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Abstract: Bridges enable communications and transportation of goods nationally and 
internationally, underpinning economic and social activities, thus they are pylons of our prosperity 
and mobility. Bridges worldwide are constantly subjected to physical wear, ageing, deterioration, 
hazards, environmental influences, and increased loading. Loss of performance and functionality 
of bridge structures would have a crucial impact on overall infrastructural resilience and would 
cause significant negative economic and social consequences. Monitoring their behaviour for 
different loading conditions relies on accurate estimations of the stress-strain state of various critical 
components and remaining capacities. These activities are of high importance for better planning 
lifespan prolongation, that is the extension of their service life and prevention of unforeseen 
collapses, in line with sustainability principles of well-informed maintenance. In many cases, access 
to the structure is limited or even impossible, which causes the need for the deployment of remote 
and contactless methods. One such innovative technique, which has recently attracted attention in 
scientific and practical applications is the digital image correlation (DIC). DIC is a contactless 
approach applicable for long-term measurements, which enables obtaining the full field of strains 
and deformations. Although the DIC approach has been widely used in world engineering practice 
for monitoring bridges and has proved to be a reliable and accurate method, there is a lack of 
systematic integral review on previous practical applications, revealing limitations and 
perspectives. This is the main motivation and novelty of this study, which will describe selected 
case studies, in which DIC was used on real full-scale bridge structures and propose improvements 
for the method. 
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Introduction 

The transport infrastructure of any country should be considered as a complex multi-scale 
system, integrating various sectors of the social, economic, and political life of the region. Bridges, as 
important components of this system, play a vital role in its functionality, fostering communication 
and facilitating the transportation of goods both nationally and internationally. Their significance 
extends beyond mere physical structures; they serve as the backbone of economic and social 
activities, acting as crucial pylons supporting the prosperity and mobility of societies. In particular, 
bridge structures connect regions, cities, and even countries, forming essential links for the 
movement of goods, ensuring international global supply chains, and facilitating the flow of 
resources, labour, and capital, by reducing transportation costs and improving accessibility to 
markets. In the context of increasing urbanization trends worldwide, bridges play an essential role in 
linking urban centres and suburban or rural regions, facilitating the movement of people, 
contributing to the cultural and social integration of communities, and fostering cultural exchange 
and social interactions. Accessibility and strategic locations of bridges are vital for efficient 
emergency response and disaster management, as they serve as critical evacuation routes during 
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emergencies and natural disasters; thus, playing a crucial role in sustainability and resilience of the 
overall infrastructure. Considering the remarkable role of bridges in the lifelines of societies, 
economic growth, and social cohesion, the task of ensuring their safety, functionality, and longevity 
reaches its prevailing importance. 

Bridges worldwide face relentless challenges from a multitude of factors, including physical 
wear, ageing, deterioration, extreme hazards, environmental influences, and increased loading. Thus, 
long-term operation, associated with progressing wear and ageing of structural components in 
combination with critical environmental factors such as corrosive substances, extreme weather 
conditions, and pollution leads to accelerated deterioration of bridge materials. 

The concentration of the most significant bridges in main cities, industrial hubs, and economic 
centres marks a pivotal intersection between infrastructural importance and urban development. The 
ongoing urbanization trend, characterized by a steady increase of residents in major cities, directly 
correlates with escalated traffic loading and heightening stress on bridge structures. As traffic 
volumes soar, bridges are subjected to stresses beyond their original design parameters, which could 
cause increased wear and tear, accelerated deterioration, and heightened risk of structural 
deficiencies. The cumulative impact of the challenges, mentioned above, poses a threat to the 
structural integrity of bridges and to the broader infrastructural resilience and operability, which 
reveals the criticality of establishment of robust monitoring systems and adopting proactive 
maintenance practices. 

On-site monitoring of bridges’ stress-strain state, deformations, and behaviour under different 
external impacts is significant for structural health assessment of various critical components and 
their remaining capacities. Timely and consequent assessment procedures can provide an 
indispensable basis for reliable planning of proactive measures, lifespan prolongation and prevention 
of unforeseen collapses.  

Active operation of bridges by traffic in most cases causes limited access to them, making it 
challenging to install and maintain conventional contact/invasive monitoring systems. Traditional 
load-testing approaches are often attributed to expenses and difficulties, associated with both direct 
costs for sensor systems purchase and installation and indirect time-dependent losses related to 
traffic disruptions [1]. 

Similarly, after the occurrence of extreme natural or human-induced hazards, direct inspection 
of bridges could be impossible due to safety reasons, or technical inability in difficult-to-reach areas. 
Consequences and limitations, described above, cause the increased interest in engineering society to 
contactless monitoring methods, such as laser vibrometry, microwave radar interferometry, optical-
based laser systems, digital image correlation, etc. [2,3]. Although all these approaches enable 
accurate and precise monitoring of the structure without road closure and direct access to it, some of 
them are associated with certain limitations. Thus, the use of laser vibrometry equipment is 
associated with high costs, long measuring time, reduced signal-to-noise ratio and enables measuring 
the position of a singular target. Microwave radar interferometry is applicable for multiple targets 
assessment within a radar image, but the measurements of displacements are confined to the 
instrument line of sight [3] and necessity to use at least two radars to reach a satisfactory accuracy 
[4]. Optical-based laser systems, while ensuring long-term measurements with low error, are 
constrained by a relatively small distance between the receiver and radiation source and a small 
displacement measurement range [2,5]. In contrast, the digital image correlation approach (DIC) is a 
completely contactless method, applicable for long-term remote measurements of full-scale 
structures, and enables obtaining the full field of strains and deformations until the latest loading 
stages. This method, after being developed, improved, and tested in laboratory conditions, has 
already spread to practical engineering implications worldwide. Among existing works, providing a 
systematic review of the DIC applications can be noted recent study by Mousa et al. in 2023 [6], being 
focused on laboratory structural tests and applications, while on-site DIC measurements are 
associated with the number of specific features and challenges. Although a sufficient number of 
practical examples of DIC application for real bridges have already been published in recent years, 
there is still a lack of comprehensive review of these practices, systematization and analysis of 
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existing findings, limitations, and challenges. This paper provides a detailed literature review of the 
existing practices in DIC application for structural health monitoring of bridges, being among the 
first of this kind in international literature aiming to fill this gap of knowledge. 

DIC- the Main Principles of the Method 

Digital Image Correlation (DIC) is a multi-stage technique which enables remote contactless 
measurement of full-field displacements and strains on the surface of objects. DIC has been widely 
used in various fields, including materials testing [2,7], structural analysis, biomechanics, and 
experimental mechanics, providing valuable insights into the mechanical behaviour of materials and 
structures. Although this method has experienced a long history of development [2] and 
modifications and could have specific features, which depend on the particular application field, it 
generally includes several key steps. (see Figure 1)  

 
Figure 1. General stages of digital image correlation (DIC) approach for displacement and strain 

measurement. 

First, high-resolution digital images of the object’s surface are captured using a camera, covering 
the entire area of interest. At the pre-processing stage images are divided into smaller regions or 
subsets for further tracking throughout the deformation process. The size of the subsets is determined 
based on the expected deformation and the level of detail required. The initial image, corresponding 
to an undeformed state should be chosen as the reference image against which subsequent images 
will be compared. The basic principle of DIC image tracking entails the representation (coding) of it 
with a matrix of natural numbers (e.g., white areas corresponding to 0, while black, -to 100). Thus, 
the subset of the image (normally a square with a 10–50 pixels side) will contain the group of points 
with different grey level variations and unique numerical coding [2,8] (See Figure 2). 
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Figure 2. Principle of grey level coding and subset tracking in the DIC method: P-initial position of a 
point on the reference (undeformed image), P’-position after deformation; P-P’(dX, dY)- 

displacement of Point P. 

