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PREFACE

This document presents a comprehensive review of the state- 
of-the-art in the prediction and control of groundborne noise and 
vibration generated by rail rapid transit systems. The report 
was prepared by Wilson, Ihrig, & Associates, Inc. (WIA) under 
contract to the U.S. Department of Transportation. The report is 
part of the information dissemination activities of the Urban Rail 
Noise Abatement Program managed by the Transportation Systems Center, 
Cambridge, MA, under the sponsorship of the Office of Systems 
Engineering of the Urban Mass Transportation Administration,
Office of Technical Assistance.

The report has been prepared with the assistance and cooper
ation of a number of people. In addition to the authors listed 
on the title page, invaluable contributions were made by other 
WIA staff including Harjodh S. Gill, Armin T. Wright and Thomas A. 
Mugglestone. Also participating in the preparation of the report 
were J. Richards and S.W. Nowicki of London Transport International 
and Michael Carroll, Chi-Yeun Wang and Anil Chopra of the University 
of California. Elizabeth Ivey of Smith College also provided 
valuable reviews .and comments. Many useful suggestions have 
also been provided by the Noise and Vibration Liaison Board of the 
American Public Transit Association.

The technical „effort—on—this--repo-r-t—was coordinated by 
Michael Dinning of TSC. The authors express their gratitude for 
his assistance and encouragement during their preparation of the 
report.
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1. INTRODUCTION

Groundborne noise and vibration generated by rail transit trains 
is a problem of growing importance to the rail transit industry. 
Airborne noise has long been recognized as an important 
environmental problem, however, it is only in the past decade that 
groundborne noise and vibration has been widely recognized as a 
major environmental problem. The importance of groundborne 
vibration is reflected in the large quantity of ongoing research 
in the field. In the literature review performed for this study 
over 300 significant references were collected.

The first step in t'he review of the state-of-the-art in 
groundborne noise and vibration prediction and control was to read 
and evaluate the references. An annotated bibliography of the 
references was prepared and will be published as a separate 
document. This report uses the same reference numbers as the 
annotated bibliography. For the user's convenience the references 
of the annotated bibliography are listed at the end of this 
report.

This report provides a comprehensive review of the 
state-of-the-art in the prediction and control of groundborne 
noise and vibration. Chapter 2 presents an overview of transit 
train induced groundborne noise and vibration, and to some degree 
summarizes the material contained in the remaining chapters. The 
report focuses on summarizing earlier work instead of presenting 
new work. The only real exception to this is the criteria for 
groundborne vibration that are presented in Chapter 3. Suitable 
criteria for groundborne vibration from transit trains have not 
been available until recently, largely because of the lack of 
information regarding community response to groundborne vibration. 
As a result of the new transit lines in Toronto, Washington, and
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A t l a n t a  we h a v e  b e e n  a b l e  t o  o b t a i n  a s i g n i f i c a n t  a m o u n t  o f  

i n f o r m a t i o n  r e g a r d i n g  t h e  r e a c t i o n  o f  b u i l d i n g  o c c u p a n t s  t o  

g r o u n d b o r n e  v i b r a t i o n .  T h i s  i n f o r m a t i o n  i n  c o n j u n c t i o n  w i t h  

r e c e n t l y  d e v e l o p e d  s t a n d a r d s  f o r  human e x p o s u r e  t o  b u i i d i n g  

v i b r a t i o n  p r o v i d e s  a g o o d  b a s i s  f o r  t r a n s i t  i n d u c e d  g r o u n d b o r n e  

v i b r a t i o n .  T h i s  i n f o r m a t i o n  i s  p r e s e n t e d  i n  C h a p t e r  3 .

C h a p t e r  4 p r e s e n t s  i n f o r m a t i o n  t e c h n i q u e s  t h a t  h a v e  b e e n  u s e d  t o  

m e a s u r e  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  C o v e r e d  a r e  t h e  

t e c h n i q u e s  f o r  m e a s u r i n g  t h e  p a s s b y  n o i s e  a n d  v i b r a t i o n  u s i n g  

m i c r o p h o n e  a n d  a c c e l e r o m e t e r s  a l o n g  w i t h  n a r r o w - b a n d  a n d  

c o r r e l a t i o n  t e c h n i q u e s  t h a t  c a n  b e  u s e d  f o r  d e t a i l e d  s t u d y  o f  t h e  

m e c h a n i s m s  o f  g r o u n d b o r n e  v i b r a t i o n  r a d i a t i o n  a n d  p r o p a g a t i o n .

T h e  t e c h n i q u e s  t h a t  h a v e  b e e n  s u c c e s s f u l l y  i m p l e m e n t e d  f o r  t h e  

c o n t r o l  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  a r e  d i s c u s s e d  i n  

C h a p t e r  5 .  T h e  t o p i c s  i n c l u d e  w h e e l  a n d  r a i l  m a i n t e n a n c e ,  t r a c k  

d e s i g n ,  r e s i l i e n t  w h e e l s ,  r a i l  s u p p o r t  s y s t e m s ,  f l o a t i n g  s l a b s ,  

b a l l a s t  m a t s ,  t u n n e l  w a l l  t h i c k n e s s ,  s c r e e n i n g  ( t r e n c h e s ) , a n d  

v i b r a t i o n  i s o l a t i o n  o f  b u i l d i n g s .  A l l  o f  t h e s e  t e c h n i q u e s  h a v e  

b e e n  u s e d  b y  r a i l  t r a n s i t  s y s t e m s  a t  l e a s t  i n  t e s t  i n s t a l l a t i o n s .  

T h e  t e c h n i q u e s  h a v e  a l l  b e e n  s h o w n  t o  p r o v i d e  s o m e  r e d u c t i o n  o f  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n ,  h o w e v e r ,  t h e  e f f e c t i v e  f r e q u e n c y  

r a n g e  v a r i e s  w i d e l y .  T h e  c o n c l u s i o n  i s  t h a t  t h e  v i b r a t i o n  c o n t r o l  

m e t h o d  t h a t  i s  i m p l e m e n t e d  m u s t  b e  m a t c h e d  t o  t h e  s p e c t r u m  o f  t h e  

g r o u n d b o r n e  v i b r a t i o n  t o  e n s u r e  t h a t  t h e  r e d u c t i o n  w i l l  b e  o v e r  

t h e  a p p r o p r i a t e  f r e q u e n c y  r a n g e .

A c c u r a t e  p r o j e c t i o n s  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  a r e  v e r y  

i m p o r t a n t  w h e n  c o n s t r u c t i n g  n e w  t r a n s i t  l i n e s .  I n a c c u r a t e  

p r o j e c t i o n s  c a n  l e a d  t o  e i t h e r  e x p e n s i v e  c o n t r o l  m e a s u r e s  t h a t  a r e  

u n n e c e s s a r y  o r  c o m m u n i t y  c o m p l a i n t s  a n d  e v e n  l e g a l  a c t i o n  b e c a u s e  

o f  t h e  a n n o y a n c e  c a u s e d  b y  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .
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C h a p t e r  6 o u t l i n e s  s e v e r a l  o f  t h e  p r o c e d u r e s  t h a t  h a v e  b e e n  u s e d  

t o  p r e d i c t  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  M o s t  o f  t h e  e x i s t i n g  

p r o c e d u r e s  a r e  p r i m a r i l y  b a s e d  o n  e m p i r i c a l  d a t a .  An  e f f o r t  h a s  

b e e n  m a d e  t o  o u t l i n e  e a c h  m e t h o d o l o g y ,  s u m m a r i z e  t h e  a s s u m p t i o n s  

t h a t  h a v e  b e e n  m a d e ,  a n d  p o i n t  o u t  t h e  s h o r t c o m i n g s  o f  t h e  

m e t h o d s .  One o f  t h e  p r i m a r y  s h o r t c o m i n g s  o f  a l l  o f  t h e  p r e d i c t i o n  

m e t h o d s  i s  t h e  l a c k  o f  a n a l y t i c a l  m o d e l s  f o r  t h e  m e c h a n i s m s  o f  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  g e n e r a t i o n ,  r a d i a t i o n ,  a n d  

p r o p a g a t i o n .

A n a l y t i c a l  m o d e l s  t h a t  h a v e  b e e n  u s e d  a n d  w h i c h  c o u l d  b e  u s e d  i n  

t h e  f u t u r e  a r e  d i s c u s s e d  i n  C h a p t e r  7 .  C h a p t e r  7 d i s c u s s e s  m o d e l s  

o f  r a i l  f a s t e n e r s ,  r e s i l i e n t l y  s u p p o r t e d  t i e s ,  f l o a t i n g  s l a b s ,  

t r a c k s ,  s u b w a y / s o i l  i n t e r a t i o n  a n d  r a d i a t i o n  f r o m  t h e  s u b w a y  

s t r u c t u r e ,  v i b r a t i o n  p r o p a g a t i o n  a n d  a t t e n u a t i o n  i n  s o i l ,  a n d  

b u i l d i n g  r e s p o n s e  t o  g r o u n d b o r n e  v i b r a t i o n .
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2 .  OVERVIEW OF GROUNDBORNE NOISE AND VIB RATION

2 . 1  PROBLEM D E F IN IT IO N

G r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  f r o m  r a p i d  t r a n s i t  s y s t e m s  i s  

c a u s e d  b y  w h e e l / r a i l  i n t e r a c t i o n  a n d  i s  i n f l u e n c e d  b y  s u c h  

f a c t o r s  a s  w h e e l  a n d  r a i l  r o u g h n e s s ,  d i s c r e t e  t r a c k  s u p p o r t s  a n d ,  

p e r h a p s ,  l o c a l  v a r i a t i o n  o f  s u r f a c e  c o n t a c t  s t i f f n e s s .

G r o u n d b o r n e  v i b r a t i o n  i s  i n f l u e n c e d  b y  t r u c k  d y n a m i c  

c h a r a c t e r i s t i c s ,  r a i l  s u p p o r t  s t i f f n e s s ,  t r a n s i t  s t r u c t u r e  d e s i g n ,  

s o i l  c h a r a c t e r i s t i c s ,  a n d  b u i l d i n g  s t r u c t u r e  d e s i g n .  I n  g e n e r a l ,  

g r o u n d b o r n e  v i b r a t i o n  e n e r g y  p a s s e s  t h r o u g h  t h e  r a i l  t o  t h e  

f a s t e n e r  a n d  i n t o  t h e  t r a n s i t  s t r u c t u r e  w h i c h  r a d i a t e s  

v i b r a t i o n a l  e n e r g y  i n t o  t h e  s o i l  i n  t h e  f o r m  o f  c o m p r e s s i o n ,  

s h e a r  a n d  s u r f a c e  R a y l e i g h  w a v e s .  N e a r b y  b u i l d i n g  s t r u c t u r e s  

r e s p o n d  t o  i n c i d e n t  g r o u n d b o r n e  v i b r a t i o n  a t  t h e  f o u n d a t i o n ,  f r o m  

w h e r e  v i b r a t i o n  p r o p a g a t e s  t h r o u g h o u t  t h e  b u i l d i n g .  V i b r a t i n g  

b u i l d i n g  w a l l s ,  f l o o r s  a n d  c e i l i n g s  t h e n  r a d i a t e  n o i s e  i n t o  

i n t e r i o r  s p a c e s  a n d  m ay  a l s o  e x c i t e  s e n s i t i v e  i n s t r u m e n t a t i o n  

s u c h  a s  e l e c t r o n  m i c r o s c o p e s  o r  p r e c i s i o n  m i l l i n g  m a c h i n e s .  I t  

i s  m o s t  com m on f o r  t r a n s i t  g e n e r a t e d  g r o u n d b o r n e  v i b r a t i o n  t o  

c r e a t e  p r o b l e m s  i n  t h e  f o r m  o f  i n t r u s i o n  o f  b u i l d i n g  o c c u p a n t s  

r a t h e r  t h a n  c r e a t i n g  d a m a g e  t o  b u i l d i n g  s t r u c t u r e s  o r  i n t e r f e r i n g  

w i t h  s e n s i t i v e  i n s t r u m e n t a t i o n .

2 . 1 . 1  E f f e c t s  o n  P e o p l e

G r o u n d b o r n e  n o i s e  i n  b u i l d i n g s  i s  g e n e r a l l y  c o n f i n e d  t o  t h e  

f r e q u e n c y  r a n g e  o f  a b o u t  20  Hz t o  p e r h a p s  1 5 0  t o  2 0 0  H z .  
G r o u n d b o r n e  n o i s e  i n t r u s i o n  a t  h i g h e r  f r e q u e n c i e s  i s  v i r t u a l l y  

n o n - e x i s t e n t  e x c e p t  u n d e r  v e r y  i s o l a t e d  c i r c u m s t a n c e s  s u c h  a s  a
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b u i l d i n g  s t r u c t u r e  i n  d i r e c t  c o n t a c t  w i t h  t h e  s u b w a y  s t r u c t u r e .  

U s u a l l y  t h e  r e s u l t i n g  b u i l d i n g  v i b r a t i o n  i s  b e l o w  t h e  human 

t h r e s h o l d  o f  p e r c e p t i o n ,  h o w e v e r ,  r e c e n t  e x p e r i e n c e  a t  WMATA, 

MARTA a n d  NYCTA i n d i c a t e  t h a t  f e e l a b l e  v i b r a t i o n  c a n  o c c u r .  

F e e l a b l e  g r o u n d b o r n e  v i b r a t i o n  i s  g e n e r a l l y  i n  t h e  f r e q u e n c y  

r a n g e  o f  5 Hz t o  4 0  H z .  I f  t h e  b u i l d i n g  v i b r a t i o n  a t  f r e q u e n c i e s  

a b o v e  40  Hz i s  o f  a  h i g h  e n o u g h  a m p l i t u d e  t o  b e  p e r c e p t i b l e  b y  

h u m a n s ,  t h e  n o i s e  r a d i a t e d  b y  t h e  v i b r a t i n g  b u i l d i n g  c o m p o n e n t s  

w i l l  b e  m o r e  i n t r u s i v e  t h a n  t h e  v i b r a t i o n .

Human r e s p o n s e  t o  g r o u n d b o r n e  n o i s e  i s  u s u a l l y  o n e  o f  a n n o y a n c e  

a n d  a p e r c e i v e d  r e d u c t i o n  o f  p r o p e r t y  v a l u e s  a n d  p r o p e r t y  d a m a g e .  

A l t h o u g h  A - w e i g h t e d  s o u n d  l e v e l s  f r o m  g e n e r a l  c o m m u n i t y  n o i s e  a n d  

i n t e r i o r  " l i v i n g "  n o i s e  a r e  u s u a l l y  h i g h e r  t h a n  A - w e i g h t e d  s o u n d  

l e v e l s  p r o d u c e d  b y  g r o u n d b o r n e  v i b r a t i o n ,  t h e  o b j e c t i o n  t o  

g r o u n d b o r n e  n o i s e ,  w h e n  p e r c e i v e d ,  r e m a i n s  q u i t e  s t r o n g .

One  p a r t i c u l a r  r e a s o n  f o r  t h e  s t r o n g  o b j e c t i o n  t o  e v e n  v e r y  l o w ,  

b u t  p e r c e p t i b l e ,  l e v e l s  o f  g r o u n d b o r n e  n o i s e  m ay  b e  t h e  f a c t  t h a t  

t h e  s p e c t r u m  a s s o c i a t e d  w i t h  g r o u n d b o r n e  n o i s e  i s  e n t i r e l y  

d i f f e r e n t  f r o m  t h a t  f o r  t h e  u s u a l  c o m m u n i t y  a n d  r e s i d e n t i a l  n o i s e  

s o u r c e s .  G r o u n d b o r n e  n o i s e  u s u a l l y  p e a k s  b e t w e e n  16  Hz t o  63  H z ,  

w h e r e a s  m o s t  o t h e r  r e s i d e n t i a l  n o i s e  c o n t a i n s  i t s  e n e r g y  a t  

h i g h e r  f r e q u e n c i e s .  T h u s ,  g r o u n d b o r n e  n o i s e  i s  p e r c e i v e d  a s  a 

l o w  f r e q u e n c y  r u m b l e  t h a t  i s  e a s i l y  h e a r d  e v e n  w h e n  t h e  r u m b l e  

n o i s e  i s  l o w e r  i n  l e v e l  t h a n  t h e  b a c k g r o u n d  n o i s e .

I n  n o  c a s e  d o e s  g r o u n d b o r n e  n o i s e  p r e s e n t  h e a r i n g  d a m a g e  

p r o b l e m s .

I n  v i e w  o f  t h e  f r e q u e n c y  s p e c t r u m  a s s o c i a t e d  w i t h  g r o u n d b o r n e  

n o i s e  a n d  v i b r a t i o n ,  t h e  A - w e i g h t e d  n o i s e  l e v e l  m u s t  b e  u s e d  w i t h  

s o m e  c a r e .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  A - w e i g h t e d  s o u n d
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l e v e l  c a n  u n d e r e s t i m a t e  t h e  a n n o y a n c e  p o t e n t i a l  o f  l o w  f r e q u e n c y  

n o i s e s .  An  e x t e n s i o n  o f  t h e  NC c r i t e r i a  c u r v e s  t o  i n c l u d e  o c t a v e  

b a n d  f r e q u e n c i e s  d o w n  t o  3 1 . 5  Hz a n d  p e r h a p s  e v e n  16  Hz w o u l d  

s e e m  m o r e  a p p r o p r i a t e  f o r  c h a r a c t e r i z i n g  g r o u n d b o r n e  n o i s e  t h a n  

t h e  A - w e i g h t e d  s o u n d  l e v e l .  S u i t a b l e  d e s c r i p t o r s  o f  v i b r a t i o n  

a r e  e q u a l l y  d i f f i c u l t  t o  d e t e r m i n e ,  a l t h o u g h  t h e  t e n d e n c y  t o d a y  

i s  t o w a r d s  u s i n g  t h e  v i b r a t i o n  v e l o c i t y  l e v e l  a s  t h e  p r i m a r y  

d i s c r i p t o r  f o r  human r e s p o n s e .  W e i g h t e d  v i b r a t i o n  v e l o c i t y  

l e v e l s  h a v e  b e e n  p r o p o s e d ,  w h i c h  d e - e m p h a s i z e  v i b r a t i o n  b e l o w  6 

Hz t o  1 0  H z ,  a n d  w h i c h  c o r r e s p o n d  w i t h  t h e  human s e n s i t i v i t y  

t h r e s h o l d .  F o r  g r o u n d b o r n e  v i b r a t i o n ,  d u e  t o  t h e  s p e c t r u m ,  t h e s e  

w e i g h t e d  v i b r a t i o n  V e l o c i t y  l e v e l s  a r e  e s s e n t i a l l y  t h e  sa m e  a s  

t h e  o v e r a l l  v i b r a t i o n  v e l o c i t y  l e v e l .

2 . 1 . 2  E f f e c t s  o n  B u i l d i n g s

I n  v i r t u a l l y  a l l  t h e  l i t e r a t u r e  s u r v e y e d ,  n o  d i r e c t  e v i d e n c e  h a s  

b e e n  f o u n d  i n d i c a t i n g  t h a t  t r a n s i t - i n d u c e d  g r o u n d b o r n e  v i b r a t i o n  

h a s  c a u s e d  b u i l d i n g  d a m a g e . T h e  maximum a m p l i t u d e s  o f  b u i l d i n g  

v i b r a t i o n  c a u s e d  b y  t r a n s i t  s y s t e m s  a r e , g e n e r a l l y  1 / 1 0  t o  1 / 1 0 0  

t h a t  n o r m a l l y  p r e s c r i b e d  b y  b u i l d i n g  d a m a g e  c r i t e r i a .  I n d e e d ,  

s e t t l i n g  o f  b u i l d i n g s  a f t e r  c o m p l e t i o n  o f  a  n e a r b y  s u b w a y  s y s t e m  

i s  m o s t  l i k e l y  r e l a t e d  t o  n o r m a l  s e t t l e m e n t ,  a n d  p e r h a p s  t o  

s u b s i d e n c e  b r o u g h t  o n  b y  c o n s t r u c t i o n ,  a n d  i s  n o t  r e l a t e d  t o  

g r o u n d b o r n e  v i b r a t i o n .

