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ABSTRACT

Flood hazard is a major threat to the safety and serviceability of transportation
infrastructure systems causing sudden loss of life and property. High levels of discharge
values occurring in flood events may produce excessive scour and accumulations of
debris around the piers of river-crossing highway bridges. The hydrodynamic loading
induced by the increased flow velocities can cause damage and even collapse of the
bridges with the increase in lateral displacement response and the reduction in the lateral
resistance at the pier foundations due to scour. In the meantime, the accumulation of
debris can aggravate the scour depths and enhance the drag force acting on the piers.
Although flood-induced scour is one of the most common causes of past bridge failures,

still there is a lack of structural risk assessment methodologies to address this issue.

This thesis study aims to evaluate the vulnerability of river-crossing highway
bridges subjected to flood-induced loads and scour through the generation of fragility
curves. For this purpose, firstly a sensitivity analysis is conducted to identify the key
modeling parameters affecting the bridge response under flood effects. Then, a
simulation-based probabilistic framework is developed to produce the flood fragility
curves in the absence and presence of debris accumulation. Within the applied
methodology, finite element models of a bridge bent are generated and nonlinear analyses
are performed under the applied flood-induced load and scour effects to compute the
bridge structural response. It is found out that bridge failure probabilities are significantly
increased due to the presence of debris accumulation. The fragility curves generated in
this thesis can be used in future studies on risk assessment of highway bridges under flood

hazards.



OZETCE

Seller ulasim aglarinin giivenliginin ve isletilebilirliginin tehlike altina girmesine
neden olabilen ve ayn1 zamanda ani can ve mal kaybina yol agabilen dogal afetlerdir. Sel
olaylar1 siiresince ortaya ¢ikabilecek yiiksek seviyedeki debiler, nehir gegen koprilerin
orta ayaklar etrafinda asir1 oyulma ve moloz birikmesine yol agabilir. Koprii orta ayak
temellerinde oyulmadan dolay1 yatay zemin direncinin azalmasi ve artan akis hizlar
neticesinde olusan hidrodinamik yiikleme, koprilerin yatayda yaptigi deplasman
tepkisinin artmasina ve kopriilerin hasar almasina ve hatta yikilmasina neden olabilir. Bu
esnada, moloz birikmesi oyulma derinligi ve orta ayaga etki eden siiriikleme kuvvetini
siddetlendirebilir. Sel kaynakli oyulmanin ge¢mis koprii yikimlarinin baslica
sebeplerinden biri olmasina ragmen, halen bu konuya yonelik risk degerlendirme

metodolojilerinde bir eksiklik bulunmaktadir.

Bu tez calismasinin amaci nehir gegen karayolu kopriilerinin sel tarafindan
tetiklenen yiikler ve oyulma altindaki hasar gorebilirligini degerlendirmek iizere
kirilganlik egrileri iiretmektir. Bu amagcla ilk 6nce sel etkileri altinda koprii tepkisine etki
eden en kritikk modelleme parametrelerini saptamak iizere bir duyarlilik analizi
gerceklestirilmistir. Sonrasinda simiilasyon temelli probabilistik bir ¢erceve c¢alisma
gelistirilerek moloz birikiminin oldugu ve olmadigi durumlar altindaki sel kirilganlik
egrileri tretilmistir. Bu ¢aligmada uygulanan yontem kapsaminda, bir koprii ayaginin
sonlu elemanlar modelleri olusturulmus ve kdprii yapisal tepkisini elde etmek Gzere sel
tarafindan tetiklenen yilikleme ve oyulma altinda dogrusal olmayan analizler
gerceklestirilmistir. Calisma sonunda moloz birikiminin mevcut olmasimin kopriilerin
sellere kars1 kirilganligin1 6nemli bir seviyede arttirdigi bulunmustur. Bu c¢aligmada
tiretilen kirilganlik egrilerinin ileride karayolu kopriilerin sel tehlikesi altindaki risk
degerlendirmesi ¢aligmalarinda kullanilabilecegi diisiiniilmektedir.
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CHAPTER |

INTRODUCTION

1.1 Background and Motivation

Bridges are the critical components of highway transportation networks that have
essential roles in national economies. Any disruption in the highway networks due to the
damage or collapse of bridges can fail the transportation of goods and people. The
importance of highway networks and bridges is more evident in the time of natural
hazards (e.g. earthquakes, floods, landslides) as the need for transporting aids is more
vital during those conditions. Therefore, to prevent such undesired socio-economic
consequences, bridges are required to sustain service under hazards (natural or man-
made) by bridge owners. For this reason, the design of bridges should consider the
possible effects of multiple hazards instead of focusing on a single hazard effect. For
example, bridge design criteria under earthquake hazards are very well presented in
widely used codes and manuals such as AASHTO LRFD 2014 [1] or Caltrans Seismic
Design Criteria [2]. However, the design procedures against the flood-induced loads and
scour are not addressed in the bridge design codes adequately and considered by
practicing engineers, although flooding and scour are reported to be the most common

reasons for bridge collapses [3], [4].

The studies examining the past bridge failures stated that the major cause for the
collapsed or heavily damaged bridges is the hydraulic effect during flood events [3]-[8].
Within the 1989-2000 period in the United States, 503 bridge failures caused tremendous
losses to the country according to Shirole and Holt [8], more than 1,000 of the 600,000
bridges in the U.S. were damaged since 1950. %60 of the 823 bridges collapsed in the

U.S. between 1950 and 1990 is due to the hydraulic effects. This ratio for the bridge



collapses between 1966 and 2005 was around 58% [9]. Figure 1.1 shows the distribution
of the causes of bridge failures in the U.S. between 1989 and 2000 [3]. In 1987, Schoharie
Creek Bridge collapsed as a result of scour around piers during a heavy flood event, and
ten people were killed due to the collapse of the bridge. This disaster became a milestone
for the start of the researches on the scour effects for bridges. The impact of scour induced
by flood events can vary in different ways. For instance, the collapse of the Route 66
Bridge over Piney Creek during a 50-year flood in 1996 was caused by the combined
effect of local and contraction scour around bridge abutments. On the other hand, in 1973
the Route 51 Bridge over the South Fork Forked Deer River had been damaged because
of local scour around the pier, rapid channel degradation, and widening following channel

straightening.
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Figure 1.1: The distribution of the causes of bridge failures in the U.S. between 1989
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and 2000 [3].

On the other hand, in Turkey, there are a total of 8030 bridges and 85% of them

are river bridges [5]. There occurred several incidents in Turkey in the past resulting in



the damage or collapse of bridges during flood events. Some examples of the bridges
damaged or collapsed in those incidents occurred between 2011-2018 are Curidere, Efirli
and Cevizdere Bridges in Ordu (Figure 1.2), Yarpuz 1 Bridge in Osmaniye, Giizelcecay
2 Bridge and Abdest Bridge in Sinop, Kadikoéy Bridge in Mersin, Caycuma Bridge in
Zonguldak (Figure 1.3), Karsiyaka Bridge in Samsun, Yayakent Bridge in Izmir. The
most devastating bridge failure among these incidents is the collapse of the Caycuma
Bridge since 15 people lost their lives in this disaster as well as the great economic loss
due to the disruption of traffic over the Caycuma River. The cause of this collapse is
associated with the loss of the resistance at the foundation level with the scouring around
the piers [10]. Moreover, this failure did not occur during the flood event but triggered by
the accumulated effect of local scour at the pier foundation in the previous flood events.
The failures of the bridges in the past due to the effects of flood-induced loads and scour
show the importance of the risk assessment of bridges subjected to these effects as it can
be very critical for taking the necessary precautions such as inspection and maintenance

planning [11].



Figure 1.3: Failure of Caycuma Bridge in Zonguldak due to scour

Yanmaz [7] listed several hydraulic effects that can instigate bridge failures
including the local scouring around bridge piers and debris accumulation on the opening
between piers. During a flood event, the increased velocity of the water flow exerts a

hydrodynamic pressure on the bridge piers in water. Floodwaters can sometimes carry



debris in front of the piers and the horizontal pushing force acting on the pier can be
amplified considerably as a result of the enlarged surface area of the water pressure. In
addition to the hydrodynamic loading, the increased velocities in a flood condition can
induce local scour at the pier foundations and this can result in a decrease in the lateral
resistance of the piers. Thus, the bridge can become more susceptible to structural or
geotechnical damage or even instability with the combined effect of the hydrodynamic

loading and local scour at the foundation.