The centre of a particular subset, as the reference point, serves for its further tracking through 
the subsequent “deformed” images and coordinates identification. The core principle employed in 
the DIC method involves aligning a specific pixel’s location on the reference image with its 
corresponding position on the deformed surface images. The region around a given reference point 
is designated as an arbitrarily shaped area, within which a unique distribution of shades is present. 
Subsequently, employing a suitable algorithm through specialized software, the region with a 
matching distribution of pixel shades is identified. Throughout the correlation procedure, sets of 
numbers are systematically shifted until the pattern on the deformed image aligns optimally with the 
reference image. This alignment is determined by assessing the overall difference in grey levels for 
each corresponding point [2,8]. 

It is obvious, that for effective and precise correlation, the tracked area could have specific 
features, easily recognised at the processing stage. For this purpose, either the natural speckle pattern 
on a surface can be used, or the surface should be artificially prepared before the beginning of 
measurement. The latter approach includes separate printing of the speckle on the paper and 
application (glueing) to the investigated surface (artificial target) or direct creation of the speckle 
pattern to the surface.  

The target-tracking method, which is specifically widely used for on-site 3D-DIC correlation 
testing of full-scale structures, entails the use of an artificial target as an independent sensor on the 
structure. Targets with salient features and known parameters should be rigidly attached to the 
structure surface, preventing any possible movements or rotation. The targets’ size is determined by 
the field of view (FOV) and, therefore, the distance between the structure and camera, the larger FOV 
corresponds to a bigger target size. Thus, the unique dots configuration on coded targets serves as an 
analogous of the stochastic pattern marking, facilitating mutual orientation and recognition of the 3D 
coordinates from subsequent images by software [9]. Creation of the speckle pattern directly on the 
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investigated surface is more effective for obtaining a full field of strains but is more time- and labour-
consuming and often associated with on-site limitations for long-term access.  

Although the application of artificial targets on a surface can be labour-intensive, especially for 
large or complex structures, they provide distinct and easily recognizable features. They can be 
precisely placed, allowing for accurate tracking of displacements in specific regions of interest (ROI). 
They also facilitate in reduction of ambiguity in matching subsets, especially in areas with low texture 
or uniform patterns. However, for each particular case study, an artificial speckle pattern should be 
individually developed, considering the natural behaviour (roughness, coating) of the material or 
surface to eliminate possible interference. Thus, the choice between natural and artificial, or a 
combination of both patterns involves a trade-off between precision and ease of application, being an 
aspect of crucial importance for ensuring the accuracy of results [10],[11]. Thus, the artificial speckle 
pattern, which is a random arrangement of bright and dark spots on a surface, should align with the 
following requirements [2,10]: 
• high contrast; 
• 50–70% degree of density; 
• Isotropy and randomness; 
• optimal size of dots; 
• consistent speckle size. 

Following the flowchart of the DIC process (Figure 1) ensuring the use of optimal speckle 
pattern, correlation can be performed with high accuracy and low noise level. Cross-correlation 
algorithms are used to find the best match for each subset in the deformed images. They are usually 
applied in specialised software (Vic-2D/3D (Correlated Solutions, Inc., Irmo, SC, USA [12]), 
StrainMaster (LaVision, Ypsilanti, MI, USA [13]), GOM Correlate Pro, ARAMIS (GOM, Carl Zeiss 
GOM, Metrology GmbH, Braunschweig, Germany [14]), Solid Mechanics DIC (Dantec Dynamics, 
Skovlunde, Denmark [15]), etc) or individually developed program scripts. Based on the subset 
tracking, the software calculates the displacement field, providing information about how each point 
on the surface has moved. Next, from the analysis of changes in subset shapes and sizes, strains and 
deformation gradients are estimated. After the results, including displacement and strain maps, are 
generated, and visualized to represent the object’s deformation, their accuracy and reliability should 
be validated and adjustments may be made to the analysis parameters or subset sizes, if necessary. 
Depending on the complexity of the particular application, the process may need to be repeated with 
finer subsets or different analysis settings. 

Among the most crucial concerns associated with the DIC measurements is the effect of out-of-
plane motion, which can probably cause data corruption [16,17]. Therefore, in such a context, two 
approaches can be considered: 2D-DIC (planar measurements) and 3D-DIC (spatial measurements). 
During 2D planar measurements, one or several time-synchronized cameras enable in-plane full-field 
deformations’ recording in the pre-determined area of interest (AOI). However, the basic prerequisite 
of this approach is the absence of out-of-plane displacement and normality of the camera lens axis to 
the AOI plane [18]. During on-site monitoring of real structures, out-of-plane movement of the 
investigated surface is a widespread issue, resulting in fictive planar displacement and a considerable 
measurement error, respectively [11,19]. 

On the other hand, spatial measurements with a synchronized stereo camera system (3D-DIC) 
method enable capturing out-of-plane displacements and, thus, tend to yield more precise results, 
especially when the experiment is not appropriately arranged.  

One of the requirements for reliable 3D-DIC measurement is a comprehensive calibration 
procedure to define the spatial coordinate system and the scale for all-direction displacement [17]. In 
Digital Image Correlation (DIC), camera calibration is a process that involves determining the 
intrinsic and extrinsic parameters of a camera system to accurately transform from images (pixels) to 
real-world coordinates in engineering units (e.g., mm). The intrinsic parameters include focal length, 
lens distortion, and optical centre, while the extrinsic parameters involve the camera’s position and 
orientation in the 3D space. The general scheme, illustrating the main parameters of the 3D-DIC 
measurement process is illustrated in Figure 3. 
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Figure 3. Scheme of image translation between coordinate systems in DIC approach: WCS-world 
coordinate system, ICS-image coordinate system, CCS-camera coordinate system, P- point in 

physical 3D-space, pL(xL,yL,fL) and pR(xR,yR,fR)-its projections for left and right camera, respectively; 
pL(xs1,ys1) and pR(xs2,ys2)-coordinates in sensor system of left and right camera; OL and OR- origins of 

left and right cameras; fi-focal length (projection component), ri, ti-rotation and translation 
components of displacement. 

In general, the calibration process typically involves capturing images of a known calibration 
target with features of known dimensions. By analyzing the images and comparing the known 
dimensions with the measured pixel coordinates, the software can establish the camera parameters. 
The 3D tracking systems measure distances by capturing a series of images of an object from two 
cameras, determining their relative positioning based on characteristic common points. 
Corresponding distances between the camera matrix and the targets are calculated using epipolar 
geometry and a triangulation process. In such a setup, cameras are assigned with origins OL and OR 
for left and right positions, respectively. The baseline, which connects the cameras’ origins intersects 
the camera planes at the epipoles (pL and pR, respectively). The principal parameter, determining the 
relationship between images recorded by pairs of cameras is the epipolar plane, connecting epipoles. 
Thus, if the pL is observed in the image on the left camera, the pR should be located on the epipolar 
line in the image on the right camera. If we consider the particular physical point P, its projections 
for each of the cameras will have coordinates (xi’, yi’, fi’) in the image planes. If the shift from the 
original pixel coordinate by fi’ is taken into account, then the coordinates of the point in the image 
coordinate system are (xi’, yi’, 0). Thus, at these stages the global coordinates of a target point are 
transformed to the camera system coordinates and the coordinates are projected into the retinal plane. 
The final transformation of the coordinates is associated with the introduction of the sensor system 
(xs, ys), so that the position of the point could be described as pL(xs1, ys1), and pR(xs2, ys2), respectively. 
Afterwards, by combining these two points with the intrinsic and extrinsic parameters of the two 
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cameras, the triangulation theory can be applied to derive the 3D coordinates of the physical point P 
[9].  

