Stress analysis combining speckle metrology with finite element modelling
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Abstract

The work described in this paper represents an effort to demonstrate the wvalidity
of the hybrid approach to the analysis of structural deformation. Mathematical
modelling was incorporated into the process of reducing data from a digital correlation
analysis of a speckled surface. The experimental data was collected both by directly

imaging +the surface onto a digitizing vidicon system and by transmitting the image
through a coherent optical fiber bundle. Considerable savings of time and resources can
be realized <tnrough the hybrid approach and the strengths of the theoretical and
experimental procedures complement each other beautifully. The final results agreed
within a few percent of each other and with values obtained by another independent

method (high frequency molrej, demonstrating the accuracy ¢f the procednrs.

Hybrid approach

The idea of a hybrid approach to structural analysis is not newl[1,2,3,4]. Although
a long history of development can pe traced for engineering studies based on
mathematical models (finite-difference equations, boundary value integrals, finite
element models) and on experimentally obtained data (gaging, optical or acoustical
metrology) , each method has well known limitations. Mathematical studies depend on the
correspondence between some abstract model undergoing specified affects and a real
structure subjected to a complex of interacting forces. A detailed model guickly
becomes very large and mathematically complex, placing large burdens on the
computational and financial resources of the designer. Also, the wvalidity of the

results depends on how well boundary conditions have been incorporated into the model.

Oon the other hand, direct experimental methods of analysis often depend on cnly a
few data values, measured at isolated poipts on the structure. The obtaining of this
data for certain critical regions may be difficult or dangerous (complex structures,
inaccessible locations, hazardous environments) . In such cases, the surface can be
illuminated by an incoherent fiber optic bundle and the image transmitted back through a
coherent fiber optic bundle to a remote analyzing system.

The hybrid method is an attempt to take advantage of the strengths of these LWo
approaches, while minimizing their weaknesses. Basically, the idea 1is to drastically
reduce the finite element mesh required and to incorporate real measured values instead
of generalized boundary condit:ions.

speckle metrology

Surface motion studies using speckle photography (as opposed to speckle
interferometry[5]) wusually fall intc one of two basic classes: methods that use
fringes[6] and methods that utilize digital correlation techniques([7,8]. The former
approach has the advantage of simplicity, but only a few fringes can be obtained and
they are overlaid with secondary speckle resulting from the coherent light wused to
interrogate the specklegram, making precise measurements difficult. Also, photographic
techniques must be employed to produce the specklegram, and to be observable the minimum
deformation must be at least equal to the size of the speckles peing used. On the other
hand, @igital techniques require a digitization system and computer codes for
correlation; also, the data obtained are less easily understood. However, these digital
methods obviate the need for photographic work and are not limited to displacements
greater than the speckle size. Utilization of a fiber optic bundle, however, reguires
that the speckle size be at least equal to three times the diameter of a single fiber in
the bundlel9].
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Experiment

In order to compare the hybrid approach with the standard finite element method, an
experiment was carried out using both technigues. A simple structure was modelled with
a finite element mesh on which mathematical analysis could be performed using a standard
commercial finite element program (ANSYS), and the same structure was realized in a
physical model. The structure used in the experiment was a notched beam approximately
76 mm x 12 mm % 9 mm made of PSM-1 polycarbonate material with a small notch of
approximately 3 mm radius cut into the bottom edge at the center of the long dimension.
(C£. Figure 1.)

The finite element mesh used to model the notched beam is shown in Figure 2a.
Because of the symmetry of the design, only half of the beam had to be actually
analyzed. Boundary conditions appropriate to the known loading configuration were
selected and these boundary conditions, together with the mesh, were input to the finite
element program (ANSYS) running on a mainframe computer. The ANSYS program produced a
listing of the displacements at all the nodal points and a plot of the stress intensity
values throughout the entire half-model. This plot is shown in Figure 3, where the
stress intensity contours are labellec¢ in multiples of 3.45 MPa (500 psi) . Assuming
that trust is placed in the mesh used to model the notched beam and that the boundary
conditions specified accurately describe the loading, the problem of the notched beam
has been solved. Displacements and stresses are known throughout the beam.

To perform the second half of the investigation, the prototype was mounted in a
loading frame so that a contact line across the top of the beam (above the notch) held
the center of the top edge fixed, while upward motions of 254 microns were imposed by
two load lines spaced 50.8 mm apart and centered across the bottom of the device (cf.
Figure 1). In order to produce artificial "white light" speckle, the notched beam was
first spray painted white, then black paint was spattered randomly over its surface.

This surface was then illuminated with the light from a tungsten filament lamp
transmitted through a small fiber bundle. The reflected light was imaged directly onto
a vidicon camera (Hamamatsu C1000) and the collected image digitized into a 256 by 256
pixel array, with intensity levels distributed over an 8-bit gray scale. The optical
setup for data acgquisition is shown in Figure 4.

A subset of the finite element model was chosen to enclose the notched area of the
beam. A set of nine locations was selected around the boundary of the subregion,
corresponding to the nodal points of the boundary of the finite element mesh for the
same region. This region, with the specified locations, is shown in Figure 2Zb.

The full-field speckle patterns obtained from this region before and after
deformation of the beam were digitized, and then submitted to a correlation routine. The
program used in this study performed a two dimensional correlaticon and assumed that the
displacements were homogeneous over small areas. No corrections were made for possible
rotation or warping. If these types of displacement are anticipated, more complex
routines, as presented in Reference 8, may- be used. However, +the program did
incorporate Lagrangian weighting functions to allow interpolation of subpixel
displacements. The 'u' and 'v' displacements calculated by the program for the selected
locations are given in Table 1.

