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ABSTRACT

More than 40% of the US 4service bridges are at least 50 years old, 10% are posted with limited passing
loads, and the cost to repair the US bridges in their curogmiitionis $125 billion. Load rating is usually
performed to assess the performance and capacity dfridiges ands carried out either analytically or
experimentally. Despite several advantages of bridge field testing, it is not a common practice for the
evaluation of bridge performance. Instead, the analytical load rating is momgoon®ne main reason is

the cost of field operations and instrumentation. One effective way to reduce the inspection cost is to utilize
new technologies such as drones. Furthermore, recent studies have confirmed the feasibilitgstifigld
bridgesusing computer vision in which video recording from fixed cameras are used to extract bridge
response with no need to use conventional sensors.

The main goal of thigroject which is the first phase of a twahasestudy; is to develop framewosand

necessary tools to field test bridges usingovel norcontact measurement technique in whicstéad of
conventionaldisplacemenor strain sensors and data acquisition system (DAiQjtal image correlation

(DIC), urcrewedaerial vehicle (UAV's or drones opensource computer programs, and -effetctive
camerasire utilized to estimate bridge structural responses. The development of the pnopasaement
technique including mission strategy, camera system, DIC software, drones and their payloads is presented.
The accuracy of the proposed measurement technique is evaluated through more than 70 experiments on a
truss bridge in a laboratory.

The propose®IC-UAV based displacement measurenstrategy and computational tools were found
feasible with submillimeter accuracies, significantly advancing the-state-art methodologies.
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EXECUTI VE SUMMARY

ES.1 Introduction

More than 40% of the US 4iservice bridges are at least 50 years old, and the cost to repair the US bridges

in their currentonditionis $125 billion. With the current budget allocation, it will take 50 years to repair

the US bridges assuming no further deterioratihen a bridge is old or deteriorated, the evaluation of

thel oad carrying capacity of the bridge, uswually re
of the traveling public and to prevent excessive bridge damag@esibly, collapse. Even though field

testing offers actual insigéitnto bridgebehavior, it is not a common practice boidgeevaluation. Instead,

the analytical load rating is often used. One main reason is the cost related to field operations.

One effective way to reduce the inspection cost is to utilize new technologies such asdnonesnned

aerial vehicles(UAVs). During an inspection, drondscrease accessibility and safegnd may carry
differenttypesof sensors such as cameras, infrared cameras,-sisi@o cameras, and lidar cameras. By

using these sensors mounted on drones, one may generate 3D models of bridges, detect damages (cracking,
spalling, etc.) through computer vision and artificial liigence enabled software, or tain new
information about bridges such as displace)esitesses, and strains.igibal image correlation (DIC)

allows extractng full-field displacements and strains from images and vid&bs. present project was to

develop a novel solution that combines the use of drones equipped with cameras and a computer vision
system to perform droAgased displacement measurements for bridge field testing.

ES.2 Objectives

The main goal of thiproject which is the first phase of a twahasestudy, wasto develop computetiools

to field test bridges using drones and D achieve the project goal, several camera configurations were
studied to determine the best camera candidates for use idrbh€ applicationsSubsequently, different
mission strategies were proposed in whighr@ne (orafleet of dronesgquipped with &et ofcamera is
deployed to perform bridge field testing using DIC softwansteéad of conventional displacement/strain
sensors A DIC system is developed using eperrsource computer prograand the best DIC marker
configuration was selected using test dadadrone platform was then built using dffe-shelf hardware,
aiming to prove the mission feasibility, and to reduce the total eotgespect to other commercial or
professional drones available in the market. @&heuracy of the proposed drebased displacement
measurement tools was then evaluated by performing several experimental tests on a scaled truss bridge
model. A summary of each task is presented herein, and the detailed discussion for each tasteis prese
in the following chapters of the report.

ES.3 Literature Review

The literature was reviewed to collect information bridge inspection and field testing using new
technologies such as drones dbiC. During bridgefield testing, girder vertical displacements (using
Linear Variable Differential Transform&rLVDTs) and/or girder longitudinal strains (using surfaceunt

strain transducers) are measur&ilich measurements allow calculatiomiofler distribution factorghen
adjustment ofinalytical load rating values\ote that any field measurement should be donalfgirders

of a bridge at a section (usually at the midspan for the moment distribution calculation, and sometimes at
the girder ends for the shear distribution estimati@@veral bridges have been field tested in the pagt (

ES1). Measuring the girder displacement was common in early studies. However, strain measurements

XV



are more common nowadays since the strain transducers do not need a reference pointmoFairther
reusable strain gauges specific to bridge field testing (e.g., BDI sessova inFig. ES.1h are currently
availableonthe market.Table ES.1 presents a summary of past bridge field testing including the maximum
responses measuredtiesetests.

- (a) Bridge Underneath (b) Installation of Strain Gauges with Extension

1215 Path C|
0.80
pantzy  ppPanom —Path A —Path B
= {1 g P 0.70 1 —Path C ———Path D
g 1015 {3} | [e¥r] ek} feZy | [el] | e} | [eyd ||| [ef:] 0 Path E ath Cj - AASHTO LRFD
2 [ﬁ B2 S E S %] 0.60 B .
s J ath B patl 21
5 815 £ 050 it i
’5’ [a] N
w 6157 © 0401
= 2 030
S 415 S
n = 0.20
215 4 0.10 7
0.00 -
15 1
Girder No.
Girder No.
(c) Maximum Measured Flexural Tensile Strains (d) Moment Girder Distribution Factors

Figure ES.1. Sample Results of a Bridge Field Testing by Rimal et al. (2019)
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Table ES.1. Measured Bridge Responses in Past Field Testing

Reference Spafr: Length Girder Type Reak Measured Peak Measured P:?é(e'\(l,?ﬁlssuergd
(m) Displ., in. (mm) Strain, ¢

(mm/sed)
Issa et al. (1993) 45.5(13.9) AASHTO type Il N/A 250 N/A

Issa et al. (1993) 66(20.12) AASHTO type Ill 0.385(9.98) 195 40(1016)
Issa et al. (1993) 121(36.89) AASHTO type IV 0.755(19.35) 263 N/A
Nowak et al(1996) 21.5(6.55) Reinforced Fheams 0.132(3.380) N/A N/A
Nowak et al. (1996) 48(14.63) Steel girders 0.188(4.82) N/A N/A
Nowak et al. (1996) 48.5(14.783) Steel girders N/A N/A N/A
Nowak et al. (1996) 38.5(11.73) Steel girders 0.094(2.41) N/A N/A
Nowak et al. (1996) 25.5(7.77) Reinforced Fheams 0.040(1.02) N/A N/A
Chajes etal. (2000) | ;o 637?13%83,510_67) Steel girders N/A 135 N/A
Phares et al. (2005) 70 (21.34) Deep welded girders N/A 5110210 N/A
Schiff et al.(2006) 42.5(12.95) Steel girder N/A 65 N/A
Suksawang et al. (2007 78.7 (24) I-girder N/A 35 N/A
Suksawang et al. (2007 52.5 (16) I-girder N/A 45 N/A
Suksawang et al. (2007 18.9 (15.75) I-girder N/A 55 N/A
Suksawang et al. (2007 34.4 (10.5) I-girder N/A 38 N/A
Suksawang et al. (2007 147.6 (45) I-girder N/A 105 N/A
Islam et al. (2014) 84.5(25.76) Prestressed box beam N/A N/A N/A

Islam et al. (2014) 85(25.91) Prestressed box beam N/A N/A 24(610)
Sanayei et al. (2015) (1??7'2,' iy 76) Steel girders N/A 104.4 N/A
Torres (2016) 51 (15.54) DoubleTee 0.789(20.23) 480 N/A
Rimal et al. (2019) 42 (12.8) Prestressed Doubleece N/A 400 N/A
Rimal et al. (2019) 50 (15.24) Prestressed DoublBee N/A 1150 N/A
Dong et al. (2020) 52 (15.85) AASHTO Type Il 0.037(0.94) N/A N/A

Maximum = 0.789 (20.23) 1150 40 (1016)

Frequent inspection and condition assessment of bridges are required to documeetetheiatbns and
damages over timeThe use ohon-contact monitoringystems is gaininmmomentumrin the US since they

are easier ténstall and maintaitompared withconventional instrumeste.g., LVDTSs, strain gauges)
Computer visioncould be used asene of the noftontactstructural response measurememtthods
Vision-based displacement measurement methsdallyrequireeither physical (a printout pattenaathed

to the surface of interest) or virtusdecklegor target$to improve measuremesih nonstationary imagery
environments.To minimize the use gshysicaltargets, feature poin{sr virtual marker¥ can be utilized

