Foreword
Preface

Contents

1 Introduction
1.1 Ground-Borne Vibrations...........ccccoeevvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeen,
1.2 Analytical ApProaches ........cccceeveeriiienieiniiienieeiieeee et

1.3
1.4
1.5

1.6

1.7
1.8

1.2.1
1.2.2

1.2.3
1.2.4
1.2.5

Classical theory of wave propagation............cc.cceceeeueenne.
Elastic medium subjected to moving loads.....................
1.2.2.1 Elastic unbounded body subjected to a

moving point 10ad .........cccevveevieiniiinieiniiieene
1.2.2.2 Elastic half-space subjected to a moving

line 1oad ......cccooveiieniiiiic e
1.2.2.3 Elastic half-space subjected to a moving

Ppoint 1oad .....coooueeeiiiiiiiiiiiii e
Beam on elastic half-space subjected to moving loads...
Tunnel structure subjected to moving loads ...................
Load generation mechaniSm ............ccoeceevveeniernneeneenne

Field MeaSuremMeNt............cueeveveeieeeeeeeieieieieieieieeeeeeeeeeeeeeeeeeeeeeeeens
Empirical Prediction Models.........coccueevieiniiiniennieinieiiieeeeene
Numerical SIMUlation ............ooevveiviiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeens

1.5.1
1.5.2

Two-dimensional modeling .........cccceeevveenieeniennneeneennne
2.5-dimensional modeling ...........cccecevvenienieninncnncnne.

Isolation of Ground Vibrations .............cccceeeeeeeeeieieieeeeeeeieieeeeennns

1.6.1
1.6.2
1.6.3

TIENCRES. ...c..eoiiiiiiiceee e
Wave impeding blocK .........occeoviiiniiiniiiniiiiiiieeeee
Floating slab track.........ccocceevuiiniiiniiinieiiieieceeeeeee

Evaluation Criteria of Vibration...........cccccvvvvevvveeiiieeiieieieieeeeennns
Concluding Remarks.........cccocieiiiiiiiiiiiiieee

2 Elastic Waves in Half-Space Due to Vehicular Loads
2.1 INtrOdUCHION .....viiieiiiieeciiieeeiiee et ettt e e e e e e s sreeeesereeeenens

Xiii

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

vii
iX

[ N O

12

14

15
16
18
19
20
24
25
28
29
32
32
33
34
35
41

45



Xiv Wave Propagation for Train-Induced Vibrations

2.2 Fundamentals of the Problem............ccccocccoviniiniiiiniiniineen.
2.2.1 Equation of MOtON .......eevuerriiiinieiniieerieeiieeteeieeeieeeae
2.2.2 Triple Fourier transform .............ccoooveevieiniieniennienneenns

2.3 Solution for the Soil ReSponse..........cccceecverveenienieiiecienieeneenen.
2.3.1 Boundary conditions.........ccccceeeveerieeneenierieenieenieieeneens
2.3.2 Steady state response in time domain ..........c..ccecceeueeuneee

2.4 Loading Functions for Moving Loads of Different Forms.........
2.4.1 General loading function of a moving train....................
2.4.2 Distribution function @(z) of the loading.........ccccceeueenee

2.4.2.1 Single pointload.........ccoceviiinieniieninniiene
2.4.2.2 A uniformly distributed wheel load ...................
2.4.2.3 An elastically distributed wheel load.................
2.4.2.4 A sequence of wheel loads........ccceeveeriieinnennne
2.4.3 Interaction forces between wheels and rails ...................
2.4.4 Calculation of inverse Fourier transform.......................

2.5 Numerical Studies and DiScussions ..........c.cccoceeeeeciiecueriennennen.
2.5.1 Verification of the present approach............c.cccocceeueenee
2.5.2 Single moving point 1oad..........cc.cceceeviriiriiniinieninnnns
2.5.3 A uniformly distributed moving wheel load...................
2.5.4 An elastically distributed moving wheel load.................
2.5.5 A sequence of moving wheel loads .........c..ccocccoeeeinniees

