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Abstract 

Quantifying the condition of aging structures is important to verify structural integrity and long-term reliability. 

Structural health monitoring plays a key role in the prevention of catastrophic failure, in improving the safety of 

infrastructure, and in reducing the downtime and costs associated with their maintenance. Bridges are typically 

designed to have a lifespan on order of 50 years; therefore, bridge monitoring is important since many of them are 

near to or have already exceeded their design life. Conventional sensors and examination techniques such as 

accelerometers and strain gages produce results at only a discrete number of points. Visual inspection only provides 

qualitative information and is subject to human variability and inconsistencies between inspectors.  Moreover, both 

approaches are labor intensive and time consuming. In recent years, three-dimensional (3D) Digital Image 

Correlation (DIC) systems have proven their efficiency in being able to provide accurate quantitative information of 

structural deformations, full-field strain, and geometry profiles of large-scale structures. At the same time, 

Unmanned Aerial Vehicles (UAVs) have emerged as valuable tools for remotely performing measurements in 

places, which are either difficult or dangerous to access. With regards to bridge inspection, UAVs have the 

capability to expedite the measurement process, offer increased accessibility, and reduce interference with the 

structures’ functionality. In this study, a novel approach that combines the use of a UAV and 3D-DIC is developed 

to perform non-contact, optically based measurements to monitor the health of bridges. The accuracy of this system 

in detecting changes to the bridge is demonstrated and evaluated through extensive laboratory tests and a long-term 



monitoring campaign performed on two concrete bridges currently in service. Results show that this system is able 

to detect changes to the bridge geometry with an uncertainty on the order of 10-5 m while improving accessibility. 

The feasibility of the approach, best practices, and lessons learned are presented. 
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1 - Introduction 

 Civil engineering structures such us bridges are routinely used despite the reality that many are past their 

intended design life. In 2013, the American Society of Civil Engineers (ASCE) rated the state of the U.S. bridges as 

mediocre. In particular, nearly 145,000 bridges were classified as functionally obsolete and nearly 70,000 as 

structurally deficient [1]. Although the percentage of substandard bridges dropped from 30% to 24% in the last 15 

years, estimations provided by the Federal Highway Administration (FHWA) demonstrate that $20.5 billion are still 

necessary annually to cut bridges’ structural backlog by 2028 [2]. To properly allocate the limited funds that are 

available, alternative methodologies need to be identified for addressing the state of health of these bridges in a 

manner that is quick, is cost effective, and provides accurate quantitative information.  

 Bridges are one of the most important components in the transportation system. Though there are various 

types of bridges, each of them can be divided broadly into three portions: superstructure, substructure, and 

foundation. The first is the component of the bridge mounted on top of a supporting system (i.e. the substructure) 

and includes elements such as deck, slab, and girders. The second component contains piers (or columns) and 

abutments. This section supports the superstructure and transfers the structural load to the foundation, which transfer 

loads to the bearing strata [3]. These diverse sections have different functionalities, but all contribute to the bridge’s 

overall condition. According to a study performed in the Unites States between 1989 and 2000, over 500 failures 

occurred at bridges having an average age of 52.5 years. The failures involved steel bridges (e. g. steel beam/girder 

and steel truss) for 59% of the cases, concrete bridges (e.g. concrete beam/girder and slab) for 13% of the cases, 

timber bridges for 10%, and bridges made with miscellaneous materials for 17% of the cases [4]. Other studies have 



shown that the leading causes of failure were hydraulic events (accounting for 54% of cases), collisions (14%), 

overloading (12%), and deterioration (5%) [5, 6]. The first two causes cannot be prevented in advance, but factors 

such as deficiencies in design, detailing, construction, maintenance, and use of materials, could certainly affect the 

resistance of the bridge to these external events [7]. Overloading has become a growing issue because of the 

increased vehicular and train traffic over recent years, which results in much higher loads imposed to the bridges 

than they were originally designed to support [8]. Deterioration has particular impact on pre-stressed concrete 

bridges especially in the Northeastern regions of the United States due to the severe temperature fluctuations 

between seasons [9]. For instance, poor concrete durability can lead to longitudinal cracking and associated spalling. 

These reduce the protection of the inner elements and facilitate the corrosion of reinforcement bars (i.e. chloride 

contamination) [10, 11]. 

With particular reference to concrete bridges, they can experience various grades of integrity loss over time 

from several factors. Among them, the most common ones are: poor initial quality, overloading, freeze-thaw cycle-

induced stresses, and fatigue. There are several deterioration phenomena which often prompt one another (e.g. 

carbonation, crystallization, salt and acid actions, creep, shrinkage, water penetration, etc.), but those of highest 

concern for bridge safety are rebar corrosion, deck delamination, vertical cracking, and concrete degradation [12]. 

All of the above are characterized by the formation of micro-cracking, macro-cracking, and spalling phenomena as a 

result of the electrochemical process occurring between the steel and the cement, reduction in concrete strength, and 

internal stresses. 

Accurate probabilistic models for evaluating the distribution of deterioration times are still absent [13]. 

Therefore, inspection and sensor-based analyses are still the most cost-effective structural health monitoring (SHM) 

systems for bridge condition assessment and detection of potentially dangerous situations at an early stage. Despite 

the available technology, an efficient approach to determine the overall bridge state, while not interfering with the 

infrastructure operations, is currently being pursued. Several federal agencies (e.g. DOT, FHWA, etc.) are 

continuing to solicit the development of novel inspection techniques that can detect defects before they become 

failures in service. 



In this study, a system for providing accurate crack-displacement measurements, over several areas of 

concrete bridges using the three-dimensional (3D) Digital Image Correlation (DIC) technique is proposed. In 

particular, the feasibility of performing this type of measurements using a set of cameras installed on an unmanned 

aerial vehicle (UAV) for remote data acquisition is investigated. Results of extensive laboratory tests and long term 

monitoring performed on two concrete bridges (still in service) show that the proposed system can measure a crack’s 

relative motion characterized by displacement as small as 10-5 meters and with a resolution commensurate to other 

commonly used measurement techniques. The 3D-DIC UAV system can optically interrogate the displacement field 

of the bridge’s targeted areas without interfering with the infrastructure operations and without requiring bulky or 

difficult to move equipment. 

