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Abstract
This study explores the applicability of digital image correlation (DIC) techniques formeasuring non-uniform residual stresses
using the incremental hole drilling method. Specifically, it examines the residual stresses induced by a deep rolling treatment
on 7075-T6 aluminum specimens, characterized by strong depth gradients. The aim is to assess the potential of replacing
traditional strain gauge rosettes with DIC systems. After the deep rolling treatment, residual stresses were measured using
the classic hole drilling method with a strain gauge rosette according to ASTM E837, providing a reference for the DIC
measurements. The specimens and camera were mounted on a CNC machine, which allowed precise repositioning of both
elements at each drilling step. Experimental results show that DIC measurements allow for the calculation of residual stresses
with good accuracy. While their precision is lower than traditional strain gauge measurements, full-field DIC techniques
partially compensate for this disadvantage by measuring the entire deformation field around the hole. This approach offers
statistically advantageous data redundancy and captures displacements in areas immediately surrounding the hole, which are
more sensitive to residual stresses. Considering the time and cost savings by avoiding the use of strain gauge rosettes, DIC
techniques offer a valid alternative for determining residual stresses with the hole drilling method. The key factor for their
application lies in the ease of repositioning both the camera and the drill at each depth increment.
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Introduction

Background

The hole-drilling method (HDM) is among the most widely
adopted experimental techniques for near-surface residual
stress characterization, valued for its semi-destructive nature
and broad applicability across engineering materials. Con-
ceived by Mathar [1] in the early twentieth century and
subsequently codified in the ASTM E837 standard [2], the
method acquired its modern analytical depth through the
integral method developed by Schajer [3–5], which recon-
structs depth-varying stress distributions from numerically
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computed calibration functions. A thorough survey of the
relevant literature can be found in [6].

The standard is built around the strain gauge (SG) rosette
configuration introduced by Rendler and Vigness [7]. SG
measurements combine high sensitivity with amature instru-
mentation base, but their setup cost and operator dependency
make them less practical when many tests are required. Full-
field optical methods—notably Electronic Speckle Pattern
Interferometry (ESPI) [8–10] and Digital Image Correlation
(DIC) [11–14]—bypass this limitationby recordingdisplace-
ment maps over the whole specimen surface. ESPI delivers
exceptional sensitivity [15] but is practically confined to
laboratory environments due to strict vibration isolation
requirements. DIC, available in both 2D and 3D configu-
rations [16–18], offers a more industrially viable alternative
[19] at the cost of lower sensitivity.

Initial DIC implementations of the HDM were restricted
to uniform stress assumptions [11, 12]; more recent work
extended the framework to depth-varying profiles through
the integral method [13, 20, 21].
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Context and Contributions

The ASTM E837 standard provides users with calibration
functions for a variety of specimen thicknesses and rosette
types [22], together with a Tikhonov regularization proce-
dure governed by the Morozov discrepancy principle [23].
When full-field methods replace the SG rosette, one straight-
forward strategy consists in extracting virtual strain gauge
readings from the displacement maps and feeding them into
the standard inversion pipeline [24]. This approach, however,
discards most of the spatial information available in the full-
field data and does not compensate for the sensitivity deficit
of DIC relative to physical gauges.

When the full displacement field is used directly, twomain
inversion strategies are available. The first, originally pro-
posed by Schajer and Steinzig for ESPI [9] and later adapted
to DIC [21, 25], involves a sequential two-step procedure:
displacement fields are first estimated by standard DIC algo-
rithms and then integrated to conform to the strain-gauge
formalism, enabling continued adherence to the ASTM stan-
dard. Although this approach benefits from being easy to
implement with off-the-shelf DIC software, it involves two
consecutive inversions, each introducing bias in a way that
is not analytically quantifiable and may compromise the
final stress estimate [18]. As demonstrated in [26–28], per-
forming a single unified inversion—controlled by a single,
well-defined regularization parameter—is generally prefer-
able.