Figure 3 illustrates the main stages of image translation and interdependencies between world 
coordinate system (WCS), image coordinate systems (ICS) and camera coordinate systems (CCS). 
Transformation of an object from 3D space to 2D-image is associated with the impact of perspective 
projection (defined by camera focal length fi), translation (ti) and rotation (ri) components. A more 
detailed description of the algorithms for 3D-2D transformation usually used in DIC, (e.g., 
holography) can be found in several recent studies [3,9,20].  

It can be summarized, that the digital image approach provides substantial advantages for 
structural health assessment due to a completely contactless process and suitability for difficult 
measuring tasks without stable support for conventional sensors. The approach enables full-field 
monitoring of a high number of points by a single camera sensor, which allows for obtaining complex 
deformation gradients. In complicated on-site conditions, possible measurement errors due to off-
plane motion can be eliminated by the 3D technique, making it applicable to a wider area of practical 
engineering tasks. However, the specific feature of the image processing approach is a high 
dependency on external environmental conditions and the necessity of individual system parameters 
adjustment for each particular case study. Therefore, the most relevant challenges and widespread 
error sources in on-site DIC applications are discussed in the next section of the paper. 

The Most Relevant Challenges in On-Site DIC Application  

As was mentioned by [3], if the optimal conditions are ensured, the modern DIC algorithms 
enable accurate tracking of in-plane movements of targets and displacements on the investigated 
surface with a precision of less than 0.01 pixels. Although the DIC technique has been developed, 
improved, and calibrated during long-term application for structural health monitoring worldwide, 
on-site use of image processing is still associated with several challenges, caused by environmental 
conditions, technical limitations, calibration errors, etc. Each of the possible error sources should be 
accurately evaluated, considering their possible impact on the overall quality of the measurement 
data (e.g., resolution, accuracy, and repeatability). Table 1, adopted from [3] summarizes the 
qualitative evaluation of the possible impact of various error sources in the context of: 
(1) resolution, which is the smallest displacement, within the sensitivity of the system, assumed 

through the standard deviation of measurement noise; 
(2) repeatability pertains to the consistency and precision of repeated measurements taken under 

identical or nearly identical conditions with minimal variability or scatter, quantified using the 
standard deviation or the coefficient of variation; 

(3) accuracy refers to the closeness of the measured value to the truth, indicating the reliability of 
measurement and the absence of systematic errors. 

Table 1. Evaluation of DIC errors during on-site monitoring and their possible impact on resolution, 
accuracy, and repeatability (adopted from Akcitgoz et al., 2018, [3]). 

Error sources of DIC 
in on-field 

measurements 

R
es

ol
ut

io
n 

R
ep

ea
ta

bi
lit

y 

A
cc

ur
ac

y 

Mitigation approaches 

Preparation of experimental set-up (before measurement) 

Target/speckle pattern 3 3 3 

Implementation of artificial targets; 
Optimal size and location of targets. 
Optimal speckle dots’ size, contrast 
level, subpixel precision, intensity 

gradients, etc 
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Low quality of images 3 1 3 
Use of cameras and lenses with 

appropriate resolution  

Metric calibration 1 1 3 

Detailed geometric survey during the 
set-up. Assessment of camera 

extrinsic parameters and 
reconstructed features. 

Image recording 

Experimental setup 
and camera settings 

2 2 2 
Optimal camera exposure, aperture 

and focus settings. Longer focal 
lengths. 

Movement of camera 1 3 3 

Ensuring the stable position of a 
camera. Correction during post-

processing through comparison with 
stationary targets. Filtering during 

postprocessing. 

Environmental 
impacts 

1 3 3 

Autoexposure. Monitoring in shade 
with artificial lightning control during 

short periods. Protective barriers. 
Temperature-displacement models 

Elastic deformations 
and rigid body 

rotations 
1 1 1 

The use of high-order shape functions 
in DIC processing. 

Out-of-plane 
movement 

1 1 3 
Alternative parallel measurements. 

The use of 3D-DIC method. 
Image processing 

Correlation 
algorithms 

1 1 1 
Iterative choice of the most optimal 

algorithm 

Subset selection 2 1 1 
Smaller subsets in critical areas. 
Advanced algorithms to handle 

discontinuities. 
* The colour-coded rating system is applied to identify the impact of each error on measurement system 

performance:1-low, 2-medium, 3-high. 

Accuracy, resolution, and repeatability are interconnected supplementary aspects in 
measurements, each addressing different facets of the measurement process, contributing to overall 
system performance (Figure 4). Thus, resolution is a component of precision, which contributes to 
accuracy and supports the goal of achieving accurate measurements. However, precision and 
accuracy should still be considered as two independent important concepts, with supplementary but 
diverse features. Repeatability is unidirectionally related to the consistency of measurements 
(precision), as a system with good repeatability is likely to have high precision. Collectively, accuracy, 
resolution, and repeatability play integral roles in determining the overall effectiveness and 
dependability of a measurement system. Balancing these elements is essential to achieve 
measurements that are both precise and trustworthy. 
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Figure 4. Accuracy, resolution, and repeatability as constituent parts of measuring system 
performance. 

Among the parameters, which should be taken into account during the preparation of the 
experimental set-up is the quality of the target, either artificial or natural pattern of the surface (see 
previous section). Thus, the implementation of artificial targets of optimal size and speckle could play 
a crucial role in facilitating the tracking and analysis of displacements. Qualitative assessment of the 
speckle parameters is normally based on such features as mean speckle size (dots’ size), subset 
entropy, sum of squares of subset, intensity gradients, subset size, contrast level, etc. The unique and 
random nature of speckle pattern allows for accurate correlation, subpixel precision, and the ability 
to capture fine details of deformation and strain in structures [11]. For instance, in optimal 
environmental conditions, natural brick and mortar surfaces can have texture applicable for testing 
without artificial patterns. However, the suitability of the natural pattern is usually evaluated during 
the postprocessing, by comparing resolution to the required pixel precision, thus, the necessity of 
repeating measurement is justified [3]. (see Figure 1). 

After the identification of suitable target characteristics, extrinsic parameters of the sensing 
system should be assessed. Precise metric calibration is essential for accurate transformation between 
coordinate systems and is vital for the elimination of substantial errors in displacement 
measurements. Calibration errors can be mitigated by a thorough geometric survey (e.g., with a laser 
scanner) to validate metric distances from camera reconstruction. Additionally, the pitch and roll 
angles of the camera, measured during equipment setup, can be compared with the angles calculated 
from the calibrated rotation matrix [3]. One of the prevalent sources of poor correlation and low 
accuracy is low-resolution or high level of noise in recorded images This can be prevented by the use 
of resolution cameras with adequate parameters, proper lighting, and ensuring clear images without 
distortions. In particular, cameras with increased resolution are more appropriate for diagnostic 
measurement tasks, specifically for monitoring crack patterns or strain distribution. On the other 
hand, cameras with lower resolution, in most cases about 2.3 megapixels, have advantages in 
dynamic behaviour capturing due to the possibility of increasing sampling frequency. Despite their 
lower resolution, these cameras maintain sufficient accuracy for recording displacement full fields 
during static and dynamic loading [4]. Focal length is another critical parameter, which has to be 
considered for optimum equipment selection and setup. Thus, higher focal lenses ensure higher 
resolution, while reducing the size of the field of view (FOV). Also, the high focal length of lenses 
typically increases their weight, which makes them susceptible to oscillations due to wind or traffic 
loads [4]. 

