.? tma-.! t

Obr. 2 Ohrev objektu s defekty tepelnou vinou, zdvisiost relativni hodnoty tepelného

kontrastu C na hloubce z / Heating-up of the object with defects by thermal wave, the
dependency of relative values of thermal contrast (C) at a depth z

Pokles kontrastu je tmé&rny tfeti mocning hloubky z. Pro vyjadieni kontrastu se zavadi tepelny
kontrast C(t) dle vztahu

B0 .e) —8(i. j.e=0) (6)

oIt = s ae=o

kde
J( /) je ¢asové proménna teplota na povrchu nad defektem (indexy i,j uréuji pixel
senzoru i¢ kamery)
Js(t)  je pramérna hodnota teploty na povrchu objektu bez defektl
J(t=0) jsou pocate¢ni hodnoty teploty pied simulaci tepelnym pulzem

Matematické vyjadieni muze byt znacné slozité, zalezi na vlastnim materialu, jeho hustoté
(kg.m™®), specifické tepelné kapacits (J.kg™.K™), na souciniteli tepelné vodivosti (W.m™*.K™),
souginiteli teplotni vodivosti (m”s™), na souciniteli tepelné ,effusivity* (W.s"2Zm2K?)
a dale na tvaru pulzu (Diraciv pulz, obdélnikovy pulz, Gausstv pulz).
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Pulzni termografie

Pulzni termografie spoéivd vrychlém (pulznim) externim nebo internim ohievu télesa
anasledném vyhodnoceni teplotniho pole na povrchu télesa pomoci termokamery. Podle
uspotadani zdroje ohfevu, objektu a kamery se pulzni metoda déli na reflexni a prachodovou.
Teplota povrchu se rychle méni po fizené pulzni stimulaci vlivem rozptylu tepelné viny,
vyzatovani a konvekei.

Z materialu /3 / publikovaném na 18" WCNDT , konaném v dubnu 2012 v Durbanu je
uvedena informace, Ze spole¢nost General Electric pouziva pro pulzni termografii nékolik
synchronizovanych xenonovych lamp o vykonu 4,8 kJ, které mohou vyzafovat (pulzni) vykon
az 10 MW !

Lock-in termografie

Lock-in termografie je zaloZzena na modulaci fizeného tepelného toku dopadajicim na
diagnostikovany objekt. Tepelna (obvykle sinusova) tepelna vlna pronika dovnité télesa
a v misté zmeény prostiedi, tj. anomalie/odchylky ve struktufe materidlu testovaného objektu
se odrazi zpét k povrchu. Na povrchu objektu dochazi k interferencim objektem vyzarovaného
a na objekt dopadajiciho zativého (tepelného) toku, kdy potom termogramy snimané
termografickou kamerou jsou modifikovany tepelnou vlnou emitovanou z vnitiku
diagnostikovaného objektu. Rozborem signalu z kazdého pixelu detektoru kamery lze stanovit
oddélené jak amplitudu, tak i faizovy posuv odezvy. Amplituda signalu z jednotlivych pixela
je ovlivnéna nehomogenitou parametri (emisivita, pohltivost) a nehomogennim rozlozenim
dopadajicim tepelnym tokem na povrch objektu. AvSak ve fazové modulaci jsou uvedené
efekty vylouceny a metoda lock-in poskytuje nezkreslené informace o ,,podpovrchové”
teploté objektu. Vyhodnoceni amplitudy a fize obrazového signalu lze docilit raznymi
zpisoby, nejcastsji je pouzivané zpracovani étyt 0 90° fizové posunutych obrazd.

ay

Y

Obr.3 Princip vyhodnoceni amplitudy a fize u lock-in termografie (nahore dopadajici
modulovand vina, dole vina vyzarovand povrchem objektu) / The principle of evaluation
of the amplitude and phase for lock-in thermography (top incoming moadulated wave, wave
emitted by the surface of the object at the bottom)
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Po zpriimérovani vice obrazi/termogrami 1ze u kazdého pixelu vyhodnotit amplitudu a fazi
podle téchto vztahi:

5 -
@ =arctg

A= (5 -5+ (5;—55)°

Vyhodnoceni amplitudy a faze obrazového signalu je mozné nékolika raznymi, zde
zpracovanim &ty 0 90° fAzové posunutych obrazi.

Superframing

Pouziti hlavné u kamer s fotonovymi mozaikovymi detektory a u kterych je mozné ménit
integracni ¢as.
( Kamery s mikrobolometrickymi detektory maji fixni integraéni Cas, je mozné ménit pouze
rozsah teplot).

Vyzkum a vyvoj (R&D)

Termografické systémy pro R&D jsou kamery s nechlazenymi a chlazenymi mozaikovymi
detektory. Kamery (s chlazenymi) detektory se vyznacuji tim, Ze maji vysoké obrazové
frekvence, jsou velmi citlivé, mohou byt osazovany vyménnymi spektralnimi filtry, a obecné
tyto kamery maji vystupy pro pienos a zdznam dat v externich zafizenich (pocitadich), maji
vstupy pro synchronizaci kamer atd. Spektralni rozsahy kamer pro R&D jsou takové, Ze
prakticky pokryvaji vSechna i¢ pasma, tj. od NIR po LW.

Zékladni sméry v oblasti R&D:
- 1¢ mikroskopie
- Lékarska termografie
- Thermal signatures/,, Teplotni znac¢ky* (- superframing)
- Rychlé zmény teplot/teplotnich poli
- Tracking/Sledovani rychle se pohybujicich objektd, pri up-date zménach polohy
a sméru objektu
- Detekce paprski ,,neviditelnych lasera*

Automatizace a poZarni bezpecnost

Zakladni pozadavky na techniku:
- Radiometricky/méfici systém véetné nastavovani parametrd objektu
- Ethernet (ovladani/fizeni a obraz)
- USB (ovladani/tizeni a obraz)
- Digitalni vstupy a vystupy
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Specialni méieni (v pecich, ...)
(Termograficka radiometrickd méfeni ,,skrz plameny*).

Méteni jsou zamétena predevsim na kontrolu teplot na povrchu trubek/vlasenek v pecich.
Vlastni méfeni se provadi tak, ze z otevieného (v dob& méfeni) priizoru ve sténé pece jsou
pomoci i¢ kamery, opatfené specialnim tepelnym $titem, kontrolovany trubky/vlasenky, které
je mozné zaméfit kamerou. U kruhovych peci jsou zamé&fovany trubky umisténé na prot&jsi
strané pece, kde uprostied pece jsou umistény horaky a hofi plameny (vétSinou je spalovan
zemni plyn). V optické ose mezi i¢ kamerou a kontrolovanymi trubkami hofi plameny.

Plamen pfi spalovani zemniho plynu je transparentni (t—1) na vinové délce 3,9 um a toho se
vyuziva v této aplikaci pouziti.

Zobrazovani (Gnika) plyna

Pt této aplikaci je vyuZivano skute¢nosti, ze celd fada plynd neni na ur¢itych vlnovych
délkach transparentni (t—0) a plyny (jejich ptipadné uniky) je potom moZné zobrazit jako
,»oblacky kouie“. I¢ kamery musi mit vysokou citlivost a maji zabudovany (kamery FLIR)
specialni funkci HSM (High Sensitive Mode). Vlastni méfeni — zobrazovani (unika plyni)
nejsou kvantitativni, ale kvalitativni.

Termografické kamery FLIR fady GF mohou pracovat ve dvou zakladnich reZimech:

v radiometrickém (kvantitativni méfeni) a neradiometrickém (kvalitativni zobrazovani).
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and Condition Monitoring, 1.4.2012
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Abstract

Presented paper deals with a continuous monitoring of honey bee colony depending on the activity,
hive space and application of medicaments in the hive. Overall colony activity was monitored using
acoustic emission (AE) method. Data was recorded to describe development of the bee colony. The
information gained will be used to represent a more comprehensive view on the life-cycle and
behavior of honey bees (Apis mellifera).

Key words: honey bee, acoustic emission, monitoring
Abstrakt

Projekt se zabyvd vyzkumem chovdni vcelstev v priibéhu roku v zdvislosti na pracovnich tikonech,
iilovém prostoru, aplikaci 1é¢iv a souhrnné na vitdlnosti véelstva v daném obdobi. Veskeré aktivity
véelstev byly snimdny pomoci akustické emise a je zaznamendvdn pritbéh rozvoje vcelstev. Ziskané
nové informace budou podkladem k vytvoreni komplexnéjsiho ndhledu na problematiku vcely
medonosné (Apis mellifera).

Klicovd slova: viely, akustickd emise, monitorovdn

Uvod

Vcela je velmi teplomilny hmyz. Pfi ochlazeni na +7 az +9°C se pfestava pohybovat.
Na dotek reaguje jest¢ slabymi pohyby nohou a kiidel. Pfi +4 az +6°C ale upada do chladové
strnulosti, ktera pii je$té nizsich teplotach nastupuje velmi rychle. V tomto stavu mize véela
jako jedinec prezit nejvyse primérné 1 az 2 dny. Néastup ztuhnuti vlivem nizké teploty silné
zavisi na teploté prostiedi, v némz se véela zdrzovala predtim. [1]

Vyletovani véel z 014, pouze za zvySené venkovni teploty (nejnizsi hranice pro opusténi Glu je
15°C). Pokud nekteré véely vylétly diive, tak zemiely zimou. [2]
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Prehtatim hyne plod pii déle trvajicim zvySeni teploty nad 36°C. Nejcastéji to byva pfi
nedostate¢ném piivodu vzduchu napt. pfi ucpani ¢esen. Citlivost plodu na ptehfati stoupa
s jeho vékem. Pfi vysoké teploté se véely snazi piedevs$im sniZit teplotu v tle odpafovanim
vody. Pti nedostatku vody se véely ,,vrhaji* na plod a vodu z n&j vysavaji. Trva-li prehtati jen
kratce, plod se vylihne, ale takové véely maji pak deformovana kiidla a nevyvinuté nohy. [3]

a hynou. V obdobi kolem konce bfezna mohou néktera véelstva zeslabnout tak, Ze je jejich
situace az kritickd, mohou i podlehnout nemocem, hlavné nosemédze. Situace v silnych
véelstvech je v tomto obdobi zietelné lepsi, nemoci se v nich zpravidla neobjevuji. VEelstva
v tomto obdobi vytapé&ji uz cely ulovy prostor. [4]

V pribéhu ¢asného jara je docela normaélni, Ze teplé dny byvaji vystiidany dny chladnymi,
a nékdy dokonce mrzne. V nékterych letech byva jaro velmi studené, coz viditelné plisobi na
vegetaci a samoziejmé na véelstva. Neztidka se stane, Ze veelstvo velkou ¢ast plodu odstrani,

protoze se o néj jiz nemuze starat. [5]

METODIKA EXPERIMENTU

Vybér méreného objektu a metodika méreni

Pro pilotni m&feni byl vybran plemena¢ (mensi rozméry klasického Glu) s oznagenim Q04/11.
Tento plemena¢ obsahoval pred méfenim 5 ramkd miry 37x15. Byly zvoleny dva identické
snimace, které byly pouzity k méfeni vystavéného plemenace. Jeden snima¢ byl umistén na
sklo, které bylo ulozené na dno plemenade. Druhy snima¢ byl pfiloZzen na plech o rozmérech
(30x100), ktery byl vloZzen mezi ramky. Kvuli experimentu byl odstranén jeden ramek,
z divodt prostoru pro snima¢ a vlozeny plech.

Ve

Obr. 1 Senzor na sklenéné desce. Foto autor.
Figure 1: Sensor on the glass plate in the inlet port. Photo by authors.

Slot01: tento snima¢ byl umistén na plech, ktery byl vloZen do ulu. Snima¢ byl opatien
piedzesilovacem 35 dB. Stykova plocha snimace byla natiena akustickou pastou na pienosové
prostiedi. Snima¢ byl upevnén gumovou smyckou kvili dosazeni nalezité stykové plochy
snimace.
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Slot02: snimaé¢ byl umistén na sklenéné desce. Tento snima¢ byl opatien predzesilovacem
35 dB. Byl umistén externé z Ulu na ¢esné (letdkova plocha, ktera slouzi pro vstup véel do
ulu). Do celého prostoru byla vlozena sklenéna deska, ktera zachycovala jak letovou aktivitu,
tak cistici instinkt nebo vétrani. Tento snima¢ byl uchycen svérkou ke sklenéné plose
(Obr. 1).

Signaly akustické emise generované aktivitou vcelstva byly snimany a vyhodnocovany
analyzatorem XEDO od spole¢nosti DAKEL ZD Rpety. Jedna se o vykonny vicekanalovy
systém pro analyzu signalli akustické emise umoziiujici vzorkovani a ukladani namétenych
dat na disk fidiciho PC. Deska analyzatoru pokryva frekvenéni rozsah cca 80 — 550 kHz. Data
z analyzatoru Dakel XEDO jsou odesilana pies rozhrani Ethernet do fidiciho pocitace, kde
mohou byt v softwaru Daemon sledovany méfené parametry a data jsou ukladana na disk pro
nasledné vyhodnoceni. [6]

VYSLEDKY A DISKUSE

Mgéieni bylo zahéjeno v 15:48:00 dne 28. 3. 2012 (viz Obr. 2). Na obrazku vidime aktivitu
veelstva v jednotlivych fazich dne na obou kanalech méfici soustavy (sklo i plech).

RMS

e X0~28. 3.2012 15: 48: 00. 23707
800+ RVS sheet netal plate ——
7004 RMS gl ass pl ate —

600 +
500+
400+
300+
200+

0
0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8

dayj

Obr.2 RMS snimacii (sklenéna a ocelovd deska).
Figure 2: RMS for both channels (sheet metal plate, glass plate).

Snima¢ na sklenéné desce

Na Obrazku 3 je znazornén cely prabéh meéfeni na sklenéné desce. Do obrazku je
zakomponovan i pribéh okolni teploty, ktera byla v dobé méteni urCujici. Jak je patrné, tak
RMS koreluje s teplotou, ktera uruje aktivitu véelstva. Mezi jednotlivymi dny, kdy teplota
byla neptizniva pro vyvoj véelstva, je patrna nizka aktivita na sklenéné podlozce. Po otepleni
je aktivita zvySena. Kdyz véelstvo mélo moznost sbirani pylu a nektaru, (5. den) je aktivita
i v noci. Veelstvo zpracovavalo pfineseny material.
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X0~28.3.2012 15:47:59.82213 27
8001

RMS glass plate sensor 24
700+ Temperature —_— 21

0 0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 days

Obr. 3 RMS a teplota na sklenéné desce
Figure 3: RMS and temperature curves for glass plate sensor.

Z Obrazku 4 nize je patrné, ze udalosti, které byly naméfeny na vzorku, jsou nejvice vyrazné
v posledni etapé¢ méteni, kdy byla vétsi teplota oproti pfedchozim dntim. MnozZstvi vstupt,
které veely uskutecnily na sklenénou podlozku, bylo minimalni. Teplota byla v tomto obdobi
nizka pro vystup z lu.

evn+
num®
220001 /
200001
180007
160007
140007 P
12000+ )
100007
80007
60007
40007 B e

2000
0 . . . . . . } } } }

Obr. 4 Uddlosti na skienéné desce.
Figure 4. Events for glass plate sensor.

Sklenéna podlozka nejvice reagovala pii zvySengjsi teploty, kdy aktivita létavek (vcely
vykondvajici prdce mimo ul) byla nejvyssi. Casovy horizont této aktivity byl v rozmezi
tim vznikd vys$§i mortalita, kdy v¢ely zkiehnou chladem. Aktivita v noci je nasledkem
&isticiho pudu, kdy je prostor tlu ¢istén a mrtvolky véel jsou vytahovany z prostiedi lu.
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Snima¢ na plechu

Snima¢ na plechu nebyl ovlivnén venkovni teplotou (viz Obr. 5), protoze v tle si véely dokazi
vytvorit dostatecné teplo pro svoji tepelnou pohodu. Byl ovlivnén svoji polohou, tak Ze byl
umistén na piedposlednim ramku, kde nedohazi k velké kumulaci v&el. Pii ochlazeni
venkovni teploty doslo k stdhnuti do sevieni a opusténi prostoru, kde byl snima¢ umistén.

RMS z°C
mV b
127
800+ ]
X0~28.3.2012 15:48:00.237070 124
700y RMS sheet metal plate sensor 121
6001 Temperature _— . 18

500+ 15
400+ T1o
300+ 1o

200+

Obr. 5 RMS a teplota na ocelové desce
Figure 5: RMS and temperature curves for sheet metal plate sensor.

V prvni fazi lze sledovat, ze na snima¢ veely reagovaly kladng, kdy tento cizi predmét
akceptovaly ve svém prostoru. V dalsich fazich méfeni se v&elstvo stahlo do tésné formace,
aby snizily tepelné ztraty a aktivita, tak poklesla. Pii zvySeni venkovni teploty reagovalo
véelstvo rozvolnénim chumace do dalsich uli¢ek, kde byl umistén plech se snimacem.
Posledni faze méfeni je vysoka aktivita v€elstva na plechové podlozce, kdyz veely vyplnily
cely obsah tilového prostoru.

Plech se snimacem byl umistén v tésné blizkosti veel. Z Obrazku 6 je zfejmé, Ze mnozstvi
udalosti, které se zaznamenaly snimafem, jsou pracovni ¢innosti s vysokym mnozstvim
udalosti AE. Nejvétsi aktivita je na konci méfeni, kdy teplota byla pro aktivitu vcel
odpovidajici pro jejich pracovni ¢innost.

evn
num| -~
110000+ (
100000+
90000 +
80000 +

70000+
60000+

50000+

40000+
300007
20000+ - ] o

10000+
0 t t t t t t t t t t

Obr. 6 Udilosti na ocelové desce.
Figure 6: Events for sheet metal plate sensor.
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Nejvetsi a nejsilngjsi RMS je na plechu, ktery byl vlozen do plemenace. Na plechu byly véely
aktivngjsi i pii chladngjsim pocasi, protoze v tle je teplota vyssi neZ venkovni. Pfi nizké
teploté, dochazi k opusténi ulicky &i plastu, pro snizeni tepelné ztraty. To ve za piedpokladu,
Ze se tam nebude nachéazet plod. Pokud by byl ramek zakladen, v&ely délnice by tento prostor
neopustily. Méfeni se snazilo byt Setrné, veelstvo nezdecimovat, proto byla vybrana uli¢ka,
kde se nenachazel plod, ale pouze zasoby a pyl. Pti teplém pocasi se véelstvo rozvolnilo do
veskerych ulicek, které se nachazely v plemenaci a tak dochazelo k ptenosu vyznamného AE
signalu do aparatury.

ZAVER

Metoda AE zjistila bez na$i pfitomnosti, jak vybrané véelstvo reaguje na podnéty. Tato
metoda méfeni online popisuje letovou aktivitu a intenzitu v¢el 1étavek, které zajistuji vodu
a pyl. Metodu lze vyuzivat, pokud véelstva jsou umisténa na vzdalengjSich stanovistich nebo
pro véelate, ktery je ¢asové zaneprazdnén. Z obrazku je piekvapivé, Ze aktivita neustava ani
v noci. Je to zdavoda ¢isténi tlového prostiedi nebo vétrani veel na sklenéné podlozce.
Na konci méfeni je mozné sledovat, Ze RMS se téméi piekryvaji z diivoda vysoké teploty.
Veelstvo se aktivné podili na svém pteduréeném rozvoji. Je to dano faktorem teploty, kdy je
pfizniva pro sledovany organismus ulu. Tyto teploty dovoli véelstvu se aktivné podilet na
CiSténi, sbirani vody a prolety z Glu. Posledni faze méfeni je aktivita i ve veCernich a no¢nich
hodinach. Moznost vyruseni v¢elstva nebo aktivita pii vyssi venkovni teplotg.

