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Abstract: Measurement of stress levels from an in-service structure can provide important and useful
information regarding the current state of a structure. The stress relaxation method (SRM) is the most
conventional and practical method, which has been widely accepted for measuring residual stresses
in metallic materials. The SRM showed strong potential for stress estimation of civil engineering
structures, when combined with digital image correlation (DIC). However, the SRM/DIC methods
studied thus far have practical issues regarding camera vibration during hole drilling. To minimize
the error induced by the camera motion, the imaging system is installed at a distance from the
specimen resulting in the low pixel density and the large extent of the inflicted damage. This study
proposes an SRM/DIC-based stress estimation method that allows the camera to be removed during
hole drilling and relocated to take the after-drilling image. Since the imaging system can be placed as
close to the specimen as possible, a high pixel density can be achieved such that subtle displacement
perturbation introduced by a small damage can be acquired by DIC. This study provides a detailed
mathematical formulation for removing the camera relocation-induced false displacement field in the
DIC result. The proposed method is validated numerically and experimentally.

Keywords: digital image correlation; hole-drilling method; stress estimation

1. Introduction

Residual stress is the remaining internal stress without applied external forces that any solid
material, ranging from a microstructure to a full-scale civil infrastructure, can experience during its
entire lifetime. Under presence of confining boundary condition, the residual stress can be formed when
the material keeps expanding or contracting due to thermal or mechanical reasons [1]. This residual
stress can be intentionally introduced to enhance material property and prolong the lifespan of the final
product, therefore the industry has developed numerous strengthening mechanisms, such as laser shock
peening [2], martensite [3], and prestress [4]. On the other hand, unfavorable and unintended residual
stresses in a structure consistently take portion of stress level that the structure can accommodate,
which ends in service life reduction or system failure for the worst case. Such a well-known problem is
a buckling phenomenon in continuous welded rail subjected to thermal expansion under hot weather
that leaves the track vulnerable to bend even with a slight curve. A variety of structures can experience
favorable or unfavorable residual stresses; thus, appropriate measurement techniques are desired.

The residual stress relaxation method (SRM) [5,6] is one of the most traditional and effective ways
of residual stress estimation. Upon inflicting a small damage (e.g., hole) on the surface of a material,
the stress relaxation around the damage induces deformation, of which level and pattern has a linear
relationship with the residual stresses existing in the material. The finite element model [7] or analytical
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solution based on the Kirsch equations [8,9] can be used to relate the deformation and the residual
stresses. In general, strain gauges are employed in SRM to measure the deformation around the
inflicted damage, in turn, to estimate stress level. Due to the simple and intuitive preparation of the
strain rosette, a number of studies have validated the strain gauge-based method through practical
applications in the laboratory environment [10-16] that even detailed guidelines are extensively
documented in the ASTM standard [17] with providing error bounds of £10% [13]. Strain gauge-based
methods, however, have limitations in the lack of measurement point, difficulty in capturing small
variation of the deformation, and errors induced by hole-eccentricity. Due to the limitation of the strain
gauge, stress estimation can be insufficiently accurate.

As an alternative to the strain gauge-based SRM, interferometry techniques are applied to measure
small perturbation introduced by drilling a hole offering a full-field deformation measurement [18-23].
In general, interferometric pattern-based research works employ holographic pattern, moire pattern,
or electronic speckle pattern, of which change reflects deformation induced by drilling a hole.
The interferometry-based method provides sensitive deformation measurement that the small size of
hole can be utilized. For example, Steinzig and Takahashi [21] estimated residual stress of a 12 mm
thick 2024-T351 aluminum ring using 1.59 mm diameter of hole-drilling with 8.5% error. Schmitt
et al. [22] used electronic speckle pattern interferometry using 5 mm of hole diameter to obtain the
residual stress with the error of 37% for the worst case. Albertazzi et al. [23] conducted a comparative
study between strain gauge method and digital speckle pattern interferometry method by measuring
stress in a 3 m long carbon steel bar showing 19% of maximum deviation between two methods.
As such, the interferometry-based method shows strong potential on the residual stress estimation.
Since creating the interferometric pattern is not a simple problem, researchers endeavor to build
a compact measurement system for practical applications.

Digital image correlation (DIC) has been introduced to monitor the stresses on full-scale
structures [24-29] that can replace strain-based and interferometry-based methods. DIC uses two
images, one before and one after deformation, by which displacement field is calculated through
searching the maximum correlation for each sub-divided pixel groups, also called subsets [30,31]. Since
displacement at each pixel is calculated, DIC provides dense displacement field. In the meantime, DIC
use a spayed pattern on the specimen without laser beam; hence can replace both the strain-based and
the interferometry-based methods offering dense deformation data and simple measurement setup.
Trautner et al. [15] used core drilling and DIC to measure the stress level of their specimen. Whereas the
stress was successfully estimated with 10% error, the core of 150 mm diameter used in the experiment
was considered to be impractical for general civil-engineering structures. Lee et al. [29] also applied the
SRM with DIC to measure the stress of concrete specimens, drilling a hole with a diameter of 10 mm and
a depth of 40 mm. While the inflicted damage was small, the stress estimation results showed a large
variation, with errors from 5.67% to 29.13%. Since DIC generally assumes that a camera takes images at
a fixed location, the camera used in the experiment was located 2 m away from the specimen to prepare
space for a drill. Thus, the camera resolution of 0.08 mm/pixel at the 2 m distance was not sufficiently
high for reliable and consistent stress estimation. Although SRM/DIC-based stress estimation methods
show strong potential for field application, drilling-induced camera vibration can be reflected as a DIC
error in the displacement field which has not been addressed in the existing literatures.

This study proposes an SRM/DIC-based stress estimation approach considering camera relocation
before and after the hole is drilled. The proposed method assumes that the camera is placed close to
a specimen for maximum pixel density, removed while the hole is drilled, and placed at the original
location to take the after-damage image. Since the camera cannot be placed at the same location,
the difference in the camera location is reflected as displacement error in the DIC result. Provided that
the displacement measured by DIC is simultaneously induced by stress relaxation and movement of
the camera, the proposed method compensates for the component of camera movement. Numerical
and experimental validations are conducted to demonstrate the successful removal of the camera
motion-induced errors and the resulting stress estimation.
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2. Residual Stress Estimation

The residual stress can be estimated by using the hole-drilling method in conjunction with the DIC
technique. This method, however, exhibits unreliable stress estimation due to the camera movement
during the hole-drilling process. This section briefly introduces the basics of the residual stress
estimation, and then, a practical limitation of the residual stress method is discussed.

