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ABSTRACT

RELIABILITY-BASED LIFETIME PERFORMANCE ANALYSIS OFLONG-SPAN
BRIDGES

Long-span bridges generally serve a&s dignificant hub in the transportation
system for normal transportation and critical exsicun paths when any disaster happens.
Thus, the safety and serviceability of long-spaddes are related to huge economic cost
and safety of thousands of lives. The objectiveéhas research is to establish a general
framework to evaluate the lifetime performance afid-span bridges through taking
account of more realistic load situations, suchtraffic flow and wind environment.
After some background information is introducedGhapter 1, Chapter 2 covers the
modeling of stochastic traffic flow for the bridgdrastructure system in a more realistic
way by using the Cellular Automaton model. Basedtloa detailed information of
individual vehicles of the stochastic traffic flowhe general framework to study
Bridge/Traffic/Wind dynamic performance is develdpm Chapter 3. Chapter 3 and
Chapter 4 also report the results of the bridgefsiseability under normal and extreme
loads events, respectively. In Chapter 5, the saebased fatigue model is further
developed based on the dynamic framework develdpe€hapter 3. Finally, the
reliability-based analysis is conducted in Chaptér study the fatigue damage caused by
the coupling effects among bridge, traffic flow amohd throughout the bridge’s service

life.



DEDICATION

To those | love



ACKNOWLEDGEMENT

| gratefully acknowledge my advisor Dr. Suren Chiem,sharing valuable knowledge, research
experience, guidance, encouragement and suppottgiirthe almost four years of my study at
Colorado State University. His mentorship was panamh in providing a well rounded

experience consistent with my long-term careergyddly appreciation is beyond words.

| am very pleased to have Dr. John W. van de LibBdt,Paul Heyliger and Dr. Hiroshi Sakurai
on my dissertation committee. | enjoyed learningudety of topics from the courses | took from
them in the past years. | would like to thank tHemtheir guidance on my dissertation research.
My appreciation also goes to all the teachers ef ¢tasses | have taken in Colorado State
University, which helped me gain a good amountsaful knowledge. | would also like to thank
my fellow graduate students at Colorado State Unityefor their support, encouragement and
friendship during my studies. Gratitude is alsceegted to Professor Xuhong Zhou and Professor
Jin Di at Chang’an University for their encouragemeand support. The financial support |
received from the CSU startup fund and NSF resegraht, which has made my dissertation

study possible, is also very appreciated.

Last but not the least, the constant support froynparents is highly appreciated. It was from
them that | gained so much motivation and abilityfdce the challenges. The dissertation could

not have been completed without their encouragenmrdg and devotion.



TABLE OF CONTENTS

AB ST RACT ettt ettt ereee e e e e e e e e e st bttt e eeeaeeeaa e nnbeteeeeaaaaennbareeeeaaeeeeeaane i
DEDICATION ...ttt e ettt e e e e e e st e e e e e e s semmnr e e e e e e e e e annnnees iii
ACKNOWLEDGEMENT ...ttt eeeenne s v
LIST OF FIGURES ... .t ee ettt e e viii
LIST OF TABLES ...ttt ettt bttt e e e ee e e e e e e e e e Xi
CHAPTER 1: INTRODUCTION ....cceiiiiiiiiiiiees sttt ee e e e e e smmneeeens 1
1.1 BaCKGrOUNG .. ... 1
1.2 Literature Review and Scope of the Dissertation...........cccceeeeveeeeeneeeeeeeeen, 1
1.2.1 Service loads of long-span Dridge.....cccoeeeeeiiiiiiiiiiiie s 1
1.2.2 Fatigue Of DrIAQE ......covviiiiiiiiieiiiiieaii s eneneee 6
1.2.3 Application of reliability theory on long-Sp&ridges.......cccccvvvvvvvivieeiiieeevnnnnne. 7
1.3 Summary Of DISSEratiON .......cccoiiiii ittt 9
1.4 ] (=] (=] 4101 PP 11
CHAPTER 2: PROBABILISTIC TRAFFIC FLOW SIMULATION FR& BRIDGE ..... 16
2.1 1o o [ Tod 1 o] o PP 16
2.2 Theoretical FOrmulations ..o 18
2.2.1 Background of Cellular Automaton (CA) traffiow simulation................... 18
2.2.2 Rules of CA traffic flOW ..o 18
2.3 Traffic Load Modeling of Long-Span Bridge.............uuuvvieiuimeiiniiiiiiiiiniiinenns 22
2.3.1 A long-span bridge infrastructure system [BIS...............cco 22
2.3.2 Traffic flow simulation-“normal condition”....................c, 25
2.3.3 Traffic flow simulation-“incidental conditi®f................oooeeeei. 82
2.3.4 Traffic loads on the bridge ... 31
2.4 ParametriC STUTIES .........uueuiiiiiiii et e e 34
2.4.1 Approaching roadway 1ength.......... e, 34
2.4.2 SPEEA lIMIES ...ttt eee e 36
2.4.3 Vehicle cOmMDINAtION ...........uuiiiiii e e 38
2.5 CONCIUSIONS ..ottt e e e e e e e nnr e 39
2.6 RETEIENCES ...t e e 41



CHAPTER 3: DYNAMIC PERFORMANCE SIMULATION OF LONGH2AN
BRIDGES UNDER COMBINED LOADS OF STOCHASTIC TRAFFI&ND WIND 44

3.1 INEFOAUCTION ...t e e e snmne e e e e e e 44
3.2 Theoretical Basis of Bridge/Traffic/Wind Inteten Analysis....................... 46
3.2.1 Probabilistic traffic flow simulation with CAodel..............cccvveeiiiiiiiiiinee. a7
3.2.2 Equivalent dynamic wheel 10ad (EDWL) ....ccceuvvvvviiiiiiiiiiiiiiiiiiiiieineiennnennnn a7
3.2.3 Bridge/Traffic/Wind interaction model usin@®B/L ..............ccceeeeiiiiinennnen. 50
3.3  “Semi-deterministic” Bridge/Traffic/Wind Intectdaon Analysis ..................... 51
3.3.1 Input data of SIMUIAtIoN .........ooovi e 51
3.3.2 EDWL database ...........cueiiiiiiiiismmmmme ettt neeeee e 52
3.3.3 Statistical assessment of bridge dynamiopadnce ............ccoeeeeeeeeeeeeeeennn. 53
34 CASE STUAY ..ooeiieieeieee e 55
3.4.1 Bridge and vehicle model ...........oo i 55
3.4.2 Traffic flow SIMUlation reSUILS ........comeiiiiiiiiiiiiiie e 58
3.4.3 Equivalent dynamic wheel load factor (R)ceee.ooooeeeeeeeeiiiiii, 6l
3.4.4 Statistical bridge dynamic behavior ... .o 64
3.5 Discussion and CONCIUSION .......cooiiieeeeeee e 71
3.6 REIEIENCES ... et e e e e e e e 73

CHAPTER 4: PROBABILISTIC DYNAMIC BEHAVIOR OF LONG-BAN BRIDGES

UNDER EXTREME EVENTS ... ..ottt et eenaeeee e e 76
4.1 INETOAUCTION ... 76
4.2 Bridge Performance under Extreme Events.........c.cccccvviiiiiiiiiiiiiiiiiieieeeee, 78

4.2.1 Bridge/Traffic/Wind interaction analysis ugi@A model and EDWL

APPIOACH ... 78

4.2.2 Prototype bridge and extreme @VENtS ......cccooveeiiviiiiiiiiiiiiieieeeienieeieneeenes 79

4.2.3 Stochastic traffic flow and live loads ondge under extreme events ........... 80

4.2.4 Bridge dynamic response under extreme eVents..........cccoeeeeeeeeeeeeeeeeeenn. 86
4.3 CONCIUSIONS ... 92
4.4 REIEIENCES ... e 93

CHAPTER 5: SCENARIO-BASED INVESTIGATION OF FATIGUBAMAGE OF

LONG-SPAN BRIDGES .......coiiiiiiiiiiiiii et nee e e 95
51 INEFOAUCTION ...t e e e rnmnr e e e e e e 95
5.2  Analytical MethodOolOgy .......ccooiiiiiiiieeeee ittt eeeee s 97

5.2.1 Defining site-specific traffic and wind cotidins..............cooeeeeeeeiend 89
5.2.2 Scenario-based dynamic analysis ......ccccceeuvreeiiiiveiirimiiiiiiiiiiiii. 100
5.2.3 Deterministic fatigue damage asseSSMeNt....ccc.ocovvvveviieiiiieieieeeeeeeeeeeee. 10
5.3 Demonstrative EXamMPIE............oeevvv s e eeeeeeeseee e ee e e e e e e e e e e e e eneens 103
5.3.1 Site-specific load coNditioNS .........cccceveeieiiiiiii e 104
5.3.2 Numerical study of fatigue damage index épresentative scenarios ........ 108

Vi



5.3.3 Fatigue damage assessment of a typical .y ar..........ccccuvvuvviiiiiinninnnnnnns 114
54 (000] oo (U7 To] o F- TR 117
55 R (0] 1T ST 118
CHAPTER 6: FATIGUE ASSESSMENT OF SLENDER LONG-SPBRIDGES: A
121

RELIABILITY APPROACH ....oiiiiiiiii e
121

6.1 INEFOAUCTION ...t e e e e e e e e e e
Scenario-Based Fatigue Damage Model for a &ypiear -Deterministic
122

6.2
BlASHS ittt ——————— ettt e e e e e e e e e e s e e e e e eas
6.2.1 Part I- Categorization of representative 8068 .................euevivevinineninnnnnnnn. 123
6.2.2 Part II- Fatigue damage assessment in aaiyyBar ..............cceeeeeeeeeeeeeeennn. 127
6.3 Reliability Model for Fatigue Life ASSEeSSMEeNt..........ccccvvvvvvvvveeviiiiiiiennenn 128
6.3.1 Uncertainties of major parameters used igdatlife prediction.................. 128
6.3.2 Reliability Method...........oooi i e 131
6.4  UStrative EXAMPIE ......cvvviiiiiiiiiiieeeeee s 134
6.4.1 Prototype long-span bridge and service [0ads................evvueviiiiiiiiininnnnnn. 134
6.4.2 Fatigue analysis result- deterministic-based..............vevvvevivivininininnnn. 138
6.4.3 Reliability INdeX ..o 141
6.5 CONCIUSIONS ... 143
143

6.6 References
CHAPTER 7: CONCLUSIONS AND RECOMMENDATION FOR FUTURSTUDY
147

7.1 Summary and CONCIUSIONS ........ooooii e 147
7.2 FULUIE WOTK ...ttt e+ttt ettt ettt et e e e e e e e e aa e e e e eas 149
151

BIBLIOGRAPHY

vii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

LIST OF FIGURES

2.1 CA-based traffic model ........ ..o 19
2.2 Lane-changing and road bottleneck rules weu. v ve i e 21
2.3 Bridge infrastructure SYStemM ..........oeiit i e e e e 23
2.4 Comparison of simulated and monitoreditrdiiow ( £=0.24)........cccoceiiiiiinn. 26
2.5 Time history of mean velocity for normahdition .....................ccoo i, 27
2.6 Time history of mean velocity for incidahtonditions..................cccco oo 29
2.7 Time history of static [0ad ...........cocoiii i e e 32
2.8 Convergence of mean static load vs. time.........coooiiiii i, 33
2.9 Mean velocity vs. length ratio ...........ccoo i, 35
2.10 Mean static load vs. length ratio ..........ccoecieeiiiiii i e 36
2.11 Mean velocity vs. speed limit ..., 37
2.12 Mean static load vs. speed limit ..ot oo 38
2.13 Mean static load vs. vehicle combinafiogiLg =1.2) .........ccooiiiiiiiiiiiiiiiiinns 39

3.1 Flow chart of the analytical method .............cme i viiiiii i eeen 46

3.2 Cable-stayed bridge and CA-based tralifiw S§imulation on the bridge ................. 55
3.3 VehiCle MOEIS ... e e e e 57
3.4 Simulated traffic flow on bridge with CAadlel ................cooiiiii . 60
3.5 Time history of R on inner lane underaiét wind speeds ................coocoeeeinn. 62
3.6 Comparison of mean value of R under diffiemwind speeds .............c.ccoeeveinnn. 64
3.7 Convergence analysis results of displacg@ed Stress ..........coovvvvviiiicieiiiennnns 65
3.8 Time history of vertical displacement atlpoint ..................coviiii i, 67

viii



Fig. 3.9 Statistical results of vertical displacemna midpoint of the bridge ...................... .68
Fig. 3.10 Mean stress contour along the bridge ......ccceceiv i, 69
Fig. 3.11 Extreme tension stress contour alongpthilgge ..............ccooviiiiii i, 70
Fig. 3.12 Comparison of statistical value of stratsisottom fiber at midpoint of the bridge .... 72
Fig. 4.1 Bridge elevation and roadway layout .............ccciiiiiiiiiiii i e, 80
Fig. 4.2 Comparison of traffic flow for each roamhdition ......................oo . 83
Fig. 4.3 Mean velocity vs. vehicle density ..........ccoiuieiiceer e, 84
Fig. 4.4 COV of velocity vs. vehicle density ..........cciieeiiiiii e, 85
Fig. 4.5 Mean static weight of all vehicles movihgough bridge overtime ....................... 85
Fig. 4.6 Time history of vertical displacement atlpoint under “normal” road condition ....... 87
Fig. 4.7 Extreme stress profile of bridge undentnal” road condition (U=2.7 m/s) ............. 88
Fig. 4.8 Extreme stress profile of bridge underrfnal” road condition (U=32.8 m/s) ............ 89
Fig. 4.9 Comparison of mean stress at bottom fipenidpoint of bridge ........................... 90
Fig. 4.10 Comparison of COV of stress at bottorarfibf midpoint of bridge ...................... 90
Fig. 4.11 Comparison of extreme stress at bottber fof midpoint of bridge ...................... 92
Fig. 5.1 Flowchart of semi-deterministic fatigueabsis methodology ................coocoeeeil. 97
Fig. 5.2 The percentage of occurrence for differeintd speeds in 2008 ........................... 106
Fig. 5.3 Basic traffic data over time (National Baxh Council 2000) .............cccoeeiiennes 107
Fig. 5.4 The percentage of occurrence for diffetaffic conditions in 2008 ..................... 109
Fig. 5.5 Stress at the bottom of the girder atritidpoint of the prototype bridge (normal traffic
CONAItION, WEEKAAY) ... en ittt it e et e e e e e e e e e e e e 10
Fig. 5.6 Stress at the bottom of the girder atrttidpoint of the prototype bridge (normal traffic

CONAItION, WEEKENA) ... ueeiii it e e e e e e e 10



Fig. 5.7 Damage index under different vehicle dissi(normal traffic condition) ............... 112

Fig. 5.8 Damage index comparison between normalrasidental traffic conditions (weekday)...

................................................................................................................ 114
Fig. 5.10 Damage index comparison with differemetipercentage of incidents ................. 117
Fig. 6.1 Flowchart of scenario-based determinfsiigue analysis ...............ccoovvii v, 123
Fig. 6.2 Reliability analysis framework .............ooiiiii i e e, 132
Fig. 6.3 The variation Of AAD T ...t e e e e 135
Fig. 6.4 The occurrence percentage of represeatativd speeds (W ...............cooeevenns 137
Fig. 6.5 EXtreme StreSS COMPAriSON. ... ..cuuuitiit e ietie e v et e e et e ae et ee e aenanes 139
Fig. 6.6 Rainflow matrix for critical Cases ........ccivoeiiiiiiiiii i e 140
Fig. 6.7 Cumulative damage factor vs. service life.... ..o 141
Fig. 6.8 Reliability index ratio vs. Service life ..o 142



LIST OF TABLES

Table 2.1 Parameters of CA traffic model for “roagwbridge-roadway” system................ 23
Table 3.1 Parameters of vehicle model ( quarterefad.................cooiiiiiiinnn, 54
Table 3.2 Parameters of vehicle model (full-model)..........cooooiiiiiii i, 55
Table 3.3 Parameters of CA model ...... ..o e e e 56
Table 3.4 Statistical property of traffic flow ondige...............ccooiiiiii 57
Table 5.1 Definition of “representative wind Cases”...........ccooviiiiviiiiiii i e, 102
Table 5.2 Representative wind cases based on hafadhdata .................coooeoviiiinnnnen, 103
Table 5.3 Cumulative damage index for Year 2008eR@ay) ..........ccooveiiveiiiiieinnnnnn. 113
Table 5.4 Cumulative damage index for Year 2008kged) ............cccvevveiiiiiii e, 114
Table 6.1 Representative SCENAIIO .......cuii it it e e e e e e e e e e 121
Table 6.2 Statistical properties of random varigble...................coocoi i, 130
Table 6.3 Damage factor per hour for critical Cases...........ccvvv i e, 136

Table 6.4 Accumulated hours for critical CaSES ...... .o eeroeeeneiiiiiciiiieiiiciinenennn... 138

Xi



CHAPTER 1: INTRODUCTION

1.1 Background

In the United States, over 800 long-span bridgescategorized as fracture-critical (Pines and
Aktan 2002). Although the amount of long-span beglgs relatively small compared with the
short and medium bridges, the importance of theimoead integrity in both normal and extreme
conditions for these critical infrastructures aasily justified by the critical role in the natidna
and regional transportation network. Generallyglspan bridges accommodate a large volume
of traffic and its functionality is critical to lat economy during normal service conditions.
During some natural disasters like hurricane, flaod earthquake, these long-span bridges may
often serve as important evacuation routes. Howexarording to the special report by the sub-
committee on the performance of bridges of ASCEGQES003), ... most of these [long-span]
bridges were not designed and constructed witheptid evaluations of the performance under
combination loadings, under fatigue and dynamidilogs and for the prediction of their response
in extreme events such as wind and ice stormsd$loaccidental collision or blasts and
earthquaké's Therefore, a reasonable lifetime performance iptied of slender long-span

bridges under complex service loads becomes crucial

1.2 Literature Review and Scope of the Dissertation

1.2.1 Service loads of long-span bridge
Long-span bridges (e.g. span length > 152.4m or f§00sually accommodate a number of
vehicles simultaneously and are subjected to stiomdge/vehicle dynamic interactions. In

addition to traffic loads, slender long-span brilge.g. cable-stayed and suspension bridges) are



also susceptible to wind excitations as comparetbtventional long-span bridges (e.g. arch or
truss bridges). A slender long-span bridge usuatiyeriences complicated dynamic loads from
the bridge, stochastic traffic and wind (Guo and 2001; Chen and Cai 2007). The stochastic
nature of wind and traffic, as well as the dynatnieractions, makes a realistic estimation of
fatigue damage of the bridge over time very chaileg (Chen and Cai 2007). The research on
bridge dynamics interacted with traffic and wind lexperienced three stages: (1) bridge/vehicle
interaction; (2) bridge/wind interaction and vebiglind interaction; (3) bridge/wind/vehicle

interaction. Those three phases of the researttevintroduced briefly in the following.

1.2.1.1 Traffic load on bridge

Daily traffic is the main live load which has sifioant impact on the strength and serviceability
of bridges. Bridge/vehicle interactions have betudisd since the middle of 20th century
(Blejwas et al.1979; Olsson 1985). The impact @khicle on a bridge was initially assumed to
be a moving load without considering the inertifeef Later, a vehicle was simplified as a
moving mass which can consider the inertia effectoddges (Sadiku and Leipholz 1987). In
recent years, the commonly-used analytical modeliéhicle is a dynamic system consisting of
mass, spring and damping parts, which have sigmifieffects on dynamic analysis of vehicles
and interactions with other systems. Thus, theractéon analysis of bridge and vehicles is to
investigate the coupling nature of multiple dynamsystems. By numerically solving the coupled
equations in the time domain, the dynamic resptdisplacement, acceleration and stress) of the
bridge and vehicles can be obtained, respectivelo(and Xu 2001; Kim et al. 2005; Chen and

Cai 2006).

The evolution of traffic flow is complicated in tas of vehicle number, vehicle type combination
and drivers’ behavior such as lane-changing, act&e or deceleration. AASHTO code (2007)

specifies the design truck or tandem to investighee bridge’s strength and fatigue capacity



regarding short and medium bridges. Nevertheldss, durrent code does not provide the
specifications on vehicular load regarding longrsfmidges whose main span is more than
152.4m (500 feet). Most existing research did rdupa an appropriate model for traffic flow
which is close to the realistic situation on brid@aly the simplified models of traffic flow were
used, such as a uniform fleet or statistical distibns with assumed patterns. Some researchers
use WIM (Weigh-In-Motion) data to define the traffoad, but they cannot provide the useful
and detailed information like the instantaneousedpand location at each time step. Such
simplifications may be applicable for short and medspan bridges as fewer vehicles running
on them at a time. But it is hard to apply on l@pgn bridges as well because long-span bridges
accommodate large volume of traffic which is subtiédly more complex as compared to short

and medium ones.

Although oversimplified by structural engineerse ttraffic flow models have been studied
extensively in the field of transportation engiriegrand can be categorized into three scales:
macroscopic, mesoscopic and microscopic. The fotmerscales are based on continuous time
and space, which are suitable for traffic studigdclly focusing on physical characteristics of
the whole traffic flow in a large scale (Nagel &t 298, Barlovic et al. 1998, Cheybani et al.
2000). The microscopic traffic simulation is bageddiscrete time and space which can capture
the detailed time-variant information of individue¢hicles. Cellular Automaton (CA) model
proposed in 1992 by Nagel and Schreckenberg belangsicroscopic traffic flow model. The
advantage of CA model is to reproduce the basitufea of traffic flow through defining the
basic data: vehicle density, speed limit, numbdanés and acceleration rate. This time-discrete
and space-discrete traffic model can be integratedthe time-history analysis of bridge very

well as it can offer the detailed information oflividual vehicles.



Despite being a relatively new technology, CA siatioih technique has shown its promising
future through applications in the actual transgtash management. For example, TRANSIMS, a
commercial software developed by Las Alamos Natitadoratory, is based on the concept of
CA model (TRANSIMS Travelogue 1996). In Germany, @#del is used for online traffic
simulation in North Rhein Westphalia (http://Mmwwtalbahn.nrw.de./) (Schadschneider 2006).
The CA model has strong capability of replicatingjon traffic phenomena on highways
including both normal and incident (partial lanes blocked due to natural disaster, construction,
maintenance and accidents) situations with diffetevel of services, i.e. free traffic or busy
traffic. Thus it becomes an ideal technology toiriegrated into the advanced bridge dynamic

analysis considering live load in a more accuraa@mer.

1.2.1.2 Wind load on bridge and vehicle

Slender long-span bridges are such a type of steidieing sensitive to wind which has been
proved by several noteworthy collapse accidentstdueidge/wind interaction. The bridge/wind
dynamic interaction can be traced back to the rfailf Tacoma Bridge in 1940. That striking
accident aroused the serious concerns of engiteetsidy bridge aerodynamics. Generally, the
wind-induced force on bridge can be classified imo types: one is the aerodynamic instability
problem including the phenomena of flutter and qmlig. The occurrence of flutter and
galloping solely appear when some conditions are Arether one is the wind-induced vibration
problems including buffeting and vortex sheddingpeTprimary wind-induced phenomena for
long-span bridges are flutter and buffeting. Whae tritical wind speed is achieved, the
vibration of bridge becomes self-feeding and dieatgwhich is called flutter. Currently, most
slender long-span bridges have been carefully dedigo avoid flutter occurrence. Buffeting is
the turbulence-induced vibration on bridges andndically exists whenever wind turbulence

exists. Hence, buffeting can happen over a larggeaf wind speed (from low to high wind



speeds), and potentially cause serviceability atigide problem (Xu et al. 2009; Virlogeux 1992;

Gu et al. 1999).

Inspired by the overturned vehicles and other @&l caused by high speed wind, the
vehicle/wind interaction analysis started in the3d® through wind tunnel test and numerical
computation (Baker 1986, 1991a, 1991b; Hucho 1@8%per 1981; Coleman and Baker 1990;
Chen and Cai 2004; Guo and Xu 2006). Wind effectefmicles is composed of two parts: static
wind force and quasi-static turbulent wind forceakBr 1986). Baker developed the basic
functions in terms of the aerodynamic coefficiarghicle speed and wind direction to quantify

the wind force on running vehicle (Baker 1986).

1.2.1.3 Bridge/Traffic/Wind dynamic interaction

The comprehensive consideration of coupling effesteong bridge, wind and vehicle started
around 2003 by using the time-history analysishefc¢oupled finite element model (Xu and Guo
2003; Cai and Chen 2004; Chen and Cai 2006; Chah 2007). In those studies, both the bridge
and vehicle are taken as a completed dynamic systenposed of mass, spring and damping
matrix. The force exerted by wind on a bridge aelieles as well as the interaction between the
bridge and the vehicles considering the roughndsthe pavement were included in those

analytical models.

As the preliminary study on Bridge/Traffic/Wind émaction, those models successfully
investigated the mechanism of dynamic interacti@msl identified the most significant

parameters influencing the dynamic performanceridpes and can expose the effect of the main
factors such as the wind speed, vehicle speedcleetyipe and road roughness. However, there
are two major problems remaining in those earlgistu Firstly, as the first step to study the

complicated Bridge/Traffic/Wind interaction, thoseidies have considered only one or several



vehicles distributed in an assumed (usually unijgpattern on a bridge. As stated in the previous
section, the movement of traffic flow is necesdaryaken into account of for accurate estimation
of long span bridges’ performance. Secondly, tHe-fioupled Bridge/Traffic/Wind analysis
considering the realistic traffic flow leads to miegs of mass, stiffness, damping and force
vectors with extremely large sizes. The computatiost will be considerably high, if not

practically acceptable at all.

