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This study investigates the current body of knowledge about the relationship
between bridge skew angle and bridge deterioration rate and applies those
findings to New Jersey bridges. Tools used in the study were graphical analysis
(histograms and a scatterplot with regression lines) and statistical methodologies,
specifically analysis of variance (ANOVA). The source of the skew angles of all
New Jersey bridges was the Federal Highway Administration Long-Term Bridge
Performance InfoBridge™ Web portal.") The study team calculated the number
of years that passed before a bridge’s condition rating declined by one rate.

The first step was to classify the bridges by skew angle degree and then plot
each group by the number of years that passed before the bridges deteriorated

by one rate versus the condition rating. Bridge skew angles were put into groups
of five, from 0-5°, 6-10°, and so on. The results demonstrated a clear trend:
Bridges with small skew angles took longer to deteriorate than bridges with large
skew angles. A scatterplot with a regression line was also plotted with the years
that passed before the bridge began to deteriorate on the y-axis and the skew
angle on the x-axis. This result inspired additional research into the probable
relationship between skew angle (categorized at this stage for the trend analysis)
and deterioration using the statistical method ANOVA.

The study team performed an ANOVA to validate the observed trend. The
investigation found a statistically significant (p<0.05) link between bridge skew
angle and deterioration rate. According to the ANOVA results, the differences in
deterioration rates across the two skew angle groups (within groups and between
groups) show that bridges with large skew angles deteriorate faster than bridges
with small skew degrees; the data revealed that bridges with a skew angle below
30° deteriorate at the slowest rate, bridges with a skew angle 30°-45° deteriorate
at the average rate, and bridges with a skew angle greater than 45° deteriorate at
the largest rate.
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INTRODUCTION

Bridges are nodes of the U.S. transportation infrastructure
because they provide vital links for efficient mobility

and connectivity.® Due to the geographical complexity
of transportation systems, not all bridges are constructed
perpendicular to their intersected feature. On the contrary,
bridges align at a skew angle to their intersected features.
A skew angle is the angle at which a bridge crosses an
obstacle (e.g., river, road, valley).® As figure 1 shows,

a skew angle is measured between a line perpendicular

to the girder’s longitudinal axis (center line) and the line
of supports of the abutment. Therefore, the skew angle

is a significant geometric feature of a bridge that affects
its performance.®* The relationship between skew angle
and deterioration is fundamental for bridge design,
maintenance, and management techniques.®® The purpose
of this study is to look at the relationship between bridge
skew angle and bridge deterioration, shedding light on
the implications of skewed bridge alignments. This study
aims to give bridge engineers, legislators, and researchers
significant insights by evaluating comprehensive data and
using modern statistical techniques to optimize design
standards and increase bridge longevity.

BACKGROUND

Bridges are essential for transportation infrastructure,

and engineers and policymakers are concerned about
bridges’ long-term performance and safety. Currently, as
part of the country’s more than 4 million mi infrastructure
of Interstate Highway System, bridges serve an essential
role in transportation by connecting locations divided by
rivers, valleys, or gaps in the topography.”’ Bridges are
necessary infrastructure for both urban and rural areas,
providing for the efficient flow of people, products,

and services.®

Much research has been conducted to investigate the
relationship between bridge skew angle and the rate of
bridge deterioration. Researchers who conducted a study
on 313 bridges in South Korea discovered that the skew
angle was a major factor in the decline of bridge decks.
The study also found that bridges with skew angles more
than 45° deteriorated faster than those with skew angles
less than 45°.¢)

Another study examined data from bridges and discovered
that the skew angle was an essential determinant of
bridge deterioration. The study found that bridges with
skew angles greater than 20° experienced much more
bearing damage than bridges with skew angles less than
20°.19 Various probable reasons exist why bridges that
have large skew angles may deteriorate at a faster rate
than bridges with small skew angles. For example, the
geometry of the bridge may result in uneven loading on

Figure 1. Line drawing. Depiction of bridge skew angle.
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the bridge components, a condition that can hasten wear
and tear.!""'? Bridges with large skew angles may also
be subject to more environmental variables like wind
and water, which may lead to rust and other forms of
degradation. Also, gravity load paths are important for
how bridge skew angles behave, information that is key
for assessing the structural behavior and deterioration
because it has an influence on the load distribution

and stress concentrations, affecting maintenance and
rehabilitation strategies.%!13

Investigating the relationship between bridge skew
angle and deterioration rate is critical in furthering

the understanding of bridge performance. More research
is needed to investigate this link and find effective
solutions to the influence of large skew angles on bridge
deterioration. Implementing those solutions ultimately
could ensure the safety and efficiency of transportation
networks for years to come by gaining a comprehensive
understanding of the mechanisms underlying

this correlation.

