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Digital image correlation utilization in pipeline oriented
residual stress estimation
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Abstract. The aim of the paper is to present an idea of the utilization of Digital Image Correlation (DIC) method for
industrial pipelines residual stress oriented investigation. For this purpose results of tests performed in laboratory and
industrial conditions are presented. Obtained results showed that DIC method gives reliable near drilled hole
strain/displacement distribution maps which may be used for accurate residual stress calculations.
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INTRODUCTION

The residual stress measurements are very important from the point of view of the maintenance and conservation
of pipelines utilized in the energetic industry. One of commonly applied technique for the residual stress estimation
is Mathar’s method. This technique is based on strain measurements near a drilled hole. The idea of the method is
related to the stress relaxation caused by drilled hole. The linked strain is measured by means of a rosette consisting
of three strain gauges. On the condition that geometry of rosette is known, it is possible to calculate residual stress.
The method is standardized and widely used, however it is sensitive to systematic errors induced by not concentric
hole drilling and the quality of rosette mounting.

Full-field optical strain determination methods may be applied instead of three point measurements performed in
the case of traditional rosettes. While using these methods it is possible to obtain more data, which may be utilized
for residual stress calculations and may increase the accuracy of those calculations.

The most popular optical methods are based on laser interferometry (mainly Electronic Speckle Pattern
Interferometry - ESPI) or speckle pattern tracing by means of digital camera (Digital Image Correlation - DIC [1]).
The first group of methods allow to accurate strain measurement near the drilled holes, however the practical
industrial application of them may be limited due to complicated set-up and vibrations sensitivity. DIC method is
less accurate, however its set-up simplicity make it a better candidate for an industrial application. DIC method
utilizes digital images of the sample surface registered before (reference image) and after applying the load
(deformed images). The observed surface should posses the characteristic speckle pattern usually obtained by black
and white paint spraying. Calculations algorithm traces the positions of a few pixel wide rectangular subareas of the
area of interest (which is characterized by a unique distribution of gray level intensities) by minimization of an
appropriate correlation function. After finishing the procedure for all selected subsets, displacement maps on the
observed surface are obtained. When interpolation function for the description of gray level distribution inside
subsets are applied, the achieved displacement measurement accuracy is better than one pixel, namely 0.01 pixel
according to the commercially available DIC software producer.

DIC method which utilizes only one camera allows to planar displacement measurement on flat surface oriented
perpendicularly to the camera. The drawback of one camera system, besides the limitation of the method to flat
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surfaces, is its sensitivity to out of plane displacement which may affect the measurement results. Above mentioned
problems may be omitted by using two cameras system (3D DIC), however additional procedure of the calibration
of cameras positions is required. For the calibration it is necessary to register a few images of calibration grid
oriented with different angles to the cameras. Calibration grid consists of regular dots array (with specially 3 marked
dots) which enables unequivocal determination of grid position by triangulation method. Basing on the set of images
of calibration grid it is possible to calculate not only camera orientation but also lens distortion, which increases
measurement accuracy.

RESULTS AND DISCUSSION

Keeping in mind industrial applications oriented to residual stress determination as in the question, special
approach should be undertaken to enable accurate calibration of 3D DIC system. Expected displacement near the
drilled hole of 1.5 mm diameter is at the range of 1/1000th of millimeter, therefore the observed surface should be
limited to a few square millimeter area. It follows to the calibration procedure made using small calibration grids
printed on glass surface. Thus, for a convenient calibration of DIC system there were designed special grip which
allows to rotate the grid in three orthogonal axes without its movement out of the area of observation. The grip was
equipped with an illumination required for transparent glass calibration grids.

The aim of presented experiments was to deliver strain/displacement fields by means of 3D DIC system near the
drilled hole, which may be utilized for the determination of the residual stresses in the industrial pipelines. First two
experiments were devoted to the laboratory testing with known stress or strain. In the first one tensile sample was
loaded in a servo-hydraulic universal testing stand while second one utilized set-up for 4 point bending of metal
sheet. Both kinds of tests were accompanied with strain measurements with 3 elements rosettes for the results
comparison. Last presented test was carried on in the industrial conditions.

In the case of tensile sample 100 MPa stress was applied and after loading a hole of 1.5 mm diameter was drilled
through its thickness. The residual stresses were calculated with standardized procedure in the case of strain gauge
rosette and the use of DIC measurements and inverse method (rosette was placed at the opposite site to the surface
of DIC measurements). In the latter case displacement field maps were used as the input data to the iterative
algorithm to find the best set of parameters of the following analytical equations describing displacement fields near
the hole if stresses are present [2]:
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where K =3-4v and E —Young’s modulus, v- Poisson’s ratio, a - hole diameter, 0,.0,7T,-

components of stress tensor and Te> 9" - polar coordinates of point k.

Additionally, rigid body translation and rotation and the position of the hole center were taken into account
during parameters fitting procedure. The iterative procedure was stopped when the difference between DIC
measurement and the model was lower than specified value determined by the error function. The results of the
fitting procedure gave very similar values of oy, 6, (see TABLE 1).

TABLE 1 Results of residual stress calculations.

Method o,[MPa] o,[MPa] Ty [MPa]
Mathar’s -42 103 -14
DIC based -56 103 -

The maps delivered from 3D DIC measurements and the model with optimized parameters presented in
FIGURE 1 show qualitative and qualitative similarities.
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FIGURE 1. Results of DIC displacement measurements [mm] and the model after parameters fitting: (a) DIC horizontal. (b)
model horizontal. (¢c) DIC vertical. (d) model vertical.

In the case of measurements planned to perform in the industrial conditions (for example for pipeline
monitoring) there is obvious requirement for blind hole drilling. For such hole geometry it is unavailable direct
analytical solutions, however it is possible to determine calibration coefficients for analytical models using Finite
Elements Methods [3]. Here, only the practical aspects of 3D DIC measurements will be addressed.

Exemplary results of strain distribution for carbon steel plate with drilled blind hole (1.5 mm diameter and 1.5
mm depth) loaded in 4-point bending mode are presented in FIGURE 2.
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FIGURE 2. Strain map near blind hole resulting from bending of the plate. (a) €. (b) &,y.

The obtained results of €, strain tensor component were with good accordance to the tensometer readings (600
pm/m) and there is observed the influence of the hole to the strain distribution. The results gave the evidence of
adequate accuracy of DIC for measurements in questions.

The final presented test was made on the real pipeline fragment made of P91 steel with unknown residual
stresses. In FIGURE 3 there is presented the measurement set-up. During test, the hole was drilled between
registering initial and deformed images. Similarly to second experiment DIC method allowed to determine reliable



strain tensor components distributions (see, FIGURE 4), however the amount of obtained data was limited (the
areas without color maps) due to the disturbance of speckle pattern by chips produced during drilling.
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FIGURE 4. Strain maps near the blind hole drilled in the industrial pipeline. (a) €. (b) &yy.

CONCLUSIONS

Concluding, 3D DIC method is a promising tool for the improvement of the quality of residual stresses
estimation for pipelines. The achieved measurements accuracy allowed to calculate residual stresses in the case of
through hole. Tests with bended samples and pipeline showed possibility of near shallow hole strain heterogeneity
determination, however the disturbing effect of falling chips revealed in industrial environment has to be limited.
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