The second strategy, introduced by Baldi [13], solves a
single inverse problem that identifies the residual stresses
directly from the acquired images, maximizing the corre-
lation between simulated and experimental images simul-
taneously over all available pixels and drilling steps. This
classifies the algorithm among global DIC methods. Our
work draws from this second approach, demonstrating that
it can match strain gauge accuracy while enabling rational
regularization and depth super-resolution. In addition, we
introduce a gradient-magnitude-based selection of informa-
tive pixels within the correlation annulus so as to restrict the
inversion to the most textured regions of the speckle pattern,
which reduces the computational burden of the global DIC
problemwithout degrading the quality of the identified stress
profiles.

An important ingredient not addressed in [13] is the prin-
cipled choice of the Tikhonov regularization parameter. In
the strain-gauge context, the Morozov discrepancy principle
[29]—which requires knowledge of the measurement noise
level—can be successfully applied. We show that this is not
the case with DIC, and we instead propose the L-curve cri-
terion [30] as a practical and robust alternative.

A further contribution of this work concerns the spatial
resolution of residual stress profiles along the depth. In the
SG-based integral method, the number of identifiable stress

coefficients is bounded by the number of drilling steps (three
strain measurements per step yield at most 3n data points for
n increments).With full-fieldmethods, the data aremassively
over-determined even when the number of stress unknowns
exceeds the number of drilling steps, opening the possibility
of identifying higher-resolution stress profiles froma reduced
number of images—what we term depth super-resolution.

Theory

Hole-Drilling Forward Problem

When a blind hole is drilled into a linearly elastic body
under the assumption of purely elastic induced deforma-
tions, Bueckner’s superposition principle [31] allows the
problem to be reformulated: the original stress state can be
recovered by applying tractions on the hole wall equal and
opposite to the relaxed stresses, which produce the same sur-
face displacements as the actual drilling operation and can be
evaluated with standard FE tools. The central assumption is
that residual stresses vary only with depth z and are approx-
imately uniform over the lateral footprint of the hole in the
xy plane.

Under the integral method [4], the stress component
σxx (z) is approximated as piecewise constant over a set of n
depth intervals [hi−1, hi ]:

σxx (z) =
n∑

i=1

sxx,i χ[hi−1,hi ](z) (1)

and analogously for σyy and σxy , with stress coefficients
syy,i and sxy,i . Alternative bases—linear splines [32–34] or
polynomials (Power Series Method [4])—can be employed
equally.

By the linearity of the problem and its axial symmetry,
the surface displacement field resulting from a single basis
function admits a Fourier decomposition containing only the
constant and 2θ harmonics. In cylindrical coordinates, the
adimensional displacement field takes the form [25]:

ur (r , θ, h)

D0
= 1

E

[
sxx + syy

2
ar (r , h)

+
(
sxx − syy

2
cos(2θ) + sxy sin(2θ)

)
br (r , h)

]

uθ (r , θ, h)

D0
= 1

E

[(
sxx − syy

2
sin(2θ)

−2sxy cos(2θ)
)
bθ (r , h)

]

(2)

where ar , br , bθ are radial calibration functions, computed
via FE simulations using Fourier elements (e.g., SOLID272
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in ANSYS) that reduce the three-dimensional problem to
an efficient 2D axisymmetric model [35]. The function ar
captures the response to equibiaxial loading, while br and bθ

describe the response to pure shear. Storing these functions
as one-dimensional profiles in r rather than as full pixel-
resolution maps provides significant memory savings [13].

To account for typicalDICmeasurement artifacts—whose
magnitude is often non-negligible in the context of residual
stress identification—rigid-body motions (translation tx, j ,
ty, j and rotation ω j for the j-th image) are linearly superim-
posed onto the physical displacements in theCartesian frame.
Together, the stress and artifact coefficients are stacked into
a vector s, and the full system of displacement responses is
assembled into the linear relation:

As = u (3)

where A contains the influence functions from FE analyses,
and u gathers all displacements at all pixel positions and hole
depths.