PURPOSE OF RESEARCH

The goal of this research was to focus on the relationship
between bridge skew angle and the deterioration rate of
bridges and to discover if the bridges in New Jersey follow
the same trend of deterioration shown by the bridges
studied during the literature review. This project enables
researchers to uncover the elements that lead to bridge
deterioration and ways skew angles in New Jersey bridge
infrastructure are contributing factors. Understanding the
relationship between bridge skew angles and structure
deterioration will inform future bridge design and
maintenance procedures, thereby improving the safety
and sustainability of bridge infrastructure.



THESIS STATEMENT

The goal of this study is to investigate the relationship
between the skew angles and New Jersey bridge
deterioration and to identify the key factors that contribute
to the deterioration rate of bridges with large skew angles,
information that will be reflected in efficient design and
maintenance procedures that can improve the safety and
long-term reliability of bridge infrastructure.

SCOPE

Using only bridges in New Jersey, the study examined
numerous bridges around the State, specifically those
found on the Federal Highway Administration’s (FHWA)
Long-Term Bridge Program (LTBP) InfoBridge™ Web
portal. 'Y The bridges used in this research are made of
various materials, including concrete, steel, and wood,
with concrete being the most common. The study team
used a combination of data analytic tools, including an
automated spreadsheet and mathematical computing
platform for analyzing data to estimate the trend of
deterioration for each bridge. By methodically collecting
and evaluating data on structural integrity and degradation,
this study aimed to understand better how these bridges
operate in real-world settings. The team established a
correlation between these two characteristics—skew
angle and degradation—by evaluating the bridges. The
study also tried to determine the average number of years
that passed before a bridge declined to a lower condition
rating. This information is key for evaluating the bridge’s
long-term performance and maintenance requirements.

Limitations

The study’s methodology and results are based solely

on bridges in New Jersey. Different locales may have
different environmental conditions, traffic patterns, and
maintenance procedures, any one of which may alter this

study’s findings’ ability to be generalized to other sites.
The study did not consider certain elements recognized
as contributors to bridge deterioration. For example, the
study did not consider characteristics like material quality
and design elements, which are known to influence the
rate of deterioration.

Also, the study team did not consider the effects of
seismic activity on bridge deterioration. Earthquakes

and other seismic occurrences can hasten deterioration,
especially for older bridges or those in seismically

active areas. As a result, the findings of this study

should be reinforced with more research that focuses

on the effects of seismic activity on bridge deterioration
in seismic areas. Furthermore, recognizing that other
elements, such as the bridge’s age, might contribute to its
degradation is critical. When examining the cumulative
impact of numerous factors, isolating the effect of the
skew angle alone becomes difficult. Aging and different
environmental circumstances interact with the skew angle
and influence the rate of deterioration."'® Consequently,
a comprehensive analysis that considers many elements
would be required to provide a more nuanced knowledge
of bridge degradation. Finally, while this study found

a link between bridge skew angle and deterioration,

the researchers know that correlation does not always
imply causation. Causation can be determined only by
performing a carefully controlled data analysis and having
a thorough grasp of the underlying damage mechanisms
caused by the operability of the bridge that may result in
a causal relationship.(!71819)

DATA PROCESSING

The study team collected the data used in this study from
FHWA’s LTBP InfoBridge Web portal.! Figure 2 shows
each step completed to collect and process the data.

Figure 2. Process flowchart. Data collection and processing flowchart.
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ANOVA = analysis of variance.
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The following information provides details about actions
completed in the flowchart’s activity box with the
corresponding number:

L.

Bridge data selection: All the bridges selected

for this study were in New Jersey. Aside from the
fact that New Jersey has more than 6,000 bridges,
which is a representative sample size for an accurate
analysis, the climatic conditions, age, materials used,
and maintenance culture of the different counties
and bridge owners differ across the State, providing
a varied dataset. Not all bridges in New Jersey are
skewed. Skewed configurations are occasionally
required when safety and alignment difficulties
(congested locations, natural or man-made
impediments, complicated intersections, etc.)
mandate critical highway and highway bridge
design considerations.!"”*!” For this study, all

the bridges, including ones with skew angles of

0°, were considered to establish the correlation
between skew angle and bridge deterioration.

