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Abstract. Bridge structures are subject to continuous degradation, which requires an ongoing screening to give an early

warning if the bridge becomes unsafe. In recent years, many authors have investigated shifting the instrumentation from the

bridge to a passing vehicle to collect indirect measurements for the bridge responses. This approach is known by ‘drive-

by’ bridge inspection. This paper introduces a new method in the drive-by bridge inspection concept which employs the

acceleration measurements of a non-specialized vehicle to identify the change in the bridge responses due to structural

damages. Two damage indices are included in the study the vehicle acceleration spectra and the change in the bridge

displacement. The paper will use an explicit approach for solving the Vehicle-Bridge Interaction (VBI) problem to give a

more accurate representation of the truck/bridge interaction. The VBI problem will be solved using LS-Dyna Finite Element

Analysis (FEA) program. The bridge is represented as discretized one-dimensional (1D) FE beam elements, and as discretized

two-dimensional (2D) plate bending elements. Damage is defined in this study as a change in the damping ratio and/or gradual

decrease in structure stiffness. Two vehicle models are used in the study, the two-degree-of-freedom quarter car model and

the four-degree-of-freedom half car model. Both smooth and rough profiles are considered in the study.
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1. Introduction18

Bridges are an integral part of the transportation19

networks, and their strength degrades with time due20

to environmental effects and increased traffic loads.21

In the United States, there are about 66,405 struc-22

turally defective bridges, which is more than 11% of23

the total number of the bridges [1]. The observation24

above raises questions regarding transportation net-25

work safety, which points out to the importance of the26

structural health monitoring for bridges. As well as27

visual inspection, monitoring has for many years been28

based on the ‘Sensor Base Monitoring’ techniques29

where the bridge is instrumented with different types30

of sensors that observe any change in its responses31

[2–4]. This type of monitoring is costly; further-32

more, it limits the number of inspected bridges.33

∗Corresponding author. Ahmed ElHattab, University of

Alabama at Birmingham, USA. E-mail: aahattab@uab.edu.

Recently, some authors have shifted the instrumenta- 34

tion from the bridge to a passing vehicle which makes 35

the concept far more cost effective than traditional 36

monitoring techniques. This technique is known as 37

‘Drive-by Bridge Inspection’ [5]. McGetrick et al. 38

studied the feasibility of using the axle acceleration 39

signal of an instrumented truck in identifying the 40

bridge damage [6, 7]. In their study, they used the 41

change in the acceleration Power Spectral Density 42

(PSD) as a bridge damage indicator. The approach 43

shows promising results in the absence of the road 44

roughness heights. On the other hand, when the road 45

roughness is added to the Vehicle-Bridge Interaction 46

(VBI) problem, the vehicle bouncing and pitching 47

frequencies dominates the acceleration spectra. This 48

is because the road roughness excites the vehicle 49

more than the bridge does. Therefore, the bridge 50

frequencies, and hence the change in the frequency 51

due to structural degradation are totally masked by 52

the vehicle excitation. Kim et al. [8], experimentally 53
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validated the drive-by inspection approach utilizing54