This paper is organized as followed: Section II presents a review of the state-of-the-art systems employed 

for bridge inspection and highlights the use of UAVs for engineering related operations. In Section III a detailed 

description of the proposed system is provided. The results of the laboratory experiments performed for evaluating 

the performance of the 3D-DIC UAV system and the results of the long-term monitoring of two concrete bridges 

currently in service are discussed in Section IV. Finally, conclusions are drawn and future work is briefly outlined in 

Section V. This paper represents the first body of research that merges two well-known technologies (i.e. 3D-DIC 

measurements and UAVs) for performing structural investigations on bridges.  The feasibility of the approach is 

explored and the capabilities of the proposed system are quantified both through laboratory measurements and data 

collected from long-term inspections performed on bridges currently in service. 

 

2 – Related works 

Prior work has been conducted on structural health monitoring of bridges and within this section the review 

is presented in two parts. The first offers a brief review of some of the existing methods used for assessing the state 

of bridges. The second part summarizes the use of UAVs for civil and mechanical engineering related operations. 

 

 



2.1 – Sensing techniques for bridge inspection and monitoring 

Bridges are among the most monitored civil engineering structures and numerous techniques have been 

developed for monitoring their state of health. These methods take into account both dynamic and static analyses. 

Visual inspection is still the primary method currently used to assess a bridge’s health [14]. Though this process is 

fundamentally simple, there are significant variations between inspections performed by various personnel, which 

may lead to different interpretations and overall bridge assessment [15, 16]. For example, the rate of expansion of 

small cracks (i.e. below 10-3 m) may not be properly estimated, or they can go unseen if tracking along existing 

features such as parting lines [17]. Large-scale deformations and internal damage are also particularly difficult to 

gage properly. Additionally, accessing critical areas beneath bridges often requires expensive equipment and 

interferes with traffic conditions. 

Over time, bridge management systems have become increasingly sophisticated in providing information 

about the structural condition. Fixed hardware sensors such as strain gages and extensometers have become 

increasingly common for SHM [18, 19]. Fiber optic sensors, due to their flexibility, Electro Magnetic Interference 

immunity, and scalability have proven to be valid sensing systems for monitoring civil structures [20]. 

Accelerometers are the most used sensors for evaluating the changes in dynamic properties of a bridge (e.g. shifts in 

natural frequencies, vibration amplitude increases, vibration transmissivity variations, etc.) and assessing its state of 

health [21]. Several examples of bridges instrumented using accelerometers can be found in the literature [22-26]. 

Adversely, these fixed sensor systems can be extremely cumbersome because of their wire-based connections, are 

costly, difficult to deploy, require power, and are not portable for interrogation on multiple bridges. For coupling 

with these problems, several researchers proposed and successfully developed monitoring systems using Wireless 

Sensor Networks (WSNs) [27, 28]. Nevertheless, even these sensors are not always durable enough to be embedded 

in the structure and perform measurements for years after its construction (when failures are more probable to 

happen). In addition, the use of these sensors limits the information obtained to measurement at only a few discrete 

points [29]. 



Recent technological developments have made Non-Destructive Evaluation (NDE) techniques viable tools 

for SHM of large-scale civil structures [30]. For instance, more efficient and accurate imaging techniques (e.g. 

radiography, radioactive computerized tomography, radar and acoustic imaging) allow for evaluation of concrete 

structures. However, they are often impractical and expensive for in-situ applications [31]. An additional technique 

available to engineers for the evaluation of concrete and masonry bridges is infrared thermography (IRT); 

nevertheless, some intrinsic limitations of this technique (e.g. dependence on the thermal emissivity of the 

investigated structure, effects of the external temperature, etc.) reduce the accuracy of the measurements and allow 

for qualitative investigations only [32]. The Acoustic Emission (AE) monitoring of elastic waves generated by a 

material experiencing changes in its internal structure due to crack formation, aging, thermal gradients, and 

mechanical stresses has proven to be another promising investigation method. This technique has shown its 

effectiveness in collecting a decent amount of data for tracking the health of a bridge, even with a limited coverage 

of the structure. Still, the practical challenges faced by the user for in-situ investigations make this system not suited 

for large-scale monitoring [33]. A similar conclusion can be drawn for those methods that employ guided-waves 

which is more suitable for lab-scale investigations or for confined geometries [34]. With particular reference to 

bridge decks evaluation, Ground Penetrating Radar (GPR) has demonstrated its capability to be used for concrete 

structural assessment and detect cracks as small as 1x10-3 m at depths of up to 360x10-3 m when step-frequencies 

having bandwidth from 500 MHz to 6 GHz were employed [35]. Other non-contact measurement techniques such as 

electro-optical airborne/satellite imagery, LiDAR (light detection and ranging), Acoustics and InSAR 

(Interferometric Synthetic Aperture Radar) have been experimented with and each possesses their own advantages 

and challenges [36]. 

Advancements made in cameras technology, optical sensors, and image processing algorithms have made 

3D-DIC an increasingly accurate technique for monitoring the cracks expansion/contraction, surface spalling, and 

the movement of in-service bridge components. In a study, high contrast patterns and optical targets were applied to 

areas of interest in a bridge abutment and a stereo camera system ground station was used to acquire the images 

necessary for displacement, geometry and strain measurements [37]. Additional works have demonstrated the 



capability of DIC to quantitatively assess bridge health and measure structural full-field displacement and strain over 

a number of different structures, including bridges [38-45]. What is presented in this section is meant to be only a 

short summary; for a more complete discussion about the currently used SHM methods the interested readers can 

refer to papers [22, 46]. 