Data preparation and transformation: Data collected
from field assessments, performance monitoring,
nondestructive evaluation testing, laboratory analysis,
and other sources are combined and structured in a
defined format. This process is part of cleaning the

data to correct errors, inconsistencies, or missing
information and ensure data quality and integrity. The
data for this analysis were cleaned using the structure
number to identify the bridges. The year built, deck
condition rating, years it takes to deteriorate one

rate down, and skew angle were then selected for

the various structure numbers. This cleaning process
eliminated data entries with missing information and,
therefore, could not be attributed to a specific bridge.
The data were transformed by converting raw data

into a more structured and usable form, using various
operations and calculations. Data cleaning, aggregation,
summarization, and the creation of derived variables
are examples of the data preparation process:

a. Data cleaning: Data cleaning is the process
of discovering and repairing or deleting errors,
inconsistencies, and inaccuracies in a dataset.
The process is also known as data cleansing or
data scrubbing. This vital data preparation stage
assures the data’s quality and dependability for
analysis, modeling, or other data-driven tasks.
The study team cleaned the data by remedying
missing values, e.g., removing rows and columns
with excessive missing data, depending on
the data’s effect on the analysis. In the case of
duplicate data, the team removed the duplicate.
Also identified for special attention by the team

were outliers with extreme values either to remove
or transform to fit the data needed for analysis.
Finally, the team removed redundant data, which
did not contribute to the data analysis.

b. Data aggregation: A mathematical process that

summarizes or combines several values within a
dataset to produce a single representative value is
known as an aggregation function, also known as
an aggregate function or summary function. The
study team used the average, or mean, to find one
representative value for the years that pass before
the condition rating drops by one rate. The research
team counted the number of occurrences, or data
points, inside a specific category to determine the
total number of bridges. The research team used
variance—a measure of the spread of data points
around the mean that measures the dispersion, or
variability, of values within a dataset—and used
standard deviation—a measure of the average
distance between data points and the mean that
quantifies the dispersion, or variability, of values
within a collection—for the hypothesis testing.

c. Data summarization: Data summarization is the

process of condensing and displaying a dataset

or a subset of data simply and informally. Data
summarization is also known as data aggregation
or summarizing statistics. The data subset provides
a high-level overview of the dataset’s properties,
patterns, and insights. To display the distribution
of numerical data by dividing the data range

into intervals and representing the frequency, or
count values, in each interval, the team created

a graph (figure 3).

Descriptive analysis: Descriptive analysis techniques
are used to understand the fundamental properties and
trends in data. These techniques include summarizing
data using statistical measurements, creating
visualizations (e.g., charts and graphs), and detecting
noteworthy patterns or outliers. Researchers used a
spreadsheet program to create a descriptive analysis
of this study’s data. For each bridge in the dataset,
researchers plotted the deck condition rating against the
bridge’s skew angle to determine the rate at which the
bridges deteriorated. A trend was then established for
the number of years that passed before the condition
rating dropped by one point for all the bridges, and
finally, a graph of how long the condition ratio takes to
drop by one point was plotted against the skew angle.

Correlation and trend analysis: The correlation and
trend analysis established a relationship between the
two variables (deck condition rating and skew angle).



The degree and direction of the association between
two variables were assessed using correlation
analysis. This scenario investigates the relationship
between bridge deck condition rating and skew angle.
A positive connection suggests that as the skew angle
grows, so does the bridge deck condition rating. A
negative connection, on the other hand, indicates that
a large skew angle relates to a poorer bridge deck
condition grade. The process of assessing the pattern
or direction of change in the bridge deck condition

rating regarding the skew angle over time or across a
sample of bridges is known as trend analysis.'” This
analysis aids in the identification of any systematic
trends or tendencies in the data. One method is to
categorize bridges based on their skew angle ranges
(e.g., 0-5°, 6-10°) and then compute the time it takes
for the bridge deck condition rating to drop by one
point for each group. Researchers can examine the
data and identify any regular trends by charting these
average years over the skew angle range.

Figure 3. Graph of each skew angle group to show the years it takes for a bridge to drop its condition rate.

The x-axis represents years and the y-axis the condition rate.
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Figure 3. Graph of each skew angle group to show the years it takes for a bridge to drop its condition rate.

The x-axis represents years and the y-axis the condition rate. (Continued)
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Source: FHWA.

Results of correlation and trend analysis: After
examining the dataset, the study team determined the
correlation coefficient between the skew angle and the
number of years that passed before the bridge deck
condition rating dropped by one condition rate. This
study showed a correlation coefficient of —0.116 for a
condition rating of 9-8, —0.210 for a condition rating
of 87, —0.841 for a condition rating of 7-6, 0.0069 for
a condition rating of 65, —0.398 for a condition rating
of 54, and —0.4191 for a condition rating of 4-3.