For example, bng andCatbaq2019 used deature matching stratedy replace handcrafted descriptors

with learned descriptol&ig. ES.2a-d). They combine&cale Invariant Feature Transform (SIF&ature
pointswith Visual Geometry GroufVGG) descriptorsas a new strategy for visidmased displacement
measurements. A twgpan bridge model was selected for testing. A seddseh model of a migize

bridge was used and loaded with a toy truck with variable weighfssion-based displacement
measurement methods using féeature matching methods (SIFT, SURF, SNGG and SURF/GG),

and one conventional displacement sensor (a potentiometer, PM) were used to obtain the displacement time
histories of a target point on the model bridge loaded with the moving toy truck. stitts obtained from

the proposed method (SIFMGG) were consistent with those obtained from the physical serfsigr (

ES.29. Furthermore, the other visidrased methods showegod accuracy in terms of displacement
measurements. Subsequently, a fieldliaption was performed on a railway bridge to verify the feasibility

of the proposed displacement measurement method. The camera was placed at approximately 33 m (108
ft) awayfrom the target region on the bridg&igure ES 2f shows the railway bridge test results. The
measured displacements using the proposed method were affected by camera motions. They proposed a
method to remove the camera motions from the structural displacements.
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The research team of the abovementioned study implementgtFhéature detector and VGG descriptor

in aportable systenconsistng of a set of cameras, a set of synchronization modules, a computer, and a
suite ofsoftware to determinegirder distribution factors fola highway bridge(Dong et al., 2020 One
cameravasusedo record the traffito determinevhich laneof the bridge wakbaded and the other cameras
weremonitoling the deflection of the bridge girdgiisig. ES.3. To verify the proposed approach, two sets

of experimentsvereconducted: (1) static loadingnd(2) loading undenormal traffic. Five potentiometers

were installed at the midspan of each girder to measure the displaseitaee cameras were employed

to measure the displacements at the same locatiigure ES.3b shows a sample displacement
measurement by camera and LVDT, dfid. ES.3c shows the girder disbution factors calculated by
camera displacements, strains by strain gauges, and an analytical finite element model. Overall, a
reasonable accuracy was reported when DIC was used compared with conventional measurement
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Figure ES.3. Bridge Field Testing and Measurement using DIC (Dong et al., 2020)

DIC systemsare viable norcontact tools for the measurementsoiuctural deformationgbtainingfull -

field strairs, andsimulatinggeometry profiles of structuredloreover UAVs have emerged as valuable

tools for bridge inspection due to their le@ost operation and providing access to areasaieatither

difficult or dangerougor human inspectorsyoon et al. (2018) presented a framework to achieve absolute
displacements of a structure from a video taken by a UAV using asteftiapproach. First, a tardete

method was implemented to extract relative structural displacements from the video. Nextidgeee
of-freedom camera motion was estimated by tracking the background feature points. Finally, the absolute
structural displacement was estimated by combining relative structural displacements with camera motions
(Fig. ES.4. In laboratory testsjertical dynamic displacements of a steel truss bridge under a train traffic
for 250 sec were reproduced using a sérydraulic motion simulatorFig. ES.5). The simulator can
produce displacements with an accuracy of 0.1%. A DJI Phantom 3 equipped with a 4K resolution camera
operating at 24rames per second (fpsjas selected for this experiment. A total of 6,000 frames were
obtained during 250 sec. The camera recorded the video at 15 ft (4.57 m) from the motion simulator, which
corresponded to the clearance required by the Federal Railroad AdministRitiane ES.5bshows the
absolute displacement of the bridge determined using the proposed appiae estimated absolute
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displacements matched well with the measured absolute displacements of the motion simulator. The root
mean square error (RMSE) was 2.14 mm, corresponding to 1.2 pixels of resolution.
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Figure ES.5. UAV Based Displacement Measurement Results (Yoon et al., 2018)

Hoskere et al. (2019resentedameraenabled UAVs as a new sensing modality, and a novel visisad
data extraction pipeline to conduct modal surveys ofdedlle civil infrastructure.The first step of the
proposed approach was to obtain video of the vibrating structure through aatididenquer strategy,
where the UAV surveyed one portion of the structure at a #ige £S.6. Once the video of the structure
was obtained, the next part of the proposed approach included ahésied pipeline to compute the modal
properties fom the recorded videdrig. ES.7). To eliminate the drone movement from structural
deformations, the study used signal filtrations assuming the drone hovering frequenpyetbdneinantly
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low frequency(below 0.5 Hz)for UAVs with commercially avdable gimbals The test results on a six

story sheabuilding model in a laboratory on a uniaxial shaking table showed that the proposed approach
can estimate the structure natural frequencies with less than 0.5% error, anodith@ssurance criterion
(MAC) values all being greater than 0.996. An additional test was conducted orseafallpedestrian
suspension bridge. The results showed that MAC values were all above 0.925, and thedliifiettes
natural frequencies was less than 1.6% for three modes included in the analysis.

Figure ES.6. UAV Based Modal Property Measurement using Divide-and-Conquer Strategy (Hoskere et al.,
2019)
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ES.4Development ofDIC -Drone-Based Displacement Measurement Tools

Threedifferent mission strategies were proposed in this project to performed bridge field testing using
dronebased displacement measurements. The select str&iggi$.8) involves a fleet of drones, each
equipped with two DIC cameras. For each drone, one camera adfeirgssition ofa targetmarker
installedon the bridge whereas the second camera looks at a reference marker placed on the bridge
components with negligible vertical displacements during field testing such as bents and abutineats. V
targets can also be utilized in this method. The difference between the DIC measurements from the
reference and target makers is the girder displacement in which the drone motions are.removed

;: L

O
DIC Targets
on Girders

=

The Drone Photé

Figure ES.8. Proposed DIC Mission Strategy C Using Drone with Two Cameras

In this pilot study, physical ArUco markers were utilized. AmJco marker is a synthetic square marker
composef a wide black border and an inner binary mattixtdetermines its identifiedD). The black
border facilitates its fast detection in the imagyed the binary codification allows its identification and the
application of error detection and correction techniquedividual ArUco markers can be combined into
a cluster of markers, as showrfig. ES.9. The dimension of the ArUco marker (or the cluster of markers)
was selected based on the distance ofrtaker from the camera and the lens focal length.
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Figure ES.9. Samples of ArUco Marker Clusters from 4x4 Dictionary

Given the camera parameters provided by the camera calibration and an image containing ArUco markers,
the DIC nmarkerbaseddisplacemenmeasurementechniquereturrs a list of detected markeisy using

Python, as the select programming language, in combinationQ@#nC\, an opersourcecomputer
visionlibrary, which implements realme computer vision algorithms (OpenCV, 20224jhen a marker

is detected,ite camera pose with respectte markercan be computed as3® transformation from the

marker oordinate system to the camera coordinate systarbuilt-in OpenCV function is used for the
camera pose estimation, knowing the four corners of the detected ArUco marker, its dimension, and the
camera calibration parameters. The functeinorns thena r k pose sbimatiowith respect to the camera
individually. For each marker, rotation and translation vestoereturned. The returned transformation

is the one that transforms points from each marker coordinate system to the camera coordinat&hsystem.
marker coordinate system is centenedhe middle of the marker, with theaxis perpendicular to the
marker plane.Then, the rotation vector is converted to a rotation matrix. By knowing the rotation matrix,

R, and the translation vectdr,displacement of the ArUco marker between two consecutive frames can be
retrieved. For a single marker appearing in two framegjiiptgacementl can be computed as:

Q YO o (Eq. ES.1)

where,Y is the transpose of the rotation matrix at frame 1,Garahd0 are respectively the translation

vector at frames 1 and 2. For a cluster of markers, the rotation matrix of the cluster was calculated by
extracting the four corners of the cluster of markers. Subsequently, the cluster rotation Ynais
retrieved using the camera calibration parameters
the inputs of the OpenCV builh function for the pose estimation. Using informatiorived frames, the
displacementl wascomputed as:

Q Y o o (Eq. ES.2)

where,Y is the transpose of the cluster rotation matrix at frame 1¢lamadd] are the mean translation
vectors of all the single markers in the cluster at frames 1 and 2.

When two clusters of markers, one as the reference marker and another as the target, are considered in a
test, the displacemer®, of the target with respect to the reference can be computed as:

QY o o (Eq. ES.3)
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where,df anddl arerespectively the mean translation vectors of all the single markers in the target and
reference cluster at the initial fran®, andd” are the mean translation vectors of all the single markers in
the target and reference clusters in the subsequent framég, athe transpose of the rotation matrix of

the reference cluster at tif@frame.

An experimental study was conducted to determine the best camera option(s) for usediralC
applications. The tradeff in selecting the camera system was based on the following criteria:

1 Weight.

1 Image sensors:omplementary metal oxide semiconduc(@MOS) vs. chargecoupled device
(CCD). CMOS should allow highdrame rateit is cheaper, and its quality and capabilities are
now similar to CCD. In addition, CMOS sensors have a smaller size and lower power consumption
than CCD sensors.

91 Pixel size: large pixel results in a higher dynamic range and digimalise ratio, but lower spatial
resolution with respect to a small pixel size.

