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EXECUTIVE SUMMARY

This report summarizes the results of non-contact deflection monitoring system developed for timber railroad bridges.
Considering the abundance of timber railroad bridges in the nation that have exceeded their design life, a cost-effective and
safe deflection monitoring system is essential for their regular maintenance. As existing techniques typically require access
to the bridge structure that poses safety challenges for the bridge maintenance crew, this project has developed a completely
non-contact and low-cost bridge deflection monitoring system using cameras. The project demonstrated the feasibility of
using camera as a bridge deflection measurement sensor by implementing the techniques in CSX-owned railroad bridges
in South Florida. The project team carefully studied the characteristics of timber railroad bridges in the nation based on
AREMA guidelines. Accordingly, the project team analyzed the suitable camera parameters to capture bridge deflections.
The recommended parameters are discussed in the report. In order to scale the images captured by cameras, the project
methodology adopted laser scanner or total station and a linear feature- based registration technique. With the single
camera, 2D deflections can be recovered. When two or more cameras are used, 3D deflections can be derived using the
demonstrated project methodology. The project team developed necessary mathematical models and workflow to derive
2D/3D deflections from the images acquired by cameras.

The project investigators demonstrated the feasibility of the developed methodology in both lab environment and
the field conditions. As for field testing of project methodology, the investigators worked with CSX Transportation and
selected several candidate bridges and used two of them. The image sequences (video) captured by the camera were used
to automatically track the deflection of specific points of interest when a dynamic load was applied. The derived results
were compared with dial gages and finite element analysis for validation.

IDEA PRODUCT

This project developed an innovative non-contact linear feature-based deflection measurement system using Terrestrial
Laser Scanning (TLS) and cameras for timber railroad bridges. The requirement of control points to register images was
circumvented by using the 3D model of the bridge created in dead load condition by TLS. This research project developed
arigorous linear feature-based registration mathematical model to determine the orientation of images, so they can be used
to derive 2D/3D deflections under different static and live load conditions. Though this research mainly focused on timber
railroad bridges, it can be applied to other steel and masonry railroad bridges. The project i) developed a Deflection
Monitoring System (DMS) that includes a camera ii) developed a linear feature-based registration methodology for the
DMS, iii) developed a non-contact methodology to compute instantaneous 2D/3D deflections, and iv) performed
experiments to validate the performance of DMS.

CONCEPT AND INNOVATION

The length of timber railroad bridges in the nation is 418 miles which comprises of 24% of total inventory length (1). The
bridges have already exceeded their design life span of 50 years in many locations (2). There are several techniques
available to monitor the deflection of bridges due to live loads. This includes installing mechanical dial gages and targets
or reference points on the bridge. However, the techniques that require access to the bridge pose safety concerns due to
temporary disruption of traffic and high manual labor. In addition, these contact sensors could measure deflection only on
the location where they are installed. Hence non-contact methods present alternatives for the measurement of deflections
without getting access to the bridge structures. Thus, various techniques such as photogrammetry, moiré fringe method,
laser scanning, and laser Doppler, have been applied to measure or model bridge deflections.

This research project has developed a non-contact technique that can measure the bridge deflection using a low-
cost camera. The video or images captured by the camera is scaled using laser scanning techniques. The typical deflections
are in the order of millimeters. This research has successfully developed a rigorous mathematical model that uses linear
features that are abundant in the man-made environments. The field testing of the demonstrated methodology suggests that
these techniques can be used by timber railroad bridge owners on their regular maintenance.



PROJECT RESULTS

The project was performed in two stages. During stage 1 of the project non-contact Deflection Monitoring System (DMS)
and numerical model were developed. In Stage 2, the Investigators implemented the DMS and project algorithms in the
field and validated the overall methodology in collaboration with the railroad industry. The tasks in Stage 1 of the project
include the DMS and necessary linear feature based mathematical models for use in 2D/3D deflection monitoring. The
system and methodology are tested in lab environment using sample and simulated data. During stage 2 of the project,
suitable sites were selected for the field implementation of Stage 1 results in collaboration with railroad industry. Based on
the field results, the research methodology was validated, and the results are presented in this final report.

PRODUCT PAYOFF POTENTIAL

New federal regulations from the Federal Railroad Administration (FRA), Department of Transportation now mandate
North American railroad bridge owners to closely assess the structural capacity of their bridges. Consequently, railroad
companies are currently looking into developing various monitoring systems to aid them improve and develop bridge safety
in order to comply with this new rule (1). A recent survey of North American railroad bridge structural engineers suggests
that a top bridge research priority is to assist railroad owners in their inventory management by measuring bridge
displacements under train loadings (3). The American Railway Engineering and Maintenance-of-Way Association (4)
specifically recommend the bridge owners “to determine evidence of excessive deflection, lateral movement, or
longitudinal movement that may necessitate immediate closure of the structure to traffic”’. AREMA further recommends
that measured net vertical deflection under live loads may not exceed L/250, where L = span length; AREMA prescribes
limitation only on the net vertical deflection under live loads. Although recommendations on displacements in all directions
are provided, specific limits for transverse or longitudinal movements are lacking which are crucial for accurate condition
evaluation of bridges. In the absence of a feasible and convenient means to measure displacements, railroads can hardly
justify including displacements and limits as part of the standard bridge management program. The collection of actual
displacement data in railroad bridges is rather rare, because of the high mobilization cost associated with installing a
reference point by the bridge. This project results are expected to assist the railroad bridge owners to come up with an
economical and safe method that will be useful for timber railroad bridge deflection monitoring.