2 . 1 . 3  I n d u s t r i a l / C o m m e r c i a l  I n t e r f e r e n c e

O n l y  u n d e r  v e r y  r a r e  c i r c u m s t a n c e s  h a s  g r o u n d b o r n e  v i b r a t i o n  f r o m  

a r a p i d  t r a n s i t  s y s t e m  b e e n  c o n s i d e r e d  p o t e n t i a l l y  t r o u b l e s o m e  t o  

i n d u s t r i a l  a n d / o r  c o m m e r c i a l  a c t i v i t y .  T h o s e  a c t i v i t i e s  m o s t
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l i k e l y  t o  b e  a s s o c i a t e d  w i t h  v i b r a t i o n  i n t e r f e r e n c e  i n c l u d e  

e l e c t r o n  m i c r o s c o p y ,  p h o t o  m i c r o g r a p h y ,  s u p e r - p r e c i s i o n  m a c h i n i n g  

a n d  v a u l t  i n t r u s i o n  d e t e c t i o n .  W i t h  e v e r  a d v a n c i n g  p r e c i s i o n  

m a n u f a c t u r i n g  t e c h n i q u e s  ( e g .  f o r  m i c r o - e l e c t r o n i c  c h i p s  aind 

c o m p u t e r  d i s c  m e m o r i e s )  g r o u n d b o r n e  v i b r a t i o n  f r o m  a l l  s o u r c e s  

w i l l  b e  o f  i n c r e a s i n g  c o n c e r n  i n  t h e  f u t u r e .

O f  g r e a t  c o n c e r n  am ong  c o m m e r c i a l  a n d  i n d u s t r i a l  o r g a n i z a t i o n s  i s  

t h e  s e n s i t i v i t y  o f  t h e i r  d a t a  p r o c e s s i n g  e q u i p m e n t  t o  g r o u n d b o r n e  

v i b r a t i o n  f r o m  r a p i d  t r a n s i t  s y s t e m s .  I n  m o s t  c a s e s ,  h o w e v e r ,  

v i b r a t i o n  i n t e r f e r e n c e  w i t h  d a t a  p r o c e s s i n g  e q u i p m e n t  i s  m i n i m a l .  

T h e  v i b r a t i o n  p r o d u c e d  b y  t h e  d a t a  p r o c e s s i n g  e q u i p m e n t  a n d  

o p e r a t o r s  w a l k i n g ‘ o v e r  f l e x i b l e  r a i s e d  c o m p u t e r  p l a t f o r m  f l o o r s  

i s  u s u a l l y  i n  e x c e s s  o f  t h a t  p r o d u c e d  b y  t r a n s i t  s y s t e m s ,  e v e n  i f  

t h e  b u i l d i n g  i s  i n  d i r e c t  c o n t a c t  w i t h  t h e  t r a n s i t  s t r u c t u r e .

2 . 2  C R IT E R IA

A v a r i e t y  o f  c r i t e r i a  h a v e  b e e n  d e v e l o p e d  f o r  t r a n s i t  r e l a t e d  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  T h e s e  a r e  d i s c u s s e d  i n  d e t a i l  

i n  C h a p t e r  3 o f  t h i s  r e p o r t .  U n t i l  r e c e n t l y  m o s t  c r i t e r i a  h a v e  

f o c u s e d  o n  t h e  a c c e p t a b l e  l e v e l s  o f  g r o u n d b o r n e  n o i s e  w i t h  t h e  

maximum n o i s e  l e v e l  d e p e n d e n t  u p o n  t h e  t y p e  o f  b u i l d i n g  

o c c u p a n c y .  T h e  n o i s e  l e v e l  l i m i t s  h a v e  b e e n  s p e c i f i e d  i n  t e r m s  

o f  A - w e i g h t e d  l e v e l  a n d  NC c u r v e s  w i t h  t h e  NC c u r v e s  e x t e n d e d  t o  

t h e  l o w  f r e q u e n c y  r a n g e .  T h e  c r i t e r i a  t h a t  h a v e  b e e n  u s e d  t o  

s p e c i f y  a c c e p t a b l e  l e v e l s  o f  g r o u n d b o r n e  n o i s e  h a v e  g e n e r a l l y  

b e e n  f o u n d  s a t i s f a c t o r y .  W h e n  t h e  c r i t e r i a  a r e  n o t  e x c e e d e d ,  

c o m m u n i t y  c o m p l a i n t s  a r e  v e r y  r a r e .

I n  c o n t r a s t ,  t h e  c r i t e r i a  t h a t  h a v e  b e e n  u s e d  f o r  s p e c i f y i n g  

a c c e p t a b l e  l e v e l s  o f  b u i l d i n g  v i b r a t i o n  h a v e  b e e n  f o u n d  t o  b e
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i n a d e q u a t e  i n  m an y  i n s t a n c e s .  R e c e n t  w o r k  b y  s t a n d a r d  

o r g a n i z a t i o n s  ( e . g .  IS O  a n d  A N S I )  a n d  m e a s u r e m e n t  r e s u l t s  f r o m  

b u i l d i n g s  i n  w h i c h  o c c u p a n t s  h a v e  c o m p l a i n e d  a b o u t  g r o u n d b o r n e  

v i b r a t i o n  h a v e  a l l o w e d  d e v e l o p m e n t  o f  r e f i n e d  c r i t e r i a  f o r  

a c c e p t a b l e  l e v e l s  o f  b u i l d i n g  v i b r a t i o n .  T h e s e  c r i t e r i a  a r e  

g i v e n  b o t h  i n  t e r m s  o f .  o v e r a l l  w e i g h t e d  v i b r a t i o n  l e v e l s  a n d  a 

f a m i l y  o f  c u r v e s  a n a l o g o u s  t o  t h e  NC c u r v e s  f o r  1 / 3  o c t a v e  b a n d  

s p e c t r a .

2 . 3  MEASUREMENT TECHNIQUES
, - ■ ' : t

A s  m an y  m e a s u r e m e n t  a n d  a n a l y s i s  t e c h n i q u e s  h a v e  b e e n  u s e d '  t o  

e v a l u a t e  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  f r o m  t r a n s i t  s y s t e m s  a s  

t h e r e  a r e  p e r f o r m i n g  o r g a n i z a t i o n s .  T h e  s t a t e - o f - t h e - a r t  

i n c l u d e s  m e a s u r e m e n t  o f  1 / 3  o c t a v e  b a n d  v i b r a t i o n  a c c e l e r a t i o n  

a n d / o r  v e l o c i t y  l e v e l s .  O n l y  r a r e l y  h a v e  m o r e  s o p h i s t i c a t e d  

t e c h n i q u e s  s u c h  a s  t r a n s f e r  f u n c t i o n ,  i m p e d a n c e  o r  c o r r e l a t i o n  

m e a s u r e m e n t s  b e e n  p e r f o r m e d .

M e a s u r e m e n t  l o c a t i o n s  f o r .  s u b w a y  s t r u c t u r e  v i b r a t i o n  h a v e  n o t  

b e e n  s t a n d a r d i z e d ,  a l t h o u g h  s u c h  s t a n d a r d i z a t i o n  i s  b e i n g  

a t t e m p t e d  b y  U I T P .  T h e  p r o p o s e d  s t a n d a r d  p r o v i d e s  f o r  

m e a s u r e m e n t s  a t  b o t h  t h e  i n v e r t  an d  s u b w a y  w a l l  o f  n o r m a l  

v i b r a t i o n  v e l o c i t y  o r  a c c e l e r a t i o n ,  a n d ,  u n p r e c e d e n t e d  i n  t h e  

i n d u s t r y ,  f u r t h e r  s u g g e s t s  a d d i t i o n a l  i d e n t i c a l  m e a s u r e m e n t s  a t  

20  m e t e r s  t o  e i t h e r  s i d e  o f  t h e  f i r s t  s e t .  M e a s u r e m e n t  d a t a  a r e  

t o  b e  r e p o r t e d  a s  1 / 3  o c t a v e  v i b r a t i o n  v e l o c i t y  l e v e l s  d o w n  t o  a t  

l e a s t  10  H z .
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2 . 4  CONTROL TECHNOLOGY

Som e o f  t h e  m e t h o d s  t h a t  h a v e  b e e n  u s e d  t o  c o n t r o l  g r o u n d b o r n e  

n o i s e  a n d  v i b r a t i o n  a r e :

-  W e l d e d  r a i l

-  S o f t  p r i m a r y  s p r i n g i n g  o n  t r u c k s

-  R e s i l i e n t  w h e e l s

-  W h e e l  t r u i n g

-  R a i l  g r i n d i n g

-  R e s i l i e n t  d i r e c t  f i x a t i o n  r a i l  f a s t e n e r s

-  F l o a t i n g  s l a b s

-  E x t r a  h e a v y  t u n n e l  s t r u c t u r e s

-  I n c r e a s i n g  t u n n e l  d e p t h

-  B a l l a s t  m a t s  f o r  b a l l a s t e d - a n d - t i e  t r a c k

-  T r e n c h e s  o r  u n d e r g r o u n d  b a r r i e r s

-  R e d u c t i o n  o f  t r a i n  s p e e d

A s  c a n  b e  s e e n  f r o m  t h i s  l i s t ,  t h e r e  a r e  a l a r g e  n u m b e r  o f  

m e t h o d s  t h a t  c a n  b e  u s e d  t o  c o n t r o l  t h e  l e v e l s  o f - g r o u n d  

v i b r a t i o n .  A l l  o f  t h e  m e t h o d s  l i s t e d  a b o v e  h a v e  b e e n  u s e d  w i t h  

a t  l e a s t  l i m i t e d  s u c c e s s .  T h e  m o s t  c o m m o n  m e t h o d s  i n c l u d e  u s e  o f  

r e s i l i e n t  i n s t e a d  o f  r i g i d ,  d i r e c t  f i x a t i o n  f a s t e n e r s ,  

r e s i l i e n t l y  s u p p o r t e d  t i e s  a n d  t h e  u s e  o f  f l o a t i n g  s l a b s .  A l s o  

i n c l u d e d  i n  t h e  l i s t  a r e  m o d i f i c a t i o n s  t o  t h e  t r u c k ,  p a r t i c u l a r l y  

t h e  t r u c k  s u s p e n s i o n .  T h e r e  a r e  n o  d o c u m e n t e d  i n s t a n c e s  i n  w h i c h  

t r a n s i t  c a r  t r u c k s  w e r e  m o d i f i e d  f o r  t h e  s p e c i f i c  p u r p o s e  o f  

r e d u c i n g  t h e  g r o u n d b o r n e  v i b r a t i o n .  H o w e v e r ,  t h e r e  a r e  s e v e r a l  

c a s e s  w h e r e  o n e  t y p e  o f  t r a n s i t  c a r  c a n n o t  b e  u s e d  o n  a s p e c i f i c  

r o u t e  b e c a u s e  o f  g r o u n d  v i b r a t i o n  p r o b l e m s .  T r a n s f e r r i n g  t h e  

p r o b l e m  c a r s  t o  o t h e r  r o u t e s  i s  i n  e f f e c t  a  m o d i f i c a t i o n  i n  t h e  

t r u c k  d y n a m i c s  f o r  t h e  p u r p o s e  o f  r e d u c i n g  g r o u n d  v i b r a t i o n .

R e c e n t  e x p e r i e n c e  h a s  i n d i c a t e d  t h a t  d e s i g n  o f  t h e  t r u c k s  m ay
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h a v e  a m o r e  s i g n i f i c a n t  e f f e c t  o n  t h e  l e v e l s  o f  g r o u n d b o r n e  

v i b r a t i o n  t h a n  p r e v i o u s l y  s u s p e c t e d .  Som e o f  t h e  s p e c i f i c  

f e a t u r e s  t h a t  c a n  b e  i n c o r p o r a t e d  i n t o  a t r u c k  d e s i g n  t o  r e d u c e  

g r o u n d b o r n e  v i b r a t i o n  a r e :

-  R e d u c e  p r i m a r y  s t i f f n e s s

-  M i n i m i z e  w h e e l - s e t  a n d  a x l e  m a s s

-  E f f e c t i v e  l o a d  e q u a l i z a t i o n  b e t w e e n  w h e e l s

-  I n c r e a s e  s t r u c t u r a l  d a m p i n g  w i t h  t h e  u s e  e l a s t o m e r s  a n d  

d y n a m i c  e n e r g y  a b s o r b e r s

-  E l i m i n a t e  m e t a l - t o - m e t a l  c o n t a c t  w i t h  r u b b e r  b u s h i n g s  o r  

p a d s

O ne  o f  t h e  f i r s t  s t e p s  i n  a n y  p r o g r a m  f o r  c o n t r o l l i n g  g r o u n d b o r n e  

v i b r a t i o n  i s  t o  m i n i m i z e  t h e  w h e e l  a n d  r a i l  r o u g h n e s s .  T h i s  i s  

a c c o m p l i s h e d  t h r o u g h  t h e  u s e  o f  w e l d e d  r a i l  i n  p l a c e  o f  j o i n t e d  

r a i l  a n d  m a i n t a i n i n g  a c o n t i n u i n g  p r o g r a m  o f  w h e e l  t r u i n g  a n d  

r a i l  g r i n d i n g .  W h e e l  t r u i n g  a n d  r a i l  g r i n d i n g  a r e  n o w  g e n e r a l l y  

r e c o g n i z e d  a s  n e c e s s a r y  f o r  k e e p i n g  t h e  f a c i l i t i e s  i n  g o o d  

c o n d i t i o n  a n d  m i n i m i z i n g  b o t h  a i r b o r n e  n o i s e  a n d  g r o u n d b o r n e  

n o i s e  a n d  v i b r a t i o n .  A t  t h i s  p o i n t  m o s t  U . S .  t r a n s i t  s y s t e m s  u s e  

r e s i l i e n t  f a s t e n e r s  o n  c o n c r e t e  t r a c k b e d  i n  n e w  s u b w a y  

i n s t a l l a t i o n s .  T h e  r e s u l t i n g  r a i l  s u p p o r t  m o d u l u s  o f  t h e  

f a s t e n e r s  i s  t y p i c a l l y  b e t w e e n  3 0 0 0  l b / i n ^  t o  4 0 0 0  l b / i n ^ .  

U n u s u a l l y  s o f t  f a s t e n e r s ,  s p e c i f i c a l l y  d e s i g n e d  t o  r e d u c e  

g r o u n d b o r n e  v i b r a t i o n ,  w i l l  r e d u c e  t h e  r a i l  s u p p o r t  m o d u l u s  t o  

1 0 0 0  l b / i n ^  t o  2 0 0 0  l b / i n ^ .  I f  f u r t h e r  v i b r a t i o n  i s o l a t i o n  i s  

r e q u i r e d  e i t h e r  STEDEF r e s i l i e n t l y  s u p p o r t  t i e s  o r  f l o a t i n g  s l a b s  

a r e  u s e d .  A t  t h i s  p o i n t ,  t h e  l i g h t w e i g h t  f l o a t i n g  s l a b s  o f  

e i t h e r  t h e  c o n t i n u o u s  t y p e  u s e d  i n  W a s h i n g t o n ,  D . C .  o r  t h e  

d i s c o n t i n u o u s  t y p e  u s e d  i n  T o r o n t o  a n d  A t l a n t a  r e p r e s e n t  t h e  m o s t  

e f f e c t i v e  m e a n s  o f  c o n t r o l l i n g  r a i l  t r a n s i t  g r o u n d b o r n e  

v i b r a t i o n .  D i s c o n t i n u o u s  f l o a t i n g  s l a b s  i n i t i a l l y  d e v e l o p e d  b y
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t h e  T o r o n t o  T r a n s i t  C o m m i s s i o n  a r e  now  i n  u s e  i n  s e v e r a l  new  

t r a n s i t  s y s t e m s .  T h e y  p r o v i d e  s u b s t a n t i a l  r e d u c t i o n  o f  v i b r a t i o n  

u s u a l l y  a t  a  s i g n i f i c a n t l y  l o w e r  c o s t  t h a n  t h e  c o n t i n u o u s ,  

p o u r e d - i n - p l a c e  f l o a t i n g  s l a b s .

N o t e  t h a t  m o s t  o f  t h e  l i g h t w e i g h t  f l o a t i n g  s l a b s  h a v e  b e e n  

d e s i g n e d  t o  h a v e  r e s o n a n c e  f r e q u e n c i e s  o f  14  Hz t o  16  Hz s u c h  

t h a t  t h e y  w i l l  p r o v i d e  s i g n i f i c a n t  v i b r a t i o n  i s o l a t i o n  a t  

f r e q u e n c i e s  a b o v e  20  H z .  T h e s e  d e s i g n s  h a v e  b e e n  f o u n d  t o  w o r k  

v e r y  w e l l  w h e n  t h e  p e a k  f r e q u e n c y  o f  t h e  g r o u n d b o r n e  v i b r a t i o n  i s  

a b o v e  a b o u t  35  H z .  H o w e v e r ,  i f  t h e  p e a k  g r o u n d  v i b r a t i o n  

a m p l i t u d e  i s  a t  l o w e r  f r e q u e n c i e s ,  p a r t i c u l a r l y  i n  t h e  15  Hz t o  

20  Hz r a n g e ,  t h e  d e s i g n  o f  t h e  f l o a t i n g  s l a b  s h o u l d  b e  m o d i f i e d  . 

s o  t h a t  t h e  r e s o n a n c e  f r e q u e n c y  i s  i n  t h e  r a n g e  o f  10  Hz t o  12  

H z .  T h i s  c a n  b e  a c c o m p l i s h e d  b y  d o u b l i n g  t h e  m a s s  o f  t h e  

f l o a t i n g  s l a b  w h i l e  l e a v i n g  t h e  s u p p o r t  p a d s  u n m o d i f i e d .

2 . 5  PREDICTION METHODS

T h e  a v a i l a b l e  m e t h o d s  f o r  p r e d i c t i o n  o f  g r o u n d b o r n e  n o i s e  a n d  

v i b r a t i o n '  a r e  a t  a r e l a t i v e l y  e a r l y  s t a t e  o f '  d e v e l o p m e n t .  M o s t  

a r e  d e s i g n e d  t o  e s t i m a t e  w o r s t  c a s e  o r  u p p e r  b o u n d  n o i s e  o r  

v i b r a t i o n  l e v e l s .  C o n s i d e r i n g  t h e  s p r e a d  i n  o b s e r v e d  g r o u n d b o r n e  

n o i s e  a n d  v i b r a t i o n  l e v e l  d a t a ,  t y p i c a l l y  10  dB t o  20  dB f o r  a n y  

g i v e n  o c t a v e  b a n d ,  t h e s e  m e t h o d s  s h o u l d  n o t  b e  t e r m e d  

" p r e d i c t i o n "  m e t h o d s ,  b u t  r a t h e r  i n d i c a t o r s  o f  w h e n  o r  w h e r e  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  m ay  b e  a p r o b l e m ,  f o r  w h i c h  

a p p r o p r i a t e  c o n t r o l s  s h o u l d  b e  i m p l e m e n t e d .

O n l y  t w o  c o m p r e h e n s i v e  p r e d i c t i o n  m e t h o d s  a c t u a l l y  e x i s t .  O n e ,  
d e v e l o p e d  b y  W i l s o n  ( R e f .  A - 5 )  b e g i n s  w i t h  r e p r e s e n t a t i v e  s p e c t r a  

f o r  g r o u n d b o r n e  v i b r a t i o n  i n  t h e  g r o u n d  a t  a  s t a n d a r d  d i s t a n c e
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f r o m  e a r t h ,  m i x e d - f a c e  a n d  r o c k  s u b w a y s .  T h e  o t h e r  p r i m a r y  

p r e d i c t i o n  p r o c e d u r e ,  d e v e l o p e d  b y  U n g a r  a n d  B e n d e r  ( R e f .  A - 2 ,  

A - 1 3 6 ) , b e g i n s  w i t h  w o r s t  c a s e  o r  u p p e r  b o u n d  s u b w a y  w a l l  

v i b r a t i o n  s p e c t r a .  C o r r e c t i o n s  a r e  t h e n  u s e d  i n  b o t h  m a j o r  

p r o c e d u r e s  t o  a c c o u n t  f o r  t r a c k  c o n f i g u r a t i o n s  d i f f e r e n t  f r o m  

s t a n d a r d  d i r e c t  f i x a t i o n ,  t r a i n  s p e e d ,  s u b w a y  s t r u c t u r e  

p a r a m e t e r s ,  p r o p a g a t i o n  d i s t a n c e s ,  e t c .