Risk assessment of bridges is crucial for avoiding the damage and even collapse
of bridges during possible natural hazards. It also allows for better maintenance planning
that can lead to an enhanced lifetime performance of bridges. The assessment of bridge
risk against earthquake hazards has been intensively investigated by many researchers in
the last two decades. The effect of multiple hazards (multi-hazards) has also gained
attention in the research society in recent years. The combined effect of flood-induced
scour and earthquake can be given as an example for such a multi-hazard effect on
bridges. In probabilistic risk assessment of structures, fragility curves are utilized as the
fundamental tools which have been derived in many research studies for seismic and
multi-hazard risk assessment of bridges. However, such structural risk assessment
methodologies have not been adequately studied under the single-hazard of floods. Thus,
in order to address the lack of knowledge on this issue, this thesis aims to develop a
methodology to evaluate the vulnerability of river-crossing highway bridges subjected to

flood-induced loads and scour through “flood fragility curves”.



1.2 Objectives

The objectives of this thesis can be listed as:

1. To develop a probabilistic framework to obtain fragility curves for river-crossing
highway bridges subjected to flood-induced loads and scour at pier foundations,

2. To evaluate the performance of bridges subjected to floods for the presence and
absence of debris accumulation at bridge piers,

3. To determine the most significant uncertain parameters to which bridge response

against flood effects is the most sensitive.

1.3 Organization of the Thesis

This thesis is composed of five chapters with the following contents:

Chapter 2 presents a literature review about the studies on performance assessment of
bridges under multiple hazards, uncertainties affecting the response of bridges, and

estimation of scour depth and drag force on piers.

Chapter 3 constitutes the procedure and outcomes of the sensitivity study performed to
identify the key uncertain parameters affecting bridge response under floods. The
considered uncertainties related to soil, scour depth estimation, and bridge modeling are
presented in this chapter followed by the Tornado diagrams plotted as the tool employed

for the sensitivity analysis.

Chapter 4 includes all aspects of the probabilistic framework proposed for the
development of the fragility curves of bridges subjected to flood-induced loads and scour.
Firstly, the study bridge features, finite element modeling and analysis method, the
considered flood-induced loads and scour effects on the bridge bent model are introduced.

Then, the results of the applied simulations are given in terms of the proposed



Probabilistic Flood Demand Model and the produced flood fragility curves are displayed

for the presence and absence of debris accumulation at bridge piers.

Chapter 5 presents a summary of the thesis and the most significant outcomes obtained
in this study. The recommendations for future studies are also discussed at the end of this

chapter.



CHAPTER II

LITERATURE REVIEW

2.1 Previous Studies on the Performance Assessment of Bridges

Subjected to Multiple Hazards

Performance evaluation of bridges under a hazard is a significant procedure for
mitigating the risks that include possible life and monetary losses. With the progression
of performance-based earthquake engineering, fragility curves that represent the
performance of bridges for different damage levels under various levels of earthquake
ground motions have started to replace deterministic assessment procedures based on a
specific region. Seismic fragility curve is the conditional probability statement that shows
the possibility of a structure to sustain or surpass a predefined level of damage for a given
intensity measure of the seismic excitation [12]. Over the last two decades, various
researchers have suggested and implemented different fragility curve methods and

approaches, such as expert-based, empirical, analytical, and hybrid methods [13].

Bastz and Kiremidjian [14], and Shinozuka et al. [15] developed empirical seismic
fragility curves by utilizing the actual damage data obtained from the 1989 Loma Prieta,
1994 Northridge, and 1995 Kobe earthquakes. On the other hand, the damage data
collected after earthquakes can sometimes be lacking, thus some other researchers [12],
[16]-[21] developed analytical seismic fragility curves by simulating the damage data
through the analysis of the computer models of the structures. Avsar et al. [13] generated
seismic fragility curves for typical highway bridges in Turkey using analytical methods.
In developing both types of fragility curves, different probabilistic statistical approaches

such as “logistic regression analysis”, “maximum likelihood method” and “Bayesian”

approaches were implemented.



The seismic fragility of bridges has the potential to increase by some internal or
external effects. For example, Zhong et al. [22], Choine et al. [23], and Ghosh and Sood
[24] studied the corrosion effect on seismic fragility curves. On the other hand, the
seismic fragility assessment of bridges subjected to flood-induced scour was investigated
in some studies. In these studies, bridges can be considered to be under the effect of the
multi-hazard condition of earthquakes and floods [25]-[30]. Although seismic (and multi-
hazard as indicated above) vulnerability assessment of bridges gained great attention in a
large number of studies in the past, similar studies were not sufficiently conducted for the

flood condition alone.

As mentioned above, the most common causes of bridge collapses are reported to
have hydraulic nature, especially originating from scour and other effects of floods [31],
and these effects can be exacerbated by climate change [32]. Despite the negative impacts
of floods that can instigate bridge failures, vulnerability assessment of bridges against
floods has not been adequately investigated. Only a few studies on the development of
flood fragility curves of bridges were published in the last five years. Lee et al. [33]
presented a reliability analysis (first-order reliability method) utilizing the outputs from
finite element analysis for developing flood fragility curves of bridges. In their
methodology, structural deterioration and debris accumulation were considered as the
flood-related risk factors that can cause structural damage and flow-induced
hydrodynamic loads were applied for a real bridge as the study case. However, in their
study scour was not taken into account as a flood-induced risk factor, although a large
percentage of bridge failures can be associated with the occurrence of scouring. On the
other side, Kim et al. [34] considered scouring at bridge foundations as a flood-induced
risk factor for bridges in addition to the increased water pressure due to the accumulation

of debris around piers and structural deterioration caused by corrosion of steel



reinforcement. They developed flood fragility curves for the performance limits of minor,
major, and collapse damage states for a real bridge in Korea, which is Wangsukcheon

Bridge collapsed in 2001 due to the excessive scour around its piers.

Turner [35] investigated the vulnerability of eight bridges in Colorado subjected
to flood hazards by deriving the fragility curves of the composite girders of these bridges.
In his study, he focused on determining the failure risk of the inundated superstructures
when subjected to flood forces and considered the inundation ratio as the intensity
measure for representing the flood hazard level. Kalendher [36] carried out a fragility
analysis to determine the variability in the failure probability of bridges for the flood
loading and structural capacity. To develop the fragility curves, a procedure, which is
applicable for all types of bridges, was established for a concrete girder bridge. In this
procedure, he considered the bridge to be subjected to the hydraulic loading and impact
of log and debris induced by a flood event. The other factors that can influence the bridge's
structural integrity such as scouring or deterioration were disregarded in the procedure.
Kalendher [36] focused only on the bridge superstructures in his study because after the
2011 and 2013 floods in Locker Valley Region in Queensland, the results of the
performance analyses of the bridges revealed that the bridge decks were the most
damaged components. The predicted bridge failure probabilities under flood hazards were
aimed to be considered by the highway authorities to strengthen the bridges in case of a

flood hazard.

Qeshta [37] derived wide-ranging methods for the fragility and resilience
assessment of the bridges under extreme wave hazards. He aimed to investigate the
effectiveness of carbon fiber jackets to help the decision-making process for the retrofit
of bridge piers against flood hazards. In developing the fragility curves of the bridges

under flood hazard, he considered four different intensity measures, namely flow

10



velocity, inundation depth, momentum flux, and moment of momentum flux. Also, the
fragility curves were generated for both the initial and strengthened bridge models and
the drift of the piers was taken as the engineering demand parameter to relate the bridge

response with damage.