Metoda AE nam umoznila sledovat aktivitu v&elstva v priibéhu tydne, kdy se ul nemusel kvuli
sledovani véelstva rozebirat. Tim nedochazelo ke stresovym situacim, které plisobi casté
nahlizeni do véelstva, ani ztratam medného vynosu. Méteni probiha on-line, proto nemusi
obsluha pfitomna u stanoviste.
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Abstrakt

Most buildings date back to the first half of the last century. Concrete proved to be a durable
construction material in the recent years. Concrete is a composite construction material
composed primarily of aggregate, cement and water. There are many different mixture that
have varied properties. Knowledge about basic properties and behaviour especially at
loading are important for its lifetime. Mechanical properties and their characteristics in co-
ordinance of quantity and loading type enable to dimension significant construction parts and
to determine their reliability, which determine so-called limiting state. A limiting state is
a condition of a structure beyond which it no longer fulfils the relevant design criteria. One of
the major strength properties is obtained by four-point bending load. Acoustic emission
method, which is a part of Non-Destructive Testing techniques, records propagated elastic
waves generated from the place of an active crack, can be applied. The Acoustic Emission
Method is more sensitive than visual observation, because it enables to monitor acoustic
emission activity during loading continually. In the article monitoring of concrete blocks made
from different mixtures is described. Behaviour of four different groups of mixtures is
described in the paper. The first group was sleeper concrete, the second was sleeper fibre-
concrete, the third was alkali activated fibre-concrete and last was alkali activated concrete
with steel reinforcement.

Key words: Acoustic Emission Method, concrete, four point bending, load

1. Introduction

Because concrete is one of the most popular building materials, it is important to
know its basic properties and behaviour especially at loading. Concrete strength and
its lifetime are significant mechanical properties of building structures. Mechanical
properties and their characteristics in co-ordinance of quantity and loading type
enable to dimension significant construction parts and to determine their reliability,
which determine so-called limiting state. A limiting state is a condition of a structure
beyond which it no longer fulfils the relevant design criteria. One of the major
strength properties is obtained by four-point bending load. Recording the force, at
which the first surface crack is detected, is the conventional procedure. For location
of crazing and crack propagation in loaded concrete structure, which four-point
bending load qualified for, the Acoustic Emission Method can be applied.
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Acoustic Emission behaviour of a concrete sample under compression is associated
with generation of micro-cracks. These micro-cracks are gradually accumulated prior
to final failure. The number of AE events, which correspond to the generation of
these cracks, increases due to the accumulation of micro-cracks [1].

This method is more sensitive than visual observation, because it enables to monitor
acoustic emission activity during loading continually. In the article is described
monitoring of concrete blocks made from different mixtures. The first mixture (1N)
(meaning in the Table 1) was from self compacted concrete, the second (2N+D) was
from self compacted concrete with steel wires, the third (4A+D) was from alkali
activated concrete with steel wires and last (5A+D+V) was from alkali activated
concrete with steel wires and with steel reinforcement.

Many internal flaws and cracks exist in concrete prior to loading. The mechanical
behaviour of concrete subjected to different loading conditions is governed by the
initiation and propagation of these internal cracks and flaws during loading. For
a concrete structure subjected to tension, the cracks propagate in a direction
perpendicular to the applied tensile load. On the other hand, for a concrete structure
subjected to purely uniaxial compression, the cracks propagate primarily in the same
direction as the applied compressive load. Since different mechanical responses of
concrete structures can be explained by fracture processes at different loading
conditions, one needs to understand when the internal cracks initiate and how they
propagate with increasing load [2].

Table 1: Abbreviations

Abbreviation | Meaning

SCC Self Compacting Concrete

AAC Alkali Activated Concrete

1IN Mixture of self compacting concrete

2N+D Mixture of self compacting concrete with wires

4A+D Mixture of alkali activated concrete with wires

5A+D+V Mixture of alkali activated concrete with wires and steel reinforcement
2. Methods

Three mixtures were chosen for the concreting; the composition and labels of
mixtures can be found in the Table 2.

In the first stage, different types of mixtures were placed in two wooden forms. In the
second stage of the concreting, only the mixture AAC was used and completed with
steel reinforcement.

The source of the acoustic emission energy is the elastic stress field in the
material. Without stress, there is no acoustic emission. Therefore, an acoustic
emission inspection is usually carried out during a controlled loading of the structure.
This can be a proof load before service a controlled variation of load while the
structure is in service a fatigue test, creep test, or a complex loading program. Often,
a structure is going to be loaded anyway and acoustic emission inspection is used
because it gives valuable additional information about the performance of the
structure under load [3,4].
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Table 2: Composition of mixture

Component CCC [kg] | AAC [kgd]
Cement 385 0
Blast furnace slag 250 450
50% dilution KOH 0 37
Water glasses (sodium) 0 65
Water 210 160
Superplasticizer 4,3 0
Sand 0/4 775 840
Rubble 4/8 355 380
Rubble 8/16 360 390

The pure bending shown in the (Fig. 1) can be produced by applying four
forces to the beam, two of opposite direction at each end. This configuration is known
as 'four point bending' and produces a uniform bending moment over the centre
section of the beam [5,6]. Beam flexure represents one of the three most common
loading categories for mechanical systems. The maximum stresses are located at the
loads. When a 'beam' experiences a bending moment it will change its shape and
internal stresses (forces) will be developed. The photograph (Fig. 2) shows the shape
change of a beam in bending. Note that the material is in compression on the inside
of the curve and tension on the outside of the curve, and that transverse planes
in the material remain parallel to the radius during bending.

F/2 F/2
| :
.
A ¢
) L
Fig. 1. Four point bending — illustrative Fig. 2. Photography of real
picture experiment

The four-stage fracture model was proposed that can likely be applied to many
different types of materials, ranging from brittle (cement, glass), to quasi-brittle
(mortar, concrete), to ductile (metals, hybrid fibre concrete). The model is
schematically shown in Fig. 3 and basically the following four stages in mechanical
behaviour can be distinguished [7]:

(0) elastic stage,

(A)  microcrack stage (stable),

(B)  macrocrack stage (un-stable if no pre-cautions are taken),

(C) bridging stage.
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Fig. 3. Four-stage fracture model for cement, plain concrete and fibre concrete [7]

3. Results
The measurement was done on device Dakel XEDO with seven channels. Channels

5 to 8 had filter of frequency set to from 27 kHz to 400 kHz with amplification of
20 dB. The channels 3, 4 and 9 had a frequency filter set to from 500 kHz to 2 MHz
with amplification 35 dB. Sensors IDK 09 (channels 3, 4 and 9) and sensors MTPA-
15 (channels 5 to 8) were used for measuring. Approximate location of sensors is
shown in Figure 4. To evaluate the origin of micro cracks during stress, we focused
on the activity of acoustic emission, respectively on the most used parameter which
is the number overshoot preset threshold. The all graphs are created from data
generated by the sensors which are located the closest to the visible crack.
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Fig. 4. Approximate location of sensors. (dimensions in mm)
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The graph in Figure 5 shows the dependence of force F on deflection y for all
mixtures. The increase in deflection together with force is evident for all mixtures to
the first maximum. After first maximum is the visible crack appeared. The decrease of
force occurs with continued of deflection. At some point comes to rebound until the
second maximum of force where there is a total destruction of the specimen.
The specimen from mixture marked 1N has got only the first maximum because after
this maximum occurs a total destruction of the specimen. The maximum does not
occur at the mixture marked 5A+D+V because specimen from this mixture did not
break during the measurement.

54 ——
53 '—_ . ......... ......... ......... . ......... _ , ........ =
50 | 1N |

—wi=s 2N+D
- 08 — — = 4A+D
S N SA+D+V

ol 4 1 P

TS I |
47 |-

46 +
[ i : : 'H- i :
44 L4 I I L L 1 1 L e L

0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0
y [mm]

Fig. 5. Dependence of force (F) on deflection (y)

The graphs in Fig. 6 and Fig. 7 are created from data generated by the sensor which
are located the closest to the visible crack. Dependence of cumulative count of
events acoustic emission on the force (Fig. 6) shows that the mixture 5A+D+V has
the greatest increase in counts acoustic emission from 175 kN load. The increase of
events of counts of acoustic emission of other mixtures are in the area below 50 kN
load.
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Fig. 6. Approximate location of sensors. (dimensions in mm)

A mixture of SCC with wires (Fig. 7) has the first increase in emission activities on the
value of 10 kN load, which is not be significant and may be caused by outside
interference. A mixture of 5A+D+V is compared to other mixtures first increase of
acoustic emission events has on the value of forces between 20 kN and 30 kN load,
but a mixture 5A+D+V continue to resist stress. Other mixtures show a significant
increase number of events of acoustic emission from the of 40 kN load and thus the
deformation of the whole structure. An increasing number of events of acoustic
emission together with a decrease in stress show finite deformation structure.
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4. Conclusion

By measurements it was found that alkali-activated concrete is more fragile than
concrete based on Portland cement. The activity of acoustic emission mixture
marked 4A+D is rapidly increasing, while at the mixture marked 2N+D the activity is
gradual. The mixture of alkali activated concrete shows lower compressive and
flexural strength and a considerably larger contraction. The results obtained from
large beams are quite different from the results obtained on small specimens, which
is caused by the so-called "size effect". Acoustic emission is a useful tool in
determining the time of the crack creation under load. The method of acoustic
emission had warned about crack approaching which appeared after a while on the
surface of the sample. Combining the standard methods with a non traditional one, in
this case Acoustic Emission Method contributes to a more detailed description of
material behaviour during its loading.
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APPLICATION OF SOME METHODS FOR RESIDUAL
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a strojirenské metalurgie, Univerzitni 8, 306 14 Plzef

Abstrakt
V ¢lanku jsou popsany nékteré semidestruktivni a nedestruktivni metody méreni zbytkového
napéti a jsou uvedeny pfiklady jejich aplikace se zamérenim na energetické strojirenstvi.
Kli¢ova slova

Zbytkova napéti, odvrtavaci metoda, ultrazvukova metoda

Abstract
Some semi- and non-destructive techniques are described in the article for residual stress
measurements and examples of using them especially in power engineering are shown.

Key words
Residual stress, drilling method, ultrasound method

1. Uvod

Zbytkova napéti (ZN) jsou vnaSena do soucasti béhem jejich vyroby a dale se mohou
prerozdélovat béhem pozdéjSiho tepelného nebo mechanického zpracovani nebo
v pribéhu provozniho zatéZovani. Spolehlivé stanoveni plvodu zbytkovych napéti
v kombinaci s provoznim namahanim je nezbytné pro stanoveni jejich vlivu na
Zivotnost soucasti. Pres rozSifovani vypocetnich metod pro uréovani zbytkovych
napéti bude experiment vzdy nezbytny pro jejich verifikaci. Metody pro méfeni
zbytkovych napéti je mozno obecné rozdélit na destruktivni, semidestruktivni
a nedestruktivni (obr. 1).

Destruktivni metody urovani zbytkovych napéti jsou =zalozeny na zméné
napétového stavu odstranénim €asti materidlu nebo rozfezanim soucééasti a méfeni
deformace, odpovidajici této zméné, zatimco nedestruktivni metody vyuzivaji
z4vislosti mezi fyzikalni nebo krystalickou vlastnosti materidlu a zbytkovym napétim.
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Obr. 1 Metody pro méreni zbytkovych napéti

2. Vybrané metody méreni zbytkového napéti
2. 1 Metoda odvrtani otvoru a mezikruzi

Pro méfeni povrchovych napéti jsou nejpouzivanéjSimi metody semidestruktivni.
Relaxace napéti se méfi pomoci na povrchu souc¢asti nalepenych odporovych
tenzometrd a dosahuje se odvrtanim otvoru (surface hole drilling) [1] nebo mezikruzi
(ring core) [2]. Specialnim pfipadem je metoda ,deep hole drilling“, kdy se do
soucasti vyvrta nejdfive otvor a posléze mezikruzi a méfi se zména kruhovitosti
otvoru po jeho celé délce.

Méreni zbytkovych napéti odvrtanim otvoru lze provadét podle standardu ASTM
E837-08. Nova revize normy predepisuje postup jak pro méfeni homogennich napéti
metodou mocninnych koeficientll (power series), tak proménlivych po hloubce
metodou integralni [3]. Vlivem koncentrace relaxovanych napéti kolem vyvrtaného
otvoru je pouzitelnost metody do 50% meze kluzu.

PFi odvrtani mezikruzi je zbytkové napéti uréovano z relaxované pomérné deformace
mérené tenzometrickou rizici uprostred zbylého sloupku. Vyhodou metody je, Ze po
odvrtani dostate¢né hloubky dojde k UpIné relaxaci zbytkového napéti; méfi se tedy
skute¢na napéti neovlivnéna koncentratorem napéti jako v pfipadé metody odvrtani
otvoru. Metodu Ize v8ak vyuzit i pro méfeni napéti po hloubce nebo v dané vrstvé
pod povrchem pfi znalosti relaxacnich koeficientd, stanovenych MKP nebo
experimentem [2]. Na obr. 2 a je zobrazeno zafizeni pro odvrtani otvoru, pouzivané
ve VZU Plzef s.r.o. do hloubky otvoru 4 mm, na obr. 2 b zafizeni, pouzivané pro
odvrtani mezikruzi pro primér odvrtaného sloupku 14 mm. Na obr. 3 je vykreslen
pribéh zmény relaxované pomérné deformace pro dva typy tenzometrickych rizic
atfi praméry odvrtaného otvoru a rovnéz pro metodu ring core a rlzici nalepenou
kolem otvoru ring core (,man").
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a) Odvrtani otvoru b) Odvrtani mezikruzi

Obr. 2 Zafizeni pro méfeni zbytkového napéti, pouZivana ve VZU Plzeri

Maximalni citlivost tyto metody dosahuji v intervalu 0,5 az 2 mm pod povrchem,
napéti v hloubce 8 mm jsou jiz neméfitelna. Porovnani moznych vyhodnocovacich
metod je ukazano na obr. 4. na pribéhu zbytkovych napéti po hloubce, kde je vidét,
Ze integralni metodou lze separovat povrchova napéti, vznikla od mechanického
opracovani od vnitfnich napéti, vzniklych tepelnym zpracovanim (rozhranni je
v hloubce cca 1 mm). Naopak metoda ,power series* dava nerealné vysoké hodnoty
po celé méfené hloubce. Méfeni bylo provedeno na normaliza¢né Zihaném hfideli
turbinového rotoru (630 mm) z materidlu 28CrMoNiV59 v krocich po 0,1 mm
vrtdkem o prdméru 4 mm do hloubky 2 mm.
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Obr. 3 Porovnani citlivosti metod Obr. 4 Prabéh napéti po hloubce

Na obr. 5 je na prvnim obrazku pfiklad méfeni na disku rotoru turbiny s celo -
obvodovym navarem (velka rdzice HBM RY21, vrtany otvor), na druhém obrazku je
pouzita mala rdzice HBM RY 61 (vrtany otvor 1,5 mm) pro uréeni napéti u paty
obvodového svaru malého natrubku.
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Obr. 5 Priklady aplikace metody odvrtani otvoru

Ve VZU Plzef pouzivame jesté vlastni semidestruktivni metodu pro méfeni
zbytkovych napéti, kdy Upiné relaxace napéti v materialu se dosahuje vybrousenim
dvou pravouhlych drazek o Sifce 1 mm do hloubky 3 mm. Pfipravek pro méfeni je
uveden na obr. 6.

: e
Obr. 6 Zafizeni pro méreni zbytkového napéti rozfezavaci metodou

2. 2 Magnetické metody

Magnetické metody vyuzZivaji pro méfeni vnitfnich napéti odezvu materidlu na
pusobici stfidavé magnetické pole [4]. Magnetoelasticka metoda detekuje vznikajici
Barkhausendv $um, jehoZ droven je v8ak funkci nejen napéti v materialu, ale rovnéz
jeho mikrostruktury a tvrdosti. Proto se komeréné vyrabéna zafizeni pouzivaji nejen
pro méreni zbytkovych napéti (Stresscan, fy. AST), ale rovnéz pro kontrolu
povrchovych defektd (Rollscan, fy. AST). Magnetostrikéni metoda vyuZiva méreni
zmén magnetické indukce detekéni civkou. Ve VZU Plzen je k dispozici zafizeni
ION-C (obr. 7), jehoz sonda obsahuje dvé magnetiza¢ni civky a dvé snimaci civky.
Jeho vystupni signdl je citlivy na rozdil hlavnich pomérnych deformaci. Toto
usporadani bylo zvoleno proto, aby kalibra¢ni kfivka byla monotdnné stoupajici
i v tahové oblasti. Zafizeni je mozno pouzit pro pfipad jednoosé napjatosti nebo tam,
kde je zndm pomeér hlavnich napéti.
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Obr. 7 Zafizeni ION-C pro méreni ZN a jeho sonda p/i kalibraci vzorku

2. 3 Ultrazvukové metody

Ultrazvukové metody jsou zaloZeny na vztahu mezi rychlosti Sifeni viny a elastickych
konstant materidlu. Pro méfeni se pouzivaji podélné nebo pfi¢né polarizované viny
a Ize realizovat méreni integralni pres cely prarez vzorku nebo méreni povrchovych
napéti povrchovymi vinami. Vyuzitim akustoelastického dvojlomu pfi méfeni pFicné
polarizovanymi vinami ve dvou na sobé kolmych rovinach je mozno ur€it rozdil
hlavnich napéti. Pfi sou€asném méfeni podélnymi a pficnymi vinami je mozno
eliminovat nékteré vstupni hodnoty, potfebné pro vypocet, protoze obé viny se Sifi
rliznou rychlosti.

Ve VZU Plzen je kdispozici zafizeni EMAT s elektromagnetickym akustickym
méni¢em a specialnim softwarem DIO 2000 od fy. Starmans s.r.o., plivodné uréené
pro méfeni tloustky materialu. Méfeni zbytkového napéti je tedy integralni pres cely

prGfez materialu. Rychlost Sifeni viny se méfi na zakladé méreni echa odrazené viny
a ze znamé tloustky materialu.

Obr. 8 Zafizeni EMAT a obrazovka software DIO 2000 fy. Starmans s.r.0.

3. Priklady aplikace metod pro energetické strojirenstvi

Jako prfiklad aplikace je uvedeno méfeni ZN na polotovaru kované tyée (hranol
45 x 45 x 248) z materidlu X10Crl3 pro vyrobu turbinovych lopatek metodou
odvrtani otvoru a metodou ultrazvukovou. Ultrazvukovou metodou byla méfena velmi
nizka ZN, ktera neodpovidala odvrtani otvoru, vyhodnocené metodou power series
(PS). Teprve pouziti integralni metody (IM) ukazalo, Ze ZN jsou v povrchové vrstvé,
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takZe ultrazvukovou metodou, méfici integrélné pres celou tloustku materiélu, je
nelze zaznamenat. Na obr. 9 a je dale vidét prerozdéleni napéti po hloubce —
kompenzace tlakového povrchového napéti tahovym. Po vyzihani materialu ZN
podstatné pokleslo.

Na obr. 10 je vidét pribéh zbytkového napéti, méfeného podél vzorku €.3 s Castecné
vyfrézovanou patkou.
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Obr. 9 Prubéh ZN v povrchové vrstvé polotovaru tyée pred a po vyZihani

Na obr. 11 je typicky pfiklad aplikace ultrazvukové metody pro ovéreni urovné
zbytkového napéti v discich hotovych turbinovych rotor(, kde je nezbytné pouziti
nedestruktivni techniky.
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Obr. 10 Pribéh zbytkového napéti podél polotovaru s vyfrézovanou patkou
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Obr. 11 ST rotor Ledvice a vyhodnoceni zbytkovych napéti na discich rotoru
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3. Zaveér

Univerzalni technika pro méfeni zbytkovych napéti neexistuje. Optimalnim postupem
je kombinace nékolika vhodnych metod, volenych podle povahy méfené soucasti
a ocekavaného rozlozeni zbytkového napéti.

V ramci dalSiho vyvoje metod méfeni ZN se v budoucnu zaméfime na zdokonaleni
integralnich metod a méfeni ultrazvukem, kde bychom radi zavedli méfeni
povrchovou vinou za pouziti tandemovych ultrazvukovych sond.
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Abstrakt

Clanek se zabyva vyzkumem cyklického poskozovani zkudebniho materialu v pocateénich
stadiich unavového procesu za pouziti metody akustické emise. Cilem prace bylo zrealizovat
nékolik unavovych zkousek do vzniku trhliny a provést podrobnou analyzu signalu akustické
emise. Ta byla zaloZzena zejména na separaci hiti dle jejich podobnosti a rozdéleni do
jednotlivych tfid. Béhem uUnavovych zkousek také byla na elektrorezonancnim pulzatoru
RUMUL Cracktronic zaznamenavana rezonancni frekvence, ktera je funkci tuhosti
zkuSebniho télesa. Vysledky ukazaly velkou citlivost signalu akustické emise p/i prechodu ze
stadia tvorby a vyvoje povrchového reliéfu do faze nukleace a Sifeni trhliny.

