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ABSTRACT 
 

     Obtaining accurate strain measurements in reinforced concrete (RC) 
members is essential for developing new design methods and evaluating existing 
approaches. Since strain distributions in discontinuity regions are particularly complex, 
both established measurement methods, such as strain gauges, and more recent 
techniques, such as digital image correlation (DIC), face specific challenges. Moreover, 
different measurement methods may produce different results, with varying levels of 
accuracy and measurement uncertainty. In this study, conventional linear strain gauges, 
a linear variable differential transformer (LVDT), and DIC were used to measure the 
strains and displacements of a scaled-down deep beam subjected to a line load. The 
specimen dimensions were 40 × 50 × 8 cm in height, length, and width, respectively. The 
advantages and limitations of the applied measurement methods are analyzed and 
discussed. Their suitability for investigating D-regions is evaluated with particular 
consideration of crack development and compressive strains in the concrete. Among the 
investigated methods, the strain gauges provided the most stable and reliable strain 
measurements. The LVDT provided a smooth displacement curve, although the results 
may have been affected by changes in the effective measurement direction during 
specimen deformation. DIC provided valuable full-field information on in-plane 
deformation; however, the measured strain fields exhibited excessive scatter and noise, 
preventing a reliable evaluation of the strain distribution. 

   
1. INTRODUCTION 
 

1.1 Motivation and challenges of strain measurement in discontinuity regions 
Reinforced concrete structures can be divided into beam regions, in which the 

strain distribution may be approximated using Bernoulli’s hypothesis, and disturbed 
regions, in which geometric or static discontinuities cause nonlinear strain fields and non-
negligible shear deformations. Typical D-regions include deep beams, corbels, dapped 
ends, openings, support regions and zones of concentrated load introduction. Their 
structural response is governed by complex load-transfer mechanisms that cannot be 
described adequately by conventional sectional analysis (Fernandez et al. 2023). 
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Experimental data are therefore important for developing and validating 
mechanical models for D-regions. However, previous investigations have frequently 
been limited to load–displacement curves, discrete strain measurements and crack 
observations at selected load stages. Such measurements provide only limited 
information about the development of compression fields, tensile ties and crack-related 
deformations. Full-field optical techniques such as Digital Image Correlation can provide 
substantially more spatial information, but their quantitative accuracy depends on the 
measured deformation magnitude, optical setup and evaluation parameters (Fernandez 
et al. 2023; Mata-Falcón et al. 2020). 

The present investigation focuses on two measurement tasks with different 
characteristics. Small horizontal compressive strains are evaluated using strain gauges 
and DIC, whereas the larger elongation of the tensile tie is measured using an inductive 
displacement transducer and DIC. This allows the suitability of DIC to be assessed 
separately for local strain and relative displacement measurements. 
 

1.2 Aim and scope of this paper 
This study evaluates the suitability of DIC for measuring two characteristic 

deformation components in a reinforced concrete D-region. First, horizontal compressive 
strains along the vertical centerline are measured using surface-mounted strain gauges 
and compared with corresponding strains derived from DIC. Second, the horizontal 
elongation of the tensile tie at reinforcement level is measured using an inductive 
displacement transducer and compared with the change in distance obtained from DIC. 
Particular attention is given to measurement magnitude, spatial averaging, measurement 
noise and the distinction between local strain and relative displacement. The comparison 
further considers installation effort, data processing and the practical limitations of each 
method. 
 
2. MEASUREMENT REQUIREMENTS IN REINFORCED CONCRETE D-REGIONS 
 

Concrete is a heterogeneous composite material consisting of cement paste, 
aggregates and interfacial transition zones with different mechanical properties. Surface 
strains may therefore vary locally depending on the position and dimensions of the 
evaluated area. A measurement length that is too short may primarily represent the 
deformation of an individual aggregate particle or a local region of cement paste, whereas 
a longer measurement length provides a more representative average but may smooth 
actual strain gradients. The measurement base must consequently be selected with 
respect to aggregate size, expected strain gradients and the quantity being investigated 
(Keil 2017). 