2.2 Previous Studies on Consideration of Uncertainties Affecting the

Response of Highway Bridges under Multiple Hazards

Flood performance assessment of river-crossing highway bridges subject to flood-
induced scour is vital for improving the design procedures and decreasing the risk of
failure. Reliable performance assessment of a structure is strongly dependent on a
meticulous analysis of the structural response. Bridge response under an extreme event
such as floods or earthquakes obtained from the nonlinear structural analysis can
noticeably vary due to the existence of various sources of uncertainties. There are mainly
two classes of uncertainties, aleatoric and epistemic. Aleatoric uncertainties are originated
from the inherent randomness in the components of a system such as construction material
properties, soil properties, flow velocity of a flood, intensity of an earthquake ground
motion, etc. Epistemic uncertainties are introduced due to the lacking knowledge within
the methodology used in the system. Model error, sampling error, lack of objectivity in
limit state definitions, lack of knowledge on as-built conditions can be considered as the
sources of epistemic uncertainty in analytical fragility analysis [38]. Wen et al. [39]
mentioned that the lack of knowledge of the directionality of strong motion, selection of
ground motion suites, and assumptions made by the analyst are the additional sources of
uncertainties. The present study considers the uncertain parameters associated with the
modeling parameters including construction material properties and soil properties and

the uncertain parameters associated with scour depth estimation.
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In most of the past researches, uncertainty assessments were either investigated
primarily or considered as a part of the methodologies. Some of the researchers [12], [21],
[38], [40], [41] studied the seismic performance of bridges considering uncertain

variables.

Padgett and DesRoches [21] evaluated the relative importance of various
uncertain parameters on the seismic response of retrofitted bridges. They found that the
fragility curves of retrofitted bridges are more sensitive to the uncertainty in base
geometry (i.e. span length, column height, deck width) than the ground motion and
modeling parameter uncertainties. Mackie and Nielson [38] attempted to show the
relative contributions of aleatory and epistemic uncertainty sources on the seismic
fragility curves of bridges. They considered the randomness in the ground motion suite
and several modeling parameters including steel strength, concrete strength, steel mass
density, concrete mass density, steel ultimate strain, concrete spalling strain, concrete
ultimate strain, and damping ratio. Ma et al. [40] investigated the importance of various
uncertain parameters by carrying out seismic analysis of a regular continuous highway
bridge and constituted probabilistic seismic demand models of the bridge in near-fault
and far-fault earthquake zones. In their study, seven different random variables were
considered throughout the probabilistic seismic analysis, but three of them, which are
damping ratio, pier diameter, and concrete strength, were found as the most important

among others.

Some other researchers [6], [30], [42]-[45] studied the seismic performance of
bridges under scour effects by incorporating uncertainties. For instance, Ghosn and
Johnson [45] determined the reliability of bridge piers under the coupled effect of scour

and earthquakes by using a modified Ferry-Borges algorithm. In that study, maximum
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yearly discharge, Manning roughness coefficient, modeling variable, and bed material

condition factor (Ks) were adopted from the study of Johnson and Dock [46].

Banerjee and Prasad [42] estimated the performance of two examples of
reinforced concrete bridges in California by employing time-history analyses under
earthquake ground motions representing regional seismicity and scour resulting from
various regional flood events. They concluded that the bridges under flood induced-scour
effect tend to be more susceptible to damage under earthquakes such that the combined
effect of scouring and a moderate level of earthquake intensity may lead to the same
damage level that could result from the single hazard of a strong ground maotion. In the
same study, for the objective of evaluating the uncertainties in the flood hazard model, a
sensitivity analysis was conducted to identify the major parameters in the scour depth
estimation equation. However, the uncertainties in the peak discharge for a flood event
and the other parameters involved in the scour depth estimation equation were not taken
into consideration in the seismic performance evaluation since the variation in scour
depths was found to produce insignificant variation in the bridge seismic response. A
similar sensitivity analysis for scour depth estimation parameters was also performed by
Yilmaz et al. [30] and deterministic (mean) values of scour depths obtained from the
average peak discharge value (with 50% confidence level) for various levels of flood
events were taken for generating the fragility and risk curves of highway bridges under
the multi-hazard of earthquake and flood-induced scour. On the other hand, a separate
sensitivity analysis was carried out to determine the key modeling parameters that are the
most effective on the bridge seismic response, and then a rigorous uncertainty analysis
was performed to generate the multi-hazard fragility and risk curves where the

uncertainties were quantified through 90% confidence intervals.
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Alipour et al. [43] developed scour load-modification factors that can be used for
the seismic design of bridges subjected to scour. For this purpose, the joint probability of
failure for earthquake and scour hazards were computed and compared with the target
reliability index given by design codes. To address the uncertainties present in estimating
the recurrence and severity of the earthquake and scour hazards, seismic hazard curves
were employed, and scour risk curves were generated. However, the randomness in
bridge properties was not considered in the bridge models for deriving the seismic
fragility curves. Scour risk curves showing the probability of exceeding a given scour
depth were generated by accounting for the uncertainties in the parameters used in the
scour depth estimation equation along with a scour modeling factor. For the objective of
reaching load combinations under the same multi-hazard, Wang et al. [44] suggested a
risk-based design approach that combines earthquake and scours hazards. They
recommended a scour load factor of 0.59 to be multiplied with scour depth estimated from
the design flood event (100-year return period) and this scour depth should be considered
in the analysis under the design earthquake loading. In this study, they produced the scour
hazard curve by conducting a Monte Carlo simulation that incorporates the uncertain
parameters within the scour depth equation such as scour modeling factor (or also called
bias), the correction factor for the flow angle of attack (K2), the correction factor for

stream bed condition (Ks), and Manning roughness coefficient (n), and channel slope (S).

In the meantime, the hydraulic uncertainties affecting the estimation of scour
depth around bridge piers have drawn the attention of many researchers [47]-[55]. For
example, Tung [52] performed a study to evaluate the effect of uncertainty in hydraulic
design and analysis. He assumed all the uncertain parameters included in his study as
triangularly distributed and accepted the coefficient of variation (COV) values as 0.10,

0.12, and 0.04 for the Manning roughness coefficient, channel slope, and discharge,
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respectively. Johnson [48] presented a method that provides a bridge design approach
considering various uncertainties in scour. She obtained bridge safety factors by
conducting a Monte Carlo simulation to compute the probability of failure due to the
nonlinear characteristic of the failure function. In that study, the Colorado State
University (CSU) equation (HEC-18 [56] equation), which was generally preferred for
estimation of pier scour depth, was modified to capture the probability of failure due to
scouring. The flow depth related to the stream of interest was assumed to be normally
distributed with a COV value of 0.2. The other important parameter was sediment
gradation, which was shown to be influencing scour depths especially at lower Froude
numbers according to the available experimental data from the University of Auckland
[50], [57]. Sediment gradation was taken as lognormally distributed with a COV value of
0.2. Johnson and Ayyub [58] presented recommendations for decision-makers and
designers on the management of scouring at existing piers and pier constructions to
prevent pier scour failure. They established a new technique for calculating the likelihood
of failure of a bridge pier under time-varying scour progression. For this purpose, they
assumed that the particle size is uniformly distributed with a COV value of 0.05, the angle
of flow to the pier has a normal distribution with COV value of 0.2, and sediment

gradation follows a lognormal distribution with a COV value of 0.1.

Johnson and Dock [46] suggested a probabilistic scour estimation methodology
by incorporating uncertain parameters to the deterministic HEC-18 equation and applying
it on a real-life bridge, the Bonner Bridge in North Carolina. This probabilistic framework
takes into account the model, hydraulic, and parameter uncertainties. The model in
laboratory conditions may not represent the complexities in the field, so the model
correction factor or bias was suggested to be included in the scour prediction equation.

The other class of uncertainty is hydraulic, which is related to the flow depth and flow
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velocity at a specific site. The parameter uncertainty is caused by an inability to measure
parameters correctly. Correction factors in the HEC-18 equation and the pier width
defined the parameter uncertainty in their study. Johnson [53] quantified uncertainties in
many hydraulic parameters regarding the probability distributions and their coefficients
of variation. In her study, the Manning roughness coefficient (n) of a stream (Paint Branch
stream) was determined to have uniform distribution and the average n value at the
channel bottom was obtained as 0.037 and 0.034 with COV values of 0.284 and 0.175 for
the upstream and downstream, respectively. Similarly, the U.S. Army Corps of Engineers
led a parallel study to capture the Manning coefficient for ten stream sections. They
determined that the Manning roughness coefficient has lognormal distribution with the

average value varying from 0.02 to 0.062 and COV ranging between 0.20-0.35.