PRODUCT TRANSFER

In addition to the assistance from the project’s Expert Review Panel, the implementation of the project was performed in
CSX-owned railroad bridges and derived deflection values from the proposed approach were compared and validated. The
project team will make all the scripts, programs and field procedures developed through the project available for the railroad
agencies to adopt and in their regular maintenance.

INVESTIGATION

CURRENT STATE OF PRACTICE AND LIMITATIONS

One of the critical assessment parameters to evaluate the performance of a structure is the deflection of beams.
Conventionally, mechanical dial gages, linear potentiometers, Linear Variable Differential Transducers (LVDTSs), and other
similar types of deflection sensors are employed to measure and obtain the deflections at pre-determined discrete points.
Though these instruments are traditionally deployed in obtaining precise deflection information, they are suited only in
laboratory environment. Even in the laboratory environment, for destructive testing, these instruments need to be removed
before the complete failure of the structural element, resulting in lack of data at critical stages of behavior. There are
techniques that use transducers to monitor the deflection of bridges under live loads. However, such techniques require
transducers to be installed on the bridge structure causing potential safety concerns. In addition, the deflection could only
be measured on the locations where the transducers are installed. Moreu et al. (5) demonstrated that transverse
displacements of a timber railroad bridge under live loads can aid to capture critical changes in the bridge’s ability to safely
carry live loads. Reference-free approaches to estimating bridge displacements have been reported by several researchers.
For example, Rice et al. (6) used a low-cost radar-based sensing technique for the measurement of deflections on long-span
bridges, which required a fixed (although remote) reference point. Nassif et al. (7) proposed using remote monitoring with
a laser Doppler vibrometer. Each of these approaches have limitations, including cost and complexity, which prevented
widespread use. Earlier researchers have explored accelerations as a convenient means to measure reference-free
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displacements (8). These methods require initial condition information and not suitable for structures such as railroad
bridges, which are dominated by low- frequency response components.

Photogrammetry has been used for structural monitoring applications for more than three decades. Typical
photogrammetric procedures use a calibrated camera and control (reference) points to determine the position and orientation
of the camera at the time of exposure. The X, Y and Z position and orientation (rotations with respect to X, Y and Z axes)
angles w, ¢ and x are referred as Exterior Orientation (EO) parameters or camera pose in photogrammetry. With known
surface and EO parameters of single perspective image, 3D coordinate of any point on the scene can be derived by using
collinearity condition (9). If two or more overlapping images are available, 3D surface can be derived using stereo-
photogrammetry without requiring to know the surface in advance.

Terrestrial Laser Scanners (TLSs) are modern geometric data capture instruments that offer numerous
measurement benefits including three-dimensional data capture, remote and non-contact operation, a permanent visual
record and dense data acquisition. Although individual TLS sample points are low in precision, modeling of the entire point
cloud may be effective for representing the change of shape of a structure. A modeled surface will be a more precise
representation of the object than the unmodeled observations. TLS has been used in various structural engineering and
mainly health monitoring applications (10) and (11). However, they have limitations for live deflection monitoring due to
limited field of view of the laser scanners in a given instant of time.

Based on the literature review, it can be inferred that using both images and laser scanning data offers a practical
solution for a faster, comprehensive and less labor-intensive methodology for measuring structural deformations.
Conventional photogrammetric methods require control or reference points to be established in the scene. Establishing a
well-distributed control points in the scene creates challenges in terms of i) requiring more labor (more than one person)
ii) temporary closure of railroad bridge, iii) safety concerns in reaching out to inaccessible parts of the structure. Therefore,
this research proposes a method of extracting control information from TLS data. However, extracting control points that
are visible both in images and TLS data is a challenging task due to different modality of the data. Hence, this study presents
a method of extracting linear features from both images and TLS data. Then EO of the images are derived by using a linear
feature-based registration algorithm. Then deformations in the structure are detected by measuring the points of interest for
different loads.

DEVELOPMENT OF DEFLECTION MONITORING SYSTEM (DMS)

The project team carried-out a research to understand the dimensional characteristics of timber bridges in multiple ways.
The first part of the research was based on published literature and AREMA (American Railway Engineering and
Maintenance-of-Way Association) guidelines. The second part includes meeting and discussions with bridge engineers of
CSX Transportation and visiting representative timber railroad bridges in Florida. The third part consisted of preparation
of a survey questionnaire and requesting input from timber railroad bridge owners in North America. The study concluded
that typical timber bridges in North America have min/max span length of 12 and 16 feet with allowable deflection of 0.576
to 0.768 inches respectively. In order to build a system that can capture the required deflection, multiple cameras and laser
scanners in the market were evaluated.

Selection of Camera for DMS

The important characteristics of the camera that are crucial to capture the bridge deflection for specified span length are:
Camera spatial resolution (size of pixel), Field of View (FOV) to cover the whole span in one picture without having to
move the camera, Appropriate distance to the bridge based on accessibility and FOV, Appropriate focal length ranges to
capture the deflection and Suitable frame rate to be able to capture the deflection due to the moving loads. As there are
hundreds of cameras in the market that can satisfy the requirement, the research limited the scope by introducing constraints
on i) camera cost of less than $500, ii) ability to capture the required deflection at the distance to bridge (D) of less than 50
feet. There were eight candidate cameras chosen and feasibility of each one of them was analyzed to capture the deflections.
All chosen cameras are suitable for deflection measurement with limitations on i) how close the camera can be kept to the
bridge structure and ii) how many pixels represent the maximum deflection. The more the number of pixels, easier it is to
measure and quantify the deflection. Based on the research, the project team concluded that using a DSLR cameras with
fixed focal length lens and high video resolution are most suitable for bridge deflection monitoring. Hence, the project
research team used the FAU Advanced Geomatics Engineering Lab (AGEL)’s existing Nikon D3200 DSLR camera for
the deflection measurement in the lab environment.