2.2 –UAV sensing systems for engineering related operations 

 Conventionally, inspections of large and/or arduously accessible structures require customized equipment, 

aerial lifts, and well-trained personnel. In general, UAVs are small-sized aircraft, which can fly autonomously, 

controlled remotely by computers, remote-control, or by a combination of the above. Initially developed for military 

operations, in the last several years they have been used increasing in a variety of civil applications utilizing 

primarily photography as a sensing technique. Flora and fauna monitoring [47], environmental disaster management 

[48], heritage documentation [49], and remote sensor network interrogation [50] are a few of the applications for 

which UAVs are currently employed.  

UAVs have the ability to expedite the optical-based measurement process for civil infrastructure, offering 

increased accessibility, and reducing interference with local traffic [51]. Studies have addressed the problems of how 

UAVs can influence the photo quality since cameras are the most common sensing platform implemented [52]. 

Additionally, infrared cameras have been integrated and utilized to detect defects in solar photovoltaic panels as they 

can rapidly identify hot spots and document potently defective cells or connections [53]. In 2008, an autonomous 

UAV was proposed for inspecting locally linear civil engineering structures (e.g. oil-gas pipelines, roads, and 

bridges) using visual feedback. The study, despite proving the feasibility of performing visual monitoring, did not 

provide any quantitative data for assessing the state of the investigated infrastructure [54]. Other studies outlined the 

possibility of using UAVs to generate accurate images of structural details to support the condition assessment of 

civil systems, but again, no evidence of quantitative investigations was provided [52, 55].  

Commercially available drones were also employed to perform 2D-DIC to identify target markers on a 

pedestrian bridge by using images acquired from a single front facing camera [51]. UAVs have also been used to 



acquire images to generate combined area virtual models. Some examples of this application are the detection of 

local displacement on an in-service retaining wall with a resolution of ±2x10-3 m in-plane, ±10x10-3 m out of plane 

[56]. GPS-navigated UAVs have been employed in combination with camera capturing technology and three-

dimensional orthogonal mapping for digital rendering of infrastructures. The system employs an image-processing 

algorithm for crack detection, proving to be a viable method for SHM. Since, the employed crack recognition 

algorithm uses a grey-scale level detection, it can only quantify visible surface cracks; however, the process is 

significantly more efficient than visual identification, as it is an automated process [57]. The most recent findings 

have shown that the uncertainty of these systems is on the order of 0.5 mm and that the major cracks on a structure 

can be easily detected and quantified [58]. A detailed review of developed UAVs and their applications in civil 

engineering can be found in [59, 60]. 

Several improvements have been achieved in the utilization of UAVs for performing inspections on civil 

engineering structures. It is to be expected that advancements in image sensor technology will allow for increasingly 

accurate results to be obtained, and with more mobile equipment. In this paper, the feasibility of performing 3D-DIC 

measurements using a pair of cameras installed on a UAV payload is discussed. It is the first attempt to perform 

bridge assessment using a UAV that leverages DIC technology.  Combined together the approach has the potential 

to enhance and expedite the inspection process by monitoring excessive deformation, tracking the activity of cracks 

at microscopic scale (e.g. 10-4 m, comparable with the lower limit detection with visual inspection), and performing 

long-term monitoring of areas difficult to access. 

 

3 – UAV Platform and Stereovision Payload Technical Specifications and Design 

In this section the main design specifications of the combined 3D-DIC UAV system are provided. In 

particular, attention is given to parameters such as working distance, weight and inertia, flight time (battery life), 

sensor resolution and size, system accuracy, and image acquisition and storage. It is important to mention that the 

ideal operational parameters for one system may be in conflict with the parameters of the other. In a typical DIC 

measurement the cameras are usually positioned to include the entire test article (or area of interest) within the field 



of view of both cameras with minimal unused range of view. For this case, the camera resolution, orientation, 

placement, and lens selection for the DIC sensor system (i.e. UAV payload) were dictated by several factors unique 

to the experimental measurements and also based upon the flight requirements of the UAV. 

The working distance for a DIC system is dependent on the field of view of interest and the focal length of 

the cameras; nevertheless, the developed DIC payload was intended to work in parallel with a synthetic aperture 

radar (SAR) sensor module which had an ideal working distance of 1.75 m [61]. Therefore, in this study, the 

working distance of the cameras was set to 1.75 m and that parameter defined the camera spacing and angle, as well 

practical field of view. Another factor to consider is the maximum payload weight that the UAV can hover in order 

to perform the necessary measurements on a bridge area of interest. The selected UAV is an InstantEye Gen4 heavy 

lift variant developed by Physical Science, Inc. (PSI) and its specifications are shown in Table 1. In addition to the 

standard configuration, a sonar based vertical position feedback sensor was outfitted to the vehicle to provide active 

altitude stability. 

Table 1 - InstantEye Gen4 heavy lift variant specifications. 

Weight (kg) 0.875 Control Aut. / superv. / man. Battery (Ah) 3.3 / 5.7 / 10 / 20 LiPo 
Prop to Prop (m) 0.4x0.4 Endurance (min) 30 (payload dependent) Batt. weight (kg) 0.365 (3.3 Ah) 
Max payload (kg) 2.25 Video  3 real-time cameras Batt. recharge time (min) ~60 

Range (m) 600-1400 Max wind (km/h) 30 Batt. swap time (s) < 60 
Speed (km/h) 56  FAD certification 333 exemption Motor replace time (min) < 2 

 

As observed from data summarized in Table 1, the UAV has a theoretical payload limit of 2.25 kg. To 

reduce the weight of the 3D-DIC payload, two 7.16 x 5.44x10-3 m camera sensors (or what is commonly known as a 

1-inch circle) have been selected in this study. Larger sensor sizes require a larger housing to contain the sensor, fit 

appropriate lenses, and dissipate heat and result in a heavier payload. The sensor size plays a fundamental role in the 

resolution of the recorded images. While high-resolution sensors are widely available in smaller form factors, their 

performance in low light and unstable conditions is not as good compared to a lower resolution sensor with larger 

physical pixels (i.e. better light sensitivity). To maintain a short shutter time, which is necessary to prevent blurring 

due to UAV motion, higher pixel density sensors must compensate in ways that may compromise the sensor data. 