1.2.2 Fatigue of bridge

Fatigue damage is one of the most common damags fgp current bridges (Li and Chan 2006).

The bridge members fail with the development otksaunder repeated range of stress. Traffic
loads and wind force are inherently repeated la@adisoccur throughout the whole life of bridges.

Both wind and traffic can be regarded as the magtofs causing fatigue problem of long span
bridges. In addition to the serviceability issual alamage to some local members, the fatigue
problem can also cause the collapse of a wholgydrid some situation. For example, the Point
Pleasant Bridge in West Virginia failed in 1967 hitit warning is an example of fatigue damage.

The collapse is caused by the facture at the pinbban eye-bar of the bridge (White et al. 1992).

At present, the research on fatigue damage is giynetassified into two categories. One is the
theoretical research on the mechanism of fatigueada based on crack growth concepts, the
continuous damage mechanics models, the energgHtizseries and etc. This branch of research
is on small scale and focus mostly on lab work &leogineering materials. Another branch is the
research on fatigue analysis for large-scale eegimg structures such as bridges. Systematic
study on fatigue analysis of bridges has been imelged by National Cooperative Highway

Research Program like Schilling et al. (1978); Eisht al. (1980, 1983) and Moses et at. (1986).
Among those proposed fatigue models, Miner’s ralstill the most popular approach especially

for large civil structures. Miner’s rule is to uSeN curve (S: stress range, N: number of cycles to



failure) to form a linear damage rule which simphf the prediction of fatigue life by the
assumption of linear accumulation of fatigue damaggr time (Rao and Talukdar 2003). As the
S-N curve is based on the assumption that the rigaidi constant while the realistic load is
random in nature, the Rainflow Counting Method stidue applied to calculate the equivalent
stress range and cycles before the applicationin&Ré rule. In addition to Miner’s rule, there
are numerical methods which assume the complicaiatinear damage propagation process, but
the steady improvements of the accuracy of thosthads over Miner's Rule, a simple linear

damage rule, was not observed (Laman 1995).

In most current specifications, a typical fatiguesign procedure includes two steps: (1)
calculating the stress variation under fatiguegtesdads; and (2) comparing the calculated stress
amplitude and frequencies with the designed orghézk if the design is safe. In the first step,
the fatigue design load is defined as one desigrktper bridge with 15% dynamic allowance in
the AASHTO LRFD (AASHTO 2007) for short and medisman bridges yet not applicable for
long-span bridges. Existing studies on the fatigedormance of long-span bridges were limited
to those only considering wind loads but not talifiads at the same time (Pourzeynali and Datta
2005; Gu et al. 1999). All these underscore thaiiignce and need for the study in this

dissertation.

1.2.3 Application of reliability theory on long-span bridges

Most existing long-span bridges were designed basedeterministic methods (Catbas et al.
2008). However, the loadings (traffic flow, windyrethquake, wave and etc.) are innately random
and the capacity of bridge (mechanical propertyten corrosion, structural deformation) is
also time-dependent (Torres and Ruiz 2007). Acogldj it is necessary to use the reliability

method to quantify the performance of bridges tosater those uncertainties.



During the last thirty years, there has been nuoeereliability research concerning structures.
For bridges, a large amount of research effortediability-based analyses has been put forth on
short and medium bridges (Caprani and O’'Brien 200&ul and Frangopol 2004; Akgul and
Frangopol 2005a; Akgul and Frangopol 2005b; Czdingied Nowak 2008). For the reliability-
based analysis of long-span bridges, there were stuties on aerodynamic performance such
as flutter instability (Cheng et al. 2005; Pourzayand Datta 2002; Ge et al. 2000; Jakobsen and
Tanaka 2003) and some studies using the field-m@dtstress data to analyze the performance
of existing bridges (Frangopol and Imai 2004; Fapd et al. 2008; Catbas et al. 2008; Imai and
Frangopol 2002). However, the study on reliabibbsed prediction of the performance of long-

span bridges considering Bridge/Traffic/Wind int#i@an has rarely been conducted.

The general reliability analysis include three stdft) Defining the limit state function about the
concerning capacity of bridges; (2) Determining lf@sic random variables which are the main
parameters on the limit state function such asikehanical properties of material and the load
factor; (3) Computing the reliability index througfre reliability method. For the third step, there
are several reliability methods (FORM, SORM, RSMorite Carlo and etc) to choose from.
FORM and SORM are the two basic reliability methedsch use first-order and second-order
approximation at the minimum distance point to lthet state curve, respectively. Compared to
FORM, SORM is usually more accurate for a bettgraximation of the reliability index, while
at the same time with more computational cost. tRerlarge-scale structures such as bridges,
FORM has been found to be commonly applied. Thet®l@arlo Simulation (MCS) method is a
traditional approach which can generate accuratdtss but it can be extremely time-consuming
(Frangopol 1999). The response surface method (RSM) useful and efficient technique to
solve the problem of the implicit limit state eqoat (Frangopol 1999; Bucher and Bourgund
1990). To compute the reliability analysis in afice#nt way, the hybrid method which is the

combination of the available methods which can tattkeantage of each method’s advantages is



applied to complicated problems on bridge suchradgé/wind interaction (Cheng et al 2005).
Based on investigating the existing reliability-edsmethods, a hybrid method involving the
Response Surface Method (RSM) and First Order RtiaMethod (FORM) will be applied to

study the reliability index of life-time fatigue nh@ge of long-span bridges in my research.

1.3 Summary of Dissertation

This dissertation aims to propose a reasonablabitty-based framework to evaluate lifetime
serviceability performance of long-span bridges. rlspecifically, the objectives of this
dissertation include:

(1) Developing a general semi-deterministic Bridgeffic/Wind dynamic interaction analysis
methodology which can be used by any medium- ang-fpan bridges with stochastic traffic
along with various wind conditions;

(2) Based on the Bridge/Traffic/Wind interaction ey extensive numerical analyses will be
conducted to evaluate the safety performance dfjbrunder normal and extreme conditions;

(3) With the established interaction model, thenac®-based fatigue analytical framework is
developed to investigate the fatigue damage ofjerithder normal and extreme conditions;

(4) Based on the fatigue model considering coupdifigcts among bridge, traffic and wind, the
reliability-based fatigue assessment model of Ispgn bridges is proposed to investigate the

reliability index of bridge during its service life

The contents of this dissertation are based onrglevant papers which have already been
published, accepted, under review or are to be #tdurto referred journals. The dissertation is
divided into seven chapters. Chapter 1 herein idetecribe the current problem in the related

field and introduce the objective and scope of shisly.



Chapter 2 explains the application of Cellular Aoédon (CA) traffic model on the study of
traffic loads on the bridge. Taking a typical losgan cable-stayed bridge as an example, several
parameters such as the length of the approachiggthva speed limit, the level of service (free
traffic or busy traffic) and the road condition®(mal road condition or incident condition such
as the blockage of the partial road) will be takeoount of and their influence on the variation of

traffic flow like static traffic loads on bridge draverage movement speed will be investigated.

Based on the traffic flow model introduced in Cleai®® and the equivalent dynamic wheel load
(EDWL) approach proposed by Chen and Cai (2007ap&ir 3 is to develop the scenario-based
Bridge/Traffic/Wind interaction framework under nmal road condition. Three typical vehicle
types (car, light truck and heavy truck) are stddiestly with different driving speed under
breeze and moderate wind speed to quantify thendignianpact of single vehicle on the bridge.
Then, the EDWL approach is performed to computedbliective impacts of traffic flow on
bridge. Representative scenarios of different lefebad service (free, moderate and busy traffic
flow) have been researched to gain more realistitertstanding of the structural performance

under probabilistic traffic and dynamic interacton

Chapter 4 is to study the probabilistic dynamic evétr of long-span bridges under extreme

events with the help of the analytical frameworkablished in Chapter 3. The extreme events
include the partial-block road conditions, the erie high wind speed and the bumper-to-bumper
case (the bridge is fully occupied by vehicles wifitt maximum capacity) due to evacuation. The
baseline model is defined as the normal road ciemditnder breeze. Through comparison of
extreme cases with the baseline model, the bettderstanding of extreme events of long-span
bridges from the perspectives of strength and seatility design is achieved, which may

contribute to future design specification abougl@pan bridges.
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Chapter 5 is to develop the scenario-based fatmadytical framework of bridges considering
Bridge/Traffic/Wind interaction. The proposed apgmb starts with identifying the site-specific
wind and traffic conditions for the bridge, incladilocal traffic volume, vehicle combinations, as
well as variations in a typical day and a typicalek. The cumulative dynamic stress levels and
cycles under each representative combination dimgs are calculated and accordingly the
fatigue damage is obtained through the input ofsthess history to the fatigue analytical model.
The parametric study of a typical long-span cabdgedd bridge will give some insights of the

fatigue mechanism.

Chapter 6 is about the reliability-based fatigde #nalysis of long-span bridges. The limit state
function is set as the difference between the actated fatigue damage factor of the studied
member of bridge and unit according to Miner's ruBy considering uncertainties associated
with the basic data of the traffic flow, wind anttustural properties of a typical bridge, the
reliability analysis can integrate the common sdesaof bridge and considering each scenario’s
occurrence chance during the bridge’s life, whiaeh cender a more realistic estimation on the

reliability index of fatigue.

Finally, Chapter 7 concludes the whole dissertatiod some discussions about future studies

will also be reported.

1.4 References

AASHTO (2007). LRFD Bridge Design Specificationh4td., Washington, D.C.

Akgul, F., Frangopol, D. M. (2004). “Lifetime perfoance analysis of existing steel girder
bridge superstructures.” Journal of Structural Baegring, 12, 1875-1888.

Akgul, F., Frangopol, D. M. (2005a). “Lifetime permance analysis of existing reinforced
concrete bridges. I: theory.” Journal of Infrasttwe Systems, 6, 122-128.

11



Akgul, F., Frangopol, D. M. (2005b). “Lifetime perfance analysis of existing reinforced
concrete bridges. II: Application.” Journal of lagtructure Systems, 6, 129-141.

ASCE (2003). Assessment of performance of vitagitepan bridges in the United States, ASCE
Sub-committee on performance of Bridges, edite®iohard J. Kratky.

Baker, C. J. (1986). “Simplified analysis of varsodypes of wind-induced road vehicle
accidents.” Journal of Wind Engineering and Indaktkerodynamics, 22(1), 69-85.

Baker, C. J. (1991a). “Ground vehicles in high sredénds Part I: steady aerodynamic forces.”
Journal of Fluids and Structures, 5, 69-90.

Baker, C. J. (1991b). “Ground vehicles in high sereginds Part Il: unsteady aerodynamic
forces.” Journal of Fluids and Structures, 5, 91-1

Barlovic, R., Santen, L., Schadschneider,A. and&ttenberg, M. (1998). “Metastable states in
cellular automata for traffic flow.” Eur. Phys.B. 5, 793-800.

Blejwas, T. E., Feng, C. C., Ayre, R. S. (1979)yflamic interaction of moving vehicles and
structures.” Journal of Sound and Vibration 67,-523.

Bucher, C. G., Bourgund, U. (1990). “A fast andiaéint response surface approach for
reliability analysis.” Structural Safety, 7(1), 8-

Cai, C.S. and Chen, S.R. (2004). “Framework of eleHbridge-wind dynamic analysis.” Journal
of Wind Engineering & Industrial Aerodynamics, 928), 579-607.

Caprani, C.C., O'Brien, E.J. (2006). “Statisticalmputation for extreme bridge traffic load
effects.” Civil-Comp Press, Proceedings of the Highnternational Conference on
Computational Structures Technology, Paper 139.

Catbas, F.N., Susoy, M., Frangopol, D.M. (2008}ru&ural health monitoring and reliability
estimation: Long span truss bridge application wihvironmental monitoring data.”
Engineering Structures, 30, 2347-2359.

Chen, S. R. and Cai, C. S. (2004). “Accident agsens of vehicles on long-span bridges in
windy environments.” Journal of Wind Engineeringldndustrial Aerodynamics, 92(12), 991-
1024.

Chen, S. R,, Cai C. S. (2006). “Unified approachptedict the dynamic performance of
transportation system considering wind effectstu@ural Engineering and Mechanics, 23(3),
279-292.

Chen, S. R,, Cai, C. S. (2007). “Equivalent wheeldl approach for slender cable-stayed bridge
fatigue assessment under traffic and wind: feasitsktudy.” Journal of Bridge Engineering,
12(6), 755-764.

Chen, S. R., Cai, C. S., Levitan, M. (2007). “Uredend and improve dynamic performance of
transportation system- a case study of Luling Britl§ngineering Structures, 29, 1043-1051.

12



Cheng, J., Cai, C. S,, Xiao, R. C., Chen, S. RO%20Flutter reliability analysis of suspension
bridges.” Journal of Wind Engineering and Indust#iarodynamics, 93, 757-775.

Cheybani, S., Kertesz, J. and Schreckenberg, MIOj20Stochastic boundary conditions in the
deterministic Nagel-Schreckenberg traffic modehy®l Rev. E, 63, 016107.

Coleman, S. A. and Baker, C. J. (1990). “High sideald vehicles in cross winds.” Journal of
Wind Engineering and Industrial Aerodynamics, 3883-1392.

Cooper, R. K. (1981). “The effect of cross-winds tomins.” Journal of Fluid Mechanics, 103,
170-178.

Czarnecki, A.A., Nowak, A.S. (2008). “Time-variamiability profiles for steel girder bridges.”
Structural Safety, 30, 49-64.

Fisher, J.W., et al. (1980). “Fatigue behavior ulf-6cale welded bridge attachments.” NCHRP
Report 227, National Academy Press, Washington DC.

Fisher, J.W., et al. (1983). “Steel bridge memharder variable amplitude long life fatigue
loading.” NCHRP Report 267, National Academy Pr&gashington DC.

Frangopol, D. M. (1999). Bridge safety and religjilASCE.

Frangopol, D. M., Imai, K. (2004). “Reliability dbng span bridges based on design experience
with the Honshu-Shikoku bridges.” Journal of Constional Steel Research, 60, 373-392.

Frangopol, D., Strauss, M. A., Kim, S.Y. (2008).s&J of monitoring extreme data for the
performance prediction of structures: general agghtd Engineering Structures, 30, 3644-
3653.

Ge, Y. J, Xiang, H. F., Tanaka, H. (2000). “Applion of a reliability analysis model to bridge
flutter under extreme winds.” Journal of Wind Erggning and Industrial Aerodynamics, 86,
155-167.

Gu, M., Xu, Y. L., Chen, L. Z., Xiang, H. F. (1999Fatigue life estimation of steel girder of
Yangpu cable-stayed Bridge due to buffeting.” Jaumf Wind Engineering and Industrial
Aerodynamics, 80, 383-400.

Guo, W. H., Xu, Y. L. (2001). “Fully computerizeg@oach to study cable-stayed bridge-vehicle
interaction.” Journal of Sound and Vibration, 248@45-761.

Guo, W. H. and Xu, Y. L. (2006). “Safety analysismoving road vehicles on a long bridge
under crosswind.” Journal of Engineering Mechani&2 (4), 438-446.

Imai, K., Frangopol, D. M. (2002). “System reliatyilof suspension bridges.” Structural Safety,
24, 219-259.

Jakobsen, J. B., Tanaka, H. (2003). “Modeling umadeties in prediction of aeroelastic bridge
behaviour.” Journal of Wind Engineering and Indiastherodynamics, 91, 1485-1498.

13



Kim, C. W., Kawatani, M., Kim, K. B. (2005). “Thre#imensional dynamic analysis for bridge-
vehicle interaction with roadway roughness.” Corepsiand Structures, 83, 1627-1645.

Laman, J. A. (1995). “Fatigue load models for girdeidges.” Dissertation, University of
Michigan, Ann Arbor (MI).

Li, Z. X., Chan, T. H. T. (2006). “Fatigue criterfar integrity assessment of long-span steel
bridge with health monitoring.” Theoretical and hpg fracture mechanics, 46, 114-127.

Moses, F., Schilling, C.G., et al. (1986). Fatigmaluation procedures for steel bridges, NCHRP
report 299, National Academy Press, Washington D.C.

Nagel, K., Schreckenberg, M. (1992). “A cellulat@naton model for freeway traffic.” J. Phys. |
France, 2(12), 2221-2229.

Olsson, M. (1985). “Finite element model co-ordananalysis of structures subjected to moving
loads.” Journal of Sound and Vibration, 99, 1-12.

Pines, D., Aktan, A.E. (2002). “Status of structdraalth monitoring of long-span bridges in the
United States.” Progress in Structural Engineeaindg Materials, 4(4), 372-380.

Pourzeynali, S., Datta, T. K. (2002). “Reliabiliyalysis of suspension bridges against flutter.”
Journal of Sound and Vibration, 254(1), 143-162.

Pourzeynali, S. and Datta, T.K. (2005). “Relialilinalysis of suspension bridges against fatigue
failure from the gusting of wind.” Journal of Briedengineering, 10(3), 262-271.

Rao, V. G., Talukdar, S. (2003). “Prediction ofidak life of a continuous bridge girder based on
vehicle induced stress history.” Shock and Vibmatit0, 325-338.

Sadiku, S., Leipholz, H. H. E. (1987). “On the dynes of elastic systems with moving
concentrated masses.” Ingenieur-Archiv, 57, 223-242

Schadschneider, A. (2006). “Cellular automata medéhighway traffic.” Physica A, 372, 142—
150.

Schilling, C.G., et al., (1978). “Fatigue of weldsigel bridge members under variable-amplitude
loadings.” NCHRP Report 188, National Academy Prégashington D.C.

Stephens, R. |, Fatemi, A., Stephens, R. R., Fugh®. (2001). Metal fatigue in engineering,
2nd edition, John Wiley & Sons, Inc.

Torres, M. A., Ruiz, S. E. (2007). “Structural edlility evaluation considering capacity
degradation over time.” Engineering Structures,2Z2®3-2192.

Traffic-Information-System autobahn. NRW, <httpWw.autobahn.nrw.de./>, accessed on April
4th 2008.

TRANSIMS Travelogues, Transportation analysis antukation system, Los Alamos National

Laboratory, Los Alamos, <http://www-transims.ts&sd.gov/travel.shtml>, lastly accessed on
April 30th 2008.

14



Virlogeux, M. (1992). “Wind design and analysis fbe Normandy Bridge.” In: Larson A, editor.
Aerodynamics of large bridges. Rotterdam, The Nédhds: Balkema, 183-216.

White, K. R., Minor, J. and Derucher, K. N. (199B}idge maintenance inspection and evaluation,
2nd edition. Marcel Dekker, Inc.

Xu, Y. L., Guo, W. H. (2003). “Dynamic analysis obupled road vehicle and cable-stayed
bridge systems under turbulent wind.” Engineeringchanics, 25, 473-486.

Xu, Y. L., Liu, T. T., Zhang, W. S. (2009). “Buffag-induced fatigue damage assessment of a
long suspension bridge.” International Journal atidtie, 31, 575-586.

15



CHAPTER 2: PROBABILISTIC TRAFFIC FLOW SIMULATION FO R BRIDGE

2.1 Introduction

Long-span bridges are usually the key linkagefetitansportation network in normal conditions
as well as critical evacuation paths in emergenonditions. As critical infrastructures
experiencing frequent and complex interactions witssing traffic, bridges exhibit unique
characteristics which distinguish themselves froadlitional civil structures (e.g. buildings). A
long-span bridge experiences time-dependent livaddo from traffic, which may vary
significantly due to the stochastic nature of ttadfic flow and its interactions with the bridge,
approaching roadways and various incidents. Thenatquantification of the traffic load in both
normal and extreme conditions becomes very crugiatructural analysis and design of these

critical bridges.

Traffic loads have been traditionally evaluatedhwitte data from weight-in-motion (WIM) or
traffic spectrum collected from the site (Oh et24l07; Broquet et al. 2004; Mullard and Stewart
2009). Neither of these approaches, however, pegvidstantaneous information of individual
vehicles such as velocity and position at any tinvhjch is essential to the assessment of
dynamic loads for long-span bridges. Due to thaohisal gap existing between traditional
structural and traffic engineering, little work hasen conducted on simulating the bridge,
roadways and traffic flow in a systematic conté&diring the past decades, most existent studies
about bridge’s dynamic performance under traffigehaonsidered only one or several vehicles
distributed in an assumed (usually uniform) pattem long-span bridges with a focus on

demonstrating the methodology (Xu and Guo 2003;aBdi Chen 2004; Chen et al. 2007; Chen
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and Cai 2007). Some researchers adopted white fieiss (Ditlevsen 1994; Ditlevsen and
Madsen 1995), Poisson distribution (Chen and Fé@BPand Monte Carlo approach (Nowak
1993, Moses 2001, O’'Connor and Obrien 2005) to kitauthe traffic flow to obtain the
characteristic load effects primarily on short- anedium-span bridges. In those studies, realistic
traffic rules or the incidental conditions were monsidered. Besides, the detailed information

(e.g. instantaneous velocity and location) in tedesof individual vehicles was not available.

Traffic flow simulation techniques have gained chmlevelopment in the field of traffic
engineering during the past decades, which provedese useful tool to model traffic loads.
Generally speaking, traffic flow can be simulatethvthree scales: macroscopic, mesoscopic and
microscopic (TRB 2000). The former two scales asell on continuous time and space, which
are suitable for traffic studies focusing on phgbicharacteristics of the whole traffic flow in a
large scale (e.g. meta-stable state, the relatipriztweentraffic occupancy and flow, traffic
occupancy and average velocity) (Nagel et al. 18a8lovic et al. 1998, Cheybani et al. 2000).
Microscopic scale traffic simulation is, howevegskd on discrete time and space which can

provide detailed time-variant information of indival vehicles.

In this chapter, a general framework to model tloetestic traffic load for a long-span bridge
will be developed based on the microscopic trdfizv simulation. The Cellular Automaton (CA)
traffic flow simulation technique will be adopteal develop the analytical basis of the framework.
Based on the traffic flow simulation results, thelload on the bridge from the stochastic traffic
will be also studied with a focus on the static poment. Some discussions about the static traffic
load as compared to the current AASHTO LRFD traliiads will be made. Finally, parametric
studies of major variables, such as the length@fbnnecting roadways, the speed limit, and the

vehicle combination, will be conducted.
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2.2 Theoretical Formulations

2.2.1 Background of Cellular Automaton (CA) traffic flow simulation

Cellular Automaton (CA), a microscopic scale trafflow simulation model, can generate
probabilistic traffic information by simulating inddual vehicle’s behavior. The CA traffic
model has been widely used in the transportatield Since it was firstly proposed by Nagel and
Schreckenberg (1992). After the model was initialyroduced, various studies have been
conducted on improving the models for more realigt@ffic flow simulations (Benjamin et al.
1996; Barlovic et al. 1998; Chowdhury et al. 2000he CA simulation technique has been
adopted in some actual transportation managemeuatarthe world. For example, TRANSIMS,
a commercial software developed by Las Alamos Matihaboratory, is based on the concept of
the CA model (TRANSIMS Travelogue 2008). In Germathe CA traffic model is used for

online traffic simulation in North Rhein Westphal(i&chadschneider 2006)The CA model is

able to provide detailed instantaneous informatdneach vehicle through replicating major
traffic phenomena on highways. Thus it becomesdaalitechnology to be integrated into the
advanced bridge analysis considering live load imae accurate manner. In the following
sections, the theoretical basis of the proposedilation framework for long-span bridges with

the CA traffic simulation technology will be brigfintroduced.

2.2.2 Rules of CA traffic flow

The CA traffic model is based on the assumption lbo¢h time and space are discrete and each
lane is divided into cells with an equal lengthslswn in Fig. 2.1 (a). Each cell can be empty or
occupied by at most one vehicle at a time. Theoiglof a vehicle can be decided by the number
of cells a vehicle can move in one time step. Tleimum velocity a vehicle can achieve is
defined based on the actual speed limit on the.rdddeach time step, a vehicle moves,

accelerates, decelerates or changes lanes basmnenpredefined rules. The rules are typically
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established according to the actual traffic ruldéh \wome reasonable assumptions of the driver
behavior (Nagel and Schreckenberg 1992). Withhallgredefined rules which are illustrated as

follows, the CA traffic models can thus be usedidothnormalandincidentalconditions.

> |—B|o—B| < (B o—aB| < |o—0 —t ==y [ om— —do| <=
b == | <>  P— ) o—ab| < —D > |bh| =
a. CA traffic model
T=t T=t+1
@) ©)
Acceleration s e s |
@ @
Decceleration P2 e e |
@ ©)
Randomization R <= R/ D
(if rand<pb)
. _ @ @
Keeping velocity e E P |

@ : velocity of the vehicle at the beginning of thirme step

2 - Vehicles applying rule of NaSch model

b. NaSch Model rules\,,, =5)

Fig. 2.1 CA-based traffic model

The rules of a typical CA traffic model include: d)les for vehicles moving forward on the

original lane, i.e. single-lane CA model; and 2esufor changing lane, i.e. multiple-lane CA

model.