W i t h  r e s p e c t  t o  p r o p a g a t i o n ,  t h e  t w o  m e t h o d s  a r e  s u b s t a n t i a l l y  

d i f f e r e n t .  W i l s o n  a p p l i e s  e m p i r i c a l l y  d e t e r m i n e d  a t t e n u a t i o n  

f u n c t i o n s  o f  d i s t a n c e ,  a n d  f r e q u e n c y  r e p r e s e n t a t i v e  o f  t y p i c a l  

s o i l s .  U n g a r  a n d  B e n d e r ,  o n  t h e  o t h e r  h a n d ,  e m p l o y  l o s s  f a c t o r  

a n d  p r o p a g a t i o n  v e l o c i t y  d a t a  f o r  v a r i o u s  s o i l  t y p e s  a n d  a c c o u n t  

f o r  r e f l e c t i o n  a n d  t r a n s m i s s i o n  a t  s o i l  l a y e r  i n t e r f a c e s .  T h i s  

m e t h o d  r e l i e s  u p o n  s o i l  d a t a  o b t a i n e d  f r o m  p r e c o n s t r u c t i o n  

s u r v e y s  o r  o t h e r  s o u r c e s  -  e . g .  s i t e  i n v e s t i g a t i o n s  p e r f o r m e d  f o r  

c o n s t r u c t i o n  o f  l a r g e  c o m m e r c i a l  b u i l d i n g s .  A s s u m i n g  t h a t  

s u f f i c i e n t  s o i l  p a r a m e t e r  d a t a  i s  a v a i l a b l e  a n d  s u f f i c i e n t  

e n g i n e e r i n g  t i m e  i s  d e v o t e d  t o  t h e  p r e d i c t i o n  p r o c e s s  t h e  m e t h o d  

s h o u l d  p r e d i c t  a t t e n u a t i o n  w i t h  d i s t a n c e  i n  s o i l  w i t h  g o o d  

a c c u r a c y .  H o w e v e r ,  t h e  a t t e n u a t i o n  l a w  u s e d  b y  U n g a r  a n d  B e n d e r  

p r e s u p p o s e s  t h e  d o m i n a n c e  o f  c o m p r e s s i o n  w a v e s  o v e r  s h e a r  w a v e s  

i n  t h e  t r a n s m i s s i o n  p r o c e s s ,  t h u s  g i v i n g  a c o n s e r v a t i v e  e s t i m a t e  

o f  a t t e n u a t i o n  a s  a  f u n c t i o n  o f  d i s t a n c e .  S h e a r  w a v e s  may 

a c t u a l l y  b e  m o r e  s i g n i f i c a n t  a t  d i s t a n c e s  c l o s e  t o  t h e  s u b w a y  

s t r u c t u r e  w h i l e  c o m p r e s s i o n  w a v e s ,  a s  w e l l  a s  R a y l e i g h  s u r f a c e  

w a v e s ,  m ay  d o m i n a t e  a t  l a r g e  d i s t a n c e s .

T h e  n a t u r a l  a p p r o a c h  t o  d e v e l o p m e n t  o f  a  s u i t a b l e  p r e d i c t i o n  

m e t h o d  a p p e a r s ,  a s  a  r e s u l t  o f  t h e  r e v i e w  o f  a v a i l a b l e  

l i t e r a t u r e ,  t o  b e  t o  c o m b i n e  W i l s o n ' s  s t a r t i n g  s p e c t r a  f o r  

g r o u n d b o r n e  v i b r a t i o n  i n  s o i l  a t  a  r e p r e s e n t a t i v e  d i s t a n c e  f r o m  

v a r i o u s  s u b w a y s  o f  d i f f e r e n t  t y p e s  a n d  s o i l  c o n d i t i o n s ,  w i t h
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U n g a r ' s  a n d  B e n d e r ' s  a t t e n u a t i o n  m o d e l s .  S t a r t i n g  w i t h  t h e  

v i b r a t i o n  s p e c t r a  i n  t h e  g r o u n d  r a t h e r  t h a n  t h e  s u b w a y  w a l l  

v i b r a t i o n  s p e c t r a  a v o i d s  p r o b l e m s  w i t h  p o s s i b l e  n o n - r a d i a t i n g  

t u n n e l  v i b r a t i o n  m o d e s  a n d  t u n n e l / s o i l  c o u p l i n g .  A d d i t i o n a l l y ,  

t h e  s t a r t i n g  s p e c t r a  c a n  b e  n o r m a l i z e d  t o  a  g i v e n  s o i l  s t i f f n e s s  

o r ,  e q u i v a l e n t l y ,  t o  d e t e r m i n e  a s o u r c e  s t r e n g t h  a n a l o g o u s  t o  a 

f o r c e  w h i c h  i s  i n d e p e n d e n t  o f  s o i l  s t i f f n e s s ,  t h e r e f o r e  r e m o v i n g  

t h e  e f f e c t  o f  s o i l  s t i f f n e s s  o n  t h e  s t a r t i n g  s p e c t r a .  T h e  

a t t e n u a t i o n  m o d e l s  c a n  t h e n  b e  a p p l i e d  t o  i n c l u d e , t h e  e f f e c t  o f  

s o i l  p a r a m e t e r s  o n  a t t e n u a t i o n  w i t h  d i s t a n c e . .  A d d i t i o n a l  

d e v e l o p m e n t  o f  t h e  a t t e n u a t i o n  v s .  d i s t a n c e  m o d e l s  w o u l d  i n c l u d e  

• d e t e r m i n a t i o n  o f  e n e r g y  p a r t i t i o n  b e t w e e n  c o m p r e s s i o n ,  s h e a r  a n d  

R a y l e i g h  w a v e  e n e r g y  t o  w h i c h  t h e  w a v e  t y p e s '  r e s p e c t i v e  l o s s  

f a c t o r s  may b e  a p p l i e d .  T h e  r e m a i n i n g  m o d e l  d e v e l o p m e n t  w o u l d  

e s s e n t i a l l y  i n v o l v e  c o m p i l a t i o n  o f  c o r r e c t i o n s  f o r  t r a i n  s p e e d ,  

f a s t e n e r  s t i f f n e s s ,  s u b w a y  s t r u c t u r e  m a s s ,  t r u c k  d e s i g n  a n d  

s o - f o r t h .

2 . 6  MATHEMATICAL MODELS FOR PARAMETER EVALUATION

T h e r e  a r e  a  n u m b e r  o f  m a t h e m a t i c a l  m o d e l s  t h a t  h a v e  b e e n  u s e d  f o r  

d e s c r i b i n g  f l o a t i n g  s l a b  p e r f o r m a n c e ,  a t t e n u a t i o n  i n  s o i l ,  t r u c k  

d y n a m i c s ,  e t c .  T h e s e  m o d e l s  s e r v e  a s  u s e f u l  t o o l s  w h i c h ,  

t o g e t h e r  w i t h  m e a s u r e m e n t  d a t a ,  c a n  b e  u s e d  t o  a c c o u n t  f o r  

s p e c i f i c  d e s i g n  p a r a m e t e r s  a n d  t o  a i d  d e s i g n  a n d  d e v e l o p m e n t  o f  

v i b r a t i o n  c o n t r o l  p r o v i s i o n s .

Som e  o f  t h e  l i m i t a t i o n s  o f  e x i s t i n g  m o d e l s  a r e :

1 . No m o d e ls  h a v e  b e e n  d e v e lo p e d  f o r  c o n f id e n t  e v a l u a t i o n  o f

th e  e f f e c t  o f  t u n n e l  w a l l  t h i c k n e s s ,  s t i f f n e s s ,  and  m ass

o r  su b w ay  fo u n d in g  c o n d i t io n .
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2 .  N o  m o d e l s  h a v e  b e e n  d e v e l o p e d  w h i c h  a l l o w  e s t i m a t i n g  t h e  

p a r t i t i o n  o f  e n e r g y  b e t w e e n  c o m p r e s s i o n ,  s h e a r ,  a n d  

R a y l e i g h  w a v e s ,  n e c e s s a r y  f o r  a c c u r a t e  p r e d i c t i o n  o f  

a t t e n u a t i o n  i n  s o i l  a s  a f u n c t i o n  o f  d i s t a n c e .

3 .  T h e r e  n o  a r e  m o d e l s  p r e s e n t l y  i m p l e m e n t e d  t h a t  a l l o w  

i n v e s t i g a t i o n  o f  t h e  i n f l u e n c e  o f  t h e  t r u c k  s u s p e n s i o n  

p a r a m e t e r s  o n  t h e  l e v e l s  o f  g r o u n d b o r n e  v i b r a t i o n .

4 .  F a c t o r s  s u c h  a s  l a y e r i n g  o f  s o i l ,  p r o x i m i t y  o f  t h e  r o c k  

l i n e ,  d e p t h  t o  t h e  w a t e r  t a b l e  a r e  t o o  c o m p l e x  t o  b e

, a c c o u n t e d  f o r  i n  e x i s t i n g  m o d e l s .

5 .  , N o n e  o f  t h e  e x i s t i n g  m o d e l s  p r o v i d e  a r e a s o n a b l e

e x p l a n a t i o n  f o r  g r o u n d b o r n e  v i b r a t i o n  f r o m  t r a n s i t  

o p e r a t i o n s  e x h i b i t i n g  s u c h  a s t r o n g  f r e q u e n c y  

d e p e n d e n c e .  T h e  p e a k  f r e q u e n c y  a p p e a r s  t o  b e  d e p e n d e n t  

o n  t h e  s o i l  s t i f f n e s s ,  h o w e v e r  n o n e  o f  t h e  m o d e l s  c a n  

u s e  s o i l  p a r a m e t e r s  t o  p r e d i c t , t h e  p e a k  f r e q u e n c y .

W i t h  r e s p e c t  t o  t h e  r e m a i n i n g  f a c e t s  o f  g r o u n d b o r n e  n o i s e  a n d  

v i b r a t i o n  -  e g .  f l o a t i n g  s l a b / v e h i c l e  i n t e r a c t i o n ,  s o i l / b u i l d i n g  

i n t e r a c t i o n ,  f a s t e n e r  i s o l a t i o n ,  e t c . ,  m o d e l s  a r e  a v a i l a b l e  w h i c h  

h a v e  e i t h e r  b e e n  a p p l i e d  s p e c i f i c a l l y  t o  r a p i d  t r a n s i t  s y s t e m  

v i b r a t i o n  o r  w h i c h  c o u l d  b e  e x t e n d e d  f r o m  s u c h  a r e a s  a s  d y n a m i c  

t r u c k  s t a b i l i t y  a n a l y s i s ,  s o i l  s t r u c t u r e  i n t e r a c t i o n ,  o r  

s t r u c t u r a l  b u i l d i n g  d y n a m i c s .

2 . 7  EXTENT OF LITERATURE

T h e  l i t e r a t u r e  c o n c e r n i n g  g r o u n d b o r n e  v i b r a t i o n  f r o m  r a p i d
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t r a n s i t  s y s t e m s  i s  v e r y  e x t e n s i v e .  A l l  o f  t h e  v a r i o u s  t o p i c s  o r  

f a c e t s  o f  t h e  p r o b l e m  a r e  d e a l t  w i t h  i n  s o m e  m a n n e r  o r  a n o t h e r .  

T h e  l i t e r a t u r e  a l m o s t  a l w a y s  c o n c e r n s  t h e  r e s u l t s  o f  m e a s u r e m e n t  

p r o g r a m s  o r  d e s i g n  a n d  i m p l e m e n t a t i o n  o f  v i b r a t i o n  c o n t r o l  

p r o v i s i o n s .  A s  a r e s u l t ,  a  g r e a t  w e a l t h  o f  k n o w l e d g e  i s  

a v a i l a b l e  t o d a y .  '

T h e  d i f f i c u l t y  i n  a s s i m u l a t i n g  t h e  e x i s t i n g  k n o w l e d g e  c o n c e r n i n g  

g r o u n d b o r n e  v i b r a t i o n  i s  t h a t  l i t t l e  c o n s i s t e n c y  e x i s t s  i n  d a t a  

p r e s e n t a t i o n  b y  d i f f e r e n t  w o r k e r s .  I n  t h e  U n i t e d  S t a t e s  a n d  

C a n a d a , ‘ v i b r a t i o n  d a t a  a r e  u s u a l l y  p r e s e n t e d  i n  t e r m s  o f  1 / 3  

o c t a v e  b a n d  rms  a c c e l e r a t i o n  r e  m i c r o  g .  I n  E u r o p e ,  

h o w e v e r ,  i t  i s  m o r e  co m m o n  f o r  v i b r a t i o n  v e l o c i t y  l e v e l s  t o  b e  

e m p l o y e d ,  a n d ,  t o  a d d  t o  t h e  c o n f u s i o n *  t w o  r e f e r e n c e  v e l o c i t i e s  

a r e  u s e d ,  o n e  b e i n g  5 X 10  m / s  a n d  t h e  o t h e r  1 X 10  m / s e c .  

N o t e  t h a t  i n  t h e  U . S .  t h e  r e f e r e n c e  v e l o c i t y  l e v e l  m o s t  o f t e n
— — ft

u s e d  i s  1 X 10 i n / s e c ,  o r  a b o u t  2 . 5  X 10  m / s e c .

Som e w o r k e r s  p r e s e n t  g r o u n d b o r n e  n o i s e  d a t a  e n t i r e l y  i n  t e r m s  o f  

A - w e i g h t e d  l e v e l s ,  a n d  g r o u n d b o r n e  v i b r a t i o n  l e v e l s  i n  t e r m s  o f  

o v e r a l l  a c c e l e r a t i o n  o r  v e l o c i t y .  I n  a l m o s t  a l l  i n s t a n c e s  o f  

p u b l i s h e d  n o i s e  o r  v i b r a t i o n  d a t a ,  n o  d a t a  c o n c e r n i n g  s o i l  

p a r a m e t e r s  a n d  l a y e r i n g  a r e  p r e s e n t e d .  T h i s  l a t t e r  p r o b l e m  i s  

p e r h a p s  o n e  o f  t h e  m o s t  s e r i o u s  l i m i t a t i o n s ,  a s  s u c h  p a r a m e t e r s  

m ay  s e r i o u s l y  a f f e c t  v i b r a t i o n  p r o p a g a t i o n .  C l e a r l y  t h e  

l i m i t a t i o n  i s  t h a t  t h e s e  d a t a  a r e  d i f f i c u l t  t o  o b t a i n ,  a n d  o n c e  

o b t a i n e d  a r e  d i f f i c u l t  t o  p r e s e n t  i n  a s i m p l e  s u m m a r y .

M o s t  o f  t h e  m a j o r  U . S .  a n d  C a n a d i a n  t r a n s i t  s y s t e m s  a r e  

r e p r e s e n t e d  i n  t h e  l i t e r a t u r e ,  i n c l u d i n g ,  b u t  n o t  l i m i t e d  t o  

BART, WMATA, C T A , NYCTA,  MARTA, S E P T A ,  a n d  T T C .

O f  t h e s e ,  t h e  l i t e r a t u r e  c o n c e r n i n g  T T C ,  NYCTA, a n d  WMATA i s  m o s t

V
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e x t e n s i v e .  C u r i o u s l y ,  m u c h  g r o u n d b o r n e  v i b r a t i o n  d a t a  w e r e  

c o l l e c t e d  a t  t h e  BART D i a b l o  t e s t  t r a c k ,  b u t  v i r t u a l l y  n o n e  a f t e r  

c o m m e n c e m e n t  o f  r e v e n u e  o p e r a t i o n .  T h i s  i s  a n  i n d i c a t i o n  o f  t h e  

l a c k  o f  s i g n i f i c a n t  g r o u n d b o r n e  v i b r a t i o n  p r o b l e m s  a t  BART.

E u r o p e a n  t r a n s i t  s y s t e m s  c o v e r e d  i n  t h e  l i t e r a t u r e  i n c l u d e  t h o s e  

l o c a t e d  i n  P a r i s ,  V i e n n a ,  C o l o g n e ,  M u n i c h ,  L o n d o n  a n d  S t o c k h o l m .

A d d i t i o n a l  s y s t e m s  r e p r e s e n t e d  a r e  t h o s e  b e i n g  b u i l t  i n  M e l b o u r n e  

(MURLA) a n d  H o n g  K o n g .  A v e r y  g r e a t  a m o u n t  o f  w o r k  h a s  b e e n  

p e r f o r m e d  b y  t h e  J a p a n  N a t i o n a l  R a i l w a y s  r e g a r d i n g  t h e  T o k a i d o  

a n d  S h i n k a n s e n  R a i l  s y s t e m s .  T h e  s t u d y  o f  t h e  g r o u n d b o r n e  

v i b r a t i o n  a t  t h e s e  s y s t e m s  i n  J a p a n  i s  a l l  t h e  m o r e  i n t e r e s t i n g  

b e c a u s e  t h e y  i n v o l v e  s o m e  o f  t h e  f a s t e s t  t r a i n s  i n  t h e  w o r l d .

O f  a l l  t h e  l i t e r a t u r e  s u r v e y e d ,  t h a t  c o n c e r n i n g  t h e  g r o u n d b o r n e  

v i b r a t i o n  a n d  n o i s e  p r o d u c e d  b y  t h e  TTC/YSNE t u n n e l s  i n  T o r o n t o ,  

C a n a d a ,  i s  b y  f a r  t h e  m o s t  e x t e n s i v e .  T o p i c s  i n c l u d e  n u m e r o u s  

m e a s u r e m e n t s  o f  g r o u n d b o r n e  v i b r a t i o n  a n d  n o i s e ,  

m u l t i - d e g r e e - o f - f r e e d o m  m o d e l i n g  o f  t r u c k s ,  d y n a m i c  m o d e l  a n d  

i m p e d a n c e  m e a s u r e m e n t s  o f  t r u c k s ,  t r a n s f e r  f u n c t i o n  m e a s u r e m e n t s  

u s i n g  d r o p  i m p a c t s  o n  t h e  r a i l  a n d  i n v e r t ,  a n d  s o i l  s u r v e y s .  

V i b r a t i o n  c o n t r o l  t e c h n i q u e s  t e s t e d  i n c l u d e  r e d u c t i o n  o f  

r e s i l i e n t  f a s t e n e r s  a n d  p r i m a r y  s u s p e n s i o n  s t i f f n e s s e s ,  w h e e l  a n d  

r a i l  g r i n d i n g ,  s p e e d  r e d u c t i o n s ,  a n d  r e s i l i e n t  w h e e l s .  M o r e  

r e c e n t  w o r k  w a s  p e r f o r m e d  t o  e v a l u a t e  f l o a t i n g  s l a b s ,  C h e v r o n  

t r u c k  s p r i n g s ,  s c r e e n i n g  a n d  b a l l a s t  m a t s .  T h u s ,  p a s t  a n d  

p r e s e n t  w o r k  p e r f o r m e d  b y  t h e  TTC a n d  t h e i r  c o n s u l t a n t s  c o n c e r n s  

m u c h  o f  t h e  s t a t e - o f - t h e - a r t  i n  t r a n s i t  s y s t e m  n o i s e  a n d  

v i b r a t i o n  c o n t r o l .

W i t h i n  t h e  U n i t e d  S t a t e s ,  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  WMATA 

s y s t e m  i s  p e r h a p s  m o s t  e x t e n s i v e ,  b u t  i s  c o n f i n e d  t o  f l o a t i n g
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s l a b s ,  f a s t e n e r s  a n d  g r o u n d  v i b r a t i o n  f o r  v a r i o u s  f o u n d i n g  

c o n d i t i o n s .  A d d i t i o n a l  s i g n i f i c a n t  w o r k  c o n c e r n i n g  f a s t e n e r s ,  

f l o a t i n g  s l a b s  a n d  t r u c k s  i s  r e p o r t e d  b y  t h e  NYCTA. C h i c a g o ' s  

C TA , i n v o l v e d  w i t h  c a r  p r o c u r e m e n t ,  h a s  c o n d u c t e d  m e a s u r e m e n t s  o f  

g r o u n d b o r n e  v i b r a t i o n  f o r  v a r i o u s  t r u c k  d e s i g n s  w i t h  v e r y  

s i g n i f i c a n t  r e s u l t s .  A d d i t i o n a l  m e a s u r e m e n t s  a r e  b e i n g  c o n d u c t e d  

a t  CTA b y  CUTD f o r  e v a l u a t i o n  o f  v a r i o u s  t r a c k b e d  d e s i g n s .

