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Chapter 1

Introduction

1.1 Background
Bridge is a structure characterized by its span which traverse over physical obstruc-

tion from topological and structural conditions, e.g., river, valley, railway, or elevated

roads. The presence of the bridges provides connection in the transport system and, in

turn, the society at large. Bridge has served a vital part in the transportation system by al-

lowing road and train traffic, movement of people and goods, pipes and cable connection,

and many more.

A bridge’s inability to serve its purpose may dramatically affect the connectivity

in the transport system, resulting in a longer travel route or an isolated area removed

from the transport network. The failure of bridges often result in casualties and definitive

large-scale monetary loss, thus such failures need to be prevented.

In recent years, large number of vital bridges are beginning to age worldwide, and

rather simultaneously. This is due to the rapid development across nations from the 1960s

to the 1980s. Given that most of bridges are design to last 50 years [1], most of the old

bridges, often with steel truss construction will require proper assessment prior to retrofit

or replacement. The focus of the assessment also should not leave the newer bridges

built using pre-stressed construction method from 1980s onwards. Noting the higher load

rating and the possibility of concrete spalling and cracking leading to internal corrosion,

assessment on such bridges should be more comprehensive and holistic.

1



2 CHAPTER 1. INTRODUCTION

1.2 Structural deterioration and damages on bridges
Upon its construction, a bridge is constantly subject to damages from environmental

factors or inherent usage loads during its service life. The damages to a bridge can be

categorized into three kinds of effects [2]:

• primary effects—related to the bridge’s material, construction type, shape, and de-

sign considerations in relation to the bridge’s expected load and its dead weight

under static condition,

• secondary effects—identified from the time-bound dynamic structural response ex-

cited from forcing actions due vehicular loads, wind, quake, or thermal expan-

sion/shrinkage, which is often non-linear and inelastic,

• tertiary effects—not directly related to static nor dynamic properties of the bridge,

which include environmental factors such as vegetation overgrowth, rust on metal

reinforcing members, paint decontamination, water ponding, deck spalling, erosion,

silting, etc. [3].

Although these three effects are in interplay with one another, addressing them is often

done separately. Primary effects should have been addressed well in the design phase and

carried well throughout the construction process. Secondary effects are to be evaluated

using finite-element simulation or direct measurements on the structure under a defined

load. Tertiary effects are usually assessed by routine direct visual inspection on the struc-

ture by designated personnel.

Condition assessment and maintenance need to be done to maintain the safety and

durability of the bridge, especially to address the second and third effects of damage.

Given the natural deterioration of damages, early damage detection may facilitate more

economical management and maintenance of modern infrastructure in the long run. De-

tection of damages at early stage allows longer expected service life, relative ease to ad-

dress smaller damage, and prevention of damage accumulation [4]. Such assessment and

maintenance of structural integrity and detecting damage in a structure is often referred

as structural health monitoring [5].
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1.3 Methods of structural health monitoring
Structural health monitoring (SHM) has become prominent topic in the field of civil

engineering in safety evaluation, detecting structural damage, estimating remaining ser-

vice life of structure, optimizing decision making process on maintenance, maintenance

support and aiding performance-based structure design methodology [5–8].

Various methods have been developed to detect structural damage before the dam-

age being irreparable. The most common practice of bridge structural health monitoring is

visual inspection on the structure’s members and joints at intervals from one to five years

interval [9], followed by the more detailed non-destructive examination if required, such

as hammering test to identify local damage from corrosion if deemed to be required[10].

The visual inspection and local non-destructive examination methods are deemed to be

unreliable, expensive, and impractical to carry out in a timely manner on larger structures

[5, 11] due to several factors:

• lack of budget, especially for bridges deemed less important,

• small number of trained inspectors,

• subjectivity and variability of judgment criteria,

• potential of damage location at hard-to-reach areas.

Such tests required expensive equipment, laborious arrangements, need of destructive

specimen sampling, and often service suspension of the bridge.

As an alternative, dynamics measurement is often employed for inspection and be-

come more prominent structural health monitoring techniques. Dynamics measurement is

carried out by measuring displacement or acceleration at different points on the structure

using sensors. The dynamic characteristics of the structure derived from dynamics mea-

surement, such as the natural frequency and damping ratio, are then compared with the

numerical analysis results, i.e. whether the value of displacement and derived properties

are still within range of the design value.
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1.4 Structural health monitoring by dynamics measure-

ment
Bridges are subject to repetitive and temporary external forces from wind, current,

quakes, and load in addition to its inherent weight. Upon being applied, these forces

induce displacement of structure’s members. Energy from those acting forces needs on a

bridge to be adequately dissipated for the structure to return to its normal elastic state. The

inability to properly dissipate applied force may lead to damage from irreversible plastic

deformation of the structure. Due to varying mass, stiffness, and damping coefficient

of different members of the structures, this results in random vibration occurring on the

structure [12]. In addition to the forcing actions excited on the bridge could possibly be

moving, changing orientation, or having fluctuating level at rather arbitrary point of time

and space; measurement at static condition may not suffice to tell the whole structural

integrity of bridges.

Dynamics measurement is one of technique to evaluate structural integrity and to

diagnose deterioration of structures, done by measuring the time-varying displacement

of several defined measurement points along the structural members deemed to be im-

portant. Damage or loss of integrity can be evaluated by measuring defined parameters

derived from the measured displacement from several designated easily accessible points

on the structure [13]. As dynamic displacement characteristics of a structure may change

due to different loading conditions, temperature, deteriorating members, or presence of

structural damage [14], measurements shall considers these variations when evaluating

the structural integrity. Structural damages can often be characterized by discontinuity

and excessive level of the measured displacement signals.

Furthermore, evaluation of derived metrics from the measured dynamics displace-

ment, e.g. natural vibration frequencies of the structure, may tell the vibration character-

istics and asses the global overall structural integrity of the structure [15]. The presence

of local damage in a bridge can be detected using analysis from dynamics measurement

involving displacement and its derivatives, i.e. mode shapes, the corresponding frequen-

cies, damping coefficients, etc.
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Various types of structural damages can be inferred from dynamics measurement

of displacement and its derivatives, along with the corresponding caveats, these include:

• overloading can be detected when peak displacement exceeds its design value [16].

Some materials may observe changing behavior due to different loading condition

in static and dynamic loading, thus distinct static and dynamic load ratings;

• localized crack or loose connection along the span of particular structure can es-

timated from slight changes in the mode shape [17] or minute changes in natural

frequencies [18];

• decrease of the associated natural frequency in the specific direction happens along

with the increase of the damage severity [19], implying the stiffness reduction in a

particular member of the bridge or failing damping devices;

• cumulative plastic displacement may tell sign of fatigue-damaged or deformed

members or joints [20].

Researches on structural health monitoring using structural dynamic responses fo-

cused separately either on limited local damage detection or on global damage assess-

ment. The latter approach poses several limitations:

• structures are large and complex but damage is usually localized,

• natural frequency shift and dissipation properties change due to local damage is

very small despite the relatively high precision measurement of vibration-based

methods [21],

• modal shape change may be more sensitive to whole structure damage but easily

disturbed by noise due to scattered applied forces, bending rigidity and dampening

devices [22], thus causing uncertainties.

Employing more measurement points for the dynamics analysis will help to obtain more

precise damage localization along with more precise global assessment.



6 CHAPTER 1. INTRODUCTION

Convenient method for structural health monitoring should be realized to address

the vast number of bridges in lieu of sophisticated arrangement of instruments [23, 24],

and ease of installation and flexibility of deployment in the field should be taken into ac-

count for minimizing social and economic losses with traffic regulation during the inspec-

tion, in addition to the inherently important resolution and accuracy of the measurements.

Environmental factors, e.g. temperature, humidity, river flow, and wind, have some

effect on the variations of dynamic properties of bridges [25]. Integrating dynamics mea-

surement with other sensors and measurement methods would be highly beneficial to ob-

tain more holistic assessment of the structural health, e.g. weather station, traffic counting,

seismograph, etc [26].

1.5 Displacement measurement methods

1.5.1 Conventional methods
Dynamics measurement is often done with contact sensors such as strain gauges,

fiber Bragg gratings, penetrating radar, accelerometer. Contact sensors attached on a

structure (e.g., accelerometers, strain gauges [27–30], and GPS systems) [31–34] or op-

tical sensors for remote monitoring (e.g., laser-based vibrometers [35–38] and radar in-

terferometry systems [39, 40]) have been used to inspect the dynamic responses of many

structures.

These sensors are limited due to the need to be placed on the exact damage loca-

tions, also sufficient numbers are required to allow interpolation of the global structural

response [41]. Several electronics contact sensors, such as accelerometers, are also sus-

ceptible to distortion in extracted time histories of estimated displacement from double

integration [42]. At last, the requirement to attach them to measurement points on outdoor

large-scale structures is time-consuming and often dangerous.

Vision-based systems are proposed to simultaneously capture the displacement of

structural members without direct contact with the structure [43]. Captured displacement

data can be then further processed for dynamics analysis. Though vision-based structural

displacement measurement using is still regarded as a promising emerging technology in
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structural health monitoring. Measurement sensitivity of vision-based system needs to be

high because small changes in structural response produced from damage are often below

the noise from environmental effects [5].

1.5.2 High-speed vision system
With the advent of digital cameras with higher performances: frames per second,

pixels size and density, memory bandwidth, and image stabilization; high-speed vision

becomes viable method for dynamics measurement. High-speed vision system works by

capturing motion of structural members during specified loading condition on the struc-

ture at high frequency. The higher sampling frequency allows oversampling of the mea-

sured displacement signal resulting in finer temporal resolution. This may allow to de-

tect early stage of damage hinted from subtle frequency response shift and modal shape

change.

Equipped with the high pixel density and long-focal length telephoto lens, vision

system may allow measurement of small structural displacement from a long distance.

Although, long distance measurement resulted in narrower and more-localized field of

view, thus lesser spatial resolution in global terms, as illustrated in Figure 1.1. Digital im-

age correlation and motion magnification may improve the resulting spatial resolution of

the measurement and produce agreeable result in terms of accuracy and precision [44, 45].

Nonetheless, there is still the need for further evaluation of the reliability and accuracy

of these vision-based system, especially on a real-time monitoring of large structures and

under adverse weather conditions.

�Z}���(}��o�o�vP�Z

Á]���(]�o��}(�À]�Á

o}vP�(}��o�o�vP�Z

v���}Á�(]�o��}(�À]�Á

Figure 1.1: Focal length and field of view relationship.
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Optical performance of the vision system also dictates the overall measurement

resolution. There are trade-offs to be made regarding various optical parameters: narrow

aperture will increase the depth of field, increasing the precision of the measurement at the

cost of underexposed captured image, longer focal length will allow longer measurement

distance but will limit the breadth of field view and depth of field. Hence, optical param-

eters for dynamic displacement measurement should be carefully determined to obtain

accurate measurement result. The trade-off for high-speed vision system implementation

for structural dynamics measurement is summaried in Table 1.1.

Table 1.1: Vision system trade-offs.

Parameters Merit Demerit

Focal length
Long long distance capability, fine spatial resolution underexposure, heat haze, shallow depth of field
Short wide field of view, plenty exposure coarse spatial resolution

Exposure
Short fine temporal resolution, less motion blur underexposure
Long plenty exposure coarse temporal resolution, chance of motion blur

Aperture
Narrow good focus, deep depth of field underexposure
Wide plenty exposure focal blur, shallow depth of field

1.6 Purpose of the study
The study aims to verify the feasibility and to address the current limitations of

structural health monitoring approaches on bridges using vision-based dynamics mea-

surement system. The limitations to be addressed include the limited measurement points

across the structure, camera placement to allow simultaneous measurement of lateral and

vertical motion of the structure, overall accuracy and precision of the measurement, and

the applicable measurement distance in the actual field.

Robustness also needs to be considered against various measurement noises, such as

ambient vibration and optical distortion. Convenient deployment without traffic closure is

desired not to impede the bridge operation while using the expected load from driving-by

traffic as sources of vibration.
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1.7 Organization of the thesis
Figure 1.2 illustrates how this thesis is organized related to vision-based structural

health monitoring of viaduct bridges. Chapter 1 explains the importance of structural

health monitoring, its applicable measurement methods and structural test, and the viabil-

ity of vision-based system to perform so.

Chapter 2 presents the application of high-speed vision system for distributed dis-

placement measurement and subsequent dynamic analysis. Chapter 3 extends the applica-

tion of high-speed vision system with set of half-mirror and full-mirror to allow capturing

displacement at both sides of a bridge model.

Chapter 4 delves into the vision system integration of displacement measurement

camera and traffic counting camera to capture vehicle-specific structural response of an

actual bridge in a field experiment with normal traffic.

Chapter 5 presents the concluding remarks of the study and recommendations for

possible future researches.
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Figure 1.2: Organization of this study.



Chapter 2

High-speed Vision System for Dynamic

Structural Distributed Displacement Analysis

2.1 Introduction
Dynamics measurement is one of important techniques in structural health monitor-

ing on bridges by inspecting their dynamics properties. The properties are mainly derived

from the measured displacement time-series from multiple measurement points across

the structure. Various conventional distributed displacement measurement techniques of

civil structures currently in place have been limited due to various constraints: inade-

quate accuracy, narrow distribution of measurement points, measurement drift, robust-

ness issue on field usage, structural obstruction, and reliability for long-term installation.