Johnson et al. [54] assessed the model uncertainty in the HEC-18 equation [56]
and in the FDOT equation [59] and the parameter uncertainties, particularly about the
channel flow regime. They addressed the parameter uncertainties in four different aspects,
which are discharge, energy slope, channel Manning coefficient, and floodplain Manning
coefficient. The model uncertainty shows how well the scour prediction equation
estimates the actual scour depth, so the model uncertainty is also referred to as bias. The
bias is the ratio of the observed scour depth from available laboratory data to the estimated
scour depth calculated from the empirical equations. They suggested the modeling bias
values and their coefficient of variation values for two different scour prediction
equations at the corresponding target reliability indices. Also, a procedure for the
reliability assessment of protected and unprotected bridge piers subjected to time
development of scouring is recommended. They used Monte Carlo Simulation technique
and Fault Tree Analysis to forecast the probability of bridge failure. They assumed that

the mean flow velocity is normally distributed with a COV value of 0.329, and flow
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intensity, which is expressed as the ratio of upstream shear stress to sediment critical shear
stress, follows normal distribution with a COV value of 0.2. Pier width and pier
foundation depth were also taken as random variables in this study and were assumed to
follow normal distribution with COV values of 0.05 and 0.1, respectively. The properties
of flow depth were adopted from Johnson [48], and the median values were also adopted
from Johnson and Ayyub [58]. Furthermore, they presented that scour depth has a normal

distribution with a COV of 0.05.

Yanmaz [55] performed a study to figure out the appropriate probability
distribution functions (PDF) for scouring uncertainties to be applied on cylindrical and
non-cylindrical pier shapes. According to this study, the relative approach flow depth
could be represented with the log-Pearson Type-3 distribution for cylindrical piers. Also,
2-parameter lognormal (LN2), 3-parameter lognormal (LN3), log-Pearson Type-3
(LPT3), Pearson Type-3 (PT3) and normal distributions could all be fitted to the live bed
relative scour depth, while all these distributions excluding normal distribution could be
suitable for the Froude number. For the other type of pier shape; LN2, LN3, PT3, and
LPT3 could be fitted to the relative approach flow depth, all considered PDFs could be

used for relative scour depth, and no PDF was recommended for the Froude number.

Johnson [60] utilized fault tree analysis to reach the probability of failure of
bridges considering different combinations of scouring and channel instabilities. She
studied three different real-life example bridges exposed to scouring, and site-specific
distribution parameter values and COV values for considered for random variables. She
concluded that the estimation of the COV for all uncertain parameters may play a more
critical role than the choice of distribution type. Yanmaz and Ustiin [61] studied the
reliability of uniform piers with different shapes under the local scour effect. They

assumed that resistance and loading are lognormally distributed as adopted in many
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previous studies and demonstrated that it is a reasonable assumption based on the results
of the Chi-square and Kolmogorov-Smirnov tests. The mean and standard deviation
values were determined from the method of maximum likelihood for cylindrical and non-
cylindrical types of piers separately. Yanmaz and Calamak [62] developed a reliability
model to evaluate the risk of live-bed scour around bridge foundations by using Monte
Carlo simulation technique. They incorporated the uncertainties in the hydraulic
parameters and bed material properties affecting the scour around a pier. The approach
flow depth and velocity, and the median size (Dso) of bed material were considered as
random variables and their statistical distributions were adopted from various past studies
[53], [55], [60], [63]-][65]. Khalid et al. [66] performed a sensitivity analysis to show the
effect of several uncertain parameters on the reliability of pier foundations. The
sensitivity analysis showed that scour depth is exacerbated by the increasing values of
flow depth and flow velocity, which were described as load variables. On the other hand,
scour depth was reduced with the increasing values of mean sediment size and foundation
depth, which were called resistance parameters that contribute to the safety of the bridge.
They also performed a parametric study to estimate the impact of different random

variables on the reliability of piers.

2.3 Previous Studies on Scour Depth Estimation

Scour depth estimation is an essential task for the hydraulic design and assessment
of bridges, since the occurrence of scour and its depth can affect the behaviour of bridges
and also scour depth can be affected by many factors. For this reason, many researchers

have focused on investigating better estimations of scour depth.

Scour is the removal of bed material surrounding piers and abutments as a result of
the action of flowing water. A wide range of factors such as depth of water, angle of
attack of the flow, flow velocity, shape of the pier, properties of river bed material
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influence the extent of scour around piers. The total scour depth is estimated by the sum
of three primary scour types, which are long-term degradation, contraction scour and local

scour as detailed below [56].

1. Local Scour: It is defined as the removal of river bed material from around the base of
piers or abutments resulting from the rapid water flow and horseshoe vortices caused by
obstructions to the river flow by piers or abutments. A schematic representation of local

scour occurring at a pier is presented in Figure 2.1.

2. Contraction Scour: This type of scour is described as the removal of sediment from the
bottom and side of the river bed induced by the narrowing of the river channel cross-

section.

3. Long-term degradation: It is the lowering of the bottom of a stream caused by natural
or man-induced reasons which are resulting from the modifications to the stream. It is
generally a natural process and the trend for the long-term degradation may show different
characteristics throughout the bridge service life. A large amount of sediment removal

should be avoided because it may lead to channel instability problems [56].

@ Horseshoe Vortex

Figure 2.1: Schematic representation of local scour at a pier [56]

For contraction and local scour, the condition of whether clear-water scour and
live-bed scour occurs should be evaluated. If river bed material is transported from the
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upstream of the bridge to the downstream, this condition is live-bed scouring, but if there
IS no substance carried with the flow, this is called clear-water scour. Base material
properties affect the scouring. For example, loose and granular river beds are eroded
rapidly by water flow than cohesive and dense river beds. However, the scour at cohesive
and dense bed materials can be deeper than those with sandy soil. The evaluation of pier

scour depth in time for clear-water and live-bed conditions is presented in Figure 2.2.

MAXIMUM CLEAR-WATER SCOUR

~ EQUILIBRIUM SCOUR DEPTH

10%

LIVE-BED SCOUR

CLEAR-WATER SCOUR

PIER SCOUR DEPTH, y,

TIME

Figure 2.2: The change in pier scour depth with respect to time in sandy bed material.
[56]

The practice of scour prediction is generally handled by calculating the scour
depths through empirical equations, but sometimes other methods such as neutral network
procedures can be used to estimate the scour depths [67]. Researchers have performed
several studies on this issue and developed different scour prediction equations. The
parameters considered in empirical equations may be different from each other as these
models are usually constructed based on the findings from the laboratory or field data.
Therefore, this can lead to inconsistencies in the scour depths estimated by using different
equations. Also, more importantly, the resulting scour depths obtained from these
equations and the actual scour depths measured at a site may not well-suit. The reason

for this variance can be attributed to the process of developing a model for scour depth
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estimation based on laboratory studies. Despite the error margins included in the scour
depth estimation equations, the Colorado State University equation, which is the most
commonly used method for scour depth estimation among others, is suggested in the U.S.
Department of Transportation’s Hydraulic Engineering Circular No. 18 (HEC-18) [56]
for both live-bed and clear-water cases. This equation is given in Equation 2.1 below. The

parameters existing in this equation are schematically displayed in Figure 2.3.

Vs a 0.65
= 20 K, K, K (y—) Fr %% (2.1)
1 1

where;

ys: Scour depth around piers,

y1: Flow depth at the pier,

K1: Correction factor for the pier nose shape,

K2: Correction factor for the angle of flow attack,
Ks: Correction factor for the river bed condition
a: pier width

Fr.: Froude number directly upstream of the pier
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Figure 2.3: The pier scour and the associated parameters [56].

HEC-18 suggests a limitation for the scour depth calculated from Equation 2.1.
The scour depth (ys) should not exceed 2.4 times the pier width when the Froude number
is lower than 0.8, and it should not exceed 3.0 times the pier width when the Froude
number is greater than 0.8. Apart from the widely used HEC-18 equation for scour depth
prediction, the remaining part of this subsection presents the scour depth prediction
equations proposed in various other researches. The readers are referred to the original

references for the detailed explanation of the below mentioned models.

The scour depth prediction developed by Laursen and Toch [68] was presented

by Neil [69] as follows:
ys = 1.35a%7y?3 (2.2)

Shen et al. [70] suggested the following scour depth prediction equation:

0.3

14
ys = 0.00022( :a) (2.3)

where;
V: Average velocity of the approach flow,

v =1x10°%m%s
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Breusers et al. [71] developed the below equation for the prediction of scour depth.
_ Y 2.4
yvs=af KK, [Ztanh(a)] (2.4)

where; f=0forv/v, > 0.5, f=1forv/v, > l,and f=(2v) /v, — 1for0.5 <v/v, < 1.