a scaled laboratory test. The authors introduced three55

levels of screening for the bridge. The first level56

focuses on monitoring the changes in the acceleration57

spectra due to structural damages. The second level58

monitors the changes of the modal damping constant59

and modal circular frequencies of the VBI system.60

Levels 1 and 2 utilize only the vehicle measurements61

to estimate the damage. The third level employs both62

the vehicle and the bridge measurements to estimate63

the Element Stiffness Index (ESI). The results of the64

first two screening levels show that the approach gives65

good results for low speeds, while for higher speeds66

the responses are masked by the profile effect on67

the vehicle. The third screening level shows robust68

damage identification. However, it requires informa-69

tion from the vehicle and the bridge. Keenahan et al.70

[9] in 2013 proposed an intensive investigation for71

using the acceleration spectra as a damage indica-72

tor. The authors represented the inspection vehicle73

using a separate quarter car models, then as a contin-74

uous truck trailer model. They found that the PSD for75

the axle acceleration signals can be utilized success-76

fully in identifying bridge damage in the presence of77

road roughness if the accelerations of two consec-78

utive axles are subtracted before transferring from79

the time domain to the frequency domain. However,80

their approach works only for damage represented by81

an increase in the damping ratio. In 2012, González82

et al. [10] built an algorithm that identifies the bridge83

damping using the truck acceleration histories. The84

algorithm uses a half car model with two axles. The85

algorithm identifies the damping by minimizing the86

error in the difference between the front and the rear87

axle profiles. The algorithm is shown to be insensitive88

to random noise and modeling inaccuracy. Recently,89

OBrien and Keenahan [11] developed the ‘Apparent90

Profile’ as a bridge damage indicator. The ‘Appar-91

ent Profile’ denotes the sum of the road roughness92

heights and the bridge displacements. They calcu-93

lated the Apparent Profile using a notional Traffic94

Speed Deflectometer truck which measures the rela-95

tive displacement history between a horizontal beam96

in the truck and the road surface. Using a Matlab97

algorithm, the authors generated n random profiles98

in the first sample using the Cross-Entropy optimiza-99

tion scheme and evaluate the corresponding relative100

displacement history between the theoretical vehi-101

cle and the generated road profiles using an implicit102

VBI Matlab algorithm. The algorithm is then evaluate103

the difference between the measured and calculated104

relative displacement histories. The Cross-Entropy105

algorithm will use the data of the first sample space 106

to regenerate another n profile seeking for the profile 107

that minimizes the difference between the measured 108

and calculated relative displacement histories. The 109

process is repeated until the objective function con- 110

verges when the difference in two successive samples 111

is less than 0.005%. The authors validated the Appar- 112

ent Profile for different damage representations, and 113

it showed to be very sensitive to bridge damage, even 114

for small changes in the bridge stiffness. 115

This paper extends the idea, by studying the feasi- 116

bility of using a non-specialized vehicle instrumented 117

with accelerometers, instead of the Traffic Speed 118

Deflectometer, to detect bridge damage. Two damage 119

indicators are investigated in this paper, the Power 120

Spectral Density (PSD) of the vertical axle accel- 121

eration and the back calculated ‘Apparent Profile’ 122

(AP). Many authors have introduced the acceleration 123

spectra as an indirect damage index for the bridge 124

structures. However, the solver used for the VBI prob- 125

lem was an implicit one. Herein, the LS-Dyna Finite 126

Element Analysis (FEA) [12] explicit solver is used 127

for the VBI problem to have more reliable results 128

for the acceleration histories. The method presented 129

in this paper has the advantage of using a regular 130

truck instrumented with conventional accelerome- 131

ters instead of the highly specialized Traffic Speed 132

Deflectometer truck. The study will be carried on one- 133

dimensional (1D), and two-dimensional (2D) bridge 134

models. Damage is represented as a loss of structural 135

stiffness and change in damping ratio. 136

2. Vehicle and bridge properties 137

Two different models are used for the vehicle. First, 138

the theoretical quarter car model (Fig. 1) with two 139

degrees of freedom, which allows for axle hop and 140

body mass bouncing. The second model is a the- 141

oretical half car model (Fig. 2) with four degrees 142

of freedom, which allows for axles hop, body mass 143

bouncing, and body mass pitch rotation. The body 144

mass is represented in LS-Dyna as a rigid bar with 145

mass moment of inertia Is , to account for the body 146

mass pitch rotation. The distance between each axle 147

and the body mass center of gravity is D1 and D2 for 148

axles ‘1’ and ‘2’ respectively. The properties of the 149

half car and the quarter car are listed in Tables 1 and 2 150

and are based on the work done by Cebon [13] and 151

Harris et al. [14]. 152

Three simply supported bridges are studied with 153

10 m, 20 m, and 30 m spans. An eigenvalue analy- 154
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Fig. 1. Theoretical quarter car model.
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Fig. 2. Theoretical half car model.

