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Abstract

Existing structural stress is an important parameter for evaluating the current state of
a structure. In order to improve the accuracy of in situ stress measurement in the field,
this paper proposes an in situ stress measurement method for existing structures, which
combines Digital Image Correlation (DIC) technology with the drilling stress relief method.
The method utilizes DIC technology to monitor the local displacement or strain caused
by stress release from the drilled hole in real time, and further inverts the in situ stress
state of the structure based on this data. First, the principle and specific implementation
process of the method are introduced. Then, finite element simulations are used to analyze
the influence of factors such as size effects, drill hole diameter, drill hole depth, and initial
stress magnitude on the measurement results. Finally, experimental validation of the
method’s effectiveness is conducted. The results show that the in situ stress measurement
method based on the combination of DIC and stress relief has good application effects
and prospects in the stress analysis of existing structures. The accuracy and effectiveness
of the method are influenced by factors such as specimen size, drill hole diameter, drill
hole depth, and stress magnitude. In practical engineering, a comprehensive evaluation
should be made, considering the precision of DIC testing and the magnitude of in situ
stress, to select appropriate drilling parameters and measurement ranges. During the
subsequent stress inversion process, a size calibration factors is applied to adjust the
theoretical results, significantly improving the method’s applicability under finite size
conditions, and achieving good results. This research provides important references for the
stress testing and evaluation of existing structures with finite sizes.

Keywords: stress measurement; digital image correlation (DIC); drilling stress relief
method; size calibration factors; stress inversion

1. Introduction
Structural stress is a crucial parameter that reflects the current state of a structure

and serves as an important indicator for assessing the safety performance of the structural
system [1]. Currently, research in this field primarily focuses on two application scenarios:
in situ stress testing and current state evaluation of existing structures, and stress state
detection and safety evaluation during the construction process.
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In situ structural stress state testing aims to evaluate the actual stress distribution
experienced by a structure during its operational period, thereby providing scientific evi-
dence for the assessment and maintenance of the structure’s current condition. Among the
methods used for in situ structural stress state detection, the drilling stress relief method is
one of the most commonly applied techniques. This method was first proposed by the Ger-
man scholar J. Math in 1934 [2]. The fundamental principle involves performing a pressure
release operation within the structure or component, which causes a redistribution of stress,
thereby generating measurable displacement or strain changes around the disturbed region.
Based on these changes and using stress formulas, the stress distribution of the component
can be calculated. Stress state detection during the construction process primarily aims to
monitor the stress distribution throughout the construction phase, to promptly identify
potential hazards and ensure the safety and stability of the construction. Common methods
for stress state testing during construction include the use of embedded sensors [3,4], such
as pressure boxes, rebar strain gauges, and others.

The drilling stress relief method was originally applied to the detection and evaluation
of structural residual stress, aiming to prevent the accumulation of residual stress with
external stress, thereby increasing the risk of structural failure. The calculation principles
and formulas can be referenced from the ASTM E837-20 [5] standard and the TN-503
published by Vishay Precision Group [6]. As engineering needs have evolved, many
scholars have combined the drilling stress relief method with other detection techniques,
proposing new technological approaches widely applied in stress measurement of existing
structures such as engineering structures and rocks. Leeman E R [7] introduced the working
principle of the CSIR “Doorstopper” strain gauge, which measures strain caused by drilling
and calculates stress in complex rock environments using corresponding formulas. J.W.
Puller et al. [8] used the drilling method and ANZI strain units to monitor in situ stress
in the overburden layer of coal mines and stress changes during hydraulic fracturing.
Furthermore, they monitored changes in the pre-support load and rock layer stress during
mining, providing data support for the design and safety assessment of mine support
systems. Qin et al. [9] proposed a method for calculating the stress tensor in a three-
layer medium using numerical simulations and established a surrogate model combining
artificial neural networks (ANN). Based on this model, they developed corresponding
software and validated the accuracy and effectiveness of the surrogate model in laboratory
model experiments and field measurements in coal mines using the drilling method and
hollow body strain gauges. Deng [10] used the drilling method to detect the residual
prestress of a high-pile dock prestressed track beam, calculating the stress before drilling at
the center of the beam’s bottom, and then estimating the residual prestress of the in-service
No. 67 prestressed track beam. Luo [11] conducted experimental tests on a prestressed
concrete small box beam and calculated the existing stress of the beam using the drilling
stress relief method. Pan [12] and others proposed a new method—the reinforcement
drilling method—to estimate the actual stress and internal force of stressed components in
existing concrete structures.