A further distinction is required between local strain and relative displacement. 
Strain gauges measure an average strain over their finite measuring grid. An inductive 
displacement transducer measures the change in distance between two attachment 
points. Dividing this displacement by the initial distance produces an average structural 
strain, but not a local material strain. DIC initially provides a displacement field, from 
which either relative displacement or strain may be derived. Meaningful comparisons 
therefore require equivalent measurement positions, directions and gauge lengths (Eren 
2014; Mata-Falcón et al. 2020). 
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The strain gauges and displacement transducer in the present investigation were 
installed on the rear surface, whereas DIC was applied to the front surface. Exact 
agreement consequently requires approximately symmetric in-plane behaviour. 
Differences between the two surfaces caused by out-of-plane movement, rotation, local 
cracking or material heterogeneity must be considered when interpreting the results. 

Finally, D-regions exhibit nonlinear and multidirectional deformation fields. 
Although the present comparison focuses on horizontal strain and displacement, DIC 
additionally provides information about the surrounding deformation field and can 
therefore support the interpretation of local sensor measurements (Fernandez et al. 2023; 
Palipana and Proestos 2024). 

 
3. COMPARISON OF MEASUREMENT METHODS 
 

3.1 Strain gauges 
Electrical resistance strain gauges are an established technique for measuring 

local surface strains. Their measuring principle is based on the change in electrical 
resistance of a metallic measuring grid bonded to the test surface. Under suitable 
laboratory conditions, they provide high accuracy, low short-term scatter and continuous 
data acquisition, which makes them useful as reference sensors for evaluating more 
advanced measurement techniques (Keil 2017; Clauß et al. 2021). 

When strain gauges are bonded to concrete, the preparation of the measuring 
surface is particularly important. The weak cement laitance should be removed, and 
pores and surface irregularities should be sealed to ensure reliable strain transfer through 
the adhesive layer. Inadequate bonding, non-uniform adhesive thickness, moisture or 
local cracking near the gauge can cause systematic measurement deviations (Keil 2017; 
Clauß et al. 2021). 

The gauge length must be selected with respect to the heterogeneous 
composition of concrete. Very short gauges may record local deformation associated 
mainly with an aggregate particle or cement paste, whereas excessively long gauges 
average the strain and may smooth relevant gradients (Keil 2017). 

The primary limitation of strain gauges in D-regions is their discrete nature. 
Relevant strain concentrations or cracks may occur between the predetermined 
measuring positions, and a crack forming close to a sensor may make its result difficult 
to interpret. Nevertheless, when the expected measurement region is known and a 
sufficient number of gauges is installed, they provide reliable local strain measurements 
with substantially lower noise than the DIC strain evaluation observed in the present 
investigation (Clauß et al. 2021; Mata-Falcón et al. 2020). 

 
3.2 Digital Image Correlation 

Digital Image Correlation (DIC) is a non-contact optical technique for measuring 
displacements and strains on the visible surface of a specimen. Images recorded during 
loading are compared with an image of the undeformed state. The observed surface is 
divided into smaller regions, referred to as subsets or facets, whose grey-value patterns 
are tracked between successive images. Their movements provide a full-field 
displacement measurement with sub-pixel resolution. Surface strains are not measured 
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directly but are subsequently calculated from spatial changes within the displacement 
field over a defined virtual gauge length (Skarżyński et al. 2013; Mata-Falcón et al. 2020). 

A distinction is made between two-dimensional and three-dimensional DIC. In 
2D-DIC, a single camera records in-plane movements. This approach assumes that the 
specimen remains within one plane and that the camera is positioned perpendicular to 
the observed surface. Out-of-plane movements may otherwise be incorrectly interpreted 
as in-plane displacements. Three-dimensional DIC uses two synchronized cameras and 
stereoscopic calibration to additionally determine the surface geometry and out-of-plane 
movement. It is therefore preferable when rotations or out-of-plane deformations of the 
specimen cannot be excluded (Mata-Falcón et al. 2020; Palipana and Proestos 2024). 

