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Abstract:

Typical reflection photoelasticity enables to determine directions and magnitudes of
principal strains and principal normal stresses in a particular point. This is usually a
long-lasting process if we focus on such determination in more points. Image
digitalization and development of new hardware go hand in hand with automatization
of usual experimental methods such as reflection photoelasticity. In the department of
the authors of this paper and in relation to these possibilities, the application
PhotoStress has been developed for full-field analysis of strains and stresses in
photoelastically coated objects. This paper demonstrates strain and stress analysis
while using the application PhotoStress and presents other intensively discussed
possibilities for improvement of the current version.
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1. Introduction

Reflection photoelasticity is an optical experimental method which can be applied
for a complex full-field stress and strain analysis of photoelastically coated structure
parts. This method allows us not only to observe the distribution of strains and
stresses that appear as colourful isochromatic fringes, but also, in a quantitative way,
to determine the values of direction and magnitude of principal strains and principal
normal stresses in any surface point of a photoelastically coated test object. There
are two kinds of photoelastic fringes which can be used for quantitative
determination of principal strains and principal normal stresses — isoclinic and
isochromatic fringes. Isoclinic fringes are the source of information on directions
and isochromatic fringes provide us with information on magnitudes of principal
strains and principal stresses in any point of a chosen phoelastically coated object.
For quantitative determination of directions and magnitudes of principal stresses we
use optical devices, i.e. reflection polariscopes. In our workplace, there are currently
three reflection polariscopes available (M030, M040, LF/Z-2) with LF/Z-2 (Fig. 1)
being the latest one.
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Fig. 1. Reflection polariscope LF/Z-2.

LF/Z-2 polariscope consists of light source, polariser, analyser, laser illumination,
compensator and digital camera which transmits photoelastic image to the software
PSCalc™.

2. Basic principle of reflection photoelasticity

Reflection photoelasticity is based on relation between colourful isochromatic
image, strain and stress. The basic relation of reflection photoelasticity can be
expressed as follows:

strain (g) = calibration constant (f) x fringe order value (N)

fcalibration constant (fringe constant) of the material used for photoelastic
coating
N fringe order value in a measured point

If fringe order value N rises at given calibration constant f, strain ¢ rises as
well. This can be observed on photoelastically coated aluminium console (Fig. 2).
The colour (order) of isochromatic fringes changes in the direction of an increasing
stress from the black colour (N=0) to the green colour (N=3, 2). The complete list of
colours and their relevant fringe order values can be found in [12, 15].
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Fig. 2. Distribution of coloured isochromatic fringes on photoelastically coated aluminium
console.
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Basic relations for strain and stress analysis as applied in the method of
reflection photoelasticity can be expressed as follows:

& —&=(N-N,) -/, (M
E
O'I—O'zzm(N—No)'f, (2)

where ¢, &,, are principal strains, o;, o, are principal normal stresses, f'is the fringe
constant of the material used for photoelastic coating, £ is Young’s Modulus of
elasticity in tested object, x4 is Poisson’s ratio in the material of tested object, N, is
the initial value on compensator, and N is the final value on compensator.

3. PSCalc™ software

As a part of the reflection polariscope LF/Z-2, the software PSCalc™ (Fig.3) is used
to determine the difference and values of particular (separate) principal strains and
principal normal stresses in given points of photoelastically coated surface of a
loaded test object.
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Fig. 3. Software environment in PSCalc™ software.

For determination of individual (separate) values of principal strains and
principal normal stresses out of free boundaries of a tested object the software uses
the Slitting Method.

There are three equations for the Slitting Method in the programme which are
applicable for a notch in direction &;, ;. The equations are dependent upon whether
the compensator axis is parallel to the edge of the notch or perpendicular to it.

When measuring in the direction of the notch with the compensator axis
parallel to the edge of the notch, the relation is expressed as follows:
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When measuring in the direction of the notch edge with the compensator axis
being perpendicular to the edge of the notch, the relation is expressed as follows:

__ S v 4
& = 1+ (N=N,). )

From the relation (1) we can derive the relation for strain in the direction 2
52:52_f'(N_N0) ®)
The only difference between equations (3) and (4) is that in the sign.

The output of the software are numerical values and distribution of
differences and principal strains (g;-¢5, &5, &,) and principal normal stresses (o;- o3,
o;, 0;) (Fig.4)[ 9, 10, 11].
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Fig. 4. Distribution of principal strains and principal normal stress displayed as a graphical
output of PSCalc™ software.

4. PhotoStress software

Seeking to make full-field analysis of strain and stress fields faster, as carried
out by reflection photoelasticity method, the department of the authors of this article
have developed a software application which processes digital images of isoclinic
and coloured isochromatic fringes so that directions and magnitudes of principal
strains and principal normal stresses can be determined. PhotoStress software is
based on the principle of colour recognition in particular pixels in digital picture of
coloured isochromatic fringes which occur during loading and can be seen when a
photoelastically coated surface of a tested object is illuminated by polarised light.

In the zero-point area (N=0) it is difficult to determine the colour of particular
pixels from digital picture of coloured isochromatic fringes and simultaneously
determine the fringe order value N. For the above-mentioned reason, the area needs
to be divided into two subareas (Fig. 5).

o the subarea where the order of isochromatic fringes N ranges between 0 and
0,35,

o the subarea where the order of isochromatic fringes N ranges between 0,36
and 3,00.
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Fig. 5. Division of the area of isochromatic fringes.

In the subarea with the fringe order values N lower than 0,35 are the colours
pale. Hence, the fringe order is calculated by means of a gradient method. At the
beginning of the process, the darkest area (the zero-point area) is determined by
thresholding from blue-colour component. Subsequently, in the field that arises from
the merging of blue and green luminance components the shortest trajectories
between the zero-point area and the isochromatic fringe with the fringe order value
N=0,35 are to be found by means of a gradient method. Each point is then assigned
specific fringe order value according to the relation of its distance from the zero-
point area and the isochromatic fringe with the fringe order N=0,35 within given
trajectory.

Algorithm for determination of isochromatic fringe order in the subarea where
fringe order values N range between 0,36 and 3,00 is based on the colour of a given
pixel (in HSV colour space) and its index which represents the order in which six
photoelastic colours re-occur from the order N=0. Each pixel from the picture of a
colourful photoelastic pattern surrounded by logical mask is then assigned specific
value of RGB colour. The value of RGB colour specifies relative intensity of red,
green and blue colour. However, this does not suffice in the method of reflection
photoelasticity. For this reason, HSV colour space is more useful. The software
application thus includes algorithm for transformation of colour components from
RGB colour space (Fig. 6) into HSV colour space (Fig.7).

R

Fig. 6. RGB colour space. Fig. 7. HSV colour space.

The software works with HSV colour model for calculations of isochromatic
fringe orders, where the value H represents the colour shade of a given pixel. When



indexing particular pixels in the tested area determined by a mask, FloodFill
algorithm with eight directions is applied. This algorithm assigns each value H
specific value of the fringe order N in that particular point, or in that particular pixel
of digital picture. From the colour of the pixel and from its index it is possible to
determine the fringe order value on the basis of transformation function. This
transformation function is set on the basis of calibration measurements that were
carried out by means of reflection polariscope LF/Z-2 on a beam with photoelastic
coating PS-1 under four-point bending (Fig. 8).

Fig. 8. Calibration sample — the beam under four-point bending.

The calibration process has its principle in manual reading of isochromatic
fringe orders in precisely determined points on the calibration beam by means of
reflection polariscope LF/Z-2 and a compensator (Model 832). Measurement points
were determined by PhotoStress application and are depicted as line sections in
transition areas of isochromatic fringes (Fig.9, Fig.10).
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Fig. 9. Calibration sample — loading 1. Fig. 10. Calibration sample — loading 1.

From the results of calibration measurements we were able to make
Calibration table 1 which includes measurement points determined by PhotoStress
application, colour index, fringe order values in these points read by means of a
compensator (Model 832), arithmetic mean of the read fringe order values in two
different points while having the same colour index, component H of the colour
space HSV in standard units SU ranging <0,;255> and degrees ranging <0°;360°>.



Table 1. Calibration table

Fringe order

Hue Hue Measurement Fringe Measurement Fringe . R
Figure Cplour [SU] [°] point order points order (arithmetic
index <0;255> <0;360> [mm] 8] [mm] [ ‘“fj“)
1 42 59,29412 11,0 0,33 -7,5 0,39 0,36
2 PEEEIEOTE 190 0,77 -17,0 0,76 0,765
3 128 180,7059 22,0 0,88 -20,0 0,98 0,93
Fig.9 4 23,0 0,99 -21,0 1,03 1,01
5 24,5 1,11 -22,5 1,09 1,1
6 28,0 1,22 -26,5 1,24 1,23
7 42 59,29412 33,0 1,55 -32,5 1,55 1,55
8 37,0 1,77 -37,5 1,71 1,74
8 24,0 1,77 -22,0 1,74 1,755
9 128 180,7059 27,5 2,06 -25,5 1,99 2,025
11 28,0 2,09 -26,0 2,03 2,06
Fig.10 12 30,5 2,32 -29,0 2,25 2,285
13 33,0 2,50 -32,5 2,48 2,49
14 42 59,29412 36,0 2,77 -36,0 2,66 2,715
15 [U8S R0 385 2,98 -40,0 2,94 2,96

The dependence of the arithmetic mean of the fringe order in relation to the
colour index in measurement point is shown in Fig. 11. On the basis of this
dependence, values of principal strains and principal normal stresses can be
calculated in the whole tested surface of given photoelastically coated object [6, 7].
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Fig. 11. Behaviour of isochromatic fringe order in dependence on colour index.

As an output of the software we get numerical values in form of the table and
direction together with magnitudes of principal strains and principal normal stresses
in a point, line or throughout the surface. As an example, the Fig. 12 depicts the
behaviour of direction parameters. The behaviour was determined by PhotoStress
software while measuring angle parameters of the sample in line.
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Fig. 12. Behaviour of zero parameters of the direction of principal normal stresses.

5. Conclusion

PSCalc™ software allows us to measure principal strains and principal
stresses in a given point when reflection polariscope LF/Z-2 is used. The
measurement can be done only from one point to another and, hence, is a long-
lasting process when measurements in more points are required. Determination of
separate values relies only on Slitting.

PhotoStress software offers us the possibility to measure with reflection
polariscopes M030, M040 and LF/Z-2 and includes tree separation methods: shear
stress difference method, strain gage separator method and Slitting method. The
analysis of parameters and the assessment of required values is a quick process and
it simultaneously enables measurements in a point, line and throughout the surface.

There are details in the PhotoStress programme being improved at the
moment, regarding colour recognition in particular pixels, and is being amended by
the following options: online image transmission by HD camera, calibration for
various photoelastic materials etc. All the improvements and amendments of the
PhotoStress software will be included in forthcoming articles.

Acknowledgements

This contribution is the result of the project implementation ,,Center for research of
control of technical, environmental and human risks for permanent development of
production and products in mechanical engineering™ ITMS:26220120060, supported
by the Research & Development Operational Programme funded by the ERDF and
grant project VEGA no. 1/0937/12.

References

[1] Frocht, M.M.: Photoelasticity 1., New York: John Wiley, 1949, 411 s.
[2] Frocht, M.M.: Photoelasticity II., New York: John Wiley, 1957, 505 s.



Kobayashi, A.S.: Handbook on Experimental Mechanics. Seattle: Society for
Experimental Mechanics, 1993, 1020 s. ISBN1-56081-640-6.

Macura, P., Experimental Stress Analysis of Transducers by Means of PhotoStress
Method. In: Acta Mechanica Slovaca. Roc. 14, €. 4 (2010), s. 52-57. ISSN 1335-2393
Milbauer, M., Perla, M.: Fotoelasticimetrické piistroje a méfici metody. CS4V, Praha,
1959, 471 s.

Ostertagovd, E.: Aplikovand  Statistika. Elfa, Kosice, 2011. 161 s.
ISBN 978-80-8086-171-1.

Ostertag, O., Ostertagova, E.: Automatizacia merania a vyhodnotenia napétosti
programovym systémom photoelast. In: Bulletin of Applied Mechanics. Vol. 2, no. 6
2006, p. 105-119., ISSN 1801-1217.

Ramesh, K.: Digital Photoelasticity - Advanced Techniques and Applications,
Springer-Verlag, Berlin, Germany, 2000, ISBN: 3-540-66795-4.

Tech Note TN-702-2 Introduction to Stress Analysis by the PhotoStress Method, 2011
Tech Note TN-706-1 Corrections to Photoelastic coatings fringe-order, 2011

Tech Note TN-708-2 Principal Stress Separation in PhotoStress® Measurements, 2011
Trebunia, F.: Principy, postupy, pristroje v metdde PhotoStress. TypoPress, Kosice,
2006, 360 s., ISBN 80-8073-670-7.

Trebuna, F., Frankovsky, P., Hunady R.: Optical methods and their application in
experimental analysis of mechanical and mechatronic systems. In: Hutnické listy. Vol.
64, no. 7 (2011), pp. 173-178., ISSN 0018-8069.

Trebuna, F. et al.: Abilities of New Software for PhotoStress Method. In: EAN 2010,
Proceeding - 48th International Scientific Conference, Olomouc: Palacky University
Olomouc, 2010, ISBN 978-80-244-2533-7.

Trebutia, F., Sim&dk, F.: Priru¢ka experimentalnej mechaniky. TypoPress, Kogice,
2007, 1526 s. ISBN 970-80-8073-816-7.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