A s u b s t a n t i a l  a m o u n t  o f  l i t e r a t u r e  h a s  b e e n  f o u n d  c o n c e r n i n g  s o i l  

p a r a m e t e r  c h a r a c t e r i z a t i o n  u s i n g  g e o p h y s i c a l  t e c h n i q u e s .  T h e s e  

t e c h n i q u e s  i n c l u d e  ( 1 )  s e i s m i c  r e f r a c t i o n ,  ( 2 )  u p - h o l e ,  

d o w n - h o l e ,  ( 3 )  c r o s s - h o l e ,  a n d  ( 4 )  c o n t i n u o u s  s i n e  w a v e  

e x c i t a t i o n .  I n d e e d ,  t h e  t e c h n i q u e s  a r e  a t  a  h i g h  s t a t e  o f  

d e v e l o p m e n t  a n d  m ay  r e v e a l  s u c h  p a r a m e t e r s  a s  p r o p a g a t i o n  

v e l o c i t i e s ,  d a m p i n g  a n d  l a y e r  t h i c k n e s s e s .  I t  i s  s t i l l  n e c e s s a r y  

t o  i n t e g r a t e  t h e s e  t e c h n i q u e s  i n t o  t h e  s e t  o f  t o o l s  a v a i l a b l e  f o r  

p r e d i c t i o n  a n d  c o n t r o l  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  A l s o ,  

s i g n i f i c a n t  l i t e r a t u r e  e x i s t s  c o n c e r n i n g  w a v e  p r o p a g a t i o n  i n  

s o i l s ,  e s p e c i a l l y  i n  t h e  f i e l d s  o f  g e o p h y s i c s  a n d  c i v i l  

e n g i n e e r i n g .
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3 .  GROUNDBORNE NOISE AND VIBRATION C R I T E R I A

G r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n ,  t r a n s m i t t e d  f r o m  t r a n s i t  

o p e r a t i o n s  t o  a d j a c e n t  b u i l d i n g s ,  c a n  b e  a m a j o r  s o u r c e  o f  

c o m m u n i t y  a n n o y a n c e .  T h e  p r o b l e m  i s  g e n e r a l l y  g r o u n d b o r n e  n o i s e  

r a d i a t e d  f r o m  r o o m  s u r f a c e s .  T h e  v i b r a t i o n  i s  n o t  o f t e n  

p e r c e p t i b l e ,  a l t h o u g h  p e r c e p t i b l e  v i b r a t i o n  h a s  o c c a s i o n a l l y  

r e s u l t e d  a s  t h e  p r i n c i p a l  g r o u n d s  f o r  c o m p l a i n t .  T h e r e f o r e ,  

c r i t e r i a  f o r  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  s h o u l d  a d d r e s s  

a c c e p t a b l e  l e v e l s  o f  b o t h  n o i s e  a n d  v i b r a t i o n .

T h e  p u r p o s e  o f  t h i s  s e c t i o n  i s  t o  r e v i e w  v a r i o u s  t y p e s  o f  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  c r i t e r i a ,  v i b r a t i o n  i n d u c e d  

b u i l d i n g  d a m a g e  c r i t e r i a  a n d  s o i l  s e t t l e m e n t  c r i t e r i a .

3 . 1  VIBRATION C R IT E R I A

3 . 1 . 1  B a c k g r o u n d

B a s i c a l l y  t h e r e  a r e  t w o  k i n d s  o f  human e x p o s u r e  t o  v i b r a t i o n  

t r a n s m i t t e d  t h r o u g h  a s t r u c t u r e :  ( a )  v i b r a t i o n  t r a n s m i t t e d  t o  t h e

human b o d y  a s  a  w h o l e  t h r o u g h  t h e  s u p p o r t i n g  s u r f a c e ,  n a m e l y  t h e  

f e e t  o f  a  s t a n d i n g  p e r s o n ,  t h e  b u t t o c k s  o f  a  s e a t e d  p e r s o n  o r  t h e  

s u p p o r t i n g  a r e a  o f  a  r e c l i n i n g  p e r s o n ;  ( b )  v i b r a t i o n  o f  t h e  

b u i l d i n g  a n d  t h e  r e s u l t i n g  r e a c t i o n s  o f  t h e  o c c u p a n t s .  T h i s  

i n c l u d e s  t h e  g r o s s  s t r u c t u r e  v i b r a t i o n  ( r o c k i n g  o r  s h e a r  

d e f o r m a t i o n ) , f l o o r  v i b r a t i o n  ( p r i m a r i l y  v e r t i c a l  m o t i o n ) , a n d  

w a l l  v i b r a t i o n s  ( p r i m a r i l y  h o r i z o n t a l  m o t i o n s  p r o d u c i n g  s e c o n d a r y  

n o i s e s  s u c h  a s  r a t t l i n g ) . N o i s e  i s  c o n s i d e r e d  s e p a r a t e l y  i n  

S e c t i o n  3 . 2 .  T h e  r e a c t i o n s  a r e  t y p i c a l l y  f e a r  o f  d a m a g e  t o  t h e  

s t r u c t u r e  o r  i t s  c o n t e n t s ,  s t a r t l e ,  a n d  i n t e r f e r e n c e  w i t h  s l e e p ,  

c o n v e r s a t i o n  o r  o t h e r  a c t i v i t i e s .
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I n  t h e  p a s t ,  m any  s t u d i e s  h a v e  b e e n  c o n d u c t e d  b y  m i l i t a r y  a n d  

a e r o s p a c e  g r o u p s  c o n c e r n e d  w i t h  s u c h  t h i n g s  a s  human f a t i g u e  f r o m  

v e h i c l e  v i b r a t i o n ,  a n d  e f f e c t  o f  t h e  v i b r a t i o n . o n  t a s k  p e r f o r m a n c e  

( R e f .  A - 1 7 8  t o  A - 1 8 1 ) . O n l y  v e r y  r e c e n t l y  h a v e  r e s e a r c h e r s  a n d  

e n v i r o n m e n t a l  e n g i n e e r s  c o n s i d e r e d  t h e  p r o b l e m  o f  p e r c e p t i o n  o f  

a n n o y a n c e  a s  w e l l  a s  g e n e r a l  s u b j e c t i v e  s e n s a t i o n  o f  t h e  m a g n i t u d e  

o f  a  v i b r a t i o n  s t i m u l u s  f r o m  r o a d w a y  t r a f f i c ,  c o n s t r u c t i o n ,  

r a i l r o a d  a n d  r a p i d  t r a n s i t  o p e r a t i o n s .

When t h e  o r i g i n a l  c r i t e r i a  f o r  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  

w e r e  d e v e l o p e d ,  v e r y  l i m i t e d  i n f o r m a t i o n  w a s  a v a i l a b l e  o n  human 

r e s p o n s e  t o  b u i l d i n g  v i b r a t i o n .  I n d e e d ,  t h e  t h r e s h o l d  o f  

p e r c e p t i o n  a s  d e f i n e d  b y  v a r i o u s  r e s e a r c h e r s ,  v a r i e d  o v e r  a r a n g e  

o f  1 0  dB t o  20  d B .  H o w e v e r ,  t h e  r e c e n t  a m e n d m e n t s  t o  IS O  s t a n d a r d  

2 6 3 1 / D A D l  ( R e f .  A - 1 8 1 ) ,  d r a f t  A m e r i c a n  N a t i o n a l  S t a n d a r d  o n  " G u i d e  

t o  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  V i b r a t i o n  i n  B u i l d i n g s "

( R e f .  A - 1 8 2 ) , b o t h  c o n c e r n i n g  b u i l d i n g  v i b r a t i o n s ,  a n d  t h e  w o r k  o f  

t h e  C o m m i t t e e  o n  H e a r i n g ,  B i o a c o u s t i c s  a n d  B i o m e c h a n i c s  (CHABA) 

W o r k i n g  G r o u p  69  ( R e f .  C - l )  , p r o v i d e  a g o o d  b a s i s  f o r  d e v e l o p i n g  

c r i t e r i a  a p p l i c a b l e  t o  b u i l d i n g  v i b r a t i o n  d u e  t o  t r a n s i t  

o p e r a t i o n s .

T h e  p r i m a r y  p u r p o s e  o f  t h i s  s e c t i o n  i s  t o  s u m m a r i z e  t h e  p r i n c i p a l  

e x i s t i n g  a n d  p r o p o s e d  v i b r a t i o n  s t a n d a r d s  a n d  l i m i t s  t h a t  may  b e  

a p p l i c a b l e  t o  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  d u e  t o  r a p i d  t r a n s i t  

s y s t e m s .  T h e  s e c o n d a r y  a i m  i s  t o  p r o v i d e  a  b r i e f  h i s t o r i c a l  

r e v i e w  o f  t h e  w o r k  r e l a t i n g  t o  w h o l e - b o d y  v i b r a t i o n .  W h o l e - b o d y  

v i b r a t i o n  i s  g e n e r a l l y  c o n s i d e r e d  t o  b e  t h a t  d u e  t o  v i b r a t i o n  o f  

t h e  p r i n c i p a l  s u p p o r t i n g  s u r f a c e  f o r  t h e  b o d y .  T h i s  d e f i n i t i o n  i s  

p r i m a r i l y  i n t e n d e d  t o  d i s t i n g u i s h  w h o l e - b o d y  v i b r a t i o n  f r o m  l o c a l  

v i b r a t i o n  d u e  t o ,  f o r  e x a m p l e ,  t h e  v i b r a t i o n  o f  h a n d - h e l d  t o o l s .

k
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The earliest work on the "whole-body" sensitivity to vertical 
vibration was first reported in 1931 by Reicher and Meister (Ref. 
A-178). They produced a set of equisensation curves, see Figure
3.1, similar in concept to the equal loudness curves for sound. 
Although this was developed over fifty years ago, its validity is 
still accepted for steady-state vibration. But for transient 
vibrations, for example, floor vibrations produced by people 
walking, there is recent evidence that amplitudes much greater 
than those given by the scale are necessary to produce a given 
sensation at a given frequency.

It was noted in the Reicher and Meister investigation that 
vertical vibration was most readily detected when people were 
standing, whereas horizontal vibration was more noticeable when 
they were lying down. This investigation revealed that the 
threshold of perception for vertical vibration, between the 
frequency range of 5 Hz to 70 Hz, is at 0.3 mm/sec peak velocity 
and a vibration is annoying if the velocity exceeds 2.5 mm/sec.

Another simple and widely used method for assessing the level of 
interference from vibration is to use the Dieckmann (Ref. A-179) K 
values, defined in Table 3-1. Graphical representation of 
K-values is also available, see Fig 3.1. Note that Dieckmann's 
data extends into a lower range of frequencies, starting at 
0.5 Hz.

It has been verified by Dieckmann (Ref. A-179) and Miwa (Ref. 
A-180) that the human threshold to vertical vibration in the 
intermediate frequency range is best approximated by a constant 
velocity curve. However, as compared with Reiher and Meister, 
Dieckmann and Miwa usually give the lower bound of perceptible 
vibration in the intermediate range, see Figure 3.1. The 
threshold curves for vertical vibration given by Reiher and 
Meister, Dieckmann and Miwa have been shown to agree quite well 
(Ref. A-183).
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TABLE 3-1 DIECKMANN K-VALUES (REF. A-179)

VERTICAL VIBRATION HORIZONTAL VIBRATION

Up to 5 Hz, K = Af^ 
5-40 Hz, K = 5 Af 
Above 40' Hz, K = 200 A

Up to 2 Hz, K = 2 Af2 
2-25 Hz, K = 4  Af 

. Above 25 Hz, K = 100 A

A = amplitude in mm, f = frequency in Hz.
The regions for vibration sensitivity are 
defined as follows:

K = 0.1, lower limit of perception,
K = 1, allowable in industry for any 

period of time,,
K = 10, allowable for short durations only,
K = 100, upper limit of strain for the 

average man.
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One of the earliest national standards to incorporate Dieckmann's 
work was German Standard DIN 4025 (Ref. A-184) which was concerned 
with the effect of vibration on the ability to work. It does note 
that vibration slightly above perceptible is classified as: 
"Bearable, but moderately unpleasant if lasting for an hour." DIN 
4025 also extends the frequency range downwards and gives criteria 
for horizontal as well as vertical vibration. A complete summary 
of the relevant data from DIN 4025 is shown in Table 3-2.

Steffens (Ref. A-185) records the details of the German Standards 
Institute draft revision of the older standard DIN 4150 (Ref. 
A-186). This standard gives charts for the calculation of 
K-values based on frequency and amplitude of vibration. The 
curves are applicable to vertical and horizontal vibration at 
frequencies between 0.5 Hz and 80 Hz, for people sitting or 
standing. For frequencies up to 5 Hz, intensity is roughly 
proportional to acceleration. For frequencies greater than 15 Hz 
intensity is roughly proportional to velocity, the velocity for a 
value of K=10 being about 15 mm/s and for K=1 about 1.5 mm/s. In 
this standard, K values are derived as:

R= 0.005 A f2 = 0.8 Vf _ 0.125 a
/ l 0 0  + f 2 v^-00 + f 2  - / loo + f 2

where f = frequency in Hz; A = amplitude of displacement in 
micro-mm; V = maximum velocity in mm/s; and a = the maximum 
acceleration in mm/s .

The values thus obtained differ, but not usually widely so, from 
those given by the Dieckmann results (Table 3-1). The assessment 
of intensity according to the proposed standard is shown in Table
3-3.
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TABLE 3-2 CLASSIFICATION OF K VALUES (D.I.N. 4025, REF. A-184)

K Value Classification Effect on Work
0.1 , Threshold value. Vibration 

just perceptible
Not affected

0.1 - 0.3 Just perceptible. Easily 
bearable, scarcely unpleasant Not affected

0.3 - 1 Easily noticeable.. Bearable,, 
but moderately unpleasant if lasting for an hour

Still not 
affected

1 - 3 Strongly noticeable. Still 
tolerable, but very unpleasant 
if lasting over an hour

Affected, but 
possible

3 - 10 Unpleasant. Can be tolerated 
for periods of up to 1 hour, 
but not for longer

Considerably 
affected, but 
still possible

10 - 30 Very unpleasant, cannot be 
tolerated for more than 10 
minutes

Barely
possible

30 - 100 Extremely unpleasant. Not 
tolerable for more than 1 
minute

Impossible

Over 100 Intolerable Impossible
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TABLE 3-3 INTENSITY (K-UNITS) AND SUBJECTIVE 
EFFECTS (FROM REF. A--85)

K Value Degree of Perception
below 0.1 not felt

0.1 threshold of perception
0.25 barely noticeable
0.63 noticeable
1.6 easily noticeable
4 strongly detectable
10 very strongly detectable

(K values of 25 and 63 are also given, but it is 
stated that it is not possible to distinguish between 
their effects on people)
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Draft revision of DIN 4150 (Ref. A-185) summarized in Table 3-4, 
also gives acceptable levels of vibration for buildings such as 
houses, offices and hospitals. Sustained vibrations are defined 
as lasting for more than two hours continuously. Repeatedly 
occurring vibrations are sustained vibrations that occur only 
occasionally, or are shocks that recur at various intervals. 
Occasional shocks are transient vibrations lasting for a short 
time only (for example shocks from blasting that may occur only 
one to three times per day). Values given in brackets apply to 
cases where the frequency of vibration is below 15 Hz.

Another relevant German Standard (DIN 4150 Part 2, Ref. A-186) 
addresses the topic of acceptable guidelines for building 
vibrations. Unfortunately, details of this standard cannot be 
presented here since no translation is available.

Since 1974 the principal and widely quoted human vibration 
standard has been the International Standards Organization ISO 
2631 (Ref. A-181), entitled "Guide for the Evaluation of Human 
Exposure to Whole-Body Vibrations," which is based upon the work 
of a large number of previous investigators. A similar document 
(Ref. A-187) was published in the United Kingdom at about the same 
time. The relevant standard issued by the American National 
Standards Institute, ANSI 53.18 - 1979 (Ref. A-188) is also 
essentially the same as ISO 2631. More recently, many other 
documents have appeared to amend or extend the guidance provided 
in ISO 2631. A major revision of ISO 2631 is currently being 
considered but this is not expected to be completed for several 
years.

ISO 2631 ,is framed mainly in terms of the effect of vibration on 
working ability and fatigue. It gives numerical limits for 
exposure to vibration transmitted from solid surfaces to the human
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TABLE 3-4 ACCEPTABLE VIBRATION LEVELS (FROM REF. A-185)

Permissible Intensities or K Value

Building Areas Time
Sustained
Vibrations

Repeatedly
vibrations
occurring

Seldom
occurring
shocks

Health resorts, 
Hospitals 
Nursing homes (SO)

Day Threshold of Threshold of 2.5

Night perception perception Threshold of 
perception

Small building estates (WS)
Purely residential areas (Wh) Day 0.2 (0.1) 4
General residential areas (WA) Threshold of 

perception
Weekend living areas (SW) Night Threshold of Threshold of
University areas (SO) perception perception

Village areas (MD) Day 0.3 (0.15) . 0.63 (0.3) . 8
Mixed areas (MI)
Central areas (MK) Night Threshold of 

perception
Threshold of 
perception

Threshold of 
perception

Business areas (GE) Day 0.63 (0.3) 0.8 (0.4) 12
Industrial areas (GI)
Port areas (SO) Night 0.4 0.4 0.4
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body over the frequency range 1 Hz to 80 Hz, applied to three axes 
of translational vibration. Exposure to vibration is divided into 
three categories:

"exposure limits" concerned with the
preservation of 
health or safety

"fatigue-decreased. iproficiency boundary
concerned with the 
preservation of 
working efficiency

"reduced comfort boundary concerned with the 
preservation of 
comfort

The limits corresponding to the above three criteria are given in 
a simple hierarchical relationship such that for any particular 
vibration frequency, axis and duration:

exposure limits = 2 times "fatigue decreased
proficiency" (FDP) limits 
(6 dB higher).

reduced comfort boundary = 1/3 times "fatigue decreased
proficiency" limits (10 dB 
lower).

I t  is  indicated by ISO 2631 th at the horizonta l threshold of
perception is  higher than the v e r t ic a l threshold fo r frequencies
of 3.15 Hz and upwards, see Figure 3.2a and 3.2b.
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A series of brief amendments to the principal standard have 
recently been proposed. Draft amendment ISO 2631/DAM1 (Ref.
A-189) is intended to clarify and assist the application of the 
standard. This amendment emphasizes that the standard is 
concerned with the provision of only general guidance and states 
that factors not specified in the standard can have large effect. 
The crest factor limit of 3 given in the standard is raised to 6 
and crest factors are refined less ambiguously. The frequency 
weighting method is advocated as the recommended procedure when 
assessing the effect of vibration on comfort and performance. It 
is proposed that when the vibration occurs in three axes the 
effect on comfort ajid performance should be determined by taking 
the square root of the sum of the squares of the weighted values 
in each axis.

Draft addendum ISO 2631/DAD1 (Ref. A-180) is a guide to the 
evaluation of human exposure to vibration and shock in buildings. 
More recently, draft American National Standard ANSI Standard
S3.29-198X (Ref. A-182) provides guidelines that are essentially 
the same as ISO 2631/DADl. The draft ANSI standard presents 
limits of vibration acceptability for various building types in 
the frequency range of 1 Hz to 80 Hz. In other words, this 
standard defines levels of vibration at which humans will perceive 
and possibly react when inside a variety of buildings. The 
frequency weightings are based on those in ANSI S3.18 - 1979 and 
ISO 2631, but the limits are at about the same level as the 
threshold of perception of vibration of the most sensitive humans. 
This threshold is approximately one-half of the value presented in 
ANSI S3.18-1979 as the mean threshold of perception. The standard 
notes that the threshold of perception for the most sensitive 
individuals is considered necessary in order to provide for 
extremely sensitive areas such as hospitals and hospital operating 
rooms. Essentially, the frequency-weighted characteristics
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contained in ANSI S3.18-1979 to describe human response to 
vibration have been maintained in this standard.