1 High lens focal length means low FOV, and vice versa.

1 Maximum lens focal length depends on the type of lens mount.

1 Depending on the marker size and its distance from the camera, high lens focal length5@.g.,
mm) or small camera pixel size (or both) may be required.

1 A camera that supports different lenses and lens focal lengths might be necessary.

1 A minimum frame rate of 3per second

1 A camera characterized by both high resolution and high frame rate is more expensive than a

camera that has only one of the two features.

Four cameras were included in the evaluation studntahRealSens D435i, 8Canon EOS 7DaBlackfly
S USB3 and a GoPro HERO4Table ES.2presents the specifications of these cameras.

Table ES.2. Cameras Used in Evaluation Study

. . . . Frame per Focal Length
Camera ShootingMode | Resolution Pixel Size fim) Second(FPS (mm)
INTEL d435i Photo 1920 x 1080 3.0x3.0 N.A. 26
CANON EOS 7D Photo 5184 x 3456]  4.305x 4.305 N.A. 250
Blackfly S USB 3 Video 2448 x 2048 3.45% 3.45 24 16
GoPro HERO4 | Narrow Video | 1920 x 1080 9.4x9.4 30 27

Thesecameras werevaluaed usingwo test methods. The first tesas done byaking multiple pictures

of a steady marker and extracting the position of the marker from the images, to assess the noise and
uncertainty level of a stillimage. These tests showed that the use of a cluster of markers reduced the mean
error. The seconskries of the camera evaluation tests were focused on the measurement of theyertical (
direction) displacement of the marker in which the marker was manually displaced by 10.366&mm (
ES.10). Atthe begnning of each test, the marker was placed on the top of a spacer with a depth of 10.3666
mm, which was measured using a caliper. Subsequently, the spacer was removed. Pictures were taken
with different cameras before and after removing the spacer. tiNdtthe camera was fixed.
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(a) Marker on Spacer (b) Marker when Spacer was Removed
Figure ES.10. Camera Evaluation by Displacing Markers to a Known Position
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Figure ES.11. Camera Performance in Known Displaced Marker Tests

Using these two pictures or frames, the displacement ig-thectionby the DIC methods described in

the previous section was estimated. This process was repeated six times, and the mean percentage error
and the maximum percentage error of the measurement were compigielS.11shows the test results

for all cameras in terms of the mean percentage error and its equivalent physical value. It can be seen that
the least mean percentage error was usually achieved when a cluster of markers wascifszdlyspe

cluster of nine markers. Since the cluster of 16 markers had the same overall size as the cluster of nine
markers, their constitutive markers were smaller in thens6r k er cas e. This reduc
accuracy in detecting and extracty mar ker s & p o s i tliadditien, thetusetoftaelusieri x e | I
of markersincreased the accuracy of the displacement measurements by merging results from multiple
markers at the same timeAnother finding was that an increase in the ori@mabetween camera and

marker always adversely affected the displacement measurements. Parallel measuremefjtarge., O
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recommended. Based on these evaluation tests, Blacklyn8ravas selected for further investigations
due to its high accuracy and cost effectiveness.

Finally, a UAV systemwas built whichconsised of a Tarot FY690S Full-Gxis Carbon Fiber frame 3K
Folding hexacopter, six Tarot high power BLDC motors with carbon propellers, a Cube Orange Standard
Set, with H7Processor and AD8 Carrier BoardFlycolor 40A ESC, and daier ESC power distribution
board, a Pixhawk 2.1 Power Module, a Cubepilot Here 3, and a high precision Global navigation satellite
system (GNSS). In addition, a Herelink HD Video Transmission Systesnused as an integrated remote
controllerusingwireless digital transmission system. It allows remote control, HD video, and telemetry
data to be transmitted up to 12.4 miles (20 km) between the ground station and air unit. The hexacopter
had a final total weight of 4.1 kg, allowing a max payload capacity of about 2 kg, and a maximum flight
time of about 18 min, with a 5000 mAjattery Fig. ES.12). The payload is mainly composed of two
cameras, a miAPC, and two electric batteries. cArbon fiber plate placed at the bottom of the droas

used teaccommodat the payloadThis configuration allowed having an adequate distribution of weights,
balance, and flight stability. The 4xoard computer was a MeLE Fanless Mini PC Quieter3Q Intel Celeron
N5105 with8GB of RAM and 500 GBf SSDstorage, whereas the battery was a HRB 4S 14.8v 5000mAh
50C Lipo Battery. The camera system was composed of two Blackfly S USB3 cameras (MoedB-BFS
51S5MC: 5.0 MP, 75 FPS, Sony IMX250, Mono), mounting lenses with different focal lengths depending
on the test scenarictither a 16mm (0.63in.) focal length Kowa LM16JC5M2 or a 58m (1.9%in.) focal

length Edmund Optickens was usedTwo USB 3.0 cables were used to power the cameras. Two Hirose
HR10 (6 Pin) GRD cables and a simple circuit were utilized to synchronize the frames. Lastly, an HDMI
cable was used to stream the camera feeds to the Herelink HD Video Transmission Syesteat-fione

First Person View (FPV). This was necessary to check if the markers were inside the camefihOV.
total weight of this payload, with the 50m lens was1.58 kg.
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Figure ES.12. UAV Built with Commercial-off-the-shelf Hardware
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ES.5Verification of Drone-Based Displacement Measurement Tools

A bridge model was selected in which it could be loaded to 10 mm (0.4 in.) without the use of hydraulic
actuators or heavy equipment. The bridge model was a truss made of three parts. Each part (88s 1.5 m
in.) in length and had a square cresstion with a side dimension of 203 mm (8 in.). The total length of

the truss bridge was 4.5 m (177 inAs shown inFig. ES.13 the truss bridge was placed on the top of a
series of concrete blocks, to reach a height that was easy to load the bridge without any equipment and to
fly drones. At the bridge midspan, a piece of plywood was attached on the bridge using a bok titneecur
target DIC marker. Target in this study is the displacement of interest. Another marker is added in some
tests to sete as the reference marker. A pedestal is positioned underneath the bridge at its midspan to
install displacement sensors and the reference DIC marker.

~ el R R =
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Figure ES.13. Photograph of Truss Bridge Model and Test Setup

Conventional sensors were used in all experiments to measure vertical displacements of the bridge test
model under different loading. Specificallygries TR / TREVDTs by Novotechnikwere used.The

LVDTs were connected to Yishay data acquisition system (DAQ) and the data was recorded using
StrainSmartsoftware. The 128hannelDAQ can record up to 2000 measurementsgeeond In the

present study, a rate of 10 or 100 data per second was used. -Hzesafpling rate was sufficient for

static tests, but 100 Hz was used in dynamic tests.

As discussecearlier, Blackfly S USB3 was selected for the DIC measurement in the bridge testing.
Furthermore, a Raspberry HQ camera witha 16mm (0.63in.) telephoto lensvas also utilized as a
possible lowcost alternative. Different configurations or combinations of cameras were used over the
course of the experimental study, which were:

I Tests witha single cameri which either the Blackfly or the Bameravas used.

I Tests with twacamera but without synchronizatioin which a combination of the Blackfly and

the Picamera were used. In some cases, two Blackfly cameras were used.
1 Tests with twasynchronizecdamerain which both cameras were Blackfly.

XXVi



Furthermore, different testing methods were considered:

1
1

1

Static testing: performed by slowly adding weights on the top of the bridge at its midspan.
Dynamic testing: performed by either suddenly releasing a heavy bucket, which was attached to
the bridge, omanuallypulling the bridgedown

Bridge testing with moving cameras: sintevas desired to mimic the drone movements in a
controlled setup and to further fine tune the DIC measurenteattechniquesvere implemented.

In the first method, the camera system was secured on the top of a moving cart, which was then
manually displaced 50 to 100 mm (2 to 4 in.) back and fdritthe second method, we built an
oscillating platform on the top of which the camera system was secured to simulate a more realistic
drone movementln this case, theamera system was movieglgently tapping the wood platform.
Bridge testing with drone mount camerag built a drone system-imouse, which can carry two
cameras and a miiC for processingDue to time limitations, we were not able to successfully

use this drone inside the laboratory due to weak GPS sigihhks.GPS mounted on the drone
allows the drone to enter a stable controlled flight and reduce hovering oscillafitiis.is
especially important when a drone is watching a DIC marker. For these issues, the proposed DIC
system was mounted on a differendrie, a DJI MATRICE 210 V2Hig. ES.14). This drone has

a maximum flight time of 38 min, a maximum payload of 2.34 kg (5.1} bsvind resistance of

12 m/s (26.8 mph), and can operated °C to 45 °C+4 °F to 113 °F). After a few test flights,

we found that this DJI drone can fly both outdoors and indoors. Subsequently, the DIC system
was mounted to this drone then a femsts were performed indoors to validate the DIC
measurement.