Some of the error reasons can be addressed by careful setting of the sensing system. Thus, during 
the subset tracking resolution and repeatability are highly dependent on exposure settings, as high 
contrast in each greyscale target is required for better performance [3,21]. Also, if several targets are 
tracked simultaneously, it can be recommended to use the smallest aperture possible to obtain a large 
depth of field. Authors [22] and [23] also report issues due to radial distortions if a wide field of view 
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is captured from the closer range (which necessitates wide-angle lens configurations). However, this 
factor can be partly eliminated by the introduction of lens distortion coefficients through a lab 
calibration or postprocessing calibration.  

One of the crucial factors determining the efficiency of the DIC technique is the stability of the 
camera during the measurement. Thus, ground vibration, due to heavy vehicles’ passage or wind-
caused vibration can be the reason for the camera’s slight movements. Being imperceptible to the 
naked eye, these changes are rather hard to eliminate during the camera set-up, thus, they are mostly 
corrected during the post-processing. Wind impacts can be also relegated to the group of 
environmental source errors, which are among the most critical during on-site measurements. In 
particular, changes in lightning conditions are the common reason for reduced accuracy and 
repeatability during structure monitoring. One of the recommended mitigation techniques is the 
utilization of autoexposure, enabling the automatic setting of optimal exposure rate and maintaining 
the same illumination levels. However, if the particular case entails monitoring of several targets, the 
efficiency of this method is significantly reduced. In case of lightning changes low-frequency drift 
from data with a high pass filter or linear baseline can be removed, but the correction of errors is 
complicated, as lightning deviations usually follow unclear trends [3]. Thus, the general 
recommendation would be to perform on-site DIC measurements in the shade (or at night) with 
artificially controlled lightning levels during short periods. In addition, possible mitigation 
approaches, proposed in the literature, include the introduction of optical bandpass filtering 
solutions [21] and subpixel tracking techniques, which partly eliminate the impact of ambient light 
changes [24–27]. Other ambient error sources, such as traffic-induced vibration, wind, rain, or water 
wave reflection can be eliminated by positioning the cameras as far as possible from the source or 
introducing barrier protection [17]. Furthermore, the effects of camera temperature variations can be 
mitigated to some extent by employing a pre-established temperature-dependent model for 
displacements determined in the laboratory [28]. 

Another category of error sources includes structural actions, which are mostly determined by 
the specific features of the monitoring case and can be addressed at the processing stage. Thus, if 
rigid body rotations take place, this can cause altering of pixel optical characteristics and challenge 
efficient tracking of targets. This limitation can be eliminated by the use of high-order shape functions 
in DIC processing [3,29]. Out-of-plane movement is reported in previous research as one of the critical 
error sources, particularly at the edges of the image [16]. The impact of out-of-plane movements can 
be mitigated with the use of alternative parallel measurements to identify its magnitude, or the use 
of a 3D-DIC approach (especially if the magnitude is likely to be high). 3D-DIC sensing system, 
utilizing a stereoscopic camera set-up enables tracking of 3 spatial coordinates by 2 cameras 
simultaneously, eliminating the effect of out-of-plane movement. However, as the 3D-DIC is often 
associated with several limitations (complicated set-up process on-site, limited observed area and 
lower resolution, compared to 2D-DIC), the decision on the most optimal measurement technique 
should be made with consideration of each particular case [3,16]. Potential errors during the 
processing are mostly associated with improper selection of correlation algorithms and subset size. 
These errors have a relatively small influence on the overall performance of the sensing system and 
can be mitigated by introducing advanced algorithms to handle discontinuities, iterative selection of 
the optimal correlation algorithm and use of smaller subsets in critical areas. 

It can be indicated that the digital image correlation approach, either in planar or in spatial 
coordinates in a complex synergic sensing system, which requires thorough attention to possible 
error sources to maximize the efficiency of the measurement process. Addressing such challenges 
during on-site monitoring of full-scale structures requires meticulous planning, adaptation of 
measurement setups, and continuous monitoring to ensure the reliability and accuracy of DIC 
measurements in real-world environments. Thus, examples of successful implementation of the DIC 
approach for bridge structural assessment are described in the following section. 

Application of the DIC Method for Bridge Monitoring: Selected Case Studies  
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The application of innovative non-contact technologies such as wireless sensing or vision-based 
tracking is a sufficient improvement in the current state of practice in structural health monitoring 
during service and extreme events. Processing of digital images (e.g., DIC method), among other 
vision-based approaches has provided effective possibilities for measuring the displacement of full-
scale bridges. Practical implementations of this sensor system have already confirmed its cost-
effectiveness, reliability, and accuracy; it is also easy to implement and offers real-time capabilities to 
measure dynamic displacements with a high level of resolution [30]. Table 2 provides a summary of 
the selected case studies, demonstrating the DIC application for structural health monitoring of 
bridges and a brief description of the experimental set-up used. Some of these works are also 
mentioned in previous research [31], highlighting mostly different bridge types (concrete, 
suspension, masonry, and steel bridges).  

Application of photogrammetric methods, which are a prototype of the modern image 
correlation approach, reach back to the 80s years of last century [32–36]. For instance, pilot studies on 
the photogrammetric method for bridge deformation monitoring were introduced by Mass, et al. [37], 
indicating fast and economic setup, integral approach for full-field measurements of a large number 
of targets and, thus, high potential for further development. Among the earliest studies, which 
demonstrated the applicability of digital image processing (DIP) for on-site monitoring of full-scale 
bridges is the study of Lee & Shinozuka, 2006 [30], who verified the method through a laboratory 
shaking table test and a field application on a steel box girder Yeondae Bridge with less than 3% error. 
Another work of these authors [38] presented image processing results for the profile of 3 bridges of 
different structural types, confirming the versatility of the approach. In this period on-site study of 
the girder bridge, subjected to loading by a heavy cargo truck at different positions was performed 
by Yoneyama, et al., 2007 [39], confirming the effectiveness of the DIC for structural integrity 
evaluation of infrastructures. Results, presented in this early study show good correspondence to 
parallel transducer measurements and authors claim that the DIC maintains its functionality even 
without the artificial speckle pattern on the investigated surface [39]. 

Thus, the emerging technology of vision-based monitoring is currently facilitated mainly by 
template matching techniques, which stand out as one of the most efficient methods for tracking 
objects [9]. In particular, the DIC vision-based target-tracking method for bridge monitoring was 
introduced in several previous studies and field applications [30,39–44]. Particular attention should 
be paid to the study of Ngeljaratan & Moustafa, 2020 [9], which, based on previously introduced 
larger testing and DIC monitoring program [45], demonstrated the capabilities and potential of a non-
contact DIC approach for two applications: for assessment of the dynamic response of a large-scale 
full bridge, subjected to extreme hazards; and for long-term monitoring of bridges natural vibration 
under pedestrian loads. Target-tracking 3D-DIC approach was used with circular black and white 
stickers of varying size, depending on the field of view (FOV). The measurements of 3D 
displacements and bridge deck rotation, validated by conventional instrumentation, corroborated the 
applicability of the method for seismic and dynamic response monitoring based on very comparable 
results. Authors noted the outstanding capability of the method for both complex seismic response 
monitoring (which is normally associated with very limited access for post-event reconnaissance), as 
well as for walking and jumping pedestrian loading due to high sensitivity to ambient vibrations [9].  