2.6 Concluding Remarks..........ccccceverieniiriiniiiienieicieeeeeeeeeeeen

3 2D Finite/Infinite Element Method

3.1 INtrodUCHON .......eieiiiiiiiieieeece e
3.2 Formulation of the Problem ..........c..ccoccoociiniiiiiiiniiniiniceee.
3.3 Shape Functions and Matrices of Infinite Element ....................
3.3.1 Shape functions..........c.cocceoveeriieniieiiiniienieneceeeee e
3.3.2 Element MatriCes .......cccoceereeruieruieiierenrenieeieereene e
3.3.3 Damping property of materials ...........ccccceceeveerernennene.
3.3.4 Method of numerical integration ............ccccceceeeueevuernenne.
3.3.5 Selection of amplitude decay factor «...........ccc.cccee.eeee.
3.3.6  Selection of wave number K.........cccccceevereeneeniennnennenne.
3.4 Mesh Range and Element Size..........cccccoceevieniieiiieiiniicnieneenen.
3.5 Mesh Expansion by Dynamic Condensation............ccccceceeeueeneee.
3.6 Numerical EXamples .........cccccoeeeiiriiniiiniiniiieiceeeeceeeeeen
3.7 Concluding Remarks.........ccccceoieiiiniiniiniiniiieiceeeeeeeeeeen

4 Characteristics of Foundation Vibrations
o T 1015 g Y6 L0 Lo 5 (o )« R PRRRRRRRRR
4.2 Dynamic Stiffness and Compliance of Foundation....................

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

47
47
49
50
51
53
54
54
55
56
56
57
58
59
60
60
61
63
70
74
90
91

95

97
100
100
104
106
107
108
111
112
116
120
124

125
126



Contents

4.3 Vibration of a Massless Rigid Strip Foundation ........................
4.3.1 Effect of bedrock depth (H/B) ......ccoooeevcueiriienieireenaeenn
4.3.2 Effect of shear modulus ratio (G,/G,) of soil layers .......
4.3.3  Effect of POiSSON’S Tati0..c...eervieriieiiiienieeiiieeiee e
4.3.4 Effect of material damping ratio........ccceceeveeeveneeneennen.

4.4 Vibration of Rails and Ground under Harmonic Loads .............

4.5 Applications to Practical Problems ............cccceceviininninninncnne
4.5.1 Problem 1: Uniform half-space............ccccoevueevienennennn.
4.5.2 Problem 2: Soil deposit resting on bedrock....................

4.6 Concluding Remarks ...........ccccooiiniininniiiiniiicncecceeecee

5 Wave Barriers for Vibration Isolation of Foundations:
Parametric Study
5.1 INIrOAUCHION ..ottt
5.2 Considerations in Parametric Studies..........ccoeceervverneerneeennennns
5.3 Vibration Isolation by Elastic Foundation.............ccccccceceneenen.
5.3.1 Young’s modulus ratio (E/E,) .cccccovueereernieenienniieeneenns
5.3.2 Mass density ratio (0/0,) . eeeveereeenueinieniieenieesieeeseeee
5.3.3 PoiSSON’S TatiOS (V,, V) eeeerierieeeririeerrieeenireeeeneneeesnsseeeans
5.3.4 Material damping ratio () .....ccceoererveerirreerereeereseenens
5.3.5 Normalized dimensions (7, E) ...ccccceeevveeercvieenciieeereeenn.
5.3.6 Bedrock depth H........cccocuieiiniiiiiiiiiiciceceeieee
5.4 Vibration Isolation by Open Trenches ..........c.ccceceeeiieciiniennennen.
5.4.1 Distance L between the railway and open trench............
5.4.2 Depth D and width W of open trench...............c..cccceeee.
5.5 Vibration Isolation by In-Filled Trenches...........cccccceeiennnen.
5.5.1 Distance L between the railway and in-filled trench.......
5.5.2 Material damping ratio S ........ccceveeerueeririeenirreiseeeens
5.5.3 Shear modulus ratio (Gg/Gyg) eeveeveveeeeieeeeiieeeeieee e
5.5.4 Mass density ratio (0p/05) «eeevveereeeneeinieriieenieereeseeee
5.5.5 PoiSSON’S 1atios (Vy, Vi) eueeerrorireerorrieerrreeenireeeeseseeesssneeeens
5.5.6 Depth D and width W of in-filled trench ........................
5.6 Effect of Frequencies of Traffic Loads .........c..ccccecieiiniennnn.
5.7 Concluding Remarks..........cccceeeerieniiiiiniiiienieecieeeeeeeneeen

6 Vibration Reduction of Buildings Located Alongside Railways
6.1  INrOUCHION ....eeiuiiieiiiiiiieieee et
6.2 Problem Formulation and Basic Assumptions ..........cc.ccceeueennee.
6.3 Scheme for Generating Finite/Infinite Element Mesh................
6.4 Parametric Studies for Open Trenches..........c.cccoceecievinicnienen.
6.4.1 Normalized distance L from the structure.......................
6.4.2 Normalized depth D and width W of trench ...................