Global Eulerian DIC Formulation

In its continuous form [36], DIC seeks a kinematic trans-
formation φ(x, u(x)) = x + u(x) such that the gray level
conservation equation holds:

r(x, u(x)) = f (x) − g ◦ φ(x, u(x)) = 0, ∀x ∈ � (4)

where f and g are the reference and deformed image
intensities, respectively. Since Eq 3 already provides the
displacement field as a function of the finite-dimensional
coefficient vector s, Eq 4 can be directly rewritten in terms
of s alone:

r j (x, s) = f (x)−g j ◦φ j (x, s) = 0, ∀x ∈ �, ∀ j ∈ [1 . . . nsteps] (5)

so that image correlation is carried out simultaneously across
all drilling steps. This classification corresponds to a global
DIC method. We adopt an Eulerian formulation:

r j (x, s) = f ◦ φ−1
j (x, s) − g j (x) = 0, φ−1(x, u) = x − u(x) (6)

This choice requires building the interpolation of the ref-
erence image f only once—rather than constructing nsteps
separate interpolations of the individual deformed images—
and confers an additional signal quality benefit: the reference
image is free of drilling debris, making its interpolation and
gradient estimates less noisy than those of the deformed
images. The optimization problem is then:

s† = argmin
s

�(s) � argmin
s

‖r(s)‖2 (7)

where r(s) stacks the per-pixel residuals from all images.
The gradient of � is:

(
d�

ds

)T

= −2 r(s)T
d f

dx

∣∣∣
x=φ−1(x,s)

A (8)

which requires only the interpolation of f and its gradient at
non-integer pixel locations—both precomputed once before
the iterative loop. Problem 7 is solved iteratively via the
Gauss-Newton method [36], by approximating the Hessian
as:

H ≈ 2

(
dr
ds

)T (
dr
ds

)
(9)

Gradient-Based Selection of Informative Pixels

Within the annular correlation domain, not all pixels con-
tribute equally to the inversion: pixels located on spatially
uniform regions of the speckle pattern carry little displace-
ment information and can degrade the signal-to-noise ratio
of the identified stress coefficients. To concentrate compu-
tation on the most informative pixels and reduce the total
cost of the optimization, a gradient-based selection strategy
is employed.

The image intensity gradient magnitude is evaluated at
each pixel of the reference image f using Sobel operators Sx
and Sy applied in the x and y directions:

∇ I (x) =
√(

I ∗ Sx
)2 + (

I ∗ Sy
)2 (10)

where ∗ denotes discrete convolution. Pixels at or near the
boundaries of speckle features exhibit the largest gradient
magnitudes; these are precisely the locationswhere sub-pixel
interpolation of the image is most informative and where
displacement-induced intensity shifts are most detectable.
Only pixels whose gradient magnitude exceeds a prescribed
percentile threshold—computed exclusivelywithin the annu-
lar domain—are retained for the optimization. The resulting
binary mask is illustrated in Fig. 1 for a threshold at the 75th
percentile, applied to the reference image of the reported
experimental data as an example. All results reported in this
paper were obtained with a 95th-percentile threshold, which
retains the sharpest 5% of speckle edges and yields a sub-
stantial reduction in computational load.

Tikhonov Regularization and the L-Curve

The hole-drilling inverse problem is inherently ill-posed [26,
27]: unregularized solutions amplify measurement noise and
are typically highly oscillatory. Following the convention of
ASTM E837 [2], second-order Tikhonov regularization is
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Fig. 1 Gradient-based pixel selection mask at a 75th-percentile thresh-
old, applied to the reference image for the present analysis, reported
as example. Red outlines mark speckle-pattern edges where gradient
magnitudes peak and displacement sensitivity is highest

applied by augmenting the objective function of Eq 7:

s†α = argmin
s

[
�(s) + α ‖Cs‖2

]
(11)

where C is the finite-difference matrix approximating the
second derivative of the stress profile [26], and α > 0 is
the regularization parameter. The gradient of the regularized
functional follows naturally from Eq 8:

(
d�α

ds

)T

= −2 r(s)T
d f

dx

∣∣∣
x=φ(x,s)

A + 2α sTCTC (12)

Selecting α requires a principled criterion. In the SG con-
text, the Morozov discrepancy principle [29] is effective:
α is raised until the residual norm matches the expected
value under the known measurement noise. We will show
that this approach breaks down for DIC data, because the
dominant contribution to the residual comes from drilling
debris and localized paint damage—structured spatial arti-
facts unrelated to the stress signal—rather than from white
noise, and their total magnitude changes very little across the
entire practically relevant range of α values.