Since vibration measurements will generally be made on a part of 
the building (normally on the floor at the point of greatest 
vibration) the axis of vibration of the body will depend on the 
orientation of the body. For example, vertical building vibration 
will be z-axis for standing and seated persons but x-axis for 
persons lying on their backs. A combined standard has therefore 
been proposed in draft ANSI Standard S3.29-198X, which consists of 
a combination of the lowest levels of the limits for z, x, and 
y-axis vibration. This consists of the limits for x and y-axis 
vibration from 1 Hz to 2 Hz and the limits for z-axis vibration 
above 2 Hz. The combined curve is shown in Figures 3.3 and 3.4, 
based on acceleration and velocity respectively.

Figures 3.3 and 3.4, extracted from draft ANSI standard S3.29-198X 
show various curves corresponding to multiplying factors from 1 to 
128. These correspond to the acceptable building vibration levels 
with corrections for various building types, time of day, and 
source characteristics. In addition, other corrections can be 
made based on duration and frequency of occurrence of the events. 
The levels corresponding to these multiplying factors are regarded 
as "good environmental standards." Draft Addendum ISO 2631/DADl 
states that vibration levels up to a factor of 2 greater are said 
to give rise to "moderate complaint." An increase above the basic 
levels by a factor of 4 will give rise to "major complaints" 
unless prior warning is given.

The vibration levels in draft Addendum ISO 2631/DADl and draft 
ANSI Standard S3.29-198X are based on a combination of the ISO 
frequency weighting and some data on vibration threshold (see for 
example McKay; Ref. A-192). As noted by Griffin (Ref. A-193),
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TABLE 3-5 WEIGHTING FACTORS FOR SUGGESTED SATISFACTORY 
MAGNITUDES OF BUILDING VIBRATION FROM 
ANSI S3.29-198X (REF. A-182)

Continuous or Intermittent Impulsive shock
vibration and repeated excitation with several

Place Time impulsive shock occurrences per day
(see Notes 4 and 5)

Hospital operating Day 1 1
room and c r it ic a l
working areas Night 1 1 Note 1

Residential (good Day 2 90
environmental
standard) Night 1.4 1.4

Day 4 128
O ffice

Night 4 See Note 2 128

Day 8 See Notes 2 128 Notes 2
Workshop and 3 and 3Night 8 128

N otes: 1. Magnitudes o f  im p u lsive  shock in  h o s p ita l  o p era tin g  rooms and c r i t i c a l
work p la ce s  p e rta in  t o  p e r io d s  o f  tim e when op era tio n s  are in  p rog ress  
or  c r i t i c a l  work i s  b e in g  perform ed. At o th e r  t im es, le v e ls  as high as 
those fo r  re s id e n ce s  co u ld  be a llow ed  p rov id ed  th ere  i s  due agreement 
and warning.

2. The le v e ls  f o r  im p u lsive  shock e x c ita t io n  in  o f f i c e s  and workshop areas 
should not be in cre a se d  w ith ou t co n s id e r in g  the p o s s i b i l i t y  o f  
s ig n i f i c a n t  d is r u p t io n  o f  working a c t i v i t y .

3. V ib ra tion  from c e r ta in  p ro c e s s e s , such as drop fo r g e s  o r  cru sh ers which 
produce high le v e ls  o f  v ib r a t io n  in  working p la ce s  may be in  a separate 
ca teg ory , from workshops as g iven  in  above T ab le . V ib ra tion  s p e c i f ie d  
in  ANSI S3.18-1979 w i l l  then apply .
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N otes:

TABLE 3-5 (CONT.)

4. The t r a d e -o f f  between number o f  events p er day and magnitudes are 
n ot w e ll  e s ta b lis h e d . The fo l lo w in g  p r o v is io n a l r e la t io n s h ip  s h a ll 
be used f o r  cases  o f  more than th ree  events p er day pending fu r th e r  
resea rch  in to  human v ib r a t io n  to le ra n ce . W eighting fa c t o r s  are 
m u lt ip lie d  by a number o f  event fa c t o r ,  F^:

Fn = 2 .13  N- 0 . 6 8 8

where N i s  the number o f  events per day.

5. For d is c r e te  events w ith d u ra tion s  (T) exceed in g  one second ,
w eigh tin g  fa c to r s  can be a d ju sted  by m u ltip ly in g  by a d u ra tion
fa c t o r  F n: d

- 1 . 2 2F = T f o r  co n cre te  f l o o r sd
-0 .3 2 3  £ ,F = T f o r  wooden f l o o r sd

The event du ration s in  seconds (T) can be estim ated from the 
10 p ercen t (-20  dB) p o in ts  o f  the m otion -tim e h is t o r ie s .
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this weighting curve may still require some refinement* Existing 
evidence suggests that the frequency weighting, and in consequence 
the guidance in ISO 2631/DADl, may tend to over-'emphasize 
sensitivity at low frequencies and relatively under-estimate 
sensitivity to high frequencies.

It is important to note that both draft Addendum ISO 2631/DADl and 
draft ANSI standard S3.29-198X make distinction between vibration 
generated from continuous, intermittent, and impulsive shock 
sources. Here the impulsive vibration is generally defined as 
short duration with rapid build-up to peak followed by damped 
sinusoidal decay involving one or more cycles. Intermittent 
vibrations are from repetitive impulsive sources which may be 
regular (pile drivers, forging presses) or irregular (traffic, 
intermittent machinery, elevators). The intention of these 
standards is to treat repeated intermittent vibrations in a manner 
similar to continuous vibration. It is reasonable to state that 
vibrations from rapid transit trains and railroads may also be 
regarded as irregular and thus treated in a manner similar to 
continuous vibrations.

It is interesting to note that frequency weighting characteristics 
proposed by the CHABA report (Ref. C-l) are almost identical to 
the combined curve shown in Figure 3.3. This comparison is 
presented in Figure 3.5 and shows that there are only minor 
variations. Figure 3.5 also distinguishes between the building 
vibration criteria for occupants in buildings for x, y and z-axes. 
Note that the CHABA weighting curve has been defined for .the 
frequency range of 1 Hz to 80 Hz. Because groundborne vibration 
rarely has important components outside the range of 1 Hz to 80 
Hz, the CHABA weighting appears to be adequate for transit 
applications.
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CHABA also presents guidelines for the threshold of acceptable 
building vibration which are based on data reported in ISO 2631. 
These guidelines are reflected in the draft ANSI Standard
S3.29-198X.

In summary, it is apparent from the above review that there is a 
wide variety of material and international standards on human 
vibration perception currently available. Review has shown that 
more recent standards, such as American National Standards 
Institute draft ANSI standard S3.29-198X (Ref. A-182) , 
International Standards Organization draft addendum ISO 2631/DAD1 
(Ref. A-190) provide realistic and convenient methods of assessing 
groundborne noise and vibration from transit trains. Note that 
both draft ANSI standard S3.29-198X and ISO 2931/DADl offer very 
similar guidelines and were developed for general non-specific 
vibrational sources.

The next section discusses the assessment of transit induced 
groundborne vibration using the criteria for human response to 
building vibration.

3.1.2 Recommended Vibration Criteria

Until relatively recently, the problem of environmental.impact of 
groundborne vibration has been difficult to assess because of the 
paucity of information on human response to building vibration. 
However, as indicated in the discussion of the previous section, 
there are now generally accepted criteria for building vibration 
such as ISO 2631 (Ref. A-181), although even these standards 
include qualifications regarding the lack of information on human 
exposure to building vibration. In this section the results of 
acceptability criteria based on evaluation of community complaints 
with the standards of ISO 2631 (Ref. A-181) and the proposed ANSI 
standard (Ref. A-182) are compared.
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As new U.S. transit systems have become operational/ there have 
been a number of instances where community complaints regarding 
groundborne vibration have been evaluated. Normally the 
evaluation has included measurement of the structural vibration 
caused by the transit trains. These measurements provide a data 
base which can be used to make at least a preliminary evaluation 
of the suitability of various criteria for transit train induced 
vibration of residential structures. The remainder of this 
section presents an evaluation of 15 cases in which structural 
vibration from transit trains was measured. The acceptability of 
the vibration environment was divided into four categories 
(imperceptible/ barely perceptible, definitely perceptible, and 
disagreeable) based on the subjective assessment of the building 
occupants and the person who took the measurements. This 
information was originally presented in Reference A-62.

One of the problems in evaluating vibration is the lack of a 
universally acceptable single number descriptor analogous to the 
A-weighted sound level used to evaluate sound. Since vibration is 
usually measured with accelerometers, acceleration is the most 
commonly reported single number description of vibration. 
Unfortunately, human response to acceleration is very nonlinear.
At frequencies encountered in groundborne vibration from transit 
trains, human response is better correlated to vibration velocity 
level than to acceleration.

A first step in the development of a universal vibration 
descriptor is the weighting proposed by the CHABA working Group 69 
report (Ref. C-l) and the proposed ANSI Standard (Ref. A-182). 
Basically the weighting curve provides a level proportional to 
velocity at high frequencies and proportional to acceleration at 
low frequencies. The curve presented in the CHABA report is 
essentially a smooth curve representation of that in the proposed 
ANSI standard.
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For the evaluation in this report we have applied the CHABA smooth 
curve weighting, modified to be applied to vibration velocity 
level. The weighting curve is presented in Figure 3.5. For 
frequencies above 8 Hz, the level obtained with the weighting 
curve is approximately equal to the overall vibration velocity 
level. For signals that have significant vibrational energy at 
frequencies below 8 Hz, the weighted vibration level will be lower 
than the overall weighted velocity level.

In the CHABA report a weighting curve that can be applied to 
acceleration signals is defined. If the acceleration weighting 
curve is represented in terms of velocity level, the curve has the 
same shape as shown in Figure 3.5. However, it is offset by a 
constant that is dependent upon the acceleration and velocity 
reference levels that are used. For example, with reference 
levels of 10-®g for acceleration and 10-6 in/s for velocity, the 
acceleration weighting curve expressed in terms of velocity level 
has a 21 dB offset. The result is that for typical transit 
induced ground vibration the weighted acceleration level will be 
21 dB lower than the overall velocity level.

To avoid confusion regarding the weighted vibration level, in this 
report we use the weighting for velocity level that is shown in 
Figure 3.6. In the majority of cases, the weighted velocity level 
is within 1 dB of the unweighted overall velocity level.

For the 15 cases where vibration data were available and the 
response to the vibration could be realistically assessed, the 
weighted velocity level was determined using the weighting shown 
in Figure 3.6. In all cases floor vibration was measured. When 
possible the transducer was located in the center of the floor.
If no center floor measurement was taken, and no reasonable 
estimate of center floor vibration could be made, then the data
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were not used. The subjective response versus the weighted levels 
are shown graphically in Figure 3.7. Note that the subjective 
ratings for the vibration environments were not determined by a 
detailed, scientifically designed, sociological survey. Only the 
opinion of the person who took the data and the response of the 
occupants were available. Generally, vibration in the "distinctly 
perceptible" range was considered unacceptable by both the 
building occupants and the person who took the measurements. Many 
occupants were nervous that the vibration might cause damage to 
the building foundation, a fear that undoubtedly contributes to 
dissatisfaction, though we have yet to observe a situation in 
which vibration from transit trains is the cause of structural 
damage.

The data presented in Figure 3.7 clearly indicate that the 
weighted vibration level correlates well with the subjective human 
response to building vibration. Since none of the examples showed 
significant low-frequency vibration, the same correlation applies 
to the overall velocity level.

The most important observation relating to the data in Figure 3.6 
is that the threshold of acceptable vibration appears to be a 
weighted level in the range of 79 dB to 84 dB re 10“® m/sec. This 
observation correlates reasonably well with other proposed 
standards. The draft ANSI Standard recommends a limit of
1.4 x 10"4 m/sec (83 dB 10“® m/sec) for building vibration or 
residential structures.

Figures 3.8 and 3.9 summarize the recommended criteria for transit 
induced groundborne vibration of residential structures. Figure
3.8 presents the levels in terms of vibration velocity level and 
Figure 3.9 presents the levels in terms of acceleration levels. 
Also shown are curves from the draft ANSI standard. As indicated
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WEIGHTED VIBRATION LEVEL -  dB RE 1 0 " 8  m/s

FIGURE 3 . 7  BUILDING OCCUPANT RESPONSE AS A FUNCTION OF 
WEIGHTED VIBRATION LEVEL OF THE FLOOR DURING 
TRANSIT TRAIN PASS-BYS
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in Figures 3.8 and 3.9, the recommended transit criteria are 
slightly lower than the criteria of the ANSI standard. Although 
the difference is only a few dB, because of the small difference 
between acceptable vibration, this difference is significant.

A recent evaluation of community complaints regarding groundborne 
vibration from WMATA Metro trains provided a unique opportunity to 
inspect closely the criteria for limits of groundborne vibration.
A total of 22 train pass-bys were recorded spanning a two hour 
period. Two series of measurements were taken on the first floor 
because during the first series of measurements the resident 
indicated that the trains were not creating the usual vibration 
and noise. Both the resident and the personnel taking the 
measurements agreed that the noise and vibration levels during 
this series of measurements would generally be acceptable. During 
the second series of measurements the levels were noticeably 
higher, reaching the point of being generally unacceptable in a 
residential structure.

Subsequent analysis of the data indicated a small but consistent 
difference of only 2 to 3 dB in the vibration levels. The most 
important observation is that there is very little difference 
between acceptable and unacceptable levels of groundborne 
vibration. A 2 dB to 3 dB increase in vibration level can result 
in a significant increase in the intrusive quality of the 
vibration.

The general conclusion is that groundborne vibration from new 
transit systems should not exceed a weighted level of 77 dB to 
82 dB re 10“® m/sec (69 dB to 74 dB re 10-  ̂ in/sec) and that the 
1/3 octave band vibration velocity levels should not exceed the 
5 dB range shown in Figure 3.9. The 5 dB range represents a

4
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transition region. Above this range complaints are likely; below 
the range complaints should be rare; and levels within the range 
are marginally acceptable.

3.2 NOISE CRITERIA

There is considerably less confusion regarding appropriate 
criteria for acceptable levels of groundborne noise. Although 
limits for groundborne noise have often been presented in terms of 
NC curves, it is now more common to specify the maximum acceptable 
levels in terms of A-weighted sound levels. The guidelines for 
allowable levels of groundborne noise that are presented in the 
APTA Guidelines (Ref. A-197) have been successfully applied at 
several transit systems. A summary of the guidelines is presented 
in Table 3-6. The general conclusion is that groundborne noise 
which meets the design goals of Table 3-6 will not be inaudible in 
all cases, however, the levels should be low enough that no 
significant intrusion or annoyance will occur (Ref. A-197).

3.3 VIBRATION INDUCED BUILDING DAMAGE CRITERIA

Vibration levels required to produce damage in buildings are 
generally much higher than those which would be tolerated by 
humans. The damage potential of buildings varies widely according 
to type of construction, age, size, the fatigue properties of the 
building material, and the possibility of structural resonance.

It is important to note different types of building damage. If a 
building is exposed to extremely high levels of ground vibration, 
then a building may suffer major damage, such as serious 
structural damage, glass breakage, and serious plaster cracking, 
possibly accompanied by falling plaster. A building may suffer
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TABLE 3-6 CRITERIA AND DESIGN GOALS FOR MAXIMUM
GROUNDBORNE NOISE FROM TRAIN OPERATIONS 
(REF. A-19 7)

A. RESIDENCES AND BUILDINGS WITH SLEEPING AREAS

Community Area 
Category

I Low Density Residential
II Average Residential
III High Density Residential
IV Commercial
V Industrial/Highway

B. SPECIAL FUNCTION BUILDINGS
Type of Building 
_____or Room

Concert Halls and TV Studios 
Auditoriums and Music Rooms 
Churches and Theaters 
Hospital Sleeping Rooms 
Courtrooms
Schools and Libraries 
University Buildings 
Offices
Commercial Buildings

Maximum Single Event Ground-borne 
___________Noise Level___________
Single Multi- 
Family Family Hotel/Motel 

Dwellings Dwellings Buildings
30 dBA 35 dBA 40 dBA
35 40 45
35 40 45
40 45 50
40 45 55

Groundborne Passby 
Noise Design Goal

25 dBA 
30 dBA 
35 dBA 

35-40 dBA 
35 dBA 
40 dBA 

35-40 dBA 
35-40 dBA 
45-55 dBA
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minor damage due to lower levels of vibration. This is typically 
characterized by fine plaster cracking and the re-opening of old 
cracks, generally termed as architectural damage.

Review of literature has shown that many investigators have 
studied the damage risks due to vibration with a somewhat 
confusing spread of results. It was also noticed that previous 
investigators did not, in general, distinguish between horizontal 
or vertical motion when dealing with building damage criteria. A 
summary of the results of some of these studies is shown in Table
3-7. The wide variation in these results is probably due to the 
large variation among building structures and the different 
vibration sources considered, including earthquakes, traffic and 
blasting.

Note that the results are presented in terms of peak ground 
velocity because it provides the best correlation. This approach 
can be partially justified by modelling a complex structure as a 
single-degree-of-freedom system excited by a vibrating base (Ref. 
A-50). Under these circumstances, one will find that the strain 
across the building elements (springs) are proportional to the 
base velocity in the vicinity of the natural frequency of the 
system. (This model also shows that in some frequency ranges 
displacement or acceleration may be more appropriate criteria.)

International Standards Organization draft standard (Ref. A-205) 
and CHABA report (Ref. C-l) also address the subject of structural 
damage for building vibration. The CHABA report states that the 
proposed ISO standard recommends that 6 mm/s (5 mm/s to 30 mm/s 
for shock) be considered as the upper limit of the threshold of 
damage to structures. These velocities are considerably lower 
than the 2 in/sec (50.8 mm/sec) that has been commonly used in the 
United States. The CHABA report concludes that reducing the
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TABLE 3-7 SUMMARY OF BUILDING DAMAGE CRITERIA

PEAK GROUND 
VELOCITY 
(mm/sec)

PEAK GROUND 
VELOCITY 
(in/sec) COMMENT REF.

193.04 7.6 MAJOR DAMAGE TO BUILDINGS (mean of data) (A-198)

137.72 5.4 MINOR DAMAGE TO BUILDINGS (mean of data) (A-198)

101.16 4.0 "ENGINEER STRUCTURES" SAFE FROM DAMAGE (A-199)

50.8 2.0 SAFE FROM DAMAGE LIMIT (probability of 
damage <5%)

(A^198)

NO STRUCTURAL DAMAGE (A-203)

33.02 1.3 THRESHOLD OF RISK OF "ARCHITECTURAL" 
DAMAGE FOR HOUSES

(A-200)

25.4 1.0 NO DATA SHOWING DAMAGE TO STRUCTURES 
FOR VIBRATION <1 in. sec

(A-198)

15.24 0.6 NO RISK OF "ARCHITECTURAL" DAMAGE TO 
NORMAL BUILDINGS

(A-200)

10.16 0.4 THRESHOLD OF DAMAGE IN OLDER HOMES (A-201)

5.08 0.2 STATISTICALLY SIGNIFICANT PERCENTAGE 
OF STRUCTURES MAY EXPERIENCE MINOR 
DAMAGE (including earthquake, 
nuclear event, and blast data for 
old and new structures)

(A-202)

NO ARCHITECTURAL DAMAGE (A-203)

3.81 0.5 to 0.15 UPPER LIMITS FOR RUINS AND ANCIENT 
MONUMENTS / (Cl) & (A-200)
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threshold from 50 mm/sec does not appear to be warranted on the 
basis of the results reported in the literature. However, the 
CHABA report recommends a peak velocity of 1 in/sec (25.4 mm/sec) 
as the threshold of damage to structures. This guideline is based 
on the results reported in Bureau of Mines Bulletin 656 (Ref. 
A-198) and is designed to cover all of the data points.
Examination of the data reported in the CHABA report, adopted from 
Bureau of Mines Bulletin 656, reveals that only a small minority 
of data points are below 1 in/sec peak velocity. The reported 
data tend to suggest that it is realistic to maintain the 
criterion for the threshold of damage to structures at 2 in/sec 
(approximately 50 mm/sec) peak particle velocity. This threshold 
limit is designed to protect a significant proportion of buildings 
from structural damage. For vibration sensitive older buildings 
and special structures, this limit could be lowered by a factor of 
two, thus bringing it in line with CHABA guidelines.