These values were now input as nodal displacements to the small mesh consisting of
cnly that portion of the original mesh which modelled the subregion. This small mesh,
together with the boundary values (measured nodal displacements), was submitted to the
ANSYS. program. An enlarged view of that section of Figure 3 which contains the
supregion of interest is shown in Figure 5a. This plet shows the stress intencity
contours as determined by a standard finite element approach, while the ANSYS output
plot of stress intensity values determined using the experimentally measured nodal
displacements for the same region is shown in Figure 5b. Althouyir Lliere daie BSomc
discrepancies between the two figures around the outer boundaries (this effect was also
discussed in Reference 2) due to experimental inaccuracies, the close agreement between
the two plots for the region around the notch is visually obvious. The maximum stress
intensity at the root of the notch was calculated by ANSYS as 25.0 MPa (3617 psi) using
the standard finite element approach and as 25.4 MPa (3679 psi) wusing the hybrid
approach, a difference of only 2 percent.

A coherent fiber optic bundle was now used to transmit the surface image to the
vidicon camera (cf. Figure 6). The whole analysis was repeated and the displacement
values obtained for the selected nodal points are given in Table 2. Minor variations
between the displacements given in Table 1 and those in Table 2 are to be expected,
since the model was unloaded and then loaded again for the fiber optic bundle test.
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These values were input to ANSYS and the stress plot obtained is shown in Figure 5c.
The same comments could be made here as for the direct 1image analysis; around the
boundary, minor irregularies are evident, but in the neighborhood of the notch,
agreement with the two previous plots is excellent. The ANSYS program gave a maximum
stress intensity value at the notch root of 24.7 MPa (3573 psi), which again is within 2
per cent of the value obtained for a full finite element analysis.

Summary

The excellent agreement between the results obtained from the standard finite
element method and from a hybrid approach demonstrates the validity of the latter, while
the much simpler mesh and the incorporation of actual data values demonstrate its power
and increase confidence in the results.

Although a full finite element analysis has advantages for the initial design of a
structure and allows the specification of overall system parameters, it is cumbersome
and expensive when the task is to analyze local anomalies in an existing structure. In
this latter case, the hybrid approach can be a much simpler and more cost effective way
to solve problems or to study the response of prototypes.

The experimental data required for the application of the hybrid method can be
obtained 1in many ways. In this project, nodal displacements were obtained by wusing
artificial speckle. These data were acquired both by direct imaging and by transmission
through a fiber optic bundle. Another measurement technique that has peen used is high
frequency moire{l0]. Equivalent results were obtained from all these methods,
demonstrating that the power of the hybrid approach is not in the particular measurement
technique utilized, but in the incorporation of experimentally measured values obtained
from the actual structure (or a model of the structure) into a finite elemen routine.
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Table 1
Displacement values for selected locations (nodes) on notched beam. Data obtained
by direct imaging of surface onto vidicon. values calculated using speckle correlation

and inserted into ANSYS finite-element program.

Node u (mm) v (mm)
1 0.055 0.058
2 0.042 0.057
3 0.023 0.054
4 0.008 0:.:057
5 0.001 0.055
6 0.000 0.037
7 0.000 0022
8 0.000 0011
9 -0.001 0.008

Table 2
Displacement values for selected locations (nodes) on notched beam. Data obtained

by transmitting image through fiber bundle. Values calculated using speckle correlation
and inserted into ANSYS finite-element program.

Node u (mm) v (mm)
5 0.050 0.053
2 0,037 0., 857
3 0.028 0.051
4 0.014 0.058
5 -0.001 0.057
6 0.000 0.040
7 0.002 0.027
8 0.002 0.018
9 -0.001 0.014
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Figure 1. Notched beam used for comparing standard finite element method
with hybrid approach to analysis.
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Figure 2. a) Finite element mesh used to model the notched beam of Figure 1.
Because of symmetry, only half of the beam has to be modelled.

b) Subregion of mesh around the notch in the beam. Numbers

indicate locations (nodes) chosen for displacement analysis
using speckle correlation technique.
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Stress intensity plct for the notched beam under load. Values
are calculated by standard finite-element method. Stress
intensity contours are labelled in multiples of 3.45 MPa (507

Figure 3.

Figure 4. Experimeptal ;etup for direct imaging of speckled surface
ogto v1d1;on digitizing camera. (1) tungsten lamp, (2) incoherent
fiber optic bundle, (3) test surface with artificial speckle,

(4) vidicon camera.
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Figure 5.

Figure 6.

a) Stress intensity plot for subregion around notch.
an enlargement of part of Figyre 3.
multiples of 3.45 MPa (500 psi).

This is
Contours are labelled in

b) Stress intensity plot for subregion around notch as calculated
by ANSYS using nine measured values of nodal displacement. Contours
labelled as in a).

c) Stress intensity
fiber optic bundle.

plot using data obtained through coherent
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Experimental setup with image transmitted to digitizing camera
through coherent fiber optic bundle. (1) tungsten lamp,

(2) incocherent fiber optic bundle, (3) test surface with artificial
speckle, (4) vidicon camera, (5) coherent fiber optic bundle,

(6) imaging lens.
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