Jain and Fischer [72] recommended the below equations to estimate scour depth.

0.5
y, = 2.0a(F — F,)°25 (%) (F—F,) > 0.2 (2.5)
y1\%° 2.6
v, = 1.85a(F,)°25 (E) 0 < (F—F,) (2.6)
Ve

where; Fcis the critical Froude number and it can be calculated with the equation Ty
1

for the condition of 0 < (F-F¢) <0.2. The greater value resulted from the Equations 2.5
and 2.6 should be considered as the estimated scour depth.

Hancu’s [73] equation to estimate the scour depth is given below:

=2.42 [2<V) 1] Vel 0.05 <VC2 <0.6 (2.7)
Vs =242a 7 7a for 0. <5a =0 .

where;

Y1

V, = 1.2 \/gDso[ (Ps_ EiA (2.8)
A 9Dsol(ps-p)/P] Deg

V: Flow velocity

Ve: Critical velocity

(2 VK— 1) is equal to 1.0 for the condition of clear-water scour. Meanwhile, the above

Equation 2.7 is not applicable for VL < 0.5.

Froehlich [74] developed the following equation that can be used for scour depth

estimation:
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0.62

b y 0.46 a 0.082
) L (5 % (2.9)
ys_0.32a¢F‘r1 (a) (a) (DSO)

where; ¢ is the coefficient related to the pier nose shape, be is the width of the bridge pier
projected normal to the approach flow; Dsg is the median grain size of bed material.

Melville and Sutherland [75] suggested the below equation that is composed of
several correction factors:

Vs =k kaky, ko ks a (2.10)

where;
ki: Flow intensity factor,
kq: Sediment size factor,
ky: Flow depth factor,
ka: Pier alignment factor,
ks: Pier shape factor.

The abovementioned scour depth estimation equations have been compared to each
other by some researchers. For example, Jones [76] compared several scour depth
estimation equations by using the limited field data and laboratory data. He broke down
into three different classes that are namely, the University of lowa, Colorado State
University (CSU) and others based on foreign literature. He found that the CSU equation
shows the best fitting performance with respect to the field data. Johnson [47] also
compared the most commonly-used seven different equations, and she concluded that
some of them yielded serious overestimations. Landers and Mueller [77] found that none
of the equations they examined could predict the depth of scour for all conditions

accurately in both live-bed and clear-water.
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2.4 Estimation of Drag Force on the Piers

Bridge design codes or technical reports provide various methods to calculate
hydrodynamic loads on bridge piers due to flowing water. Some of the researchers have
used these equations to calculate the loads in their studies for the performance assessment
of bridges against flood hazards. For instance, Kim et al. [34] and Lee et al. [33] followed
the Sl-unit version of the equations of AASHTO [78] and KHBDS [79] to apply the water
pressure as an external load to the bridge piers for generating flood fragility curves of
their investigated bridges. Kalendher et al. [80] employed the AS5100.2 code provision
[81] to apply the force caused by a flood event and produced fragility curves for
reinforced concrete girder bridges under flood hazard accompanied with debris impact
force. Lokuge et al. [82] utilized the Australian Standards [83] and [81] for calculation of
flood loads and analysed a real-life bridge to determine the flooding effect on the bridge.
Jordan [84] analysed a case study of Tenthill Creek Bridge exposed to flood loads
considering various design standards around the world. The below subsections give
details on the estimation of drag force of flowing water according to different bridge

design standards from around the world.
2.4.1 Australian Bridge Design Standard (AS 5100.2, 2004) [81]
The drag force acting on a pier (Fg,) can be computed with Equation 2.11 below.
Fi, = 0.5 Cq V2 Ay (2.11)
where;

C,: Drag coefficient, which can be obtained from Table 2.1 for different pier shapes.

1},: Mean velocity of flowing water,
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A, Projected area of pier exposed to flood load (The bottom level of superstructure or

debris level is considered as the ultimate point where the water pressure is exerted on the
pier.)

Table 2.1: Drag coefficients per AS 5100.2, 2004 [81]

Cq Shape of pier
Semi-circular pier nosing 0.7
Wedge, sharper than 90°, nosing 0.8
Square end pier nosing 1.4

The debris force acting on a pier can be obtained similar to the drag force by
increasing the tributary area subjected to flood as much as the size of debris accumulation
which is represented with A4, (the tributary area of debris ) in Equation 2.12. The drag
coefficient for the condition of debris accumulation can be attained from Figure 2.4
below. The length of debris accumulation shall be considered as the smaller of the sum
of the adjacent spans or 20 m. The middle point of debris height should be chosen as the

point where the debris force acts on the pier per AS 5100.2, 2004.

Fi, = 0.5 Cy V2 Agep (2.12)
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Figure 2.4: The chart of drag coefficients for debris accumulation conditions (adopted
from the Australian standard 2004b [81]).
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2.4.2 European Bridge Design Standard (Ba 59/94) [85]

The hydrodynamic pressure according to European Bridge Design Criteria [85]
can be calculated with Equation 2.13 below for only under the condition where the flow

water is acting perpendicular to the piers.

P =051K U2 (2.13)

where; P is the pressure (kN/m?). The coefficient K in Equation 2.13 depends on the shape
of the pier and it has a wider range of values compared to the drag coefficients of the
Australian standard presented in Section 2.4.1. The values of K is presented in Table 2.2.
The parameter U stands for the velocity of river flow (m/s). It is assumed that the flow
velocity varies linearly from zero value at the river bed level, which can change due to

scouring, to a maximum value at the water surface.

Table 2.2: The values of K per European Bridge Design Standard [85]

Pier type K
Square ended piers 1.5
Circular piers 0.66
Piers with triangular cutwater angle (<30°) 0.5

Piers with triangular cutwater angle (30° to 60°) 0.5t00.7

Piers with triangular cutwater angle (60° to 90°) 0.7t00.9

The drag force and lift force can be estimated by utilizing Equations 2.14 and 2.15
below per European Bridge Standards for the circumstances where the flow water acts on

the pier with an angle.
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_Cp pUG o L (2.14)

b= 2000
_ G pU§ yo L (2.15)
Fp= 222207 :
2000

where Up represents the flow velocity (m/s), yo is the depth of pier, L is the diameter of a
single cylindrical pier or length of the pier, and p is the density of water. The drag
coefficient Cp and the lateral drag coefficient C. in Equations 2.14 and 2.15 are not
provided in the European Bridge Design Standard, but another paper provide these

coefficients in a chart form [84].

To account for the extra hydrodynamic loads acting on a pier induced by debris
accumulation, the minimum debris height shall be taken as 1.2 m and the length of debris
should be considered as half of the sum of two adjacent spans not exceeding the maximum
debris length of 21 m. If the size of debris is not considered to reach the above-mentioned
size, Equation 2.16 given below can be used to compute the increased pressure due to the

accumulation of debris on piers.
P =0.517 U2 (2.16)

2.4.3 American Bridge Design Standard (AASHTO LRFD, 2014) [1]

The stream pressure acting on bridge piers can have two components, in the
longitudinal and in the lateral directions of the substructures. The longitudinal (drag)

stream pressure is given in AASHTO LRFD Bridge Design Standard [1] as:

w
P=Cp 29 V2 (2.17)

where;
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P: Stream pressure (ksf),

Cp : Drag coefficient values, which can be obtained from Table 2.3,
w: Specific weight of water (kcf),

g: Gravitational acceleration (ft/s?),

V. Water velocity (ft/s),

For calculating the drag force on the piers, the stream pressure as calculated in
Equation 2.17 should be multiplied with the surface area of the pier which is exposed to

flowing water.

Table 2.3: Drag coefficient per AASHTO LRFD [1]

Type of pier shape Cp

Semi-circular-nosed pier 0.7

Square-ended pier 1.4

Debris lodged against the pier 1.4

Wedged-nosed pier with nose angle 90 degrees or 0.8
less

In the case of accumulation of debris, AASHTO suggests that the draft New
Zealand Highway Bridge Design Specification can be considered if site-specific data is
lacking. The accumulation shape can be assumed with a triangular geometry in which the
amount of accumulation decreases from the water surface (at the same level as the top of
debris) to the bottom end of accumulation. The width of debris should be taken as half of
the sum of adjacent span lengths or 45 ft, whichever is the smallest. The height of debris
should be taken as half of the water depth, but not exceeding 10 ft. When this geometry
of debris accumulation is taken into consideration, the drag coefficient in Equation 2.17

should be taken as 0.5.
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2.4.4 Indian Code of Practice, 2014 [86]
The intensity of pressure (in kKN /m?) can be calculated with the following equation
according to the Indian Code of Practice [86].