Table 1

Properties of quarter car model

Property Unit Symbol Quarter

Car Model

Body Mass kg ms 17300

Axle Mass kg ma 700

Suspension Stiffness N/m ks 4 × 105

Suspension Damping N.s/m cs 10 × 103

Tire Stiffness N/m ka 1.75 × 106

Body Mass Frequency of Vibration Hz fbounce 0.69

Axle Mass Frequency of Vibration Hz faxle 8.8

sis is performed to extract the bridges’ fundamental155

frequency using LS-Dyna. The bridges have an elas-156

tic modulus of Ec = 3.5 × 1010 N/m2 and a density of157

� = 2400 kg/m3. The properties of the studied bridges158

are listed in Table 3 and are based upon the work of159

Elfayoumy [15].160

The bridges are represented in the program using161

one-dimensional (1D) Belytschko-Schwer beam ele-162

ments. The bridges are divided into small segments of163

0.5 m length, and the elements have a constant rect-164

angular cross section gives the same properties listed 165

in Table 3. 166

The crossing of the vehicle to the bridge is mod- 167

eled using the LS-Dyna FEA program. Both quarter 168

and half car models move with a constant speed of 169

25 m/s (90 km/hr) over a 200 m approach distance, to 170

eliminate the effect of the free vibration at the initi- 171

ation of the simulation, followed by the bridge. The 172

quarter car is modeled moving over both smooth and 173

rough profiles, while rough profile only is used for 174

the half car model for the sake of the brevity in the 175

paper. 176

3. Apparent profile calculation 177

While the vehicle crosses the bridge, the vehicle 178

is in equilibrium with the reaction of the road on the 179

vehicle tires at each time step. Therefore, if the road 180

reaction history at the contact point is known, and the 181

vehicles are modeled without the bridge as shown 182

in Fig. 3, the application of the road reaction force 183

history at the vehicle tires will excite it in the same 184

way it was excited by the bridge. The contact node 185

will also move to mimic the profile that produces this 186

force history. The AP is the sum of the road rough- 187

ness heights plus the bridge displacement which is the 188

contact node displacement history. Therefore, using 189

the vehicle acceleration histories, the road reaction 190

force history on the vehicle tires can be found, and 191

the AP is found by applying the forces to the vehicle 192

model. 193

The instrumented inspection truck will cross the 194

bridge under its current structural health condition. 195

The collected data from the truck will then be used 196

to evaluate the AP for the healthy/current state of the 197

bridge. After a period of time, the structural elements 198

of the bridge will have some level of degradation. 199

The inspection vehicle will be used to cross over the 200

bridge after it has been deteriorated to calculate the 201

Table 2

Properties of quarter car model

Property Unit Symbol Quarter Car Model

Body Mass kg ms 16600

Axle Mass kg ma1,ma2 700

Suspension Stiffness N/m ks1,ks1 4 × 105

Suspension Damping N.s/m cs1,cs2 10 × 103

Tire Stiffness N/m ka1,ka2 1.75 × 106

Mass Moment of Inertia kg.m2 Is 95765

Distance of Axle to Center of Gravity m D1,D2 2.375

Body Mass Frequency of Vibration Hz fbounce 1

fpitch 1

Axle Mass Frequency of Vibration Hz faxle1, faxle2 8.8
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Table 3

Bridge properties

Span (m) First Natural 2nd Moment of Area Around the Section Area

Frequency (Hz) Horizontal Axis of the Cross (m2)

Section (m4)

10 8.75 0.0434 2.04

20 3.77 0.1518 2.40

30 2.39 0.3534 2.76
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Fig. 3. Apparent profile calculation model.