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

XV

128
130
135
138
142
146
150
153
155
163

165
168
172
174
178
178
180
182
185
187
190
191
192
196
197
197
200
201
203
205
206

207
211
212
214
216
217



XVi

6.5

6.6

6.7

Wave Propagation for Train-Induced Vibrations

Parametric Studies for In-Filled Trenches...........cccccceevveeennennnn.
6.5.1 Normalized distance L from the structure.......................
6.5.2 Normalized depth D and width W of trench ...................
6.5.3 Impedance ratio of in-filled trench ..............c..coceeieiies
6.5.4 PoiSSON’S TAtIOS (V) Vy) evererrrireerrrreesrieeenireeenseneeesssseeaens
Effect of Frequencies and Soil Conditions..........c.cccecceveerueennes
6.6.1 Soil with no bedrock..........ccceeeeeiiiiiriiieeeiie e,
6.6.2  Soil with bedrocK........ccceeevvvieierciieeieeeeie e
Concluding Remarks.........cccocieiiiiiiiiiiiiiiicceee

2.5D Finite/Infinite Element Method

7.1 INtrodUCHON .....oeeeiiiiieiieieeiee et
7.2 Formulation of the Problem and Basic Assumptions.................
7.3 Procedure of Derivation for Finite/Infinite Elements.................
7.4 Wave Numbers for the Case with Moving Loads ......................
7.5 Shape Functions of Infinite Element............cc.cccccocieiiniinnnen.
7.6 Wave Propagation Properties for Different Vehicle Speeds ......
7.7 Selection of Element Size and Mesh Range.............ccccceeenee.
7.8 Selection of Wave NUMbEr k; .....cocvveeueuriueeniinnerniienenneienennes
7.9 Selection of Amplitude Decay Factor ¢ of Displacement..........
7.10 Verification of the Present Approach........c..cccccceceevieiiniinienen.
7.10.1 Response in frequency domain for moving loads at
sub-, trans- and super-critical speeds ........cc.cccevcveeruennee.
7.10.2 Response in frequency domain for moving loads with
Self OSCIlAtION .....cceeviiiiiiiiiiicic e
7.10.3 Effectiveness and accuracy of condensation procedure..
7.10.4 Responses in time domain for sub-critical speed case.....
7.10.5 Responses in time domain for trans-critical speed case..
T AT Case StUAY...cueeruieiiiieiieieeeeeeeee e
7.12 Concluding Remarks..........ccceeeeiieniieiiiiiienieiciceeeeeeneeeen

Ground Vibration Due to Moving Loads: Parametric Study

8.1
8.2
8.3
8.4

INtrodUCtION .......oouiiiiiiiiiici e
Measurement of Vibration Attenuation for Soils......................
Problem Description and Element Meshes............cccoceevieeneenns
Parametric Study for a Uniform Half-Space ...........c.cccoceeeieniees
8.4.1 Effect of shear wave speed ..........ccccecevienienieninncnnnene.
8.4.2 Effect of Poisson’s ratio.......c..cccceeceeecievieneencencennennennes
8.4.3 Effect of damping ratio with no self oscillation..............
8.4.4 Effect of damping ratio for different oscillation
FTEQUENCIES ..ot

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

218
218
219
220
222
223
225
227
229

231
234
236
239
244
245
251
253
254
255

256

258
259
262
266
266
271

277
279
280
289
289
289
292

295



Contents

8.5 Parametric Study for Single Soil Layer Overlying a Bedrock ...
8.5.1 Effect of stratum depth for a quasi-static moving load....
8.5.2 Effect of stratum depth for a moving load with

Self OSCIlAtION .....cceeiieiieiicicic e
8.5.3 Effect of self oscillation frequency ...........ccccceeeeeeennenne.
8.5.4 Effect of load-moving speed...........cccceeveveeneenienncnncnne.