A monitoring setup based on 2D and 3D DIC was used in another case study, a pedestrian bridge 
in the de Porto urban area, subjected to static loading [46]. The investigation demonstrated the good 
agreement between data obtained from two setups [46], thus confirming the applicability of the 
approach for urban areas without preparing of investigated surface. Similarly, vibration analysis of 
the suspension bridge, subjected to pedestrian loadings, performed by Yung-Chiang Lin et al., 2022 
[47] has shown satisfactory results for quick remote assessment of the bridge. Similarly, heavy trucks’ 
vehicle loading tests have confirmed the effectiveness of the method, as was reported in several 
studies [1,48–52]. For instance, the comprehensive investigation of aged railway arch bridges, 
validated with FE- simulation enabled monitoring of strain variation with the wheel positions with 
high accuracy [49]. In addition to results, comparable to conventional sensor installations, DIC-based 
techniques, provide considerable advantages in terms of operational logistics of transport routes and 
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generally show higher accuracy due to a combination of algorithmic differences and additional signal 
post-processing [1]. Cost-effectiveness, rapidity, and the possibility to maintain the full-service 
operation of bridges are among the crucial stakeholder’s requirements and are completely ensured 
by DIC, as an effective tool for infrastructure whole life management [50]. 

Crack assessment in bridge structures is among the perspective applications of the image 
correlation technology, enabling full-field plots, investigation of the time of crack detection and 
monitoring of crack widths, proved by a number of studies [42,53–55]. For instance, the effectiveness 
of 3D-DIC for bridge structural health monitoring has been demonstrated in the study [42] with 
specific attention to crack and spalling assessment during 4.5 months by using a projected pattern to 
measure surface geometry. Similarly, the DIC approach confirms its effectiveness for quantitative 
crack characterization for out-of-plane distortion-induced fatigue cracks, which is a topical problem 
in operated steel highway bridges [55]. 2D-DIC provides reliable estimations for verification of 
qualitative and quantitative stop criteria, based on crack identification, in combination with 
structural response analysis [53]. 

Cable tension, as a critical cable-stayed bridge serviceability parameter, has become the 
motivation of another application of digital image processing for bridges’ technical state assessment 
[20,56]. The vibration of small cables was successfully assessed from a close distance in the early work 
of Jo et al., 2021 [20], which, however, identified limitations and the need for further development of 
the technique for large cable-stayed bridges. Thus, a method for evaluating the instantaneous tension 
in cables was developed [20], integrating extracts of the digital image processing for cable sag 
assessment and the parabolic cable theory for tension force evaluation. The validation of the proposed 
approach on the Godeok bridge under construction (from a 300-m distance) has shown deviations 
from the direct measurements below 0.22 %, providing concise, time- and cost-effective options for 
structural health monitoring of cable-stayed bridges. The challenging problem in the reliable 
estimation of cable forces in contact-type sensors and conventional fixed camera-based methods was 
also addressed in the study of Tian et al., 2021 [57], where authors proposed the combination of UAV 
technology and computer vision algorithms to overcome existing limitations. The proposed method 
confirmed its effectiveness for cables having large vibrations if no wind disruption is present, 
validated with the full-scale bridge case study. 

The unique of its kind investigation of the full-scale real bridge, loaded until the failure, was 
described in the study of Sas et al., 2012 [58], who highlighted the prevalent suitability of 
photogrammetric methods for full-field strain monitoring at late loading stages. Thus, the authors 
noted, that the image correlation approach provided a more comprehensive picture of the strains, 
than conventional contact methods, as the latter were greatly influenced by crack formation and the 
longitudinal curvature of the bridge.  

In the field of modal analysis, the main advantage of digital image correlation is lower influence 
on lightweight structural components (e.g., cables, frames) and better full-field measurement 
performance in comparison with conventional methods (e.g., acceleration sensor method). Although 
accurate measurements of the first natural frequency are ensured, certain noise levels could be caused 
by longer shooting distances or smaller displacements, easily eliminated by developed filtering 
techniques [59]. Similarly, on-site research by Adam Hoag et al., 2017 [52] has confirmed, that the 
DIC technique outperforms conventional accelerometer sensing because the latter was not optimized 
for low-frequency acceleration measurement, which resulted in occasional large erroneous peaks due 
to equipment limitations.  

A considerable increase in the measurement accuracy (below 0.2-3%) was reported in a later 
study [60], which was dedicated to stable cable force measurement with the use of digital image 
techniques. Notably, authors [60] have predicted certain problems in engineering on-site 
applications, in particular, unstable lightning conditions, which they managed to resolve in their 
following work [61]. 

Table 2. Selected case studies of DIC method application for bridge monitoring: description and the 
experimental setup. 
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Investigated structure* Method Hardware & Software** Source 

Street bridge over the Flutgraben in 
Erfurt, Thuringia (non-reinforced 

concrete bow bridge, L= 27 m, W= 12.5 
m. Vehicle (truck) loading test. Camera 

at distance 32 m 

2D-DIC 

Machine Vision camera. 
The Imaging Source (1024 

×768 pixels, 21 fps, 
standard deviation- 0.017 
pixels (EF), rel. accuracy 

1: 60.000); grey level 
machine vision camera 
(1300×1030 pixels); Still 
Video camera (Kodak 
DCS 660, 3040×2008 

pixels, 0.1 (max 3) fps, 
standard deviation-0.01-

0.015 pixel (LSM), rel. 
accuracy 1: 30.000); image 

rate 1 Hz  

[37] 

Yeondae Bridge (4 continuous spans, 2 
open-box steel girders, L=4×45m=180 m, 

W=12.8m, H=2.5 m). Vehicle running 
tests (dump trucks with various loads 

and running speeds). Camera at distance 
20 m. 

2D-digital image 
processing 

Digital camcorder (30× 
optical zooming 

capability, 720×480 pixels, 
30 fps); telescopic lens (8× 
optical zooming); laptop 

(Pentium M 1.6 GHz 
processor 512 MB RAM); 

MATLAB 

[30,38] 

Samseung Bridge (steel-plate girder 
bridge; MS=40 m). Vehicle running tests 

(dump trucks with various loads and 
running speeds). 

Large pedestrian suspension bridge with 
stiffened steel girders (L=120 m). Vehicle 
running tests (dump trucks with various 

loads and running speeds). Camera at 
distance 70 m. 

[38] 

The cable-stayed pedestrian bridge. 
Vibration testing of cable (Ø=40 mm). 
Camcorders at distance 2 and 2.5 m. 

2D-digital image 
processing 

Digital camcorder (1/3-in. 
1.18-megapixel 

progressive CCDs, 
1280×720 pixels, 29.97 

fps); lens of F1.8 (52 mm 
focal length, 10× optical 
and 200×digital zoom); 

total station 

[56] 

Highway bridge. Loading by a heavy 
lorry (32 tonnes). Camera at distance 15 

m. 
2D-DIC 

PhaseOne camera (39 
MPixel); 80 mm lens 

[62] 

Girder bridge (L=15.4 m, W=7 m) 
Loading by a heavy cargo truck (20 t, 

various positions) 
2D-DIC 

2 single-lens reflex 
cameras for 2 girders 
(3072×2048 pixels and 

3504×2336 pixels 
resolution) 

[39] 

Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 
description and the experimental setup. 

Masonry arch railway bridge (4 spans). 
Train loading testing (weight ca. 45 

2D DIC 
Digital camera (Nikon 

D3100 DSLR, 14 MPixel); 
Nikon AF-S DX Micro 

[51]  
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tonnes per bogie, maximum speed 200 
km/h). Camera at distance 10 m. 