Klicova slova: akusticka emise, vysokocyklova tnava, trhlina, titanova slitina

Abstract

The paper deals with research of cyclic damage of tested samples in initial stages of fatigue
process using acoustic emission method. The goal of the work was to perform fatigue tests
to crack initiation and make detailed analysis of acoustic emission signal. This analysis was
primarily based on the waveform similarity and division into classes. All measurements have
been completed with registrations of resonance frequency changes for the tested sample
taken with the fatigue equipment RUMUL Cracktronic. The results showed the high
sensitivity of acoustic emission technology in the transition from the stage of surface relief
evolution to the stage of crack nucleation and propagation.

Key words: acoustic emission method, high-cycle fatigue, crack, titanium alloy

Uvod

Potfeba novych materiald zejména v leteckém primyslu, spojend s poZzadavky na
zvySovani odolnosti proti cyklickému poruSovani za normalnich i zvySenych teplot,
vede védecké pracovniky k dalSimu prohlubovani poznatkd o jejich mechanickych
vlastnostech a procesech poruSovani. Pfi postupném zvySovani pozadavkd se po
slitinach Zeleza, hliniku nebo hof€iku nejvice prosazuji titanové slitiny, které se
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vyznaduji pfedevsim pfiznivym pomérem meze pevnosti k mérné vaze (i pfi vysSich
teplotach), dobrou svafitelnosti, odolnosti proti korozi a vyhovuji pfisnym
pozadavkim na rovnost plechd malé tloustky [1, 2]. Nejéastéji pouzivanymi
titanovymi materidly v leteckém prdmyslu jsou dvoufazové slitiny titanu Ti6Al4V
a Ti5Al2,5Sn.

Typickymi znaky, které rozhoduji o odolnosti titanovych slitin proti cyklickému
namahani, jsou citlivost na charakter mikrostruktury a fazové slozZeni, pfitomnost
nedistot (vodik, kyslik), citlivost na rychlost deformace a povrchové Upravy a zmény
vlastnosti s teplotou. Jiz po pomérné malém poctu cykli mohou vznikat zfetelné
skluzové pasy a unavové mikrotrhliny. Cyklické zatéZovani je vzdy spojeno
s pomérné malou plastickou deformaci a hlavnim mechanismem vzniku a Sifeni
trhliny je skluz a mezifazové poruseni [3, 4].

Nejvétsi pocet praci byl vénovan stadiu Sifeni Unavovych trhlin, kdezto vznikem
prvnich mikrotrhlin u zkuSebnich téles ze slitiny Ti6Al4V se zabyvalo pomérné malo
autor(l. Proto je tato prace zaméfena na pocatecni stadia Unavového procesu.
Zvlastnosti titanovych slitin je moznost vzniku prvnich Uunavovych mikrotrhlin pod
povrchovou vrstvou, které se €asto vyskytuji pfi stfidavém ohybu a pfi tahovém
napéti v oblasti vysokocyklové unavy [5, 6].

Jedna z moznosti, jak monitorovat procesy probihajici v materidlu béhem dnavového
zatézovani, je vyuziti nedestruktivnich metod. Vzhledem k tomu, Ze jsou pfi
pozorovani podstatné pouze aktivni déje (pohyb dislokaci, tvorba skluzovych pasem
¢i trhlin a dalSi), nejvhodnéjSi variantou se stavd moderni metoda akusticka
emise (AE). Prestoze se tato metoda nej¢astéji vyuziva pfi tlakovych zkouskach a pfi
hodnoceni technického stavu objektll, vyznamnou roli hraje také v oblasti zakladniho
vyzkumu hodnoceni fyzikalnich procest v materidlu pfi statickych a Unavovych
zkouskach. Jedna se o objemovou metodu, tzn., Ze se pfi méfeni detekuji pouze
aktivni defekty (diskontinuity) a to v celém objemu, nikoli na konkrétnim misté. Proto
se stava silngym nastrojem pro véasné varovani prfed necekanym selhanim
konstrukce ¢i jinych provoznich zafizeni. NejvétSi pfinos této progresivni metody
vS8ak spociva v lokalizaci aktivnich (nebezpecnych) zdrojl, po které vétSinou
néasleduji ultrazvukova méfeni mist s nejvyssi €etnosti emisnich udalosti.

K popisu daného stupné poskozeni materiélu se pfi unavovych zkouskach nejcastéji
vyuziva kumulativni ¢etnost prichozich signald (hitd AE). Samoziejmé se vyuzivaiji
i dalSi aspekty hodnoceni, které jsou zaloZzeny na kvalitativnich parametrech
detekovaného signélu. Standardné se rozliSuji tfi stadia Unavového procesu, béhem
nichz maze byt generovan signal AE. Jedna se o iniciaci trhlin a pomalé a rychlé
Sifeni trhlin [7]. Pfesnou hranici mezi témito stadii nelze jednoznacéné urcit, ale
vétSinou se prfechodové jevy projevuji zvySenym rdstem emisnich udélosti. Opticka
meéfeni napf. ukazuji, ze kumulativni €etnost udélosti pfiblizné odpovida rychlosti
ristu (jiz objevené) trhliny. Tyto poznatky pak mohou byt vyuzZity pfi predikci
kone€ného selhani méfeného objektu.

Na Ustavu konstruovani Fakulty strojniho inZenyrstvi v Brné je &innost vyzkumné
skupiny "Unavové vlastnosti" zaméfena zejména na aplikaci metody AE v oblasti
zékladniho vyzkumu hodnoceni fyzikalnich procest probihajicich v materialech pfi
cyklickém zatézovani. V této praci je AE vyuzita ke studiu cyklického chovani
titanové slitiny Ti6Al4V v po¢atec€nich fazich unavového procesu.
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1. ZkuSebni material a zafizeni

Pro nasledujici experimenty byla pouzita nejrozSifenégjsi titanova slitina Ti6Al4V
(Grade 5) dodana v zihaném stavu. Chemické slozeni je v tab. 1. Z profilu
o rozmérech 17 x 80 mm byla vyrobena zkuSebni plocha télesa s mélkym vrubem
uprostifed pro iniciaci trhliny. Mikrostruktura a geometrie télesa je na obr. 1 a 2.
Unavové zkoudky byly realizovany pfi pokojové teploté na univerzalnim
elektrorezonanénim pulzatoru RUMUL Cracktronic 8204/160.

Tab. 1 Chemickeé slozZeni slitiny Ti6AI4V (hm. %)
Table 1 Chemical composition of Ti6AI4V alloy (wt. %)
N C H Fe O A | V| Ti
0,008 ] 0,01 ] 0,003 | 0,04 ]0,06]6,3]4,3]Bal.

b)
Obr. 1 Znaceni zkuSebnich téles (a), mikrostruktura slitiny Ti6Al4V (b)
Fig. 1 Marking of specimens (a), microstructure of Ti6Al4V alloy (b)

0
15 Ra 0.4 5 =005

490

Obr. 2 Tvar a rozméry zkuSebniho télesa
Fig. 2 Specimen’s geometry

Méreni signalu AE bylo provedeno na systémech XEDO od firmy ZD Rpety -
stfedisko DAKEL. Pro detekci nap&tovych vin na povrchu materialu byly pouZity tfi
pasivni piezokeramické snimace typu MIDI (primér 6 mm). Jeden byl upevnén pfimo
na vzorku, druhy na upinaci Celisti a tfeti pfimo na zatéZovacim stroji (viz obr. 3).
Rozmisténi bylo zvoleno tak, aby bylo mozné na zakladé porovnavaci studie
pfichozich signald z jednotlivych snimacl eliminovat rusivé zdroje pochéazejici
zejména ze zatézovaciho zafizeni RUMUL. DalSim dlvodem takto zvolené
konfigurace byl fakt, Ze z dlivodu nedostatku mista v okoli méreni nebylo mozné
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upevnit dalSi snimace na vzorek a lokalizovat tak udélosti dle ¢asovych zpozdéni
detekce hitll AE.

Analyzator XEDO je multi-kanalovy systém pro méreni, hodnoceni signald AE
a lokalizaci zdrojl, ktery pokryvéa frekvenéni rozsah 80 az 550 kHz se vzorkovaci
frekvenci 2 az 8 MHz. Mérfeni parametrd AE neni na vzorkovani nijak zavislé, dojde-li
k zastaveni vzorkovani a prenosu navzorkovaného signalu do PC, neovlivni to
zadnym zpUsobem ostatni méreni.

zkusebni téleso

Obr. 3 Mista upevnéni snimacu AE
Fig. 3 Location of AE sensors

2. Podminky a metodika méreni

Pro hodnoceni unavového chovani v po¢atecnich stadiich zatézovani byly pouzity
dva vzorky z kazdého sméru (L a T - viz obr. 1a). Cyklické zatézovani probihalo pfi
konstantni amplitudé ohybového napéti 504 MPa (R = -1) az do chvile, kdy byla
objevena trhlina(y). Mikroskopické pozorovéani bylo provedeno pfed zacatkem méreni
a pak vzdy po 30,000, 60,000, 80,000, 100,000 a 120,000 cyklech. Unavova
Zivotnost se pfi téchto podminkach pohybovala kolem 1,5 x 10° cyklt. Po celou dobu
zatézovani byl sniman signal AE a zaznamenavana rezonanéni frekvence zafizeni
RUMUL, ktera je zavisla na celkové tuhosti zkusebniho vzorku. Priimérna hodnota
se pohybovala kolem 70 Hz.

Signél ze snimact AE byl zesilen predzesilovacem (35 dB) a celkovy zisk vé.
softwarového zesileni €inil u kazdého snimace 55 dB. V softwarové ¢asti méficiho
systému Daemon se provadi veskera nastaveni prah(i pro zdznam emisnich udalosti
a countl, kmito¢tu vzorkovani, triggeru a dal$i. Nastaveni konfigurace je na obr. 4.
Mezi zakladni sledované parametry AE patfily:

o RMS - efektivni hodnota charakterizujici energii resp. vykon signalu

e Casovy prubéh hitd AE, jejich energie a frekvenéni obraz

o vyvoj frekvenéniho spektra (v jednotlivych fazich zatéZovani)

Cilem bylo pomoci vhodnych parametr( nalézt zmény v signalu AE, které by mohly
reflektovat pocate¢ni prfechodova stadia Unavového procesu, popisovat odpor
materialu proti cyklické deformaci a iniciaci trhlin.
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Konfigurace systému
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Obr. 4 Nastaveni parametrd pro detekci signalu AE
Fig. 4 Experimental setup for AE signal detection

3. Vysledky a diskuze

Na obr. 5 je zobrazen Casovy prubéh signdlu AE a rezonanéni frekvence
zatézovaciho zafizeni RUMUL v prvni fazi méreni (po 30 tis. cyklech). Jsou zde
vyneseny tyto AE parametry: kumulativni ¢etnost udalosti, RMS a energie hita (pro
zjednoduSeni a prehlednost zde nejsou zobrazeny vSechny osy). Zatimco tuhost
zkuSebniho télesa po celou dobu pozvolna roste, z pribéhu RMS a ¢etnosti udalosti
Ize zpozorovat od 8,000 cyklt Gtlum a konstantni pribéh az do konce 1. etapy.

rezonanéni frekvence |

= 130.000 cykla udalosti -
2 1 y ey RMS,
5 - 4
=) energie hita
2601 70
5 £
=1
D 65 =
'S 40 2
=
= 60
= >
S 20
Z o0 50

LI SR | B 3 4 S’ ¢ éas(min)

0 4051 8104 12128 16159 21173 25220
pocet cyklu

Obr. 5 Pribéh signalu AE a rezonanéni frekvence zarfizeni RUMUL po 30 tis. cyklech
(smérL, R =-1, oz = 504 MPa, N = 30,000 cykld)
Fig. 5 Record of AE signal and resonant frequency of loading device RUMUL
(direction L, R = -1, 05 = 504 MPa, N = 30,000 cycles)
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Ve 2. etapé tento trend pokracuje az do cca 50,000 cykll, kdy se rezonanéni
frekvence ustaluje a dochazi ke zvy3$ené aktivité RMS a rapidnimu nardstu udalosti
(viz obr. 6). Vzhledem k tomu, Ze na konci této etapy nebyla zpozorovana zadna
trhlina, mizeme toto obdobi povaZovat za 1. stadium - stadium zmén mechanickych
vlastnosti, majici u vétsiny materiala sytici charakter. Tzn., Ze jsou vyrazné pouze na
pocatku zatéZovani a s pfibyvajicimi cykly jejich intenzita klesa, az zcela ustane.
Jedna se vlastné o odpor materialu proti cyklické deformaci.

= R rezonanéni frekvence udalosti
2 60,000 cyklu
<
=]
=1500 -
Z =
E B
51000 65 o
e =
= 60 e
= 500
= 35
E
Z 0 ' - - 50

0 iy 2 3 4 5V 6 gas (min)

30 000 34 051 38 104 42128 46139 51173 55220
pocet cyklu

Obr. 6 Prubéeh signalu AE a rezonancéni frekvence zarizeni RUMUL po 60 tis. cyklech
(smérL, R =-1, o =504 MPa, N = 60,000 cykld)
Fig. 6 Record of AE signal and resonant frequency of loading device RUMUL
(direction L, R = -1, 0, = 504 MPa, N = 60,000 cycles)

S ohledem na to, Ze v této praci nebyla provedena zadna detailni analyza, ktera by
verifikovala a posuzovala fazové slozeni, podminky Zihani ¢&i pfitomnost nedistot
studované slitiny, nelze explicitné hodnotit mikrostrukturni chovani a mechanismy
vzniku trhlin v po¢ateénich stadiich zatéZzovani. Nicméné z jinych odbornych praci
vyplyva, ze mikroplasticka deformace u této zihané slitiny probiha u hranic zrn o/f,
které plsobi jako prekazky proti pohybu dislokaci v rovinach skluzu. Mirny nardGst
a kolisani parametru RMS v obdobi od 32,000 do 40,000 cykll muze souviset
s generovanim novych dislokaci a jejich vzajemnou interakci a s interakci dislokaci
se strukturnimi nehomogenitami. V dasledku téchto jevl dochazi k tvorbé novych
stabilnich dislokacnich struktur - v pfipadé Ti6Al4V se bude zfejmé jednat o Unavové
skluzové péasy s velmi vysokou hustotou dislokaci.

Prudky nardst Cetnosti udalosti a zvySend aktivita RMS od 53,000 cykld mohou
odrazet dalSi interakce dislokaci napf. s vylouéenymi kfehkymi fazemi (TiH,, TiC,
TiNi,, apod.), které puUsobi jako iniciacni centra pfi vzniku mikrotrhlin pfi skluzu po
hranicich zrn. Na vznik mikrotrhlin mize mit také vyznamny vliv i mezifazové
rozhrani. V rovinAch maximalniho smykového napéti dochazi ke vzajemnému
pokluzu sousednich rovin a vytvareni mikroreliéfu na povrchu vzorku. Ten se nam
ale nepodafilo (opticky) zaznamenat. Zejména prohlubeniny (intruze) predstavuji
mikrokoncentratory napéti na povrchu soucasti a zarovef zarodky budoucich
Unavovych trhlin.
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l inkubacni doba |

"‘é iniciace trhliny
% i rezonanéni frck\git: dilosti
= = udalosti
= d
E 70 >
8% energie hitu RMS E
o5 / 65 ¢n
> 60 =
= e} ) 60 2
LN
Z 9 ; : 50

0 0.5 1 1.5 2 2.5 3 3.5 4 4 i

VI VII VIII ¢as (min)
60 000 64 167 68 333 72 500 76 667

pocet cykli

Obr. 7 Pribéh signalu AE a rezonancni frekvence zarfizeni RUMUL po 80 tis. cyklech
(smér L, R = -1, o, = 504 MPa, N = 80,000 cykld)
Fig. 7 Record of AE signal and resonant frequency of loading device RUMUL
(direction L, R = -1, 0, = 504 MPa, N = 80,000 cycles)

Az po 100,000 cyklech byla objevena trhlina o velikosti cca 65 pym (viz obr. 8),
iniciujici z hrany asi 5 mm od nejuzsi ¢asti télesa. Vzhledem k jeji velikosti musela
nukleovat v oblasti mezi 60,000 a 80,000 cykly (obr. 7). Pozdéji byly zjiStény dalSi
trhliny iniciujici z hrany, avSak tato se stala hlavni (magistraini) vedouci k lomu
télesa. Po detailni mikroskopické analyze povrchu byly zjiStény na obou hranach
(krajich) vzorku relativné rozsahlé nerovnosti vzniklé po vyrobé a upravé povrchu.
Tyto poznatky vedly k nazoru, Ze veSkeré zndmé mechanismy vzniku unavovych
trhlin v pripadé tohoto télesa nemohly byt uplatnény, a to z divodu negativné
poznamenané textury povrchu.

Obr. 8 Sifici se trhlina po 100 tis. cyklech.
Fig. 8 Crack propagation after 100,000 cycles
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Stejné jako u predchozich vysledk(, tak také zde signal AE zaznamenal inkubacni
dobu trhliny (67,000 az 80,000 cykld), ¢ili obdobi mezi iniciaci a Sifenim trhliny, kdy
dochazi k Gtlumu emisnich udalosti a mirnému poklesu RMS. Od zacatku 4. etapy
(80,000 cyklll) se jiz Sifi hlavni trhlina a pfi 157,100 cyklech nastava lom télesa.
Jednordzové casové narlsty signdlu - hity AE jsou prehledné zobrazeny v tab. 2.
Na zakladé podobnosti casového priibéhu byli vybrani nejcastéjsi zastupci pro kazdou

Tab. 2 Detekované hity AE v pocatecnich stadiich zatéZovani
Table 2 Typical waveform in initial stages of loading

Gislo hitu AE Casové oblast [us / mV] Frekvencni oblast [kHz / mV?s]
2400 max: 165 kHz
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- - - B . 2
Cislo hitu AE Casové oblast [1s / mV] Frekvencni oblast [kHz / mV**s]
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sledovanou oblast | az VIIl. Vzhledem k tomu, kde byly detekovany hity s vySSi
amplitudou (600 — 1500 mV) a energii, Ize se domnivat, Ze jejich pfi¢inou byla
kumulace dislokaci a interakce se strukturnimi nehomogenitami a vylouc¢enymi
kfehkymi fazemi. Frekvenéni slozky, které prenaSely maximalni vykon signalu, se
nej¢astéji pohybovaly mezi 165 a 195 kHz. Rlst a spojovani malych mikrotrhlin,
jejich zanikani a interakce s rliznymi prekazkami je vétSinou doprovazeno signaly
s niz8i amplitudou, krat$i dobou trvani a frekvencemi kolem 130 kHz (viz VII, VIII).

Nejvyssi zastoupeni signall s vyssi amplitudou a del$i dobou trvani bylo ve fazi
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do 30,000 cykld. Bohuzel se nepodafilo ziskat dostateény pocet vzork( (zejména
v oblasti prechodu ze staddia zmén mechanickych vlastnosti a iniciace trhlin) pro
vytvorfeni statistické analyzy zmén a vyvoje frekvenénich slozek signalu. Nicméné
¢asové prabéhy vybranych parametr( signalu AE — RMS a ¢etnost udalosti a prabéh
rezonanéni frekvence zafizeni RUMUL ukazuji na velkou citlivost v obdobi kumulace
poskozeni a tvorby povrchového reliéfu. Stadium iniciace trhlin bylo sice AE
zachyceno, avSak vlivem vyroby a kone¢né Upravy povrchu télesa nebylo mozné
zrealizovat srovnani s mikroskopickym pozorovanim.