..........

Figure ES.14. DJI Drone with DIC Payload and Field of View of Cameras

More than 70 tests were conducted. In the early tests, the feasibility of retrieving the vertical displacement
of the truss bridge model was explored by extracting data from only one marker attached to the bridge
(referred to as the target marker) usirgirale fixed (or ground) camera looking at the bridge. Based on

the findings of these experiments and since the ultimate goal of the project was to mount the camera system
on a drone, a reference marker attached to a stationary point was includedlloWsd the measurement
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of the vertical displacement of the bridge with respect to the reference marker using only one camera, and
consequently to counteract the motion of the drone that otherwise would be unknown. Theihesince
marker/image fill factor influenced the results, one camera was not sufficient to include both target and
reference markers in its FOV. Therefore, two cameras were utilized to improve the measurements in
morerealistic manner. In the last rounds of testing, two cameras were mounted on the drone.

Figure ES.15shows the measured vertical displacement of the bridge in a static testing uskagpberry

Pi HQ cameraeeing both reference and target markditse plot shows the displacement of each cluster

of ArUco markers, and the combination ofthefwchi ch i s referred to as fndtot
seen that the total displacements (shown in green) match well with those of LVDTs with less than 1% error

at the peak load. Note tha®o error atthe peak loadin this test wasqual to 0.09 mm (0.0035 in.)
displacement. Further, the displacements toward the end of the testing were not zero, which might be due

to a slight movement of the bridge duringtieg, or a slight slip of LVDTs. Overall, the vertical
displacements of the bridge by both DIC and LVDTs were the same.
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Figure ES.15. Static Test Results with Ground Raspberry Pi HQ Camera with Two Targets
1% error at peak load is equal to 0.09 mm (0.0035 in.)
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Figure ES.16 shows the result of another static test but using the Blackfly camera on the moving cart.
Similar to the previous tedhe figure shows the displacement of each individual ArUco marker (the target
and reference) and the total displacement. During this static test, the cart was displaced twice at
approximately 45 and 90 seconds. Despite thetdpad-camera system vibration, the total displacements
(marked green) matched well those of LVDTs with lgsmn 2% error at the peddad. This eror was

equal t00.18 mm (0.007 inglisplacement.

0.
_2 4
E
£
£ —4
Q
£
w
)
o
o
0
T 5
—— Target - ARUCO
—8 Ref - ARUCO
—— Total - ARUCO :
—— LVDT NT 1.6 v
—— LVDT NT 1.8 A
......... _90
10, LVDTs +-2%
0 20 40 60 80 100 120 140
time [s]

Figure ES.16. Static Test Results with Blackfly Camera on Moving Cart

2% error at the peak load was equal to 0.18 mm (0.007 in.)

Overall, results of experiments shownFhig. ES.15 and ES.16 confirm that the proposed DIC method

using a single camera and two markers is viable for static testing as it can measure the bridge displacements
with high accuracy. The method can successfully remove camera motions caused by a moving platform
from strictural displacements.
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Figure ES.17shows the result of another static test with 21h&5-mm (4.62in.) target marker at 1.2 m

(3.93 f)) from the Pi camera, and tHd7.5-mm (4.62in.) reference marker at 1.5 (4.92 ft) from the
Blackfly. Nevertheless, the markers were in the opposite direction. The figure includes the displacement
of each individual ArUco marker (the target and reference) and the total displacement, which is the bridge
displacement by DIC. It is evidethat the total displacementmdrkedgreen) were verglose to those
measured by LVDTSs (red) with less th&b &rror athe peakkoad Note 1% error in this test was equivalent

t0 0.082 mm (0.003 indlisplacement
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Figure ES.17. Static Test Results with Two Unsynchronized Cameras and Two Opposite Markers

1% error at the peak load was equal to 0.082 mm (0.003 in.)

Similar static tests were performed but using larger reference markers placed at a longer distance. The
results of these static tests performed with4tb@5 mm (16 in.) or 1064.5 mm (41.9 imgference markers

at 6 m (9.70 ft)from the Blackfly and the Pi camera at 1.2 303 f)) or 1.5 m(4.92 ft) from the truss

bridge showed that the bridge displacements measured by DIC were very close to those of LVDTSs.
Neverthelessstatictests with two cameras on an oscillating platform showed large displacemens.

Lack of camera synchronization in time and frame rates was found as the main source of this inferior
performance compared with other static tests.
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Fig. ES18shows the results of two static tests in which two synchromiaegkras were on the oscillating
platform. In one test, both cameras were looking at the markers in the same direction, and in another test
the cameras were looking at markers in opposite directions. The distance between the camera system and
the two smalkize ArUco markers (the reference and target) was approximately 1.2 m (3.23ufting

each test, the camera platform was tapped three toresillate, which can be easilystihguished in the
responseKig. ES.1§. The DIC displacements in both tests were close to the LVDT displacements, mostly
with less than 5% errors equivalent@dl mm (0.AL6in.) displacement. Note that the rigtitle images

are the same as the left ones butghstwthe total displacements by DIC. There were several spikes in the
signal during the camera motions, which might be due to blurred images and limitations of the proposed
system. The spikes were minimal when the camera motion stoppese f€sts proved that syncing two
cameras in terms of timing and frame rates can significantly improve the DIC measurements by reducing
the number and amplitude of spikes resulting in a better displacement measurement.
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Figure ES.18. Static Test Results with Two Synchronized Oscillating Cameras

5% error at the peak load was equal to 0.41 mm (0.016 in.)
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Figure ES.19 shows the results of two dynamic tests utilizing the two synchrordaeteras on the
oscillating platform. In other words, these tests were to evaluate the accuracy of the DIC method when the
bridge was dynamicalljoaded,and the cameras were oscillating. Both cameras hadm§0.63in.)

focal length lensesIn one test, both cameras were looking at the markers in the same direction, and in
another test the cameras were looking at the markers in opposite directions. The distance between the
camera sgtem and the two smadize ArUco markers (the reference and target) was approximately 1.2 m
(3.93 ft.) During each dynamic test, the camera platform was tapped fourttimossllate. The DIC total
displacements followed well the LVDT respon&ég( ES.19) in these dynamic tests. The error at each
peak of the four dynamic loads was 2% (0.08 mm or 0.003 in.), 14.1% (0.57 mm or 0.02 in.), 6% (0.29 mm
or 0.01in.), 15% (0.71 mm or 0.027 in.), and 7.3% (0.38 mm or 0.015 in.) in the test sihogiE®.19a.,

and 3.2% (0.14 mm or 0.005in.), 6.4% (0.3 mm or 0.011 in.), 5.9% (0.27 mm or 0.01 in.), 2.47% (0.12 mm
or 0.005n.), 2.36% (0.125 mm or 0.005 in.) in the test showigirES.1%. It is evident that the proposed

DIC method was able to extract camera motions from the structural displacements.
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Figure ES.19. Dynamic Test Results with Two Synchronized Oscillating Cameras
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The last series of testing in this project was to mount the camera system on a drone to evaluate the accuracy
of the proposed DIC method. Based on the lessons learned from the previous experiments, two Blackfly
cameras each equipped with arifh (0.63in.) focal length lens were synchronized and then attached to a
mini-PC for data recording. During each test, the drone was flying at approximately 1.5 m (4.9 ft.) from
the truss bridge and the video wasordedat 20 fps. The reference (bottom) and thiget(top) ArUco

markers were includedThese markers had a side dimensioh%5 mm (4.62 in.).

To investigate the drone measured displacements under fast loading, dynamic tests were pé&ifpumed.
ES.20shows the displacement of the bridge calculated using combined data from both drone cameras. The
combined use of drone data (one for reference, one for target) showed some level of accuracy. However,
several spikes exist.
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Figure ES.20. Dynamic Test Results with Drone using Combination of Two Camera Data

To improve the results, the frequency content of the total displacement was calculated. As $figwn in
ES.2], the signal was affected by noise with frequencies less than 2 Hz. To compensate for this effect, a
high-pass filter (HPF) with a cuff frequency equal to 0.22 Hz was applied. Subsequebdlyitzky-

Golay filterwas applied to the signal smootten the data The combined use of HPF and Savittkglay

filters allowed removing high frequency noises and smoothing the signal without the loss of information
related to the truss bridge vibrati¢lhig. ES.29. The displacement error between the proposededr

based DIC method and LVDT at each peak of the-dwee dynamic loading was 14.45% (0.74 mm or
0.031in.), 16.17% (0.96 mm or 0.037 in.), 5.41% (0.306 mm or 0.012 in.), 1.53% (0.085 mm or 0.0033 in.),
and 10.85% (0.65 mm or 0.025 in.).
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ES.6Summary and Conclusions

The main goal of the present study was to develop a novel solution for bridge field testing in which drones
equipped with DIC cameras are used to measure girder displacements, instead of conventional sensors, to
be used in load ratingTo achieve the project goal, several eslféctive camera configurations were
studied to determine the best camera candidates for use idrbih€ applications. Subsequently, different
mission strategies were proposed in which a drone (or a fleet adsjrequipped with set of cameras is
deployed to perform bridge field testing using DIC techniques. A DIC system was developed using an
opensource computer program and the best DIC markafigurationwas selected using a preliminary
experimental study. A drone platform was then built usinglafshelf hardware, aiming to prove the
mission feasibility, and to reduce the total costs with respect to other commercial or professional drones
available inthe market. Thaccuracy of the proposed drebased displacement ngaement tools was

then evaluated by performing more than 70 tests on a truss bidifjerent camera configurations, test
methods, and camera movement scenarios were included in the experimental study.