The quality of the speckle pattern directly affects the correlation results. It should 
provide high contrast, random distribution and approximately uniform speckle 
dimensions across the region of interest. Speckles that are too small may not be 
represented adequately by the camera pixels, whereas excessively large speckles 
require larger subsets and reduce spatial resolution. Stable and homogeneous lighting 
is also essential because shadows, reflections and variations in brightness can impair 
the correlation. Experimental concrete studies therefore commonly use matt coatings 
and constant external illumination (Skarżyński et al. 2013; Palipana and Proestos 2024). 

The achievable resolution depends on the camera resolution and the selected 
field of view. A smaller field of view increases the number of pixels available for a 
particular part of the specimen and therefore improves the displacement resolution. 
However, it also limits the observable area. This creates a particular challenge for 
reinforced concrete D-regions: the entire disturbed region should ideally be monitored, 
while sufficiently high resolution is required to capture local strain concentrations and 
cracks (Skarżyński et al. 2013). 

The subset size, step size and virtual gauge length also have a significant 
influence on the evaluated results. Larger subsets generally improve correlation stability 
and reduce displacement noise, but they average the response over a larger surface 
area. Smaller subsets provide higher spatial resolution but are more sensitive to noise 
and may not contain a sufficiently unique speckle pattern. A similar compromise applies 
to the calculation of strains. Increasing the virtual gauge length or filter size reduces strain 
fluctuations, while simultaneously smoothing local strain peaks and crack-induced strain 
concentrations. The evaluation parameters must therefore be selected according to 
whether the focus is placed on small, relatively uniform strains or on highly localized 
cracking. Experimental investigations confirm that subset and filter sizes represent a 
compromise between measurement noise and spatial resolution (Skarżyński et al. 2013; 
Mata-Falcón et al. 2020). 

Calibration is another major source of uncertainty. It establishes the relationship 
between image coordinates and physical coordinates and accounts for lens distortion, 
focal length and the relative camera positions. Inaccurate calibration can generate 
systematic errors that may increase as the specimen moves. Measurement quality may 
also vary across the field of view, particularly near the image boundaries. Consequently, 
the uncertainty of the DIC system should be assessed for the specific experimental setup. 
Images recorded without applied load or deformation can be used to quantify the 
displacement and strain noise under the actual calibration, lighting and camera 
conditions. The uncertainty of DIC measurements is strongly dependent on the quality of 
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the calibration, the test conditions and the selected evaluation parameters (Mata-Falcón 
et al. 2020). 

The main advantage of DIC in reinforced concrete D-regions is the availability of 
full-field data rather than measurements at a limited number of predetermined locations. 
The displacement field can be used to determine horizontal and vertical displacements, 
shear deformations and principal strains. DIC can therefore visualize strain distributions, 
compression fields and load-transfer mechanisms. It is particularly effective for 
identifying crack paths and evaluating crack openings, crack slips and other crack-related 
kinematics. Since the method is contactless, no adhesive-related strain-transfer errors 
occur, and measurements can continue after cracks have formed (Palipana and Proestos 
2024). 

However, DIC is restricted to the visible specimen surface and does not directly 
provide strains in the reinforcement or inside the concrete. Furthermore, local strains are 
derived from the displacement field and are therefore more sensitive to image noise than 
the displacement measurements themselves. This is especially relevant for the 
measurement of small concrete strains, for which the scatter of DIC results may be of 
the same order as the measured signal. Comparative investigations have accordingly 
shown that strain gauges may provide more reliable results at low strain levels, whereas 
DIC is particularly suitable for larger deformations and cracking. Other experimental 
comparisons also reported satisfactory DIC displacement measurements but significant 
scatter when small strains were derived from the optical data (Clauß et al. 2021; Choi 
and Shah 1997). 