4. Zavér

Cilem prace bylo vyuzitim metody AE provést podrobnou analyzu unavového
chovani titanové slitiny Ti6Al4V v ranych stadiich zatéZovani. Charakter signalu se
u v8ech zkoumanych vzork( zasadné nelisil, a proto smér odbéru vzorkd z dodaného
polotovaru nehral podstatnou roli. K nukleaci prvnich trhlin, které byly v prabéhu
zatézovani postupné detekovany, dochazelo v obdobi 2 az 2 Zivotnosti télesa.
To bylo ovlivnéno predevSim kvalitou a stavem hran v oblasti mélkého vrubu.
Za stézejni vysledky vS8ak lze povazovat zachyceni mikrostrukturalnich zmén, které
nejlépe popisoval parametr RMS a kumulativni ¢etnost udalosti. Pro zkvalitnéni
vysledkd a uplnou klasifikaci signald — hitd AE bude déale zapotiebi vénovat zvySenou
pozornost vyrobé a Upravé povrchu vzorkl a zaclenit do dalSich méreni také
analyzator IPL, ktery umoznuje ukladat kontinualni signal a zejména generovat
vyvojové mapy frekvenénich spekter.
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Prace byla vytvofena za podpory projektu TIP MPO CR FR-TI1/371 ,Integrovany
systém prubéZného monitorovani vybranych strojnich uzli a technologickych
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Abstract:

In addition to variable welding voltage and current, a distinctive characteristic of arc welding
processes are also the light and audible phenomena, which reflect the variable conditions in
the arc to the highest extent. It follows that it is reasonable to monitor these phenomena and
that the results can be used for the implementation of adaptive welding process control.

The paper presents the results of experimental gas metal arc welding. Namely, this welding
process is commonly used in the automation and robotization of fusion welding, where
adaptive regulation is indispensable.

Keywords: Fusion welding, Arc, Material transfer, Welding parameters, Light radiation,
Audible sound

1. INTRODUCTION

A constant increase in the demand for automation and robotization of arc welding and the
requirements with regard to the desired quality of welds have led to a logical demand for
a reliable on-line monitoring and control of welding processes. The prevailing control systems
among the well-established variants are based on continuous measurement of arc voltage and
welding current intensity. These control systems may provide reliable information about the
material transfer in the arc, but they are considerably less informative with respect to the
integral course of the welding process. For a given type and thickness of base material, joined
to form a product by using a weld joint of some sort, the quality of welding is not determined
only by the material transfer mode. Instead, the quality depends on the size and shape of the
welding pool, the level of splashing, and the shape and magnitude of remelting of base
material. However, it is impossible to extract all this information only from the recorded
signals of welding current and welding voltage. It follows that a comprehensive evaluation of
the welding quality must also incorporate some other process parameters, absolutely including
the light intensity and the sound pressure level.
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Several papers have been published on the topic of using the sound in monitoring the welding
process, all of them having something in common — the measurement of sound pressure
during the welding and the frequency analysis after the welding [1, 2, 3]. The results of
frequency analysis are commonly bound with time windows related to various physical
phenomena [4, 5]. Concretely, these include the arc ignition, arc burning, arc extinction and
short-circuit filler material transfer. Furthermore, the accessible literature does not deal with
the relations between the results of measurement of audible sound and the results of
measurement of light intensity and welding current intensity [6, 7].

A mathematical model relating the sound pressure to the welding current would provide
a new dimension and added value in identifying various modes of material transfer, and could
serve as a foundation for a system using the measured sound pressure for a controlled supply
of electrical energy to the arc. In this way, it would be possible to implement reliable control
of welding process stability for the GMAW processes, and consequentially to control the
quality of such welds.

2. METAL TRANSFER, LIGHT AND SOUND GENERATION DURING
ARC WELDING

In GMAW process an electric arc is established between the consumable wire electrode and
the melted zone on the welding part. Both are shielded by different gases (inert Ar, active CO,
or gas mixtures containing Ar, CO; etc.), Figure 1 left.

There are many different modes of metal transfer from the electrode to the molten pool.
Different modes of metal transfer can be classified into eight basic groups, Figure 1b.

The differences in the way the filler material melts are reflected in the shape of the melt pool,
and also in the generation of several different sound phenomena. The prevailing mode of filler
material melting depends on the current type and intensity, voltage and the shielding
atmosphere.

Consumable
\ electrode

N %

Shielding gas\, [

Figure 1: Principal scheme of GMAW (left), 8 characteristic modes of filler material transport
in the arc according to 11W (right)

The filler material transfer is reflected to a great extent in the temporal variability of welding
voltage, welding current intensity, light intensity and sound pressure generation [10, 11, 12].
The temporal variation of current intensity in short-circuit transfer of filler material is both
very illustrative and well defined, Figure 2.
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Figure 2: Description of six different phases of material transfer during GMAW in the short-
circuit mode

The electrical circuit of the welding system (power supply, cable, consumable wire, arc
and welding material) consists only of the basic elements: resistance /R in Ohm (Q),
inductance L in Henry (H) and capacitance Cin Farad (F). A suitable equation describing the
electrical scheme can be obtained by using the second Kirchhoff's law:

v=ri+ 1R,

at 1+ joC,R,

where /is the electric current in Amperes (A), Uis the equivalent open-circuit voltage supply

in Volts (V), R, and C, are the resistance and capacitance of the arc, and w is the angular

frequency. The capacitance of the arc G, in Eq. (1) assumes a very small value and may be

neglected, and since the arc is responsible for noise generation, we expressed the arc voltage
U, explicitly as

U,=R,I=U-RI-LI=U-U,+U, (2).

It follows from the interpretation that a fast enough capture of data on the changing electrical
quantities during welding makes it possible to identify the type of filler material transfer. The
presented research aims to identify the possibilities of making an analytical description of
filler material transfer based on the variation of sound pressure and/or light intensity.

3. GMAW AS A CYBERNETIC SYSTEM

GMAW can be treated as an electro-thermo-mechanical system with multiple input and
output quantities — signals. There are input signals that can be controlled and those that cannot
be influenced, but can be measured. The latter may also be termed as the noise signals.
A complete description of GMAW therefore requires a system of differential equations, some
of them non-linear, such as the equation describing the sound generation based on the welding
current signal. Systems of non-linear differential equations are sensitive with respect to the
accuracy of their coefficients. If the coefficients are not determined to a certain precision, they
do not describe the welding process well, and the results may even happen to diverge.
In addition, the coefficients from the system of equations are sensitive to the noise signals,
which cannot be influenced and are also difficult to measure, Figure 3. The mathematical
model is therefore complex and not absolutely stable, which means that it is not practical for
on-line welding process control.
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In real operating conditions, it is therefore only reasonable to treat the GMAW process as
a simple system with one input, one output, and one common noise factor. To be able to select
the most appropriate input and output quantities, it is reasonable to measure the welding
current, welding voltage, sound and light intensity at different welding conditions, and to
analyse the results separately.

NOISE SIGNALS
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Figure 3: Welding process as a system with multiple inputs and outputs

4. EXPERIMENTAL SETUP AND RESULTS

The experiments were conducted using St36 structural steel (0.1% C, 0.48% Mn), which is
often used in the metalworking industry and is suitable for welding. The geometry of the work
piece was selected so that the welds were suitable for the preparation of specimens for the
strength tests and metallographic examination of welds. The dimensions of work piece halves
were: 10 x 60 x 250 mm.

The experiments were conducted using the experimental setup shown in Fig. 4. Standard
industrial welding equipment was used. The Iskra E-450 power source has a horizontal static
characteristic. The VAC 60 consumable wire electrode with ¢ = 0.8 mm was used and the
shielding gas was pure CO,.
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Mic ‘—4 v Welding
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Photo Diode |

i
Shunt resistor

Light signal

Acoustic signal

Figure 4: Experimental setup

4.1 Measurement results

The settings on the welding rectifier and the control unit were chosen so that one of the
two boundary modes of filler material transfer was obtained: short-circuit or spray. Table 1
presents the rectifier and control unit settings for both materials transfer modes, as well as the
mean measured values of welding voltage and current intensity.

Table 1: Welding parameter settings and the measured values

Settings/measured values Short-circuit transfer Spray transfer
Rectifier 1-4 1-6
Control unit 55 13
Wire feed rate [m/min] 6.3 13.8
Welding voltage [V, rms] 23 38
Welding current [A, rms] 98 178

The data acquisition was performed with an A/D converter, with a sampling rate of 50 kHz
per channel and with 8-bit data resolution. 2 sec of welding process was recorded for each
setting and stored on the hard drive. The welding current was measured via a shunt resistor.
The Bruel&Kjer type 4134 condenser microphone was fixed to the welding head to maintain
a constant distance. Since the noise spectra appear in the frequency range above 4 kHz, the
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microphone could be attached at a shorter distance. All measurements were conducted using
the same 0.35 m distance of photo diode and microphone from the arc. During the welding,
the temporal variations of current intensity I = I(t), light intensity iy = i(t) and sound pressure
ps = p(t) were recorded simultaneously. The recorded data for short-circuit filler material
transfer in the time 10 ms is shown in Figure 5.

A
Welding Current
Light
Acoustic
time
ARC [10 msec]
burning
ARC ARC ARC
ignition extinction ignition

Figure 5: Signals of light intensity, welding current and sound pressure during one short-
circuit interval

Table 2 lists a comprehensive overview of measured temporal variation of welding current
intensity, light intensity and sound pressure for both boundary filler material modes, recorded
in 0.2 and 2 s time intervals.
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Table 2: Measurement results (0.2 s and 2 s intervals)
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4.2 Findings

After reviewing and comparing the results of the conducted measurements, the main findings
can be summed up as follows:

The current signals are useful especially for discerning the stability of conditions in the arc.
In short-circuit filler material transfer, the current signal also provides information about the
number of short circuits and the mean size of molten droplets. These cannot be established
with certainty in the case of spray transfer mode.

The light signal indicates the arc radiation intensity. The arc radiation is proportional to the
power released in the arc, and is therefore a relevant indicator of the energy supplied into the
weld and the related thermal processes.

The sound signal is considerably more sensitive to variable conditions in the arc, the material
transfer mode and the disturbances in the welding process. For example: the sound signal
indicates high-frequency arc oscillations which may lead to process instability, which cannot
be identified from the light signals. The sound signals therefore appear to be considerably
more noisy, and a thorough analysis can extract more useful information from them.
It follows that the sound pressure technique is suitable for monitoring the welding process.

5. CONCLUSIONS

The quality of arc welding can be evaluated by detecting the audible sound and light intensity,
especially in light of the fact that the welders monitor and adaptively control the welding
process by using their sight, hearing and sensing the forces in their hands. Modern systems of
on-line monitoring and control are generally based on measuring the welding current and
voltage. The information about the process obtained in this way may be adequate, but it is
often too inaccurate to ensure a first-class repeatability and quality of welds.

In addition to the welding current and welding voltage, the paper analyses the measuring of
sound and emitted light that accompany arc welding, and studies their applicability for arc
welding process control. Both the sound signal and the light signal have some distinct
features. The sound signal is extremely sensitive to the disturbances in the stability of welding
process, while the light signal can be used for monitoring the arc intensity. The two signals
can be used to detect even the smallest deviations of arc behaviour, as well as large deviations
due to the material transfer mode and excessive/inadequate weld penetration.

We estimate that the welding sound and light are high-quality and important sources of
information about the welding process, and that the applicability thereof for the online
welding process control has not been made known and researched enough. For this reason, we
will attempt to upgrade in the future these results with an evaluation of weld quality.
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MONITOROVANI ROZVOJE POSKOZENI V BETONOVYCH
DILCICH POMOCI METOD NELINEARNI SPEKTROSKOPIE
ELASTICKYCH VLN
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Abstrakt

Nelinearni spektroskopie elastickych vin (NEWS) je soubor modernich metod ultrazvukové
defektoskopie, které umoZzriuji vysoce citlivé zachytit vznik a rozvoj poSkozeni i v materialové
a geometricky znacné komplikovanych télesech. Tento prispévek se zabyva hodnocenim miry
poskozeni betonovych dilc pomoci analyzy vysSich harmonickych frekvenci odezvy vzorku na
definované buzeni. ZkouSené betonové dilce byly ohybove namahany az do vzniku magistralni
trhliny za soucasného monitorovani amplitudové zavislych spektralnich zmén ultrazvukového
signalu prochéazejiciho zkousenym dilcem. Pro porovnani byly béhem testd registrovany také
signdly Akustické Emise (AE). Metoda hodnoceni vyssich harmonickych sloZzek se ukazala
jako vhodna metoda NEWS pro tento typ zkouSek, zejména diky relativni jednoduchosti
nezbytného experimentalniho vybaveni a snadné interpretovatelnosti ziskanych vysledkd.
Pozornost je vénovana predevsim citlivosti pouzité metody na rozvoj poskozeni a dale pak
zménam nelinearnich parametrd ve stadiich pred finalnim poruSenim zkouSenych téles
v korelaci se signaly AE.

Kli¢ova slova: nelinearni ultrazvukova spektroskopie, harmonicka analyza, zkouseni betonu

Abstract

Nonlinear Elastic Wave Spectroscopy is a set of modern and dynamic ultrasonic NDT
methods. These methods provide an outstanding sensitivity that can be used to monitor the
damage evolution even in very complicated materials and structures. This paper deals with
the damage assessment in concrete samples using the harmonic analysis of the sample
response on well defined ultrasonic excitation. The amplitude dependent spectral changes
of the probing ultrasonic signals were measured during the bending loading of the tested
samples. Acoustic Emission (AE) signals were also analyzed and served as a reference
data for comparison. The special attention is paid to the sensitivity of the method to the
localized damage evolution and to the correlation of the obtained results with monitored AE
activity, especially before the final stages of the damage. Results shown that the analysis
of amplitude dependent spectral changes is a promising method for the damage
assessment in concrete.

Key words: nonlinear ultrasonic spectroscopy, higher harmonics, concrete testing
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1. Uvod

Beton se stal béhem uplynulych dvou stoleti jednim ze zakladnich stavebnich
materidll. Mnoho architektonicky vyznamnych budov, primyslovych a technickych
staveb je postaveno z betonu a ten se tak stal jednim z piliftd sou¢asné moderni
architektury. Jde vSak o komplikovany kompozitni material a popis jeho
materidlll. Vzhledem k jeho struktufe a vlastnostem je velice obtizné jej zkouset
pomoci konvenénich ultrazvukovych defektoskopickych metod (pulse-echo,
prichodova metoda). Metody nelinearni spektroskopie elastickych vin (NEWS) [1],
jakym je pravé beton [3-6]. Tato prace si klade za cil ukazat prfednosti NEWS,
zejména pak analyzy vysSich harmonickych slozek, pro monitorovani rozvoje
poskozeni v betonovych dilcich.

Beton je diky svému sloZeni silné hysterezni material, ktery vykazuje
i v nepoSkozeném stavu ur€itou miru nelinearity [7], [8]. Jsou-li vSak ve
zkouSeném télese pfitomny defektni zény, stavaji se dalSim zdrojem nelinearity,
ktera fadoveé prevysuje vlastni nelinearitu télesa. Nelinearni chovani materialu se pak
pfi ultrazvukovém zkouSeni projevuje predevSim deformaci ultrazvukovych vin
prochazejicich télesem, coz vede ke vzniku nelinearnich efektd ve frekvenénim
spektru pfijatého signalu. Nelinearnimi efekty jsou vtomto pfipadé predevSim
amplitudové zavisly vyskyt vySSich harmonickych slozek (2f, 3f, ..)
pfi monofrekvenénim buzeni signalem o frekvenci f s prevliadajicim nardstem lichych
harmonickych s rostouci amplitudou buzeni a vznik postrannich pasem (fif,,
f1£2f,, ) pfi souéasném buzeni dvéma frekvencemi f; a f,.

NEWS metoda hodnoceni poméru vySSich harmonickych slozek se pro zkouseni
betonu ukazala diky své robustnosti a relativni jednoduchosti jako velmi vhodna.
Jelikoz jsou vSechny jevy vyuzivané v NEWS metodice amplitudové zavislé, zaméfili
jsme naSi pozornost na amplitudové charakteristiky vySSich harmonickych (2f, 3f)
a jejich pomér 3f/2f (viz [7], [9]). Vysledky analyzy vySSich harmonickych pak byly
korelovany s aktivitou akustické emise (AE) pfi zatéZovani zkousenych vzorkd.

2. Experimentalni zaFizeni

Pro zkouSeni byly kdispozici kvadrové betonové vzorky o rozmérech
400x100x100 mm s definovanym slozenim, které byly dodany z FAST VUT v Brné.
Vzorky byly ohybové namahany v zatéZovacim stroji Instron 1195 (viz Obr. 1) az do
poruseni spojeného s vytvofenim magistralni trhliny v centraini ¢asti vzorku.
Pro monitorovani rozvoje poSkozeni byl vzorek osazen nékolika ultrazvukovymi
sondami. Na protilehlych sténach zkouSeného vzorku byly pfes kovové podlozky
pfitmeleny epoxidovym lepidlem jak vysilaci nizkofrekvenéni sonda (30 kHz) tak
snimace typu DAKEL MDK-13. Vysilaci sonda byla buzena pulzy sestavajicimi
z 10 sinusovych period o frekvenci 30 kHz generovanymi pomoci generatoru Agilent
33522A, které byly déale zesileny zesilovatem AR 150A. Pfijimané signaly byly
zesileny predzesilovatéem PAC 20-40-60. Pro monitorovani AE byl na vzorku umistén
dalsi snima¢ MDK-13, pfipojeny k modularnimu analyzatoru DAKEL - XEDO.
Navstupy /O modulu XEDO byly pfivedeny analogové signaly sily a posuvu
ze zatézovaciho stroje. ZjednoduSené schéma celé experimentalni aparatury je
na Obr. 2. ZatéZovani vzork( probihalo po krocich sestavajicich z linearniho narudstu
na cilové zatiZzeni a nasledné vydrze. Béhem vydrze bylo provadéno NEWS méreni
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pfi 25 amplitudach vysilaného signalu (0.01-2 V). Zatézovani vzorku bylo nejprve
fizeno silou, pfi vyssich hodnotach zatizeni pak byl fidici veli€¢inou posuv. Typicky
prabéh zatéZovani je na Obr. 3. Cely experiment, s vyjimkou méfeni AE, byl
ovladéan z fidiciho PC pomoci software MATLAB a Instron BlueHill.

Obr. 1: Ohybové namahani vzorku
Fig. 1: Flexural loading of the sample

Instron

Vysila¢

Prijimac

Zesilovad
XEDO
Osciloskop Trigger AWG Agilent
TiePie HS4 33522A

S s

Obr. 2: Schéma experimentalni aparatury pro ohybové zatéZovani
Fig. 2: Schematic of the experimental assembly for flexural loading
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Obr. 3: Zaznam prubéhu zatéZovani betonového vzorku
Fig. 3: Typical loading diagram of the concrete sample

3. Vyhodnoceni spektralnich parametrt
Typicky signal ziskany pfi vySSi amplitudé buzeni a jeho spektrum jsou vyneseny na
Obr. 4. Ve spektru je zfetelné patrna pfitomnost vySSich harmonickych. Jejich podil
se zvySujici se amplitudou buzeni roste (viz Obr. 5). Deformace mérfeného signalu,
patrna pfi amplitudach vyssich nez 0.35 V, je ziejmé zplsobena predzesilovacem,
ktery pfi vySSich hodnotach vstupniho napéti nevykazuje linearni charakteristiku
a signdl zkresluje. Relevantni oblast pro analyzu je tedy ohrani¢ena vySe zminénou

hodnotou napéti.
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Obr. 4: a) Prijaty signal a b) jeho spektrum - zatizeni 10 kN, amplituda buzeni 2 V
Fig. 4: a) Received signal and b)its spectrum - load 10 kN, excitation amplitude 2 V
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Obr. 5: Zavislost harmonickych na amplitudé budici frekvence f
Fig. 5: Dependency of harmonics on the amplitude of fundamental f

Po analyze amplitudovych zavislosti vySky jednotlivych spektralnich slozek se jako
nejvhodné;jSi parametr, ktery popisuje rostouci nelinearity a charakterizuje tedy miru
poskozeni, jevi pomér amplitudy spektralnich slozek tfeti a druhé harmonické 3f/2f. .

