CONTENTS

1. INTRODUCTION .....cooieeecciese e ee s rresme s s s s e s s senms s s s s s e e e nnnnnns 13
2. SCOPE....... e e 15
3. BACKGROUND INFORMATION ........cccoimimirereemncse s e e eeeeeeennnns 16
3.1. Basic Parameters ............ooi i 16
3.2. Classification of Vibration Events............ccccccoiviiiiiiiiiiiennnnn. 16
3.2.1. Duration of EXpOSUre..........ccuiiiiiiiiiiiiicee e 16
3.2.2. Variation of AMplitude ............ooviiiiiiiiii 17
3.2.3. Category of Signals Emitted by the Source ......................... 18
3.3. Frequency Content .........cooiiiiiiiiiiii e 18
3.4. Deterministic Vibration...........ccoooviiiiiii e 19
3.5. Random Vibration ............ccooeviiiiiiiii e 19
4. SOURCES OF GROUNDBORNE VIBRATION AND NOISE ...21
4. TraNSPOIt ...t 21
4.2. Construction and Demolition..........ccccceeiiviiiiiiiiciiiie e 22
4.2.1. Construction ACtiVItIieS ........ccooeeeiiiiieiiiiie e 22
4.2.2. Tunnel ConstruCtion ..........ccoooeviiiiiiiiiiieee e 24
4.2.3. Demolition ACHVItIES .......ccovviiiiiiiiieeee e 26
4.2.4. INAUSEIY oo 27
4.2.5. Mineral EXtraction ..........ccccooiiiiiiiii i 27
5. EFFECTS OF ENVIRONMENTAL VIBRATION.........cccceeeeeeee. 28
5.1.  Vibration Affecting People..........ccccoeeiiiiiiiiiiiiiiiiiieeee 28
511, Field StUAIES ...ccovveeiiei i 29
5.1.2. The 2009 Study by the TCRP......cccceeriiiiiii e 31
51.3. UK SIUAIES ...oiiiiiiie e 35
51.4. Other StUdIeS .......uiiiiiiie e 43
5.1.5. Response to a Change in Vibration Exposure...................... 45
5.2.  Vibration Affecting Buildings ..o, 46
5.2.1. Building Versus Human Sensitivity ..............coooooiiiiiiiiininnnn. 47
5.2.2. Main Causes of Cracking in Buildings .............cccccoeviiininnnnnn. 47
5.2.3. Vibration Induced Damage..........cccoooeriiiiiiiiiiiiiiieeeeeiinn 48
5.2.4. Factors Influencing Vibration Induced Damage.................... 49
5.3. Vibration Affecting Sensitive Equipment .............cccccooeeiennnnnin. 49



5.4. Vibration in Museums and Galleries .........covoeeeveeeeiieiaiann. 52

6. MEASUREMENT AND ASSESSMENT OF HUMAN EXPOSURE

TO GROUNDBORNE VIBRATION IN BUILDINGS.........cceceveenennen 54
.1, INtroAUCHION ... 54
6.2. Measurement of Vibration..........o.oooeeoieiee e, 54
6.2.1. Human Vibration Metrics - VDV ..., 54
6.2.2. Human Vibration Metrics - PPV ..., 56
6.2.3. Measurement DUration..........coou oo 57
6.2.4. Measurement Dir€CtioN ........ccoveieeiieeee e 58
6.2.5. Data Requirements .........ccccooeiiiiiiiiiiiiiceece e, 59
6.2.6. Measurement LoCation.........ccoeeieieieiiee e 59
6.2.7. Background Vibration Levels............cooouiiiiiiiiiiiiiin. 60
6.3. Assessment of Vibration .........cooee oo 60
6.3.1. Human Response Assessment Criteria.............ccccoeeeevnnnnn.n. 60
B.3.2.  BS B4 2= o 61
B.3.3.  BS BA 7 2-2 ..o 64
B.3.4. BS 5228 ... 65
6.4. Health and Quality of Life Criteria............ccccceeiviiiiiiiniiinns 66
7. MEASUREMENT AND ASSESSMENT OF HUMAN EXPOSURE
TO GROUNDBORNE NOISE IN BUILDINGS. .......coeieeeeeeeeeeieeaes 67
7.1. Measurement of Groundborne NOIS€.........ccvveuveieeieiiiiiiiainnn 67
7.1.1. Direct Measurement Method ..., 67
7.1.2. Indirect Measurement Method............ooovieieiiiiiiiien, 68
7.1.3. ISO/TS 14837-31 GUIAEliNe .....eeeeeeeeeeeeeeeeeeeeeee e 69
7.1.4. Assessment of Groundborne NOIS€.........cceevveeieeiiiiiiiiniiaannns 70
7.1.5. Groundborne Noise Criteria Inside Residential Buildings ....71
7.2. Health and Quality of Life Criteria ...........cccooeveeiiiiiiiiiiicieeee. 73
8. MEASUREMENT AND ASSESSMENT OF GROUNDBORNE

