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Iepidnyn

Tic tehevtaieg dekaetieg €govv domavnbel TepACTIH TOGA Yo TN GLVTHPNCN TOV
YNPACKOVCHV YEPLUP®V avd Tov kOcpo. H aiomotn extiunon tov puBuod ¢Bopdg kot g
duapkelag LoNg TOV YEPLPAOV ATOTEAOLY 0LGLMON GTolEla Yo Tov KaBopiopd BEATIGTOV
TPOYPOUUUATOV GUVINPNONG, OTOKATAGTOCNC/EVIGYLONG N AVOKOTACKEVNG. TNV Tapovoo
Swtpn ypnoyomombnKay OMUOCIEVUEVE dedOUEVO amd EMOEMPNGELS VOIGTAUEV®V
YeQLPOV amd v Opoomovolakn Atoiknon Avtokivntodpouwv tov HITA. Kbprog oxomdg
g SatpPng NTov N avamtuén wog véag pebddov yo v Tpofieyn tov puBupod eBopdg
TOV YEQUPOV VIO Oldpopeg ocuvvOnkeg, aflomowdvrag dedopéva pOVO  evog  €TOVg
embewpnoewv. ['o v enitevén avtov Tov cKomo¥ avamtuydnke po yevikny pebodoroyio
KkaBodnyovuevn and dedopéva, yuo vo povteromon el pokpooskomikd kot va. diepguvndet n
@Bopd yepupdV Kol va ovadelyfodv ot onUAVTIKOTEPOL TAPAYOVTEG TTOL EMNPEALOVY TN
OOUIKNG KATACTOGT YNPUCUEVAOV YEPUPDV.

Apycd, n vapyovoa Pacn 0eS0UEVOV EUTAOVTIGTNKE e EMTPOCHETEC TANPOPOPiES
Yoo T CLUUTEPIANYN VIOYNPLOV TAPAYOVIOV CYETIKOV HE TO KAILO KOl TN GEIGHIKY
emKOLVOTNTO, TOL Oa PITOoPOovGOAV Vo ETNPEACOVV TN OOMKN KOTAGTOCT TOV YEPUPOV.
AxoArovOnOnke dadtkacio avaAvLoNS ded0UEVMV, AEI0TOLMVTOG GTOTIOTIKES HEBOSOVE, Yia
TOV TPOGOOPIGUO TV Kpioumv mtapaydviov elopdc. [Tapdyovieg mov Bpédnkav va £xovv
TN UEYOADTEPT EMIOPOCT] OTT SOUIKT] KATAGTOCT TV 1 NAKIO TNG YEQLPAG, TO OOUKE LAKA
MG, 0 GEICUIKOG Kivouvog g Tomobeciog, dofpmTikéc cuvinkeg mov opeilovtol otV
OmapéEN vepol KATM amd TN YEPLPO KOl 6T YPNoT aAdTOV Kotd Tov TayetoV. Eotiaopuévn
épevva dleENyON oe oAOKANPN TV Tapdktio eployn tv HITA mov avédeie g kpiowun
amoOGTOoT TO 2-3 YAOUETPO ATO TNV OKTOYPOUUN TPOG GTNV EVOOXDPA, UEXPL TNV OTold
dwppotikol mapdyovieg and 1 OdAacca dvvaviar va ennpedoovy ) eBopd YEQLPGOV.
A&lomoldvtag ta Topondve amoteAEopoTa, Tpoypotoromdnke 01e£odkn HeAETN Yoo TV
eEEMEN g dopkng eBopdg oto ypdvo. Ectiacuéva delypata yepupdv Tunpotomonkay
Bdoel TV YPNOLOTOOVUEVOV JOUIKOV VAKAOV Kol TOV TEPPUAAOVIIKOV GUVONK®OV
ékBeong kot avaAvOnkov pe yvopova v nAKic Kot ™ @Bopd XPNGULOTOIDVTOG
TOOVOTNTEG UN-TKAVOTONTIKNG-O0KNG-KaTAoTaonS. To amoteAéopata £0€iEav OTL 0
GLVOLACUOG OAATOV KATO TOV TTayeTOV, VIOPENS VEPOL KATM® Oomd TN YEQLPO, KOODG Kot
VOPENG KOTOOKEVACTIKOV OPU®OV GE UN GLVEYN KOTOCTPOUATO, £XOVV OLPOPETIKN
EMPPOT GTO VAIKEG TV SLOUPOPETIKAOV TUNUATOV HOG KATOGKEVTG.

Ta evpiuata g avaivong Etvyav enesepyaciag kol cvuykpidnkav pe avrtictorya
amoTEAEGUATO TTOVL avapEpovTol otn BipAloypagio oxeTikn| pe TN dStafpwon mpog avalntnon



TOOVOV TiOV Kot TPOEAEVGE®V, OAAA Kol TTPOG EMKVPMOT TNG SL0OIKOGIG aVAALGOTG Kot
TOV ATOTELECUATOV TNG.

H ovénrikn tdon tov mbavotHTov pun-tkoavomomTikig SoUKNG KoTdoTaong He Ty
avénon g Nikiag peretOnke kot aglomomdnke yoo TV OVATTLEN U0 LOKPOGKOTIKNG
puefodov TpoPAeYNC TG HeAovTIKNG eBopag yepupdv. H pnébodog petatomilel (avtiypapet)
mOavOTNTEG Kot TPOSApPUOLEl KOTAAANA TNV KAipaKo TOL ¥pdvov AoapBdvovioag vroym
OTOTIOTIKEG O1OTNTES TOV UETATOTIOUEV@V dedopévav. H TeMKT KoTavoun Tpokvttel amd
™V TEAVOPOUNOT KATAAANANG GLVAPTNONG OPOIGTIKNG KATOVOUNG OTO LETOTOTICUEVE, KOl
TPOGapUOCUEVE dedopéva. XNV gpyacio mapEyovtal ot 1010TNTeS, Ol EEAPTNOELS NG
peBOO0L Kot TOL ATOTEAEGUOTO TG EMKVPOONG TOV TPOPAEYEDV TNG Y1oL OAQ TaL StaB€otpLa
detypara. Tédog, mapovoidletar po epappoyn g HeBodov oto mhaicto dtayeipiong KOKAov
Cong yepup®V, OMOL  TPOYUOTOTOEITOL  GLYKPITIKY]  a&OAOYNoN  SLPOPETIKOV
TPOYPOUULATOV OTOKATAGTACNG Le BAON TO AVAUEVOUEVO KOGTOG.

[Tapdro mov M TAPOVLGA EPELVO AVOPEPETOL GE YEPVPES, TO OVOTTUYUEVO TAAIGLO
umopel va emektafel Kou o€ GAAGL YNPAOKOVIO GUGTNUATO KOl £PY0. LTOOOUNG TOL
emnpealoviar and @Bopd, vrd v mpoimdBeon Vmaping avtictoryywv JSwbéciuwv

OedoUEVDV.



Abstract

In the last decades, vast budgets have been spent to maintain the aging bridges all
over the world. Reliably estimating the deterioration rates and the lifetime of bridges are
essential aspects in determining optimal programs regarding maintenance, rehabilitation or
reconstruction. Published bridge inspection data from the US Federal Highway
Administration were utilized to quantitatively treat the high uncertainties governing
structural deterioration. The main purpose was to derive a novel method for forecasting the
bridge deterioration rate under various circumstances, utilizing inspection results of only one
year of published data. To achieve this, a data-driven framework was developed to
investigate bridge deterioration and result in predominant factors that would allow its
modelling.

Initially, the existing database was enriched with information from other reliable
databases, to include candidate deterioration factors regarding climate and earthquakes. A
data analysis process, including various statistical methods, was performed and critical
factors of deterioration were identified. Specifically, the age of a bridge, its structural
materials, the earthquake hazard at its region, aggressive conditions due to water underneath
the bridge and use of deicing salts, were found to be the factors affecting structural
deterioration the most. A closer investigation was performed to the whole coastline region
of the US. Critical distances from the coast were identified, indicating that corrosive agents
from the sea can affect deterioration at distances up to 2-3 km inland. Utilizing the above
results, a thorough study was performed on the progress of structural deterioration with time.
Focused samples were segmented based on structural materials used and various exposures,
and were analyzed with respect to age and deterioration using probabilities of non-
satisfactory bridge condition. The results showed that combinations of the factors (deicing
salts, water under a bridge and the existence of construction joints on non-continuous decks)
have different effect on the materials of the bridge parts of deck, superstructure and
substructure. The findings of this work were discussed and compared to corresponding
results reported in literature on corrosion, in an effort to determine possible justifications
and origins and provide validation and credibility for the analysis procedure and its
outcomes.

The dependency of non-satisfactory condition probabilities to age was studied and
utilized to develop a macroscopic method to predict future deterioration. The Shifting
Scaling Data Regression (SSDR) method was developed, according to which the initially
calculated probabilities are shifted (copied) and then scaled using a consistent factor that

Vv



accounts for the statistical properties of the shifted data. The final distribution is derived by
fitting the shifted and scaled data points with an appropriate Cumulative Distribution
Function. The SSDR’s properties and dependencies were displayed and the predictions of
the method were validated utilizing all available samples. Furthermore, an application of the
SSDR was demonstrated in the framework of life cycle management of a bridge, where
various rehabilitation schedules were comparatively assessed with respect to expected costs.

Although the research conducted herein refers to bridges, the developed framework
can be extended to other infrastructure systems and facilities affected by structural

deterioration, provided that respective data are available.
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1 Introduction

1.1 General

From the dawn of human civilization, man has developed and incorporated various
infrastructure facilities to promote population, economic growth and evolve technologically
to today’s civilization. Infrastructure has been recently redefined as ‘the physical
components of interrelated systems providing commodities and services essential to enable,
sustain, or enhance societal living conditions’ by (Fulmer, 2009). Apart, though, from
building new infrastructure facilities, maintaining the already existing ones in functional
condition is a challenge all modern societies have to face.

Bridges constitute one of the oldest infrastructure facilities. They are structures built
to span physical obstacles (water, valley, road), providing passage over them without
interrupting the way underneath. Bridges have been used for thousands of years and built by
different materials and designs, which evolved throughout human history. From prehistoric
time, man would have used the naturally fallen tree logs to surpass an obstacle in a safer and
less time-consuming way. Although many bridges must have been built in ancient times, not
many have survived due to their temporal nature and/or the nondurable construction
materials. This changed during the Roman period (200 BCE- 305 CE), when a vast road
network (120,000 km) was built to connect the provinces, providing access to the armies to
preserve and expand the Empire’s territory (Labate , 2016). The introduction of durable
mortars, as well as the introduction of the arch, revolutionized bridge construction, which
continued to be used up to the 18" century. In the early industrial revolution, the first cast
iron bridge was built in England in 1779 (Billington , et al., 2017). During the second
industrial revolution, in the19" century, the concrete and steel materials were introduced in
the form of reinforced concrete, structural steel and prestressed concrete, which would ever
since revolutionize bridge design and construction (Billington , et al., 2017).

During the past century, a large number of bridges was built throughout the world to
meet the increased transportation demands of the globalized society, whose ability to
function efficiently relies on the utilization of multiple infrastructure networks. Among
them, surface transportations still constitute its backbone and, at the same time, bridges
compose weak links throughout the road network (Kutz, 2004). Interruptions to a bridge’s
functionality can cause multiple delays, increased detour lengths accompanied by increases
in user costs, impacting a nation’s economy. Such interruptions can also be caused from

repair works or rehabilitations performed to preserve a bridge’s functionality, as well as
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promote passenger safety, both of which could be compromised from excessive deterioration
of a bridge’s structural condition. Structural deterioration can reduce dramatically the
bridge’s useful lifespan, demanding at the same time vast budgets to be annually allocated
for necessary interventions to be performed.

The magnitude of the problem can be understood by considering the case of the US
(Fig. 1.1), whose bridge stock consists of more than 600,000 bridges, of which 40% are older
than 50 years (ASCE, 2017). Nine percent of the bridges are considered ‘structurally
deficient’, a term corresponding to significant defects that require reduced weights or speed
limits (Golson, 2015). Although not all mentioned bridges comprise a threat to public safety,
there have been cases where bridge collapses occurred and resulted in human casualties
(Penn, 2018). The Association of Civil Engineers (ASCE) 2017 report card on infrastructure
revealed the high number of structurally deficient bridges (Fig. 1.1(b)) and estimated a $123
billion cost for their rehabilitation (ASCE, 2017). Despite the poor condition ratings of
infrastructures received from ASCE, the US are placed 11" in the world regarding
infrastructure within the Global Competitiveness Report of 2016-2017 (World Economic

Forum, 2016), revealing that even larger problems exist in other countries.

(b) Structurally Deficient Bridges -‘““m“"““u

66,405 deficient bridges =9 ,500 miles Depending on where you live, chances are that you drive across
at least one of these bridges almost every day.

There are about 260 millon trips taken over these deficient bridges daly,

@) (f)wzoooom e
7 Tk

68 mllllon | " 2608 260 million %
'SERVED DAILY, WORLDWIDE SAOD!EEBBES/

Last Week Tonight with John Oliver: Infrastructure (HBO)

Figure 1.1: Magnitude of the problem in the US (a) Bridge built over highway ,under a highway
bridge, to protect vehicles from falling debris, image taken from (Kroft, 2012). (b)
Structurally deficient bridges from ASCE infrastructure report card (ASCE, 2017). (c)
Book concerned with US failing infrastructure and ways to tackle it (LePatner, 2010). (d)
Yearly reports at State and national level regarding bridge condition (Transportation for
America, 2013). (e) Picture showing the equivalent distance of deficient bridge miles on
the US map (Transportation for America, 2013). (f) Picture revealing the amount of
passengers affected by deficient bridges daily (Transportation for America, 2013). (g)
HBO channel’s late-night talk and news satire television program hosted by comedian
John Oliver on infrastructure.



A key element to effectively managing existing stocks is the reliable estimation of the
deterioration rate and the lifetime of bridges, which are essential aspects in determining
optimal maintenance and/or rehabilitation schedules. However, the structural performance
of bridges in time is governed by high uncertainties, which need to be quantitatively treated,
in order to be able to make rational decisions regarding maintenance and rehabilitation.

An important step toward the effective handling of such uncertainties is the gathering
and exploitation of respective data. Typically, the data collected refer to current bridge
conditions and are used in conjunction with Bridge Management Systems (BMS) to decide
on the necessity and degree of priority of any potential intervention and to allocate
corresponding funds. Frequent inspections ensure that the BMS is up-to-date regarding the
structural condition of the bridge stock. However, in order to estimate future needs and
optimally allocate available budgets, models to predict the future stock condition are
essential.

Various deterioration models exist, varying from linear regression to much more
involved Markov-chain models. The basic purpose of all models is to link the recorded
condition of the infrastructure to influential measurable factors. Existing methods utilize
bridge condition records, including inspection results, for a number of years. Unfortunately,
this leaves subjectivity of the inspectors and revisions in inspection standards to influence
the prediction outcomes. Furthermore, most available models are not sufficiently validated
to provide reliable bridge service life predictions and changes in evaluating the ‘as is’

condition of a bridge can render past evaluations obsolete.
1.2 Thesis objectives

The present thesis utilizes existing bridge data from the US to study macroscopically
the structural deterioration of bridge materials in different environments and estimate the
time-to-rehabilitation. The US database was chosen in this study due to its plurality and
consistency, as well as the lack of available, organized, local or other bridge data elsewhere.
In general, countries in Europe do not allow access to their relevant data, while there are no
such data maintained in Cyprus (although there are currently efforts to initialize a Cypriot
bridge inventory). Additionally, the variety of factors affecting deterioration together with
the uniformity of structural design and inspection standards within the US territory provides
the advantage of generalizing the results and conclusions regarding the studied deterioration.
Even if other inventories were available e.g. across Europe, such generalization would not

be possible due to the variety of the countries’ standards. However, similar exposure factors



to the ones in a specific region can be found in the US, so the US experience, as incorporated
in its bridge inventory data, can be transferred elsewhere.

Bridge condition data were used in this regard to evaluate bridge deterioration rates,
while other data concerning types of construction, environmental exposure etc. were also
employed to capture factors responsible for alarming deterioration. This work’s objectives
were set and tackled based on the knowledge acquired via a data-driven approach. The
chapters are also organized in a similar way; starting from the description of the database to
the development of a novel method for time-to-rehabilitation predictions, to end with a
demonstration of applying it to a lifecycle example. Furthermore, as different topics are
investigated, the literature review for each topic is provided within each chapter’s
introduction.

The Thesis objectives are:

¢ identify factors, which affect bridge deterioration;

e utilize those factors to study the aging process for various materials and
environmental exposures;

e develop a method that can reliably predict deterioration rates for bridges made
of various materials and are exposed to various environments;

e show how method predictions can be utilized by other researchers and
practitioners.

The approaches used and developed in this work can be adjusted to be applied also to
infrastructure facilities other than bridges, which are under deterioration of any form,
provided that condition data are available. Furthermore, this study actually demonstrates the
benefits gained for a nation’s problem by allowing free access to its databases that are

relevant to the problem.

1.3 Thesis outline

In Chapter 2, a literature review of the various methodologies followed to model
structural deterioration is presented and the research needs addressed in the thesis are
identified.

In Chapter 3, information is provided for the National Bridge Inventory (NBI), its
history, legislative procedures, inspections and standards, oversight of the process and its
reliability.

In Chapter 4, the NBI of the year 2016 is read, filtered and processed to track errors.
Evaluations of structural condition reveal the deterioration of different structural bridge
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parts. To describe various environmental exposures, data from United States Geological
Survey (USGS) and the National Oceanic Atmospheric Administration (NOAA) are
employed. To estimate local environmental exposures for each bridge, spatial interpolation
methods are utilized. The combined database is then analyzed using data analysis
procedures, to determine which variables affect the structural condition of a bridge.

In Chapter 5, the coastline effect on bridge structural parts is studied for the
conterminous US coast. To perform this task, factors affecting structural condition found in
Chapter 3 are utilized, along with bridge distances from the coast, as well as additional
factors from literature. The US coastline is divided based on these factors to delimit the
critical coastline distance affecting bridges.

In Chapter 6, the information of Chapters 3 and 4 are used to perform meaningful
segmentations of the stock of bridges, to determine deterioration with age under different
environmental exposures. Cumulative condition probability is then introduced to reveal the
probability of a bridge, of a particular age, to be in a deteriorated condition. Structural
deterioration and aging are studied using bivariate plots for various bridge parts,
environmental exposures and materials. The results allow for comparisons among various
environments and construction materials.

In Chapter 7, a novel method to probabilistically estimate the time-to-rehabilitation
of a bridge is presented. The method uses cumulative condition probabilities taken from
segmented samples of chapter 5 to perform its predictions. Established rules in materials
accelerated testing are adopted to predict the time-to-rehabilitation, due to similar tendencies
observed between condition probabilities and factors recorded in such tests. Thus, the so-
called Shifting Scaling Data Regression (SSDR) method was developed, in which recorded
probabilities are shifted (copied) and then time-scaled, to predict future stock conditions and
hence time to bridge rehabilitations. The method is compared to other methodologies and
validated using appropriate bridge samples.

In Chapter 8, the new method is applied on a hypothetical concrete bridge, to
demonstrate the method’s utilization for bridge life-cycle costing reduction. Various
rehabilitation schedules are comparatively assessed with respect to the expected total
rehabilitation cost, as well as the expected cost due to the possible need for bridge
replacement, to conclude on optimal bridge interventions in terms of cost.

Finally, in Chapter 9, an extended summary is presented along with the major
conclusions of this study. In the same chapter, recommendations for future research are also

included.



2 Literature review - identification of research needs

In this chapter the uncertainties that govern bridge deterioration are presented along
with the inherent complexity of the overall phenomenon that limits the applicability of
mechanistic models. The state-of-the-art deterioration models utilizing inspections are
reviewed followed by their restrictions. Corresponding research needs are identified, which

justify the contributions made in this thesis.

2.1 Introduction

During the past century a huge number of infrastructure facilities was constructed to
meet societal needs. Despite the incorporation of new materials and the evolution of
engineering practices in design and construction, structural deterioration threatens the
functionality of bridges and the safety of users. The huge number of bridges constructed has
formed stocks, which are aging and deteriorating at various rates due to environmental,
accidental and man-made factors (Frangopol, et al., 2017).

Structural deterioration, though, is governed by high uncertainties, as it is affected by
uncertainties and risks linked to various phases of a structure’s life cycle: design,
construction, exposure to threats and usage (Adric & Lu, 2016). Bridge structures are
composite, incorporating different materials. Among them, the most widely applied are
reinforced concrete, prestressed concrete and steel. As these materials can be used for the
construction of different structural parts, they can be exposed to different loads and different
environments. Mechanisms that decrease the load capacity of a structure are fatigue and
corrosion (Melchers & Beck, 2018). Wet-dry cycles, freeze-thaw cycles, the splash zone,
high temperatures and humidity may alter the corrosion rates of steel, especially in presence
of aggressive agents, such as chlorides (Neville, 1995). Additional effects, such as fatigue
creep and construction errors, can increase the modelling uncertainties (Melchers & Beck,
2018).

In the following sections, the common approaches of modeling and predicting
deterioration are reviewed. First, mechanistic deterioration models that are used in structural
reliability methods are presented. Then, a general description of inspections performed to
evaluate bridges is given, followed by the statistical deterioration methods that utilize them.
Furthermore, issues of the reviewed statistical models are discussed and specific research

gaps are identified.



2.2 Mechanistic models

To model corrosion, the reduction of material volume due to rust formation is
described through a time function, which depends on environmental conditions and steel
type. Similar procedures have been followed to assess the durability of paint systems under
different environmental exposures (Kallias, et al., 2017). Contrary to structural steel
corrosion, where rust formation can be noticed and treated at early stages, corrosion of
reinforcement or tendon steel are linked to cover cracking and cross-section loss, which can
even lead to failure. Chlorides from aggressive environments are known to affect
reinforcement and tendon corrosion (Neville, 1995; Balafas & Burgoyne, 2010). Thus,
research has been focused on the modelling of chloride ingress (Tuuti, 1982; Neville, 1995;
Stewart & Rosowsky, 1998; Balafas & Burgoyne, 2010; Bertolini, et al., 2013; Liu &
Weyers,1998) and the definition of a threshold signifying corrosion initiation before cover
cracking appears. Unfortunately, the predictive capabilities of corrosion initiation models
are limited due to their sensitivity to the chloride threshold and its large variability (Angst,
2018). More information regarding corrosion can be found in Chapter 6.

In addition to corrosion, other deterioration factors may coexist. Efforts to model
fatigue have been reported (Curtis & Irvine, 2015), however the coupled effect of corrosion
and fatigue has not been dealt with. Other factors such as creep, temperature, as well as
atmospheric pollution and environment change (Kumar & Imam, 2013), are also significant
and can make the task of modelling even more complicated.

Mechanistic models are widely used for design purposes, but their applicability in
deterioration modelling is linked with certain disadvantages. Specifically, they can be
applied only to specific simple scenarios, the available inspection data cannot yet be utilized
to validate their predictions, while experimental and field data are generally insufficient for

producing the required model inputs (Nickless & Atadero, 2018).

2.3 Inspections of bridge condition

To keep infrastructure facilities in functioning and at the same time safe state,
inspections are performed to evaluate their structural condition. Inspections are carried out
by specialized personnel following specific standards, which provide rules and processes, to
assist in performing their task safely and consistently. During an inspection, condition
ratings are attributed to structural elements or macro-elements (i.e. deck, superstructure,
substructure, etc.) based on pre-specified rating scales, used to report the extent of structural
deterioration observed. The inspections are organized in records for each bridge, where,
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besides condition ratings, additional information such as age, characteristics of the bridge,
average daily traffic, etc., is provided.

Inspection results are utilized to estimate infrastructure needs and allocate funds for
maintenance, rehabilitation or reconstruction purposes. The use of inspection standards
assists in achieving uniformity among inspection reports and aims at reducing the
subjectivity of inspectors, as most inspections performed are visual. Thus, the changes in
inspection standards over years are unavoidable. For the case of the US, changes in

inspection standards are presented in Chapter 3.

2.4  Statistical models

Statistical models account for the different factors affecting structural deterioration by
utilizing inspection records of built infrastructure. In this way, although the distinguished
effect of each deterioration factor is not clear, the joint contribution of all coexisting factors
and uncertainties is actually given in a quantified form in the structural evaluation results.
Statistical models can be categorized to deterministic, stochastic process and artificial
intelligence ones based on the way predictions are performed. For modelling structural

deterioration the most apparent influencing factor to be utilized is age.

2.4.1 Deterministic models

Linear regression models have been initially used to forecast future structural
condition of bridges in the States of New York (Fitzpatrick et. al, 1981) and Wisconsin
(Hyman & Hughes, 1983). The models utilized previous inspection years and the only factor
considered was bridge age. Regression analysis with a third degree polynomial function was
performed for the bridges of the State of Illinois to derive deterioration models of various
bridge parts (Bolukbasi et al. 2004). For the State of Indiana, different years of inspections
from the NBI were utilized along with factors of traffic volume, highway system, bridge
type and age, which were included in the analysis (Jiang & Sinha, 1988). Among these
factors, only highway system, bridge type and age were found statistically significant (Jiang
& Sinha, 1988). The analysis resulted in polynomial functions of age for the condition of
substructures supporting concrete and steel superstructures of non-interstate bridges.

Deterministic models have been found inferior to stochastic models for predicting
future condition ratings (Jiang & Sinha, 1988). This can be attributed to the fact that
deterioration is a stochastic process and regression analysis provides values corresponding

to the mean condition in a deterministic way (Jiang & Sinha, 1988).



2.4.2 Stochastic process models

Markov Chains comprise the most common stochastic process utilized for modelling
deterioration of infrastructure facilities (Madanat et al. 1997;Jiang & Sinha, 1989; Zambon,
et al., 2017). Markov chain is a case of the Markov process that has a series of discrete
random states. For the case of bridges, condition ratings represent the different states of
deterioration and, for each state, the probabilities of transitioning from one state to another
are estimated. These probabilities are organized in a matrix comprising the transition
probability matrix. The present state of bridge conditions is represented by a vector and, by
multiplying it by the transition probability matrix, the future condition can be predicted.

According to Mauch and Madannat (2001), Markov chain discrete-time models can be
furtherly categorised to state-based and time-based. State-based models predict probability
of the condition state that a facility will be at a given time, whereas time-based models
predict the probability of the time taken by the infrastructure facility to change condition
state (Mauch & Madannat, 2001). Further, categorization can be made based on the inclusion
of time dependency: in homogenous Markov chains, transition probabilities are time-
independent (stationary); in inhomogeneous Markov chains, the transition probabilities are
functions of time (Zambon, et al., 2017). The most frequently used type is the homogenous
Markov chain models, in which research evolution has been mainly in the estimation of the
transition probabilities, in order to limit expert judgment by using increased inspection data
(Thompson & Johnson, 2005).

In a homogenous state-based model, the transition probabilities of one state to another
are simply estimated by calculating the frequency of transitions between two inspection
records (Zambon, et al., 2017). The time step between inspection records used varies
depending on the condition ratings utilized and the interval inspections are performed. Such
models do not incorporate the effects of different factors on transition probabilities. Other
homogenous Markov chains use regression approaches on inspection data to model the effect
of various factors (e.g. age, average daily traffic, etc.) and the expected value output by the
model is used to calibrate the transition matrices incorporating the factors’ effects (Jiang &
Sinha, 1988). Linear regression has been utilized incorporating the effect of average daily
traffic and age by (Jiang & Sinha, 1988). Poisson and negative binomial regression (Madanat
& Ibahim, 1995) and probit regression (Madanat et al., 1997) were used on the Indiana NBI
data set to model effects of age, average daily traffic, climatic regions and materials of bridge

decks to condition ratings.



Disadvantages of utilizing the Markov chain approaches regard their memoryless
assumption, meaning that a bridge’s future condition is dependent only on the current
condition. Furthermore, no actual validation of their long-term predictions is available, only

a kind of partial validation.

2.4.3 Artificial Intelligence models

Anrtificial Intelligence models are methodologies, such as Artificial Neural Networks
(ANN), Case Base Reasoning (CBR) and Bayesian Belief Networks (BBN), which can learn

from input data and utilize the learnings in making predictions.

2.4.3.1 Artificial Neural Networks

ANN are computational models with a ‘neural’ term used to represent the brain-
inspired properties they tend to mimic. The neurons are simple units working in parallel
forming different layers with no central control. Information is placed in the neurons and
connections are formed during the learning process, where weights are calculated and
attributed to each connection, in order to produce the end result. (Russel, 1995). Various
types of Neural Networks have been utilized to predict structural deterioration utilizing past
inspection records.

Five individual ANN were utilized by Li & Burgueno (2010) to develop bridge
damage models based on Michigan NBI data. Specifically, to predict abutment rating, the
variables of annual temperature difference, average daily truck traffic, approach type and
structural type were chosen (Li & Burgueno, 2010). Inspection and maintenance records of
Wisconsin’s bridges were analyzed to model the deterioration of bridge decks (Huang,
2010). The Backward Prediction Model (BPM) was developed by Lee, et al. (2008) based
on ANN for generating condition ratings when limited inspection records are available. The
model utilizes the limited bridge records along with additional datasets such as traffic
volume, population and climate to predict structural condition. The methodology was
extended by incorporating ElIman Neural Networks, time-based and state-based models, for
the long term prediction of substructure condition (Bu, et al., 2015). Validation of the short-
term predictions indicate that the method has similar performane with that of Markov chains,
but differ a lot in their long term prediction results (Bu, et al., 2015).

Dissadvantages of ANN regard the deterministic nature of their results, thus they share
the same dissadvantage with regression models (Morcous, et al., 2002). Another limitation

regards the large number of data needed for reliable training. The most important issue,
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though, regards the complicated procedures taking place attributing weights that best fit the
training, rendering the output weights questionable, as it is difficult to understand the way

they are produced.
2.4.3.2 Case Base Reasoning

Computational methods based on CBR are inspired by human reasoning, whose
function is to solve new problems based on past solutions to similar problems. The
methodology selects specific previous situation data and reuses results and experience to fit
a new solution (Avramenko, et al., 2002). Thus, when a new problem is introduced, a cyclic
process is followed, where the problem is matched with the most similar ones and the stored
solutions are retrieved. Then, CBR proposes a candidate solution, if it doesn’t meet the
necessary requirements it adapts it by attributing a new solution, forming a new solution case
(Avramenko, et al., 2002).

CBR has been utilized for modelling of bridge elements deterioration utilizing the data
from Ministry of Transportation in Quebec (Morcous, et al., 2002). Parameters used in the
model concerned materials, geometry, structure types, etc. and the results were compared to
a multinomial regression developed for the same data, showing that CBR performs better
(Morcous, et al., 2002).

A major disadvantage of CBR are that it may not be able to function when limited data
exist. Attributing weights requires engineering judgement, thus subjective and domain
specific knowledge for case adaptation, which makes it a task that is not simple (Morcous,
etal., 2002).

2.4.3.3 Bayesian Belief Networks

BBN constitute probabilistic graphical models utilized to represent variables and the
dependencies among them. The graphs consist of nodes and arcs representing variables and
their relationships, respectively. The corresponding variable distribution is assigned to each
node, while conditional probabilities are attributed to each arc. BBN are utilized when
uncertain information is available for variables or relationships among them. This
information is used as a prior to update and form the posterior distribution based on Bayes
theorem. When variable distributions and relationships are time-variant, as is the case in
structural deterioration, then the term ‘dynamic’ is introduced to signify this change. Rafiq,
et al. (2015) developed a BBN model to represent deterioration of UK’s railway masonry
bridges. The model was combined with Markov chains to perform predictions, while, when

new inspections would be available, the transition probabilities would be updated.
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2.5 Issues of reviewed methods

The methods reviewed in this chapter share certain common disadvantages, which are
presented in this section. These regard the reliability of the data utilized and the validation
of the models’ prediction results, as well as the factors taken to consideration and the

interpretation of their effect.

2.5.1 Dependency on the reliability of older inspections

The statistical deterioration methodologies share a common disadvantage, which is
linked to their dependency on multiple past inspections. In all reviewed work, a basic step
before proceeding to probability calculations is the filtering of the inspection data for
different years for each bridge. In many cases data have been excluded due to errors in
coding or due to inappropriate evaluations for deterioration modelling. These errors can be
attributed to human factor, errors performed during inspection procedure or minor
rehabilitation work that has been performed. Furthermore, a 2001 survey conducted to assess
the reliability of visual inspections of the NBI revealed that 95% of the examined sample
was found to vary plus or minus 2 condition ratings (based on the 10-scale evaluation), 68%
of which were found to vary plus or minus 1 condition rating (Phares et.al, 2004). Such
observations render information of older inspections dubious and, therefore, filtering of

untrusted inspections may result in selection biases, which are not traceable afterwards.

2.5.2 Lack of validation of long-term predictions

The way inspection data are utilized, validation of the different methodologies is only
limited to verifying that the model fits the data. This is due to the way the different inventory
years are utilized: either change in condition (state-based models) or duration in certain
condition (time-based models) is attained by tracking individual bridges in time. As there
are limited years of inspections that can be utilized, only few condition changes or condition
durations can be tracked, which are utilized based on the bridge age to model deterioration
of a single bridge. The validation of the attained model is performed by comparison of its
output regarding condition or duration with a portion of the initial number of brides, which
were intentionally not taken to consideration by the model (test sample).

Validating long-term predictions would require utilizing bridges up to a specific age

limit, deriving a model and utilizing older bridges to validate the long-term results. Such
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validation is usually not performed, as the Markov models normally require several bridges
of all ages at each condition. Leaving out older bridges would reduce the number of bridges
in bad conditions thus, more optimistic models would be derived. Therefore, only short-term
validation is performed by utilizing models that have used all relevant data to predict the

condition of a specific bridge and compare predictions with new inspection results.

2.5.3 Selection of deterioration factors

All reviewed statistical models make an initial selection of limited candidate factors
linked to deterioration based on design principles. Factors explicitly taken to consideration
during design may have a different statistical effect on the condition of the built structure
compared to other factors arising during the structure’s lifetime, as the structure was
specifically designed to withstand the former factors. Although hypothesis testing with
statistical significance is a useful tool, it can be misleading if the number of candidate
variables is limited. Thus, such approaches may lead to inadequate models due to bias in
variable selection. As the effect of uncertainties is incorporated in structural condition
ratings, the selection among candidate factors from more complete lists is necessary.
Furthermore, filtering of candidate factors should be performed by utilizing data analysis
processes, such as the ones presented in the study of (Chang, et al., 2017), where initially a
covariance matrix filters 30 NBI and 3 added candidate factors to eliminate similar effects

and penalised linear regression is utilized to select among the remaining ones.

2.5.4 Lack of validation between models and literature

Although factors affecting deterioration are utilized to statistically model it and, in
many cases, comparisons are made between the derived models, no further effort is made to
link model results to actual deterioration mechanisms involved, such as corrosion or fatigue.
Thus, models are statistically validated to reliably represent data, but the models’ output
cannot be generalized, as the deterioration mechanisms lack validation based on existing
knowledge and literature. As mentioned above, there is also a necessity for calibrating
existing mechanistic models or deriving new mechanistic models to describe the process of
deterioration better. Statistical models can be utilized to assist in this task, as they can reveal
both the qualitative and quantitative effects of the factors involved.

Such effort can lead to more suitable statistical models by incorporating additional

factors and at the same time point out areas where future experimental research can be
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conducted. The derived results can be utilized to enrich the knowledge of the mechanisms

taking place and develop new or enhance existing mechanistic models.
2.6 Research needs

Based on the review of previous approaches presented in this chapter and their identified
issues and disadvantages, the following research needs can be stated:

e Factors of bridge deterioration should be formally identified by studying a much broader
selection of candidate factors.

o Validation of the quantitative and qualitative effects of the deterioration factors should
be performed and linked to the relevant available literature.

e A method is required that can perform long-term predictions utilizing only limited data
on past bridge conditions, preferably using just one year of inspection records. A way to
validate such predictions is desirable.

This thesis attempts to contribute toward meeting these research needs by utilizing
inspection records for just one year. It should be mentioned that, although the NBI database
of the US containing such records is used, the methodologies applied and developed herein
can be applied also to other inventories/countries and certain research results could be

generalized.
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3 The National Bridge Inventory

Before ‘delving’ into an analysis of the data of the National Bridge Inventory, details
about the history of the database, the use of its information, as well as its reliability should
be presented. In this chapter, such information has been gathered to reveal the reliability,
but also the shortcomings of this large database.

3.1 What is the National Bridge Inventory?

The US Federal Highway Administration (FHWA) is responsible, by law, for the
maintenance of an organized annual inventory - the National Bridge Inventory (NBI) - that
includes more than 600,000 highway infrastructures (mostly bridges, culverts and a few
tunnels) with spans longer than 6.1m located in the US. It is utilized to promote public safety
by first evaluating the infrastructure needs and then allocating the appropriate funds. To
accomplish this, each State is obliged to perform a variety of periodical inspections
according to the National Bridge Inspection Standards (NBIS), to attain certain information
for the structural and functional condition of each bridge. The collected information is then

coded and sent to the FHWA, where the budgets for each State are agreed.

3.2 Brief historical note

The importance of road safety and the need for an organization to manage arising
issues was well understood since 1893, when the Office of Road Inquiry was established.
The inclusion of bridges in Federal Aid programs dates back to 1916, when the name of the
organization was altered to Bureau of Public Roads. After many predecessors, the FHWA
was created within the Department of Transportation as an agency in 1966 and began its
action in 1967 (FHWA, 2012). In the same year, the collapse of Silver Bridge in Ohio River
caused 46 deaths, despite having been inspected (Fig. 3.1). Long forensic investigations
revealed that the bridge was not thoroughly examined to identify the flaw of the critical
member (Bullard, et al., 2012; Lichtenstein, 1994). This raised the need for the
implementation of certain inspection standards and the first National Bridge Inspection
program was initiated in 1968 (FHWA & DOT, 2014). In 1971, the first NBIS were created
by the FHWA and the American Association of State Highway and Transportation Officials
(AASHTO). The following year, the first NBI was composed from the inspections
performed nationwide in accordance with the NBIS. From 1972 up to present, yearly data

have been collected for more than 600,000 bridges located in the US, constituting NBI the
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richest bridge inventory at least nationwide (50 States, District of Columbia and Puerto
Rico).

" G By it '
Bridge Disaster Toll Ma: 5
ho:ked Pt.Pleasant Seeking De:

Figure 3.1: The silver bridge collapse at Point Pleasant and the structural part responsible for the failure.

3.3 Oversight responsibilities and legislation

The inspections and Federal aid programs have different levels of oversight. The
principal statutes establishing the Federal-Aid Highway Program are found in Title 23 of the
United States Code (23 U.S.C.), while regulatory requirements are generally found in Title
23, Highways, of the Code of Federal Regulations (CFR), section 650. The Federal-Aid
funds are authorized by the Congress for Highway bridges. Each State, in accordance with
106.23.USC, defines the responsibilities of the FHWA and level of cooperation for the
administration of the program. In order to receive Federal aid funds, each State must perform
the necessary bridge inspections according to the NBIS for all owners except for the Federal.
Their compliance is assessed by FHWA in accordance with 23 CFR 650 C, along with the
composition of the NBI, which is published each year. Biannual reports regarding the
condition of bridges for the Congress are also prepared by FHWA, as well as reports
published by FHWA in the Federal Register used to improve the NBIS by permanent
administrative laws. The funds apportioned to each State are available for a period of three
years to be used for maintaining, rehabilitating or rebuilding the bridges. The overall
procedure is oversighted by the Government Accountability Office (GAQO), which conducts
periodical investigations to monitor the procedures, each entity’s level of compliance, as
well as the overall efficiency of the whole program. The GAO reports problems to the
responsible agencies and recommends changes to be performed and additional investigations

to be carried out to track the progress.

16



3.4 Inspection Procedure

The NBI includes structures made of various materials, lengths and owners that
comply with the NBIS. Each State is responsible to carry out inspections, to update the
structural and functional condition of the bridges under its jurisdiction. The most common
inspections are the ‘routine’ inspections. Those are usually visual inspections performed at
least once every two years, during which in-depth inspections may be scheduled or
recommended by the inspectors. All specifications to qualify the inspection teams and
procedures are included in the NBIS. The information gathered for each bridge is in specific
coded form displayed in the FHWA coding guide (FHWA, 1995). This guide also includes
instructions for the required information, while allowed methods of determining, measuring
or evaluating different aspects of a bridge can be found along with their appropriate coding.
All coded reports are sent to the FHWA, where checks for errors and inconsistencies are

performed.
3.4.1 Condition ratings

Different types of inspections exist among the structures included in the NBI,
depending on the structure type (bridge, culvert or tunnel). Inspectors evaluate each bridge
following a scale ranging from failed (0) to perfect (9), which must be representative of the
whole structural component evaluated (Table 3.1). Each condition rating represents specific
types and extents of failures that can be detected during an inspection. The coding guide
provides general indications, but a more detailed version for each material type is used to

attribute a rating.

Table 3.1: General condition ratings for evaluation of the main bridge components (FHWA, 1995).

RATING CONDITION Explanation

9 EXCELLENT

8 VERY GOOD No problems noted.

7 GOOD Some minor problems.

6 SATISFACTORY Structural elements show some minor deterioration.

5 FAIR All primary structural elements are sound but may have minor section loss,
cracking, spalling or scour.

4 POOR Advanced section loss, deterioration, spalling or scour.

3 SERIOUS Loss of section, deterioration, spalling or scour have seriously affected

primary structural components. Local failures are possible. Fatigue cracks in
steel or shear cracks in concrete may be present.

2 CRITICAL Advanced deterioration of primary structural elements. Fatigue cracks in steel
or shear cracks in concrete may be present or scour may have removed
substructure support. Unless closely monitored it may be necessary to close
the bridge until corrective action is taken.

1 "IMMINENT" major deterioration or section loss present in critical structural components or
FAILURE obvious vertical or horizontal movement affecting structure stability. Bridge
is closed to traffic but corrective action may put back in light service.
0 FAILED out of service - beyond corrective action.