DIC is therefore particularly suitable for measuring displacement fields, strain 
localization and crack kinematics. However, because strains are calculated from spatial 
gradients of the displacement field, low strain levels are more sensitive to measurement 
noise than relative displacement measurements. The quantitative suitability of DIC must 
consequently be assessed for the specific field of view, camera configuration and post-
processing parameters used in each experiment (Clauß et al. 2021; Choi and Shah 1997). 

 
3.3 Linear Variable Differential Transformer 
Inductive displacement transducers are contact-based sensors that measure a 

linear change in position. A common configuration is the Linear Variable Differential 
Transformer, in which the position of a movable ferromagnetic core is determined through 
electromagnetic induction. The exact designation and operating principle of the sensor 
used in the present investigation should be stated according to the manufacturer’s 
specification (Eren 2014). 

A displacement transducer does not directly measure material strain. If it records 
the relative displacement ΔL between two points with an initial separation L0, an average 
strain may be calculated as: 

 

𝜀avg =
Δ𝐿

𝐿0
      (1) 

 
This value represents the integral deformation over the complete measuring 

length and may include distributed concrete deformation, crack opening and local slip. It 
must therefore not be interpreted as a local reinforcement or concrete strain (Eren 2014; 
Szewczyk and Kudyba 2022). 
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The measurement quality depends strongly on the installation. The measuring 
axis must remain aligned with the intended displacement direction, and the attachment 
points must not slip or rotate relative to the specimen. Changes in the sensor orientation 
during loading may cause deviations from a rotation-independent length measurement 
obtained from DIC (Eren 2014). 

The principal advantages are robustness, continuous acquisition and simple data 
processing. Its main limitation is that only one displacement component between 
predetermined points is measured. In the present investigation, the transducer therefore 
serves as a reference for the elongation of the tensile tie rather than for reconstructing 
the complete deformation field (Szewczyk and Kudyba 2022). 

 
4. EXPERIMENTAL CONCEPT AND APPLICATION OF SELECTED MEASUREMENT 

METHODS 

4.1 Specimen geometry, concrete properties and reinforcement 

Most D-regions are connected to B-regions as part of the same structural system and 
therefore require a different design approach. Examples include dapped ends, corbels 
and openings. The transition between a B-region and a D-region is not sharply defined 
because stresses and reinforcement are continuous. Deep beams are an exception 
because their entire geometry can be treated as a D-region. For this reason, the 
experiments were conducted on a simply supported deep beam (Fernandez et al. 2023). 
 

 

Fig. 1 Experiment setup 
 
The large dimensions of conventional deep beams make the experimental setup 

extremely labour-intensive and handling impractical. Furthermore, comprehensive 
analysis using strain gauges or DIC becomes difficult. Therefore, the test specimen had 
a height of 400 mm, a length of 500 mm and a thickness of 80 mm. It was supported on 
steel bearing plates measuring 100 × 80 × 30 mm. 
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Because the specimen represented a scaled-down structural model, adaptations 
to the concrete mixture and reinforcement were required. The maximum aggregate size 
was reduced to 8 mm. The reinforcement consisted of two 6 mm diameter bars anchored 
at the supports by horizontal loops. The distance between the bars and the bottom edge 
was 25 mm. 

The mean compressive strength was 37.5 N/mm² and the modulus of elasticity 
was 29,140 N/mm². These material properties were determined by testing four concrete 
cylinders with a height of 200 mm and a diameter of 100 mm, produced using the same 
concrete mixture as the test specimen. 
 
 

4.2 Loading setup 
To apply a distributed load at the top of the specimen, a steel plate and a load-

distribution system were placed on the specimen (Fig. 2). A compliant rubber layer was 
positioned between the steel plate and the concrete to reduce local restraint and allow 
relative deformation between the plate and the specimen. 