VIBRATION WITH RESPECT TO EFFECTS ON BUILDINGS ....... 74
8.1. Type of Investigation...............ceiiiiiiiiiice 74



8.2. Measurement of Groundborne Vibration.........cc.coovvvvieiiiiinl. 75

8.2.1. Measurement Parameter .............cccooiiiiiiiiiiiiiiiiee 75
8.2.2. Measurement Duration .............cooeuiiiiiiiiiiii e 76
8.2.3. Measurement Direction ...........coooeeiiiiiiiiiiii e 76
8.2.4. Measurement Location..............ccooeeiiiiiiiiiiii 77
8.2.5. Transfer FUNCLIONS ...........cccooviiiiiii e, 78
8.2.6. Basis of Criteria.........ccooouuiiiiiii e 81
8.2.7. Criteria and Evaluation of Vibration .......................... 81
8.2.8. Indirect Damage Due to Soil Compaction...............ccceuuunnn... 83
8.2.9. Approach to Construction Vibration Monitoring ................... 83
8.2.10. Other Relevant Guidelines ..........cccccoeviiiiiiiiiiiiiieeiiieeee, 84
9. SENSITIVE EQUIPMENT AND OPERATIONS...........cccceueeee. 90
9.1. Measurement of Vibration.............ccoooeriiiiiiiiiii 90
9.1.1. Measurement Parameter and Data Requirements .............. 90
9.1.2. Measurement Location............coovveiuiiiiiiiiiiiie e 91
9.2. Assessment of Vibration ..............ccoooiii 92
9.2.1. Published GUIdanCe ...........c.ceiiiiiiiiiiii e 92
9.2.2. Manufacturer Serviceability Limits..........cc..cooooiiiiiiiin.n. 97
9.2.3. Operator Questionnaire and Vibration Survey ..................... 98
9.2.4. DeSigN AIMS ... e e 100
9.2.5. Vibration Impact on Existing Facilities ................cccccooeennn. 101
10. RECORDING INSTRUMENTATION AND DATA PROCESSING105
10.1. Types of TranSAUCEr ..........c.uoeeiiiiiiiie e, 105
10.1.1. Accelerometers .........oooviiiiiiiiii e 105
10.1.2. GEOPNONES.....oueiiieeiee e 106
10.1.3. Displacement TranSAUCErS..........ccovvieviiiiiieeiiiieeeeeeeia, 107
10.1.4. SUMMANY....ieiii e e e e 107
10.2. Mounting and Positioning of Transducers...............cccccc....... 108
10.2.1. Measurements on Structures ..........ccccevevveeeiieiiiiiicieneeeee. 109
10.2.2. Measuring Vibration Levels on or in the Ground................ 111
10.2.3. Transducer Mounting for Assessing Vibration Effects on
Sensitive Equipment ..., 114



10.3. Recording Instrumentation............cccoooiiiiiiiii 115

10.3.1. Sampling Frequency — Nyquist’s Criterion......................... 115
10.3.2. Recording Time — Spectral Resolution, Accuracy and
WiINAOWING ....oeeicie e 116
10.3.3. Pre-Acquisition Signal Conditioning............ccceeuuuciinnneeeen. 116
10.3.4. Pre-Acquisition Filtering ..o 117
10.3.5. Frequency Limiting and Weighting ... 117