17



3.4.2 Evaluated bridge components

For each bridge, three condition ratings are recorded for its macro-components —deck,
superstructure and substructure— each of which is evaluated and given a rating corresponding
to the overall condition of the respective elements. Additional inspections of the foundations
are performed to evaluate scour for bridges located over waterways. The deck is the
structural part that carries traffic directly on it, superstructure supports the deck and connects
the substructure elements together and the substructure is responsible for supporting the
superstructure and transfers the applied loads to the bridge foundation. The FHWA uses the
mentioned ratings along with other measurements to attribute a sufficiency rating on a 100

scale used for prioritization of rehabilitation/reconstruction and, therefore, budget allocation.

3.4.3 Inspection types and frequency

Five different types of inspections are performed according to AASHTO notation
(Inventory, Routine, Damage, In-Depth and Interim) that vary in depth and frequency.

When a newly built bridge is delivered to traffic, an ‘Inventory’ inspection needs to be
performed within 90 days for State or 180 days for local jurisdiction. Its main purpose is to
fully document the structure’s details for the NBI and to determine analytically the loading
capacity of each bridge. Apart from the data required from FHWA and NBIS during this
inspection along with prior review of the plans, the baseline structural conditions are
determined and the critical members of each structure are identified. A similar inspection is
also performed when rehabilitation action has been taken and a bridge has undergone
changes in structural or/and geometrical configuration. For the last case, additional
inspections should be included.

The ‘Routine’ Inspection is regularly scheduled at least once in 24 months.
Observations and necessary measurements are performed to determine the physical and
functional condition of the bridge, to identify the progression or development of structural
problems compared to prior inspections. These inspections are performed from deck, ground
or water level or by using adequate means to access the evaluated areas of the structure. The
inspection results are accompanied by the appropriate site photographs and reports regarding
maintenance/repair recommendations or by a requirement for a further, more in-depth
inspection.

Another type of inspection is the ‘Damage’ inspection, whose main purpose is to assess
structural damage resulting from environmental factors or human actions. The duration of
this inspection may vary depending on the extent of the damage that has to be evaluated and
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it may be followed by more thorough inspections. These are also the so-called ‘in-Depth’
inspections, which are time consuming and demand specialized personnel (e.g. divers for
under water inspections) to be performed, whereby deficiencies of structural members that
cannot be seen by other inspections are evaluated. Nondestructive tests and other techniques
are used, in order to fully evaluate the bridge. The last type of inspections are the ‘Interim’

inspections performed to monitor documented deficiencies.
3.5 Public disclosure and form of the NBI

Each year an NBI data file is uploaded to the FHWA website containing all
information gathered by the States. The information collated regards 116 different
parameters named as items that are strictly coded according to the guide (FHWA, 1995).
The files are downloaded in .txt format; every line represents a listed structure and each
character/number of the coded file has a certain length (columns) based on the item
described. The total information could be categorized into eight groups (Radovic, et al.,
2016): general description, functional or operational capacity, design, geometric
information, waterway and approach data, work recommendations and project costs and
bridge loading and structural ratings.

The information of the NBI is publicly accessible. Although this database has been in
electronic form since 1972, some items have been periodically disclosed to the public (Lwin,
2007). An example for public disclosure policy was due to the events of 11 September 2001,
when the FHWA removed the whole NBI file from its website. After a specific study
regarding government Agency data, FHWA decided that all information would be available

to interested users, as the information provided could not be used for harm (FHWA, 2012).
3.6 Reliability of the NBI

Since 1972, many inspection records have been collected and several revisions have
been performed due to the mechanisms mentioned above. Over the years both the GAO and
FHWA revealed flaws that created errors or undermined the level of data accuracy. Their
importance lies on the fact that Federal Aid funds are apportioned based on the total deficient
deck area of each State. Thus, the FHWA’s policy is to minimize errors that could affect the
overall program and jeopardize public safety.

Since 1988, the GAO has found important inconsistencies regarding items decisive for
the apportionment of funds. There have been cases, such as in the State of Georgia in 1986,
where the substructures of wooden structures were arbitrarily given lower ratings (GAO,
1988). This could be linked to the specific policy of apportioning funds, which has been

criticized as a counter-incentive for reliable evaluation (House of Representatives, 2010).
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Hence, FHWA was able to detect such inconsistencies, but was not able to prevent
inconsistencies of similar nature from happening in the future (GAO, 1988). There were also
errors of mathematical nature noticed by the same report that led to under-estimation of the
actual needs of California (GAO, 1988).

Another source of important errors was the quality of the performed inspections. The
most common inspections are visual (routine). Despite some State effort to perform such
investigation on a local scale, the first national scale investigation was firstly conducted by
FHWA (Moore, et al., 2001). The specific investigation was performed by the Non-
Destructive Validation Center (NDEVC) of FHWA, which tested the reliability of visual
inspections. Specifically, 10 field inspections were used to evaluate a sample of 49 inspectors
from 25 States; the investigation included both NBI ratings and element level ratings
(Phares, et al., 2004). The results revealed significant variations for both types of inspections;
for NBI ratings specifically, 95% varied within two rating points, while 68% varied within
one (Phares, et al., 2004). The reasons for these deviations were attributed to the general
form of the condition ratings from the coding guide, as well as the inspection teams, their
training and the procedures followed.

The ability of FHWA to implement and upgrade its level of effectiveness can be
measured by the overall number of bridges in poor condition, which is shown to have
decreased from 2002 to 2013. This implies that the bridges should be safe for the public to
travel with preventive maintenance or corrective work performed based on the actual
condition. From an investigation of the DOT’s database of New York’s bridges, the U.S.
projected average bridge failure rate is between 87 and 222 bridges annually, with an
expected value of 128.55 (Wesley , et al., 2014). Most of these bridge failures are linked to
hydraulic failures and accidental factors, but few (5%) deal with deterioration and fatigue
(Wesley, et al., 2014), which can be either avoided or safely planned to be repaired. In 2007
the collapse of the 1-35 steel bridge in Minneapolis triggered a series of investigations from
GAO and FHWA, but also the implementation of new policies. Specifically, FHWA
investigation revealed extensive errors for more than one third of bridges of the same type
as 1-35 (FHWA, 2009). In the same report, it is pointed out that, despite tracking these errors,
there is no time limit for the States to correct them.

In 2012, the law ‘Moving Ahead to the 21% Century (MAP-21) Act’ was signed
(Federal register,2014). Its importance lies to the fact that the States would be evaluated
annually from FHWA for their compliance, while financial penalties for the non-compliant
States would be imposed. Specifically, FHWA will use 23 inspection criteria, called Metrics,

to perform the annual compliance review. These metrics directly affect the NBI data
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reliability, as a random sample of bridges is reevaluated from inspection personnel and the
new evaluations are compared to those published in NBI (FHWA, 2013). Additionally, there
Is a time frame of 12 months for the non-compliant States, within which they need to provide
a plan of corrective actions, in order for the financial penalties for corrections not to be
imposed. Furthermore, since 2014, apart from the three main structural evaluation groups
(deck, superstructure and substructure), a complementary element-level inspection and
evaluation is also required (FHWA, 2012). The whole procedure led to a 97% reduction in
errors from 2008 to 2013 (Fig. 3.2).
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Figure 3.2: Errors found from the edit-update program of FHWA for different NBI records.

3.7 Exploitation of NBI for research (literature review)

Besides the initial purpose of the NBI to monitor the overall program, the inventory
has been used for research purposes around the world. Reasons for selecting the NBI is the
free online availability of data, its consistency and the reliability stemming from the fact that
a monitored continuous process of improving the quality of both inspections and data is
performed. The ongoing research using the inventory has led to the advancement of
sophisticated Bridge Management Systems (Enright & Frangopol, 1998). First, in 1982, the
inventory was used to present infrastructure budgeting needs for the succeeding years
(National Research Council, 1984). The NBI of the State of Indiana was used to model the
deterioration of bridge substructures (Jiang & Sinha, 1989). The different bridge types and
performance patterns using descriptive statistics and the 1988 NBI record were presented by
Dunker and Rabbat (1990). Using similar methodology, the same authors also used the
inventory to present the 40 years of prestressed concrete bridges (Dunker & Rabbat, 1992)
and to assess highway bridge deficiencies (Dunker & Rabbat, 1995).

In 1991, new bridge inspection strategies were proposed by Hachem et al. (1991), after
statistically analyzing the NBI and using various deterioration models. Veshosky et al. in
1994 utilized the NBI to study superstructure deterioration using regression analysis,
revealing age as the primary factor and ADT following. Ordered-probit models (Madanat et
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al., 1995) and Poisson regression models (Madanat & Ibrahim, 1995) were also applied to
multiple NBI datasets for the estimation of condition transition probabilities and to evaluate
bridge deterioration. Additional work in deterioration modeling and transition probabilities
has been presented by Madanat et al. (1997). Probabilistic and semiparametric hazard
models were used to incorporate random effects of the earlier probit models for the
estimation of transition probabilities (Mauch & Madanat, 2001; Mishalani & Madanat,
2002). The results of studies performed by researchers and DOTSs that used the NBI were
presented by Ramey and Wright (1997), to compare the different deterioration rates between
States. Inventory data were also used to develop a method that calculates annual risks
associated to scour failures of foundations, with the purpose to prioritize repair of critical
bridges (Stein et al., 1999). Chase and Gaspar presented a method that linked the reduction
of load-carrying capacity to bridge deterioration using regression analysis and Markov
chains for both NBI and Hungary’s database (Chase & Gaspar, 2000). Regression analysis
was also performed for the bridges of the State of Illinois to derive deterioration models of
various bridge parts (Bolukbasi et al., 2004). The NBI Florida records from 1992-2005 were
utilized to study deterioration patterns using hazard functions (Sobanjo et al., 2010). The
2007 inventory of North Dakota was also analyzed, using GIS regression analysis and
Pearson correlation, to identify critical sources of deterioration (Kim & Yoon, 2010). A
number of distributions were used to model the reliability of Wisconsin’s bridge decks using
the 2005 inventory (Tabatabai et al., 2011). Artificial Neural Networks were used to develop
a model that generated historical bridge condition ratings, in order to fill-in inspection
records (Lee et al., 2008). The same method was used to predict the long term bridge
performance utilizing NBI records (Bu et al., 2014). Various performance measures were
also developed using descriptive statistics and the NBI records were analyzed to reveal
deterioration trends and structural performance (Farhey, 2010; 2012; 2013; 2014; 2015,
2016). In addition, recent research using the NBI includes prediction of structural deficiency
ratio of bridges (Adarkwa & Attoh-Okine, 2016), detection of concrete dek condition
deterioration parameters using two step cluster analysis (Radovic et al., 2016), integration
of bridge management systems and non-destructive evaluations (Hearn & Shim, 1998).
Apart from the mentioned studies that are linked to deterioration modelling, the NBI
has been used for other purposes, such as: the automatic detection of logical inconsistencies
(Din et al., 2016), adaptive optimization on system level management (Liu & Madanat,
2014), risk assesment of stream modifications (Jones et al. 2015), estimation of load impacts
on bridges (Weissman et al., 1993), effect of truck weight regulations on US bridge network

(Ghosn & Moses, 2000).
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4 Data analysis

In this chapter, processes of extracting and gathering sample data and their statistical
analysis are presented. The data of the NBI, as well as of additional sources, are jointly used
to simulate each bridge’s environment adequately. A number of statistical methods are
utilized to quantify and summarize the influence of environmental factors on bridge
condition. The results rank the factors based on the severity of their effect on the structural

condition of the evaluated bridge components.

4.1 Introduction

Today’s society relies on data collected from multiple sources, which are then
combined and processed to produce information that assists decision making at various
levels, ranging from everyday life to very specialized cases. All these processes can be
included in the broad term of ‘Data Analysis’, where various tools, such as data visualization,
hypothesis testing and other statistical methods, are employed to handle samples and select
the most appropriate variables that should be used to model reality.

Infrastructures in general encompass various engineering aspects, which can be treated
effectively when relevant data are available. In this respect, experimental data are important.
Hence, materials and their application can be tested (e.g. Wan, et al., 2006, Dimitriou, et al.,
2018) and then mechanistic models can be derived to simulate their properties, which are
subsequently applied in structural design (Zhou, et al., 2004). In such cases, the
implementation of data analysis procedures is very rare. On the other hand, data analysis is
often used in the area of project costing (Dimitriou, et al., 2017) and has been utilized for
managing infrastructure levels of service (Dimitriou & Stathopoulos, 2016; Pereira, et al.,
2018). An additional aspect, which affects users and decision makers regards managing
infrastructure needs using information gathered by monitoring/inspecting structures.
Infrastructures and more specifically bridges are exposed to many factors, which could
worsen their structural condition. When reliable data are available, a data analysis process
can confirm or challenge building practices and design processes already applied, but also
assist in modelling deterioration by identifying factors affecting it.

The NBI has been used by many researchers to investigate structural deterioration and
material performance for bridges. In the various statistical methods that have been utilized
for this task, the explanatory variables are usually selected by expert judgement (Mauch &
Madanat, 2001; Chang, et al., 2017). Such approaches may derive erroneous models due to
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the lack of other variables, which may be affecting structural deterioration more. Another
common practice usually employed is the utilization of bridge data of one individual State
and inclusion in the assessment of additional explanatory variables, such as weather data and
other data available from GIS (Kim Yail & Yoon, 2010). In these cases, although
maintenance policies and acquired data can be considered uniform, the limited variation of
exposure factors can lead to modelling errors. On the other hand, when utilizing the whole
US bridge sample, many exposures have to be taken to account and not including them in
the analysis may also lead to misleading results due to averaging. Furthermore, questions
arise regarding the effect of typical factors suggested by experts, which have already been
taken to account during the design process. Thus, a process is needed to select the variables,
which should be incorporated in modelling structural deterioration. Recently, data analysis
procedures have been utilized to select among factors affecting deterioration. Relevant
efforts have been made either by including limiting assumptions for the factors considered
(Radovic, et al., 2016) or by studying an individual State and considering only NBI factors
(Chang, et al., 2017).

In this chapter, NBI data for the conterminous US are utilized to study the factors
affecting the structural condition of bridges. To achieve this, it is assumed that hazard driven
maintenance/rehabilitation policies are predominant and that the State effect can be
neglected. Additional reliable sources were used, such as Climatic data from National
Oceanic and Atmospheric Administration, (NOAA, 2017) and earthquake hazard data from
United States Geological Survey (USGS, 2017), and were combined with bridge data using
spatial interpolation methods. Data analysis procedures (fig. 4.1) were utilized to explore
and attain an appropriate model for the combined dataset, whose main purpose is to reveal

the predominant factors affecting structural condition.
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Figure 4.1: Data analysis processes utilized in this chapter.
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4.2 Description of analyzed data
4.2.1 Selection of NBI information

The NBI files processed are the most recent ones, which were released in 2017 and
refer to 2015-2016 inspections. The information coded in these files, which are freely
downloadable in .txt format, is associated with 116 primary items for a total of 614,387
structures. One text file holds the information for all structures of each of the 52 States; each
structure is represented by a line in the file of the respective State; the data for each item are
given through one or more characters/digits within the overall 434 specified positions in
each line, as described in the coding guide (FHWA, 1995).

Initially, 68 items were selected, for which data were extracted from the NBI files.
These data items provide information about bridge identification, location, dimensions,
usage, materials, structural evaluation, inspection details, rehabilitation actions and various
costs Appendix (A-1.1.1). The selection of the data items was made to serve the basic purpose
of studying bridge deterioration, as well as to validate data correctness. The data were
processed to track inconsistent codings, as well as logical errors. Then, a first filtering of the
data was performed to reduce the number of structures included based on the specific
interests of this study. Further reductions were also performed at a later stage for combining

all data available and facilitating their analysis.

4.2.1.1 Information extraction from NBI files and identification of inconsistencies

The required information was extracted from the NBI text files using a self-developed
Matlab code implementing three main processes (Appendix A-1.1.1-A-1.1.3). In the initial
process, Matlab’s scanf function was utilized to read the data for the 68 selected items
(Appendix A-1.1.2.1). For the case of character inputs, the read information was immediately
"translated’ to predetermined numeric values, which are easier to handle. For the case of
numeric inputs, on the other hand, the read digits were combined and the input precision
(decimal point) was attributed to produce the actual data value. The second process checked
the numeric data values with respect to the limitations provided in the guide (FHWA, 1995).
Out-of-range codings were given certain numeric values to indicate the type of error
identified (Appendix A-1.1.2.2). The third process gathered all extracted information into a
single matrix, to facilitate data analysis and the search for logical inconsistencies (Appendix
A-1.1.2.3).

The total number of inconsistencies (violations of the guide specifications) detected

was 12,404. The whole process followed was described in a report and sent to FHWA
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(Appendix, A-1.1.3). A complementary Excel file was also included to help each State
authorities locate the type of error made for structures located within their territory (not
contained in this Thesis). Inconsistencies included errors in coding items, the vast majority
of which was performed in coordinates (items 16 and 17) and in year of future ADT estimate
(item 30). Inconsistent records of coordinates were processed to include entries that didn’t
include all the necessary digits of precision. Thus, lower precision records were salvaged,
reducing exclusions to 2035 bridges, where no value was available. Regarding the year of
future ADT estimate, as this information would have no impact on the current stage of the
study, the inconsistent records were kept with appropriate coding.

As mentioned in chapter 3, there are continuous efforts to limit mistakes and
inconsistencies, as well as to improve the quality of inspections. To investigate the
effectiveness of these efforts, older NBI databases were also examined with respect to
inconsistencies following the aforementioned processes. This investigation was
concentrated only in identifying wrong bridge coordinates. Figure 4.2 shows the number of
mistakes found in each year’s NBI database. It can be noticed that most coordinate mistakes

have been corrected over the last years.
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Figure 4.2: Number of bridge coordinate mistakes in the NBI databases of various years. Percentages show
the relative reduction in the number of mistakes from past to recent years.

4.2.1.2 Filtering of extracted data

Not all structures included in the NBI database are of interest in this study, therefore
certain criteria were used to exclude these. More specifically, the following structures were
removed from the assembled matrix: 138,248 culverts, 5,277 filled arch bridges, 1803
structures built before 1900, 64 structures with logical inconsistencies in their data, 62
structures with year of reconstruction greater than 2017, 137 structures with year of
inspection before 2006 corresponding to bridges of lower conditions that have not been

reevaluated and 2035 structures with missing coordinate. Moreover, 23,555 bridges were
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excluded, as they had superstructure materials different from concrete, steel and prestressed
concrete. In total, the exclusions were 166,750 (the aforementioned exclusion criteria created
some overlaps), leaving a remaining population of interest of 447,637 bridges.

4.2.2 Climatic normals

Structures are affected in the long term by local weather conditions, therefore the
most appropriate respective data to take into account are the *climatic normals’ (Arguez et
al. 2012). Although other data sources could be utilized for weather information, only
NOAA provided the climatic data needed for this study. NOAA sustains a large collection
of climatic and weather data, manages and maintains a relatively dense network of weather
stations all over the US and a sparser network over the world. The US climatic normals are
average values of climatological variables over a 30-year period (1981-2010)
characterizing the conditions at each location (NOAA, 2017). The data are taken at about
9500 stations, forming a scattered network of measurement points. This network is reduced
depending on the availability of specific measuring instruments (e.g. hourly recording
stations for dew point temperature are only 420). The selection of climatological data for
the present study was based on the available literature on materials corrosion, as well as on
other relevant studies that used NBI or other inventories. Hence, the climatic normals

utilized are:

Annual precipitation/rainfall

Rainfall could be linked to bridge deterioration due to the leakage of decks to
superstructure and substructure elements (Radomski, 2002). As the amount of rainwater
leaked to bridge elements can indicate the intensity of precipitation as a deterioration factor,

data on the total annual rainfall (in inches) were included in the analyses of the present work.

Days of snow depth above 1 inch in a year

Snow is taken into account as a load on structures, but operational bridges are not
really affected by the load associated with the total depth or maximum depth of snowfall
throughout the year. However, bridges, as part of the roadway network, are subjected to the
general actions taken to restore driving safety, when a certain snow depth is reached. Frost
formation can take place even for limited snowfall, which affects the structure through the
mechanism of freeze thaw cycles (Radomski, 2002). The most serious effect, though, is the

anti-icing procedures that could damage the deck directly, as well as the deicing chemicals
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that would be absorbed from the structural elements (Radomski, 2002). To investigate these
effects, the snow depth of 1 inch was adopted as a threshold, as deicing is applied even on
few centimeters of snow to prevent the formation of frost (White, et al., 2006). As this
procedure may be repeated, the duration in days is indicative of the effect of deicing. Thus,
the map of US regions where deicing is allowed was copied as an image (FHWA, 2017) and,
using Google Earth, the corresponding coordinates were identified to be included in the

analysis.

Minimum monthly average temperature
Corrosion is accelerated by increase of temperature, as its chemical reaction is
exothermic (Bentur, et al., 1997). Hence, minimum average temperature was taken into

account, actually the lowest monthly average value in the vicinity of each bridge.

Monthly diurnal temperature range

The monthly diurnal temperature range is the difference between the monthly
maximum and minimum temperature. Changes in temperature from low to high on a daily
basis can affect structures due to freeze and thaw cycles, changes of humidity content inside
the pores of concrete structures (Bentur, et al., 1997) or changes in time of wetness of steel
structures (Orchard Ltd., 2004). The diurnal temperature range provided the information

needed to calculate also maximum temperature, as well as average temperature, if needed.

Hourly dew point temperature and relative humidity

The dew point temperature is a weather attribute that actually reveals the maximum
concentration of water that could be present in the air. A higher dew point temperature
corresponds to a greater amount of water vapor that the air can hold. Relative Humidity (RH)
Is the percentage of water vapor in the air relative to the amount needed for saturation at the
same temperature, i.e. it is a measure of the concentration of vapor in the air. A smaller
difference between the air temperature and the dew point temperature corresponds to a
higher relative humidity, i.e. the atmosphere is closer to the state in which water vapor would
condense. The hourly observations for dew point temperature taken from NOAA were
transformed to monthly data for uniformity to other data. Further on, the RH was also
estimated using the following equation (eq.4.1) linking relative humidity, dew point
temperature Tq and air temperature T with satisfactory accuracy (Lawrence, 2005):

RH =~ 100 — 5+ (T — T,) (4.1)
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The air temperature used in this equation was the maximum temperature, which
corresponded to the minimum RH. It is worth mentioning that RH calculated by the above
equation is an abstract measure of the water content in the air, but normally it is also affected

by the microclimate at the bridge’s surrounding.

Seasonal average of temperature data

The monthly data cannot be utilized in analysis, but can provide a more appropriate
seasonal average, avoiding the equating of mild and high extreme areas mentioned earlier.
Thus, preliminary exploration of the data was performed to categorize monthly temperature
data (minimum temperature, diurnal temperature and dew-point) in to two groups
corresponding to warm and cold seasons (Fig. 4.3). Warm months were those with almost
all temperatures above 0 °C, while cold months were those that lower temperatures could be
noticed. For the rest of the analysis, the warm months’ data were taken to consideration, as
most corrosion processes are halted during prolonged low temperatures below 0 °C (Bentur,
et al., 1997). Additionally, the diurnal temperatures showed greater variation and higher
values for warmer periods. Between the two seasonal temperature groups, a high Pearson
correlation was found revealing that lower temperatures of ‘cold’ months are generally

related to lower temperatures in ‘warm’ months.
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Figure 4.3: Box plots of temperature observations of the weather stations. Cold months refer to
November, December, January, February and March; Warm months refer to April, May, June,
July, September, October.

Weather station elevation
The elevation data of each weather station was also taken into consideration for later
analyses, but not for deterioration. Errors were noticed in some elevations and were corrected

using Google Earth.
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4.2.3 Coastal areas

The combination of the corrosion factors mentioned earlier, as well as the existence of
airborne chlorides, render the coastline as an interesting area to analyze. Thus, high precision
coastline/shoreline coordinates were downloaded from NOAA (NOAA, 2017) and offset to
certain distances using AutoCAD. The total distance spanned inland was 10 km with one-
kilometer distance categories to be attributed to each bridge. Additional divisions for the
first kilometer (at 250m and 500m inland) provided adequate categories to study the effect
of airborne chlorides. This categorization of distances allowed also the determination of the
critical distance, up to which the coastline affects structures. Further detail is provided in

Chapter 5, where case studies are presented for different coastal regions of the US.

4.2.4 Earthquake hazard (PGA)

Earthquake resistance is a crucial attribute for a structure’s service life. Damage to
bridges results usually from complex effects by various contributing variables that interact
together. In earthquake design, the soil consistency, the structure’s fundamental period, as
well as the Peak Ground Acceleration (PGA) and the earthquake duration are indicative for
the hazard that needs to be taken into account for seismic design and estimating expected
damage (Chen & Duan, 2017). PGA, usually measured in terms of the acceleration of gravity
(9), is the main variable typically used to represent the intensity of a ground motion (Chen
& Duan, 2017), but the seismic effect can be magnified by the other mentioned factors.

The US has various networks that collect real time seismic data. Specifically, the
National Seismic System (ANSS), whose aim is to provide situational awareness for
emergency responses for the whole US, the National Earthquake Information Center (NEIC),
the National Strong Motion Project and 15 regional USGS networks. Although a vast amount
of data exists for earthquake incidences within the US territory, a more general
characterization would be more suitable for the purposes of the analysis to follow. Seismic
hazard maps are a product of analysis that considers past faults and earthquakes, behavior of
seismic waves travelling the crust and near-surface site conditions (USGS, 2017). Such maps
are available from USGS, derived from analyzing data from the whole US network in
cooperation and under the monitoring of ANSS. The seismic hazard with 2% probability of
exceedance in 50 years, measured in PGA units (g), was chosen to be incorporated in the
analysis process. Relevant data were downloaded from USGS for the conterminous US in
the form of gridded data-points (every 6 km) that formed a dense network of calculated
hazard points.

30



4.3 Combining the datasets

The aforementioned datasets provide information with different spatial distributions.
As an initial step, to avoid sampling errors and to achieve an even greater level of uniformity
of standards, bridges and weather stations located only in the conterminous US (spatial
distribution of PGA) were selected.

Each dataset’s spatial distribution serves a different purpose. Bridges are located where
needed to provide continuity of transportation network, weather stations to track weather
changes of certain terrain and PGA data are the products of analysis, gridded to provide
accurate design parameters for the seismic design. In this section, the spatial distributions of
the complementary data are used to estimate/predict the values of these attributes in the
vicinity of each studied bridge. This is achieved by using spatial interpolation, which utilizes
the main assumption of geography that ‘everything is related to everything else, but near
things are more related than distant things’ (Tobler, 1970).

Numerous spatial interpolation methods and respective combinations are available in
the literature and software packages. A basic step toward deciding on choosing appropriate
interpolation methods suited for the particular datasets studied herein includes validating the
different methods for the desired level of precision. Additionally, the type of data plays a
significant role as well as the network of observation, if it is gridded or scattered and its
density. The NOAA data are scattered due to weather station locations while the USGS data
are densely gridded (with respect to bridge size).

The USGS proposes four different interpolation methods to be used for the earthquake
hazard data depending on the smoothness of the results to be achieved. Specifically, inverse
distance weighted (IDW), Kriging, natural neighbor and spline. As this study required PGA
values at specific points (bridge locations) and not surfaces, smoothness of the results was
not a priority. Thus, IDW was selected, which provided the simplest proposed interpolation
method. The values predicted by IDW were validated using an application provided in the
USGS webpage. On the other hand, the complexity of climatic data and their scatter,
demanded a more sophisticated approach. Generally, for spatial interpolation of climatic
data, Kriging interpolation is preferred (Sluiter, 2009) as it takes to account the spatial
variation of the studied attribute with distance. Additional studies reveal the superiority of
Kriging to other methods for precipitation data (Mair & Fares, 2011; Hartkamp et. al 1999).
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4.3.1 Short description of methods used

As mentioned, IDW is a deterministic method, correlating only distance to the spatial
distribution of the studied attribute using the formula (eq.4.2) (Longley, et al., 2005). For the
case of PGA, linear interpolation was performed, using unit exponent in the formula (eq.
4.2). For the application of IDW to the earthquake data no limitations restricted the method
since the network was densely gridded.

=r — 7
F)= ) wiz(r) = T @)
i=1 j=1 D
=

General form of
interpolation

where,
F(r): the value of point r where no observation exists; ri, rj: the points of observations; |r-r;
or j|: distance between observation i or j and point of interest; p: exponent with 0 value

corresponding to the mean of all observations, 1 to linear and 2, to inverse distance squared.

For Kriging spatial correlation is assumed between locations of certain distance or/and
direction to explain the variation of the studied attribute. Different kriging estimators exist,
their difference lies to variations of the basic linear regression estimator Z"(u) defined in
formula (eq.4.3) (Goovaerts, 1997). To decide which kriging type should be used firstly the
correlation between elevation and weather attributes was confirmed to be below strong
(0.75). The certain limit restricts the selections of kriging by excluding the application of
multiple regression to consider elevation changes (Goovaerts P. 2000). Additionally, the
assumption that a constant local mean (eq.4.3) exists instead of a constant and known mean
(eq.4.3) lead to the selection of ordinary Kriging. To determine the weights, the variance of
the estimator (eq.4.4) is minimized. To see if these assumptions are validated, the histograms

were plotted showing the distribution of the studied attribute (e.g. temperature data in fig.4.4)

n(u)

7@ =m@w) = ) A [Z(u0) ~m(ug)] (43)

gi(w) =Var{Z*(w) — Z(uw)} (4.4)
Where,
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u: location vector for estimation point ua: location of the neighboring data points; n(u):
number of data points in local neighborhood used for estimation of Z"(u); m(u), m(ua):
expected values (means) of Z(u) and Z(ua); Aa: Kriging weight assigned to datum z(ua) for

estimation location u; a:%(u): variance of the estimator

To incorporate spatial correlation, the variation between observations of distance
groups (h) is calculated in a semivariogram using the formula (eq. 4.5) (Longley, et al.,
2005). For isotropic data, the semivariogram can be simplified into a radial function
dependent on h. The data are fitted appropriately using different functions (linear, spherical,
exponential, Gaussian), for the temperature observations illustrations of the anisotropic
variogram and isotropic variogram fit are presented in Figure 4.4, the rest fitted models can

be found in Appendix (A-11.1).
1 1
~ > (4.5
2Var[{z(r+ h) —z(M}]  2p, 21(\2?)[2(7,1,) —2(1)]

Where, y(h): the semivariogram; Nn:of pairs of points which are separated by the vector

y(h) = )

h within a small tolerance Ah (size of a histogram bin), z(ri):observations at points r;,
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Figure 4.4: Plots using the matlab code of Wolfgang Schwanghart a) weather stations in the
US, b) the histogram indicating the distribution of the phomenon studied (in this case the
minimum average Temperature), c)the isotropic variogram and d)the anisotropic
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To perform ordinary Kriging interpolation the gstat package in R (R-core team, 2008).
Cross-validation Krigging contained in the same package was utilized to determine
restrictions based on minimizing the mean square error (MSE). Specifically, the cross-
validation process temporarily excluded observations and predicted the missing value. The
residuals of the prediction and the actual value were calculated by the temporarily excluded
observation that exist in that same location. The MSE was calculated using the residuals and
was normalized (NRMSE) dividing by the range of each dataset presented in Table 4.1. The
restriction imposed for ordinary Kriging were:

e Maximum Euclidean distance selected for kriging interpolation was 1°
latitude/longitude corresponding to 111.2 km

e Minimum of two observations and a maximum of 10

e Maximum of two observations per quadrant

Table 4.1: Cross validation results using Weather stations are excluded and their values are predicted.

Model

Data Observations Method RMSE NRMSE  Predicted
Temperature (°C) 7186 Ord. Kriging 0.901 0.0111 441519*
Diurnal Temp (°C) 7186 Ord. Kriging 1.3050 0.0188 441524*
Annual Precipitation (in) 8864 Ord. Kriging 3.4216  0.0010 441298
Snow depth >1in (days) 4970 Ord. Kriging 13.70 0.0005 437027
Dew Temp (°C) 412 Ord. Kriging 0.6265 0.0133 289466
Earthquake (g) 611309 IDW - - 443603

*Differences to the predicted number of bridges are due to singularities that occur within the R package g-stat.

4.3.2 Results

The MSE and NRMSE shown in Table 4.1 are very low and even lower errors are
anticipated as stations are located strategically to capture climatic changes from the
geographic terrain. Most errors occurred in dew point temperature as the hourly weather
stations are less. The results of interpolation are shown briefly in Figure 4.5 while more
detailed figures can be found in Appendix (A-11.2- A-11.8). Although a GIS package could
have been utilized for handling, combining and visualizing the datasets, the capabilities of
Matlab and R-package software’s data extracting, processing and analyzing are adequate,
provided that respective programming code can be written.
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Figure 4.5: Interpolation results, the maps are not colored uniformly, each colored point represents a
bridge for: a) minimum average temperature; b) diurnal temperature; ¢) annual precipitation in
inch; d) annual snow depth in days above one inch e)peak ground acceleration in g(m/s?) and f)
dew point temperature.

4.4 Data analysis of bridge population and main assumption

The previous processes successfully read and combined the different datasets resulting
to 443603 bridge records. Before moving to the data analysis process, information that
assessed the validated prior processes or contained irrelevant information were excluded.
The mentioned exclusions left 31 items climatic data, PGA and the inclusion or not within
the deicing region.

All bridge data combined with the environmental factors are going to be studied
assuming that bridge maintenance policies are more hazard driven than State-dependent. An
initial step was to explore the content of the data, through Exploratory Data Analysis (EDA).
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Then statistical modelling is applied using analysis of variance (ANOVA) and negative

binomial regression analysis.
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Figure 4.6:0rganising the selected variables in numerical/categorical, response and potential predictor and
deriving or not from the NBI.

4.4.1 Exploratory data analysis (EDA)

A basic step to start the EDA process is to categorize the data to dependent and
independent variables based on whether they were the product of evaluation (structural
condition ratings, etc.) or offered information for the bridge. Additional categorization was
performed regarding the content of each variable to numeric or categorical (Fig. 4.6). The
tools used in EDA are mainly graphical helping the analyst notice unexpected features and
proceed to decide the appropriate methods that should follow (Tukey, 1977). Descriptive

statistics were calculated for continuous variables while pie-charts and bar-charts are
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presented in the Appendix (A-11. 9-12). Additional bar charts were also plotted to investigate
the consistency in materials of each deck type (item 107) and the consistency in deck type
of each type of wearing surface (item 108). Such clarifications would be of great use for the
appropriate selection of items for further analysis as well as for interpretation of results. The
measure of linear correlation is described by the estimated Pearson coefficients. Their values
range from O to 1 where 0 shows no correlation, 0.65 to 0.75 reveals moderate and strong
correlations above 0.75. Negative correlations also exist and are presented with negative

values. The correlation plots utilized corrplot-package in (R-core team, 2008).
4.4.1.1 EDA results: dependent variables

Initially, the dependent variables were studied, to track similarities but also to test the
appropriateness of each dependent variable for the following analysis. All dependent
variables are numerical, sufficiency rating is continuous on 0-100 scale while the rest
condition ratings and structural appraisal are categorical ordinal variables with a scale from
0-9. Also, deficiency status of a bridge is a categorical variable that states if a bridge is
structurally deficient (SD)?, functionally obsolete (FO)? or not (good condition). Based on
the deficiency status the following can be stated from the histograms (Appendix, A-11.9):

e The deficiency status, reveals that after the 2015-2016 inspection 76% of the bridges
have no deficiency with a sufficiency rating above 50, functionally obsolete represent
14% of the population and structurally deficient bridges are the rest 10%.

e Anincrease in condition ratings 4 can be noticed in SD histograms, but this increase does
not affect the lower ratings. This provides the useful information that the critical
condition of rehabilitation/reconstruction is 4.

e Replacement and rehabilitation® can be seen by the corresponding histograms of

sufficiency rating SD and FO bridges.

Pearson correlation
o All response variables are positively correlated (blue colored circles in Figure 4.7).
e Moderate correlations exist between condition ratings of linked structural elements deck-
superstructure, superstructure-substructure, while the correlation weakens to low

between more distant elements (deck-substructure).

! Structurally deficient are rated for the three structural parts (deck, superstructure or substructure) with
4 or less or/and if the waterway adequacy are rated below or equal to 2.

2 Functionally obsolete bridges lack geometrical features such as lanes, shoulder widths, or vertical
clearances that are not adequate to meet traffic demand or under the risk of being flooded.

3 Sufficiency ratings below or equall to 80 are eligible for rehabilitation while below or equal to 50 are
eligible for replacement
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e High correlations exist between appraisal structural evaluation and substructure but also
superstructure. The stronger correlations show the importance of these elements to the
description of the overall structural condition, whereas the deck condition has a lower
link.

e High correlation exists also between sufficiency rating and that of Appraisal structural
evaluation. Substructure and superstructure are moderately correlated with sufficiency

rating while deck has a weak correlation.

C_Deck

C_Deck 1 ‘ ‘ ‘ ‘ 0.8
C_Super 0.73 1 . ‘ ‘ 0.4
C_Sub 0.61 0.68 1 ‘ ' 0
Apl_SCR 0.62 0.76 0.79 1 ‘ 0.4

Suf_R 0.52 0.64 0.64 0.82 1 -0.8

Figure 4.7: Correlogram of dependent variables (condition ratings of deck, superstructure and substructure
appraisal structural condition rating and sufficiency rating), providing both graphical and numerical
information.

4.4.1.2 Conclusions for dependent variables

From this analysis it is evident that each rating is important for a bridge’s structural
description. The ratings of appraisal structural condition and sufficiency rating combine
different types of information and reveal an overall categorization of the bridge. The
continuous scale of sufficiency rating and its sensitivity to structural deficiency can be used
with the numeric variables to reveal correlations between candidate factors. On the opposite
side, as this study aims to discover bridge deterioration and their effect in specific structural

parts, Appraisal rating will not be used further on.

4.4.1.3 EDA results, independent variables NBI

The figures of the Appendix (A-11.10 - A-11.11) show the distributions of the numeric
variables selected, their descriptive statistics and the categorical variables. Most bridges are

above water are of shorter length than 25m have 1 span and 2 lanes to traffic. To summarize
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the bridge sample the different materials along with the bridges built/rehabilitated per year
are presented in Figure 4.8. The materials shown represent both continuous and simply
supported spans for each category. The certain figure provides additional information
regarding the samples influences:
Materials
e Concrete and steel materials are used mostly before 1950. The same year prestressed
concrete is invented (Sanabra-Loewe & Capella-Llovera, 2014). Up to 1970 all
materials are used at the same frequency but after that period prestressed concrete is
used more.
Rehabilitations
e The term rehabilitation is utilized for the year of reconstruction Item 106,
corresponding to major repair work or rehabilitation (FHWA,1995). There is a rise of
rehabilitations after 1950’s, while the year 1970 corresponding to the creation of the
NBIS seems to be coinciding with an increase in reconstructions. The number of
rehabilitations rises reaching the number of bridges built at the same year of materials
of concrete or steel. Change of materials when a bridge is reconstructed can be noticed
as bridges before 1950 appear to be built from prestressed concrete. Additional
information regarding rehabilitated bridges is provided in Chapter 6 (section 6.2.3).
Historical
e The introduction of the US to the World War of the US in 1942 that led to an increase
in war expenses reducing construction funds which can be noticed.
Socio-technological
e There are local maxima within each 4 to 5 years up to 1975. It could be probably linked
to the custom of “cutting ribbons to new structures” the parties in power to show their
accomplishments while still in power as a means of advertisement. Another interesting
notice is the reduction of their magnitude after 1975. The certain notice could be linked
to the acceptance of televised presidential debates as the acceptable/preferable means
of candidate competition. Introduced in 1960 when 27milion people watched the
debate up to 1980 when that number doubled (Holz, et al., 2016).
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Figure 4.8: Bridges built per year based on construction materials concrete (C) steel (S) and prestressed
concrete (PC); circled maxima are linked to the “ribbon cutting” custom of politicians to
advertise the work performed during their service for the nearby elections.

Pearson correlation
Pearson correlation was used to analyze the independent variables of the NBI (fig.
4.9). The results showed that:

e The strongest correlation was found between minimum vertical clearance over and
inventory vertical clearance. Both measure the same thing if the inventory route is a
highway or a railway. Another strong correlation can be noticed between lanes on
structure and deck width.

e Moderate correlations were found between deck width and average daily traffic
(ADT), as well as between ADT and lanes on the structure, which could be anticipated
from the previous notice.

o Weaker correlations were noticed between length and number of spans year built and
year rebuilt as well as between maximum span and Length.

e Absence of correlation between sufficiency rating and all other variables apart from
items referring to age of a bridge (Year Built and Year Reconstructed). It is also worth
mentioning that these two variables are not taken directly to consideration for the
calculation of the sufficiency rating (FHWA, 1995).
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Figure 4.9: Correlogram of independent NBI variables providing both graphical and numerical information.
Variables :Length, number of Spans, Deck Width, Detour Length, min. Vertical Clearance Over
bridge, min. Vertical Underclearance, min. Lateral clearance, Inventory Route.

4.4.1.4 EDA results, independent variables environment

The same procedure was carried on for the environmental data descriptive statistics
and histograms Appendix (A-11.11).

Pearson correlation

e Strong correlations seem to exist among the main temperatures (minimum and
maximum). The same applies between dew point temperature and minimum
temperature, while a moderate correlation can be noticed between dew point and
maximum temperature. Another strong negative anticipated correlation can be noticed
between temperature data and the days of snow depth above linch. This could be also
noticed from the corresponding maps.

e \Weak negative correlation can be seen among dew point and snow, revealing that in
colder areas less humidity content can be within the air. On the contrary, the weak

correlation between dew point and precipitation*. Also, the diurnal range temperature

4 Dew point temperature when reached from the environmental temperature water starts to form.
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has a weak and negatively linked to precipitation showing that when big difference
during the day exist lower rainfall is anticipated.

e Relative humidity appears to be weakly negatively correlated with diurnal range
temperature, weakly and positively with precipitation. The finding of correlation
between earthquakes and humidity can be justified from location and no causal effect
can be attributed.

e No correlation was found between sufficiency rating and the other variables. The same

is noticed for coastal areas and other variables.
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Figure 4.10: Correlogram of independent environmental variables providing both graphical and numerical
information.