2.1. Residual Stress Estimation

Drilling a hole in an isotropic plate results in redistribution of the displacement field, the pattern of
which is described well by the Kirsch equation [8,9]. Note that the conventional Kirsch equation deals
with an isotropic material under linear elastic behavior, thereby an unexpected error can be observed
due to plasticity and anisotropic properties [13,32,33]. Consider an infinite plate under uniform biaxial
stresses over the material, as shown in Figure 1. Based on the Kirsch equation, the perturbation
introduced by a circular hole is expressed as

Upote (X i) }_ { Pu(xi, i) } { Qu(xi, y7) } { Ru(xi, i) }
{ Vnole (Xiy i) Py(xi, yi) ox Qu(xi, vi) o+ Ro(xi, i) | )

where .. (x;, y;) and vpee (X, y;) are, respectively, the x- and y-directional displacements at the i-th
material position (x;, y;), induced by the residual stresses (ox, 0y, Txy). The stress coefficients Py, Qy, Ry,
Py, Qv, and Ry are expanded as

Pu(xi, yi) = [Ai + (Bi + C;) cos(20;) — Cj] cos(0;) 2
Qu(xi, yi) = [Aj — Bj cos(20;)] cos(0;) + C;sin(26;) sin(6;), (3)
Ru(xi, yi) = +2[(B; + C;) cos(26;) + Bj] sin(0;), 4)
Py(xi,yi) = [Ai + (B + C;) cos(26;) + Cj] cos(6;), (5)
Qu(xi, yi) = [Ai — (Bi + C;) cos(26;) — C;] sin(6;), (6)

Ry (xi, yi) = —2[(B; + C;) cos(20;) — B;] cos(6), @)

where 0; is the angular coordinate of the location (x;, y;) in the polar coordinate system. The coefficients
Aj, B;, and C; are expanded as

2
av(1+v) 1
AI - Tr_l/ (8)
B — 2%1 a(1+v) 1 ©)
o E ri 2E 7’1'3’
a?(1-v) 1 at(1+v) 1
N (19

where 1; is the radial coordinate of the location (x;, ;) in the polar coordinate system; a is the radius
of the hole; v is Poisson’s ratio; and E is the Young’s modulus of the material. Using Equation (1),
the biaxial residual stresses can be reformulated in the form of a linear regression form as

Pu(xlrl/l) Qu(xll]/l) Ru(xlz]/l) " uhole(xllyl)

Oy Py(x1,y1)  Qolx1,41) Ro(x1,y1) Onole (X1, Y1)
oy = : : : : , (11)
Txy Py (xn/ ]/n) Qu (xn/ ]/n) Ry (xnr yn) Upole (xn/ yn)

Pv(xn/]/n) Qv(xn/yn) Rv(xn/]/n) vhole(xn/]/n)
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where [-]* is the Moore-Penrose inverse [34]; n is the number of locations where displacements uj,,,
and vy, are measured; and P, Qu, Ry, Py, Qu, and Ry are the stress coefficients calculated at every
measurement location. Once the 3 X 2n premultiplying matrix in Equation (11) is established based on
the foreknown information (E, v, g, x;, ;) for 1 <i < n, the biaxial residual stresses can be estimated
using the displacement field measured by a deformation measurement technique.

Oy
1\ —> Ty

0 1
P

o
o

0, €— —> Oy
a
v

Ty €— \1,

Oy

Figure 1. Stress configuration and coordinate system in the hole-drilling method.

The full-field displacement required in Equation (11) can be obtained by means of the DIC
technique. Images of a specimen, of which surface is prepared with a random speckle pattern by
spraying paints, are captured before and after the deformation. Here, the captured images are
respectively denoted as the reference and deformed images. The reference image is divided into
subsets, as shown in Figure 2. The new position of each of the subsets in the deformed image is searched
using a correlation criterion such as cross-correlation, normalized cross-correlation, or zero-normalized
cross-correlation [30,31]. Finally, the displacements computed for each subset are collected to construct
a two-dimensional displacement field. Therefore, the generic DIC method calculates the displacement
field by tracking the position of the material points using a correlation criterion that can be employed
in Equation (11).

Subset

A subset of A subset of
reference image deformed image

Reference image

Figure 2. Displacement field calculation using the digital image correlation (DIC) technique.

The overall procedure of the residual stress estimation involves drilling a hole and acquiring
images. By drilling a hole, the underlying residual stresses in the target material are relaxed, thus
deforming the surface texture around the hole. Using the images before and after the hole is drilled,
the DIC technique calculates the deformation field. Finally, the residual stresses in the specimen are
estimated based on the linear relationship between the amount of released deformation and the level
of relaxed stress, as formulated in Equation (11). Here, improper measurement of the displacement
field adversely affects the stress estimation. Thus, for a reliable stress estimation, the camera needs to
be fixed at a stationary point during the hole-drilling process.
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2.2. Residual Stress Estimation with Camera Motion-Induced Error

Camera motion is inevitable, owing to the hole-drilling process. Consider a common hardware
configuration of the residual stress estimation method, as shown in Figure 3, in which the camera needs
to be fixed during the hole-drilling process. The process is accompanied by near-field vibration, which
causes camera motion. To avoid this vibration, the camera is placed away from the specimen, but this
long working distance produces errors, even with a slight vibration of the camera. As such, camera
motion is difficult to avoid considering the practical implementation of the hole-drilling method.

Space for the hole-drilling

Drill

Camera Specimen
Figure 3. Hardware configuration for the hole-drilling methods integrated with the DIC technique.
The displacement field induced by the camera motion can be formulated using the homography

transform. Let the image coordinate systems before and after the hole-drilling process be respectively
denoted as IC1 and IC2, as shown in Figure 4. The relationship between IC1 and IC2 is expressed as

Xi Xi
Vi =sHjc151028 Vi , (12)
L e Lo

where {x;, y;, 1)T;c1 and {x;, vi, 1 1T cp are the image coordinates of the i-th material point represented in IC1
and IC2, respectively; Hjc1 12 is the homography transform associated with the six degrees-of-freedom
(6DOF) camera motion [35]; and s is the scaling factor that holds the third component of {x, y, 1)Tcp in
1. Using the homography relationship, the camera motion-induced displacement field is formulated as

{ umotion(xi/yi) } _ { Xi } _{ Xi } , (13)
Umotion (Xis ]/i) Yi )i Yi Jic1

where Uotion (Xi, ¥i) and vVperion (Xi, y;) are, respectively, the x- and y-directional displacements of the
i-th material point, induced by the camera motion. Note that the subtraction between the vectors in
different coordinate systems are performed by taking the components. Thus, the homography matrix
Hjc1- 12 established by the camera motion governs the displacements of all the material points.