The existing stress measurement techniques are primarily based on the indirect measure-
ment of related parameters such as strain and deformation, with stress calculated from these
measurements. Therefore, accurate measurement of strain or deformation is crucial. With
the development of Digital Image Correlation (DIC) technology, the use of DIC to replace
traditional strain gauge methods for strain measurement has become increasingly widespread
in recent years. This method was first independently proposed by I. Yamaguchi [13,14], W.H.
Peters, and W.F. Ranson [15] in the early 1980s. Scholars have conducted extensive and in-
depth research on the application of Digital Image Correlation (DIC) technology in structural
stress measurement. Harrington et al. [16] combined the drilling method with DIC technology

https://doi.org/10.3390/buildings16030543

https://doi.org/10.3390/buildings16030543


Buildings 2026, 16, 543 3 of 19

to measure residual stress and structural stress separately, then subtracted the two to calculate
the true structural stress. Hagara M, Trebuňa F, and Pástor M [17] used the drilling method
combined with DIC technology to measure residual stress and compared the DIC results with
traditional strain gauge methods and finite element simulations. The results from all three
methods were in good agreement, indicating that DIC technology can effectively be used for
residual stress detection. Y. Ma et al. [18] proposed a new method combining DIC technology
and the drilling method to measure axially symmetric stress in cylindrical pipelines. The study
showed that DIC technology could accurately measure the displacement field around the
drilled hole in cylindrical pipes, which was consistent with theoretical displacement fields and
numerical simulation results, as well as with stress calculations from strain gauges. Schajer
G S et al. [19] introduced a full-field, multi-axis computational technique by combining the
drilling method with DIC technology to determine residual stress, improving the precision
of the combined method. Gao J et al. [20] proposed a new method combining DIC and the
drilling method, where residual stress components were matched with deformation modes
and optimized algorithms were used to maximize the similarity of image deformation data,
directly matching different residual stress components to enhance measurement efficiency.
M.J. McGinnis [21,22] experimentally verified the feasibility of combining DIC technology
with the drilling stress relief method. Deng [23] used DIC technology combined with the
stress relief method to measure in situ stress in concrete. Yang [24] validated the accuracy and
reliability of the DIC-drilling stress relief method through steel beam experiments, proposing
that measurements should be taken within a radius of 2 to 2.5 times the hole radius to ensure
the validity of the results. Junhwa Lee [25] and Marie Allain [26] proposed combining the
stress relaxation method with DIC technology to measure stress in concrete structures.

Previous studies have achieved significant progress in stress measurement using the
hole-drilling stress relief method; however, several issues remain to be further investi-
gated. Conventional deformation measurement techniques exhibit inherent limitations
in acquiring deformation data after drilling. Specifically, the measurable area is highly
restricted, and deformation information is typically obtained only at discrete locations
where strain gauges are attached. As a result, it is difficult to capture the full-field strain
or displacement distribution around the borehole. The lack of full-field data significantly
limits the amount of usable information available for subsequent analysis, which may
lead to considerable uncertainty or bias in the evaluation of the structural stress state.
Moreover, most existing hole-drilling stress relief methods are developed based on the
assumption of an infinitely large model, whereas in practical engineering applications,
the tested structures usually have finite and varying dimensions. This discrepancy in-
evitably introduces errors associated with size effects, thereby reducing the accuracy of
stress inversion results. To address these limitations, this study proposes the application
of Digital Image Correlation (DIC) to stress measurement in existing structures, enabling
the acquisition of full-field displacement data and effectively overcoming the problem of
insufficient deformation information. In addition, based on finite element simulations,
a set of size calibration coefficient formulations applicable to finite-sized specimens in
engineering practice is established, thereby improving the accuracy of stress inversion for
structures with finite dimensions.

2. Fundamental Principles and Process of Stress Measurement
2.1. Principle of DIC Measurement Technology

Digital Image Correlation (DIC), as an advanced optical non-contact measurement
technique, offers advantages such as real-time measurement, non-contact, high precision,
and full-field monitoring [27]. The technique captures images of the specimen before and
after deformation using a camera, where the image taken before deformation is referred to
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as the “reference image,” and the image taken after deformation is called the “deformed
image.” By analyzing the changes in pixel intensity between corresponding positions in the
two images, it enables quantitative analysis of the specimen’s surface displacement and
strain field.