Selection of Terrestrial Laser Scanner for DMS

This research uses laser scanner to capture the 3D model of bridge structure under dead load condition. From this 3D model,
linear features will be extracted for non-contact bridge deflection measurements. The FAU’s AGEL is equipped with two
laser scanners, FARO Focus 3D and Leica Scan Station 2.

The features of TLS sensors can be grouped into three categories based on convenience, accuracy, and add-on
sensors. The features related to convenience include speed (number of points per second), portability (size and weight),
coverage (horizontal and vertical field of view), range, WiFi connectivity, storage options and power supply. The choice
of TLS based on these convenience features will not affect the results of deflection measurements. However, these features
can help retrieving high resolution 3D point cloud of bridge structure much faster and less laboriously. The add-on sensors
like camera and GPS receiver will not have an impact on the results. However, this process will make visualizing and
locating specific points in the point cloud much easier. The critical aspect of laser scanner is the accuracy of laser point
cloud. The accuracy of laser point is affected by range error, angular error and other errors associated with the scanner.
Gordon and Lichti (11) show that the accuracy of vertical displacements from modeled from TLS measurements can be 20
times better than individual TLS point coordinate precision. In the experiment, Gordon and Lichti (11) use a laser scanner
comparable to Scan Station 2 with range precision of 4 mm to compute deflections with an accuracy of 0.29 mm. This
accuracy is quite sufficient to capture the deflection of timber bridges. This implies that planes, and the lines derived by
intersection of planes from TLS data will have accuracy suitable for capturing timber bridge deformations. FARQO scanner
that has twice better range error is likely to produce fit error much better than Scan Station 2. In the absence of TLS, a Total
Station can be used to obtain the linear features of the bridge.

AUTOMATED LINEAR FEATURE EXTRACTION AND MATCHING

Traditional photogrammetric techniques measure known control points in the images to compute the pose or Exterior
Orientation (EO) of the images. As this research project proposes to use linear features instead of points, such linear or
line features need to be extracted from TLS and image data. The extracted line features need to be further processed to
identify which line features from respective datasets correspond to each other. The extraction and matching of linear
features is discussed in the following subsections.

Line Segment Extraction from Image Data

Line segment extraction from images can be performed manually. Alternatively, edge extraction algorithms can also be
used to detect line segments in images. Linear feature extraction from the timber trestle bridge images can be performed in
three steps namely histogram equalization, edge extraction and edge linking and filtering. More details on recommended
line segment extraction are discussed in (12), (13), (14)and (15).

Using the above-mentioned steps, the representative timber railroad bridge images were processed, and the results
are shown in FIGURE 1. The extracted linear features are further broken down into line segments with each having just
two vertices. These line segments are further filtered to keep only the line segments that are longer than user-defined length.
This will allow to identify corresponding line segments in TLS data much easier. Like any image processing algorithm,
there is no one set of parameters that could be used for all kind of images. Hence, depending on the image content and
lighting conditions, the parameters such as sigma value, low and high threshold in canny edge extraction, minimum length
of edge, maximum deviation in line segment extraction have to be experimented to capture the edges of bridge structure.
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FIGURE 1. Edges extracted from Canny algorithm overlaid on original grayscale image of bridge site 1: Three
span timber trestle bridge - SV 849.90 (VL-Valrico)

Linear feature extraction from Terrestrial Laser Scanning (TLS) Data

Extracting linear features from 3D laser scanning data is a tedious process as compared to images due to additional
dimensionality. There are various approaches that have been developed by the researchers for the linear features extraction
from laser scanning data effectively and efficiently. The development of linear feature extraction methods from laser
scanning data portrayed in different literatures can be mainly categorized into three groups. The first group is the spatial-
domain approaches which can be achieved by region-grow based method (16) and model-fitting method (17). The second
group, i.e. the parameter-domain approaches, are usually based on the geometric attributes of the linear features (18) where
initially a Gaussian sphere of the point cloud has been constructed. This approach is not efficient from computational
perspective to work with a massive amount of points. The third group i.e. hybrid approach is a combination of parameter
domain approach and least squares line fitting procedure which is based on the Random Sample Consensus (RANSAC)
algorithm (19) for detecting basic shapes in three-dimensional point-cloud. Although the algorithm is robust even with the
presence of high degree of noise, this method is not efficient for many applications where finding shapes for every part of
the surface is required. As for the experiments performed in this research, the extraction of linear features was achieved
by plane-plane intersection, where planes were automatically extracted using seed points and region grow algorithm.

Linear Feature Matching

Once the linear features have been extracted from images and TLS data, the next step is to establish a feature matching
algorithm to identify corresponding line segments. It is best achieved if the user identifies the corresponding line segments
manually from the line segments extracted from images and TLS data. However, there are image processing algorithms
that can perform matching with good approximation of Exterior Orientation (EO) of cameras. In the field of computer
vision and image processing, image matching is a sub domain of computer vision which is fundamental for many
applications such as motion analysis, scene reconstruction, image restoration, recovering the 3D scene structure from 2D
images and robotic navigation (23), (24) and (25). Image matching algorithms are mainly focused on finding the similar
features on a set of different images of the same object and eventually matching them. In feature-based matching, two
corresponding features of the same object are paired together according to some measures of similarity. The points and
lines are the two commonly used features in stereo matching process (26).

