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Chapter 1

Introduction and Literature Reviews

1.1 Introduction





1.2 Problem Statement



2004 2005 2006 2007 2008 2009

No. of bridges, Total 593,813 595,363 597,340 599,766 601,396 603,259

Urban 137,598 142,408 146,041 151,171 153,407 156,305

Rural 456,215 452,955 451,299 448,595 447,989 446,954

Structurally deficient bridges, Total 77,752 75,923 73,784 72,520 71,461 71,177

Urban 12,175 12,600 12,585 12,951 12,896 12,828

Rural 65,577 63,323 61,199 59,569 58,565 58,349

Functionally obsolete bridges, Total 80,567 80,412 80,317 79,804 79,933 78,477

Urban 30,298 31,391 32,292 33,139 33,691 33,743

Rural 50,269 49,021 48,025 46,665 46,242 44,734



1.3 Literature Reviews



et al.

et al.



1.4 Wireless Sensor Technology



et al.,

et al., et al.

et al.



1.5 Modal Assurance Criterion

                                  ({ } , { } ) =
|{ } { } |

({ } { } { } { } )
                        (1.1)

{ } { }

{ } { }

et al.

et al.

et al.



1.6 Research Goals and Objectives





1.7 Condition Assessment Procedure



Chapter 2

Field Data Collection

2.1 Bridge Selection

2.2 Bridge Descriptions





2.3 Types of Truck



2.4 Wireless Sensor Network









2.5 Data Collection









Chapter 3

Finite Element Modeling and Simulation 

3.1 Finite Element Analysis



3.2 Bridge Modeling and Simulation









3.3 Model Assembly

3.4 Interaction Constraints



3.5 Moving Load Generation



3.6 Type of Analysis





3.7 Job Analysis and Visualization Module 





Chapter 4

Bridge Condition Assessment

4.1 Modal Analysis



[ ]{ } + [ ]{ } + [ ]{ } = { ( )}

[ ] [ ] [ ] { ( )}

{ } { } { }

{ ( )}

[ ]{ } + [ ]{ } + [ ]{ } = 0

( )

                                                                   =                                                                      (4.3)

                                                              =
1

2 
                                                                    (4.4)



4.2 Dynamic Analysis of Beam Systems  

( , ) = ( ) ( )

( )

 

 ( , ) 



Support Condition Fundamental frequency, Hz Mode shape 

Fixed-Fixed = 3.5608 4  
 

Fixed-Hinged 

  

= 2.4529 4  

 

Simply Supported 

  

= 1.5708 4 

 

L =



4.3 Fast Fourier Transform





4.4 Peak-Picking Method

et al.,

n 



1 2 3 4 5 6 7 8

10 0.7499 0.5698 0.8015 0.7739 0.8177 0.6032 0.76 0.4036

15 0.7403 0.8494 0.8672 0.964 0.9174 0.8463 0.7496 1.06

20 0.604 0.67 0.6731 0.7939 0.718 0.6533 0.4172 1.0856

25 0.5717 0.6828 0.6269 0.7475 0.5611 0.4449 0.4683 0.536

10 0.7968 0.5372 1.1876 1.0212 1.1997 0.764 0.7868 0.7979

15 1.1896 1.3009 1.3067 1.4836 1.5935 1.2862 1.4009 1.0629

20 1.0671 1.1051 2.2269 1.619 1.6344 1.5373 1.3762 1.4366

25 0.7756 0.9033 0.7905 0.6671 0.944 0.7674 1.013 0.8163

10 0.856 0.5005 0.6876 0.9099 0.5487 0.7202 0.6857 0.4597

15 1.1336 1.3086 1.2047 1.3405 1.1901 1.3547 1.3529 1.1107

20 0.8125 0.9708 1.1406 1.0386 1.055 1.1537 1.1223 0.8568

25 2.1988 2.3635 2.6689 2.2605 2.7094 2.9505 2.5981 1.8354

Fully-loaded

Truck
Speed 
(mph)

Bridge Peak Acceleration Amplitude-Field (in/sec2)

Empty

Half-loaded



1 2 3 4 5 6 7 8

10 2.9297 3.3203 3.418 4 3.5156 3.5156 3.5156 3.3203

15 3.6133 3.7109 3.5156 3.5156 3.6133 3.6133 3.6133 3.5156

20 3.6133 3.418 3.6133 3.418 3.0273 3.2227 3.027 3.2227

25 3.3203 3.3203 3.3203 3.6133 3.8086 3.3203 3.125 3.0273

10 3.3203 3.418 3.5156 3.5156 3.418 3.418 3.418 3.5156

15 3.5156 3.5156 3.5156 3.6133 3.6133 3.5156 3.6133 3.6133

20 3.418 3.418 3.418 3.418 3.5156 3.418 3.418 3.5156

25 3.418 3.2227 3.809 3.7109 3.418 3.3203 3.418 3.3203

10 3.418 3.418 3.7109 3.418 3.2227 3.125 3.125 3.6133

15 3.5156 3.418 3.418 3.5156 3.418 3.5156 3.418 3.5156

20 3.5156 3.5156 3.2227 3.3203 3.3203 3.418 3.125 3.2227

25 3.418 3.418 3.418 3.5156 3.5156 3.418 3.5156 3.5156

Fully-loaded

Truck
Speed 
(mph)

Bridge Frequency-Field (Hz)

Empty

Half-loaded

1 2 3 4 5 6 7 8

10 0.3938 0.2763 0.4914 0.4645 0.4385 0.487 0.2731 0.4472

15 0.3132 0.3064 0.2361 0.3591 0.4023 0.3767 0.3377 0.2871

20 0.496 0.6078 0.701 0.6699 0.7919 0.7049 0.5976 0.7733

25 0.5818 0.4896 0.5979 0.7699 0.9861 0.6733 0.5728 0.4653

10 0.2798 0.3254 0.342 0.3833 0.4774 0.3154 0.2956 0.3594

15 0.4349 0.3951 0.404 0.373 0.3919 0.3537 0.3601 0.265

20 0.6783 0.5045 0.4883 0.7517 0.5461 0.7238 0.5604 0.6152

25 0.4818 0.5701 0.6864 0.8603 0.7394 0.5213 0.5829 0.6485

10 0.373 0.3348 0.3412 0.3697 0.4146 0.4257 0.3822 0.2905

15 0.492 0.3419 0.4074 0.3349 0.3647 0.2758 0.304 0.3739

20 0.6706 0.826 0.7616 0.5884 0.7719 0.599 0.713 0.5601

25 0.6876 0.6921 0.7019 0.925 0.7737 0.8321 0.7175 0.6336

Fully-loaded

Truck
Speed 
(mph)

Bridge Peak Acceleration Amplitude-Abaqus (in/sec2)

Empty

Half-loaded



4.5 MAC Analysis of Field and Model Data

                                                     =
(  .  )

(  . ) (  . )
                                        (4.6)

1 2 3 4 5 6 7 8

10 5.5664 5.4688 5.4688 5.3711 5.3711 5.4688 5.3711 5.3711

15 5.4688 5.3711 5.3711 5.3711 5.4688 5.3711 5.4688 5.3711

20 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

25 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

10 5.4688 5.3711 5.3711 5.3711 5.4688 5.3711 5.4688 5.3711

15 5.4688 5.3711 5.4688 5.3711 5.4688 5.4688 5.4688 5.4688

20 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

25 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

10 5.3711 5.3711 5.566 5.3711 5.4688 5.3711 5.4688 5.3711

15 5.4688 5.4688 5.4688 5.3711 5.3711 5.4688 5.3711 5.4688

20 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

25 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688 5.4688

Fully-loaded

Truck
Speed 
(mph)

Bridge Frequency-Abaqus (Hz)

Empty

Half-loaded



4.6 Results 







4.7 Application Software Algorithms



                                                                 = 3.5608                                                   (4.7)

Let:                                                                   =                                                              (4.8)

                                                                 = 3.5608                                                 (4.9)



= 2193.1 .

= 1020 

= 33 .

= 4,496,061 

                                                         =
W  H

12
W  H

12
 n                                           (4.11)

 n

= 1,776,376 



= 6.5963 

f f = 0.174

(1 0.174

G

G =   f
10000
1229

                                                             (4.12)

Bridge Condition Rating =  integer (9 G)



Input:



Data 

Data Collection



= 3.5608
 EI

m L
(0.826) = 2.4529

EI
m L

(0.826) = 1.5708
EI

m L
(0.826)

  =  (9 ) 

f =  

= f
10000
1229

 Total mass of bridge, m
Ib. s

in

m =
[(W  H W  H  ) L n + W  H  t  n  n + 2W  H  t  n + n  W  L  t  ] w

12 386.4

E = 33 w . fc       (psi) 

I =
W  H

12
W  H

12
 n     (in )





4.8 FE Model Validation

4.8.1 Experimental Validation



4.8.2 Theoretical Validation





4.9 Application Software and Verification









4.10 Discussions





Chapter 5

Conclusions and Recommendations

5.1 Conclusions





5.2 Recommendations
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APPENDICES 

APPENDIX A















APPENDIX B

Time, 
(msec)

Acceleration, 
 (g)

Time, 
(msec)

Acceleration, 
 (g)

Time, 
(msec)

Acceleration, 
 (g)

Time, 
(msec)

Acceleration, 
 (g)

0 -0.015625 0 -0.03125 0 -0.015625 0 -0.015625
10 0 10 0 9 -0.015625 10 0
20 -0.015625 20 0 19 -0.015625 20 -0.015625
30 -0.015625 30 -0.015625 29 -0.015625 30 -0.03125
40 -0.015625 40 -0.03125 39 -0.015625 40 -0.03125
50 -0.015625 50 0 49 0 50 -0.015625
60 0 60 -0.03125 59 0 60 -0.03125
70 -0.015625 70 0 69 -0.03125 70 -0.015625
80 -0.015625 80 0 79 -0.03125 80 -0.015625
90 0 90 0.015625 89 0.015625 90 -0.015625