Vision-based measurement provides alternative for contact-less distributed displacement

measurement over some distance. The increasing availability of high-performance vision

systems provides the potential for developing adaptable and reconfigurable monitoring

systems of complex deformation field measured at various locations and orientations [42].

Vision-based method utilizing high-contrast markers has been proposed in this study

as an alternative for dynamic distributed displacement measurement of a bridge model.

This method incorporates a system of high-speed camera system equipped with telephoto

lens. The camera optical axis is placed rather parallel to the bridge model’s axis. This

allows capturing of both lateral and vertical displacement of multiple markers the bridge

members. LED and retro-reflective corner cube optical prism were utilized to serve as

high-contrast markers to cope with the insufficient incident light over long distance and

10
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small camera aperture. This also helps locating the position of the markers by providing

visual cue. The markers were aligned within the depth of field of the vision system with

different slant angles so that all markers could be captured in a single field of view from

the camera without occlusion.

Scaling factor, representing the actual physical displacement of each marker from

the perceived pixel-wise motion in the captured image, was calculated taking into account

the slant angles of each particular marker. The accuracy of the measured displacement

was calibrated against laser displacement sensor and optical jig. Estimated displacement

from dynamics measurement was compared against contact accelerometer. Subsequent

analysis was conducted to identify natural vibration frequencies of the structure using

Fast Fourier Transform and damping ratio estimation using peak-picking method.

2.2 Related works on vision-based structural displace-

ment measurement
Vision system works in structural dynamics measurement by capturing the motion

of markers, either using natural markers (edges, surfaces, or points in the structure) or

artificial markers (LEDs, printed patterns, optical markers). Pixel-wise motion in the

captured image is then converted to physical displacement value according to calibrated

scaling factors. The process can be done either real-time or post-process. Data of esti-

mated structural displacement can be then further processed for various SHM evaluations,

e.g.natural frequencies, modal parameters, and mode shapes [46][47].

Vision system can capture displacement of grater number of points more flexibly

compared to more conventional contact-based measurement. The denser measurement

points allow for smoother mode shape and interpolation of structural member response.

Additional camera head(s) can also be added for camera calibration to obtain more precise

displacement in 3D plane given that the position of camera heads and markers are well-

defined in the global coordinate system [48].

Image captured by vision system is subject to distortion, both from the optics or

the non-orthogonal orientations towards the test structure. It was demonstrated that the
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pan/tilt angle between the camera head and test structure should be not more than 10°

to reduce errors from focal distortion [49]. Satisfactory measurement accuracy could be

achieved for small tilt angles with distance 300 m away from the target structure [46].

Thus, a trade off between the measurement resolution and the breadth of field of view of

multiple markers is necessary. In addition, application of vision system in field has to take

into account various factors from the environment. Vision system is also susceptible to

errors caused by the heat haze and camera vibrations when measuring small displacement

from long-distance [47]

Optical motion tracking system using surveillance camera was proposed to mea-

sure induced motion in the event of an earthquake [50], but the system is limited due to

low frame rate, and low pixel resolution of the surveillance camera, and in the event of

an actual earthquake, inherent camera self-vibration resulting in unsteady measurement

reference point. Optical system with telephoto lens, focal length extender, and active

lighting device close to the camera may develop noticeable inaccuracy due to camera

head vibration and heat haze from the lighting device, thus operating time of the lighting

device needs to be limited [51]. This renders such system only suitable for structures with

routine periodical loading such as railway bridge.

Target-less vision-based displacement sensor system was proposed by extracting

and tracking feature points in video stream [49]. Multiple displacement point approach

can be achieved using image key-points [8], but these methods largely depend on low

noise image and crisp edges. Given that only feature point was extracted from a small

area and edge detection is susceptible to focal blur, the system isn’t suitable for distributed

measurement points with different frontal distances, long distance measurement, and low

ambient lighting condition.

A more complex system incorporating two cameras equipped with telephoto lens

and non-coplanar control points markers with Affine camera modeling has been proposed

to measure tri-axis displacement and rotation of fixed monitoring zone of a structure [52].

Considering the extended period of operation, the geometry of components may change

due to temperature effects and camera frame synchronization had yet been taken into

account.
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Herewith, a vision system comprises of a single camera head and high-contrast

markers is proposed. Reference point is provided from fiducial marker(s) installed on the

anchorage points of the bridge model to cancel out camera head vibration. High-contrast

markers are utilized to cope with the scalable measurement distance, short exposure of

high-frame vision system, and locate the position of each marker more reliably.

2.3 Truss vibration experiment with LED marker
Experiment was conducted to simultaneously capture lateral and vertical displace-

ments of high-contrast markers installed on a test bridge model using high-speed camera

system. Natural vibration frequencies of the structure was then to be evaluated to identify

the vibration characteristics of the structure.

2.3.1 Experiment setup
Bridge model used for the experiment is Warren truss structure with L-beam alu-

minum (25 mm flanges, 1.2 mm thickness) for end posts, top and bottom chords, and flat

aluminum strips (15 mm width, 2 mm thickness) for the struts and diagonal members.

The span, height, and width of the truss are 4 m, 21 cm, and 33 cm respectively. The

bridge model incorporates no deck and bracing.

LED markers are 5⌀mm in with white color, installed 25 cm apart between one

another. Figure 2.1 shows 16 LED makers installed on a single side of lower chord of

the deckless truss. Excitation force was applied to the center of the span on both bottom

chords with arbitrary hand force with general upwards direction using a rod to tap both

sides’ chords simultaneously.

Focal length, aperture, and focus distance need to be adjusted proportionally to

cover the whole span of the truss within the depth of field of the camera. The equation to

the depth of field (Ddo f ) is given as:

Ddo f = Dd − Dd (2.1)
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Figure 2.1: Test truss structure with LEDs attached on a single lower chord of the truss.

with Dp, Dd, and D f are depth of field near limit distance and far limit distance. These

two limits distance are evaluated to:

Dp = D f −
ϵND2

f

f 2 + ϵND f
(2.2)

Dd = D f +
ϵND2

f

f 2 − ϵND f
(2.3)

where N is aperture number, f is focal length, ϵ is blur diameter, D f is focus distance.

The aperture should be as narrow as possible to obtain the sharpest image possible and

as much depth of field. Blur diameter is determined roughly given that the edges of each

marker are still clearly identifiable in the captured image.

In the experiment, optical settings were 9.3 m focus distance with F/32 aperture at

410 mm focal length which resulted in depth of field of 4.178 m with 22 px acceptable blur

diameter, covering the whole span of the truss bridge model (4 m). The closest marker

was 7.3 m away from the camera, while the furthest one was 13.3 m away as illustrated

in Figure 2.2.

The camera head was put 45 cm higher than the chord on which all sixteen LED

markers vertically, also with slanted lateral angle between camera optical axis and bridge

axis. Figure 2.1 shows general overview of the experiment setup with LED markers

installed on one side of the test truss structure. This resulted in lateral distance of 20 cm

between Marker1 and the optical axis and 13.3 cm between Marker16 and optical axis.

The slant angles were introduced to eliminate occlusion between markers.

Scaling factor gives the ratio between vision-system resolution in pixels and actual
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Figure 2.2: Placement of the vision system in relation to the bridge model.

physical dimension. For setups with non-perpendicular lens optical axis between cam-

era and markers, scaling factors for lateral and vertical direction need to be estimated

separately [53]. Scaling factor was calculated taking into account sensor size and dis-

tance between camera and marker, in addition to the frontal, lateral, and vertical distances

between camera axis and LED markers.

As the camera head perceives displacement according to its sensor orientation, the

scaling factor for both vertical and will be compensated so that the evaluated displacement

use the orientation of the bridge model as coordinate system, following the equation:

S Fv =
11.27Dm

f cos(π − arctan(Dv/Dm))
(2.4)

S F l =
11.27Dm

f cos(π − arctan(Dl/Dm))
(2.5)

where Df, Dv, Dl, and Dm are frontal distance, vertical distance, lateral distance, and

marker distance (Phytagorean resultant of Df, Dv, and Dl). SFv and SFl are scaling factor

in vertical and lateral direction respectively.

Summary of vision system specification is shown in Table 2.1. Image resolution

was cropped to obtain effective frame rate to 180 fps due to hardware limitation. Cam-

era head was set to capture the vibration of the bridge model at 180 fps for 10 seconds

duration.



16 CHAPTER 2. HIGH-SPEED VISION SYSTEM FOR DYNAMIC STRUCTURAL DISTRIBUTED DISPLACEMENT ANALYSIS

Table 2.1: Vision system specification (LED experiment).

Camera Lens Computer
Ximea MQ042MG-C SIGMA APO HSM 300-800 Dell Latitude 3540

Resolution 2048x1024 px Focal length 410 mm Memory 8 GB
Sensor 5.5 µm pitch Focus distance 9.3 m OS Ubuntu 14.04.1

Exposure, frame rate 5 ms, 180 fps Aperture F/32 CV library OpenCV 2.4.8

2.3.2 Result and discussion
Pixel-wise motion of each marker was translated to actual displacement using its

respective scaling factors after subtracted from its steady-state value. Each marker’s cen-

troid was extracted using OpenCV’s cvblob() blob detection function to obtain the exact

lateral and vertical position of each marker within the frame. The motion of each marker

was then multiplied by its respective scaling factor to obtain distributed displacements

of the structure after firstly subtracted from its steady state value, i.e. when no vibration

were observed on the bridge model during prolonged duration.

Figure 2.3 shows six frames capturing minute pixel-wise motion of markers from

t=3 s to t= 5.5 s with 0.5 s interval.

Figure 2.4 shows the truss’ chord displacement from the same time span during

each captured frame shown earlier. Figure 2.5 shows Marker9 displacement, positioned

at the center of the truss’ span, over the course of 10 s capture duration. A highlight

at the displacement signal between t=3 s and t=4 s for lateral (Figure 2.5c) and vertical

displacement (Figure 2.5d) shows the damped vibration with stable first mode vibration

period.

Fast Fourier Transform (FFT) analysis was conducted to evaluate natural frequen-

cies of the structure vibration. Only 1024 samples (t=2.5 s to t=8.183 s) was selected in

order to avoid adding initial transient response to the natural frequency analysis. Peak-

picking method was applied to frequency response of Marker9 vibration to extract up to

fifth mode of vibration. Figure 2.6 shows the structure’s frequency response both lateral

and vertical directions. Table 2.2 summaries the natural vibration frequencies in both

lateral and vertical directions.

Unique natural vibration frequency was observed on 8.6133 Hz for lateral direc-
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(a) (b) (c)

(d) (e) (f)

Figure 2.3: Captured frames of sixteen markers showing minute motion.

tion and 19.6875 Hz for vertical direction respectively. The rest of the natural vibration

frequencies are most likely due to material characteristics which found in both vibration

directions. The higher natural vibration frequency on vertical direction compared to one

of lateral direction shows that the truss is more rigid vertically.
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Figure 2.4: Chord displacement between t=3 s to t= 5.5 s.

Table 2.2: Natural vibration frequencies of the truss (LED experiment).

Direction Natural frequencies (Hz)
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Lateral 8.6133 15.2930 39.5508 41.8359 45.5273
Vertical 15.2930 19.6875 39.5508 41.8359 45.5273

2.4 Truss vibration experiment with corner cube prism
The previous experiment utilized LED as marker to provide a visual cue of the

marker position, which implies power supply requirement for each marker [54]. This

requirement is impractical for long term installation as the power requirement for each

LED would be too high for long-distance measurement. Hence, a method with retro-

flective optical prism marker with similar tandem alignment is proposed.

Corner cube prism has been demonstrated to be useful for displacement measure-

ment with only lighting requirement at the optical sensor side. Arrangement of corner

cube and pentagonal prism beam splitter has been demonstrated to be able to measure
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Figure 2.5: Lateral and vertical displacement at the center of the span (LED experiment).

roll angle change of a linear guide [55] at nanometer displacement accuracy from a dis-

tance of few centimeters [56]. Interferometer length measurement with two parallel laser

beams was used to measure distance and lateral shift of corner cube prisms at micrometer

resolution [57]. Such implementation is scalable towards longer distance with adequate

lighting equipment and proper alignment.

Retro-reflective corner cube prism and coaxial lighting device were used to ob-

tain high-contrast appearance of markers at long-distance measurement. Arrangement

of coaxial lighting and corner cube as retro-reflective markers allows the high-contrast

appearance of marker with only lighting apparatus at the side of the camera head. This

arrangement is particularly useful when active lighting, such as LED, isn’t practical for

each marker. Usage of corner cube prism also implies perpendicularity between the cam-

era head and marker, making displacement measurement more precise. Thus, the appli-

cation of corner cube instead of LED as marker for structure displacement measurement
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Figure 2.6: Normalized frequency response of the model bridge in lateral and vertical
direction (LED experiment).

might be beneficial compared to LEDs or feature points on the structure.