The rules of the single-lane CA model (Fig. 2.1{b¥Jude (Nagel and Schreckenberg 1992):
(1) Accelerationif the velocity of Vehicle v is smaller thap,{maximum velocity a vehicle is
allowed to achieve) and if the distance to the wekicle ahead is larger than v+1, the velocity is

advanced by on€2) Decelerationif the vehicle at site i finds the next vehicleig i + j with j <

19



v, it reduces its velocity te-j,; (3) Randomizationwith the probability of pb, the velocity of each
vehicle is decreased by one if the velocity is grethan zero;(4) Vehicle motioneach vehicle

advances v sites.

The conditions for lane changing (Fig. 2.2 (a)) glrewn as follows (Rickert et al. 1996; Li et al.,
2006):

(1) The distance (described as “gap”) between atdcle and the vehicle right ahead on the
same lane is less thaml, i.e. the vehicle cannot accelerate in the caidiane; (2) The distance
(described as “gap) between one vehicle and the vehicle ahead ontdahget lane (i.e. the
neighboring lane) is more thar-1, i.e. the vehicle can accelerate if it changa®] (3) The
distance (described as “gacx) between the vehicle and the behind vehicle ent#iiget lane is
more thanvma, i.€. the vehicle will not crash with the vehida the target lane; (4) With the

probability ofpch, a vehicle changes lane if all the three abovelitions are satisfied.

To fulfill the lane-changing simulation, the loaatiand the velocity of Vehiclewill be updated
through two sub-steps: 1) Vehidlenoves to the target lane transversely without mgp¥orward;
and 2) Vehicle moves forward obeying the single-lane rule asothiced above after moving

into the target lane.

When there is ongoing construction or a seriousdaot happening on the bridge or on the
approaching roadway, one lane of the bridge orpmrgon of a lane of the approaching roadway
may be closed for a certain period of time. Assulte the bridge and the approaching roadways
may have different numbers of available lanes. Eig(b) shows a general case that a portion of
the highway (either bridge or approaching roadweag fewer lanes than the remaining portions.
As shown in Fig. 2.2(b), the head vehicle on Larmad simply regard Lane 3 as the extension of

lane 1, so vehicles on Lane 1 do not need to cen#li@ variation of available lanes. But the head
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vehicle on Lane 2 will be affected by the differenof the lane numbers. The head vehicle
intending to enter Lane 3 at next time step shalldy the corresponding rules. More details

about the traffic rules of these incidental comdlis can be found in Refs (Xiao et al. 2005; Wu

and Chen 2010).
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Fig. 2.2 Lane-changing and road bottleneck rules
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2.3 Traffic Load Modeling of Long-Span Bridge

2.3.1 A long-span bridge infrastructure system (Bl

As interrelated components of a whole transpomiatietwork, the actual traffic flow through a
long-span bridge is also affected by the traffictib@ connecting roadways. Therefore, a bridge
infrastructure system (BIS), consisting of a lopgys bridge and two stretches of approaching
roadways, is to be studied rather than the bridgeea The “roadway-bridge-roadway” setup
makes it possible to more realistically capture ittegor characteristics of the traffic flow. For
typical interstate systems in the US, four-lanéldes (i.e. two lanes in each direction) and two-
lane bridges (i.e. one direction) are the most foptypes. Since the traffic flow on both
directions of a bridge is usually independent, tilaffic flow simulations on these two types of

bridge are essentially the same.

To facilitate the following presentation, a typidalur-lane long-span bridge, with approaching
roadways connected on both sides, will be choseheabasic scenario for the study (Fig. 2.3).
All the lanes on the bridge and the connecting waa@ share the same width on both driving
directions (from east to west and from west to)eastl each lane is divided into equally-spaced
cells. In the present study, the total length &f fbur-lane prototype bridge £).is 840m and the
approaching roadway has the length of 1,005a%1L005m) at the each end of the bridge. The
length of the approaching roadway, too short orlong, will affect the accuracy of the results or
the simulation efficiency, respectively. The lengththe approaching roadway in the present
study was decided based on some preliminary asabsd the validity of the length of the

approaching roadway adopted will be discussedearfaliowing parametric study.
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Fig. 2.3Bridge infrastructure system

The length of each cell is set as 7.5m, which éstiipical distance between the centers of two
vehicles when the road is in a complete congegti@mgel and Schreckenberg 1992). The speed
limit V nax is assumed to be 113km/h (70mph), which is théc&ypspeed limit on interstate

highways in the US. Sg., in the CA model can be computed accordingly:

V... _119km/h) 5 100qm/km)

Yre =7 " 360dsh) . 7.5(m)cell)

= 419cell/s) = 4(cell/s) (2.1)

where Vhax is the maximum vehicle velocity in the unit of kgl V.« denotes maximum absolute
velocity of vehicles (km/h), which is assumed tothe same as the speed limit in the present

study; L is the size of each cell.

In the CA-based traffic flow simulation, the initizelocities of all the vehicles are typically set

be zero. The CA traffic simulation rules will deeidhe velocity of each individual vehicle
according to the maximum vehicle velocity adaptivalhe observation of the traffic flow will
start after ¢=10L (L is the number of all cells in one lane, hér=134X2+112=380) when the
traffic flow is typically believed to become steaflyagel and Schreckenberg 1992). Thus, the

traffic flow results starting from 3,800s in thisidy will be presented in the following sections.

Two boundary conditions are often used in the QAukations. One is the periodic boundary

condition which regards the road as a ring. Vebiat@ve out of one end and come in from
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another end in the next time step. The other orleeipen boundary condition, which sets two

parametersr andfS as the probability of vehicles moving in and moviogt the simulation

boundaries, respectively (Cheybanin et al. 200@)this study, with the assumption that the
traffic occupancy does not fluctuate significardlyring the period of time for the simulation, the
periodic boundary condition is used. Therefore,tthéfic occupancy in the whole system keeps
constant for each simulation. Transportation ReseBoard classifies the Level of Service (LOS)
from A to F based on the range of the traffic o@ngy in the Highway Capacity ManudRB

2000). Three occupancieso() are considered in the present study: 1) “fresvflopo =0.07
corresponding to level B (9veh/km/lane), 2) “modertiow”, 0 =0.15 corresponding to level D
(20veh/km/lane) and 3) “busy flow’p =0.24 corresponding to level F (32veh/km/lane).iMas

vehicles on highways are grouped into three categaf vehicles: v1- heavy multi-axle truck;
v2- light truck and bus; v3- light passenger cde proportions of vehicles in category 1, 2 and 3
among all the vehicles are assumed to be 0.2,@D D, respectively. All the parameters of the
CA traffic model are summarized in Table 2.1. Doelte independent nature of the traffic flow
on two driving directions on the bridge, only tlesults of the two lanes from west to east will be
given in the following sections. The traffic flovinalation for both “normal condition” and the
“incidental conditions” will be introduced in thelfowing, respectively.

Table 2.1 Parameters of CA traffic model for “roagwbridge-roadway” system

Paramete| Value Definition
Lc 7.5m Length of each ce
dt 1< The period of each time si
| -road 134(1005m) Number of cells (absolute Iength) of one lani
approaching roadway in one end
L-bridge 112(840m Number of cells (absolute length) of clane of bridg

P 0.07,0.24 Traffic occupancy of the system(occupied cellstalls)
Viype {0.20.30.5] Percentage of three types of vehicles(vl, v2 an
Vimax 4 The maximum cells a vehicle can pass per se
pb 0.t Theprobability of brakin:

pct 0.t The probability of changing la
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2.3.2 Traffic flow simulation-“normal condition”

Different from the traditional understanding of fnml” and “incidental” traffic, the normal
traffic condition in the present study refers te ituation that the bridge and the approaching
roadways have the same number of available lareghE “normal condition”, both the vehicle-
following and lane-changing rules as introducedhia section of “traffic rules” will be applied.
The same traffic rules can simulate various tradfimditions, including congestions, as long as
the available lanes of the bridge and the approgcioadways are the same. So some unusual
traffic events, such as recurrent congestion dunirsp hours or non-recurrent congestion due to
some incidents, are still attributed to the “normahdition” when the available lanes do not

change.

The typical two-lane traffic simulation (in one elition) of a “roadway-bridge-roadway” system
under the “normal condition” is conducted and tbsutts are shown in Fig. 2.4. As shown in Fig.
2.4, the time versus space information of the satewl traffic on the outer lane (i.e. far from the
median barrier) is given. The axis shows the physical location of each vehialetlre BIS
(“roadway-bridge-roadway”). Thg axis shows the time range after 3,800 secondsraflation
have elapsed. At any time instant on thaxis, the information of the physical distributioh
each vehicle along the spatial simulation regignakis) can be found by drawing a line
horizontally. Similarly, at any spatial location dhe x axis, the time-variant information of
vehicles at one particular location can also beenetd by drawing a line vertically. For the high

traffic occupancy p =0.24), the congestion is formed which is evidenbgdhe black belts in

Fig. 2.4 (a). The congestion results are founddacbnsistent with the phenomenon observed
from the real traffic flow photo collected on an Aritan freeway (Fig. 2.4 (b)) (Treiterer et al.

1965).
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Fig. 2.4 Comparison of simulated and monitoreditrdiow ( p =0.24)

In addition to the information such as vehicle tyrel location of each vehicle at any time, the
simulated microscopic traffic flow also includestimformation of the instantaneous driving
velocity of each vehicle at any time. The drivinglacities of all the vehicles remaining on both
inner and outer lanes of the bridge are statisyiGatalyzed for each time instant, respectively.
Due to the probabilistic nature of the traffic flahwrough the bridge, the mean value of the
velocities of all vehicles on the bridge at one reains different from that at the next moment.
The mean velocities versus time in the “free flad “busy flow” conditions are plotted in Fig.
2.5a and Fig. 2.5b, respectively. A statisticallysia of the mean velocity curves in Fig. 2.5a
shows that the mean values of the two curves are @8/h and 93.9 km/h and the standard
deviations are 4.8 km/h and 4.3 km/h for the inaed outer lanes, respectively for the “free
flow” condition. When the traffic occupancy is highe. “busy flow”), the mean values of the
two curves in Fig. 2.5b are 55.8 km/h and 56.1 kamti the standard deviations are 7.1 km/h and
7.4 km/h for the inner and outer lanes, respegtivielis found that in the “normal condition”,

traffic flow characteristics between the inner ander lanes are pretty similar under both “free
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flow” and “busy flow” conditions. When the traffioccupancy gets higher, slightly more

difference between the results on the two laneg wbserved.
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Fig. 2.5 Time history of mean velocity for normaindition

Compared to those under the low traffic occupafitgd flow”), the mean values of the curves
of mean velocity vs. time (Fig. 2.5b) under thehhigaffic occupancy (“busy flow”) decrease by
40% and the standard deviations increase by 508pgectively. When the traffic occupancy is
low (Fig. 2.5(a)), sparsely distributed vehicles able to achieve the optimal velocities through
changing lanes with fewer chances to be forcedetiuge velocities than congested vehicles.
When the traffic occupancy is high (i.e. vehicles densely populated), the empty space on the
two lanes is not as much as that with sparse d¢raffhich allows for moving forward and lane
changing easily. As a result, larger fluctuatiohgehicle velocities over time are observed when
the traffic occupancy is high. It is known thatgarfluctuations of the vehicle velocities can cause
more variations of the dynamic impacts on the k@iflgm the traffic, higher risks of rear-end

crashes and more chances of accelerating and bralgarations (TRB 2000; Chen and Cai
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2007). Besides, existing studies also suggested hilgher driving velocity will cause more

significant dynamic impacts on the bridge from trehicles (Chen and Wu 2010). So for a
critical long-span bridge which often experiencasybtraffic, the results confirm that a realistic
simulation of traffic flow with appropriate trafficules is necessary in order to quantify time-

dependent live loads on long-span bridges.

2.3.3 Traffic flow simulation-“incidental conditions”

In addition to the normal traffic condition (i.eridige and roadway share the same number of
available lanes), some incidents, such as worksondraffic accidents on the bridge or on the
approaching roadways, may cause some portion ofathes, either on the bridge or on the
roadways, being closed to traffic. Therefore theitlental conditions” in the present study refer
to the situations that the numbers of the availdhlees on the bridge and the approaching
roadways are different. Depending on whether the an the bridge or the roadway is blocked,

the incidents are called “bridge block” and “roddd”, respectively.

The “bridge block” condition may be formed as auiesf several possible scenarios, such as a
renovation project on the bridge or a serious agtidhappening on the bridge. As a result, the
bridge may become a “bottleneck” due to the difieeebetween the numbers of available lanes
on the bridge and approaching roadways. On ther dthed, the “road block” condition may
represent two typical scenarios: there is a workezar an accident happening on the connecting
roadway either downstream or upstream of the bri@gesed on the preliminary analysis, it is
found that the situation that one lane of appraaghdadways upstream of the bridge is closed is
not critical to the traffic loads on the bridge. Bahe following section, it is only assumed that
one lane of the roadway downstream of the bridgam(fwest to east) is closed for the “road

block” condition. For the incidental conditionsgtleorresponding simulation rules for different
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available lanes as introduced in the previous @editiill be applied in addition to those used in

the “normal condition”.

The mean velocities for both incidents (i.e. “badgock” and “road block”) under two different
occupancies are shown in Fig. 2.6 (a-b). It is tbtimat the mean value of the mean velocity
curves for the “bridge block” condition is aroun8.Z km/h (0 =0.07) and 24.9 km/hg =0.24),
which are significantly lower than 93.7 km/lw €0.07) and 55.8 km/hg =0.24) in the “normal
condition” (Fig. 2.5), respectively. The standasVidtions of the mean velocity curves under the
low and high traffic occupancies are 7.7 km/h ar@® kin/h, respectively. It is found that the
standard deviation of the mean velocities in thédte block” condition is much higher than that
in the “normal condition” when the traffic occupanis low. In fact, the fluctuation of mean
velocities of the traffic flow (as indicated by ttetandard deviation) under the low traffic

occupancy is larger than that under the high tafticupancy, which suggests more fluctuations

of the dynamic impacts from vehicles.
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Fig. 2.6 Mean velocity of traffic on bridge verdirae for incidental conditions
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For the “free flow” condition p =0.07) (Fig. 2.6a), the mean values of the meaocityl curves

for the “road block” condition are 94.5 km/h and B4&m/h and the standard deviations of the
curves are 4.5 km/h and 4.9 km/h for both inner amiéér lanes, respectively. Compared to the
“bridge block” condition, the mean values of theamevelocity curves of the “road block”
condition under the low traffic occupancy are muggher, which are close to those in the
“normal condition”. The high mean velocities sugddagh mobility and relatively larger dynamic
impacts of vehicles on the bridge in the “road kfamondition when the traffic occupancy is low.
When the traffic occupancy is low, the standardiateans of the vehicle velocities in the “road
block” condition on both lanes are close to thasehie “normal condition”, which are much

lower than those in the “bridge block” condition.

For the “busy flow” with the higher traffic occupan( o =0.24 (Fig. 2.6b), the mean values of

the mean velocity curves for the “road block” cdiwti are 35.2 km/h and 29.1 km/h and the
standard deviations of the curves are 4.9 km/h3ahdkm/h for both the inner and outer lanes,
respectively. When the traffic occupancy gets higllee mean velocities of the vehicles on the
bridge for the “road block” condition significanttiecrease, but are still slightly higher than those
in the “bridge block” condition. However, the stand deviations are much smaller than those for
both the “bridge block” and the “normal conditiohe high standard deviation of the velocities
of the vehicles on the bridge suggests high veldtiictuations. As discussed earlier, the high
velocity fluctuations may cause more variationghef dynamic impacts of the traffic load and

more chances of accelerating and braking operatanthe bridge. The observations from both
Figs. 2.6(a-b) suggest that the “road block” cdndithas less impact on the traffic flow in terms

of velocity fluctuations than the “bridge block” redition.
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2.3.4 Traffic loads on the bridge

From the perspective of a bridge engineer, theshttaffic loads applying on the bridge is of the
most concern. Based on the stochastic traffic 8onulated for normal and incidental conditions,
the cumulative static loads from all the vehiclestbe bridge for the (a) normal, (b) “bridge
block”, and (c) “road block” conditions can be adhted for any instant. The time-history results
for the three traffic conditions are shown in Figsi (a-c), respectively. Theaxis shows the

time period starting after 3,800 seconds have ethpk can be found that the total static load
(weight) from the traffic on the bridge generallpgshsome variations over time due to the
stochastic nature of the traffic flow. Among theeth different traffic conditions, the “bridge

block” condition (Fig. 2.7 (b)) is found to caugeetminimum mean static traffic loads on the

bridge, while the “road block” condition causes llgest mean static traffic loads.

Comparatively, the total static traffic load hasgkx variations when the traffic occupancy gets
higher in the normal and “bridge block” conditiorisor the “road block” condition, the total
static traffic load has the least fluctuations otiete, which is likely because of the limited
mobility due to serious congestions (Wu and Cheh020Due to the significantly lower static
loads for the “bridge block” condition, the “bridddock” condition will not be further discussed

in this chapter.

The statistical results on the time histories ef shatic traffic load can provide useful informatio

to evaluate the actual traffic loads. Before ralostatistics of any time-history results are
conducted, the required time duration in order &b the converged statistical result has to be
studied. Therefore, the convergence analysis islaried on the time history of the total static
load of the traffic. The mean value of the totaltistload from the beginning up to the current
instant was calculated for different traffic comulis and occupancies. Fig. 2.8 shows the mean

values versus time for both the normal and “roadck! conditions with different traffic
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occupancies. It is found from the results that 886end simulation currently used can lead to
stable results. The results also suggest thatttistical results of the time history of the stati

load are not very sensitive to the length of tineusation time period.
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Fig. 2.8 Convergence of mean static load vs. time
AASHTO LRFD specification uses HL-93 live load footh short and medium-span bridges. In
AASHTO LRFD specification (AASHTO 2007), the HL-9®e load includes the uniform lane
load 0.64 kip/ft (9.3 kN/m) and the HS-20 desigickr load or the tandem load for most limit
states. Since the design truck load is more contmanntrol the design, the following discussion
will only consider the truck loads. For the purpa$e preliminary comparison, the static traffic
load derived from the present study is compared Wie equivalent HL-93 live loads. The lane
load will be applied as the uniformly distributexhdtl all through the bridge. The number of the
equivalent design trucks can be estimated whiangalvith the lane load, will lead to the same
total static load as that obtained from the stobbhasffic flow simulation in the present study. |
is found that the lane load alone has providedidgefft static load for the “free flow” and

“moderate flow” situations. When the traffic occapg is high (“busy flow”), there will be
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equivalently 2-3 design trucks in each directioongl with the lane load which can generate the

same total static load as the simulated traffid loa the bridge.

2.4 Parametric Studies

Parametric studies are conducted to further ingatithe sensitivity of several parameters on the
simulation results. Three parameters include: lengtapproaching roadway, driving speed limit

and vehicle combination.

2.4.1 Approaching roadway length

For the traffic simulation of the “roadway-bridgeadway” system, the approaching roadways
are actually the extended boundaries of the bridtjgn the system. Taking the long-span bridge
analyzed in the previous section as the exampke,prametric studies are carried out with
various lengths of approaching roadwaysg)(IFig. 2.9 shows mean velocities of the vehicles o
the BIS with different lengths of approaching roage. The dimensionless length ratio is defined
as the ratio of the approaching roadway lengt) (& the length of the bridge £).(Fig. 2.3). Fig.
2.9 suggests thatlL g does not have significant impact on the mean w#gcof the vehicles on
the bridge for the “free flow” condition. For high&raffic occupancies (“moderate flow” and
“busy flow"), the fluctuations of the mean veloeti of the traffic on the bridge over different
approaching roadway lengths become larger as caudpty those under the low traffic
occupancy (“free flow”"). The results suggest thaew the traffic occupancy is low, the details of
the approaching roadways (e.g. length) are not gefigal to the results of the simulated traffic
on the bridge. When the traffic occupancy is higtwever, an accurate description of the actual
boundary conditions of the bridge (i.e. the apphireg roadways) is critical in order to accurately
simulate the traffic flow. As discussed eatrlierisiknown that larger variations of the velocities

usually will cause more variations of the dynamipacts of the traffic load on the bridge.
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Fig. 2.10 gives the results of the mean value eftthal static load under different length ratios
(Lr/Lg). Fig. 2.10(a) and Fig. 2.10(b) show the resuhemvthe speed limit equals to 81 km/h and
108 km/h, respectively. In each subplot, the residlt the three different traffic occupancies are
plotted together. Similar to the impacts on the meglocity as shown in Fig. 2.9, it is found from
Fig. 2.10 that the mean static load is not seresitiy the length ratio dlLg when the traffic
occupancy is low or moderate. When the traffic pegicy becomes high (i.e. “busy flow”), the
mean static load has limited fluctuations arouralriiean value over the different length ratios.
The results show that the “roadway-bridge-roadwaystem with k/Lg =0.5 or above is
normally sufficient to provide stable static loddlte traffic flow as long as the traffic occupancy
is not very high. For the “busy flow”, longer appohing roadways in the BIS may help on

further improving the accuracy.
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Fig. 2.10 Mean static load vs. length ratio

2.4.2 Speed limits

The relationship between the mean velocity andsfieed limit is studied under various traffic
occupancies (Fig. 2.11). For “free flow” conditidghe mean velocity increases in a nearly linear
way with the increase of the speed limit for twedient length ratios (Fig. 2.11a and Fig. 2.11b).
When the traffic occupancy is high (“busy flowhetmean velocity increases in a nonlinear way
and may even decrease when the speed limit is drblf km/h for both length ratios of the
approaching roadway (Fig. 2.11(a-b)). It is knowattvehicles cannot move faster when traffic
congestion exists even with a higher posted spasill. IThe results numerically confirm a
common observation that densely distributed vesiolay move slowly on the bridge during rush
hours regardless of the posted speed limit. Thexeto avoid heavy traffic remaining on the
bridge for extended time, some traffic control meas in addition to the speed limits should be

applied during rush hours.
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Fig. 2.11 Mean velocity vs. speed limit
The mean static load of traffic under different eghdimits was also studied. As shown in Fig.
2.12, the mean static load remains almost the damdifferent speed limits when the traffic
occupancies are low or moderate. When the traffaupancy becomes high (“busy flow”), the
mean static load has some fluctuations with thedienits. For the typical range of speed limits
of long-span bridges, the impact from the speeit lm the static traffic load is found to be very
limited. Since the mean velocity of the traffic haetty significant change over the different
speed limits (Fig. 2.11), the dynamic impacts &f tfaffic, however, can be considerably affected
by the speed limits. The detailed quantificationtteé dynamic loads considering interactions

needs to be studied separately.
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Fig. 2.12 Mean static load vs. speed limit

2.4.3 Vehicle combination

In the present study, the combination ratio ofed#ht types of vehicles is assumed to pg v
={0.2 0.3 0.5} for the three categories of vehicldgavy multi-axle truck”, “light truck and bus”
and “light passenger cars”, respectively. In orttestudy the impact of the different vehicle
combinations, another vehicle combination ratjg. v{0.2 0.2 0.6} is also studied and the results
are shown in Fig. 2.13. “Combination I” and “Comdgiion II” in Fig. 2.13 refer to g ={0.2 0.3
0.5} and {0.2 0.2 0.6}, respectively. The meanistédad of the vehicles for the “free flow” and
“moderate flow” seem to simply increase with ther@ase of the percentage of heavier vehicles.
The mean static load of all the vehicles for thaspflow” condition shows a complicated trend.
This is probably due to the congestion and moreutent traffic flow when the traffic occupancy

gets high. For various traffic occupancies, the me&tatic load of all the vehicles on the bridge
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seems to be pretty sensitive to different vehidelinations. So for an accurate traffic load

characterization, the specific vehicle classifimatinformation should be used, if available.
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2.5 Conclusions

A general framework of modeling the stochastic lv&d from traffic for a long-span bridge was
developed. Depending on the site-specific inforomatdf the bridge, different approaching
roadway lengths, traffic occupancies, speed limitd combinations of vehicle types for both the

normal and incidental conditions can be considerédllowing the development of the
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methodology, parametric studies were conductedséweral critical parameters used in the

simulation. Major findings are summarized as fokow

(1) Larger fluctuations of vehicle velocities otane were observed when the traffic occupancy
is high for bothnormal and incidental condition5or a critical long-span bridge which
often experiences busy traffic, a rational simolatof the traffic flow with realistic traffic
rules was confirmed to be necessary in order tantifyaime-dependent traffic load on the
bridge.

(2) The “road block” traffic condition has less iagh on the traffic flow in terms of the velocity
fluctuations than the “bridge block” or normal fiafconditions. Large fluctuations of the
vehicle velocities can cause more variations ofdyreamic impacts of the traffic load, higher
risks of rear-end crashes and more chances ofematia and braking operations.

(3) Among the three different traffic conditionbet“bridge block” condition is found to cause
the minimum mean static traffic load on the bridghijle the “road block” condition causes
the largest mean static traffic load, but with st fluctuations of the static traffic load over
time.