As shown in Figure 1, the digital image correlation (DIC) measurement system con-
sisted of a computing unit, an image acquisition device, an illumination system, and a
calibration target. In this study, the quantity of interest was the surface displacement
of the gypsum specimen, and the deformation was predominantly in-plane; therefore, a
2D-DIC system was employed. The hardware configuration was as follows: a Hikvision
MV-CS200-10GM/GC camera (Hikvision Digital Technology Co., Ltd., Hangzhou, China)
with an image resolution of approximately 20 megapixels and a maximum adjustable frame
rate of 5.9 fps; a WELLS M2835-21MP-11 lens (Hunan Chiopt Optotech Co., Ltd., Changsha,
China)with an f/2.8 aperture and a 35 mm focal length; a Wolfgang JZ613 tripod (Shenzhen
Wolfgang Technology Co., Ltd., Shenzhen, China) as the camera mount; and a Lenovo
Legion laptop (Lenovo Group Limited, Beijing, China)for data processing, which provided
sufficient computational performance for subsequent analysis.

Figure 1. DIC Measurement System Schematic Diagram.

The digital image correlation (DIC) analysis in this study was performed using the
commercial software GOM Correlate 2017 to process the acquired images. This software
supports both two-dimensional (2D) and three-dimensional (3D) deformation analyses
and is equipped with high-precision image correlation algorithms and advanced data
processing capabilities, enabling accurate determination of full-field displacement and
strain distributions. Additionally, it is capable of outputting the horizontal displacement
(u), vertical displacement (v), Strain in the x-direction (εxx), and strain in the y-direction(

εyy
)
, as well as the maximum and minimum principal strains (εmin, εmax).

2.2. Distribution of Secondary Stresses and Displacements near the Borehole

Under three-dimensional stress conditions, drilling a hole inside a specimen leads to
a redistribution of the local stress field, forming a secondary stress field. Assuming the
specimen is an infinitely large, homogeneous, isotropic linear elastic body with a cylindrical
hole perpendicular to the outer surface, a mechanical model as shown in Figure 2 is
established for drilling stress analysis. It is assumed that the strain in the direction of the
hole axis is constant, i.e., εz= 0. Based on the theory of elasticity, the distribution pattern of
the radial absolute displacement near the hole under three-dimensional stress conditions
can be derived [28,29].

uabsolute = r
E

(
σx+σy

2

[
(1 − µ) + (1 + µ) a2

r2

]
+ σx−σy

2 (1 + µ)
[
1 − a4

r4 + 4(1 − µ) a2

r2

]
cos2θ+

τxy(1 + µ)
[
1 − a4

r4 + 4(1 − µ) a2

r2

]
sin2θ − µσz)

(1)
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Figure 2. Secondary stress field of drilling.

Radial displacement is defined as the radial absolute displacement after drilling minus
the original radial displacement before drilling. The expression for the original radial
displacement u0 before drilling is as follows:

u0 =
r
E

(
σx+σy

2
[(1 − µ)] +

σx − σy
2

(1 + µ) cos2θ + τxy(1 + µ)sin2θ − µσz) (2)

Therefore, the radial displacement u is given by:

u = r
E

(
σx+σy

2

[
(1 + µ) a2

r2

]
+ σx−σy

2 (1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
cos2θ+

τxy(1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
sin2θ)

(3)

In the equation, r is the radial distance, in meters (m); E is the Young’s modulus, in
Pascals (Pa); µ is the Poisson’s ratio; a is the radius of the hole, in meters (m); and θ is the
angle between the radial distance and the 0◦ direction, ◦.

In the local deformation caused by drilling, displacement variations in the 0◦ and 90◦

directions primarily occur along the radial direction. Although there are some displacement
variations in the circumferential and axial directions, these changes are relatively small.
Therefore, this study focuses on radial displacement as the main subject of research.

2.3. Principle and Process of Stress Inversion

Based on the radial displacement formulation, the in situ stress is determined through
inversion using the Particle Swarm Optimization (PSO) algorithm [30]. In this algorithm,
σx and σy are treated as independent variables, and the corresponding u values of σx and σy

are treated as dependent variables. According to Equation (4), by minimizing J
(
σx, σy

)
, the

optimal solution is obtained, thereby achieving the precise inversion of the stress results.

J
(

σx, σy
)
= ∥uinverted − uMeasured∥ 2

2 (4)

In the equation, J
(
σx, σy

)
represents the sum of the squared differences between the

theoretical value and the measured value. The specific process is shown in Figure 3.
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Figure 3. Total process analysis diagram.