2.4.1 Scaling factor with slant angle compensation
Scaling factor is needed to estimate actual physical displacement from the captured

motion of markers from the images in vision system, taking into account sensor size and

distance between camera. Prior to the measurement, scaling factor should be calculated

independently for each marker considering the relative position of markers to the camera

head.

General equation of lateral and vertical scaling factor for a marker perfectly per-

pendicular to the camera is given as:

Cl =
Vwr
f Nw
, Cv =

Vhr
f Nh

(2.6)

for Cl and Cv scaling factor for the lateral and vertical direction, f is lens focal length,

r is the distance between camera and marker, Vw and Vh are camera sensor width and

height with corresponding Nw and Wh pixel resolution, respectively. Figure 2.7 shows

the relationship between marker and camera in Cartesian coordinate system with d f , dl,

and dv are frontal distance parallel to bridge axis, lateral distance, and vertical distance

between camera head and marker.

Non-perpendicularity between camera sensor and corner cube prism markers may
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Figure 2.7: Camera and marker relationship in Cartesian coordinate system.

contribute to distortion in the captured image resulting in inaccurate scaling factor, hence

scaling factor needs to compensate the probable lateral and vertical slant. For practi-

cal reasons such as placing the markers in a tandem alignment and eliminate occlusion

between markers, the camera system’s optical axis was placed slightly away from the

general coordinate system of the structure.

These lateral and vertical slant angles resulted in non-perpendicularity between op-

tical system and markers. Hence, Equation (2.6) can be then further expanded to accom-

modate slant angles:

S Fv =
Cv

cos(ϕ)
(2.7)

S F l =
Cl

cos(β)
=

Cl
√

1 − sin2α
=

Cl√︁
1 − cos2θcos2ϕ

(2.8)

with S Fl and S Fv are lateral and vertical scaling factor in respect to the structure’s orien-

tation. Figure 2.8 and 2.9 show the angular orientation of the markers in relation to the

structure.

Several assumptions regarding the optical system, object alignment, and general
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Figure 2.8: Vertical scaling factor.

Figure 2.9: Lateral scaling factor.

coordinate alignment between the two are to be considered to obtain accurate lateral and

vertical scaling factor estimation:

• no lens distortion throughout the whole width and height of field of view,

• no displacement of markers in the direction of bridge axis, i.e. axial displacement,

• all markers are directly perpendicular to the camera,

• bridge and camera are both parallel to the ground so that observed vertical displace-

ment is totally separated lateral displacement.

Scaling factor can be calibrated prior to dynamics measurement using known marker

size [49], known distance between markers [42], and pre-calibrated displacement [58].
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Displacement calibration in the experiment to make sure that the calculated scaling fac-

tors are accurate was done using laser distance meter and translation optical jig.

2.4.2 Experiment setup
The same bridge model from LED experiment was used, with the addition of full

deck from steel plates, as shown in Figure 2.10. Steel plates with 2.5 mm thickness were

Figure 2.10: Truss bridge model (corner cube prism experiment).

installed as the deck for the bridge model.

Nine optical corner cube markers were installed on one side of the lower chord of

the bridge model: two at both anchorage points and the remaining seven at the chord

members, as shown in Figure 2.11. Marker0 and marker8 were set as reference markers

and expected not to have any notable displacement.

Summary of the vision system specification is described in Table 2.3. Camera res-

olution was cropped from the original 2048x2048 px to increase effective frame rate to

240 fps. In addition, focal length, aperture, and focus distance of the optical system need

Figure 2.11: General setup of the vision system and marker placement on the truss (corner
cube prism experiment).
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to be adjusted proportionally to capture all the markers within field of the camera without

excessive focal blur.

Table 2.3: Vision system specification (corner cube prism experiment).

Camera (Ximea MQ042MG-C) Lens (SIGMA APO HSM 300-800)

Resolution: 2048x752 px (8-bit) Focal length: 410 mm
Sensor: 5.5 µm pitch Focus distance: 9.3 m

240 fps, 2 ms exposure F/32 Aperture

Lighting Computer
Coaxial Lighting FASTUS OPX-M100W Dell Vostro 3558 (8 GB memory)

29 W, 6000 K color OpenCV 3.3.1
Marker: Thorlabs PS974M-B 8⌀mm Ubuntu 16.04.5 LTS

2.4.3 Results and discussion
2.4.3.1 Scaling Factor Calibration

The vertical scaling factor was calibrated by measuring pixel-wise displacement of

set 10 mm vertical displacement of an optical jig of as shown in Figure 2.12. The vertical

Figure 2.12: Markers attached to optical jig with set displacement.

alignment was verified using a digital protractor (DXL360S). The displacement of the

optical jig was further verified using a laser displacement sensor (Keyence LK-G405).

The scaling factor for each marker from the calibration is shown in Table 2.4 taken

into account the slant tilt angle between the camera head and marker. Maximum scaling
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Table 2.4: Scaling factor calibration (corner cube prism experiment).

Frontal distance Vertical distance Displacement Scaling factor Scaling factor Error
(mm) (mm) (mm) (laser, mm/px) (calculated, mm/px) (%)

7100 600 9.9082 0.095975 0.095975 1.9717
7600 600 10.0874 0.102641 0.102641 2.2264
8100 600 9.9492 0.109313 0.109313 0.5868
8600 600 10.0604 0.115989 0.115989 1.2197
9100 550 10.0888 0.122584 0.122584 0.2921
9600 600 9.8121 0.129352 0.129352 2.4851
10100 600 10.0579 0.136038 0.136038 1.5811
10600 600 10.0490 0.142727 0.142727 3.5407
11100 600 10.0714 0.149417 0.149417 2.4212
11600 600 10.1691 0.156109 0.156109 3.2201

factor error was 3.5407%. Error-values were smaller at markers closer to focus distance

(9.3 m) and bigger at markers further away from the focus distance at the center of the

span.

2.4.3.2 Marker Motion Extraction

The camera system captured the motion of the corner cube optical prisms markers,

aligned in tandem layout as shown in Figure 2.13. Each marker was able to be captured

without occlusion between one another.

Centroid position of marker i was determined from the captured frames after grayscale

binarization B with a threshold of 10 following:

M =
∑︂
x,y

Bi(x, y) (2.9)

Figure 2.13: Frame of captured markers (rotated 90°clockwise).
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Mx =
∑︂
x,y

xBi(x, y), My =
∑︂
x,y

yBi(x, y) (2.10)

(xi, yi) = (
Mx

M
,

My
M

) (2.11)

with x and y of each marker is set within its respective marker’s region of interest.

2.4.3.3 Truss Bridge Model Dynamics Measurement

Displacement measurement obtained from the vision system was calibrated against

a set of accelerometer (RION PV-87 piezo accelerometer unit, RION UV-15 vibration

signal conditioner). The accelerometer sampled only vertical displacement at 480 Hz,

twice the frame rate of the vision system. Excitation was done from impulse strike from

the top at the center of the span of the truss bridge model.

Figure 2.14: Placement of piezo accelerometer pickup and corner cube marker.

Given that the corner cube optical marker and accelerometer were not placed ex-

actly at the same position as shown in Figure 2.14, displacement value from the vision

system and accelerometer would have different amplitude.
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Figure 2.15 shows displacement of Marker3 obtained from the vision system and

accelerometer, the value from accelerometer is multiplied 5x for clarity. The displacement

value from vision system and accelerometer differed slightly just after the initial impulse

excitation, then dislacement signals well agreed in terms of phase towards the end of the

free damped vibration.

Figure 2.15: Marker3 vertical displacement values from accelerometer and vision system.

2.4.3.4 Natural Frequency and Damping Ratio

Simple Fourier transform was used to evaluate natural frequencies and damping

variations of the truss bridge model from short-time impulse excitation [59]. The half-

power method was used to evaluate modal damping of the structure [60] from each peak

in frequency response from Fourier transform with the bandwidth shown in Figure 2.16,

described as:

ζ =
f2 − f1

2 f0
(2.12)

of which the damping ratio is calculated from the frequency peak and the frequency band

of which the signal level reaches its half power.

Table 2.5 shows the frequencies whose peaks appears at all the moving markers and
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Figure 2.16: Half-power method for damping estimation.

the corresponding damping ratio. Frequency peaks apparent at all markers were picked

with the corresponding damping ratios. Average first-mode natural frequency and damp-

ing ratio from the measurement points were 15.6 Hz and 0.0423 for lateral direction;

9.9 Hz and 0.0685 for vertical direction. The structure has different lateral and vertical

frequencies, implying the natural frequencies contributed by the structural configuration

rather by the material of the members. Vertical damping ratio at all markers were gener-

ally higher compared to ones of lateral direction, implying that the structure is stiffer in

vertical direction for vertical load bearing capacity.

Table 2.5: Natural frequencies and damping ratio of the truss bridge model (corner cube
prism experiment).

Marker Number Lateral Lateral Vertical Vertical
Natural Frequency (Hz) Damping Ratio Natural Frequency (Hz) Damping Ratio

1 15.6 0.04167 10 0.07000
2 16 0.04274 9.7 0.07216
3 15.6 0.04140 9.9 0.06566
4 15.5 0.04839 9.9 0.07071
5 15.6 0.04487 10 0.06500
6 15.6 0.03846 9.9 0.06566
7 15.6 0.03846 10 0.07000
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2.5 Conclusions
High-speed vision system was demonstrated to be able to concurrently measure

dynamic lateral and vertical displacement of multiple markers installed on a bridge model,

using both LED and corner cube prism as markers installed on the structural members.

The accuracy of the measured displacement was within 4% error with working distance

between 7 and 12 meter.

Subsequent frequency analysis was carried out by peak-picking method to identify

the natural vibration frequencies and half-power method to estimate the corresponding

damping ratios. The analysis was carried out separately on lateral and vertical direction.

Such analysis may serve as a baseline to estimate the structural integrity of a bridge.

Several improvements could be made to the experiment:

• longer capture duration until the vibration signal reaches steady state again after

excitation to find for any residual plastic displacement and to obtain higher FFT

resolution,

• stronger lighting equipment for longer distance application,

• compensation of the camera head movement using fiducial marker,

• higher sampling rate for more precise modal characteristics estimation,

• provision to measure torsional displacement of the bridge deck by capturing dis-

tributed displacement at both sides of the bridge.



Chapter 3

Motion Capture Method with Tandem-marker

for Dynamic Distributed Displacement Analysis

3.1 Introduction
A novel vision-based measurement method is proposed for capturing small struc-

tural dynamic displacements at multiple points simultaneously on a large-scale structure.

The measurement points are to be aligned along the depth of field of the vision system

so that all points are observable in a single field of view of a telephoto lens. To cope

with low incident light and focal blur due to the long distance and high magnification,

highly retro-reflective corner cube prisms are utilized as motion markers combined with

a strong coaxial lighting device next to the vision system. This allows for measuring

displacements of markers with tandem-layout in the captured image without decreasing

measurement resolution compared to side-view alignment.

The placement of the vision system facilitates simultaneous measurement of lateral

and vertical displacement. The arrangement of half-mirror from the coaxial lighting and

plate mirror allows capturing collimated marker motion on both sides of the structure.

This extends the vision system capability to also capture torsional displacement of the

structure.

Deformation of the bridge model, its resonant frequencies, and the correspond-

ing mode shapes at a frequency of tens of Hz can be determined by analyzing marker

motion images captured and deriving the displacement of each marker using specific pre-

calculated scaling factor ratio.

30
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3.1.1 Current limitations of vision-based displacement measurement
In order to determine dynamic displacements on large-scale structures from long

distance, many vision-based structural health monitoring systems using digital video

cameras have been used to inspect structures [42, 51, 61–65]. Different approaches of

vision-based structural health monitoring have been studied regarding structural members

to be measured, marker feature identification, displacement extraction algorithm, types of

structure construction, i.e. cable vibration measurements [66, 67], large-scale bridge mon-

itoring with illuminated LED targets [68], railway bridge inspection using digital image

correlation (DIC) [69], cantilever beam measurements using Hough transform [70], ro-

bust object searching pattern-marker determination [71], large-scale structure monitoring

with rotational angle measurement [72].

Many DIC studies have addressed with small displacement measurements with sub-

pixel accuracy [73–77]. As the pixel pitch and size of the image sensor determines the

displacement measurement accuracy in vision-based approaches, there is apparent mea-

surement spatial resolution trade-off related to the measurement distance and the breadth

of the field of view. The image correlation criteria employed in the analysis are also

susceptible to image degradation due to shadows and heat haze [78].

Application of pan-tilt mechanism from an galvanomirror, using a single high speed

mechanical tracking camera that can function as multiple virtual cameras by switching

views multiple times in a second, can be employed to obtain wider field of view without

reducing the measurement’s spatial resolution and acquire small displacement distribu-

tion and vibration sensing of a bridge model [17]. Setup with galvanomirror pan-tilt

mechanism was able to expand the field of view came at the cost of the reduced effective

sampling rate of each measurement point and the possibility of measurement drift due to

camera head self vibration [79]. The position of the camera perpendicular to the side of

the bridge also prohibits the measurement of lateral displacement of the structure.