Conclusions for independent variables
e Low correlations with in the NBI reveal that each information is unique on its kind.
e The most predominant factor for Appraisal rating seems to be age.
¢ Climatic regions have moderate to high correlations between them which is anticipated

as values of temperature max due to the fact that diurnal temperature which is added

to temperature min has a narrower value range.
e No climatic variable appears to have correlation with sufficiency rating.

e Coastline appears to be worth investigating due to the fact that it appears to have no
correlation with other values.
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4.4.2 Statistical Modeling

Analysis in the previous part revealed, the distribution of each numerical variables’
values, as well as the strength of linear relationships with the use of correlations. The sample
used includes also categorical variables which were not included in the EDA. Thus, in this
part initially EDA, is extended to incorporate categorical variables. For this to be performed
Analysis of Variance (ANOVA) was utilized, where categorical data can be analyzed. To be
able to identify the relationships among all variables (categorical and numerical), all
numerical data was transformed to categorical using the histograms from the EDA, to form
meaningful categories. After analyzing all variables with ANOVA an oversighted
dimensionality reduction process was performed using Principal Components Analysis
(PCA) to exclude unnecessary variables. In the end, regression analysis is utilized to attain

a model which better describes the data.
4421 ANOVA

Hypothesis testing helps to notice if differences/similarities can be generalized from
the categories of the studied sample to the same categories of the population. An initial (null)
hypothesis is formed for the sample that no significant difference exists among the categories
being tested, which is accepted or rejected based on the results of the suitable statistical test.
The results take to account the different types of errors that exist and quantify the difference
among groups as well as the importance/significance of the finding (Biau, et al., 2009).

The simplest form of hypothesis test is the t-test, where two groups are compared to
test if they belong to the same distribution. When more than two groups are present in a
single independent variable then one-way ANOVA can be performed since the comparisons
are performed in a way that the errors are not accumulated thus providing a better model
(Triola, 2015). As the case of the NBI includes multiple groups in different items, ANOVA
was chosen for the current analysis.

A critical step before applying any statistical methods, is ensuring that the underlying
assumptions, are met or approximated (Gaito, 1980), to avoid misleading results. For the
case of ANOVA the assumptions according to (Gamst, et al., 2008) are: a) the error
components associated with the scores of dependent variable are independent of one another,
b) the aforementioned errors are normally distributed, c) the variances across the levels or
groups of the independent variable are equal.

Based on Gamst et. al. (2008), the first assumption is the most important and can be
considered valid only if the observations are independent. For the case of the NBI as each
bridge is an independent entity and is contained within the inventory, thus this assumption
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is met. Furthermore, the normality of the distributed error terms, is met if the distribution of
the independent variable (condition rating) is normally distributed. Despite the bell-shaped
histogram noticed in Appendix (A-11.9) the ordinal scale of the condition rating, provides a
violation to this assumption. Such violation can be considered not to affect the analysis, as
decimal ratings can be interpreted as a scale of deterioration. Moreover, the analysis is robust
to more extreme violations of this assumption (Schmider, et al., 2010). For the last
assumption, the group categories cannot be enriched (the sample is the actual population of
the US) and bridges with in a group may also vary due to many other factors, thus the

violation of this assumption is treated methodologically.
4.4.2.2 ANOVA methodology

The information within the NBI is interconnected as no bridge condition can be
irrelevant for example to age or material or climate. As ANOVA is used for categorical data,
to incorporate also the effect of numeric variable types to condition ratings, all numeric data
were transformed to categorical. Special attention was given to the grouping process so that
meaningful groups would be formed with adequate sample sizes. In one case, such as the
year of construction/reconstruction the two items were joined and the groups were formed
with respect to Figure 4.7. In other cases, such as the case of clearances (vertical, horizontal),
studies of vehicle impact (Agrawal, et al., 2011) were used to determine the lowest limits to
form categories which could indicate such effect on bridges.

Each independent variable considered was analyzed for the dependent variables of
condition ratings (superstructure, substructure and deck). One-way ANOVA was equipped
as the multiple levels of all variables could not be performed through a factorial design. The
analysis reveals the existence of a significant difference among the studied groups of one
independent variable, for the considered dependent variable. In all studied cases the
significance level (a=0.05), was met as the population is sufficient (above 1000) (Gamst, et
al., 2008). Furthermore, as many factors are related to a bridge condition, significant
differences are anticipated for each variable analyzed. To assess the importance of the
differences found for each variable’s groups, ANOVA results were visualized using multiple
comparisons Tukey-Kramer method (Wilcox, 2009). An illustration of ANOVA analysis is
performed to study the Chapters main assumption that bridge maintenance/rehabilitation

policies are hazard driven.
4.4.2.3 Testing the main assumption using ANOVA

In this part ANOVA and multiple comparisons, were utilized to test the assumption

that maintenance/rehabilitation policies of each State are more hazard driven than State
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dependent. Two hypothesis tests were performed, one to reveal differences in State policies
and the second to reveal differences within a State. Specifically, in the first hypothesis test,
two States were selected to have similar environmental conditions. This analysis would
reveal if these States share common hazard-driven policy or differ due to different individual
State policies. The second hypothesis test was performed on a State where one
environmental condition would change within the States territory.

To select among the whole US, the maps of the environmental variables (fig. 4.5),
were used. Specifically, to find two States environmentally similar, earthquake hazard (fig.
4.5e) precipitation (fig. 4.5¢), limited the selection of north eastern States of Figure 4.11.
Then, from minimum temperature map (fig. 4.5a) the snow-depth map (fig. 4.5d) and the
State boarders map (fig. 4.11), the States of Michigan and Wisconsin were chosen for
between States analysis. To select the individual State, the maps of Figure 4.5 were utilized
and a known factor of structural condition deterioration, deicing, was selected. Arkansas was
selected as the individual State, as all considered environmental factors were similar except
deicing region (red line in fig. 4.5d) and seismic hazard (fig. 4.5e) which also variated from
very low levels to some of the highest noticed. Moreover, deck structural condition
evaluation was selected as it constitutes the bridge part which is more exposed to deicing
salts and the least affected by earthquakes (Chen & Duan, 2014).

Wisconsin

Arkansas

Figure 4.11: States selected to study the State effect; with green the two States with very similar
environmental conditions; with orange the individual State where all other environmental factors are
similar except deicing region.

ANOVA is conducted on each null hypothesis stating that no difference exists among
the groups studied. Indication of an existing difference rejects the null hypothesis if the
finding is significant, stating that groups of within the considered variables are significantly
different. Specifically, the F-value (Table 4.2), reveals the existence of a difference while

“Prob > F”, (Table 4.2) indicates a significant finding, if a value lower than the significance
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level (a=0.05) is achieved. These values are calculated based on the different sum of swuares
calculated for the different groups of each variable. Specifically, total sum of squares value
is calculated by subtracting the value of the dependent variable (deck condition) of each
observation (bridge), from the whole samples’ mean and summing the squared differences
found. The error term or within group sum of squares is calculated by subtracting the value
of the dependent variable (deck condition) of each observation, from the corresponding
groups’ (State or deicing category) mean and summing the squared differences found. By
subtracting the sum of squares corresponding to the error from the total sum of squares, the
between groups of the selected variable, sum of squares is calculated.

The mean sum of squares of Table 4.2 is calculated by dividing each sum of squares
category by the corresponding degrees of freedom. For State variable the degrees of freedom
indicate the number of States reduced by one, thus as two States are analyzed value one is
found. The total degrees of freedom correspond to the sample size reduced by one
observation and the degrees of freedom for the error term, correspond to the total degrees of
freedom, reduced by the variables’ degrees of freedom.

The F-value is calculated by dividing the variables mean sum of squares with the mean
sum of squares of the error. Then using the calculated F-statistic and the degrees of freedom
the p-value is calculated. Although, not shown here larger F-values correspond to smaller p-
values indicating significant findings (Sawyer, 2009). Additionally, to reveal the descriptive
strength of each variables effect to the dependent variable studied the coefficient of
determination (R?) or eta squared n? (Gamst, et al., 2008) given by the formula (eq.4.6), was

used.

pz — 5
SStot

Where: SSa=, refers to the sum of squares of the variable; SSt: the total sum of

(4.6)

squares of the sample;
Table 4.2: ANOVA results for the two hypothesis tests conducted,

Hypothesis test Sumof  Degrees Mean F- Prob>F R?
Squares of SS  statistic

(SS) Freedom
I. Between States effect 58.4 1 58 44 3E-11 0.0002
Error 26,732.1 20168 1 - - -
Total 267,904.7 20169
Il Within State deicing 216.3 1 216 192  4E-43  0.020
effect
Error 10,462.0 9264 1.1
Total 10,678.3 9265
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The results in Table 4.2, both reject the null hypothesis and indicate significant
differences. A direct comparison between the F-statistics indicates that the difference within
an individual State where different hazards exist, is larger than differences between States
where all environmental hazards are similar. Furthermore, the same is indicated by R? value
which shows that 0.02% of the variance can be explained by the State —variable while 0.2%
of the variance can be explained within a State by a change of an environmental variable.
Since significant differences were found, Tukey-Kramer multiple comparison test was used
to visualize the results of Table 4.2 (fig. 4.12). In the same figure, each circle represents the
mean of the studied group, while the line indicates the standard error of its estimation.
Additionally, the mean year of construction was estimated, as it was noticed from section
4.4.1.3 to have the highest correlation to sufficiency rating, which is also correlated with the
deck’s structural condition. Although both differences are significant the larger deviation of
the group means Figure 4.12a and the smaller difference between the years of construction
of the same groups, indicate that variation of a hazard, in this case earthquake and deicing
region, within a State affect more the condition of a bridge than a change in State. Thus, the

assumption that maintenance policy is hazard driven appears to be plausible.

(a) Within State deicing effect (b) Between States Analysis
1980 1970
Not Allowed o Michigan | ©
1974 1979
Allowed [ S Wisconsin e
5 5.5 &) 6.5 7 7.5 8 5 55 6 6.5 7 75 8
Deck structural condition Deck structural condition

Figure 4.12: ANOVA results for a) individual State and b) for between States analysis. The numbers above
each circle indicate the mean year built of each group which showed a high correlation with sufficiency
rating and is anticipated to have an effect on condition.

4.42.4 ANOVA results

From the selected 41 variables (Figure 4.6), 38 (excluding sufficiency rating, bridge
status and Appraisal condition rating) were analyzed using ANOVA. Three different
response variables were used for the three different condition ratings. For each response
variable related independent variables were chosen for its analysis. An additional variable
was formed using the super structure material to separate among continuous or simple spans

to indicate structural joints, and their effect on condition ratings of deck and substructure.
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The analysis included only the effect of each independent variable to the condition rating,
the summary of its’ results were included in each Table (4.3, 4.4 and 4.5). For each variable
analyzed multiple comparisons have been used to visualize the differences among the

groups. In the last column of each table a reference to the Appendix has been included.

Table 4.3: ANOVA ranked results for variables relative to superstructure condition (Appendix A-11.13).

Variabbles Total Sum  Degrees Sum F-statistic ~ Prob>F R? Ref.
of of of

Squares Freedom Squares
Year (Re) constructed  578606.10 6 172338.08  28787.98 OE+00 0.2979 A
Main Material 641831.01 5 73130.62 11408.65 OE+00 0.1139 B
Deck Width 641738.55 3 44141.09 10921.13  OE+00 0.0688 C
Length of Max. Span  641393.13 4 23546.35 4223.73 OE+00 0.0367 E
Length 641831.01 5 15103.42 2138.04 OE+00  0.0235 D
Lanes On 641687.95 3 14509.44 3420.77 OE+00  0.0226 J
Min Lateral 200708.70 3 2891.42 830.80 OE+00 0.0144 M
Clearance
Snow depth above 1 641191.36 4 6948.30 1213.82 OE+00 0.0108 Y
inch
Max.Temperature 638353.36 4 6754.94 1179.45 OE+00 0.0106 S
Deicing Region 641831.01 1 5637.74 3931.05 OE+00  0.0088 4
Annual Precipitation 637614.41 7 5310.18 529.43 OE+00  0.0083 X
Peak Ground 641808.61 7 5312.98 528.96 OE+00 0.0083 AB
Acceleration
Navigation Control 641831.01 2 4856.03 1690.91 OE+00 0.0076 R
Relative humidity 419404.63 5 3134.28 429.03 OE+00 0.0075 W
Min. Vertical 641831.01 3 467217 108428  OE+00 00073 K
Clearance Under
Distance from Coast 23031.85 11 158.54 12.10 5E-23  0.0069 AA
line
Min. Temperature 638793.31 4 3873.51 673.40 OE+00 0.0061 T
Inventory Route 641212.65 7 3884.07 1350.72 OE+00  0.0061 L
Clearance
Dew point 641831.01 6 3875.13 449.09 0.00E+ 0.0060 V
Temperature 00
Average Daily 641831.01 7 1832.85 181.48 1E-269 0.0029 O
Traffic
Lanes Under 641831.01 4 1756.55 304.34 6E-262  0.0027 |
Diurnal Temperature ~ 638888.80 4 1620.02 280.60 2E-241  0.0025 U
Range
Reference feature for  641831.01 2 1466.23 507.85 5E-221  0.0023 N
Clearances
Number of Spans 641520.63 3 1304.80 301.25 2E-195  0.0020 F
Detour Length 641831.01 6 1104.27 127.42 1E-161 0.0017 Q
Truck traffic 641831.01 4 486.43 84.11 2E-71  0.0008 P
Owner 641831.01 5 378.82 52.39 2E-54 0.0006 G
Federal Lands 641829.35 7 305.22 30.15 5E-42  0.0005 H
Highway
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Table 4.4: ANOVA ranked results for variables relative to deck condition (Appendix, A-11.14).

Variabbles Total Sum Degrees Sum F- Prob>F R? Ref.
of of of statistic

Squares Freedom Squares
Year (Re) constructed 511544.08 6 130624.14 2327193 OE+00 0.2554 A
Wearing Surface 568997.40 10 26514.73  2168.13 OE+00 0.0466 E
Deck Width 568929.47 3 18825.95 5059.94 OE+00 0.0331 D
Deck Type 555572.95 8 13279.36  1330.65 OE+00 0.0239 C
Length of Max. Span 568572.99 4 7873.43 1556.28 OE+00 0.0138 F
Max.Temperature 565568.87 4 5002.04 984.05 OE+00 0.0088 Q
Lanes On 568857.78 3 4903.09 128555 OE+00 0.0086 K
Dew point Temparature 364258.85 5 3138.47 49521  OE+00 0.0086 S
Length 568.997,40 5 904,33 710,68 6E+05 0,0079 P
Snow depth above 1 inch  568417.89 4 4377.84 859.96  OE+00 0.0077 W
Deicing Region 568997.40 1 3691.30  2896.59 OE+00 0.0065 X
Min. Temperature 566017.08 4 3309.30 649.14 OE+00 0.0058 R
Peak Ground 568977.33 7 1870.52 209.01 3E-297 0.0033 Z
Acceleration
Annual Precipitation 565141.54 7 1775.29 198.66  1E-295 0.0031 V
Relative humidity 364258.85 5 789.67 123.79  2E-131 0.0022 U
Min.Vertical Clearance 568997.34 3 1197.66 311.90 3E-202 0.0021 G
Owner 568997.40 5 953.20 148.87  2E-158 0.0017 |
Navigation Control 568997.40 2 944.94 368.96 8E-161 0.0017 AA
Distance from Coast line 19704.78 11 31.10 2.76 1E-03 0.0016 Y
Detour Length 568997.40 6 698.01 90.81 2E-114 0.0012 O
Diurnal Temperature 566154.97 4 389.60 76.01 2E-64 0.0007 T
Truck traffic 568997.40 4 236.82 46.18 7E-39 0.0004 N
Lanes Under 568997.40 4 206.41 40.24 9E-34 0.0004 L
Average Daily Traffic 568997.40 7 188.43 20.99 2E-28 0.0003 M
Ref. feature Clearance 568997.40 2 175.47 68.42 2E-30 0.0003 H
Span Type 568997.40 1 172.10 134.21 5E-31 0.0003 B
Federal Lands Highway 568995.55 1 71.15 55.47 9E-14 0.0001 J
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Table 4.5: ANOVA ranked results for variables relative to substructure condition (Appendix, A-11.15).

Variabbles Total Sum  Degrees of Sum of F- Prob>F R? Ref.
Squares Freedom Squares statistic
Year (Re) constructed 586954.69 6 171129.41 27927.01 OE+00 0.2916 A
Deck Width 650919.78 3 18374.64 13678.53 O0E+00 0.0847 F
Length of Max. Span 650493.75 4 37198.76  6721.66 OE+00 0.0572 E
Length 650997,42 5 4255,05 2997,15 0E+00 0,0327 B
Min. Lateral Clearance  184242,43 3 1598,60 1518,96 OE+00 0,0260 G
Span Type 650997.42 1 9844.06 6810.34 0E+00 0.0151 C
Navigation Control 650997.42 2 7910.92 2728.24  0E+00 0.0122 |
Peak Ground 650984.72 7 6281.13 617.33 OE+00 0.0096 W
Acceleration
Average Daily Traffic 650997.42 7 5755.05 565.17  OE+00 0.0088 K
Relative humidity 408112.32 5 3326.68 468.24  OE+00 0.0082 T
Distance from Coast 20559.76 11 163.79 14.02 3E-27 0.0080 X
line
Snow depth above 1 650369.32 4 4803.83 82441  OE+00 0.0074 U
inch
Annual Precipitation 647542.34 7 4300.26 421.42 OE+00 0.0066 S
Ref. feat. Clearance 650997,42 2 3204,80 1097,21  OE+00 0,0049 H
Max. Temperature 647667.49 4 2914.70 498.50 OE+00 0.0045 P
Dew Point 408112,32 354,22 248,34  1E-265 10,0043 R
Temperature
Diurnal Temperature 648184.10 4 2336.57 399.30 OE+00 0.0036 Q
Owner 650997.42 5 2311.03 316.05 OE+00 0.0035 M
Deicing Region 650997.42 1 2207.12 1508.96 OE+00 0.0034 \%
Detour Length 650997.42 6 2171.96 24747  4E-317 0.0033 J
Min. Temperature 648114.78 4 1832.75 312,99  2E-269 0.0028 @]
Number of Spans 650637.70 3 1636.40 372.66  9E-242 0.0025 D
Truck traffic 650997.42 4 1526.37 260.61  4E-224 0.0023 L
Federal Lands 650995.51 1 625.29 426.46 1E-94  0.0010 N
Highway

4.4.25 Conclusions for ANOVA

ANOVA was performed to investigate the impact of each independent variable to the
dependent variables (condition ratings). The analysis’s limitations regard the relationship
among variables which all together describe a bridge and are responsible for its current
condition rating. Since, not more than one variables have been studied at once, the results of
the analysis provide indications of the group means, of the single variable studied. Despite
that, certain conclusions can be made regarding distinctive patterns noticed from the ranked
results and their multiple comparisons:

e The year of construction and reconstruction appear to be the most affecting factor for
condition ratings. They are ranked 1% in each Table of the results describing most of
the variance (26-30%). Additionally, they appear to have big differences among their

group means in the multiple comparisons.
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Materials appear to have the next most important effect for condition ratings of
superstructure and deck, where information is provided from the NBI. Deriving from
superstructure material main type, the span type appears to affect also substructure
condition. In general, materials of concrete seem to have a better rating than other
materials. Furthermore, continuous spans can be noticed to have better condition
ratings than simple spans. Thus, among superstructure materials prestressed concrete
in continuous spans has the highest condition rating. Also, steel continuous spans have
a higher condition rating than concrete continuous spans and a lower condition rating
than simple spans of prestressed concrete.

The design of a bridge appears to have an effect on all condition rating, with more
demanding designs having better ratings. These include increased deck width (and
lanes on structure), length, maximum span and peak ground acceleration. Specifically,
for peak ground acceleration a pattern is evident in the multiple comparisons for all
condition ratings where increase in earthquake hazard decreases condition rating while
a further increase above 0.2g is accompanied with increase in condition ratings (fig.
4.13). A possible explanation to this notice can be attributed to a seismic design
demand coinciding with that specific limit. Also, from Figure 4.13, it can be noticed
that peak ground acceleration affects mostly the condition ratings of superstructures

and substructures, than of decks.
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Figure 4.13: ANOVA results for groups of: Peak ground acceleration in g=9.81m/s? and its effect on condition
rating of superstructure, deck and substructure. The blue line indicates a possible limit of application for
seismic design demands.

Average daily traffic as well as truck traffic appear to have a very limited effect among
condition ratings (fig 4.14). A possible explanation could be attributed to the existence
of adequate standards and their good application and/or an organized and oversighted
process of bridge posting accompanying bridge inspections. Despite the mentioned

notices an effect similar to peak ground acceleration but of lower intensity, appears for
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super structure and substructure condition, which could also be attributed to adequate
design standards both for average daily traffic (fig. 4.13a) and truck traffic (fig. 4.13Db).
The same cannot be observed for the condition rating of deck where all groups of either

variables appear to variate within small limits.
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Figure 4.14: ANOVA results for groups of ADT (a) and truck traffic (b) for the condition rating of
superstructure, deck and substructure.

Owner as well as Federal Lands Highway designation appear to have a very small
effect to all condition ratings.

Minimum clearances, vertical, lateral and inventory route appear to affect more
superstructure and substructure conditions only for the smallest distance group.
Specifically, inventory route minimum vertical clearance (corresponds to minimum
vertical clearance from the road’s surface to a structure above), appears to affect the
condition rating of superstructure, while substructure is affected more by minimum
lateral clearance. A possible explanation could be attributed to the vehicle collisions
and accidental actions. On the other hand, despite the increased difference and high
rank attributed for the case of inventory route clearance, the sample size of the smallest
distance group corresponds only to 0.58% of the all groups analyzed. Thus, the lower
condition rating could be attributed to other confounding variables such as year of
construction and/or material.

Regarding the effect of weather and environment, maximum temperature, snow depth
in days, minimum temperature and being within the deicing region appear to affect
more than other environmental effects. Specifically, warmer climates have higher
condition ratings for the different structural parts considered. This applies for both
maximum and minimum temperature. Despite the strong correlation indicated in
section 4.4.1.4, snow depth above 1 inch appears to have a slightly different pattern
compared to temperatures, with the first group (corresponding to less than half a day),
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being in higher condition. On the other hand, while an increase in snow days from half
a day to 7.4, has a lower condition, no further reduction in condition follows the
increase in snow days (fig. 4.15a). The same can be noticed from the inclusion or not
within the deicing region (fig. 4.15b). It should be mentioned, that for the case of deck
condition rating there is a very slight reduction noticed for increased days of snow
depth above 1 inch. Thus, from these results it appears that the amount of deicing
applied affects has a minor effect in structural condition ratings, in comparison to the

absence of deicing.
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Figure 4.15: ANOVA results for groups of: a) snow depth above 1 inch in days and b) being
in deicing region where deicing is allowed or not, for superstructure, deck and
substructure condition.

Among the rest of the weather variables annual precipitation appears to have an effect
on structural condition ratings but there is no clear pattern indicating a reduction of
condition with increase in precipitation.
Similar patterns noticed for peak ground acceleration can be noticed for diurnal range
temperature, which could be explained by the similarity among the maps of each
variable (fig. 4.5 b and e). As increased thermal loads could be anticipated for
increased diurnal temperature ranges thus lower condition ratings, this is not noticed.
Superstructure and substructure which are less exposed to thermal loads than deck
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have a similar pattern to that of peak ground acceleration. On the other hand, deck
condition appears not to have a similar pattern indicating that, although peak ground
acceleration increases, deck condition remains the same. An observation that cannot
be made for diurnal temperature range, where all condition ratings appear to be equal
except for the first category, which corresponds to coastal areas.

e Dew point temperature appears to have an effect similar to temperature on the other
hand, relative humidity (where dew point has been utilized) shows a pattern where
increase in relative humidity corresponds to lower condition ratings.

e From the variable navigation control it can be noticed that bridges located over water
have a lower condition rating. Water underneath the bridge appears to effect
substructure condition more than superstructure and deck.

e Smaller distances from the coast appear also to have an effect, more on condition

ratings of substructure and superstructure and less on deck’s condition.

4.4.3 Dimensionality reduction using PCA

A basic step before performing statistical modelling is reducing the dimensions
(variables) of a high dimensional data set. Usually dimensionality reduction processes are
applied in EDA (Martinez & Martinez, 2005), where variables for further analysis are
selected and explored, as methods such as PCA reduce the dimensions based on variable
variances and not their effect on dependent variables. PCA performs transformations to the
data resulting to a change in coordinates (dimensions/variables). Linear combinations of the
original variables are formed based on their variances, resulting to uncorrelated variable
groups, principal components (Jolliffe, 2010). All principal components describe the total
variability of the dataset, while only the few first describe most of the sample’s variability.
The number of the principal components to be incorporated can be decided by the cumulative
percentage of variance explained.

In this study, the process is performed after all variables were studied for their effect
on the dependent variable. Thus, an oversighted exclusion of variables would be performed.
PCA results of the numeric variables were utilized to reduce their dimensions and ANOVA
results to reduce categorical variables. Initially, small manipulations were performed to the
dataset regarding outliers and extreme variances noticed, to avoid misleading results
deriving from PCA’s sensitivity to variance. Hence, ADT instead of vehicles was
transformed to thousand vehicles. Additionally, as different types of numeric variables are
incorporated, two PCA’s were performed (fig. 4.16), one to reduce bridge related data from
the NBI and the second to reduce weather, environmental data. Furthermore, variables with

54



increased missing values were not included either in PCA or in regression analysis. These
variables were: dew point temperature and relative humidity (73% missing values),
clearances (minimum vertical clearance with 77% missing values, distance from the coast
with 96%, lateral clearance with 78% and lateral clearance with 83%) the last exclusion was

performed to year of reconstruction where 85% of the bridges have not been reconstructed.
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Figure 4.16: Principal components analysis of a) NBI variables and b) weather and peak
ground acceleration variables.
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A variability above 95% was utilized to incorporate variables of each dataset. Thus,
for the NBI variables the first five principal components (fig. 4.16a) were chosen, explaining
99.54% of the data’s variability. These included the variables: length; ADT; length of
maximum span; deck width; detour length; year of construction and year of reconstruction.
From the environment dataset first two principal components included variables of snow
depth above 1 inch and annual precipitation describing 99.2% of the dataset’s variability.
Despite, PCA’s results the variable of peak ground acceleration was also included as it was
noticed to affect all condition rating in the ANOVA results also truck traffic was included
as additional information for ADT. Regarding categorical variables, main material would be
used for superstructure condition ratings, span type (generated from main material) for deck
and substructure. Type of deck and type of wearing surface would also be included for deck
condition ratings. Furthermore, navigation control and deicing region would be introduced

to model all condition ratings.
4.4.4 Regression analysis

Regression analysis is a statistical process for estimating the relationship among
variables. Specifically, many techniques are utilized to modelling and further analysis of a
dependent variable and its relationship with one or more independent variables. It is
commonly used for prediction and forecasting but it has also been utilized in achieving a
better understanding of the importance of each independent variable, utilizing the attained
model. The regression process leads to a function that models the change in the dependent
when any of the independent variables is varied and the rest are kept fixed. As the estimates
of the dependent variable comprise the conditional expectation, special attention should be
given in the distribution of the dependent variable.

4.4.4.1 Negative binomial distribution

In section 4.4.2.1 the normality assumption for performing ANOVA was mentioned
to be violated due to the non-continuity of condition ratings as well as the non-negative
values. Structural condition ratings can be regarded as count data, as observations (bridges)
can only take non-negative integer values and they are product of counting. To model such
data binomial, Poisson or negative binomial distributions can be used due to the fact that
condition ratings are not dichotomous (Hosmer, et al., 2013). The negative binomial
distribution (eq.4.6) was selected as it provided the additional capability to model over
dispersed data in contrast to the Poisson (Hilbe, 2011).

For negative binomial regression to be performed, no violations to the negative

binomial distribution should exist. Specifically, according to Hilbe (2011), these violations
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include: (a) no zero in data, (b) excess zeros in data, (c) data separated in to two distributions,
(d) censored observations, (e) truncated data, (f) data structured as panels clustered or
longitudinal data (g) some responses occur based on the value of another variable and (h)
endogenous variable in the model. Violation (g) refers to cases where an event does not
begin until a certain value is reached from another variable, for the case of NBI this has not
been noticed. Violation (h) refers to cases of omitted variables or not incorporated in the

model increasing its errors.

k -1
rx=ir=("" T )pta-pr o)
Where,

X: discrete random variable, k: non-negative integer values representing number of

successes, r: number of failures (r>0) and p: the probability of success (0<p<1).

4.4.4.2 Regression analysis methodology

To model the effect of the reduced independent variables of section 4.4.3 negative
binomial regression analysis was utilized. Three different regression functions would be
derived, one for each structural condition rating. For each condition rating a selection of the
categorical variables was performed based on the ANOVA results to include material
variables for each condition rating. Additionally, groups of categorical variables were
merged to form a larger group due to limited sample size, such were the variables of type of
deck and type of wearing surface.

An additive, generalized linear model fit was calculated using MASS library in R (R-
core team, 2008). An initial regression was performed to fit a model using all independent
variables corresponding to each dependent variable. Then each initial model was refined by
omitting variables that were found to be insignificant. To achieve this, a stepwise regression
process was utilized, where independent variables would be added (forward) or removed
(backward) and the Akaike Information Criterion (AIC) was used to indicate if a better
model was achieved. This process was performed both ways, forward regression where
variables are added and backwards where variables are removed. The results of the initial
regression were compared to the refined model and unnecessary variables would be omitted.
Despite that, from the process of omitting variables ADT was deliberately excluded, as all

bridges carry highway traffic and a better understanding of the variables effect was needed.
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4.4.4.3 Regression results

The regression analysis results are displayed with the regression function of each
structural condition rating while, coefficients, errors and model’s details are presented in
Tables. Thus, Equation 4.7 and Table 4.6 correspond to superstructure condition, Equation
(4.8) and Table 4.7 to deck condition and Equation (4.9) and Table 4.8 to substructure
condition. the coefficient shows the effect of each variable to the condition. In each
regression function (eq.4.6, 4.7 and 4.8) the logarithm of the corresponding condition rating
is equated to an intercept term and the added independent variables multiplied by each
variable’s coefficient. The intercept term is a grand average of the dependent variable, while
the effect of the different variables is revealed from the coefficients estimated, provided in
each Table. Categorical variables can be noticed to have no values for their first group and
values for the other groups this is due to the ‘dummy’ (fake) variables generated to model
them. Specifically, for each group of a categorical variable (with more than two groups) one
dummy variable is generated. Dummy variables in contrast to numerical variables can take
only value 1 to indicate to specialize the model for the specific group or 0 to exclude it. Thus,
despite the fact that it is a coefficient estimate, it is a value that changes the model similar to
the intercept.

Positive coefficients indicate increase in the logarithm of the condition rating while,
negative indicate decrease. The coefficients’ magnitude is related to the variation each
variable includes, thus ADT may take values from 0 to 100000, while peak ground
acceleration varies from 0 to 2.5. The error term, next to each estimated coefficient, reveals
the standard error of the estimated coefficient. The magnitude of the error is presented as the
z-value where the coefficient estimated is divided by the error term, with larger z-values
indicating smaller errors. The calculated z-values are utilized to calculate the p-values which
are compared to the different significant levels and each variables’ significance is
determined. Significance, levels are denoted by symbols, with (***) indicating high
significance and no stars no significance. In the last rows of each table, the regression details
are given. Null and residual deviance indicate the remaining variance of the model, before
the models variables were included using only the intercept term (null deviance) and after
the inclusion of the variables (residual deviance). Inclusion of the variables is also denoted
by reduction of degrees of freedom. In the end two AIC values, AlC, corresponding to the
initial regression and AIC after the stepwise process to omit the unnecessary variables, lower

AIC values corresponding to a better fit of the model. AIC values can only be used as a
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goodness for a specific model (i.e. superstructure condition) and not for comparing two

different models.

To interpret the results the significance of each variable has to be taken to account.

Non-significant variables are variables which include larger errors in the estimation of their

coefficient, thus their use as predictors is limited. From the significant variables, the sign of

their estimated coefficient is the first indication of the effect of the predictor to the

independent variable. Then the magnitude of the coefficient can be also considered although

as previously mentioned it depends on the predictors’ variance.

In (Superstructure Condition) = Intercept+ Ci*Length + C2* Deck width + Cs* Year of construction + C4+*Detour

Length + Cs*ADT + Cs*PGA +Cr*Precipitation + Cs*Snow depth + (47)
Co*Deicing region + Cio*Material + Ci11*Water underneath
Table 4.6: Regression analysis results for superstructure condition rating
Coefficient

Variables Estimates  Std. Error  z-value  Pr(>z|) Sig.
(Intercept) -5.3E+00 5.53E-02 -95.74  <2E-16  ***
Length (m) -48E-05  4.66E-06 -10.37 <2E-16  ***
Maximum Span (m) omitted
Deck width (m) 7.16E-04 1.09E-04 6.55 5.7E-11 kel
Year Constructed (date/Year) 3.66E-03 2.80E-05 130.78 <2E-16  ***
Detour length (km) 1.45E-04 2.54E-05 5.72 1.1E-08 falaiel
ADT (vehicles) 2.7E-08 3.55E-08 0.75 4.5E-1
Truck traffic (% ADT) omitted
Peak Ground Acceleration (g) 4.9E-02 3.31E-03 14.82 <2E-16  ***
Precipitation (inches) -5.6E-04 542E-05  -10.29 <2E-16  ***
Snow depth above 1 inch (days) 1.6E-04 2.50E-05 6.21 517E-10  ***
Deicing Region  Not allowed

Allowed -2.53E-02 1.75E-03 -14 < 2E-16 ool
Material Concrete continuous

Concrete simple -9.69E-03 2.49E-03 -3.90 9.8E-05 falaied

Prestressed 2.10E-02 3.09E-03 6.80 1.1E-11 falaied

Concrete continuous
Prestresssed Concrete 1.82E-02 2.27E-03 8.00 1.2E-15

simple
Steel Continuous 9.75E-04 2.71E-03 0.36 7.2E-1
Steel Simple -4.61E-02 2.36E-03 -19.51 < 2E-16
Water No
Underneath Yes -7.31E-03  1.51E-03 -4.84 1.3E-6

*kk

*kx

*k%x

Significance codes: 0 “***> 0,001 “*** 0.01 ‘** 0.05°” 0.1 “’ 1
Regression information:
Null deviance: 91352 on 391443 degrees of freedom
Residual deviance: 63276 on 391428 degrees of freedom
AlCo = 1529806, AIC: 1529804
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In(Deck Condition) = Intercept+ Ci*Length + C:* Max. Span+ Cs*Deck width + Ci* Year of construction +

Cs*ADT + Cs*PGA +Cr*Precipitation + Cg*Snow depth + Co*Deicing (48)
region + Cio*Type of wearing surface + Ci1*Type of deck + Ciz*Water
underneath + Ci3* Span type
Table 4.7: Regression analysis results for deck condition rating
Coefficient  Std.
Variables Estimates  Error z-value  Pr(>z])  Sig.
(Intercept) -4.60E+00 5.73E-02 -80.235 <2E-16 il
Length (m) -3.31E-05 5.09E-06 -6.505 7.75E-11  ***
Maximum Span (m) -1.47E-04 5.27E-05  -2.799 5.13E-03 &>
Deck Width(m) -2.95E-04 1.18E-04  -2.508 1.21E-02 *
Year Constructed (date/Year) 3.30E-03 2.92E-05 112911 <2E-16 falele
Detour Length (m) omitted
ADT (vehicles) 1.04E-07 3.67E-08 2.827 4.70E-03 **
Truck traffic (% ADT) omitted
Peak Ground Acceleration () 2.40E-02  3.39E-03 7.075 150E-12  ***
Precipitation (inches) -1.41E-04 552E-05  -2.557 1.06E-02 *
Snow depth above 1 inch (days) -1.23E-04 2.59E-05  -4.745 2.09E-06  ***
Deicing Not allowed
Region Allowed -1.31E-02 1.78E-03  -7.333 2.25E-13  ***
Type of Bituminous
Wearing Epoxy Overlay -6.19E-03 5.50E-03  -1.125 2.60E-01
Surface Gravel -3.13E-02 3.80E-03  -8.245  <2E-16  ***
Integral Concrete 6.67E-02 3.32E-03  20.076 < 2E-16 Fhk
Latex Concrete -2.96E-02 3.84E-03  -7.698 1.38E-14  ***
Low Slump Concrete -3.39E-03  4.78E-03 -0.71 4.77E-01
Monolithic Concrete -7.83E-03 1.67E-03 -4.681 2.85E-06  ***
None 8.94E-03  2.18E-03 4.109 3.97E-05  ***
Other 1.82E-02  4.49E-03 4.054 5.03E-05  ***
Type of deck  Concrete Cast-in-Place
Concrete Precast Panels -5.36E-03  2.01E-03 -2.673 7.51E-03 *x
Open/Closed Steel Grating -3.79E-02 3.95E-03  -9.615 < 2E-16 Hhx
Other -1.55E-02 3.12E-03  -4.978 6.43E-07  ***
Water No
underneath  Yes 3.69E-03 159E-03 2317  2.05E-02  *
Span type Continuous
Simple 9.06E-03 1.52E-03 5.955 2.60E-09  ***

Signif. codes: 0 “****(0.001 “***0.01 “** 0.05 . 0.1 ‘1

Regression information:

Null deviance: 79666 on 382617 degrees of freedom
Residual deviance: 61553 on 382594 degrees of freedom
AIC,: 1490967 AIC: 1490963
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In(Substructure Condition) = Intercept+ Ci*Length + C2* Deck width+ Cs*Year of construction + C+* Detour
length + Cs*ADT + C*Truck traffic+ Cs*PGA +Co*Precipitation + (49)
Cio*Snow depth + Ci1*Deicing region + Ciz* Span type + Ci3* Water

underneath

Table 4.8: Regression analysis results for substructure condition rating

Variables Coefficient Std. z-value Pr(>z|) Sig.
Estimate Error

(Intercept) -6.20E+00 5.17E-02  -120.08 <2E-16  ***
Length (m) -4.72E-05 4.63E-06 -10.21 <2E-16  ***
Maximum Span (m) omitted
Deck Width (m) 1.04E-03  1.08E-04 9.55 <2E-16  ***
Year Constructed (date/Year) 411E-03 2.61E-05 157.88 <2E-16  ***
Detour Length (km) 7.90E-05 2.56E-05 3.082 0.00206 3
ADT (vehicles) 2.67E-08  3.55E-08 0.75 0.451
Truck traffic (% ADT) 2.68E-04  7.33E-05 3.663 0.00025  ***
Peak Ground Acceleration () 6.72E-02  3.29E-03 20.44 < 2e-16 Fxk
Precipitation (inches) -3.62E-04  5.40E-05 -6.703 2.04E-11  ***
Snow depth above 1 inch (days) 1.47E-04  2.52E-05 5.835 5.39E-09  ***
Deicing Region Not allowed

Allowed -1.71E-02  1.73E-03 -10 < 2e-16 il
Span type Continuous

Simple -2.96E-02 1.44E-03  -20.567 < 2e-16 el
Water underneath  No

Yes -1.13E-02 1.54E-03  -7.369 1.71E-13  ***

Significance codes: 0 “***’0.001 “**’ 0.01 “** 0.05 ‘.’ 0.1 *’ 1
Regression information:
Null deviance: 92938 on 391415 degrees of freedom
Residual deviance: 64088 on 391403 degrees of freedom
AIC, : 1525368 AIC: 1525368 no change in AIC despite the omitted variable

4.4.4.4 Regression analysis conclusions

e All condition ratings are affected mostly by year of construction, with increase in year
of construction corresponding to increase in condition.

e Average daily traffic is not significant for superstructure and substructure condition,
while it is significant for deck condition.

e For all condition ratings, increase in ADT has a positive contribution. On the other
hand truck traffic is a significant predictor for substructure condition with a positive
effect, while it has been omitted for the other condition ratings.

e The effects of peak ground acceleration have a significant positive effect to all
condition ratings, with increased contribution for superstructure and substructure,
validating ANOVA’s conclusions (4.3.2.5).
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Annual precipitation, has a significant negative effect to all condition ratings which
mostly seems to affect superstructures.

Deicing reduces all condition ratings with an increased negative coefficient for
superstructures, indicating that they are affected most. On the other hand, increase of
days of snow depth above one inch, affects positively superstructures and
substructures, and negatively deck. Thus, the conclusions of ANOVA that although
deicing salts do affect superstructures and substructures, their quantity does not. On
the contrary, for deck increased days of days above one inch, corresponding to more
direct application of deicing and ice removal processes reduce its condition rating.
Superstructure materials, continuous spans have increased condition ratings compared
to simple spans. Thus, if materials were to be ordered from higher to lower condition
ratings, this order would be: continuous spans of prestressed concrete, simple spans of
prestressed concrete, continuous spans of steel or continuous spans of concrete, simple
spans of concrete, simple spans of steel.

Continuous spans also affect positively substructure condition ratings while deck
condition ratings are negatively affected.

Water underneath the structure has an increased negative contribution to the condition
rating of substructures, while it affects in a much less negative way superstructures
and in a positive way deck condition rating.

Length appears to have a minor negative effect for all condition rating.

Maximum span has a minor negative and less significant effect for deck rating while
it has been omitted by the stepwise process for superstructure an substructure.

Deck width has a positive effect for superstructure and substructure while, a negative
for deck condition rating.

Detour length has a small positive effect for condition ratings of superstructure and
substructure, it is less significant for substructure and has been omitted for deck
condition.