(3) When the traffic occupancy is low, the boundaonditions of the bridge (i.e. details of
approaching roadways) are not very critical to shraulated traffic. The “roadway-bridge-
roadway” system with &/Lg=0.5 or above is normally sufficient to provideldeastatic load
of the traffic flow as long as the traffic occupgnis not very high. When the traffic
occupancy on a bridge is high, an accurate desmimf the site-specific details of the
approaching roadways connecting the bridge becamitisal in order to accurately quantify
the traffic load on the bridge.

(4) For the typical range of speed limits of lonms bridges, the impact from the speed limit on
the static traffic load from the stochastic trafficfound to be very limited. Since the mean
velocity of the traffic has pretty significant clggn over the different speed limits, the

dynamic traffic load, however, could be consideyatifected by the speed limits.
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(5) The mean static load of all the vehicles onlihidge is pretty sensitive to different vehicle
combinations. For an accurate load characterizattom site-specific vehicle classification
information should be used, if available.

(6) A simple comparison between the simulated cstadiffic load and the AASHTO LRFD HL-
93 design load was made. It was found that the leag of HL-93 can provide sufficient
static load for the “free flow” and “moderate flowbnditions. When the traffic occupancy is
high (“busy flow"), there will be equivalently 2-8esign trucks along with the lane load
which can generate the same total static loadesithulated traffic loads. Since it was only
about the static load, more detailed and rigoraumparison of the live load considering
dynamic impacts with AASHTO LRFD design loads, whiequire extensive interaction

analysis, should be conducted in the future.
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CHAPTER 3: DYNAMIC PERFORMANCE SIMULATION OF LONG-S PAN
BRIDGES UNDER COMBINED LOADS OF STOCHASTIC TRAFFIC AND

WIND

3.1 Introduction

Slender long-span bridges exhibit unique featureis pnesent in short-span bridges, such as
simultaneous presence of multiple trucks, and 8@t sensitivity to wind. The performance
assessment under service loads has been primacigéd on traffic and wind loads for slender
long-span bridges. Wind-induced buffeting analyisithe common approach to estimate the
dynamic behavior of slender long-span cable-stayeslispension bridges under turbulent wind
excitations. No traffic load was typically considdr simultaneously with wind (Simiu and
Scanlan 1996; Jain et al. 1996), assuming thabttidiges will be closed to traffic at relatively
high wind speeds or the excitations from vehicles megligible. However, recent studies of
Bridge/Vehicle/Wind interaction analyses showed tiha@re is a considerable difference in the
predicted bridge response between the case wheegabdérucks were considered and the case
where no vehicle was considered (Xu and Guo 20@8a6d Chen 2004; Chen et al. 2007), and
such a difference exists over a wide range of va@peeds. Furthermore, long-span bridges are
rarely closed even when wind speeds exceed the ootgrquoted criterion for long-span bridge
closure [e.g. 55 mph (AASHTO 2004)]. For slendengspan bridges, the governing (most
severe) case of stress and potential damage is tlikesollective effects from wind and the real
traffic loadings are the largest, not necessarihemvwind is the strongest or when the traffic

volume is the highest.
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Even for conventional long-span bridges which apé sensitive to wind excitations, such as
those with slab & beam girder, arch and truss (lgu2005; Calcada et al. 2005; Shafizadeh and
Mannering 2006), wind dynamic effects on fast-mgvirehicles are still significant. The results
from the preliminary study suggested that the wieeaa applied by one standard truck on a long-
span bridge without considering wind dynamic impamt the vehicle will be underestimated by
about 6% to 11% compared to the case considering impacts on the vehicle when wind speed
is between 10 m/s to 20 m/s. With busy traffic flamd moderate wind on a long-span bridge, the
cumulative dynamic impacts on the bridge transtefrem wind through many vehicles can be
significant and some critical scenarios with exo@sstress or response for the bridge may not be

captured appropriately by ignoring the dynamic wefigects on vehicles.

In recognizing the significance of dynamic interacs of a long-span bridge, vehicles and wind
as a coupled system, people have recently startecking on dynamic behavior of
Bridge/Vehicle/Wind coupled system (Xu and Guo 2008i and Chen 2004; Chen and Cai 2006;
Chen et al. 2007). As a first step to demonstitatentethodology, these studies have considered
only one or several vehicles distributed in an amsli(usually uniform) pattern on a bridge. For a
bridge with a long span, there is a high probabitif the simultaneous presence of multiple
vehicles including several heavy trucks on thed@idSuch an assumed pattern obviously differs
from reality that vehicles actually move probabidially through the bridge following some
traffic rules. Although white noise fields (Ditlems 1994; Ditlevsen and Madsen 1995), Poisson
distribution (Chen and Feng 2006) and Monte Cappraach (Nowak 1993, Moses 2001,
O’Connor and Obrien 2005) have been used to simuthe traffic flow to obtain the
characteristic load effects for short- and mediyrarsbridges, these approaches have not been
used on long-span bridges to address relativelyptioated traffic loading, especially with wind
load simultaneously. For example, the traffic flasvmore complicated in terms of vehicle

number, vehicle type combination and drivers’ ofierasuch as lane-changing, acceleration or
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deceleration on long-span bridges compared to -sipam bridges. In Chapter 2, a framework of
probabilistic bridge dynamic analysis is introduogtich considers the dynamic interactions
between bridge, stochastic traffic and wind. Theelsastic traffic flow on the bridge is simulated
with the Cellular Automata (CA) traffic flow modéeThe equivalent dynamic wheel load (EDWL)
approach (Chen and Cai 2007) is incorporated intorhodel to make the simulation of the
coupled system in time domain practically possiBlease study of a slender cable-stayed bridge

is conducted based on the proposed methodology.

3.2 Theoretical Basis of Bridge/Traffic/Wind Interaction Analysis

As illustrated in Fig. 3.1, the proposed analytivaldel has three parts: the first one is to sinsulat
the stochastic traffic flow; the second one is Ibtain time-dependent equivalent dynamic wheel
load (EDWL) information for each vehicle from theveéloped EDWL database; and the third one
is the interactive simulation framework in the tidemain to obtain statistical results of the

bridge performance. The theoretical basis of thiese parts is introduced in the following.
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Fig. 3.1 Flow chart of the analytical method
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3.2.1 Probabilistic traffic flow simulation with CA model

As introduced in Chapter 2, the Cellular Automaf@®) traffic simulation model, a type of

microscopic traffic flow simulation techniques, based on the assumption that both time and
space are discrete and each lane is divided inis @dth an equal length (Nagel and

Schreckenberg 1992). Each cell can be empty orpiediby at most one vehicle at a time. The
instantaneous speed of a vehicle is determinechbynumber of cells a vehicle can advance
within one time step. The maximum speed a vehiale &chieve is decided by the legal speed
limit of the highway. For each time step, operati@uch as accelerating, decelerating or lane-
changing of any vehicle are automatically decidexseld on some algorithms established
according to some actual traffic rules as well ame reasonable assumptions of the driver
behavior. For instance, it is assumed that drivetsnd to achieve the maximally allowable

driving speed without having traffic conflicts witlther vehicles or breaking any traffic rule.

The rules of a typical multi-lane CA traffic modetlude: (1) those for vehicles moving forward
on the original lane, i.e. single-lane CA model gilsand Schreckenberg, 1992); and (2) those of
lane-changing. For any vehiclglane-changing will happen if the following coridits are all
met (Rickert et al. 1996; Li et al.,, 2006). A dtdi introduction of the CA-based traffic
simulation model and the simulation results onrglepan bridge can be found in Ref. (Wu and

Chen 2008).

3.2.2 Equivalent dynamic wheel load (EDWL)

Beginning with the finite element modeling of adwy®, the bridge dynamic model is developed.
Each vehicle is modeled as a multi-degree-of-freedind mass-spring-damper system. Once the

road roughness and wind loading acting on a bridgeell as on the vehicles are simulated in the
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time domain, the general Bridge/Vehicle/Wind intti@n model can be expressed as (Chen 2004;
Cai and Chen 2004):
. . \% \%
{Mv 0 }{Yv}_i_{cv Cue }{Yv}_i_{l(v K ve }{Yv}: {F}R+{F}W (3.1)
0 Mg |(¥s Ceayv CSB+C\é Ts K sy K|83+K \é s {F}i-’-{F}\?v-’-{F}(Bs
where M, C and K are the matrices of mass, damping and stiffnesspectively;y is the

displacement; the subscripts and superscriptand V refer to the bridge and vehicles,
respectively;F is the force vectors; subscrig®&s W and G refer to the forces induced by road

roughness, wind and the gravity of the vehiclesherright hand side of equations, respectively.

The vehicle models in Eqg. (3.1) can be used to Isitawarious types and numbers of vehicles at
any location on the bridge. By removing wind-rethterms in Eq. (3.1), the coupled equations
will reduce to the traditional Bridge/Vehicle indetion model without considering wind for
conventional long-span bridges (Huang 2005; Calcstidal. 2005). Theoretically, when real
traffic flow is considered, each vehicle dynamic dab with corresponding actual vehicle
properties (e.g. driving speed and location) of ttiaéfic flow can be brought into Eq. (3.1) to
formulate a “fully-coupled” Bridge/Traffic/Wind dymic interaction analysis with detailed
vehicle dynamic models with Eq. (3.1). Théully-coupled analysis in an “exact” manner
obviously can provide the most accurate simulatiesults, but requires extremely high
computational costs as the number of degree-otineeof the matrices in Eq. (3.1) increases
proportionally with the number of vehicles remagnion the bridge at any time. When the bridge
span is long, traffic is busy or an extended sittatime is required, a “fully-coupled”
interaction analysis of a Bridge/Traffic/Wind systéncreases the number of degree-of-freedom

too dramatically to be realistic for practical siations (Chen and Cai 2007).
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In order to provide a more computationally pradtiogtion for engineering analyses, the
equivalent dynamic wheel load (EDWL) approach hesnjproposed by Chen and Cai (2007) to
significantly improve the efficiency of the analysby avoiding solving the “fully-coupled”
Bridge/Multi-vehicle/Wind interaction equations. déa EDWL, which is obtained from the
dynamic interaction analysis of the Bridge/Singidicle/Wind system in the time domain, is
essentially a time-variant moving force representine actual wheel loading applied by each
moving vehicle on the bridge deck considering etigethynamic interactions. The EDWL varies

with time and is specific to vehicle type, driviageed and other environmental conditions.

The EDWL and the dimensionless variable EDWL r&idor thej™ vehicle are defined in Eq.

(3.2) and Eq. (3.3), respectively (Chen and Cai7200

EDWL (9= K%+ G Y] (3.2)

i=1

where Kf,l and C&I are the spring stiffness and damping terms of dhgpension system of

vehicle, respectiverYViI and\?viI are the relative displacement and velocity of shispension

system to the bridge in vertical direction, resjpety. n, is the axle number of th& vehicle
model. Since the vehicle moves in a constant sagdspecific time after the vehicle gets on the
bridge corresponds to a spatial location alongbtiidgge. As a result, the time-variant EDY{)

can be easily translated to spatially-variant EDWJL by using a simple relationship
(x(t) = x(t—l) +I:_1V(t) dt), wherex is the longitudinal position along the bridg4}) is the

instantaneous driving speed of the vehicle at time

The equivalent dynamic wheel load ratR) for thej™ vehicle can be defined as (Chen and Cai

2007):
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R (t)= EDWL (9/ G (3.3)

whereG; is the weight of th¢" vehicle.

3.2.3 Bridge/Traffic/Wind interaction model using EDWL

By introducing EDWL to replace physical moving vebs on the bridge, the “fully-coupled”
equations (Eqg. (3.1)) can be simplified to Bridgef@/coupled model under excitations of many
moving forces- EDWLs, at the corresponding locatiaf the physical vehicles on the bridge
(Chen and Cai 2007). Accordingly, the “fully-cougleBridge/Traffic/Wind model as shown in

Eq. (3.1) will be simplified to:
. s - s _ b wheel
Mb{yb}+cb{yb}+Kb{Yb} —{F}W +{F}Eq (3.4)
where{F}VEV:ee' is the cumulative equivalent dynamic wheel loadd\(@.) of all the vehicles

existing on the bridge at a time, as defined in Bp); matricesC; and K; are the damping
and stiffness matrices of the bridge which havéuined the wind-induced aeroelastic damping
and stiffness components, respectively (Simiu azahn 1996){ F}; denotes the wind-induced

buffeting force acting on the bridge. It is easyitml Eq. (3.4) will be reduced to the traditional

wheel

wind-induced buffeting analysis equations afteraeimg the{ F}Eq term.

The cumulative EDWY F}VE”:ee' acting on the bridge in Eqg. (3.4) can be defired a
wheel a <
(FOr =3 {o-r0)e-So(x()a(x() o] @9
j=1 k=1
whereR, G x, andd, are the dynamic wheel load ratio, self-weight &fjthvehicle, longitudinal
location, and transverse location of the gravityteeof thg™ vehicle on the bridge, respectively.
h,, and gy are the vertical and torsion mode shapes fok'thmode of the bridge modei, is the

total number of vehicles on the bridge at a tiniec&there may be different numbers of vehicles
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on the bridge at different time, changes with time depending on the simulationltesf the

stochastic traffic flow.

The feasibility study conducted by Chen and CaiOf@@0compared the bridge response
estimations using EDWL and the “fully-coupled” ly&multi-vehicle/wind interaction analysis.
Very close results of both displacement and acatitar responses can be obtained with the
EDWL approach and the computational errors comptwettie “fully-coupled” analysis results
were around 1-7%. As shown in Eqg. (3.4), the degoddreedom of Eq. (3.4) equal to those of
the bridge model, and thus do not change with tiebrer of vehicles on the bridge. As a result,
the computation efficiency of busy traffic flow mnog through a long-span bridge with the
EDWL approach by using Eq. (3.4) , even for an moéel time period, can be significantly

improved compared to the “fully-coupled” equatidks. (3.1)).

3.3 “Semi-deterministic” Bridge/Traffic/Wind Interactio n Analysis

Fig. 3.1 gives the flowchart of the simulation pes in the time domain: based on the input data
of simulation at any time step, the correspondiBy\E. value of each vehicle of the simulated
traffic will be obtained from the EDWL database.eTdynamic interaction analysis of the
Bridge/Traffic/Wind system is then carried out, é@dson which the statistical assessment of
bridge performance can be conducted. Details ofwhele simulation process in Fig.3.1 are

illustrated in the following sections.

3.3.1 Input data of simulation

After the theoretical basis of the traffic flow sitation and the equivalent dynamic wheel load
approach have been introduced in the above sedtienprobabilistic simulation of the bridge

dynamic behavior in the time domain will be conéuakctvith following basic input data:
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Bridge — basic geometric and material parameteiggé® finite element model and critical modes
selected for the interaction analysis; surface hoegs of bridge deck, which can be the
actual measurements or from simulations based ersprectrum of surface roughness
profiles (Huang and Wang 1992; Xu and Guo 2003).

Traffic — vehicle occupancy (or traffic density)ehicle classifications (i.e. percentage of each
category of vehicles) and speed limit.

Wind — wind speed; static wind force coefficientsl dlutter derivatives of the bridge; static wind
force coefficients of various high-sided vehiclelsieh are typically obtained from wind

tunnel testing (Baker 1991).

With all the required data, the EDWL database datet with a particular bridge will be

developed which will be introduced in detail in flodowing “EDWL database”.

3.3.2 EDWL database

A comprehensive EDWL database is to provide EDWLafloy possible combination of vehicle
properties (e.g. vehicle type, driving speed), wapeged and road surface roughness condition.
Existing studies have already identified some lagtdrs affecting the values of EDWL (Chen
and Cai 2007) such as wind speed, vehicle typeicleehdriving speed, vehicle instantaneous
position on the bridge and surface roughness psofif the bridge deck. For a particular bridge,
all common vehicles of the traffic flow on the hlyedcan be classified into several categories. For
each category of vehicles, some typical variabltesselected such as mass, stiffness, damping
and wind force coefficients. Wind speeds, vehidlizing speeds and road roughness are also
described with some typical discrete values witsamable intervals (e.g. 5m/s interval of wind
and driving speeds). Comprehensive collectionsasfsiple combinations of variables, such as
vehicle variables, wind speed, vehicle driving spaad road roughness level, are made. Under

each combination of variables, Bridge/Single-vediMlind interaction analysis is conducted and
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the corresponding EDWt)(and EDWLK) in both time and spatial domains respectivelg ar
obtained (Chen and Cai 2007). Depending on thevial® of discrete values for each input
variable, appropriate interpolation techniques rbayapplied when the actual input value is
between two predefined discrete values for eackabiar In the present study, a simple linear

interpolation is adopted due to pretty dense imtisradopted.

3.3.3 Statistical assessment of bridge dynamic perfnance

Since the objective of the present study is to kigve¢he framework of Bridge/Traffic/Wind
interaction analysis, uncertainties of variablesulbridge, wind, and roughness excitations will
not be considered in this study. The only randomigdrom the stochastic nature of the traffic
flow which is simulated based on the CA model. I8oroposed Bridge/Traffic/Wind simulation
model is actually a type of “semi-deterministic eggeli as the instantaneous distributions of
positions and speeds of the vehicles of the CAdbasdfic flow at any time are probabilistic, but
the basic traffic input (e.g. vehicle occupancy tfaffic density) and vehicle classifications) for
the CA simulation is still deterministic. Becausk the “semi-deterministic’ nature of the
proposed model, a convergence analysis of the histery results over time will be necessary in
order to get stable statistical descriptions oireet(e.g. mean and standard deviation) of bridge
responses under stochastic traffic. The basicid¢rafput varies in a typical day (e.g. rush hour
and normal hours) and a typical week (e.g. weekdagsweekend). These uncertainties, along
with uncertainties associated with other varialdédridge, wind and vehicle models, will be
considered in a comprehensive reliability-baseatitiie analysis model in Chapter 6 based on the

present model.

The whole simulation process, as shown in the flmwtin Fig. 3.1, is summarized as the

following steps:
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(1) With the deterministic values of the basic ficafinput (e.g. traffic density and vehicle
classifications), the CA traffic flow simulation mel will be used to simulate the stochastic
traffic flow, among which each vehicle carries deth time-variant (or spatially-variant)
information such as instantaneous driving speed @ogition at each time step as well as
time-invariant information (e.g. vehicle type);

(2) The information of each vehicle, along with thetantaneous wind data and roughness profile
data, will be fed into the EDWL database to obth& corresponding instantaneous EDWL(
value at each time step based on the correspotmitentaneous spatial position identified

for each vehicle. EDWLs of all the vehicles of thaffic flow will be articulated to form the

external loading terrﬁF}::ee' on the right-hand sidef Eq. (3.4) at the moment;

(3) The differential equations of Eq. (3.4) will Iselved at each time step with the external

wheel

e updated. Time-dependent response, such as dyrdisptacement,

loading term{F}

shear force, moment and stress, of each membbke tiridge can be obtained,;

(4) Repeat steps (1)-(3) for each time step, tilsty of response/shear-force/moment/stress at
any point on the girders along the bridge can ltaioed,;

(5) Due to the stochastic nature of the trafficd®aarried over from the simulated traffic flow, a
convergence analysis is required in order to getteonal estimation of the statistical
performance of the bridge. For any point of inteyeslong the bridge, statistical analyses
over the time period from the starting time of gisulation to the current time will be
conducted repeatedly with the increase of timesstetil the mean and standard deviation of
the interested bridge response both converge. dineecged mean and standard deviation of
the bridge response will become the final staé$tiescriptions of the bridge behavior (e.qg.
mean and standard deviation) under stochastidaréiffv and wind for a specific traffic

density and vehicle classification.
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3.4 Case Study

A case study will be made to demonstrate the pegbapproach on the bridge behavior study of

a slender long-span cable-stayed bridge.

3.4.1 Bridge and vehicle model

The long-span cable-stayed bridge (Fig. 3.2) wittotal length of 836.9m is adopted as the

prototype bridge. The same bridge has been selastélde prototype bridge in several previous

studies (e.g. Chen et al. 2007). The approachiadway at each end of the bridge is assumed to
be 1005m. The speed limit of the highway systemQisnph which is converted tg..,=4 in the

CA model as shown in Eq. (3.6).

_ Vi _123(km/h) 100§ m knp _ cell = 4 ce
ST T 3600(8 ) 7.6 m co) =419 cel §= 4 cel } (3.6)
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b. CA-based traffic flow simulation

Fig. 3.2 Cable-stayed bridge and CA-based tralifiw simulation on the bridge

In order to develop the EDWL database, all the alebiare classified as three types: 1) vl-heavy

multi-axle trucks 2) v2-light trucks & buses and \&}-sedan car. Please be noted different
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categories may be classified based on the spefile classification characteristics of traffic
on other bridges. According to the existing stud¥a and Guo 2003; Cai and Chen 2004),
heavy trucks, which are critical to bridge dynanmiehavior, require more detailed vehicle
dynamic modeling. It was also found in the feagipdtudy (Chen and Cai 2007) that the quarter
vehicle models can give reasonable estimationsDM/E for light trucks. Therefore, in present
study, only heavy trucks are modeled with the tkdavehicle dynamic model and light trucks
and sedan cars use the quarter vehicle model totingutationally efficient. Both the detailed
vehicle dynamic model and the quarter vehicle magelshown in Fig. 3.3 and the parameters of
the vehicle models are summarized in Tables 3.1 Z&8d The vehicle classifications (i.e.
percentage of each type of vehicles) are definedrable 3.3 as the variableyy The
Transportation Research Board classifies the “Lef&ervice (LOS)” from A to F which ranges
from driving operation under desirable condition dperation under forced or breakdown
conditions (NRC 2000). Three traffic occupancig$ é&re computed: 1) =0.07 (9 veh/km/lane)
corresponding to level B, 3) =0.15 (20 veh/km/lane) corresponding to level D 8hg =0.24
(32 veh/km/lane) corresponding to level F. Alsodahen the existing studies, wind loadings on
vehicles are considered for heavy and light trutks, are ignored for sedan cars due to the
insignificance of dynamic impacts from wind. Indluhapter, in order to study the normal service
condition of long-span bridges, only two wind speade considered in this study: breeze (wind
speed =2.7 m/s) and moderate wind (wind speed h/&pH

Table 3.1 Parameters of vehicle model (quarter-hode

Paramete Unit Sedan c Light truck
Sprung mass (m kg 146( 445(
Unsprung mass (m kg 151 42C
Stiffness of suspension system N/m 43492( 5et
Stiffness of tire (ki N/m 7.02¢! 1.95etl
Damping (c N/(m/s) 582( 2e!l
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Table 3.2 Parameters of vehicle model (full-model)
Paramete Unit Heavy trucl
Mass of each rigid bot kg [3930,1570C
(M_v_i)
Inertial moment of each rigid body in zy pli m4 [17395,2921¢
(Lv_i)
Inertial moment of each rigid body in xz pli m4 [10500,14700(¢
(J_v_i)
Mass of each ax kg [220,1500,100(
(M_a LorM a R)
Coefficient of upper vertical sprirfor each axl N/m [2e6 4.6€e6 5Sel

(KulLorK uR)
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Coefficient of upper vertical damping for each : N/(m/s, [5e3 3e4 4e:
(CulLorC uR)

Coefficient of lower vertical spring for each N/m [1.73e6 3.74e6 4.6¢
(K1 LorK | R)
Coefficient oflower vertical damping for each a N/(m/s, [2e4 2e4 2e:

(ClLorC1R)

Table 3.3 Parameters of CA model

Paramete| Value Definition
Lc 7.5 Length of each ce
dt 1< The period of each time si
L-roac 134 cells Number of cells (absolu length) of one lane of approachi
(1005m) roadway in one end
L-bridge 112 cells (840n Number of cells (absolute length) of one lane addpa
P 0.07,0.15,0.2  Occupancy of the system(occupied cells/ all ¢
Viype {0.20.30.5] Percentage of three types of vehicles(vl, v2 an
Vimax 4 The maximum cells a vehicle can pass per se
pk 0.t The probability of brakin
pct 0.€ The probability of changing la

3.4.2 Traffic flow simulation results

The traffic flow simulation results with CA technig usually become stable after a continuous
simulation with a period which equals to 10 timhe tell numbers (380 cells totally) of the
highway system (Nagel and Schreckenberg 1992). ilangly, in the present study, only the
traffic flow simulation results between the rande3¢800 seconds and 4,100 seconds (totally 5
minutes) are used. The periodic boundary conditorapplied which assumes the vehicle
occupancy is constant for the highway system thHrougthe 5-minute period of simulation. For
a comparison purpose, three different vehicle oanajes are considered: smooth traffic (vehicle
occupancyp =0.07), median traffic (vehicle occupanpy=0.15) and busy traffic flow (vehicle
occupancyp =0.24). All the basic parameters of the trafficwlgimulation are summarized in

Table 3.3.