10.3.6. Vibration Measurements to Indirectly Quantify
Groundborne Noise from Underground Railways.. 119

10.4. RECOMAING .coeiiiiiiiiee e 121
10.4.1. Time History Capture ...........cccooviiiiiiiiie e, 121
10.4.2. Vibration Index/Indices Capture ..........cc.ccoeveeeivvieeeenneennn. 121
10.4.3. Dynamic Range and Signal to Noise Ratio........................ 121
10.4.4. Crest Factor ....cooo i 123
10.4.5. Sensitivity RaNge ..........ccovviiiiiiii e 123
10.4.6. Sampling FreqUEeNCY ...........coiieiiiiiiiieeeec e 123
10.4.7. Environmental Effects ... 123
10.5. Proprietary Equipment...........ccooooiiiiii 124
10.5.1. Vibration Meters and Measurement Systems..................... 124
10.5.2. Vibration Calibrators..........cccccovriiiiiiciiie e 128
10.6. Equipment Calibration .............coooiiiiiiiiiii 129
10.6.1. Sound Instrumentation Calibration .............ccccccccceeeeei e 129
10.6.2. Vibration Instrumentation Calibration.............cccccccceeeeeee. 130
11. UNCERTAINTY AND LIMITATIONS.........cco e eeeeees 134
11.1. DefinitioNS...cceeeeeeee e 134
11.2. Dealing with Uncertainty and Limitations ................ccc.......... 135
11.2.1. Assessment principles and approaches .........c....ccccuvunn.... 135
11.2.2. Prediction uncertainty ... 138
11.2.3. Measurement uncertainty............cccoooeeiiiiiiiiiii e 140
11.2.4. Uncertainty in human response...........ccccoeevivieiiieeeeinneeenn. 141
11.2.5. Uncertainty due to assumptions ..........c...ccoevveiiiieeiin e, 142
11.3. Determining Confidence Levels for a Prediction Method...... 142
11.3.1. Development and Calibration Tools.............ccccceeveiveinnnnnnnn. 143
11.3.2. Validation: Evaluation of Confidence..........c.cccccceeenenee. 144
11.3.3. Using Confidence Levels in an Assessment...................... 145
12. ENVIRONMENTAL IMPACT ASSESSMENT .......cccccceevvvrenns 147
12.1. Environmental Impact Assessment Regulations .................. 148



13. PLANNING POLICY AND GUIDANCE FOR EIA............cceuu. 151

13.1. National Planning Policies and Guidance ............................ 151
13.1.1. Noise Policy Statement for England .............cccccccceiiii 151
13.1.2. National Planning Policy Framework............cccccceiiinneeee. 152
13.1.3. Planning Practice Guidance - Noise.............ccccceeeevrinnnnn.... 152

13.1.4. Other Local Policies and Relevant Project Criteria for
Sensitive Development and the Avoidance of

Adverse Effects........ccooiiiiiiiii 154
13.2. Guidance fOrElA ... 154
13.2.1. Identification and Description of Likely Significant Effects . 154
13.2.2. SCOPING ettt e e e e e ans 156
13.2.3. Preliminary Environmental Impact Report ..............co......... 157
13.2.4. Review of Scientific Literature .................ccooeiiiiin . 157
13.2.5. Development of EIA Methodology ............cooeveiiiiiiiiinnnnennn. 158
13.2.6. Consultation on the Proposed Assessment Methods ........ 160
14. PREFERRED FORMAT AND CONTENT OF ASSESSMENT
REPORTS ...t rrcc s e e s s s e e e s s e e e s e e nnns 161
14.1. Building Exposure to Groundborne Vibration........................ 161
1411, GENEraAl ...coeeei e 161
14.1.2. Vibration SOUICE .........covoiiiiiiiiiiie e, 161
14.1.3. St e 162
14.1.4. Ground tYPe ....ovvniieiiiie e 162
14.1.5. Building Structure ............coooieiiiiie e, 162
14.1.6. Vibration Assessment............cccooeiiiiiiiiiiiiii e, 163
14.2. Human Exposure to Groundborne Vibration inside Buildings164
14.2.1. General information.................ooiiiiiiiiiii 164
14.2.2. Information about vibration under investigation ................. 164
14.2.3. Instrumentation and analysis.........c...cccoevviiiiiiiiiie e, 164
14.2.4. Measurement proCcedure ...........ccveeeveeiiiiiiiieeiieee e, 164
14.2.5. Analysis procedure.............coooeiiiiiiiiiiiiiee e 165
14.2.6. Statementof results .........ccooooiiiiii 165
14.2.7. Results of predicted vibration levels .............cccccooooviennnnni.. 165
14.2.8. Parallel effects.........ooieniiii e, 165
14.2.9. ASSESSMENL......eiiiiiii e 165
14.2.10.Subjective observations ............ccccoeeieiiiiii i, 165