Paolillo (Ref. A-204) has also reported that the New York City 
Transit Authority now. uses 0.2 inches per second maximum (peak) 
particle velocity as the threshold of architectural damage for 
vibration produced by sources other than blasting. The Authority 
considers 2.0 inches per second to be an acceptable limit for 
blasting vibration. Paolillo also reports that the level of 0.2 
inches per second has been reached in only one of the hundred 
complaints of subway produced vibration that the Authority has 
investigated. Therefore, New York City Transit Authority's 
position is that subway vibration, even in abnormal situations 
does not exceed the threshold of architectural damage. Note that 
these criteria are consistent with the general criteria reported 
earlier.

There is also a German Standard, DIN 4150 (Ref. A-207) which 
suggests velocities for sudden shocks, (see Table 3-8). DIN 4150
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TABLE 3-8 MAXIMUM ALLOWABLE TRANSIENT VIBRATIONS, DRAFT
D.I.N. 4150 (REF. A-185)

Class Description
Max. Resultant 
Velocity (mm/s)

1 Ruins and buildings of great historical 
value

2

2 Buildings with existing defects, having 
visible cracks in brickwork

5

3 Undamaged buildings in technically good 
condition, apart from minor defects 
such as cracks in plaster

10

4 "Strong", buildings (for example, 
industrial buildings’ in reinforced 
concrete or stfeel)

10 - 40

i.
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suggests that the velocities should be reduced by one third for 
sustained vibrations.

Figure 3.10 provides a useful comparison to typical levels of 
ground vibration near transit system subways and various criteria 
for human and structure exposure to vibration. It is apparent 
from Figure 3.10 that any vibration near the limit for structural 
damage will be distinctly perceptible and may cause vigorous 
community complaints.

It must be stressed that in the case of old and historic 
structures, the situation is,not very clear as regarding threshold 
of architectural damage. The level cited earlier as threshold of 
architectural damage (0.2 in/sec) is probably adequate for 
historic buildings as a single level, but it cannot account for 
long-term fatigue damage that may occur after many years of 
vibration (Ref. A-203) . Such fatigue damage has been observed in 
very old structures (eg., European cathedrals erected in the 
Middle Ages) although no systematic impact criterion has yet been 
developed to analyze this problem (Ref. A-207).

It seems appropriate here to mention that the repetition of 
stresses can result in fatigue damage, and vibration would also 
cause additional stresses to be superimposed on an existing high 
concentration of stress, thus "triggering off" a failure.

In summary, it is apparent that the criterion of 50 mm/sec and 5 
mm/sec peak velocity are becoming widely acceptable as the 
threshold of structural and architectural damage respectively. 
Structural damage is generally defined as glass breakage and 
serious plaster cracking, possibly accompanied by falling plaster. 
Architectural damage is characterized by fine plaster cracking and 
the re-opening of old cracks. These are reasonable criteria for

v
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p r e v e n t i n g  s t r u c t u r a l  a n d  a r c h i t e c t u r a l  d a m a g e  i n  v i r t u a l l y  a l l  

c i r c u m s t a n c e s .  A d d i t i o n a l l y ,  i t  m u s t  b e  n o t e d  t h a t  i t  i s  

e x t r e m e l y  r a t e  t h a t  v i b r a t i o n  p r o d u c e d  b y  t r a n s i t  t r a i n s  w i l l  e v e n  

a p p r o a c h  t h e  t h r e s h o l d  o f  a r c h i t e c t u r a l  d a m a g e .

3 . 4  S O I L  S E T T L E M E N T  C R I T E R I A

T h e  l i t e r a t u r e  s e a r c h  h a s  r e v e a l e d  t h a t  s o i l  s e t t l e m e n t  h a s  n o t  

b e e n  a s  w i d e l y  s t u d i e d  a s  h a s  b e e n  t h e  c o r r e s p o n d i n g  b u i l d i n g  

d a m a g e  p r o b l e m .  G u t o w s k i  e t  a l .  ( R e f .  A - 2 0 3 )  h a v e  c a r r i e d  o u t  a n  

e x t e n s i v e  l i t e r a t u r e  r e v i e w  i n  o r d e r  t o  d e t e r m i n e  v i b r a t i o n  

c r i t e r i a  f o r  s o i l  s e t t l e m e n t .  T h e  c o n c l u s i o n s  f r o m  t h i s  s t u d y  a r e  

t h a t  n o  d y n a m i c  s e t t l e m e n t  i n  g r a n u l a r  s o i l  i s  t o  b e  e x p e c t e d ,  i f  

h o r i z o n t a l  a n d  v e r t i c a l  g r o u n d  a c c e l e r a t i o n  l e v e l s  a r e  k e p t  b e l o w  

0 . 5  g  a n d  1 . 0  g  r e s p e c t i v e l y .  T h e  d y n a m i c  s e t t l e m e n t  r e f e r s  t o  

d e n s i f i c a t i o n  c a u s e d  b y  s o m e  i m m e d i a t e ,  t r a n s i e n t  e x c i t a t i o n  s u c h  

a s  c o n s t r u c t i o n  a n d  r a p i d  t r a n s i t  v i b r a t i o n .  D y n a m i c  s e t t l e m e n t  

t e n d s  t o  b e  m o r e  o f  a  p r o b l e m  f o r  g r a n u l a r  s o i l ,  p a r t i c u l a r l y  

s a n d y  s o i l s  ( R e f .  A - 2 0 3 ) .  T h i s  i s  b e c a u s e  t h e  h i g h  f r a c t i o n  o f  

p o r e  s p a c e s  ( h i g h  v o i d  r a t i o )  a l l o w s  c o m p r e s s i o n  o f  t h e  m i n e r a l  

s k e l e t o n  t o  t a k e  p l a c e  m o r e  e a s i l y  t h a n  f o r  h i g h l y  c o m p a c t e d  

s o i l s .  A d d i t i o n a l  p r o b l e m s  c a n  d e v e l o p  b e c a u s e  o f  t h e  g e n e r a l l y  

l a r g e  p e r m e a b i l i t y  o f  g r a n u l a r  s o i l s .

A  r e c e n t  p a p e r  b y  D o r b y  e t  a l . ,  q u o t e d  i n  R e f e r e n c e  A - 2 0 4 ,  

i n d i c a t e s  t h a t  v e r y  l o w  a c c e l e r a t i o n  ( 0 . 0 5  g  t o  0 . 2  g )  m a y  c a u s e  

l i q u e f a c t i o n  o f  l o o s e  s a t u r a t e d  c o h e s i o n l e s s  s o i l s .  S i n c e  t h e  

s o i l  u n d e r  e x i s t i n g  b u i l d i n g s  w o u l d  n o t  b e  l o o s e ,  t h e  h i g h  e n d  o f  

t h e  r a n g e  ( 0 . 2  g )  w o u l d  b e  a  c o n s e r v a t i v e  c r i t e r i o n .  H o w e v e r ,  i t  

h a s  b e e n  r e p o r t e d  b y  P a o l i l l o  ( R e f .  A - 2 0 4 )  t h a t  a c c e l e r a t i o n  

g r e a t e r  t h a n  0 . 2  g  h a v e  n o t  b e e n  m e a s u r e d  f r o m  s u b w a y s ,  a n d  t h e  

N e w  Y o r k  C i t y  T r a n s i t  A u t h o r i t y ' s  p o s i t i o n  i s  t h a t  v i b r a t i o n  

p r o d u c e d  b y  s u b w a y s  w i l l  n o t  c a u s e  s e t t l e m e n t  o f  b u i l d i n g s .
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I n  s u m m a r y ,  i t  c a n  b e  c o n c l u d e d  t h a t  h o r i z o n t a l  a n d  v e r t i c a l  

a c c e l e r a t i o n  l e v e l s  o f  0 . 5  g  a n d  1 . 0  g  r e s p e c t i v e l y  m a y  c a u s e  s o m e  

d y n a m i c  s o i l  s e t t l e m e n t s  i n  g r a n u l a r  a n d  s a n d y  s o i l s .  H o w e v e r ,  

t h e  v i b r a t i o n  p r o d u c e d  b y  s u b w a y s  w i l l  n o t  c a u s e  s e t t l e m e n t  o f  

b u i l d i n g s .
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4 .  M E A S U R E M E N T  T E C H N I Q U E S

T h e  d e v e l o p m e n t  a n d  e v a l u a t i o n  o f  m e t h o d s  f o r  p r e d i c t i o n  a n d  

c o n t r o l  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  d e p e n d s  s t r o n g l y  o n  

r e l i a b l e  m e a s u r e m e n t  d a t a .

A t  t h i s  t i m e ,  a  c o n s i d e r a b l e  v a r i e t y  o f  m e a s u r e m e n t  t e c h n i q u e s  a n d  

m e t h o d s  o f  d a t a  p r e s e n t a t i o n  e x i s t .  T e c h n i q u e s  r a n g e  f r o m  t h e  u s e  

o f  s e i s m o g r a p h s  f o r  r e c o r d i n g  a n d  p r e s e n t i n g  t h e  t i m e  h i s t o r y  o f  

t h e  v i b r a t i o n  v e l o c i t y  d a t a ,  t o  t h e  u s e  o f  1 / 3  o c t a v e  b a n d  o r  

c o n s t a n t  b a n d w i d t h  s p e c t r a l  a n a l y z e r s  f o r  a  m o r e  d e t a i l e d  a n a l y s i s  

o f  t h e  f r e q u e n c y  c o n t e n t  o f  t h e  v i b r a t i o n .  I n  E u r o p e ,  v i b r a t i o n  

d a t a  b e l o w  2 5  H z  i s  r a r e l y  p r e s e n t e d ,  w h i l e  i n  t h e  U n i t e d  S t a t e s  

t h e  t y p i c a l  a n a l y s i s  b a n d w i d t h  e x t e n d s  d o w n  t o  6 . 3  H z  o r  l o w e r .  

S e c o n d l y ,  E u r o p e a n  d a t a  i s  m o s t  o f t e n  p r e s e n t e d  i n  t e r m s  o f  

v i b r a t i o n  v e l o c i t y ,  w h i l e  i n  t h e  U n i t e d  S t a t e s  v i b r a t i o n  

a c c e l e r a t i o n  i s  t h e  m o s t  c o m m o n l y  p r e s e n t e d  q u a n t i t y .  I n  m o s t  

c a s e s ,  t h e  b a n d w i d t h  a n d  t y p e s  o f  a n a l y s i s  a n d  p r e s e n t a t i o n  d e p e n d  

s t r o n g l y  o n  t h e  t y p e  o f  i n s t r u m e n t a t i o n  a v a i l a b l e  t o  t h e  

r e s e a r c h e r .  T h u s ,  t h e  b a n d w i d t h  o f  p u b l i s h e d  g r o u n d b o r n e  v i b r a t i o n  

d a t a  v a r i e s  c o n s i d e r a b l y .  T h e  l o w e r  l i m i t  o f  a n a l y s i s  m a y  b e  

a n y w h e r e  b e t w e e n  3 . 1 5  a n d  6 3  H z .

T h e  f o l l o w i n g  d i s c u s s i o n  a d d r e s s e s  t h e  s t a t e - o f - t h e - a r t  i n  

m e a s u r e m e n t  a n d  a n a l y s i s  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  f r o m  

t r a n s i t  s y s t e m s ,  a n d  e m p h a s i z e s  t h e  p r o b l e m s  o r  a d v a n t a g e s  o f  

v a r i o u s  m e a s u r e m e n t  t e c h n i q u e s ,  l o c a t i o n s ,  a n d  m e t h o d s  o f  

p r e s e n t a t i o n .

4 . 1  M E A S U R E M E N T  L O C A T I O N S

A  n u m b e r  o f  l o c a t i o n s  h a v e  b e e n  u s e d  f o r  m e a s u r i n g  g r o u n d b o r n e
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n o i s e  a n d  v i b r a t i o n  f r o m  r a p i d  t r a n s i t  s y s t e m s .  S u b w a y  s t r u c t u r e  

m e a s u r e m e n t  l o c a t i o n s  i n c l u d e  t h e  w a l l ,  t h e  c e i l i n g ,  t h e  i n v e r t ,  o r  

a  c o m b i n a t i o n  o f  a l l  t h r e e .  M e a s u r e m e n t s  a t  t h e  g r o u n d  s u r f a c e  

i n c l u d e  o v e r  t h e  s t r u c t u r e  a n d  a t  a  n u m b e r  o f  l o c a t i o n s  t o  t h e  s i d e  

o f  t h e  s t r u c t u r e .  I n s i d e  b u i l d i n g s ,  m e a s u r e m e n t s  a r e  o f t e n  m a d e  o n  

t h e  f o u n d a t i o n ,  f l o o r s ,  w a l l s ,  a n d  c e i l i n g s .  A l t h o u g h  t h e  v a r i e t y  

o f  m e a s u r e m e n t  l o c a t i o n s  m a k e s  i t  d i f f i c u l t  t o  c o m p a r e  m e a s u r e m e n t  

d a t a ,  t h e  v a r i e t y  h a s  a l s o  p r o v i d e d  a  w e a l t h  o f  d a t a  u s e f u l  f o r  

g e n e r a l  s t u d y  o f  g r o u n d b o r n e  v i b r a t i o n .

T h i s  s e c t i o n  i d e n t i f i e s  t h o s e  m e a s u r e m e n t  l o c a t i o n s  w h i c h  h a v e  b e e n  

u s e d  a n d  a l s o  t h o s e  w h i c h  a r e  m o s t  l i k e l y  t o  g i v e  u s e f u l  d a t a  f o r  

c o m p a r i s o n  a n d  e v a l u a t i o n  p u r p o s e s .

4 . 1 . 1  S u b w a y  S t r u c t u r e s

T h e  U I T P  h a s  p r o p o s e d  a  t e s t  c o d e  ( R e f .  A - 9 9 )  t h a t  r e p r e s e n t s  t h e  

f i r s t  i n t e r n a t i o n a l  e f f o r t  t o w a r d s  s t a n d a r d i z e d  m e a s u r e m e n t s  f o r  

s u b w a y  s t r u c t u r e  v i b r a t i o n .  T h e  p r o p o s e d  t e s t  c o d e  s p e c i f i e s  a. 
t o t a l  o f  t h r e e  m e a s u r e m e n t  l o c a t i o n s .  T h e y  a r e  a s  f o l l o w s :

-  O n  t h e  t r a c k  b e d  a t  t h e  c e n t e r l i n e  o f  t h e  t r a c k .

-  O n  t h e  t u n n e l  w a l l  n e a r e s t  t h e  r u n n i n g  l i n e ,  1 . 2 0  m  a b o v e ,  

t h e  t o p - o f - r a i l .

-  O n  t h e  r a i l  w e b .  T h i s  i s  c o n s i d e r e d  a n  o p t i o n a l  m e a s u r e m e n t  

l o c a t i o n .

F o r  c o m p l e t e  t e s t s ,  a d d i t i o n a l  t r a n s d u c e r  a r r a y s  s h o u l d  b e  l o c a t e d  

2 0  m  f r o m  t h e  p r i m a r y  a r r a y .  N o t e  t h a t  t h e  d r a f t  c o d e  d o e s  n o t  

s p e c i f y  a n y  m e a s u r e m e n t s  o n  t h e  t u n n e l  c e i l i n g .

T h e  m e a s u r e m e n t  p o s i t i o n s  a c t u a l l y  u s e d  w h e n  s u r v e y i n g  s u b w a y  

v i b r a t i o n  a r e  s t r o n g l y  d e p e n d e n t  u p o n  t h e  a c c e s s i b i l i t y  o f
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m e a s u r e m e n t  l o c a t i o n s ,  t h e  r e a s o n s  f o r  w h i c h  t h e  m e a s u r e m e n t s  a r e  

b e i n g  m a d e ,  a n d  t h e  a v a i l a b i l i t y  o f  i n s t r u m e n t a t i o n .  E x a m p l e s  a r e  

a  m e a s u r e m e n t  p r o g r a m  i n  t h e  W M A T A  M e t r o  s u b w a y  t u n n e l s  ( R e f .  A - 9 8 )  

a n d  m e a s u r e m e n t s  a t  t h e  T o r o n t o  T r a n s i t  C o m m i s s i o n  ( T T C )  ( R e f s .

A - 4 0  a n d  A - 5 2 ) . T h e  m e a s u r e m e n t  l o c a t i o n s  u s e d  f o r  t h e s e  a n d  o t h e r  

s t u d i e s  o f  N o r t h  A m e r i c a n  t r a n s i t  s y s t e m s  a r e  i l l u s t r a t e d  i n  F i g u r e

4 . 1 .  T h e  W M A T A  s t u d y  w a s  l i m i t e d  t o  m e a s u r e m e n t  l o c a t i o n s  o n  t h e  

s a f e t y  w a l k ,  a n d  o n  t h e  o p p o s i t e  t u n n e l  b e n c h  o r  t h e  c e n t e r  b e n c h  

b e t w e e n  t h e  t r a c k w a y s .  A t  T T C  m e a s u r e m e n t  l o c a t i o n s  i n c l u d e d  

v e r t i c a l  a n d  l a t e r a l  v i b r a t i o n  o n  t h e  i n v e r t ,  a n d  v i b r a t i o n  o n  t h e  

i n v e r t ,  a n d  v i b r a t i o n  n o r m a l  t o  t h e  s u r f a c e  o f  t h e  s i d e  b e n c h , , ,  

w a l l ,  a n d  c e i l i n g .

L a n g  h a s  p r e s e n t e d  m e a s u r e m e n t  r e s u l t s  f o r  t r i a x i a l  1 / 3  o c t a v e  b a n d  

v i b r a t i o n  v e l o c i t y  a t  t h e  i n v e r t  a n d  w a l l  o f  a  c i r c u l a r  s t e e l  

t u n n e l  f o r  v a r i o u s  t r a i n  s p e e d s  ( R e f .  A - 2 5 )  . A d d i t i o n a l  d a t a  a r e  

p r e s e n t e d  b y  L a n g  f o r  c o n c r e t e  b o x  t u n n e l  w a l l  a n d  i n v e r t  o c t a v e  

b a n d  v i b r a t i o n  v e l o c i t y  l e v e l s  ( R e f .  A - 4 5 ) .  T h e  r e s u l t s  of. t h e s e  

m e a s u r e m e n t s  i n d i c a t e  s u b s t a n t i a l l y  s i m i l a r  l e v e l s  o f  v i b r a t i o n  a t  

b o t h  w a l l  a n d  i n v e r t  l o c a t i o n s .  I n t e r e s t i n g l y ,  t h e  w a l l  v i b r a t i o n  

l e v e l s  f o r  t h e  c o n c r e t e  b o x  s u b w a y  t e n d  t o  b e  l o w e r  t h a n  t h o s e  

f o r  t h e  i n v e r t ,  w h i l e  e x a c t l y  t h e  o p p o s i t e  r e l a t i o n  e x i s t s  f o r  t h e  

c i r c u l a r  s t e e l  t u n n e l .  I n  b o t h  c a s e s ,  t h e  d i f f e r e n c e s  a r e  a b o u t  9 

d B .