 

 

Fig. 2 Loading setup 
 

4.3 Measurement layout 
The three measurement systems—DIC, strain gauges and an LVDT—were 

installed independently of one another on opposite sides of the same specimen to avoid 
physical interference. DIC was applied to the front surface, while the linear strain gauges 
and the LVDT were installed on the rear surface. The comparison therefore assumes 
approximately symmetric in-plane behaviour of the two faces. Possible differences 
caused by out-of-plane deformation, rotation and local material heterogeneity are 
considered in the discussion. 
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DIC was used to observe deformations and strains over nearly the entire 
specimen surface. Because strain gauges provide highly localized measurements and 
are not well suited to capturing crack strains, the horizontal gauges were placed along 
the vertical centerline to monitor horizontal compressive strains and the transition to the 
tensile zone. To obtain limited information on the two-dimensional strain state, three 
vertical gauges were installed adjacent to every second horizontal gauge. The horizontal 
gauges were spaced at 40 mm, with the uppermost gauge located 20 mm below the top 
edge (Fig. 3). 

 

 

Fig. 3 Strain gauge setup 
 

The cement slurry at the concrete surface forms a relatively weak layer and may 
not represent the deformation of the underlying concrete matrix. It should therefore be 
removed by grinding before the strain gauges are bonded. Following the removal of the 
cement slurry through grinding, it is essential to undertake a thorough cleaning of the 
surface. It is crucial to ensure that any residual particles or impurities are thoroughly 
removed. The most effective approach for this procedure is to employ a cleaning method 
utilizing compressed air, followed by the application of isopropyl alcohol to the surface 
(Keil 2017). 

In order to prepare the bonding surfaces, it is necessary to fill the open pores on 
the surface with a primer and to smooth out irregularities through a sanding process. 
Epoxy resin-based primers are suitable for sealing the surface (Keil 2017). 

In the context of sanding, it is recommended that cloth with a grit of 240 be utilized 
during the initial sanding process, while cloth with a grit of 400 is deemed suitable for the 
final stage of sanding. Subsequent to this step, the surface must be cleaned again with 
isopropyl alcohol and lint-free wipes. These measures improve the transfer of strain from 
the concrete matrix through the primer and the adhesive layer to the strain gauge and 
reduce measurement errors associated with insufficient bonding (Keil 2017). 

The gauge length plays a critical role. A gauge that is too long may smooth local 
strain gradients, whereas a gauge that is too short may primarily capture deformation of 
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an individual aggregate particle or the cement paste rather than the average response of 
the concrete. The minimum gauge length was selected as three times the maximum 
aggregate size. With a maximum aggregate size of 8 mm, this resulted in a minimum 
length of 24 mm. Strain gauges with a measuring length of 30 mm were therefore used 
(Keil 2017). 

The LVDT was installed on the same side as the strain gauges and oriented 
horizontally at reinforcement level. It measured the displacement between the theoretical 
support points (Fig. 4). 

 

  

Fig. 4 LVDT setup 
 

A three-camera DIC system with a resolution of 12.4 megapixels was positioned 
approximately 500 mm from the specimen (Fig. 5). Because the entire specimen was 
monitored, the region of interest (ROI) covered nearly the full concrete surface. 

 

 

Fig. 5 DIC camera setup 
 

Although DIC does not require sensors to be mechanically bonded to the 
specimen, careful surface preparation is essential to ensure reliable measurements. 
Loose particles, impurities and the weak cement laitance must be removed so that the 
applied pattern follows the deformation of the underlying concrete matrix. In the present 
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investigation, the cement laitance was first ground off, after which the remaining dust and 
impurities were removed using compressed air. A primer suitable for porous and rough 
substrates was then applied. Following priming, the surface was coated with two layers 
of matt white silicate paint, with a drying interval of 24 hours between the two coats. 
Finally, a random black speckle pattern was applied over the white surface by repeatedly 
spraying standard black spray paint, as shown in Fig. 6. To generate speckles of varying 
sizes, the spray-can trigger was not fully depressed, producing a controlled dripping 
effect. The resulting random pattern creates locally unique grey-value distributions, 
allowing the individual subsets to be identified and tracked throughout the loading 
process (Skarżyński et al. 2013; Mata-Falcón et al. 2020). 