As an alternative, we adopt the L-curve criterion [30, 37,
38], which works as follows. Plotting

√
� against ‖Cs‖ for

a range of α values yields a characteristic L-shaped curve.
Small α produces low residuals but noisy solutions; large α

yields smooth solutions but high residuals. The corner of the
L-curve—where a balance is achieved—provides a natural

Fig. 2 Representative L-curve behavior. At low α, the residual is small
but the solution is oscillatory (large second-derivative norm). At high α,
the solution is smooth but the residual grows. The corner—identified as
the point farthest from the chord connecting the endpoints—provides a
robust operating point

operating point. Rather than computing the curvature ana-
lytically (which requires high-order derivatives sensitive to
numerical tolerances), we identify the corner as the point on
the L-curve with maximum distance from the straight line
connecting its two endpoints (see Fig. 2). A proof that this
criterion is invariant under arbitrary linear rescaling of the
axes—making it independent of the units in which residuals
and penalties are expressed—is available in [39].

Algorithm Summary

The complete solution procedure unfolds as follows; a full
step-by-step description is given in [39]. A reference image
is captured at first contact of the drill tip with the speci-
men surface, and the hole center and radius are estimated
by a Hough transform [40]. As proved in [34], the inverse
problem has zero first-order sensitivity to small eccentrici-
ties when the correlation domain is symmetric about the hole
axis, so the center identification need not be extremely pre-
cise. The number of stress basis functions is then selected
and the FE calibration database [35] is queried to assemble
A. A bicubic interpolation of the reference image is precom-
puted once [41]. The Gauss-Newton loop proceeds from a
null initial guess, with image interpolations evaluated at non-
integer pixel locations in each iteration. When the L-curve
is required, the regularized problem is solved for a logarith-
mically spaced sequence of α values, each initialized from
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the converged solution at the previous α to reduce the total
iteration count.

Super-Resolution Along Depth

In the SG-based integral method, the number of identifiable
stress coefficients per component is at most equal to the num-
ber of drilling steps, since three strain values per step yield
a total of 3n measurements for n increments. With full-field
measurements, this constraint no longer applies: the pixel
count far exceeds the number of stress unknowns, so the sys-
tem remains strongly over-determined evenwhen the number
of stress coefficients exceeds the number of drilling steps.

The physical basis for this capability lies in how the cal-
ibration functions ar (r , h), br (r , h), bθ (r , h) vary with the
depth of origin of the stress. At a given total hole depth h,
stress contributions from shallow layers generate surface dis-
placements concentrated close to the hole rim, whereas stress
contributions from greater depths manifest over a broader
radial extent [21]. From a functional analysis perspective,
these depth-dependent radial profiles are linearly indepen-
dent, allowing a single displacement image to be decomposed
into contributions from distinct depth layers. The approach
is limited solely by the ill-conditioning inherent in resolving
contributions characterized by near-collinearity.

It is worth reframing this observation in terms of the phys-
ical mechanism that makes super-resolution possible. Every
drilling step removes material from a finite depth interval,
causing the entire overlying stress field to relax simultane-
ously. The resulting surface displacement field is therefore
a superposition of contributions from all previously present
stress layers. If those contributions are sufficiently linearly
independent—as they are when the radial profiles corre-
sponding to different depths are distinguishable—a single
deformed image carries enough information to recover the
individual layer contributions, provided that the measure-
ment signal-to-noise ratio is adequate. In practice, achieving
super-resolution beyond a certain ratio will be limited by the
near-collinearity of calibration functions and by measure-
ment noise, and the required accuracy currently exceeds the
state of the art for high ratios. We investigate the feasibil-
ity of 1:2 and 1:5 super-resolution ratios in the experimental
section.