Using a single camera to simultaneously measure dynamic displacements at many

points on a large-scale structure of tens or hundreds of meters is quite difficult. For simul-

taneous multi-point displacement measurements, several multi-camera approaches have
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been reported for large-scale structure inspection [52, 72, 80–83]. But such approach re-

quire proper synchronization and determination of common reference points between the

cameras. In addition, installation of multiple cameras in situ is cumbersome and time-

consuming due to multiple

High frame rate (HFR) video-based implementations have also been reported for

structural vibration analyses at hundreds or thousands of Hz [84–90]. But the short ex-

posure time for each frame, exacerbated by the narrow aperture of the lens, limits the

effective distance of the measurement due to the insufficient light reaching the camera

sensor.

3.1.2 Torsional displacement
Torsional displacement refers to the change of the bridge’ deck orientation along the

radius of the bridge’s axis. This occurs when the two chords of the bridge exhibit different

amplitude of vibration. The torsional displacement is more notable in long-suspension

bridges noting the more flexible vertical members and the prevalence of suspension bridge

location in wind -prone areas [91].

Low frequency sound pressure noise on a bridge was found to be more severe from

vehicles passing in the outer slower lane compared to the faster inner passing lane, be-

cause of the torsional displacement [92]. Change of natural frequency of diagonal mem-

bers of a truss bridge due to the local damage from corrosion could not be reliably de-

tected in vertical and lateral direction, but the notable frequency drop can be recognized

in the torsional modes. [10] Such issues indicate the importance of the three-dimensional

analysis, including torsional displacement of traffic-induced bridge vibration

Vertical and torsional displacement and their modal modal frequencies are similarly

coupled, but torsional component often have higher frequency compared to the vertical

frequency [93]. Torsional displacement and its associated frequency response functions

can be constructed from the combination of acquired vibration in vertical and lateral di-

rection, this was demonstrated using large-size eccentric mass shakers at different forcing

levels [94].
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3.2 Proposed system

3.2.1 Issues in current vision-based systems
Vision-based structural displacement measurement systems have been previously

used for structural inspection of bridges. The systems are often implemented using com-

mercial digital cameras operating at tens of frames per second. Although this enable

low-cost and flexible installation on the structure to be inspected, most of them have

been limited to only local displacement measurements at a specific point on a large-scale

bridge. Several problems still remain to be solved for practical bridge inspection, in-

cluding locating displacement measurements at many points on a large-scale structure, as

illustrated in Figure 3.1.

(2) difficulty in installa�on 
for side view inspec�on

inaccessible area

side-view camera

markers on external side

(3) low-tolerance to 
sunshine condi�ons

bridge

(1) limita�on in measurement accuracy

trade-off between measurement 
accuracy and measurable area

zoom inzoom out

Figure 3.1: Current problems in vision-based bridge deflection measurements.

• Limitation in measurement accuracy.

When a camera is used to capture side-view images of the bridge in its axial-vertical

plane, the camera magnification should be lowered to observe all points within a
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single camera view. There is a trade-off between the measurement accuracy and

measurable area of the camera due to the limited number of pixels integrated on the

image sensor. For example, when the side-view image of a 100 m long bridge is

captured with a high-resolution 16 megapixel digital camera, one pixel corresponds

to 25 mm. This is far from the sub-millimeter accuracy required for bridge inspec-

tion, and this is the reason that vision-based approaches have been limited for local

deflection measurement.

• Installation difficulty for side-view inspection.

Most of the existing bridges were constructed in inaccessible areas such as rivers,

valleys, and seas, and the installation of a camera in such inaccessible areas makes

capturing side-view images of the bridge very difficult. Patterned markers are often

attached on the bridge to be inspected and provide accurate deflection measure-

ments in vision-based approaches (e.g., DIC methods), whereas the marker attach-

ment for side-view inspection may increase the amount of labor required for instal-

lation. The markers should be attached to the external side of the bridge, where it

is not easy to access, thus all markers should be observable without occlusion by a

camera installed at a certain distance from the side of the bridge.

• Low tolerance to external lighting conditions.

In general, vision-based approaches are not so robust to changes in light condi-

tions from the environment, e.g. sunshine, cloud, etc. They are often not suitable

without any active illumination at night when sunshine is not available. Active

markers which emit light and remote illuminators which shine light on the mea-

surement points have often been used for vision-based displacement measurements

in low light condition. However, they are difficult to install when a camera system

is located tens or hundreds of meters from the bridge to be inspected. Strong light

emitting active markers and illuminators are required for long-distance measure-

ments, as well as a large aperture zoom lens that enables image capture with large

magnification and high sensitivity.
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3.2.2 Concept of the proposed system
The proposed system assumes that the measurement points are aligned along the

depth direction, and this tandem layout of measurement points enables the observation of

all points in a single camera view without lowering the lens magnification. In addition,

video capture with very low image intensity and a certain blur circle diameter should be

permissible for small displacement measurements within a specified depth of field from

large magnification telephoto lens.

Vision-based approach has issues regarding measurement accuracy and system in-

stallation when measuring the distributed displacement of a bridge by capturing from its

side-view. The front of the bridge parallel to its axis is generally open and accessible

along the road direction compared to the inaccessible areas at the side of a bridge, and the

installation of a camera at the front of the bridge is much easier than at its side. A camera

installed at the front should have a large depth of field along the road direction and large

magnification to precisely measure distributed displacements at multiple points along the

bridge from a single camera view, whereas the narrow lens aperture for a large depth of

field results in underexposed images due to insufficient incident light. If low incident light

and image degradation with a certain blur circle diameter are permissible when capturing

front-view images with large magnification, the management and installation cost of a

vision-based measurement system could be remarkably reduced.

A tandem marker-based motion capture method is proposed to measure displace-

ments at many retroreflective markers attached to a large-scale structure, such that all

markers are observed in front-view images with large magnification. Figure 3.2 shows

the concept of tandem marker-based motion capture. The features are summarized as

follows.

• Corner cubes as retroreflective markers

The focal length and aperture (F-value) of the lens are set to large values that all

the distant markers, which are distributed on a structure along the optical axis of

the camera lens, can be precisely observed in a single camera view. Focal length

and aperture determine the magnification ratio and the depth of field of the cam-
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Figure 3.2: Concept of tandem marker-based motion capture.

era, respectively. The incident light intensity varies in proportion to the inverse

square of the aperture, and the image intensity becomes much smaller as the aper-

ture becomes narrower. To cope with the insufficient incident light at a narrow

aperture, circle-shape corner cubes prisms are utilized as high-reflectance retrore-

flective markers for tandem marker-based motion capture. These markers were

used in combination with a strong coaxial lighting device that emits light along the

optical axis of the camera lens by diverting the light via a half mirror. However,

there remains the problem of insufficient image intensity when the aperture is very

narrow.

• Permissible blur circle diameter

Many commercial telephoto lenses have limitations regarding the size of their aper-

ture due to difficulties in the precise design of the mechanism, as well as insufficient

image intensity due to lens aberration. Considering such constraints in setting F val-

ues, some amount of lens focal blur should be permissible when capturing the input

images on the assumption that the accuracy of the localization markers is not sig-

nificantly reduced by image degradation due to the focal blur. The depth of field
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is extendable by permitting a blur circle diameter of tens of pixels, which is much

larger than that of one pixel or less in standard image capture which utilizes opti-

mum focus distance at the specified marker. Generally, focus blur is expressed as

a circular symmetric point spread function, and the center position of the marker is

invariant to the degree of the focal blur when the markers are circular. Thus, tan-

dem marker-based motion capture can be accurately performed using circle-shape

corner cubes as markers, even if the input images are degraded with focal blur.

• Collective marker layout in a single camera view

As the magnification of the camera increases using the longer focal length, the field

of view of the camera becomes narrower. Despite the increase of the measurement

accuracy, tt becomes difficult to observe multiple objects in a single camera view

when the measurement points are distributed in a wide area. This is due to the lim-

ited number of pixels on the image sensor. During tandem marker-based motion

capture, the markers should be well distributed along the optical axis such that all

the markers are collectively observed in a narrow field of view without lowering the

camera magnification. The diameter of the markers and the margin between mark-

ers are parameters that determine the number of measurable markers in a single

camera view. The markers’ displacement in the horizontal and vertical directions

are measured with estimated center positions in the image with regards to the re-

spective distances from the markers to the camera along the depth direction.

3.2.3 Measurable optical conditions and parameters
Most of depth of field calculation consider prismatic depth of field with a planar

field of view which leads to inconsistent description of depth of field. Spherical cone

depth of field is adopted to more accurately model depth of field distance between camera

and object, thus consequently, the scaling factor.

The relationship between the permissible blur circle diameter and the depth of field

in tandem marker-based motion capture can be described with the distance D where the

camera is best-focused and sufficiently larger than the focal length f of the camera lens.



38 CHAPTER 3. MOTION CAPTURE METHOD WITH TANDEM-MARKER FOR DYNAMIC DISTRIBUTED DISPLACEMENT ANALYSIS

Depth of field ∆D with a permissible blur circle diameter ε can be approximated as fol-

lows:

∆D = DF − DN =
2ε f 2FD2

f 4 − ε2F2D2 (3.1)

DN = D −
εFD2

f 2 + εFD
(3.2)

DF = D +
εFD2

f 2 − εFD
(3.3)

where DN and DF are the depth of field near limit and the depth of field far limit, respec-

tively.
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Figure 3.3: Relationship between permissible blur circle diameter and depth of field near
and far limits.



3.2 PROPOSED SYSTEM 39

Figure 3.3 shows the relationship between the permissible blur circle diameter ε

and the depth of field near/far limits DN and DF when f = 410 mm, F = 32, and D = 9.3

m (a) applied for 4 m-long bridge model , and f = 800 mm, F = 32, and D = 50 m (b)

applied for 20 m-long bridge observed at 50 m distance, summarized in Table 3.1.

Table 3.1: Optical parameters for bridge model and actual bridge.

Bridge model Actual bridge

Focal length ( f ) 410 mm 800 mm
Aperture (F) F/32 F/32
Focus distance (D) 9.3 m 50 m
Pixel resolution 0.125 mm/pixel 0.344 mm/pixel
Blur circle diameter 10 pixel 40 pixel

Compared to the the depth of fields when only sharpest focus is allowed (ε=1 pixel),

using larger permissible blur circle diameter resulted in the longer depth of field by the

factor of 11.1× and 51.9× for the bridge model; 11.2× and 63.1× for the actual bridge;

respectively for 10 pixel and 40 pixel permissible blur circle diameter, as shown in Ta-

ble 3.2. The increased depth of field can be optimized to cover only the distance between

the nearest and the furthest markers.

The observed diameters and positions of the retro-reflective markers projected on

the image sensor plane can then be accurately extracted without overlapping. It is as-

sumed that N corner cubes prisms of the diameter Φ are used for the markers, and the

i-th marker (i = 0, · · · ,N − 1) is located at a distance Di from a camera with focal length

f and aperture F. The orientations of all the markers are perpendicular to the camera

sensor along its optical axis, such that their projections on the image sensor are circular.

Table 3.2: Depth of field with varying permissible blur circle diameter.

Blur circle diameter (ε) 1 pixel (5.5 µm) 10 pixels (0.055 mm) 40 pixels (0.22 mm)

Bridge model (D = 9.3 m)
Near limit (DN , m) 9.22 8.47 6.69
Far limit (DF , m) 9.38 10.30 15.23
Depth of field (m) 0.16 1.83 8.54

Actual bridge (D = 50 m)
Near limit (DN , m) 49.38 43.96 32.26
Far limit (DF , m) 50.63 57.87 111.11
Depth of field (m) 1.25 14.01 78.85
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When the image is focused at a distance D from the camera, the blur circle diameter ε(d)

is given as

ε(d) =
f 2

F
·
|D − d|

d(D − f )
. (3.4)

Considering the permissible blur circle diameter, the apparent diameter of the i-th marker

projected in the image sensor plane is defined as

ϕi =
f

Di
Φ + ε(Di) = f

(︄
Φ

Di
+

f |Di − d|
Fd(Di − f )

)︄
. (3.5)

Figure 3.4 shows the relationship between the apparent marker diameter and its

distance from the camera when (a) f = 410 mm, F = 32, D = 9.3 m, and Φ = 8 mm, and

(b) f = 800 mm, F = 32, D = 50 m, and Φ = 25 mm. The observed marker diameter

captured by a camera with 5.5-µm-pixel pitch image sensor is summarized in Table 3.3.

When all markers are captured in the input images, so as to satisfy the condition

|xi − x j| ≥
ϕi + ϕ j

2
, (3.6)

the apparent position of each marker can be correctly extracted without overlapping each

other, with xi = (xi, yi) is the apparent position of the i-th marker in the image sensor

plane. Given that all the markers are in the captured image from the 5.5-µm-pixel-pitch

2048×2048 image sensor, 18 or more markers can be positioned in a straight line without

overlap between one another.

Table 3.3: Observed marker diameter.