AP for the damage state. The difference between the202

two APs will then be used to estimate the level of203

bridge degradation.204

The evaluation of the AP is based on re-simulating205

the vehicle crossing to the bridge without including206

the bridge in the problem as discussed before. The207

idea builds upon stabilizing the vehicle model by208

replacing the road-bridge system with its reaction209

on the vehicle at the moment when the vehicle exists210

on the bridge. Since then, the calculation of the road211

reaction force histories from the instrumented truck212

is a key parameter in back figuring the AP. The road213

reaction can be calculated employing Equation 1 for214

the quarter car model and Equation 2 for the half car215

model:216

fri = – [mv] {üv}i 〈1〉 (1)

{

fr1

fr2

}

i

= −

⎡

⎣

1 0 D2 1/D1

0 1 D1 −1/D2

⎤

⎦[mv] {üv}i

(2)

where, [mv] is the vehicle mass matrix, {üv}i is the217

accelration vector for the vehicle degrees of freedom218

at time step i.fri is the road reaction force at step i for219

the quarter car model. fr1i and fr2i are the road reac-220

tions on axle 1 and 2, respectively, at step i. The road221

reaction force (or the tire force) history/histories will222

be applied to the modified vehicle model to evaluate223

the AP (Fig. 3). For the quarter car model, the model224

has one more degree of freedom to account for the225

contact node displacement history uc , while the half226

car model will have two more degrees of freedom for227

the front and rear contact nodes uc1, uc2 . The AP228

can be calculated by solving the vehicle equation of229

motion independently from the bridge as shown in 230

Equations 3 and Eq. 4 for the quarter and half car 231

models respectively. 232

[mv]′

{

{üv}

üc

}

i

+ [cv]′

{

{u̇v}

u̇c

}

i

233

+[kv]′

{

{üv}

uc

}

i

=

{

{0}

fr

}

i

(3) 234

235

[mv]′

⎧

⎪

⎨

⎪

⎩

{üv}

üc1

üc2

⎫

⎪

⎬

⎪

⎭

i

+ [cv]′

⎧

⎪

⎨

⎪

⎩

{u̇v}

u̇c1

u̇c2

⎫

⎪

⎬

⎪

⎭

i

236

+[kv]′

⎧

⎪

⎨

⎪

⎩

{üv}

uc1

uc2

⎫

⎪

⎬

⎪

⎭

i

=

⎧

⎪

⎨

⎪

⎩

{0}

fr1

fr2

⎫

⎪

⎬

⎪

⎭

i

(4) 237

where [mv]′ , [cv]′ and [kv]′ are the modified vehicle 238

mass, damping and stifness matrices. The equation is 239

solved using the LS-Dyna explicit solver by mod- 240

eling the vehicle only and apply the forces at the 241

contact nodes. The output will be the contact node 242

displacement history uc, uc1,2 , which is the AP. 243

The approach mentioned above can be easily 244

extended in the field by instrumenting an inspection 245

truck with and accelerometers to measure the axle 246

masses, and the body mass vertical acceleration his- 247

tories and a gyroscopic accelerometer to measure the 248

body mass pitching acceleration. The body mass cen- 249

ter location can be easily found applying equilibrium 250

for the axles’ weights that can be measured in the 251

field with Wheel Load Scale pads. 252

4. Results of one-dimensional bridge model 253

4.1. Quarter car model 254

4.1.1. In the absence of the road roughness 255

The quarter car model will cross over the approach 256

distance followed by the damaged bridge to inves- 257
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tigate the adopted monitoring indices, i.e. the258