M e a s u r e m e n t s  r e p o r t e d  b y  H e c k l e  ( R e f .  A - 4 9 )  f o r  a  c o n c r e t e  b o x  

s u b w a y  s t r u c t u r e  w i t h  c e n t e r  g a l l e r y  i n d i c a t e  s u b s t a n t i a l  

d i f f e r e n c e s  b e t w e e n  w a l l  a n d  i n v e r t  v i b r a t i o n  o n  o n e  s i d e  ( T r a c k  I) 

a n d  l i t t l e  d i f f e r e n c e  o n  t h e  o t h e r  s i d e  ( T r a c k  I I )  o f  t h e  s u b w a y  

s t r u c t u r e  a t  f r e q u e n c i e s  a b o v e  1 2 5  H z  t o  1 0 0 0  H z .  B e t w e e n  5 0  a n d  

1 2 5  H z ,  t h e  1 / 3  o c t a v e  b a n d  w a l l  v i b r a t i o n  l e v e l s  a r e  t y p i c a l l y  3 

t o  5 d B  l e s s  t h a n  f o r  t h e  i n v e r t .  N o  d a t a  a r e  r e p o r t e d  b e l o w  5 0  

H z .  A d d i t i o n a l  d a t a  r e p o r t e d  b y  H a u c k  e t  a l .  ( R e f .  A - 2 8 )  s h o w  1 / 3  

o c t a v e  b a n d  s u b w a y  w a l l  v i b r a t i o n  l e v e l s  t o  b e  a b o u t  1 0  d B  l o w e r
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t h a n  t h e  i n v e r t  v i b r a t i o n  l e v e l s  f r o m  2 0  H z  t o  1  k H z .

A  n u m b e r  o f  s u b w a y  i n v e r t  a n d  w a l l  v i b r a t i o n  m e a s u r e m e n t s  a t  t h e  

T T C  s y s t e m  a r e  r e p o r t e d  b y  B r u c e  e t  a l .  ( R e f .  A - 4 0 ) . T h e s e  r e s u l t s  

i n d i c a t e  t h a t  w a l l  a n d  c e i l i n g  v i b r a t i o n  l e v e l s  a r e  l e s s  b y  a b o u t  5 

t o  1 0  d B  t h a n  i n v e r t  v i b r a t i o n  l e v e l s  a t  f r e q u e n c i e s  a b o v e  3 0  H z .

A t  l o w e r  f r e q u e n c i e s ,  i n v e r t  v i b r a t i o n  l e v e l s  a r e  1 0  t o  1 5  d B  

h i g h e r  t h a n  w a l l  o r  c e i l i n g  v i b r a t i o n  l e v e l s .  A d d i t i o n a l  d a t a  a r e  

a l s o  g i v e n  f o r  a  c i r c u l a r  t u n n e l .  M e a s u r e m e n t  p o i n t s  w e r e  a t  t h e  

t u n n e l  r i b  n e a r  t h e  c e i l i n g ,  b e t w e e n  t h e  w a l k w a y  a n d  c e i l i n g ,  a n d  

n e a r  t h e  w a l k w a y ,  a n d  a t  a  g r o u t  p a d  o n  t h e  i n v e r t .  W i t h  t h e  

e x c e p t i o n  o f  t h e  i n v e r t  d a t a ,  t h e  t u n n e l  w a l l  v i b r a t i o n  d a t a  w e r e  

r e m a r k a b l y  c o n s i s t e n t  a t  f r e q u e n c i e s  a b o v e  2 0  H z .  ( N o  d a t a  w e r e  

r e p o r t e d  b e l o w  2 0  H z . )  A t  t h e  i n v e r t ,  h o w e v e r ,  v i b r a t i o n  l e v e l s  

w e r e  1 5  t o  2 0  d B  h i g h e r  t h a n  w a l l  v i b r a t i o n  l e v e l s  a t  f r e q u e n c i e s  

a b o v e  4 0 0  H z .  I n  t h e  m i d - f r e q u e n c y  r a n g e  o f  2 0  H z  t o  1 2 5  H z ,  w a l l  

a n d  i n v e r t  v i b r a t i o n  l e v e l s  w e r e  v e r y  s i m i l a r .

O f  t h e  v a r i o u s  l o c a t i o n s  u s e d  t o  m e a s u r e  s u b w a y  s t r u c t u r e  

v i b r a t i o n ,  t h e  s u b w a y  i n v e r t  a p p e a r s  t o  b e  p a r t i c u l a r l y  

a p p r o p r i a t e .  T h e  i n v e r t  i s  t h e  m o s t  m a s s i v e  a n d  r i g i d  p o r t i o n  o f  

t h e  s u b w a y  s t r u c t u r e ,  a n d  n e c e s s a r i l y  p a r t i c i p a t e s  i n  t h e  

t r a n s m i s s i o n  o f  v i b r a t i o n  e n e r g y  p a s s i n g  i n t o  e i t h e r  t h e  s o i l  o r  

O t h e r  p a r t s  o f  t h e  s t r u c t u r e .  F o r  f l o a t i n g  s l a b  e v a l u a t i o n s  i t  i s  

n o t  u s u a l l y  p r a c t i c a l  t o  m e a s u r e  o n  t h e  i n v e r t ,  h e n c e  l o c a t i o n s  o n  

t h e  s a f e t y  w a l k  o r  s i d e  b e n c h  a r e  o f t e n  u s e d  i n s t e a d .  A  

s i g n i f i c a n t  d i s a d v a n t a g e  o f  m e a s u r i n g  t h e  s u b w a y  w a l l  i s  t h a t  t h e  

w a l l  m a y  o r  m a y  n o t  b e  t h e  p r i n c i p a l  r a d i a t o r  o f  g r o u n d b o r n e  

v i b r a t i o n .

4 . 1 . 2  A e r i a l / E l e v a t e d  S t r u c t u r e s

N o  s t a n d a r d  m e a s u r e m e n t  l o c a t i o n s  h a v e  b e e n  p r o p o s e d  f o r  m e a s u r i n g
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v i b r a t i o n  o n  a e r i a l  s t r u c t u r e s .  T h e  c h a r a c t e r  o f  g r o u n d b o r n e  

v i b r a t i o n  a n d  t h e  g e o m e t r y  o f  a e r i a l  s t r u c t u r e s  i n d i c a t e  t h a t  t h e  

m o s t  o b v i o u s  m e a s u r e m e n t  p o i n t  i s  o n  t h e  c o n c r e t e  f o u n d a t i o n  f o r  

t h e  s u p p o r t  c o l u m n .  M e a s u r e m e n t  o f  v e r t i c a l  v i b r a t i o n  i s  t h e  m o s t  

i m p o r t a n t ,  f o l l o w e d  b y  h o r i z o n t a l  v i b r a t i o n .

4 . 1 . 3 ,  B a l l a s t - a n d - T i e  E m b a n k m e n t

A t  p r e s e n t  t h e r e  a r e  n o  s t a n d a r d i z e d  m e a s u r e m e n t  l o c a t i o n s  f o r  

b a l l a s t - a n d - t i e  e m b a n k m e n t  v i b r a t i o n .  M e a s u r e m e n t  o f  v e r t i c a l  a n d  

l a t e r a l  b a l l a s t  v i b r a t i o n ' ,  w i t h  a  s p i k e  d r i v e n  i n t o  t h e  b a l l a s t  

m i d w a y  b e t w e e n  t h e  r a i l s ,  w a s  p e r f o r m e d  o n  t h e  T T C  s y s t e m  t o  

e v a l u a t e  v a r i o u s  t r a c k  f a s t e n e r s ,  c o n c r e t e  a n d  w o o d  t i e s ,  a n d  1 0 0  l b  

a n d  1 1 5  l b  r a i l  ( R e f .  A - 5 2 ) . M e a s u r e m e n t  o f  b a l l a s t - a n d - t i e  g r o u n d  

v i b r a t i o n  i s  d i s c u s s e d  b y  H a n n e l i u s  ( R e f .  A - 1 1 6 )  a n d  b y  V e r h a s  

( R e f .  A - l l l ) . N o  o t h e r  l i t e r a t u r e  s p e c i f i c a l l y  c o n c e r n i n g  b a l l a s t  

v i b r a t i o n  w i t h  r e s p e c t  t o  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  w a s  

f o u n d .  I n  v i e w  o f  t h e  s i g n i f i c a n t  l o c a l  d e f o r m a t i o n  i n  t h e  

b a l l a s t ,  a n  a d d i t i o n a l  m e a s u r e m e n t  l o c a t i o n  a t  t h e  b a s e  o f  t h e  

e m b a n k m e n t  w o u l d  b e  d e s i r a b l e  t o  m o r e  c l e a r l y  r e p r e s e n t  t h e  

v i b r a t i o n  s o u r c e  s t r e n g t h .

4 . 1 . 4  G r o u n d  S u r f a c e  V i b r a t i o n  M e a s u r e m e n t  L o c a t i o n s

T h i s  s e c t i o n  d i s c u s s e s  t h e  v i b r a t i o n  m e a s u r e m e n t  l o c a t i o n s  a t  t h e  

g r o u n d  s u r f a c e  f o r  a l l  t r a n s i t  c o n f i g u r a t i o n s ,  d e s c r i b e d  i n  t e r m s  

o f  t h e  h o r i z o n t a l  d i s t a n c e  f r o m  t h e  t r a c k  c e n t e r l i n e  a t  t h e  g r o u n d  

s u r f a c e .  A l t h o u g h  t h e  s l a n t  d i s t a n c e  b e t w e e n  t h e  t r a c k  c e n t e r l i n e  a t  

t h e  t o p - o f - r a i l ,  o r  g e o m e t r i c  s t r u c t u r e  c e n t e r ,  a n d  t h e  m e a s u r e m e n t  

p o i n t  i s  o f t e n  u s e d  f o r  p r e d i c t i o n  p u r p o s e s ,  t h e  h o r i z o n t a l  

d i s t a n c e  i s  m o r e  r e a d i l y  d e t e r m i n e d  f r o m  p l a n  v i e w s ,  a n d  i s  m o s t  

c l o s e l y  a s s o c i a t e d . w i t h  b u i l d i n g  l o c a t i o n s  a l o n g  t h e  r i g h t - o f - w a y .
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N o  s t a n d a r d i z e d  m e a s u r e m e n t  l o c a t i o n s  e x i s t  f o r  g r o u n d  s u r f a c e  

v i b r a t i o n .  H o w e v e r ,  m e a s u r e m e n t  l o c a t i o n s  a r e  g e n e r a l l y  d i s t r i b u t e d  

s o  a s  t c  d o u b l e  t h e  d i s t a n c e  f r o m  t h e  t r a c k  c e n t e r l i n e  f o r  e a c h  

s u c c e s s i v e  l o c a t i o n .  A l t h o u g h  t h i s  p r o g r e s s i o n  s e e m s  a t  f i r s t  

g l a n c e  t o  b e  r e a s o n a b l e ,  t h e  p r e s e n c e  o f  d a m p i n g  i n  t h e  s o i l  w i l l  

t e n d  t o  p r o d u c e  a n  a t t e n u a t i o n  r a t e  i n  d B  l i n e a r l y  p r o p o r t i o n a l  t o  

d i s t a n c e  f r o m  t h e  s o u r c e .  T h i s  i m p l i e s  t h a t  m e a s u r e m e n t  l o c a t i o n s  

s h o u l d  b e  e v e n l y  s p a c e d  t o  a c c u r a t e l y  a s s e s s  t h e  e f f e c t  o f  

a b s o r p t i o n  i n  t h e  s o i l .  N o t e  t h a t  i n  t h e  v i b r a t i o n  m e a s u r e m e n t s  a t  

T T C  ( R e f .  A - 5 2 )  t h e  m e a s u r e m e n t  l o c a t i o n  f u r t h e s t  f r o m  t h e  t r a c k  

w a s  2 4 0  m .  E x t e n d i n g  t h e  m e a s u r e m e n t  t o  2 4 0  m  i n  i n c r e m e n t s  o f  1 5  

m  w o u l d  r e q u i r e  e x t e n s i v e  i n s t r u m e n t a t i o n ;  i n  s u c h  c a s e s  a n  

i n c r e a s i n g  t r a n s d u c e r  s p a c i n g  i n t e r v a l  i s  a p p r o p r i a t e .  I n  g e n e r a l ,  

a t  l e a s t  o n e  l o c a t i o n  s h o u l d  b e  a t  1 5  m  s i n c e  t h i s  i s  o n e  o f  t h e  

m o s t  o f t e n  u s e d  m e a s u r e m e n t  l o c a t i o n s ,  a n d  i s  a  t y p i c a l  s e p a r a t i o n  

d i s t a n c e  b e t w e e n  b u i l d i n g s  a n d  t h e  t r a n s i t  t r a c k .

4 . 1 . 5  B u i l d i n g s

4 . 1 . 5 . 1  V i b r a t i o n  —  T h e  s e l e c t i o n  o f  v i b r a t i o n  m e a s u r e m e n t  p o i n t s  

i n  b u i l d i n g  s t r u c t u r e s  i s  m o r e  d i f f i c u l t  t h a n  i n  g r o u n d  s u r f a c e  

m e a s u r e m e n t s .  D i f f e r e n t  p a r t s  o f  b u i l d i n g  s t r u c t u r e s  v i b r a t e  a t  

d i f f e r e n t  v i b r a t i o n  l e v e l s .  F o r  e x a m p l e ,  t h e  m i d d l e  o f  a  f l o o r  o r  

w a l l  w i l l  v i b r a t e  a t  a  h i g h e r  a m p l i t u d e  t h a n  t h e  e d g e  o r  

f o u n d a t i o n ,  a n d  t h e  a m p l i t u d e  w i l l  b e  s t r o n g l y  a f f e c t e d  b y  t h e  

d i m e n s i o n s  o f  t h e  f l o o r  o r  w a l l .

B o t h  w a l l  a n d  f l o o r  v i b r a t i o n s  i n  r e s i d e n t i a l  s t r u c t u r e s  w e r e  

m e a s u r e d  a s  p a r t  o f  a  d e t a i l e d  s e r i e s  o f  m e a s u r e m e n t s  o f  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  i n  T o r o n t o  ( R e f .  A - 5 2 ) .  E a r l i e r  

m e a s u r e m e n t s  o f  c e l l a r  w a l l  a n d  f l o o r  v i b r a t i o n s  n e a r  a  T T C  s u b w a y  

s t r u c t u r e  a r e  r e p o r t e d  b y  B r u c e  e t  a l .  ( R e f .  A - 4 0 ) . T h e
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m e a s u r e m e n t  l o c a t i o n s  u s e d  w e r e  i n  t h e  m i d d l e  o f  t h e  f l o o r  o r  w a l l  

p a n e l ,  o r  a t  l e a s t  2 f t  f r o m  t h e  e d g e .  O n l y  v i b r a t i o n  n o r m a l  t o  

t h e  s u r f a c e  w a s  m e a s u r e d .  A t  t h e  W M A T A  M e t r o  s y s t e m ,  f o u n d a t i o n  

v i b r a t i o n  w a s  m e a s u r e d  s i m u l t a n e o u s l y  w i t h  g r o u n d  s u r f a c e  v i b r a t i o n  

( R e f .  A - 9 8 )  a t  a  f e w  i s o l a t e d  l o c a t i o n s .  I n  t h e s e  c a s e s ,  t h e  

t r a n s d u c e r  w a s  m o u n t e d  e i t h e r  d i r e c t l y  o n  t h e  f o u n d a t i o n ,  o r  o n  a  

c o n v e n i e n t  b a s e m e n t  w i n d o w  s i l l .  H e c k l e  ( R e f .  A - 4 9 )  d e s c r i b e s  

m e a s u r e m e n t  l o c a t i o n s  a n d  r e s u l t s  f o r  b u i l d i n g  s t r u c t u r e s  n e a r  

s u b w a y  l i n e s ,  i n c l u d i n g  p i l e  f o u n d a t i o n  v i b r a t i o n .  D a t a  a r e  a l s o  

p r e s e n t e d  b y  L a n g  ( R e f .  A - 4 5 ) . H a n n e l i u s  ( R e f .  A - 1 1 6 )  d e s c r i b e s  

d e t a i l e d  v i b r a t i o n  m e a s u r e m e n t s  o n  s t r u c t u r e s  i n  S w e d e n  u s i n g  

s e i s m o g r a p h i c  t e c h n i q u e s .  T h e s e  m e a s u r e m e n t s  i n c l u d e  v e r t i c a l  a n d  

h o r i z o n t a l  v i b r a t i o n  m e a s u r e m e n t s  a t  t h e  f o u n d a t i o n ,  a n d  o n  u p p e r  

f l o o r  e x t e r i o r  w a l l s .

T o  c o m p l e t e l y  c h a r a c t e r i z e  t h e  v i b r a t i o n  o f  a  s t r u c t u r e  a s  c o m p l e x  

a s  a  b u i l d i n g  w o u l d  r e q u i r e  a  v e r y  l a r g e  n u m b e r  o f  m e a s u r e m e n t  

l o c a t i o n s .  R a r e l y  i s  s u c h  d e t a i l  r e q u i r e d .  F o r  e v a l u a t i o n  o f  

o c c u p a n t s '  c o m p l a i n t s  i t  i s  o f t e n  o n l y  n e c e s a r y  t o  m e a s u r e  a t  o n e  

o r  t w o  l o c a t i o n s  n e a r  t h e  c e n t e r  o f  a  f l o o r  s p a n .  F o r  a  m o r e  

d e t a i l e d  e v a l u a t i o n  o f  a  s p e c i f i c  b u i l d i n g  t h e  m e a s u r e m e n t s  c a n  

u s u a l l y  b e  l i m i t e d  t o :

-  F o u n d a t i o n ,  a t  t h e  p o i n t  n e a r e s t  t h e  t r a n s i t  s t r u c t u r e .

-  M i d d l e  o f  t h e  b a s e m e n t  f l o o r  s l a b .

-  M i d d l e  o f  t h e  f l o o r  o f  t h e  1 s t  f l o o r  r o o m  n e a r e s t  t h e  

t r a n s i t  s t r u c t u r e .

-  M i d d l e  o f  t h e  f l o o r  o f  t h e  2 n d  f l o o r  r o o m  n e a r e s t  t h e  

t r a n s i t  s t r u c t u r e .

-  A d d i t i o n a l  l o c a t i o n s  a s  d e e m e d  a p p r o p r i a t e .

I n  m o s t  c a s e s ,  o n l y  t h e  v i b r a t i o n  n o r m a l  t o  t h e  m e a s u r e m e n t  s u r f a c e  

n e e d  b e  m e a s u r e d .  A  m o r e  c o m p l e t e  t e s t  p r o g r a m  w o u l d  i n c l u d e  

v e r t i c a l  a n d  t r a n s v e r s e  f o u n d a t i o n  v i b r a t i o n ,  a n d  a d d i t i o n a l



m e a s u r e m e n t s  o n  w a l l  s u r f a c e s .

4 . 1 . 5 . 2  N o i s e  —  M e a s u r e m e n t  o f  g r o u n d b o r n e  n o i s e  i n  b u i l d i n g s  i s  

u s u a l l y  m a d e  w i t h  a  s i n g l e  m i c r o p h o n e  i n s i d e  a  r o o m .  T h e  t y p i c a l  

h e i g h t  o f  t h e  m i c r o p h o n e  i s  1 . 5  m  a b o v e  t h e  f l o o r ,  c o r r e s p o n d i n g  t o  

t h e  a v e r a g e  h e i g h t  o f  t h e  e a r  o f  a  s e a t e d  p e r s o n .  L o c a t i o n s  c l o s e  

t o  w a l l s  s h o u l d  b e  a v o i d e d .  M e a s u r e m e n t  o f  n o i s e  i s  u s u a l l y  

p e r f o r m e d  i n  t h e  s a m e  r o o m s  u s e d  f o r  v i b r a t i o n  m e a s u r e m e n t s  w i t h  

b o t h  m e a s u r e m e n t s  p e r f o r m e d  s i m u l t a n e o u s l y .