For deck, the wearing surfaces ordered from higher to lower condition are: integral
concrete, other, none, bituminous, monolithic concrete, epoxy overlay, low slump
concrete, latex concrete, gravel.

For deck, the deck types ordered from higher to lower condition ratings are: concrete
cast in place, concrete precast panels, other, open/closed steel grating.
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45 Conclusions

In this Chapter, factors affecting structural condition of bridges, were studied using
data from existing bridges. To achieve this, inspection data of more than 600,000 bridges
located in the US were utilized from the National Bridge Inventory (NBI). Since, the US
territory contains a large variety of environmental exposures, databases such as the United
States Geological Survey (USGS) and the National Oceanic Atmospheric Administration
(NOAA), were used to introduce additional variables regarding climate and earthquake
hazard. To estimate their values for each bridge location, spatial interpolation methods were
utilized. The combined dataset was then analyzed using data analysis procedures, to
determine which variables affect the structural condition of a bridge.

The exploratory data analysis showed that, the selected NBI variables had low
correlations among them in contrast to weather variables which were moderately to highly
correlated. ANOVA and multiple comparisons revealed useful patterns, which indicated the
effect of each variable to structural condition rating. More over the analysis showed the
existence of certain thresholds after which variables had a different effect to the condition
ratings such were:

e Deicing region and snow depth above one inch in days, where although deicing region
coincided with more than 0.5 days of snowfall above one inch, further increase in days

did not affect superstructure and substructure condition and slightly reduced deck’s

condition rating.

e Peak ground acceleration affected most substructure and superstructure condition and
less deck. A distinct similar pattern among all condition ratings reveals that, increase

in peak ground acceleration more than 0.2g has a meliorating effect.

Furthermore, from the regression analysis the structural conditions of deck
superstructure and substructures were confirmed to be mostly affected by:

e The year of construction, where recently built bridges corresponded to higher
condition ratings for either structural parts.

e The materials of deck and superstructure, where highest ratings for deck condition
corresponded to cast in place deck with wearing surfaces of integral concrete. For
superstructures, higher condition rating corresponded to prestressed concrete.

e Span type affected all condition ratings, for superstructures and substructures
continuous spans had higher condition ratings than simple spans, while for deck they

corresponded to lower condition ratings.
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Peak ground acceleration, whose increase, increased the condition ratings all structural
parts.

Being located within the US deicing region. Superstructures and substructures were
affected more by the presence of deicing than by the amount of deicing applied. On
the other hand, deck showed the same dependency to other structural parts regarding
deicing with the additional dependency to the amount of deicing applied.
Precipitation with increase in precipitation corresponding to lower condition ratings.
Water underneath the structure affected mostly substructure’s condition rating and less

the condition rating of the deck’s.

Less important factors for the structural condition ratings were:

Average daily traffic, truck traffic and detour length, whose increase was corresponded
to small increase in condition ratings.

Length, maximum span, and deck width also had a very small effect in the condition

ratings.
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5 Coastline effect on bridges

The analysis of the previous chapter revealed the most important factors affecting
bridge condition ratings. Among these, the distance from coastline was found to have a
significant effect and that it should be studied separately, as no correlation was noted with
other environmental factors. The methodology followed in the present chapter examines the
effects of coexisting factors, in order to select consistent samples, where the primary
differentiator is the distance from the seacoast. The main aim is to find the critical distance,
within which coastline effects are observed on bridge deterioration. The procedures
followed herein test the reliability of the NBI, the sensitivity of the recorded ratings and the

consistency of the gathered data and the final findings.
5.1 Introduction

Marine and coastal environments are considered to be highly corrosive to structures
built from common materials, such as concrete, prestressed concrete and structural steel.
Their effect can be mostly attributed to the high concentration of chloride ions contained in
sodium chloride (sea-salt) in seawater (Brown, et al., 1995), which causes corrosion to
various forms and types of steel (embedded or structural). Specifically, in the case of steel,
chlorides attack the passive layer formed at the outer steel surfaces that protects the inner
parts from further corrosion (Schweitzer, 2010); in the case of concrete, chlorides cause a
drop in the concrete’s pH and hence result in reduced cover protection capacity for the
embedded steel (Bentur, et al., 1997). The chlorides’ aggressiveness stems from the fact that

the electrochemical reactions taking place do not consume the chlorides.

Chlorides can reach a structure’s surface either through direct contact of seawater
(marine structures) or through seawater droplets carried by wind (Cole, et al., 2003a). The
latter are also known as airborne chlorides and are the predominant natural way for chlorides
to reach a distant from the coast structure (Neville, 1995). Travel distances can exceed 2km
or can be much less depending on terrain and wind regime, making the coastal zone’s limits
affected by chlorides difficult to determine (Neville, 1995). A complete study needs to
consider the procedures of airborne salt production, travelling and deposition, as well as the
consequent deterioration mechanisms and intensity of their effects on structures. Airborne
salt results primarily from droplets produced by breaking bubbles in the whitecaps on the
sea surface (Blanchard & Woodcock, 1980). Their concentration depends on the percentage

area of whitecaps formed on the sea surface, the bubble sizes generated, as well as the wind
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(intensity, direction, etc.). The produced particles become airborne and exhibit an attenuating
concentration with height, with maximum concentration observed just above sea level
(Blanchard & Woodcock, 1980). Then, the airborne salts are transported inland by wind and

deposited on the structures’ surfaces.

Various methods exist to measure the concentration of deposited chlorides, see e.g.
(Ambler & Bain, 1955), with the wet-candle method being the most popular one. This
method consists of an experimental setup placed in predetermined locations, in accordance
with specific national standards. After a preset duration, the content of each setup is collected
and analyzed with various methods (e.g. chromatography), in order to determine the
concentration of the deposited chlorides. Other experimental methods include the Japanese
salt sampler (Mishikawa & Tanaka, 1993) and the advanced Japanese salt sampler that can
also measure the wash-off from precipitation (Chen, et al., 2013). In all cases, chloride
deposition is assessed in combination with the specific characteristics of specimens made of
materials such as metals, concrete or mortars, in order to measure surface chloride as well
as ingress. In general, the experimental setup is placed at various distances or/and heights
(Mustafa & Yusof, 1994), in order to measure the attenuation of deposited chlorides with
distance. The deposition can be measured in monthly intervals, while the specimens are

analyzed in larger intervals to measure chloride ingress.

In general, the attenuation of chloride deposition with distance can be fitted by an
exponential function (Feliu, et al., 1999), but, as can be expected, the deposition rates vary
significantly mostly due to seasonal or local changes. For example, an average reduction of
the initial chloride deposition exceeding 90% was observed after about 200m distance from
the coast in studies conducted in Brazil (Meira, et al., 2010) (Pontes, et al., 2009) and
Bangladesh (Hosain, et al., 2009). In another study conducted in Taiwan (Chen, et al., 2013),
the seasonal average was calculated and results showed a seasonal percentage of about 88%
reduction of the initial deposition at distances exceeding 1km for autumn and winter. In the
same study, the critical height of monthly precipitation above 100mm was found to reduce
the adhesive airborne salt, provided the wind has direction from sea to inland. The critical
speed of such winds, categorized as ‘saline’, was estimated to be above 3m/s using the wet-
candle method in Spain (Morcillo, et al., 2000). Moreover, the effect of elevation has an
important effect on the deposition rates. A 60% difference was noticed between the initial
setup placed at 5m height and a second at 15m height, both located at 30m from the coast
(Mustafa & Yusof, 1994). Blanchard and Woodcock (1980) also noticed an inversion layer

for speeds between 3m/s and 8m/s that causes a sudden increase in sea salt concentration at
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altitudes of 500m and 600m above sea level. Additional factors, such as terrain topography
and obstacles or channeling effects, can alter the deposition rates significantly. Further
information on these factors can be found in an Australian study regarding atmospheric
corrosion (Cole, et al.; 2003a; 2003b; 2003c; 2004a ; 2004b).

The atmospheric deposition of chlorides is of major importance also because its effect
on materials provides useful information on durability of steel and concrete structures.
Ambler and Bain (1955) observed that the amount of corrosion in steel varies linearly with
the deposition of chlorides. The effects of atmospheric deposition of chlorides on concrete
are more complicated than steel. Surface chlorides reach the steel bars through water
absorption and chloride diffusion (Neville, 1995). Thus, properties of concrete, such as water
binder ratio and curing, affect diffusion and surface chloride content (Song et al. (2008).
Mortars with high cement content, lower absorption capacity and lower porosity were found
to be more resistant to sea salts (Hosain, et al., 2009). Environmental properties like
temperature and humidity levels also greatly affect chloride transport through concrete.
Laboratory tests performed by Alhozaimy, et al. (2012) on reinforced concrete specimen
with varying temperatures and chloride content at high relative humidity (85%) showed that
there is a limit to the increase in temperature (at 40°C), after which corrosion is reduced.

Extrapolating results from experimental tests to real structures may be problematic.
Test specimens have controlled material quality and exposure (regarding position and
duration); such characteristics may vary significantly in structures due to prolonged
exposure, as well as the coexistence of other factors. Thus, measurements of the deterioration
in actual areas of chloride deposition could be utilized for delimiting the coastal effect due
to longer exposures. Chen et al. (2013), in their study on airborne chlorides, instead of using
specimens, measured the surface chloride content on real structures and found a linear
correlation to the measurements of their experimental setup. Medeiros et al. (2013) studied
the chloride content of a 40-year old concrete building’s exposed columns; despite the lower
depositions of chlorides due to the 700m distance from the coast, their accumulation was
noticed to cause major differences compared to the core sample at different position as well
as height. Similar conclusions were drawn for concrete bridge structures by McGee (2000)
in his study on Tasmanian bridges and by Tanaka et al. (2006) for prestressed concrete
bridges located in the first 500m inland from the coast of Japan.

In this work, the effect of airborne chlorides to a sample of almost 20,000 bridge
structures is studied using NBI data, with the purpose of macroscopically delimiting the
coastline effect on deteriorating bridges. To perform this, high accuracy coastline
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coordinates were combined with bridge coordinates to form 12 distance groups up to 10km

inland from the coast.
5.2  Analyzed bridge sample and coastal distance zones

The US coastline has a total length of about 95,000 km hosting more than 9,300 km of
highway (Qin, et al., 2007) with several bridges. In addition to the deterioration factors
addressed in Chapter 4, bridges in coastal areas are exposed to airborne chlorides from
seawater, as well as to other factors that may interact to intensify or reduce the chlorides’
corrosive effect. In this section, these factors are noted and the procedure followed to
determine the distances of bridges from the seacoast for the dataset under study are
presented. The bridges are then grouped into zones according to their coastal distances to
facilitate the subsequent analysis.

In Chapter 4, the most important factors affecting bridge condition ratings were
derived: (i) year of construction, (ii) year of reconstruction, (iii) structural material, (iv)
location (correspondingly specifying the earthquake hazard and the potential for deicing at
each region), (v) water presence underneath the bridge and (vi) yearly precipitation.
Moreover, the ground elevation for each bridge was determined using ordinary Kriging
interpolation between known elevations of weather stations. The wind data provided by
NOAA (2017b) could not be included in the analysis for coastal bridges. This was due to the
fact that wind data regarded only 56 weather stations in all US territory, which could not
provide a dense network to interpolate wind. Furthermore, the wind information regarded
hourly records of predominant wind magnitude and direction. Although average speed and
directions were calculated from the data and verified from older studies (Klink, 1999) to
observe irregularities, studying such variating factor with average speed and direction could
be misleading. It is also worth mentioning that additional variables should be added to take
wind data to account, such as direction of the structure and information regarding the terrain.
Attaining and incorporating such information would induce a large degree of complexity of
the study and change its macroscopic nature, which is based on condition ratings. It should
finally be mentioned that the US coast is also exposed to the accidental effects of tsunamis
(Ghobarah, et al., 2006) and hurricanes (Padgett, et al., 2008), which could cause severe
damage to bridges. In fact, the East coast is vulnerable to hurricanes (ASCE, 2010), see map
in Appendix A-I11.1 taken from this source) and the West coast to tsunamis (USGS (2017),
see map in Appendix A-I11.2 taken from this source). It can be macroscopically deduced
from these maps that, for the tsunami and hurricane hazards, certain geographic uniformity

exists.
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Figure 5.1 provides a visualization of the whole dataset of US bridges using their
interpolated elevations, as well as the designation of the deicing and high earthquake hazard
regions (found in Chapter 4 to affect bridge condition). A more detailed figure with
additional elevation categories is given in the Appendix (A-111.3). Regarding earthquake
hazard and precipitation, detailed maps are provided in the Appendix of Chapter 4 (A-11.2,
A-11.6). Figure 5.1 indicates differences between the east and west coasts in ground elevation
and earthquake hazard.

Elevation 0-22m
¢ Elevation 22-50m
¢ Elevation 50-500m

..... * _ Elevation >500m
it Pga>0.2g
Deicing zone limit

Figure 5.1: Information for elevation, deicing, and earthquake hazard (peak ground acceleration) for the
bridges located in conterminous US.

The bridge distances from the coast were estimated using the bridge and coastline
coordinates provided by NBI and NOAA (NOAA, 2017a), respectively. The US coastline
includes various geographic details, such as cuspate forelands, tombolos, spits, bays, lagoons
and barrier islands, creating a complicated pattern for distances to be calculated (Fig. 5.2).
Additionally, the presence of many rivers, which flow into the sea and exhibit varying
salinity levels throughout the year, create the need to define a reference coastline to study
the effects of airborne chlorides. This was achieved by smoothening or eliminating certain
geographical details, making this way the coastline profile simpler. Hence, the NOAA
coordinates were imported into AutoCAD software and, by visualizing also the surrounding
terrain form using satellite images of Google maps, the reference coastline coordinates were
determined. Moreover, wide rivers directly linked to the sea, bays, lagoons and barrier
islands were considered to have seacoast limits, after their periodical salinity levels were
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checked from sites of local agencies. A characteristic example is the case of Florida’s

Caloosahatchee River, which is displayed in Fig. 5.2; salinity levels for this case were taken

- 1km distance
2km distance
-- 10km distance
Bridges 0-1km
Bridges 1-2km
" Bridges 2-10km i PP
Figure 5.2: Accuracy of drawn distance zones: a) the coastline width of 10km of the state of Florida, b) a zoom in to
the certain region where some of the mentioned details existed c) the roadmap and the precision of the coordinates of
the NBI as well as the precision of the overall procedure and d) a zoom in, in an area where bridges are located over
water parallel to the highway.

from Charlotte Harbor Wateratlas (CHNEP, 2017) web page. Other geographical details,

such as small rivers and streams, which only created unnecessary complications, were
ignored.

To facilitate the analysis regarding bridge distances from the seacoast, a number of
distance zones were specified. Thus, using AutoCAD’s ‘offset” command, the reference
coastline was copied inland at equal distances: a new ‘parallel’ line was drawn every 1km
and up to 10km from the original coastline. According to the referenced literature, the overall
coastal region included by the 10km border inland should be enough for changes in airborne
chlorides effects to be noticeable. Additional offset lines were generated within the first
kilometer at distances of 250m and 500m from the coastline, in order to be able to observe
the gradual attenuation of airborne chlorides effects very near the seacoast. To make sure
that all bridges over seawater (marine bridges) would be included in the analysis, a wider
(extended) shape was formed for the first distance zone (from seacoast to 250m inland)
surrounding the islands (Fig. 5.2). Thus, the first distance zone was defined as a polygon
using the coastline (together with the extension to include islands) and its ‘parallel’ line at
250m inland. Similarly, the other distance zones were defined as polygons using consecutive

lines at the aforementioned distances up to 10km from the coast. To make sure that bridges
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on islands are properly handled, the defined mainland polygons were linked with the islands’
distance zones by drawing thin connecting polygons (see red lines in Fig. 5.2(c)).
In order to assign bridges to corresponding distance zones, the coordinates of the
polygon vertices were imported into Matlab software. The accuracy level achieved by the
overall procedure is demonstrated in Fig. 5.2(c) and d, where satellite and roadmap images
of Google maps are shown in the background. Inevitably, due to the coastline simplifications
made at regions with complex landscapes, some errors in the assignment of bridges to
distance zones should be expected, which are however very few to noticeably affect the
results of this study.
Before presenting the main analyses of this chapter, an exploratory data analysis was
performed to gain some insight into the coastline bridge sample assessed (see A-l11.4, A-
I11.5 at the Appendix). The basic characteristics of the sample (comprising of all bridges with
distance <10km from the coastline) can be summarized as follows:
e The overall population of the sample is 19,214 bridges with an average year built
of 1973.

e The reconstructed bridges are about 20% of the overall population.

e Regarding the bridges’ spatial distribution, most of these are located within areas
where: deicing is allowed (76%), the seismic hazard corresponds to PGA<0.2g
(71%), the elevation is <50m (90%) and the annual precipitation is >40in (84%).

e More than half (58%) of the sample’s bridges are over water.

e The superstructure of the sample’s bridges is made of either concrete (25%),
prestressed concrete (36%) or steel (38%).

e Concrete is the dominant material for the decks of the sample’s bridges (95%).

e As no categorization for substructure’s material is provided in the NBI, concrete is

assumed for all bridges.
5.3  Analysis of interactions of factors affecting bridge deterioration

In the previous chapter, lower condition ratings were noticed closer to the coast, but,
to delimit the coastline effect, a closer examination should be performed. A first step to
distinguish the main effects is to explore the interactions between potentially influencing

factors.
5.3.1 Interaction plots

As the aim of this work is to study bridge deterioration, the dependent variable in all

analysis cases considered is the condition rating of basic bridge components (deck,
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superstructure, substructure), while independent variables correspond to factors potentially
affecting the dependent variable value. The interactions considered in this study are two-
way, meaning that two independent variables are studied simultaneously with regard to their
effect on the dependent variable. Although the bridge sample size was adequate, continuous
variables, such as bridge age, precipitation or elevation, could create misleading results due
to their non-uniform spatial distributions. Thus, the following meaningful categorizations of
independent variable values were made based on the results of the previous chapter:

e year of construction and year of reconstruction were grouped into one independent
variable with values organized in 7 age-levels (4 for the year of construction and 3 for
the year of reconstruction);

e seismic hazard was considered through a dichotomous variable indicating bridge
locations with PGA<0.2g or PGA>0.2g;

e the effect of deicing was also included through a dichotomous variable indicating
bridge locations where deicing is allowed or not;

e the presence of water underneath the bridge was also taken into account through
another dichotomous variable indicating presence or no presence;

e for precipitation and elevation, dichotomous variables were specified based on the
corresponding sample means, as there were no easily evident patterns and due to their
complicated spatial distributions.

A convenient way to visually present and analyze two-way interactions is by using an
interaction plot for categorical data. To facilitate its explanation, a distinction can be made
between the two independent variables examined at any time: the focal variable represents
the main variable of focus and the moderator points to the various levels/groups of values
for the other variable (Baron & Kenny, 1986). For each pair of independent variables, two
plots are created by interchanging the aforementioned roles. The focal variable’s levels are
displayed through different lines in the plot, while the moderator’s levels are displayed on
the horizontal axis of the plot. The effect of each interacting pair of independent variables is
studied by computing the average value for the dependent variable (Simonoff, 2003). For
each level of a focal factor, the computed means are connected with lines between
consecutive levels of the moderator, creating a continuous graph for each focal level. All
interaction plots are organized together in an nxn table, where n corresponds to the number
of considered variables. In this table, each column displays one moderator variable, while
each row one focal variable. The interaction plots for superstructure condition are presented

in Fig. 5.3; the interaction plots for deck and substructure conditions can be found in the
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Appendix (A-111.6 and A-111.7). To index the interaction pairs in these figures, capital letters
have been used for the focal variables (rows) and Latin numbers for the moderating ones

(columns).
5.3.2 Interpretation of interactions

The key to interpreting interactions is the tracking of slope changes between the lines
of the focal variable levels. Crossings or high slope differences of the lines of a focal variable
indicate that significant interactions exist, while there are no significant interactions for small
differences in slope or parallel lines. Significant interactions reveal that the two factors
analyzed (focal and moderating) are not as important as their interaction. Thus, their effects
on the dependent variable should be studied together. Additionally, for the case of non-
significant interactions, the visualization assists in confirming the combined effect of two
variables by comparing the means among the different levels of the focal variable.

In this study, more emphasis was appointed to the explanation of the main effects of
distance from the coast and year of construction/reconstruction, thus they were placed in the
first two columns/rows of the plots-tables. This placement assisted in showing the effect and
interactions of the other variables on distance from coast as a moderator variable (column I),
while column 11 reveals each variable’s effect for the different age groups.

Using all mentioned indications for the interaction plots the following remarks can be
made regarding the plots-table of Fig. 5.3. The predominant factors affecting bridge
superstructures near the coastline appear to be: (a) year of construction/reconstruction, (b)
seismic hazard and (c) allowing or not deicing procedures. These conclusions are based on
plots B-1, C-I, D-I, A-Il, A-111 and A-IV. The magnitude of effects can be noticed in column
| of the plots-table and can be confirmed for different years of construction/reconstruction
in column II. Plots C-1V and D-I11 show the combined effect of seismic hazard and deicing
policy, which reveals difference regarding the mean condition rating as well as similar slopes
of interaction lines. Analogous effects were observed also for substructure condition in
Appendix (A-111.7), while the remark that deck condition is not affected by high seismic
hazard is confirmed in Appendix (A-111.6). Furthermore, from interaction plot B-1, a pattern
of lower condition ratings near the coast can be noticed for different years of
construction/reconstruction. This does not apply for the case of bridges reconstructed before
1960 and bridges constructed before 1940, but this inconsistency could be attributed to the
small sample sizes within the first distance zones. Additionally, the interaction plot B-I
displays more inclined interaction line slopes for older bridges, probably due to their

prolonged exposure. Also, the similar line slopes and differences in mean values of plot A-
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Il reveal small but constant changes due to distance from coast. On the contrary, the large

differences noticed in line slopes of C-1I reveal better condition ratings for all years of

construction/reconstruction for higher seismic hazard, which implies better standards,

practices etc. utilized for higher PGA. Although changes in the line slopes can also be

noticed in plot D-I1, this effect could be attributed to the spatial distribution of seismic hazard

areas (Fig. 5.1).
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The presence of water underneath the bridge appears to affect condition ratings only
for the first coastal distance zone (see plots E-1 and A-V), probably due to the fact that there
are bridges over seawater in this zone. Referring to water underneath the bridge as a focal
variable (row E), only small differences can be seen for the other moderating variables.
Precipitation level does not seem to have any special significant effect on coastal bridges
either (see plot F-1). A difference can be noticed, however, in plot F-11 for the factor of ‘year
of construction’, but this could be attributed to a combination of effects from deicing policy
and seismic hazard. For instance, plots F-I1l and C-VI indicate similar condition ratings for
the two precipitation levels in regions with lower PGAs, while the combination of higher
PGAs with higher precipitation level yields worse bridge conditions. Also, notice the similar
patterns of interactions with elevation (see plot F-VII). Furthermore, interaction lines with
similar slopes are shown in plots F-1V and D-VI, but there are differences in the condition
means when the deicing policy and the precipitation level are varied. As regards elevation
(see plot G-1), the most interesting observation is that coastal bridges at higher elevations
are in a little better condition.

54  Main analysis

The most significant factors affecting coastal bridge condition have been identified in
the previous section. The acquired information will be used to properly segment the overall
bridge sample and study the coastline effect with an approach different to ANOVA, focusing

on deterioration for each coastal distance zone.
5.4.1 Sample segmentation

The analysis of interactions of the previous section showed that the main effects
considered alter the bridge condition ratings without interacting with each other. This finding
was utilized to perform a more focused examination of the overall sample, by separating it
in segments based on the factors of earthquake hazard and deicing policy. Thus, four
segments of coastline bridges were created in total: the overall sample was divided in two
segments corresponding to lower (PGA<0.2g) and higher (PGA>0.2g) earthquake hazards
and then each of these two segments was subdivided in two more segments to distinguish
between areas where deicing is allowed or not. The geographical locations of the 4 segments
allow a simplification in the way they can be referenced: a segment is either at the West
(higher seismic hazard) or the East (lower seismic hazard) and either at the North (within

deicing region) or the South (deicing not allowed) of the US.
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Apart from earthquake hazard and deicing policy, ground elevation was also more
closely examined for the first coastal distance zone (up to 250m inland) and for the 4 sample
segments defined above (see Appendix A-111.8). Although some patterns of increase in mean
condition with increase in elevation were noticed, they showed some inconsistencies and
therefore could not be generalized. These results do not lead to the conclusion that the effect
of elevation should not be considered, but probably that it should be combined with terrain
information. As such information was not taken into account, no exclusion or separation was
made for the factor of elevation. It should be acknowledged that elevation, terrain
topography as well as water underneath the bridge, can affect the structural condition of

bridges, especially within close distance from the sea.
5.4.2 Analysis procedure

The segmented coastline provided an appropriate sample for more detailed analysis.
The effect of airborne chlorides will be studied for each sample segment using the
predetermined coastal distance zones. A different approach to ANOVA will be followed to
highlight the effect of bridge deterioration on structural condition. Although ANOVA
revealed in Chapter 4 condition differences for various distances near the coast, the
calculated condition means and standard errors due to the sample’s variability within each
distance zone were not easy to interpret. Due to the range of condition ratings (0-9), if bridges
with high ratings existed within a distance zone, increased ratings would be noticed in
ANOVA, concealing the effect of those with lower ratings and also creating larger standard
errors. Thus, to highlight lower ratings, an alternative analysis approach should be employed
to utilize the proportion of bridges below or equal a critical rating for each distance zone.
Condition rating 5 was specified as such, as it can be regarded as a threshold indicating both
significant bridge deterioration (Chapter 3) and need for rehabilitation (Chapter 4). The
proportions of significantly deteriorated bridges were estimated for each distance zone and
structural component (deck, superstructure and substructure) and expressed as percentages.
Each structural component’s percentage was connected with lines between consecutive
distance zones to form continuous graphs. It should be mentioned that the scale of the
distance axis in all figures of this section is qualitative and the 3 first distance zones

correspond to the first 1km.

The condition rating provides an indication of the deterioration state but, as previously
stated, it is linked with several factors affecting it. Thus, for example, if more newly built
bridges exist in a certain coastal distance zone, a lower percentage of deteriorated bridges

would be anticipated. To take into account the effect of year of construction/reconstruction
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and of the utilized materials to the ratings, a way to ensure that consistent samples are
comparatively assessed should be provided. Therefore, the presented results include sample
sizes for all distance zones, while the consistency of the zones’ samples can be verified
through the stacked bar plots given for year of construction/reconstruction and for utilized
materials. Using such information, one can first check the homogeneity of samples with
respect to year of construction/reconstruction and materials and then, if the samples are

approved, interpret variations in condition ratings.

The main results are provided in two parts for East and West coasts distinguishing the
two seismic hazard levels considered; for each part, the results are given separately for North
and South coasts distinguishing the locations in or out of the deicing region. An additional
analysis has been included for Florida state due to its low elevations and its Peninsula shape;
this combination of characteristics leads to increased travelling length of airborne chlorides.
Moreover, an extra analysis is given referring to an older inventory (2009) for the same
coastal distance zones, in order to compare results with respect to the ones of past
inspections. Such a comparison provides useful information regarding the validity of the

findings of the whole procedure followed.

5.4.3 Results for low seismic hazard (East coast)

The results of the analysis for the East coast are displayed in Figs 5.4 (North) and 5.5
(South). The East coast generally comprises of lower elevations and is also prone to
hurricanes, thus, the effect of airborne chlorides can be expected to be more evident than in
the West coast. The North part is expected to have increased percentages of lower condition
ratings due to deicing practices implemented; the South part should be more representative
for the airborne chloride effects due to the warmer weather and the absence of chlorides from
deicing. Certain notes can be made regarding year of construction/reconstruction as well as
superstructure materials. Specifically, the North part has older bridges, it has more
reconstructed bridges and in most cases the superstructure material is steel. The South is
comprised of younger bridges, there is a low percentage of reconstructions, while the most
common superstructure materials are concrete and prestressed concrete. In both North and
South parts, the simple spans are more common than continuous spans. Also, for each
separate sample (North/South), the chart of years of construction/reconstruction (Figs 5.4(b)
and 5.5(b)) as well as of superstructure material (Figs 5.4(c) and 5.5(c)) presents a roughly
uniform pattern across the different distance zones, facilitating the interpretation of the
results in Figs 5.4(a) and 5.5(a).
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Similar patterns can be observed in Figs 5.4 (a) and 5.5(a) for the percentage of bridges
below or equal condition 5. In both figures, increased percentages can be noticed near the
coast. Additionally, the expectation of increased percentages in the North due to deicing is
confirmed. In both North and South parts, superstructure and substructure condition ratings
seem to be affected more than the deck’s. This observation could be attributed to the fact
that decks are generally more protected by the surrounding superstructures or non-structural
obstacles, on whose surfaces airborne chlorides settle. It is also interesting to note the
interchanging relative position of the lines for substructure and superstructure in Figs 5.4(a)
and 5.5(a), which indicates higher deterioration of substructures in warmer areas (South) and
of superstructures in colder areas (North). This note could be linked to the effect of wet-dry
cycles, which can be expected to be more frequent in the South due to increased evaporation
and temperatures.

For the coastal part within the deicing region, increased percentages can be noticed at
distances 4-8km from the coast for both superstructure and substructure (Fig. 5.4 (a)). Since
small differences can be noticed in the years of construction/reconstruction in these distance
zones (Fig. 5.4 (b)), only part of this increase could be attributed to the small increase in old
bridges corresponding to the distances of 6-8km. The increased percentage of deteriorated
superstructures and substructures at distances 4-8km could be linked to leakages from bridge
joints commonly encountered in simple spans. This is justified by the increased percentages
of simple span bridges in these distance zones (Fig. 5.4 (c)) combined with the fact that
deicing salts are used in the North. A lower intensity of the same effect can be noticed for
the deck. Thus, based on the increased percentages of deteriorated bridges observed in the
distance zones closer to the coast, airborne chlorides seem to affect structures that are within
the first 1km inland. For larger distances from the coast, the deicing practices implemented
are mainly responsible for the still high concentration of chlorides deposited, while sea

chlorides carried through the atmosphere do not have a noticeable effect.

For the South East coast, the results are more straightforward to interpret, as the graphs
are noticeably smoother (Fig. 5.5). Based on the increased percentages of conditions <5
closer to the coast (Fig. 5.5 (a)), superstructures and substructures appear to be affected by
airborne chlorides within the first 2-3km inland. Decks appear to be affected only within the
first 250m from the coast. It is pointed out that the source of chlorides on bridges of the
South coast is only the sea. Thus, the smooth attenuation of deteriorated bridge percentages
within the first distance zones can be regarded as the pure effect of airborne chloride
deposition. In  conclusion, although differences in materials and years of
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construction/reconstruction in the North and South parts of the East coast (Figs 5.4 (b,c))

and 5.5 (b,c)) do not permit direct comparisons, it can be stated that deicing exhibits a more

uniform and dominant effect at the North, while airborne sea chlorides have a more

significant contribution to the deterioration of bridges near the coast in the South where

deicing is not implemented.

QO
Lag
w
o

Percentage of bridges
in condition =5
- - [ 5] )
o

0

Distance
from coast
(m)

Sample
size

(b) 100%
20%
80%
70%
80%
50%
40%
30%
20%
10%

0%

Distance
from coast
(m)

Bridges in year of
construction groups

Bridges in material groups
o

Distance
from coast
{m)

BC
BS
BpF

Figure 5.4: Bridges within regions of low earthquake hazard and
deicing for the different distances from coast, (a) percentage of
bridges below or equal condition 5, (b) stacked column chart for
years of construction and (c) stacked column chart for materials

w
n o

m o

Deicingregion (North) and low seismic hazard (East)

»r

0-250
250-500
500-1000

1000-2000
2000-3000

| 491 | 318 |

3000-4000

4000-5000
5000-6000
6000-7000
T000-8000
8000-9000

1000-2000 Pt o -
2000-3000 [

B Reconstructed 1900-1960
£ Reconstructed 1990-2017
OConstructed 1940-1970
BConstructed 2000-2017

2 Y

ol

|
%
g
g

8000-9000 Jossl ]

2
o
3
:

@ Reconstructed 1960-1990
mConstructed 1900-1940
8 Constructed 1970-2000

-]
g
=]
2
&

9000-10000

757 |1375| 973 | 851 | 659 | 629 | 531 | 496 | 472 | 405 |

gl 7 1
sSreras NS
& § 888 8¢888¢g g
& Il - ~ ] - ] < ~ @ -]

2 2 2 2 & & & & g 2

2 8 8§ 8 ¢ 8 8 R 8

oncrete simple B Concrete continuous
teel simple B Steel continuous
restressed concrete simple P i concrete continuou

of superstructure.

Not in deicing region (South) and low seismic hazard (East)

(a) s
a 30
ga 25
o=
@
$245 | B
5c z 2
gE10 z < . — -
2 s ) - - & — . 4 2
0 — 2 i " PR 2 S " " - "
. E glg|glsg lelae|lelaelale =
omance | & | €8 82|88 8 B8 8|8
fromeoast| © | ¢ | & | d |3 3|3 |8|(2 |2 |d3
(m) “lel2glg|g|2|8|lg|e|2|8
- ™ | (] ~ uw o P o 5
Sample | 924 | 288 | 524 | 865 | 747 | 665 | 672 | 680 | 607 | 527 | 535 | 501 |
size
—l ! e Deck
[ P — .
2 son (B B OE B = &
T2 =H B2 = — =l
;.E T0% = B H — =|
2 |B B BB s -
£5 so% SR== £ s
[*]
{o o HEH - -
28 oow E H E H m
e 20%
1§
0% -’; ! E 1 W L 7 P
. 2 2 g g g g g @ g g g g
|II::ustanr:e § g s § g § § § 8 § g §
om coast v =
(m) " g 8888888 ¢E 3
= 8 & ¥ & & ~ ©® 3
mReconstructed 1900-1960 BReconstructed 1960-1980
DOReconstructed 1990-2017 mConstructed 1900-1940
GConstructed 1940-1970 B8Constructed 1970-2000
BConstructed 2000-2017
(€) 100%

?
2
?
/
%

| NNNNNNNNNNEN

Bridges in material groups
w

oA B

7

A

2000-3000 T

3000-4000

=]
Distance &
from coast ©

(m)

4000-5000 (77K

&
o
8
=]
=2
L7

1000-2000
5000-6000
7000-8000

9000-10000

® Concrete continuous
® Steel continuous
mFrestressed concrete continuous

mConcrete simple
A Steel simple
O Prestressed concrete simple

Figure 5.5: Bridges within regions of low earthquake
hazard and deicing is not allowed for the different distances
from coast, (a) percentage of bridges below or equal
condition 5, (b) stacked column chart for years of
construction and (c) stacked column chart for materials of

79



5.4.4 Results for high seismic hazard (West coast)

The results of the analysis for the West coast are displayed in Figs 5.6 (North) and 5.7
(South). In contrast to the East coast, the materials and years of construction/reconstruction
for the West coast bridges have a clearly non-uniform pattern across the different distance
zones (Figs 5.6(b,c) and 5.7(b,c)). This does not assist in interpreting results, thus only
general remarks can be made. Hence, according to Figs 5.6(c) and 5.7(c), there are more
continuous and less steel bridges in the West compared to the East coast. Furthermore, it is
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evident in Figs 5.6(a) and 5.7(a) that the decks are generally in worse condition than other
seismically designed structural components for both North and South parts. It appears that
the seismic design requirements for substructures and superstructures in high earthquake
hazard areas not only lead to higher strength and better quality structural components, but
also implicitly increase their resistance to deterioration. In any case, no airborne chlorides
effect can be deduced from Figs 5.6(a) and 5.7(a), as the distance from the coast does not
seem to play any noticeable role in the condition of deteriorating bridges.

5.4.5 Results for Florida’s coastal bridges and comparison with older inventory

Florida state was chosen for a separate analysis due to its peninsula shape with long
coastline, its low elevations, as well as the adequate sample of bridges available within the
coastal distance zones. Moreover, an additional analysis using the older NBI database of
year 2009 was performed, in order to provide a comparison of results between the different
years of evaluation and offer the capability to confirm the existence of a critical distance
from the sea coast for the effect of airborne chlorides.

Before assessing the results of the two datasets, certain remarks should be made
regarding their properties. Hence, there is a reduction in the 2016 sample size for the first
250m from the coast, as well as for distances of 4-5km. This could be an indication of either
abandoned/demolished/replaced bridges or modifications in location coordinates. Note that
for the replacement of bridges new entries are made in the inventory, while the old ones are
simply deleted. The explanation of replacements could be also supported by the fact that
more recently constructed bridges appear in the 2016 inventory (see Figs 5.8 (b) and 5.9(b))
and by the small change in superstructure materials for the same distance zones.

Despite the uncertainty induced by the fact that certain bridges have been
reconstructed/rehabilitated between 2009 and 2016 (see also relevant discussion in Chapter
4), some remarks can be made regarding utilized superstructure materials based on Figs 5.8
(b,c) and 5.9 (b,c). Specifically, for the first 250m from the coast, older bridges built in 1940-
1970 with concrete superstructures and simple spans (2009 inventory) seem to have been
replaced by bridges with prestressed concrete superstructures and simple spans (2016
inventory). For the other distance zones, concrete superstructures with simple spans appear
to have been replaced by continuous spans using the same material.

As regards condition ratings, these seem to be better in 2016 than in 2009 (Figs 5.8 (a)
and 5.9(a)). This is justified by the evident increase in recent reconstructions in all coastal
distance zones. Finally, a critical distance of 3km from the coast can be noticed in both
figures for the deterioration effect from airborne chlorides.
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Figure 5.9: Florida’s bridges as in the NBI of the year 2009,

for the different distances from coast, (a) percentage of
bridges below or equal condition 5, (b) stacked column chart
for years of construction and (c) stacked column chart for

materials of superstructure.
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Figure 5.8: Florida’s bridges as in the NBI of the year 2016,

for the different distances from coast, (a) percentage of
bridges below or equal condition 5, (b) stacked column chart
for years of construction and (c) stacked column chart for

materials of superstructure.



55 Conclusions

In this chapter the effect of airborne chlorides on the deterioration of coastal US
bridges was studied using the NBI dataset. Other coexisting factors affecting bridges along
or near to the coastline were also considered, in order to separate the studied coast bridges
in homogenous samples and be able to distinguish the effect of airborne chlorides. The
predominant other effects were confirmed to be the potential for deicing and the earthquake
hazard.

The separated samples’ analysis focused on the deteriorated bridges located within
designated distances from the seacoast. The distribution of utilized superstructure materials
in each studied area appears to be related to the factors affecting condition ratings in that
area. Specifically, for the case of higher earthquake hazard (PGA>0.2g) and for either
deicing or non-deicing regions, superstructures with continuous spans using concrete and
prestressed concrete seem to be generally preferred to simple spans and structural steel. On
the other hand, simple bridge types (with non-continuous spans) are most often built in areas
with lower earthquake hazard (PGA<0.2g) using any of the two concrete types, especially in
non-deicing regions. For the areas where deicing is used, mostly steel superstructures are
encountered, but this could be attributed to the larger number of older bridges included in
the bridge stock.

The inventories ratings for structural condition provided the information needed to
study the effect of airborne chlorides in increments of distance inland from the sea coast.
Specifically, for the locations of low earthquake hazard and no deicing, distances up to 2-
3km inland showed to be affected, which was confirmed by the separate analysis for Florida
state. On the other hand, in areas where deicing is applied, the airborne chlorides appear to
affect distances only up to 1km inland from the coast. The smaller affected distance suggests
that chloride deposition beyond 1km is dominated by deicing salts, which conceal the effect
of airborne chlorides. For the locations of higher earthquake hazard, the results obtained do
not show noticeable effect from airborne chlorides.

It is worth mentioning that the derived maximum distances inland from the seacoast
affected by airborne chlorides correspond to the ‘snapshot’ of NBI-data for a particular year.
The bridges included in NBI are continuously aging, while some are eventually
reconstructed or replaced. Hence, larger or smaller maximum distances from the coast may
be identified using a future NBI dataset, as the conclusions drawn depend to some degree on
the composition of the bridge stock analyzed at any time. Despite the dynamic evolution of

the studied sample with time, the general conclusions of the present work are not expected
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to change, at least from a qualitative viewpoint. The conclusions are based on trends
representing stock properties, therefore the effect of small sample changes are smoothened

out.
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6 Environmental effects on the structural deterioration of bridges

The Chapter focuses on bridge deterioration, due to corrosion, for environments defined
in Chapter 4. Age and probabilities of deterioration, along with probabilities of rehabilitation
are utilized to perform the analysis. The interpretation of results assists in validating the effects
of the environmental exposures considered. In addition, comparison to older inventory results
test the methodology’s sensitivity, setting the ground for next chapter’s predictions of future

conditions to be performed.
6.1 Introduction

Structural deterioration is the main reason the service life of built infrastructure is
suppressed and vast budgets are spent to extend it. Different parts and materials of a bridge can
be susceptible to various environmental exposures, depending on the years of service. All
common bridge materials (structural steel, concrete and prestressed concrete) utilize the
benefits of carbon steel but are also affected by its susceptibility to corrosion. Thus, to study
deterioration, apart from the prerequisites of corrosion, evaluations of built infrastructure
should be taken to consideration for different materials and environments. Results from such
studies can lead to optimal allocation of materials already in use but also motivate the market
to develop more durable — but also more expensive — materials, such as fibre reinforced
polymers.

Industrial steel corrodes to form electrochemically stable products. For corrosion to
occur, an anode, a cathode and an electrolyte (such as water), which provides the medium, is
needed. The main ingredient consumed during this process is iron, which bonds with oxygen,
producing soluble and porous oxides at the anode (Davis, 2000). Although corrosion products
have a passivating effect to the underlying steel surface, they can be easily removed if wetted
or attacked by aggressive agents, such as chlorides, initiating corrosion (Davis, 2000). Different
types of corrosion exist and can be categorized by environmental exposure, such as aqueous
and atmospheric (Chapters 4 and 5), while other categorization refers to corrosion effect on
steel and actions involved, such as uniform, pitting, crevice, stray-current etc. (Davis, 2000).
Differences among them are due to variations in the ratio of anodic to cathodic area, presence
of aggressive agents (pitting) or stray current, relative movement of surfaces under pressure etc.
(Podolny, 1992).