The effect of the camera motion in the residual stress estimation can be simplified based on
Equations (1) and (12). The position of the i-th material point after hole drilling is expressed as

Xhole (Xi, Yi) Xi + Upote (Xi, Vi)
Yhole (Xi, Vi) =13 Vi + Unote(Xi, i) , (14)
1 1

IC1 IC1
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where x5, (x;, y;) and ypore(x;, y;) are, respectively, the x and y coordinates of the i-th material point after
the hole drilling represented in IC1. Considering the camera motion, the coordinates in Equation (14)
are represented in IC2 as

Xnote (Xi, Vi) Xhole (Xis Vi)
Yhole (Xi, Vi) = sHic1-1c23  Yhote (Xi, Vi) : (15)
1 12 1 ic1

The combination of Equations (13) and (15) results in

{ Unole+motion (xir ]/i) } _ { xhole(xir ]/i) } _ { Xi } (16)
Onole-+motion (Xis i) Ynote Xi Yi) S0 L Wi Sy
where o1 -+motion (Xi, Yi) and Upoje+motion(Xi, Yi) are the displacements of the i-th material point after hole

drilling and the camera motion computed by the DIC technique. Thus, the residual stress estimation
fails when the camera moves because of the additional displacement from the camera motion.

(a) Before drilling

Camera
motion

Q@y ’

(b) After drilling

——————————————————————————————————————————————————————————————————————————————————

(a) Image before drilling (b) Image after drilling

X1c1

i
Xic2 !

Yic1
Yic2

HICI >IC2

Figure 4. Illustration of the camera motion during hole drilling.

3. Camera Motion-Independent Residual Stress Estimation

This study proposes a residual stress estimation method that offers camera movement during
the hole-drilling process. The displacement field measured using DIC is decomposed into
homography-dependent and homography-independent components. Associated with the level
of residual stresses, the latter is further used for stress estimation considering the camera movement.
This section describes the extraction of the homography-independent displacement field, which is then
utilized for the residual stress estimation.

3.1. Extraction of Homography-Independent Component

DIC yields full-field displacement data, upppe+motion(Xi, Vi) and Upsietmotion(Xi, yi), which
can be decomposed into homography-dependent and homography-independent components.
The displacement field induced by the camera motion can only be included in the homography-
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dependent terms (see Equations (12) and (13)), whereas hole drilling induces the displacement field
consisting of the homography-dependent and homography-independent terms as

{ Unole (Xi, Yi) }:{ up (Xi, ;) }+{ i (xi, i) } (17)
Onole (X, i) o (i, Yi) v;,(%i, Yi)

where the subscripts & and h, respectively, denote the homography-dependent and
homography-independent components within the displacement field induced by the hole drilling.

Note that the homography-dependent term can be replaced with the premultiplication of a principal
homography matrix Hj, as

xi +up(Xi, yi) + g (xi, yi) x; + u (Xi, yi)
vi+on(xi, yi) + o5 (xi,yi) = sHpq vi+05(xi, yi) (18)
1 1

Equation (18) is coupled with Equation (15) as

X + g (x5, Yi) + uz (X3, Yi) Xi + uz(xi, yi)
vi +on(xi, yi) + 05 (xi, vi) = sHic1o1c20Hpy vi +o(xi, vi) ¢, (19)
1 Ic2 1

which is, in turn, expressed as

X; + Unole-tmotion (Xis Yi) x; + u (Xi, yi)
Yi + Onolemotion (Xi, ¥i) ¢ = sHicioic2Hig i + o3 (xi,yi) - (20)
1 1

Equation (20) represents the homography-dependent terms in the homography matrices.
On the contrary, the homography-independent terms cannot be expressed in a homography matrix.
Thus, the displacement field computed using DIC, which is upje+motion(Xi, ¥i) and Onoje+motion(Xi, Yi),
consists of the homography-dependent terms that can be expressed by Hjci-jcoHp and the
homography-independent terms u;, (x;, y;) and vy, (x;, y;).

The homography-independent terms can be extracted using the known information: upgse-motion (Xi, ¥i),
Unole-+motion(Xi, Yi), Xi, and y;. A unique homography transform can be found when minimizing the residue
defined by

n Xi + Unole-+motion (xi/ yl) Xi n uﬁ(xi’ yl)
residue = Z Vi + Onolermotion (Xi, i) ¢ —sHS i = Ug(xi, vi) ’ (21)
i=1 1 1 , =1 0 )

where ||, denotes the 2-norm of a vector. This unique homography transform derived in Equation (21) is
indeed Hjc1 - 1c2Hy, in Equation (20) because the homography-independent terms, uﬁ(xl-, yi) and vﬁ(xi, vi)
remained as the residue. Equation (20) can be approximately reorganized by using Equation (21) as

Xi + Unole+motion (Xis Yi) Xi uﬁ(xi/ Vi)
Yi + Onotetmotion (Xi, ¥i) ¢ = sH yi ++3 vp(xi,yi) ¢ (22)
1 1 0

By employing the direct linear transform [35], H in Equation (22) is computed using the correspondences
between {x; + Upole+motion(Xi, Vi), Yi + Uhole+motion(Xi, i)} and {x;, y;} for 1 <i < n. Note that uﬁ(xir Yi)
and v;(x;, y;) are excluded in the determination of the homography matrix because these terms
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are homography-independent. After H is determined, the homography-independent terms are
extracted through

X; + uﬁ(xi, yi) Xj & Upole+motion (xi, ]/i)
Yi+ vﬁ(xi, yi) =S SH_l Yi =+ Ohole+motion (xir ]/i) 4 (23)
1 1

which is further developed as

{ (X, i) }:{ Xi + uz (X, vi) }_{ X } (24)
o (xi, i) yi + vy (xi, i) vi
Hence, the homography-independent terms, uz(xi, yi) and vp(xi, yi) for 1 <i < n, can be extracted by

deriving H in Equation (22) and using Equation (24).

3.2. Residual Stress Estimation Using the Homography-Independent Terms

The residual stresses can be estimated by solely employing the homography-independent terms
derived in Section 3.1. Equation (1) is reinterpreted in terms of homography dependency as

{ Unote (i, Yi) }:{ Pup(xi, yi) + P g (xi, yi) }0X+{ Qun(xi, yi) + Q5 (xi, yi) }0 +{ Run(xi, yi) + R 5 (xi, i) }TY (25)
note (i, Yi) Pon(xi, yi) + P (%1, yi) Qun(xi, yi) + Qup(xiyi) 7 Ron(xi, yi) + R 5 (xiyyi) |

where the additional subscripts /& and h denote the homography-dependent and homography-
independent components, respectively. The homography-independent terms in Equation (25) are
expressed as

uz (xi, yi) }:{ P =(xi, i) } { Q 7 (xi, i) } { R 7 (xi, i) }
{ v (Xi, Y1) P =(xi, i) ox + Q.7 (%, 1) oy + R (x:, 1) Txy- (26)

The residual stresses are computed as

[ Palxin) QuGryn) Rgley) | ( uplry)
ox Po(x1,y1)  Qup(x1,y1)  Ryy(x1,y1) o (x1, 1)
oy (= : : : : : (27)
Txy Pi(xn,yn) QX yn) Rz (Xn Yn) u(Xn, Yn)

| Pvﬁ(xnryn) Qvﬁ(xnryﬂ) Rvﬁ(xn/]/n) ] Ug(xn,yn)

Once Puﬁ’ Quﬁ/ Ruﬁ’ Pvﬁ' Qvﬁ’ and Rvﬁ are calculated for all the material points, the residual stresses can
be obtained by using Equation (27) with the homography-independent terms.