4. Charakterizace poSkozeni betonu parametrem nelinearity

U dvou vzork( (vzorky ¢. 2 a 5) byla provedena detailni analyza vysSich
harmonickych sloZzek. Ziskané amplitudové zavislosti veli¢iny 3f/2f na amplitudé
spektralni slozky f jsou pro jednotlivé vzorky a zvolené urovné zatiZzeni vyneseny na
Obr. 6 a 7. Na zavislostech u obou vzorkl je patrny totozny trend nardstu veliciny
3f/2f spolu s rostoucim zatizenim az do bodu lokalniho maxima. PFi vySSi amplitudé
buzeni pak jiz dochazi k postupnému poklesu nelinearniho parametru. Tento efekt je
zfejmé zplsoben presycenim vstupu predzesilovate. Déle je patrné, zcela
v souhlasu s teoretickymi pfedpoklady (viz [1]), Ze nelinearita se za€ina projevovat az
od urcité amplitudy buzeni. Vyrazné oddéleny od zbytku méfeni jsou pak pribéhy
amplitudovych zavislosti odpovidajicich kone¢nému poruseni vzork (vytvoreni
trhliny). Tento jev v3ak nelze pfisuzovat jakékoliv zméné nelinearity vzorku, ale
pouze snizeni amplitudy prochazejiciho signalu vlivem poru$eni soudrznosti vzorku
a vytvoreni novych rozhrani.

12
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—*— B kN
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13 kN
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—B—14.5kN
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-
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Amplituda 3f/2f [arb.]

o o1 0.2 03 0.4
Amplituda f [arb.]

Obr. 6: Zavislosti parametru 3f/2f na amplitudé spektraini slozky f u vzorku ¢.2
Fig. 6: Dependency of 3f/2f on the amplitude of fundamental f on the sample #2
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Obr. 7: Zavislosti parametru 3f/2f na amplitudé spektralni slozky fu vz. .5
Fig. 7: Dependency of the 3f/2f on the amplitude of fundamental f on the sample #5

Vyneseme-li maxima jednotlivych amplitudovych zavislosti pro odpovidajici hodnotu
zatizeni, dostaneme kFivky vynesené na Obr. 8 a 9. Tyto kfivky popisuji kvalitativné
(pomoci jedné hodnoty) miru poskozeni zkouSeného vzorku pro danou hladinu
zatizeni. Z Obr. 7 a 8 je patrné, Ze charakter zavislosti je u obou zkousenych vzork(
velice podobny. Rozdil v hodnotdch parametru 3f/2f je pak zfejmé zplsoben
rozdilnou kvalitou akustické vazby realizované pres kovové pfilozky a mirné
odliSnym sloZenim. Ziskané zavislosti velmi dobfe charakterizuji vyvoj poSkozeni
ve zkouSenych betonovych dilcich pfi ohybovém naméhani.
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Obr. 8: Hodnota parametru 3f/2f v zavislosti na zatizeni, vzorek ¢&. 2
Fig. 8: Dependency of the 3f/2f parameter on the loading, sample no. 2
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Obr. 9: Hodnota parametru 3f/2f v zavislosti na zatizeni, vzorek ¢&. 5
Fig. 9: Dependency of the 3f/2f parameter on the loading, sample no. 5

Ze ziskanych zavislosti vyplyva, Ze k vyraznéjSimu rozvoji poskozeni v betonovych
vzorcich dochazi az v poslednich dvou az tfech zatéZovacich krocich. Tento zavér je
v dobrém souhlasu s predpoklady, jelikoz zkousené betonové dilce se pfi tomto typu
namahani porusuji kfehce. Ziskané vysledky velmi dobfe koreluji také s aktivitou AE
v pribéhu zatéZzovani. Jak je patrné z Obr. 10, narQist emisni aktivity, vyjadreny
rstem Casové Cetnosti emisnich prekmitd dN¢/dt resp. hodnotou RMS, je vyrazny
pravé v poslednich dvou zatézovacich krocich. Parametr 3f/2f je vSak schopen
postihnout zmény signalizujici po¢atky rozvoje trhliny jiz o jeden zatézovaci cyklus
dfive nez AE.
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Obr. 10: Zaznam signalu AE a nardstu zatizeni — a) count rate, b) RMS
Fig. 10: Record of the AE signal and loading — a) count rate, b) RMS
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5. Zavéry

Cilem pfispévku bylo dokumentovat citlivost metod nelinearni spektroskopie
elastickych vin (NEWS) pro monitorovani stavu betonovych dilct. Jako vhodna
metoda charakterizace po3kozeni se ukézala jednoduchd analyza vysSich
harmonickych frekvenci. Vysledky ziskané touto metodou velice dobfe souhlasi
svysledky ziskanymi metodou AE a =zarovenn odpovidaji pfedpokladanému
mechanismu poruSovani betonovych dilcd namahanych ohybem. Z vysledk( je
mozné urcit prabéh rozvoje poskozeni a predikovat blizici se mezni stav. V soucasné
dobé v8ak nelze bez detailni znalosti struktury jednodusSe porovnavat uroven
poskozeni jednotlivych vzorkl mezi sebou a kvantifikovat miru poskozeni na zakladé
porovnani zkouSeného vzorku s etalonem. DalSi vyvoj této metody je zaméren pravé
na feSeni tohoto problému.
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Abstrakt

Rozmérna a komplikovana prevodovka vrtulniku, pfenasejici kroutici moment z turbomotord
na dvé nezavisle rotujici vrtule je vedle motord nejcastéjSim zdrojem leteckych poruch, které
mohou mit katastrofické nasledky. Dlouholeté vyzkumy poruch prevodovych ustroji ukazaly,
Ze na zakladé pouhého monitorovani nizkofrekvencnich vibraci a rozboru olejové napiné
nelze odhalit nékteré zavady, zejména tykajici se velkych loZisek a zacatk( poSkozeni (trhlin)
v zubovych soukolich. Proto se v poslednich letech upind pozornost k diagnostice metodou
vysokofrekvencni kvazi-spojité akustické emise (AE), ktera vsak vyZaduje nové pristupy
k analyze emisniho signalu, odliSné od nespojité AE pouZivané v nedestruktivnim zkouseni.
V prispévku je diskutovana analyza zaznamu spojité AE mérené v pribéhu zabéhové
zkousky renovovaného reduktoru vrtulniku pfi rdznych letovych reZimech. Rozebirany jsou
zejména moznosti efektivni parametrizace rozsahlych soubori emisnich dat a nasledné
detekce prfipadnych vad v zkouSené soucasti. V blizké budoucnosti by se méla spojitd AE
spolu s analyzou vibraci stat nedilnou soucasti SHM systému vrtulnikd za letu.

Kli¢ova slova: spojita akustickd emise, waveletova analyza, pocty prekmitd.

Abstract

Large and complex gearbox of a helicopter transmits the power of turbo engines onto two
independently rotating propellers. The gearbox is beside the engines the most frequent
cause of failures, which can have catastrophic consequences. A longtime examinations of
breakdowns of gear units showed, that it is impossible to disclose certain imperfections only
on the basis of low-frequency vibration monitoring and oil filling analysis. Especially, the
defects of large bearings, and the early damage phases (cracks) in gears are not detectable
by vibrodiagnostics only. Therefore, in the last years the attention is paid to the high-
frequency diagnostic method of continuous acoustic emission (AE). This method requires
new signal processing and analysis approaches, which are different from the burst AE. The
paper deals with the analysis of continuous AE, recorded during the test of renovated
gearbox at different flight modes. The effective parameterization and reduction of huge AE
data is suggested and subsequent detection of eventual defects in bearings and gears is
discussed. Monitoring of the continuous AE together with vibration analysis should be
integral part of helicopter in-flight SHM systems in near future.

Key words: Continuous acoustic emission, wavelet analysis, treshold counting, helicopter
gearbox diasgnostics.
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1. Uvod

Prevodova Ustroji jako dullezité soucasti vétSiny rotacnich stroji véetné pohonnych
jednotek vrtulnikd jsou vystavena velkému dynamickému namahani, coz muze, at jiz
nasledkem drobnych vyrobnich i montaZnich nedostatkd resp. opotiebeni ¢i Gnavy
materidlu apod., vést k neoéekavanym zavadam, které mohou mit za nasledek
pokles ucinnosti a pfenaseného vykonu, poruchy spravné funkénosti a v nékterych
pfipadech az leteckou havarii. Znaénym ekonomickym ztratdm resp. katastrofickym
dusledkim Ize predchazet véasnou prediktivni diagnostikou zacinajicich poruch
a pravidelnou udrzbou a kontrolou. S ohledem na neo¢ekavanost zavad
i ekonomickou naroénost udrzby se v poslednich letech zaéinaji stale vice uplatfiovat
pfistupy oznacované jako "Condition Monitoring" (CM) [1], tedy kontinudlni
monitorovani stavu prevodového Ustroji bez jeho rozebirani. ZpUsob a intervaly
udrzby a oprav jsou pak uréovany na zakladé vybranych charakteristik, odvozenych
z vétSinou on-line vyhodnocovanych signalG rznych sledovanych veli¢in, jako jsou
celkovy hluk a vibrace prevodovky, zvlastni akustické az ultrazvukové projevy
zahrnuté pod pojem akustickd emise (AE), prehfivani, optické a dalSi parametry
mazacich oleji apod. Tento pfistup k udrzbé byva oznacovan jako "Conditon based
Maintenance" (CBM) [2]. CM pfistupy vyzaduji integraci ¢idel snimanych veli¢in at jiz
na povrchu prevodové skfiné nebo pfimo na jednotlivé, nejvice exponované
soucastky a napojeni vystup( téchto cidel na spolehlivé a robustni méfici pristroje,
vybavené procesory pro online zpracovani zaznamenéavanych dat.

Prevodovky jsou komplexnimi mechanickymi soustavami, kde nejcastéjSimi zdroji
zavad byvaji ozubena soukoli resp. hfidele a kluzna i valiva loziska resp. jejich
uloZeni. Rizné defekty, jako jsou napf. praskani ¢i trhlinkovani ("spalling”), se ale
mohou vyskytnout i ve vlastnim télese prevodové skiiné a zpUsobit nejen Uniky
magziva, ale také rychlou destrukci pfevodovych zub.

NejrozSifengjSi metodikou sledovani stavu a detekce zavad prevodovych Ustroji je
snimani a hodnoceni vibraci v nizkofrekvenéni spektralni oblasti od 10Hz do 10 kHz,
tzv. Vibration based Condition Monitoring (VBCM). Hlavni slozky vibraénich spekter
Uzce souviseji zejména s otackami ozubenych soukoli a s rozteéemi zubl
prevodovych kol. Porovnanim vibracnich signali snimanych akcelerometry na
bezdefektni a porouchané prevodovce Ize celkem jednoduSe zjiStovat zavady
prevodovych Ustroji, jako jsou nevyvazenost hmot, nesouosost hfidelll a poruchy
zahéra jednotlivych zubl (jak geometrické, tak vyvolané opotfebenim ¢&i odlomenim
Céasti apod.). Akcelerometry byvaji vétSinou umistény na povrchu pfevodoveé skfiné.
Analyza vibraénich signalll mize také odhalit poruchy loZisek jako nespravny navrh
¢i montaz, korozi, $patné mazani, plastickou deformaci lozZiskovych elementd, piting
vykazuji loziska v S$irokém frekvenénim rozsahu a mohou tak byt maskovany
Sirokospektralnim Sumem. Obecné Ize Fici, Ze perfektné fungujici loZiska vykazuji
za normalnich podminek méné vibraci, nez pokud se vyskytne néjaky defekt.

postupy, jak v casové, tak frekvenéni resp. i ¢aso-frekvencni oblasti. Dilezita je
pfitom zejména analyza periodicky se opakujicich vysokofrekvenénich pfechodovych
déja. Z tohoto divodu se jako doplnék ke snimani vibraci pouziva také analyza
vysokofrekvenénich signalt akustické emise (AE) ve frekvencénim rozsahu od 20
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do 200 i vice kHz. Signaly AE jsou snimany jinymi, relativné Sirokopasmovymi
snimadi citlivéjSimi nez akcelerometry.

DUkladna literarni reSerSe vice nez 50 zahrani¢nich prament z poslednich 20 let
ukazuje, Ze k detekci zavad na prevodovkach, at jiz na prfevodovych soukolich &i
loZiscich, je vyhodné kombinovat obé& metodiky - jak analyzu vibraci, tak signald AE
v podobé Sirokospektralniho Sumu s vysokofrekvenénimi udélostmi (transienty).
Nejen z vySe citovanych publikaci vyplyva, ze zpracovani a hodnoceni naméfenych
diagnostickych zaznama vibraci a AE vyZaduje aplikaci pokrocilych metod z oblasti
analyzy signall, statistiky a umélé inteligence.

2. Experiment

Pfi zkouSce renovovaného kusu reduktoru vrtulniku na zkuSebné Leteckych opraven
MaleSice bylo provedeno méfeni spojité akustické emise. Nespojita (impulzni)
akustickd emise je generovana nevratnymi dislokaénimi a degradaénimi procesy
v mikrostruktufe a makrostruktufe materidlu (napf. aktivni ménici se trhlinou)
v podobé ¢asové oddélenych napétovych pulzd trvajicich od nékolika nanosekund
do jednotek milisekund. V pfipadé reduktoru se slozZitymi mechanickymi rozvody je
Mohou byt generovany fadou fyzikalnich jevd, jako jsou napf. plastické deformace
povrchu kov( pri tfeni, ¢i unik kapaliny trhlinou v potrubi nebo nadobé. Jedna se
o tzv. spojitou akustickou emisi. Diky sou¢asné nejmodernéjSi méfici aparature je
mozné tyto akustické signaly kontinualné zaznamenavat i v ultrazvukové ¢&asti
frekvenéniho spektra.

(lozisko rotoruy

Obr.1 Umisténi snimace AE pro monitorovani hlavniho loZiska rotoru.
Fig.1 The location of AE sensor for the monitoring of main rotor bearing.
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Analyzator IPL firmy Dakel je nové vyvinuty systém umoznujici 12-bitové synchronni
kontinualni vzorkovani 4 kanalt frekvenci 2 MSample/s a nepretrzité ukladani
navzorkovanych dat do paméti PC. Komunikace s PC a pfenos dat jsou zajiStovany
rozhranim USB2.0. Data jsou na disk ukladana rychlosti kolem 16 MB/s, coz
predstavuje zhruba 56 GB na hodinové méreni. Celkova doba méfeni je v podstaté
omezena jen kapacitou diskového prostoru, ktery je schopen pracovat nepretrzité
alespon s takovou rychlosti ukladani. On-line Ize na monitoru souc¢asné sledovat
obalku maximalnich amplitud vSech kanal s nastavitelnou Urovni ¢asové komprese.
Po ukoneni méfeni je mozné zpracovani naméfenych dat programem Dakel Ul,
ktery pracuje pod opera¢nim systémem Linux. Tento software sice poskytuje rtzné
moznosti zpracovani dat, avSak pokro€ilé matematicko-statistické metody zamérené
na identifikaci emisnich zdroji v ném nejsou implementovany. Proto byl dodavany
software vyuzit pouze pro ovladani méficiho zafizeni a konverzi uloZzenych binarnich
dat do jednodu$siho formatu, ktery Ize nacitat napf. v prostfedi Matlab.
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Obr.2 Umisténi snimace AE pro monitorovani planetovych loZisek.
Fig.2 The location of AE sensor for the monitoring of planet bearings.

Snimace typu Dakel IDK-09 (s rezonanéni frekvenci mezi 200-300kHz) byly
rozmistény podle potfeb monitoringu kritickych ¢asti pfevodovky a moznosti jejich
uchyceni na povrch reduktoru, ti. na fyzicky dostupna rovna mista blizko
sledovanych soucasti. Snimace AE Ize po obrouSeni, nebo odmasténi spojovanych
povrchl lepit pfimo na prevodovku kyanoakrylatovym lepidlem. Po konzultaci
s experty provadeéjicimi opravy a udrzbu byly zvoleny ¢&tyfi kritické soucasti:

1. Lozisko hlavniho rotoru (viz obr. 1)
2. Planetova loziska (viz obr. 2)
3. resp. 4. Spojka levého resp. pravého turbomotoru (viz obr. 3)
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Na vhodna mista na povrchu reduktoru byly nejblize vySe uvedenym soucééstem
upevnény snimace AE, které jsou opatieny kratkym cca 1m koaxialnim kabelem
o priméru 1.7 mm s BNC konektorem se silikonovou izolaci odolavajici teplotam -
20°C az +75°C. Snimal vyzaduje externi koaxialovy impedan¢ni prevodnik
s pfedzesilova¢em, umoznujici pfipojeni dalSiho koaxialniho kabelu pro prenos
signdlu k cca 30m vzdalenému analyzatoru IPL.

/AE kanal 4
(spojka P motoru)

Obr.3 Umisténi snimacd AE pro monitorovani spojek motord.
Fig.3 The location of AE sensors for the monitoring of motor couplings.

Na uvedenych fotografiich (viz obr. 1-3) jsou zobrazena umisténi snimacu
jednotlivych kanal(. Podrobna analyza namérenych signall prokazala jejich odliSnost
v zavislosti na typu sledované soucasti. Lozisko hlavniho rotoru, planety a spojky
motor( vykazovaly vzajemné odlisné emisni charakteristiky, pficemz spojky motord,
resp. lozisko rotoru a planety jsou si v tomto smyslu blizSi. V kazdém pfipadé se
jedna o velmi komplikovany emisni signal, ktery nema jediny zdroj a pfi aplikaci
klasickych lokaliza¢nich metod, jako napf. vzajemna korelace signalli, nelze
ocekavat jednoznacné vysledky. Uréeni lokace pfipadné poruchy Ize o¢ekavat spiSe
na zakladé detekce singularit v jednotlivych signalech a jejich amplitudovém
porovnani.

3. Analyza namérenych signalt

Pokrocild analyza naméfenych dat vychazela z prvotniho zobrazeni zavislosti
parametru RMS (efektivni hodnoty) po pevné zvolenych €asovych Usecich délky
25ms v zavislosti na provoznich parametrech reduktoru v pribéhu zkousky (viz
obr. 4). Porovnanim obou typl dat (provoznich a emisnich parametrll) Ize vysledovat
zakladni, ocekavatelné souvislosti. Je evidentni, Ze na aktualni RMS akustické emise
je mozné rozpoznat zmény rezim( zatéZovani reduktoru, resp. zmény vykonu
turbokompresord. Provozni parametry tedy primo ovliviuji zakladni charakteristiky
emitované AE, jako je napf. energie. Zménou viskozity oleje, souvisejici i s jeho
tlakem méfenym na vstupu do reduktoru, je rovnéz mozné vysvétlit zvySené treni
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avdisledku i rostouci emisni aktivitu ve fazi 2. cestovniho reZimu, kdy byly
vydrZzovany otacky a vykon turbokompresor(i. DetailnéjSim rozborem parametrQ
naméfenych emisnich dat Ize podrobnéji diagnostikovat jiz konkrétni stav
mechanizmd reduktoru.

3 9
2 s
REZIMY 2, i 1.cestovni L inal L 80% L&P Omezeny L vzlet L 80% % g
L&P TURBOMOTORU rezim rezim P 80% P nominal nominal vzlet P80% Pvzlet S %
PROVOZNi PARAMETRY
Tlak vzduchuza ¢+ b h
kompresorem (L=—P ==+ A T S Bt Y, !
Otacky rotoru P 1. ' H
turbokompresoru ' ' '
L—pP-—) R A v
Otacky nosného rotoru i R ey |
Tlak oleje
na vstupu do reduktoru H

RMS AE
—— lozisko rotoru
------- planet. loZiska
—— spojka L motoru
rrrrrr spojka P motoru

RELATIVNi VYVOJ AMPLITUDY

1 1 1 | 3 1 1 i 1 i | H 1
9:36 9:42 9:48 9:54 10:00 10:06 10:12 10:18 10:24

&as [hh:mm]
Obr.4 Vyvoj provoznich parametrd vs. RMS AE.
Fig.4 Evolution of operation parameters vs. RMS of AE.