One such method is increasing the aperture size, allowing for more light to pass through to the sensor, though it 

reduces the dynamic range of the camera, causing imperfectly positioned cameras to be easily out of focus. 

Alternatively, sensor gain can be adjusted to increase the ratio of light photons contacting the sensor to the voltage 

output, however this option may introduce noise to the image in the form of voltage spikes, and this is often results 

in a “fuzzy” image. For these reasons a set of 2 Megapixels acA1600-20um digital cameras manufactured by Basler 

employing an interline progressive charge coupled device (CCD) monochrome image sensors with a resolution of 

1626 x 1236 pixels and a pixel size of (4.4 x 4.4) x10-6 m was selected [62]. Though the resolution is considered low 

in comparison to what is available in commercial and industrial cameras, (4.4 x 4.4) x10-6 m, the physical pixel size 

on the sensor chip is substantially larger. The cameras were fitted with 8.5 mm focal length lenses manufactured by 

Edmund Optics Ltd. As already stated, the 3D DIC system was positioned to have a working distance of 1.75 meter 

and a cameras separation distance of 0.707 m, which resulted in a 25° separation angle between the cameras’ central 

line of sight. In this configuration, the stereo-photogrammetry system was capable of measuring a field of view that 

is 1.414 x 1.075 m. Larger FOVs, maintaining the same resolution used in this study, could be achieved by 

employing higher-resolution cameras and shorter focal-length lenses. 

For being considered a potential replacement for human inspection, the accuracy of the system must 

surpass or at least match that of visual inspection. Cracks typically become visible to the naked eye when they reach 

approximately 10-4 m in width, and when comparing to a tabulated set of line thicknesses the width of the crack can 

usually be approximated to ± 10-4 m. The potential resolution of the DIC system for in-plane displacement can be 

estimated as 1/100th of the effective pixel size that spans the field of view [63]. With working distance and 

resolution already fixed this value becomes dependent on the focal length of the lenses used. For these reasons 8.5 

mm focal length lenses were chosen to allow for a 1.4 m FOV and generated an expected uncertainty operating 

under ideal measurement conditions of ±1x10-5 m. 

To allow the payload operator to view the images and adjust the camera parameters during in-flight 

inspections, an appropriate image acquisition software was selected and a method of remotely viewing such 

software had to be established. The payload controller configuration utilizes standard available hardware and 



software to accomplish such tasks. In particular, the Minnowboard-MAX single board computer was selected for 

this purpose and its features are summarized in Table 2. The board operates using a Linux based OS, which has the 

built-in capability of generating an Ad-hoc Wi-Fi network. Once activated, the network can be accessed by a Wi-Fi 

capable laptop running a Windows-based OS and then, by using the Remote Desktop Connection application 

included in the Window OS, the Basler Pylon Viewer application installed on the controller would be operated for 

acquiring the images. This method allows the user to have full remote access to the features of the cameras. 

Table 2 - Minnowboard-MAX computer board specifications. 

Processor Intel Atom E3825 - 1.33 GHz 
Operating system Linux Ubuntu 14.04 

Data storage 2 Gb internal, 32 Gb MicroSD 
Image acquisition software Basler Pylon4 

Camera I/O 1x USB 3.0, 1x Gigabit Ethernet 
Wi-Fi antenna Panda Ultra 150Mbps USB Adapter 
Wi-Fi standard  802.11g (54 Mbps) Ad-Hoc 

 

The board is also equipped with an array of input/output (I/O) ports well suited for image acquisition and 

has two options for onboard data storage. The acquired images are stored on-board the payload to be transferred to a 

workstation for post processing at a later time using the AramisTM and the TritopTM software developed by GOM.  

 Figure 1- (a) PSI InstantEye Gen4 Heavy Lift Variant with affixed stereovision payload; (b) Minnowboard-MAX 
single board Computer.  

 (a) (b) 



To finish, Figure 1 shows (a) the UAV system with the affixed stereovision payload and (b) the 

Minnowboard-MAX single board Computer used for controlling the image acquisition. 

 

4 – The UAV performance tests 

3D-DIC is a non-contact, full field, optical measuring technique capable of tracking the relative position of 

points in a 3D space from images acquired through a synchronized stereo camera system. By using point-tracking 

algorithms, it is possible to extract full-field displacement and geometry profiles of the measured surface.  The DIC 

technique requires the structure under test to either have high contrast discernable features or speckles applied to the 

surface for pattern matching to occur between both cameras. Once acquired, the images are processed using the 

stereophotogrammetry techniques for triangulating the 3D coordinates of each point in the recorded images based on 

the location of the points in each camera’s image plane and the relative position between the two cameras. Prior to 

performing stereo-photogrammetry type measurements, the position of the cameras relative to each other and the 

distortions of the individual lenses must be determined. To obtain this information a calibration has to be performed 

by taking several images of an object containing coded optical targets whose positions are previously well-known. 

With reference to the case of study analyzed in this research, calibration has been performed while the cameras were 

already installed on the cylindrical carbon fiber tube camera bar. After calibration has been performed, the camera 

bar was attached to the UAV payload. To evaluate the performance of the 3D-DIC UAV prototype, several 

laboratory tests and in-situ monitoring activities were executed to: (i) demonstrate that the accuracy of the prototype 

in measuring full-field displacement relevant to SHM applications is comparable to that of traditionally used 

inspection techniques and (ii) evaluate the potential capabilities of UAVs coupled with 3D-DIC measurement 

techniques. The first set of experiments performed in a laboratory setting were designed to determine the system 

noise floor in a controlled environment; while, the measurements executed over two bridges currently in service 

were used for validating the performance of the whole system over time in realistic conditions.  