The homography-independent coefficients (i.e., Puh’ Quﬁ’ R th, Qvﬁ' and Rvﬁ) can be derived
by numerically generating displacement fields. Firstly, homography-dependent displacement fields
for given in-plane stresses, which is denoted by upge(x;, yi; 0x, 0y, Txy) and Vel (Xi, Yi; Ox, 0y, Tay),
are numerically generated. For given in-plane stresses, 1,1, (x;, ¥;) and vpe.(x;, y;) can be numerically
generated using E, v, a, n, and the pixel location (x;, y;) for every pixel based on Equations (1)—(10).
Using the correspondences between {x; + upe(xi, ¥i), Yi + Unote(xi, ¥;)} and {x;, y;} for 1 <i < n,
the principal homography transform Hj, in Equation (18) can be approximately calculated using direct
linear transform [35] with the residue terms as

n | Xi + Unole (Xi, Vi Ox, 0y, Tay) X; n || w5 (X0, yis 0x, 0y, Tay)
residue = Z Yi + Ohole (xi/ Yi;0x,0y, Txy) —sHp vi = Uﬁ(xir Yi;0x,0y, Txy) . (28)
i=1 1 1 i=1 0

2 2
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Using the calculated Hj, Equation (18) can be reorganized as

X; +uy (xi/ Yi;0x,0y, Txy) X;
Yi +op (xi/ Yi;0x,0y, Txy) =sHp vi ¢ (29)
1 1

As a result, upee(X;, Yi; 0x, 0y, Txy) and Opele(Xi, Yi; 0x, 0y, Txy) can be prepared for any given stress
combination. Second step is to find the homography-independent terms P -, Q -, R -, P -, Q -,
and R ; using a number of numerically generated o (X;, Yi; Ox, 0y, Txy) and Opere(Xi, Yi; Ox, Oy, Tay)-
For computational simplicity, assume that the homography-dependent terms P,;,, Qu1, Ry, Pons Quns
and Ry, are linearized as

{ Uy (xi/ .]/1) } _ Puﬁ xxl + Puh yy’ o Quﬁ,xxi + Quﬁ,yyi o
o (Xi, Yi) *

Py xi+P Qo Xi + Qup Vi
where Puh x’ Quﬁ,x’ Ruﬁ,x’ Pvﬁ,x’ Qvﬁ,x’ Rvﬁ,x’ Puﬁ,y’ Quﬁ,y’ Ruﬁ,y’ Pvﬁ,y’ Qvﬁ,y

vh,x Ry Xit Ry Yi
determined. Equation (30) is rearranged as:

vhx vh,y

Rji Ryl ]T 0)
i Xyrs

oh, yyZ

,and Rvﬁ , are constants to be

Pix
P +

Q”’fy X10x Y10y X10y  Yi0x X1Txy YiTay uy(x1, 1)

S T A : (31)

Q -

uh,

7y XnOx  YnOx XnOy YnOx XnTxy YnTxy ”h(xn/]/n)
uh,x

R

uhy

and
vhx
L +
X10x Y10x X10y VY10x X1Txy Yi1Txy (% (xlr ]/1)
Qe | | . . . . . . )

Q- - : : : : : : : . (32)
vh,
R - Y XnOx  YnOx XnOy YnOx XnTxy YnTxy (4 (xn/ yn>

vh,x

R,
Since the homography-dependent terms uy,(x;, y;) and vy (x;, y;) for 1 <i < n are numerically Computed
using Equation (29), the unknown constants (Puh v Quﬁ v Ruﬁ v Pvﬁ v Qvﬁ v Rvﬁ v Py uh R v P y’
Qi Vv and R y) can be calculated using Equations (31) and (32) with known (x;, y;) and (0%, 0y, Txy)-
Once the unknown constants are calculated, Puh, Quh, Ruh, th, th, and RU can be obtained using
Equation (25), and in turn, the residual stresses can be calculated by using Equation (27) with the

homography-independent terms uﬁ(xi, y;) and vﬁ(x,», y)forl<i<n.

3.3. Summary of the Proposed Method

The procedure of the proposed stress estimation, compensating for the 6DOF camera motions, is
summarized as follows:

1. E,v,a, n,x,and y are given before the measurement based on the material properties, hole-drilling
scheme, and image resolution.

2. Derive Py, Qu, Ry, Py, Qu, and R, using the given E, v, 4, n, x, and y (known at step 1) based on
Equation (2)—(10).

3. Derive P, Quin, Run, Py, Qun, and Ry, by numerically generating multiple pairs of displacement
fields (uy, v,) and residual stresses (ox, 0y, Txy) based on Equations (31) and (32).
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4. DeriveP ;, Quﬁ' R P Qvﬁ' and R by subtracting P,;,, Qun, Run, Pon, Qun, and Ry, (derived at
step 3), respectively from Py, Qy, Ry, Py, Qu, and R, (derived at step 2) based on Equation (25).

5. Obtain the displacement field upje1motion and Upolermotion Py applying DIC to the images of before
and after the hole drill engaged with camera motion.

6. Compute H in Equation (22) by using correspondences between {x, y} (known at step 1) and
{Uhole+motion, Unole+motion} (Obtained at step 5) for all material points using direct linear transform [35].

7. Compute uy and vy by using Uppie+motion AN Vpgle+motion (Obtained at step 5) in combination with H
(obtained at step 6) based on Equations (22)—(24).

8. Compute the residual stresses oy, oy, and Ty using uy and vy (obtained at step 7) in
combination with Puﬁ' Quﬁ' Ruﬁ/ Pvﬁ’ Qvﬁ’ and Rvﬁ (derived at step 4) using Equation (27).

The overall proposed SRM/DIC method consists of displacement field measurement and stress
estimation, as shown in Figure 5.