9.81
P=52KV* 7o (2.18)

where;
V: Velocity of flow (m/s),
K: Pier shape coefficient, which can be obtained from Table 2.4 for different pier shapes.

The square of flow velocity is assumed to increase linearly from zero at the river
bed level to the surface of water. The square root of two times the maximum velocity of

the current is equal to the maximum velocity of the water.

Table 2.4: K values per Indian Code of Practice [86]

Pier shape K
Squared ended piers (and for the superstructure) 1.5
Circular piers or piers with semi-circular ends 0.66
Piers with triangular cut and ease waters, the angle included 05
between the faces being 30° or less '
Piers with triangular cut and ease waters, the angle included 0510 0.7
between the faces being 30°and 60° ' '
Piers with triangular cut and ease waters, the angle included 0.710 0.9
between the faces being 60° and 90° ' )
Piers with cut and ease waters of equilateral arcs of circles 0.45
Piers with arcs of the cut and ease waters increasing at 90° 0.5

2.4.5 Hydraulic Engineering Circular No: 9 [87]

The study of Parola [88] was taken as a model in HEC-9 [87] for developing the
equation of hydrodynamic drag force in the presence of debris accumulation. The

definition of debris accumulation geometry is the first step towards finding the
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hydrodynamic force acting on a bridge. The second step is the computation of flow
hydraulics features such as water velocity. Finally, the hydrodynamic loads considering
the hydraulic characteristics of the river under the presence of the debris accumulation

can be computed with Equation 2.19 below.

V2

where;

F}, : Drag force (N, Ibs),

Cp : Drag coefficient, which can be obtained from Table 2.5.
y : Specific weight of water (N/m?, Ibs/ft3),

Ap : Area of the wetted debris (m?, ft?),

V: : Reference velocity (m/s, ft/s),

g: Gravitational acceleration (m/s?, 32.3 ft/s?).

Table 2.5: Drag coefficient for debris on piers per HEC-9 [87]

Value of B Value of F, Cpb

B <0.36 Fr<0.4 1.8
B<0.36 04<F:<0.8 26 -20F,
0.36 <B<0.77 Fr<1 3.1-36B
B>0.77 Fr<1 14-148B

To determine the drag coefficient, the blockage ratio B and Froude number F, are
required to be calculated per HEC-9 [87]. The blockage ratio can be calculated from the

below equation:

Aq

= 2.20
Ag + A, (2.20)

B

where;
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A, Blocked cross-sectional area by debris (in m? or ft?),

A, Cross-sectional area of flow without obstructions (in m? or ft?).

Froude number E.(=V,/\/g y,), wWhich is a unitless parameter, increases with

reference velocity proportionally and decreases with the square root of the multiplication

of gravity acceleration and average flow depth (at the reference velocity of water).
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CHAPTER 111

SENSITIVITY ANALYSIS FOR PERFORMANCE
ASSESSMENT OF RIVER-CROSSING HIGHWAY
BRIDGES UNDER FLOOD HAZARD

3.1 Uncertainties in Performance Assessment of Highway Bridges
3.1.1 Uncertainties Associated with Bridge Modeling

Eight uncertain parameters associated with the bridge modeling are identified and
elaborated in the following paragraphs. The accepted probability distributions and the
related probability parameters for each of the random variables are presented in Table

3.1.

1. Unit mass of concrete
To account for the variability in the bridge self-weight, Lee et al. [33]
considered the unit mass of concrete as a random variable in their reliability
analysis procedure. The mean value of concrete mass density was taken as 2300
kg/m® and COV value was 0.05, and it follows normal distribution per their study.
In the present study, the mean value of concrete unit mass is taken as 2400 kg/m?®
following the Turkish Bridge Design Manual [89] with a COV value of 0.05 by
following normal distribution.
2. Unit mass of wearing surface
Dead load is the prominent loading source for highway bridges among live
loads, environmental loads and other loads such as collision, emergency braking,
etc. Each load type can be classified with some subcomponents and they can be
considered through random variables by defining them with respect to available

statistical data, investigations or other observations. Cumulative distribution
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function (CDF), mean value, bias factor (mean to nominal ratio), and coefficient
of variation are some of the statistical descriptors to define a random variable. The
unit mass of wearing surface, which is a subcomponent of dead load, is taken as
a normally distributed random variable with a mean value of 2200 kg/m®. The
COV value for asphalt was taken as 0.25 in Nowak [90] (NCHRP Report N0:368),
thus this study also adopts a COV value of 0.25 for the unit mass of wearing
surface.
Elastic modulus of reinforcing steel

Elastic modulus of reinforcing steel has been evaluated with different
mean values in various studies. For example, the elastic modulus of reinforcing
steel in piers is assumed to follow a normal distribution with a mean value of 201
GPa and a COV value of 0.033 per the study of Zhang [91]. Lee et al.[33]
considered normal distribution for the elastic modulus of reinforcing steel with
the mean value of 190 GPa and COV value of 0.01. This thesis adopts the
recommendation of Lee et al. [33].
Compressive strength of concrete

The concrete material may have abundant sources of uncertainties
because so many factors are included in its production and transfer process. For
this reason, some assumptions have to be made on the concrete properties. For
example, Choi [92] assumed that the compressive strength of concrete follows
normal distribution. In this thesis, the expected concrete compressive strength of
32.5 MPa is used for the substructure elements (i.e. columns and pile shafts)
following the work of Yilmaz [29]. The coefficient of variation for compressive
strength of concrete is assumed as 0.125 as used in the studies [12], [29], [92],

[93]. The bridge inventory study performed by Avsar [13] indicated that the
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bridges in Turkey are mostly constructed with concrete characteristic compressive
strength of 25 MPa, which corresponds to an expected value of 32.5 MPa.
Therefore, the mean value for the concrete compressive strength adopted for the
study bridge in this thesis reflects the general practice applied for the typical
bridges in Turkey.
. Yield strength of reinforcing steel

Ellingwood and Hwang [94] found that yield strength of reinforcing steel
follows lognormal distribution with a coefficient of variation of 0.08. Moreover,
Avsar [13] found that the mean value of the yield strength of reinforcing steel
applied for the bridges in Turkey is 475 MPa. By considering the findings of these
two studies, the yield strength of reinforcing steel is assumed to be following
lognormal distribution with a mean value of 475 MPa and COV of 0.08 in this
thesis.
Longitudinal reinforcement ratio

The ratio between the longitudinal steel area to the cross-sectional area of
a column is called longitudinal reinforcement ratio. Ramanathan [12] sampled
longitudinal reinforcement ratio assuming a uniform distribution from a minimum
value of 1% to a maximum value of 3.5% for the multi-span continuous concrete
box-girder class of bridges designed in post-1990 era. Also, in Turkish bridge
design practice [89], longitudinal reinforcement ratio is ranging between 1% and
4%. Considering the abovementioned studies, the longitudinal reinforcement ratio
is accepted to be following uniform distribution with a minimum value of 1% and

a maximum value of 4%.
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7. Internal friction angle and unit weight of soil

In the present study, the bridge foundation (i.e. piles) is assumed to be
sitting in a single layer of medium dense sand. The statistical distributions and the
COV values of the modeling parameters associated with the soil properties are
adopted from the probabilistic seismic performance study by Zhang [91].
According to Zhang [91], the friction angle of the medium dense silty sand has a
normal distribution with a COV value of 0.12 and the saturated unit weight of the
soil follows normal distribution as well with a COV value of 0.10. The mean
values taken for the friction angle and unit weight of soil are in accordance with

the medium dense soil.