Bridge model (D = 7.3–11.3 m) Actual bridge (D = 40–60 m)

Closest 111.1 pixel 109.4 pixel (0.602 mm)
Furthest 64.1 pixel (0.353 mm) 72.7 pixel (0.400 mm)
Actual marker diameter (Φ) 8 mm 25 mm
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Figure 3.4: The apparent diameter of corner cube prism for bridge model and actual
bridge.

3.3 Bridge model experiment

3.3.1 Test structure and marker configuration
Series of experiments were conducted to measure the dynamic displacement distri-

butions for a 4 m long truss structure bridge model using a vision-based measurement

system consisting of a single camera with large magnification, demonstrating the ef-

fectiveness of the tandem marker-based motion capture method. Figure 3.5 shows the

geometric configuration of the bridge model to be inspected and the vision-based mea-

surement system. Figure 3.6 shows the front view (a) and side view (b) of the bridge

model used in the experiments.
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Figure 3.5: Geometric configuration in the bridge model experiment: front view, side
view, and top view.

The length, height, and width of the bridge model are 4, 0.18, and 0.3 m, re-

spectively, and the model was assembled as a Warren truss structure with 8 panels, L-

25×25×1.2 mm L-type aluminum members for vertical chords, and FB-150×2 mm flat

aluminum members for diagonal and horizontal chords. Both ends of the bridge model

were fixed on 30 cm-high steel pedestals, which were fixed on the ground. The experi-

ments were conducted with several steel plates (2945 g, 310×400 mm2) to serve as the

deck on the bridge model. Different numbers of steel plates (2, 4, 6, and 8) were installed

on the bridge model in order to adjust its resonant frequency during the experiment as

depicted in Figure 3.7.

As retro-reflective markers for tandem marker-based motion capture, eighteen cor-

ner cube prisms (PS974M-B, Thorlabs, Newton, NJ, US) were attached around the seven

nodes between the eight lower panels and the fixed ends of each side of the bridge model.

The effective diameter of the corner cube wasΦ = 8.0 mm. Each corner cube was installed
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Figure 3.6: Bridge model overview: front and side view.

with 3D-printed jigs outside the bridge model so that its mirror faced the longitudinal di-

rection of the bridge model, as depicted in Figure 3.8. The orientation of the two mirrors

corresponds to the optical axis of the vision-based measurement system.

Markers 0, 8, 9, and 17 were attached with the 70 mm long jigs on the pedestals,

markers 0 and 9 were located 0.14 m in ahead of the front end, and markers 8 and 17

were attached to the back end of the bridge model. The other markers were attached with

35 mm long jigs outside the bridge model; each marker was located 0.08 m behind the

nearest node on the lower panels of the bridge model.

3.3.2 Vision system specification
The vision-based measurement system includes a USB 3.0 CMOS camera (MQ042MG-

CM, Ximea, Münster, Germany), a zoom lens (APO 300-800 F5.6 EX HSM DGM,

Sigma, Kawasaki, Japan), an LED illuminator (VLP-10500XP, LPL, Saitama, Japan),

and a laptop PC with Ubuntu 14.04.11 (Latitude 3540, Dell, Round Rock, TX, US) for

camera control. Figure 3.9 shows an overview of the vision-based measurement system.

The USB 3.0 camera mounted with the telephoto lens and metal-halide illumi-

nator were installed on tripods (1.0 m-tall) so that they can horizontally observe the

corner cubes prims markers. A 355×244 mm2-plate beam splitter with 50/50 reflec-
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Figure 3.7: Top view of bridge with different number of decks.

tion/transmission ratio was installed 100 mm in front of the zoom lens so that the optical

axis of the LED illuminator was aligned with that of the telephoto lens. Light emitted

from the LED illuminator was diffused with a light diffuser film so that light reflected

from a corner cube was observed with uniform intensity in the captured images.

In the bridge model experiments, the focal length and F value of the zoom lens

were set to f = 410 mm and F = 32, respectively. The focus distance of the telephoto

lens was set to D = 9.30 m. The distances from the telephoto lens to the front and back

ends of the bridge model were 7.30 and 11.30 m, respectively. The depth of field is 8.54

m (from 6.69 to 15.23 m) when the permissible blur circle diameter was ε = 0.22 mm,

which corresponds to 40 pixels in the image sensor. This allows all markers to be fully in

the depth of field of the vision system.

The USB 3.0 camera (Ximea MQ042MG-CM) includes a 2048×2048 CMOS im-
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Figure 3.8: Corner cubes installed on a bridge model: attachment, right, and left side.
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Figure 3.9: Vision-based measurement: general overview and top view.

age sensor with sensor and pixel sizes of 11.27×11.27 mm2 and 5.5×5.5 µm2 , respec-

tively. The camera can capture and transfer 8-bit gray-level 752×2048 images to the PC

via the USB 3.0 interface at 240 fps. At the front and back ends of the bridge model,

which were located 7.30 and 11.30 m from the telephoto lens, one pixel corresponds to

0.098 and 0.152 mm, respectively. The measurement plane from the full frame of the cap-

tured image (752×2048 pixel) corresponds to 74×202 and 114×311 mm2, respectively for

the nearest and furthest marker.

In the experiments, the 355×244-mm2 beam splitter and a 235×300-mm2 plate mir-

ror were installed 7 m in front of the right-front and left-front ends of the bridge model,

respectively, as illustrated in Figure 3.5. This ensures that a single image with large mag-

nification will include reflected light from 18 corner cubes at the left and right sides of
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the bridge model, 9 markers on each side. The distance between the beam splitter and the

plate mirror was set to 500 mm. The optical path lengths from the telephoto lens to the

markers at the right side of the bridge model ranged from 7.095 to 11.229 m, whereas to

those markers at the left side ranged from 7.594 to 11.729 m, respectively.

To obtain the apparent position of the i-th corner cube (i = 0, · · · , 17) in the input

image I(x, y), the region of interest image Ii(x, y) cropped from the input image for the

i-th corner cube was considered. The center position (xi, yi) and diameter ϕi of the bright

pixels of the i-th corner cube were estimated by computing the moment features of a

binary image Bi(x, y). This was obtained by binarizing the region of interest sub-images

Ii(x, y) with a threshold θi as follows:

(xi, yi) = (M10/M00,M01/M00) (3.7)

Φi =
2
√
π

√︁
M00 = 1.128

√︁
M00, (3.8)

M00 =
∑︂
x,y

Bi(x, y) (3.9)

M10 =
∑︂
x,y

xBi(x, y) (3.10)

M01 =
∑︂
x,y

yBi(x, y) (3.11)

where we assume that the bright pixels in the i-th marker were only observed in Ii(x, y),

whereas those from any other corner cubes were not involved in the region of interest for

the i-th marker.

3.3.3 Preliminary evaluation and calibration
To confirm the practical depth of field and verify the relationship between permissi-

ble focal blur and the distance from the telephoto lens to each corner cube prisms, images

of the markers were then captured during no vibration occurring on the bridge model.

Figure 3.10 shows 752×2048 input image with exposure time of 100 ms with the LED

illuminator turned off (a), 752×2048 input image with exposure time of 2 ms with the

LED illuminator turned on (b), and 150×150 images of the 18 corner cubes (c) cropped



3.3 BRIDGE MODEL EXPERIMENT 47

from the input image.

right-side

le�-side

(a) (b) (c)

marker 0

marker 1

marker 2

marker 3

marker 4

marker 5 

marker 6 

marker 7 

marker 8

marker 9

marker 10

marker 11

marker 12

marker 13

marker 14 

marker 15 

marker 16

marker 17

marker 0 marker 1 marker 2 marker 3

marker 5 marker 6 marker 7 marker 8marker 4 

marker 9 marker 10 marker 11 marker 12

marker 14 marker 15 marker 16 marker 17marker 13 

Figure 3.10: Captured image under no vibration.

The scene around the left-side of the bridge model overlapped with that of its right

side, but none of the observed corner cube prisms were not occluded in the frame. Re-

flections from the corner cube prisms were much brighter while the background was very

dark, this allowed the position of markers to be extracted without interruption from the

background.

Figure 3.11 shows the relationship between the optical path length from the tele-

photo lens and the observed diameter of the corner cube prisms. The apparent diame-

ters Φi of the corner cube prisms were estimated from the diameter of bright pixels in

their cropped 150×150 images by binarizing with a threshold of θi = 10, as described in

Eq. (3.8).

The observed diameters are also shown in Figure 3.11, which were theoretically

introduced in Figure 3.4(a). Figure 3.12 shows the relationship between the optical path

length from the telephoto lens, and the maximum and average brightness in the cropped

image of each corner cube prism. The average brightness was calculated using pixels

where the brightness was 10 or greater in the particular region of interest of each marker.

In Figure 3.10(c), cropped images of markers 4 and 12 were found to be the best-focused

corner cubes at the right and left sides, respectively.



48 CHAPTER 3. MOTION CAPTURE METHOD WITH TANDEM-MARKER FOR DYNAMIC DISTRIBUTED DISPLACEMENT ANALYSIS

50

60

70

80

90

100

110

120

130

7 8 9 10 11 12

m
a

rk
e

r 
w

id
th

 (
p

ix
e

l)

op�cal path length (m)

right side

le! side

calculated

Figure 3.11: Relationship between the apparent diameters of the corner cube prisms and
their optical path lengths.

Focal blur in the cropped images of corner cube prisms increased as the optical

path length from the telephoto lens deviated from focus distance (D = 9.30 m). The

observed diameters of all the corner cube prisms were less than 100 pixels, as illustrated in

Figure 3.11. The observed diameters can be independently extracted without overlapping

when their center positions are computed. The maximum brightness values of markers

0–8 at the right side were in the 115–128 range, and those of markers 9–17 at the left side

were in the 105–120 range. The brightness values of the markers at the left side were

slightly smaller than those from the markers at the right side, given the twice reflection

from the half mirror and plate mirror. Here, the definition of permissible blur circle

mentioned in Figure 3.4(a) did not perfectly correspond to the binarization operation with

threshold θi = 10 when estimating the markers’ diameters from the cropped images, and

they were slightly different from those theoretically introduced in Figure 3.4(a).

To confirm the accuracy of the measured displacement of the markers, the center

positions of the markers were evaluated at different optical path lengths, corresponding to

the locations of markers 0–17 on the bridge model from the telephoto lens. The captured

image was 752×2048 images at 240 fps when the corner cube was vertically moved by
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Figure 3.12: Relationship between maximum and average brightness of corner cube
prisms and optical path lengths.

10 mm using an optical stage.

Figure 3.13 shows the relationship between the optical path length and displacement

in the images (a), and the relationship between the optical path length and scaling factor

which indicates the actual physical displacement corresponding to one pixel in the images

(b). The increasing ratio of the scaling factors for the left markers was slightly larger than

that of those on the right side because the left was not perfectly parallel with the right view

due to the additional optical path length between the half mirror and the plate mirror.

Given the varying optical path length between 7.095 and 11.729 m of the markers, a

10 mm-amplitude displacement was observed from 104.8 to 63.5 pixels in the images, and

the scaling factor linearly varied from 0.095 to 0.158 mm/pixel. The center position of

the markers can be accurately determined at a sub-pixel level when the marker’s diameter

is larger than 60 pixels in the images.

Assuming that the scaling factor in the lateral direction was similar to that in the

vertical direction, the actual displacement of marker i (= 0, · · · , 17) is computed with the

center position (xi, yi) estimated from the images as follows:

(Xi,Yi) = (s(Di) · xi, s(Di) · yi), (3.12)
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Figure 3.13: Image displacements for a corner cube with a 10 mm optical stage.

where s(D) indicates a look-up table function for the scaling factors, corresponding to

Figure 3.13(b). Di is the optical path length from the zoom lens to marker i, and s(Di) is

the scaling factor when observing marker i in the images.

3.4 Results and discussion
Time-transient vibrations were induced on the bridge model by hand-tapping to

measure the structure’s natural vibration responses. For each run, 752×2048 pixel images

with 10.0 s capture duration at 240 fps. The top of the bridge model was tapped simulta-

neously using rod striking both sides’ chords simultaneously at the centers, corresponding

to the locations of markers 4 and 13.
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Figure 3.14 shows the captured input images for t = 0.0–91.7 ms captured at 8.3 ms

intervals. During the experiment, the maximum pixel-wise displacement for all markers

was 1.73 pixels for marker 3 in the lateral direction, and 6.77 pixels for marker 3 in the

vertical direction.

Figure 3.14: Input images when a bright model was tapped by hand.

Figure 3.15 shows time series data of the lateral and vertical positions of 18 markers

for t = −0.5–3.0 s. The lateral and vertical positions were set to zero at t = 0.0 s just

before the bridge model was struck.

Figure 3.16 depicts the bridge model’s deck deflection during the same time dura-

tion, showing the relative torsional displacement of deck.
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Figure 3.17 shows the frequency response of the vibration signal. Fast Fourier

Transform was applied to the vibration signal of each marker from with approximately 5

s of sample window (≈1200 samples). Only two major frequency response peaks were

observed in both vibration directions. Vibration in vertical axis was notably higher due to

the direction of tapping excitation.

3.4.1 Distributed displacement measurement with different deck con-

figuration
Subsequent experiment was conducted to verify the capability of the displacement

measurement system to measure the structural dynamics of the bridge model under dif-

ferent conditions. The dynamics of the bridge bridge was verified by applying modal

estimation to the small vibration distributions obtained with our tandem marker-based

motion capture method.