Measurement procedure Stress estimation procedure
Spray random speckle pattern Prepareknown variables
on the surface of the specimen E,v,a,n, (x;,y; forall i

o -

Calculate homography-independent coefficients
Pyw Qur Ruw Por, Qui Rur

Take image of the intact surface

L

Cameramotion & Hole drilling —>

Obtain displacement field

WUpotermotion Cholermotion

L L

Compute homography-independent displacements

Takeimage of the damaged surface

Up, VR
Compute displacement field Stress estimation using Equation (27)
by using DIC Oy, Oy, Txy

Figure 5. Flowchart of the proposed stress estimation.
4. Numerical Validation

To validate the proposed method, the stress estimation involving hole drilling and camera motion
is numerically simulated. For any in-plane stresses and any 6DOF camera motions, the displacement
fields tpgle+motion AN Upolermotion, Which are employed in the proposed residual stress estimation, are
numerically generated. The stresses estimated using the proposed method are compared with the
actual stresses applied. This section demonstrates the numerical generation of the displacement fields
under movement of the camera before and after the hole is drilled, and presents a comparison between
the estimated and actual stresses.

4.1. Numerical Generation of the Displacement Field

The displacement field induced by drilling a hole is numerically generated for a commercial grade
camera system. The camera, equipped with a macro lens and having the specifications listed in Table 1,
is numerically modeled to have 79.52 x 53.04 mm of field of view, which can be achieved by adjusting
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the working distance to 100 mm. Each pixel in the image of 7952 x 5304 resolution is indexed such that
(xi, y;) for every i-th pixel is appropriately allocated, as shown in Figure 6. The Young’s modulus (E),
Poisson’s ratio (v), and diameter of the hole (1) are assumed to be 206 GPa, 0.3, and 12 mm, respectively.
Hence, given the in-plane stresses (i.e., oy, 0y, Txy), the displacement field, w0 (x;, ¥i) and vyl (Xi, Yi),
can be established using Equation (1) with the known variables E, v, and a.

Table 1. Hardware specification.

Item Model Specification
Camera  Sony «7RII  Resolution: 7952 x 5304 pixels
Lens SEL50M28 Focal length: 50 mm
xV\
PRI P -~ ~
; 3 A e R
: P 112|134}
Yic1 " Y.~ [ 1 !
NE 1
a1 AR ’
@ ~ Pid
® 2 Nembny
5 Numberingofthe pixels
Hole
8
v
79.52mm

Figure 6. Testing environment for the numerical simulation.

The stress-related terms w1 (x;, y;) and vy (x;, y;) are affected by the 6DOF camera motion, which
affects the final displacement field data up,e+motion (Xi, ¥i) and Ungle+motion(Xi, yi). The camera mentioned
in Table 1 is modeled such that the intrinsic parameter K becomes

10000 0 3976 0
K= 0 10000 2652 0 |. (33)
0 0 1 0

Assuming that the initial working distance is 100 mm, the coordinate transformation from the target
surface to IC1 can be represented as

100 O
010 O
=80 01 100 69
000 1
The coordinate transformation from the target surface toward IC2 is represented as
100 O
R TI|0 10 0
KZK[OT 1] 00 1 100 | (35)
000 1
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where R, T, and 0T are respectively a 3 X 3 rotation matrix, a 3 X 1 translation vector, and a 1 X 3 zero
vector. The homography matrix Hjc1-,jc2 in Equation (12) is calculated as

-1
Hicioier = | Kog Koz Ko | [ Ky Kip Kig |, (36)

where Ky ; and K3 are the j-th column of K and Kj, respectively. For any given camera motion R and T,
Hjc15 102 can be constructed for the camera model mentioned in Table 1. Consequently, using up,.(x;,
Vi), Unole(Xi, yi), and Hic11cp for any given in-plane stresses and camera motions, the displacement
field, upote+motion(Xi, Yi) and Upolemotion(Xi, Yi), can constructed based on Equations (14)—(16).

4.2. Stress Estimation Using the Proposed Method

To evaluate the performance of the proposed method, the displacement fields are constructed for
various stress conditions and camera motions, as listed in Table 2. Herein, ry, 1, and r; are, respectively,
the rotation about the x, y, and z axes, which comprise the rotation matrix R. In addition, ty, t,, and
t, are, respectively, the translations along the x, y, and z axes, which comprise the translation vector
T. A total of 100 test cases are considered. From Test 1 to Test 60, the camera motions with rotation
and translation for a specific stress combination (i.e., ox = 20 MPa, 0, = =5 MPa, and 7y, = 2 MPa) are
considered. From Test 61 to Test 100, the 6DOF camera motions are controlled such that the applied
single-DOF motions are increasingly applied from —10 to 10 mrad for the rotations and from -5 to
5 mm for the translations. For Tests 61-100, random combinations of stresses and camera motions
are considered, in which unif(«, ) is the randomly selected variable from the uniform distribution
bounded by («, 3).

Table 2. Numerical simulation scenario.

Stress (MPa) Camera Motions

Test Rotation (mrad) Translation (mm)
Ox Oy Txy I'x ry 12 tx ty t,

1-10 [-10, 10] 0 0 0 0 0
11-20 0 [-10, 10] 0 0 0 0
21-30 0 0 [-10, 10] 0 0 0
3140 20 - 2 0 0 0 [-5, 5] 0 0
41-50 0 0 0 0 [-5, 5] 0
51-60 0 0 0 0 0 [-5, 5]
61-100 unif(-50, 50) * unif(-10, 10) * unif(-5, 5) *

* unif («, B) denotes a number randomly selected by the uniform distribution bounded by («, 3).

To estimate the residual stresses, u; and v; are extracted from the numerically simulated
displacement field pgjesmotion anNd Upolermotion- As can be seen in Figure 7a,b, the displacement
tields are primarily dominated by the camera motion-induced patterns, which veil those generated by
the stress relaxation shown in Figure 7c,d. Note that the stresses can be computed using uy,y;, and vy,
as discussed in Section 2.1, whereas the displacement fields cannot be directly obtained owing to the
camera motion, as discussed in Section 2.2. The homography-independent term is extracted, as shown
in Figure 7e f, using the direct linear transform, as discussed in Section 3.1. The extracted uy and vy
will be employed in stress estimation.
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Figure 7. Example of the numerically generated displacement fields for (ox, oy, Txy) = (20, =5, 2) MPa,
(7x, Ty, rz) = (3, =5, 5) mrad, and (ty, ty, tz) = (3, =2, =5) mm: (@) Upole+motion; (P) Vnole+motion; (€) Unole;
(&) Dhote; () 15 (5) 0y

The stresses are estimated for the scenarios listed in Table 2, using the extracted homography-
independent displacement fields u; and v, . Based on Equation (27), the stresses can be directly
obtained by using the u; and v}, calculated for every (x;, y;). As exhibited in Figure 8, the stresses
estimated by the proposed method agree well with the applied stress. The maximum estimation error
is 0.3072 MPa, which is 0.63% of the true stress. Therefore, the proposed method can successfully
estimate the residual stresses, even with the camera relocation during the hole-drilling process.
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Figure 8. Numerical simulation results for the stress estimation: (a) Estimated stresses;

(b) estimation error.

