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Abstract: A primary focus for the long-term operation of nuclear power plants (NPPs) is the
aging of civil structures at the plant. The integrity of the containment building is of primary
importance to the continued operation of NPPs. Some degradation mechanisms of concrete
manifest themselves via swelling or by other shape deformation of the concrete. The ability
to validate that the shape of the concrete is stable is an indication that certain degradation
mechanisms are not active. Digital Image Correlation (DIC) is a nondestructive testing
(NDT) technique that is non-contact. The use of DIC is a method to precisely determine the
change of shape and the change of strain in a structure. This paper describes the technology
behind the DIC technique and the use of DIC during a pressure test on the containment vessel
at a NPP in the United States.
1. Introduction
Digital Image Correlation (DIC) is a non-contact, nondestructive method to measure
displacements and strains. Because of this, it has good potential for applications in nuclear
power plants to perform measurements on both active and passive components and structures.
DIC may be particularly useful in nuclear power plant applications where stay times may be
limited or the ability to access components may be restricted due to radiation fields or
contaminated surfaces. DIC is an optical method that employs pattern matching and image
registration techniques for accurate two- and three-dimensional measurements of changes in
the shape of an item being examined [1-3]. This method can be used to measure shape,
deformation, displacement, and strain. The DIC technique has found wide application in
engineering and manufacturing methods to measure changes and provide displacement and
measurement insights for material and structure analysis, finite element analysis verification,
and quality control [4-6].
The principles of operation for three-dimensional digital image correlation combine the
techniques of image correlation with photogrammetric location principles. Photogrammetry
is a three-dimensional coordinate measurement technique based on triangulation principles
[4]. Figure 1 is a schematic describing the triangulation principles of photogrammetry. In
photogrammetry, targets are placed on the object under test, and a series of photographs are
taken of the measured test object from numerous angles to recreate the dimensional locations
of the targets. With many different views of the targets for the object under test, an exact
location for each target can be obtained via triangulation [4]. In photogrammetry, this
triangulation depends on a priori knowledge of the position and orientation of the cameras
for each photograph taken. With three-dimensional DIC, two cameras are mounted at either
end of a tripod camera (base) bar so the relative position and orientation of the two cameras
with respect to each other is known. In this manner, the working distance of the cameras is
identical and thus removed as a variable from photogrammetry location calculations.
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Figure 1: Schematic showing the photogrammetry location principle
Sample preparation with three-dimensional DIC consists of application of a random or
regular pattern with good contrast to the surface of the object under test [4-6]. Targets that
are placed on the sprayed random pattern are used to calibrate the DIC system. A schematic
of the calibration procedure is shown in Figure 2. The DIC system is calibrated using
National Institute of Standards and Technology (NIST) traceable calibration panels for each
field of view [4]. A sequence of photographs of the calibration panel, taken at different
distances and orientations to the test object, is captured and a bundle adjustment is used to
establish the precise relationship between the two digital cameras. Each target dot on the
calibration panel has an area greater than 100 pixels on the camera sensor, therefore the
centers of these target dots can be interpolated to an accuracy of around 1/30 of a pixel for
each camera [4].