In the experiments, different number of 310×400 m2 steel plates, each weighing

2945 g, were placed on the deck of the bridge model. The conditions with different num-

ber of steel plates, eight (C1), six (C2), four (C3), and two (C4))steel plates respectively,

placed on the deck of the bridge model were performed in order to observe the change of

weight and resonant frequency of each condition. In the experiments, the experimental

settings and protocols including excitation with human hand tapping were the same across

different number of plates attached on the deck. Figure 3.18 shows the spatio-temporal

deformations of bridge models in the vertical direction.

3.4.2 Modal analysis with SSI-CPAST
Time-varying displacements in the vertical and lateral directions were analyzed for

their modal parameters with the SSI-CPAST algorithm [88, 95], which is an output-

only stochastic subspace recursive modal identification algorithm to identify the input-

invariant dynamic properties of an object under an unknown excitation [96]. The algo-

rithm was applied to the vibration signal of each marker with 90-samples bin and the

vibration up to the third modes. Figure 3.19 shows the first mode shapes of the bridge



3.5 CONCLUSIONS AND CONSIDERATIONS 53

model under conditions C1–C4.

The first mode resonant frequencies of the bridge model under conditions C1–C4

were found to be 9.82, 9.78, 9.52, and 9.41 Hz in the lateral direction and 9.85, 9.98,

10.20, and 11.70 Hz in the vertical direction, respectively. (see Table 3.4). The first

Table 3.4: First mode resonant frequencies.

Direction 8 plates 6 plates 4 plates 2 plates

Lateral 9.82 Hz 9.78 Hz 9.52 Hz 9.41 Hz
Vertical 9.85 Hz 9.98 Hz 10.20 Hz 11.70 Hz

mode resonant frequencies under condition C1 were closely matched with the first peak

frequencies in the FFT analysis, illustrated in Figure 3.17.

The resonant frequency slightly decreased in the lateral direction as the number of

plates decreased, while the mode shapes largely varied under conditions C1–C4, corre-

sponding to the locations of the installed steel plates on the deck of the bridge model. The

resonant frequency increased as the number of plates decreased in the vertical direction,

while the mode shapes did not largely vary under conditions C1–C4. These experimental

results show that a vision-based modal analysis can be used to distinguish the structural

dynamic properties of the bridge model under different conditions.

3.5 Conclusions and considerations
A tandem marker-based motion capture method has been proposed to to measure

small vibrations on a structure with a telephoto lens and high-speed camera by align-

ing retro-reflective markers on a test structure along the depth direction with a coaxial

lighting device. All measurement points are observable in a single camera view without

decreasing the measurement accuracy. 752×2048 images were captured at 240 fps with a

telephoto lens (focal length of f = 410 mm).

Vibration experiments were conducted with a 4 m-long truss bridge model with

18 attached markers. It was confirmed that the single camera head can be used to mea-

sure deformation of the bridge structure and estimate the modal parameters, such as the

resonant frequencies and mode shapes, at a frequency of tens of Hz.
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Several approaches could be used to further extend the applicability of the dis-

tributed displacement measurement method:

• fiducial markers for camera-ego-motion compensation algorithms for robustness to

ambient vibration in outdoor experiments,

• illumination with specific wavelength to cancel out light interference from changing

ambient lighting,

• real-time implementation of the algorithm so that the system be easily installed at a

low cost to monitor structural conditions of infrastructure, including bridges, roads,

and other large buildings.
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Figure 3.15: Vibration displacements from 18 markers.
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Figure 3.16: 3D deck deflection of the bridge model.
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Figure 3.17: Frequency response of the bridge model in lateral and vertical directions.
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Figure 3.18: Spatio-temporal vertical and lateral deformation of the bridge model.
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Figure 3.19: First mode shapes of the bridge models in lateral and vertical direction.



Chapter 4

Bridge Structural Displacement Monitoring

with Traffic Counting

4.1 Introduction
Vision-based structural displacement methods allow convenient monitoring of civil

structures such as bridges, whereas they are often limited due to the small number of

measurement points, constrained spatial resolution, and inability to identify the acting

forces of the measured displacement. To increase the number of measurement points in

vision-based bridge displacement measurement, front-view tandem marker motion cap-

ture system is introduced.

A single camera distributed displacement measurement method with sub-pixel digital-

image-correlation (DIC) analysis for a tens-of-meters-span road bridge; it is extended

from the tandem marker-based motion capture method [97] that allows measurement of

structural dynamic displacement from multiple tandem-distributed points at once, with-

out decreasing measurement accuracy by installing a front-view camera positioned with a

small angular delineation to the bridge’s axis. The strategic position of the displacement

measurement camera enables easy-installation bridge monitoring without partial or full

traffic closure.

The displacement measurement system is coupled with side-view traffic counting

camera to detect passing vehicles from two opposing lanes on the bridge’s deck and iden-

tify particular vehicles which induces large displacement on the bridge during their pass.

The traffic counting system will be able to assist establishing the relationship between the

59
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sizes of passing vehicles and the structural response during such passes.

4.2 Related works

4.2.1 Structural health monitoring with displacement measurement
Bridge experiences elastic vertical, lateral, and rotational displacement from the

service load combinations, and such load displacement may cause surface deterioration

and local cracking in which could impair serviceability and durability [98]. Continuously-

unattended excessive displacement may result in the accumulation of structural damages

in the bridge, reflected in the loss of stiffness of weakened parts of the bridge: bear-

ings, joints, integral abutments, and piers. To restrict excessive bridge deformations and

vibrations, the displacement limit is determined by linking with human psychological per-

ception on the structural safety due to the occurring structural responses [99], as well as

inspecting the appearance of sagging in the bridge girders.

Structural damages are quantified with metrics derived from displacement, such

as increase of frequency response in a specific frequency band, a shift of the bridge’s

modal frequency peaks toward a lower value, a discontinuity in the mode shapes, lower

damping coefficient, and other anomalies [100, 101]. Frequency-domain analysis are

usually employed on the extracted vibration signals to evaluate the structural health of

bridges [102, 103]. The frequency response from bridge natural frequency and traffic load

often reside at separate frequency bands [104], thus identifying the frequency response

particular to the structure would be possible. Statistics of abnormal modal frequencies

can infer structural damages [105]. Although the natural frequencies may exhibit variance

between multiple methods, measurement points, and ambient loading condition [102,

104], frequency-domain analysis gives reasonable estimates from the extracted vibration

signal. As often the structural damage is localized within a particular member or joint,

simultaneous measurement on multiple points on the bridge is also important to pinpoint

the damage’s approximate location.
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4.2.2 Drive-by bridge vibration measurement
Vibration-based SHM refers to in-field non-destructive displacement sensing and

analysis of a structure; in the time, frequency, or modal domains. Changes and irregulari-

ties in these domains may indicate damage or degradation. Damage to a bridge may lead

to some stiffness loss and consequently change its dynamic properties [106, 107]. Loss

of stiffness could be reflected from displacement larger than the design value or drop

in vibration frequency response given a specified loading condition. In practice, the spe-

cific loading condition is performed either using heavily-loaded trucks parked in specified

points along the span of the bridge [108], large controlled excitation devices attached to a

specific vehicle[109], or more recently with drive-by methods utilizing ambient excitation

forces from the usual traffic [110, 111].

Testing the vibration of a bridge from vehicular traffic is intuitive as the bridge’s ser-

vice will still operate as usual and potentially can be done continuously in real-time. But

in practice, the interaction between vehicle and the bridge will vary due to factors related

to the bridge construction (length, dead mass, deck surface roughness, thermal stress on

the members) [105], the passing vehicles (axle spread, weight, speed, suspension) [112],

or superposition of multiple vibration sources [113].

The impact of vehicle load on bridge vibration varies by the weight on each axle,

the distances between axles, and the number of axles. Vehicles need to be configured in

such a way that the excitation force will result in dynamic displacement that is discernible

from ambient vibration from the bridge’s dead weight and environment [114], thus heavy

vehicles are often used for various tests on a bridge instead of common car traffic. Vehicle

speed and bridge deck roughness also affect the vibration profile of the bridge. At higher

speeds, vehicle vibration dominates the observed vibration signal, hiding the bridge vi-

bration itself, and the vehicle speed needs to be relatively low to obtain good separation

between bridge and vehicle vibration frequency, as previously reported: 18 km/h [114],

36 km/h [115], and 40 km/h [110].
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4.2.3 DIC analysis
Digital Image Correlation (DIC) is a method to infer sub-pixel deformation between

two images using correlation of defined facet [116] from the object’s normal surface, non-

periodic speckled pattern, or target marker apparatus. DIC evaluates various criteria from

the facet in a single 2D-plane [117], such as cross-correlation, sum of absolute, differ-

ence, and squared sum of difference. The adjacent frames can also be evaluated in either

forward or backward temporal direction [118]. DIC can be expanded for multi-plane

measurement using stereo camera heads, beam-splitter prism or mirrors, or wavelength

separation of the exposures [119]. Measurement in 3D-plane can be achieved with digital

projection of the facet or oblique arrangement between the camera and object with known

distance [120]. The latter is more common for displacement measurement of structures.

Various DIC applications have been demonstrated on model bridge to measure dis-

placement, strain, and modal responses [102, 121–123]. DIC shows comparable results

to conventional methods with accelerometers, laser vibrometer, or finite element simula-

tion [44, 102]; despite its limitations regarding changes in facet appearance [122], image

distortion and out-of-plane displacement or rotation [124], limited sampling rate [125],

and stray frequency responses from sensor aliasing or ambient vibration [44].

DIC has been implemented on actual bridges in several studies with addressing the

issues of real-time performance, image degradation from optical turbulence, and sub-pixel

accuracy [46, 126, 127]. Such implementation has yet to consider the moving traffic and

address the inaccuracy due to imprecise synchronization of multiple cameras [128]. There

is a trade-off between the field of view and spatial resolution due to finite sensor size and

focal length. Usage of a pan-tilt mechanism allows wider field of view without resorting to

lower pixel-wise spatial resolution [129], but the setup may introduce unwanted vibration

and image distortion from the varying object distances. A higher spatial resolution could

be achieved by applying a complex filter to down-sampled subset of the image [46, 121].
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4.2.4 Video-based traffic counting
Traffic counting system detects individual passing vehicle and infer its properties:

time of passage, travel direction, length, and estimated velocity. These information can

be used for various purposes: congestion detection, automated tolling, road design, speed

limit enforcement, etc. Automated traffic counting system has been implemented with

various detectors, e.g. induction loop, speed-trap laser, and surveillance camera. Video-

based traffic counting system is characteristically more robust with long MTBF (mean

time between failures) compared to other detectors [130].

Video-based traffic detection methods of passing vehicles have been implemented

with various techniques: MoG (mixed of Gaussian) [131] and frame-history background

subtraction [132] can filter out non-static multi-modal background (e.g. shaking leaves,

swaying branches, shadows), but both can still result in false detection of slow-moving

or stopping vehicles, overlapping vehicles (either from a single or adjacent lanes). Color-

histogram clustering addresses the issue with overlapping vehicles, but in turn exhibits

inaccuracy due to sudden change of vehicle velocity, illumination changes, and color

composition variation [133]. Image segmentation method with rolling average threshold

proved to have good accuracy in various weather and lighting conditions [134], with

detection lines to facilitate detection in multi-lane setting with heterogeneous traffic [135].

This proves that simple and adaptable image processing routine will suffice if detection

thresholds are adjusted properly.

Classification of the detected vehicles has been conducted to infer their properties.

SVM (support vector machine) classification is often inaccurate [131], and increased ac-

curacy comes with the added cost of computational complexity [136]. The CNN (convo-

lutional neural network) method promises better accuracy [131] but requires prior super-

vised learning for various different vehicle appearances, camera orientations, and lighting

and weather conditions [137–139], and generally performs slower compared to image-

processing-based methods. Thus, context-specific criteria should be applied to extract

meaningful information from the passing vehicles to obtain better execution speed with

acceptable accuracy.
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4.3 Tandem marker motion capture with side-view traf-

fic monitoring
Integration of structural health monitoring on a bridge and traffic identification al-

lows measurement of structural dynamic response from traffic load to assess the structural

integrity of the bridge. Several studies have been carried out by integrating an array of

sensors (strain gauge, accelerometer, weigh-in-motion plate) and traffic monitoring video

cameras [140]. Video-based methods have also been applied in place of the sensors to

facilitate non-contact measurement of the bridge vibration under live load, measuring the

deflection of a portion of the structural members, e.g., girders [141] and cable stays [142].

Although such systems are generally comparable to finite simulation [143] and able

to identify simulated damages [144], they are still constrained due to the finite number

of measurement points, the requirement of synchronization between cameras [142], and

the lack of generated data from the traffic counting camera, especially in real-time setting

[145].