 



4.1 – Results of the laboratory measurement tests 

Prior to field-testing, it is important for the system to go through a suite of quantifiable baseline tests to 

assess the noise floor and accuracy of the DIC measurement system. The first laboratory experiment performed 

evaluated the resolution of the system when measuring the in-plane movement of a UAV with respect to the 

measurement surface by administering a set of controlled displacements. The evaluation test fixture used in this 

experiment is shown in Figure 2. It consists of a fix support with a moveable aluminum plate installed on top. The 

aluminum plate can be displaced in 0.01mm increments by means of a lead screw equipped with a dial indicator. In 

order to perform the DIC measurements, a stochastic pattern with black dots having a diameter of 1x10-3 m was 

applied to the surface of interest. Then, by processing the acquired images with the Aramis software, the relative 

position of the point cloud generated across the patterned surface is tracked as the surface moves between each 

measurement. The initial values measured from the test fixture prior to inducing known displacements are referred 

to as the noise floor for the measurement. This parameter is a general indicator of the minimum value that can be 

measured with the DIC system.  

 

Figure 2 – Experimental setup and in-plane X displacement noise floor for: (a) cameras fixed to a tripod; (b) 

handheld cameras. 



Figure 2 also shows the full field in-plane X displacement noise floor superimposed in false-color on the 

picture recorded using the left camera as two different conditions are considered. Figure 2a refers to the case in 

which the cameras are fixed to a tripod; while, Figure 2b represents the case in which the cameras are handheld. 

This second scenario was considered for taking into account the effects of possible instability of the cameras and for 

simulating a system subjected to random vibrations and movements. As observed, the noise floor range is [+0.0032 

to -0.0026] mm for the tripod case, while the range is [+0.0089 to -0.0056] mm as cameras were handheld. In both 

scenarios, the order of magnitude is the same and is consistent with the theoretical values predicted using the 

camera’s specifications (i.e. ±3x10-6 m). Analogous results are obtained as the full-field strain field is considered. In 

this case the noise floor range is [+52.2 to -53.7] µm/m, comparable with the expected noise floor, which is 

approximately ±50µm/m.  

To evaluate the capacity of the proposed system to accurately measure displacements, several well-known 

in-plane displacements were applied to the test object of Figure 2, and data were recorded with the cameras attached 

to a tripod as well as handheld. Figure 3 shows the measured displacements of the upper plate of the test fixture as it 

is moved by the lead screw.  

 

Figure 3 – Comparison of measured displacement results of the DIC system compared to a dial indicator. 

The test shows the system’s ability of the system to quantify small in-plane displacements, which is a 

measure of the system to identify crack growth in the 10-5 to 10-4 m range. The results show that the measurements 



recorded as the camera pair was placed on the tripod are in good agreement with the displacement measured from 

the dial indicator and an acceptable level of error is still observed as the cameras were handheld. Some discrepancies 

on the order of 0.01 mm can be locally observed (e.g. -0.0085 mm at stage number 4 in Figure 3), but the overall 

difference is contained within the noise floor of the optical system. In particular, it is observed that average absolute 

error (i.e. the average of the absolute differences between the values recorded with the dial indicator and the values 

measured using the 3D-DIC in the two configurations analyzed) is equal to 0.0027±0.000030 mm for the camera 

pair placed on the tripod and is equal to 0.0036 ±0.000089 mm when the cameras were handheld. 

As stated before, the 3D-DIC UAV system in its current configuration is capable of measuring a nearly 1.4 

x 1.0 m area in a single stage when positioned 1.75 m from the target surface. Since the camera’s payload is 

intended to be placed below a hovering UAV, from measurement to measurement there will likely be variation in 

the UAV’s position relative to the target surface. To determine the effects of how non-perfect positioning of the 

drone might have on results’ accuracy, measurements were taken while the cameras were subjected to various 

translations and rotations on all six degrees of freedom (DOF) with respect of the target surface. Measurements were 

taken of a 609.6x571.5x12.7 mm aluminum plate patterned using a stochastic pattern with black dots having a 

diameter of 5x10-3 m. Figure 4 shows the aluminum plate used as a target structure for this test.     

 

Figure 4 – Experimental setup for evaluating the effect of UAV-target surface’s relative position on the 

measurements accuracy. 



 It is important to mention that the plate had no applied loads and was housed in a temperature and climate 

controlled environment during the test.  Therefore any variations in the measurements obtained due to changes in 

position or orientation of the cameras over time can be attributed to DIC measurement error. For each of the relative 

position changes of the cameras from a normal centered position (i.e. roll, pitch, yaw, X, Y, Z displacement), twelve 

measurements were taken over a 48-hour period. The recorded noise floors were then averaged and results are 

shown in Table 3. In particular, the table summarizes the amplitude of the noise floor range (Peak-to-peak noise = 

Nmax – Nmin) and the relative difference δ between the reference value (i.e. value measured when no relative 

movements occur and cameras and targeted object are perfectly aligned, 77x10-6m) and the peak-to-peak noise as 

different levels of angular and spatial displacements are considered. As observed, the noise floor interval has the 

same order of magnitude of that measured for the reference case, for linear translations in the X, Y, and Z direction 

in the range ±0.20 m. When the angular rotation is considered, it can be observed that roll and yaw movements do 

not represent a problem for the quality of the measurements performed using the 3D-DIC UAV system, while, the 

value of the pitch angle is extremely important as even offsets of ±5° induce errors that are nearly twice the 

reference value. Extreme positive and negative pitch caused the noise floor to increase by an order of magnitude.   

Table 3 - Measured noise floor intervals for different UAV-target surface’s relative positions and difference with the 

reference peak-to-peak noise recorded as the cameras and the targeted object are perfectly aligned. 