Steel passivity is a desirable condition as corrosion rates drop close to zero, preventing
further corrosion (Davis, 2000). Among the corrosion types mentioned, only in uniform
corrosion the underlying surface can be passivated, if oxides are not removed or attacked. To
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limit corrosion type variability, different passivating procedures are followed depending on
steel’s exposure. Thus, for steel superstructures, passivity is achieved by using materials that
form more dense and durable oxides. This is performed by either selecting paint systems, whose
main ingredient is zinc (Davis, 2000), or by selecting other steel types, such as weathering steel
(Schweitzer, 2010; Kogler, 2015). Concrete on the other hand, provides different levels of
protection to the reinforcing steel. For corrosion, protective cover provides physical protection,
not only from direct exposures but also from its complex pore system and alkaline properties,
which also provide chemical protection to the reinforcing steel (Jackson & Dhir, 1996). Another
level of protection concerns a protective layer of dense impenetrable oxides formed at concrete
steel interface, known as “passive” film (Broomfield, 2007). Its protections attributes depend
on the preservation of the alkaline environment in its vicinity, providing electro-chemical
protection (Jackson & Dhir, 1996).

Disruptions of the protection mechanisms in either structural steel or reinforcement
promote corrosion initiation. Corrosion of structural steel has been studied for many years due
its wide industrial applications. To model corrosion, the reduction of material volume due to
rust formation is described through a time function, which depends on environmental conditions
and steel types. Similar procedures have been followed to assess the durability of paint systems
under different environmental exposures (Kallias, et al., 2017). Furthermore, corrosion of
structural steel members can be visually detected and can be treated if noticed in early stages.

The same does not apply for concrete, which is the most commonly applied material of
the different bridge parts. The major concern for bridges came with the use of deicing salts and
their effect on concrete’s and prestressed concrete’s durability (Balafas & Burgoyne, 2010).
Chlorides destroy the electrochemical protection of high pH environment and its ability to bond
with aggressive chemicals, preventing them from reaching the reinforcing steel (Broomfield,
2007). Furthermore, no early notices are given until cracking of concrete’s cover caused by
inner pressures rising from volumetric increase of corrosion products (Balafas & Burgoyne,
2010). Although collapses of reinforced concrete structures due to corrosion are rare, the effect
on safety of the users is not rare, because of the possibility of falling parts due to spalling
(Broomfield, 2007). The main concern regards prestressed concrete, as tendon area reduction
due to corrosion reduces prestressing, which is needed for the equilibrium of the structure. In
addition, corrosion in prestressed structures may not give signs of distress. This is because
corrosion products possess low volumes and this is due to low oxygen concentrations at the
tendons depth. High strength and low permeability concrete used in such structures in
combination to high cover depths limits the oxygen availability while corrosion unfolds.

Evidence of corrosion in prestressed structures is sudden, limiting reaction time and leading to
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disastrous collapses (Broomfield, 2007; Woodward & Williams, 1988). Corrosion
consequences have led to a wide research interest to derive models for predicting the time to
corrosion initiation.

Corrosion of steel in concrete is separated in to two main stages, corrosion initiation and
corrosion propagation (Tuuti, 1982). The first is governed by mechanisms of transport through
concrete. Chronologically, it begins from the exposure to a chloride solution and ends when the
chlorides have reached the vicinity of reinforcement and surpassed a certain threshold
concentration. The ingress of chlorides is usually modelled by Fick’s second law of diffusion,
under the assumptions that diffusion coefficient and surface chloride content are constant and
concrete pores are fully saturated (Bertolini, et al., 2013). The constant variables of Fick’s
formula take values based on the fitting of experimental data from specimens or core-samples.
Although based on several assumptions, the modelling of chloride transport through concrete
has progressed during the past decades (Angst, 2018). On the other hand, the prediction
capabilities for estimating the time to corrosion initiation of the mechanistic models are limited
due to their sensitivity in chloride threshold and its variability (Angst, 2018). The problem
mainly relates to the nature of the passive film (Angst, 2018; Hussain, 2014). Additional
complications arise with the use of environmentally friendlier concrete with lower clinker
consistencies, which are more prone to carbonation (Stefanoni, et al., 2018). The same applies
for the propagation stage, where cracking and spalling occurs, which is generally accepted to
last 4-6 years (Bentur, et al., 1997). The former duration could be prolonged to 20 years
depending on environmental exposure and rust production (Balafas & Burgoyne, 2010). These
limitations restrict mechanistic models of concrete materials from performing useful
comparisons with steel materials regarding durability to corrosion.

Bridge parts may be exposed to various environments and, even for the same element,
structural deterioration may vary due to type and duration of exposure. Wet dry cycles, freeze
thaw cycles, the splash zone, high temperatures and humidity may alter the corrosion rates of
steel especially in presence of aggressive agents, such as chlorides (Neville, 1995). Additional
effects, such as fatigue creep and construction errors, can increase the modelling uncertainties
(Melchers & Beck, 2018). To account for the variating effects taking place, studies have utilized
inspection records of built infrastructure to statistically model deterioration.

Statistical deterioration models range from bridge element level to macro-elements, such
as the case of NBI. Bridge Management Systems (BMS) utilize element level to assist owners
in planning repairs, inspections and rehabilitations (Ryall, 2001). Their main purpose is to

predict the future condition of a bridge element utilizing records of its previous conditions.
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More information regarding the prediction of future conditions and methodologies used are
provided in Chapter 7.

Statistical models could be utilized to address differences in structural deterioration
between materials and/or environments. For the US, most studies are performed for individual
States (Kim & Yoon 2010; Sobanjo et al. 2010; Bolukbasi et al. 2006; Turner, et al., 1991;
Yanev & Xiaoming, 1993;Chang, et al., 2017), where most variations occur due to average
daily traffic, therefore performance can be measured. In addition, the fact that different
methodologies of sample selection and analysis have been used at different States forbids direct
comparisons between their models. On the other hand, studies incorporating bridges of all
States (Dunker & Rabbat, 1990; 1992; 1993; 1995; Farhey, 2010; 2012; 2014, 2015; Lee, 2012)
show material performance that varies significantly, but alterations for environmental factors
have not been taken to consideration. Furthermore, when condition data for individual states
from North and South were compared (Veshosky et al. 1994), similar durability performance
was observed between construction materials.

In this work the NBI database, in combination with the additional factors introduced in
Chapter 4, is utilized to reveal the structural deterioration of bridge parts and materials for the
conterminous US. The analysis involves comparisons between environmental exposures for the
main materials of superstructure, substructure and deck. The results are furtherly interpreted
based on corrosion, validating older findings and showing areas where additional research could

be performed.
6.2 Methodology

The US include a variety of factors that affect structural condition. In this subsection the
performed analysis and the procedures to manage the sample are presented. As seen from
Chapters 4 and 5, factors that predominantly affect the structural condition of bridges are related
to ‘external’ factors, i.e. earthquake hazard, deicing salts, water underneath, precipitation, as
well as ‘internal’ factors, such as year of construction, year of rehabilitation, material types etc.
Also, some factors contribute in condition melioration, such as the case of earthquakes due to
strict design standards, while most of the other factors are related to corrosion of steel or
degradation of mechanisms protecting it. This work aims to seek links between environments
and corrosion. Variables that could reveal and validate the extent of deterioration are linked to
the bridge age, as well as the condition rating of the examined structural part. To perform such
analysis, bivariate plots were used with age in the horizontal axis and an appropriate measure
was adopted to describe the deterioration at each age, representing the vertical axis. Each bridge

part for each environmental factor could be analyzed in a type of time-series analysis. Thus,
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meaningful segmentation should be made to the whole sample, first regarding the

environmental factors and then the materials contained in each part.
6.2.1 Sample segmentation

As seen in Chapter 5, meaningful segmentations based on the condition ratings limit the
averaging effect of bridges that differ in exposure. To prioritize the variables, for which the
segmentations are performed, the magnitude of the most predominant variables and their
interactions, similarly to Chapter 5, were utilized. The factors of peak ground acceleration,
deicing water underneath and precipitation were used for the whole sample of 443,603 bridges
(A-1V.1-3). Furthermore, an additional analysis of the spatial distribution of materials was
carried out (A-1V.4), to investigate irregularities caused by design preferences (i.e. continuity
and materials).

The results showed that the most affecting factor was peak ground acceleration, which
increased condition ratings validating the results of Chapters 4 and 5. Additionally, the
observations of Chapter 5 regarding preferences for continuous bridges of concrete and
prestressed concrete and less steel in high seismic hazard areas (>0.2g) were confirmed. Thus,
the high seismic hazard areas were excluded from the analysis, as they should be analyzed with
additional criteria, possibly with further segmentations to peak ground acceleration.

The first segmentation included bridges within the deicing region, which appeared to be
the second most influencing factor. For the second segmentation, the factor of water underneath
was selected due to the significant differences it created for substructure. Although precipitation
was not selected for main segmentation, it is considered among the factors used in further
analysis and/or in explanation of results.

To achieve better sample uniformity, some exclusion were performed regarding the
coastline effects of Chapter 5 and material types of decks. Specifically, bridges located within
2km from the south-east coast, where no deicing is used, and 1km for the North east coast,
where deicing is used, were excluded. No further exclusions were performed for the West coast
as all bridges were excluded due to high seismic hazard. It was observed that decks made of
wood have poor condition ratings; due to the correlations among condition ratings found in
Chapter 4, the whole bridge record and not only deck condition was excluded from the analysis
for these bridges.

For the two segmentations performed, four environmental exposures were defined (Fig.
6.1) that include bridges:

e ‘no deicing, no water’: out of deicing region, not over water,

e ‘no deicing, water’: out of deicing region, built over water,
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e ‘deicing, no water’: within the deicing region, not over water,
e ‘deicing, water’: within the deicing region, over water.

Confounding factors that could affect deterioration are high temperatures and
precipitations for non-deicing regions. Although carbonation has not been studied herein,
bridges not over water can be regarded to be more exposed. This can be also noticed from the
map of carbon dioxide emissions provided in the Appendix (A-1V.5), showing that increased
CO2 emissions coincide with no water environments of Fig. 6.1 (a). Thus, air polluting chemical
agents and environmental changes, although not included, can increase deterioration (Kumar &
Imam, 2013). Other sources that could alter deterioration are mentioned in the main analysis
(section 6.3).

a)

i
- ®  Bridges nol over water Q b N

Deicing zone limit

b)

: “y

®  Bridges over water Y. % h)

== Deicing zone limit N
v

1 1 /_\I\ b 2 1

Figure 6.1: Segmentations of the sample based on the exposure of deicing salts (red line (a) and
(b)) and on the existence of water underneath the bridge to no water underneath (a) and water
underneath (b).
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6.2.2 Non-satisfactory condition

The condition ratings of deck, superstructure and substructure were used to indicate
deterioration. Condition ratings below or equal 5 were selected for the analysis, as 5
corresponds to ‘fair’ condition. In this condition all primary structural elements of a bridge part
are sound but may have minor section loss, cracking, spalling or scour (FHWA, 1995). Lower
conditions were also included as they indicated more advanced damage. Thus, bridge parts with
ratings below or equal 5 were considered as being in non-satisfactory condition.

6.2.3 Bridge age and the issue of rehabilitated bridges

The NBI provides three time references: year of construction, reconstruction and
inspection. Those can be utilized to determine the age and deal with rehabilitation issues. Year
of construction and year of reconstruction correspond to the initial construction of a bridge and
the last major repair work or rehabilitation that took place (FHWA, 1995). As seen in Chapters
4 and 5, both affect the condition ratings in a different way. For non-rehabilitated bridges, the
year of construction signifies the years of service of each bridge. On the other hand,
rehabilitated bridges are generally in better condition, but, apart from the year of reconstruction,
no information has been provided in NBI regarding the repaired/rehabilitated part. The year of
inspection corresponds to the last inspection constituting a reference time as to when the current
condition ratings were assigned. Thus, the age of a non-rehabilitated bridge was estimated by
subtracting the year of construction from the year of inspection. For rehabilitated bridges, two
different ages were utilized, one to define the age of a bridge from its initial construction and
the second the age from its rehabilitation. The first age was estimated similarly to non-
rehabilitated bridges, while, for the second age, the year of reconstruction was subtracted from
the year of inspection.

For each segmented bridge sample, an exploratory analysis of the age contents was
carried out for non-rehabilitated bridges and for rehabilitated bridges utilizing both ages
computed (A-1V.6-13). The results presented in the Appendix for each environmental exposure
are given for continuous and simple types (based on the material categorization of
superstructure). Deck and substructure results are presented together, as no segmentations are
made based on material for these bridge parts and no condition ratings are used in the analysis.
Segmentations are performed, however, for superstructure materials.

The analysis revealed that the vast majority of not-over-water-bridges, has been built after
1956 (age 60 in Appendix-1V. 6-13), and their locations (Fig.6.1 (a)) relate with the interstate
network, whose main construction started at that same year (Weingroff, 1996). Additionally,
the same category of bridges appeared to have more rehabilitations when compared to the
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bridges over water. Also, attention was specifically given to prestressed concrete bridges, as
this material was not used prior to the 1950s. Prestressed concrete bridges durability
performance in different environments can be observed in the Appendix (A-1V.10-13), while
Fig. 6.2 shows rehabilitated and non-rehabilitated prestressed bridges located in all
environments. The age of rehabilitated bridges listed is computed also according to the year of
initial construction and shows prestressed bridges built before 1950, when prestressing
technology was not available. The same bridges, when listed by age of reconstruction, all appear
to have ages younger than 60, signifying a switch in the superstructure material to prestressing
during rehabilitation.

Bridges’ material switching during rehabilitation, along with lack of information
regarding parts rehabilitated, conditions prior to rehabilitation and reason of rehabilitation, led
to the definition of a separate sample for rehabilitated bridges. Hence, rehabilitated bridges
were excluded from the main analysis. On one hand, their incorporation would lead to erroneous
results, on the other hand, their exclusion from the main analysis could bring rise to sample
selection bias, a topic that is discussed in the following subsection.

3000
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500 - 5.
'¥+\f *ﬂpk'_ﬂ*'l'w‘:s— D
P e T . v T e W W 7

Number of prestressed concrete
bridges

Age (years)

Non-rehabilitated (Age= Year of inspection-Year of construction)
------ o Rehabilitated (Age= Year of inspection-Year of construction)
- -+ - Rehabilitated (Age= Year of inspection-Year of reconstruction)
Figure 6.2: Aggregation of prestressed concrete bridges. Rehabilitated bridges (green line) that appear to have
been built from prestressed concrete, when listed with regard to the age from reconstruction (red line)
reveal changes in material. Also, minor variations (0.2% of the non-rehabilitated sample) noticed for

non-rehabilitated bridges (black line) after 66 years are due to coding errors of year of reconstruction
or material-type.
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6.2.4 Cumulative Condition Probability (CCP)

The selection of a specific year’s NBI dataset to study deterioration provides static
information regarding the age of a bridge and its condition at the year of inspection. Thus, each
bridge condition rating can be regarded as the result of the years of exposure equivalent to its
age. To compare deterioration among different strata, cumulative frequency below or equal
condition 5 was inappropriate due to its dependency on the size of each age group. For the same
reason, Kaplan Meier estimator (Kaplan & Meier, 1958) should not be used, as the purpose of
the study is not to identify the stock’s problematic bridges, but to determine bridge deterioration
caused by various environmental factors. Other studies have used the mean age or the mean
condition rating of each age; the effects of mean condition rating for the NBI sample handled
herein have already been presented in Chapter 4. Hence, the proportion of bridges being in the
conditions of interest (rating <5) for each age was adopted as the measure analyzed, similarly
to the studies of Dunker and Rabbat (1990; 1992; 1993; 1995) and Farhey (2014; 2015).

The segmented samples of the four different aforementioned environmental exposures
were grouped according to their construction material and were sorted by age. For each age, the
number of bridges at a particular condition (rating 0-9) varies due to its dependency on the
sample of that age. Herein we are particularly interested in referring to all bridges in a condition
characterized with a rating below or equal a particular threshold value. Following the
frequentistic definition of probability (Faber, 2012), the proportion of bridges below or equal a
threshold value at a particular age is referred to as Cumulative Condition Probability (CCP). It

is computed independently for each age as follows:

Nei(®)  XjeoNi(®)  No(t) + -+ Ny(t)

Neor () 7o N; (®)  No(£) + -+ No(t)

CCP;(t) =

6.1)

where: CCPij(t) is the CCP for structural condition <i of the bridges at age t; Nc,i(t) is the total
number of bridges at condition <i at age t; Nctwot(t) is the total number of bridges at age t (at any
condition 0-9); Ni(t) is the total number of bridges at condition i at age t.

In this chapter, CCPs corresponding to the probability of a bridge being in non-
satisfactory condition is utilized. CCPs for other condition thresholds are presented in Chapter
6. The graphs shown in this chapter present CCPs-values calculated at various bridge ages. For
each studied sample, an increasing trend of CCPs with time is anticipated due to aging linked
with environmental exposure. The results are presented for bridge age up to 60 years, in order
to have some uniformity among the effects of environmental factors (no water or water

underneath) and structural materials (especially for reliably handling prestressed concrete).
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Note that variations should be expected in the graphs, as CCPs is separately calculated for each

independent age group, while the sizes of these groups are generally different.
6.3 Results and discussion

Table 6.1 provides information regarding the sample population in terms of structural
materials utilized for each environmental exposure considered for the 60-year analysis. The
most popular bridge material under all environmental exposures is prestressed concrete with
simple (non-continuous) spans, with the exception of ‘no deicing, water’, in which simple-span
concrete is mostly used. Moreover, there is a lower preference to continuous spans for
prestressed concrete bridges in all environments, for steel in environment ‘no deicing, no water’
and ‘deicing, water’, and for concrete in environment ‘no deicing, no water’. Smaller sample
sizes indicate that higher variations in the results should be expected, which can be furtherly
justified by the sample for each individual age (Appendix A-IV.6-9). For decks and
substructures, since there is no material categorizations, sample segmentations were performed
for the existence of construction joints, which were seen to affect substructure and
superstructure condition in Chapter 5. Thus, all samples including bridges with simple spans
are aggregated to form the overall sample signifying construction joint presence and, similarly,

continuous spans for construction joint absence.

Table 6.1: Sample size for each environmental exposure analyzed.

Deicing, = No No
. . Deicing, . .
Material/Environment no deicing, deicing,
water
water no water water
Concrete simple 7% 11% 7% 42%
Concrete continuous 9% 12% 7% 4%
Steel simple 23% 25% 13% 10%
Steel continuous 25% 9% 17% 4%
Prestressed concrete simple 26% 37% 48% 36%
Prestressed concrete
. 9% 6% 9% 4%
continuous
Sample size 50,376 144,688 18,490 52,036

In the remainder of this section, the sample selection bias is first addressed. Then, the
main analysis results are given separately for bridge decks, superstructures and substructures.
An additional analysis to compare the current prestressed concrete superstructures to those of

an older inventory is reported.
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6.3.1 Sample selection bias

This section addresses the issue of bias imposed during the selection of the samples
analyzed. Since bridge materials after rehabilitation may have been changed and there is no
clarification in NBI regarding materials in the bridge’s initial state (before rehabilitation),
rehabilitated bridges are categorized only according to the environmental exposures. Most
rehabilitations performed are related to bridges exposed to ‘deicing, no water’ (20% of the
overall sample for this environmental exposure), followed by ‘no deicing, no water’ (11%),
‘deicing, water’ (8%) and ‘no deicing, water’ (6%). The mean age of rehabilitated bridges
shows small variations around 50 years for all environments (A-1V.6-13).

In this work, the CCPs were computed for non-rehabilitated bridges. The fact that
rehabilitated bridges have been removed from the main samples analyzed may impose a
selection bias producing misleading results. If there was information to keep rehabilitated
bridges in the samples, it is expected that higher CCP-values would be obtained than the ones
computed herein. Since segmentations based on structural material cannot be performed, an
indication of the magnitude of the selection bias can only regard environmental factors. To
account for this bias, rehabilitated bridges were listed by their age corresponding to the year of
construction and aligned with the non-rehabilitated bridges. Then, following the frequentistic
approach, the number of reconstructed bridges for each age group was divided with the total
sample population for that age, which included non-rehabilitated and rehabilitated bridges, in
order to calculate the corresponding Rehabilitation Probability (PR):

Ng (t)
Nyg(t) + Ng(t)
In the above equation, PR is the probability of rehabilitation for a bridge of age t, Nnr is number

PR(t) = (6.2)

of non-rehabilitated bridges at age t and Nr is the number of rehabilitated bridges at age t. The
PR-values shown herein provide information regarding the magnitude of the bias introduced by
removing rehabilitated bridges from the samples analyzed.

The selection bias is examined through the PR-plot of Fig. 6.3. In this figure, the
probabilities of rehabilitation have an increasing tendency with age, as expected. Similar
probabilities of rehabilitation for different environmental exposures indicate similar biases
introduced in the corresponding samples. This appears to be the case for ‘no deicing, water’,
‘deicing, water’ and ‘no deicing, no water’. The higher variations of the graph noticed for ‘no
deicing, no water’ can be attributed to the smaller sample size available (see Table 6.1). The

percentage of rehabilitated bridges removed from the 3 aforementioned samples and the
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corresponding bias introduced are deemed acceptable for the age range of 0-60 years considered

herein.
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—+— No deicing, water ---A--- No deicing, no water

Figure 6.3: Probability of rehabilitation for each age of the corresponding environments
(Figures 6.4 t0 6.7)

Regarding ‘deicing, no water’, the probabilities of rehabilitation obtained are higher than
in the other environments. Specifically, there is an increase after the age of 40 years, which
induces higher uncertainties in the interpretation of results. To resolve this issue in a ‘fair’ way,
comparisons of results among ‘deicing, no water’ and the other 3 samples were limited to the

age range 0-40 years.

6.3.2 Concrete decks

The deck surface comprises of a large area exposed to thermal loads, traffic, as well as
the effects of aggressive factors, such as deicing salts, to ensure traffic safety. Inspection ratings
in NBI do not refer to the wearing surface, but to the main structure of the deck (FHWA, 1995).
Deicing chemicals sprayed in winter months on the deck surface can affect the main structure,
the effect on which can be increased by damages imposed to the wearing surface by deicers and
disruptions of protective membranes. Additionally, construction joints could be another source
of chlorides, as they provide easier access to the underlying concrete. Furthermore, deicing salts
can become airborne by splashing from traveling vehicles and can find their way either to the

structure’s sides or below the deck, driven by wind or turbulence generated from passing
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vehicles underneath the bridge (Radomski, 2002). Freeze thaw cycles and wet dry cycles can
affect the condition of a deck, especially when drainage details are of poor design (Azizinamini,
etal., 2014).
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Figure 6.4: Probability of non-satisfactory condition for concrete decks of simple (a) and continuous (b) spans
for a 60-year analysis.

The results of the 60-year analysis show two different deterioration patterns for simple
(Fig. 6.4(a)) and continuous spans (Fig. 6.4(b)). In Fig. 6.4(a), deterioration for simple-span
decks appears to be greater in deicing than in non-deicing regions. The largest variations in
CCP-values appear for areas of ‘no deicing, no water’ and ‘deicing, no water’ due to the smaller
sample sizes. Specifically, for the case of ‘no deicing, no water’, a sudden increase in
probabilities for ages of 55-60 years can be seen, which can be attributed again to the smaller
sample size at these ages (Appendix A-1V.10-13). Furthermore, a rise can be noticed in the in
CCP-values for environment ‘deicing, water’ from young ages up to 16 years. After 18 years
of age, other exposures also reach the same probabilities and all environments can be considered
to have equal effect up to 22 years. Then, the difference between two groups increases, with the
probabilities of non-satisfactory condition for deicing environments being about double than
those of non-deicing ones. For continuous spans, there is no actual difference in effects among
the different environmental exposures. Thus, it can be concluded that deicing salts affect
slightly less decks with continuous than with simple spans, while the probabilities for no deicing
environments are elevated in comparison to simple spans.

Hence, the presence of deicing salts appears to affect more bridges with simple spans
(presence of structural joints) due to the concrete’s vulnerability and increased exposed deck
area. An explanation for the increased probabilities for ‘deicing, water’ environment in the first
16 years could be linked to the presence of increased humidity due to water presence. Increased

humidity at the pores fuels reinforcement corrosion due to higher chloride transports and causes
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damage through freeze-thaw cycles. This was not noticed for continuous spans, as structural
continuity eliminates joints and hence reduces surface chlorides concentrations due to joint
leakages. After the age of 22 years, the ‘deicing, water’ and ‘deicing, no water’ environments
appear to have similar tendencies regarding deterioration rates, although the ‘deicing, no water’
environment shows slightly lower probabilities. Such generalization cannot be made after the
age of 40 years due to increased selection bias for this environment.

For decks with continuous spans, high probabilities of non-satisfactory condition can be
noticed also where no deicing is used. This can be attributed to the higher temperatures in these
environments, which may cause cracks due to joint absence. An additional effect that could also
play a significant role is the increased annual precipitation at those areas, which, after cracking,
could increase humidity content in the pores and, along with effects of carbonation, lead to
depassivation of the embedded steel. Also, the absence of structural joints may be responsible
for the decrease in deterioration when deicing is used.

To conclude, decks are mostly affected by the presence of deicing salts and an increase
of deterioration is expected, when structural joints are present. On the other hand, continuous
bridges could be more effective in colder regions, where deicing is used, while in warmer areas,

absence of joints could lead to increased deterioration.
6.3.3 Substructures

The substructure consists of a wider range of materials that have to be rated, such as piers,
abutments, piles, footings, among others (FHWA, 1995). Through the segmentation performed,
substructures can be in direct contact with the water underneath the structures. Thus, wet-dry
cycles affect both regions with use of deicing and no deicing. Problems related to wet-dry cycles
include the accumulation of contaminants from the surrounding water on the substructure’s
surface, where absorption can promote adequate transport, combined with oxygen and
temperature adequacy, which can accelerate corrosion. Also, in deicing regions, chlorides can
reach the substructures’ surfaces through leakages of structural joints and washing out of the
chloride contaminated surface during rainy seasons. Accumulation of chlorides can also occur
from the airborne chlorides generated from deck vehicles, leakages from deck draining systems,
as well as water with chloride content due to deicing activity. Furthermore, freeze-thaw cycles
can generate cracks, assisting chlorides to penetrate in deeper concrete depths, especially in
deicing regions.

For the cases of no deicing and no water presence underneath the structure, only rainwater
can cause wet-dry cycles. Also, since coastal regions have been excluded from the analysis,

only contaminants within rainwater or deck surface can reach the substructure. On the other
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hand, in the deicing region, chlorides may reach the substructure surfaces as airborne, while
larger quantities could be applied through direct splashing either from travelling vehicles or
from deicers. Extensive damage has been observed for cases where snow has been piled in
contact to substructures’ surfaces from deicers clearing the road surface (Ainge,2012). The
packed snow is contaminated with chlorides from the road surface and prolonged saturated
conditions can promote chloride transfer. Additionally, damage can be caused from freeze thaw
cycles and wet-dry cycles during the warmer months, similarly as above.

The results of the 60-year analysis in Fig. 6.5 show reduced probabilities of non-
satisfactory condition for substructures supporting continuous spans (Fig. 6.5(b)) in comparison
to simple spans (Fig. 6.5(a)) for all environmental exposures. For both types of substructure,
‘no deicing, water’ appears to give the highest probabilities for all environmental exposures.
Quite similar probabilities can be observed for deicing environments. For simple spans,
substructures appear to be affected slightly more during the first 20 years in ‘deicing, water’,
while, after that age range, ‘no deicing, water’ seems to be worse. Moreover, higher differences
in probabilities can be noticed for substructures of bridges with continuous spans (Fig. 6.5(b))
among the ‘no deicing, water’ and ‘deicing, water’ environments, if compared to the
substructures of simple-span bridges. The environment that appears to affect the substructure
rating the least in both cases is ‘no deicing, no water’ for all ages (except after 50 years due to
small sample size).
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Figure 6.5: Probability of non-satisfactory condition for substructures of bridges with simple (a) and continuous
(b) spans for a 60-year analysis.

For simple spans (Fig. 6.5(a)), leaking joints in combination with wet-dry and freeze-
thaw cycles may cause increased deteriorations in the ‘deicing, water’ environment for early
bridge ages. Afterwards, any environmental exposure that includes deicing appears to affect the
substructure similarly. Also, the exposure ‘no deicing, water’ appears to affect both substructure

types similarly. Regarding the presence of water, a possible explanation for its corrosive effect

99



lies in the increased humidity it creates; additional effects may include alkali-silica reactions or
bio-deterioration, which are expected to be higher in those areas. Overall, the differences
observed for continuous and simple span bridges could be attributed to problems arising by the
leakages in construction joints of simple spans.

Wet-dry cycles and extra chlorides from leaking joints appear to affect structures from
early ages. Occasional splashing and leaking joints effects appear to increase probabilities after
the first 10 years. Older ages appear to have similar probabilities of non-satisfactory condition,
for both environments where deicing is used. On the other hand, for continuous spans (Fig.
6.5(b)), deicing environments have similar deterioration effects for all ages. Such notice could
be an indication that wet-dry and freeze-thaw cycles are comparable to the occasional splashing
of chloride contaminated water, from traffic. This could mean an equal chloride deposition for
the two environments.

In conclusion, bridges over water in more temperate areas and lack of deicing salts appear
to be equally or even more susceptible to deterioration than areas where deicing is used.
Interpretations only due to corrosion were taken into consideration herein, however scour
hazard may be more critical not only for substructure condition, but also for structural integrity
of the whole bridge (Imam & Chrysanthopoulos, 2012; Kallias & Imam, 2015). The presence
of deicing salts with or without the presence of water appears to have a similar effect when
structural joints are not present. In simple-span bridges, accelerated corrosion appears at early

ages, when both deicing and water are present.
6.3.4 Superstructures

Superstructures are affected by the presence of joints through leakages, whose effect can
be more aggressive when contaminants, such as deicing salts, are present. Additionally,
airborne chlorides can reach their surface at the deck or below the bridge traffic. Similarly, the
effect of wet-dry and freeze-thaw cycles can enhance chloride transport. In the Appendix (A-
IV.14), graphs comparing structural material performance for each environmental exposure are
provided separately for simple and continuous-span superstructures. These graphs show similar
probabilities of non-satisfactory condition among all environmental exposures for the different
materials and span types. This does not apply for exposure ‘no deicing, water’, for which steel
superstructures with both simple and continuous spans show increased deterioration rates. In
general, it could be stated that, among the structural materials studied, small differences in
probabilities of non-satisfactory superstructure condition are observed. Macroscopically,

prestressed concrete gave the best performance among them, followed by concrete and steel.
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To assess superstructure performance for various structural materials, separate
comparisons for the different environmental exposures are shown in Fig. 6.6. Increased
variations can be noticed in certain cases due to small sample size (Table 1). Because of these
variations, only trends of deterioration rates should be observed in Fig. 6.6 rather than numbers.
In cases of very high variations, not even trends can be observed, therefore transparent lines
have been used, in order not to eliminate these lines from the graphs and provide complete

results.
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Figure 6.6: Probability of non-satisfactory condition for superstructures of concrete, steel or prestressed concrete
materials of bridges with simple or continuous spans. Transparent lines have been used for results with
high variations.
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6.3.4.1 Concrete superstructures

For the 60-year analysis of concrete superstructures with simple spans (Fig. 6.6(a)),
increased probabilities of non-satisfactory condition appear in deicing environments. The
presence of water underneath appears to increase the probabilities at younger ages. Despite the
occasional large variations due to small sample size, the environments of ‘no deicing, water’
and ‘no deicing, no water’ seem to have similar effect on concrete superstructures, lower than
environments where deicing is used. Similar observations can be made for continuous spans
(Fig. 6.6(b)), although smaller differences are observed when deicing is used or not. Also, at
young ages, concrete superstructures appear to be more affected by presence of traffic
underneath than by water.

Simple-span bridges exposed to deicing salts are greatly affected by chlorides due to
leakages occurring at the construction joints. For continuous bridges, the small difference
observed in probabilities among deicing and no deicing environments could be attributed to
airborne chlorides generated from the deck area or/and traffic underneath the bridge. Simple-
span superstructures at younger ages are significantly affected when in a ‘deicing, water’
environment, probably due to high humidity and structural joints, however this is not noticed
for continuous spans. On the contrary, bridges of older ages seem to be affected more by the
presence of traffic underneath (Fig. 6.6(b)). As such observation was not made in the analysis
regarding decks (Fig. 6.4(b)), this may be attributed to the superstructure geometry. Concrete
I-section beams are normally used; the web plus the top and bottom flanges form a barrier that
captures and accommodates airborne chlorides. Thus, chlorides generated from both deck and
road (under the bridge) surfaces land on the beams of the bridge’s superstructure due to the
generated air flows from traffic vehicles, especially from taller vehicles, such as trucks. Also,
the smaller differences between probabilities for simple and continuous bridges in no-deicing
environments show that the absence of structural joints in warmer environments does not affect
concrete superstructures as much as it affects decks. This could be explained by the increased
surface of the deck exposed to thermal deformation, in comparison to the smaller exposed
surface area of superstructures.

In conclusion, deicing salts are more corrosive for the case of simple spans. Increased
humidity can lead to earlier superstructure deterioration, provided that chlorides and joints are
present. Continuous superstructures have lower deterioration rates in deicing environments, and

similar ones to simple spans in no-deicing conditions.
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6.3.4.2 Steel superstructures

Steel superstructures are formed in various geometries and shapes, as they can be located
either over or under the decks in the form of beams or trusses. Also, their detailing may be
complex regarding connections (fixed or pinned connections among beams or with decks,
stiffeners, etc.) or cross-sectional shapes. The main issues affecting steel are the time of wetness
and contaminants that could activate pitting corrosion where discontinuities of the paint exist
(Davis, 2000). Crevice and fretting corrosion can also take place depending on structural details,
especially in the areas of connections, and along with fatigue they can impose a very destructive
combination. Additionally, since the deck is typically made of concrete, condensation of
humidity has been documented to be generated at the interface of the steel superstructure and
the deck’s concrete (Azizinamini, et al., 2014).

For the 60-year analysis for both simple (Fig. 6.6(c)) and continuous spans (Fig. 6.6(d)),
higher probabilities of non-satisfactory superstructure condition are noticed when water is
present underneath the bridge and no deicing is used. Lower probabilities are generally noticed
for continuous rather than simple span bridges. Simple-span bridges at younger ages are more
affected when water is underneath the structure irrespective of the presence or absence of
deicing salts. This effect is also evident at a lower degree for young continuous bridges. Deicing
environments appear to be the second most corrosive conditions, while the least affected bridges
were those exposed to ‘no deicing, no water’ conditions.

An inclination change of the probability lines is observed for bridges older than 46 years
of age (Figs 6.6(c) and (d)). This could be attributed to a modification of design standards for
brittle connections in bridges before the 1970’s (Azizinamini, et al., 2014). Thus, the
probabilities of non-satisfactory condition for superstructures older than 46 years correspond to
bridges with brittle joints and show another case of selection bias due to rehabilitation.
Consequently, for the case of steel superstructures, all comparisons are made up to the age of
46 years.

The higher probabilities in ‘no deicing, water’ environments (Figs 6.6(c) and (d)) could
be attributed to the increased humidity levels generated by water presence. Also, this effect in
warmer areas can be due to the higher temperatures that correspond to higher dew point
temperatures, which govern the volume of water that can be retained in the atmosphere. Thus,
increased condensation occurring at the superstructure-deck interface could be expected in
southern regions. Moreover, structural joints appear to increase the probabilities in all studied
environments. An additional confounding variable linked to water corrosivity is the increased

population of birds and animals in warmer areas, where no deicing is allowed. Additionally,
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higher temperatures combined with increased rainfall and no deicing induce also wet-dry
cycles, which affect corrosion (Stratmann, 1990).

The presence of joints appears to affect in all cases, which can be attributed, as for other
bridge components, to joint leakages due to water from rainfall or melting ice contaminated
with chlorides (deicing regions). The difference between ‘no deicing, water’ and ‘no deicing,
no water’ environments for both span types, could be attributed to decrease in humidity levels
due to absence of water underneath the bridge. Although the results for steel superstructures
have larger variations due to smaller sample sizes, certain variations for continuous spans could
also be linked to the increased probabilities of non-satisfactory deck condition noticed for
continuous spans in subsection 6.3.2. Specifically, in that subsection, probabilities for
continuous decks increase for ‘no deicing, water’ and ‘no deicing, no water’ environments to
reach similar levels to those observed for simple-span decks.

In conclusion, steel bridges seem to be affected more by humidity levels, either with the
presence of structural joints and direct water contact or by condensation of water due to changes
in dew point temperatures. Although the presence of aggressive agents is considered to be very
corrosive, lower temperatures appear to decrease the agents’ effect. On the other hand, other
confounding variables such as rainwater, scour etc., of ‘no deicing, water’ environment, should

also be furtherly investigated.
6.3.4.3 Prestressed concrete superstructures

Prestressed concrete bridges can be posttensioned (tendons are placed in ducts) or
pretensioned (tendons bonded directly with concrete), with the latter performing better under
corrosive conditions than the former (Wallbank,, 1989). High concrete strength is normally
used to avoid loss of prestress due to creep. Lack of cracks in service and concrete’s low
permeability prevent chlorides to drive through cover and cause reinforcing steel corrosion.
However, low permeability and thick cover delimit oxygen presence, therefore low volume
corrosion products are generated, which cannot crack the cover and hence prevent visual
detection. This can have severe consequences and lead to catastrophic collapses without
warning (Woodward & Williams, 1988).

For the 60-year analysis of prestressed concrete superstructures, simple spans (Fig. 6.6(e))
appear to induce a similar deterioration rate pattern with concrete superstructures and decks,
with a more distinct difference between deicing and no deicing environments. Signs of early
deterioration cannot be noticed, as is the case in other concrete structural parts. This can be
noticed also when comparing continuous prestressed concrete bridges (Fig. 6.6(f)) and

continuous concrete bridges (Fig. 6.6(b)), despite the increased variations in probabilities due
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to small sample sizes. Bridges built just after the introduction of prestressed technology (mid
1950s) show today rather high probabilities of non-satisfactory superstructure condition. This
can be attributed to lack of knowledge in design and construction of prestressing in the early
applications of this technology, as well as to problems that were addressed in later years
(Podolny, 1992; Schupack, 1982; Szilard 1969).

As in reinforced concrete bridges, simple-span prestressed concrete superstructures gave
higher levels of deterioration compared to continuous ones. The absence of early deterioration
could be attributed to the adequate standards of prestressed concrete mix design, to achieve the
high compressive strengths needed, which can also provide enhanced chloride protection, as
seen in Chapter 5. In conclusion, deterioration in simple span prestressed bridges is increased
when deicing salts are used under high humidity conditions. The deterioration rates are halved

for continuous prestressed bridges.
6.3.4.4 Comparisons between NBIs of different years

To test the consistency of the analysis procedure used in this chapter, the reliability of
NBI ratings and the sensitivity of results, a comparative assessment was performed for two
inventory databases: the one of 2016 and an older, the one of 2009. The samples of prestressed
concrete superstructures were chosen to validate the results, with both simple and continuous-
span bridges included in the analyses.

Clearly, the 60-year analyses for the data of the two inventories correspond to different
time periods. The analysis for the inventory of 2016 refers to the period 1956-2016, while for
the inventory of 2009 to the period 1949-2009. Thus, the bridges of a certain age are represented
by different year-samples in the two sets of results obtained. Moreover, to examine the
deterioration rate of the same bridges in time, a 7-year difference in bridge age has to be taken
into account between the two inventories. E.g., the 30-years old bridges of the 2016-database
are actually the 23-years old bridges of the 2009-database; the corresponding sample sizes of
the two inventories are not necessarily the same.

The results for the 60-year analyses providing probabilities of non-satisfactory
superstructure condition are illustrated in Fig. 6.7. In the time axes, instead of bridge age, the
equivalent year of construction was used. This was determined by subtracting each bridge age
from the inventory year. This way, the different bridge stock years could be traced between
both inventories. Small differences observed in the year of construction can be attributed to the
24-month inspection interval, which can affect the age calculated. Certain points have been

marked in the graphs to show the progression of deterioration for individual year-samples.
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Hence, samples corresponding to ages of 30, 40, 45 and 50 years have been marked to facilitate

comparisons of probabilities among inventories.
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Figure 6.7: Comparison between inventories of different years for prestressed concrete superstructures.