acceleration spectra, and the AP. Damages are rep-259

resented either as a change in bridge damping as260

recommended by Curadelli et al. [16], or as a gradual261

decrease in structural stiffness as adopted by Sinha262

et al. [17]. In the latter damage model [17], the crack263

is assumed to cause a loss in stiffness over a region264

three times the beam depth, varying linearly from265

a maximum at the crack location. The damage is266

defined as the ratio of crack depth to overall beam267

depth; thus 20% damage implies that the crack depth268

is 20% of the beam depth. Sinha damage model [17]269

has been established for different end support con-270

ditions for simple metallic beams. Therefore it does271

not guarantee an accurate representation of the dam-272

age in real life situation. However, the model will be273

used in this paper to simulate the effect of structural274

degradation with time to investigate the approach fea-275

sibility as introduced in previous research work [9,276

11]. A further investigation is required to address277

adopted damage representations for different bridges278

(i.e. concrete, steel and hybrid systems) to allow for279

a robust conclusion about the approach feasibility in280

real-life situations. Unless otherwise noted, the dam-281

age will be located at 2/3 of the bridge span from the282

approaching side.283

Herein, the quarter car crosses the approach dis-284

tance followed by the 10 m simply supported bridge285

with a smooth profile. This is repeated six times, once286

for each damping ratio (from 0% to 5%), then for each287

crack depth (from 0% to 50%).The quarter car axle288

acceleration is transformed from the time domain to289

the frequency domain using the Fast Fourier Trans-290

form (FFT). The sampling rate of the data is 1000 Hz,291

the length of the acceleration signal is 400 sam-292

ples, and the frequency resolution is 2.5 Hz. The six293

different Power Spectral Density (PSD) curves are294

plotted on the same graph for each damage criterion,295

with frequency on the x-axis (Fig. 5). A peak in the296

acceleration spectra can be observed near the bridge297

frequency (8.75 Hz) for both damage criteria. How-298

ever, for a change in the damping ratios, a decrease299

in the PSD peak can be observed as the bridge damp-300

ing increases. For loss in stiffness, however, almost301

no change in the PSD peak is evident. The process302

has been repeated for the 20 m and 30 m bridges, and303

similar results were obtained.304

The quarter car acceleration histories are measured305

from the LS-Dyna FEA model, then the accelerations306

are used in Equation 1 to evaluate the road reaction307

force history, fri . The force is then applied as an308

input to the modified quarter car vehicle model to309

calculate the contact node displacement history, uc , 310

or the AP. The process is repeated for the six differ- 311

ent damping values and damage levels. The resulting 312

APs are shown in Fig. 6, where modest change can be 313

observed in the APs for both cases due to structural 314

damages. 315

The APs will be subtracted from a baseline AP 316

to track the change in the bridge displacement due 317

to structural degradation. Herein, the baseline profile 318

will be the AP0%, which in this case represent the AP 319

of the first screening for the bridge with the inspection 320

vehicle. The level of the deviation from the baseline 321

profile reflects the degree of structural degradation in 322

the bridge. The changes in the APs are calculated by 323

subtracting the APs from the baseline AP. The results 324

are shown in Fig. 7 and, contrary to the acceleration 325

spectra, they show to be sensitive for the two damage 326

representations. Similar results are found for the other 327

two bridges. 328

The introduced method for calculating the AP is 329

based upon solving the vehicle equation of motion 330

for a set of time steps knowing the vehicle acceler- 331

ations history. This gives the approach an advantage 332

over the optimization approaches, where the num- 333

ber of data points is essential to estimate the APs 334

accurately. Alternatively, it finds the exact value 335

for the AP at each time step solving the vehi- 336

cle equation of motion. This gives the approach a 337

new degree of freedom regards the required num- 338

ber of data points which is related to traveling time 339

on the bridge and hence the driving speed. There- 340

fore, the approach can work with different driving 341

speeds. However, higher driving speeds are recom- 342