Mostly researchers use local interest points as a basis for image matching i.e. point-based image matching (27),
(28), (29) and (30) which require feature points extraction from images and then image matching task is performed with
extracted points. Alternatively, line segments can easily be identified in man-made structures like bridges. In some cases,
line features are more advantageous than feature points in recovering three-dimensional object structure (31). Feature
points-based image matching has limitation for poorly textured scene because points are hard to be detected and matched.
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Whereas, line-based matching could be a better choice for recovering three-dimensional structure and can be easily outlined
by several edge line segments (32). Despite the fact that the line-based image matching has advantages over the point-based
image matching, line-based image matching has been less investigated as it is a difficult task due to the loss of connectivity
and completeness of the extracted line segments.

Line matching method can be classified into two categories — 1) individual line segment matching and 2) line
segment matches in a group. Some researchers used photometric information such as intensity (33), (34), gradient (35),
(36), (37) and color (32) associated with the line segments to match individual line in different images. But the photometric
information can produce false matches if there is not much variation in intensity, gradient or color in some of the line
segments. Some researchers used geometric information rather than photometric information in the local regions around
line segments for line matching (38). But it also uses the point features for line segments matching which is again a
disadvantage for poorly textured images. Kim and Lee (39) worked on the group matching of line segments rather than
individual line segment. This method is more complex which uses some strategies to intersect line segments to form
junction points and then utilizes features associated with the generated junction points for line segment matching. But
extracting the features associated in the junction points effectively to help matching is not an easy task. Franti et al. (40)
have proposed using the Hough transform for content-based matching in line-drawing images.

IMPLEMENTATION OF LINEAR FEATURE-BASED IMAGE REGISTRATION

Photogrammetry has been used for structural monitoring applications for more than three decades. Some of the typical
challenges in using conventional photogrammetric techniques for structural applications are: 1) requirement of control
points or targets, 2) access to the scene to place the targets and 3) typically a 2D information. Though the extraction of 3D
information is possible with stereo images, it is often difficult to match points when the texture of the structure is
homogeneous. Despite the limitations, the unique advantage of using images is the ability to capture the scene of interest
in a fraction of a second. This advantage allows monitoring sudden structural changes in beams. In addition, specific points
of interest can be better picked or measured as compared to laser scanning data.

Linear Feature-based Computation of EO

As an alternative to conventional point based photogrammetric procedures, this project demonstrates a method of extracting
linear segments from TLS data to register the images collected by the camera that intends to measure the deflection in the
structure of interest. As man-made structures have abundant linear features, it is a feasible method. There have been other
researches where linear features were used to derive EO of the camera. Habib et al., (41) determined the orientation of a
camera using free-form linear features as control. This approach does not require full correspondence of feature points, but
it still requires that at least a few point correspondences exist for successful registration. Schenk (42) also demonstrated a
line-based aerial triangulation technique by parameterizing straight lines in 3D space and assuming that the object space
point and the back-projected image point are collinear. Habib et al., (43) used a similar straight-line-based registration, but
with a different representation of a line. Akav et al., (44) demonstrated an aerial triangulation method using planar curves.
This method does not require point correspondences but assumes that the feature is a mathematically perfect curve. Zhang
et al., (45) computed relative orientation of images using multiple features such as points, straight lines and circles. The
author uses a mathematical model of co-planarity condition for the vertical and horizontal straight lines, and center of the
circle for circular curves. The above point-based and linear feature-based methods work under the assumption that the same
point or parametric line can be identified in multi-sensor datasets such as images and TLS data. Hence, this project
demonstrates a method that does not parametrize the line segments and instead takes all data points that represent them in
the mathematical model to determine the EO of the cameras. Upon extracting linear segments from images and TLS data
using manual or automatic procedures, the mathematical model for computing EO of images needs to be modified to
accommodate such features. Then by minimizing the area formed between corresponding linear features, EO of the images
are determined. This process is called as Area Minimization (AM) (46). The computed EO is further used to determine
lateral and vertical deflections of any structural element due to load.

Camera Calibration

Camera calibration is the process of determining camera parameters such as calibrated focal length, principal point offset,
radial and tangential distortion and image resolution. These values are also referred as Interior Orientation (10) parameters.
Despite some of these values are provided by the camera manufacturers, those are typically nominal values and need to be
precisely determined for accurate mapping and monitoring applications. In addition, the commercial grade camera such as
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the one recommended in this project are non-metric and hence requires frequent calibrations. The suitable calibration
methods for this research include test field calibration (47), (48) and self-calibration (49).

DEVELOPMENT OF DEFLECTION MEASUREMENT METHODOLOGY USING DMS

After the orientations of the cameras were determined from linear feature-based registration techniques, it is assumed that
camera locations are fixed. This ensures that the camera orientation is a constant during dynamic loading procedure and
need not be recomputed again. FIGURE 2 summarizes the camera Exterior Orientation (EO) methodology that is adopted
in this research project. It should be noted that the 3D laser scanning (shown in green in FIGURE 2) of the bridge structure
can be done independently prior to carrying-out the non-contact deflection measurement. Upon computing EO of images
from one or more cameras, the deflection needs to be measured on specific points of interest. Typically, the maintenance
engineer would be interested in measuring deflections at typical critical sections along the span. These sample points (mid-
span, quarter-span, etc.) for deflection measurements can be automatically detected using the 3D laser scan or manually
marked by the engineer on the bridge structure. The bridge maintenance engineer may also be interested in measuring
deflection on arbitrary points where there are potential anomalies in the structure such as damage, crack, etc. These points
are best identified manually. After identifying the points where deflection is needed, those sample points are tracked in
multiple time series images that were taken during the dynamic load application. This task is referred as feature tracking.
Tracking the same point along multiple time-series images is best achieved automatically as compared to manual
identification. The following section discusses the feature tracking algorithms relevant for timber railroad bridges.