3. Numerical Simulations and Results
3.1. Computational Model and Parameters

In this study, numerical simulations were conducted using the Standard module in
ABAQUS (2021) to investigate the radial displacement variations induced by drilling. A
three-dimensional finite element model with geometric dimensions of 150 mm × 150 mm
× 150 mm was established using solid elements to examine the effects of drilling depth,
hole diameter, and initial stress magnitude on the radial displacement around the borehole.
Subsequently, models with sizes ranging from 150 mm to 4650 mm were developed to
explore the influence of size effects on radial displacement. The numerical model was
formulated based on the following assumptions: with respect to the constitutive behavior,
a linear elastic constitutive model was adopted, and the material parameters included
density, elastic modulus, and Poisson’s ratio, with specific values listed in Table 1; regarding
boundary conditions, rotational degrees of freedom were constrained on the upper surface
as well as the front, back, left, and right surfaces, while the bottom surface was fully fixed,
and an initial stress was applied to the upper surface to ensure that the model remained
in a pre-existing stress state; in terms of mesh discretization, the C3D8R element type
was employed, and the model was meshed using a combination of structured and swept
meshing techniques, with a global mesh size of 5 mm × 5 mm, while a locally refined mesh
was generated in the drilling region using the neutral axis algorithm within the swept
meshing approach; when simulating the drilling process in a pre-stressed structure, a static
general analysis procedure was adopted, as the present study primarily focuses on the
effect of drilling on the radial displacement at the structural surface, and the drilling process
was modeled using the element activation and deactivation technique, with dynamic effects
during drilling neglected. Figure 4 illustrates the schematic of the finite element model.

Table 1. Mechanical parameters of gypsum specimens.

Parameter Value Unit

Density 1.84 ρ/g·cm−3

Elastic Modulus 1363 E/MPa
Poisson’s Ratio 0.2 /

Uniaxial Compressive Strength 22.37 MPa
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Figure 4. Schematic diagram of the model after drilling.

When analyzing the drilling-induced changes in surface radial displacement, the 0◦

and 90◦ directions are selected as the observation directions because they can effectively
capture the displacement trends caused by drilling and provide highly comparable dis-
placement data. Specifically, the 0◦ direction refers to the direction along the x-axis, which
is perpendicular to the loading direction; the 90◦ direction refers to the direction along the
y-axis, which is parallel to the loading direction.

3.2. The Effect of Borehole Depth on Surface Radial Displacement

To analyze the effect of different drilling depths on surface displacement variation, a
simulation was conducted with an initial stress of 5 MPa and a hole diameter of 32 mm
as the initial conditions. The impact of different drilling depths on radial displacement
was investigated. The drilling depth ranged from 10 mm to 110 mm, and the variation in
displacement with depth is shown in Figure 5.

   

(a) Radial displacement in the 0° direction  (b) Radial displacement in the 90° direction 

Figure 5. Radial displacement at different drilling depths.

As shown in Figure 5a, with the increase in radial distance, the radial displacement
in the 0◦ direction initially shows a slight increase, then gradually decreases and tends to
stabilize. Figure 5b indicates that in the 90◦ direction, the radial displacement decreases
monotonically with the increase in radial distance. When the radial distance reaches
60 mm (1.87 times the hole diameter), the surface displacement variation becomes stable.
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Figure 6 illustrates the effect of drilling depth on displacement variation. As seen in the
figure, the radial displacement does not increase linearly or infinitely with the increase in
drilling depth. Initially, the radial displacement varies significantly with drilling depth, but
as the drilling depth increases, the displacement variation gradually stabilizes. In particular,
when the drilling depth reaches 100 mm (3 times the hole diameter), the displacement
variation stabilizes.

Figure 6. Radial displacement variation diagram at 20mm radial distance.

In summary, under an initial stress of 5 MPa and a borehole diameter of 32 mm, the
drilling-induced radial displacement increases progressively with increasing drilling depth,
indicating an increasingly pronounced deformation response associated with local stress
relief. When the drilling depth reaches 100 mm, corresponding to three times the borehole
diameter, the radial displacement tends to stabilize. Therefore, under these conditions, the
additional influence of further increasing the drilling depth on surface displacement can
be considered negligible. Meanwhile, the displacement effect induced by drilling on the
surrounding region diminishes with increasing radial distance; when the radial distance
reaches 60 mm, approximately 1.87 times the borehole diameter, its influence can likewise
be neglected within the scope of the present study.