Due to the symmetric nature of traffic flow, onhgettraffic flow results in the direction from west

(left) to east (right) of the bridge are displayédy. 3.4(a-b) shows the simulated traffic flow on
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both the inner and outer lanes of the bridge whadnicle occupancies equal to 0.07 and 0.24. It
can be found that the simulated traffic flow ontbthe inner and outer lanes under the same
vehicle occupancy is similar. Theaxis andy-axis represent the coordinates in both spatial
(along the bridge) and time domains, respectivElch dot on the figure represents a vehicle
(Fig.3.4). By picking any timey(value) and drawing a horizontal line, one cangyshapshot of
the spatial distribution of vehicles along the bddat that moment. Similarly, by picking any
location on the bridge and drawing a vertical littee time history of different vehicles passing
the same spot on the bridge can be obtained. Edowhtraffic occupancy, the traffic flow is like
laminar flow. With the increase of the traffic opaucy, local congestions may be formed at
some locations as indicated by black belts in Bigd. Detailed statistical properties of the traffic
flow on the bridge are presented in Table 3.3sleasily found from Table 3.4 that the mean
speed of the traffic flow decreases while the shathdleviation of the vehicle speeds increases
with the increase of the vehicle occupancy. Initgalvith more vehicles moving on the same
road, available spaces for vehicles to acceleratiecelerate are decreased and the mean speed of
the whole traffic flow will decrease accordingly. Wigher standard deviation of the vehicle
driving speeds suggests higher speed variations\@mehicles, which imply relatively higher
potentials of traffic congestion and possible tcagonflicts (TRB 2007).

Table 3.4 Statistical property of traffic flow onidge

Occupanc Lane Average speed (km/h) Standard deviatiooc (km/h)

0.07 Inner lans 93.8¢ 14.0¢
' Outerlane 93.8¢ 14.0¢
0.15 Inner lani 86.5¢ 22.0%
' Outer lan 86.7( 22.0¢
0.24 Inner lani 55.1¢ 36.8¢
' Outer lan 54.2: 36.8(
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3.4.3 Equivalent dynamic wheel load factor (R)

Three types of different representative vehicle etsicheavy truck, light truck and bus and sedan
car (Tables 3.1 and 3.2) are considered to invastigespective equivalent dynamic wheel load
factors (R). Fig. 3.5 gives the time history of #rguivalent dynamic wheel load factor R on the
inner lane when the wind speed U equals to 2.7ndsl&@.6 m/s, respectively. The vehicle travels
with a speed of 7.5m/s from west (left) to eagh). Labels of “on bridge” and “on road” show

the spatial locations of the vehicle correspondntime in thex axis. Under both wind velocities,

when a vehicle is on the road and heading to tidgér R is very small as the vibration is

primarily caused by the excitation of the pavemanface roughness. Much higher equivalent
dynamic wheel loads are observed when the vehmieson the bridge due to the dynamic
interactions After the vehicle leaves the bridge, R decreakmsly as the vibration excited by

the bridge requires some time to be damped out.cbhaparisons of the results for the heavy
trucks and light trucks under both weak and moéenaind speeds suggest that heavy trucks will
cause much larger R than the light trucks. For )aéiaicks, R is considerably amplified when the
trucks are close to the middle point of the bridgenpared to those at other locations on the
bridge. It is understandable that the strongestaya interactions of large trucks have been
observed at the middle point region of long-spdddas in previous studies (Xu and Guo 2003;
Chen et al. 2007). The increase of the wind speed 2.7 m/s to 17.6 m/s will increase R for the

heavy truck considerably and will also increaseiRllgnfor the light truck.
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Fig. 3.5Time history of Ron inner lane under different wind speeds
The mean values of Rr different types of vehicles with different dimg speeds on the bridge
under both breeze and moderate wind conditionprgented in Fig. 3.6. When the wind is very
weak (U=2.7m/s), R for all the three types of vidsare pretty close under a low vehicle driving

speed (V < 15 m/s). The differences of R amongetkfiit types of vehicles become larger when
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the vehicle driving speed gets higher. The heaugktthas the largest R among all types of
vehicles under the same driving and wind spe¥ffsen the wind is moderate (U=17.6 m/s), the
comparison of R between those of the light truct e heavy truck shows that the heavy truck
has a considerably larger mean value of R thandhtte light trucks under the same wind and
driving speeds. With the increase of the drivingespwhen the wind is moderate, the heavy truck
also shows higher sensitivity to different drivisgeeds than the light truck. For both breeze and
moderate wind conditions, with the increase of etehdriving speeds, R of all types of vehicles
has a “jump” when the vehicle driving speed incesaom 15m/s to 22.5m/s. It suggests that
although the EDWL factor R generally increases whitnvehicle driving speed, the driving speed
of 22.5m/s seems to be a critical threshold whidh twgger a substantial increase of wheel
loading on the bridge when the driving speed furtinereases in the present example. This
critical value is probably related to the specifignamic properties of the bridge and more

insightful studies of different bridges may be rextdh the future.
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Fig. 3.6 Comparison of mean valueRtinder different wind speeds

3.4.4 Statistical bridge dynamic behavior

With the equivalent dynamic wheel load (EDWL) apgrie, time histories of displacement at any
point along the bridge can be obtained by solving 8.4). As discussed above, statistical
analyses of the bridge response are required ir dodobtain converged statistical predictions of
the bridge behavior. Statistical analyses of tirethistory response after the simulation starts are
conducted continuously to check the convergencg.3H shows the mean values of bridge
displacement and stress at the middle point ofthim span under different averaging time when
the wind speed is 17.6m/s. It is found that both tlisplacement and the stress results can
gradually converge when the simulation time inoesasn the present study, the 5-minute (300
seconds) simulation time is enough to generatelestedsults of the bridge response (e.g.
displacement and stress) as the relative differémamnstantly lower than 4% beyond the 5-

minute averaging time. Under breeze, it has beandat takes even shorter time for the bridge
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response to converge (results not shown here) eldrer, in following sections, all the statistical
results are those obtained from a convergence sigalith a time period of 5 minutes (300

seconds).
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Fig. 3.7 Convergence analysis results of displac¢@ued stress
The midpoint of the main span of a long-span bridgaisually the critical location which

typically has the largest bridge response. Timtoties of the vertical response at the midpoint of
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the bridge under different traffic flow occupanc{gs=0.07, 0.15, 0.24) and wind speeds (U=2.7,

17.6m/s) are presented in Fig. 3.8. The mean \adueell as the absolute value of coefficient of
variance |COV| of the vertical displacement is giwe Fig.3.9 under different combinations of
traffic occupancy and wind speed. It is found tiet mean value of the bridge displacement at
the midpoint generally increases with wind speatiahicle occupancy (Fig. 3.9(a)). Under both
breeze and moderate wind conditions, the vehicteigency plays a more significant role than
the wind speed on the bridge displacement. For plgnthe mean value of the bridge
displacement increases from 0.04 m to 0.11 m whewehicle occupancy increases from 0.07 to
0.24 (wind speed is 17.6 m/s). This phenomenonpfiar more time, justifies the importance of
including traffic load into the bridge buffeting algsis especially when the wind speed is not
very high. The |COV]| increases with the increaseviofd speeds, while decreases with the
increase of vehicle occupancy (Fig. 3.9(b)). Ifdand that the |[COV| becomes the maximum
when the occupancy is 0 (i.e. no traffic flow or thridge). When the road is densely occupied by
vehicles, as indicated by higher values of the alehdccupancy, the randomness level of the
traffic flow (e.g. variations of speeds) on thedge is reduced as reflected by lower |COV]| of the

bridge displacement.

Mean stress values at the bottom and top fibetseogirder along the whole bridge are presented
in Fig. 3.10 and thg axis is the spatial position along the bridgealh be found the largest stress

level happens at the midpoint of the bridge. Theam&ress shows a slight increase when wind
speed increases from 2.7 m/s to 17.6 m/s. Undesdhge wind speed, the mean stress value
increases with the increase of vehicle occupanagiderably. The extreme tension stress on both
the bottom and the top of the fibers of the girdkring the 5-minute simulation are displayed in

Fig. 3.11. It is obvious that the largest tensittess happens on the bottom fiber of the girder at
the midpoint of the bridge. The top fiber of thedgr may experience tension stress in some

situations with much lower amplitudes comparedhe bottom fibers. Significant increase of
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stress can be observed at the higher wind speetigher vehicle occupancies compared to that

under breeze and under low vehicle occupancy, césphy.
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Since the tension stress at the midpoint of thdgeriis the highest along the whole bridge, the
mean value, COV and extreme value of the tensi@sstat the bottom fiber of the midpoint of

the bridge are further studied under different gighoccupancies (Fig. 3.12). The mean stress at
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the midpoint of the bridge increases almost lineaiith the vehicle occupancy under the same
wind speed (Fig. 3.12(a)). It is found the vehioteupancy has larger impacts than the variation
of wind speeds (i.e. from breeze to moderate wired) on the mean stress level. For example,
when the vehicle occupancy is 0.07, the mean stmedsr the 17.6m/s wind speed is about 0.83
MPa larger than that under the 2.7 m/s wind sp@#éukn the vehicle occupancy is 0.24 and other
conditions remain the same, the difference of nst@ss levels increases to 1.74 MPa. As shown
in Fig. 3.12(b), the coefficient of variation (COW) stress decreases with the increase of vehicle
occupancy under both wind speeds. It is probabbaibsee more densely occupied road will have
limited flexibility for vehicles to change lanes accelerating. As a result, the fluctuations of
spatial distributions of the vehicles on the bridgee reduced, which in turn reduce the
fluctuations of stress on the bridge under bothdwamd traffic. It is also found that the COV
under moderate wind is larger than that under leseehich suggests that stronger wind may
reinforce the fluctuations of stress along with aogs from traffic (Fig. 3.12 (b)). Fig. 3.12(c)
gives the results of extreme stress and it suggastshigher wind speeds will cause larger
extreme stress on the bridge. When the vehiclepmsmy is 0.24 and the wind speed is 17.6 m/s,

the extreme stress can be around 45.32 MPa at thmeéstances.

3.5 Discussion and Conclusion

An innovative “semi-deterministic” Bridge/Traffic/iWd interaction analysis model considering
stochastic traffic flow and wind was developed. Bperoach adopts the cellular automaton (CA)
traffic flow simulation technique and the equivdlelynamic wheel load approach (EDWL) to

consider the stochastic traffic flow and dynami®iactions, respectively. As a result of adopting
the proposed model, the performance of long-spatgdés can be predicted in a more realistic
way by considering the combined load of stochdsaific and wind integrally. A case study with

a prototype cable-stayed bridge was conducted thihproposed analytical approach. Although

the proposed approach was demonstrated througindesllong-span bridge, it actually can also
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be applied to other conventional long-span bridgbich are not sensitive to wind and even
pavement-traffic-wind interactions. The detaileghlagations on conventional long-span bridges
and pavement-traffic interaction analysis, howewgeg, beyond the scope of the present study and
will be investigated separately. The proposed “sgetérministic” interaction analysis model will
also serve an important basis to develop a reiigfihsed model to consider uncertainties of

many variables associated with bridge, traffic aid.
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In the case study, the traffic flow on the bridgeveell as the approaching roadways with four
lanes was simulated. Based on the simulated triffic, the statistical dynamic responses such
as displacement and stress of the bridge undertbettow and moderate wind speeds in normal
service conditions were studied. In the presertystii took a common personal computer about
2 hours to conduct the Bridge/Traffic/Wind intefant analysis after the EDWL database was
developed. The reasonable efficiency of the praoppasedel allows for the adoption into typical

engineering analyses.

The developed approach in the present study hasgsgéally validated on the EDWL approach
by comparing the results considering several veki¢Chen and Cai 2007). A full validation of
the proposed model considering stochastic busficrdfowever, still remains a challenge as a
comparison of statistical results, other than deieistic results, should be made. Due to the
extremely time consuming nature of “fully-coupleatialysis, to get a converged statistical result
(e.g. 5 minutes in the case study using EDWL) élextremely hard, if not impossible at all. It
is expected that the developed model can be validand calibrated by comparing the

predictions with actual bridge response measurduelajth monitoring techniques in the future.
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CHAPTER 4: PROBABILISTIC DYNAMIC BEHAVIOR OF LONG-S PAN

BRIDGES UNDER EXTREME EVENTS

4.1 Introduction

Long-span bridges usually support a large volumgaffic and locate on oceans, grand rivers or
valleys where the wind speed at the typical heaftthe bridge decks can be considerably high.
In addition to moderate wind and normal traffic remgos, it is known that some extreme (or
adverse) events may also occur. These extremeseweyt include complex traffic congestion on
the bridge, coupled with moderate or even strongdwi-or example, severe traffic congestions
may be formed on the bridge or connecting roadvesys result of an evacuation or a partial
blockage of driving lanes due to traffic acciderdsnstruction or maintenance. For hurricane
evacuations, there is usually a lot of traffic pagshrough the bridge before the landfall while

the wind speed may become pretty high already (€hah 2009).

It is known that the excessive dynamic responsestneds level of the bridge under these rare but
critical scenarios, even for a very short periodayncause critical damage initiation or

accumulation on some local bridge members. In Eddito accelerating damage, the extreme
events (e.g. heavy traffic) may even trigger theahdous collapse of a whole bridge by breaking
the “weakest link” in some rare cases, especiallgmvsome hidden damage or design flaw has
not been detected. One recent example is the Mitmdwidge failure which occurred during

rush hours with heavy traffic. For slender longrspaidges, strong wind may also cause threats
by working interactively with heavy traffic load$herefore, even though the extreme cases

associated with congested traffic and/or windy Wweatmay be relatively rare and the durations
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could be short, it is still important for bridgegimeers to appropriately look into these unusual

extreme events during structural design and lifeetmanagement of these critical infrastructures.

In the AASHTO LRFD specification (2007), the oniyit state similar to the scenarios discussed
above is “Strength V", which is descriptively defthas “a load combination relating to normal
vehicular use of the bridge with wind of 55 mphogity.” No detailed information about how the
“normal vehicle use” has been defined in the speatibn, except for adopting the standard
design vehicles as live loads. It is usually uniderdable as the specification was developed from
and also primarily for short and medium-span br&ddgeor long-span bridges, it is known that
multiple presence of heavy vehicles are very likely long-span bridges and the simple
assumption of single design truck plus lane loadwo trucks spaced at 50 ft, used in the LRFD
specification (AASHTO 2007), may not capture thersta@ase scenarios of long-span bridges
(Chen and Cai 2007; Wu and Chen 2009). As a rasudt,not clear to which extent the worst-
case scenarios of long-span bridges are actugdhgsentative from the perspective of identifying
critical dynamic response and stress. To understaddfurther capture the worst case scenarios
of dynamic response, strength and serviceabilityaftong-span bridge, an analytical platform,
which is able to be used to appropriately replichteextreme situations and further investigate
the performance of long-span bridges, is desirabbevever, to the knowledge of the writer, little
study about critical scenarios of long-span bridgesler extreme events can be found in

literatures.

By applying the general Bridge/Traffic/Wind couplexhalysis methodology developed in
Chapter 3, the present study focuses on (1) coimdutite CA-based traffic flow simulation of a

long-span bridge and connecting roadways undedémtal situations; (2) defining representative
scenarios for the extreme events, and (3) numérisalidying the bridge performance under

these possible extreme events. Through conductidjes of a comprehensive set of typical
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scenarios, it is anticipated that better understandf extreme events of long-span bridges from
the design perspectives of strength and servidgabin be achieved, which may eventually
contribute to the future design specification fond-span bridges. The methodology introduced
here will also offer a general methodology for eeshers and engineers to define probabilistic
traffic flow, characterize dynamic interaction amsbess structural performance in those rare but

critical situations for long-span bridges.

4.2 Bridge Performance under Extreme Events

4.2.1 Bridge/Traffic/Wind interaction analysis usirg CA model and EDWL approach

The analytical framework on Bridge/traffic/Wind éméiction integrated Cellular Automaton (CA)
traffic model and equivalent dynamic wheel loadeygproach has been already described in
detail in Chapter 3. Thus, the basic informatiorihaf interaction model is briefly introduced for

the sake of completeness.

The cellular automaton (CA)-based traffic flow mbdéthe “roadway-bridge-roadway” system
was introduced in Chapter 2. The normal situatiothis chapter refers to the scenarios when the
lane numbers of the approaching roadways and tidgeare the same. In reality, the typical
incidental cases for traffic flow simulation is thgart of a lane may be closed either on the bridge
or on the approaching roadway due to traffic aguisleregular maintenance or construction. As a
result, one lane of the bridge or one portion tdree of the approaching roadway may be closed
for a certain period of time. Accordingly, the lg&dand the approaching roadways will have
different numbers of available lanes. In contrastthe normal situation, these scenarios are
referred as the “blockage situation”. The speci@i@ traffic rule for both “normal” and

“blockage” situation can be referred to Chapter 2.
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When the traffic flow information is obtained, tB®WL approach is applied. Firstly, the fully-
coupled bridge/single-vehicle/wind analysis congidgroad roughness is conducted to find the
equivalent dynamic wheel loadings for each spetyjie of vehicle with certain speed under the
concerned wind speed. Then, the collective dynavhieel loadings on bridge induced by vehicle,
wind on vehicle and road roughness at any momembiuong the traffic information from CA
model can be obtained. The Bridge/Traffic/Wind ssil is thus converted into the problem of
bridge under moving loads and wind speed whichbeasolved quickly as the dimension of mass,

stiffness, damping and force matrices has beeerllargduced.

4.2.2 Prototype bridge and extreme events

A four-lane highway system consisting of a longleadtayed bridge with the length of around
840 m and the approaching roadway of 1008 m at eadhof bridge is studied as an example.
Two typical scenarios of road incidents are defiriedident | is that one lane of the approaching
way on the downstream side of the bridge is blocfkesteafter refer to “road blockage”) and
Incident Il is that one lane of the bridge is clibgkereafter refer to “bridge blockage”) (Fig.4.1).
The reason to select the downstream side of roaglvgagiue to the relatively larger impacts on
the traffic congestion on the bridge than thosethef upstream side based on a preliminary
analysis. These two incidents represent the lansucd due to work zone or serious accidents
happening on the bridge or on the approaching raggwrespectively. Two wind speeds,
including “normal wind” (U= 2.7 m/s) and “strongmd” (U=32.8 m/s), are selected to represent
the breeze situation and the strong wind situattuth as a severe wind storm or before the

landfall of hurricane.
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Fig. 4.1 Bridge elevation and roadway layout

The different combinations of possible scenariatuite (1) normal wind and “road blockage”; (2)
normal wind and “bridge blockage”; (3) normal wiadd bumper-to-bumper traffic; (4) strong
wind and normal traffic; (5) strong wind and “roétbckage”; (6) strong wind and “bridge
blockage”; and (7) strong wind and bumper-to-bunipaffic. The first two extreme events (1)
and (2) are to simulate the case when the landddcoccurs along with normal wind condition.
The extreme event (3) is to study the general eatamruscenario for any emergency or the early
evacuation stage of hurricane when the wind speedill normal. The extreme event (4) is to
simulate the case with a severe wind storm, bivaguation. The extreme events (5-7) represent
several rare cases in the late evacuation stalgern€ane when wind speed is already pretty high

and the blockage or serious traffic jam may ocauukaneously.

4.2.3 Stochastic traffic flow and live loads on bdge under extreme events

For different long-span bridges, the traffic volusyas well as the composition of vehicle types on
the bridge vary from one place to another. In otdgrrovide some general insights in the present

study, the representative values of traffic denaitg vehicle type composition will be adopted.
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According to the Highway Capacity Manual (2000)e ttraffic densities of 9, 20 and 32
vehicle/km/lane, represent comfortable, medium sakre driving conditions, respectively. The
percentages of heavy trucks, light trucks and sedasiamong all the vehicles in the traffic flow
are chosen as 0.5, 0.3 and 0.2, respectively. péedslimit is set as 4 cells/s which is equivalent
to 113 km/h (Chen and Wu 2009). The probabilit@shiraking and lane changing are assumed to

be 0.5 pb) and 0.8 [ich), respectively.

The difference between the inner lane and the dater for one driving direction is typically
insignificant for the normal condition as the lactenging rule decrease the difference between
the traffic flow on the two lanes (Wu and Chen 20@® only the results of the inner-lane traffic
flow in the normal condition will be used to comgawith the results of traffic flow on the
available lane for the incidental situations, asvamin Fig. 4.2. The subplots on the left, middle
and right side stand for the “normal” case, theattdlockage” case and the “bridge blockage”
case, respectively. The 5-mininute simulation mkrosufficient to consider the randomness of
the traffic flow in order to obtain stable mearest and displacement results of the bridge for one
specific traffic density as well as vehicle compiosi (Chen and Wu 2009). With the increase of
the traffic density, it can be found in Fig. 4.athraffic congestion gradually becomes severer
(shown as thick black belts) under the “road blgekecase compared with the “normal” case. In
a contrast, the congestion is moderate for thaljariblockage” case even with the increase of the
vehicle density. This is due to the fact that sevasngestion has already been formed on the
approaching roadway before the vehicles enter tidgd As a result, there is only limited

number of vehicles which are able to actually mont® the bridge (Wu and Chen 2008).
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It has been found that the vehicle density hasiffignt impacts on the overall velocity of the
traffic flow, which is closely related to the dynanimpacts on bridges (Chen and Wu 2009).
From Fig. 4.3, it can be observed that the meaocitgl drops dramatically with the increase of
the vehicle density. For the normal road conditibee, mean velocity decreases from 93.89 km/h
to 55.14 km/h when the traffic density varies fr@mehicle/km/lane to 32 vehicle/km/lane. The
mean velocity decreases from 94.93 km/h to 30.7$Kor the “road blockage” condition and
from 85.24 km/h to 21 km/h under the “bridge blagpéa condition. Thus, the mean velocity
under the “bridge blockage” condition is the minmmamong all the cases and the normal road

conditions is the maximum when vehicle density edimm and large.

100

—&— Mormal road condition
on k —% —FRoad blockage H
o -3 Bridge blockage
. .
~— B0F . ., =
- ~~
= 70r h .
_-E‘ .
o
O EBEO0F -
4 .
c a0t S -
o - .
40 - “ -
Ny -
-
a0k + -
a0 1 1 1 1 1 ."D
) 10 15 20 25 30 35

Vehicle density(veh/km/lane)

Fig. 4.3Mean velocity vs. vehicle density

In contrast, the coefficient of variation (COV)tbe driving speeds increases with the increase of
the vehicle density (Fig. 4.4). It is because tthat traffic flow becomes smoother when the
vehicle density is small as more space is availabknable relatively constant speed with fewer
stops or lane-changing maneuvers. The COV of thennspeed is the largest under the “bridge

blockage” condition and is the smallest under themal road condition. Fig. 4.5 gives the mean
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values of the total static weight of all the veb&bn the two lanes of the bridge over time under
different road conditions (i.e. “normal”, “road lbkage” and “bridge blockage”). When the
traffic density is low, there is little differened the cumulative weight of the vehicles remaining
on the bridge for all the three cases. It is fotimat the “road blockage” scenario becomes more
critical among all the three cases with the inaeeak the traffic density. Comparatively, the
“bridge blockage” is found to be the least criticale among all the three cases when the traffic

density is high.
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Fig. 4.5 Mean static weight of all vehicles movihgough bridge over time
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4.2.4 Bridge dynamic response under extreme events

Once the traffic flow in time history is simulatetie equivalent dynamic wheel loading (EDWL)
approach can be applied to predict the bridge resporhe EDWL ratio for each type of vehicles
with specific driving speeds is calculated firstlyrough fully-coupled Bridge/Vehicle/Wind
analysis. The properties of each type of vehicle ksted in Table 3.1-3.2 (Chapter 3).
Subsequently, the bridge response is calculatdddoyporating the CA traffic flow information

and the corresponding EDWL ratios.