  Peak-to-peak noise (10-6 m) δ (%)   Peak-to-peak noise (10-6 m) δ (%) 

 Reference 77 -     

R
ol

l (
°)

 ±5 90 17 

X
 T

ra
ns

l. 
(m

) ±0.10 95 23 
±10 91 19 ±0.20 86 12 
±15 91 18 ±0.30 111 44 
±20 88 14 ±0.40 103 33 

Pi
tc

h 
(°

) ±5 174 125 

Y
 T

ra
ns

l. 
(m

) ±0.05 84 8 
±10 256 231 ±0.10 95 24 
±15 390 406 ±0.15 105 36 
±20 474 515 ±0.20 97 25 

Y
aw

 (°
) ±5 79 3 

Z 
Tr

an
sl

. (
m

) ±0.05 82 6 
±10 101 31 ±0.10 92 19 
±15 95 24 ±0.15 81 5 
±20 98 26 ±0.20 106 38 



Nevertheless, severe misalignments in pitch angle from the UAV are highly unlikely as the vehicle would 

no longer be stationary if tilted to such a degree.  Therefore the expected motion of the UAV when hovering should 

not introduce a measurement error that is significantly larger than having the DIC cameras mounted to a fixed 

measurement platform. 

4.2 –Results of the bridge monitoring field tests 

The UAV-DIC system has been evaluated by performing in-situ measurements on two in-service bridges in 

Lowell, MA. In particular, the bridges tested were the Lincoln Street-Lowell Connector Bridge and the Plain Street 

Bridge passing over the abandoned CSX railway (see Figure 5).  

 

Figure 5 – The two in service bridges inspected in Lowell, MA: (a) Lincoln Street Bridge; (b) Plain Street Bridge. 

The first bridge spans the out-bound part of the Lowell Connector, one of the town’s main gateway to U.S. 

Route 3 and regularly sees consistent traffic flow. It is a 56 years old concrete cast-in-place bridge, close to its 

designed lifespan with obvious signs of degradation, spalling, and corrosion. It also has large expansion joints on its 

abutment walls, which are highly active. The second bridge has an abandoned railroad track running below it. It is a 

23 year old prestressed concrete box beam bridge, somewhat young in its design life, and has several areas 

characterized by sub-millimeter crack activity. For each of the two bridges considered, four and five areas of interest 

have been measured, respectively. However, in this paper the results are shown for only two representative areas of 

interest for each bridge for the sake of brevity. The test procedure described in this section is intended to showcase 

the accuracy, usability, accessibility, and time efficiency, of the system. Before proceeding with the image 



acquisition, an ideal-size speckled pattern was applied over the areas of interest for performing the DIC 

measurements. The tests were executed as the sensor payload was handheld (to evaluate the effective capabilities of 

the designed stereovision payload in real-world conditions) and attached to the UAV (to evaluate the effect of a 

moving UAV on the quality of the recorded images). When the UAV was flown, the DIC sensor payload operated 

independently from the UAV flight control system and two separate operators controlled the two systems (flight and 

image acquisition). For this study the UAV operator would position and maintain the vehicle relative to the 

patterned areas of interest as instructed by the DIC payload operator with the support of the information provided by 

a range finder and a fish-eye camera installed on the drone. Once the DIC operator was satisfied with the positioning 

of the UAV, images were acquired and the aircraft would be repositioned to the next local inspection area as shown 

in Figure 6. It should be noted that image acquisition is a pretty quick process, once the UAV is correctly positioned 

in front of the targeted areas. As an example, the time required for recording images from the three areas shown in 

Figure 6b is on the order of a few minutes, enough to allow the inspection of other areas without experiencing issues 

related to battery discharge. Some slowdowns can be experienced during the detection as the 3D-DIC operator is 

required to adjust the cameras’ parameters to compensate for sudden change in the brightness of the target area.  

 

Figure 6 – Bridge monitoring setup: (a) DIC payload and UAV operators (left and right respectfully) performing an 

inspection; (b) UAV performing an inspection of target areas under the Lincoln Street Bridge. 



The first test performed aimed to characterize the noise floor of the measurement under different 

positioning conditions. In particular, for this test a section of the retaining wall of the Lincoln Street Bridge 

characterized by the presence of a long vertical crack was studied. As shown in Figure 7a, four virtual optical 

extensometer lines defined thorough the 3D-DIC software were considered and used for evaluating the noise floor 

under various measurement conditions. 

   
Figure 7 – Vertical crack monitored area: (a) full-field X-displacement contour plot between January 7, 2016 and 

April 21, 2016, and extensometer locations; (b) averaged virtual optical extensometers displacement noise floor 

results under various measurement conditions. 

The results plotted in Figure 7b, show the average noise floors calculated for each of the four virtual 

extensometers shown in Figure 7a together with the standard deviation resulting from the four measurements. In 

particular, three different measurement conditions were considered: with the cameras set on the tripod, handheld, 

and with the 3D-DIC payload installed on the UAV. The measured noise floors were also compared with the cracks’ 

smallest dimension that can be recognized by the naked-eye (i.e. ~1x10-4 m). An average value of -1x10-5 m with a 

standard deviation ±2x10-5 m characterizes the measurements as they are performed using a tripod, a value of 1x10-5 

m ±2x10-5 m is observed for those recorded as the payload was handheld, while a value of 5x10-5 m ±5x10-5 m 

characterizes the measurements performed using the UAV. The error affecting the measurements done as the UAV 

is used is on the same order of magnitude as those characterizing the other two sets of measurements, and is still 



smaller than the minimum detection resolution typical of visual inspection. Furthermore, from Figure 7b it is 

possible to observe that the error bars of the three measurements overlap. Therefore, the three sets of data can be 

considered equivalent and comparable. As a result, it can be concluded that no significant differences exist for the 

UAV measurement as compared to the tripod and handheld measurements.  Figure 7a also shows the full-field in-

plane X-displacement of the two edges of the crack. As can be observed, the right side of the crack is moving to the 

left (i.e. negative displacements in the scale bar plotted), while the left side of the crack has little to no movement 

(i.e. slightly positive displacements in the scale bar plotted). Overall, the crack width is contracting. For this reason, 

the same area has been monitored for nearly 10 months to determine the ability of the proposed 3D-DIC UAV 

system in characterizing the activity of micro-cracks over time. In particular, five snapshots for each of the 

individual measurements performed were taken to allow data averaging during post-processing analyses and to 

verify measurement repeatability. Figure 8 shows the change in the length of the four extensometer lines considered 

over time and the associated error evaluated as the average of the five images recorded in each measurement. The 

monitoring period to which the plot refers to has been performed between January, 7th and October, 18th 2016. 