5. Laboratory-Scale Validation

The proposed method is validated through practical implementations of the stress estimation
in a laboratory environment. Three specimens made of cork and ethylene-vinyl acetate (EVA) are
prepared, the material properties and dimensions of which are summarized in Table 3. The specimen
is compressed using a universal testing machine (UTM), as shown in Figure 9a. Herein, to obtain
a two-dimensional stress condition, the horizontal expansion is constrained using polycarbonate plates
connected by steel rods. After applying 100 KPa of vertical compression, the image-capturing and
hole-drilling processes are performed as depicted in Figure 9b, using the camera system illustrated in
Figure 9¢c. Note that the camera is completely detached and reattached before and after the hole-drilling
process, which causes a subtle camera movement. The experiments are repeated with three specimens,
and thereby, the images before and after hole drilling are prepared for the post processing.

The displacement fields are calculated by using the images before and after the hole-drilling
process. Although the images before and after the hole drilling look very similar, as can be seen
in Figure 10a,b, the camera motion is certainly present. Ncorr [36], an open-source DIC software,
is used for the computation of the displacement fields. A circular subset with a radius of 10 pixels
is empirically selected. The resulting displacement fields are shown in Figure 10c,d, in which the
camera motion-induced error is dominant. These DIC results are employed in the proposed stress
estimation method.

Table 3. Specimen and experimental information.

Property Value
Young’s modulus 2.46 MPa
Poisson’s ratio 0.1
Dimension (height X width X depth) 230 x 150 X 75 mm
Hole diameter 14 mm
Pixel resolution 7952 x 5304

Pixel density 108.26 pixel/mm
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Image-taking Hole-drilling Image-taking
(before damage) (after damage)

(b)

Camera (Sony a7R 1II)
Lens (SEL50M28)

Distance-adjustable rod

(©)

Figure 9. Laboratory-scale experiment: (a) Experimental setup; (b) experimental procedure;

(c) camera system.

The residual stresses are computed by using the displacement fields. The homography-
independent terms are extracted as shown in Figure 11, and are then used to calculate the residual
stresses. The estimated stresses are compared with the stress applied by the UTM. As shown in Table 4,
the maximum error is calculated to be 7.1%. Even though the error in the numerical simulation was
within 0.7%, the laboratory tests result in 1.3% to 7.1% of error due to experimental conditions such
as quality of the hole drilling. Nevertheless, 7.1% of error can be considered to be reasonable as
previous studies have reported + 10% of error [13]. Thus, the proposed method reliably measures the
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residual stresses by successfully compensating the error induced by the camera motion through linear
regression using a large amount of displacement field data as discussed previously.

(a (b)
"5 1000 105
—~ X = 5
3 R s
a - ‘2 2000 =
%’ =40 g %‘ 50 é
S 2
2 60 E g 3000 g
2 ¥ . e a.
: 0 & 24000 0 .z
-100 ® 5000 s -
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
x location (pixel) x location (pixel)
(0) (d)

Figure 10. Results of the digital image correlation for Test 3: (a) Image of the intact surface; (b) image
of the drilled surface. An earplug in orange color is placed inside the hole to aid auto focusing; (c)

Upolesmotions () Unolexmotion-

10 — 40
1000 |1 c) 1000 )
3 5 & 3 20 %
‘& 2000 = ‘& 2000 <
E 0o & £ 0o E
2 3000 g £ 3000 - g
51 & 5 ; .
) [o¥ ) o9
= 4000 5 2 = 4000 20 2
= e 5 = £

50001 - o 5000 2

1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
x location (pixel) x location (pixel)
(@) (b)

Figure 11. Results of the homography-independent terms for Test 3: (a) uz; (b) vy

Table 4. Experimental results.

True stress (KPa)  Estimated Stresses (KPa)  Error (KPa)

Test
Oy true Oy oy Tay Oy—Oytrue
1 —100.0 -29.3 -101.3 +1.2 -1.3
2 —-100.0 -21.6 -103.1 -3.7 -3.1
3 —100.0 -39.2 -107.1 -3.0 -7.1

As the hole drilling is a source of measurement error, the goodness of fit is checked after the
stress estimation. The hole drilling generally produces a hole with an elliptical shape rather than
a perfect circular hole. If the specimen is under compression, the material inside the hole pushes
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the rotating drill bit during the hole-drilling process because of displacement toward the center of
the hole. On the other hand, the tensile zone tends to deviate from the hole center resulting in small
damage along the tensile region. As a result, the shape of the hole tends to be an ellipse, which
can cause stress estimation error. To investigate the effect of the hole drilling on the measurement
accuracy, the goodness of fit is considered. The homography-independent displacement fields are
reconstructed using the estimated stresses and Equation (26) as shown in Figure 12. The measured
(shown in Figure 11) and the reconstructed displacement fields (shown in Figure 12) exhibit the similar
patterns, while the displacement amplitudes are slightly different. To quantitatively evaluate the

difference, the root mean square error (RMSE) between the two displacement fields defined in Equation
(37) is calculated.

I 2 2
RMSE = EZ \/(”measursd(xir yz) - ureconstructed(xi/ yz)) + (vmeasured (xi/ ]/l) - Ureconstructed(xi/ yl)) (37)
i=1

where subscripts measured and reconstructed denote measurement and reconstructed displacement
fields, respectively. The RMSE can identify mean errors for each pixel. The RMSE values for Tests 1-3
are 1.89 x 1074, 3.41 x 107#, and 3.98 x 107 pixel, respectively. These values are less than 0.02 pixel of
the common DIC error criteria. Thus, the DIC is properly applied with reasonable error levels.

10 40
1000 5] __1000| | 3
E SE 3 A M
‘& 2000 = ‘& 2000 | =
] i 0 o = 0 )
£ 3000 . L g £ 3000 : ; | g
] K g :
24000 LY s B 2 4000 v 1 BB
= =

5000 0 5000 | | "

1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
x location (pixel) x location (pixel)
(a) (b)

Figure 12. Homography-independent displacement fields reconstructed using the estimated stresses
for Test 3: (a) Reconstructed uz; (b) reconstructed ;-

6. Conclusions

This paper proposed an SRM/DIC-based stress estimation method that allows camera relocation
for high-resolution image acquisition. Conventionally, DIC uses two images, one before and one after
deformation, taken by a fixed camera. As SRM requires hole drilling, the camera needs to be placed
away from the specimen to allow space for the drill. To maximize the pixel resolution of the camera,
this study developed a stress estimation method in which the camera can be installed directly in front
of the specimen. Thus, in the proposed method, the camera is removed while drilling a hole and
replaced for taking the after-deformation image. The mathematical formulation for compensation of
the camera relocation-induced error was provided in detail. A numerical simulation was conducted for
a total of 100 test cases with various camera movements and stress levels, resulting in a maximum error
of 0.63%. This study also conducted a laboratory experiment using an EVA specimen. A UTM was
used to provide the compressive force that induced 100 KPa of stress in the specimen. The stress levels
were estimated with a maximum error of 7.1%. Therefore, the numerical simulation and experiment

have shown that the proposed method can accurately measure the stress level, even when the camera
is relocated.
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Nomenclature

Ox In-plane residual stress (normal stress along x direction).

oy In-plane residual stress (normal stress along y direction).