Figure 6.7 shows that both inventories lead to similar probabilities of non-satisfactory
condition for ages up to 45 years. Hence, observations made regarding environmental factors
affecting superstructures of prestressed concrete are confirmed also for the case of 2009
inventory. On the other hand, in the 2009 inventory an increase in probabilities is observed for
years of construction between 1950 and 1960 (after 45 years of age), which cannot be noticed
in the 2016 inventory for the same equivalent years of construction. This increase could be
attributed to the first ten years of the newly applied material in the US and the flaws commented
in section 6.3.4.3. While, differences among inventories, indicate that rehabilitations have taken
place (after 2009), leaving only well performing bridges, corresponding to lower probabilities
(in the 2016 inventory).
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In conclusion utilizing NBI data with the methodology followed appears to be
independent of the year collected. Furthermore, robustness of the results can be assumed,

provided no major changes in construction standards have been made.
6.4 Conclusions

A sample of US bridges was used to study bridge deterioration under various conditions.
Meaningful sample segmentations were performed to distinguish environmental exposures
affecting differently various bridge parts. The analysis results indicated that:

e For concrete decks, deicing appears to be the most corrosive factor. The presence of
water increases probabilities of non-satisfactory condition when chlorides are present
due to deicing. For the case of structural joints, the mentioned environment affects the
structural condition of the deck in younger ages, while the same does not apply for the
case of continuous spans. Absence of structural joints, on the other hand, lowers
probabilities for deicing environments, but increases probabilities for warmer
environments.

e For substructures, environments, in which no deicing is used and water is present, have
the highest probabilities of non-satisfactory condition, followed by environments, in
which deicing is used regardless of water presence. The presence of structural joints in
simple-span bridges increases the probabilities for all environmental exposures, while
deicing affects younger ages.

e For simple spans, concrete superstructures are affected more by deicing in young ages,
when also water is underneath the bridge. For continuous spans, lower probabilities of
non-satisfactory condition are obtained, however, concrete superstructures are again
affected more by deicing salts, but younger bridges are affected more by traffic presence
in areas where deicing is used.

e Steel superstructures deteriorate substantially in humid environments without deicing.
Lower probabilities of non-satisfactory condition were noticed at deicing environments
regardless of water presence. Structural joints to form simple spans increase the
probabilities forall environmental exposures. Especially young, simple-span bridges are
vulnerable under humid and deicing conditions.

e Prestressed concrete superstructures in deicing environments are affected similarly to
concrete ones. The main difference is the lack of early deterioration for simple-span
bridges in the simultaneous presence of water underneath the bridge and deicing.
However, early deterioration was noticed, similarly to reinforced concrete bridges in

areas where deicing is used and traffic exists under the bridge.

107



Similar deterioration rates were observed between all studied superstructure materials
under the same environmental exposures and span types (simple or continuous). An exception
is the case of steel in ‘no deicing, water’ environment for both span types, where increased
deterioration can be observed. A closer look at the results indicated a better performance of
prestressed concrete, followed by concrete and steel.

The absence of structural joints in integral bridges leads to better performance for
superstructures, but may be problematic for decks (Chen & Duan, 1999). As shown in Chapter
5, bridges located at costal California, where the vast majority of superstructures are continuous,
appear to have their decks in worse condition under deicing (North) and no-deicing conditions
(South).

The analysis methodology using probabilities showed a robustness regarding the year of

inventory used, from which the above conclusions were made.
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7 A method to probabilistically estimate the deterioration rate of aging

bridges

The processes performed in previous chapters have led to segmented samples of
bridges for various environmental factors and materials, with cumulative condition
probabilities to reveal deterioration within the age range of the different bridge stocks. In
this chapter, these probabilities are utilized and a novel method is developed to estimate the
time-to-rehabilitation where no data are available. The method adjusts techniques applied
for accelerated experiments and exploits properties of the cumulative condition probabilities
to calibrate the process. The method is validated using various samples of bridges under

various environments.

7.1 Introduction

During the last decades vast budgets have been spent to maintain aging infrastructures
all over the world. The 20th century’s increased construction activity has led, in particular,
to the accumulation of bridges, forming stocks, which are deteriorating with age. Aging
bridges need continuous interventions either in the form of maintenance or major
rehabilitation. Reliably estimating the deterioration rate and the lifetime of bridges are
essential aspects in determining optimal programs regarding maintenance and/or
rehabilitation. This could assist decision makers in both elongating the useful life of bridges
and controlling their structural safety in a cost-effective manner. However, the structural
performance of bridges in time is governed by high uncertainties, which need to be
quantitatively treated in order to enable rational decision-making regarding maintenance and
rehabilitation.

An essential step toward the effective handling of such uncertainties is the gathering
and exploitation of respective data. Typically, the data collected refer to current bridge
conditions and are used in conjunction with Bridge Management Systems (BMS) to decide
on the necessity and degree of priority of any potential intervention and to allocate
corresponding funds (Ryall 2001). Frequent inspections ensure that the BMS is up-to-date
regarding the structural condition of the stock. However, in order to estimate future needs
and optimally allocate available budgets, models to predict the future stock condition are
essential.

Various deterioration models exist and can be categorized based on the

information/knowledge used to mechanistic (Stewart & Rosowsky, 1998) or to statistical
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models, where only inspection data are utilized. Hybrid models have been proposed, which
use both statistical and mechanistic approaches to model deterioration from the macroscopic
to microscopic level (Lounis & Madanat, 2002). As mechanistic models and their
shortcomings to modelling time to corrosion initiation in concrete were already discussed in
the previous chapter, this chapter emphasises more in statistical deterioration modelling.
Relevant techniques vary from regression models (Fitzpatrick et al. 1981; Veshosky et al,
1994) to stochastic approaches, such as Markov Chains, and their purpose is to link the
evaluated condition of infrastructure to affecting surrounding measurable factors.

Stochastic models can be divided into discrete-time state based and discrete-time time
based (Mauch & Madannat, 2001). The state based models predict the probability that a
facility will undergo a change in condition at a given time (Mauch & Madannat, 2001),
whereas, time based models predict the probability distribution of the time taken by
infrastructure facility to change condition state (Mauch & Madannat, 2001). Thus, both types
of models utilize different inspection years to track changes in condition.

The most frequently used, discrete-time state based models are Markov and semi-
Markov processes (Wu, et al., 2016). The appropriateness of the Markovian process to model
bridge deterioration has been shown by Madanat & lbrahim, 1995. These deterioration
models use previous years’ structural condition data to trace condition changes and estimate
the probability of transition from one condition rating to another. The evolution of the
models include the estimation of the transition probabilities. Some of the methods used
include regression-based approaches (Ceasare, 1994), Poisson regression (Madanat &
Ibahim, 1995), multinomial (Morcous, 2001), probit logit models (Madanat et.al 1997),
Kaplan and Meier methods (De Stefano & Grivas, 2001), as well as hidden Markov models
(Kobayashi, et al., 2012).

Other methods used to model deterioration, include Weibull sojourn times (Sobanjo,
2010), Artificial Neural Networks (Huang, 2010) and Dynamic Bayesian Belief Networks
(Rafiq et al., 2015), Weibull analysis (Agrawal et.al, 2010; Nasrollahi, 2015) and duration
models (Mauch and Madanat, 2001). All mentioned methods are dependent on many years
of previous inspection records whose reliability can be questionable. Furthermore, the way
the data is used can only provide partial validation, as mentioned in Chapter 2. Thus, actually
only short-term validation can be achieved by future inspection results that will be available.

In the present work, a novel macroscopic method is presented to probabilistically
estimate the future structural condition of a bridge. For this purpose, real data maintained by
the Federal Highway Administration (FHWA) for USA bridges are exploited. The method

utilizes the database of a single year’s evaluation to calibrate a probabilistic model for
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predicting the structural condition of a bridge over time. Thus, all bridges in the data-stock
processed are used, based on their ages, to represent the condition of a single bridge during
its lifetime. This way, curves relating bridge age with cumulative probability for each
structural condition can be assembled. Certain time-shifts and scalings are then applied to
achieve predictions for bridge ages not covered by available data.

The proposed method is illustrated on a sample of 26,764 concrete bridges of various
ages exposed to ‘deicing, water’ environmental conditions. The predictions derived from the
method are presented and compared to corresponding existing data, which span a century
for the illustrated sample and additional test cases, offering insight for its long-term

validation results.
7.2 Deterioration modelling perspectives and the new method’s main assumption

Bridges age at various rates, depending on internal and external factors. Internal factors
include structural materials and the overall quality embodied through the construction
process. External factors, such as deicing salts, humidity, earthquakes etc., can cause bridge
condition to deteriorate. The effects of both internal and external factors are functions of
time. Bridges age and deteriorate due to the duration of exposure to those factors. On the
other hand, maintenance can decelerate deterioration. As the scope of a deterioration model
IS to describe a generalized aging-deterioration relation, the selection of a proper sample is
crucial.

To visualise the perspectives of deterioration modelling, a three-dimensional graph is
presented in Fig. 7.1. Two axes of time are used to indicate the year of completion and the
year of inspection for each bridge stock. Bridge stocks are placed on the plane created from
these axes as spheres according to their year of completion (year built) and their first year of
inspection. The spheres of the figure vary in size to indicate differences in total number of
bridges built in that year or a year’s bridge stock. The z-axis indicates the number of bridges
below or equal a certain condition; frequency is actually used to achieve uniformity between
the different bridge stocks. The frequency has a tendency to increase over the years if no
corrective action is performed on the different bridge stocks.

A Dbridge is built following certain constructional characteristics depending on age.
Performed inspections evaluate the condition of the structure to present criteria.
Hypothetically, if inspection data existed since 1900, then bridge deterioration evolution
with age could be described by condition distributions of bridges with similar age.
Additionally, the duration of a bridge being at a certain condition could be estimated and

transition distributions could then be described. Unfortunately, inspection standards in NBIS
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(FHWA 1995) change throughout the years. Additionally, no records can be found before
the establishment of the NBI in 1978. Both reasons reveal the necessity of certain

assumptions to be made for the study of deterioration.

Figure 7.1: Bridge deterioration modeling and the two perspectives used to tackle it. In this study the snapshot
view is proposed, where bridge deterioration data of one year of the latest inspections is used today
(2016). The snapshot reveals how bridges of each stock are performing today. The CCPs observed
show a mirror view of the ones seen in the previous chapter, as year of construction is used instead
of age.

The most common perspective of analysis is the ‘individual stock view’ (Fig. 7.1),
where condition changes from all inspection years are used for both time-based and state-
based approaches. Thus, if a region was studied where N bridges had been inspected for L
years, the maximum sample size would derive from the number of the different inspections
(N x L). The advantage of such assumption lies in the enrichment of the sample due to
multiple inspections. The disadvantage of this approach is the reliability of the inadequate
data used, as well as assumptions regarding the way a bridge transitions from one condition
to the other.

As seen in Chapter 3, changes in NBIS may mean change in the inspection procedures,
as well as in the evaluations derived. In all reviewed work, a basic step before proceeding to
probability calculations is filtering among the inspection data of different years for each
bridge. In many cases data have been excluded due to errors in coding or due to inappropriate

evaluations for deterioration modelling. Specifically, in many cases condition ratings of non-
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rehabilitated bridges have been noticed to rise from year to year (Agrawal et.al, 2010). These
errors can be attributed to human factor, errors performed during inspection procedure or
minor rehabilitation work that has been performed. Furthermore, a 2001 survey conducted
to assess the reliability of visual inspections of the NBI revealed that 95% of the examined
sample was found to vary plus or minus 2 condition ratings (in the 10-scale evaluation
program), 68% of which were found to vary plus or minus 1 condition rating (Phares et.al,
2004). Such observations render information of older inspections dubious and, therefore,
filtering of untrusted inspections may result in selection biases, which are not traceable
afterwards.

In the present work, it is assumed that the NBIS are kept frozen, leaving only the
inspectors’ subjectivity and minor repair work to create data anomalies. This is achieved by
using a single reliable annual inspection database that reveals the snapshot view (Fig. 7.1).
Although this perspective has been used by studies investigating deterioration or material
performance mentioned in chapter 4, the difference of the present study lies in the
probabilities, which are used under the main assumption that all bridges in the processed
data-stock are used, based on their ages, to represent the condition of a single bridge during
its lifetime. The validity of such assumption was illustrated for the case of prestressed
concrete (chapter 6), where different years of inspections were compared. The ‘snapshot
view’ provides the advantage of utilizing the latest most advanced and accurate inspections,
while its disadvantage regards data limitations caused by segmentations performed to
achieve sample uniformity. As seen in chapter 6, small sample sizes increase probability

variations between different ages, while for certain ages no sample is available.
7.3 The proposed method

To probabilistically predict the time to a future condition, the proposed methodology
utilizes Cumulative Condition Probabilities (CCPs) of segmented samples of bridges.
Sample segmentations regarding materials and environments are required to achieve sample
uniformity, which is necessary for the main assumption to hold. To both describe and
validate a method a specific segmented sample is used, whose purpose is to increase the
accuracy of the CDF, when only limited data are available. Thus, only part of the available
data are utilized to describe the method, while the rest of the data are used to validate the
method’s predictions. The validation process of the method is extended by varying the
number of available data used. The same procedure is followed for other samples to provide

additional validation results.
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7.3.1 Selection of segmented samples

Segmentation of a sample would include a data analysis processes similar to chapter
4, to identify predominant sources of deterioration. As the purpose of this chapter is to
illustrate and later validate the method, an ‘ideal’ segmented sample was sought among the
ones used in chapter 6. An ‘ideal’ sample should include low variations among computed
CCPs for different ages, thus the first criterion was based on the number of bridges in each
age. Second, it should include an age range wide enough to provide adequate data for
validating the method’s predictions. Thirdly, the imposed selection bias due to
rehabilitations should be kept to a low level, in order to avoid misleading lower probabilities
affecting the method’s validation.

Based on these criteria, bridge superstructures with simple spans in ‘deicing, water’
environment (chapter 6) were selected, as they had the highest sample populations, both
regarding the number of bridges built per year, as well as after the age of 60 years (Appendix
Chapter 6 A-1V. 10). Among the structural materials of the category, prestressed concrete
did not contain data after 66 years of age and, thus, the selection was based on the material
with the least rehabilitated bridges, which was concrete. Hence, simple-span concrete
superstructures in ‘deicing, water’ environment are used for the method’s illustration in this
section. Additional validations for the method have been included in section 7.6 for the
samples of concrete superstructures with continuous spans in ‘deicing, water’ environment

and concrete superstructures with simple spans in ‘no deicing, water, environment.
7.3.2 Calculation of cumulative condition probabilities based on NBI data

The CCPs of the stratified sample used in this section are calculated using Eq. (7.1).
The calculated value reveals the probability of a bridge at a certain age to be in a condition
equal or below a certain threshold. In Fig. 7.2, CCPs for conditions 8, 7, 6 and 5 are only
displayed, as CCPy is always equal to 1 and CCPs for conditions below 5 (i.e. 4, 3, 2, 1, 0)
correspond to conditions signifying the need for rehabilitation. As noticed from chapter 6,
the CCPs calculated are not monotonic, but vary within a range, which tends to widen as the
bridge sub-stock becomes older. This can be attributed to the smaller samples of constructed
bridges available for older years (Fig. 7.2). Also, an overall tendency of the probabilities to

rise and reach the value of one can be noticed.
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Figure 7.2: Calculated CCPs for concrete superstructures exposed to ‘deicing, water’ environment.

7.3.2.1 Bridge aging process within the scope of CCPs

In chapter 6, CCPs were initially introduced to express the probability of bridges in
deteriorated condition at each particular age (defined by the bridge stock). As seen from
chapter 6, but also from Fig. 7.2, the differences among the different bridge stocks for each
age are responsible for variations of CCPs. Rehabilitations performed tend to remove bridges
in worse condition, leaving in the samples only bridges that are performing well. Thus,
despite the fact that rehabilitated bridges are not taken to consideration, the selection bias
increases with increase in rehabilitations.

Hypothetically, if each age sample was rich enough, variations noticed in chapter 6
would be radically reduced. Moreover, if no corrective action was allowed, but instead
bridges were left to deteriorate until failure (condition 0), the cumulative condition ratings
could be qualitatively presented by a figure of the form of Fig. 7.2. Then, the Condition
Probabilities (CPs) for any age can be calculated by:

Ny (t) _ N;(t)
Negor(t)  No(t) + -+ + No(t)
where CPi(t) is the CP for structural condition =i of the bridges at age t; Ni(t) is the total

CP(t) = (7.1)

number of bridges at condition =i at age t. Thus, CPs reveal information about the probability

of a bridge at certain age to be in a specific condition.
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Figure 7.3: The aging process from the scope of CCPs (a) and CPs (b) under the hypothesis that no corrective
action (maintenance or rehabilitation) is performed.

Figure 7.3 provides the probability of one bridge to be in each condition throughout
its lifetime. The CPs of Fig. 7.3 appear to have a shape similar to a probability density
function, while failed condition (=0) appears to have a shape of a cumulative distribution
function.

The shape of CPs can be explained by the dynamic process of aging, where lower
structural condition ratings are more likely, as a bridge gets older. Furthermore, as lower
conditions than failure (=0) have not been assigned, the bridge will eventually reach failure
and thus a cumulative effect is evident. Another useful observation from Eqg. (6.1), but also
from Fig. 7.3, is that for each age the sum of the different CPs is equal to the certain event
(probability=1). Thus, CCPs, which are the sum of all CPs below or equal a particular
condition, present all information included in the dynamic aging process in compact form,
which can be modelled by using CDFs.

In reality, bridges are rehabilitated and rarely left to fail, also each age has a limited
sample, which, as seen in chapter 4, depends on various socioeconomic, as well as
technological aspects. Furthermore, for certain environments or materials (such as
prestressed concrete), data are not available for all ages. All mentioned reasons limit the
hypothetical bridge’s probabilities to a certain age. As the NBI database for only one year
has been utilized herein, Markov chains or survival analysis procedures cannot be used to
predict the hypothetical bridge’s future conditions. Moreover, since explanatory variables
have already been used to segment samples, resulting in a bridge aging process that can be

described by a CDF, the appropriate fits to the data have to be found.
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7.3.3 Finding an appropriate fit to the data

A necessary procedure for predicting the time to rehabilitation, but also assist the
validation process, is to have an objectively trusted original sample. This means ruling out
the objectively untrusted probabilities, by noticing the tendency and variations of Fig. 7.3. It
is evident that after 98 years of age all calculated CCPs usually have increased variations
and a tendency to achieve lower values. Both can be linked to the very low sample sizes for
the corresponding years of construction Appendix (A-IV). It is worth mentioning that
attention should be given in selecting the trusted sample by considering outliers in the
probabilities calculated. To do so, additional information should be sought regarding
rehabilitations, sample sizes, as well as changes in construction standards.

Most commonly used lifetime distributions for reliability analysis are the exponential,
Weibull, gamma, log-normal, logistic, Pareto and extreme value (Pham, 2006). For each
CCP-curve, a regression was performed to determine each distribution’s parameters and
produce a non-linear-least-squares fit for each of these candidate CDF. The purpose of this
step is to achieve a fit that best describes the data for the range of the trusted sample. The
selection was based on three different goodness of fit tests. The first is the two sample
Kolmogorov-Smirnov (KS) test (Pratt & Gibbons, 1981) at a 5% level of confidence, where
the maximum distance between samples is measured and is more effective around the mean.
Also, two general goodness of fit measures based on residuals were used: the Mean Square
Error (MSE) (Hyndman & Koehler, 2006) and the coefficient of determination R?.

Table 7.1 reports results for the goodness of fit tests. Regarding the p-values of the KS
test given, higher values reveal higher confidence of the null Hypothesis (no significant
difference among CCPs and candidate distribution). Larger MSE reveals increased
differences among the fit and the data, while higher R? values indicate better fits. Based on
the results of Table 7.1, the three parameter Weibull distribution was chosen. Its CDF and
PDF are (Johnson et.al., 1994):

t-t

B
F)=1-e () £ 0 (7.2)

Fo =L () e ez (73)
where o>0 is the scale parameter (or according to (Abernethy, 2000), a product’s
characteristic life), which has the same unit as t, t, is the time free of failures, which has the
same unit as t, while >0 is the unit-less shape parameter (according to (Abernethy, 2000),
B<1 indicates infant mortality, p=1 random failure and p>1 wear out failure).
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Table 7.1: Results of goodness of fit tests for the estimated parameters for each distribution examined.
The parameters are named based on Matlab’s notation. All hypothesis tests were performed on the 0.05
significant level failing to reject the H, (no significant difference among CCP and the candidate distribution),
apart from cases noted with (*).

Results for CCPs

E;s;}gbutlon Estimates of parameterers p-\l;SIue MSE R?
Log-Normal p=0.29 c=1.86 0.109 0.0068 0.70
Gamma a=0.29 b=17.02 0.537 0.0063 0.72
Weibull tb=-153 a=4.35 B=0.65 0.537 0.0012 0.95
Logistic p=-001 ©=6.26 0.936 0.0019 0.92
Pareto c=111 0=1.36 0.055 0.0071 0.69
Extreme Value un=3.29 c=12091 0.342 0.0025 0.89
Exponential p=3.69 *0.005 0.0137 0.41

Results for CCP; data
E;;gbutlon Estimates of parameterers p-\I;SIue MSE R?
Log-Normal p=2.59 c=0.97 *0.020  0.0030 0.96
Gamma a=1.04 b=18.95 0.540 0.0013 0.98
Weibull t,=-6.09 «0=27.12 p=142 1.000 0.0006 0.99
Logistic pu=16.10 o©=11.02 0.937 0.0011 0.98
Pareto c=-0.13 06=21.79 0.989 0.0011 0.98
Extreme Value p=2347 o=1759 *0.020  0.0022 0.97
Exponential p=19.73 0.405 0.0013 0.98

Results for CCPs data
E;;zbutlon Estimates of parameterers vaZISue MSE R?
Log-Normal p=3.76 c=0.70 0.356 0.0021 0.98
Gamma a=222 b =23.22 0.804 0.0014 0.98
Weibull =0 a =56.38 p=161 0.964 0.0012 0.99
Logistic u=4732 ¢=18.80 0.804 0.0018 0.98
Pareto c=-0.83 0=287.67 0.964 0.0017 0.98
Extreme Value p=60.14 ¢=28.15 0.202 0.0036 0.96
Exponential pu=57.50 *0.015 0.0073 0.92

Results for CCPs data
E;]tql;butlon Estimates of parameterers p-\I;aslue MSE R?
Log-Normal pn=4.36 c=0.574 0.148 0.0022 0.96
Gamma a=3.75 b =22.98 0.456 0.0018 0.97
Weibull =0 a=92.04 p=2.33 0.804 0.0011 0.97
Logistic pu=7959 ¢=21.33 0.271 0.0014 0.97
Pareto c=-243 0=249.53 0.202 0.0023 0.96
Extreme Value p=90.65 o¢=27.01 *0.022 0.0017 0.97
Exponential n=135.56 *0.022 0.0107 0.8

118



The fitted Weibull CDFs are presented in Fig. 7.4. Negative values of age implied in
the figure, but also from Table 7.1, indicate that the deterioration process of newly built
bridges did not start from the perfect condition 9.

Trusted sample range untrusted
-+ >

F. asipgtaiapiadl

Cumulative Condition Probability

Age (years)

Figure 7.4: Trusted and untrusted sample regions based on the maximum trusted sample (98 years)
and fitted Weibull CDFs for each CCP-curve.

7.3.4 Method development preliminaries

To illustrate the proposed method, the NBI data of concrete bridges in ‘deicing, water’
environment are used. Although a total spectrum of 98 years would be normally used as
input to derive predictions, to describe and validate a prediction outcome of the method, only
part of the known data are used, while the rest are used to validate the prediction outcome.
Thus, an age limit defined as ‘cutting age’ (tcut) is imposed, separating the data to a ‘known
range’ and an ‘unknown range’ (Fig. 7.5). Only data from the ‘known range’ would be
utilized to predict the data within the considered as ‘unknown range’, which would be then
checked in the validation process (subsection 7.3.7).
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Figure 7.5: Definition of tey as the limit of the ‘known’data to be used, which are then validated using
the supposedly ‘unknown’ data.

The prediction of the failure of a bridge with deterioration rate following an
appropriate CDF could produce realistic results (i.e. approaching the original data) provided
that few data are missing, corresponding to older cutting ages, where increased probability
values are also anticipated. For the case of a Weibull CDF, more accurate predictions can be
anticipated for tcy greater than the characteristic life (parameter «), corresponding to
probabilities greater than 0.632 (Abernethy, 2000). As this could not be the case for CCPs
and CCPs for this particular sample’s whole range of 98 years, greater errors are anticipated
for low cutting ages, such as tc,t=40 years of Fig. 7.5. Thus, the method developed aims in
generating additional data points to assist the selected distribution in achieving better

predictions.
7.3.5 Accelerated Creep Tests and the concept of data shifting

Accelerated tests are generally carried out when the actual testing time of a product
would be impractical or even impossible. The basic idea of these methods is to carry out
experiments with calibrated increments of severity to derive accelerated fracture or wear-out
models. The generated models are then scaled based on material properties to represent the
lifetime of the product under normal use (Bagdonavicius & Nikulin, 2002).

A good example of accelerated tests concerns polymer materials, known to be prone

to creep-rupture under long-term, low-stress loading. Although their creep-rupture behavior
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has to be experimentally studied for their application in the construction industry,
conventional creep tests require many years to complete. Hence, accelerated creep tests are
performed.

Creep is accelerated as the polymer is exposed to increased temperature, humidity or
stress. When the acceleration factor is chosen, e.g. temperature, then a number of specimens
are tested at constant but increased temperatures (Fig. 7.6). Care is taken for other
acceleration factors not to interfere, i.e. if temperature is to be accelerating creep, all tests
are performed at constant levels of humidity and stress. The creep rupture curves have
similar shapes; the increase of temperature has the effect of displacing the creep curve to the

left, or else contracting the time scale, hence creep accelerates (Markovitz, 1975).
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Figure 7.6: Creep curves for tests performed on specimens at various temperatures; horizontal shifting
is applied to assemble the creep master curve and the acceleration factors to perform
shifting. Figure taken from (Alwis, 2006).

The recorded creep data can then be used to predict the ‘creep master curve’, or else
the complete creep curve, at a given temperature level. As creep is a thermally activated
process, a kinetic rate theory can be assumed to be followed, i.e. Arrhenius equation (for
temperatures below glass transition). If temperature is the only mechanism to accelerate
creep, then they can be shifted horizontally to the right by using appropriate shifting factors,
for the assumed kinetic theory to be followed by the deterioration mechanisms. In other
words, the time scale is increased, obeying the assumed deterioration law, and horizontal
shifting can then be performed.

If two acceleration mechanisms occur simultaneously, a replacement to the Arrhenius

law needs to be formed for horizontal shifting to take place. If such a law is not available,
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and Arrhenius is to be used, then vertical shifting needs to be performed as well as horizontal,
which reduces credibility in the predictions.

If temperature is the acceleration factor, then the horizontal shifting is performed on a
logarithmic time scale. Such a horizontal shifting is shown in Fig. 7.6 with the appropriate
shifting factors. The data refer to accelerated creep tests performed at aramid yarns at
elevated temperatures, which are shifted horizontally to complete a smooth master curve at
25° (Alwis, 2006).

7.3.6 The Shifting Scaling Data Regression (SSDR) method
7.3.6.1 Analogies between SSDR and accelerated creep tests

A bridge is expected herein to be reconstructed when its condition is below 5, a case
in which CCPs are typically not completed. The concept of shifting is shown in Fig. 7.6,
where an incomplete creep curve at a typical average annual environmental temperature
(=25°C) is completed by shifting data from other creep curves at elevated temperatures (40°-
100°C). Similarly, in the case of bridge condition prediction, the CCPs for conditions 8, 7
and 6 may be used to complete the incomplete CCPs. This could be performed under the
main assumption that the CCPs represent the lifetime of a single bridge. Furthermore, as
temperature was used as the acceleration factor for aramid fibres, condition evaluation can
be used for bridges. Specifically, as seen in 6.3.3, the higher a condition rating is, the less
likely it is for a bridge to be in that condition in the future and the smaller is the corresponding
age range. In other words, higher CCP’s could be considered as accelerated data, from which
lower CCPs can be produced.

Although the concept of shifting is simple, complications arise regarding the axis, on
which horizontal shifting is to be performed. Such axis would be linked to the deterioration
mechanism, which could be described by a law. The practical use of that law would give the
time scale factor for condition data to be spread in the future. In the case of a bridge
deteriorating due to aging, many factors contribute, i.e. increased temperature, humidity,
loading, among others, which occur simultaneously. It is considered difficult to derive such
a deterioration law under so many deterioration mechanisms. Despite that, it should be
mentioned that shifting and superposition are methodologies whose outcomes cannot be
proven (Markovitz, 1975) even for cases where they are extensively used, such as the case
of creep testing. On the other hand, for the case of the method developed, despite the absence
of a controlled physical means, such as temperature, to derive an acceleration factor for
shifting to be applied, enough data exists to validate for the CCPs considered.
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7.3.6.2 Shifting of the data

The concept of shifting is used to complete the missing data of CCP-curves by copying
data from the previous, completed CCP-curve to the next, incomplete one. Fig. 7.7
demonstrates the shifting process as applied to CCP- that is completed with CCPs-data
beyond the threshold age tcut. A preliminary CDF is fitted (Fau) to the incomplete CCP-
curves to assist in reducing the variations of the data and facilitate the shifting procedure.
For the case of the particular sample studied, auxiliary Weibull CDFs have been fitted, in
order to determine data points A and B that are then used instead of the original data points
of CCP7 and CCPsg, respectively (Fig. 7.7). Hence, point A corresponds to the fitted CDF
value for CCP7 at age t=tcut (Faux 7 (tcut)) and by drawing a line parallel to the age axis from
point A toward the higher CCP-curve, point B is determined. Point B has probability Fg(tes)=
Faux_7 (tcut) at age t=tes, thus the age teg can be calculated (obviously, tes<tcut). Then, the actual
points of the higher CCP-curve from point B and beyond are horizontally shifted to the lower
CCP-curve at point A, i.e. the aforementioned part of the higher CCP-curve is copied toward
the lower CCP-curve by teut-tes, as shown by the arrows in Fig. 7.7. After performing the

required shift, the incomplete curve must have reached probability value of one.

5@ 0go00ect0

Fauxs (teg) = Faur (few)

Cumulative Condition Probability

0.3 Auxiliary Weibull fits
0.2 FauxS & Faux 7 i Coppied CCPg data
' o Shifted CCP, data
0.1 ---- ty=40years
0

0 10 20 30 40 50 60 70 80
Age (years)

Figure 7.7: Data of CCPg are coppied from point B and tranfered to point A of CCP5 (shifted from B to A);
points A and B are determined using the auxiliary Weibull fits.
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7.3.6.3 Scaling of the data

As can be verified from Figs 7.4 and 7.5, the inclinations of different CCP-curves
cannot be the same, because they describe bridge deterioration at different conditions.
Normally, lower inclinations are generally expected for lower CCP-curves than for higher
CCP-curves. However, with the shifting of the previous subsection, curve-parts with the
same inclination are generated for different CCP-curves. Shifting without scaling the age
axis, as performed in the study of Balafas (2003), led to pessimistic results (i.e. prediction
for unrealistically fast deterioration) due to the accelerated form of the copied, higher CCPs.
On the other hand, changing the age axis to logarithmic and then performing similar shifts
would lead to optimistic scalings (i.e. excessive stretching predicting unrealistically slow
deterioration). Hence, the shifting procedure was decided to be performed with the age axis
as is; the shifted data are then adjusted using an appropriate coefficient to achieve the

appropriate spread (Fig. 7.8).
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Figure 7.8: Shifted data are spread using the scaling coefficient ci, the data are spread at equal distances
so that the initial shifted data length (l,) is transformed to the shifted and scaled data length

).
To find an appropriate scaling coefficient, a number of attempts have been made to
utilize properties of the auxiliary CDF fits. These attempts included slopes, hazard functions
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or combinations of various geometric properties, which did not lead to adequate predictions.
The best performing scaling procedure included a scaling coefficient (ci) estimated using the
Coefficients of Variation (CoV) of two successive CCP-curves:

¢ = % (7.4)

where c; is the scaling coefficient for CCP; data, CoVi+1 and CoV; are the coefficients of
variation for CCPi+1 (complete) and CCP; (incomplete) curved, respectively. In general, the
coefficients of variation can be calculated as follows:

o

o= U7 F0de—p2) (1)

pw=["t f(Odt (7.7)
where o is the standard deviation, x is the mean time to failure and f is the probability density
function of the corresponding CDF (Eq. (7.3)).

For cases where the 2-parameter Weibull distribution (t,=0 in Egs (7.3) and (7.4)) is
used for two CCP-curves, the coefficients of variation can be directly calculated as:

1"(1+%)

YR
F(1+B)

CoV = (7.8)

where I is the gamma function and £ is the Weibull scale parameter. As parameter S is
directly linked to the dispersion of data, greater § values correspond to higher age failure
and lower CoV (Jiang & Murthy, 2011). Furthermore, if the 2-parameter Weibull CDF is
used, good prediction results can be also anticipated by using directly the fraction of the
shape parameters to obtain the scaling coefficient:

ci= Bi/Birx (7.9)
where pi is the shape parameter of the CDF fitted to CCP; data and fi+1 is the shape parameter
of the CDF fitted to CCPi.1 data.

Apart from its good performance, the CoV-based coefficient of Eq. (7.4) was
preferred, as it provides a dimensionless comparison of dispersion between sets of data that
vary in magnitude, provided three requirements (Shechtman, 2013) are met:

o Data describe continuous variables of a ratio scale.
e Data compared should vary in magnitudes.
e The mean and standard deviation change proportionally.
Scales are rules of measurement, assisting in assigning numerals to properties of

objects or events (Stevens, 1951) and specifying relationships between empirical relational
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structures and numerical relational structures (Musvoto & Gouws, 2010). A ratio scale has
quantitative nature, incorporating attributes of classification (nominal scale), extent of the
property measured (ordinal scale), equality reflected between successive intervals (interval
scale) and a meaningful starting point at 0. The data for each CCP curve correspond to bridge
age, which is defined as a ratio scale variable. Moreover, to avoid the violation of the ratio
scale requirement regarding the existence of a meaningful zero value, Egs. (7.5) and (7.6)
are integrated from age t=0. The selection of this limit was based on the fact that no negative
ages of a bridge exist and the first inspection/evaluation is performed when a bridge is
delivered at age t=0.

Regarding differences in magnitudes between the fitted curves to be compared, each
CDF has a different mean and a different standard deviation, as can be observed from the
form of the curves of Figure 7.5. Additionally, different age values are always anticipated
between different CCP curves, because each curve corresponds to different condition states.
Thus, more bridges of younger ages are anticipated to be in ‘perfect’ condition,
corresponding to lower mean age and a smaller standard deviation. On the other hand, lower
ratings correspond to older mean ages and greater standard deviations. Furthermore, an
indication of proportionality can be given by linearly regressing the data points defined by
the computed mean and standard deviation of each CCP curve. This is illustrated in Fig. 7.9
for the CCPs of the sample studied herein, for which an R? value of 0.97 suggests a strong
linear relationship. As all three aforementioned requirements were met, COVs could be

utilized to provide meaningful comparisons between the CCP curves.
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Figure 7.9: Results of linear regression of mean and standard deviation for each CCP curve.
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7.3.6.4 Fitting a CDF to complete data and iterating to complete lower CCPs

After having completed the CCP7 data using shifting and scaling, the appropriate 3-
parameter Weibull is fitted. Similarly, the data of lower CCPs are completed by repeating
the steps of subsections 7.3.6.2 to 7.3.6.4. When the CCP-data for the prespecified condition
of interest are completed (in this case, when CCPs data are complete), then all CCP-data can
be replaced by the corresponding fitted Weibull curves, as shown in Fig. 7.10.
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Figure 7.10: Results of the SSDR method after perfroming shifting, scaling and fitting for successive
CCPs.

For the cutting age adopted, Table 7.2 presents the Weibull parameter values
calculated, as well as the coefficient of determination R? attained by applying the fitting
procedure to the properly completed CCP-data for bridge conditions <7, <6 and <5. The very
high R%-values reported indicate that a very good fit has been achieved between Eq. (7.3)
and the available data (see also Fig. 7.10). The CDFs in Fig. 7.10 are graphical
representations of Eq. (7.3) using the Weibull parameter values of Table 7.1. These
successful CDF-fits are due to the adequate size of the utilized sample, which exhibits low
variation of the available data. In other cases employing lower-quality data, lower R?-values

were observed.

Table 7.2: Weibull parameter values for t...=40 years.

CCP t, (years) o (years) B R?
8 -1.92 4.84 0.70 0.957
7 -3.60 26.14 1.18 0.992
6 0 55.01 1.61 0.994
5 0 87.79 2.19 0.996

127



7.3.7 Statistical validation of the proposed method for tc.=40 years

The SSDR method uses recorded, trusted data to predict future condition probabilities.
The selection of a cutting age tcut is a subjective decision, which specifies the ‘known’ part
of the available data (t < tcu), but also creates the need to predict the condition probabilities
for t>teut. In this subsection, the effectiveness of the proposed method is assessed with respect
to the selected value of te, to illustrate the validation process. In section 7.4, various tcut -
values are used.

To validate the method proposed, the final fits of subsection 7.3.6.4 have to be
compared with the original data known also beyond the age teut. In this method, when a teu-
value is chosen, the data recorded for t>tcu: are excluded from the analysis. Thus, age teut
represents the ‘new’ present and the excluded data represent the ‘unknown’ future. The
method’s CCP-predictions for t>tc,« can then be compared with the respective original data,
which were excluded from the analysis. Hence, for each tcu-value considered, the SSDR
method is applied to obtain a Weibull CDF for each of bridge conditions <7, <6 and <5. The
CDF attained for all initial data (ages O-tcut) is provided as a supplemental comparative
prediction. As this fit corresponds to the fitted auxiliary CDF (section 7.3.6.2), the same
notation is used (Faux).

To assess the performance of both SSDR and Faux, two validation tests are carried out,
one regarding the overall fit of the produced CDF (either SSDR or Fau) to the whole data
range (ignoring tcut) and a second regarding the consistency of the produced predictions. It
is important to bear in mind, when comparing results of the two methods, that SSDR has the
inherent advantage of incorporating also newly generated data points, in contrast to Faux that
utilizes only existing ones. The effect of this uneven situation concerning data input can be
better observed for lower conditions (<6, <5) where the data utilized by Faux correspond to

lower probabilities.
7.3.7.1 Goodness of fit tests

Goodness of fit tests reveal how appropriate a fit is for the available data. The
coefficient of determination reported herein is a common way to evaluate the goodness of a
fit. It’s values range from 0 to 1, with O revealing no fit to the data and 1 a perfect fit. Two
coefficients of determination are calculated to evaluate the goodness-of-fit achieved. The
first coefficient of determination, R?, compares the attained Weibull CDF with the original
data for t<tey and the shifted/scaled data for t>tew; such R2-value for te=40 years was

reported in Table 7.2 and calculated as follows:
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where i is indicator of the data of a sample of size n; yi is the CCP-value of the data and F;

is the value of the fitted Weibull CDF for indicator i; y is the mean for all values vy;j,
i=1,2,...,n.

As the first coefficient of determination of Eq. (7.10) is actually utilized as an objective
function by the estimator (in this case nonlinear least squares) to achieve the fit, it is not

appropriate for assessing the new method’s performance. Thus, a modified coefficient of
determination R2 is introduced to compare the attained Weibull CDF (for the teu-value

considered) with all original data (before shifting/scaling) for t<98 years (i.e. for teut—0).
Hence, for yi in Eq. (7.10), the original data of all 98 years (99 points including the one for
age 0) are used instead of the shifted and calibrated data. This way, the comparison with the
method’s attained Weibull CDF is performed using: (a) the shifted/scaled data actually used
to calculate the fitted Weibull parameter values (coefficient R?) or (b) the original

unshifted/unscaled data (coefficient R2). In general, higher values for R? than for R2 are
expected. The same applies for the simple regression prediction Fayx.

Under real circumstances, there is no meaning in calculating R?Z , because all trusted

data should be exploited by the SSDR method, therefore R2 =R2. The sample processed in

this section includes rich data that are of acceptable quality over the whole range of bridge
ages. Thus, by selecting various values for tcut, we can compare the resulting CDFs with
original trusted data for bridge ages up to 98 years. In other words, although predictions of
bridge condition probabilities are derived for ages from tey: up to 98 years, we have actual
trusted data beyond the age tcut to compare against and can therefore calculate a meaningful

coefficient R?2, as reported in Fig. 7.11. This allows an objective assessment of the method

proposed in the present chapter.
7.3.7.2 Consistency test

The SSDR method and the simple regression Faux can be evaluated also with respect
to the consistency of their results by focusing on a specific probability value F(t) to reach a
bridge condition. In Fig. 7.11, the attained CDFs (Faux, Fsspr and the red line representing a
fit to the whole range of data) are illustrated for tc.t=40 years. The consistency tests illustrated
regard values for F(t)=95% and F(t)=70%; at these CCP-values, the corresponding age is
found for the 3 different CDFs. The value of the fitted CDF corresponding to all known data

can be considered as the most accurate one, thus all other values found are compared with it

129



(Fig. 7.11). Hence, for the case of F(t)=95%, Fau appears to produce a conservative
prediction (t=109 years) in comparison to the ‘actual’ value (t=149 years), while the attained
value of Fsspr appears to be more optimistic (t=178 years). Thus, Fsspr is closer to the actual

prediction and this is confirmed by the modified goodness of fit test.
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Figure 7.11: Illustration of the validation process on CCPs performed for the indicative te,: value selected
(tewr=40 years).

In the same figure, the attained predictions (Faux, Fssor) can be graphically compared
to the fit using the whole range of the data (red line). For Fsspr, R?=0.97 (see Table 7.1); the
R?m values corresponding to SSDR and Faux are 0.924 and 0.521, respectively. These results
indicate that the prediction of SSDR performs much better than simple regression for tc,t=40
years. The same process is performed for various tcy values in the next section, where the

results for all corresponding Ry values and consistency tests are displayed.
7.4 Results and discussion

In this section, the results for various tcut values are presented starting from an initial
age of tct=34 years and successively adding one year of age data to complete the whole
range of the trusted sample (up to t..=98 years). First, the new method’s parameters are

assessed for each tcyt value and then follows the validation process.
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7.4.1 SSDR’s parameters estimation

For each teut value, data are initially shifted from CCPs to CCP+, a scaling coefficient
c7 is calculated, the shifted CCPg-data are scaled and a new Weibull fit is obtained. The same
process is successively performed for lower CCPs. In Fig. 7.12(a), the numbers of data points
(CCPs) copied from higher CCPs to the immediate lower ones are presented for the different
teut Values. Also, for each teut value, the calculated scaling coefficients (c7, Cs, Cs) are provided
in Fig 7.12(b). In both figures, the number of CCPsg points shifted to CCP+, as well as the
corresponding scaling coefficient c7, stop at tcu=69 years, because CCP7 is completed after

that age, thus the new method is not used.
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Figure 7.12: Shifted data points from higher to lower CCPs (a) and scaling coefficients of the SSDR
method for increasing te: values (b).