3.3. The Effect of Borehole Diameter on Surface Radial Displacement

To investigate the effect of different hole diameters on surface displacement variation,
a simulation was conducted with an initial stress of 5 MPa and a drilling depth of 150 mm
as the initial conditions. The changes in surface radial displacement were studied for five
different hole diameters: 24 mm, 28 mm, 32 mm, 36 mm, and 40 mm.

As shown in Figure 7, with the increase in hole diameter, the radial displacement in
both the 0◦ and 90◦ directions increases significantly, indicating that the increase in hole
diameter strengthens the displacement response in the region around the hole. Figure 8
shows the variation trend of the peak radial displacement for different hole diameters. The
results indicate that as the hole diameter increases, the absolute value of the displacement
peak caused by the hole exhibits an approximately linear growth trend. By comparing the
peak values in the two directions, it can be observed that, under the same hole diameter
conditions, the absolute value of the displacement peak in the 90◦ direction is significantly
higher than that in the 0◦ direction (approximately three times greater). This phenomenon
suggests that, under unidirectional compression, the stress release caused by the hole has a
more significant effect on the surface displacement in the loading direction (90◦ direction).
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(a) Radial displacement in the 0° direction  (b) Radial displacement in the 90° direction 

Figure 7. Radial displacement under different borehole diameters.

 

Figure 8. Comparison of radial displacement peak under different borehole diameters.

3.4. The Effect of Initial Stress Magnitude on Surface Radial Displacement

To study the effect of initial stress magnitude on surface displacement variation, a
numerical simulation was conducted with a hole diameter of 32 mm and a drilling depth of
150 mm as the initial conditions. The initial stresses were set to 1.5 MPa, 2 MPa, 3 MPa, 4 MPa,
and 5 MPa, corresponding to five different conditions. The variation in radial displacement
near the drilling area under different initial stress conditions was investigated.

The data in Figure 9 show that with the increase in initial stress, the radial displacement
in both the 0◦ and 90◦ directions exhibits a monotonically increasing trend. Especially when
the initial stress is low, the displacement variation around the hole is relatively gradual. As
the stress increases, the amplitude of the displacement variation also increases, reflecting
the significant impact of initial stress changes on the displacement around the hole.

Based on the accuracy of the Digital Image Correlation (DIC) equipment used in this
experiment, which is 0.01 mm, it can be seen from the data in Figure 9a that when the initial
stress is 1.5 MPa, the radial displacement in the 0◦ direction approaches the measurement
limit of the DIC equipment. Therefore, 1.5 MPa can be considered as the critical stress value
for this DIC system. When the stress is below this value, the equipment cannot provide
sufficient measurement accuracy, leading to the inability to obtain valid displacement data.
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(a) Radial displacement in the 0° direction  (b) Radial displacement in the 90° direction 

Figure 9. Radial displacement under different initial stresses.

3.5. The Effect of Model Size on Surface Radial Displacement

To reduce the bias induced by size effects, a size calibration coefficient is introduced
to correct the theoretical predictions derived under the infinite-domain assumption (i.e.,
Equation (3)). Figure 10 presents the numerically simulated radial displacements along the
0◦ and 90◦ directions obtained for a borehole diameter of 32 mm and an in situ stress of
5 MPa, where all other parameters are kept unchanged and only the model geometry is
varied by progressively increasing the specimen size from 150 mm × 150 mm × 150 mm to
4650 mm × 4650 mm × 4650 mm. By comparing the numerical results with the theoretical
solutions based on the infinite-domain model, it is observed that when the model size
reaches 4650 mm, corresponding to approximately 145 times the borehole diameter, the
theoretical predictions and numerical simulations exhibit nearly perfect agreement.

(a) Radial displacement in the 0° direction  (b) Radial displacement in the 90° direction 

Figure 10. Radial displacement at different model sizes.

Based on the above simulation results, radial distance and model size were introduced
as governing parameters to allow the simulated results at different model sizes and radial
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positions to approach the corresponding theoretical solutions, thereby establishing a size
calibration coefficient. The explicit form of the size calibration coefficient is given as follows:

utheory = f (x, L)usim (5)

f 0◦(x,L) =
u0◦

theory

u0◦
sim

=
4.6 + 0.18x − 0.15L

0.15x − 0.15L
(6)

f 90◦(x,L) =
u90◦

theory

u90◦
sim

=
−0.5 − 0.1x + 0.1L
2.5 + 0.1x + 0.1L

(7)

In the equation: usim is the radial displacement obtained from numerical simulation;
utheory is the radial displacement obtained from theoretical calculation; L represents the
model size; x is the radial distance, representing the radial distance from the measurement
point to the center of the hole; and f (x,L) is the size calibration factors. It should be noted
that this size calibration coefficient is applicable only to the case with a 32 mm drilling
diameter; for other hole diameters, the corresponding coefficient can be derived following
the same procedure.