The sub-optimal common placement of both displacement measurement (perpen-

dicular to the bridge’s axis) and traffic counting cameras (high vantage point) resulted

in a set of issues: limited measurement field and the requirement of separate calibra-

tion/alignment for each displacement measurement camera [141], the difficulty to esti-

mate the passing vehicle’s details (size, type, speed), and susceptibility to errors related

to frontal occlusion for the traffic counting camera [131, 146, 147].

4.3.1 System concept
Tandem arrangement of the optical markers along the span of a bridge with the

frontal placement of displacement measurement camera has been found to facilitate si-

multaneous capturing of multiple displacement measurement points from a single camera

viewpoint in its depth of field, requiring no synchronization module for multiple-points

measurement [97]. This could enable a simpler method of whole-span bridge displace-

ment observation. The placement of traffic counting camera perpendicular to the bridge

axis could also allow a more reliable estimate of the passing vehicles’ dimension.
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This study aims to to identify the structural dynamic response of an actual bridge

from various live traversing vehicular traffic, using combination of single-camera motion

capture DIC technique and traffic counting system. The dynamic displacement signals

from DIC analysis will be cross-referenced against traffic information using a synchro-

nized timestamp. Figure 4.1 illustrates the general framework of the system. Frontal

measurement displacement simultaneously captures multiple measurement points with

additional static reference marker to cancel camera vibration. Side traffic counting cam-

era captures the passing vehicles more accurately. Displacement and frequency of the

traffic-induced vibration will be evaluated.

Traffic counting

� Vehicle length

� Speed

� Lane/direction

� Time

Vehicle-induced

structural response

� Displacement

� Frequency

� Marker-based motion 

capture method

� DIC analysis to extract 

displacement

Physical markers 

with tandem alignment

� Evaluate displacement 

with timestamp

� Evaluate displacement 

limits

Displacement-

measurement 

Camera

Traffic-counting Camera

Figure 4.1: Framework of SHM method for traffic-induced dynamic displacement mea-
surement using marker-based motion capture and traffic counting camera.

4.3.2 Field experiment with DIC
Field experiment was conducted on Hinotsume Bridge (34◦21’27.2”N 132◦43’17.4”E).

The structure incorporates two steel plate girder spans with a concrete deck spanning in

east-west direction which allows both vehicles and pedestrians to cross. Each span is

approximately 25 m long with a support pier in the center connecting the two spans.

The two-lane roadway on top of the structure is 8.4 m wide with adjacent sidewalks 2 m

wide in both sides. Guardrails are featured on the edges of the bridge, also between the
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sidewalks and the roadway. The speed limit in the vicinity is 50 km/h.

The displacement measurement camera was installed at the shoulder of the road to

the west of Hinotsume Bridge facing eastward, positioned 64.2 m away from the furthest

marker. With its depth of field mostly parallel to the bridge’s axis, this allows simultane-

ous capturing of tandem-layout markers installed on the bridge without occlusion. The

traffic counting camera was installed to the north of the bridge by the riverbank to cap-

ture the whole span of the bridge from perpendicular direction, as shown in Figure 4.2.

The perpendicular placement to the traffic direction may allow more robust detection and

length estimation of the individual passing vehicle.

Hinotsume Bridge Umaki Bridge

CAM1

CAM2

(a)

��Dí

(b)

��Dî

(c)

Figure 4.2: Field of view of displacement measurement camera (CAM1) and traffic count-
ing camera (CAM2).

Cameras for the experiment are Panasonic HC-WZX2M at 1920×1080 px reso-
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lution. Frame rate was 60 fps with 1 ms exposure, short enough to eliminate motion

blur while still bright enough to detect the facets for DIC analysis reliably. Focal length

of the displacement measurement camera was set to 98.9 mm with F/16 aperture to ob-

tain as much depth of field as and the sharpest focus at maximum The daylight provided

enough light for proper exposure in the displacement measurement camera even at its nar-

rowest aperture. The duration during the experiment was 35.4 minutes during afternoon

hours (15:49 to 16:25 JST). The daylight during the experiment provided enough light for

proper exposure even at its narrowest aperture and no underexposure was observed in the

captured frame of the displacement measurement camera, as shown in Figure 4.3b.

The markers were installed on the edge guardrail of the eastern span approximately

3.9 m apart from each other using a magnet holder stand (MiSUMi-VONA MNMGB-

SHLD, Japan), as shown in Figure 4.3a. Markers’ displacement was evaluated relative

to the fiducial reference marker (M0) which was assumed to be static, installed on the

abutment to the east of the bridge isolated from the deck, providing a mechanism to can-

cel camera head vibration. The markers were installed in a pattern as such that all the

markers could be captured without occlusion from one another at different distances from

the camera, as shown in Figure 4.3b.

Displacement measurement was performed using commercial DIC solution (GOM

Correlate 2019 Hotfix6 rev. 125216, GOM GmbH, Braunschweig, Germany) which fea-

tures point-based and full-field displacements measurement. Only displacement in verti-

cal direction was evaluated in the analysis to emphasize the effect of vehicle loading on

the bridge. Figure 4.4 explains the general workflow for DIC displacement measurement

process. The deformation images have been cropped beforehand to reduce computational

time of DIC process. The images would be discarded from DIC analysis if occlusion oc-

curs between the camera and markers due to traffic coming from the sides. Displacement

of each facet is estimated based on the position of region of the image with the highest

correlation criteria across multiple frames.

As the facets’ vertical displacement was evaluated from only a single axial plane,

the calculated displacement of all markers was calibrated from the known object size of

the printed pattern marker (60 mm) of marker M1. Displacement of each marker would
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Figure 4.3: Markers’ placement and the cropped field of view from the displacement
measurement camera.

need to be rescaled separately based on its respective distance to the camera.

Scaling factor defines the ratio between actual physical displacement and perceived

pixel-wise movement in the captured image. The approximate scaling factor for each

marker is evaluated from the ratio of its respective distance to marker M1 distance from

the camera, as specified in Figure 4.5, assuming no focal distortion from the displacement

measurement camera throughout its field of view and no out-of-plane movement of the

markers. Thus, the displacement for marker number n at time t is given as

S n,t =
S Fn

S F1

(︁
Pn,t − P0,t

)︁
(4.1)

where P is the captured pixelwise movement, SF is scaling factor for each marker, and S
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Figure 4.4: General workflow of DIC displacement measurement from multiple facets in
a single plane.

is the measured displacement.

Given that the displacement limit of a bridge is often defined using static displace-

ment and the loading scenario during the experiment is entirely dynamic, single-point

time-series static displacement from the structure is approximated using differential dis-

placement. Differential displacement evaluates single-point displacement between the

center of the span and abutment in the time domain, given as

Dt = S 4,t − S 7,t, (4.2)

where S is the measured displacement of each marker at time t.

Differential displacement was calculated to compensate with the changing mea-

surement baseline due to temperature, non-steady traffic flow, and facet detection drift

from DIC process. Intermittent traffic jam and temperature changes had been shown to
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Figure 4.5: Scaling factor for each marker at different distances.

exhibit drift in the structural responses [148]. Butterworth band-pass filter (10th order, 1

Hz to 1.2 Hz band) was then applied on the differential displacement signal to suppress

the vibration irregularities from the reverb vibration, vehicle suspension, road roughness,

or superposition of vibration from other vehicles. Such signal smoothing has proved to

better extract static component of bridge response [149].

4.3.3 Traffic counting from side-view camera
There was persistent occlusion from the guard rails as shown in Figure 4.7a, which

made capturing the vehicles’ full shape impractical. This may pose a challenge to neu-

ral network-based object detection. Thus, vehicle detection was performed using basic

image segmentation to reduce complexity and increase the traffic counting system’s over-

all performance in the experiment. The traffic counting system was implemented on a

laptop computer (HP Omen 15-dc1xxx, Intel i7-8750H, Nvidia RTX2070, 32 GB RAM,

python 3.8.6) and performed at 80 fps, citing the possible real-time application for the

video stream captured at 60 fps from the camera. A preliminary experiment showed

that a CNN-based traffic detection methods (YOLOv3 and YOLOv4, predefined stan-

dard weights) performed at 24 fps on the same platform. Given that the video frame was

captured at 60 fps, we opt for the image-segmentation method to not lose any data

Figure 4.6 explains the workflow of the image processing routines for the traffic
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counting system. A random ID is assigned to the blob wider than 60 pixels, which is

maintained throughout the pass’ duration between two defines line segment. Smaller

blobs are regarded as non-vehicular traffic (pedestrian, motorcycle, etc.) or image noise

from the environment. Figure 4.7 shows the images being handled from the traffic count-

ing camera: captured image from the traffic counting camera, intermediate images in the

background segmentation process, and the resulting image with tagged vehicles.

Crop the frame

Background subtraction 

Binarization

Detect blobs.

Merge closely-separated blobs.

begin

Has ID in 

previous 

frame?

For each blob

For each frame

true

Intersect 

right detection 

line?

Assign ID_right

Assign ID_right or ID_left from 

previous frame

end

end

end

Intersect 

left detection 

line?

Assign ID_left

false

false

false

true

true

Figure 4.6: Flowchart for traffic detection algorithm.

Closely spaced blobs within 10 px apart are merged to account for the occlusion

from the guardrail. A unique ID is assigned to a sizable blob (60 px wide minimum) based

on its initial position when crossing either of the detection line. A single-vehicle blob

can be assigned with two IDs (right-going ¡100, left-going ¿100) to handle momentary

occlusion between left-going and right-going vehicles. The final ID is selected based on

whether the ID value matches the movement direction.

Figure 4.7a cropped within the region of interest covering the bridge’s deck. Back-

ground image was defined for background subtraction process is captured when no vehicle

is present on top of the bridge (Figure 4.7b), updated with 10 minutes interval. The result-
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(a)

(b)

(c)

(d)

(e)

Figure 4.7: Captured frames from the video stream of traffic counting camera.

ing detected vehicle blob after background subtraction (Figure 4.7c) shows the masked

detection region before the result frame with a unique ID assigned to the detected vehi-

cles’ blob (Figure 4.7d). The blob selection was able to filter out non-vehicular object

such as walking pedestrian from vehicle detection based on minimum blob width (Fig-

ure 4.7e).

Lane overlap occurs when two vehicle coming from different direction and the

right-going vehicle is hidden behind the left-going vehicle. At the first frame of such lane

overlap, the ID from the opposing vehicle is doubly-assigned to each other. This ensures

that a specific ID is retained for a vehicle throughout its pass duration despite momentary

lane overlap with other vehicle(s). By the end of the pass, the ID is checked to match to

its travel direction assuming that no vehicle is going reverse. Traffic count data during the

duration of lane overlap is discarded from evaluation to ensure more representative data

of respective vehicles.

Figure 4.8: Image sequence before, during, and after the lane overlap.



4.3 TANDEM MARKER MOTION CAPTURE WITH SIDE-VIEW TRAFFIC MONITORING 73

4.3.4 Algorithm and analysis
Frequency-domain analysis is conducted to measure load-specific structural re-

sponse from the bridge. Frequency spectrogram was evaluated using Fast Fourier Trans-

form (FFT) from the measured displacement of M4 with 128 samples bin at 33 ms step.

Only the lower half frequencies of the FFT output is presented for the analysis.

Displacement from all markers shall be evaluated not to exceed the displacement

limit set in the design to ensure structural safety. Displacement limit defined by AASHTO

(American Association of State Highway and Transportation Officials) will used for the

evaluation, which considers the bridge material, construction type, designated load, and

perceived psychological safety of the structure [150], summarized in Table 4.1. Com-

pound load type (vehicular and pedestrian) has stricter displacement limit criteria as

pedestrian is more sensitive to movement due to the absence of direct suspension sys-

tem.

Displacement over the specified value indicates structural deficiency, although such

deficiency may not right away lead to a structure failure and the bridge may still subse-

quently be able to serve typical loads within the limit. Nonetheless, repair or retrofit will

be needed to ensure structural safety in the long run to avoid accumulation of damage.

Table 4.1: Criteria for displacement limit on girder bridge.

Bridge Construction Load Type Displacement Limit

steel, alumunium, or concrete vehicular only span/800
steel, alumunium, or concrete compound span/1000

steel, alumunium, or concrete (cantilever) vehicular only span/300
steel, alumunium, or concrete (cantilever) compound span/325

timber compound span/425

Frequency-domain analysis is conducted to measure load-specific structural re-

sponse from the bridge. Frequency spectrogram was evaluated using Fast Fourier Trans-

form (FFT) from the measured displacement of M4 with 128 samples bin at 33 ms step.

Only the lower half frequencies of the FFT output is presented for the analysis.
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4.4 Results and discussion
The experiment looks to measure dynamic structural responses under normal traffic

flow. Several metrics (raw displacement, differential displacement, and frequency re-

sponse) are to be evaluated and associated with each of the passing vehicle based on its

timestamp. The displacement values should not exceed the defined limit at any occasion.

4.4.1 Long duration displacement measurement
Figure 4.9 shows the markers’ displacement, derived differential displacement, and

frequency spectrogram. The largest displacement during the experiment was 6.944 mm

in M4 and still within the limit defined in Table 4.1 (25 mm, 1000th of the 25 m span).

At any occasion during the experiment, neither measured raw displacement (Figure 4.9a)

nor differential displacement (Figure 4.9b) exceeded the load rating of Hinotsume Bridge.