Experimental Methods

Specimen and Deep Rolling Treatment

Residual stresses were introduced in a bar-shaped plate of
7075-T6 aluminum alloy by deep rolling. This alloywas cho-
sen because of its combination of high yield stress, which
permits large residual stress magnitudes, a linear elastic

response within that range, and a relatively low Young’s
modulus, which translates surface deformations into larger
absolute displacements, directly benefiting DIC sensitivity.
The specimen geometry matched that used in earlier studies
by the authors [42–46], purposely designed for a bending test
bench that allows systematic validation of the hole-drilling
measurements.

The deep rolling tool was a conical carbide roller pressed
against the specimen surface. A built-in load cell and disk
springs ensured a consistent normal force FN , while the feed
f controlled the spacing between successive passes. Param-
eters were set to FN = 150N and f = 0.1mm, consistent
with prior studies [47, 48]. The resulting stress state is non-
equibiaxial: compressive stresses in the feed direction exceed
those in the rolling direction, with the affected zone extend-
ing approximately 0.4mm below the surface.

Strain Gauge ReferenceMeasurements

Reference residual stress profiles were obtained by the clas-
sical HDM using an HBM RY61K strain gauge rosette,
mounted on the test bench equipped with a pneumatic actua-
tor for applying and removing a calibrated bending load. By
performing hole-drilling in both loaded and unloaded states,
the bending-induced and residual strain contributions are
decoupled; a detailed description of the bench and validation
strategy is provided in [42]. The bending stress distribution
serves as an independent check of the measurement quality:
agreement between identified and applied bending stresses
validates the experimental setup and excludes systematic
errors.

Drilling was carried out with a 1.8mm inverted cone bit
(SINT Technology Restan, air turbine at over 300,000 rpm),
reaching a maximum depth of 1.3mm in 130 steps of
0.01mm. Post-drilling, a hole diameter of 1.96mmwith neg-
ligible eccentricity was measured by the integrated optical
microscope. Stress profiles were computed with linear spline
basis functions, calibration coefficients from [32, 33, 49], and
second-order Tikhonov regularization complemented by the
Morozov discrepancy principle [26, 27].

DIC Setup on a CNCMachine

Accurate repositioning of both the camera and the drilling
spindle after each increment is essential for HDM-DIC.
Rather than using a dedicated rig [24], we exploit the high
positioning repeatability of a CNC machining center (esti-
mated at a few microns). Both the drill bit and the camera
were mounted on the machine, with the camera rigidly
attached to the stator portion of the spindle (non-rotating,
but following all translational axes). This guarantees a fixed
spatial relationship between the camera optical axis and the
tool tip: after each drilling increment, the spindle retracts and
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Fig. 3 Detailed experimental sequence on the CNC machining cen-
ter: (a) camera repositioned for image capturing with active ring light;
(b) drilling phase highlighting the critical zero-depth setting (Z = 0);

(c) automated incremental procedure alternating between drilling and
image acquisition at constant X, Y coordinates

the camera returns to the exact imaging position. A ring light
mounted at the lens tip provided uniform illumination.

The camera anddrill share a rigid frame so that the camera-
to-tip distance vector remains constant throughout the test.
As illustrated in the sequence in Fig. 3, the system alter-
nates between the camera and the spindle while maintaining
precise spatial alignment. Defining the Z-axis zero position
relative to the plate surface is critical (Fig. 3b) [45]: the bit
was rotated and lowered in 10µm increments, with the ref-
erence image checked after each step for the first signs of
surface contact; that depth was then set as zero. A reference
image was captured at first contact; subsequent images were
acquired after each 0.1 mm drilling increment, returning to
the exact sameXandYcoordinates for each capture (Fig. 3c).