Feature Tracking

Feature tracking is the process of identifying the trajectory of identical points in multiple time-series images. Feature
tracking is widely used in automatic detection of human actions or body movements with the advent of computer vision
techniques. This process avoids same points to be manually identified in multiple image frames. The feature tracking has
two major steps namely image matching and trajectory determination. There are several image matching algorithms
available in the literature. They could be categorized as marker-based matching and natural point-based matching. The
method of using artificial markers is suitable for the objects where fewer to no identifiable variations in the pixel values
are found (e.g. steel structure). If there are enough information in the pixel (color) value that can uniquely identify the point
of interest, then pixel or area based matching methods can be used. Area based matching uses values of all pixels in the
given user-defined window, referred as template window. The most common area-based method is the cross-correlation
based matching. It computes the cross-correlation coefficient between template and matches windows to identify the image
segment with maximum correlation. The center pixel of the maximum correlation match window is considered as a match
point or pixel. The search area for potential match windows are defined differently based on the object scene of interest.
As for feature tracking in bridge deflection studies, the potential areas of match window can be defined by the expected
maximum deflection. The factors and parameters that affect the correlation-based matching are discussed in Schenk (9) (pp
246-255).

Dead load condition of
the structure

Take a picture of
the structure

Extract corresponding 3D

Extract 2D lines lines from laser point
from the picture cloud

Determine EOP of the image by
Feature-based registration

FIGURE 2. Methodology flow-chart for exterior orientation computation
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Instead of using cross-correlation, least squares matching determines the match pixel location analytically by
minimizing the differences in pixel (color or gray) values between template and match windows (47), (48). This method
iteratively moves the location of match window to where minimum pixel value differences are achieved. It uses affine
transformation where the parameters for scale, rotation, translational and shearing are determined by least squares
adjustment. D'Apuzzo et al (49) used this least squares matching and tracking algorithm LSMTA (Least Squares Matching
Tracking Algorithm) for human body modeling. The project team will use the LSMTA to track the points of interest in
timber railroad bridges where deflection needs to be determined. The details of Least Squares Matching are discussed in
Schenk (9), pp 251-257. This method is analogous to affine motion in computer vision (50).

2D Deflection Methodology

When a single camera is used for deflection measurement, only 2D deflection can be determined. It is achieved by
generating a projection ray that originate from the perspective center of the camera and passing through the image point
for which deflection is measured. If there exists a 3D model of the bridge in deflected position, the projection ray can be
intersected with the deflected bridge surface to get 3D deflection. In the absence of 3D model of the bridge in deflected
position, it is assumed that the deflection is happening only in the vertical direction and the frontal plane of the bridge can
be extended infinitely. Then by using plane-ray intersection, the coordinates of deflected point on the frontal 2D plane can
be determined. The methodology to compute 2D deflection is illustrated in FIGURE 3 and FIGURE 4.

3D Deflection Methodology

When two or more cameras are used for deflection measurement, 3D deflection (vertical and lateral deflections) can be
determined. It is achieved by generating a projection ray for each of the cameras that originate from their respective
perspective centers and pass through the image point for which deflection is measured. The projection rays are intersected
in object space (3D space) to determine the 3D coordinate of deflected points. There are also alternative least squares-based
solutions available to determine the 3D coordinates of deflected points (54). The methodology of 3D deflection computation
is illustrated in FIGURE 5 and FIGURE 6.

Apply load on the structure
v

Take a picture (image) of the deflected structure
v

Measure critical points in the image for which deflections are needed

Projection ray: Forward project the EO computed in dead load condition
measured points using EO

Extract frontal plane of the beam from
TLS data collected in dead load
condition

Intersect the projection ray with frontal
plane of the beam

Deflection measurement

FIGURE 3. Methodology to compute 2D deflection using a single camera with known EO



FIGURE 4. lllustration of 2D deflection computation

Apply load on the
structure

Take a picture (image) of Take a picture (image) of
the deflected structure: the deflected structure:
Camera 1 Camera 2

Measure critical points in Measure critical points in
the image for which the image for which
deflections are needed deflections are needed

Projection ray: Forward project Projection ray: Forward
the measured points using EO project the measured points
of camera 1 using EO of camera 2

Intersect the projection
rays

3D Deflection
measurement

FIGURE 5. Methodology to compute 3D deflection using two cameras with known EO



FIGURE 6. 3D Deflections are computed by intersecting projection rays from two images

FIELD EXPERIMENTS

The project team visited several of those candidate bridges to perform a reconnaissance on the suitability of the bridges for
field testing. This involved checking i) Accessibility to setup camera and Terrestrial Laser Scanner (TLS): wide waterways,
thick vegetation can limit the accessibility not only to setup the equipment, but also to access the site, ii) Ability to install
the contact dial gages to validate the performance of non-contact deflection monitoring, iii) Optimal lighting conditions:
Though limiting lighting conditions can be overcome with flood lights, this preliminary testing focused on the bridges with
sufficient natural light conditions. Based on the specified criteria, the research team and CSX personnel identified two
bridges for the field testing to demonstrate non-contact deflection monitoring. The specifications and field setup of the
bridges are discussed in the subsections below.