4. Specimen Preparation and Data Acquisition
4.1. Preparation of Specimens and Mechanical Properties

The gypsum specimens are made using high-strength gypsum powder as the raw
material, mixed in a mass ratio of water to gypsum powder of 1:3.28. After curing and
molding, the specimens are demolded and cured under normal temperature conditions.

Mechanical performance tests were conducted using a testing machine, as shown in
Figure 11a. The mechanical performance test results of the gypsum specimens are shown
in Figure 11b, and the measured physical and mechanical parameters, such as Young’s
modulus and uniaxial compressive strength, are listed in Table 1.

 

(a) Mechanical properties test  (b) Test specimen stress–strain curve 

Figure 11. Test of gypsum specimen parameters and test results.

4.2. Experimental Design

To simulate the practical conditions of in situ stress measurement in existing structures
using the borehole stress-relief method, a “load-first, drill-later” experimental protocol was
employed. The displacement field induced during drilling was measured using digital
image correlation (DIC), and the initial stress state was subsequently inverted based on
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the corresponding stress calculation formulations. It should be emphasized that the initial
stress obtained in this study represents the superposition of the externally applied load
and the residual stress generated during specimen fabrication. The detailed experimental
procedures are described below.

The first step is to polish the measurement surface of the gypsum specimen with
sandpaper to ensure a flat and smooth surface (Figure 12a). The second step is to create
a speckle pattern using black and white spray paint; the speckles should be distributed
as uniformly as possible to avoid overly dense or sparse regions (Figure 12b). The third
step involves the installation and calibration of the DIC measurement system. Since a
single-camera configuration is adopted in the experiment, the camera is aligned to be
parallel to the specimen surface during installation by adjusting the height of the camera
mount and using the built-in spirit level to center the bubble, thereby ensuring proper
alignment between the camera and the specimen surface. The fourth step is to apply the
load incrementally at a rate of 1 kN/s. The load is held for 30 s at 40 kN to ensure sufficient
preloading; thereafter, a 30 s dwell time is maintained at each subsequent 20 kN increment
until the load reaches 112.5 kN (5 MPa), after which the pressure is kept constant. The fifth
step is to capture an image of the un-drilled specimen as the reference image for subsequent
analysis (Figure 12c). The sixth step is to drill the specimen using a 32 mm diameter drill
with a through-hole configuration; after drilling, a post-relief speckle image is acquired
(Figure 12d).

 
 

(a) Surface of the gypsum specimen  (b) Speckle pattern diagram 

   

(c) Speckle pattern on the surface before drilling  (d) Speckle pattern on the surface after drilling 

Figure 12. Data collection and overall experiment process.
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5. Experimental Data Analysis
5.1. Selection of Displacement Measurement Points

Before image analysis, the captured images were renamed and imported into GOM
Correlate 2017 in a sequential order (i.e., “1”, “2”, “3”, . . .) in accordance with the software
requirements. First, the specimen scale was calibrated by selecting two corner points with a
known distance in the image and inputting the corresponding physical distance, allowing the
software to establish the spatial scale. After calibration, the scale parameters were automati-
cally updated for all images. Next, a region of interest (ROI)—i.e., the analysis surface—was
defined for the measurement area. For the analysis settings, the default subset and step sizes
in GOM Correlate 2017 were adopted, with a subset size of 19 × 19 pixels and a step size of
16 pixels.

Figure 13 shows the radial displacement results in the 0◦ and 90◦ directions obtained
through DIC software (GOM Correlate 2017) analysis after drilling the specimen. During
the drilling process, friction between the drill and the gypsum caused slight damage
around the hole, disrupting the integrity of the speckle pattern and preventing it from
being recognized, which in turn affected the software’s analysis results. To avoid such
interference, measurement points should be chosen at a certain distance from the hole
edge to avoid being too close to the hole wall. At the same time, considering that stress
concentration and deformation mainly occur in the region near the hole during drilling,
measurement points should not be set too far away. Based on finite element analysis
results and the measurement accuracy of the DIC equipment, the measurement area was
selected within a range of 1 to 2 times the hole diameter. This approach avoids interference
from surface damage around the hole while ensuring that the collected data accurately
reflects the variation in radial displacement during the drilling stress relief process. The
measurement points are arranged starting from a radial distance of 36 mm, with intervals of
5 mm, up to a distance of 56 mm, with five measurement points set in each direction. This
arrangement allows the capture of displacement changes at different locations and provides
more precise displacement data for subsequent analysis of the surface displacement of the
gypsum specimen under constant pressure.