100 -0.015625 100 0 99 0 100 -0.015625
110 0 110 0 109 0 110 0
120 -0.015625 120 0 119 0 120 -0.015625
130 0 130 0 129 0 130 -0.015625
140 -0.03125 140 -0.015625 139 0 140 -0.015625
150 0 150 0 149 -0.03125 150 -0.03125
166 0 160 0 160 0.015625 160 0.015625
170 0 171 0 170 -0.015625 170 -0.015625
180 -0.046875 180 -0.015625 180 0 183 -0.03125
190 -0.015625 190 0 189 0.015625 191 -0.015625
200 -0.03125 200 -0.015625 199 0 200 0
210 -0.015625 209 0 209 0 210 -0.015625
220 -0.015625 220 -0.015625 219 -0.015625 220 -0.015625
230 0 230 -0.015625 229 0 230 -0.046875
240 -0.015625 240 -0.015625 239 0 240 -0.03125
250 -0.03125 250 0 249 -0.015625 250 -0.015625
260 -0.03125 259 -0.015625 259 -0.015625 260 0
270 -0.03125 270 -0.015625 269 -0.015625 270 -0.015625
280 0 279 0 279 -0.015625 280 -0.046875
290 0 289 -0.015625 289 -0.015625 290 -0.015625
300 -0.015625 300 0 299 -0.015625 300 -0.015625
310 -0.03125 309 0 309 0 310 -0.03125

… …….. … …….. … …….. … ……..
… …….. … …….. … …….. … ……..

Sensor 1 Sensor 2 Sensor 3 Sensor 4



APPENDIX C

MAC Analysis

=

0.3938
0.3132
0.496

0.5818
0.2798
0.4349
0.6783
0.4818
0.373
0.492

0.6706
0.6876

=

0.7499
0.7403
0.6040
0.5717
0.7968
1.1896
1.0671
0.7756
0.856

1.1336
0.8125
2.1988

 {0.3938   0.3132   0.4960   0.5818   0.2798   0.4349 … … … … 0.6876  }

 {0.7499   0.7403   0.6040   0.5717   0.7968   1.1896 … … … … 2.1988  }

=
(  .  )

(  . ) (  . )

= 0.866



=

0.4645
0.3591
0.6699
0.7699
0.3833
0.3730
0.7517
0.8603
0.3697
0.3349
0.5884
0.9250

=

0.7739
0.9640
0.7939
0.7475
1.0212
1.4836
1.6190
0.6671
0.9099
1.3405
1.0386
2.2605

 {0.4645   0.3591   0.6699   0.7699   0.3833   0.3730 … … … … 0.9250  }

 {0.7739   0.9640   0.7939   0.7475   1.0212   1.4836 … … … … 2.2605  }

=
(  .  )

(  . ) (  . )

= 0.817



Reduction in fundamental frequency of Ashtabula Bridge between its 

newest and current conditions

       , f =
5.4464 3.4383

5.4464
100 

  = 36.87%

Theoretical fundamental frequency of Ashtabula Bridge at its newest 

condition

= 3.5608

= 2193.1 .

 = 1020 .

= 33 .

= 33 150 . 5500 = 4496061 



                                             =
W  H

12
W  H

12
 n                                          

=
48 42

12
38 31.5

12
9

= 1776376 

= 3.5608
4496061 1776376

2193.1 1020
= 6.5963 

Difference in fundamental frequency of the bridge at its newest 

condition between FEA and theory

f

f =
6.5963 5.4464

6.5963
= 0.174



FEA Validation

1. Experimental Validation

                                             =
3.5608

                                         

=
5.4464 2193.1 1020

3.5608

= 5.444812 10  .

=
3.4383 2193.1 1020

3.5608

 = 2.169958 10  .

= 4496061 

= 4496061
2.169958 10
5.444812 10

= 1791846 



2. Theoretical Validation

= 10 (12 432) = 51840 

=  



=
8

 

=
51840 1020

8
= 6609600 .

=
6609600 21

1776376
= 78.14 

= 73 . 



=
192 

   

=
51840 1020

192 4496060.776 1776375.563

= 0.036 .

= 0.05 . 

m

m =
[(W  H W  H  ) L n + W  H  t  n  n + 2W  H  t  n + n  W  L  t  ] w

12 386.4

=
[(48  42 38  31.5 ) 1020 9 + 9  48 1020  2.5 ] 150

12 386.4

+
[38 31.5 18 9 3 + 2 38 31.5 18 9] 150

12 386.4

m = 2154.321 
Ib. s

in

m = 2193.1 .  
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