4.2.4.1 Bridge dynamic displacement

The time history of displacement and stress caobit@ned by incorporating the results of traffic
flow and the database of EDWL ratio into the intdien analysis of the bridge. Due to the
limitation of space, only the time history of vesli displacement at midpoint of the bridge under
the normal situation is displayed in Fig. 4.6.slfound that the displacement varies significantly
with vehicle density and wind speed. When the itadensity is low (Fig. 4.6(a)), the dynamic
displacement increases significantly while the wapeed increases from 2.7 m/s to 32.8 m/s.
This observation is similar to that in traditiofmiffeting analysis of long-span bridges, for which
traffic load were typically not considered. Withetincrease of the traffic density, the difference
between the displacement results under the lowhggtdwind speeds gradually become smaller
(Fig. 4.6(b-c)). This phenomenon is obviously doghe growing contribution of traffic to the
total displacement as a result of the increaséneftiaffic density. For the case of “bumper-to-
bumper” when the traffic density is as high as ¥8Bicle/km/lane, the dynamic response under
the low and high wind speeds becomes nearly idantxcept for some local difference (Fig.
4.6(d)). So, for the “bumper-to-bumper” situationjs easy to find the contribution from the

heavy traffic to the bridge displacement has carsibly outweighed that from wind excitation.
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4.2.4.2 Bridge dynamic stress

Bridge dynamic stress provides critical information evaluating bridge performance, such as
strength, fatigue, damage assessment, and remaiginige life. Extreme stress values, although
not occurring all the time, may cause initiation ascks which will further propagate under
repeating loads or even strength problem for samal Imembers. Fig. 4.7(a) and Fig. 4.7(b)
show the extreme stress envelops for differenfi¢rdensities along the whole bridge of both the
bottom and the top fiber of the bridge girder, exdjwely. Each profile is to record the maximum
values which have ever occurred at each locationgathe bridge through the time-domain

simulation. It can be found that the midpoint of timain span still exhibits the largest extreme

87



stress levels at both the bottom and top fiberagatbe bridge. Comparatively, the bottom fiber
experiences higher extreme stress level than thdilier, and the largest tension stress is about
115 MPa in the “bumper-to-bumper” scenario when thied speed is low (i.e. traffic
density=133 veh/km/lane and U=2.7 m/s). The extrestness levels along the bridge vary
considerably. In addition to the largest streselleat the mid-point of the bridge, several other

locations along the bridge also have pretty latgess levels (Fig. 4.7).
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Fig. 4.7Extreme stress profile of bridge under “normal”’d@®ndition (U=2.7 m/s)

Fig. 4.8 shows the results of extreme stress wihemvind speed is high. It can be found from Fig.
4.8 that the extreme stress values only increagletlgl with the increase of the vehicle density.
For the “bumper-to-bumper” case when the wind speeadso high, the largest extreme tension
stress is around 130 MPa, which is a just littighlbr than that under mild wind (Fig. 4.7). This
phenomenon confirms again that the interactionceffeetween the bridge, traffic and wind are

more complicated than a linear superposition @ssticontributions from individual loads.
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Figs. (4.9-4.10) illustrate the mean and COV valokethe stress level over time at the midpoint
of the main span for different traffic densitieeRIts of three cases are compared, including the
“normal” traffic case, the “road blockage” and tteidge blockage” cases. In Fig. 4.9, it is found
that the mean stress generally increases with ihe speed. Compared to different wind speeds,
the increase of the mean stress over differenfidrdénsities seems to be more significant. By
comparing the results of the three traffic condisidi.e. “normal”, “road blockage” and “bridge
blockage™) under low traffic density, people candfithat the mean stress values for the three
cases are similar. With the increase of the traféosity, the “road blockage” case has relatively

higher mean stress value. For the “bridge blockagmse, the mean stress levels seem not

changing considerably with different traffic derest
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When the traffic density keeps increasing to 13¥km/lane for the “normal case” (i.e. “bumper-
to-bumper” situation), the mean stress value wadtdme as high as 30 MPa (Fig. 4.9). It is
interesting to find that the mean stress value tfe “bumper-to-bumper” traffic actually
decreases with the increase of the wind speedhwdain also be found for the “bridge blockage”
case when the traffic density is high. As discuseeskveral previous studies (Chen and Cai 2007,
Chen and Wu 2009), the dynamic interactions betwienbridge, traffic and wind exhibit
complex manner. For example, the controlling casielwwcauses the highest mean stress may not
always be the case when the traffic density anddvgipeeds are both the highest, as people

usually assume.
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As shown in Fig. 4.10, for both normal and inci@gdmases, the COV of dynamic stress increases
with wind velocity considerably, but decreases wtik traffic density. This is understandable
since the variation of vehicle velocities is usydtiwer for higher traffic density due to fewer
chances to freely change lane or accelerate/datel@hen and Wu 2009). When the wind speed
is low, the COV values for different traffic deneg as well as different traffic situations are all
similar. When the wind speed is high, the “roadckéme” case with the low traffic density is
found to have the relatively higher COV value. Bidten the wind speed is high and the traffic
density is moderate or high, the “bridge blockage’se will have the highest COV value.
Different from the observation of the mean streskias for the “bumper-to-bumper” case, the
COV value for the “bumper-to-bumper” case is natiaal, especially when the wind speed is

high.

Fig. 4.11 gives the extreme stress values at tli®rhofiber of the midpoint of the span for
different cases. The extreme stress values gepénaliease with the wind speed, but they vary
slightly under different traffic density for thersa scenario. For both the “normal” and the “road
blockage” case, the highest extreme stress occies Wwoth the wind speed and traffic density
are the highest. For the “bridge blockage” casadwver, the extreme stress becomes the highest
when the traffic density is moderate. This phenasnesuggests that the most critical scenario in
terms of extreme dynamic stress exhibits unique @mdplicated patterns for incidental cases.
This interesting observation shows that the madstar scenario of incidental cases is not always
straightforward, which may require specific anadysin a case-by-case basis. For the normal case,
“bumper-to-bumper” traffic will cause the highesttreme stress levels among all the traffic

densities.
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4.3 Conclusions

In this chapter, the bridge dynamic performanceeuneixtreme cases considering dynamic
coupling of the Bridge/Traffic/Wind system was sadby applying the analytical framework
integrating the CA traffic model and the EDWL apgeb. The major findings are summarized in
the following:

(1) The bridge dynamic displacement generallygases with the increase of the traffic density
and wind speed. With the increase of the traffinsity, the dynamic displacement response
will be gradually dominated by the component cdmtied by the traffic load. For the
“bumper-to-bumper” case, the dynamic displacemernteu the low and high wind speeds
becomes nearly identical;

(2) The extreme dynamic stress of the bridge in“thenper-to-bumper” case for both the low
and high wind speeds is about 115 MPa and 130 W#3pectively. This phenomenon of
insignificant difference confirms again that théenaction effects among the bridge, traffic
and wind are more complicated than linear supetipaosiof stress contributions from
individual loads (i.e. traffic and wind);

(3) The mean stress values generally increasehwith the wind speed and traffic density. When

the traffic density is low, the mean stress valt@sthe “normal”, “road blockage” and
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“bridge blockage” conditions are all similar. Withe increase of the traffic density, the “road
blockage” condition has a relatively higher meaasst value;

(4) The COV of stress increases with the wind spéed decreases with the vehicle density.
When the wind speed is low, the COV values foradéht traffic densities as well as different
traffic situations are all similar. When the wingegd is high, the “road blockage” case with
the low traffic density is found to have the ralaty higher COV value. But when the wind
speed is high and the traffic density is moderateigh, the “bridge blockage” case will have
the highest COV value;

(5) In terms of extreme stress values, the mostaricase is not always at the time when both
the wind speed and traffic density become the lighader different road conditions. For
both the “normal” and the “road blockage” case, fghest extreme stress occurs when both
the wind speed and traffic density are the highest.the “bridge blockage” case, however,
the extreme stress becomes the highest when ffie ttansity is moderate. Specific analysis
is therefore required to identify the most criticadenario of the extreme events for a

particular long-span bridge.
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CHAPTER 5: SCENARIO-BASED INVESTIGATION OF FATIGUE DAMAGE

OF LONG-SPAN BRIDGES

5.1 Introduction

Fatigue damage, which results from repetitive stegles accumulated under dynamic loads
over time, is critical for the serviceability as livas safety of any bridge. A slender long-span
bridge (e.g. span length > 152.4m or 500 ft) ugualiperiences complicated dynamic loads from
the bridge, stochastic traffic and wind (Guo and 2001; Chen and Cai 2007). The stochastic
nature of wind and traffic, as well as the dynamieractions, makes a realistic assessment of

fatigue damage of a long-span bridge over time ehallenging (Chen and Cai 2007).

For short- and medium-span bridges, the fatiguégdel®ad defined in the AASHTO LRFD
(AASHTO 2007) specification includes one desigrtkrper bridge with 15% dynamic allowance.
Other than using the single design vehicle fromghecification, there are some existing studies
that estimated the traffic load with statisticalffic spectrum data, such as truck gross weight on
the bridge over a certain period of time (Oh e8D7; Broquet et al. 2004; Mullard and Stewart
2009). Traffic spectrum, however, does not providstantaneous information of individual
vehicles such as speed and position at any timégchwis essential to the assessment of
bridge/vehicle interactions for long-span briddaesiecent years, some researchers adopted white
noise fields (Ditlevsen 1994; Ditlevsen and Mad$@@5), Poisson distribution (Chen and Feng
2006) and Monte Carlo approach (Nowak 1993, Mog¥¥l20O’'Connor and Obrien 2005) to
simulate the traffic flow to obtain the characttcidoad effects primarily on short- and medium-

span bridges. These approaches did not provide-dapendent information of individual
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vehicles (e.g. instantaneous speed, position) lipwing realistic traffic rules and driving
behavior. Although they may not be critical for ghar medium-span bridges, the realistic traffic
rules and driving conditions can be significant fmng-span bridges accommodating extended
length of stochastic traffic flow (Wu and Chen 2R0Bo solve that problem, Wu and Chen (2008)
adopted the cellular-automaton (CA) based traffmwvf simulation scheme to simulate the
stochastic traffic flow through a long-span bridGbe CA-based model can replicate the actual
traffic situations in both normal and incidentahddions by following some realistic traffic rules
(Nagel and Schreckenberg 1992). Based on the sesfilthe stochastic traffic as well as the
“equivalent dynamic wheel load (EDWL)” approach é@hand Cai 2007), the “semi-
deterministic” analysis model is developed in Chap8 and 4 to predict the dynamic
performance of long-span bridges under stochastffic¢ and wind in both normal and extreme

conditions.

In addition to the challenges on simulating stotibasaffic flow on long-span bridges, existing
studies on the fatigue performance of slender kpap bridges were limited to those only
considering wind load but without traffic load hAtetsame time (Pourzeynali and Datta 2005; Gu
et al. 1999). To date, there is no study so far ith@orporates the contributions from stochastic
traffic, wind and dynamic interactions integralhta the fatigue performance assessment of long-
span bridges. It is thus the goal of the presamysto develop an analytical basis of fatigue
analysis of long-span bridges considering bothfitrafnd wind loads. The proposed scenario-
based deterministic fatigue damage assessment@ifsioan bridges involves improvements over
the existing methodologies by integrating the cti@rzation of site-specific loads, advanced
bridge dynamic analysis based on representativeasios, and fatigue damage assessment.
Moreover, such a model will also become the ciitmasis for the reliability-based fatigue life

prediction of long-span bridges, which will be oduced in the next chapter.

96



5.2 Analytical Methodology

As compared to the analytical model of a convemtidong-span bridge that is not sensitive to
wind, the dynamic model of a slender long-span dwicctually represents a more general
situation as it includes the most complicated Befdgaffic/Wind interaction (Chen and Cai

2007). The model of a slender long-span bridgeezsgily be reduced to that of a conventional
long-span bridge by simply removing the wind-redbli@ads on the bridges (Chen and Cai 2007).
Therefore the methodology for a slender long-spaaigb will be developed in this chapter in

order to keep the maximum generality. It is thusiols that although the formulation and the
example in this chapter are about a slender loag-dmidge, the fatigue analysis of any
conventional long-span bridge in the future caro dsnefit from the proposed methodology

easily.

As shown in Fig. 5.1, the proposed scenario-basatigue analysis framework for
Bridge/Traffic/Wind system consists of three compats: (1) Defining site-specific traffic and
wind conditions; (2) Conducting scenario-based dyigasimulations; and (3) Carrying out the
fatigue damage assessment. These three componitits imtroduced in the following sections,

respectively.
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____________ Prediction of
[—————— { ——————— | Cumulative Dynamic
Stress Cycles
Categorized to
Representative Scenarios

|
| 1L
| 1L
| v |
| 1
|
| |

Fatigue Damage
Index Assessment

Semi-deterministic
Dynamic Anslysis

Semi-deterministic

Fig. 5.1 Flowchart of semi-deterministic fatigueabsis methodology
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5.2.1 Defining site-specific traffic and wind condions

5.2.1.1 Basictrafficinformation

For any long-span bridge connecting roadways ifexifit regions, the vehicle density, speed
limit and vehicle classifications (i.e. combinatsoof different vehicle types) are usually specific
to the bridge site. In order to simulate the prdlsiic traffic load applied by all vehicles moving
simultaneously through the bridge every day, rgaliand site-specific information, such as
instantaneous speed, vehicle type and positionaoh esehicle at any time is required. The
stochastic traffic flow in the microscopic scalellviie simulated using the advanced cellular
automaton (CA) traffic flow simulation techniqueeltilar Automaton (CA), a microscopic
traffic flow simulation model, can generate profiabc traffic information by simulating

individual vehicles’ behavior (Nagel and Schreckengh1992; Wu and Chen 2008).

In order to conduct the CA-based traffic flow siatidn, some basic traffic data specific to the
bridge site is needed, such as traffic volume, aleh¢lassifications and highway data: speed
limits and number of lanes etc. Among all the bakita of traffic flow, the traffic volume

through a specific bridge (or highway) has thedatgariation that usually follows some trend in
normal driving conditions, such as rush hours dfpebk hours, weekdays or weekends. The
variation of traffic volume over years can also dmnsidered based on the historical data or
reasonable predictions. The basic traffic data beagbtained from traffic spectrums or weigh-in-
motion data near the bridge site or the conneatirgiways that share the similar traffic as the

bridge.

In addition to normal traffic conditions, there @@me incidental traffic events, which may have
impacts on the traffic load applying on the bridgjbese incidental events may include (1) lane

closure of the bridge or the approaching roadwaysdnstruction, maintenance or repair; and (2)
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major accidents or evacuation on the bridge oraghroaching roadways (Wu and Chen 2010).
The durations of these incidental events may be ¢ftom several hours to several months). But
serious congestion (e.g. bumper-to-bumper) maydomdd on the bridge and/or connecting
roadways as a result of these incidents, whichagillse excessive dynamic response (e.g. stress

levels) and in turn contribute to possible initatiof fatigue cracks or damage accumulation.

5.2.1.2 Wind environments

It is known that wind exists in nature all the tinfeom breeze to wind storm like hurricane.
Similar to basic traffic information, wind envirommts of a particular slender long-span bridge,
such as wind speeds and wind directions, can heati{yp obtained from historical wind velocity
data collected at nearby weather stations. Wind roaps have been commonly used to define
the site-specific wind velocity for bridges, incing the probability of combinations of wind
speed and direction typically in each month. Itassumed in the present study that wind
speed/direction does not change within any houchSun assumption is made based on the fact
that more refined wind velocity data measuremenés the lifetime of a bridge may not always
be available. It should be noted, however, thattehgeriod than 1 hour can be easily adopted
within the present framework if more accurate wirgdocity data is available for a particular

bridge.

In this chapter, the total hours in a month willraedomly assigned with different combinations
of wind-speed/direction, which follow the overallasstics from the wind rose map. For
conventional long-span bridges that are not semesiti wind, wind load characterization may still
be required in order to consider wind loads on aeki (Chen and Wu 2008) although the wind
loads on the bridge may be trivial enough to bettahi In addition to common wind conditions,
some extreme wind conditions also need to be ceraidthroughout the lifespan of a slender

long-span bridge, such as strong wind from hurecansevere windstorm. These extreme wind
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conditions can be considered on a case-by-case bpagstimating possible occurrence within a

certain period of service time of the bridge.

5.2.2 Scenario-based dynamic analysis

5.2.2.1 Categorization of representative scenarios

Traffic and wind, as the main service loads fotemder long-span bridge, can be approximated
to be mutually independent in the normal traffiadition. Only in some extreme conditions such
as under a severe windstorm, the traffic volume wimt speed may have some correlation
especially when traffic control is in place (Chearak 2009). Different combinations of wind and
traffic conditions will generate many different seeios of service loads on a bridge. According
to the existing studies (Chen and Cai 2007; Chehven 2010), the dynamic response of a long-
span bridge subjected to traffic and wind loadstbase considered in a coupled way rather than
superimposing the respective contributions fromividdal loads. The number of the
representative scenarios should be selected dgréfulprovide a comprehensive coverage of
possible combinations of wind and traffic condisomhile maintaining reasonable computational
efficiency at the same time. In order to comprehvahg capture the most representative scenarios,

both normal service conditions and extreme evdrdgld be considered.

According to the Highway Capacity Manual (NatiorRRésearch Council 2000), the typical
highway traffic has six levels of service (LOS)rfrAA to F, which represent all typical traffic
conditions, from “free flow” to “breakdown flow”. iBilarly, according to the Beaufort wind
scale, the wind speed is typically categorized stales from 1-12, which correspond to the wind
speed increasing from 0 to over 73 mph (hurricame).reality, the number of the total
combinations can be reduced by merging similargeates of traffic and/or wind conditions. The
number of total representative scenarios and thegoezation process also depend on the

required accuracy and the available computaticsdurces.
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In addition to normal service conditions, there smene incidental traffic conditions when some
lanes of the bridge or approaching roadways maylbsed to traffic (Wu and Chen 2010).
Therefore, there will be several additional scevgafor extreme events, such as the road-block
condition (i.e. one lane on the approaching roadiwajosed) or the bridge-block condition (i.e.
one lane on bridge is closed). Although these saanare usually rare, it has been found that
significant stress level may exist on the bridgehiese situations (Wu and Chen 2010) and the

potential impacts on fatigue damage are not clear.

5.2.2.2 Semi-deterministic dynamic analysis of representative scenarios

In Chapter 3, a semi-deterministic simulation framek has been developed to consider the
bridge response subjected to the combined effeats $tochastic traffic and wind. Such a semi-
deterministic model will predict dynamic displacamhand stress level using the basic traffic and

wind conditions as inputs. The detailed model edarrto Chapter 3 and Chapter 4.

5.2.3 Deterministic fatigue damage assessment

Although the randomness of traffic flow itself hasen partially considered in the CA-based
simulation, the uncertainties associated with wiraffic volume and structural properties of the
bridge are not considered in the present modelteftie, the proposed approach is essentially a
deterministic approach as compared to traditior@lability-based simulation models for
structures. In order to demonstrate the deternirégtproach, the fatigue damage assessment will
be conducted for a typical year. A full estimatwinthe fatigue performance through the service
life of a long-span bridge will rely on the ratidneonsideration of uncertainties of major

variables over years, which will be discussed argdiability-based work in the next chapter.
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5.2.3.1 Time-progressive prediction of cumulative dynamic stress cyclesin a typical year

As discussed earlier, the possible variationsaffitr volume within an hour, a day, a week, and a
month can be obtained either from the local traffiatistical data or the generic data in the
specification. Vehicle classification for a parteubridge may actually vary slightly over time.
In lieu of the data, constant vehicle classificatotata can be assumed for all weekdays and all
weekends, respectively. Wind rose map can give phabability of each wind velocity
(speed/direction) in a month. By considering th&ualcsite-specific wind and traffic data in
weekdays, the combination of different values @& ¥ehicle density and wind-speed/direction is
conducted randomly in any day based on the reatmresumption that wind and traffic

conditions are usually independent from one taother.

It is assumed that the traffic or wind conditionedonot change within any single hour, and
therefore each hour has its unique combinationinfivand traffic conditions. So based on the
hourly distributions of traffic volume in one weelkdor weekend as well as the wind velocity
data, people can assign each hour in a weekdayeekemd with a representative scenario,
respectively. By continuing progressively over fiweekdays and two weekend days following
the weekly distributions of traffic volume and winelocity, the corresponding representative
scenario can be assigned to each day in a weelkla®ynthe corresponding representative
scenarios of one month and finally one year caidbstified based on the monthly and yearly
distributions of traffic and wind data, respectivelThe total hours being assigned to each
representative scenario in a year will be calcdlafeor each representative scenario, semi-
deterministic analysis will be conducted to findt dne dynamic stress results. Based on the
respective total hours assigned to each representatenario throughout a typical year, the

cumulative stress cycles in one typical year wélffimally obtained.
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5.2.3.2 Fatigue damage assessment

There have been many different fatigue theoriesdhia be applied to bridges (e.g. Schilling et al.
1978; Fisher et al. 1980, 1983; Moses et al. 1986)ong all the fatigue theories, the traditional
Miner’s law (Miner 1945) is still the most populane, which has been widely used in large-scale
engineering structures (Laman 1995). In the Mindaig, the S-N curve (S: stress range, N:
number of cycles to failure) is applied to form iaelr damage rule which simplifies the
prediction of fatigue life by the assumption ofdar accumulation of fatigue damage over time
(Miner 1945). In order to consider the dynamic sgramplitudes, the Rainflow Counting Method

is applied to get the number of cycles for eaoksstamplitude (Laman 1995).

The quantification of fatigue damage here is refégras “damage index” (DI), defined as the
fraction of the total fatigue life. With the adamti of the linear fatigue theory, the “damage
index” (DI) is also the ratio of accumulated cycteg of the total allowable cycles that will cause
fatigue damage, which is defined as follows:

N N1

DI =)D, :ZW (5.1)

where nis the number of all stress cycles in a particpiiod of time (e.g. one dayp, denotes
the incremental damage due to tHestress cycle and is the total number of stress cycles in the
stress history; Ns the total number of cycles to failure for camtamplitude stress level, S

(Miner 1945).

5.3 Demonstrative Example

The scenario-based fatigue analysis framework pmegpoabove will be illustrated with a
hypothetical cable-stayed bridge with steel girdarthe New Orleans area of Louisiana. The
hypothetical cable-stayed bridge shares the sametstal parameters with the prototype bridge

which has been studied in the previous chapteragfteh 3 and 4). The traffic and wind data used
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for this hypothetical bridge was obtained from jwibésources, such as wind data in the nearby
areas or from generic traffic records given in $pecification. Therefore, the simulation results
or findings of the hypothetical bridge do not neszeily reflect the actual fatigue performance of

any existing bridge.

5.3.1 Site-specific load conditions

5.3.1.1 Wind data

In the dynamic interaction model (Eqg. (3.4)), wisdassumed to be perpendicular to the bridge
all the time. Natural wind can come at any diretti®herefore, the natural wind speed, along
with specific wind direction, will need to be comiedl to the “representative wind speed” which
is always perpendicular to the bridge in ordereoubed in the simulation models. According to
the Beaufort wind scale and the findings from thésteng studies on Bridge/Traffic/Wind
interaction analysis, totally eight “representatwind speeds” (2, 5, 8, 10, 15, 20, 25 and 32.8
m/s) are selected in Table 5.1 to represent eggrnents of wind speeds (W1-W8). In Table 5.1,
each of the “representative wind speed” was salesteund the mean value of each wind speed
range. Therefore, eight “representative wind spg¥d1-W8) in Table 5.1 represent the whole
range of typical wind conditions, which span frobméeze” (W1) to “hurricane” (W8).

Table 5.1 Definition of “representative wind cases”

Representative Representative Correspondin

wind cases  wind speed (m/s) wind ?ﬁsgd range Description
w1 2 <3.5 calm to light breeze
w2 5 [3.5, 6.5 gentle breeze to moderate bre
W3 8 [6.5, 9 moderate breeze to fresh bre
w4 1C [9, 125 fresh breeze to strong bre
W5 15 [12.5, 17.5 strong breeze to g:
W6 2C [17.5, 22.5 gale to strong ga
w7 25 [22.5, 28.5 strong gale to whole ge
w8 32.¢ >28.k storm to hurricar
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The natural wind speed data, including both windesband direction, can be obtained through
the local monthly wind rose maps in Year 2008 fdre tarea of New Orleans
(http://mesonet.agron.iastate.edu/sites/locatermipdrk=LA_ASOS). Considering the ang® (
between the transverse direction of the bridgethadlirection of natural wind on the wind rose
map, the corresponding “representative wind spéadé&ach natural wind velocity (both speed
and direction) shown on the rose map will be oletainTherefore, one “representative wind
speed” (W1-W8) will be assigned to each combinatibnatural wind speed and direction (Table
5.2). By adopting the wind rose map for each maoftt2008, the cumulative hours of each
“representative wind speed” (W1-W8) in Year 2008 dze found out. Fig. 5.2 shows the

percentage of occurrence of the eight “represemtatind speeds” in Year 2008 for the prototype

bridge.
Table 5.2 Representative wind cases based on hainchdata
Natural wind Speed (knc 2-5 5-10 1C-15 15-2C 2C-10C
(m/s] 1-3 3-5 5-8 8-1C 10-51
Natural wind Direction Angle 0 Corresponding “representative wind cases”
(degree) P g rep

N -60 w1 w1 W2 W2 W7
NNE -37.t w1 W2 W2 W3 W8
NE -15 w1 W2 W3 W4 W8
ENE 7.5 w1 W2 W3 W4 W8

E 3C w1 W2 W3 W3 W8
ESE 52.t w1 w1 W2 W2 W8
SE 75 w1 w1 w1 w1 W5
SSE 97.t w1 w1 w1 w1 W3

S 12C w1 w1 W2 W2 W7
SSW 142t w1 W2 W2 W3 w8
SW 16t w1 W2 W3 W4 w8
WSW 187.t w1 W2 W3 W4 w8
w 21C w1 W2 W3 W3 W8
WNW 232.t w1 w1 W2 W2 W8
NW 25¢E w1 w1 w1 w1 W5
NNW 277.5 w1 W1 W1 w1 W3
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Fig. 5.2 The percentage of occurrence for differeintd speeds in 2008

5.3.1.2 Traffic data

The semi-deterministic interaction analysis modeBodge/Traffic/Wind (Chen and Wu 2010)
requires two inputs for basic traffic conditionsieois vehicle density and the other is vehicle
classification (i.e. ratios of different types dafhicles in the traffic flow). Based on the existing
studies (Chen and Wu 2010), it has been found tithathoose three typical traffic volume
conditions can give reasonable representationsoagha traffic conditions. Therefore, in the
present study, the six levels of service (LOS) afndd in the Highway Capacity Manual
(National Research Council 2000) are classifietheee representative traffic conditions each of

which covers two LOS:

“Free flow”: LOS A ~B, N <1120 veh/hr/In
“Moderate flow”: LOS C~D1120veh/hr/In< N< 2015veh/hr/lr

“Busy flow”: LOS E~F, N =2015 veh/ hr/In.
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The AADT of the bridge is assumed to be 40,000alekifor Year 2008 based on the data of the
nearby highways. The traffic volume is assumedetdhe same for any single hour. The generic
data of variations of traffic volume over time pided by the Highway Capacity Manual
(National Research Council 2000) will be used ie fitesent study. Fig. 5.3 gives the hourly,
weekly and monthly variations of the traffic volummvided by the Highway Capacity Manual
(National Research Council 2000). By using the geneariation data, the traffic volume at
different hours, days and months can be obtainedmRhe perspective of bridge dynamic
analysis, various vehicle types are classified ihtee categories: sedan car, light truck and heavy

truck (Chen and Wu 2010).
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Fig. 5.3 Basic traffic data over time (National Bach Council 2000)
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Without the site-specific vehicle classificatiortalahe percentages of sedan car, light truck and
heavy truck are assumed to be 0.5, 0.3 and 0.pectgely for the weekdays. While for

weekends, the percentages are assumed to beDahd0.2, respectively.