8.6 Parametric Study for Multi Soil Layers ...........ccccecevveniennennen.
8.6.1 Effect of soil layers for a quasi-static moving load.........
8.6.2 Effect of soil layers for a moving load with self

OSCIIAtION. ...
8.6.3 Effect of load-moving speed for multi-layered soils.......
8.7 Concluding Remarks.........ccccceoieiiiniiniiniiniiiciceeeeeeeeeen

9 Wave Barriers for Reduction of Train-Induced Vibrations:
Parametric Study

9.1 INtrodUCHiON .....c..coriiiieiieiieiee et
9.2 Major Considerations in Parametric Studies ............cccccecueenenen.
9.3 Vibration Reduction by Open Trenches...........ccccccieciniinnnnnen.
9.3.1 Moving loads with no self oscillation..........c..cc.ccceeueee.
9.3.1.1 Effect of load-moving speed..........c..ccceevuerunenne.

9.3.1.2 Effect of trench depth.........ccccocevieiinninninnne.

9.3.1.3 Effect of trench width .........c..coccooiiininnine

9.3.2 Moving loads with self oscillation...........c.cccocceeeeeueenns

9.4 Vibration Reduction by In-Filled Trenches...........c.cccccecvenunnnen.
9.4.1 Moving loads with no self oscillation..........c..cc.ccceeueeee
9.4.1.1 Effect of load-moving speed............ccceevuerunene.

9.4.1.2 Effect of trench depth.........ccccoceeieninninninnnne

9.4.1.3 Effect of trench width .........c..coccooiiiininnne

9.4.1.4 Effect of shear wave speed of trenches..............

9.4.2 Moving loads with self oscillation...........c.cccocceeeeeueenes

9.5 Vibration Reduction by Wave Impeding Block ...............c.........
9.5.1 Moving loads with no self oscillation..........c..cc.cccceeueeee
9.5.1.1 Effect of load-moving speed..........c..ccceevuerunenne.

9.5.1.2 Effect of depth of WIB ..........cccoiiiiiininiine

9.5.1.3 Effect of thickness of WIB ............cccccceeeinnne

9.5.1.4 Effect of shear wave speed of WIB ..................

9.5.2 Moving loads with self oscillation...........c.cccocceeeeeueennes

9.6 Comparison and DiSCUSSION .......cceevuievuiriiirienieniieiiereeiesieeneen
9.7 Concluding Remarks..........cccceeeerienieiiniinieenieneciieieeeeeeeeen

10 Seoil Vibrations Caused by Underground Moving Trains
10.1 TNtrOdUCHION ....cevuviieiiieiieeiteette ettt ettt

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

Xvii

302
303

309
315
319
323
324

327
331
336

339
341
344
344
345
351
353
355
360
360
360
364
368
369
375
379
379
379
387
388
390
392
398
404

407



Xviii Wave Propagation for Train-Induced Vibrations

10.2 Problem Formulation and Basic Assumptions .............ccceeueeunee.
10.3 Formulation of 2.5D Finite/Infinite Element Method ................
10.4 Verification of the Present Approach...........cccccccveviieviinennenen.
10.5 Numerical Modeling and Related Considerations......................
10.6 Parametric Study for an Underground Moving Train ................
10.6.1 Effect of number of carriages ..........ccccceeeerveeneeneeneennnne
10.6.2 Effect of load-moving speed........cc.ccceerveereenienieneennens
10.6.3 Effect of bedrock depth H.........cc.ccceeviiriiiniiniiniiiens
10.6.4 Effect of damping ratio.........cocceeeevueeviirieeriieneeneeneeneens
10.6.5 Effect of tunnel lining thickness ..........c.cccocccoceniininnnes
10.6.6 Effect of tunnel depth .......c...ccceeveiiiiiiiiiiiiniiiiiees
10.7 Concluding Remarks..........ccceeeerieiiiiiniiinienicicieeeceeeeeeeen

Appendix Steady-State Response in Finite Integrals

by Eason (1965) ..........ccoovieiiiieieeeeeee e
BibLOGraphy.........cccooiiiiiiiiiiiiciceeeecee s
AUthor INAeX........oooiiiiiieiieiee e
SUDJECt INAEX ..o

WAVE PROPAGATION FOR TRAIN-INDUCED VIBRATIONS - A Finite/Infinite Element Approach
© World Scientific Publishing Co. Pte. Ltd.

http://www.worldscibooks.com/engineering/7062.html

409
412
414
418
424
424
426
433
435
440
444
448

451
453
465
469