This indicates that no overweight vehicle passed on the bridge and the displacement in

vertical direction had been all within the range of elastic deformation. The constant low-

amplitude vibration in the displacement signals could be attributed to sensors noises and

spatial aliasing in the camera system and DIC process [44].

Passes of large vehicles resulted in large displacement in the markers clearly observ-

able from the baseline. Short-duration peaks were observed in the displacement signals

and the frequency response during large vehicle passes. The displacement is dominated

by first mode curvature shown as single low frequency peak in the spectrogram (Fig-

ure 4.9c). Notable low frequency responses (peaks at 0.3 Hz) occurred at the same point

as its differential displacement signal.

This could be useful to identify the bridge’s structural response to loading forces

which was excited exclusively from large vehicular traffic. But, passes of large vehicle

might not always result in large structural displacement as the vehicle could possibly

be lightly loaded, the axle load was spread further apart, or the possibility of vibration

superposition from multiple vehicles/axles which canceled each other.

The temporary drift observed in the baseline of differential displacement signal,

i.e., t= 1020-1200 s and t= 1650-1800 s, could be attributed due to image disturbance
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from loose attachment, heat haze, or shadow cast on the markers [126]. Such occurrences

simply affect the accuracy of DIC facet position detection rather than imply constant load

on the bridge.

4.4.2 Traffic count
Traffic count during the duration of the experiment is shown in Figure 4.11. Among

the detected 336 vehicles passes, 188 were going eastbound (left-going) and 148 west-

bound (right-going) with calm traffic flow. The slight difference could be attributed that

the bridge is located in a feeder road to Umaki Interchange (Japanese Expressway E75)

situated nearby to the east, of which many vehicles is heading towards to reach other

places. The length of vehicle was evaluated from the passing vehicles’ pixel-wise width

in the frame, using different scaling factors for each lane as the left-going is closer to the

camera: 36.55 mm/px (left-going) and 38.38 mm/px (right-going). The speed of detected

vehicles was evaluated from the distance traveled and its duration from a particular ID.

In addition, vehicle speed and length were evaluated in relation to identify the ve-

hicular loads, shown in Figure 4.10, further classified in Figure 4.12. Traffic was domi-

nated by small and compact cars with occasional large trucks, mostly calm with the aver-

age of 4.13 vehicle/min eastbound and 3.25 vehicle/min westbound. Figure 4.12a shows

that Japanese light kei car (¡ 3.4 m) was most common. Passing speed histogram (Fig-

ure 4.12b) shows that drivers adhered to the speed limit enforced (50 km/h). Besides, as

the experiment was conducted while the inspectors standing on the shoulder of the road,

drivers might voluntarily slow down slightly to ensure the safety of their surroundings.

Displacement of markers obtained from DIC analysis, accompanied by its times-

tamp, was cross-referenced with the timestamp from the traffic counting process to obtain

correspondence between the passing vehicles and induced displacement on the bridge.

Figure 4.13 shows the relationship between the markers’ displacement and passing vehi-

cles’ length and speed. Most passes resulted in displacement less than 1 mm, while large

displacement was only observed during passes of large vehicle longer than 8 mm. The

vehicle needed to travel at substantial speed to induce substantial structural displacement



76 CHAPTER 4. BRIDGE STRUCTURAL DISPLACEMENT MONITORING WITH TRAFFIC COUNTING

on the bridge. Also, several small vehicles were cross-recorded having large displace-

ment due to crossing the bridge at the same time as a large vehicle. As there was no

over-speeding large vehicle, effect of speed in amplification of force dynamics could not

be observed.

4.4.3 Structural response from passing traffic with DIC
Bridges often will only exhibit notable structural displacement response from siz-

able vehicular load. AASHTO and FHWA (Federal Highway Administration, US) de-

fined truck configurations and dimensions employed for load test on bridge for traffic

load [150, 151], summarized in Table 4.2. These large vehicle configuration were incor-

porated for detection in the traffic counting system to determine the bridge’s structural

displacement from the traffic load.

Vehicle of interest (large vehicle) was classified based on the estimated vehicle

length, given that the weight of the trucks could not directly be measured from the video

feed. Although there is no exact specification on vehicle length for bridge live loading

in Table 4.2, AASHTO exemplifies that the standard load trucks’ total length are 3.66

m (12’) longer than their outside axle spread [150]. Considering the shortest specified

axle spread in the list is 4.27 m, only detected vehicles longer than 7.9 m (26’) would

be selected for displacement analysis. Three-axle truck may have variable outside axle

spread up to 13.4 m (44’) with the same tractor configuration as two-axle truck. Longer

combination vehicles are not allowed in Japan road networks.

Table 4.2: Standard trucks for bridge impact testing.

Configuration Gross Weight (ton) Outside Axle Spread (m)

Two-axle truck 13.64 7.85
Three-axle truck* 24.55 10.67
Four-axle trailer 29.09 11.13
Five-axle trailer 36.36 20.21
Six-axle trailer 40.91 20.37

Five-axle double trailer 36.36 23.26
Seven-axle double trailer** 54.55 32.41
Eight-axle double trailer** 56.36 27.84
Nine-axle double trailer** 67.27 40.03
Seven-axle triple trailer** 60.00 33.29
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Table 4.3 shows four occasions of large vehicles’ passes among such passes, which

resulted in differential displacement larger than 2.5 mm throughout the duration of the

experiment. The corresponding raw displacement signal, differential displacement signal,

and frequency response of those passes in one minute segment are shown in Figure 4.14.

The corresponding identified passing vehicles in the passes are mentioned in Table 4.3.

The largest peak displacement was consistently observed in M4 (center of the span)

with the peak displacement tended to be smaller towards both ends of the span. This

agrees with the prior finding that the first mode curvature constantly comprises the largest

component of traffic-induced displacement at all various speeds and weights of the pass-

ing vehicles [152].

Consecutive passes of vehicles resulted in sustained vibration which was initially

excited from the pass of a large vehicle. The vibration larger than baseline lingers until

the last trailing pass as shown in Figure 4.14c, with distinct frequency response peaks

observed in Figure 4.14d despite its displacement signal has not return to baseline. Passes

of left-going large vehicles resulted only in small displacement compared to right-going

ones, shown in Figure 4.14b. This could be attributed to the fact that the displacement

markers were placed closer to the right-going lane and torsional vibration happens on the

span. Low frequency vibration spectrum was observed during the passes of large right-

going vehicle while the passes of small vehicles did not result in notable vibration as in

the earlier part of Figure 4.14a and Figure 4.14b.

The marker displacement signal from the four passes is presented in more detail in

Figure 4.15. Notable damped first mode vibration component (≈0.3 Hz) was observed

on the markers for the duration of approximately 3 s upon the excitation from the pass of

a large vehicle, followed by high-frequency small-amplitude transient damped vibration.

Consecutive pass(es) of either large (Figure 4.15d) or small (Figure 4.15c) vehicle follow-

ing an initial excitation from a large vehicle’s pass resulted in sustained 3 Hz vibration.

All markers started to vibrate rather simultaneously after the initial excitation from

the pass of a large vehicles. This could be attributed to the plate stiff construction of the

span and the placement of the markers on the guardrail rather than directly on the deck.

The corresponding deck deflection of the span during the passes’ duration is illus-
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trated in Figure 4.16. Time offset follows the segment in Figure 4.15 with 0.4 s interval

between images which start just before the moment of excitation. The deflection shows

downward movement during a large vehicle’s pass with largest displacement consistently

observed towards the center of the bridge span.

Table 4.3: Passing Large Vehicles.

Time (Vehicle ID) Vehicle Length [m] Speed [km/h]

16:01 (24) 12.27 37.11

16:12 (171 and 57) 12.62
12.36

43.09
39.38

16:18 (25) 8.26 36.65

16:22 (42 and 87) 7.94
8.14

42.36
39.11

4.5 Conclusions
Application of video-based displacement measurement and traffic counting system

was implemented on a plate-girder bridge to measure traffic-induced bridge deck displace-

ment and vibration. The proposed system was able to measure structural displacement at

sub-millimeter resolution on eight measurement points at once in the range of 40.8–64.2

m distance from a front-view camera.

Owing to the inability to directly measure vehicles’ weight, the system instead relies

on the estimated vehicle length to classify the traffic-induced structural displacement.

A long-duration experiment was conducted for a 35 minutes on a 25-m-span steel road

bridge when hundreds of cars passed on the bridge Notable displacement on the bridge

could be observed from the passes of large vehicles in the lane closer to where the markers

were installed, and less so from smaller vehicles and from the opposite lane. Vehicle-
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induced frequency response could be observed more clearly from consecutive passes of

large vehicle in the same lane.

Implementation with simpler image-based displacement measurement methods such

as marker centroid tracking or phase correlation could be employed in the future to

achieve real-time performance of the system for continuous in-situ structural health mon-

itoring system.
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(a)

(b)

(c)

Figure 4.9: Raw displacement, differential displacement, and spectrogram of the vibration
signal.
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(a)

(b)

Figure 4.10: Length and passing speed of the detected vehicles in both lanes on the bridge.

Figure 4.11: Traffic count in one minute segment.
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(a)

(b)

Figure 4.12: Vehicle length and passing speed histogram.

(a)

(b)

Figure 4.13: Bridge displacement according to vehicle lengths and passing speeds.
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Figure 4.14: One minute segment of raw displacement, differential displacement, and
vibration frequency response at 16:01, 16:12, 16:18, and 16:22.
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Figure 4.15: Ten second displacement upon large vehicles passes at 16:01, 16:12, 16:18,
and 16:22.
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Figure 4.16: Bridge deck deflection at at 16:01, 16:12, 16:18, and 16:22.
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Conclusions and recommendations

Structural health monitoring is the process to maintain the safety and reliability of civil

structures, by evaluating the overall structural integrity and detecting damages, both early

and accumulated. Upon being applied to bridges, which serves important part in mod-

ern society, structural health monitoring can be done in various methods and approaches,

ranging from routine inspection and contact sensors, to non-contact vision-based dynamic

displacement measurement system. Vision system promises measurement with high sen-

sitivity and accuracy, both in its temporal and spatial resolution.

Alternative placement of vision system frontal to the structure and tandem align-

ment of the markers along the optical axis of the vision system allows simultaneous

measurement of lateral and vertical structural displacement across multiple points on a

structure. The high contrast markers, in the forms of LEDs and corner cube prisms, allow

reliable position extraction of the markers, even under short exposure of high frame rate

vision system (180 fps and 240 fps). Experiment had been carried applied on a test struc-

ture to measure structural displacement distributed along one side of a test truss bridge.

Frequency response and damping ratio has been evaluated from the obtained displacement

measurement, both in lateral and vertical direction of the bridge vibration. The evaluation

can provide the baseline condition of the structure vibration.

The optics parameters regarding permissible blur diameter and limitation of depth

of field has been discussed in depth. By allowing certain degree of calculated focal blur

in the captured image, depth of field of tandem-marker based displacement measurement

system can be extended to cover a whole span of a test structure. Capturing structural

86
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displacement distributed along two sides of a bridge model is possible by provision of

collimated lighting device, half mirror on one side, and full plate mirror on the other side.

Accuracy of the proposed system is within 4% of the actual displacement from 12 m

measurement distance. Frequency response and modal shape analysis was conducted us-

ing Fast Fourier Transform and SSI-CPAST, respectively. Changes in frequency response

and modal shape was observed from the different configurations of the deck of the model

bridge.

Digital image correlation analysis was carried out to extract structural displacement

of an actual bridge, by similarly placing the displacement measurement camera’s optical

axis almost parallel to the bridge’s axis. The displacement measurement was comple-

mented with traffic counting camera placed perpendicular to the bridge’s axis, allowing

full-length capturing of the passing vehicles. The traffic counting system can reliably de-

tect and classify passing vehicles in the traffic based on the size of the vehicle. Effect of

passing vehicles on the displacement and the frequency response of the structure is pre-

sented using differential displacement and frequency spectrogram. Only large and loaded

vehicles exhibit notable displacement and frequency response on the bridge. It was found

that no overloading and no excessive structural response occurred during the experiment.

The proposed vision-based distributed displacement measurement method is feasi-

ble for actual field application of structural health monitoring. Both single side and dual

side configuration is possible to capture lateral and vertical displacement of structural

members simultaneously. The implementation with high-speed camera and telephoto lens

resulted in acceptable measurement spatial resolution for medium span bridges.

Several recommendations are suggested for the possible further studies concerning

application of vision-system for structural health monitoring:

• overcoming the limitation of depth of field for application of very large structure

using multiple cameras with parallel optical axis,

• image degradation resulting in false motion of the markers due to environment ef-

fect such as heat haze can be compensated to some extent using image correlation

by minimizing the respective marker appearance’s between frames,
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• arrangement of more markers on different members and joints of the bridge to allow

more complex shape of structural vibration,

• implementation with simpler image-based displacement measurement methods such

as marker centroid tracking or phase correlation to achieve real-time performance

of the system for continuous in-situ structural health monitoring system,

• verification of the measured dynamics of the onsite structure using finite element

simulation or array of electronics sensors.
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