Field Test Setup

The research team selected SV 849.90 (site 1) and SX 878.8 (site 2) bridges both owned by CSX Transportation for field
testing. SV 849.90 is an open-deck 3 span bridge whereas the second site SX 878.8 for field testing is a 6-span ballasted-
deck timber trestle railroad bridge. The site 1 and 2 have span length 12.5 and 11.3 respectively. The field setup of both
sites are shown in FIGURE 7, FIGURE 8, FIGURE 9 and FIGURE 10. As illustrated, each test setup includes two cameras
and two deflectometers (one each for vertical and lateral deflections). Prior to dynamic load testing, both test sites were 3D
scanned using a FARO laser scanner. The registered 3D point clouds for both sites are shown in FIGURE 11 and FIGURE
12. For the SV 849.9 bridge the dynamic load testing was performed with a 6-axle engine and freight cars for about 150
seconds. As for the second site SX 878.8, the load testing was performed with Amtrak passenger train for about 10 seconds.
More details about the axle load and spacing of the trains are discussed in Finite Element Analysis Section.
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pile/pile-cap
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Scanner
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set-up at Stringer and pile/pile-
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FIGURE 7. Field Test Set-up for Site SV 849.9

FIGURE 9. Field Test Set-up for Site SX 878.8
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FIGURE 12. 3D laser scan of SX 878.8 bridge
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Non-Contact Deflection Results

As shown in FIGURE 7 and FIGURE 9, the cameras and the deflectometer readings were turned on a few minutes before
the application of the moving train loads. The cameras captured the data in video mode with 30 frames per second (fps).
After the train had completely passed off the bridge, the videos were ended. These videos were converted to images (or
individual frames) for further processing of deflection measurements.

Processing of SV 849.9 Bridge Data:

The first step of demonstrated deflection monitoring technique is to derive Exterior Orientation (EO) or pose of the camera
in dead load condition. Hence the images corresponding to the pre-loading condition of the bridge were extracted from the
video sequence. First, an image due to dead load (i.e. before train made an impact) was chosen to determine the EO. As
demonstrated in earlier sections, linear features were extracted from both images and TLS point cloud. The Area
Minimization algorithm was used to derive the EO of two cameras used in the setup. As the camera remained static for the
complete duration of data collection, the derived EO is the same for both dead load and dynamic loading of the bridge. The
points at which deflections need to be determined by photogrammetry were manually chosen. The feature tracking
algorithm (LSMTA) discussed earlier was used to track and plot the deflections for the duration of load. The results are
shown in FIGURE 13, FIGURE 14 and FIGURE 15.

Time vs Lateral movement
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FIGURE 13. SV 849.9 bridge lateral deflections derived from photogrammetry

Time vs Vertical movement
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FIGURE 14. SV 849.9 Bridge vertical deflections derived from photogrammetry
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Time vs Vertical movement
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FIGURE 15: SV 849.9 Bridge vertical deflections derived from photogrammetry (Enlarged version)

Processing SX 878.8 Bridge Data:

Similar to the processing of SV 849.9 bridge, SX 878.8 bridge data is processed by extracting linear features from a dead
load image and TLS data. Then, Area Minimization algorithm is used to derive the EO from the images. Using the derived
EO of both cameras, the lateral and vertical deflections are derived for the duration of dynamic loading of the train. The
results are shown in FIGURE 16, FIGURE 17 and FIGURE 18.
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FIGURE 16. SX 878.8 Bridge lateral deflections derived from photogrammetry
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Time vs Vertical movement
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FIGURE 17. SX 878.8 Bridge vertical deflections derived from photogrammetry
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FIGURE 18. SX 878.8 Bridge vertical deflections derived from photogrammetry (enlarged version)

Results from Deflectometer

Site 1: Three-span Open Deck Bridge at Valrico (SV849.90), Built in 1948

FIGURE 19 and FIGURE 20 show respectively the vertical and lateral deflection results obtained from deflectometers.
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Vertical Displacement of Stringer vs. Time
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FIGURE 19.Vertical displacement of stringer from deflectometer
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FIGURE 20. Lateral displacement of pile/pile cap from deflectometer

Correction to ground vibration for stringer displacement = 1.9 mm

Correction to ground vibration for pile displacement =1 mm

Maximum vertical displacement of stringer due to engines = 12.95 mm

Maximum vertical displacement of stringer due to cars =5.09 mm

Maximum lateral displacement of pile/pile cap due to engines = 1.8 mm

Note: The dial gage had a relative base motion and hence the true lateral displacement value could be expected
to be higher than the recorded value.

Site 2: Six-span Ballasted Deck Bridge at Lorida (SX878.8), Built in 1955

FIGURE 21 shows the vertical displacement of stringer based on field data collection.
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FIGURE 21. Vertical displacement of stringer from deflectometer
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Correction to ground vibration for stringer deflection = 0.39 mm
Correction to ground vibration for pile deflection = 0.05 mm

Maximum vertical displacement of stringer due to engines = 10.25 mm
Maximum vertical displacement of stringer due to cars = 4.28 mm
Maximum lateral displacement of pile/pile cap due to engines = 0.5 mm

Corrections to Train-induced Ground Vibration

A ground-borne vibration model for rail systems at-grade has been developed by Cardona et. al. (55) and validated with
experimental measurements in an existing commuter railway line. This model was based on a semi-analytical
characterization of the wave propagation. This model was able to predict the vibration field that will be caused by railway
infrastructure. The present study incorporates a correction to the train-induced ground vibration to the recorded dial gage
deflection measurements.

FINITE ELEMENT ANALYSIS
(Analysis based on idealization of stringers and piles without any cracks)

Moving live load analysis is performed for open deck and ballasted deck timber trestle railroad bridge model using
CSIBridge software. The dimensions of the bridge model are based on the field data collected for Valrico bridge near
Tampa SV 849.90 (VL-Valrico), built in 1948 and Lorida bridge (SX878.8), built in 1955. The aim of the analysis is to
obtain vertical deflection of the stringer at the mid-span due to moving loads. Static analysis is performed to obtain lateral
deflection of pile due to nosing of the locomotive. These results are compared with the deflection obtained from the field
tests and the proposed non-contact deflection monitoring system. TABLE 1 shows the material and geometric properties
of timber trestle railroad bridge structural elements used in the analysis.