The values of Fig. 7.12 calculated for a selected tcu: can be used to present a calibrated
(scaled) age axis, where data from higher CCPs can be shifted. Such axis would indicate an
equivalent ‘law’ mentioned in subsection 7.3.6.1, as to how the data should be shifted. The

new method proposed performs successive shifts and scalings from higher to lower CCPs.
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Specifically, shifted data from curve CCPg to CCP7 (Fig. 7.12(a)) are scaled by multiplying
bridge age with c7 (Fig. 7.12(b)), then the same data as part of the completed CCP7 curve are
shifted to curve CCPs and scaled again using cs, while in the end they are shifted to curve
CCPs and scaled again using cs. Thus, the initial data shifted from curve CCPs to CCPs are
overall scaled using a coefficient equal to the product of the successive scaling coefficients
used (i.e. c7 - Cs - C5). Similar overall coefficients can be calculated for shifting CCP7 and
CCP¢ data to complete the CCPs curve. These overall coefficients actually specify the
shifting ‘law’ to appropriately copy data from a CCP curve to another for different tcu: values.
Hence, the equivalent age axes for shifting to CCPs and CCPs curves are presented for 3
different tcyt values in Figs 7.13 (a) and (b), respectively. As can be seen from these figures,
shifts originating from higher CCPs have slopes deflecting more from the ‘no scaling line’
in comparison to shifts from the immediately previous CCP, which do not deflect as much.
The peaks of each line for a different tcut, where slope changes, are points separating data
shifted from different CCP curves. The slope changes are due to different overall coefficients
applied for the scaling of corresponding data. For example, for completing curve CCPs in
the case of tc,=35 years (Fig. 7.13(b)), the shifted data originate from CCPg (overall scaling
coefficient c7 - ¢s - ¢5), CCP7 (overall scaling coefficient cs - cs) and CCPg (overall scaling

coefficient cs), justifying the 3 different slopes observed.
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Figure 7.13: Scaling performed to axis on the shifted data for (a) CCPg and (b) CCPs.

7.4.2 Validation results

The SSDR method is based on the concept of shifting and scaling of successive CCPs.
Hence, the errors from the whole process are anticipated to be accumulated in the smaller
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CCP (CCPs for this chapter’s case). On the other hand, simple regression utilizes all
available data points to fit a CCP curve. Thus, the process of validation, apart from testing
the SSDR method’s effectiveness, can also reveal when simple regression (based on Weibull
for this case) using all available data points should be preferred.

The results are presented in Figs 7.14-7.16 for each CCP curve obtained. In each
figure, first the R%n values are plotted for the te. values considered; then, two consistency
tests are performed for F(t)=95% and F(t)=70%. The good effectiveness of either method
(SSDR and simple regression) is indicated in the results, when increasing R?n and smaller
variations of age values in consistency tests are observed for increasing teu: values.

In each consistency test the ‘actual’ value (from the fit achieved utilizing all data, i.e.
tewt=98 years) is provided to compare against each prediction. Furthermore, as the results of
only two F-values are presented (95% and 70%), results for additional F-values are given to
compare the overall consistency of both methodologies. The results of consistency tests,
ranging from a low probability (10%) to an extreme (99.9%), are organized using boxplots
for each CCP curve in Fig. 7.17.

Regarding CCP7, Fig. 7.14 shows that both SSDR and simple Weibull regression

perform very well, as both methods, for te>50 years, reach a highR2 (>0.99) and the

‘actual” age corresponding to the two F-values of 95% and 70%. In the consistency tests
(Fig. 7.14(b, c)), the SSDR method appears to have slightly increased variations, especially
for the case of F(t)=70%. This can be attributed to the fact that CCP7 is anyway close to
being completed (trusted points reach CCP values higher than 0.632, see Fig. 7.2), which
means that the available data are adequate for a successful fit using simple regression. For
the lower teut values, the SSDR method slightly distorts the results with the additional data
generated. Nevertheless, the results show that both approaches can be used for cases with
data that are near to being complete.

Regarding CCPs, Fig. 7.15(a) shows much better R?y, results for SSDR in comparison
to simple regression for the lower tcut values (<50 years). Similar observation is made for the
consistency tests (Figs 7.15(b, c)), where simple regression (Faux) produces unrealistically
conservative predictions for both F-levels examined, while the SSDR method produces age
results that vary within a range of only 15 years. For tc,>50 years, the performance of simple
regression is enhanced due to the high CCP values available in the input data. Although for
these higher teut values both methods appear to be performing equally well, the SSDR method
can be considered more robust for the whole range of tc.t values and thus more preferable to

simple regression (especially for tc,t<50).
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Figure 7.16:Validation results for CCPs: modified goodness of fit test (a), consistency tests for
F(t)=95% (b) and F(t)=70% (c).

The SSDR method was mainly developed to predict CCPs (and even lower CCP
curves), where the simple regression would not have adequate data to perform reliable
predictions. According to Fig. 7.16(a), both predictions do not perform well for tc,t =34 years.
This is due to the fact that, for certain age values, the CCPs values are similar with a slight
decreasing tendency (Fig. 7.2), creating over-dispersed predictions for the simple regression

(Faux). As described in the steps of the SSDR method, the regression values are used to
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calculate the scaling coefficient of Eq. (7.4), which leads to unrealistic results (concentration
of data instead of spreading).

The results attained can be further evaluated for their validity by utilizing the definition
of CCPs, which forbids the case of a CCP curve including a higher CCP value than its a
higher CCP for the same age (i.e. CCP curves cannot intersect). This restriction prohibits a
bridge to deteriorate until it is first in a lower condition rating and then to a higher one, which
IS not possible without rehabilitation. This led to the definition of ‘impossible values’, which
indicate that a result in the consistency test is erroneous due to intersecting CCP curves.
Furthermore, due to their sigmoid shape, CCP curves that are close to intersecting indicate
unrealistic results.

According to Fig. 7.16(a), for teut >34 years, the SSDR method appears to achieve very
good fits for CCPs. The same is not observed for Faux for cutting ages up to 50 years.
Although from the consistency tests (Figs. 7.16(b, c)) the variations of both methods appear
to be comparable, simple regression leads to unrealistic or even impossible results for several
tcut Values up to 50 years. Furthermore, for teu>43 years, SSDR appears to have a very robust
performance with a maximum variation of 22 years around the ‘actual’ value. For simple
regression, the variation of age results exceeds 50 years (even for te,>70 years).

Figure 7.17 presents analogous consistency test results in the form of boxplots for
various F(t)-values (from 10% to 99.9%). Hence, for each F(t)-value and for all tcut-values
considered, the variation of the bridge age to reach condition <7, <6 or <5 is illustrated. It is
interesting to note that a non-symmetric distribution of age predictions is yielded for each
F(t)-value. In general, a higher prediction variation is associated with a higher probability
F(t). Nevertheless, the selected tcut-value does not seem to excessively influence the
calculated age predictions for F(t)-values of practical interest (e.g. up to 90%). A direct
comparison with the simple Weibull regression reveals that the SSDR method is more robust
and leads to lower variation of results (especially to less distant outliers) with respect to teut

values.
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Figure 7.17: Multiple consistency tests for different values of probability F(t) for CCPs using the SSDR
method (Fsspr) and simple regression (Faux).

7.5 Additional validation cases

In this section, two additional samples of concrete superstructures are used to validate
the SSDR method. The first case refers to concrete continuous bridges in ‘deicing, water’
environment and the second concrete simple bridges in ‘no deicing, water’ environment. As
noticed from the results of the first sample used for validation in the previous section
(concrete simple bridges in ‘deicing, water’ environment), to be able to validate the
predictions of the SSDR method, trusted data points have to exist above probability value
0.632, as the Weibull function produces more accurate results. Thus, for the case of concrete
continuous bridges in ‘deicing, water’ environment, CCPs for conditions <7, <6 and <5 are
presented (Figs. 7.18-20). For concrete simple bridges in ‘no deicing, water’ environment,
only CCPs for conditions <7 and <6 are presented (Figs. 7.21 and 7.22), as probability values
of CCPs did not reach the mentioned limit (0.632).
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From the additional cases presented, analogous observations as in the previous section
can be made regarding the performance of the SSDR method. Hence, when probability
values above 0.632 have been reached, a simple Weibull regression (if this is the CDF
followed by the data) is adequate; this is typically the case for CCP~. If, however, lower
probability values are reached due to unavailable data, the SSDR method is much more

accurate and consistent than a simple regression.
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7.6 Application of the SSDR method to other samples

The validated SSDR method was applied to other data samples for superstructures of
various materials in ‘deicing, water’ environment and the results are presented in Table 7.3.
For each case considered, the attained Weibull parameters of the CCP curves are given. The
tcut Value denoted in each case indicates the size of the trusted sample utilized by the method.
The separation of the probabilities of trusted years from those of untrusted years was
determined where increased variations were observed. Attention was given to which data
points are handled as outliers. Information that assisted in selecting tcu: values were:

)} the sample size at each particular age (increased variations were observed for
low sample sizes);

i) the probabilities of rehabilitation (PR) (see Chapter 6); increased probabilities
of rehabilitation intensify the selection bias and produce misleadingly lower
CCP-values due to the sample bridges in better condition that are kept for
analysis;

i) knowledge regarding changes to construction standards or practices for the
material studied that could have affected its deterioration (see steel

superstructures, Chapter 6).

Table 7.3: Attained Weibull fits utilizing the SSDR method for environmental exposure ‘deicing, water’.

Materials & data used CCP curve Weibull Parameters
from sample (tcu) to a B
-0.59 1.89 0.52
-0.80 20.10 1.06

0 55.43 1.75
0 103.2 2.05
-2.28 3.03 0.66
-4.49 21.67 1.00
0 55.78 1.41
0 100.66 1.87
-1.53 4.35 0.65
-6.09 27.12 1.42
0 55.40 1.55
0 97.61 2.09
-0.80 2.35 0.61
-6.14 29.65 1.59
0 57.80 1.90
0 99.72 2.48
-1.26 2.37 0.53
-3.96 30.44 1.14
0 76.53 1.89
0 105.30 2.53
-1,78 4.37 0.77
-10.20 37.23 1.90
0 55.44 1.92
0 96.01 1.97

Steel Continuous
Spans, te,=39 years

Steel Simple Spans,
tewr=49 years

Concrete Simple Spans,
tct=98 years

Concrete Continuous
Spans, t..=89 years

Prestressed concrete
Simple Spans, tc,=43
years

Prestressed Concrete
Continuous Spans,
tew=41 years
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7.7 Probabilistic estimation of the time-to-rehabilitation

Using the SSDR method’s final fit to the set of trusted CCP-points available for bridge
condition <5, the time-to- rehabilitation can be probabilistically estimated. That is, any time-
to-critical-condition given is accompanied by a probability for the bridge considered to have
reached condition <5, which is assumed to induce the need for rehabilitation.

The Weibull CDF for bridge condition <5 (Table 7.2, Fig. 7.10) provides the sought
probabilistic information for the time-to-rehabilitation of a concrete bridge exposed to
deicing salts and humidity due to the presence of water underneath: by selecting a probability
of reaching bridge condition <5, the respective time-to-critical-condition for the bridge is
determined. Figure 7.23 and Table 7.4 give the time-to-rehabilitation for selected
probability-values. Note that, as the term ‘time-to- rehabilitation’ is used herein, it counts
from the year a bridge is built, i.e. this is the ‘age-to-rehabilitation’. The actual time-to-
critical-condition is easily calculated by subtracting the current age of a bridge from its ‘age-
to-rehabilitation’. Using such information, a decision maker can make a rational schedule
for bridge rehabilitations, which takes into account not only available or anticipated funds,

but also risks associated with the uncertain deterioration rate of bridges.

Probability of a bridge to be
below or equal condition

e e m e ccccccccccaccaa

0 50 100 150 200
Age (years)

Figure 7.23: Estimation of age to rehabilitation for different levels of probability.

Table 7.4: Estimation of age-to-rehabilitation, values corresponding to Figure 7.22.

Probability 90% 50% 20% 10%
Age to rehabilitation 132 79 49 35
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7.8 Conclusions

In this chapter, real condition data from the NBI database of USA’ FHWA were
utilized for predicting the deterioration rate of bridges. Specifically, probabilistic results
were obtained for concrete bridges exposed to deicing salts and humidity that allow the
quantitative estimation of the time-to-rehabilitation. To accomplish this task, a new method
was presented for identifying a reliable probabilistic description of bridge deterioration over
time. In general, small deviations between actual data and data predicted with the new
method were observed for a large number of test configurations considered.

The new method utilizes only one year of inspection results to perform probabilistic
predictions, whereas other methodologies utilize inspection results of many past years,
which in many cases were proven to be unreliable. In contrast to other methodologies, a
validation process was followed for the long-term prediction results of the SSDR, showing
that the new method is robust. This was possible due to the use of one year of inspection
results, the ‘snapshot view’ of deterioration and the new method’s main assumption.

The procedure followed herein can be applied also to other types of bridges exposed

to different environmental effects, provided that respective trusted data are available.
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8 Scheduling bridge rehabilitations based on probabilistic structural

condition model, risk attitude and life cycle cost

Being able to reliably assess and select among rehabilitation schedules for an aging
bridge is a major issue in cost-effectively maintaining it in safe and operational condition.
This task is seriously hindered by the high uncertainties that govern the deterioration rate
over the lifetime of bridges. Work of previous chapters regarding segmented samples
(chapter 6) and the method developed (chapter 6) are utilized in this chapter to provide a
case study. Specifically, a simple-span concrete bridge in ‘deicing, water’ environment with
certain life-cycle costs is supposed. The SSDR method is used to attain and extend the
Weibull distributions that provide structural condition probabilities over the bridges
lifetime. Based on these distributions, the risk attitude and preference of the decision maker,
the time-to-rehabilitation can be probabilistically estimated and a respective rehabilitation
schedule can be specified. In the framework of life cycle management of a bridge, various
rehabilitation schedules are comparatively assessed with respect to the expected total
rehabilitation cost induced, as well as the expected cost due to the possible need for bridge

replacement.
8.1 Introduction

Aging bridges need continuous interventions either in the form of maintenance or
major rehabilitation demanding vast budgets. Estimating the deterioration rate and the
lifetime of bridges are essential aspects in determining optimal schedules, regarding
maintenance and/or rehabilitation. Such information can greatly assist decision makers in
both elongating the useful life of bridges and controlling their structural safety in a cost-
effective manner. However, the structural performance of bridges in time is governed by
high uncertainties, which need to be quantitatively treated, in order to be able to make
rational predictions and decisions regarding any intervention. In this respect, various
reliability and risk-based approaches have been developed, to effectively handle the process
of deciding, under uncertainty, when to maintain/rehabilitate individual bridges or bridge
components, bridge stocks/networks and infrastructure assets in general (e.g. Kleiner, 2001;
Liu & Frangopol, 2006; Lounis & Daigle, 2008; Orcesi & Cremona, 2010; Orabi & EI-
Rayes, 2012; Frangopol & Bocchini, 2012; Salem et al., 2013; Saad et al., 2016; Tamvakis
& Xenidis,2013; Xenidis & Angelides,2005; Xenidis & Stavrakas,2013;).

In the present chapter, the SSDR method is employed to estimate the future structural

condition of a bridge taking into account uncertainty in its deterioration with time. Hence,
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using real data maintained by the Federal Highway Administration (FHWA) for USA
bridges, a macroscopic probabilistic model for the structural performance of an aging
concrete bridge of simple spans exposed to deicing salts and elevated humidity is calibrated.
This model is then exploited in the framework of life cycle management of the bridge. In
particular, the required rehabilitations of the bridge within a span of 150 years are scheduled
based on various attitudes of the decision maker toward risk. Following the risk preferences
of the decision maker, risk-based cost estimations of the specified rehabilitation schedules

are determined, which allow for objective comparative assessments.
8.2 Probabilistic model for life cycle structural condition of bridges

The focus herein is on concrete bridges deteriorating with age, e.g. due to corrosion.
Deicing salts are known to accelerate deterioration, especially in combination with humidity
(chapter 6). Thus, the segmented sample of chapter 6 containing 26,764 concrete bridges
was utilized, which included age and structural condition data for all bridges at a particular
inspection year.

The SSDR method uses NBI data of a single year to calibrate a probabilistic model for
predicting the structural condition of a bridge over time. Thus, all bridges in the data-stock
processed are used, based on their ages, to represent the condition of a single bridge during
its lifetime. Hence, the portion of bridges being in a certain age and condition represent the
probability of the bridge under study to be in the same condition at that age. This way, curves
relating bridge age with cumulative probability for each structural condition can be
assembled. Certain time-shifts and scalings are then applied to achieve predictions for bridge
ages not covered by available data. By fitting Weibull distribution functions to the original
and shifted data and specifying some criteria for deciding bridge rehabilitation, the time left
for a bridge until it reaches a structural condition, that induces a need for rehabilitation, can
be probabilistically evaluated.

The application of this method to the above described sample of 26,764 concrete
bridges yields the macroscopic probabilistic deterioration model of Fig. 8.1. In this figure,
Weibull curves relating bridge age with Cumulative Condition Probability (CCP) are
provided. As an example of using the probabilistic model of Fig. 8.1, the age of a bridge

with probability P(Condition<4)=0.2 can be estimated from CCP4 as 85.4 years.

148



& /"' //—'—_ .- - P - P
[T} 09 i et o .
5] ] / - // v
- P PR o -
A * 7 o
a |' }I Ve A_/
g 0.7 1] K 7 A/ _____ cCPy |
2 ' ’ / P
|:\‘E 06 H 7 ——— CCP; |
2 o5 ' j - ¢/ o —. = CCPg |
5 [ ’ PR
c / .
S o4 / -+ i - — —CCP; |
Q 7 .
. . — .. CCP
.% 03 5 7 i 4 o]
2 o2 v 4 o~
] i Vi 7
a3 .
01 - P ya .
i
ol
0 50 100 150 200 250 300

Bridge age (years)

Figure 8.1: Probabilistic model for life cycle structural condition of concrete bridges exposed to deicing salts
and elevated humidity: Cumulative Condition Probability (CCP) versus bridge age for structural
conditions <i, i=8,7,6,5,4.

8.3  Life cycle management: scheduling bridge rehabilitations based on risk

preference

The CCP-curves of Fig. 8.1 reveal the probabilistic deterioration rate of a bridge, as
they provide the probability and the corresponding duration needed to reach each structural
condition <8 to <4. This probability is a measure of uncertainty that can be taken into account
when scheduling bridge rehabilitations. An example is given in this section to illustrate the
exploitation of the probabilistic model of the previous section in life cycle management of
bridges under uncertainty.

In this regard, certain assumptions are made. The initial structural condition of a
bridge, from which it starts to deteriorate with time, is a crucial input information for a life
cycle analysis. Bridges of the same age or era delivered may have a very different life cycle
cost due to different initial structural conditions. To facilitate the demonstration of this
section, an initial condition 9 (‘excellent’) is assumed for a hypothetical concrete bridge
considered as an example. Moreover, a rehabilitation is assumed to fully restore the bridge
in its initial state, i.e. condition 9 is reestablished. Hence, contractors and constructors
perform any construction/rehabilitation phase with no flaws, while the duration of bridge
construction/rehabilitation is ignored. Once the bridge is constructed/rehabilitated,
successive condition drops occur as time passes: condition 8 succeeds 9, 7 succeeds 8, etc.

Three different CCP-levels (20%, 50% and 80%) are considered, which are assumed
to represent the risk preferences resulting from the attitudes of 3 different decision makers
toward risk (Hillson & Murray-Webster, 2005): from a risk-averse (CCP-level of 20%) to a
risk-seeking (or risk-loving) preference (CCP-level of 80%). Table 8.1 presents 6 different
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rehabilitation schedules based on these risk preferences. The time-to-rehabilitation reported
is the duration for a bridge starting from condition 9 to reach structural conditions <5 or <4
for the 3 aforementioned CCP-levels and is easily determined from the Weibull curves of
Figure 8.1. Hence, revisiting the example of the previous section for Figure 8.1, a bridge
needs to be rehabilitated at the age of 85.4 years for a CCP-level of 20%.

Table 8.1: Time-to-rehabilitation and number of required rehabilitations within a span of 150 years for 6

different rehabilitation schedules corresponding to various probability (CCP) levels.

Rehabilitation Probability-level Time-to-rehabilitation Requi_r(_ed _
schedule (years) rehabilitations
1 P(Condition<4)=0.2 85.4 1

2 P(Condition<5)=0.2 47.6 3

3 P(Condition<4)=0.5 129.8 1

4 P(Condition<5)=0.5 81.9 1

5 P(Condition<4)=0.8 177.1 0

6 P(Condition<5)=0.8 122.6 1

Table 8.1 provides valuable for a decision maker probabilistic information regarding
bridge deterioration with time. Hence, assuming that condition <5 (i.e. bridge condition is
‘fair’ or worse) signifies the need for rehabilitation, a risk averser would schedule an early
intervention, at about 48 years after the construction of the bridge (although the probability
that the bridge will actually reach condition <5 is only 20%). A risk seeker, on the other
hand, would schedule a late upgrade, at about 123 years after construction, when the
probability that the bridge will actually reach condition <5 is 80% and also the probability
to reach condition <4 is relatively high (>40%). A decision maker with a more balanced
attitude toward risk (CCP-level of 50%) would schedule an upgrade at about 82 years after
bridge construction. If it is assumed that condition <4 (i.e. bridge condition is ‘poor’ or
worse) induces the need for rehabilitation, longer times can be tolerated before any
intervention takes place. Thus, rehabilitation would be scheduled at the bridge age of about
85 years by a risk averser, 177 years by a risk seeker and 130 years by a decision maker

exhibiting an intermediate risk tolerance.
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Figure 8.2: Life cycle management for a bridge considering 3 different risk attitudes corresponding to
probability-levels P(Condition<i) = 20%, 50% and 80% (i=8,7,6,5 or 4). Rehabilitation takes place
when the bridge is expected to reach condition <4 (solid lines) or <5 (dashed lines) for each probability-
level considered.

Figure 8.2 illustrates the effect of the 3 risk attitudes in the context of life cycle
management for maintaining a bridge in good and operational condition by scheduling
regular interventions. In this figure, we consider a newly constructed bridge that is delivered
at age 0 in excellent condition (code 9) and starts deteriorating. Depending on the CCP-level

adopted, successive condition drops are predicted at certain bridge ages determined through
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the CCP-curves of Fig. 8.1. A rehabilitation is scheduled at the age the bridge is predicted to
reach condition <5 or <4 for the particular CCP-level (Table 8.1). It is assumed that a
rehabilitation fully restores the bridge condition to code 9. Then, deterioration starts again,
which causes once more successive condition drops that may lead to a new rehabilitation
according to the respective time of Table 8.1 and so on. The same risk preference of the
decision maker is presumed for the life cycle of the bridge, i.e. the adopted CCP-level
remains unaltered.

According to the life cycle setting specified above, a series of bridge rehabilitations
need to be scheduled within a certain time frame (indicatively taken herein as 150 years),
depending on the CCP-level adopted. This results in the 6 aforementioned schedules with
required rehabilitations that are evident in Fig. 8.2 and summed up in Table 8.1.

Hence, assuming that any interventions are decided by monitoring the event of the
bridge condition being <5, a risk averser (CCP-level of 20%) would schedule 3
rehabilitations within 150 years, because a rehabilitation is required every about 48 years.
Accordingly, a risk seeker (CCP-level of 80%) would schedule just one rehabilitation at the
age of about 123 years, while the intermediate risk preference (CCP-level of 50%) induces
the need for 1 rehabilitations within 150 years (every about 82 years). If the event of the
bridge condition being <4 would shape the decision for rehabilitation, a risk seeker would
not schedule any intervention within 150 years. A risk averser, however, would still schedule
1 rehabilitations within this time frame (every about 85.4 years), while the intermediate risk
preference would lead to a single rehabilitation at the age of about 114 years.

A small number of upgrades over the life cycle of the bridge translates to a low overall
anticipated rehabilitation cost, but also to a high risk associated with the bridge condition
reaching code 5 or 4 earlier than expected or even dropping below it. This could induce
additional, non-scheduled direct and indirect costs, compromise the safety and operational
availability of the bridge and possibly force decision makers to partially or even fully replace
it. Such issues are further investigated in the next section.

8.4 Expected life cycle cost estimation and comparative assessment of rehabilitation

schedules

In order to be able to make a rational decision regarding the most favourable
rehabilitation schedule of a bridge, the expected total cost over the time frame of study needs
to be estimated for every choice identified. Thus, an overall rehabilitation cost is calculated
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for each schedule specified in Table 8.1 by taking into account the number of interventions
planned and the bridge ages, at which they are intended to take place (Fig. 8.2). Moreover,
an overall expected cost for bridge replacement is determined, which refers to the risk of the
bridge dropping to such a condition that rehabilitation is not a suitable choice anymore.
Replacement of the bridge may be dictated by extensive failure that renders uneconomical
the repairs required, partial/full collapse, dropping of the safety level provided below an
acceptable/tolerable threshold, etc.

The initial cost to construct at time t=0 the hypothetical concrete bridge studied in the
present work is designated as Co. All costs given in this section are expressed with respect
to the initial cost Co. Using the study of (Ehlen, 1997), the fraction of rehabilitation cost of
superstructure elements was estimated and attributed to the cost of restoring to condition 9
from condition 5 (Crs=0.4Co). As this cost included both construction and user costs (due to
delays, increased travel expenses, increased accident rates, inconvenience, etc.), the
corresponding cost allocations were estimated from the same study (Ehlen, 1997). Thus,
lower construction costs would be anticipated for restoring from higher condition ratings
and user costs would be assumed negligible, while for lower conditions increased user and
construction costs would be assumed. Moreover, regarding higher superstructure conditions,
rational fractions were estimated for restoring to condition 9 by considering the unit cost
estimates of Pontis BMS studies (Adams & Juni, 2003; Milligan, et al., 2006). Hence, the
cost of rehabilitation (i.e. of restoring condition 9) from condition 8 is taken herein as
Crs=0.005Co. Accordingly, the rehabilitation costs from conditions 7, 6, 5, <4 are set to
Cr7=0.01Co, Cre=0.03Co, Crs=0.1Co, Cra=0.4Co, respectively. It is assumed that a
rehabilitation from conditions 5 and <4 is also associated with user costs because of works
needing the bridge to be closed for 0.1 and 0.5 months, respectively. User costs during
rehabilitation are taken as 3Co per month of bridge closure. Thus, the costs for rehabilitation
from conditions 5 and <4 are increased to Crs=0.4Co and Cr4=1.9Co, respectively. The
expected rehabilitation cost of the bridge at time t is then given by:

Cren(t)=2i [P(Condition=i) X Cri]+P(Condition<4) X Crs, i=8,7,6,5.  (8.1)

The probabilities P(Condition=i) with time are given in Fig. 8.3. These are easily calculated
from the probabilities P(Condition<i) of Figure 8.1, e.g. P(Condition=7)=P(Condition<7)-
P(Condition<6) at any age t.
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Figure 8.3: Probabilities P(Condition=i), i=9,8,7,6,5, and P(Condition<4) versus bridge age.

The bridge replacement cost at any time t is taken as 1.2Cq. This includes the amount
of 0.2Co for the removal of the old bridge (Ehlen, 1997), as well as the amount of Co for the
construction of the new one. It is assumed that all replacement actions (removal of old
bridge, establishment of detour, design/bidding/construction of new bridge, etc.) are carried
out within 12 months, during which the bridge is closed. User costs during replacement
works are taken as 5Co per month of bridge closure. This results in a total replacement cost
at time t of 61.2Co. Due to lack of data, it is simply assumed that the replacement probability
at any time t is Prep=0.2 X P(Condition<4). Then, the expected replacement cost of the bridge
at time t is given by Crep(t)=Prep X 61.2Co.

The above-mentioned costs Cren(t) and Crep(t) refer to Future Values (FV), since these
are costs to be paid at various instances t within the period of study (150 years). Any FV at
time t can be transferred to time t=0 by discounting it to the corresponding Present Value
(PV) according to the formula: PV=FV/(1+r)', where r is the discount rate adopted (assumed

to remain constant over the period of study).
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Assuming 4 different discount rates, Fig. 8.4 presents the total expected cost of each
of the 6 rehabilitation schedules for the period of 150 years. This cost includes the total
expected rehabilitation cost of each schedule, which is calculated as
PV[Cren(t1)]#+PV[Cren(t2)]+... for the planned rehabilitations at bridge ages ft,ta,...
according to this schedule. The total expected cost includes also the expected replacement

cost, which is set as the average over all years 0<t<150 of the costs PV[Crep(t)].
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Figure 8.4: Total expected cost and its allocation to expected rehabilitation and replacement costs for the 6
bridge rehabilitation schedules, considering a discount rate of a) r=2%, b) r=4%, c) r=6% and d) r=8%
(bottom).

Figure 8.4 demonstrates the interplay between the contributions of the rehabilitation
and replacement costs in the total life cycle cost. The overall cost resulting from a schedule
with frequent rehabilitations (e.g. schedule 2), which is typically adopted by a risk averser,
is clearly governed by rehabilitation costs. On the other hand, expected replacement costs
are the major concern in case of infrequent or no rehabilitations (e.g. schedules 5, 6) in the
framework of risk seeking decisions regarding the life cycle management of the bridge. The
discount rate considered decisively influences the cost-effectiveness and the comparative
assessment of the rehabilitation schedules and actually dictates the choice to make.
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8.5 Conclusions

Scheduling rehabilitations for an aging bridge within a highly uncertain deterioration
setting in a cost-effective manner is a great challenge. Rational decisions can be made by,
first of all, acquiring probabilistic data regarding the deterioration rate and the failure
potential of the bridge. Then, any rehabilitation schedule can be quantitatively assessed with
respect to the expected life cycle cost it induces. In this respect, the gathering and estimation
of reliable economic data (mainly including rehabilitation, replacement and user costs, as
well as the discount rate) and the risk preference of the decision maker are crucial aspects.
Hence, the process of life cycle cost assessment and management of a deteriorating bridge
may be cumbersome and demanding, but it is an essential step toward the effective handling
of highly important bridge stocks and networks.
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9 Concluding remarks and future work

This chapter presents the Thesis’s main contribution to research and discusses its
transferability. The main assumptions adopted in the study are summarized, as well as the
concluding remarks of each Chapter. In the end, suggestions for future work and research
plans are presented.

9.1 Main contribution to research

In this thesis, a data-driven approach was developed exploiting bridge inspection data,
through which the following main contributions were made:
¢ the predominant deterioration factors for bridge components were identified,
e the qualitative and quantitative effects of bridge deterioration factors were determined
and
e a novel method for probabilistic prediction of bridge deterioration with time was
developed and validated.

9.2 Transferability

The US inventory was utilized for achieving the Thesis objectives due to its public
disclosure and the unavailability of similar inventories from other countries. Additionally,
utilizing bridges located in the US provided adequate data to model deterioration for
different types of exposures. This is due to the large sample of bridges available, as well as
the variety of the deterioration factors existing in the US territory. This section presents the
transferability of the study’s framework and results for cases, where many bridges exist with
inspection records containing similar information, as well as for cases with small number of

bridges and inadequate or even no data.
9.2.1 Application to other inventories

The SSDR method can be applied to inventories of other countries, which also use
condition ratings, even in different scales. To do so, the whole framework of the study should
be followed, identifying the predominant factors of deterioration and then calculating the
probabilities corresponding to bridge ages.

Although a large initial sample was used in this study, many different factors existed
within the US territory, which lead to certain segmentations. Hence, due to segmentations
performed, the initial 615.000 records could not be used as one sample, therefore the method

was developed and validated using 4% of the initial sample (25500 bridges with age range
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of 116 years). The validation process showed that robust predictions can be achieved
utilizing much smaller age ranges (minimum 0-35 years), corresponding to only 1.2% of the
whole sample (7500). Furthermore, it is not essential to utilize successive ages, if the

probabilities calculated have large variations among them due to low sample sizes.
9.2.2 Application of deterioration curves to countries with small samples

This work’s framework utilizes independent probabilities calculated for each age,
disengaging deterioration from the number of bridges existing at that particular age (stock).
Thus, the CDFs derived for various environments and materials are transferable. Hence, in
cases where only a small number of bridges with similar exposures exist in a country, the
corresponding deterioration curve derived from the US inventory can be utilized. It is worth
mentioning that such application should be performed after considering differences

regarding design standards and material properties.
9.3 Main assumptions of the study

The National Bridge Inventory of the US was utilized to conduct a macroscopic study
of bridge deterioration within different environmental exposures. The Thesis was conducted
in a number stages, starting with a data analysis process to determine the predominant
environmental effects, then probabilities were utilized to compare the performance of
different environments and a novel method was developed to utilize the former probabilities
and perform predictions for future years. To meet these objectives, certain assumptions had
to be made, specifically:

e Bridge condition evaluations are regarded as being hazard-driven rather than State-

dependent (chapter 4).

e Rehabilitated bridges had to be excluded due to missing information regarding

material switch and condition rating prior to rehabilitation (Chapter 6).

e The calculated probabilities of the bridge stock studied, arranged based on the age of
each bridge, represent the probabilities of one bridge to be in a specific condition at

various ages (Chapter 7).

Each of these assumptions is adopted in the mentioned chapter and applies for the rest
of the study.

It is also important to bear in mind that an updated database should be used to
incorporate important technological and/or constructional changes or significant changes in
inspection standards that could affect the condition ratings. Such updates are not expected

to be required every few years, as the methodologies applied combined with the type and
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amount of exploited data produced results that were found to be relatively insensitive to data

changes with time.
9.4 Summary of conclusions

Based on the analyses performed and the results obtained, the following macroscopic

remarks can be made:

e The NBI, which included the 2016 inspection recordings, was used, as it provided
the most recent and most accurate inventory of the US. In the study, results of 2016
inspections were checked for their consistency to earlier years and were found to
have small differences. Thus, studying one inventory using the ‘snapshot view’ can
be regarded as a robust way of analysis to attain macroscopic information for the
bridge sample.

e The data analysis process revealed that the most significant factor linked to

structural condition and deterioration is the age of the structure. The structural
material of superstructures and decks significantly affect the corresponding
condition ratings, while geometric variables, such as length, maximum span and
deck width, seem to play a less significant role. Average daily traffic and average
daily truck traffic also appeared to have a small effect on all condition ratings.

e Using the bridge coordinates provided in NBI and information from the weather
stations and from the US geological survey, weather and earthquake variables were
introduced. Among them, peak ground acceleration appeared to have a predominant
meliorating effect on all structural condition ratings, mostly for superstructures and
substructures. The deicing region, water underneath the bridge and annual
precipitation also appear to have a significant decreasing effect in condition ratings.

e The effect of airborne chlorides was studied utilizing increments of bridge distance

away from the coast. Sample segmentations were performed based on the
predominant effects within the coastline. For the locations of low earthquake hazard
and no deicing, distances up to 2km showed to be affected. This effect was noticed
to be extended up to 1km inland for the case of low elevations and the formation of
a peninsula (Florida). On the other hand, the places where deicing policies are used,
the airborne chlorides appear to affect distances up to 1km away from the coast. This
difference could be attributed to the fact that chloride deposition in north areas is
more affected by the deicing procedures. High earthquake hazard areas could not be
analyzed due to variations in year of construction/reconstruction content, but similar

limits of the coastline can be anticipated.
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e Segmentations of the initial sample were performed and probabilities were calculated
to compare the performance of decks, superstructures and substructures in different
environments.

e For Concrete decks, deicing appeared to be the most corrosive factor. The existence

of joints in deicing environment affected more the structural condition of the deck
in younger ages, while the same did not apply for the case of continuous spans.
Absence of structural joints lowered probabilities of deterioration for deicing
environments, but increased the probability of deterioration for warmer
environments.

e For substructures, environments, where no deicing is used and water is present,

have the highest deterioration probabilities, followed by environments where
deicing is used regardless of water presence. The presence of structural joints in
simple spans increases the probabilities of deterioration for all environments, while
deicing environments affect younger ages.

e For superstructure materials, similar probabilities were noticed for the same

environmental exposures and span types (simple or continuous). A closer look at
the results indicated a better performance of prestressed concrete, followed by
concrete and steel. An exception is the case of steel in environment of water and no
deicing for both span types, where increased deterioration can be observed.

e Concrete superstructures are affected more by deicing environments in young ages,

when also water is underneath for simple spans. Although continuous spans have
lower probabilities of deterioration and are affected more by deicing salts, younger
ages are affected more by traffic presence in areas where deicing are used.

o Steel superstructures are substantially deteriorating at humid environments without

deicing sources. Lower deterioration probabilities were noticed at deicing
environments regardless of water presence. The presence of structural joints to form
simple spans increased the probabilities of deterioration compared to the other
environmental exposures. Especially young simple span bridges are vulnerable
under humid and deicing conditions.

e Prestressed concrete superstructures are affected by deicing environments similarly

to concrete. The main difference is the lack of early deterioration for simple span
bridges in the simultaneous presence of water underneath and deicing. But early
deterioration was noticed, similarly to RC-bridges, in areas where deicing is used

and traffic exists under the bridge.

160



e Absence of structural joints in integral bridges performs well in the superstructure,

but may be problematic for the decks.

e A novel method was developed and validated appropriately to probabilistically

estimate the deterioration rate and the time-to-rehabilitation of aging bridges. The
method utilized cumulative condition probabilities of segmented samples and
techniques used in accelerated experiments were modified to perform forecasts. The
method was found to have small prediction errors and performed well, even under
rather limited data availability.

e The method was applied for different materials on a selected environmental

exposure and was utilized in a decision-making process regarding scheduling

rehabilitation for a concrete bridge.

9.5 Future research

This work included a variety of factors which could affect structural deterioration of
superstructures, substructures and decks. Additional sources of deterioration could be also
investigated, such as drought, CO./SO; and other emissions related to atmospheric pollution
for the structural parts studied. Furthermore, other segmentations could be performed to
investigate the probabilities of non-satisfactory condition, such as the case of annual
precipitation.

Additional data analysis processes such as Cox Regression can be utilized to analyze
the factors affecting deterioration and cluster analysis could be performed to investigate the
State effect. Also, following the same framework, other available ratings, such as the ones
concerning scour, could be utilized to identify their predominant deterioration factors,
segment samples and perform predictions.

The new SSDR method can be applied to the rest of the segmented samples of this
work. Additional effort may be required to tackle extremely low sample sizes for specific
ages, such as the case of the coastline. Moreover, the method can be applied to a generalized
local level, where no organized inventory existed and efforts are currently made to do so.
Such is the case of the East Mediterranean area, including Cyprus. On the other hand, the
method can be applied at a European level, where inspection records existed, but
homogenization of inspections is currently on the verge and the goal of COST action TU-
1406, which is funded by the European Union.

The SSDR method could be applied to accelerated creep experiments instead of
utilizing the log-shifting of the Arhenius model, which may render more optimistic results.
This model is applicable also in other applications of deteriorating infrastructure, like in
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pavements, water/gas supply networks, etc. Furthermore, the method could also be utilized
to complete cumulative condition probabilities and calibrate a Markov chain, which could
be used for comparisons with other models. An additional application of such model could
be the use of the derived distribution as a prior, which is to be updated with the additional

collected data.
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A-1.1 Appendix Chapter 4: Database handling

A-1.1 Introduction

The NBI database contains 116 Items some of which are subdivided depending on the
type of information provided. Each bridge record corresponds to a line while the Item
information are placed in columns. The content of the Items may vary from location to
structural condition, the name of the main route or the km point of the inventory route, thus
both numeric and letter inputs can be found. The length of each information is provided by
the guide (FHWA, 1995) and is registered starting from a specific column. Information
regarding the columns and lengths of Items can be found in FHWA’s website

(www.fhwa.dot.gov/bridge/nbi/format.cfm), where additional Items or change in Item

lengths can be found.

The NBI has certain peculiarities in contrast to other databases. Specifically, the coded
form dictated by the guide allows blank records, and some numeric values may correspond
to maximums or may be indications of lack of information. Furthermore, combinations of
coded values of different Items included in the database may correspond to specific
structures such as culverts or arch bridges. Thus, the Items to be incorporated should be
carefully selected after advising the guide to seek dependencies that may alter the individual
Item information.

For this study, code was written in Matlab R2014b to retrieve, combine and check the
provided information. In this part the main functions of the code are presented. To run the
code for a different inventory, changes in the positions of the items should be taken to

account from FHWA’s website.

A-1.1.1 Item selection

A total number of 68 Items and sub-Items (indicated with capital letters) were selected (Table
Al) based on the information provided in the coding guide (FHWA, 1995). This selection
was based on dependencies mentioned in the guide which would allow the identification of
errors, cleaning of the data, and correcting the data. Examples of such dependencies
regarded:

e Condition Ratings of Culverts (62), Deck (58), Superstructure (59) and Substructure
(60). Culverts should have numeric item for item 62 while all other condition ratings
should be coded with (N) corresponding to not applicable. On the other hand arched
bridges should be coded with (N) for Item 62 as they are not culverts and (N) for
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Item (58) as they do not include a separate deck according to the guide, while

condition ratings of superstructure and substructure should have a numeric value.