 

 

Fig. 6 Speckle pattern on test specimen 
 

4.4 Data acquisition and post-processing 
Load, strain-gauge and displacement-transducer signals were recorded 

synchronously using an ADM Spider data-acquisition system at a sampling frequency of 
5 Hz. Before loading, all channels were zeroed. The DIC images were recorded at 1 
frame per second and evaluated using Istra4D version 4.10. The correlation analysis 
used a facet size of 31 pixels and a grid spacing of 16 pixels. 

For comparison with the physical strain gauges, virtual gauges with the same 
orientation, position and nominal measuring length of 30 mm were defined on the DIC 
surface. The tensile-tie deformation was evaluated from the change in Euclidean 
distance between two virtual points separated initially by 400 mm. The measurement 
series were synchronized using a common trigger. Local regression smoothing over 23 
× 23 facets was applied. The unloaded image sequence was additionally evaluated to 
quantify DIC displacement and strain noise. 
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5. EVALUATION OF MEASURED STRAINS AND DISPLACEMENTS 

5.1 Measurement of compressive strain along the vertical centerline 
Because concrete compressive strains are generally small compared with tensile 

strains, the strain-gauge results are presented first as the more stable reference 
measurement. Figure 7 shows the horizontal strain distribution along the vertical 
centerline measured by the array of discrete strain gauges described in Section 4.3. The 
gauge arrangement captured both the compression zone and the upper boundary of the 
tensile zone (Clauß et al. 2021; Choi and Shah 1997). 

 

 

Fig. 7 Strain distribution at different load levels (left: 50 kN; right: 60–100 kN) 
 

Between 50 and approximately 70 kN, the concrete remained in the uncracked 
state (state I); the calculated cracking load based on the mean tensile strength was 
approximately 77 kN. As expected for a D-region, the measured horizontal strain 
distribution was nonlinear and the compressive strains were comparatively small. With 
increasing load, the overall distribution initially remained similar. Between 90 and 100 kN, 
however, the second gauge from the bottom changed from compression to tension, 
indicating an upward shift of the zero-strain boundary. This response is consistent with 
crack development and redistribution of the strain field. 

To compare the strain-gauge results with DIC, virtual gauges were defined with 
approximately the same position, orientation and area as the physical gauges. In Istra4D, 
polygon gauges were used to evaluate average strain over a surface area. Seven virtual 
polygon gauges were defined on the DIC surface at positions corresponding to the 
physical gauges (Fig. 8). 
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Fig. 8 Virtual polygon gauges 
 
Figure 9 presents a representative comparison between virtual gauge 1 and 

physical gauge 1 as a function of applied load. The physical strain gauge showed a 
smooth and progressively increasing compressive strain with increasing load. In contrast, 
the virtual DIC gauge exhibited large short-term fluctuations and repeated changes 
between tensile and compressive strain. The fluctuation amplitude was of the same order 
as, or greater than, the strain variation measured by the physical gauge. Consequently, 
no reliable quantitative relationship between load and DIC strain could be established for 
this measurement range. Comparable fluctuations were observed for the remaining 
virtual gauges. The result indicates that the DIC strain resolution of the present setup 
was insufficient for measuring horizontal compressive strains. 
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Fig. 9 Comparison of physical and virtual gauges 
 
5.2 Measurement of deformation at reinforcement level 
At reinforcement level, both the relative displacement between the theoretical 

support points and the strain distribution between them were of interest. The inductive 
displacement transducer measured the horizontal change in distance between two 
attachment points separated initially by 400 mm. For the DIC evaluation, two 
corresponding virtual points were defined and their Euclidean distance was evaluated 
throughout loading using a virtual line gauge (Fig. 10). 

 

 

Fig. 10 Virtual line gauges between support points 
 

The virtual line gauge was used to evaluate both the change in length and the 
strain distribution. Figure 11 compares the LVDT result with three DIC-derived quantities: 
the change in length, the displacement in the global x-direction and the total displacement 
after removal of rigid-body motion. 
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Fig. 11 Change between support points 
 

Despite a small initial offset, the displacement transducer and DIC showed good 
agreement in the load–deformation response up to approximately 100 kN. At higher 
loads, the curves increasingly diverged. A likely contributing factor is the progressive 
displacement and rotation of the specimen, which may have changed the effective 
measuring direction or alignment of the contact sensor. Differences between the front 
and rear surfaces may also have contributed because the two methods were applied on 
opposite faces. 

The DIC-derived length change exhibited greater short-term fluctuations than the 
displacement-transducer signal. Nevertheless, its overall development corresponded 
substantially better with the reference measurement than the local DIC strain 
measurements in Section 5.1. This indicates that, under the present experimental 
conditions, DIC was more reliable for measuring relative tensile-tie displacement than for 
deriving small local compressive strains. 

 The local strain distribution along the virtual line gauge at reinforcement level 
was additionally evaluated at several load stages (Fig. 12). The results exhibit 
pronounced short-distance fluctuations along the entire measurement length. Frequent 
changes between tensile and compressive strain occur even between neighboring 
evaluation points, while no persistent strain pattern or clearly identifiable strain 
concentration develops with increasing load. 
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Fig. 12 Strain distribution in x-direction between support points 
 
The fluctuations are of the same order of magnitude as, or greater than, the 

expected distributed tensile strains. Consequently, neither the underlying strain profile 
nor individual crack-induced strain peaks can be determined reliably from these data. 
This is attributed to the limited strain resolution of the selected DIC setup and to the 
amplification of displacement noise when local strains are calculated from spatial 
displacement gradients. The comparatively large field of view and the selected evaluation 
spacing may have further reduced the accuracy of the local strain determination (Mata-
Falcón et al. 2020; Choi and Shah 1997). 

Although the local strain distribution along the line gauge cannot be interpreted 
quantitatively, the overall change in distance between its endpoints remains suitable for 
comparison with the inductive displacement transducer. This distinction confirms that the 
DIC displacement measurement is considerably more robust than the locally derived 
strain field under the present experimental conditions. 
 



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

  

6. DISCUSSION 

6.1 Measurement uncertainty and limitations 
Out-of-plane deformation must be considered because the contact-based 

sensors and DIC were installed on opposite faces. After removal of rigid-body motion, 
the measured z-displacement ranged from approximately −0.20 to 0.22 mm (Fig. 13). No 
pronounced localized out-of-plane deformation was observed; nevertheless, differences 
between the two faces remain a possible source of measurement deviation. 

 

 

Fig. 13 Out-of-plane displacement 
 

The strain-gauge signals exhibited very low short-term scatter under unloaded 
conditions. The measured standard deviation of 0.0276 µm/m and peak-to-peak range 
of 0.0945 µm/m indicate that random electronic fluctuations were negligible compared 
with the compressive strains measured during loading. These values quantify 
repeatability rather than total measurement uncertainty. Systematic effects associated 
with gauge factor, temperature, alignment, adhesive thickness and strain transfer may 
remain almost constant and are therefore not represented by the unloaded scatter (Clauß 
et al. 2021). 

The DIC strain uncertainty was substantially greater. Because strains are 
calculated from spatial variations in the displacement field, small displacement errors are 
amplified during strain evaluation. The selected field of view covered nearly the complete 
specimen, thereby reducing the physical resolution available for each virtual gauge. 
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Facet size, strain-filter length and spatial averaging consequently had a major influence 
on the results. The measured noise was too large in relation to the compressive strain 
signal. The present findings therefore apply to the specific camera arrangement, speckle 
pattern and post-processing parameters and should not be interpreted as a universal 
lower accuracy limit for DIC (Skarżyński et al. 2013; Mata-Falcón et al. 2020). 