The correlation coefficient always has a value
between 1 and —1, and that value is used as a general
indicator of the strength of the association between
variables. A positive number indicates a positive
correlation (as one variable grows, so does the other),
and a negative value shows a negative correlation

(as one variable increases, so does the other). A value
close to zero indicates a weak or no association. Table
1 shows that a correlation coefficient’s absolute value
indicates the size of the correlation: the bigger the
absolute value, the stronger the correlation.®?

The negative correlation coefficient indicates that

the skew angle and the bridge deck condition rating
have an inverse association. An inverse association
demonstrates that the bridge deck condition rating
drops faster as the skew angle increases. However, the
correlation coefficients suggest a varying association,
implying that other factors may significantly affect the
bridge deck condition rating.?!?? Generally, bridges
have a fast deterioration rate between condition rates
9 and 7 that slows somewhat upon reaching condition
rates between conditions 7 and 5. Upon reaching
condition rate 5, the deterioration again speeds up.
Table 2 presents that trend, where the red-to-green
scale represents the progression from fast-to-slow rate
of deterioration; as the color shades become closer

to a solid red, the faster the deck is deteriorating.

20.0 0.0 2.0 4.0 6.0
9108 |jmmmm
7tob6
5to4
3to2
1to0

Table 1. Correlation coefficient table.

Correlation Correlation Correlation
Coefficient Type Strength
-0.7 to -1 Negative Very Strong
-0.5t0 -0.7 Negative Strong
-0.3t00 Negative Moderate
0to-0.3 Negative Weak
0to0.3 Positive Weak
0.3t00.5 Positive Moderate
0.5t00.7 Positive Strong
0.7t01 Positive Very Strong

Conversely, the closer the color shade comes to a
solid green, the slower the deck deterioration.

The graph in figure 3 depicts the relationship
between the years that passed before a bridge
deteriorated by one rate point on the y-axis and the
bridge’s skew angle on the x-axis. The condition
rating represents the entire status or quality of

the bridge, with higher numbers signifying better
conditions. Figure 4 shows a trend line has a
downward slope from left to right, showing a clear
pattern in the data. This slope implies that when
the skew angle increases (going to the right on

the x-axis), it takes fewer years for the bridge to
deteriorate. The fastest deterioration trends were



Table 2. Number of years to drop the condition rating by one for various skew angles.

Skew
Angles
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Number of years to drop condition rating by one: More than 7 = Fast deterioration; Between 4 and 7 = Moderate deterioration;
Less than 4 = Slow deterioration; N/A = no data.
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Figure 4. Graph. Years versus condition rating.
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observed for bridges falling from 9 to 8 and 4 to 3
condition ratings, followed by bridges falling from
5 to 4. While bridges with condition ratings between
7 and 5 presented slower rates of deterioration.

Based on these data, the study team performed a
statistical study, using analysis of variance (ANOVA)
to investigate the potential influence of skew angles on
bridge deterioration. Because the bridges represented
on the graph belong to different skew groups (the skew
angles were grouped in fives, i.e., 0-5, 610, and so
on), they behaved differently. The ANOVA study
sought to evaluate whether a statistically significant
difference existed in the rate of deterioration among
bridges with various skew angles. The investigation
discovered a statistically significant influence of skew
angle on bridge deterioration, showing that bridges
with large skew angles deteriorate faster than bridges
with small skew angles.

6. ANOVA data analysis to establish and confirm
trend: The study team performed a hypothesis test
to establish and study the association between bridge
condition rating and skew angles of New Jersey
bridges. The following are the hypotheses the team
developed and tested:

a. Null hypothesis (HO)—No significant
relationship exists between bridge skew angle
and condition rating.

b. Alternate hypothesis (HA)—A significant
relationship exists between bridge skew angle
and condition rating. The significant level of this
test was a = 0.05 (confidence interval = 0.95).2)

The value of the negative correlation coefficient indicates
an inverse association between the bridge condition rating
and the skew angle. This means deterioration occurs
faster for bridges with large skew angles. Table 3 shows
the magnitude and direction of the correlation revealed
information about the link between two variables.

The skew angles are categorical, meaning they have
been grouped from 0-5°, 6-10°, and so forth, providing
between 13 and 14 counts for each deterioration rating
group. Because the condition rating is continuous, the
ANOVA is the most suitable nonparametric test to be
used. A spreadsheet program was used for the ANOVA
test, and this test provided the test statistics and p-value.

The term “count” refers to the number of observations
or data points within each group or category being
evaluated. So, for this analysis, count means there

are 14 groups of different categories of bridges with
different skew angles in the various condition rating
groups (bridges have been categorized according to
skew angle: 0-5°, 6-10°, and so forth). The “number
of bridges” shows the result of individual bridges, if
they are dissolved from the groupings, that fall into the
various groups shown.