Table 3.1: Uncertain parameters related to bridge modeling

Uncertain parameters Unit | Dist. | Dist. Parameters | References
Unit mass of concrete | yconc| kg/m® | Normal | p: 2400 | &: 0.05 [33]
Unit mass of wearing 3 . )

surface yws | Kg/m® | Normal | p: 2200 | 6:0.25 [90]
Ela.St'C m_odulus of Es | GPa |Normal| u:190 | &:0.01 [33]
reinforcing steel

Compressive strength of f
concrete (substructure | “*| MPa |Normal | p:32.5 |3:0.125 [92]

elements) b
Yieldstrength of | ¢ | \pn | LOGNON | 6 h6 | v 0.08 [94]
reinforcing steel mal
Longitudinal 0 . Lower: | Upper:
reinforcement ratio | Pene| %0 {Uniformp g 4.0 [89]
Friction angle of soil | ¢soil | degree | Normal | p: 35 3:0.12 [91]
Unit weight of soil | ysoil | KN/m® | Normal | p: 18.64 | §: 0.1 [91]

3.1.2 Uncertainties Associated with the Scour Depth Estimation

Six uncertain parameters associated with the scour depth estimation are identified and

elaborated in the following paragraphs. The accepted probability distributions and the
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related probability parameters for each of the random variables are presented in Table

3.2.

1. Flow discharge

Various probability distribution models such as Extreme Type |,
lognormal and log-Pearson distributions have been used for flow discharge by
several experts and administrations. In NCHRP Report 489 [6], it was found that
discharge follows lognormal distribution based on the lognormal probability
paper results. Alipour et al. [43] took the last 50-year peak annual discharge data
for two rivers from the USGS website for describing the distribution of flow
discharge to be used in their study. In the current thesis study, for the objective of
performing the sensitivity analysis, the flow discharge is assumed to follow
asymmetrical triangular distribution with a mean value of 3500 m3/s.

Besides the sensitivity analysis that is presented in Section 3.2, the flow
discharge values are increased gradually from 100 m®/s to 5800 m®/s with an
increment of 10 m3/s to capture a wide range of discharge values within the
simulation-based flood fragility curve generation methodology presented in
Section 4.6.

2. Channel slope

In the literature, channel slope has been considered differently in terms of
its probability distribution and the related distribution parameter values such as
[52], [53], [95], [96]. In a study to determine the uncertainty of levee capacity by
first-order analysis, Lee and Mays [51] found that channel slope and Manning
roughness coefficient are the key parameters affecting the uncertainty. Johnson
[48] assumed that channel slope is normally distributed with a COV value of 0.2.

However, in a following study by Johnson [53], lognormal distribution with a
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3.

COV value of 0.25 was taken into account in a probabilistic framework used for
vulnerability analysis. This thesis also adopts lognormal distribution and COV of
0.25 for the channel slope with a mean value of 0.2 %
Manning’s roughness coefficient

Cesare [97] applied first-order reliability methods to integrate the
uncertainty in Manning equation for determining discharge. He assumed that the
Manning roughness coefficient to be having a normal distribution. Mays and Tung
[96] evaluated the uncertainty of discharge resulting from a first-order analysis of
the Manning equation assuming that manning roughness is significant parameter
because the manning roughness coefficient is not constant, on the contrary it has
a large variability because of the curved character of rivers, the bed material and
the average grain size of soil, channel bedforms, channel obstructions, changing
of geometry between sections, and vegetation in the channel [98]. This situation
can bring a significantly high coefficient of variation for the Manning roughness
coefficient. NCHRP Report 489 [6] remarks that it may vary between 0.025 to
0.035 according to the river conditions. The Hydraulic Engineering Center [99]
advised that lognormal distribution with a COV value between 0.20-0.35 can be
used to describe the Manning roughness coefficient. In the present study,
lognormal distribution with a mean value of 0.025 and COV of 0.275 is adopted
for the Manning roughness coefficient. The considered COV value is taken as the
average of the possible range recommended by [6]. Since the present study does
not use site-specific data, the accepted values for the probability distribution can
be thought of covering a broad range of river roughness within the general

framework.
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4. Correction factor for the angle of flow attack, K>
K> is a correction factor used in the HEC-18 scour depth estimation
equation for incorporating the effects of the flow angle of attack in rivers. Some
researchers included Kz as a random variable in their studies. For example,
Johnson and Dock [46], Banerjee, and Prasad [25], Wang et al. [44] assumed that
K> has a normal distribution with a mean value of 1.0 and COV value of 0.05.
However, HEC-18 [56] indicates that K, can have a maximum value of 5.0 and
a minimum value of 1.0 based on the angle of attack ranging between 0-90
degrees. The study bridge which will be introduced in Section 4.2 has no skew,
but the flow may not be perfectly acting perpendicular to the bridge pier.
Therefore, in order to capture the effect of the uncertainty in the flow angle of
attack on the scour depth estimation, uniform distribution with the lower value of
1.0, upper value of 1.5 and mean value of 1.25 is assumed for Ko.
5. Correction factor for the bed condition, Ks
Kz is a factor used in the HEC-18 [56] scour depth estimation equation for
representing the variability in river bed condition and it depends on the presence
and height of the dunes at the river bed. For the case of clear water scour,
horizontal bed condition, antidune flow and small height dunes, HEC-18
suggested a value of 1.1 for Ks. In the present study, it is assumed that it follows
normal distribution with a mean value of 1.1 and a COV of 5% according to the
studies [6], [47], [100].
6. Scour modeling factor
Uncertainties associated with the estimation of scour depth may alter the
final result causing a noticeable difference between the measured and the

predicted scour depth values. As can be seen from Equation 3.1, the scour
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modeling factor can be described as the ratio of the (actual) measured scour depth
to the one calculated by using the HEC-18 equation. It can be added into the HEC-
18 equation presented in Equation 3.2 as a random variable affecting the final

result and it can be described as the modeling uncertainty [6].

Asc _ Ysmeasured (31)

ys,estimated

a 0.65
ys = A 2.0y, Ky Ky K (—) Fr, %3 (3.2)

V1

Johnson and Dock [46] assumed asymmetrical triangular distribution for
the scour modeling variable and used a mean value of 0.93 and COV value of
0.051. Wang [100] followed the same assumption of Johnson and Dock [46] and
used the same mean value of 0.93, but he took the COV value as 0.6. Ghosn et al.
[6] considered normal distribution for the scour modeling variable with a mean
value of 0.55 and COV of 52% as referenced by Johnson [47]. Also, Johnson [48]
assumed that it has a normal distribution with a COV value of 0.18. The present

study follows the recommendation of Ghosn et al. (NCHRP Report 489) [6].
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Table 3.2: Uncertain parameters related to the estimation of scour depth

Uncertain parameters Uni Dist. Distribution References
t Parameters
Correction factor for the . Lower: )
flow angle of attack Kz | - | Uniform |7 7" Upper: 1.5 [56]
Correction factor for ) )
bed condition Ks | - Normal | p: 1.1 3: 0.05 [6]
Channel slope S - | Lognormal 0 go 5:0.25 [53]
Manning’s roughness i W )
coefficient n Lognormal 0.02 6:0.275 [99]
Scour modeling factor | Asc | - Normal |p:0.55| 4:0.52 [6]
Asymmetri
Discharge Q m? cal :3500 | a:300 ¢:6000| assumed
g s | triangular K- ' '
distribution

3.2 The Sensitivity of Bridge Response to the Uncertain Parameters

under Flood Hazards

The response of bridges exposed to floods may change significantly on account of
the uncertainties related to hydrologic, hydraulic, scour depth estimation, and modeling
parameters when the bridge structural response is computed through finite element
analysis. In the present study, a sensitivity analysis is conducted to identify the most
critical parameters to which the bridge response is sensitive under the applied flood

effects.

For this thesis, Tornado Diagram Analysis (TDA) method is used to perform the
sensitivity analysis. Tornado diagrams are generated on the basis of nonlinear static
analyses of the finite element models of a river-crossing highway bridge, which is
explained in detail in Section 4.2. The aim of creating tornado diagrams is to determine
the most critical uncertain parameters influencing the response of the bridges exposed to
floods. These critical uncertain parameters are further considered in the probabilistic
framework developed in Chapter 4 to generate the flood fragility curves. Within the
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analyses performed for the sensitivity analysis herein, the same bridge bent model as
considered in Chapter 4 is employed and nonlinear static analyses are carried out to obtain
the structural response of the bridge under the hydrodynamic loads and scour depths at
the pier foundation caused by the given flood discharge. The details on the bridge
modeling, the calculation of the flood-induced loads and scour acting on bridge piers and

nonlinear static analysis are presented in Sections 4.3, 4.4 and 4.5, respectively.