NIKKOR 40 mm f/2.8G 
lens; Photo Video Studio 

focusable Redhead 
spotlight; MatchID-2D 
software (Mechanical 

Engineering department 
of the Catholic University 

College Ghent) 
Ornskoldsvik Bridge, Sweden (2 spans, 
12 +12-m frame, L=36.293 m, H=8.2 m). 
Loading-to failure testing. Camera at 

distance 3.1. m. 

2D-DIC 
Digital camera (Canon 
EOS 5D); 90-mm lens; 

MATLAB software 
[58] 

The 1/3 scale model of RC bridge (2 
spans, L=2×10.4 m; W=3.4 m) with two-

column pier (7ft tall at 6ft spacing). 
Earthquake testing. Cameras at distance 

of 10 m, separated at 2.4 m. 
The full-scale truss-type bridge (2 spans, 

L=89 ft; W=9.6 ft). Vibration testing. 
Cameras at distance 26 ft, separated at 

5.13 ft. 

Target-tracking 
3D-DIC 

2 high-speed cameras 
(IL5QM4, Fastec Imaging, 
USA, 2560 × 2048 pixels, 

8-bit grayscale); 
FasMotion software; 

TRITOP software; GOM 
photogrammetric 

software 

[9,45] 

The 2-pylon concrete cable-stayed 
Godeok bridge under construction 
(L=1000 m; MS=540m; H= 165 m). 

Tension-testing in cables. (Target cable -
CRS05R). Camera at distance 300 m. 

2D-digital image 
processing 

Digital camera (Canon’s 
EOS R5; 8192× 5464 

pixels); 70–200 mm F2.8 
telephoto lens; total 

station; camera calibrator 
toolbox in MATLAB 

[20] 

Three bridges near Lowell, 
Massachusetts. Crack and spalling 

evaluation 
3D DIC 

DIC cameras; high power 
projector; GOMTM’s 

software ARAMIS 
 

[42] 

Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 
description and the experimental setup. 

The 1/70 scale model 
(L=2.15+4.8+2.15=9.1 m) of GuanHe 

Bridge 
(L=32.9+115.4+340+115.4+32.9=636.6 m). 
Dynamic response experiments. Camera 

at distance 0.78 m. 

2D-DIC, DIP 

Digital camera (DSLR 
Canon 70D, 1280×720 
pixels r, 50 frs); Canon 
STM lens (Focal length: 

18–55 mm, manual 
zoom); acceleration 

sensor (TST120A500, 100 
Hz) 

[60]  

2D DIC (dual-
channel approach 
at low lightning 

conditions) 

Android phone (HONOR 
V30) (3840×2160 pixels, 60 

Hz) 
[61] 

Shuohuang railway bridge (3 spans, 
L=60 m). Deflection measurement under 
freight train travelling with speed of 80 
km/h. Camera at distance 22.5-22.8 m. 

2D-DIC (off-axis 
method) 

High-speed area scan 
monochrome camera 

(Genie HM1024, Teledyne 
DALSA, Ontario, Canada, 

max capture rate of 117 
fps, 1024×768 pixels, 8-bit 
quantization); fixed-focal 

[63] 
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optical lens; laptop 
(Thinkpad T440, 
Lengend, Intel(R) 

Core(TM) i7-4700 MQ 
CPU,2.40 GHz main 

frequency and 8GRAM); 
laser rangefinder 

(BOSCH, GLM 250VFPro, 
max distance 200 m, ±1 
mm); optical theodolite. 

The Wuhan Yangtze River Bridge 
(L=1670 m, 8 piers, spaced 128 m and 9 

apertures). Static and dynamic load 
testing. Vehicle (truck) and train loading 

test. Camera at distance 107.3 m, 134.2 
m, 164.2 m, 226.1 m. 

2D-DIC (LED-
targets) 

Video deflectometer: 
camera (Genie HM1024, 
Teledyne DALSA, ON, 

Canada, 1024×768 pixels, 
8-bit quantization, max 

117 fps); fixed-focal 
optical lens; laser 

rangefinder (BOSCH 
GLM 250VFPro, Robert 

Bosch GmbH, Power, max 
distance 250 m, ±1 mm), 
optical theodolite, laptop 

(Thinkpad T440p, 
Lenovo, Beijing, China, 
Intel(R) Core(TM) i7-

4700MQ CPU, 2.40 GHz 
main frequency and 8 GB 

RAM). 

[64] 

Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 
description and the experimental setup. 

High-speed railway bridge (MS=16 m). 
Camera at distance 30 m. 

2D-DIC (off-axis 
method) 

High-speed video camera 
(Daheng Imaging, Mer-
131-210u3m, 1280 ×1024 

pixels, 8-bit grayscale, 210 
fps), fixed focal length/ 

fixed focus lens (F-
number according to the 
actual imaging needs), 

laser distance 
measurer/rangefinder 
(Bosch GLM200, max 

distance: 200 m, 
measurement accuracy ± 

1 mm); electronic 
theodolite; tripod; laptop. 

[65]  

Pedestrian bridge (campus of the Faculty 
of Engineering of the University of 

Porto). Static loading. 
3D-Cameras at distance 30 m, separated 

at 4 m.  
2D-Camera at distance 13 m. 

3D-DIC, 2D-DIC 

3D-DIC: 2 cameras (Bosch 
DINION IP Ultra 8000 
MP, 75 mm lens, 4000× 

3000 pixels)  [46] 
2D-DIC: 1 USB camera 
(iDS uEye UI-3370CP 
model, 150 mm lens, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 February 2024                   doi:10.20944/preprints202402.1251.v2



 16 

 

2048×2048 pixels), 
MATLAB 

Concrete girder bridge. Usual traffic 
loading 

2D-DIC (camera 
movement 
correction 
method) 

Single-reflex type digital 
camera (3008×2000 

pixels×24 bits) 
[66] 

Suspension bridge (MS=50 m). Vibration 
analysis under pedestrian loading. 

Cameras at distance 54.6 m, separated at 
0.644 m. 

3D DIC 

2 cameras (Sony, 
recording period 563s, 
frequency 0.002Hz.); 

Nikon total station; IMU-
laser sensors 

[47] 

Marsh Lane Viaduct (brick masonry 
viaduct; up to 25-ton axles, up to 55 

km/h speed; investigated arch with span 
of 7.7 m, a rise of 2.1 m, W= 8 m). Train 

loading testing  

2D-DIC, 3D-DIC 
(calibration 
method for 
multipoint 

displacement 
measurement), 

2 video cameras 
(industrial-grade Allied 
Vision GigE, 2048×1088 
pixels, 11.26 × 5.98-mm-

size sensor, 50 Hz); 
system controller; 

Imetrum Video Gauge 
software; MATLAB 

[3] 

Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 
description and the experimental setup. 