mended to induce a significant level of deformation 343

to observe the difference due to structural damages; 344

if exist. 345

4.1.2. In the presence of the road roughness 346

In this section, a rough profile is included in the 347

simulations. Two road profiles are randomly gener- 348

ated according to ISO-8608 [18], profile Class ‘A’ 349

and profile Class ‘B’ as shown in Fig. 8. 350

Herein, the results of the 20 m bridge are presented, 351

and similar results are found for the 10 m and the 352

30 m bridges. The same two damage representations 353

are included this case. The acceleration spectra for 354

the two cases are shown in Fig. 9. The results indicate 355

that the vehicle frequencies dominate the spectrum; 356

however, in contrast to previous studies [6, 9, 19], 357

small variations in the PSD peaks are observed 358

near the bridge frequency. This observation is due 359

to the nature of the solver employed in this study. 360
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Accelerometer #3

Weight=w3 kNWeight=w2 kNWeight=w1 kN

Accelerometer #2
Accelorometer #1

Accelerometer #4
& gyroscopic
accelerometer

Axle #3Axle #2Axle #1

(a) (b)

Axle Accelerometer 
Wireless       DataAcquisition system

BodyAccelerometer
Gyroscopic Accelerometer

Fig. 4. Inspection vehicle instrumentation (a) Type of sensors (b) Instrumentation configuration.

(a) (b)

Fig. 5. PSD for axle acceleration for 10 m bridge with no roughness (a) Damage as a change in bridge damping ratio (b) Damage as a change

in stiffness.

(a) (b)

Fig. 6. Apparent Profiles for 10 m bridge calculated from the quarter car model (a) Damage as a change in bridge damping ratios (b) Damage

as a change in stiffness.

The LS-Dyna solves the VBI problem utilizing361

an explicit analysis, which is more suitable for362

nature of the problem. The VBI problems consider a363

time-dependent scenario where the bridge is highly364

excited due to the impact of the crossing vehicle. In365

contrast, the implicit solver is adequate for static or 366

quasi-static problems. Thus, for the VBI simulations, 367

the employment of the explicit solver will lead to 368

a better estimation for the bridge and the vehicle 369

responses, specifically, the vehicle acceleration. 370
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(a) (b)

Damage

Fig. 7. AP differences for the 10 m bridge (a) Damage as a change in bridge damping ratios (b) Damage as a change in stiffness.

(a) (b)

Fig. 8. Road profile Classes ‘A’ and ‘B’ with respect to distance (a) Road profile Class ‘A’ (b) Road profile Class ‘B’.

(a) (b)

Fig. 9. PSD for axle acceleration for 20 m bridge with roughness Class ‘B’ (a) Damage as a change in bridge damping ratios (b) Damage as

a change in stiffness.

The APs have been evaluated using the same pro-371

cess as before. Fig. 10 shows the difference between372

the APs for each damage level and the both damage373

criteria. Comparing the Apparent Profile difference in 374

Fig. 7 and Fig. 10, it can be seen that the road rough- 375

ness has no effect on the change between the APs since 376
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Damage

location

(a) (b)

Fig. 10. Change in Apparent Profile for 20 m bridge with roughness Class ‘B’ (a) Damage as a change in bridge damping ratios (b) Damage

as a change in stiffness.

(a) (b)

Fig. 11. PSD for subtracted axle acceleration for 20 m bridge with roughness Class ‘A’ (a) Damage as a change in bridge damping ratios (b)

Damage as a change in stiffness.

 At time t

d
2ru
2

1

 At time t
2

Front Axle

Axle '2'

Rear Axle

Axle '1'

Front Axle

Axle '2'
Rear Axle

Axle '1'

d
1ru
1

(a) (b) (c)

Fig. 12. Time Shift Displacement Difference (a) Subtraction process to get the TSDD (b) TSDD for damage as a change in bridge damping

ratios (b) TSDD for damage as a change in stiffness.

it the profile is removed in the subtraction process for377

the APs. It is noteworthy that the AP concept has been378

investigated, theoretically, assuming that the change379

in theroadroughnesswith timeisof insignificantorder380

incomparewith thechangeof thebridgedisplacement 381

due to structural damages [11]. A further investigation 382

is required to model the wearing of the road roughness 383

with time and its impact on the AP approach. 384
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(a) (b) 

Fig. 13. Time Shift Displacement Difference Change for 20 m bridge with roughness Class ‘A’ (a) Damage as a change in bridge damping

ratios (b) Damage as a change in stiffness.

Rigid Beam

Suspension System

Fig. 14. Half car model in LS-Dyna.

Half car model

Plate Bridge

Damage Location

2/3 L

Fig. 15. Two dimensional bridge model with damage crossing the

whole cross-section.

4.2. Results of the half car model385

The half car model considers a more representa-386

tive model of the real life truck since it accounts for387

more degrees of freedom for the vehicle’s mechani-388

cal system. Keenahan et al. [9] recommended using389

the spectrum of the subtracted axle acceleration of a390

half car model with respect to the axle position (i.e.391

subtract the acceleration of the front axle from the392

rear axle when the rear axle reaches the front axle393

position). The authors claim that this process elimi-394

nates the road roughness effect from the spectrum.395

However, the approach works only for damage as396

a change in damping. Herein the approach is going397

to be re-investigated using the explicit solver of the398

Fig. 16. Time Shift Displacement Difference Change for 2D 10 m

bridge.

LS-Dyna program. As before, the half car crosses a 399

200 m approach distance followed by the 20 m simply 400

supported bridge with road roughness Class ‘A’. The 401

‘subtracted’ axle acceleration is transformed from the 402

time domain to the frequency domain to get the PSD. 403

As shown in Fig. 11, the effect of the road rough- 404

ness has been totally removed from the spectrum, 405

and the damage has been clearly identified in the 406

two cases. This observation points out to the impor- 407

tance of using an explicit analysis instead of implicit 408

one for representing the VBI problem since the pre- 409

vious work showed that the subtracted acceleration 410

could not detect the damage as a change in stiffness, 411

while here the subtracted acceleration signal shows 412

contradictory results. 413

The APs for the front and rear axles are calculated 414

employing Eq. 2 and Eq. 4. The calculated profiles 415

will not be subtracted from a baseline profile as intro- 416

duced before. Alternatively, the profile under the front 417
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(a) (b) (c)

First third of the bridge width
Bridge 
Width

Mid third of the bridge width
Bridge 
Width

Bridge 
Width

Last third of the bridge width
Fig. 17. Damage location across the bridge: (a) first third, (b) mid third, and (c) last third.

(a) (b) (c)

Fig. 18. Time Shift Displacement Difference Change for 2D 10 where damage located at: (a) first third, (b) mid third (c) last third.

(a) (b) (c)

Fig. 19. Time Shift Displacement Difference Change for 2D 10 m where damage located at: (a) first 1/10, (b) mid 1/10, and (c) last 1/10.

axle will be subtracted from the profile under the rear418

axle when the rear axle reaches the position of the419

front axle illustrated in Eq. 5.420

u2 at t2 − u1 at t1 = (d2 at t2 + r) − (d1 at t1 + r)421

= d2 at t2 − d1 at t1 (5)422

where u1 and u2 are the total displacements under423

axles ‘1’ and ‘2’, respectively. The total displacement424

equals the summation of the road profile ‘r’ and the425

bridge displacement under the axle at that step. The426

subtraction of the two profiles will totally remove the427

road roughness from the problem leaving only the428

Time Shift Displacement Difference (TSDD) under 429

axles ‘1’ and ‘2’. Fig. 12(a) illustrates the subtraction 430

process. The TSDD for the two cases is shown in 431

Fig. 12 (b) and (c). 432

Similar to the AP, the TSDD will be subtracted 433

from a baseline profile which will be the TSDD for 434

the 0% damage. The results are shown in Fig. 13. 435

The change in the TSDD shows to be quite sensi- 436

tive to the bridge damage, for damage represented 437

either as a change in bridge damping or as a loss 438

in structural stiffness. Furthermore, change in the 439

TSDD accurately identifies the damage location 440

along the bridge as shown in the figure. Therefore 441
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the approach can be used for damage assessment and442