3.1. Sledovani poétd prekmitua

Jednim z klasickych parametrd AE je pocet prekmitd amplitudy pres stanovenou
prahovou uroven, ktery se znaci jako NC (z anglického ,Number of Counts"). Pfi
méreni se obyc¢ejné voli alespon dva prahy. Prvni (NC;) je zpravidla nastaven tésné
nad Uroven Sumového pozadi, coz v pfipadé spojité AE neni vhodné a vyuziva se
spiSe prahl zasahujicich do bézné Urovné signalu. Druhy prah (NC;) detekuje nahla
kratkodoba zvysSeni amplitudy. Je volen pod uroven dosavadni maximalni amplitudy
signalu a vétSinu ¢asu zaznamenava pouze nulové hodnoty. Parametr NC je velmi
citivy v oblasti zvolené hladiny. Nepatrné zvySeni amplitudy signalu, které ale
znamena prekroceni prahu, se vyrazné projevi na hodnotach NC. Naopak zmény
amplitudy daleko od prahové hranice nemaji zadny vliv. Z uvedeného vyplyva, ze NC
Ize oznacit za silné nelinearni transformaci signalu. V pfipadé spojité AE je nutné
specifikovat rovnéz délku ¢asového intervalu, pro ktery nacitani prekmit( provadime.
Pocet prachodl pres prahovou urover za pevné stanovenou dobu pak oznacujeme
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jako CR z anglického ,Count Rate“. V naSem pfipadé se jedna o dobu 0.5s. Pfinos
popisovaného parametru je evidentni napf. z obr.5. Na vybrané ¢asti naméfenych
dat (10 min.) je ilustrovano nahlé zvySeni hodnoty CR;, aniz by parametr RMS tuto
zménu charakteru signadlu zaznamenal. Pocty prekmitd jsou tedy vhodnym
parametrem pro rychlou detekci singularit ve spojitém emisnim signalu.

x 10* podet prekmit(l

<2000
E
i 1800 ™ W]M W’"Ww W'\ MW A rd sy
10001 W
5000 1 00 200 300 400 500 600

Obr.5 Prubéh hodnot CR a RMS ve vybraném intervalu 10 minut
(CR1 je zobrazen Sedé a CR; cerné).
Fig.5 Progression of CR and RMS values in selected time interval of 10 minutes
(parameters CR; and CR; are represented by grey and black color respectively).

3.2. Caso-frekvenéni analyza

DalSim ¢asto aplikovanym nastrojem signalové analyzy je ¢aso-frekvenéni analyza.
Poskytuje informace o frekvenénim spektru signdlu, ale oproti klasické frekvenéni
analyze zarover uchovava také casovou informaci. Jednou z metod je okénkovéa
Fourierova transformace (STFT - ,Short Time Fourier Transform®). Jeji podstatou je
provadét Fourierovu transformaci z kratSich Usekd signalu, tzv. okének, které jsou
posouvany v ¢ase. Vyslednym zobrazenim vyvoje spektralnich koeficientd je tzv.
spektrogram. V piipadé zpracovani velmi rozsahlych objemd dat ale v praxi
narazime na velkou vypocetni narocnost této metody, coz v podstaté znemoznuije jeji
redlné nasazeni. Analyzovany byly proto jen vybrané kratké useky signald. Jelikoz
bylo méfeni provedeno na prevodovce bez zavady, nelze predpokladat vyskyt
vyznamnych defektl, které by se projevily na emisnich parametrech. Nicméné,
v rezimu volnobé&hu se na zaznamu ze snimace v blizkosti lozZiska rotoru objevuje ve
frekvenénim spektru singularita, ktera na jinych ¢astech zdznamu neni. Na obr.6 je
ilustrovana ¢ast signalu od snimace ¢€.1 v rezimu volnobé&hu a jeho spektrogram. Je
zde patrné charakteristické Sumové pozadi a v Case pfiblizné 75ms od zacatku
zobrazeného Useku je patrna spektralni odchylka, kterou Ize poslechem (po 40-ti
nasobném zpomaleni zvuku) pfirovnat ke tfeni v rotujicim soukoli. Podle detailni
spektrélnl’ analyzy se jedna o Iokélnl' vyskyt frekvence pFesahujl'ci 600kHz 4 vyskytu
zaznamech dostate¢né patrné a je jen otadzkou vhodnych zpracovavajicich algoritmda,
zda budou detekovatelné i automaticky.
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Obr.6 Typicky usek signalu se singularitou a jeho spektrogram.
Fig.6 Typical section of a signal with singularity and its spectrogram.

3.3. Waveletova analyza

Jelikoz vypocet vySe zmifovaného spektrogramu je ¢asové naro¢ny a detekce zmén
v ném obsazenych netrivialni, bylo nutné pro velmi rozsahla méreni vyvinout
efektivnéjSi algoritmy. Pro ¢&aso-frekvenéni analyzu je vhodnéjSi a rychlejsi
waveletova transformace. Je zobecnénim Fourierova rozkladu, pfi€emz vychozi
signal neni dekomponovan na fazove, amplitudové a frekvenéné odliSné sinusoidy,
ale na rizné posunuté, zesilené a dilatované zakladni funkce specifického tvaru, tzv.
wvinky* (angl. wavelet). Na zékladé teorie vyuzivajici funkcionalni analyzu Ize ukazat,
ze diskrétni waveletovou transformaci (DWT) digitalizovanych signall Ize spocitat
pomoci tzv. banky filtr(i, ¢imz se oznacuje sada specialnich frekvencénich filtr( typu
horni a dolni propust. Frekvenénim filtrem se rozumi mnozina koeficientu, které jsou
urcitym zpGsobem aplikovany na signdl. V téchto koeficientech je ukryt tvar zakladni
kroku je signal rozdélen na dvé slozky A1 a D1. Nejprve je na plvodni signal
aplikovan filtr typu horni propust a vysledek je oznacen D1 (Detail 1). Poté je pouzit
filtr typu dolni propust se stejnou mezni frekvenci jako pfedchozi filtr a vysledek je
oznaten Al (Aproximace 1). V dalSim kroku je obdobny postup aplikovan na
pfedchozi aproximaci a jsou ziskany slozky A2 a D2. Tento postup se opakuje az do
pfedem stanoveného poc¢tu pozadovanych Urovni rozkladu. Pfimé vyuziti vysledkd
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DWT pro zpracovani delSich ¢asovych Usek( (jako napf. u spektrogramu) nenf
z vypocetnich divodd mozné. Vysledné koeficienty v jednotlivych Urovnich
waveletového rozkladu (obdoba frekvenéniho) se vSak osvédcilo dale zpracovavat
pomoci prahovani, obdobné jako plvodni signal. Metoda byla predstavena jiz v [3],
ale pouze pro nespojitou AE. Pro spojitou AE ozna¢me v obr.7 pocet prekmitl za
jednu sekundu jako WCRy, kde x je oznacéeni pfislusného nizSiho (x=1,..,5), resp.
vy$$iho (x=6,..,10) prahu pro jednotlivé Urovné rozkladu 1-4, pfiCemz prubéhy
prekmitl pres niz$i resp. vyssi prah ilustruji Sedé, resp. ¢erné kfivky.
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Obr.7 Zobrazeni CR a WCR v pribéhu celé zkousky.
Fig.7 lllustration of CR and WCR evolution within the whole experiment.
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Jelikoz vypocetni naro¢nost DWT pro kratSi Useky signalu neni vysoka, Ize vyvoj
Castetné WCR efektivné zobrazovat i pro cely signdl, viz obr. 7 s vysledky pro prvni
kandl. Pro srovnani je zde zobrazen také pribéh CR. Lze pozorovat, Ze priibéhy
prekmitd WCR pres vy$Si hladinu jsou znac¢né odlisné. Napfiklad v ¢asovém rozmezi
0-15 min. je na urovni rozkladu D2 a D3 patrna zvySena aktivita, zatimco u slozek D1
a D4 ke zvySeni nedochazi. Nebo naopak v okoli ¢asu 33 min. Ize na D3 a D4 vidét
narGst, ktery na D1 a D2 neni. Celkové je patrné jiné frekvencni sloZzeni signalu na
zaCatku a konci zkousky odvoditelné z odliSnych zmén v rlznych udrovnich
waveletového rozkladu. VySe uvedena pozorovani predesilaji moznost detekovat
popisovanou metodou spektralni zmény v signalu. Metoda pfinasi novou informaci,
kterd neni patrn& z prvotné pocitaného parametru RMS, nebo obalky signélu. Jistou
nevyhodou mudze byt hledani vhodnych prahovacich urovni, které se mohou pro
rizna méreni lisit.

4. Diskuse vysledku

Na zakladé waveletového rozkladu byla rozpracovana metodika zpracovani
rozsahlych objem( dat z méreni spojité akustické emise. S pomoci jednoduchého
algoritmu hledani prekmitd v riznych dekompozi¢nich drovnich se podafilo prokazat
zmény signalu v zavislosti na letovych rezimech, nejen sledovanim parametru RMS.
Metoda byla aplikovana pfi zkouSce renovované prevodovky, klasifikované jako ,bez
zavady“. Z vysledkd tedy nelze spolehlivé vyvozovat, na jakych parametrech
emisniho zéznamu by bylo patrné poSkozeni branici provozu. Na zéakladé
dosavadnich experimentll Ize pouze vyslovit hypotézu, Ze typické frekvenéni
spektrum pfi zvoleném letovém rezimu je charakteristickym projevem daného kusu
reduktoru a postupné zmény v zastoupeni frekvenénich pasem, resp. ve vyvoji
parametrd WCR, souviseji se zménou letového rezimu a nemuseji nutné znamenat
poskozeni. K lepSimu poznani souvislosti rdznych typl zavad prevodového
mechanismu se zménami parametrll AE by bylo nezbytné provést dal$i méfeni na
reduktorech s rliznymi typy a stavy poskozeni, coZ je ale vzhledem k technické
a finanéni naro¢nosti dohledani, ¢i umélé pfipravy emisniho zdroje, velmi obtizné.
Nicméné, analyzou zaznamu nalezené nepravidelnosti, neindikujici zavaznou
poruchu, predesilaji relativné velkou citlivost metody detekovat pfipadna fatalni
poskozeni i v prvotnich stadiich rozvoje.

Podékovani
Prace vznikla za podpory MPO CR v projektu &. FR-TI3/775.
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Abstrakt

Cilem monitorovani vyrobnich procest je zarucit maximalni kvalitu vyrdbénych produktd.
P fizeni téchto procesd, jako je napfiklad bodové odporové svarovani, je tieba zajistit
zpétnou vazbu. Pro monitorovani a fizeni téchto procesu proto nachazi uplatnéni metoda
akustické emise, jejiz parametry reaguji na zmeény v charakteristickych fazich svarovaciho
procesu a mohou predikovat vlastnosti svaru. Tento ¢lanek shrnuje dosavadni poznatky
publikované rdznymi autory a prezentuje posledni vysledky experimentd provedené
na Ustavu konstruovani Vysokého uéeni technického v Brné.

Kli¢ova slova: odporové bodové svarfovani, akusticka emise, hodnoceni kvality svard

Abstract

The goal of manufacturing process monitoring is to ensure the highest quality of
manufactured products. During the control and monitoring of these processes, such as spot
resistance welding, it is necessary to provide the feedback control. The acoustic emission
method is suitable for a monitoring and feedback control of these processes; the acoustic
emission parameters respond to changes in characteristic phases of the welding process
and can predict the properties of the weld. This article summarizes the current knowledge
published by various authors and presents the latest results of the experiments carried out at
the Institute of Machine and Industrial Design of Brno University of Technology.

Key words: resistance spot welding, acoustic emission, welding quality control

1. Uvod

Odporové bodové svafovani (RSW) patfi do skupiny metod tlakového
svarfovani. U tohoto typu svafovani dochazi ke spojeni materidld v dusledku
tlakového silového pulsobeni za souc¢asného pusobeni tepla v misté vznikajiciho
svaru. Materidl se v misté styku kontaktnich ploch ohfeje odporovym teplem,
generovanym pfi prlichodu elektrického proudu pfechodovym odporem. Vzniklé teplo
mUzeme pomoci Joule-Lenzova zakona kvantifikovat dle rovnice (1). Z divodu
sniZzovani nakladu a zvySovani efektivnosti vyroby je obecné do vyrobnich procesu
zavadéna automatizace a robotizace. Diky moznosti uplatnit odporové bodové
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svarovani v automatickém svafovacim procesu, nachazi tato metoda nejvétsi
uplatnéni zejména v automobilovém primyslu pfi svarovani karosérii. Dalsi oblasti
vyuziti najdeme v dopravni technice (vagony, letecky priimysl), vzduchotechnice, pfi
vyrobé krytovani strojli, domacich spotfebiél apod. Jak jiz bylo zminéno vySe,
mnozstvi tepla daného pfechodovym odporem je dano Joule-Lenzovym zakonem:

Q = Rly*tw (1)

kde:

Q — vzniklé teplo (J);

R — elektricky odpor (Q) — celkovy odpor: je souctem nékolika slozek;
lw — elektricky proud (A);

tw — doba prachodu proudu (s).

Z hlediska kvality svaru hraji dllezitou Glohu pfi v8ech zplUsobech odporového
svafovani zakladni parametry svafovani. U odporového bodového svarovani
miZeme tyto parametry odvodit z rovnice (1). Charakteristické zakladnimi parametry
svafovaciho procesu pro tuto metodu jsou tedy svarovaci proud ly; pfitlaéna sila
Fw a svarovaci €as ty.

Pro hodnoceni kvality bodového odporového svafovani se pouziva cela fada
destruktivnich (sekacova zkouska, odlupovaci zkouSka atd.) a nedestruktivnich
metod zkouSeni. Nedestruktivni metody zkou$eni snizuji naklady, zvysSuji rychlost
a spolehlivost zkouSeni. Mezi nedestruktivni metody uzivané pro hodnoceni kvality
bodovych svarl patfi vizualni kontrola, méfeni tepelné vodivosti a nejrozsirengjsi
zkouseni hotovych svar( ultrazvukovou metodou. Nicméné kazda defektoskopicka
metoda ma& své omezeni vyplyvajici z fyzikalni podstaty, proto se v praxi pfi
hodnoceni kvality svard tyto metody vhodné kombinuiji [1,2].

Pro monitorovani samotného procesu odporového svafovani je vyuzivano:
monitorovani hrani¢nich elektrickych parametrll (zejména svarovaciho proudu);
monitorovani dynamickych elektrickych parametrd (snimani napéti, nebo el. proudu
a nasledné dopocet elektrického vykonu, &i el. odporu — robustni pouze pfi idealnich
podminkach); sledovani rozsifeni svarovych €ocek a v neposledni fadé vyuzitim
metody akustické emise (AE) [2-5, 7].

2. Aplikace akustické emise v monitorovani kvality bodovych svart

Metoda akustické emise je dynamicka pasivni metoda nedestruktivniho
zkouSeni. Vyhodou této metody pfi monitorovani procesu bodového odporového
svafovani je moZnost umisténi snimac¢i AE mimo oblast ovlivnénou svafovacim
procesem, jelikoz emitované viny AE se Sifi materidlem pfes elektrodu az
k snimac¢im. Odporové bodové svafovani se sestava z nékolika fazi: spusténi
elektrody, sevieni, prdtoku proudu, kovani (zpracovani svaru), vydrze a uvolnénf
elektrod. Béhem téchto Casti svarovaciho procesu jsou generovany r(izné typy
signalu akustické emise, viz obr. 1 [3, 4].

Tyto jednotlivé €asti signalu akustické emise mohou chybét, nebo naopak
ziskat na intenzité v zavislosti na materialu, tloustce atp. Pro hodnoceni kvality svaru
jsou nejpodstatnéjsi informace ziskané z AE emitované béhem formace svarové
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¢ocky, jejiho rozSifeni, fazové transformace (pfi velké rychlosti ohfevu a chladnuti
dochazi v misté svaru u oceli s dostate€nym mnozstvim uhliku k martenzitické
preméné), pfipadné muze byt detekovan post-svarovy vznik trhlin [4,6-8].

Formovani
V= svarové Eotky
D e
% 0 tas——

j& ﬁfﬁr WM ——

I

I

L
Spuéténl | Ulviltné:l
elektrody i elektrody

Iniciace Expulze Tuhnuti Fazova Post-svarovy
proudu svarové Gotky pfeména VZnik trhlin

Obr. 1 Typicky signal AE béhem RSW [4]
Fig. 1 Typical AE signal during RSW

Béhem pritoku elektrického proudu je zdrojem akustické emise plasticka
deformace, expanze svarové ¢ocky, tfeni, nataveni materialu a expulze. V oblasti
formovani svarové ¢ocky signaly AE zplsobené expulzi maji obecné vétsi amplitudu
a jsou rozliSitelné od zbytku signélu AE v této fazi [3, 4].

3. Experimentalni €4st

Tato ¢ast prezentuje metodiku méreni a shrnuje prvotni vysledky provedenych
experimentd.

3.1 Metodika méFeni a pouzita aparatura

Pro experimenty byly pouzity vzorky ocelového plechu o rozmérech ($xdxs)
(30x360x1) mm. Materidlem vSech vzorkG byla ocel uréend pro svarované
konstrukce CSN 41 1523. Byly provedeny dvé série experimentl, prvni série
(znaceno A, B) s novymi a druh& série (zna¢eno C, D) s opotfebovanymi ¢epickami
elektrod. Ze zakladnich parametr( se ménil pouze proud Iy, pfitlacna sila F,, a doba
proudového impulzu t, zlstaly ve vSech experimentech konstantni, viz tab. 1.
Na kazdém vzorku bylo provedeno Sest svarl, po tfech na kazdé strané,
ve vzdalenosti 10 mm od kraje vzorku a s rozte¢i 50 mm.
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Tabulka 1. Prehled podminek experimentd
Table 1. Overview of experimental conditions

Proud  Pfitlaéna Doba proudového

(kA) sila (N) impulzu (mS)
A) 8 4060 200
B) 10 4060 200
C) 8 4060 200
D) 10 4060 200

VSechny experimentalni svary byly provedeny na stojanové odporové
svafe¢ce VARSTROJ VST 40. Svafovaci elektrody byly osazeny pro prvni sérii
experimentl novymi ¢epickami typu B dle DIN 44750. V druhé sérii bylo uZito
opotfebovanych elektrod téhoz typu.

Pro sniméani signalu akustické emise byly v experimentech pouZity dva
piezoelektrické snimace umisténé na spodni nepohyblivé elektrodé (typ MIDI a typ
MDK 17 s uzitym pfedzesilova¢em 35 dB, na obr. 2 misto oznaceno jako Il.) a jeden
piezoelektricky snima¢ na horni Casti svafovaného materialu (typ MDK 17 AS
s integrovanym predzesilovacem, misto na obr. 2 oznaéeno jako I.). Snima¢ MIDI byl
ke spodni elektrodé pfilepen kyanoakrylatovym lepidlem a snimaé¢ MDK 17 byl
upevnén pomoci svorky. Snima¢ MDK 17 AS, umisténi do stfedu vorku, byl upevnén
k horni ¢&asti vzorku magneticky. Signal AE byl zaznamenavan d&tyfkanalovym
analyzatorem DAKEL IPL umoziujici 12-bitové synchronni kontinualni vzorkovani
4 kanalli frekvenci 2 MSample/s a data byla soubézné ukladana do paméti PC.

¢ Fv(N)

e o lw,tw
o

LI

Obr. 2 Schéma usporadani experimentu
Fig. 2 Scheme of the experiment layout

S (mm)

3.2 Vysledky experimentt

Z namérenych experimentd jsou zde prezentovany dva priklady
zadznamu signalu akustické emise a odpovidajici frekvenéni charakteristiky
vypocitané pomoci Kratkodobé Fourierovy transformace (STFT). Obrazky oznacené
jako a) reprezentuji zaznam signalu AE svaru provedeného elektrodou s novou
Cepickou a obrazky oznacené jako b) reprezentuji zaznam signalu AE ze svaru
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provedeného opotfebenou elektrodu. Je patrné, Ze i pfi stejnych parametrech
svarfovani — A), C), viz Tab. 1, jsou patrné rozdily, jak v ¢asové, tak frekvenéni
oblasti. V Casové oblasti miZeme rozeznat bod iniciace elektrického proudu
i formovéani svarové ¢ocky.