Ty In-plane residual stress (shear stress).

X x coordinate of i-th material point.

Yi y coordinate of i-th material point.

Upote(Xi, Vi) x directional displacement at {x;, y;} induced by hole-drilling.

Upole(Xi, Vi) y directional displacement at {x;, y;} induced by hole-drilling.

Upotion(Xi, Vi) x directional displacement at {x;, y;} induced by camera motion.

Umotion(Xi, Yi) y directional displacement at {x;, y;} induced by camera motion.

Upole+motion(Xi, Yi)  x directional displacement at {x;, y;} induced by hole-drilling and camera motion.

Uhole+motion(Xi» ¥i) Yy directional displacement at {x;, y;} induced by hole-drilling and camera motion.

up(x, v;) Homography-dependent x directional displacement among o1+ motion (Xis Yi)-

op(xi, Yi) Homography-dependent y directional displacement among vpje+motion (Xi, ¥i)-

up(xi, Yi) Homography-independent x directional displacement among uy,,je-+motion (Xi, Yi)-

vﬁ(xl-, Yi) Homography-independent y directional displacement among vyore+motion (Xi, ¥i)-

P, Stress coefficient for linear relationship between oy and uy,g, (x5, y;).

Qu Stress coefficient for linear relationship between oy, and uy,(x;, y;)-

Ry Stress coefficient for linear relationship between 7y, and uge(x;, ¥;)-

P, Stress coefficient for linear relationship between oy and vy, (x;, ¥;)-

Qo Stress coefficient for linear relationship between o, and vpoe(x;, ¥;)-

Ry Stress coefficient for linear relationship between s, and vpgr(x;, ¥;)-

Pun Stress coefficient for linear relationship between o, and uy,(x;, ;).

Qun Stress coefficient for linear relationship between o, and uy,(x;, y;).

Run Stress coefficient for linear relationship between 7y, and uy,(x;, y;).

P Stress coefficient for linear relationship between oy and vy, (x;, y;).

Qun Stress coefficient for linear relationship between oy, and vy, (x;, y;).

Run Stress coefficient for linear relationship between 7y, and vy, (x;, y;)-

P, Stress coefficient for linear relationship between o, and uy,(x;, y;).

Qun Stress coefficient for linear relationship between oy, and uy,(x;, y;).

Run Stress coefficient for linear relationship between 7y, and uy(x;, y;).

Py Stress coefficient for linear relationship between oy and vy, (x;, y;).

Qun Stress coefficient for linear relationship between oy, and v (x;, y;).

Ron Stress coefficient for linear relationship between 7y, and vy, (x;, y;)-

Pa Stress coefficient for linear relationship between oy and up(xi, Yi)-

Quﬁ Stress coefficient for linear relationship between o), and up(xi, Yi)-

R ; Stress coefficient for linear relationship between 1, and uﬁ(xi, Yi)-

P Stress coefficient for linear relationship between oy and 03 (i, Yi)-

Qvﬁ Stress coefficient for linear relationship between o), and 03 (xi, Yi)-

R Stress coefficient for linear relationship between 1, and 03(xi, Yi)-

IC1 Image coordinate system before the hole-drilling and camera motion.

IC2 Image coordinate system after the hole-drilling and camera motion.

s Scaling factor that holds the third component (w) of the homogeneous representation {x,
v, w)T in 1.

Hicisie Homography transform from IC1 to IC2 associated with 6DOF camera motion.

Hy, Principal homography transform.

H Hic1s1c0Hp-



Sensors 2019, 19, 5503 19 of 20

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Schajer, G.S. Advances in hole-drilling residual stress measurements. Exp. Mech. 2010, 50, 159-168. [CrossRef]
Montross, C.S.; Wei, T; Ye, L.; Clark, G.; Mai, Y.W. Laser shock processing and its effects on microstructure
and properties of metal alloys: A review. Int. ]. Fatigue 2002, 24, 1021-1036. [CrossRef]

Krauss, G. Martensite in steel: Strength and structure. Mater. Sci. Eng. A Struct. Mater. Prop.
Microstruct. Process. 1999, 273, 40-57. [CrossRef]

Nilson, A.H.; Winter, G.; Urquhart, L.C.; Charles Edward, O.R. Design of Concrete Structures; McGraw-Hill:
New York, NY, USA, 1991.

Mathar, ]. Determination of initial stresses by measuring the deformation around drilled holes. Trans. ASME
1934, 56, 249-254.

Rossini, N.S.; Dassisti, M.; Benyounis, K.Y.; Olabi, A.G. Methods of measuring residual stresses in components.
Mater. Des. 2012, 35, 572-588. [CrossRef]

Schajer, G.S. Application of finite element calculations to residual stress measurements. J. Eng. Mater. Technol.
1981, 103, 157-163. [CrossRef]

Kirsch, C. Die theorie der elastizitat und die bedurfnisse der festigkeitslehre. Z. VDI 1898, 42, 797-807.
Nelson, D.V.; Makino, A.; Fuchs, E.A. The holographic-hole drilling method for residual stress determination.
Opt. Lasers Eng. 1997, 27, 3-23. [CrossRef]

Rendler, N.J.; Vigness, I. Hole-drilling strain-gage method of measuring residual stresses. Exp. Mech. 1966, 6,
577-586. [CrossRef]

Beaney, E.M. Accurate measurement of residual stress on any steel using the centre hole method. Strain 1976,
12, 99-106. [CrossRef]

Keil, S. Experimental determination of residual stresses with the ring-core method and an on-line measuring
system. Exp. Tech. 1992, 16, 17-24. [CrossRef]

Scafidi, M.; Valentini, E.; Zuccarello, B. Error and uncertainty analysis of the residual stresses computed by
using the hole drilling method. Strain 2011, 47, 301-312. [CrossRef]

Owens, A. In-situ stress determination used in structural assessment of concrete structures. Strain 1993, 29,
115-124. [CrossRef]

Trautner, C.; McGinnis, M.].; Pessiki, S. Application of the incremental core-drilling method to determine
in-situ stresses in concrete. ACI Mater. J. 2011, 108, 290-299.