 

(a) 0° direction analysis results  (b) 90° direction analysis results 

Figure 13. DIC analysis results after drilling.

5.2. Validation of the Numerical Model

Figure 14 compares the three sets of experimental measurements with the numerical
simulation results in the 0◦ and 90◦ directions. To more comprehensively evaluate the
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agreement between the numerical model and the experimental results, the root mean square
error (RMSE) is adopted as the error metric, and its definition is given in Equation (8).
Table 2 reports, for both the 0◦ and 90◦ directions, the maximum absolute differences and
the corresponding RMSE values between the measured displacements and the simulated
results for the three test sets. In the 0◦ direction, the maximum absolute difference is
0.007 mm, and the maximum RMSE is 0.004 mm; in the 90◦ direction, the maximum
absolute difference is 0.007 mm, and the maximum RMSE is 0.005 mm. These comparisons
indicate that the discrepancy between the numerical predictions and the measurements is
minimal, demonstrating the high accuracy and validity of the proposed numerical model.

RMSE =

√
1
n

n

∑
i=1

(umeasured − usimulated)
2 (8)

   

(a) Comparison results in the 0° direction  (b) Comparison results in the 90° direction 

Figure 14. Comparison between measured values and simulated values.

Table 2. Comparison and Analysis of Measured Data and Numerical Simulation Results.

Analysis Direction Test Set Deviation RMSE

0◦
Set 1 0.004 0.002
Set 2 0.006 0.003
Set 3 0.007 0.004

90◦
Set 1 0.007 0.004
Set 2 0.003 0.003
Set 3 0.007 0.005

5.3. Comparative Analysis of Measured Values, Theoretical Values, and Corrected Theoretical Values

In this experiment, specimens with dimensions of 150 mm × 150 mm × 150 mm were
employed. By incorporating the above-mentioned size calibration coefficient, the existing
theoretical formulation was modified, and the resulting corrected theoretical expression is
given as follows:

u0◦
Corrected theoretical value = (0.15x−22.5)r

(0.18x−17.9)E

(
σx+σy

2

[
(1 + µ) a2

r2

]
+ σx−σy

2 (1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
cos2θ+

τxy(1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
sin2θ)

(9)

u90◦
Corrected theoretical value = (17.5+0.1x)r

(14.5−0.1x)E

(
σx+σy

2

[
(1 + µ) a2

r2

]
+ σx−σy

2 (1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
cos2θ+

τxy(1 + µ)
[
− a4

r4 + 4(1 − µ) a2

r2

]
sin2θ)

(10)
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Figure 15 compares the theoretical values, the corrected theoretical values, and the
experimental measurements along the 0◦ and 90◦ directions. To evaluate the effectiveness
of the size calibration coefficient, the mean absolute error (MAE) is adopted as the error
metric, and its calculation is given in Equation (11). Tables 3 and 4 summarize, for the
0◦ and 90◦ directions, respectively, the maximum absolute differences between the exper-
imental measurements and the theoretical values, as well as between the experimental
measurements and the corrected theoretical values; the corresponding MAE values for the
three test sets are also reported.

MEA =
1
n

n

∑
i=1

|umeasured − uTheoretical/Corrected theoretical | (11)

   

(a) Comparison results in the 0° direction  (b) Comparison results in the 90° direction 

Figure 15. Comparison of theoretical value, revised theoretical value and measured value.

Table 3. Maximum Deviation Table.

Analysis Direction Test Set Theoretical vs.
Measured

Corrected Theoretical
vs. Measured

0◦
Set 1 0.019 0.004
Set2 0.019 0.007
Set 3 0.022 0.006

90◦
Set 1 0.065 0.008
Set2 0.069 0.004
Set 3 0.07 0.009

Table 4. Mean Absolute Error Table.