TABLE 1. Material and Geometric Properties of Timber Trestle Bridge

Decay of timber is not considered
Material properties for bridges in site 1 and site 2

Timber type Red Oak
Weight per unit volume 3.96E-05 (kip/in®)
Modulus of elasticity 1200 (Kip/in?)

Poisson’s ratio 0.29
Coefficient of thermal expansion 2.7E-06 (in./in. deg F)
Geometric sizes for bridges in site 1 and site 2

Nominal sizes | Dressed sizes
Pile diameter 14 inches 13.5 inches
Cap beam cross section (width by depth) 14" x 14” 13.5” x 13.5”
Diagonal brace cross section (width by depth) 8” x 4” 7.5” x 3.5”
Ties (width by depth by length) 8”x8”"x10" | 7.5"x7.5” x 10’
Stringer cross section (width by depth) for site 1 | 32” x 15” 32”7 x 14.5”
Stringer cross section (width by depth) for site 2 | 8” x 20” 8”7 x 19.5”

Site 1: Three-span Open Deck Bridge at Valrico (SV849.90), Built in 1948

Modeling of timber trestle railroad bridge is done using CSIBrisge Finite Element Analysis software based on field data.
FIGURE 22 shows 3D view of the analytical model. The height of the trestle bent is 7 feet. Based on Ali F. Jwary (56), the
piles are extended to 25 feet below the soil. The data and calculation method for equivalent soil spring is based on David
R. Bonhoff (57). Axle loads and spacings used in the FEM analysis is shown in FIGURE 23. As for the lateral loads, nosing
of locomotive shall be considered as a moving concentrated load of 20 kips applied at the top of the rail in either direction
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at any point in the span (3). Considering the typical depth of rail cross section as 2.75 inches, the moment on top of the
stringer is obtained as: M,, = 20 X 2.75 = 55 kip — in. Hence the lateral force (Fx) of 20 kip and Moment (M,,) of 55 k-
in is applied on top of the stringer located above the bent. Vertical deflection of stringer due to moving loads is shown in
FIGURE 31. The deflection results for silty or clayey fine to coarse sand with loose consistency are obtained as 0.193 in

(i.e. 4.90 mm) for maximum vertical displacement of stringer due to moving engine load and 0.0525 in (i.e. 1.33 mm) for
maximum lateral displacement of pile/pile cap.

FIGURE 22. 3D view of the analytical model
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FIGURE 23. Axle load and spacing
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FIGURE 24. Vertical deformation contour for stringer due to moving live load (silty or clayey fine to coarse sand-
loose consistency)

Site 2: Six-span Ballasted Deck Bridge at Lorida (SX878.8), Built in 1955

FIGURE 25 shows the 3D view of the model. The height of the trestle bent is 5 feet. Based on Ali F. Jwary (56), the piles
are extended to 25 feet below soil. The data and calculation method for equivalent soil spring is based on David R. Bonhoff
(57). Amtrak passenger car with 4-axles is used as the moving loads. The axle loads of 37.5 kips with axle spacing of 8.5’
is used in the FEM analysis. The inboard and outboard axle spacings are 51’ and 20.5” respectively. The calculations for
site 2 are similar to that of the lateral loads used for the site 1. The resulting vertical deflection of stringer due to moving
loads is shown in FIGURE 26. The deflection results for silty or clayey fine to coarse sand with loose consistency are
obtained as 0.0806 in (i.e. 2.05 mm) for maximum vertical displacement of stringer due to moving Amtrack car load and
0.0458 in (i.e. 1.16 mm) for maximum lateral displacement of pile/pile cap.

FIGURE 25. Standard 3-D view of the model in CSIBridge (left); Extruded 3-D view of the model (right)
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FIGURE 26. Vertical deformation contour for stringer due to moving live load (for silty or clayey fine to coarse
sand- loose consistency)

Effect on Stiffness (K) of the Stringer and Pile Due to the Presence of Imperfections/Cracks

During the field visit, the research team examined the condition of the structural elements of both the open-deck and
ballasted-deck of the timber trestle railroad bridges in SV 849.90 (VL-Valrico) and SX878.8, Lorida. FIGURE 27 shows
the imperfections/cracks on the stringer beams and the piles. The connection of the stringer beams with the pile-cap can be
idealized as simple supports. The stiffnesses of the stringer and pile with cracks will be smaller than original stiffness of
the members during construction. The stiffness reduction is accounted for in the calculation of deflection based on FEM
due to the presence of cracks in the members based on the model developed by Noélie Magniére et. al. (58).