Ruan, X.; Zhang, Y. In-situ stress identification of bridge concrete components using core-drilling method.
Struct. Infrastruct. Eng. 2015, 11, 210-222. [CrossRef]

ASTM E837-13a. Standard Test Method for Determining Residual Stresses by the Hole-Drilling Strain-Gage Method;
ASTM International: West Conshohocken, PA, USA, 2013.

Lin, S.T.; Hsieh, C.T.; Hu, C.P. Two holographic blind-hole methods for measuring residual stresses. Exp. Mech.
1994, 34, 141-147. [CrossRef]

Min, Y,; Hong, M.; Xi, Z.; Jian, L. Determination of residual stress by use of phase shifting moire interferometry
and hole-drilling method. Opt. Lasers Eng. 2006, 44, 68-79. [CrossRef]

Nelson, D.V. Residual stress determination by hole drilling combined with optical methods. Exp. Mech. 2010,
50, 145-158. [CrossRef]

Steinzig, M.; Takahashi, T. Residual stress measurement using the hole drilling method and laser speckle
interferometry part IV: Measurement accuracy. Exp. Tech. 2003, 27, 59-63. [CrossRef]

Schmitt, D.R.; Diallo, M.S.; Weichman, F. Quantitative determination of stress by inversion of speckle
interferometer fringe patterns: Experimental laboratory tests. Geophys. ]. Int. 2006, 167, 1425-1438.
[CrossRef]

Albertazzi, G.; Viotti, M.R.; Kapp, W.A. A radial in-plane DSPI interferometer using diffractive optics for
residual stresses measurement. In Proceedings of the SPIE 7155, Ninth International Symposium on Laser
Metrology, Singapore, 30 June-2 July 2008; p. 21.

Caminero, M.A.; Lopez-Pedrosa, M.; Pinna, C.; Soutis, C. Damage assessment of composite structures using
digital image correlation. Appl. Compos. Mater. 2014, 21, 91-106. [CrossRef]

Caminero, M.A.; Lopez-Pedrosa, M.; Pinna, C.; Soutis, C. Damage monitoring and analysis of composite
laminates with an open hole and adhesively bonded repairs using digital image correlation. Compos. Part B
2013, 53, 76-91. [CrossRef]


http://dx.doi.org/10.1007/s11340-009-9228-7
http://dx.doi.org/10.1016/S0142-1123(02)00022-1
http://dx.doi.org/10.1016/S0921-5093(99)00288-9
http://dx.doi.org/10.1016/j.matdes.2011.08.022
http://dx.doi.org/10.1115/1.3224988
http://dx.doi.org/10.1016/S0143-8166(97)89899-5
http://dx.doi.org/10.1007/BF02326825
http://dx.doi.org/10.1111/j.1475-1305.1976.tb00194.x
http://dx.doi.org/10.1111/j.1747-1567.1992.tb00701.x
http://dx.doi.org/10.1111/j.1475-1305.2009.00688.x
http://dx.doi.org/10.1111/j.1475-1305.1993.tb00848.x
http://dx.doi.org/10.1080/15732479.2013.862729
http://dx.doi.org/10.1007/BF02325710
http://dx.doi.org/10.1016/j.optlaseng.2005.02.006
http://dx.doi.org/10.1007/s11340-009-9329-3
http://dx.doi.org/10.1111/j.1747-1567.2003.tb00141.x
http://dx.doi.org/10.1111/j.1365-246X.2006.03099.x
http://dx.doi.org/10.1007/s10443-013-9352-5
http://dx.doi.org/10.1016/j.compositesb.2013.04.050

Sensors 2019, 19, 5503 20 of 20

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Baldi, A. Residual stress measurement using hole drilling and integrated digital image correlation techniques.
Exp. Mech. 2014, 54, 379-391. [CrossRef]

McGinnis, M.].; Pessiki, S.; Turker, H. Application of three-dimensional digital image correlation to the
core-drilling method. Exp. Mech. 2005, 45, 359-367. [CrossRef]

Trautner, C.; McGinnis, M.].; Pessiki, S. Analytical and numerical development of the incremental core-drilling
method of non-destructive determination of in-situ stresses in concrete structures. J. Strain Anal. Eng. Des.
2010, 45, 647-658. [CrossRef]

Lee, J.; Kim, E.J.; Gwon, S.; Cho, S.; Sim, S.-H. Uniaxial static stress estimation for concrete structures using
digital image correlation. Sensors 2019, 19, 319. [CrossRef]

Pan, B.; Qian, K,; Xie, H.; Asundi, A. Two-dimensional digital image correlation for in-plane displacement
and strain measurement: A review. Meas. Sci. Technol. 2009, 20, 062001. [CrossRef]

Sutton, M.A; Orteu, J.J.; Schreier, H. Digital image correlation (DIC). In Image Correlation for Shape, Motion
and Deformation Measurements: Basic Concepts, Theory and Applications, 1st ed.; Springer Science & Business
Media: New York, NY, USA, 2009.

Beghini, M.; Bertini, L.; Raffaelli, P. Numerical analysis of plasticity effects in the hole-drilling residual stress
measurement. J. Test. Eval. 1994, 22, 522-529.

Hutchings, M.T.; Krawitz, A.D. (Eds.) Measurement of Residual and Applied Stress Using Neutron Diffraction;
Springer Science & Business Media: New York, NY, USA, 2012.

Penrose, R. A generalized inverse for matrices. Proc. Camb. Philos. Soc. 1955, 51, 406—413. [CrossRef]
Hartley, R.; Zisserman, A. Projective geometry and transformations of 2D. In Multiple View Geometry in
Computer Vision, 2nd ed.; Cambridge University Press: New York, NY, USA, 2003.

Blaber, J.; Adair, B.; Antoniou, A. Ncorr: Open-source 2D digital image correlation Matlab software. Exp. Mech.
2015, 55, 1105-1122. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11340-013-9814-6
http://dx.doi.org/10.1007/BF02428166
http://dx.doi.org/10.1177/030932471004500801
http://dx.doi.org/10.3390/s19020319
http://dx.doi.org/10.1088/0957-0233/20/6/062001
http://dx.doi.org/10.1017/S0305004100030401
http://dx.doi.org/10.1007/s11340-015-0009-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Residual Stress Estimation 
	Residual Stress Estimation 
	Residual Stress Estimation with Camera Motion-Induced Error 

	Camera Motion-Independent Residual Stress Estimation 
	Extraction of Homography-Independent Component 
	Residual Stress Estimation Using the Homography-Independent Terms 
	Summary of the Proposed Method 

	Numerical Validation 
	Numerical Generation of the Displacement Field 
	Stress Estimation Using the Proposed Method 

	Laboratory-Scale Validation 
	Conclusions 
	References