B1-Bridge in Smyrna, Delaware (1 span, 
composite, slab-on-steel girder bridge, 

L=19.96 m, W=14.64; W36 × 210 rolled I-
beams spaced 2.74m apart and a 216-

mm-thick RC deck). B2-Bridge in 
Newark, Delaware, (simply supported 

with a 21.34 m, composite girder bridge, 
web depth of 864mm and a flange width 
of 311 mm, 19.1-mm-thick cover plates 
2.59m apart; and a RC deck, L=21.34 m, 
W=9.1 m). Vehicle (truck) loading test 

DIC (Imetrum 
technology); 
phase-based 
optical flow 

method 

2 Imetrum cameras (6.3 
and 13.4mm sensor 

diagonals); 2 lenses, (12 
and 25 mm), Panasonic 

GH5 camera (12-mm f1.4 
lens, 30 fps in B1 and 60 
30 fps in B2); Imetrum 
Video Gauge software, 

[1] 

Road bridge in Bohumín municipality, 
Czech Republic. Dynamic load test 

(Anchorage pins assessment) 
2D-DIC 

2 cameras (Basler 
acA4096-30μm); lens of 

focal length f = 35 mm, 75 
mm, 50 mm (depending 
of distance); Correlated 

Solutions Inc and ISI-sys 
GmbH system, VIC-snap 

software, VIC-2D and 
VIC-3D software  

[4] 

Bridge over Olomoucká Street in Brno, 
Czech Republic (continuous steel box 

girder). Dynamic load test (Fatigue crack 
detection). Cameras at distance 0.9 m. 

3D-DIC 

Railway bridge near Soběslav 
municipality, Czech Republic (7 spans, 
consisting of 3 continuous deck-type 
steel-concrete composite load bearing 

structures; cross section, -a pair of steel I-
profiles coupled with an upper concrete 
deck slab). Static load test. Cameras at 

distance 30-50 m 

3D-DIC 

Railway bridge near the Vranovice 
municipality (Czech Republic) (2 parallel 

continuous steel deck-type beams of 3 
spans; cross section, -4 main beams, 

transversely spanned with an 

2D-DIC 
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orthotropic steel deck supporting a 
ballasted bed track; L=38.4). High speed 

dynamic load testing (10 load cases 
traffic speed: 5 km/h - 200 km/h). 

Cameras at distance 40 m 
Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 

description and the experimental setup. 

Bridges in Lowell, Massachusetts 
(concrete cast-in-place). Assessment of 

displacements due to the thermal 
expansion and contraction of the 

concrete abutments and expansion joint. 
Cameras at distance 1.75 m, separated at 

0.707 m, 25°separation angle. 

Unmanned aerial 
vehicle (UAV) and 

3D-DIC 

2 cameras (Basler 
acA1600-20 series, 2 2-

Megapixels employing a 
(7.16 ×5.44)·10-3m); Sony 
ICX274 charge coupled 

device (CCD) 
monochrome image 

sensors (1626×1236 pixels, 
pixel size of 4.4×4.4 μm); 

8.5 mm focal length lenses 
(Edmund Optics Ltd.); 

GOM’s software TRITOP; 
ARAMIS 

UAV: InstantEye®Gen 4 
Quadcopter (Physical 

Science, Inc. (PSI)); 
Minnowboard MAX dual-

core single board 
computer (SBC), Linux 

Ubuntu 14.04 

[67–69]  

Nansha Bridge, Guangdong province, 
China (twin-tower 1 span suspension 

bridge, MS= 1200 m, side span =360 m, 
span ratio= 1:9.5, the center spacing of 2 

main cables = 42.1 m, the standard 
spacing of cables is 12.8 m. H=193.1 m, 

W= 49.7 m,) Cable forces testing  

Unmanned aerial 
vehicle (UAV) and 

2D-DIC 

Digital camera (DJI 
Zenmuse X4S, 4096×2160 
pixels resolution, 60 Hz); 

UAV: Model Jingwei 
M200 (DJI) 

[65]  

The truss bridge model (28 spans: 
0.35×0.35×0.35 m, L=9.8 m; 353 rods 

connected by 112 bolted balls (Ø50 mm); 
Q235 steel; simply supported at both 

ends). Modal Analysis 

2D-DIC and 
Modal Analysis 

Digital video camera 
(D5300, Nikon 

Corporation, Japan); MA: 
2 acquisition systems: 

JM3840 (Jing-Ming 
Technology Inc., 

Yangzhou, China), 
acceleration sensors with 
nominal sensitivity of 100 

mV/g.; kit software 

[59]  

B1- OT-slab bridge (Underpass of 
Foldagervej (road), Jutland, Denmark); 

MS=11 m, W= 12.2 m (37 beams). B2- OT-
slab bridge (Underpass of Rosmosevej 

(road), Jutland, Denmark); MS=9 m, W= 
12.2 m (37 beams) On-site strip test. 
Crack assessment of the bridge slab 

2D DIC 

2 cameras: Canon 6D with 
20 Megapixel (Mpx) with 
a wide-angle lens (Canon 

EF 16-35 mm f/2.8L II 
USM); Canon 550D with 
18.7 Mpx with a regular 
lens (Canon EF-S 18–55 
mm f/3.5–5.6 IS). Images 

[53]  
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samples (lab). Cameras at distance 3.8 m 
and 2.6 m. 

were captured every 3 
min (on site) and 10 s 
(lab); GOM Correlate 

software 
Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 

description and the experimental setup. 

The Entre-Águas bridge in Caniçal 
(Madeira, Portugal). Vehicle loading (30-

ton trucks). Camera at distance 70 m 
2D DIC 

Digital camera (4-
megapixel iDS UI-

3370CP, 70 – 300 mm 
zoom lens, 1.4× 

teleconverter, eq. to a 420 
mm focal distance lens; 

CMOSIS CMV4000-3E5M 
sensor, 80 fps); INEGI. 

software 

[48]  

Docklands Light Railway (DLR) bridge 
structures: 

Warton Road Bridge (L(MS)=13.56 m, 
W=3 m; 2 longitudinal girders (flange 
and web plates riveted together using 

angle sections) and a concrete slab with 
encased steel beams). Train loading 

testing. Camera at distance 30 m 
Wick Lane Bridge (2-span simply 

supported bridge, spans from 11.7 to 
12.7 m, consisting of 17 longitudinal steel 

girders (flange and web plates are 
riveted together using angle section). 

Train loading testing (fatigue sensitive 
detail assessment). Camera at distance 

0.3 m 

2D DIC 
Digital camera (20–40 Hz, 

1/50th pixel resolution) 
[50]  

The Delaware River Bridge (4 span; 
truss, W14×314 sections). Monitoring of 
structural behaviour during the repair 

works  

3D-DIC 
2 cameras (2448×2050 
pixels); 12 mm lenses; 

GOM Correlate software 
[70,71] 

Halton railroad 26.36 bridge (Canada-
USA; 43⁰37‟18.7” N, -79⁰55‟54.9” W; 

steel Deck Plate Girder; 6 spans×30 m; 
masonry piers). Train loading testing 

2D-DIC 

High speed camera 
(Allied Vision 

Technologies (AVT) 
GX1050 8 8-bit 

monochrome 1 megapixel 
(MP)); 85 mm lenses; 100 

Hz,  

[52]  

B1- railway masonry arch bridge, 
Australia (9-span, MS-7.85 m, 6 rings, 
700 mm thickness, arch rise 2 m) Train 

loading testing. Camera at distance 4 m. 
B2 -railway masonry arch bridge, 

Australia (10-span masonry arch, MS-
3.11 m, 8 rings, 920 mm thickness, arch 

rise 6.55 m) Train loading testing. 
Camera at distance 4 m. 

2D-DIC 

Digital camera (Sony 
(Tokyo, Japan) IDS, 2.35 
megapixels, 1,936×1,216 

pixels, 50 fps, 6 ms 
exposure time, 5.863 

mm/pix); high-resolution 
lens (Kowa, Torrance, 

California, 35 mm focal 
length, f1.4 aperture); 

Infrared (IR) Light 

[49]  
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Emitting Diode (LED) 
model, IR filter - 850 nm; 

Istra4D software 
Continuation of Table 2: Selected case studies of DIC method application for bridge monitoring: 

description and the experimental setup. 