The hypothesis test findings showed a statistically
significant association between bridge condition rating
and skew angle (p<0.05). Table 4 suggests that evidence
exists that the two variables are associated and that the
observed correlation is unlikely to have happened by
chance alone. As a result, HO was rejected, and the study
team concluded that there is evidence of a substantial
link between bridge condition ratings and skew angles.

Table 3. ANOVA test.

andition Count Numberof

Rating Drop Bridges
From9to 8 14 1,007
From8to 7 14 4,874
From 7 to 6 14 8,945
From6to 5 13 4,766
From 5to 4 14 1,320
From4to 3 14 594

Sum Average Variance
(rating degrees) (years) (years)
45173 3.226 1.102
91.530 6.537 1.176
128.310 9.165 0.519
117.491 9.037 1.145
78.694 5.621 0.784
63.641 4.545 1.900



Table 4. ANOVA results."®

of ?/c;l:i;?on SS o
Between groups 394.879 5
Within groups 85.020 77
Total 479.900 82

The ANOVA table’s count values assisted in
understanding the distribution and balance of bridge
data across multiple groups or categories of skew
angles being compared. That understanding enabled
comparisons between skew angle groups with varied
sample sizes and provided insights into the statistical
findings’ reliability. Summing the squared differences
between each skew angle data point and the mean of
the skew angle yields the sum of squares. The sum of
squares equals the total variation within the different
skew angle groups. The total variation is also used to
calculate the significance of differences between groups
or factors, with the mean squares and F-statistics,
derived from it.

The terms “between groups” and “within groups”

in the ANOVA refer to two independent sources of
variance being investigated. In this study, these sources
of variation helped assess the differences or effects of
skew angles on the bridges. The F-statistic, or the ratio
of between-group variation to within-group variation
was used to determine the significance of variations
across groups. An F-statistic that exceeds a critical
value indicates that the differences between groups are
unlikely to arise by chance. In this case, the F-statistic is
2.333, which is much higher than the significance level
of a=0.05. Therefore, the difference in deterioration
among the different skew angle categories did not occur
by chance and, on the contrary, are correlated.

Connecting the graph’s condition rating information with
the statistical data from ANOVA enabled the study team
to conclude that the skew angle significantly influences
the bridge deterioration rate.

CONCLUSIONS

Correlation is a statistical measure of the relationship
between two variables in bivariate data, meaning a linear
connection exists between two independent variables.
The correlation coefficient is a numerical measure

that reflects the strength of a statistical association.

MS F P-value F Crit
78.975 71.525 1.637 E-27 2.333
1.104 — — —

The results of this study indicate that the skew angle
significantly influences the bridge deterioration rate.
Even though additional research and analysis are
required to investigate the underlying mechanisms and
potential confounding factors that may influence the
association between bridge condition rate and skew
angle, this research provides substantial evidence of their
interrelation. The research team acknowledges that it
should consider other pertinent variables, such as traffic
volume, bridge age, or maintenance history to understand
the factors influencing bridge condition because many
sources of uncertainty exist in structural design, which
could also impact deterioration. (See references 1, 23, 24,
and 25) This study effectively established a relationship
between bridge skew angle and deterioration rate and
stresses the need to consider bridge skew angle in project
planning and infrastructure design to maintain bridge
longevity and structural integrity.

ACKNOWLEDGMENTS

I want to thank my research advisor, Dr. Adrianna
Trias Blanco, for her continuous support, guidance,
and expertise throughout the study process. Her
excellent insights and support helped shape the course
of this study.

Also, I am grateful to FHWA for granting the study team
the use of the InfoBridge Web portal and access to data
and tools that served as the foundation of this study.!"®
The large database of infrastructure information was
critical to conducting a thorough study and drawing
significant results.

Thank you to everyone who helped with data collection,
analysis, and reviews performed by the InfoBridge
project team. Their dedication to precision ensured

the accuracy of this study’s findings. Furthermore,
many thanks to colleagues and fellow researchers who
participated in this study, offering their knowledge

and experiences that contributed to the depth of this
study’s findings.



Finally, thanks to the family and friends of the study
team for their constant support, understanding,

and encouragement during this research endeavor.
Individuals’ input was crucial to the completion of this
LTIP Student Data Analysis Contest research paper.
Sincerest thanks to everyone involved in this study for
their dedication to the growth of bridge performance
evaluation and the improvement of infrastructure
engineering methods.