localization.443

5. Results of two-dimensional bridge model444

This section for the first time extends the drive-by445

bridge inspection concept for two-dimensional prob-446

lems. In this regard, the bridges are modeled using447

1000 Belytschko-Tsay shell elements with five inte-448

gration points per element. Only the change in the449

TSDD is investigated as a damage index in this sec-450

tion. Similarly, the half car will cross the approach451

distance before passing over the 10 m bridge. Rough-452

ness Class ‘A’ is used for this simulation. The half car453

model is transversely located at 0.6 m bridge edge.454

Similarly, the damage is located at almost 2/3 of the455

bridge span. Figures 14 and 15 illustrate the half car456

model and the bridge in the LS-Dyna program. The457

truck acceleration histories are collected from the458

LS-Model then used to calculate the APs and hence459

the TSDD changes for the 10 m bridge as shown in460

Fig. 16. Similar to the one-dimensional model, the461

profiles shows to be quite sensitive to structural dam-462

ages.463

The approach sensitivity to the damage extent464

will be investigated by reducing the transverse crack465

width. First, the crack width will be reduced to one-466

third (1/3) of the bridge width as shown in Fig. 17.467

The damage will exist in the beginning at the ini-468

tial 1/3 of the bridge width; then the damage will be469

transversely shifted to the mid third and finally to the470

last third. The TSDD changes for this case are illus-471

trated in Fig. 18, indicating that the sensitivity to the472

damage is reduced when compared with the crack473

crossing the full transverse width. However, still, the474

approach can identify the damage. The damage is475

reduced to one-tenth (1/10) of the bridge width, and476

similarly, the TSDD change is calculated. The results477

show that reducing the damage extent reduces the478

approach sensitivity to damage. However, the use of a479

heavier truck may induce a considerable deformation480

that can be used to differentiate between the bridge481

responses under minor damages.482

6. Summary and conclusions483

This paper introduces the use of a non-specialized484

vehicle for bridge damage identification using indi-485

rect measurements from the vehicle. The paper486

investigated two damage indices in this regard. The487

first index is the acceleration spectra of the axle 488

acceleration which show to be totally masked by 489

the vehicle frequencies in the presence of the road 490

roughness. This effect can be removed by subtract- 491

ing the acceleration signal of the front and the rear 492

axles with respect to the axles’ position on the road. 493

The spectra of the subtracted signal show a proper 494

identification for the damage, unlike the findings of 495

the previous studies. This is due to employing an 496

explicit solver (LS-Dyna) instead of the implicit one 497

for the VBI problem. The second index is the bridge 498

‘Apparent Profile’. The AP shows to be quite sensi- 499

tive to structural damages. The AP has been extended 500

to evaluate the change in the Time Shift Displace- 501

ment Difference TSDD. The TSDD change has been 502

investigated for different damage levels for one and 503

two-dimensional problems and shows a considerable 504

sensitivity to damage. Except for minor damages, 505

where modest changes are observed in the TSDD 506

curves. The advantage of switching to the TSDD is 507

that it can be used as an input to an optimization 508

scheme to estimate the current bridge health condi- 509

tion since the TSDD change for the 0% damage case 510

can be evaluated using an equivalent finite element 511

bridge model. On the other hand, the AP0% cannot 512

be identified in field applications, since it requires an 513

updated information about the road roughness profile. 514

In short, the AP concept can be used for monitor- 515

ing the degradation, while the TSDD change can be 516

used for structural health assessment. The approach 517

considers normal operational environment concern- 518

ing the wind speed and the temperature. The effect of 519

those parameters on the approach sensitivity is still 520

under investigation. 521
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