The displacement-transducer comparison was less sensitive to local image noise 
because it was based on the change in distance over a gauge length of 400 mm. 
However, its result depended on the alignment and rotation of the sensor arrangement. 
At larger specimen deformations, a change in the effective measuring direction may have 
contributed to the increasing deviation from the rotation-independent DIC length 
measurement (Eren 2014; Szewczyk and Kudyba 2022). 

 
6.2 Suitability of each method for D-regions 
 The experimental results demonstrate that the suitability of a 

measurement method depends on both the measured quantity and its magnitude. The 
strain gauges provided stable measurements of the comparatively small horizontal 
compressive strains. Their discrete nature limits spatial coverage, but they are suitable 
when the relevant measurement region is known and sufficient sensors can be installed. 

The inductive displacement transducer reliably recorded the integral tensile-tie 
elongation over a defined gauge length and provided a useful reference for DIC. It is 
therefore suitable for selected global or average deformation measurements, although it 
cannot reconstruct local strain distributions or unknown crack kinematics. 

DIC provided the greatest spatial information and allowed different displacement 
quantities to be evaluated after testing. However, its performance differed markedly 
between the two applications investigated. The local compressive strains were too small 
relative to the DIC strain noise, whereas the larger tensile-tie elongation was reproduced 
with good agreement up to approximately 100 kN. DIC should therefore not be regarded 
as universally superior or inferior to contact sensors. Its suitability depends on field of 
view, image resolution, calibration, spatial averaging and the magnitude of the 
investigated deformation (Clauß et al. 2021; Szewczyk and Kudyba 2022). 

For future experiments, the expected measurement quantity should be defined 
before selecting the optical setup. A smaller field of view or an additional camera system 
should be considered when low concrete strains are of primary interest. Zero-load image 
sequences should be evaluated routinely to determine the experiment-specific noise 
level. Conventional strain gauges or displacement sensors remain valuable reference 
measurements for validating DIC results (Mata-Falcón et al. 2020; Clauß et al. 2021). 
 

6.3 Practical implications for experimental testing and recommendations for 
future investigations 
An LVDT is well suited to selected relative-displacement measurements, but its 

interpretation depends on the gauge length, sensor alignment and expected specimen 
movement. Strain gauges are recommended when the relevant measurement locations 
can be identified in advance. They provide reliable local information and can be used 
independently or as reference sensors for optical measurements. 

DIC was the most versatile method used in this experiment because it provided 
full-field displacement information and allowed different quantities to be evaluated after 
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testing. However, a larger field of view reduces spatial resolution, whereas a smaller field 
of view limits information about the overall specimen response. The quantity of interest 
should therefore be defined before selecting the camera arrangement and evaluation 
parameters. Particular attention should be paid to calibration, lighting, speckle quality 
and the selected field of view (Skarżyński et al. 2013; Mata-Falcón et al. 2020). 

 
7. CONCLUSIONS 

 
This study compared DIC with surface-mounted strain gauges and an inductive 

displacement transducer for two measurement tasks in a reinforced concrete deep beam. 
The following conclusions were obtained: 

 
1. The strain gauges provided stable measurements of the horizontal compressive 

strains along the vertical centreline. 
2. The corresponding virtual DIC gauges exhibited fluctuations of the same order as, 

or greater than, the measured strain signal. Under the selected field of view and 
evaluation parameters, DIC was therefore not suitable for a reliable quantitative 
measurement of these comparatively small compressive strains.  

3. The DIC and inductive displacement measurements showed good agreement for 
the tensile-tie elongation up to approximately 100 kN. DIC was consequently more 
reliable for measuring relative displacement over a longer gauge length than for 
deriving small local strains.  

4. At higher loads, specimen displacement and rotation, sensor alignment and the 
use of opposite specimen surfaces likely contributed to increasing differences 
between the measurement systems.  

5. The suitability of DIC depends strongly on the deformation magnitude and the 
selected optical and post-processing parameters. Conventional contact sensors 
remain important reference methods, particularly when small local strains are 
investigated. 
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