REFERENCES

1. FHWA. n.d. “LTBP InfoBridge.” (website).
https://infobridge.thwa.dot.gov/, last accessed
January 11, 2024.

2. Ebtisam, A. Y. 2023. “Effect of Skew Angle
on Bridge Deck Behavior with Different
Cross-Girder Patterns.” Home Building
Research Center Journal, 19, no. 1: 103—115,
https://doi.org/10.1080/16874048.2023.2215648,
last accessed January 11, 2024.

3. FHWA. 1995. Recording and Coding Guide for
the Structure Inventory and Appraisal of the
Nation's Bridges. Report No. FHWA-PD-96-001
Washington, DC: Federal Highway Administration.
https://www.thwa.dot.gov/bridge/mtguide.pdf, last
accessed January 15, 2024.

4. Jonnalagadda, S., B. E. Ross, and A. Khademi. 2016.

“A Modeling Approach for Evaluating the Effects

of Design Variables on Bridge Condition Ratings.”
Journal of Structural Integrity and Maintenance 1,
no. 4: 167-176. https://www.tandfonline.com/doi/

full/10.1080/24705314.2016.1240523, last accessed

January 11, 2024.

5. Okumus, P., and M. Diaz Arancibia. 2021.
“Sources, Mitigation and Implications of Skew-
Related Concrete Deck Cracks in Girder Bridges.”

Structure and Infrastructure Engineering 17, no. 12:
1612-1625. https://doi.org/10.1080/15732479.2020.

1818794, last accessed January 11, 2024.

6. Srivatsa, M. S., M. A. Mahadev, R. S. Manoli,
and D. Kumar. 2018. “Effect of Skew on the
Behavior of Steel-Concrete I-Girder Bridge.”
International Research Journal of Engineering and
Technology (IRJET) 5, no. 06: 72—77. https://www.
irjet.net/archives/VS/i7/IRJET-V51714.pdf, last
accessed March 12, 2024.

10.

I1.

12.

13.

. Mawson, J., M. Mehr, J. Constant, A. E. Zaghi,

and A. Hain. 2022. “Structural Performance
of Acute Corners on Skewed Bridge Decks
Using Non-Linear Modeling of the Deck
Parapet.” Infrastructure. 7, no. 6: 77. https://
doi.org/10.3390/infrastructures7060077,

last accessed January 11, 2024.

. FHWA. 2015. “Highway Statistics 2015 (web page).

https://www.fhwa.dot.gov/policyinformation/
statistics/2015/userguide.cfim, last accessed
January 11, 2024.

. Nowak, A. S., and O. Iatsko. 2018. “Are Our

Bridges Safe?” The Bridge 8, no. 2: Summer
2018. https://www.nae.edu/19579/19582/2102
0/183082/183130/Are-Our-Bridges-Safe, last
accessed January 15, 2024.

Singh, A., A. Kumar, and M. A. Khan. 2016.

“Effect of Skew Angle on Static Behavior of
Reinforced Concrete Slab Bridge Decks: A Review.”
International Journal of Research in Engineering
Technology 3, no. 3, 1537-9. https://www.irjet.net/
archives/V3/i3/IRJET-V313322.pdf#:~:text=1t%20
showed%20that%20for%20dead%20load%20
and%20Live,up%?20t0%2030%20degrees%20
and%20there%?20after%20increased, last accessed
January 15, 2024.

Zhang, G., Y. Liu, J. Liu, S. Lan, and J. Yang. 2022.
“Causes and Statistical Characteristics of Bridge
Failures: A Review.” Journal of Traffic and
Transportation Engineering (English Edition) 9, no. 3:
388-406. https://doi.org/10.1016/j.jtte.2021.12.003,
last accessed March 18, 2024.

Chorzepa, M. G., C. Solae, S. Durham, and

S. S. Kim. 2019. Development of Possible
Solutions to Eliminate or Reduce Deck
Cracking on Skewed Bridges Built by Using
the Accelerated Bridge Construction Method.
No. FHWA-GA-19-1729. Atlanta, GA: Georgia
Department of Transportation. Office of
Performance-Based Management & Research.

Diaz Arancibia, M., L. Rugar, and P. Okumus.
2020. “Role of Skew on Bridge Performance.”
Transportation Research Record 2674, no. 5,
282-292. https://journals.sagepub.com/doi/
abs/10.1177/0361198120914617, last accessed
January 11, 2024.