Table Al.1. Selected Items: the number of each items is indicated in the parenthesis, capital letters indicate
sub-ltems

CATEGORY ITEM NAME & (code) from the coding guide

Bridge ID Record Type (5A) Structure Number (8)
. State Code (1) .
Location Longitude (17) Latitude (16)
Water A " .
Underneath Navigation Control (38) Scour Critical Bridges (113)
Number of Spans in Main Unit (45) Length of Maximum Span (48)
) ) Structure Length (49) Deck Width, Out-to-Out (52)
D'"‘e;sw“s NBIS Bridge Length (112) Minimum Vertical Clear. Over Bridge Roadway (53)
Clearances Minimum Vertical Underclear. Ref. feature (54A) | Minimum Vertical Undercl. (54B)
Minimum Lateral Undercl. Ref. feature t ( 55A) Minimum Lateral Undercl on Right (55B)
Minimum Lateral Undercl. on Left (56) Inventory Route, Minimum Vertical Clear. (10)
Information of ~ Designated Level of Service (5C) Base Highway Network (12)
usage and Toll (20) Maintenance Responsibility (21)

ownership Owner (22)

Functional Classification of Inventory Route (26) = Historical Significance (37
Classification s ficat ventory Route (26)  Historical Significance (37)

STRAHNET Highway Designation (100) Federal Lands Highway (105)

Lanes on the structure (28A) Lanes under the structure (28B)

Average Daily Traffic (29) Year of Average Daily Traffic (30)

Design load (31) Structure Open, Posted or Closed to Traffic (41)
Traffic Type of service on the bridge (42A) Type of service under the bridge (42B)

Direction of Traffic (102) Temporary Structure Designation(103)

Average Daily Truck Traffic (109) Future Average Daily Traffic (114)

Year of Future Average Daily Traffic (115)

Kind of material, Main (43A) Type of Design, Main (43B)
Materials Deck Structure Type (107) Type of Wearing Surface (108A)
Type of Membrane (108B) Deck Protection (108C)
Structural CR Deck (58) CR Superstructure (59)
Condition CR Substructure (60) CR Culverts (62)
Ratings Appraisal structural rating (67) Sufficiency rating (-)
Age Year Built (27) Year Reconstructed (106)
Inspection ; ! .
Information Inspection Date (90) Designated Inspection Frequency (61)
Bypass, Detour Length (19) Type of Work (75A)
Cost Length of Structure Improvement (76) Bridge Improvement Cost (94)
0s Roadway Improvement Cost (95) Total Project Cost (96)

Total Project Cost (97)
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e Water underneath is indicated if Navigation control (38) is coded with 0 or 1 while
at the same time Scour critical (113) coded with numeric value and Type of service
under the bridge (42) with value 5.
e Coordinates, Longitude (17) and Latitude (16) in combination with State code (1),
which would reveal if each bridges coordinates are located within the respective
State’s territory.
Additional Items were also considered to extend the study for rehabilitation costs presented
in the category of Cost (Table Al.1).
A-1.1.2 Matlab code

The basic concept of the code written in Matlab was to assist in extracting the
different data types of the inventory and processing them to identify blanks and errors based
on the guide (FHWA, 1995). The code read separately the characters of each considered
Item, translated the extracted information to digits, recombined the digits to provide the ltem
information and checked it for errors (fig Al). The information was saved in a specific
column of one Total matrix containing all Items considered (fig Al). In the end all Items
were placed in the Total Matrix and a data cleaning process would be performed to check
the errors of the combined information (fig Al). In the next part the basic functions utilized

in Matlab are presented with indicative examples of specific Items.

Reading Translation Item Formation

E R igni I Combining th d
3 Extraction of eassigning values ombining the rae

. . to assist digits of the Item
£ information for each ; ,
S . consistency and and checking for
= Item digit . L
- error identification errors.
© . i .
> Final Total Data cleaning Total Matrix
> Matrix Combining all Items to Containing all Items
=] find inconsistrent or
§ unwanted records. States and
[

Figure A-1.1: Processes performed by the written code starting from Item level and reading of the NBI file to
the formation of an error free Final Total Matrix to be used for analysis purposes.

A-1.1.2.1 Reading process
The initial data are in .txt format (Figure A-1.2) with lines corresponding to bridges
and columns to items. As can be seen from the figure the different Items are not separated

instead all 434 characters are placed next to each other. To be able to identify errors within
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each Item, characters of each Item were read separately. Each Item’s number of characters
and their column position within the NBI .txt file was found from FHWA’s web page
http://nationalbridges.com/nbiDesc.html, where changes in record format are updated every

time a new inventory is uploaded. In Matab the fscanf function was utilized to read the .txt

EEK CUUNIY KUUIE L L.3 ML N LU Y2/1 YYYYuUuLZ/ dU 3YL/ 24000/ YI430U00UI 3ULULUYLY)/ ULUUUUULDUZUUDI UU4YUUULULILY
CREEK COUNTY ROUTE 3 0.03 MI E OF CO 3/2 SLS 999900010140 3913240007951540000030101091959010000031020060006101000000!
ORK COUNTY ROUTE 5/3 0.01 MI S wv 38 999900014160 3911420007952060000030101091963010000002020060003700001111"
UN CO ROUTE 7 SLS 0.01 MI W OF US 119 F 999900183430 3909060008003120000030101091912020000085020060006100001000!
EEK COUNTY ROUTE 9 0.24 MI E CO 40 999900060820 3906180007956240000030101091915010000005020060003700001111!
EEK COUNTY ROUTE 9 0.03 MI W OF wv 92 999900093640 3907060007954360000030101091913010000017020060005503001000:
EEK COUNTY ROUTE 9 0.01 MI W OF CO 9/1 999900127430 3907000007952240000030101081920020000059020060006100000000!
ALLEY RIVER COUNTY ROUTE 10SLS0.01 MI E OF CO 8/4 SLS 999900159930 3913060007956180000630101071912010000013020060005500001000:
EEK COUNTY ROUTE 10  0.01 MI E Co 14 999900171680 3912420007956060000030101071954010000039020064006100000000:

COUNTY ROUTE 11 0.03 MI W OF CO 11/3 999900021080 3904240008007180000030101071909020000073020064007300000000!
ON RIVER COUNTY ROUTE 11 0.07 MI WEST OF CO 11/5 999900040060 3904060008006120000330101071993020000073020069009400001111!
ORK RIVER COUNTY ROUTE 11 0.01 MI E OF CO 36 999900102170 3902300008004000002130101071940020000010020060006700000011!
ALLEY RIVER COUNTY ROUTE 12 0.01 MI 5 CO 12/1 (sLs) 999900097990 3912360007959420001130101091910010000029020060006100000000:
RUN COUNTY ROUTE 12 0.21 MI N OF CO & 999900102010 3912480007959480000030101091915020000029020060006100001111!

Figure A-1.2: NBI .txt file format

characters. The function’s option of printing to characters is preferred to the option of digits
as in the latter option if characters are read the function terminates. This preference lead also
the reading of one character at a time as each character would be easier to be reassigned to
a digit. For each character the number of characters to skip from the start should be defined,
the number of characters to read and the number of characters to skip to read the next record.
An exception to this procedure regarded Item 1 corresponding to the State code where all 3
digits are read as such, to provide the needed dimensions of the fscanf function to all the

following Items. The Matlab code regarding State code (Item 1) and Owner (ltem 22) are

fprintf ('"ITEM 1 - State code \n') %Print the phrase within '/ on Matlab’s
command window

fid = fopen('2013 all.txt'); %opening txt file

I l=fscanf (fid, '$3d%*432c\n'); %reading txt file and saving it in a
matrix I 1

fclose (fid); %closing txt file

$Defining the matrix number of lines
M=length (I 1);

fprintf ('ITEM 22 - Owner \n') %$Print the phrase within ‘' on Matlab’s
command window

fid = fopen('2013 all.txt'); %opening txt file

Cl=fscanf (fid, '$*152c%1c%*282c\n', [M 1]); %reading txt file and saving
it in a matrix Cl1 of 1
column and M number of
lines

fclose (fid); %closing txt file

fid = fopen('2013 all.txt'); %opening txt file

Cl(:,2)=fscanf (fid, '$*153c%1c%*281c\n', [M 1]); S%reading txt file and
saving it in Cl Matrix’s
of 27 column and M number
of lines

fclose (fid); %closing txt file

Translator; %Translation function
I 22; %Item function

Figure A-1.3: Matlab code for reading the .txt file; the green letters beginning with % sign correspond to
comments explaining what each line of code performs. The last two lines show the other two functions that
are used for translating and forming the data for each Item as shown in fig. Al.2
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provided in Figure AL.3. Also, the two last lines provided call the two next functions for
Owner (Item 22) that needs to be translated and checked.
A-1.1.2.2 Translation Function

This function reads the characters of the matrix C (Fig. Al.3) and assigns them
numeric values. Its name, “Translation”, refers to the way it works, as each character of the
database is read from the txt file and translated to a mat file. Mat-files can be further used
for analyses as they contain all the translated data. If the character read is numeric then the
corresponding numeric character. If on the other hand, the character read is a letter or a sign,
then decimal values smaller than 1 are assigned, for example ‘A’ is 0.01, ‘B’ is 0.02, ‘Z’ is
0.26, *-“is 0.27, .“ is 0.28, ‘&* is 0.29 and ‘*’ is 0.30. Blank characters are assigned with
value -2000 while other characters with value -1000. This way distinction can be for the

information provided.

for i=1:1:M;% loop repeated from 1 with step 1 to M (number of records)

if C1(i,1)=="0'; %If Cl is character O
D1(i,1)=0; %Assign value(O to D1

elseif Cl(i,1)=="1";

D1(i,1)=1;

elseif Cl(i,1)=='9";

D1 (i, 1)=9

elseif Cl(i,1)=='A";

D1(i,1)=0.01

elseif Cl(i,1)=="*";
D1(i,1)=0.30
D1(i,1)=-2000
else D1(i,1)=-1000
end % end of if else command
end 3 end of for loop after M records have been processed

Figure A-1:4: Translation function

A-1.1.2.3 Item function

This function uses one or more translated columns and manipulates them according to
the guide (FHWA, 1995) to form an individual Item. This means that in case a certain
precision is denoted by the coding guide the corresponding digits are multiplied by powers
of ten and added accordingly. It also checks the data for errors and plots them on Matlab’s
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command window (Fig. A-1.5). In the end it creates a matrix with the manipulated data

named after the Item number.

$Item 22 corresponds to 2digit number
for i=1:M; ; $loop repeated from 1 with step 1 to M (number of records)

if (D(i,1)>=1]|D(i,1)==0) &&(D(i,2)>=1||D(1i,2)==0)%If the values
are not
character inputs
or blanks
D(i,3)=D(i,1)*10+D(i,2); )SMultiply with 10 and sum
else
fprintf ('Problem in line %d \n',1i)%print on the command window
the line of error
end% end of if command
end% end of loop after M records have been processed

I 22=D(:,3); %Assign the value to matrix I 22

Figure A-1.6: Item function for Owner (ltem 22)

The item function was very useful as corrections could made regarding mistakes in the
codes and tracking errors or missing records for all ltems. Among all Items Longitude (Item
17) and Latitude (Item 16) had many errors due to lower precision adopted. Specifically,
although the precision required by the guide was 9 and 8 digits respectively lower precision
records were registered beginning with 0 value. This created blank areas within certain States
(fig. A-1.6 a). The pattern of such errors was identified and was taken to account to the Item
function of the coordinate Items. Thus, corrections were performed by neglecting 0 values

in the beginning of either Longitude or Latitude (fig. Al.6 b).

Figure A-1.7: NBI coordinates a) before corrections and b) after corrections

A-1.1.3 Data Cleaning of the Total matrix

After all individual Items were placed in the Total matrix tabulate function of Matlab
was used to count the total numbers of errors for each Item. Furthermore, additional code
was written to perform logical error checks utilizing different Items for each bridge record

186



(A-1.1.1). Results and description of the process were reported to FHWA followed by an
Excel file to locate every inconsistent record.

A-1.1.3.1 Report to FHWA

Inconsistencies found in NBI 2016 file

Abstract: The NBI 2016 file that included all State information was used and 68 items were
checked for inconsistencies with the actual NBI form from blanks, typos and different types
of logical errors. This brief report explains the main errors that are listed in the Excel file
that includes the line within the NBI .txt file of each error found, the State code (item 1) and
the type of error.

Errors in the .txt format
Regarding the format of the NBI, a repeated error pattern was found in the lines 78840,
240965, 243224, 288628, 288671, 302081, 307308, 406967, 409114, 614387and 611845 as

shown in Figure A-1.7.

000000000000000000 0 ON2 00QOQ0ONNNN020 Y800022820370000NN 160321BZ 0%09690G

(000000000000000000 0 ON2 0000001000030 YU00008220370000NN1170509  160321BK* 117000102809 0 100006

(000000000000000000 0 ON2 000000N9NNO20 YB800024120370000NN 16032187 CI 09990F
000000000000000000 0 ON2 0000002000030 YU00052220370000NN11701009 _ [L60321BK* 1170001015 09980g

000000000000000000 0 ON3 0000008000010 YU00014320370000NN 160321BA 2 067026

(000000000000000000 0 ON3 0000008700000 YU00011720370000NN 160321BA 2 07912F

(000000000000000000 0 ON3 0000008700020 YU00024220370000NN 160321BA 2 06762G

000000000000000000 0 ON2 0OQOQOQOONNNN010 Y800071320370000NN 16032182 0%09650F

000000000000000000 0 ON3 0000008700010 YU00026720370000NN 160321BA 2 06972F

(000000000000000000 0 ON2 0000001000010 Y300029220370000NN 16032187 0 09800F

(000000000000000000 0 ON3 0000008700010 YU00002520370000NN 160321872 0 05750G

0 ON2 0000001000030 YB800008020370000NN 16032187 0 10000G

0 ON3 0000008700050 Y800032120370000NN 160321BA 2 057426

0 ON2 000000NNNNO30 Y500029120370000NNH110008  160321BK* H11888872011  0*09880G

0 ON2 000000NNNNO30 Y500029120370000NNH110008  160321BK* H11888872011  0%09980G

0 ON2 00000010000201Y800021120330000NN 1603218Z 0 10000G

0 ON2 0000001100080 Y800060020380000NN 1603218Z 0 099706

0 ON2 000000NNNNO50 Y800031220370000NN 16032187 0%09940G

0 ON2 000000NNNNO50 YB800031220370000NN 160321872 0%09940G

ON2 000O0ONNNN1401Y800034720380000NN 1603218Z 0 09890G

0 ON2 0000001000100 Y800067820370000NN 1603218Z 0 09750G

0 ON2 0000001000010 Y800067820370000NN 16032187 0 09750G

0 ON2 0000001188010 YB800067820370000NN 160321872 0 09750G

0 ON2 0000001100020 Y800012520380000NN 1603218Z 0 10000G

0 ON2 0000001100020 Y800012520380000NN 1603218Z 0 100006

0 ON2 000000NNO0010 YU00039520350000NN 16032187 0%09580G

(000000000000000000 0 ON2 000000NNNN1OO YB800062520350000NN 160321872 0*%09570F

000000000000000000 0 ON2 0000001600100 Y800060020360000NN 16032187 0 06900G

000000000000000000 0 ON2 0000001000100 Y800309620350000NN 160321BA 2 065426

(000000000000000000 0 ON2 00000026001503Y800125020350000NN 160321BA 2 01012F

(000000000000000000 0 ON2 000000NNNNO50 YB800013220360000NN 160321872 0*%09980G

000000000000000000 0 ON2 100000NNNNZ200 Y201006320350000NN 1603218Z 0*09190F

000000000000000000 0 ON2 O00QOQO0O0ONNNN020 Y800026420350000NN 1603218Z 0*09830G

(000000000000000000 0 ON2 000000NNNN200 Y800055620360000NN 16032187 0%09830G

(000000000000000000 0 ON2 101988NNNN190 YB00815520350000NN 160321872 0*08760G

000000000000000000 0 ON2 100000NNNNZ200 YB01006320350000NN 16032187 0%09650G

000086000009000095 0 ON2 1000001600200 Y701006320350000NN 160321BA 2 06902F

(000000000000000000 0 ON2 100000NN00200 Y801006320350000NN 16032187 0%09240G

000000000000000000 0 ON2 1000001600200 Y¥501006320350000NN 160321BA 2 06872F

FigureA-1I. 8: Extra spaces in columns 402 and 429.

Errors and inconsistencies within items

The items checked for inconsistencies were 68 in number (1, 5A, 8, 16, 17, 49, 112, 45, 48,
52, 53, 54A, 54B, 55A,55B, 56, 10, 5C, 12, 20, 22, 21, 26, 37, 100, 105, 29, 30, 109, 114,
115, 28A, 28B, 42A, 42B, 102, 41, 103, 38, 113, 43A, 43B, 31, 107, 108A, 108B, 108C, 58,
59, 60, 62, 67, 10 year rule, without 10 year rule, 27, 106, 90, 91, 19, 75A, 76, 94, 95, 96,
97, SR). In this report eight types of errors were found that are explained and presented in
Table A-1. 2

All Blank: refers to the error of absence of any character within the limits of each item.
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e Blank_1: corresponds to the existence of 1 blank space within the item. It is mostly
found in items 16, 17 (Latitude, Longitude) and 30 (ADT). Accordingly for Blank_2,
Blank_3, Blank_4.

e Typo: Typographical error has been tracked in item 41 (structure open or posted to
traffic) line 550191 where a lower case p exists instead of “P”.

e Logical errors: such as year of future ADT estimate (item 115) greater than 2040; Year
reconstructed values such as 1, 2, 7 or greater than 2017; Inspection dates greater than
January 2017 etc.

e Mixed type blank: an error that includes the use of both “-” dash and blanks within a

coding.

Table A-1.2.All inconsistencies found in the inventory categorized in Items and Types of Errors. Last column
sums the columns of each line; Last line sums the lines of each column.

Error Types Total

NBI ITEM errors

Be'r'lk Blank 1 | Blank 2 | Blank 3 | Blank 4 :r‘:g'; Miﬁ;’nﬁ{pe Typo  (item)
10 2 0 0 0 0 0 0 0 2

16 1934 33 1921 18 1 0 0 0 3907

17 2013 10 4 1915 2 0 4 0 4005
20 1 0 0 0 0 0 0 0 1
26 1 0 0 0 0 0 0 1
28A 5 0 0 0 0 19 0 0 2

30 2 13 16 2898 0 0 2 0 2031
31 1 0 0 0 0 0 0 0 1
1 1 0 0 0 0 0 0 1 2
52 3 0 0 0 0 0 0 0 3
54A 1 0 0 0 0 0 0 0 1
548 1 0 0 0 0 0 0 0 1
55 1 0 0 0 0 0 0 0 1
62 3 0 0 0 0 0 0 0 3
90 19 0 0 0 0 3 0 0 2
91 21 0 0 0 0 0 0 0 21
105 1 0 0 0 0 0 0 0 1
106 0 0 0 0 0 63 0 0 63
107 1 0 0 0 0 0 0 0 1
108A 1 0 0 0 0 0 0 0 1
1088 2 0 0 0 0 0 0 2
108C 3 0 0 0 0 0 0 3

115 0 6 122 113 0 166 0 0 1407

WEEICED |y 62 2100 5044 23 251 6 1 12404

(Type)
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Other logical errors

Another type of logical errors relates to the combination of coded items of condition ratings
(Deck (item 59), Superstructure (item 60), Substructure (item 61) and Culverts (item 62))
were found. Specifically based on the coding guide (FHWA, 1995) a Superstructure
condition rating is to be coded as N-not applicable when a Culvert is coded. Similarly, Deck
Is to be coded with N-not applicable when culvert or if referring to a filled arch bridge. Using
these restrictions, 364 logical errors were found. The lines and States codes of the mentioned
errors can be found in the excel file in the worksheet named “Logical Errors from
Conditions”. Additionally year of improvement cost estimate (item 97), has been found to
contain 1941 cases of years greater than 2016.

Errors not listed in the excel

A notable count of blanks were also counted for other items listed in Table A-1.3. A strange
coding also appeared within the Appraisal rating (item 67) with a star symbol “*”, which
was not found in the guide (FHWA, 1995). Further details for these errors have not been

provided within the excel since an alternative explanation may exist.

Table A-l. 3: Items with blanks or unknown coding.

ltem = Explanation count

12 Base Highway Network 54373

114 Average Daily Truck Traffic 61560

115 | Year of Future Average Daily Traffic 1119

106 | Year Reconstructed 48061

67 Appraisal rating (coded as "*") 4368
Reference:

FHWA, Federal Highway Administration, 1995. Recording and coding guide for the structure inventory and

appraisal of the nation's bridges, Washington D.C.: Department of Transportation.
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A-II  Appendix Chapter 4: Data Analysis

A-11.1 Kriging semivariogram models

The models used for Kriging interpolation are presented in Table Al. Three additional models were

used to chose among for the best fit solution. The selected models provided the best fit solution. In

the same table the annotation of a semivariogram is presented.

Variogram model RArATIStors
NOAA data Sgelecte : Nugget sill
(N) (h)
Min. Temperature S (°C) Exponential 0.25 305.825 0.5883 0.883
Diurnal Temp. range S (°C) Exponential 0.3 2.05 0.085 0.81
Snow depth greater than 1 inch (days) Exponential 0 261 0.55 0.59
Precipitation (in) Exponential 0.1 35.9 0.5 0.94
Dew point temp.(°C) Gaussian 0 1717 2.323 0.64
Semivariance (7) 2
Correlated = Uncorrelated Zexponential() =N +h- (1 —e “)
Sill ={===eemenna-
v
ZGaussian V)N + h - <1 —e a2>
Nugget —
Range Lag Distance (h)
A-11.2 Peak ground acceleration
Peak Ground Acceleration( 2%Ex. in 50yrs)
T T
a5+ .
40 - .
35 .
LT e Reg gl s o = W e Coastline
| o . 2 . [0,0.08) L
30 3 R, + [0.06-0.014)
[0.1-0.14)
[0.14-0.2)
h ; [0.2-0.3)
25+ LR kX - + [0.3-04)
e : . [0.4-08)
W '. i T * >=0.8
| | * | ‘ | SADLLT I &Y I
-120 -110 -100 -90 -80 -70
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A-11.5 Snow depth days above linch & deicing regions

Snow depth=1in {days)
T T
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A-11.6 Precipitation
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A-11.7 Dew point temperature

Dew point temperature
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A-11.9 EDA Response Variables

5 «<10° ‘ Deck ‘ . ) ><‘105 Sl{perstructurel
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1 1
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0
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Functionally Obsolete status
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1

A-11.10

The outliers were ruled out only for plotting the histograms but were included in the analysis.

Dependent variables numeric

All histograms were created without outliers apart from the ones with (*).

Variable Star.lde}rd
Variation

Length (m) 6,10 | 384216 56,33 30,50 73,56 178,90

Number of spans () 0,00 771 2,78 2,00 57,14 5,28

Length of max. span 0,00 999,9" 18,50 14,90 9,69 14,97

(m)

Deck Width out to out 0,80 388.4™ 11,75 9,80 15,01 7,58

(m)

Detour Length (km) 0,00 199" 21,14 5,00 9,67 63,39

Min. Vert. Clear. over 0,30 30 5,90 5,03 4,89 3,89

(m)

Min.Vert. Cl. Under 0,02 30 5,54 5,08 5,30 1,65

(m)

Min. Lateral Clearance 0,10 30 3,79 3,00 2,11 2,82

left and Right (m)

Inventory Route min. 0,28 30 5,70 5,18 4,47 2,25

Vertical clearance (m)

Average daily traffic 0,00 | 806650 | 8279,23 942 6,19 21831,45

(vehilces)

Average daily truck 0,00 99 8,14 6,00 2,42 8,63

traffic (%)

Laneson (-) 1,00 82 2,24 2,0 6,19 1,11

Lanes under (-) 0,00 99 0,91 0,0 6,28 2,42

Year Built 1900 2016 1973,76 1974 -0,49 25,01

Year Reconstructed 1911 2016 1989,91 1992 -0,82 16,51

Sufficiency Rating (%) | 0,00 100 81,13 87 -1,42 19,03

“the value was left as is, as there are bridges grater

**value for dead end roads NaN was used for that value so that it didn’t get mixed. Not

for the case of ANOVA where a category was used for this coding.

Hkk

The value 999.9 was found the value presented has been verified using coordinates.
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15 <10* Length (m) ) «10° MNumber of Spans
10 1.5
1
o
0.5 |
0 0 | I [ 0nae
¢ 50 100 150 200 250 300 0 5 10 15 20 25 30
R «10*  Max. Span (m) 5 10"  Deck Width {m)’
2
1
0 L
0 20 40 60 80 0o 7 20 40 60
15 «10* Detour Length {m)’
10
5
0 A I
0 100 200 300
. Trucks (%)
E ADT 4 of ADT
4 x10 10 =10
3
2 5
1
0 0 e
0 5000 10000 0 50 100
4 X 10° Lanes On 4 %10° Lanes Under -
3r 3
2 2
1T 1
0 ‘ | . L | O | | i n . L L L |
0 5 10 15 20 0 2 4 6 8 10121416 18 20
Year Built Year Reconstructed
10000 ‘ ‘ ‘ 2000 " T ‘ ‘ "
1500
5000 + 1000 |
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min Ver. Clearance over (m})
2000 - -

1500
1000
500
0 a .
0 10 20

30
min Lateral Clearance {m)
10000
5000
a
0 10 20 30
Ref feature Lateral Clearance
Highway
(4%)

Highway (76%)

Variable

Railroad (20%)

min Ver. Clearance

«10%  under {m)

1.5

0.5

0 10 20 30

Inv. Route Ver. Clearance

2000

1500

1000

500

0 10 20 30 40

Ref.feature Vertical Clearance
Highway
(4%)

Railroad (20%}

Highway (76%)

Standard

Variation

Peak ground acceleration g

(m/s?) 0,011 2,07 0,14 0,074 3,64 0,20
Precipitation (inch) 2,61 125,81 40,02 41,32 0,40 12,62
Snow (days above 1 inch) 0 197,02 27,03 15,96 1,26 31,09
min.Temp.(°C) 6,31 23,22 8,18 7,62 0,36 4,11

Max. Temp.(°C) 7,87 34,82 21,06 20,55 0,30 3,83
Diurnal Range Temp.(°C) 5,28 23,86 12,88 12,65 0,99 1,75
Dew Point Temp. (°C) -4,46 22,77 12,90 12,39 -0,033 3,66

Humidity (%) 0,014 98,25 59,25 62,09 2,61 12,43
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0
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388888 150000
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3000
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2500

2000

1500

1000

500

0

0.1250.250.75 1.6 25 35 45 55 65 75 85 95

A-11.12

Federal Lands Highways

Categorical variables

Owner

Other State County Town Town State

HA HA HA  Toll
Wearing Surface
S » o g T X5 5 >5
Essbers5gi=
SE“E£0 "5 gu
S = - =z =
=5 5
Material
X X X
) @z & & o F
> & éo"\ \QJ‘Z} o RN
oé} e @ Q)OQ Q}cy()
%‘o‘ Q\
Q\
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Rec 1900-1960 |

Rec. 1960-1990

Rec. 1990-2017

1900-1940

1940-1970

1970-2000 |

2000-2017

7-10

10-20

>20

0-6.1

6.1-10

10-20

20-50

=50

Other

State HA™
County HA*
Town
Town HA*

State Toll

A-11.13 ANOVA Superstructure condition
(A) Year (Re) Constructed (B) Material of superstructure
N Concrete simple =] .
]
Concrete Cont [} E
®
Steel Simple [ © 1
e
Steel Cont [ e 1
®
s |Pres. Conc. simple | ] 1
Pres. Conc. cont ©
5 5.5 6 6.5 7 7.5 8 5 55 8 6.5 7 75 8
Superstructure Condition Superstructure Condition
©) Deck Width (m) (©) Length (m)
- ® 6.1-10 @ 1
10-20 ® 1
L ®
20-50 = 1
50-100 @ 1
L o
100-500 4
I el >500 = ]
5 55 ] 8.5 7 7.5 8 5 55 6 6.5 7 7.5 8
Superstructure Condition Superstructure Condition
B . Lengtt} of maxlimum s;?an (m) . A Number of Spans
. e -
1r )
L i~ i
2831 e
L ® i
485 ©
+ el 4
L o i =5 =
5 55 6 6.5 7 7.5 8 5 5.5 6 8.5 7 7.5 8
Superstructure Condition Substructure Condition
G) Owner (H) Federal Lands Highway
L E
I o Not FLH [ e :
- S
- El
e
FLHT o .
3 )
5 5.5 6 8.5 7 7.5 8 5 55 6 6.5 7 7.5 8

*HA: Highway
Agency

Superstructure Condition

Superstructure condition
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34t

=5f

(h Lanes Under

&

©

5 5.5 6 6.5 7 7.5

(K) Minimum Vertical Clearance under bridge (m)

No Highway or Rail

0-4.75

4.75-30

=30

Superstructure Condition

- @

o]

5 55 6 6.5 7 75
Superstructure Condition

(M) Minimum Lateral Clearance (m)

02 | e
251 ©
530 e
>30F €]
5 5i5 é 6:5 TI’ 7i5

Superstructure Condition

(O)  Average Daily Traffic (vehicles)

or -
0-100 °©

100-500 S}

500-1000 ©

1000-2000 | o
2000-5000 | ]
5000-10000 | ®
>10000 | )

5 5.5 6 6.5 7 7.5

Superstructure Condition

@) Lanes On
1r o] 1
2F ] 1
3-4r © 1
>H e E
5 5.5 6 6.5 7 7.5 8
Superstructure Condition
(L) Inventory Route Vertical Clearance {m)
0-4751 =3 1
4.75-30 1 e 1
=30+ <] .
5 5.5 6 6.5 7 75 8
Superstructure Condition
(N) Reference feature for Underclearances
Highway [ e
Other S}
Railroad | ©
5 55 [¢] 6.5 7 7.5 8
Superstructure Condition
P) Truck traffic (% of ADT)
or @ ]
0101 ® ]
10-30 | o ]
30-50 e 1
50-100 - 1
5 5.5 6 6.5 7 7.5 8

Superstructure Condition
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Q

Detour Length (km)

Water underneath

0-0.51 Ie]
0.5-2 ©
2-5¢f ©
520 ©
20-100 ©
100-199 - E]
dead end =
5 5.5 6 6.5 7 7.5
Superstructure Condition
(S) Maximum Temperature (°C)
<15 e
15-20 o
20-251 e}
25-30 ®
>30 <
5 5.5 6 6.5 7 7.5
Superstructure Condition
(V)  Diurnal Temperature range {°C)
0-10 e
10-12 <]
12-14 | °©
14-16 o
>16 e}
5 5.5 6 6.5 7 7.5
Superstructure Condition
(W) Relative Humidity (%)
<=40 e
40-60 ©
60-70 e
70-80 ©
80-90 —o—
>90 —_—e—
5 556 5} 6.5 7 7.5

Superstructure Condition

(R) Navigation Control

No water underneath e

o]

Water & Nav. Con. r <

5 5.5 6 6.5 7 7.5

8
Superstructure Condition
(M Minimum Temperature (°C)
<5t €] R

5-10 1o} ]
10-15 ] g
15-20 e .

>20f < :

5 5.5 6 6.5 7 7.5 8
Superstructure Condition
V) Dew Point Temperature (°C)
<10 F ©
10-12 @
12-16 @
16-18 ®
18-21 1 e
>21 1 <
5 5.5 6 6.5 7 7.5 8
Superstructure Condition
(X) Annual Precipitation (inch)

010} e i
10-20 & .
20-30 | ® g
3040 2 .
40-50 @

50-60 | @ g
60-70 | ) g

=70 <
5 5.5 8 6.5 7 7.5 8

Superstructure Condition
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) Snow depth (days) (4] Deicing Region (Deicing)
0-0.5 ©
owed [ © 1
0.5-7.4 e
7.4-30 e
30-60 ®
owed [ @ 1
>60 @
5 5.5 6 6.5 7 7.5 5 5.5 6 6.5 7 7.5 8
Superstructure Condition Superstructure Condition
(AA) Distance from Coast (Km) (AB) Peak Ground Acceleration (g)
0-0.25 © 0-0.06 F ® 1
0.25-0.5 -
0.51 - 0.06-0.11 ©
1-2 “ 010141 o ]
2-3 <
3-4 = 0.14-0.2 1 el 1
4-5 < 0.2-0.3¢1 ©
56 = 0.3-0.4| ® .
6-7 < R
7-8 - 04081 e 7
89 “ >0.8} & '
9-10 =
55 6 6.5 7 75 5 55 6 6.5 7 7.5 8
Superstructure Condition Superstructure Condition
A-11.14 ANOVA Deck condition
Year (Re)- Constructed (B) Span type
Rec. 1900- 1960 e
Rec. 1960-1990 © Simple | o .
Rec. 1990-2017 e
1900-1940 @
1940-1970 | e
1970-2000 E Continuous | @ ]
2000-2017 | °©
5 55 6 6.5 7 7.5 5 55 [ 6.5 7 7.5 8
Deck Condition Deck Condition
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Concrete Cast-in-Place [
Concrete Precast Panels |

Open Grating

Closed Grating

Steel plate |

Corrugated Steel |

Aluminum

Wood or Timber |

Other

Not applicaphle
None

Menalithic Concrete

Integral Concrete
Latex Concrete

Low Slump Concrete |

Epoxy Overlay

Bituminous

Wood or Timber

Gravel [

Other

(G) Minimum Vertical Clearance under bridge (m)

No Highway or Rail

0-4.75

4.75-30

>30

Other
State HA
County HA

Town

Town HA

State Toll

©

Type of Deck

=]

®

8 6.5 7
Deck Condition

Type of Wearing surface

7.5

-
e
)

=)

6 6.5 7
Deck Condition

7.5

©

5.5

6 6.5 7
Deck Condition
Owner

7.5

5.5

6 6.5 7
Deck Condition

7.5

(D) Deck Width {m)
0-7r ©
7-10+ ®
10-20 r ©
20r e
5 55 6 6.5 7 75
Deck Condition
(F) Length of maximum span (m)
0-8.1 ©
6.1-10 | @
10-20 ¢ ©
20-50 1 @
>50 =]
5 55 6 6.5 7 7.5
Deck Condition
(H) Reference feature
1 Highway | e
Other ©
Railroad | Q
5 5.5 6 6.5 7 75
Deck Condition
) Federal Lands Highway
Not FLH | e
FLH @
5 55 [+ 6.5 7 7.5

Deck Condition




(K) Lanes On (L) Lanes Under

1t ® : or © ]
1t - .
2t e :
2t & .
3-4r @ .
341 S ]
»>=5r e 1 »>=5} a 4
5 55 8 6.5 7 75 8 5 3.5 6 6.5 7 7.5 8
Deck Condition Deck Condition
(M) ADT (N) Truck Traffic (% ADT)
o - g oF © 1
0-100 6]
100-500 | ® ] o101 @ ]
500-1000 | ] 1
10-30 @ 1
1000-2000 e
- L o) 4
2000-5000 3050 | - ]
5000-10000 & 1
>10000 @ 1 50-100 | s 1
5 5.5 6 6.5 7 7.5 8 5 5.5 6 6.5 7 7.5 3
Deck Condition Deck Condition
©O) Dgtour Lelngth (krln) . P) Length (m)
0-0.5¢ © 6.1-10 e 1
0.5-2 ]
10-20 - o ]
2-5T o]
20-50 @ 1
5-20 o]
50-100 - <] 1
20-100 c]
100-199 | <] ] 100-500 r o
dead end | =1 1 =500 F & ]
5 5.5 8 6.5 7 7.5 <] 5 55 5 6.5 7 75 8
Deck Condition Deck Condition
Q) Maximum Temperature (°C) (R) Minimum Temperature (°C)
<151 ] 1 <5 ) J
15-20 @ 1 510 e J
20-25 @ 1 10-15 © 1
25-30 1 ® 1 15-20 o J
>30} - . >20r = 1
5 55 6 6.5 2 75 5 5 55 & 65 7 75 8
Deck Condition Deck Condition
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D) Dew Point Temperature (°C)

<10} ©

10-12

0]

®

12-16

16-18

fo]

18-21 e

=21t <

5 5.5 6 6.5 7 75
Deck Condition

(9)] Relative Humidity (%)
<=40 &
40-60 S
60-70 =l
70-80 =]
80-90 —6—
=90 —_—

5 55 6 6.5 7 7.5
Deck Condition

(W)  Snow depth above 1 inch (days)

0051 ®

0567471 o

7.4-30 ®

30-60 e

60 ©

5 5.5 5 6.5 7 7.5
Deck Condition

Y) Distance from Coastline (km)

0-0.25r
0.25-056
0.5-1¢
1-2r
2-3r
34t
4-5r
561
6-7r
7-81
8-9r
9-10 1

¢¢¢¢¢¢¢¢¢¢¢¢

5 5.5 6 6.5 7 7.5
Deck Condition

() Diumnal Temperature range (°C)I
0-10} N
1012 €
1214 ©
14-16 | N
>1g | ©

0-10
10-20
20-30
30-40
40-50
50-60
60-70

>70

Not Allowed

Allowed

5 5.5 <] 6.5 7 7.5
Deck Condition

V) Annual Precipitation {inch)

3 =

5 5.5 ] 6.5 7 7.5

Deck Condition
x) Deicing Region (Deicing)

" L L L

5 5.5 6 6.5 7 7.5

0-0.06

0.06-0.1

0.1-0.14
0.14-0.2

0.2-0.3

0.3-04F}
0.4-08}
>0.81

Deck Condition

(2) Peak Ground Acceleration (g)

&

c]

5 5.5 6 6.5 7 7.5

Deck Condition
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(AA)

Navigation Control

No water underneath

Water underneat |

Water&Nav. Con.

6 8.5 7

7.5

5 55
Deck Condition
A-11.15
A) Year (Re) Constructed

Rec 19.00-1960 °

Rec. 1960-1990 | ]
Rec. 1990-2017 | o
1900-1940 ©
1940-1870 ©
1970-2000 @
2000-2017 e
5 5.5 6 6.5 T 75
Substructure Condition
© Span Type
Simple &
Continuous | o
5 55 8 8.5 7 7.5

Substructure Condition

6.1-10

10-20

20-50

50-100

100-500 |

>500

28&3

485

>5

ANOVA Substructure condition

(B) Length (m)
L ® ]
L ® ]
L e ]
L e ]
<}

L = ]
5 55 6 6.5 7 7.5 8
Substructure Condition

(D) Number of spans
F @
3 5]
3 S
3 <}
5 5.5 6 6.5 7 7.5 8

Substructure Condition
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0-2r
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>30r

No water underneath |

Water underneath
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>10000
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Substructure Condition
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Sl

@

M
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Substructure Condition

Navigation Control
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Substructure Condition
(K) Average Daily Truffic (vehicles)
3 o
]

H e
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o)
H )
I )
H 1)
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Substructure Condition

(F) Deck Width (m)
0-7
7101 ©
10-20 ©
>20F c]
5 55 6 6.5 7 7.5
Substructure Condition
(H) Reference Feature
Highway ©
Other e
Railroad | o]
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Substructure Condition
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0051 e}
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010 e}
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M) Owner
Other e
State HA - ®
County HA | ]
Town =]
Town HA i<l
State Toll 1 ]
5 55 6 8.5 7 7.5
Substructure Condition
(0) Minimum Temperature (°C)
<5r o]
510 r @
1015 e
15-20 =)
20-30 - =
5 55 6 6.5 7 7.5
Substructure Condition
Q) Diurnal Temperature range (°C)
0-10 =
1012 ®
12-14 ©
14-16 e
=16 e
5 55 [¢] 6.5 7 7.5
Substructure Condition
(S) Annual Precipitation (inch)
0-10F =
10-20 1 =]
20-30r cl
30-40 ©
40-50 r e
50-60 - °
60-70 =]
>70F =
5 55 6 6.5 7 7.5

Substructure Condition

(N) Federal Lands Highway
Not FLH ©
FLH o
5 5.5 6 8.5 7 7.5 8
Substructure Condition
P) Maximum Temperature (°C)
<15 e 1
15-20 1 @ 1
20-251 ® J
25-30 ® J
>30 s 7
5 5.5 6 6.5 7 7.5 8
Substructure Condition
(R) Dew Point Temperature (°C)
<10 <] ]
10-12 @ 1
12-16 c) 1
16-18 e _
18-21 El 1
=21F <
5 5.5 6 6.5 7 7.5 8
Substructure Condition
(M Relative Humidity (%)
<=40 | e 1
40-60 ] 1
60-70 ] 1
70-80 e 1
80-90 ——
>90 _ 1
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Substructure Condition
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) Snow depth above 1 inch (days)

0-051 @
05741 ]
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A-111. Appendix Chapter 5: Coastline effect on bridges

A-111.1. Hurricane prone areas of the coastline according to ASCE 7-10 (ASCE, 2010)

Windborme
Debris Reglon

% S spocial Wind Region
oot sl ‘ HAWAII ASCE 7-05 Hurricane-Prone Reglon

‘RICO, VIRGINISLANDS
Boundary of the ASCE 7-10
Hurricane-Prone Region

A-I11. 2. Tsunami prone areas in the US (USGS, 2007).

Chile
Alaska
Puerto Rico / Mona Rift

Virgin Islands

Cascadia

Puget Sound
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A-111.3. Ground elevation of bridges in the US by Kriging interpolation. Ordinary Kriging was

used with the same parameters mentioned in Chapter 3 section 3.2.1. Furthermore, an

exponential variogram was utilized exponential with parameters of: sill 4.86x10* range 0.443 and

nugget:0.

Coastline
0-10m
10-22m
22-50m
50-250m
250-500m
500-750m
750-1000m
1000-1500m
1500-2000m
>2000m

A-111.4.Descriptive statistics of continuous variables

Precipitation 9,85
Elevation -7,93
Pga 0,011
Not 1900
Reconstructed

Year 1913
Recostructed

112,18 47,11 48,49
430,20 22,14 14,66

1,39 0,21 0,11
2016 1977,696 48,49373

2016 1991,337 48,49373

14,29
26,56

0,28
20,81

15,49

-0,10
0,28
0,37

92,70

125,42
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A-111.5. Histograms for the variables of the coastline (vertical axis refers to number of bridges)
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A-111.6. Interaction plots for structural condition of deck
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A-111.7. Interaction plots for structural condition of substructure
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A-111.8. ANOVA for bridge elevations located within 250m inland from coastline
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A-1V. Appendix Chapter 6

A-1V.1 Deck condition interaction plot
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A-1V.2 Superstructure condition interaction plot
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A-1V.3 Substructure condition interaction plot
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A-1V.4. Map distribution of superstructure materials
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A-1V.5. Carbon dioxide emissions in the US from http://vulcan.project.asu.edu/
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A-1V.6. Deck and Substructure age distributions for deicing water environment

Deicing no water
Descriptive statistics for 60 year sampl