FIGURE 27. As-is condition of the open deck bridge in Valrico; As-is condition of the ballasted-deck bridge in
Lorida

COMPARISON OF RESULTS

TABLE 2 and 4 show the comparison of deflection measurements based on conventional contact and non-contact
techniques for site 1- Valrico (SV849.90) and site 2 - Lorida (SX878.8) bridges respectively.
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TABLE 2. Comparison of Deflection Measurements for Site 1

Deflection (in mm)
Member Non-Contact Dial gages FEM
Engine Freight car Engine Freight car Engine* Engine**
Vertical/Stringer | 8.0 4.0 12.95 4.50 4.90 6.74-12.25
Lateral/Pile Cap | 4.0-6.0 0.5 1.80 N/A 1.33 1.83-3.33

TABLE 3. Comparison of Deflection Measurements for Site 2

Deflection (in mm)
Member Non-Contact Dial gages FEM
Engine Passenger car | Engine Passenger car | Passenger car* | Passenger car **
Vertical/Stringer | 8.0 3.0-4.0 10.25 4.28 2.05 2.82-5.13
Lateral/Pile Cap | 1.2-1.5 1.0 0.50 N/A 1.16 1.60-2.90

*For member idealized without any cracks
** For member with cracks

Discussion on the deflection results:

i)

i)

iv)

The distance from the source to the location of the cameras was more than 10 ft and the ground vibration correction
to the measured deflections from non-contact technique is negligible (55). The load time duration for the engines
is much shorter than the duration for the freight/passenger cars. Hence, the vertical deflection measurements due
to the cars is more reliable and consistent between non-contact technique and deflectometer measurements.

The measurements from deflection gages were corrected for ground vibration due to its close vicinity to the
vibration source. The readings from deflection gage for the lateral displacement were affected due to the shifting
of the dial gage base and hence the deviation from non-contact deflection values for the site 1. In case of site 2,
the initial displacement recorded was only 0.5 mm due to engine axle loads but the dial gage position got disturbed
due to high train speed and hence the deflection measurements are not available for the lateral pile displacement
due to passenger cars.

The FEM deflection results are based on assumption that i) the structural elements are free from any defects due
to aging, ii) the pile embedment depth is about 25 ft into the soil which is assumed to be silty or clayey fine to
coarse sand with loose consistency. These idealized assumptions yield deflections which are smaller than both the
non-contact and dial gage deflection measurements. The predicted deflections are corrected for the aging of the
srtuctural members based on published literature and thus the adjusted deflections are now in fair agreement with
the measured values.

As for the results of site 1, the fully-loaded freight cars are expected to have higher deflection than the engines.
However, the project results from all three different methods suggest that the deflection measurements are smaller
for the freight cars, hence it can be inferred that they were not fully loaded.
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PLANS FOR IMPLEMENTATION

The project investigators developed the non-contact deflection techniques and successfully demonstrated the feasibility
through field testing. The next step is to reach out to the railroad timber bridge owners in the nation to demonstrate the
methodology and share the developed techniques, methodologies, and results with them for a potential implementation in
their maintenance practice.

In addition, the results and methodologies will be presented in national conferences, published in national
newsletters and journals for a broader outreach. As a proof-of-concept, the research team implemented the project
methodology in Matlab as a sequence of multiple individual scripts. These scripts are available to the users upon request.
However, depending on the familiarity of users with Matlab, the implementation may or may not take longer. Hence, the
research team plans on developing a user-friendly commercial grade software product in the future to make the
implementation process easier for any users.

The project team expect that the project can be implemented by the bridge maintenance team. The typical sequence
of field implementation will be as follows.

Step 1: The bridge maintenance technician will use a laser scanner or total station to capture linear features on the bridge
structure with at least three of them are mutually perpendicular. The collection of these linear features is a one-time process
that is needed once per bridge which can be performed in a day of convenience.

Step 2: On the day of bridge deflection measurement, the technician will setup the camera(s) in the field on a tripod to
ensure the area where deflection needs to be measured is in the field of view. It is ideal that the camera is kept in video
capture mode and the video recording be turned on a minute or more before the train-bridge impact.

Step 3: After the train fully passes the bridge, the video recording can be turned off. This way of recording will ensure that
the bridge is captured in both dead load and dynamic loading conditions.

Step 4. After the videos (or image sequences) are captured by the camera(s), the data will be downloaded and loaded in a
computer with Matlab. The scripts created by the project team can be used to extract linear features from one dead load
image. The corresponding linear features will be extracted from laser scanning or total station data. The linear features
extraction can be done both manually or automatically.

Step 5: Then the pose or Exterior Orientation of the camera will be determined using the Area Minimization algorithm
script developed by the project team.

Step 6: The user, typically the maintenance technician/engineer/structural engineer will pick points on the image in Matlab
where deflection needs to be measured during the dynamic loading by the train. The feature tracking algorithm and the
corresponding script developed by the project team can be used to track the points of interest in all image sequences
automatically to generate the plot of how bridge deflected in 2D/3D during the loading. For example, the duration of two
minutes of train on the bridge at 30 fps (frames per second) will produce 2x60x30=3600 images. It is practically impossible
for the user to identify the same point in all these images manually. Hence the tracking algorithm will assist the user to
generate the plots similar to FIGURE 13.

CONCLUSIONS

This study establishes a method of monitoring the deformations of timber trestle railroad bridges using non-contact
methodology based on both Photogrammetry and Terrestrial Laser Scanner. The measured deformations from the non-
contact methodology are compared with those recorded by conventional dial gages and analytical results from Finite
Element modeling. The comparison shows a fair agreement with the measured values by dial gages and computed
deflections using FEM. The FEM model takes into account the effect of soil-pile interaction based on the p-y curve
originally developed by Reese et. al. The imperfections/cracks in the stringer and pile are accounted for in the deflection
values from FEM. The measured deflections of key structural elements of the timber trestle bridges are adjusted to take
into account the effect of ground vibrations from the moving engine and freight/passenger car loads.

This non-contact measurement technique involves a method of extracting linear features from both images and
TLS data. Exterior Orientation (EO) of the images are derived by using a linear feature-based registration algorithm.
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Forward projection of critical points from the images using EO of the cameras and intersection of the projected ray with
frontal plane of the beam are used to obtain 2D deflection. 3D deflection of the bridges is derived when two or more
cameras are used.
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