Figure 2: Schematic for the DIC calibration procedure
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During loading, this pattern deforms as the object under test deforms. The two DIC cameras
capture and record the deformation of the structure under the specified loading conditions.
The initial imaging processing defines unique correlation areas known as facets, that are
defined across the entire imaging area and which typically range in size from 5 to 20 square
pixels [4-6]. The center of each facet is a measurement point that is tracked in each
successive pair of images with sub-pixel accuracy. An image correlation algorithm tracks the
movement of these facets by utilizing mathematical methods to maximize the similarity
measures from successive images [4]. The image correlation software intrinsically corrects
for perspective differences between the two cameras, so that pattern matching on both curved
and flat surfaces can be performed [2]. In this manner, the three-dimensional locations of
each facet can be calculated before and after each load step during testing, thus yielding the
three-dimensional shape, the three-dimensional displacements, and the plain strain tensor [56]. Full-field displacement data can be obtained by tracking these measurement facet points
within the applied random (or regular) target pattern.
Early research and development of the DIC technique was performed in the early 1980’s [2],
however the usefulness and acceptance of the DIC technique has only recently become
practical for commercial use with the advent of low-cost, high speed computers and high
resolution (megapixel) digital cameras. As the megapixel resolution of the digital camera
increases, the overall accuracy of the DIC system increases because more measurement
points (facets) are available for comparison [4]. Sensitivity with three-dimensional DIC is
1/30,000 the field of view [5-6]. The optimum total angle between the two cameras is 25°
[4]. Lower angles reduce the accuracy of the triangulation, thereby reducing the accuracy for
the out-of-plane (z-axis) displacements [4]. Wider than optimum angles increase the
accuracy in the z-axis measurements, but cause a reduction in the overall field of view. The
DIC technique can be tailored to either static measurements at low frame rates (in frames per
second, fps) or dynamic measurements at higher frame capture rates. Static measurements
provide the possibility of performing long-term condition monitoring as well as capturing
relatively slow loading (at rates of 1fps or less) [2]. For dynamic measurements, DIC has
been used in tests where the data acquisition rates have exceeded 1,000,000 fps [2]. DIC is
therefore a very versatile nondestructive testing technique that can be adapted to the test
environment.
In-plane and out-of-plane displacements are determined with the DIC software at discrete
points in the data grid by subtracting the initial coordinates from each time sample during the
test. To determine the strains, virtual strain gauges are centered on each data point in the
image processing software [2]. Multiple strain gauges in different directions are defined for
each data point, so that both directional strains and principal strains (maximum strain
independent of direction) can be determined. The raw data collected shows all movement
relative to the cameras. This can include rigid body movement of the item being monitored
or it can be tilting or translational motion of the cameras. The DIC software first quantifies
rigid body movement (assuming the cameras are stationary) and then can automatically
remove the rigid body movement frame by frame, leaving only the local deformations [2].
This ability to remove rigid body motion is critical for condition monitoring, since the
cameras cannot be accurately placed over repeated measurements. This allows the cameras
to be taken down and then re-set up at a later date for measurements of multiple locations
with a single camera pair. Measurements made in this manner can be reliably compared to
determine if degradation of structural concrete components has occurred.
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2. Discussion of DIC Containment Pressure Test
The R.E. Ginna plant (hereafter referred to as Ginna), which is owned and operated by
Constellation Energy Nuclear Group (CENG), was tested with the DIC technique during a
pressure test of the containment structure. The Ginna plant is a 2-loop pressurized lightwater reactor [2]. The plant is one of the oldest operating reactors in the United States, with
commercial operation commencing in 1970. The plant is currently licensed by the United
States Nuclear Regulatory Commission for 60 years of operation. This amounts to 20 years
beyond the original 40 year licensed life, and is considered a period of extended operation
[2]. The Ginna concrete containment structure is a vertically post-tensioned design, and
includes the containment dome, cylindrical walls, with vertical tendons connected to
embedded rock anchors. The containment structure is a 112 ft (34 m) tall cylinder with a 105
ft (32 m) inside diameter.
One safety related design function of the containment is to provide the capability to withstand
the pressures and temperatures of a design-basis accident that occurs within the containment.
At nuclear plants in the United States, containment interior and exterior inspections are
performed in accordance with American Society of Mechanical Engineers (ASME) Section
XI, Subsections IWE/IWL. A periodic simultaneous Integrated Leak Rate Test (ILRT) and
Structural Integrity Test (SIT) are also performed [2]. Ginna has committed to perform two
Structural Integrity Tests (SITs) during the period of extended operation concurrent with the
ILRTs. The SIT evaluates the integrity and functionality of all containment components.
The first of these SITs was performed in 2011. The SIT test pressure for this containment
was 59.8 psi (0.41 MPa), compared to standard atmospheric pressure of 14.7 psi (0.101
MPa).
During the 2011 SIT at Ginna, DIC was utilized on selected containment concrete surfaces.
The objective of the testing was to accurately and quantitatively measure the behavior of the
concrete while being pressurized and record that information. DIC was selected so that the
tests could be repeated in the future and the results compared to the recorded 2011 SIT
baseline information. Changes in the performance of the concrete when loaded by the
internal pressure of the SIT, like increased magnitudes of local strains or increased crack
opening displacements, could indicate age related degradation of the concrete [2]. No
changes in the behavior of the concrete would provide confidence that age related
degradation was not occurring in the containment. Three locations were selected on the
containment structure to perform strain and shape monitoring using DIC just prior to, during,
and for a short time following the pressurization of containment during the SIT. The
locations selected were near the equipment hatch (outdoors), near the personnel hatch, and at
a location near the top of the cylindrical containment. Near the upper cylindrical containment
location, fiber-optic strain gauges were mounted on the containment concrete and an exposed
rebar to measure strain directly. This provided a basis for comparing the DIC results to the
measured strains.
For the SIT test, the working distance of the two DIC cameras from the object under test was
approximately 1.5 m (5 ft.), and the camera separation was 0.6 m (2 ft.). The rule of thumb
for DIC is to make the camera separation between one-third to one-half the working distance,
which in turn makes the triangulation angle between the two cameras between 15 and 25
degrees [2]. During the calibration process, the exact angle between the two cameras was
determined. One Aramis® DIC camera system was mounted at the personnel hatch to
monitor the response behavior during the entire pressurization test, which lasted
approximately 38 hours. Another camera system was used to measure the displacements in
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the upper cylindrical containment location for the time that a pressure gradient existed during
testing (i.e. non-hold points). That camera was then moved to record the displacements at the
location near the equipment hatch during SIT pressure hold points. Figure 3 shows the DIC
system being set up at the 315 ft elevation on the outside wall of the containment.