10


https://infobridge.fhwa.dot.gov/
https://doi.org/10.1080/16874048.2023.2215648
https://www.fhwa.dot.gov/bridge/mtguide.pdf
https://www.tandfonline.com/doi/full/10.1080/24705314.2016.1240523
https://www.tandfonline.com/doi/full/10.1080/24705314.2016.1240523
https://doi.org/10.1080/15732479.2020.1818794
https://doi.org/10.1080/15732479.2020.1818794
https://www.irjet.net/archives/V5/i7/IRJET-V5I714.pdf
https://www.irjet.net/archives/V5/i7/IRJET-V5I714.pdf
https://doi.org/10.3390/infrastructures7060077
https://doi.org/10.3390/infrastructures7060077
https://www.fhwa.dot.gov/policyinformation/statistics/2015/userguide.cfm
https://www.fhwa.dot.gov/policyinformation/statistics/2015/userguide.cfm
https://www.nae.edu/19579/19582/21020/183082/183130/Are-Our-Bridges-Safe
https://www.nae.edu/19579/19582/21020/183082/183130/Are-Our-Bridges-Safe
https://www.irjet.net/archives/V3/i3/IRJET-V3I3322.pdf#:~:text=It%20showed%20that%20for%20dead%20loa
https://www.irjet.net/archives/V3/i3/IRJET-V3I3322.pdf#:~:text=It%20showed%20that%20for%20dead%20loa
https://www.irjet.net/archives/V3/i3/IRJET-V3I3322.pdf#:~:text=It%20showed%20that%20for%20dead%20loa
https://www.irjet.net/archives/V3/i3/IRJET-V3I3322.pdf#:~:text=It%20showed%20that%20for%20dead%20loa
https://www.irjet.net/archives/V3/i3/IRJET-V3I3322.pdf#:~:text=It%20showed%20that%20for%20dead%20loa
https://doi.org/10.1016/j.jtte.2021.12.003
https://journals.sagepub.com/doi/abs/10.1177/0361198120914617
https://journals.sagepub.com/doi/abs/10.1177/0361198120914617

14.

15.

16.

17.

18.

19.

Troyano, L. F. 2003. Bridge Engineering: A Global
Perspective. London, UK: ICE Publishing.

Son, J., J.-H. Lee, M. Blumenstein, Y.-C. Loo,

and K. Panuwatwanich. 2009. “Generating Historical
Condition Ratings for the Relia le Prediction

of Bridge.” Presented at /ABSE Symposium:
Sustainable Infrastructure - Environment

Friendly, Safe and Resource Efficient, Bangkok,
Thailand, published in Sustainable Infrastructure -
Environment Friendly, Safe and Resource Efficient,
pp. 44-53. https://www.tandfonline.com/doi/
abs/10.2749/101686609788220088, last accessed
January 17, 2024.

Kong, X., Z. Li, Y. Zhang, and S. Das. (2022).
“Bridge Deck Deterioration: Reasons and Patterns.”
Transportation Research Record, 2676 no. 7: 570—
584. https://doi.org/10.1177/03611981221080140,
last accessed March 18, 2024.

Forthofer, R. N., E. S. Lee, and M. Hernandez. 2007.
“Descriptive Methods, Biostatistics” Second Edition:
21-69. https://www.sciencedirect.com/science/
article/pii/B978012369492850008X, last accessed
March 15, 2024.

Fayaz, A., and J. S. Steelman. 2019. “Nonlinear
Flexural Distribution Behavior and Ultimate
System Capacity of Skewed Steel Girder Bridges.”
Engineering Structures. 197: 109392, https://
www.sciencedirect.com/science/article/pii/

S0141029618311787, last accessed January 11, 2024.

Pearson, K., and C. Spearman. 2017. “Correlation
and Regression—Pearson and Spearman.”
https://us.sagepub.com/sites/default/files/upm-
assets/77720_book_item 77720.pdf, last accessed
January 11, 2024.

20.

21.

22.

23.

24.

25.

Papadopoulos, S. 2023. 4 New Correlation
Coefficient and a Deposition of the Person
Coefficient. SSRN. https://papers.ssrn.com/sol3/
papers.cfm?abstract id=4307847, last accessed
January 11, 2024.

Casella, G., and R. L. Berger. 2002. Statistical
Inference, 2nd edition. Pacific Grove, CA:
Wadsworth Group (Duxbury). https://ia800905.
us.archive.org/17/items/casella_berger_statistical
inferencel/casella_berger_statistical inferencel.pdf,
last accessed January 15, 2024.

Solae, C., M. G. Chorzepa, S. A. Durham,

and S. S. Kim. 2020. “Investigation of Cracks
Observed on a Skewed Bridge Constructed Using
Self-Propelled Modular Transporters.” Journal
of Performance of Constructed Facilities 3,

no. 5. https://doi.org/10.1061/(ASCE)CF.1943-
5509.0001510, last accessed January 11, 2024.