3
=
> 8
+

200 CAS (S) |
o 1 2 3 4 s L] 7
b)
Obr. 3 Signal AE béhem svarovani — dobré elektroda a); opotfebovana elektroda b)
Fig. 3 Signal AE during welding — good electrode a); worn electrode b)

Tume iminh

\! R i

n % @ woom
Pﬁqﬂ?lﬂﬂ . _ . L -
a) b)

Obr. 4 STFT spektrogram — dobra elektroda a); opotfebovana elektroda b)
Fig. 4 STFT spectrogram — good electrode a); worn electrode b)
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4. Zaver

MlZeme obecné fici, Ze metody nedestruktivniho zkouseni minimalizuji
naklady v primyslové vyrobé a umoznuji zvysit spolehlivost produkce i samotného
procesu zkouSeni. Vtomto ¢&lanku je pfiblizena problematika hodnoceni kvality
bodovych svar( pfi fizeni a monitorovani procesu odporového bodového svarovani.
Déle je predstavena metodika provedenych experimentd a prezentovany prvotni
vysledky, jejichZ hlubsi analyza bude publikovana v nasledujici praci. Z pfedchozich
praci se jevi jako dobry parametr pro hodnoceni kvality zaznam signalu akustické
emise z oblasti formovani svarové Cocky, coz naznacuji i pfedb&zné vysledky
experimentl. Nicméné pro hlubsi zavéry bude tfeba provést detailn&jsi analyzy.

Podékovani
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Abstrakt
Presna a spolehliva lokalizace s naslednou identifikaci zdroje akustické emise (AE) jsou

jednémi z nejddlezitéjSich, ale také nejobtiznéji reSitelnych inverznich problémd
v diagnostice materiald a konstrukci metodou AE. V pfispévku je navrZzen novy pristup
k feSeni téchto problémd, vyuZivajici viastnosti ¢asové reverznich zrcadel (TRM) pi
zpracovani signalu AE. Zaznamenany signal ze snimacid AE je uvaZovan jako vysledek
vicenasobné konvoluce zdrojové funkce s prenosovou funkci snimacd a aparatury
a prenosovou (Greenovou) funkci prostfedi, v némz se $ifi elastickd vina od zdroje ke
snimac¢um. Znalost prfesné polohy emisniho zdroje a zdrojové funkce je ddleZitym
predpokladem k jeho spravnému hodnoceni. Nova off-line metoda reSeni inverznich
problémd pomoci TRM, oznacovana jako TRAED (Time Reversal AE Deconvolution), je
experimentalné nenarocna a nevyZaduje kalibraci ani Zadné znalosti o materidlovych ¢i
geometrickych charakteristikach monitorované konstrukce. Jeji pouZziti, vyhody i omezeni
jsou v prispévku demonstrovany na jednoduchych experimentech s umélymi emisnimi zdroji
(Pen-testy, definované UZ pulzy) na rozmérné ocelové desce. Vysledky testd prokazuji
efektivitu této metody, umozriujici napf. lokalizaci zdroje AE s milimetrovou presnosti,
eliminaci vinové disperse ¢i minimalizaci rozptylu parametrd emisniho signalu. Pokud je pro
danou konstrukci k dispozici spolehlivy model simulace Sifeni elastickych vin, Ize TRAED
aplikovat v tomto modelu i bez dodateénych experimentd.

Klicova slova: Akusticka emise, casové reverzni zrcadla, lokalizace zdroje AE,
dekonvoluce signalu.

Abstract

Reliable identification and classification of already localized AE sources is one of the most
important and also most difficult problems in AE monitoring. In this paper we suggest new
concepts of more precise AE source localization and identification in complex structures.
The method is based on a Time Reversal (TR) AE signal processing. AE signals, recorded
by transducers relatively far from the source can be generally considered as a multiple
convolution of the source function with the Green's (wave transfer) function and transfer
function of sensors connected to signal processing devices. The new offline procedure,
called TRAED (TR AE signal Deconvolution) is relatively simple and doesn't require any
knowledge on the structure material and geometry. Its use, merits, and limits are
demonstrated on examples of artificial AE sources (PE-Tests, defined US pulses) acting on
large steel plate. Results show effectiveness of both inverse problems solution dealing with
precise source location and partial reconstruction of the source function. TRAED also
removes effects of wave dispersion and e.g. minimizes scatter of AE signal parameters.
If we have good simulation model of elastic wave propagation in monitored structure, then
the method can be applied to this model without any additional experiments.

Key words: Acoustic emission, time reversal mirrors, AE source location, signal
deconvolution.
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1. Uvod

Otazka o podstaté zdroji AE v monitorované konstrukci je stejné stara jako
AE metoda. Pokroky v analyze jevu AE za uplynulych 10 let, jak v teoretickém
popisu, tak v experimentalni technice umoznuji |épe charakterizovat emisni zdroje,
coz vede k rostoucimu zajmu o vyuzivani této techniky pfi monitorovani okamzitého
stavu testované konstrukce (SHM - Structural Health Monitoring). Metoda AE,
oznaCovana v NDT jako AT, je dnes diky urcité standardizaci zkouSeni rovhocenn&
s ostatnimi NDT metodami a jeji aplikace v praxi vyzaduji certifikovany personal —
v CR byly také jiz pfed 2 roky zahajeny odpovidajici certifikagni kurzy a zkousky.
K zodpovédnému  diagnostickému  posuzovani plvodu a nebezpecénosti
detekovanych emisnich zdroju vSak stale zlUstava oteviena cela fada komplexnich
problémd, které byly formulovany jiz pred 10 lety na 25. mezinarodni konferenci
EWGAE v Praze a jejichz vzajemné souvislosti Ize charakterizovat napf. schématem
v Obr.1 [1]. Tyto problémy Ize shrnout do tfi zakladnich uloh tykajicich se zdrojii AE:
1. Detekce a kvantifikace, 2. Lokalizace a 3. Identifikace.

LEAK DISTRIBUTED
DETECTION DAMAGE
—
TS

SOLITARY
DEFECTS

OTHER
PROCESSES

DIAGNOSTIC -
DECISION

ATOMISTIC
SIMULATIONS

MATERIAL
PROPERTIES

BODY
GEOMETRY
SPROPERTIES,

AE SOURCE
IDENTIFICATION

INVERSE
PROBLEM
SOLUTION

LASTIC VA
PROPAGATION
MODELING,

Obr.1: Hlavni problémy v diagnostice metodou AE

Zatimco prvni dvé Ulohy jsou dnes jiz do znacné miry feSitelné
normalizovanymi postupy a modernimi aparaturami, je uloha spolehlivé identifikace
a plvodu emisniho zdroje dosud jen obtizné feSitelna. Jeji obtiznost vyplyva
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zejména ze skutecnosti, ze snimacCi AE detekujeme elastické viny emitované
zdrojem a Sifici se konstrukci ¢asto na zna¢nou vzdalenost od zdroje ke snimaci.
Prachodem konstrukci z uréitého materidlu se prichozi vina deformuje, zejména jde-
li 0 soucast s komplikovanéjSi geometrii, napf. se zménami tloustky, rozhranimi,
okraji, otvory, svary apod. Pfijaty emisni signél neodpovidéa funkci zdroje a jakékoliv
analyza resp. parametrizace tohoto signdlu mlze byt pro identifikaci zcela
zavadeéjici. To se tykd nejen rozpoznavani zdroji, ale casto i jejich lokalizace.
K ziskani nezkreslenych informaci o poloze a funkci zdroje je zapotfebi FeSit inverzni
problém (IP), tedy zjistit, jak vypada emitovand vina pfimo v misté zdroje.

VétSina zavaznych problém( v soudobé metodice AE, véetné novéjSich
pristupl k jejich feSeni je podrobné rozebirana v prehledovych kniznich publikacich
[2] a [3]. V tomto ¢lanku nastinime nové navrzeny zplsob feSeni IP v oblasti AE
pomoci t.zv. Casové reversnich zrcadel (TRM - Time Reversal Mirrors).

2. Reseni Inverznich problém pfi analyze zdroji AE

Pro lokalizaci emisnich zdroji na zékladé &islicové zaznamenanych signall
z nékolika snimacd jsou dnes rozpracovany rdzné postupy a pocitacové algoritmy.
VétSina z nich je zaloZzena na C¢asovych rozdilech pfichodd emitované viny ke
snimacdm, rdzné rozmisténym v okoli zdroje. Ke spravnému vypoétu Casovych
diferenci je vSak nutné presné urcit okamziky pfichodu stejného typu viny
k jednotlivym snimac¢dm, coz nebyva vzdy jednoduché, zejména S§ifi-li se viny
v prostfedi s mnoha odrazy, znaénym Gtlumem ¢&i disperzi resp. v anizotropnich
télesech nebo za zvySeného Sumového pozadi. V téchto pfipadech byva obtizné také
stanoveni rychlosti Sifeni vin, ktera je k lokalizaci zdroje zapotrebi. Moznosti jak obejit
tyto problémy a ucit polohu zdroje pouze na zakladé odvozenych parametril emisniho
signélu jako je RMS apod. byly nastinény v ¢lanku [4]. S ohledem na velmi
komplikované zavislosti emisnich parametri na geometrii télesa Ize vSak tento postup
pouzit jen u relativné velmi jednoduchych konstrukci. Pouziti TRM techniky
nevyzaduje k lokalizaci zdroje ani ¢asové diference ani znalosti o rychlosti Sifeni vin
a ve srovnani s jinymi procedurami dava nejpresnéjsi vysledky. Bodovy zdroj AE Ize
touto technikou lokalizovat s presnosti az na jednotky milimetrd, tedy presnéji nez je
délka snimaci detekovanych vin emitovanych zdrojem. Vlastni princip TRM, je pfitom
relativné jednoduchy a vhodny jak pro lokalizaci zdroje [5], tak pro dekonvoluci signalu
AE [6], ale vétSinou jej nelze vyuzit pfimo v redlném Case.

Poprvé byl princip ¢asové reverzace vin vyuzit v roce 1965 jako technika
zlepSujici odstup signalu od Sumu a prostorovou fokusaci vin. Béhem poslednich
20 let od doby, kdy Fink et al [7-9] pouzili mySlenku Casové reverzace v akustice, coz
je v asové oblasti ekvivalentni obraceni vinového ¢&ela ve frekvenéni oblasti (Wave
Front Reversal), byla navrzena cela fada modifikaci téchto technik. Zakladni principy
TRA spolu s pokroky v elektronice, zlepSenim technologie snimacéli a novymi
teoretickymi poznatky vedly k rozpracovani experimentalni techniky nazvané technika
Casoveé reverznich zrcadel (Time Reversal Mirrors (TRM)), pfi feSeni mnoha problém(
v rlznych oblastech, jako napf. v seismologii ¢i mediciné [9, 10], ale ve spojeni
s nelineérni spektroskopii elastickych vin (NEWS) také v NDT jako vysoce citlivy
indikator pfitomnosti defektd [11].

Teorie Casové reverznich zrcadel je zaloZzena na skutecnosti, Ze rovnice Sifeni
elastickych vin v nedisipativnim heterogennim médiu je invariantni vici obraceni ¢asu.
Princip TRM experimentu je schematicky znazornén na Obr. 1 (viz Anderson et al. [12]):
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Zdroj S vySle elastickou vinu, které se S$ifi prostfedim ke snimaéi R, kde je
zaznamenana spolu s odrazy od hranice objektu. Zaznamenany signal je ¢asové
obracen a poté vyslan zpét k pavodnimu zdroji (Obr. 1 vlevo). Na Obr.1 vpravo jsou
zobrazeny vysilané a pfijaté signaly.
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Obr.1. Schéma casové reverzniho procesu (podle Anderson et al.[12]).
Fig.1. Schematic illustration of TR process (taken from Anderson et al.[12])

3. Dekonvoluce signalu AE pomoci ¢asoveé reverznich zrcadel

Uvazujme obecny zdroj akustické emise v misté 7z se zdrojovou funkci s{t}
asnimaéem AE v misté 1. Signal, ktery je registrovdn v misté 1 v case
t € {0, Tmax 3}, je vysledkem konvoluce zdrojové funkce s Greenovou funkci

Sg =8+ G{L,15.7:)+ P (D), tel0, Ty 1)

Naméreny signal je poté ¢asoveé reverzovan a znovu vyslan z mista 7: do mista %a.
V misté 7« naméfime poté vysledny ¢asové reverzovany signal, ktery Ize vyjadrit jako
nasobnou konvoluci

Str=S{Tmax — 0+ C{Timax — L1071+ Gt.70.7)  Cell,Tmax=) @

()

Odvozeni vztahu mezi signdlem s5r= a zdrojovou funkci 5t} je snaz8i provést ve

frekvenéni oblasti. Oznaéme Fourierovu transformaci signélu stz jako Fisrzl,
Predpokladame-li Greenovu funkci ve standardnim tvaru

St Iy — 7,1

h c

1 @)
Gt i) = .
4

-

JIC*® fir; — 7,

328 DEFEKTOSKOPIE 2012



bude Fourierova transformace F{(STr) ve tvaru

E:EMT

#(S7R() =7 (s (Tmax ) —— 5 “

1lemjjr
a

T B — — b
IFT(#F(spritM) = - 5) = as® s pp(t)
L Wi —rpn

Kde /FT" oznaduje inverzni Fourierovu transformaci a ¢ je konstanta propocionality.
Je vidét, Zze vysledny signal je Umérny puvodnimu vyslanému signalu ze zdroje
akustické emise. Tento vysledek je velmi dulezZity pro lokalizaci zdroje akustické
emise a pro dalsSi analyzu. Pfi standardnim méfeni akustické emise analyzujeme
signély, které jsou ovlivnény jak prGchodem viny od zdroje ke snimaci, tak
charakteristikami snimaci aparatury. Tento vliv znesnadnuje naslednou klasifikaci

zdroji AE a vysledny signal s-{#} nebude pouze @53, ale bude je3té dvojnasobnou
konvoluci s impulsni odezvou snimacde a charakteristikou snimaci aparatury (jedna
konvoluce pfi detekci snimacem a druha pfi vysilani smérem ze snimace)

If_1

Sy = sy k(L) * k 5(1), (5)

kde R je impulsni odezva snimae a h(f) pouzit¢ snimaci aparatury.
Predpokladame pfitom pro jednoduchost, Ze snima¢ i aparatura jsou linearni
systémy a impulsni odezva piezo-ménice je stejna pfi pfijmu i vysilani.

3. Experimentalni ovéfeni procedury TRAED

Ovérovani moznosti analyzy zdroji AE pomoci ¢asové reverzace signalli TRAED bylo
realizovano na tlusté ocelové desce o rozmérech 500x500x45 mm (viz Obr. 2 vlevo).
Na desce byly priblizné v rozich étverce o strané 310 mm pfipevnény 4 snimace AE typu
DAKEL MTR 13 s magnetickymi podlozkami (T1-T4). DalSich pét piezoelektrickych
méni¢l S1-S5 stejného typu bylo na desce rozmisténo nahodné (méni¢ S1 byl umistén
zhruba uprostied ¢tvercového pole snimact). Ménice S1-S5 slouZily jako ultrazvukové
vysilace definovanych pulzl rdzného tvaru, simulujici zdroje AE v rGznych mistech. Pulzy
byly generovany pomoci generatoru libovolnych signald NI 5421. Vybuzené viny byly
detekovany snima¢i T1-T4 a po fitraci (20 kHz-2MHz) a zesileni signalu
v predzesilovacich typu PAC 20-40-60 byly zaznamenavany USB osciloskopem Tie-Pie
HS4 (128 kS frekvenci 10 MHz). UloZené signaly byly v PC zkraceny, normalizovany,
prevraceny v ¢ase a generatorem vyslany prostfednictvim snimact T1-T4, prepojenych
jako vysilace posilany zpét k ptvodnim zdrojim, kde byly registrovany bud ptvodnimi
vysila¢i S1-S5, resp. laserovym vibrometrem POLYTEC OFV 5000 s hlavici OFV 505,
zameérenym na okoli plvodniho zdroje. Cely experiment, véetné prepinani mezi vysilaci
a prijimaci byl automaticky fizen PC programem v prostfedi MATLAB. TRM procedura
vyZaduje velmi pfesnou synchronizaci vysilanych a pfijimanych signall (s pfesnosti na
1 vzorek). Princip dekonvoluce a ¢asové synchronizace zpétné vyslanych signal ilustruje
Obr. 3, kde jsou v levém sloupci zachyceny signaly ze zdroje v poloze S3 (vyslan signal
typu RickerGv puls - vpravo nahofe), piijaté tfemi snimaci T1- T3. ¢asové obracené (TR)
signaly jsou ve sloupci uprostfed. V pravém sloupci jsou TR signaly snimané
interferometrem v misté plivodniho zdroje S3.
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Obr.2: ZkuSebni ocelova deska se 4 snimaci AE T1-T4 a 5 meénici S1-S5 stejného
typu, slouzicimi jako vysilace definovanych signald - umélé zdroje AE (vlevo).
Vpravo je pohled na experimentalni sestavu s laserovym interferometrem.
Fig. 2: Testing steel plate (left) with AE transducers T1-T4 receiving direct signals
emitted from transducers S1-S5 simulating AE sources. Right is the used
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Obr.3: llustrace ¢asové synchronizace ¢asové reverznich signald.
Fig. 3: Precise time allignement of time reversed AE signals.
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Z Obr.3 je patrné, Ze po vyslani TR signalt zpét do desky jsou signaly
zrliznych snimacl, detekované v misté puvodniho zdroje zcela presné
synchronizovany. Tuto vlastnost lze vyuzit k pfesné lokalizaci zdroje: Budeme-li
vibrometrem podrobné skenovat okoli puvodniho zdroje, zhruba lokalizované jinou
tradi¢ni metodou, dojde k vzadjemné synchronizaci pouze presné v misté zdroje.

Puvodné vyslany signal zde neni zcela presné rekonstruovan, nebot nebyla
provedena dekonvoluce na pfenosovou charakteristiku samotného vysilace. K UpIné
rekonstrukci pole dynamickych posuvl v misté zdroje (identifikaci na zékladé
tensoru seismickych momentu) by bylo zapotfebi snimat kromé kolmé také dalsi
slozky, coz pfi pouziti laserového vibrometru s jedinou osou snimani neni mozné.
Lepsi rekonstrukce zdrojové funkce Ize dosahnout také souctem TR signalll z vice
snimacl (teoreticky z nekone¢ného poctu snimact okolo zdroje). Na Obr. 4 je
ilustrovana zavislost rekonstrukce zdrojové funkce na presnosti polohy snimani TR
signalu. Laserovy interferometr byl nejprve zaméren pfesné do mista zdroje a poté
byl fokusovan po 2 mm krocich az do 20 mm dale od polohy zdroje - viz vlevo na
Obr.4,kde presnéa poloha zdroje (stfed vysilajiciho ménice) je vyznacena na méfitku
jako nula. Vedle jsou vyneseny 3 signaly: a) vysilany signal (tvarovany sinusovy puls
85 kHz), b) TR puls rekonstruovany v misté zdroje (soucet TR signalu vyslanych ze
4 snimadi T1-T4) a c) tentyZ soucet signalll, detekovanych ve vzdalenosti 20 mm od
puvodniho zdroje. Na signalu c) je jiz patrna zna¢na nedokonalost rekonstrukce.
Obdobné vysledky byly ziskany také pfi snimani TR signalG vysilaci sondou misto
laserovym vibrometrem. V tomto pfipadé se ale daleko vyraznéji projevi opétovna
konvoluce pfijimaného signélu s impulsni charakteristikou snimace.
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Obr. 4: llustrace vlivu polohy snimace TR signélu vzhledem k mistu zdroje.
Fig. 4. lllustration of TR receiver displacement on resulting signal reconstruction.