Based on the traffic-volume variation as shownim B.3, the total vehicle number (N) through
the bridge in any single hour of the simulation barcalculated with the following formula:

N =AADTx K x K, x K, (5.2)
where N is the flow rate in one hour (No. of vebsthour). AADT is the annual average daily
traffic. Kn, Ky, and K, are the parameters to convert the AADT of a momttek and hour to the
flow rate of a particular hour, respectively. Thgsgameters can be obtained from simple data

analysis of Fig. 5.3.

Depending on the value of N at any given hour, ttladfic volume of a typical year for the

prototype bridge has been categorized into ondéethree representative traffic conditions (i.e.
“free flow”, “moderate flow” and “busy flow”) accding to the criteria of LOS introduced above.
Fig. 5.4 gives the values of the percentages oftdted hours for each “representative traffic

condition” in each month. As expected, it can benfibthat the “busy flow” occurs very rare as

compared to the other two categories.

5.3.2 Numerical study of fatigue damage index forapresentative scenarios

As discussed earlier, vehicle classifications afferént on weekdays and weekends. Therefore,
the normal traffic conditions include three repraative traffic conditions on weekdays and
weekends, respectively. In addition to normal tcaffonditions, some extreme events, such as
bridge-block and road-block conditions, will alse bonsidered. For wind conditions, eight

representative wind speeds will be considered. &wylining different representative wind and
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traffic conditions, the representative scenarios lwa developed. Some numerical analysis results

of several representative scenarios are givereiialfowing.
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Fig. 5.4 The percentage of occurrence for diffetaffic conditions in 2008

Fig. 5.5 (a-b) shows the time-history responséefdynamic stress at the bottom of the girder at
the middle point of the bridge in weekdays when rifgresentative wind speed, 10 m/s and

25 m/s, respectively. For each wind speed, the-lirs®ry results of the “free flow” and “busy
flow” are shown in the figure. As found in the pi@ys study (Chen and Wu 2010), the dynamic
stress levels are stochastic in nature subjectéuktiint excitations from wind and traffic. With
the increase of the wind speed, the dynamic saegditude increases significantly. When the
wind speed gets higher (25 m/s), It is found thatdifference between the results of “free flow”
and “busy flow” becomes less significant as comgdcethat when the wind speed is low. The
dynamic stress level has significant increase wienwind speed increases. When the wind
speed equals to 25 m/s and the traffic flow is $Buthe dynamic stress level is around 180-200

MPa. Similar observations can be made from thasatseon weekends as well (Fig. 5.6).

109



Stress (MPa)

Pa)

Stress (M

]
]
[=]

[N
o
=]

@
D

o
=

=
=1

It
o

=]
=
T

il
=

220

200

]
=

o
=

=
=1

]
e ]

=]
=

fa]
=

Free flaw
—-— - Busy flow

fiihi

Nl U

1}
&
\‘ \l ‘|Ij|l[\ \S'lﬂn" !ﬂ

iy Wl‘ S ATy

R, 1 H

1$u
Time(s)

a. U,=10 m/s

Free flow
—-— - Busy flow

150 250
Time(s)

b. U,=25 m/s

300

Fig. 5.5 Stress at the bottom of the girder atti@point of the prototype bridge

Stress (MPa)

Stress (MPa)

T R
O M B @® m O
e o © o o o o

fa]
=

e T
O N = @™ @ O R
=R R = - L~ TR = T |

o
=

(normal traffic condition, weekday)

T T T T
Free flow
—-— - Busy flow 7
L ; ! d bl by ! i
Ik ‘!'E_lll.l‘.ilJUr” Iy i ! ””1 .i Ii |j( llpl ir spe i otk g i ALl .n'
iR i R e flk ‘“l i ) i "L' Fimteian
g ' f i it 4
| | | | |
50 100 150 200 250 300
Time(s)
a. U, =10 m/s
T T T T
Free flow
—-— - Busy flow =

150
Time(s)

b. U,=25 m/s

Fig. 5.6 Stress at the bottom of the girder amntii@point of the prototype bridge

(normal traffic condition, weekend)

110



In order to assess the possible contribution teni@l fatigue damage, the damage index (DI) for
each scenario is studied. By considering norm#idreonditions, the cumulative damage index
in one hour for various scenarios (with differematffic and wind conditions) is shown in Fig. 5.7.
Fig. 5.7(a-b) shows the results of the accumula@ahage indices (per hour) under different
combinations of representative wind and traffic dibons in weekdays and weekends,
respectively. When wind is mild (wind speed lowkart 15 m/s), it is found that the fatigue
damage index is very small for all the differerffic conditions. With the increase of the wind
speed, the damage index gradually increases. Wieenihd speed increases from 25 m/s to 32.8
m/s, the damage index dramatically increases bytidaés for all different traffic conditions.
Since U=32.8 m/s is the starting wind speed foribane, the results suggest that strong wind
may cause significant fatigue damage accumulattbowigh the duration may be short. When the
wind speed is higher than 15m/s, different traffimditions may contribute to the damage indices
in a complicated manner. For example, when the wp®kd is at 20 m/s or 25 m/s on weekdays
(Fig. 5.7(a)), busy traffic flow will cause the d¢gast damage index while the moderate traffic flow
will cause the largest damage index when the wipeed reaches 32.8 m/s. In weekends,
however, busy traffic flow always causes the larglesnage index when the wind speed is 25m/s

or 32.8 m/s (Fig. 5.7(b)).
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In addition to normal ftraffic conditions, extremereats may also cause fatigue damage
accumulation. The comparison between normal, bridlgek and road-block conditions in
weekdays is made and the results are shown in5R&g(a-c), respectively. In order to better
demonstrate the results, only the wind speeds ffdm/s to 25 m/s are shown. Thaxis in Fig.
5.8 shows the traffic densities corresponding ® rifpresentative traffic conditions. When the
wind speed is moderate (15m/s), it is found tha #tcumulated damage index gradually
increases in a positive way with the vehicle dgn@ttg. 5.8(a)). Compared to the normal service
condition, the road-block condition causes highamdge accumulation while the bridge-block
condition usually causes less. When the wind sge&sihigher (20m/s), the accumulated damage
index value in one hour significantly increases@spared to that when the wind speed is 15 m/s
(Fig. 5.8(b)). When the wind speed further increage25 m/s (Fig. 5.8(c)), the damage index
values only have limited increase with the vehibdmsity as compared to those when the wind
speed is 20 m/s. All these observations confirn tina fatigue accumulation is not linear to the
external load. Once the level of stochastic dynastiess reaches some threshold, fatigue
accumulation will start. When the number of cyatdsdynamic stress that contributes to such
accumulation becomes relatively stable, the fatigaenage accumulation becomes relatively
constant despite the changes of the service Idiadsalso found that extreme conditions exhibit
complicated patterns in terms of fatigue damagerractation as compared to hormal condition.

For example, bridge-block condition has the leatgfie damage accumulation among the three
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traffic conditions. The road-block condition wilagse more fatigue accumulation than that by
normal traffic condition when the wind speed is mi@de and high, especially when the vehicle
density is relatively high (Fig. 5.8).
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Fig. 5.8 Damage index comparison between normalraridental traffic conditions (weekday)

Fig. 5.9 (a-c) shows the fatigue damage index tedat weekends. Similar to Fig. 5.8, bridge-
block condition gives the lowest accumulation digiae damage index. The road-block condition
causes more fatigue damage index accumulation tthmormal condition when the vehicle

density is high and the wind speed is 20 m/s. Alfiloextreme events have been found to cause
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considerably larger dynamic response than the rocoraditions in many situations (Wu and

Chen 2010), the results show that they are not estigal to the fatigue damage accumulation.
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5.3.3 Fatigue damage assessment of a typical year

Based on the site-specific wind and traffic datec#fied in 5.3.1, the total hours for each

representative scenario can be obtained for Ye@8.2ZDable 5.3 and 5.4 list the detailed results
of the damage index per hour, and total hours docheepresentative scenario in weekdays and
weekends, respectively. Because of the lack ofddwa about possible extreme events, only
normal traffic conditions were considered for teeuits shown in Table 5.3 and 5.4. It is easy to
find that most accumulated hours in a year belenth¢ scenarios when the wind speed is low

(breeze) and the traffic condition is “free” or “derate”. But for these scenarios, the fatigue
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damage accumulation is very small and can be ighdrbe scenario, which causes the largest
damage accumulation in an hour, is when the wingedpis the highest (32 m/s) and the
“moderate traffic flow” (3.56E-03 in Table 5.3) fareekdays. Based on the site-specific traffic
and wind data used in the present study, such rmasoeactually did not happen in 2008 (i.e. 0
hour). The largest cumulative damage contributBbAGE-03) actually happened in 2008 is made
by the scenario (U=32 m/s and free traffic flowdahe second largest (5.31E-03) comes from
the scenario (U=2 m/s and busy traffic flow). A®wh in Table 5.3-5.4, the total cumulative

damage index in weekdays and weekends in Year 2@08.82E-02 and 3.40E-03, respectively.

Table 5.3 Cumulative damage index for Year 2008kday)

Case Representative win Representativ Damage  Accumulate:

No. speed | (m/s) traffic condition index/ hour hours 2D
1 Free 0.00E+0( 187¢ 0.00E+0(
2 2 Moderatt 0.00E+0! 180¢ 0.00E+0(
3 Busy 1.82E-05 291 5.31E-03
4 Free 0.00E+0( 95(C 0.00E+0(
5 5 Moderatt 0.00E+0! 824 0.00E+0(
6 Busy 1.49E-05 36 5.36E-04
7 Free 0.00E+0( 214 0.00E+0(
8 8 Moderatt 5.99E-07 18¢ 1.13E-04
9 Busy 3.80E-05 5 1.90E-04
10 Free 0.00E+0( 43 0.00E+0(
11 10 Moderatt 3.47E-06 43 1.49E-04
12 Busy 3.26E-05 0 0.00E+0(
13 Free 3.35E-05 1 3.35E-05
14 15 Moderatt 2.26E-05 2 4.51E-05
15 Busy 3.61E-05 0 0.00E+0(
16 Free 3.41E-04 0 0.00E+0(
17 20 Moderatt 5.53E-04 0 0.00E+0(
18 Busy 6.73E-04 0 0.00E+0(
19 Free 5.93E-04 4 2.37E-03
20 25 Moderatt 7.46E-04 0 0.00E+0(
21 Busy 7.68E-04 0 0.00E+0(
22 Free 2.36E-03 4 9.46E-03
23 32 Moderatt 3.56E-03 0 0.00E+0(
24 Busy 2.96E-03 0 0.00E+0(
> 1.82E-02
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Table 5.4 Cumulative damage index for Year 2008keead)

Case Representatlv Representative Damage index/  Accumulated
No. wind speed traffic condition hour hours 2D
U, (m/s)

1 Free 0.00E+0( 70€ 0.00E+0(
2 2 Moderatt 5.03E-07 78t 3.95E-04

3 Busy 8.75E-06 295 2.58E-03
4 Free 0.00E+0( 357 0.00E+0(
5 5 Moderatt 1.15E-06 21¢ 2.51E-04

6 Busy 1.18E-05 0 0.00E+0(
7 Free 0.00E+0( 68 0.00E+0(
8 8 Moderatt 0.00E+0( 33 0.00E+0(
9 Busy 1.58E-05 0 0.00E+0(
10 Free 0.00E+0( 20 0.00E+0(
11 10 Moderatt 9.30E-06 10 9.30E-05

12 Busy 2.96E-05 0 0.00E+0(
13 Free 2.02E-05 1 2.02E-05

14 15 Moderatt 2.78E-05 2 5.57E-05

15 Busy 9.77E-05 0 0.00E+0(
16 Free 3.48E-04 0 0.00E+0(
17 20 Moderatt 3.96E-04 0 0.00E+0(
18 Busy 3.46E-04 0 0.00E+0(
19 Free 5.90E-04 0 0.00E+0(
20 25 Moderatt 7.56E-04 0 0.00E+0(
21 Busy 8.93E-04 0 0.00E+0(
22 Free 3.59E-03 0 0.00E+0(
23 32 Moderatt 3.11E-03 0 0.00E+0(
24 Busy 3.90E-03 0 0.00E+0(
> 3.40E-03

Although the data about the time percentage ofiplesghcidental conditions is not available,

several assumed situations are studied in ordegi® some insights. Fig. 5.10 shows the
cumulative damage indices in 2008 with differentcpatages of the time associated with
incidental conditions out of the total time. Withetincrease of the time percentage of incidental
conditions, the bridge-block condition causes desirey damage index accumulation while the
road-block condition causes increasing damage iadeMmulation. The results of Fig. 5.10 show
that the incidental conditions only make considkratmpacts on the fatigue damage when the

time durations of the road-block conditions aretgrsignificant.

116



0.03 T T T T
—<— Road hlock
—+ — Bridge hlock

0.025 - =

Cumulative darage index

015 1 | I I L 1 | I |
o 1 2 3 4 5 5] 7 g g 10

Time percentage of incidents(%)

Fig. 5.10 Damage index comparison with differemtgtipercentage of incidents

5.4 Conclusions

In this chapter, a scenario-based deterministigdatanalysis model for long-span bridges was
proposed. In order to capture the unique dynameraetions critical for long-span bridges, site-
specific traffic and wind conditions were charaided. In addition to normal traffic condition,

some incidental conditions were also considered.

Representative scenarios with different combinatiof traffic and wind conditions were then
categorized from a typical hour, day, week, momt gear progressively. In order to reach a
balance point among the sufficient coverage ofasgmtative scenarios, reasonable simulation
efforts and limited data, some necessary assungpiod approximations were made in order to
be able to develop the approach. These assumtimhapproximations include:

(1) The wind and traffic conditions within an hour assumed to be constant. This assumption
is primarily due to the limited details availabler ftypical data. More refined data can be
applied once it becomes available in the future;

(2) In normal conditions, wind and traffic are deemasl mutually independent. So the
combination of different wind and traffic condit®to form each representative scenario was
made randomly herein. This can be improved if thiited record is available or substituted

by other reasonable combination rule.
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(3) The continuous range of wind speeds is approxinai® eight representative wind speeds

and different traffic densities are representethibge representative traffic conditions.

By using the advanced Bridge/Traffic/Wind interantianalysis model, the dynamic response for
each representative scenario was calculated. drcttdpter, a linear fatigue theory was applied to
assess fatigue damage. It is advisable that mam@nadd fatigue theory can be easily applied to
the proposed framework. The fatigue damage indexefach representative scenario was
calculated and the cumulative damage index forpic&y year was also assessed. A prototype
bridge was used only for demonstration purposd¢keproposed methodology. The deterministic
model introduced in the present study will becoime important basis for the reliability-based

fatigue analysis methodology, which will be intreed in the next chapter.
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CHAPTER 6: FATIGUE ASSESSMENT OF SLENDER LONG-SPAN BRIDGES:

A RELIABILITY APPROACH

6.1 Introduction

A bridge starts the deterioration process fronfitise day it goes into service. Rational evaluation
of the fatigue performance of a bridge is a keyssessing its lifetime performance including
general planning such as maintenance and associaséx] A fatigue analysis is different from a
strength or aerodynamic stability problem (e.gttéi) which focuses on the worst-case scenario,
in that it is examined over an extended time penduach can be as long as the design lifetime of
the bridge. As a result, realistically simulatirigpé-variant service loads and the response of a
slender long-span bridge throughout its lifetimedrees essential for an accurate prediction of

the fatigue performance.

It is known that stochastic wind and traffic loadgnamic interaction and fatigue accumulation
for a slender long-span bridge vary over time anedrzherently uncertain. In the several decades,
reliability theory has been applied in the field sfructural engineering to consider the
uncertainties associated with structures, the enmient and resulting loads (Ellingwood et al.
1980; Nowak 1999). Most existing reliability-basesbearch on bridges focused on short and
medium span bridges (Caprani and O'Brien 2006; Akgod Frangopol 2004; Akgul and
Frangopol 2005a; Akgul and Frangopol 2005b; Czainacd Nowak 2008). For slender long-
span bridges, only a few studies have been contbleteaerodynamic performance such as
flutter or buffeting (Cheng et al. 2005; Pourzeyaad Datta 2002; Ge et al. 2000; Jakobsen and

Tanaka 2003). In addition, several researchers baudied the reliability of long-span bridges
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through the analysis of field monitoring data (Fyapol and Imai 2004; Frangopol et al. 2008;
Catbas et al. 2008; Imai and Frangopol 2002). Te,d® study has focused on reliability-based
fatigue analysis, considering traffic and wind Isaas well as their dynamic interactions, for

slender long-span bridges.

In this chapter, a framework for the reliabilitydeal fatigue assessment of a slender long-span
bridge is presented. Initially, a scenario-baserdgnistic fatigue damage analytical model is
introduced. Then, the reliability-based fatiguee lifrediction is conducted. Finally, using the
proposed model, the reliability index for fatiguanthge of the main component of a typical

slender long-span bridge is assessed for demadmetpatrposes.

6.2 Scenario-Based Fatigue Damage Model for a Typicalear -Deterministic Basis

The basic deterministic scenario-based fatigue damaodel for a long-span bridge has already
been described in Chapter 5. For the sake of cdenes and some different points with Chapter
5, the deterministic fatigue analysis model will foiesented briefly. As shown in Fig. 6.1, the
fatigue model consists of two major parts: (1) gatezation of representative scenarios; and (2)
deterministic fatigue damage assessment for aalygiear. More details of each part will be

introduced in the following sections.
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( )

Part I: Scenario categorization

Categorization:
Free flow (T;)

(AADT)—» Flow rate per hour —» Moderate flow (T;)

Congested flow (T)

Representative scenarios

Scenario RS;: k; hours

Wind environment:

Ws: mg hours

Scenarios RS4.k24 hours

I

Part Il: Calculation of Fatigue damage factor

Obtain the stress history for representative scenarios through
bridgeftraffic/iwind interaction analysis

Apply Rainflow Counting Method to count the cycle (n;)
corresponding to stress range (S;) with mean stress (Sy) for each
set of stress history

Use modified Goodman equation to calculate Sswhen mean stress
(Smi) is not 0

Compute the life cycles Nifor S through S-N curve

'

Calculate fatigue damage factor DF by Miner's Law

Fig. 6.1 Flowchart of scenario-based determinfstiigue analysis
6.2.1 Part I- Categorization of representative scerios

6.2.1.1 Representative scenarios

Representative scenarios are defined to coverwhieal load combinations of the stochastic
traffic and wind acting on a slender long-span deidAccording to the Highway Capacity

Manual (HCM) (National Research Council 2000), treffic flow on a freeway is typically
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classified into six levels of service (LOS) from t& F, ranging from free flow to severe
congestion. To maintain acceptable numerical sitimiaeffort in the following analysis, some
reasonable simplifications are needed. In the pteswidy, six LOS will be reduced to three
representative traffic conditions(1=1-3) by combining similar LOS: (a) Free JTA~B LOS;

(b) Moderate (3): C~D LOS; (c) Busy (3): E~F LOS. The Beaufort wind scale is often used t
define the severity of wind effects with respectad speed from Scale 1 to Scale 12. Similar to
LOS, “representative wind speeds” are defined bynlbiaing similar categories of wind
conditions. In this study, eight representative dviipeeds (\Wj=1-8) are defined as 2m/s ¢y
5m/s (W), 8m/s (W), 10m/s (W), 15m/s (W), 20m/s (W), 25m/s (W) and 32m/s () which
correspond to the ranges of wind speeds betweeB.f], (3.5 - 6.5], (6.5 - 9], (9 - 12.5], (12.5-
17.5], (17.5-22.5], (22.5-28.5] and (28.5-32] (mt&spectively. As a result, the combination of
one representative traffic condition and one regmtegive wind speed will eventually generate
twenty-four possible representative scenarios (&Syind/traffic conditions as shown in Table
6.1.

Table 6.1 Representative scenario

Wind condition Wind speec Traffic flow condition (1)
(W) (m/s) Free (1) Moderate () Congested (s)
W, 2 RS, RS, RS
W, 5 RS, RSs RSe
W3 8 RS, RS RS
W4 10 RS]_C RS]_] RS]_Q
W5 15 RSs RSy, RSs
We 20 RS6 RS, RSg
W, 25 RSe RS RS
Wpg 32 RS, RS: RSy,

6.2.1.2 Categorization process from local traffic and wind record to representative scenario

Traffic flow
The traffic flow varying over hours, weeks, and mi@nwill generally follow similar trends

among different highways (National Research Cou2@il0). For example, the daily traffic flow
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may reach two peaks in the morning and eveningeively, when most people commute
between home and work or school. In this studyhaur is taken as the basic time period during
which the traffic flow rate and wind velocity areth assumed to be constant. When the
continuous long-term traffic monitoring data foparticular bridge is available, theoretically the
flow rate for each hour can be statistically olgdinas long as the records are sufficiently long. |
reality, long-term and continuous traffic monitayidata specific to the bridge may not always be
available, and the data from nearby highways a$ agefeneric data are then considered as an
acceptable alternative. In this case, the flow ¢)efor a certain hour can be calculated through
the transformation from the AADT to the monthly, ekéy and hourly variation of the flow rate
by applying Eq. (5.2). Once the flow raftd) (for any hour is obtained, one of the represergati
traffic conditions T;) will be assigned based on the definitions of L@ximulatively, the
occurrence probability of any representative tcaffonditionT, during the study period (e.g. one

year) can be identified.

Wind environment

The representative wind speeds;,(¥1-8) are classified based on the equivalentwialocity
(Ueg perpendicular to the longitudinal direction ofethbridge. The natural wind velocity,
including both wind speed and direction, can bkdahwith the correspondingelby considering

the angle between the direction of natural wind thedtransverse direction of the bridge as:
U, =U ,cosd (6.1)

where @ is the angle between the bridge’s transverse titre@nd the direction shown on the

wind rose mapU, andU.q are the natural and equivalent wind velocitiespeetively.

For some critical long-span bridges, long-term wirdbcity monitoring data may be available.

In this case, the actual historical wind data caratopted to define the natural wind velocities
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over time. If the long-term monitoring data is metilable, the local wind rose maps close to the
site of the bridge can provide the probability afcaerrence for each natural wind velocity
(including wind speed and direction) in a certaeripd of time (e.g. a month or a year).
Accordingly, the equivalent wind speedgtan be obtained using Eq. (6.1), which will be
checked against the classification criteria of espntative wind speeds as introduced earlier to
finish the categorization. As a result, the prolighof each representative wind speegl(j4/1-8)

for each month is obtained. By repeating the pdes the wind rose maps for each month
within a year, the cumulative probability of ocanmce for each representative wind speed in a

year can be obtained.

Combination of traffic flow and wind

Traffic and wind can be typically regarded as twotually independent random processes most
of the time, except some rare cases such as whemmly strong wind events (e.g. hurricane)
exists and the bridge may be closed to traffiovny short periods of time. Due to the negligible
time periods of these extreme events as comparewrmal situations, wind and traffic load

modeling are treated as independent from one anisililee present study.

Therefore the probability of th&" “representative scenario (RS can be easily computed

through the following equation.

P(R§)= A7) K W 2

whereP(RS) is the occurrence probability of th& representative scenarie(T;) and P(W) are
the occurrence probability of the representatiadfitr conditioni and the wind condition,

respectively. In the present studlyl-3,j=1-8 andk=1-24(=3x8).
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So the total hours of thé" representative scenari$(RS) that occurred in the duration period

(e.g. one year) can be easily calculated by usieddliowing equation:

H(RS) = TuyOX RY (6.3)

whereTgqyis the time length (in hours) of the study periedy( one year).

6.2.2 Part II- Fatigue damage assessment in a typicyear

For each representative scenario JR®e time-variant stress levels at a particudaation of the
bridge member in an hour will be calculated throtigh bridge/traffic/wind interaction analysis
(Chen and Wu 2010). The stress history in a typigsdr can be computed by linearly

superimposing the hourly stress results.

In the present study, Miner's rule (Miner 1945u&ed to evaluate the fatigue performance based
on the results of the stress calculations and tNec8rve (S: stress range, N: number of cycles to
failure). It is known that S-N curve is based oa #ssumption that the loading is constant. The
realistic load is random in nature and the equivtadéress range and cycles will be derived from
the Rainflow Counting Method (Matsuishi and End®89® The Rainflow Counting Method,
which has been widely used in fatigue damage as®eds is based on the stress cycle
identification to consider the segment of a stteas- history between any two subsequent local
extremes (from peak to a valley or from valley tpemk) (Matsuishi and Endo 1968). Modified
Goodman Equation (Eg. (6.4)) is used to transfeisthess range unless the cycle is fully reversed,
i.e., the mean stress is non-zero since the Srbséstife) curve corresponds to the fully-reversed

cycle (Smith 1942; Stephens et al. 2001):

i+i =1 (6.4)
S
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where S, is the alternating stress3, is the mean stressS; is the corresponding stress

amplitude for the fully reversed§, =0) fatigue limit of smooth specimens a8 is the

ultimate tensile strength.