The following conclusions were drawn based on the experimental investigations:

1 The proposed mission strategy in wharte drone is equipped with two DIC camenassselected
for tool development as this method does not require a ground camera

1 The dimension of ArUco marke(or cluster of markersghould beselected based on the distance
of the marker from the camera and the lens focal lengite lens focal length affects the camera
field of view thusthe marker/image fill factofi.e., how big is the marker with respect to the full
image).

1 A DIC markerbasedlisplacemenmeasuremertechniquevasdevelopedn OpenCV, which can
detect and estimate the pose of ArUco markers. In the proposed method, two DIC markers must
be included, a target marker attached to the bridge, and a reference marker with zero displacements
during bridge testing. The girder verticlisplacements are retrieved by measuring the relative
displacement of the target marker with respect to the reference marker.

1 A cluster ofnine ArUco markers wasound as thebestcandidatefor use in bridge applications
since they resulted in the least displacement erfewsthermore, the use of a cluster of markers
increased the accuracy of the displacement measurements by merging results from multiple
markers at the same timénother finding was that an increase in the orientation between camera
andmarkeralways adversely affected the displacement measurements. Parallel measurements (i.e.,
0°) are recommendedAmong all lowcost cameras, thelackfly S USB3camera exhibited the
highest accuracy in displacement measurentaatsintel RealSens D435i,Canon EOS 7Dand
GoPro HERO4. BotlBlackfly S USB3andRaspberry Pi HQvere included in the truss bridge
model testing.

1 Compared with conventional displacement sensors (e.g., LVIR&spberry Pi HQ@s the gound
cameratracking the target marker on the trissglgemeasuredertical displacemenis the static
tests with 1% error (equivalent to 0.08 mm or 0.003 in. displacement erréQah@rato-marker
inclination, 2% error (0.16 mm or 0.006 in. displacement error) atr&@ination, 3% error (0.24
mm or 0.009 in. displacement error) af #&clination.

1 Compared with LVDTsRaspberry Pi H@s the gopundcamerarackingtwo markess in static tests

measured displacements with less than 1% error at the peak load, whieljuahso 0.09 mm
(0.0035 in.Mdisplacement error.
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1 Raspberry Pi H@®laced on the top of a moving card¢kingtwo markess in static tests exhibited
large spikes in the DIC measurements during the cart moveriémen the cartamera system
was not moving, th®IC displacement followdthose of LVDTs with less than 1% error.

1 Blackfly S placed on the top of a moving caradking two markess in static tests produced
displacements that matched well those of LVDTs with less than 2% error at thiegaakhich
was equivalent to @8 mm (0.0 in.) displacemergrror. TheBlackfly S camera performed better
than theRaspberryPi HQ camera since no large spike in the displacement was seen when the
Blackfly camera was used.

1 Two unsynchronizedyround cameragqBlackfly S andRaspberry Pi HRtrackingthe target and
referencamarkersin the opposite directions in static tests resulted in less than 1% displacement
error at the peak load. Nevertheless, the samoeunsynchronizedcamerasmounted on an
oscillating platformttackingthe target and refereno@arkersin static tests produced several spikes
with large displacement errors. These tests showed that the lack of camera synchronization was
the main source of large spikes and errors.

1 Two synchronizedground Blackfly S camerastracking the target and referencearkers
respectively al17.5 mm (4.62 in.) and200 mm 47.27 in) distance in static tests resulted in less
than 3% displacement error ahe peakload which was equivalent t6.24 mm (0.009 in.)
displacement error.

1 Two synchronizedscillatingBlackfly Scameragrackingthe target and referenogarkersboth at
1200 mm 47.27 in) distance in static tests resulted in less th#nesrors in displacements
compared with those of LVDTs. Therefore, synchronization improves displacement measurements
in a multicamera DIC system.

1 Two synchronizedscillatingBlackfly Scameragrackingthe target and referenogarkersboth at
1200 mm 47.27 in) distance in dynamic tests produced displacements with errors ranging from
2% (0.08 mm or 0.003 in.) to 15% (0.71 mm or 0.027 in.). When the reference marker was placed
at further distance, the displacement error significantly increased.

9 Two synchronized Blackfly S cameras mounted on a droaekihg the target and reference
markersboth at a 1500 mn50.05 in) distance in static tests measured displacements that had less
than 5% errors (0.375 mm or 0.014 in. displacement error) compared with those of LVDTs. A low
pass filter was used.

1 Two synchronized Blackfly S cameras mounted on a droaekihg the target and reference
markersboth at 1500 mm509.05 in) distance in dynamic tests measured displacements with an
error range of 1.53% (0.085 mm or 0.0033 in. displacement ¢or@6.17% (0.96 mm or 0.037
in. displacement error). A high pass filter to remove signal noises astitzky-Golay filterto
smoottenthe datavere included.

Overall, the proposedIC-dronebased displacement measurenstrategy and computational tools were
found feasible with submillimeter level accuracies advancing thedftabe-art methodologies.
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CHAPTER 1. | NTRODUCTI ON

1.1 Introduction

More than 40% of the US 4iservice bridges are at least 50 years old, and the cost to repair the US bridges

in their currentonditionis $125 billion. With the current budget allocation, it will take 50 years to repair

the US bridges assuming no further deterioration. Furthermore, more than 60,000 bridges in the US are
posted with limited passing loads. Overall, the national bridgeé nt ory i s graded ACO
nat i on & s inbair io dopcecenditos, exhibitgeneral signs of deterition, and require attention

(ASCE Report Card2021).

When a bridge is old or deteriorated, the evaluatiothefoad carrying capacity of the bridge, usually
referred to as Al oad ratingo, i s andiprevenaexcessiteo en s
bridge damage angossiblycollapse. Load rating of bridges can be performed using either experimental

(field testing)or analytical methas AASHTO MBE, 2015).

Even thougHield testing offers actual insighinto bridgebehavior, it is not a common practice foidge
evaluation. Instead, the analytical load rating is often used. One main reason is the cost related to field
operations.Forbridgefield testing, the cost is higher compared with an inspection due to the use of sensors,
data acquisition system, test trucks, and data processing.

One effective way to reduce the inspection cost is to utilize new technologies such asdnonesnned

aerial vehicle (UAVs). During an inspection, dronescreaseaccessibilityand safetyand may carry
differenttypesof sensors such as cameras, infrared cameras,-sisi@o cameras, and lidar cameras. By

using these sensors on drones, one may generate 3D models of bridges, detect damages (cracking, spalling,
etc.) through computer vision and artificial intelligeme@bled software, or obtain néwormation about

bridges such as displacement, stresses, and strains.

Digital image correlation (DICgallows extracing full-field displacements and strains from images and
videos. DIC has a wide range of applications in many disciplines including structural engineering. For a
bridge field testing, DIC offers several advantages includingdost displacement measuremefusing
commercial offthe-shelf cameras with a cost of less than a few hundred dollars), no need to use special
inspection equipment, no need to close the traffic, and no need to use conventional sensors.

The present project is to develop a novel solution that combines the use of drones equipped with cameras
and a computer vision system to perform drbased measurements for bridge field testing.

1.2 Objectives and Scope

The main goal of thistudy, which is the first phase of a twihase project, is tdeveloptools and
frameworksto field test bridges using drones and DIdo achieve the project goal, several camera
configurationsverestudied to determine the best camera candidates for use in trdr@1€ applications.
Subsequently, different mission strategiese proposed in which drone (orafleet of dronesgquipped

with aset ofcamera is deployed to perform bridge field testing using DIC softwastead otonventional
displacement/strain sensors DIC systemwasdeveloped using aopensource computer prograend

the best DIC marker was selected using test. dAtalrone platformwasthen built using ofthe-shelf
hardware, aiming to prove the mission feasibility, and to reduce the total costs with respect to other



commercial or professional drones available in the markéie accuracy of the proposed drebased
displacement measurement toalasthen evaluated by performingore than 7Qests on acaledtruss
bridge.

1.3 Expected Contributions

The main outcomes of this phasé the project area DIC-dronebased displacement measurement
framework and opesource computer programs that process the recorded videt®festimation of
structuraldisplacementsThe main products in this phase of the project are

1. A camera system trad#f to select the best option for the mission.

2. A projectspecific DIC software based on opsource programming languages.

3. A UAV built with commercialoff-the-shelf hardware.

4. A demonstration of the feasibility of the propodeiC-dronebased displacement measurement

framework and software tools.