In TDA, the first step is the calculation of the bridge response by taking the mean
values of all uncertain parameters, as this result is used for drawing the vertical axis of
the tornado diagram. Secondly, for each uncertain parameter, analyzes are carried out by
using two standard deviation smaller and greater values than the mean value, whereas all
other parameters are remained at their mean values. This procedure is repeated for each
parameter. The number of analysis is equal to twice the number of uncertain parameters
plus one which is for the mean value. The difference of the analysis results obtained from
the use of upper and lower values are called swing, which shows the sensitivity of the
bridge response to an uncertain parameter. The swings of all random variables are plotted
in the descending order, which resembles the shape of a tornado. Figure 3.1 shows the
tornado diagrams produced when the maximum curvature ductility demand and

maximum displacement of piers are considered to represent the bridge response.
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Figure 3.1: Tornado Diagrams for (a) maximum displacement of piers; (b) maximum
curvature ductility of piers.

The swings of each uncertain parameter displayed in the tornado diagrams in
Figure 3.1 show the extend of the impact of these parameters on the bridge response under
flood effects. It can be noticed that the order of these random variables is different
between the tornado diagrams produced for two different engineering demand
parameters. Thus, in order to sort the criticality of these random variables, Table 3.3 is
presented below that demonstrates the order of importance of the random variables in

terms of the swings that they produce in the two tornado diagrams.
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Table 3.3: The importance order of uncertainties for two different demand parameters

The Maximum | Maximum
importance | displacement | curvature
order of ductility
RV’s
1 Q Q
2 Asc n
3 n Asc
4 Psoil Psoil
5 S Plong
6 K> S
7 Plong fye
8 Kz Yconc
9 Yeonc K2
10 fee,sub fee sub
11 Ysoil Ks
12 Es Ysoil
13 Yws Es
14 fye Yws

It is known that flow discharge (Q) in a river increases in proportion to the severity
of a flood event. In the sensitivity analysis, the upper value of discharge is taken as 6000
m3/s to monitor the bridge response during a possibly severe flood event through the
sensitivity analysis. The results show us the most important uncertain parameter in which
the bridge is most sensitive is the flow discharge. Since the increase of discharge causes
to rise of flow depth and flow velocity, hydrodynamic loads on the piers and the scour
depth at the foundation are simultaneously increased. Because of that, the hydrologic
uncertainties affecting the bridge performance should be investigated in detail,
specifically during the design stages of the bridges which are located in flood-prone

regions.
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As can be seen in Figure 3.1, scour modeling factor (As) affects the response of
the bridge considerably both in terms of the maximum displacement and maximum
curvature ductility demands of the pier. This is because the scour modeling factor is a
multiplier in the HEC-18 [56] scour depth estimation equation (given in Equation 3.2),
so it proportionally affects the final scour depth. As the scour modeling factor is
increased, the scour depth also increases, thus the soil supporting the foundation reduces

and the pier unsupported length is increased.

The Manning roughness coefficient (n) and channel slope (S) take part in the
Manning equation as the parameters influencing the resultant flow velocity. The tornado
diagram analysis results revealed how effective these parameters are for the resultant flow
velocity, which is a very significant factor for the response of the bridges under flood

events.

The correction factor for the flow angle of attack, Kz, and the correction factor for
the river bed condition, Kz are critical parameters with respect to the results for maximum
displacement compared to the ones obtained for the maximum curvature. Kzand Kz both
increase the final scour depth, so it may be deduced that scour depth causes an increase

in the displacement demands further than the curvature ductility demands.

The curvature ductility demand of a pier section can be influenced by section
diameter, yield strain of reinforcing steel, compressive strength of concrete, longitudinal
reinforcement ratio, and axial load on the section [101]. Comparing the tornado diagrams
in Figure 3.1, the longitudinal reinforcement ratio of piers (piong) Can be considered as a
critical parameter, especially based on the results obtained for the maximum curvature

demand.
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The angle of friction is the central parameter having an impact on the strength of the
soil. The shear strength of soil improves with the increase in friction angle of soil.
Therefore, friction angle of soil is a highly significant parameter directly affecting the soil
resistance against deformation. As can be seen in Table 3.3, the angle of friction of soil
Is the fourth most important parameter among others based on the response of the bridge
in terms of maximum curvature ductility and maximum displacement. The sensitivity
analysis results demonstrated that local soil conditions play a vital role in changing the

response of bridges against external loads.

According to the results of the TDA as presented in Figure 3.1 and Table 3.3; flow
discharge, scour modeling factor, Manning roughness coefficient, channel slope, internal
friction angle of soil, longitudinal reinforcement ratio, compressive strength of concrete
and unit weight of concrete are determined to be the key uncertain parameters. The flow
discharge parameter is treated separately from the other key uncertain parameters, as it
will be sampled incrementally while the other parameters will be subjected to a random

sampling process within the probabilistic framework presented in Section 4.6.
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CHAPTER IV

DEVELOPMENT OF FLOOD FRAGILITY CURVES OF
BRIDGES

4.1 General Methodology

Fragility curves (or fragility functions) are the fundamental tools in probabilistic
risk assessment procedures for the bridges under earthquake hazards. These curves
mainly provide the likelihood that the structure of interest will sustain a specified level of
damage under a given ground motion intensity. In other words, fragility curves can be
used for assessing component and system vulnerability of structures. Analytical and
simulation-based methods have been increasingly employed in the development of
fragility curves thanks to the advances in modeling capabilities and because of
insufficient earthquake damage data. While generating fragility curves, different
analytical modeling and analysis methods, approaches for simulating the hazard effects,
assessment strategies for structural damage, and reliability assessment methods can be

applied [12].

An identical path as used in generation of seismic fragility curves is followed in
the present study to develop the analytical fragility curves of bridges under flood hazard.
There are two major reasons for using analytical methods for the development of the flood
fragility curves. The first one is that there is a lack of bridge damage data from past flood
events with the corresponding flood characteristics that can be used for the construction
of empirical fragility curves. The second reason is that there are advanced finite element
modeling and nonlinear analysis capabilities that can simulate the bridge response under

the effect of flood-induced hydraulic loads and scour.
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The analytical fragility curves of bridges that will be developed under the flood
hazard alone will be referred to as Flood Fragility Curves in the rest of this thesis. Figure
4-1 shows the general framework proposed to derive the flood fragility curves. In this
framework, firstly the significant uncertain parameters affecting the bridge response
under flood hazard effects are obtained from the sensitivity analysis presented in Chapter
3. Then, these key uncertain parameters are sampled randomly using the Latin Hypercube
Sampling technique [102] and each sample combination of the random variables are
matched with an incrementally increasing value of flow discharge. The large number of
sample combinations and associated flow discharge values are utilized to construct the
finite element models of the bridge bent and structural analyses are performed under the
flood-induced effects to obtain the structural demands for each realization. The structural
demands are described with respect to the engineering demand parameter (EDP)

associated with the bridge response that defines the failure mode under investigation.

This thesis proposes the concept called Probabilistic Flood Demand Model (PFDM)
to determine the relationship between the intensity of a flood event (IMq) and the
structural demand (D) that can result from the flood-induced effects. This model is based
on a linear regression analysis of the EDP and the associated IMs values obtained from
all realizations. The probability parameters estimated from the PFDM for demand are
compared with the ones adopted for capacity within the classical reliability equation to

get the fragility parameters for the failure mode under consideration.
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Figure 4.1: General framework for the development of flood fragility curves.

4.2 Study Bridge

4.2.1 Bridge Inventory Studies in Turkey

Akgul [103] developed a bridge management system (BMS) for Turkey. As a part of
this BMS, he made an inventory study and reached the following outcomes about the

general features of the highway bridges in Turkey:
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1. Most of the bridges in the west of Turkey cross rivers, while valley crossings and
railway crossings are more common in the east of Turkey. The Black Sea region
gets heavy rain along the coastal and in mountainous hinterland areas during a
year. This results in floods and bridge damage frequently occurs in this area,
sometimes followed by bridge collapses causing loss of life.

2. 72% of bridges in Turkey had been constructed after 1971, so most of the bridge
infrastructure in Turkey can be said to be relatively young.

3. 42% of bridges in Turkey have reinforced concrete (RC) simple beam, 32% of the
bridges have prestressed simple beam for their superstructure systems. The other
types of superstructures are made of RC simple slab, RC continuou