Hybrid composite bridge, Colorado 
(L=12.8 m). Train loading testing. 

Camera at distances 30.48 m and 60.98 
m. 

The Streicker pedestrian Bridge (deck-
stiffened arch, supported by 4 legs -

curved continuous girders supported by 
steel columns) 

2D-DIC 

Monochrome camera 
(Point Grey/FL3-U3-
13Y3M-C, 1280×1024 
pixels, 150fps, CMOS 

sensor, 4.8 μm pixel size, 
C-mount lens); 

Kowa/LMVZ990 IR lens 
(9 to 90 mm focal length, 
maximum aperture F1.8); 
Sony /PCG-41216L laptop 

(Intel(R) Core(TM) i7-
2620M CPU, 2.70 GHz, 
8192 RAM, 250 HDD, 
14.1” Screen), Tripod, 

USB3.0 type-A to micro-B 
cable; FlyCapture 

Software Development 
Kit (SDK) by Point Grey 

Research 

[25] 

* W-width; L-length; H-height; MS-main span; translation from ft to m, - approximate by authors. ** The 
hardware and software characteristics are provided upon the availability in the references source. 

The separate research area, which has to be additionally outlined includes the number of 
research studies, dedicated to challenges arising during long-term on-site monitoring of bridges with 
the use of DIC. The ambient error sources and stability issues like the camera movement due to 
settlement or the out-of-plane motion phenomenon could become the reason for significant distortion 
in measurement data. These challenges could be eliminated with an appropriate experimental set-
up, choice of calibration methods and compensation techniques, as was demonstrated in the number 
of practical bridge case studies with different purposes [17]. Similarly, the combined lightweight 
remotely operated stereovision system, entailing unmanned aerial vehicle (UAV) and 3D-DIC 
quantified their applicability to acquire data for DIC analysis, but are still associated with significant 
limitations due to system instability. Thus, while enabling displacement evolution measurements 
and assessment of the joint state in limited access conditions, the approach is influenced by the effect 
of lighting, drone unwanted oscillations, challenges in GPS-denied environments positioning, etc 
[67,68]. 

In particular, for DIC a constant camera position is a crucial parameter, ensuring the reliability 
of the measurements, as displacements in this approach are derived directly from digital images. 
However, on-site measurements for real bridges are associated with such factors as wind, oscillations, 
and unstable ground conditions, resulting in slight changes in the position and direction of a camera. 
In such situations, the measured displacement is affected by the movement of the camera, making it 
challenging to obtain accurate displacement measurements [25,66]. Yoneyama et al. [66] propose a 
method for correcting the effect of camera movement by introducing the equation of perspective 
transformation. The effectiveness of the proposed correction was validated through both laboratory 
testing of a wide-flange beam and application to deflection measurement of a real bridge girder [66]. 
The problem with ensuring camera stability during on-site measurements was addressed also in the 
study of Liang, et al., 2021 [72]. Thus, the authors proposed the modification of the digital image 
correlation technique, enabling the use non-fixed camera, which is a promising direction for 
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engineering field applications. Challenges in fixing the camera in a stable position and ensuring that 
the optical axis of the camera is normal to the investigated surface were highlighted also in a previous 
study by Pan, et al., 2016 [63] and could be eliminated with the use of the proposed novel off-axis 
DIC method. In addition, with the developed video defectometer, authors managed to replace the 
unpractical artificial targets with the laser range finder and demonstrated the real-time, non-contact 
targetless and off-axis DIC measurement approach through laboratory testing and a railway bridge 
field application. Further development of the off-axis DIC method [65] led to a simplified, yet 
accurate deflection measurements method, based on a special straight-line fitting principle, validated 
through the indoor cantilever beam experiment and the on-site actual bridge deflection. 

Another widespread issue in the long-term monitoring of real bridge structures, as was 
highlighted by Xie et al., 2023 [61] and Juno et al., 2020 [73] is associated with the notable challenge 
due to illumination factors. Throughout the monitoring process, fluctuations in natural light result in 
variations in light intensity and angle. Deviations in light intensity have an impact on the grayscale 
value of the image, giving rise to two issues associated with the use of a fixed grayscale threshold for 
binarization. Thus, authors [61] proposed the improved dual-channel approach, integrating the 
principle of the dark channel and the maximum interclass variance method. The experimental 
approbation of the bridge prototype in complex and changing light conditions has shown an error of 
less than 3 % compared with the traditional displacement meter. This confirms the applicability of 
the technique for eliminating illumination factors, providing a scientific basis for engineering 
practice. 

Specific attention in this direction should be paid to the research paper of [3], providing a 
detailed evaluation of the errors due to equipment set-up, lighting effects, target quality, camera 
movements, and metric calibration, influencing the DIC technique performance. The proposed 
calibration method using vanishing points and a single distance was effectively implemented for on-
site multipoint displacement monitoring of Marsh Lane Viaduct, which facilitated to assessment of 
the complex structural 3D behaviour of the asset. 

Conclusions 

The paper is focused on a detailed comprehensive review of existing studies demonstrating 
practical experience in the application of digital image correlation (DIC) techniques for structural 
health assessment of bridge structures worldwide. The current review provides evidence of the 
remarkable potential of DIC for advancing structural and infrastructure health monitoring during 
service or after extreme events. With the utilization of high-resolution cameras and advanced 
algorithms, this approach provides essential advances for capturing complex deformations, such as 
those induced by dynamic loads or environmental factors, providing engineers and researchers with 
valuable insights into a bridge’s performance. The ability to operate in real-world conditions, coupled 
with its non-contact nature, makes image correlation particularly valuable for on-site measurements. 
Thus, many practical studies have demonstrated the possibility of implementing the method on 
existing urban structures, requiring little intervention in the structure being monitored. In particular, 
from a logistical point of view, the DIC setup significantly outperforms previous conventional 
methods, minimizing traffic disruption and optimizing the overall monitoring process.  

Despite its obvious advantages, careful consideration must be given to calibration procedures, 
camera selection, and potential error sources to ensure the accuracy and reliability of DIC 
measurements. The additional complexity of the approach is associated with the camera setup 
process (e.g., the choice of camera focal length, positioning, and target installation or optimization of 
speckle pattern) as well as the necessity for sophisticated calibration and data processing. However, 
ongoing advancements in technology and methodology continue to enhance the capabilities of DIC 
for bridge assessment, promising even greater accuracy and efficiency in the future. 

The evolution of DIC over the recent decades, including the development of digital hardware, 
software, and computational algorithms, has significantly strengthened and established DIC as a 
robust technique. It is widely recognized as a groundbreaking method for accurately computing full-
field deformations and structural displacements in both static and dynamic conditions. The capability 
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to capture full-field displacement maps provides a holistic understanding of a bridge’s behaviour, 
allowing for the identification of localized structural issues and potential vulnerabilities. Ongoing 
advancements in optical instrumentation, such as high-definition video recording devices and 
unmanned autonomous imaging tools, combined with sophisticated matching algorithms for 
comprehensive analysis of captured images in full-field 2D and 3D, ensure that DIC is likely to retain 
its position as the most effective and multifaceted tool for deformation measurement in the years 
ahead. 

It can be summarized, that the digital image correlation (DIC) emerges as a powerful and 
versatile technique in the field of bridge engineering, contributing to the development of sustainable 
and resilient infrastructure systems. The continuous refinement of this approach, along with 
interdisciplinary collaboration, enables the precise measurement of deformations, optimizing 
maintenance strategies, extending the lifespan of bridges, and contributing to the overall safety and 
resilience of critical infrastructure. 
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