American Society of Civil Engineers. 2017.
“Infrastructure Report Card” (website). https://
infrastructureusa.org/2017-infrastructure-report-card,
last accessed January 17, 2024.

Lake, N., and J. Seskis. 2013. Bridge
Management Using Performance Models. https://

api.semanticscholar.org/CorpusID:106543281, last
accessed January 11, 2024.

Nowak, A. S., and K. R. Collins. 2013. Reliability
of Structures, 2nd edition. London, UK: CRC
Press. https://doi.org/10.1201/b12913, last accessed
January 11, 2024.

11


https://www.tandfonline.com/doi/abs/10.2749/101686609788220088
https://www.tandfonline.com/doi/abs/10.2749/101686609788220088
https://doi.org/10.1177/03611981221080140
https://www.sciencedirect.com/science/article/pii/B978012369492850008X
https://www.sciencedirect.com/science/article/pii/B978012369492850008X
https://www.sciencedirect.com/science/article/pii/S0141029618311787
https://www.sciencedirect.com/science/article/pii/S0141029618311787
https://www.sciencedirect.com/science/article/pii/S0141029618311787
https://us.sagepub.com/sites/default/files/upm-assets/77720_book_item_77720.pdf
https://us.sagepub.com/sites/default/files/upm-assets/77720_book_item_77720.pdf
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4307847
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4307847
https://ia800905.us.archive.org/17/items/casella_berger_statistical_inference1/casella_berger_statistical_inference1.pdf
https://ia800905.us.archive.org/17/items/casella_berger_statistical_inference1/casella_berger_statistical_inference1.pdf
https://ia800905.us.archive.org/17/items/casella_berger_statistical_inference1/casella_berger_statistical_inference1.pdf
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001510
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001510
https://infrastructureusa.org/2017-infrastructure-report-card
https://infrastructureusa.org/2017-infrastructure-report-card
https://api.semanticscholar.org/CorpusID:106543281
https://api.semanticscholar.org/CorpusID:106543281
https://doi.org/10.1201/b12913

Authors—Study conception and design: Lawrencia Akuffo, Dr. Adrianna Trias Blanco; Data collection:
Lawrencia Akuffo, Dr. Adrianna Trias Blanco; Analysis and interpretation of results: Lawrencia Akuffo,
Dr. Adrianna Trias Blanco; Draft manuscript preparation: Lawrencia Akuffo, Dr. Adrianna Trias Blanco.
All authors reviewed the results and approved the final version of the manuscript.

Researchers—This study was conducted by Lawrencia Akuffo and Adriana Trias Blanco.
Rowan University, Civil and Environmental Engineering Department. (856) 256-5782.

Distribution—This summary report is being distributed according to a standard distribution.
Direct distribution is being made to the FHWA divisions and Resource Center.

Availability—This summary report may be obtained at https://highways.dot.gov/research.
Key Words—Bridge skew angle, condition rating, deterioration, ANOVA

Notice—This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U.S. Government assumes no liability for the use of the
information contained in this document.

Non-Binding Contents—Except for the statutes and regulations cited, the contents of this document
do not have the force and effect of law and are not meant to bind the States or the public in any way.
This document is intended only to provide information regarding existing requirements under the law or
agency policies.

Quality Assurance Statement—The Federal Highway Administration (FHWA) provides high-quality
information to serve Government, industry, and the public in a manner that promotes public
understanding. Standards and policies are used to ensure and maximize the quality, objectivity, utility,
and integrity of its information. FHWA periodically reviews quality issues and adjusts its programs and
processes to ensure continuous quality improvement.

Disclaimer for Product Names and Manufacturers—The U.S. Government does not endorse products
or manufacturers. Trademarks or manufacturers’ names appear in this document only because they are
considered essential to the objective of the document. They are included for informational purposes only
and are not intended to reflect a preference, approval, or endorsement of any one product or entity.

Recommended citation: Federal Highway Administration,
Quantification of the Correlation Between Bridge Skew Angle FHWA-HRT-24-109
OCTOBER 2024 and Concrete Deck Deterioration Rate in New Jersey HRDI-30/10-24(WEB)E
(Washington, DC: 2024) https://doi.ora/10.21949/1521555

12


https://highways.dot.gov/research
https://doi.org/10.21949/1521555

	INTRODUCTION
	BACKGROUND
	PURPOSE OF RESEARCH
	THESIS STATEMENT
	SCOPE
	Limitations

	DATA PROCESSING
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES



