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ABSTRACT

This paper describes the development of an optdiamécal simulation of a complete shearography systacluding

the shearography instrument, the samples and shengironment. This simulation is applied to theasurement of 3D
strains in engineering samples. The samples agdirader loaded by internal pressure and a flateplatder axial load.
Finite elements models are used to obtain the atisphents fields. A 3D shearography instrument stingi of a laser
and four cameras has been simulated using theabptiodel. Combining the finite elements and optiatulations

allows phase maps to be generated, which are #dtéctions for measurements using the completesetap. Errors due
to sample material properties, loading inaccurawy dimensional tolerances are included in the madell this allows
the calculation of phase maps at the minimum angmam error limits. The simulation through path déims and the
simulation by inverted shearography processing igeowsimilar results and the difference is assodiatgth the

approximation introduced by the sensitivity vector.

Keywords: 3D Shearography, strain measurement, finite elémexel, error analysis.

1. INTRODUCTION

ShearograpHhyis a speckle shearing interferometry techniquelolEpof measuring surface displacement gradieoiy fr
which strain information can be extracted. Sheaplyy is commonly used for non-destructive testipgliaations in
high technology industriés A typical modern shearography instrument is cosegoof a laser, an interferometer
incorporating phase shifting, a digital camera ancbmputer for data processing, including phaseetkon, filtering,
and the calculation and display of displacementligret fields. The 3D configuration of shearograglay be used for
guantitative 3D strain measurement, however to eaehithis, effort is required to compensate for rsrradeally
automatically in the instrument processing software

Errors due to the illumination and imaging geometrg related to the sensitivity vector of the syst&@he sensitivity
vector is defined as the bisector of the illumioatend observation directions and, in general, ristemt sensitivity
vector is adopted. However the use of an exparasset beari and the finite size of the object as well as tamera
sensot, introduces variable illumination and observati@ctors and as a result, variable sensitivity wscéoe inherent
to the system. Errors are also associated witlmiagnitude of the shear. An accurate measuremeheafhear distance
is difficult to perform and in most cases a knovistahce at the object surface is Uses an alternative, digital image
correlation may be usédThe shear magnitude may also be variable alomguhface due to object curvatoe because
of the Michelson interferometerAt the data processing level, errors may be éhtoed, for example, by filtering
processed. For 3D shearography, extra error sources aredinkith matrix transformation operatidit$ and with the
misalignment of the camera’s sensor plane withdbjct surface, which requires extra steps duriracgssing for
image dewarping and co-registrafibnin this case, the dewarping algorithm also presih method to obtain the
observation vectots

In order to calibrate a shearography instrumenh wiultiple cameras and one laser source, a conmaf finite

element (FE) simulations and optical simulationgehbeen used, which can subsequently be used tparemvith an
experimental instrument and test set-up, see figurm this paper, two simulation methods for thoemechanical
simulation have been identified and the strain ar@bs of phase change calculated by these methedsoarpared.
Errors due to the uncertainty in Young’s modulud &visson’s ratio of the sample material, manufémjutolerances
and loading inaccuracy were simulated in the mae their effects on the phase maps are calcul#isd. the
uncertainty introduced by sensitivity vectors apqraations is discussed.
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Figure 1. Shearography instrument calibration sgyat

2. SHEAROGRAPHY THEORY

Shearography is a measurement technique base@ amehference of light. The object being measisaliluminated by

an expanded laser beam and light scattered froraliJeet surface is recorded by a digital camerah@aring Michelson
interferometer is placed in front of the camera adjlisted so that each pixel on the camera seaseives light from
two different points on the object surface. Thege points are separated by the shear distanceregudt is a double
image, where the intensity of light at each pixehtains information related to the difference ie thhase of the light
rays from those two points. This image is knowrirdasrferogram. Mathematically, the intensity at leguixel in the

interferogram is described by

| =21,(1+ycosp, 1)

Where |, =(a° +a,%)/2, y=2aa,/(a +a,’), a and a,are the amplitudes of the light rays from poinfsaRd B on
the object surface ang is the difference of phase between these two point

To perform a measurement, reference interferogmmsecorded and a phase shift algorithis applied to determine
the difference of phase at each pixel. This fornesreference map of difference of phase. The olgatien loaded to a
second state, further interferograms are recordedtlae phase shift algorithm is again used to deérer the map of
difference of phase at this second loading stéies i§ the signal map of difference of phase. Refee and signal maps
are then correlated by subtraction to yield an iemagh fringes. This image is referred to as phas@ (Ag). From the

optics point of view, the phase of a light ray $s@ciated with the light path between the lasercgo(5), a point on the
object (for example f and the camera sensor (C), according to thedigetow.

P1 =Py+(ug,vi,Wy)

PL=(xy, 2) e T
Shear distance d S=(% Vs Z)
P2 :P1+(dX, dy7 dz) .......................... ) IR ~o nght path
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Figure 2. Schematic of the optical and engineemeghanics interpretation of the phase change.
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The phase map is then describedt by

A(ﬂZZTH[(SF{C_SDlC)_(SD;C_Sozcﬂ:2/]_”[dpath1_dpath2] 2

Still considering Figure 1, the engineering mecbsumterpretation of the map of phase map may beirdd as:

5 u, —u, oy ou/ox
A¢:77TR v, -v, | 0=k dv/ox |[dx ©)
W, — W, ow/ ox

Where dx is the shear distance. The equation nsy la¢ formed with the shear in y direction andhis tase the
displacement gradients are along y direction. Téwor k is known as sensitivity vector and is approximaigd

(4)

A 3D shearography system with three cameras ishbamd generating three maps of phase differencedch shearing
direction, which allows isolation of each displa@etngradient by solving a coordinate transformation

- -1
du/ ax Keamt | [A@ oy ) A, cams
V10X | =2 Keame | | Ag oy |2 =DMt 2, | = ®)
| ' dx 2mr : dx
ow/ 0x kcams A@,cams .cam3

M is 3x3 matrix defined by concatenating the comgus of the sensitivity vector for each camera.

3. EXPERIMENTAL DETAILS OF THE SYSTEM BEING MODELLED

3.1 Shearography instrument

The shearography system is composed of four cansr@done laser source. The interferometers areiqosil at the
tips of a cross and the laser source is placedglstv the center of the cross as indicated byithee below.

Interferometer 2~ i g
¢ i
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n

Laser Source~,

Interferometer |

”

Figure 3. 3D Shearography instrument, showingdbations of the laser and the interferometers.

Proc. of SPIE Vol. 7718 771816-3

Downloaded from SPIE Digital Library on 10 Aug 2011 to 131.180.130.109. Terms of Use: http://spiedl.org/terms



These camera positions were considered to minimirers in the matrix transformation on equation{5M large
viewing angle is desirable to minimize errors ie ttoordinate transformation. On the other handatka on the object
covered by one pixel on the camera increasesaisaly distorted and a lower light intensity reastthe camera. These
effects cause a loss of spatial resolution anceas® the uncertainty and the minimum limit for shear distance. For
large working distance, the error in the sensifiviector reducés The distance between the object and the shegiogra
instrument in the modeled system is 800mm. Thecsira is about 1m in length (x direction) and 1mhigight (y
direction). Although three cameras are enough #vatdierize all components of in plane strain, otieaecamera allows
multiple measurement channels combinations at &quéi) and a better confidence level is then olatelf’.

3.2 Calibration Samples

Two calibration samples were designed and manutdi®©ne is based on a cylinder, loaded by intguredsure, and
the other is a flat plate loaded axially.

One special focus is the measurement of curvedaesf thus the first sample is a thin wall alumiraytmder of length
400mm, external diameter of 190mm and wall thickngfsSmm manufactured by rolling a plate and wejdime seam.
Aluminum end caps were welded to the cylinder.i®pumped into the cylinder by a mechanical pung the loading
magnitude is controlled by a pressure gauge.

Sample
/\hspecﬁon Ared

Mechanical pump:-

“SPressure
gauge
End cap

Figure 4. Cylinder calibration sample.

The equations (adapted from the thick wall m&tidbr longitudinal and tangential strains are resipely:

> (1-2w)P

4= r?-r? E ©)
r’ 2-0)P

e é? @

Where rand g the internal and external radius. P is the intepnassure and E the elastic modulus. As observatieby
equations, the uncertainty in the material propsr{elastic modulus and Poisson’s ratio) has agtiofluence in the
strain. Also, curved surfaces are more challen@imghe optical simulation, because of errors dushear magnitude
variatior?.

A flat sample is also desirable as a calibratiom@a, since the shear variation across the objetace is minimized.
The displacement may also be directly controlletjctv eliminates errors due to Young's modulus utiety and
sample thickness tolerances. For these reasorsgcasd sample, a flat plate 300 by 150 by 1 mm masufactured
from an aluminum sheet (2024 T3). A steel structuith a lever system is used to apply loading ® sample. The
sample is attached to one of the arms of the lamdrby controlling the angle between the lever aiitris possible to
control the displacement on the sample directlghSiesign allows accurate loading control, althgulé loading is not
perfectly axial due to the lever system. This calilon sample is shown in Figure 5.
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Figure 5. (a) Plate sample attached to the loastingture. (b) Side view demonstrating the loadiogdition and (c) the
detail of the lever system.

Using an analytical approach, the strains alongyttigection €,,) and x directiond;) can be calculated as:

1
SZZ:I—dIEWp (8
o 'b

511:_U£22:_U|££'I)EWF) 9)

o 'b
where } is the sample height, iis distance between the support point and thergastrew, Jis the distance between the
support point and the sampkejs the loading screw turning angle, p is the logdicrew pitch and is Poisson’s ratio.
Using the analytical equations the parametersitifatence strain distribution may be identified atté combination
that generates the minimum and maximum strainshlmagetermined. The following uncertainties weresidered:

Table 1. Considered uncertainties for input infFEemodel and expected strains according to analytodel.

Plate sampl Cylinder sampl

Min error Nominal  Max error Min error Nominal  Maxror
Elastic modulus 72,4GPa 72,4Pa 72,4GPa Elastic lneodiB8,14MPa 69MPa 64,86MPa
Poisson'’s ratio 0,3234 0,3300 0,3366 Poisson'srati 0,3234 0.3300 0,3366
Height 298,5mm 297mm 295,5mm External radius 95rhlm 95mm 94,89mm
Loading screw angle  3,725turns 3,850turns 3.9Mstu  Internal radius  89,89mm 90mm 90,11mm
Lever sample arm 5,17mm 5,5mm 5,85mm Pressure £28M 4,50MPa 4,72MPa
Lever screw arm 61,0mm 60mm 59,0mm

Analytical strain

Analytical strain Radial -4,75.0*  -5,6510* -6,7410"
Longitudinale,, 1,2810°  1,4310° 1,5910% Longitudinal 1,730*  1,9410* 2,1810*
Transversat; -4,1310*  -4,7210* -5,3610" Tangential 8,210*  9,5410* 1,1110°

4. SIMULATIONS

4.1 Finite element models

Finite element simulations of both samples werdgpered using Abaqus (version 6.8) on a Pentium 4DGHz with

2GB of RAM. For the cylinder sample, a 2D model sisting of one quarter of the cylinder was prepavét adequate
symmetry boundary conditions (axial degree of fogechormal to the cutting plane and in-plane rotatladdegrees of
freedom set to zero). The mesh density in the dyilial surface was selected to approximate the rebesphy

instrument camera resolution (2456 pixels on theézbotal direction). It is desirable to use one @anh the FE model
for each pixel on the camera. In this way the phases from the shearography computational modet hlag same
resolution of phase maps from the experimentalrsigeaphy instrument. In summary a mesh with 0,17b@tween
consecutive nodes was used, with 31 nodes used #lerthickness.
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The plate sample was divided into three componfntthe simulation, see figure 5. The regions whaesample is in
contact with the structure (top and bottom regions)e defined as rigid body (relative displacenefmodes within the
region is zero). All degrees of freedom of the twottregion were set to zero. A CAD model of the fesyestem was used
to determine the axial (along y direction) and tiotzal (along x direction) displacements of the tegion. Uncertainties
on the lever arms lengthsy(Bnd L) were included in the CAD model and transferredroertainties on the top region
displacements. The inspection area is the cerggibn of the sample. Although 2056 nodes are dasiralong the
vertical direction in this region (to match camegaolution), only 515 nodes were used due to coatimual limitations.
This FE model has one node for every 4 pixels ercdmera.

4.2 Shearography simulation - Path length method

The phase map from this 3D shearography simulasian 2D array where each element is a number irrahge [O,
255], representing phase differences in the ra@getd. Two methods were used to obtain such map. Tsedpproach
is derived from shearography theory, and is basedath length variation. The basic sequence ofstdek the
simulation is: 1. Read displacements from the FElehoutput file and organize the data into a 2xagr2. Calculate
the coordinates of the nodes along the inspectidiace (before loading); 3. Calculate the coordiraif the nodes after
loading; 4. Read shear, laser wavelength and positf the laser source and cameras into the dionjdb. Calculate
differences of path lengths; 6. Calculate the upweal phase map; 7. Calculate the wrapped phaseanthf. Rescale
to 8bit range [0, 255].

A global coordinate system was defined as indicatefigure 6. A squared mesh with nodes alignedhim x and y
directions is positioned along the xy plane andguted onto the object surface. Coordinates ofptiogected nodes are
then calculated and each Cartesian componentrisdsio a separated 2D array referred to in thispag K(i.j), P,(i,j)
and B(i,j), where i and j are row and column indexes.

c2 c2
C3 C3
Sample Sample
7T T B z
Laser = "’o:.:,:of'f/ Is_oser
ource

Projected Source i’ Projected
mesh c1 mesh Cl

c4 (@) C4 (b)

Figure 6. Adopted global coordinate system is withirection aligned with the surface normal atdbater of the object.
C1, C2, C3 and C4 are the positions of the cameras.

The FE simulation for the plate sample providepldisements vectors of these projected nodes. Ircdlse of the
cylinder sample, displacement vectors are in axdyical coordinate system which has an axis thitcodes with axis of
the cylinder (4 u and yare the longitudinal, radial and tangential disptaents, respectively). A rotation, described by
equation (10), is performed to obtain displacenwetors along the global Cartesian coordinate sy¢te v and w are
the displacement along x, y and z direction res$pelg). The displacement components calculated wstoeed in
separate 2D arrays.

u.jp)) |t 0 0 u(J)
v(i,j) |=| 0 cog arcsifP, i(j ),)| s arcs{®, i ¢, W) |Du i
Wi, J) 0 —sin[ arcsir(F’y i( )1‘0)] co[s arcs(le ig, DOI)] u (1)

where g is the cylinder external radius.

(10)

2D arrays containing coordinates of nodes afteditfgp are obtained by adding the coordinates befmding to the
displacement components. Equation (11) is the elafop the x coordinate and similar equations cambtermined for
the other components.

P, ) =R, ))+ul.j) (11)
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The arrays of path length differences for each caraee calculated using the sour&)(and the camera positioCfan )
i1, =| [P 1) =8 #[Con = | [ -[[PG.1) -8 [Con B (12)

E(i, j) is the position of the node after Ioadh(ng’x* @, j),P; (,).P G, )) and P(i, j) is the original position of the

node (R,(i, j).P,(.}).P.(.])).-

The shear effect optically mixes points With points B°, see figure 1. Points,Represent the image that is fixed and

points R represent the image that moves as one of the ngimside the interferometer is tiltd The input variable
called shear is an integer number responsiblediectng the nodes that will be correlated.

. shear =0
i1 I —_— J-1 ]
1 P P2 Pl |P2 P 1=P2)| ) P2 F--4F2
: M T : F1=F2
\ \ | | __ shear =0
+1 ol 4 (@) il il I (b)
Figure 7. Shear direction convention, (a) for »edifon and (b) for y direction.
Using the above convention, for shear in the xdtiioa, the phase map described by equation (2)rbesp
. 2 2ir . -
Agi, J)lcam,>< = 7[dpath1 - dpach] = 7|:dpath (i, — shear )|cam - dpath (] )|Oam:| (13)
And for shear along y direction it becomes:
. 2 2 ) . .
B Dy =5 [ s =G| = 5| Gy 1+ Sher, D] =y 1), | (14)

On the edges of the sample, the algorithm triesoteelate points outside the sample, so the phiasege is arbitrarily
set to zero at these points.

To obtain the wrapped phase map, the phase atpeachshould be shifted a certain value (a multiple?r). This is
implemented by:

Y7 S () I YY" (S ) I 1v.Y7 (Y ) I (15)

wheren is obtained by dividing the phase map array (elgmgse) by z and then rounding the result to the nearest
smaller integer. The last step is to rescale thapped phase map from the interval f),20 [0,255] by linear
interpolation.

4.3 Shearography simulation — inverse shearography saftare method

The second approach follows closely the shearograpstrument processing software, but in the ogpodirection.

This algorithms basic sequence of tasks is: 1. Riésmlacements from the FE model output file anghoize the data
into a 2D array; 2. Read displacements from therfelelel output file and organize data into a 2D grBayCalculate the
coordinates of nodes along the inspection surfaeto(e loading); 4. Read the shear, laser wavetheatl positions of
the laser source and cameras into the simulatio@afulate displacement gradients; 6. Calculatsiteity vectors; 7.

Calculate the unwrapped phase map; 8. Calculatetieped phase map and 9. Rescale to 8bit rangg5q)0,

Arrays of displacements and nodal coordinates ai@itated exactly in the same way used for the [eatgith method.

2D arrays containing displacement gradient areutatied using the displacement arrays and the ashedr distance
(Xshear@Nd ¥nea). Equation (16) is for the displacement gradidobhg x direction:

u(i, j)-u(i, j - shear)

%(i,j): (16)

ear
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And for the gradient along the y direction:

%(i,j): u(i, j)—u(i + shear, j)
y Yenear

The input variablehear is responsible for selecting the points that bélused for the displacement gradient calculation.
The actual shear distance is a multiple of theadist between consecutive nodes. As example foearsh

17

Xy = SheRr Eéﬁj (18)

The part between parentheses is the distance betwegsecutive nodes, obtained using the samplel¢ogth (L) and
the total number of nodes along the x direction. (R)r shear in y direction, the diameter (for tlylincler) and the
sample height (for the plate sample) should be us@thce of L as well as the total number of nodiesg y direction.
The shear convention is the same as adopted fa@réwous method.

The Laser position$) and camera positiorGn ) are defined as for the Path length method. Theiteity vectors are
described by equation (4) and are calculated foh eamera and for shear in x direction using:

PS PC _S- P(lj—shear) Cean = P(i, ] — shear)

K, ) (19)
|camx |PS| |PC| |s P(i, j - shear) |ccam—P(| j —shear )
where P(i, j — shear) is the original position of the no-@@x(i, j —shear),P, (i, j —shear),P, (i,] — shear )) .
For shear in the y direction, the sensitivity vedso
K( j)| PS PC S—P(i +shear, j) Ccam—P(|+shear i) (20)
camy |Ps| |PC| |s P(i + shear, ) |Ccam—P(|+shear i)
The unwrapped phase map for x shear is obtainedjbation (3):
) u, —u, o ou/ax(, j)
- T+ = .
A¢i, j)lcam’x :7k v, =V, D7 k("J)Lam,x ovV/IoX(i, ) | Ky (21)
W, — W, ow/ox(i, j)

The phase map for shear in the y direction is abthusing equation (21), but with the displacengeatient and actual
shear distance along the y direction. The abovdeimentation causes division followed by multiplicatby the actual
shear distance. A simplified implementation usiggagion (22) is also possible. In both casesékalts are identical.

u, —u, u(i, j)-u(,j —shear)
Ay, J)|Camx:7”R v, -V, -2y u(i, j)-uf,j - shear) (22)
W, —W, u(i, j)—u(,j —shear)

5. SIMULATION RESULTS
5.1 Cylinder sample

The load applied to the cylinder generates spgtaihstant radial and axial displacements. Theeatigl displacement
is null. When converted to the Cartesian coordmafdigure 6, by following a horizontal path, displacements tend to
maintain a constant value. This explains the latkringes in most of the phase map for x shear. y¥a@hear, by
following a vertical path, out of plane (z directjodisplacements are obtained on the central regiwhare gradually
substituted by in plane displacements. This bemaakplains the variation in fringe density on tHeape map with y
shear. The regions close the end caps show fringeentrations because these areas present subile \&riation.

Additionally, the end caps were welded to the dical surface thus the accuracy of FE modelstHes¢ regions is not
so high.
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(e)
Camera 1 Camera 2 Camera 3

Figure 8. Phase maps of the cylinder sample witinmlx shear, obtained by inverted shearography soé\a), (b), (c), (d)
and by phase length method (e), (f), (g), (h). Bhmaaps for all the four cameras are shown.

Camera 4

e) ® 6) ' (h)
Camera 1 Camera 2 Camera 3 Camera 4

Figure 9. Phase maps from the cylinder sample Witim y shear, obtained by inverted shearographwacé (a), (b), (c),
(d) and by phase length method (e), (), (g), Pijase maps for all the four cameras are shown.

Image perspective distortion due to camera positias not take into account for the simulation, tthesresulting maps
of phase change must be seen as images after degvdopa normal viewing angle, see figure 6. Thenees have
different sensitivity vectors, due to their positso for this reason the phase maps are differemgch camera.

The uncertainty due to the material properties, ufesture tolerances and loading inaccuracy is oeskin the form of
an uncertainty of the phase valygs Equation (23) is an example showing how the uag®y map at minimum error

limit is calculated.
%(I’ J) = A(D(I ’ ] )|nomina| _A¢(I ’ ] )lminerror limit (23)

il a |
! .

Figure 10. Maps of phase uncertairgy:
1 (b), (e). (a), (b) and (c) are for x shear and (@ and (f) are for the y shear. The scaleggjiid for the maps of
phase uncertainty and each grey level represaatsge of 2 radians.
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For the central region, the difference betweenpih@se maps at maximum error limit and minimum elirit do not
exceed 0,b radians for x shear andt4adians for y shear. This difference reaches i2@ians for some points at the
edge of the sample.

5.2 Plate sample

Both optical simulation methods generate phase mdtpssimilar fringe shapes but with different fg@ density for the
same shear distance, cameras and source posifilasseffect is difficult to observe on the cylindgample due to high
fringe density, but it becomes clear on the phagpafior the plate sample.

|
|
|
|

(@) ) ====(c) (d)
Figure 11. Phase maps of the plate sample fromm@ain@ith obtained by the inverted shearographinwsot method with
x shear (a) and y shear (c) and by the path lemgthod (b), (d).

The loading causes close to uniform axial straith& vertical direction. The strain components ddvior the x and z
directions are present due to Poisson’s effectinrAmlane shear strain is expected at all four awreéthe sample due to
the clamping system. The non-symmetry of the fringe due to the camera position. These phase maps aso

generated for cameras 2, 3 and 4. For cameras 2 gygtherate symmetric maps are calculated andaimera 3 an

asymmetric map that is the mirror of the map frammera 1 is generated. Large strain variation ietga on the

bottom and top regions due to the bending effeth@fioading and due to the clamping system, whiglains the high

fringe density obtained on these regions.