14.3. Human Exposure to Groundborne Noise inside Buildings.... 165

14.3.1. Instrumentation ... 165
14.3.2. Measurement proCedure ...........cccevieeeeiiiiieeeeeiieeeeeeeieee e 166
14.3.3. Measurement CONAItiONS .........ccceuuiiiiiiiiiiiie e 166
14.3.4. ANAIYSIS....ooeieii e 166
14.3.5. Building structure and ground type ... 166
14.3.6. Vibration SOUICES .......coieviiiiiiiiceee e 167
14.3.7. Subjective observations ............cuuiiiiiiiiiiiii e 167
15 REFERENCES.........oo e 168
Appendix A.  Definitions .......c.eeeciiiiiiiiiiie 180
Appendix B. Effect of Damping......cccccceiimmmreciiimmieecciiinreennnnnns 183
B.1  General CommeENntS..........ceiiiiiiiiiiiice e 183
B.2 Relationship between Damping, Vibration Duration and
AMPIICAtIoON. ... e 186
B.3 Damping of Low-Rise Buildings ...........ccccooeiiiiiiiiiiiiiiencen, 186
B.4  Predicting Damping Values for Tall Buildings ...................... 186
B.5 Vibration of Building Components..............ccccceeeeeiiiiviieeenne, 186
B.6  Transmission of Vibration and Driving Point Impedance....... 187
Appendix C. Transmission of Vibration...........cccccccovvirienninnns 189
C.1  Propagation of Vibration Through Soil and Rock ................. 189
C.2 Propagation of Vibration Through Tunnel Structures ........... 191
C.3 Propagation into Building Foundations ..............ccccccccoeoen. 193
C.3.1 Slab Foundations ...........cooeeuiiiiiiiiiiee e 193
C.3.2 Piled Foundations .........cccoovuiviiiiiiiiieeee e, 194
Appendix D. Prediction of Vibration ..........c.ccooeniiiiiiin. 196
D.1  General ComMmENtS........cuuiiiiiiiiiieieiee e 196
D.2 Transfer FUNCLIONS..........oueiiiiieii e 196
D.3 Groundborne Vibration from Mechanised Construction Works197
D.3.1  PiliNg.. oo 197
D.3.2 Vibrating rollers ............ooeeeiiiii e 199
D.3.3 Ground improvement methods............cccooovviiiiiieieiiineee. 199
D.3.4 Tunnelling ...ccoveieii e 200
D.4 Blasting Vibration............cooi i 200



D.5 Railway Vibration ..o 201

D.5.1 Stages of Assessment...........coooiiiiiiiiiiiiiiiiiiiee e 201
D.5.1.1 General Requirements for Models.............ccccocevveeeeennnnnnn. 201
D.5.1.2 Scoping MOdEIS ........ccoiiiiiiiieeeiee e 202
D.5.1.3 Preliminary Design and Environmental Assessment Models.203
D.5.1.4 Detailed Design Models .........coooiiiiiiiiiiiii e 204
D.5.1.5 Alterations to Existing Rail Systems or the Development of ...
New Buildings Near Existing Railways................. 205
D.6 Road Traffic Vibration .............ccoooiiiiiiiiiiieeee e 206
D.6.1  Groundborne vibration from road traffic...............c............. 206
D.6.2 Airborne vibration from road traffic ............ccccccoiieii 207
D.7 Prediction of Vibration Through the Ground........................ 207
D.7.1 Methods Using Algebraic Expressions for Propagation .....208
D.7.2 Empirical Methods............cooiiiiiiiiiiiiee e 208
D.7.3 Numerical Modelling..........cccooiiiiiiiiiiii e 209
D.7.4 Semi-Analytical Modelling .........ccoouuiiiiiiiii e 210
D.8 Groundborne Noise in Buildings from Trains in Tunnels ...... 211
Appendix E. Methods of Reducing Vibration......................... 217
E.1 Introduction and General Comments ............ccccevvvicieneneen.n. 217
E.2 Vibration Mitigation for Existing Railways............................. 218
E.3 Principles of Vibration Isolation for Railways........................ 220
E.4 Vibration Isolation Measures for Ballasted Track ................. 223
E.4.1 Resilience Between Rail and Sleeper.........cc...ccccovvueeeenn. 224
E.4.2 Resilience Between Sleeper and Ballast............................ 224
E.4.3 Resilience Below Ballast ............ccooooviiiiiiiiiiiiiiiecee e 224
E.5 Vibration Isolation Measures for Non-Ballasted Track.......... 225
E.5.1 Resilience Between Rail and Baseplate ............................ 225
E.5.2 Resilient Baseplates........ccccooovviiiiiiiiiiiiiiiiee e, 225
E.5.3 Embedded Rail..........ooovmiiiiic e 226
E.5.4 Resiliently Supported Sleepers/Blocks..........ccccevvvviieinnn. 226
E.5.5 Floating Slab Track (Short Slabs)............cccciiiiiiinn. 226
E.5.6 Floating Slab Track (Long SIabs) ...........cccciiiiiiiin. 227