The hourly fatigue damage factor (DF) for tki representative scenari®f,) caused by the

combined loads is computed through Eq. (6.5) falgMiner's Law (Miner 1945):
n.
DF, => - (6.5)
N;

where DF, is the damage factor per hour caused by the stgses of the representative
scenariok. N; is the fatigue life corresponding to stress aragitS, . n; is the number of the

cycles at the stress amplitu@.

The yearly cumulative fatigue damage facfF() can be calculated as

DF, =nZkD|=k H(RS) (6.6)

k=1

whereny is the total number of representative scenakio24 in this study).
6.3 Reliability Model for Fatigue Life Assessment

6.3.1 Uncertainties of major parameters used in fajue life prediction

There are uncertainties related to the structumdeting, wind environment and traffic loads for
slender long-span bridges. For example, climatenghahas resulted in variations in wind
environment over time (Sterr et al. 2003). The aspan of the population in coastal areas has
also led to an increase in traffic volume on mdjmhways (Farahmand 1997). As discussed

earlier, the fatigue performance of a long-spaddwmiis actually a lifetime serviceability issue
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which may range from 50 to 100 years, dependintherdesign life of the bridge. Therefore, the
traffic growth during the lifespan of a long-sparidge should be considered. Wind flutter
derivatives have been considered as random vasiablpast studies related to flutter analysis
(Cheng et al. 2005). A buffeting analysis encomgass collection of different values of flutter
derivatives corresponding to a wide range of difféwind speeds. As a result, to consider flutter
derivatives as random variables in buffeting analysnay require prohibitively high
computational effort. Since the present study fesusn developing a framework of fatigue
analysis subjected to the combined loads of wirdlteaffic, the flutter derivatives will be treated
as deterministic variables to avoid excessive cdatjmnal costs in the present study. As a result,
the uncertainties related to the growth factor &, wind velocity and mechanical properties

of a long-span bridge are those considered irsthigdy.

6.3.1.1. Growth factor of AADT

To evaluate the fatigue life, AADT is an importamtriable which directly affects the specific
traffic loads on the bridge. AADT varies over yearsl is influenced by numerous factors like
local birth rate and local gross domestic prod@®P) (National Research Council 2000). Local
traffic departments often adopt a growth factgf) to predict future traffic flow, which is

typically calculated using Eq. (6.7) (Sliupas 2006)

_[E
f=— -1 6.7)
=

wherek is the number of the total years in which AADTalet availablet is the most recent year
with the available AADT dataF, denotes the AADT of thef' year, andE,_, denotes the AADT

of the ¢-k)" year.

In the present study, the Cellular Automaton (Oajffic flow model (Nagel and Schreckenberg

1992) is used to simulate each representativeidraéindition (T), in order to determine the
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instantaneous information of each vehicle for toetsastically modeled traffic, such as its speed

and location.

6.3.1.2 Wind velocity data

As discussed earlier, the actual wind speeds ong$pan bridge are random in nature and may
vary over years. In situations when long-term wiredocity monitoring data on a long-span
bridge is available, the actual wind velocity ditaall the service years can be adopted directly.
If the actual wind monitoring data is not availghtewill be also straightforward to repeat the
characterization process of wind velocity for egelar if the wind rose maps of all the service
years are available. However, if wind rose mapsooly a few years are available, some
reasonable assumptions on the typical statistis#illitions will be needed in order to rationally
extrapolate to the whole service time period of bhidge. This is especially critical for coastal
long-span bridges which may experience a few exdreiimd events (e.g. hurricanes) each year,
while the trend of hurricanes each year is hardetanodeled with a standard distribution. Given
the substantial difference and the complex natfir@ind environments on different long-span
bridges in different regions (e.g. coastal, inlardpridge-specific characterization process, rathe
than a generic assumption, is necessary to acturaesider the yearly difference of wind

velocities on a slender long-span bridge.

In addition to yearly difference, the wind veloegialso bear inherent uncertainties due to the
random nature and possible errors from data measunts and processing. Rather than taking the
wind velocity as a random variable directly, theegant study considers the uncertainties
associated with wind speeds through a derived Maria “the occurrence probability of each

representative wind spee((M))” as the random variable.
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As discussed above, please be noted that varifingdecharacterizations of wind velocity data
can be made within the proposed framework for amyiqular long-span bridge, depending on
the availability of the bridge-specific data ané thcation of the bridge. Since the present study
focuses on developing a general methodological dvemnk, the characterization of the wind

velocity for a specific long-span bridge deservegparate case study.

6.3.1.3. Mechanical properties of bridge

A long-span bridge is a complex three-dimensionaicture which consists of a number of
components with different mechanical propertiesnirthe perspective of dynamic response and
fatigue analysis, the elastic modulus, the moméirtestia of the girder and the damping ratio are
especially important according to the observatifmsn previous studies (Cheng et al 2005,
Pourzeynali and Datta 2002). Therefore, in the g@mestudy, these variables will be treated as

random variables.

6.3.2 Reliability method

Recall the scenario-based fatigue damage modebdunted earlier. This fatigue model
formulation results in an implicit limit state futimn which can be expressed as:
g= Z DI:y -1 (6.8)
y=1
wherez DF, is the cumulative damage factor during the tojayears of the service for the
y=1

concerned component. When the cumulative damager femaches one, the member is regarded

as failure due to fatigue damage (Stephens, 20alL).

The flowchart depicting the proposed reliabilityabysis framework is shown in Fig. 6.2. Because

the limit state function defined in Eq. (6.8) is iamplicit function, the response surface method
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(RSM) (Bucher and Bourgund 1990) is applied asit approximate an implicit function with a

polynomial explicit function expressed as Eq. (8i@pugh regression analysis.
G(x)=a+2 hx+2 ¢X (6.9)
i=1 i=1

where Q(X) is the approximated limit state functioa,, by, G are the coefficients to be calculated.

X is thei™ basic random variable amds the total number of random variables.

Predefine random variables

Response surface method

Deterministic fatigue analysis

|

Obtain the approximated limit
state function g(x)

Calculate reliability Index by
FORM

Fig. 6.2 Reliability analysis framework
To form the approximated limit state functi@( X), the mean valueyj, low value {1-l) and

high value +lo) (¢ is the standard deviation) for each random vagiasl defined in Table 6.2

will be used, wheréd is set as 3.0 for the first iteration and 0.99 flee second (also final)

iteration (Bucher and Bourgund 1990). The combambf the mean, low and high values for
each variable will form 2+1 initial sets of input parameters. The coupleidd®/traffic/wind

analysis (Chen and Wu 2010) and the scenario-lfatigde analysis will be conducted for each
set of the random variables. After obtaining thpragimate limit state functio@(x), the first-

order reliability method (FORM) is applied to esait® the reliability indeg .
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Table 6.2 Statistical properties of random varigble

Distribution

Random variables Unit Mean Std type Description Source
¢ / 0.005 0.001 Normal Damping ratio Assumed
Elastic modulu:
Mechanical properties E GPa 200 20 Normal of girder Cheng et al. (2005)
! m? 3.0856  0.30856 Normal . Momentof — ~p..oetal (2005)
inertia of girder
Traffic volume of / 0.05 0.015 Normal DT growth Assumed
factor
53.€
0, -—
P(W.) Yo (195.64 days) 5.36 Normal P(Ue=2m/s) Assumed
27.2
0, -—
P(W>) Yo (99.28days) 2.72 Normal P(Us=5m/s) Assumed
5.8C
0, -—
P(Ws) Yo (21.17days) 0.58 Normal P(Us=8m/s) Assumed
Occurrence probability of 0 1.31 _
representative wind speeds P(W.) & (4.78days) 0.131 Normal P(Ue=10m/s) Assumed
P(W)* 0 0.07 _
P(Ws) % (0.26days) 0.007 Normal P(Us=15m/s) Assumed
P(We) % 0 0 N/A P(Uec=20m/s Assumeil
0.2:
0, —
P(W-) Yo (0.84days) 0.023 Normal P(Us=25m/s) Assumed
P(Ws) % 0.81 0.081 Normal P(Ue=32m/s) Assumed

(2.967days)

* The mean value of P(Wi) is derived from local @irose map. The std value and distribution typeaaseimed.
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6.4 lllustrative Example

6.4.1 Prototype long-span bridge and service loads

A typical long-span cable-stayed bridge in costalikiana with steel girders shares the same
structural parameters which has been studied imptheious chapters is used to illustrate the
proposed model. The random variables, such as #whanical variables, growth factayfy of
AADT and the occurrence probability of each repntstive wind speed for this illustrative
example are shown in Table 6.2. All the variablesassumed to follow the normal distribution.
Regarding mechanical properties, the mean valuemnofom variables as listed in Table 6.2 were
determined based on the prototype bridge datalsndtandard deviation is assumed to be 10%

(E, I) or 20% (&) of the respective mean values. The mean valuthefprobability of any

representative wind spe¢dP(W) is derived from local wind rose maps and the cgtdeviation

value is assumed to be 10%.

The prototype bridge was opened to traffic in 1988 a design life of 75 years and the AADT
of this bridge in 2008 was 40,000. Since the AADT bther years are not available for the
prototype bridge, the AADT for other years is cédoed based on Eg. (6.7). The mean (u) and
the standard deviations) for the growth factor of) are assumed to be 0.05 and 0.015,
respectively (Table 6.2). The variation of AADT ead by different values of the growth factor
used in the reliability model during the service [{(75 years) was plotted in Fig. 6.3. As
discussed earlier, due to the lack of site-spetififfic monitoring data, the variations of the
traffic flow rate with respect to AADT will be dered from the generic data of ADT provided in
the Highway Capacity Manual (National Research €d@000) (Fig. 5.3). The vehicle flow rate
N (veh/hr) is then categorized into one of the pfiedd three representative traffic conditiofig (

“Free”, “Moderate” or “Busy” as introduced earlidn the CA traffic model, the representative
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traffic density of 9veh/km/In, 20veh/km/In and 3B¥len/In are chosen respectively to compute
for the three traffic conditions. The combinatidrvehicle types is set as 50%, 30% and 20% for
cars, light trucks and heavy trucks (Chen and Wu020respectively. Due to the lack of the
relevant data, no maintenance or repair is assugdg the 75 years of service. In reality, any
maintenance or repair can be considered later kystug the fatigue damage factors and

associated reliability index accordingly.

AADT

Senvice life (year)

Fig. 6.3 The variation of AADT
As discussed earlier, typically the multi-year wimelocity data can be either characterized by
long-term actual wind monitoring on a bridge or eviose maps during the period of the service
time. Obviously, when the full records of wind veity data over years are available, regardless
from actual monitoring data or the whole sets afidviose maps, it is pretty straightforward to
characterize the cumulative probability of occucefior each representative wind speed simply
by repeating the process for each year. In ordetonlese generality of the proposed framework,

the limited number years of wind rose maps whiah arailable in the public domain, will be
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used for the demonstrative purpose. Specificallg, wind rose maps in the New Orleans area
close to the location of the bridge (IEM 2010) vii# used to characterize the wind data for the
prototype bridge. Only three years of wind rose snfpear 2007-2009) were found to be
available in the public domain (IEM 2010). As dissad earlier, for a coastal slender long-span
bridge which experiences frequent hurricanes, krsjgecific wind velocity data, either from
long-term monitoring or the comprehensive wind rosaps covering all the service years, is
critical to any rational prediction of fatigue paminance. Therefore, the fatigue assessment of this
prototype slender long-span bridge based on wiseé roaps in only three years is merely for

demonstrative purpose, rather than a realistic stashy.

By repeating the characterization process of regmtasive wind velocities for all the three years
(Year 2007-2009), the probability of each represtivee wind speed (yV/ can be derived. The
probability values of different representative wipkeds are shown in Fig. 6.4. These probability
values will be adopted as the mean values whictassamed to be the same for all the service
years of the prototype bridge because of the lddke actual wind velocity data of each year.
Such an approximation is probably the most readenadly given the limited available wind data.
However, the hurricane records in Louisiana shothed there were four noteworthy hurricanes
(i.e. Humberto (2007), Gustav (2008), lke (2008) &ta (2009)) happening between Year 2007-
2009. While within seven years (Year 2000-2007¢rehwere only three noteworthy hurricanes
(i.e. Lili (2002), Katrina and Rita (2005)). Theoed although this is just a demonstrative example,
it should also be noted that such an approximdtorthis particular bridge in Louisiana may
cause overestimated wind velocities over the seriespan due to considerably more frequent

occurrence of hurricanes between Year 2007-2009.
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Fig. 6.4 The occurrence percentage of represeatativd speeds (YW
According to the AASHTO LRFD specification (AASHTZD07), the members of a bridge are
categorized into different types with respectivbl 8urves and threshold values. In this study, the
main member of Type B (an unpainted weatheringnptaémber or the well-prepared welded
connections in a built-up member without attachrmeeris selected to study the fatigue

performance. Its stress-life relationship can heressed as (AASHTO 2007):
N(S)=39.3x 10" /S (6.10)

where S is the stress cycle range (MP&#), is the total number of cycles for working stress.

The fatigue threshold of a type B member is 110NMRSSHTO 2007).

Based on the deterministic scenario-based fatigamade analysis, it was found that the
representative wind speeds ofi¥Ws do not cause any fatigue damage for the main éridg
member examined herein regardless of the trafficdition. Thus, only the probabilities of the

representative wind speeds;\Whd W are eventually taken as random variables in thiabikty

study.
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6.4.2 Fatigue analysis result- deterministic-based

Fig. 6.5 (a-c) shows the extreme stress compaii$ahe bottom fiber at the midspan of the

bridge (the critical location) under the minimum-&), mean {1) and maximum |{+30) values

of the damping ratio, elastic modulus and momermeftia of the girder, respectively. Two wind

speeds, W(25m/s) and W(32 m/s), are studied. The complex coupling eftddraffic density

and wind can be observed from Fig. 6.5. For examplis found that strong wind can cause

larger extreme stress. However, the extreme sttess not always increase with traffic density

such as the case with heavy traffic£82m/s and the mean value of moment of inertiah{rig

window in Fig. 6.5(c)). As shown in Fig. 6.75, lowgamping ratios, higher elastic modulus and

lower moment of inertia of the main girder gengradisult in higher dynamic stress.
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Fig. 6.5 Extreme stress comparison
As introduced in Section 6.2.1, the Rainflow Methe@&mployed to count cycles for each stress
range from the stress history. The cycle-countiegults for the variables being set as the
respective mean values are shown in Fig. 6.6(acllifferent traffic conditions when the wind
speeds are 25m/s @Vand 32m/s (W), respectively. As shown in Fig. 6.6, the ampléawaf the
stress generally increases with wind speeds. Hawéwe counts for different stress ranges vary
in a complicated manner with different traffic cdrahs (densities). Based on the rainflow matrix
and Miner’s law, the fatigue damage factors forrttember type B are derived for different wind
and traffic conditions and the results are showiidahle 6.3. When the wind speed is 25m/s, the
damage factor per hour does not always increade thé density of traffic flow, similar to the
stress results. It was found that the damage féstoore sensitive to the change in wind speeds
than the change in traffic conditions.

Table 6.3 Damage factor per hour for critical cases

Uec=25m/s (W) Uec=32m/s (W)

Variable Free flow  Moderate Congestet  Free flow Moderate  Congestel
(Ty) flow (T,) flow (T5) (Ty) flow (T>) flow (T5)
Mear  0.00E+O( 0.00E+0( 2.36E-06 5.94E-05  1.57E-04 1.17E-04
€ mx  0.00E+00 0.00E+00 0.00E+00  4.81E-05 7.31E-05 3.78E-05
& min 6.95E-05  7.79E-05 7.99E-05 1.04E-04 2.11E-04 4.93E-04
Emas 6.54E-06 0.00E+0( 2.15E-06 1.69E-04  3.02E-04 2.31E-04
Emin 5.51E-06 2.08E-06 1.12E-05 6.39E-05  7.18E-05 1.21E-04
I max 0.00E+0( 0.00E+0( 0.00E+0( 2.55E-06  8.55E-05 6.74E-05
| min 1.80E-05 1.01E-05 5.11E-05 4.59E-04  4.78E-04 6.60E-04
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Fig. 6.6 Rainflow matrix for critical cases
The results of the cumulative hours for each repegive scenario with the minimum, mean and
maximum values of the growth factor of AADT are siimilar. The cumulative hours of the
critical scenarios (RS19~RS24 as defined in Taldl &e shown in Table 6.4. From Table 6.4, it

can be seen that the case of heavy traffiy kEcomes more dominant with the increase of the
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service life. As shown in Fig. 6.7, the cumulatiyearly damage factor DF ) gradually

increases throughout the lifespan of the bridgecamdreach 0.5452 at the™7ear of the service
when all the variables remain as their respectieamvalues.

Table 6.4 Accumulated hours for critical cases

Service life (yeal

15 30 45 6C 75

RS1o(T1+W7) 296  48C 55z 555 554
RSo(T+W;7) 4 10¢ 187 23z 23z
RS(TstW7) O 16 16& 421 72z
RS(T;+Wg) 105z 1684 194C 1951 195(C
RS(T+Wg) 13 38z 65z 81¢ 82C
RS 4(TstWg) O 64 601 148¢ 255

Case

0.7

= o o = =
b (=5} = (8] o
T T T T T
| 1 1 1 1

Cumulative fatigue damage factor

=
i
I

D 1 1 1 1 1 1 1
0 10 20 30 40 a0 B0 70 a0

Service life (year)
Fig. 6.7 Cumulative damage factor vs. service life

6.4.3 Reliability index

In order to study the fatigue performance at differstages in the lifespan of the prototype bridge,
the reliability indices3 are calculated for different service lives of thipe B member located at
the bottom of the midspan of the bridge. As seehiin 6.8, the reliability inde for fatigue
damage decreases dramatically with the increaskeo$ervice life for the service life of 75

years reduced about 65% from that for the sefiifieef 45 year. It can clearly be seen that the
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reliability index for a design life of 75 years thfe prototype bridge is quite low. As discussed
earlier, because the bridge-specific records ofdwialocities are not available, the results are
more for illustrative purposes, rather than actassessment results. In fact, there are two
approximations which may contribute to the reldtiew reliability index: (1) no maintenance

or repair was assumed during the design life; &hthe wind speed conditions were extrapolated
with the wind data from the wind rose maps in Netke@ns only between Year 2007-2009, when
more frequent hurricanes occurred. In order to detnate the impact of high wind speeds on the
fatigue reliability index, a simple trial analysis conducted. By simply reducing the current
cumulative time period for W8 (2.967 days) to ambuh5 days, the reliability index for the

service life of 75 years will increase by 3.4 tinoéghe current value. It is obvious the relialilit

index is very sensitive to the cumulative time doraof high wind speeds. It has also confirmed
that the accuracy of the bridge-specific wind vitjodata, especially high wind speed data, is
very critical to the fatigue life prediction of seader long-span bridge, especially in hurricane-
prone areas. Long-term wind monitoring data onds#erlong-span bridges, especially coastal

bridges, is desired in order to rationally chardegethe lifetime wind conditions.
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45 a0 55 &0 B3 70 75
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Fig. 6.8Reliability index ratio vs. service life
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6.5 Conclusions

The goal of the study presented in this chapter iwwadevelop and propose a reliability-based
framework to account for the main impacts on th@gfe damage of slender long-span bridges
that are susceptible to cumulative damage from &imdl traffic loads. By adopting the proposed
framework, the reliability index for fatigue perfoance of any member of a long-span bridge can
be obtained. The following conclusions can be redds a result of this work:

(1) The fatigue assessment for the critical scesadiiscloses that the hourly fatigue damage
factor (DF) is more sensitive to changes in thedwa@ondition than changes in the traffic
conditions.

(2) The dynamic analysis of bridge/traffic/winderaction for each scenario requires substantial
computational time. In order to make the fatiguealgsis practically possible for various
combinations of traffic and wind conditions, lindteepresentative scenarios must be selected for
a particular bridge. Such a simplification is neegg to enable the assessment of the lifetime
fatigue performance of a major bridge both ratiynahd efficiently. The accuracy can be further
improved by selecting more refined representatbemarios, if necessary.

(3) Although Miner's Rule is the most common modgplied in fatigue analysis of large
structures, the proposed framework is flexible gtoto accommodate other nonlinear fatigue
models, if needed.

(4) The study also suggests that the fatigue réitiaindex is quite sensitive to the high wind
velocity data. For coastal bridges which frequendlyperience hurricanes, long-term wind

monitoring data on the bridge of interest woulddszal for this type of analysis.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATION FOR FUTUR E

STUDY

7.1 Summary and Conclusions

The dissertation aims to propose a general frameteoguantify the performance of long-span
bridges through the rationalized dynamic model dfi@e/Traffic/Wind interaction. To achieve
this goal, the cellular automaton (CA) traffic flowodel was introduced. The CA traffic flow
model was integrated with the equivalent dynamiee&lHoading approach to study the bridge
dynamic response under normal and incidental ¢raffindition and different wind environment.
The serviceability of the long-span bridge undethbmormal and extreme load conditions was
studied. The scenario-based fatigue model was durtteveloped based on the developed
Bridge/Traffic/Wind dynamic framework. The reliabjtbased analysis was finally applied to
assess the fatigue damage caused by the coupfegisebmong bridge, traffic flow and wind
throughout the bridge’s service life. The main dosions of this dissertation research are

summarized in the following.

(1) A framework of microscopic probabilistic traffflow simulations for bridge infrastructure

system (BIS) using the Cellular Automaton (CA) siatiwn techniqgue was developed. The
framework can adapt to different local conditionstsas the traffic densities, speed limits, bridge
spans and the length of approaching way as weBoase special events such as the partial
blockage of lanes due to construction, maintenan@ecident. The results of the BIS calculation
can offer detailed traffic flow information for vaus bridge-related studies, such as the time-

dependent position, velocity and vehicle type afhemdividual vehicle through replicating the
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main traffic rules. The parametric study on the Bi&mework was also conducted and some

guidelines on carrying out appropriate CA traffimslation for different bridges were also given.

(2) Through integrating the CA traffic flow modehda EDWL approach, a novel and efficient

“semi-deterministic” Bridge/Traffic/Wind interactio analysis model considering stochastic
traffic flow and wind was developed to predict fherformance of long-span bridges in a more
realistic way. The proposed approach was demdedtthrough a long-span cable-stayed bridge
and can be expanded to other types of long-spagédsiwithout problems. In the case study, the
statistical dynamic responses such as displacemedt stress of the bridge under normal

condition (wind speed is not high and all the lamesopen) and extreme conditions were studied.

(3) The scenario-based deterministic fatigue amalyodel was proposed by taking account of
the Bridge/Traffic/Wind framework developed for tpspan bridges. This was the first
simulation model so far that considers the contiims from both traffic and wind loads in
bridge fatigue performance. Representative scemargre defined with different combinations of
traffic and wind conditions. Each hour in a typiay, week, months and a year can be
categorized with the appropriate representativeaoe progressively. The fatigue damage index
of the concerned member of a prototype bridge é&mherepresentative scenario was calculated
and the cumulative damage index for a typical yeas assessed. Such a scenario-based fatigue

model can served as the basis for the reliabilityell model introduced later.

(4) The reliability approach for the fatigue assesst of the long-span bridge was finally
proposed based on the above scenario-based fatigalgsis model. Firstly, the representative
scenarios of traffic flow and wind loads on bridii#ing its service life were identified through
incorporating the local information of AADT and thveind rose map. Secondly, the fatigue

assessment of the concerned member of the bridigecsed to the bridge/traffic/flow interaction
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was conducted over years. Finally, the reliabilitgices of fatigue damage were obtained based
on rational considerations of uncertainties. Thealdity index results can help prioritize the
inspection and renovation of critical members fdrthe bridges. Through providing more
rational predictions of possible damage, the stuillyalso help the transportation authorities to
improve the new bridge design and implement effegtirevention strategies to avoid any severe

fatigue damage on the main components.

7.2 Future Work

Based on the research experience from this sthdwytiter believes that the following issues can
be addressed in the future work to improve thegiesind reliability analysis of long-span

bridges.

(1) The quantification of live load and its dynanmgpacts are critical to the serviceability of
long-span bridges. However, the current LRFD spmatibn does not cover long-span bridges
and very little research has been conducted fog-&pan bridges by considering rational load
scenarios, such as the combination of wind anfidrimfads. Based on the general framework of
Bridge/Traffic/Wind dynamic interaction analysis vééoped in this dissertation, more
comprehensive studies on the design loads canrkiectaut in the future, which may contribute

to future addition to the specification.

(2) In the dynamic analysis of bridges under norawadl extreme situations, few cases were
studied in the dissertation because of the limtheftime and scope of the study. More inclusive
studies on various extreme events, including soreats with other natural or man-made hazards,
can be conducted. Moreover, the related studiesffestive warning and prevention system for

bridge management may also be conducted in thesfutu
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(3) In the present study on fatigue damage assessthe simple fatigue model, i.e. Miner’ law,
was applied. The accuracy of the damage predictaonbe further improved through adopting

some advanced nonlinear fatigue models.
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