Figure 3: DIC cameras and inspection location on the outside wall of the containment.
Hold points of 35 psi (0.24 MPa), 50 psi (0.34 MPa), and 59.8 psi (0.41 MPa) were made
during the SIT. At the 315ft elevation, during the 35 psi (0.24 MPa) hold point, a principal
strain map was made of the inspection location. This can be seen in Figure 4. The “principal
strain” is the maximum strain independent of direction. "Fingers" of high strains are
indications of crack locations in the concrete. The higher strain value on the left side means
that the crack is wider there. Figure 5 and Figure 6 are the circumferential and vertical
directional strains, which also show the crack directions. The horizontal crack seen in Figure
6 was found to correspond to a cold joint location

Figure 4: Principal Strain Overlay at the 35 psi (0.24 MPa) hold point. Significant
strain "fingers" are indications of hairline cracks in the surface of the concrete.
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Figure 6: Vertical Strain Overlay at the 35
psi (0.24MPa) hold point

Figure 5: Circumferential Strain Overlay at the
35 psi (0.24 MPa) hold point

Displacement data confirms the crack indications of the strain plots. Figure 7 is the vertical
displacement overlay at the 35 psi (0.24 MPa) hold point. This has a visible horizontal
discontinuity despite the overall upward rigid body motion of approximately 40 mils (1mm).
The larger gradient at the left end confirms the principal strain finding. Figure 8 is the same
plot after removal of the rigid body motion, leaving only the local relative displacements.
Note that the green color now represents zero movement, and that there is upward motion
above the crack and downward motion below the crack due to the crack opening.

Figure7: Vertical displacement map at the 35 psi
(0.24 MPa) hold point. (Note 1mil=0.0254mm)

Figure 8: Vertical displacement map after
rigid body movement correction(Note
1mil=0.0254mm)

Plots of displacements versus time are also available. Figure 9 shows the out of plane (zaxis) displacement at the personnel hatch for the entire SIT test sequence.
The recording of this data, with similar strain and 3D shape measurements at the recorded test
locations will enable a direct comparison to future data. The next SIT is planned in
approximately 10 years, using the DIC measurements together with other augmented
inspection methods will enable any differences in containment performance to be directly
measured and quantified.
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Figure. 9: Out-of-plane displacement (Z-axis) for the entire SIT test sequence. There is
gradually increasing out-of-plane displacement, indicating expansion, followed by relaxation
in the opposite direction as pressure is released. Red dashes shown for 35 psi (0.24 MPa), 50
psi (0.34 MPa), and 59.8 psi (0.41 MPa) hold points. (Note displacement shown in mils.
1mil=0.0254mm)

3. Conclusions
The technology that forms the basis for the nondestructive testing (NDE) technique of digital
image correlation (DIC) has been described. Details of the use of DIC during a structural
integrity test (SIT) on the concrete containment at the R.E. Ginna plant have been described.
The quantitative data that was recorded will provide a basis for comparison to future tests.
This comparison will provide an opportunity to demonstrate the behavior of the containment
for long term operation.
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