Analysis Direction Test Set Theoretical vs.
Measured

Corrected Theoretical
vs. Measured

0◦
Set 1 0.016 0.002
Set2 0.014 0.003
Set 3 0.018 0.002

90◦
Set 1 0.061 0.003
Set 2 0.063 0.002
Set 3 0.067 0.005

As summarized in Table 3, without considering the size calibration coefficient, the
maximum absolute difference between the experimental measurements and the theoretical
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values is 0.022 mm in the 0◦ direction and 0.070 mm in the 90◦ direction (across the
three test sets). After introducing the size calibration coefficient, the maximum absolute
difference decreases to 0.007 mm in the 0◦ direction and 0.009 mm in the 90◦ direction.
Table 4 further shows that, before applying the size calibration coefficient, the MAE is
0.018 mm in the 0◦ direction and 0.067 mm in the 90◦ direction; after calibration, the
MAE is reduced to 0.003 mm and 0.005 mm, respectively. These results indicate that the
size calibration coefficient substantially reduces the discrepancy between the theoretical
predictions and the experimental measurements, confirming that it improves the accuracy
of radial-displacement predictions for finite-sized models.

5.4. Stress Inversion Based on DIC Results

To investigate the feasibility of combining the DIC technique with the stress relief
method for in situ stress measurement in existing structures, the DIC-measured results
from three test groups were substituted into the modified theoretical Equations (9) and (10).
In conjunction with the particle swarm optimization algorithm, the initial stress applied
to the specimens was inversely identified, and the corresponding calculated results are
summarized in Table 5.

Table 5. In-plane stress comparison table.

Stress Parameter Actual Stress
(MPa)

Inversion Result
(MPa)

Specimen 1 σy −5 −4.97
σx 0 0.02

Specimen 2 σy −5 −5.16
σx 0 −0.24

Specimen 3 σy −5 −5.24
σx 0 0.02

As shown in Table 5, the applied initial stress is −5 MPa. The initial stresses inverted
for the three specimens are −4.97 MPa, −5.16 MPa, and −5.24 MPa, respectively. The
maximum absolute error is 0.24 MPa, corresponding to a maximum relative error of 4.8%,
which is below the 5% tolerance and thus meets typical engineering requirements. These
results validate that the proposed approach combining DIC with the drilling stress-relief
method can accurately evaluate the in situ stress in the structure.

5.5. Discussion on the DIC-Hole-Drilling Stress Relief Method

Based on the aforementioned study, it can be concluded that the DIC-hole-drilling
stress relief method is effective for measuring in situ stresses within structures. However,
several key issues must be considered in its practical application. First, drilling is an essen-
tial operation during the testing process; however, this procedure inevitably interferes with
the structural integrity, potentially leading to localized damage or reduced local stability.
Second, the measurement results and subsequent stress inversion process are significantly
constrained by the precision of the Digital Image Correlation (DIC) technique. When the
strain level falls below the effective resolution of the DIC system, reliable displacement or
strain fields cannot be obtained, thereby compromising the accuracy of the inferred stress
state. Therefore, in field measurements, it is recommended to select measurement points in
areas with relatively high in situ stress levels, as higher stresses generate more significant
strain signals, which can improve measurement accuracy. Additionally, a smaller hole di-
ameter and an appropriate drilling depth should be employed during drilling to minimize
the adverse effects of drilling on the structural performance.
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6. Conclusions
This paper explores a method for measuring in situ stress in existing structures by

combining Digital Image Correlation (DIC) technology with the drilling stress relief method.
The method uses DIC technology to capture full-field deformation data around the hole,
and based on this data, the in situ stress state of the structure is further inverted. Finite
element simulations were used to analyze the impact of factors such as Model size, hole
diameter, drilling depth, and initial stress magnitude on the test results, providing a
theoretical basis for selecting hole parameters and testing ranges in the experiment. Based
on the above research results, the following main conclusions are drawn:

(1) The combination of DIC technology and the stress relief method shows good appli-
cation performance in in situ stress testing of existing structures. At the same time,
DIC technology can collect full-field deformation data from the surface, solving the
problem where traditional deformation measurement methods can only obtain point
deformation data from local areas.

(2) By establishing a size calibration coefficient, the theoretical calculation results were
corrected, thereby improving the accuracy of stress inversion for structural compo-
nents of different sizes and enhancing the practical applicability of the theoretical
formulation in engineering applications.

(3) During the testing process, the drilling depth should be selected as three times the
hole diameter, and the measurement area should be chosen within a range of 1 to
2 times the hole diameter. Data within this range not only reflects the variation in
radial displacement during the drilling stress relief process but also avoids software
recognition failure caused by speckle pattern damage, thereby improving the accuracy
and reliability of the measurement data.
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