1.4 Document Outline

As part of cover materials, an executive summary was presented in a chapter with the same name. Chapter
1 presents an introductiaathe study and the scope of the work. A literature review on health monitoring,
sensing, drone)IC, and 3D reconstruction of bridge model using drone is conducted, and a summary is
presented in Chapter 2. Chapter 3 discusses the development of the Dihatededisplacement
measuring tools, including hardware and software adopted. Chapter 4 eefusixperimental ppgram

of the study including software, hardwartests setup, antest results. Finally,the summary and
conclusions of the study are presented in Chapter 5.



CHAPTER 2. LI TERATURE REVI EW

2.1 Introduction

More than 40% of the US 4iservice bridges are at least 50 years old, and the cost to repair the US bridges

in their currentonditionis $125 billion. With the current budget allocation, it will take 50 years to repair

the US bridges assuming no further deterioration. Furthermore, more than 60,000 bridges in the US are
posted with limited passing loads. Overall, the national bridgeé nt ory i s graded ACO
nati on 6s indair todapdcenditeon exhibitgeneral signs of deterioratioand require attention

(ASCE Report Card2021).

When a bridge is old or deteriorated, the evaluatiothefoad carrying capacity of the bridge, usually
referred to as Al oad ratingod, i s necessary to ens.
bridge damage angossiblycollapse. Load rating of bridges can be performed using either experimental

(field testing)or analytical methas AASHTO MBE, 2015).

Even thougHield testing offers actual insight intwridge behavior, it is not a common practice foidge
evaluation. Instead, the analytical load rating is often used. One main reason is #ssaatedvith

field operations.For a bridge field testing, the cost is higher compared with an inspection due to the use of
sensors, data acquisition system (DAQ), test trucks, and data processing.

One effective way to reduce the inspection cost is to utilize new technologies such asdnonesnned

aerial vehicle (UAVs). Ziehl et al. (2020) and Wells and Lovelace (2017) respectively estimaiest a
saving of55% and 66% when dron@gereused in inspectionsAnother study showed thate average
inspection cost saving using drones #ifferent bridge typesvas 40% (Wells and Lovelace, 2018).
Furthermore, drones increase accessibility and safety during an inspetiotier important advange

of deploying drones is that if equipped withmerasthey can generate3D model of the bridgeleing
inspectede.g., Lattanzi and Miller, 2015; Khaloo et al., 2018; Chen et al., 2019; Popescu et al., 2019;
Jalinoos et al., 2019; Liu et al., 2020). A 3D reconstructed bridge model provides a virtual reality platform
to remotely inspect a bridge.

Digital image correlation (DIC), originally developed at the University of South Carolina in the early 1980s,
is an optical method of extracting fdield displacements and strains from images and videos. DIC has a
wide range of applications in many di@mes including structural engineering. For bridge field testing,
DIC offers several advantages including towst displacement measurements (using commercitheff

shelf cameras with a cost of less than a few hundred dollars), no need to usergpsmabn equipment,

no need to close the traffic, and no need to use conventional sensors and DAQ.

This chapter presents a briefview of the literatureon bridge inspection and field testing using new
technologies such as drones &1¢.

2.2 Bridge Field Testing

During bridgefield testing, girder vertical displacements (udimgear Variable Differential Transformer
LVDTs) and/or girder longitudinal strains (using surfaeunt strain transducers) are measur&dich
measurements allotie calculation ofthe girder distribution factothien adjustment ahe analytical load
rating valuesNote that any field measurement should be done for all girders of a bridge at a section (usually



at the midspan for the moment distribution calculation, and sometimes at the girder ends for the shear
distribution estimation).

Several bridges have been field tested in the pdgt 2.1). Measuring the girder displacement was
common in early studies. However, strain measurements are more common nowadays since the strain
transducers do not need a reference point. Further, reusable strain gauges specific to bridge field testing
(e.g., BDI sensors) are currently available in the marketble 2.1presents a summary of the past bridge

field testing including the maximum responses measurtdtebeests.

- (a) Bridge Underneath (b) Installation of Strain Gauges with Extension
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Figure 2.1. Sample of Bridge Field Testing by Rimal et al. (2019)



Table 2.1. Measured Bridge Responses in Past Field Testing

Reference Spafr: Length Girder Type Reak Measured Peak Measured P:cackell\./,lier?/zlér(fed
(m) Displ., in. (mm) Strain, ¢

(mm/sed)
Issa et al. (1993) 45.5(13.9) AASHTO type Il N/A 250 N/A

Issa et al. (1993) 66(20.12) AASHTO type Ill 0.385(9.98) 195 40(1016)
Issa et al. (1993) 121(36.89) AASHTO type IV 0.755(19.35) 263 N/A
Nowak et al. (1996) 21.5(6.55) Reinforced Fheams 0.132(3.380) N/A N/A
Nowak et al. (1996) 48(14.63) Steel girders 0.188(4.82) N/A N/A
Nowak et al. (1996) 48.5(14.783) Steel girders N/A N/A N/A
Nowak et al. (1996) 38.5(11.73) Steel girders 0.094(2.41) N/A N/A
Nowak et al. (1996) 25.5(7.77) Reinforced Fheams 0.040(1.02) N/A N/A
Chajes etal. (2000) | ;o 637?13%83,510_67) Steel girders N/A 135 N/A
Phares et al. (2005) 70 (21.34) Deep welded girders N/A 5110210 N/A
Schiff et al. (2006) 42.5(12.95) Steel girder N/A 65 N/A
Suksawangt al. (2007) 78.7 (24) I-girder N/A 35 N/A
Suksawang et al. (2007 52.5 (16) I-girder N/A 45 N/A
Suksawang et al. (2007 18.9 (15.75) I-girder N/A 55 N/A
Suksawang et al. (2007 34.4 (10.5) I-girder N/A 38 N/A
Suksawang et al. (2007 147.6 (45) I-girder N/A 105 N/A
Islam et al. (2014) 84.5(25.76) Prestressed box beam N/A N/A N/A

Islam et al. (2014) 85(25.91) Prestressed box beam N/A N/A 24(610)
Sanayei et al. (2015) (1??7'2,' o ?516,3181'.?6) Steel girders N/A 104.4 N/A
Torres (2016) 51 (15.54) DoubleTee 0.789(20.23) 480 N/A
Rimal et al. (2019) 42 (12.8) Prestressed Doubleece N/A 400 N/A
Rimal et al. (2019) 50 (15.24) Prestressed DoublBee N/A 1150 N/A
Dong et al. (2020) 52 (15.85) AASHTO Type Il 0.037(0.94) N/A N/A

Maximum = 0.789 (20.23) 1150 40 (1016)

2.3 Digital ImageCorrelation in Bridges

Frequent inspection and condition assessment of bridges are required to documeetetheiatbns and
damageover time The use ohortcontact monitoringystems is gaininmmomentumin the US since they
are easier tanstall and maintaircompared withconventional instrumest(e.g., LVDTSs, strain gauges,
etc.) Computer visionis one of the noftontactstructural response measuremardgthods which is
discussed herein.

Vision-based displacement measurement methsdallyrequireeither physical (a printed patten attached

to the surface of interest) or virtusdeckleqgor targetyto improve measuremesih nonstationary imagery
environments.To minimize the use gihysicaltargets, feature pointsr virtual marker¥ can be utilized

For example, bng and Catba@019 used deature matching stratedy replace handcrafted descriptors

with learned descriptor@-ig. 2.2a-d). They combinedscale Invariant Feature Trsform (SIFT) €ature
pointswith Visual Geometry GroufVGG) descriptorsas a new strategy for visidrased displacement
measurements. A twgpan bridge model was selected for testing. A seddseh model of a migize

bridge was used and loaded with a toy truck with variable weightssion-based displacement
measurement methods using four feature matching methods (SIFT, SURF/GG-and SURF/GG),

and one conventional displacement sensor, potentiometer (PM), were used to obtain the displacement time
histories of a target point on the model bridge loaded with the moving toy truck. The results obtained from
the proposed method (SIFMGG) wereconsistent with those obtained from ttenventionakensor ig.