The annular region used for correlation was defined
between 1.1 and2.1 times the hole radius in radial coordinate,
capturing the highest-amplitude displacement response [50].

Within this annular domain, only pixels whose gradient mag-
nitude exceeded the 95th-percentile threshold were retained
for the optimization, following the strategy described in Gra-
dient-Based Selection of Informative Pixels section. Drilling
proceeded in 0.1mm steps up to a nominal depth of 1.0mm
(measured depth 0.987mm, hole diameter 2.015mm). The
optimization was run on an NVIDIA RTX 4090 GPU, which
reduced the computation time from approximately ten min-
utes (CPU) to under one minute for the full analysis. A
bicubic interpolation of the reference image was precom-
puted once using a cubic convolution algorithm [41], and
iterative updates used a convergence tolerance of 10−6. For
the L-curve, Eq 11was solved over α ∈ [10−3, 103] on a log-
arithmically spaced grid, warm-starting each problem from
the previous α solution. The key parameters of both HDM
measurements are collected in Table 1 for reference.
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Table 1 Summary of experimental parameters for the deep rolling treat-
ment and both HDM measurements

Parameter Value Notes

Deep rolling treatment

Material Al 7075-T6 …

Normal force FN 150N [47, 48]

Feed f 0.1mm [47, 48]

Strain gauge HDM

Rosette HBM RY61K …

Drill bit diameter 1.8mm Inverted cone

Drilling system SINT Restan Air turbine,
> 300,000 rpm

Max. depth 1.3mm 130 steps of
0.01mm

Measured hole
diameter

1.96mm Negligible
eccentricity

Stress basis Linear splines [32, 33, 49]

DIC HDM

Drill bit diameter 2.0mm Nominal

Drilling increment 0.1mm 10 steps

Measured hole
diameter

2.015mm Zeiss Calypso CMM

Annular ROI 1.1–2.1 rhole [50]

Zero-depth step size 10µm [45]

Gradient mask
percentile

95% See DIC Setup on a
CNC Machine
Section

Convergence
tolerance

10−6 Relative

Results and Discussion

The bending test bench was first used to validate the SG-
based HDM measurement. The identified bending stress
distribution agreed closely with the known applied load
(Fig. 4a), with no observable surface bias from zero-depth
identification errors [45], confirming the correctness of the
experimental setup. From the same hole (unloaded state), the
residual stress profiles were extracted (Fig. 4b). They exhibit
the characteristic features of deep-rolled aluminum [47]:
compressive stresses that are markedly anisotropic (larger
in the feed direction), and a depth extent of approximately
0.4mm.

Applying the proposed DIC algorithm without regular-
ization confirms that the unregularized solution is highly
oscillatory, consistent with the ill-posedness of the inverse
problem [26]. The L-curve was computed over the range
α ∈ [10−3, 103]; the corresponding L-curve is shown in
Fig. 5. The L-curve corner criterion identifies αL = 1.42,
while the value that minimizes the RMS deviation from the
SG reference isαopt = 1.07. The corresponding solutions are
shown in Fig. 6. The proximity of these two values is encour-
aging: it suggests that the L-curve provides a practically
useful estimate without any knowledge of the ground-truth
stress distribution.

Inspecting the L-curve (Fig. 5b) reveals that the resid-
ual norm changes by only a small amount over the entire
tested range of α—spanning from clearly under-regularized
to clearly over-regularized solutions.This behavior is in sharp
contrastwith theSGcase, and canbe attributed to the physical

Fig. 4 (a) Bending stress profiles identified with the strain rosette on the test bench (solid lines) vs. applied values (dashed lines): close agreement
confirms a correct experimental setup. (b) Residual stress distributions identified by the same rosette measurement
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Fig. 5 (a) RMS discrepancy between DIC and SG solutions as a function of α; the L-curve corner (αL = 1.42) closely tracks the minimum
(αopt = 1.07). (b) L-curve for the experimental case; the corner point is identified by maximum distance from the chord

Fig. 6 Residual stress profiles: (a) DIC result at oracle regularization αopt vs. SG reference; (b) DIC result at L-curve regularization αL vs. SG
reference. Both solutions are in close agreement with the strain gauge

nature of the dominant residuals: they arise from machin-
ing debris that entered the field of view despite compressed
air cleaning, and from local damage to the painted surface
(Fig. 7). These artifacts are spatially concentrated in a small
fraction of pixels but carry large intensity differences (on an
8-bit scale), and their contribution to the residual norm is
largely independent of the identified stress state.

The observed RMS residual of approximately 9 intensity
levels is dominated by these outlier pixels, while the actual
camera noise (measured by repeated captures of the same
static scene) is approximately 4 levels. Since the degrees of
freedom in s are orders of magnitude fewer than the total
pixel count, even with α = 0 the residual is already set by
the debris contribution—not by the stress signal. Under these
conditions, tuningα via theMorozov principle would require
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Fig. 7 Pixel-wise residuals
between the experimental
deformed images and the
reconstructed ones, expressed as
intensity differences (0–255).
Elevated residuals are localized
in small regions corresponding
to debris and paint damage, on
spatial scales much smaller than
the displacement field
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Fig. 8 Depth super-resolution
results. The superscript L
denotes the fully sampled
reference case, obtained with
regularization parameter αL. (a)
1:2 ratio (5 images at 0.2 mm
intervals): solution nearly
indistinguishable from the fully
sampled case. (b) 1:5 ratio (2
images only): the main trend is
recovered, though accuracy
decreases, particularly in the
estimate of the stress decay
depth

accurate knowledge of a measurement error that is neither
white noise nor proportional to the stress-sensitive portion of
the residual. The L-curve criterion, which requires no such
prior information, is therefore a valid alternative.

To investigate the super-resolution capability, we repeated
the identification using the full stress resolution (0.1mm
steps) but feeding only a subset of the acquired images: five
images every 0.2mm (1:2 ratio) and two images at 0.5 and
1.0mm depth (1:5 ratio). The results are shown in Fig. 8.

The 1:2 case yields a solution whose degradation rela-
tive to the fully sampled result is negligible, confirming that
halving the number of drilling steps is already feasible with
current technology. The 1:5 case is more remarkable: with
only two deformed images, the method still captures the gen-
eral shape of the stress profile, including the sub-surface
compressive peak in the feed direction, albeit with reduced
accuracy in the stress decay region. These results quantify the
practical trade-off between test duration and solution quality
in a full-field HDM measurement, and paves the way for a
concrete challenge for the residual stress community: achiev-
ing accurate stress depth profiles from a single reference and
a single drilled image.

Conclusion

A global Eulerian DIC algorithm was proposed for the iden-
tification of non-uniform residual stress distributions from
images acquired at incremental hole depths. The method
solves a single inverse problem that directly relates raw
images to residual stress coefficients, using an Eulerian
image correlation framework and Tikhonov regularization.
The main findings are as follows.

The L-curve criterion provides a practical and reliable
tool for selecting the regularization parameter in HDM-
DIC, overcoming the limitations of theMorozov discrepancy
principle in the presence of spatially structured residuals

from drilling debris. A CNC machining center can serve
as an effective platform for automated HDM-DIC, ensur-
ing sub-micron repositioning repeatability without dedicated
rigs. The DIC-based identification produces residual stress
profiles in close agreement with validated strain gauge
measurements, both at the L-curve and near the oracle reg-
ularization levels. In addition, the gradient-magnitude-based
pixel selection strategy introduced in this work concentrates
the inversion on the most informative pixels in the annular
correlation domain, significantly reducing the computational
burden of the analysis while preserving the accuracy of the
recovered stress profiles. Finally, depth super-resolution by
a factor of two is practically achievable without noticeable
loss of accuracy,while the 1:5 case still recovers the dominant
features of the stress profile with only two images, opening
perspectives for substantially shorter hole-drilling tests in
industrial settings.