The effect of the uncertainty on the material props, manufacture tolerances and loading inacguis@lso more
apparent for the plate sample. For the centraloreghe difference between maps of phase changegimum and
minimum error limit does not exceed fbr both shear directions.

(a) (b) (¢ d) (e)

Figure 12. Phase maps from camera 1, obtainedebyath length method showing the fringe dislocatioe to
uncertainties. (a) (b) (c) are maps with x sheaniatmum, nominal and maximum error limit respeetivand (d), (e),
(f) are maps with y shear at minimum, nominal arakimum error limits.

()

6. DISCUSSION

Although the difference on the unwrapped phase migpwisually not as clear as on the wrapped images
due to the absence of fringes, unwrapped mapsuétebke for a numeric comparison between the sitradamethods.
The figures below represent the difference, desdrtly equation (24), between the two simulatiorhoes.

AL ) e = D0 D

difference(i, j) = —
8( J) AﬂI’J)lmthlength

JF BP0 engn # O (24)
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2+100%

[ T (o) I (1) <-100% (c)
Figure 13. Comparison of unwrapped phase maps ¢eorrera 1 for the cylinder sample with x shear (@) yashear (b). (c)
scale where each grey level represents a rang® 8¥ilof difference.

Regions with sudden error variation between -100fb 6#100% (indicated by the arrows on figure 13) associated
with areas at zero fringe order, where the phasengh values becomes negative. The proximity to zatses the
percentage difference defined by equation (24)i¢oeiase significantly.

Equation (2) is the main equation used on pathtlengethod. This equation is the starting point ¢alute the main
equation of the inverse shearography software ndetivhich is equation (3). This deduction involvgg@ximations
which tend to be better for higher working dista¢bere defined as the distance between the oofihe global
coordinate system and the cameras along z dirgctinom this point of view, the difference in theetimods is a
measurement of the influence of the approximatioade for the sensitivity vector.

Simulations were repeated with different workingtdnces but keeping the viewing and illuminatiogles the same.
The improvement of the sensitivity vector approxiom with increasing working distance is found fréine@ maximum
absolute phase difference between the methodgsasilded by the equation below:

8= MaAP(. ) g ~ AP Jpera] (25)

Table 1. Effect of the working distance. The diéfiece between the two simulation methods decreasiesnereasing work
distance for most of the simulation set ups (skdeactions and sample).

Plate sample Cylinder sample

Work distance 200mm 1000mm  5000mm Work distance On&0 1000mm  5000mm
A for X shear 30,20 3,32 0,53 A for X shear 7,34 1,29 0,22
Afor Y shear 37,30 9,74 2,03 A for Y shear 21,52 36,66 38,27

Real phase maps may differ from the simulated ireage none of the methods described considertifie ize of the
camera sensor, the optical path inside the intamieter and the variable shear distance due toatmple curvature as
well as shear variation introduced by the Michelsdarferometer.

7. CONCLUSIONS

Two simulation approaches for a 3D shearographtesy$iave been explained. The first method usesadisment data
from the FEM to calculate displacement gradienns8#vity vector are calculated and are used tomege the phase
map. The second method uses displacements frofBhmodel to estimate the object surface positidorbeand after
loading. The difference of path length is useddtineate the phase map.

The difference between the methods is seen as sumaaent of the influence of the approximations enad the
sensitivity vector. For the shearography instrumennfiguration analyzed on this paper, we foundt ttize
approximation causes a difference af(@ne fringe) on the phase map when a working wigtaf 200mm is used. The
approximation is greatly improved when the workdigtance is increased as expected from the shegniogtheory. A
comparison of simulation methods with real sheaplyy measurements is the subject of on-going relsear

Two test samples, a flat plate loaded axially armylander loaded by internal pressure were simdlatecluded errors
are associated with the sample’s material propetieertainty, loading inaccuracy and manufacturihgrances. These
uncertainties causes an error af(dwvo fringe) on the central area of the phase maps
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