 

Figure 8 – In-plane X-displacement of a vertical crack measured over a period of nearly 10 months (Note: the error 

bars are artificially offset for a given date to eliminate overlap and help visualize the measurement uncertainty). 

The results show that the crack tends to contract through the whole winter period and the spring, while an 

opposite trend is shown in the warmest months. In particular, it should be pointed out that the first five 



measurements (until April, 21st) were performed using a handheld configuration, while the others were performed 

using the 3D-DIC payload on the UAV. From an analysis of the recorded data, it is possible to observe that the 

system is able to detect displacement as small as 9x10-5 m and that the resolution of the measurements performed 

with the UAV are not dissimilar from that of the measurements performed with the handheld configuration. As can 

be observed from data reported in Figure 8, the monitoring activity spanned ten months including cold and warm 

periods. Some measurements indicated that camera warm-up effects and variations in ambient temperature could 

result in changes to the cameras’ intrinsic parameters resulting in displacement and strain errors [64].  The 

calibration process is performed only when the stereovision system has been fully preheated to reach its thermal 

equilibrium. Due to the non-optimized design of the camera housing and relatively large size of the image sensor, 

under normal operation the camera housings can reach temperatures in excess of 35 degrees Celsius. This 

temperature is considerably higher than ambient temperature and may have an effect on the measurements.  

However, the thermal effects were not noticed to be significant or considered appreciable for this research effort. 

The DIC-UAV system has been also evaluated by measuring the displacement over time of a vertical 

expansion joint between the bridge’s abutment and retaining wall located nearly 4 meters above street level. As 

usual, for each of the measurements performed five snapshots were taken and in this case only measurements using 

the payload installed within the UAV were performed due to the difficulty in reaching this point without ladders or 

aerial lifts. To further validate the precision of the measurements performed using the proposed 3D-DIC system, a 

back-to-back comparison with measurements acquired from parallel brackets fixed to the surface using a 0.001in. 

graduation dial caliper has been performed and compared to the discrete displacements recorded from the UAV 

inspections. Figure 9 shows the portion of the joint investigated with the extensometer lines used for calculating the 

relative motion of the two edges and the results from the individual virtual optical extensometers compared with 

caliper measurements over a monitoring period of six months. It should be noticed that the parallel brackets were 

placed nearly 0.5 m away from the lower edge of the target area shown in Figure 9a and they are not visible in the 

image. 



 

Figure 9 – Expansion joint monitoring area: (a) optical extensometer locations across the expansion joint; (b) 

averaged displacement results from individual optical extensometers and comparison with caliper measurements 

(Note: the error bars are artificially offset for a given date to eliminate overlap and help visualize the uncertainty).  

Despite the limited number of available measurements, a very good agreement is observed between the 

displacement recorded using the 3D-DIC system and the caliper. In particular, the average relative difference 

between the data measured using the 3D-DIC system and the caliper is equal to 15%. In particular an average 

absolute error equal to -0.05 mm, -0.34 mm, and -0.05 mm is observed for the extensometer lines 1, 2, and 3, 

respectively. These results imply that the DIC-UAV system can measure the relative displacement of a point with 

accuracy comparable to that of traditionally used instrumentation over a wide area, a further demonstration of the 

validity of the proposed approach. It should be noted that the highest errors occur for the virtual extensometer 2. It 

was due to shaded areas (i.e. produced by the overlying deck) similar to that shown in Figure 10 cutting through the 

test area. 



 

Figure 10 – Detail of the positioning misalignment of the optical target used for the ellipse finder to identify the 

center location of virtual extensometer 2 and unacceptable pattern brightness variation caused by partial shadow 

over inspection area on October 18th, 2016. 

For some measurements, the targeted areas’ rapid changes in brightness and shadows make setting an ideal 

exposure time difficult (i.e. resulting in overexposed, blurry, or fuzzy images) and can skew the perceived location 

of optical targets by the 3D-DIC software. The brightness variations may result in error of the targets’ position and 

therefore in error in the displacement measurement. It is clear that appropriate lighting requires attention to 

guarantee the accuracy of the measurement. Specific precautions have to be taken as described in Section 4.3 

(Lesson learned and best practice). 

To finish, more long-term investigations have been performed on the second bridge over the two areas of 

interests shown in Figure 11. The first area (designated 2.1) is located on the bridge abutment nearly 1.5 m above the 

ground level and it is intersected by a vertical hairline crack characterized by intense activity. The second area 

(designated 2.2) is located on the same abutment wall; right below the bridge’s deck nearly 5 meters above ground 

level. It is also characterized by a long vertical crack as can be observed in Figure 12b.  



 

Figure 11 – Monitored areas under the Plain Street Bridge. 

 

Figure 12 – Full field X-displacement contour plots with extensometer locations for the two investigated areas: (a) 

area 2.1 with vertical hairline crack; (b) area 2.2 with vertical crack. 

 The results of the measurements performed using the 3D-DIC system are shown in Figures 13 and 14 

respectively. For each of the considered measurements, five image pairs were acquired to allow for averaging during 

post-processing.  



 

Figure 13 – Vertical hairline crack in-plane X-displacement results from individual optical extensometers (Note: the 

error bars are artificially offset for a given date to eliminate overlap and help visualize the uncertainty).  

 

Figure 14 – Vertical crack in-plane X-displacement results from individual optical extensometers (Note: the error 

bars are artificially offset for a given date to eliminate overlap and help visualize the uncertainty). 

In the data plotted in Figure 13, only the data recorded on March 10th and October 18th were measured 

using the DIC-UAV system, while the others were acquired when the system was handheld. With regard to the data 

plotted in Figure 14, the measurements performed on March 1st, June 23rd, and October 18th were accomplished with 

the payload attached to the UAV. Based on the results from both data sets, the system is capable of tracking the 



relative motion of the two edges of the cracks with a degree accuracy suitable for civil applications, both for micro-

displacement (on the order of 10-4 m or smaller) and larger fractures (on the order of millimeters).  