4. Zavéry

Pouziti ¢asové reverznich zrcadel (TRM) pii analyze signal( AE otevird nové
moznosti feSeni komplikovanych inverznich problémd v této oblasti, jako je
lokalizace zdroji a dekonvoluce signall (eliminace prenosu vin testovanou
konstrukci. V tomto ¢lanku je strué¢né nastinén princip TRM a vyhody pouziti této
techniky jsou ilustrovany na jednoduchém pfikladu lokalizace umélych emisnich
zdroju na ocelové desce. Procedura TRM podstatné zvySuje presnost lokalizace
emisnich zdroju a eliminuje distorzi signalu AE, zplsobenou Sifenim elastickych vin
v konstrukcich s komplikovanou geometrii ¢i anizotropii atd. i bez jakychkoliv
specifickych znalosti o této geometrii, materidlové strukture, rychlostech Sifeni
elastickych vin apod. TRM procedura je snadno realizovatelna a nejlepsich vysledki
Ize dosahnout pouzitim napf. skenujiciho laserového interferometru jako detektoru
vin zpétné vysilanych od snimacd AE k pdvodnimu zdroji prostfednictvim generatoru
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libovolnych signdll. Je-li k dispozici spolehlivy model pro simulace Sifeni elastickych
napétovych vin v daném télese, neni k analyze AE touto metodou zapotiebi zadné
dodate¢né experimentalni vybaveni a proceduru TRM lIze s uspokojivymi vysledky
realizovat pfimo na tomto modelu. K UpIné rekonstrukci funkce emisniho zdroje
v redlném Case bude zapotfebi v budoucnu jesté vyreSit celou fadu teoretickych
i experimentalnich problému tykajicich se ¢asoveé reverzni akustiky.

5. Literatura

1. Z Prevorovsky: 'Notes on wave and waveguide concepts in AE’ (25" EWGAE
2002, Prague, Proc. Vol Il, pp 83 - 90, September 2002)

2. Ch. U. Grosse, M. Ohtsu (eds): 'Acoustic Emission Testing. Basic for
Research - Application in Civil Engineering'. (Spriger-verlag, 2008)

3. Carpinteri, G. Lacidogna (eds): 'Acoustic Emission and Critical Phenomena:
From Structural Mechanics to Geophysics'. (CRC Press, Taylor & Francis
Group, 2008).

4. M. Blahacek, M. Chlada, Z. Prevorovsky: ‘Acoustic emission source location
based on signal features'. (Advanced Materials Research, Vol. 13-14, 77-82,
2006).

5. J-M Parot,’Localizing impulse sources in an open space by time reversal with
very few transducers’. (Applied Acoustics, Vol 69 (4), pp. 311-324, 2008)

6. Z. Farova, Z. Prevorovsky, V. Kus, S. Dos Santos: 'Experimental Signal
Deconvolution in Acoustic Emission Identification Setup'. (Proc. of the 6™
Internat. Workshop NDT in Progress, Prague, pp. 33-40, 2011)

7. M. Fink, C. Prada, F. Wu, D. Cassereau, Self focusing in inhomogeneous
media with time reversal acoustic mirrors' (IEEE Ultrasonics Symposium
Proceedings 1, pp. 681-686, 1989)

8. M Fink: 'Time reversal of ultrasonic fields. Part I: Basic principles'. (IEEE
Trans. Ultr. Ferr. Freq. Contr. Vol 39 (5), pp 555-566, 1992)

9. M. Fink: 'Time-reversed acoustics'. (Rep. Prog. Phys., Vol. 63, pp.1933-1995,
2000).

10.B. E. Anderson, M. Griffa, C. Larmat, T. J. Ulrich, P. A. Johnson: '. (Acoustics
Today, Vol. 4 (1), 4-15, 2008)

11.Prevorovsky Z. , Vejvodova S. , Dos Santos S.: 'Nonlinear Wave Modulation
and Time Reversal Tomography of Structural Defects'. (NDT-Welding Bulletin,
Vol.19, No.3, pp.45-49, 2009, )

12.B. E. Anderson, M. Griffa, C. Larmat, T. J. Ulrich, P. A. Johnson: ‘Time
reversal reconstruction of finite sized sources in elastic media‘. (JASA
Express Letters, Vol. 130 No.4, EL219 - EL225, 2011).

Podékovani: Tato prace vznikla za podpory MPO CR v projektech é. FR-TI1/274
a FR TI1/198 a projektu GACR ¢&. 104/10/1430.

332 DEFEKTOSKOPIE 2012



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

HEAVY WALL PIPE LINE INSPECTION BY PHASED ARRAY
ULTRASONIC TEST (PAUT) AND COMPARISON WITH
CONVENTIONAL NDT METHODS
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Metallurgy laboratory in Iranian welding research
and engineering center (IWREC)

Abstract

This research paper contains comparative results about defect sizing and monitoring by
three different methods: phased array, conventional UT and radiographic inspection. NDT
inspection is playing important role in defect detection during and after manufacturing
industrial structures. Common restrictions in RT & UT analysis such as accuracy
limitations by increasing thickness can be overcome by PAUT. Phased array has several
advantages compared to conventional UT and RT, especially in thick materials (t > 40
mm). Defects in thick materials can’'t be observed clearly by conventional RT. In this
research, pipe lines of “Slag Catcher” section in SOUTH-PARS (ASALOUYEH-IRAN) gas
refinery has been monitored and inspected by three methods: PAUT, conventional UT and
RT. Radiography didn't show defects obviously and defect sizing accuracy decreases in
heavy wall pipes by conventional UT and that process is very time consuming specially in
field operation conditions, but PAUT detected and determined the dimensions of internal
defects quickly and precisely.

Keywords: PAUT, NDT, Heavy Wall Pipe

DEFEKTOSKOPIE 2012 333



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

THE COMPARISON BETWEEN TOFD AND CONVENTIONAL UT
CAPABILITIES IN DEFECT SIZING AND MONITORING FOR
STEEL STRUCTURES UNDER CYCLIC AND DYNAMIC
LOADING

Afshin Yousefi et al.

Metallurgy laboratory in Iranian welding research
and engineering center (IWREC)

Abstract

This research paper has new results about compare of TOFD and conventional UT
capabilities in defect sizing. TOFD has special and unique capabilities in sizing and
monitoring of structure weld defects produced under cyclic and dynamic loading. A series
of tests have been conducted to compare TOFD method and conventional UT method, to
monitor and determine size of intentional defects produced during welding of samples.
Thicknesses and welding parameters simulated from real conditions that applied for
producing steel structure of the most crowded bridge in Tehran (Fadjr Bridge). Samples
were inspected by both methods. Results showed that defect size accuracy was higher in
TOFD method and some of defects cannot be sized accurately by conventional UT. In
some cases, the differences in sizing between two methods came out approximately
around 5mm. Since that minor defects and cracks tend to grow and develop under cyclic
and dynamic loads (that exist in crowded bridges), lack of identification lead to irreparable
damages.

Keywords: TOFD, UT, Inspection, Bridge, Steel structure
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DETERMINATION OF FUNGAL ACTIVITY ON WOOD AT EARLY
STAGES OF FUNGAL COLONIZATION USING
THERMOGRAPHY

Bilgin GULLER?, H. Tugba DOGMUS-LEHTIJARVI? Asko T. LEHTIJARVI?

! Suleyman Demirel University, Faculty of Forestry, Forest Products Engineering Dept.,
32260, Isparta, Turkiye

2Suleyman Demirel University, Faculty of Forestry, Forestry Dept., Isparta, Tiirkiye

bilginguller@sdu.edu.tr

Abstract

Wood, as a renewable natural resource, has been used for many applications by human
being for thousands of years. Instability under changing moisture and biodegradability are
major disadvantages of the material. Activity of decay fungi in wood is usually assessed by
measuring the linear growth of the fungal hyphae or the mass loss of the infected wood. It
is quite difficult to distinguish fungal activity on wood with naked eye or normal imaging
techniques, especially at the early stage of infection.

Heat is released in all metabolic processes. Although fungal activity on wood is not
visible at early stage of the activity, their metabolic activities cause release of heat.
Therefore, theoretically, it is possible to determine the infected area using a thermographic
technique.

In this study. infection and spreading of Fomitopsis pinicola on light and dark
colored wood surfaces was monitored using FLIR |7 thermal camera for five weeks at
laboratory conditions. At the end of the experiment thermal images were evaluated using
image analysis technique.

As a result of biological activity in the areas of intensive fungal activity, the thermal
properties (thermal conductivity, and capacity) of wood were different. Consequently the
surface temperatures differed. The areas where the fungal activity (fungal metabolic
activities) was higher, showed higher surface temperatures than those with no or limited
fungal activity.

Results showed that thermography is a very promising technique to monitor fungal
activity even at very early stages of their growth both dark and light colored wood surfaces.

Keywords: NDE, thermography, fungus

DEFEKTOSKOPIE 2012 335



Czech Society for Nondestructive Testing
NDE for Safety / DEFEKTOSKOPIE 2012
October 30 - November 1, 2012 - Se¢ u Chrudimi - Czech Republic

MONITOROVANI ROZVOJE POSKOZENI V BETONOVYCH
DILCICH POMOCI NELINEARNI SPEKTROSKOPIE
ELASTICKYCH VLN

DAMAGE PROGRESSION MONITORING IN CONCRETE PARTS
BY MEANS OF NONLINEAR ELASTIC WAVE SPECTROSCOPY

Jan HETTLER, Zdenék PREVOROVSKY
Ustav termomechaniky AV CR, v.v.i.
e-mail: hettler@it.cas.cz
Abstrakt

Nelinearni spektroskopie elastickych vin (NEWS) je soubor modernich metod ultrazvukové
defektoskopie, které umozriuji vysoce citlivé zachytit vznik a rozvoj poskozeni i v materialové
zna¢né komplikovanych télesech. Tento pfispévek se zabyva hodnocenim miry poskozeni
betonovych dilcd pomoci analyzy vy$sSich harmonickych frekvenci. Zkou$ené betonové dilce byly
ohybové namahany az do vzniku magistralni trhliny za souc¢asného monitorovani amplitudové
zavislych spektralnich zmén ultrazvukového signélu prochazejiciho zkouSenym dilcem. Pro
porovnani byly zaznamenény i signaly AE. Metoda hodnoceni vysSich harmonickych frekvenci se
ukazala jako nejvhodnéjsi nastroj z metod NEWS pro tento typ zkouSek,zejména diky relativni
jednoduchosti experimentalni aparatury a snadné interpretaci ziskanych vysledkd. Pozornost je
vénovana predevSim citlivosti metody na pridbéh rozvoje posSkozeni a dale pak zménam
sledovanych parametrd pred findlnim porusenim zkouSenych téles v korelaci se signaly AE.

Kliéova slova: nelinearni ultrazvukova spektroskopie, vyssi harmonické, zkouseni betonu

Podékovani: Tato prace vznikla za podpory Grantové agentury CR v ramci grantu éislo GACR
104/10/1430.

Abstract

Nonlinear Elastic Wave Spectroscopy is a set of modern and dynamic ultrasonic NDT methods.
These methods provide an outstanding sensitivity that can be used to monitor the damage
evolution even in very complicated and intrinsically non-linear materials. The presented article
deals with the damage assessment of concrete samples using the harmonic analysis. The
amplitude dependent spectral changes of the probing ultrasonic signals were measured during the
bending loading of the tested samples. AE signals were also analyzed and served as a reference
data for comparison. The special attention is paid to the sensitivity of the method to the localized
damage evolution and to the correlation of the obtained results with measured AE signals,
especially in the pre-final stage of the damage evolution. Results show that the analysis of
amplitude dependent spectral changes is a promising method for the damage assessment in
concrete.

Key words: nonlinear ultrasonic spectroscopy, higher harmonics, concrete testing
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NEKTERE ASPEKTY DETEKCE UNAVOVYCH TRHLIN
METODOU AKUSTICKE EMISE

SELECTED ASPECTS OF FATIGUE CRACKS DETECTION
USING ACOUSTIC EMISSION

Véclav KOULA*, Martin DRAB**, Josef VOLAK***
*Zemédélské druzstvo Rpety, **FJFI CVUT Praha, ***vZU Plzef, a.s.

Abstrakt

V provedenych experimentech bylo vedle ovéreni moznosti potlaceni ruSivych signald na
zkuSebnim stroji sledovano rovnéz v jaké fazi zatéZovaciho cyklu (0,1 — 15 Hz) jsou
generovany hity AE. V pfipadé Sifici se trhliny se ukazuje, Ze hity nejsou generovany ph
maximalni sile zatéZovaciho cyklu, ale s rostouci trhlinou naopak pfi stale nizsi trovni sily
po jejim poklesu z maxima. Je navrZzena metodika umoZzriujici v provoznich podminkéch
identifikaci Sifici se unavové trhliny pfi pouZziti jediného snimace AE.

Abstract

Besides the verification of the possibility to suppress unwanted noise signals in conducted
experiments on the testing rig we've also observed the phase of the loading cycle (0.1 — 15
Hz) when the AE hits from the crack are generated. In case of the propagating crack, it
shows that the hits are not generated during the maximal force of the loading cycle, but to
the contrary, with the growing crack, the generation moves towards still lower levels of the
loading force after its dip from the maximum. A methodology alowing identification of the
growing fatigue crack in operating condition using just one AE sensor is proposed.
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ACOUSTIC EMISSION TESTING (AET) DURING THE
OPERATION

Valentin PETROV, Aleksandr PETROV
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Abstract

It is shown, that the acoustic emission testing (AET) methodology reflects the
understanding of the fracture nature. As it is known, the alternative exists: mechanical
approach or kinetic theory. AET is carried out at the pressure Pae > P in the mechanical
approach, where P is allowable pressure (maximum value of the operational pressure P,
< P). The goal of the AET is flaw detection.

AET is carried out at the pressure Pae < P in the kinetic theory. However, Pae >P* and the
minimal pressure value P* during AET is calculated in the paper from the condition of the
given remaining life Az=1t + m - 4t, which guarantees the prolongation of the service life at
every values of the operational pressure up to P on the period 4t with gamma-percentage
probability m after the time of operation t.

It is established, that for typical conditions P*/P =0.8. It allows carrying out AET of the
vessel with the working space almost in the operational mode. The pressure must be risen
up, if Pop < P*.

Detected flaws during AET are automatically included in the remaining life estimation in
the kinetic theory, what increases the industrial safety in comparison with the mechanical
approach.

Keywords: acoustic emission, acoustic emission testing, AE, AET, fracture, remaining life.
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LOKALIZACE A IDENTIFIKACE ZDROJU AE POMOCI CASOVE
REVERZNICH ZRCADEL

LOCALIZATION AND IDENTIFICATION OF AE SOURCES BY
THE HELP OF TIME REVERSAL MIRRORS

Zdenék PI'?EVOROVSKY, Josef KROFTA, MilanvCHLADA, Zuzana FAROVA
Ustav termomechaniky AV CR,v.v.i.

e-mail: zp@it.cas.cz

Abstrakt

Presna a spolehliva lokalizace s naslednou identifikaci zdroje akustické emise (AE) jsou
jednémi z nejddlezitéjsich, ale také nejobtiznéji reSitelnych inverznich problémd
v diagnostice materiald a konstrukci metodou AE. V prispévku je navrzen novy pristup
k feSeni téchto problémd, vyuZivajici viastnosti ¢asové reverznich zrcadel (TRM) pii
zpracovani signalu AE. Zaznamenany signal ze snimactd AE je uvaZovan jako vysledek
vicenasobné konvoluce zdrojové funkce s prenosovou funkci snimadéd a aparatury
a pfenosovou (Greenovou) funkci prostfedi, v némzZ se $ifi elasticka vina od zdroje ke
snimacdm. Znalost pfesné polohy emisniho zdroje a zdrojové funkce je ddleZitym
predpokladem k jeho spravnému hodnoceni. Nova off-line metoda reSeni inverznich
problémd pomoci TRM, oznacovana jako TRAED (Time Reversal AE Deconvolution), je
experimentalné nenarocna a nevyzaduje kalibraci ani Zadné znalosti o materialovych ¢i
geometrickych charakteristikach monitorované konstrukce. Jeji pouziti, vyhody i omezeni
jsou v pfispévku demonstrovany na jednoduchych experimentech s umélymi emisnimi
zdroji (Pen-testy, definované UZ pulzy) na rozmérné ocelové desce. Vysledky testd
prokazuji efektivitu této metody, umoznujici napf. lokalizaci zdroje AE s milimetrovou
presnosti, eliminaci vinové disperse ¢i minimalizaci rozptylu parametrd emisniho signalu.
Pokud je pro danou konstrukci k dispozici spolehlivy model simulace Sifeni elastickych vin,
Ize TRAED aplikovat v tomto modelu i bez dodatecnych experimentd.

Klicova slova: Akustickd emise, casové reverzni zrcadla, lokalizace zdroje AE,
dekonvoluce signélu.

Podékovani: Tato prace vznikla za podpory MPO CR v projektech & FR-TI1/274 a FR
TI1/198 a projektu GACR ¢. 104/10/1430.
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Abstract

Reliable identification and classification of already localized AE sources is one of the most
important and also most difficult problems in AE monitoring. In this paper we suggest new
concepts of more precise AE source localization and identification in complex structures.
The method is based on a Time Reversal (TR) AE signal processing. AE signals,
recorded by transducers relatively far from the source can be generally considered as
a multiple convolution of the source function with the Green's (wave transfer) function and
transfer function of sensors connected to signal processing devices. The new offline
procedure, called TRAED (TR AE signal Deconvolution) is relatively simple and doesn't
require any knowledge on the structure material and geometry. Its use, merits, and limits
are demonstrated on examples of artificial AE sources (PE-Tests, defined US pulses)
acting on large steel plate. Results show effectiveness of both inverse problems solution
dealing with precise source location and partial reconstruction of the source function.
TRAED also removes effects of wave dispersion and e.g. minimizes scatter of AE signal
parameters. If we have good simulation model of elastic wave propagation in monitored
structure, then the method can be applied to this model without any additional
experiments.

Key words: Acoustic emission, time reversal mirrors, AE source location, signal
deconvolution.
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TUBE INSPECTION USING ACOUSTIC PULSE
REFLECTOMETRY: APPLICATION TO A TUBULAR AIR
HEATER

Amir REICHENSTEIN, Noam AMIR, Harel PRIMACK, Dov FURMAN,
Silviu ZILBERMAN

AcousticEye Ltd., 4 Harechev, Tel Aviv, Israel

Abstract

Acoustic Pulse Reflectometry (APR) is an Internal Diameter (ID) tool for tube inspection,
offering several advantages over conventional methods, among them very short inspection
times and high sensitivity to through holes. It has recently been applied to a wide range of
tube diameters, from 3/4" heat exchanger tubes to boiler tubes 3" in diameter and above.
In this paper we present the physical principles behind APR and the innovations enabling
its implementation in a portable and robust tool. This is followed by a description of a field
test on a Tubular Air Heater (TAH). TAHs are typically difficult to inspect, often containing
internal sleeves and other constrictions, which make it impossible to use invasive
techniques such as Remote Field probes. Usually they are inspected visually, using
flashlights, which enable inspection of the first few feet only. To provide a more
comprehensive inspection, APR was used recently to examine one such TAH. 901 tubes
were inspected, 14' in length and 2" in diameter, in the space of only four hours. 32 leaks
were found and quantified, some of them clearly beyond the reach of what could be found
by visual inspection.
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PRENOSNY ULTRAZVUKOVY SYSTEM S IMPLEMENTOVANOU
TECHNOLOGII PHASSED ARRAY

ULTRASONIC PORTABLE SYSTEM WITH IMPLEMENTED
PHASED ARRAY TECHNOLOGY

Stanislav Starman

Starmans Electronics s.r.o.

Abstrakt

V clanku je prezentovan ultrazvukovy pfenosny system DEFECTOBOOK s Phased Array
technologii a mozné aplikace. Vyvinuty system slucuje konvencni ultrazvuk, EMAT
a Phased Array.

ZkouSeni svaru je standartni mozZnosti system, ale geometrie svaru muze byt snadno
vytvorena primo v pfistroji bez externiho program.

Abstract

This paper presented our developed ultrasonic portable system DEFECTOBOOK with
phased array technique and possible applications. The developed system contains
implemented conventional ultrasonic testing, EMAT testing and phased array testing.

The testing of welds is a standard option in our proposed system, but weld geometry can
be easily pre-programmed for any weld configuration without external software.
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