2.29. Furthermore, the other visidrased methods showed good accuracy in terms of displacement
measurements. Subsequently, a ftektwas performed on a railway bridge to verify the feasibility of the
proposed displacement measurement method. The camera was placed at approximately 3Bawgi,08 ft

from the target region on the bridg&igure 2.2f shows the railway bridge test results. The measured
displacements using the proposed method were affected by camera motions. They proposed a method to
remove the camera motions from the structural displacements.
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The research team of the abovementioned study implementgtFhéature detector and VGG descriptor
in aportable systenconsistng of a set of cameras, a set of synchronization modules, a computer, and a
suite ofsoftware to determinegirder distribution factors fola highway bridge(Dong et al., 2020 One
cameravasusedo record the traffito determinevhich laneof the bridge wakbaded and the other cameras
weremonitoling the deflection of the bridge girdefiSig. 2.3). To verify the proposed approach, two sets
of experimentsvereconducted: (1) static loadingnd(2) loading undenormal traffic. Five potentiometers
wereinstalled at the midspan of each girder to measure the displaseribrée cameras were employed
to measure the displacements at the same locatigare 2.3bshows a sample displacement measurement
by camera and LVDT, andrig. 2.3c shows the girder distribution factors calculated by camera
displacements, strains by strain gauges, and an analytical finite element model. Oveesdbnable
accuracy was reported when DIC was used compared with conventional meassirement
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Figure 2.3. Bridge Field Testing and Measurement using DIC (Dong et al., 2020)

Because of some limitations of the current vidimsed displacement measurement methods, such as the
use of manual targets, parameter adjustment, and significant user involvement to reach a desired accuracy,
Dong et al. (2019) proposed a novel structdigplacement measurement method using deep learning based
full-field optical flow methods. The performance of the proposed method was verified via a laboratory
experiment and a field test. The results showed that the proposed method provides a higier them
traditional optical flow algorithms and exhibited comparable results with displacement sensors.

Ngeljaratan and Moustaf§2020 used two highspeed camerasFasMotion software and GOM
photogrammetric softwayeéo measuralisplacement response history of a bridge umny@mamictesting

(Fig. 2.48). They also tested this system on an actual pedestrian truss bridge. The study found that the
proposed DIC techniqués viable in dynamic testing with minimum camera recording ra0 fps. At

low shaking amplitudes, a 26differencewas observed between tlisplacements measured BIC and
stringpotentometerdn the shake table testingig. 2.4b. This difference was smaller at higher amplitudes

of ground shaking. Furthermore, the acceleration response measured thygétracking DIC and
accelerometersnatched wellin the bridge model which further validate the DIC method For the



pedestriarbridge, the maximum coefficient of variatiof acceleration fronthe DIC measurements was
2.2%, that is less than the value retrieved by usaoglerometers, about 6%.
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Figure 2.4. DIC Displacement Measurements for Bridge on Shake Table (Ngeljaratan and Moustafa, 2020)



2 4 Structural Response Measurements Using DIC anBrones

As discussed aboveDIC systemsare viable norcontact tools for the measurement stfuctural
deformationspbtainingfull-field strairs, andsimulatinggeometry profiles of structuredoreover drones
have emerged as valuable toolslioidge inspection due tiheir low-cost operatiomand acceshility to
areas thaaire either difficult or dangerodier human inspectorsThis section reviews the current stafe
the-art developmentsn the combinedseof DIC and drones.

Reagan et a[2017 proposed tause UAV and DIC to measudisplacement fields of bridge target areas
The approach was developediilaboratory andhen was tested farlongterm monitoringof two concrete
bridges(Fig. 2.5). The studyfoundthatthe proposetechniquecan detect changes the bridge geometry
over timewith anaccuracy betwee®.05and0.09 mm(0.002and0.0035 in.)
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Figure 2.5. Full-Field Displacement Monitoring Using Drones (Reagan et al., 2017)



Moreu and Tah&018 developed a system that integrateaseidopplervibrometer (LDV) sensor with a
coptertype UAV, to performcontactfree, referencéree transverse bridge displacememasurements
(Fig. 2.79). Both laboratory and field testing were performed. In the lab testing, the actmohscted
multiple tests with varying distanseérom 3 to 7.5 m(10 to 24.6 ft)to determine the optimal operating
distance for the dronelt was observed that threot mean squargRMS) differences between the LVDT
and the LDV signals were between 1% and&%did not increase with distan€Eig. 2.7b). In the field
testing, he research team compared the signals for peak and RMS differencgssandd that both the
peakandthe RMS differencewereless than 2 mni0.079 in.) The average peak error of the three tests
wasapproximatelyl0% and the average RMS difference was around ¥tese results proved that an
LDV mounted on a UAS could be used foeasurements olfie bridge dynamic displacements.

(a) Drone Measuring Displacements Using LDV on left, LVDT on right
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Figure 2.6. Displacement Measurements Using Laser Doppler Vibrometer and Drone (Moreu and Taha,
2018)

Yoon et al. (2018) presented a framework to achieve absolute displacements of a structure from a video
taken bya droneusing a multistep approachFirst, a targefree method was implemented to extract the
relative structural displacement from the videldext, thesix degreeof-freedom camera motisrwere
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estimated by tracking the background feature poifiimally, the absolute structural displacement was
recovered by combining the relative structural displacement and the camera migti@:gj.
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Figure 2.7. Structural Displacement Measurement Using Drone (Yoon et al., 2018)

In laboratory testsyertical dynamic displacements of a steel truss bridge unaiartraffic for 250 sec

were reproduced using a seffwpdraulic motion simulator Hig. 2.8a). The simulator produce
displacements with an accuracy of 0.1%. A DJI Phantom 3 equipped with a 4K resolution camera operating
at 24fps was selected for this experiment. A total of 6,000 frames were obtained. The camera recorded
the video at 15 feet (4.57 m) from the motion simulator, which corresponded to the clearance required by
the Federal Railroad AdministrationFigure 2.8b shows the absolute displacement of the bridge
determined using the proposed approach. The estimated absolute displacements matched well with the
measured absolute displacements of the motion simulator. The root mean square error (RMSE) was 2.14
mm, corresponding to 1.2 pixels of resolution.
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Figure 2.8. Experiment Setup and Measurement Results (Yoon et al., 2018)
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Catt et al(2019 tested a prototype mobile DIC platform in which all the necedsalywere mounted on

a drone which wasremotelycontrolled. The drone wabuilt using a TAROT X8 8Axis Octocopter FPV

Frame TL8X000 Multicoptemwith a total payload of 10 kdrig. 2.9). To perform DIOmeasurements, two

Point Grey GS3J3-32S4MC cameras with Fujinon 1:1.4/12.5mm CF12.5HAensesvere usedfi VI C

3 D softwarewas usedor imageprocessing.During the test, the drorveas2.24t0 2.30 m(7.347.54 ft.)

away from the targetrecording at 1@ps, whereas the target board was deforieghushing against the
center ofit from the back side with a rulefor an approximatedeformation of 64 mm (2.5 in.). The
maximum deflection of theargetboardmeasured by the prototype Diffone platform wasBa02 to60.%4

mm (2.252.39in.). However, characteristics of the droneds
software did not track all pointa the area of interest (AOI) due to the movement of the target within the
field of view (FOV). As shown irFig. 2.10, the target AOI had a large deformation that increased from

left to right across the area. However, the target area was flat, similar shvélat inFig. 2.10afor the
reference image. The false deformations can be attributed to the drone not being positioned in flight to
where the cameras were equidistant to the target.

(a) Drone platform without payload (b) Drone platform with payload

Figure 2.9. Drone platform (Catt et al., 2019)

(a) ~ |(b) |“?;

(@) Post-pfocessing Reference 3D Plot - (b) Post;prdcéssing Deflected AOI (poor photo)

Figure 2.10. Image deformation due to movement of the target within the drone FOV (Catt et al., 2019)
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Hoskere et al. (2019@resented camesenabled UAVs as a new sensing modality, and a novel visisad
data extraction pipeline to conduct modal surveys ofdeéile civil infrastructure.The first step of the
proposed approach was to obtain video of the vibrating structure through aatididenquer strategy,
where the UAV surveyed one portion of the structure at a tiige Z.11). Once the video of the structure
was obtained, the nestepof the proposed approach included a vidiased pipelinestcompute the modal
properties from the recorded videbid. 2.12). To eliminate the drone movemserifrom structural
deformations, the study used signal filtrations assuntirag the drone hovering frequency to be
predominantly low(below 0.5 Hz¥or UAVs with commercially avdable gimbals

Figure 2.11. Divide-and-Conquer Strategy Proposed by Hoskere et al. (2019)
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Figure 2.12. Proposed Pipeline for Automated Mode Shape Extraction Using Video Segments (Hoskere et
al., 2019)

Shaking table testing af sixstory sheabuilding showed that the proposed approeamproduce reliable

results with a less than 0.5% error in the structure natural frequencies, anddileassurance criterion

(MAC) values all being greater than 0.996. An additional test was conducted orseafallpedestrian
suspension bridge. The results showed that MAC values were all above 0.925, and the difference in the
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natural frequencies was less than 1.6% for three modes included in the analysis. One drawback of the
proposed approach was that it cannot measure strutegakencies below 0.5 Hzy using commercial

grade UAVs (such as DJI Phantom 4) limiting its application forJgpan bridges. Also, the measurement
accuracy of the proposed system depends on the motion oscillation of the UAV while hovering; for
example, sudden wind changes affiect the accuracyit can be noted that the MAC values obtained from

the field test were not as high as the laboratory test. The mainfoatiedoweraccuracy was an increased
frequency and amplitude of oscillation of the UAV due to wind gustss issue might beddressed by

using heavier drones and ma@vancedautopilots to achieve stable flights while videos and images are
acquired. Moreover, hovering accuracy might hetherimproved by using dronesgquippedwith Real

Time KinematicgGlobal Positioning SystetfiRTK GPS for centimeter level navigation.