Appendix F. British, European and International Standards for

Groundborne Noise and Vibration..........cccccooimmieciiiiiiecciieeecenen. 229
F.1  British Standards ..o, 229
F.2 European and International Standards ..............ccccceevvunenenne. 229
F.2.1 International Standards ..........c....cccoeeiiiiiiii 230
F.2.2 Other National Standards.............ccoooeiiiiiiiiiiiiee e, 231
Appendix G. Legislative Background .........c...ccoovemniiiiiieannnnnn. 235
G.1  Vibration and NUIiSaNCe............ccooevviiiiiiiiiiiie e, 235
G.2 General CommeNtS..........uoeiiiiiiiiieeeecce e, 236
G.3 Environmental Protection Act (EPA)/Control of Pollution Act
(COP A ). .. e 236
Appendix H. Railway Projects and Criteria for Groundborne Noise
and Vibration... ... e 239
H. 1 Introduction.........coovnii e, 239
H.2 Review of Railway Projects........cc.cccoooviiiiiiiii e, 239
H.o2. 1 HS e 239
H.2.2  JLE. . . e 241
H.2.3 Thameslink 2000...........ccoouiiiiiiiiiee e, 241
H.2.4  DLR....o e 242
H.2.5 Crossrail 1......coooeiiiiiieee e 242
H.2.6 DART Underground............ccoovuiiiiiiiiiiiie e, 246
H.2.6.1 Groundborne NOISE............oeeiiiiiiiiiieiece e, 246
H.2.6.2 Impact Criteria...........ccoovimiiiiiie e, 247
H.2.7 Northern Line Extension.........c....ccooeiiiiiiiiiiieeeee, 250
H. 2.8  HS 2. . e, 251
H.2.9 Crossrail 2.......ccooouiii e, 254
Appendix I. Examples of project LOAELs and SOAELs ...... 257
.1 Bank Station Capacity Upgrade Project...........cccccceovvennnnnn.e. 257
1.1.1 Demolition and Construction Vibration .............................. 257
1.1.2  Operational Vibration and Groundborne Noise.................. 259
.2 A14 Cambridge to Huntingdon Improvement Scheme ......... 260
1.2.1  Combined exposure to noise and vibration........................ 261
1.3 Silvertown Tunnel ..........cooiiiiii e 261
.4  Thames Tideway Tunnel............cooiiiiiiii 262

10



Appendix J. Preparation of Specifications ..........c...cccccc...... 263
J.1  Development of a Specification for Construction Vibration...263

J.2  Checklist for Preparing a Specification ...................... 264
J.3  Typical Specification .............cooeiiiiiiiiiii 265
Appendix K. Vibrational Power ... 268
K1 Introduction.........ooeee e 268
K2  POWEI FIOW ... 268
K.3  APPlICAtIONS ... 270
K.3.1 Power FIow ANalysis ..........coveiiiiiiiiiieeece e, 270
K.3.2 Power Flow Insertion Gain .............ccooeeeiiiiiiiieeeeeiee e 273
K.3.3 Power Flow Measurement............cccccooiiiiiiiiiiieei e, 275

11