4.3 – Lesson learned and best practice 

Various tests, both in the laboratory and on in-service bridges, have been performed for evaluating the 

performance of the proposed 3D-DIC equipped UAV system and several useful insights have been made. One of the 

primary outcomes of this research is that measurements made using the UAV system does not compromise the 

resolution of the 3D-DIC measurements. Despite the variations in positioning of the drone during image acquisition, 

the measurement’s noise floor is not dissimilar from stationary or quasi-stationary measurements (i.e. tripod and 

handheld). It was shown that excessive camera pitch can introduce measurement errors, but data acquisition while a 

UAV is hovering generally does not have significant variations in pitch and therefore should not be an issue.  

However an increased level of repeatable position control and stability is desirable, as it would allow for performing 

more efficient inspections and result in fewer blurry images recorded during the acquisition process. Improved 

position control of UAVs is expected as control algorithms and flight control actuators continually improve.  The 

camera system also required passive vibration isolation mounts to reduce camera shaking from the UAV platform.  

The two primary sources of vibration to the cameras are the rotor blades (higher frequency) and the rigid body 

motion of the sensor package with respect to the frame of the UAV (lower frequency) caused because of the 

compliance of the isolation system.  The dynamic interaction between the sensor package and the UAV frame must 

be considered when optimizing the flight control parameters as well as the isolation system.  The camera bar must 

also be made lightweight and stiff so that the first vibration bending mode of the bar is well removed from the rotor 

blade passage frequency.  For our design, a round carbon fiber tube was sufficiently light and stiff to prevent any 

appreciable relative motion between the camera pair, as that relative motion would disturb the DIC calibration.         

Appropriate lighting requires a great deal of consideration during any 3D-DIC measurement and can 

quickly degrade the accuracy of the measurement if not properly addressed. For this reason test locations in evenly-

shaded areas provided more consistent measurements.  Likewise, the same was true for exposed areas on days with 

light but consistent cloud cover. Inconsistent shadows cast onto the test areas (e.g. from trees) make setting an ideal 



camera exposure time virtually impossible, disrupt the image correlation between images, and can skew the 

perceived location of optical targets. Indirect light reflecting from rough surfaces at acute angles can create shadows 

behind high spots of the unsmooth surface, and the inconsistent lighting angle in general will require individual 

adjustment of the exposure times of the left and right image sensors. Partial cloud cover creates variations in the 

overall lighting from the sun and the exposure time must be constantly adjusted accordingly.  For outdoor tests, an 

area of a bridge at a particular time of the day that has uniform lighting in one season (e.g. summer) may have 

inconsistent or poor lighting in a different season (e.g. winter).  Alternatively, future iterations of the UAV-DIC 

sensor could take measurements with light emitted from the UAV itself or at night thereby eliminating lighting 

variations. Operating at night and using UAV-installed lamps for providing a constant illumination to the target 

object will help in reducing the influence of external lighting on the measurements. It has been shown that artificial 

monochromatic light and bandpass filtering imaging can help in obtaining high-quality images suitable for high 

fidelity deformation measurement [65, 66]. Furthermore, the presence of artificial light facilitates the reduction of 

the cameras’ shutter time and helps preventing from obtaining blurry images. 

 

5 - Conclusions 

 The objective of this research was to develop, demonstrate, and quantify the capabilities of an UAV 

equipped with a 3D-DIC sensor package to be used for the monitoring of bridges. This paper describes the hardware 

and software characteristics of the combined 3D-DIC and UAV systems and quantifies the measuring capabilities 

with an extensive set of laboratory and bridge field tests. This research contributes to the overarching goal of 

developing a SHM system that can accurately monitor the condition of bridges, provide quantifiable measurement 

results, and minimize the interference with infrastructure functionality. The non-contact aspect of the optical 

measurement approach lends itself to automated recording and allows for more frequent and cost-effective 

measurements of bridge conditions. Unlike most of the conventional SHM sensing systems (e.g. strain gages and 

accelerometers), which have limitations due to wires, data transmission limitations, power requirements, and are 

only able to provide data for discrete points, the proposed imaging system allows for full-field displacement 



measurements over the entire investigated area and can be readily applied to multiple bridges. The research has 

demonstrated that measurements made using the UAV system does not significantly affect the precision of standard 

3D-DIC measurements.  The experimental evaluations executed for determining the performance of the proposed 

3D-DIC UAV system demonstrate its accuracy in measuring the evolution of cracks having widths as small as 1x10-

5 m, outperforming the resolution that can be obtained when visual inspection techniques are employed.  

Preliminary results obtained using the developed technology has shown that the proposed 3D-DIC UAV 

system can be used for scanning complete walls, columns, or other large areas of interest having complex geometry 

and reconstructing their shape and measuring their full-field displacements. Larger FOVs can be obtained by 

stitching together adjacent sets of images in a global coordinate system for when the UAV is deployed in different 

positions as has been demonstrated in several other studies [38, 42, 67]. For doing this, the recorded FOVs have to 

be laid out with an overlap and at least three optical targets have to be used as common reference points to find the 

rotation matrix that can align the two point clouds in the two set of pictures recorded using the two stereo-vision 

systems. The approach would allow using a single UAV system for scanning only one small area at a time but would 

allow for obtaining information over larger areas or the whole target structure. Moreover, battery and flight-path 

optimization and the development of algorithms for autonomous UAV navigation in GPS-denied conditions could 

represent a further development phase of the prototype for automating more of the data acquisition process. A 

remote navigation system could replace the sonar based vertical position feedback sensor and would allow for 

autonomous repositioning of the UAV. This feature can be extremely useful in the event of strong wind gusts that 

results in unwanted movements and requires repeating measurements. It is expected that a fully developed system 

would be able to monitor relative crack movement over the entire area of a bridge in a few hours and increases the 

inspection frequency helping to improve infrastructure safety while enabling condition based maintenance and 

reducing the downtime associated with inspections. 
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