Conflict of interest The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, youwill need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. J. Mathar, Determination of initial stresses by measuring the defor-
mations around drilled holes. Trans. Am. Soc. Mech. Eng. 56(3),
249–254 (1934)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Journal of Failure Analysis and Prevention

2. American Society for Testing andMaterials, Test method for deter-
mining residual stresses by the hole-drilling strain-gage method.
West Conshohocken, PA. (2020). https://doi.org/10.1520/E0837-
20

3. G.S. Schajer, Application of finite element calculations to resid-
ual stress measurements. J. Eng. Mater. Technol. 103(2), 157–163
(1981). https://doi.org/10.1115/1.3224988

4. G.S. Schajer, Measurement of non-uniform residual stresses using
the hole-drilling method. Part I stress calculation procedures. J.
Eng. Mater. Technol. 110(4), 338–343 (1988). https://doi.org/10.
1115/1.3226059

5. G.S. Schajer, Measurement of non-uniform residual stresses using
the hole-drillingmethod. Part II practical application of the integral
method. J. Eng. Mater. Technol. 110(4), 344–349 (1988). https://
doi.org/10.1115/1.3226060

6. G.S. Schajer, Practical Residual Stress Measurement Methods.
(John Wiley & Sons, 2013)

7. N.J. Rendler, I. Vigness, Hole-drilling strain-gage method of mea-
suring residual stresses: authors indicate that this method permits
the magnitudes and principal directions of residual stresses at the
hole location to be determined. Exp.Mech. 6(12), 577–586 (1966).
https://doi.org/10.1007/BF02326825

8. M. Steinzig, E. Ponslet, Residual stress measurement using the
hole drilling method and laser speckle interferometry: Part 1. Exp.
Tech. 27(3), 43–46 (2003). https://doi.org/10.1111/j.1747-1567.
2003.tb00114.x

9. G.S. Schajer, M. Steinzig, Full-field calculation of hole drilling
residual stresses from electronic speckle pattern interferometry
data. Exp. Mech. 45(6), 526–532 (2005). https://doi.org/10.1007/
BF02427906

10. G.S. Schajer, M. Steinzig, Dual-axis hole-drilling ESPI resid-
ual stress measurements. J. Eng. Mater. Technol. 132(1), 011007
(2010). https://doi.org/10.1115/1.3184035

11. A. Baldi, Residual stress measurement using hole drilling and
integrated digital image correlation techniques. Exp. Mech. 54(3),
379–391 (2014). https://doi.org/10.1007/s11340-013-9814-6

12. J.S. Harrington, G.S. Schajer, Measurement of structural stresses
by hole-drilling and DIC. Exp. Mech. 57(4), 559–567 (2017).
https://doi.org/10.1007/s11340-016-0247-x

13. A. Baldi, On the implementation of the integral method for residual
stress measurement by integrated digital image correlation. Exp.
Mech. 59(7), 1007–1020 (2019). https://doi.org/10.1007/s11340-
019-00503-5

14. Y. Peng, J. Zhao, L.-S. Chen, J. Dong, Residual stress measure-
ment combining blind-hole drilling and digital image correlation
approach. J. Constr. Steel Res. 176, 106346 (2021). https://doi.org/
10.1016/j.jcsr.2020.106346

15. A. Baldi, F. Bertolino, Sensitivity analysis of full field methods
for residual stress measurement. Opt. Lasers Eng. 45(5), 651–660
(2007). https://doi.org/10.1016/j.optlaseng.2006.08.010

16. D.V. Nelson, A.Makino, T. Schmidt, Residual stress determination
using hole drilling and 3D image correlation. Exp. Mech. 46(1),
31–38 (2006). https://doi.org/10.1007/s11340-006-5859-0

17. W.L. Gubbels, G.S. Schajer, Development of 3-D digital image
correlation using a single color-camera and diffractive speckle pro-
jection. Exp. Mech. 56(8), 1327–1337 (2016). https://doi.org/10.
1007/s11340-016-0173-y
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