Khuc et al. (2020)ntroduced an enhanced noncontact displacement measurement method that employed
UAV and computer vision algorithmdn particular, the swaying displacements of todygre structures

were measured by a UAV withitphysical calibration pattern (or target). This was achieved via elimination

of threeUAV translationsusinga knowndimension part of the monitored structure, combined with some
advanced computer visicalgorithms, such as kegoint detection, Hough transform, and Canny edge
detection Fig. 2.13).
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(a) Canny Edge Detection (b) Hough Transform Algorithm
Figure 2.13. Algorithms for Detecting Steel Round Plate (Khuc et al., 2020)
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Figure 2.14. Measurement of Steel Plate Properties at 1st and 150th Images in UAV Video Clip with
Autonomous Scheme (Khuc et al., 2020)
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UAV motionswerecalculatedby visually tracking fixed objects in the backgroymdhereas cale factors
(pixel to length) wereobtained by measuring a knowlimension objecfFig. 2.14). The proposedJAV
vision-based displacement measurement method was verified on a stee| widdelwasa towertype
apparatus for dynamic experimentg. 2.15). The sensing system used in this verification was an
integration of a consumgrade UAV (DJI Phantom 3), a camcorder Canon VIXIA HF R42 attached to a
tripod, and an accelerometer wired tBDAQ (NI-9234 module). In this experiment, displacements of the
round steel plate on the top of the tower were monitositgUAV.

P

Steel model

Camcorder
Hyay

Camcorder

Figure 2.15. Experimental Setup with Steel Model, UAV, and Fixed Camcorder (Khuc et al., 2020)

The results showed that the motions of the moving object determined by both methods highly matched in
terms of displacement levels and vibration pattern. However, several mismatching patterns were observed
on the time windows between -3® sec and 586 sc, which could have been induced by sudden
turbulences and movements of the UAV under a strong wind during hovdfigg 2.16). The
determination coefficienR?, using the owtomes from both methodsas0.9723 which isvery close to

1.0, indicatinggood correlation betweedisplacementmeasured by UAV and thgroundcamera
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Figure 2.16. Displacements of Steel Model Using UAV and Fixed Camcorder. (Khuc et al., 2020)
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Chen et al. (2021) presented a homogrdpiyed method by combining UAV and DIC for vibration
measuremesbf bridges From experiments in an outdoor environment, it was found that the homography
transformation established from the reference points can be used to effectively eliminate the false
displacement caused by the UAV motion, and thestitueturaldisplacement can be obtained. In addition,
natural frequencies and mode shapes of a bridge model obtained by a UAV were close to those measured
with a fixed cameraMoreover, the UAV measurements were found more accurate at short distances.

Perry and Guo (2021) presented a new remote sensing technique to measure dynamic structural response
of 3D structures byntegrating both optical and infrared (IR) cameras with a UAV platform, and by
developing new data processing algorithms. This represents an advantage over the existbapétAV
displacement measurement techniques that allow the measurements in ootytwaealirections using

optical cameras or laser sensors, argbdable alternative for shetérm monitoring or modal testing.
Furtrermore, the proposed technique allows measuring the response over the entire FOV of the sensors
with a single sensor suitd.he study achieved a fast data processing and computational efficiency. In one
epoch, it took about 0.071 sec to extract the targets, track their movements, and measure betf region
interest (ROI) and stationary referenceshe accuracy achieved by the proposed technique (in terms of
RMSE)comparedvith other related work in the literatuveas from 5 to 13%

2.5 3D Reconstruction of Bridge Mode$ Using Drones

A 3D reconstructed bridge model provides a virtual reality platform to remotely inspect a bridge.
Furthermore, the bridge geometry and appatantagecan be determined using this technology, and finite
element models could be extracted from a 3D reconstructed bridge.mbldidizing an integrated
combination of a UAV and computer visiomy decrease cosemdexpedite inspections.

In this context, Lattanzi and Miller (2014) compatem methods for reconstructir@p scenes.The two
methods considereake dense structufeom-motion (DSfM) and image mosaicking (IM)The primary
metrics used in the comparison include the accucddire reconstructions for inspection measurement
purposes, the nature and prevalence of reconstruction artifacts)eanredolutiondemands for adequate
reconstruction accuracyTo test the accuracy of tbemethods analuminum sectiona scald structue,
and a bridge footing and column were chosen as shioviaig. 2.17. For the aluminum section, both
methodsesulted irconsistent and scabeccuratgeconstructionswith discrepancies less th&mm,which
wason the order of the potential accuracy of a field inspecti€ar. the scald structure the IM method
provided accurate results for all measurements, with discrepancies less than Bhenharge gaps and
inconsistencies in the DSfivkconstruction for this case prevented accurate measuremamy of the
features. For the bridge columnboth methods produced scalecurate measurements, with most
measurement discrepancies less than 3 rRegarding artifacts verall, thosecreated by the IM method
weretypically easy tospot and generally resatt in a distortion of existing features rath#van in the
introduction of realistic looking features not presenthiea actual structuréFig. 2.17). Regarding the
resolution, theDSfM method resulteth meshes with several orders of magnitude more verticeghkan
IM approachand thiouldbe challenging for largecale structuresA proof-of-concepterification using
a UAV (a humarpiloted Parrot ARDrone 2.0 UAVwith an11-megapixel auxiliary cameyavas carried
out on a bridge The bridgewas areinforcedconcrete arclpedestriarbridge The maximum viewing
distance of the inspection robeas chosen to capture images at a pixel density greated.thpixe/mm.

It was observed that bright lightiray heavy shadowmakethe reconstruction processore challenging
The DSfM methodreated artifacts of a similar nature to those of the ssoalk test.The areasvith dark
shadows during the reconstruction procgese problematic due to the lennage texture in those regions
Further, sveralof the relatively large planar surfaces onIthielge distorted the reconstruction as well.
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(a) Mosaicking Reconstruction (b) Dense Structure-from-Motion Reconstruction
(c) Mosaicking Artifact (d) Dense Structure-from-Motion Artifact

Figure 2.17. Reconstruction of a Scaled Structure (Lattanzi and Miller, 2014)

Khaloo et al(2018) implemented a 3D model of a bridge using UAV captured images and a hierarchical
DSfM algorithm. The imagéased 3D point clouds were generated using an adaptation of a DSfM process
referred to as Hierarchical Point Cloud Generation (HPCG). Thetseme compared against models
generated through laser scanning. From the rendered viewpoint, the quality of the two models were close.
However, the noise characteristics were very different between these two 3D reconstruction techniques.
The LIDAR s@nner produced a rather consistent precision and very low noise model with a mean estimated
roughness value of 1.8 mnidowever, due to imperfect correspondence between 3D point clouds, higher
local noise was consequently introduced into the final model within the registration process of multiple
scans.The imagebased 3D reconstruction exhibited noise that was one to two greater orders of magnitude,
based on the calculated roughness vallédss increase in noise can be attributed in part to fundamental
differences in 3D reconstruction methods, and italanbe due to the complex interactions of the bridge

with the low contrast sky that was in the background of many captured images, highlighting the impact of
environmentalnd radiometric factors on the quality of the imégsed reconstructionin terms of the
deficiencies and damages tharevisually apparentthe more flexible nature of UAV imaging provided

a more accurate and complete dense 3D model than the LIDAR model. Indeed, findings suggest that
LiDAR could effectively generate point cloud models for inspection purposes when it was possible to place
the scanner near the structure. The true value of the UAV inspection system was the ability to accurately
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reconstruct details in regions where it was not possible to set up a LIDAR scanner within reasonable
proximity.

Chen et al. (2019) proposed a process using an imxagssd point cloud for 3D bridgeconstructiorand

a lowcost UAV (Fig. 2.18). In general, the study demonstrated that the method could offer significant
advantages in equipment cost, surveying time, point distribution, and ultimate data coverage. However,
problemssuch asigh noise levels, low geometry accuracy, and long postprocessingaeneseported
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Figure 2.18. Framework for UAV Inspection (Chen et al., 2019)

Liu et al. (2020) proposeah image-basedcrack assessment methodology for bridge piers using UAV and
3D scene reconstructipwhich correctdoth the perspectiwdistortion and geometry distortion bgpn-flat
structuralsurfacesandlocalizes thecrack(Fig. 2.19).

Figure 2.19. Flow diagram of the process of 3D scene and surface reconstruction (Liu et al., 2020)

18


































































































































