A  t h o r o u g h  m e a s u r e m e n t  o f  g r o u n d b o r n e  n o i s e  i n  a  r o o m  w o u l d  i n c l u d e  

s p a c e  a v e r a g i n g  o f  t h e  e n e r g y  d e n s i t y  o f  t h e  n o i s e  f i e l d ,  t o g e t h e r  

w i t h  a  d e t e r m i n a t i o n  o f  t h e  a v e r a g e  a b s o r p t i o n  c o e f f i e i e n t  f o r  t h e  

r o o m  b y  s t a n d a r d  r e v e r b e r a t i o n  t i m e  m e a s u r e m e n t s .  T h i s  m e a s u r e m e n t  

w o u l d  b e  s i m i l a r  t o  t h a t  u s e d  f o r  e v a l u a t i n g  t h e  t r a n s m i s s i o n  l o s s  

o f  a r c h i t e c t u r a l  p a r t i t i o n s .  H o w e v e r ,  g r o u n d b o r n e  n o i s e  f r o m  

t r a n s i t  s y s t e m s  i s  n e c e s s a r i l y  a  t r a n s i e n t  e v e n t ,  w h i c h  d o e s  n o t  

a l l o w  s u i t a b l e  t i m e  f o r  o p e r a t i n g  a  r o t a t i n g  m i c r o p h o n e  b o o m ,  s u c h  

a s  i s  d o n e  f o r  t r a n s m i s s i o n  l o s s  m e a s u r e m e n t s .

A n  a l t e r n a t i v e  t o  t h e  r o t a t i n g  b o o m  t e c h n i q u e  i s  t o  u s e  m u l t i p l e  

m i c r o p h o n e s ,  r e c o r d i n g  e a c h  m i c r o p h o n e  s i g n a l  i n d i v i d u a l l y  f o r  

a n a l y s i s  a n d  e n e r g y  s u m m a t i o n .  E l e c t r o n i c  m i x i n g  o f  t h e  m i c r o p h o n e  

s i g n a l s  s h o u l d  n o t  b e  u s e d .  T h i s  i s  b e c a u s e  g r o u n d b o r n e  n o i s e  f r o m  

t r a n s i t  s y s t e m s  i n c l u d e s  l o w - f r e q u e n c y  n o i s e  c o m p o n e n t s  w h o s e  

w a v e l e n g t h  i s  c o m p a r a b l e  w i t h  r o o m  d i m e n s i o n s ,  t h u s  p r o d u c i n g  

c o h e r e n t  s i g n a l s  b e t w e e n  e a c h  m i c r o p h o n e ,  w h i c h  c a n  n o t  s i m p l y  b e  

m i x e d  t o  d e t e r m i n e  t h e  m e a n  s o u n d  e n e r g y  i n  t h e  r o o m .

A n o t h e r  a l t e r n a t i v e  i s  t o  m e a s u r e  g r o u n d b o r n e  n o i s e  w i t h  a  s i n g l e  

m i c r o p h o n e  a t  t h r e e  o r  f o u r  l o c a t i o n s  e v e n l y  s p a c e d  o n  a  d i a g o n a l  

t h a t  r u n s  f r o m  o n e  c o r n e r  o f  t h e  r o o m  t h r o u g h  t h e  g e o m e t r i c  c e n t e r  

t o  t h e  o p p o s i t e  c o r n e r .  I n  t h i s  m e t h o d ,  n o i s e  f r o m  a t  l e a s t  t w o
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t r a i n  p a s s b y s  s h o u l d  b e  m e a s u r e d  a t  e a c h  l o c a t i o n ,  a f t e r  w h i c h  t h e  

m i c r o p h o n e  i s  r e p o s i t i o n e d  o n  t h e  d i a g o n a l .  E v e n  i f  n o i s e  f r o m  

o n l y  o n e  t r a i n  i s  m e a s u r e d  a t  e a c h  p o i n t  o n  t h e  d i a g o n a l ,  t h i s  

m e t h o d  i s  m o r e  d e s i r a b l e  t h a n  u s i n g  o n l y  a  s i n g l e  m e a s u r e m e n t  

l o c a t i o n  i n  t h e  r o o m .  B e t w e e n  t r a i n  p a s s b y s ,  r e v e r b e r a t i o n  t i m e  

m e a s u r e m e n t s  c a n  b e  m a d e  f o r  e a c h  m e a s u r e m e n t  l o c a t i o n ,  u s i n g  a  

c l a p p e r  b o a r d  o r  s t a r t i n g  g u n .  T h r o u g h  t h i s  p r o c e d u r e ,  t h e  s o u n d  

e n e r g y  e n t e r i n g  t h e  r o o m  p e r  u n i t  w a l l  a r e a  c a n  b e  d e t e r m i n e d  i n  

a c c o r d a n c e  w i t h  t h e  m e t h o d s  o f  s o u n d  t r a n s m i s s i o n  l o s s  m e a s u r e m e n t s  

( R e f .  C - 3 3 ) . T h i s  m e t h o d  m a y  c o r r e l a t e  m o r e  c l o s e l y  w i t h  b u i l d i n g  

v i b r a t i o n  m e a s u r e m e n t s  a n d  r e m o v e  s o m e  o f  t h e  s c a t t e r  i n  

g r o u n d b o r n e  n o i s e  d a t a ,  t h u s  i m p r o v i n g  t h e  b a s i s  f o r  p r e d i c t i o n  

p r o c e d u r e  d e v e l o p m e n t .

4 . 2  T R A N S D U C E R  M O U N T I N G  T E C H N I Q U E S

I n  m o s t  c a s e s ,  t h e  m o u n t i n g  t e c h n i q u e  w i l l  d e t e r m i n e  t h e  r e s p o n s e  

c h a r a c t e r i s t i c s  o f  t h e  m e a s u r e m e n t  s y s t e m ,  a n d  t h u s  t h e  q u a l i t y  o f  

v i b r a t i o n  d a t a .  F o l l o w i n g  i s  a  d i s c u s s i o n  o f  m e t h o d s  f o r  m o u n t i n g  

t r a n s d u c e r s  o n  t h e  s o i l  s u r f a c e .  T h e s e  m e t h o d s  a r e  d e s i g n e d  t o  

m a x i m i z e  t h e  r a t i o  o f  b a s e  s u p p o r t  a r e a  t o  t o t a l  m a s s  a n d  r e t a i n  

d i m e n s i o n a l  c o m p a t i b i l i t y  w i t h  t h e  m i n i m u m  w a v e l e n g t h s  a s s o c i a t e d  

w i t h  g r o u n d  v i b r a t i o n .  M o u n t i n g  t r a n s d u c e r s  o n  s u b w a y  s t r u c t u r e s  

i s  n o t  d i s c u s s e d .  T h e  s t r u c t u r e  s u r f a c e s  a r e  s u f f i c i e n t l y  r i g i d  t o  

g u a r a n t e e  a d e q u a t e  f r e q u e n c y  r e s p o n s e .

4 . 2 . 1  T y p e s  o f  M o u n t i n g s

A  v a r i e t y  o f  t r a n s d u c e r  m o u n t i n g s  h a v e  b e e n  p r o p o s e d  a n d / o r . u s e d  

f o r  m e a s u r e m e n t  o f  g r o u n d  s u r f a c e  v i b r a t i o n  a n d  m a y  b e  c l a s s i f i e d

a s :
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1) P l a t e  r e s t i n g  o n  o r  e m b e d d e d  i n  t h e  s o i l  s u r f a c e .

2) S i d e w a l k  o r  a s p h a l t  s u r f a c e .

3) S p i k e .

4) B u r i e d  c o n t a i n e r  w i t h  o v e r a l l  d e n s i t y  m a t c h e d  t o  s o i l .

4 . 2 . 1 . 1  M o u n t i n g  P l a t e  ■—  A  p l a t e  r e s t i n g  o n  t h e  s o i l  s u r f a c e  h a s  

t h e  a d v a n t a g e  o f  b e i n g  e a s i l y  m o d e l e d  a s  a  c i r c u l a r  d i s c  r e s t i n g  o n  

a n  e l a s t i c  h a l f  s p a c e .  T h u s ,  m a t h e m a t i c a l  s o l u t i o n s  a r e  a v a i l a b l e  

t o  a s s e s s  t r a n s d u c e r  r e s p o n s e  c h a r a c t e r i s t i c s .  T h e  t h e o r e t i c a l  

r e s p o n s e  o f  a  m a s s i v e  d i s c  r e s t i n g  o n  a n  e l a s t i c  h a l f - s p a c e  h a s  

b e e n  s t u d i e d  b y  A r n o l d  ( R e f .  C - 3 2 )  a n d  b y  B y c r o f t  ( R e f .  C - 3 3 ) . T h e  

h o r i z o n t a l  r e s o n a n c e  f r e q u e n c i e s  f o r  c o u p l e d  s l i d i n g  a n d  r o c k i n g  o f  

a  v i b r a t i o n  p i c k - u p  r e s t i n g  o n  a  s o i l  s u r f a c e  i s  e v a l u a t e d  b y  

O m a t a ,  e t  a l . ( R e f .  B - l ) . F i n a l l y ,  t h e  r e s p o n s e  o f  i d e a l i z e d  r i g i d  

c i r c u l a r  f o u n d a t i o n s  r e s t i n g  o n  a  h a l f - s p a c e  i s  d i s c u s s e d  i n  a  

n u m b e r  o f  t e x t s  ( R e f s .  B - 8 ,  B - 4 ) .

A  s p e c i f i c  m o u n t i n g  p l a t e  d e s i g n  f o r  m e a s u r i n g  g r o u n d  s u r f a c e  

v i b r a t i o n  f r o m  a  r a p i d  t r a n s i t  s y s t e m  w a s  r e c o m m e n d e d  i n  R e f e r e n c e  

A - 5 4 .  T h e  p l a t e  c o n s i s t s  e s s e n t i a l l y  o f  a  1  t o  2 c m  t h i c k  a l u m i n u m  

d i s c  w i t h  a  d i a m e t e r  o f  a p p r o x i m a t e l y  1 5  c m .  T h e  p l a t e  i s  d r i l l e d  

a n d  t a p p e d  t o  r e c e i v e  a n  a c c e l e r o m e t e r  t r a n s d u c e r .  T h e  p l a t e s  m a y  

a l s o  b e  s e t  i n  p l a s t e r  o n  t h e  s o i l  s u r f a c e ,  o r  a t  t h e  b o t t o m  o f  a  

s m a l l  p i t .  V e r h a s  ( R e f .  A - l l l )  u s e d  t h i s  t e c h n i q u e  a n d  

e x p e r i m e n t a l l y  d e t e r m i n e d  t h e  r e s o n a n c e  f r e q u e n c y  t o  b e  4 6 5  H z ,  

i n d i c a t i n g  t h a t  e x t r e m e l y  g o o d  c o u p l i n g  w i t h  t h e  s o i l  s u r f a c e  w a s  

a c h i e v e d .

T h e  u s e  o f  a  l i g h t w e i g h t  a l u m i n u m  p l a t e  p l a c e d  i n  p l a s t e r  

m a x i m i z e s  t h e  r a t i o  o f  b a s e  c o n t a c t  a r e a  t o  a s s e m b l y  m a s s .  T h e  

p l a s t e r  t h i c k n e s s  m u s t ,  o f  c o u r s e ,  b e  a s  t h i n  a s  p o s s i b l e ,  b u t  

c a p a b l e  o f  p r o v i d i n g  i n t i m a t e  c o n t a c t  b e t w e e n  p l a t e  a n d  u n d i s t u r b e d  

s o i l .



4 - 1 2

G e n e r a l l y ,  t h e  p h y s i c a l  s i z e  o f  t h e  t r a n s d u c e r  m o u n t i n g  p l a t e  m u s t  

b e  l e s s  t h a n  1 / 2  t h e  e x p e c t e d  m i n i m u m  w a v e l e n g t h  f o r  t h e  p l a t e  t o  

f o l l o w  t h e  c r e s t s  a n d  t r o u g h s  o f  R a y l e i g h  w a v e s .  A t  2 0 0  H z ,  t h e  

t y p i c a l  R a y l e i g h  w a v e l e n g t h  i s  a b o u t  1  m e t e r .  T h u s ,  t h e  d i a m e t e r  

o f  1 5  c m  i s  s u f f i c i e n t l y  s m a l l .

E x c a v a t i n g  a  1  t o  2 f o o t  d e e p  p i t  e x p o s e s  r e l a t i v e l y  s t i f f e r  s o i l  

f o r  m o u n t i n g .  H o w e v e r ,  o n e  m u s t  c o n s i d e r  t h a t  t h e  a m p l i t u d e  o f  

R a y l e i g h  w a v e s  a t  1 0 0  o r  2 0 0  H z  v a r i e s  s i g n i f i c a n t l y  w i t h  d e p t h ,  

a n d  a  s i g n i f i c a n t l y  l o w e r  v i b r a t i o n  l e v e l  w o u l d  b e  m e a s u r e d  f o r  

t h i s  t y p e  o f  w a v e  a t  t w o  f e e t  b e l o w  t h e  s o i l  s u r f a c e  a t  t h e s e  

f r e q u e n c i e s .  A t  l o w e r  f r e q u e n c i e s ,  t h e  e f f e c t  o f  d e p t h  i s  l e s s  

i m p o r t a n t .

E x p e r i m e n t s  w i t h  t h e  u s e  o f  a  s m a l l  p l a t e  e m b e d d e d  i n  p l a s t e r  o f  

P a r i s  h a v e  s h o w n  t h a t  t h e r e  c a n  b e  p r o b l e m s  i f  t h e  m o u n t  i s  n o t  

c a r e f u l l y  p r e p a r e d .  G e n e r a l l y  i t  h a s  b e e n  f o u n d  t o  b e  e a s i e r  a n d  

t o  p r o v i d e  m o r e  r e l i a b l e  i n f o r m a t i o n  i f  t h e  a c c e l e r o m e t e r  i s  

m o u n t e d  o n  a  s i d e w a l k  s l a b  o r  a n  a l u m i n u m  s t a k e .

4 . 2 . 1 . 2  S i d e w a l k  S l a b  —  M a n y  t r a n s i t  s y s t e m  g r o u n d b o r n e  

v i b r a t i o n  m e a s u r e m e n t s  a r e  m a d e  w i t h  a c c e l e r o m e t e r s  m o u n t e d  

d i r e c t l y  o n  s i d e w a l k  o r  a s p h a l t  s u r f a c e s  u s i n g  w a x .  A c c e l e r o m e t e r s  

m o u n t e d  o n  s i d e w a l k  s l a b s  h a v e  a  r e l a t i v e l y  h i g h  r a t i o  o f  b a s e  

c o n t a c t  a r e a  t o  s l a b  m a s s ,  i n  s p i t e  o f  t h e  c o n c r e t e  d e n s i t y ,  a n d  

m a i n t a i n  i n t i m a t e  c o n t a c t  w i t h  t h e  s o i l .  E x p e r i e n c e  w i t h  

m e a s u r e m e n t s  o n  s i d e w a l k  s l a b s  a n d  o n  a s p h a l t  s u r f a c e s  i s  t h a t  

r e l i a b l e  d a t a  c a n  b e  o b t a i n e d  u p  t o  a  f r e q u e n c y  o f  2 0 0  t o  4 0 0  H z .

T h e  m a i n  r e a s o n s  f o r  u s i n g  s i d e w a l k s  f o r  m o u n t i n g  a c c e l e r o m e t e r s  

a r e  e a s e  o f  u s e ,  t h e  a c c e s s i b i l i t y ,  a n d  t h e  c o n s i s t e n c y  o f  t h e  

d a t a .  I n  u r b a n  a r e a s  t h e y  a r e  o f t e n  t h e  o n l y  p r a c t i c a l  l o c a t i o n
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f o r  g r o u n d  s u r f a c e  m e a s u r e m e n t .  F o r  f a s t ,  p r a c t i c a l  v i b r a t i o n  

m e a s u r e m e n t s ,  a  s i d e w a l k  s u r f a c e  i s  t h e  b e s t  m o u n t  f o r  v i b r a t i o n  

m e a s u r e m e n t s .

4 . 2 . 1 . 3  S p i k e  —  A  c o n v e n i e n t  t r a n s d u c e r  m o u n t  i s  a  s p i k e ,  

d r i l l e d  a n d  t a p p e d  f o r  m o u n t i n g ,  d r i v e n  i n t o  t h e  s o i l  s u r f a c e .  T h e  

l e n g t h  a n d  m a s s  o f  t h e  s p i k e  w i l l  d e t e r m i n e  i t s  r e s p o n s e  t o  

i n c i d e n t  g r o u n d  v i b r a t i o n .  S i n c e  m o s t  p r a c t i c a l  s p i k e s  a r e  o n  t h e  

o r d e r  o f  0 . 2  t o  0 . 3  m  l o n g ,  t h e  s i z e  o f  t h e  s p i k e  w i l l  h a v e  l i t t l e  

e f f e c t  o n  i t s  r e s p o n s e  t o  t h e  s l o w e s t  t y p e s  o f  w a v e s ,  e . g . ,

R a y l e i g h  w a v e s ,  b e l o w  a b o u t  2 0 0  H z .  S e c o n d l y ,  p r o p e r  s p i k e  d e s i g n  

w i l l  r e s u l t  i n  a  h i g h  r a t i o  o f  c o n t a c t  a r e a  t o  m a s s .

U n f o r t u n a t e l y ,  d r i v i n g  t h e  s p i k e  i n t o  t h e  s o i l  n e c e s s a r i l y  d i s t u r b s  

t h e  s o i l ,  s o m e t i m e s  r e s u l t i n g  i n  i n c o m p l e t e  o r  i n c o n s i s t e n t  c o n t a c t  

w i t h  t h e  s o i l .  T h i s  p o s s i b i l i t y  i s  p a r t i c u l a r l y  i m p o r t a n t  w h e n

m e a s u r i n g  h o r i z o n t a l ,  v i b r a t i o n ,  a s  t h e  s p i k e  a c t s  a s  a  c a n t i l e v e r e d  
b e a m  w i t h  a  m a s s  o n  t h e  e n d .

T h e  b e s t  s p i k e  d e s i g n  m a x i m i z e s  t h e  s u r f a c e  c o n t a c t  a r e a  r e l a t i v e  

t o  t h e  m a s s .  S e v e r a l  c r o s s - s e c t i o n a l  p a t t e r n s  p r o v i d e  g o o d  c o n t a c t  

a n d  a r e  e a s i l y  d r i v e n .  A n  " X "  p a t t e r n  i s  o n e  t h a t  h a s  b e e n  

s u c c e s s f u l l y  u s e d .  N o l l e  i n d i c a t e s  ( R e f .  A - 1 0 2 )  t h a t  t h e  s p i k e  

s h o u l d  h a v e  a  s l i g h t  t a p e r  o f  a b o u t  1 : 1 0  t o  1 : 2 2 ,  d e p e n d i n g  o n  s o i l  

t y p e .  F o r  b r i t t l e ,  d r y ,  c o h e s i o n l e s s  s o i l s ,  " t h e  t a p e r  u s e d  

s h o u l d  b e  a  m a x i m u m  t h a t  s t i l l  p e r m i t s  d r i v i n g  t h e  p e g  w i t h o u t  

b o u n c e  o r  d e e p  c r a c k i n g  o f  t h e  s o i l . "  I n  w e t ,  h e a v y  c l a y s ,  t h e  

t a p e r  h a s  l i t t l e  e f f e c t .  A  d i s t r i b u t e d  p l a t f o r m  m o u n t  w i t h  s h o r t  

s p i k e s  a b o u t  t h e  p e r i p h e r y  w i l l  a l s o  i m p r o v e  h o r i z o n t a l  f r e q u e n c y  

r e s p o n s e .  T h e  m o u n t e d  r e s o n a n c e  f r e q u e n c y  f o r  v e r t i c a l  r e s p o n s e  

w a s  f o u n d  b y  N o l l e  t o  b e  b e t w e e n  2 0 0  a n d  5 0 0  H z ,  d e p e n d i n g  o n  s p i k e  

d e s i g n  a n d  s o i l  t y p e .

4 . 2 . 1 . 4  B u r i e d  C o n t a i n e r E n c l o s i n g  t h e  t r a n s d u c e r  i n  a  s e a l e d
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c o n t a i n e r  w i t h  o v e r a l l  d e n s i t y  s i m i l a r  t o  t h a t  o f  t h e  s o i l ,  

a n d  b u r y i n g  t h e  a s s u m b l y  i s  a  t h e o r e t i c a l l y  d e s i r a b l e  t e c h 

n i q u e .  T h e  s i z e  o f  t h e  b o x  m u s t  b e  s i g n i f i c a n t l y  l e s s  t h a n  

o n e  w a v e l e n g t h ,  w h i c h  i s  n o t  d i f f i c u l t  t o  a c h i e v e .  B e c a u s e  

o f  t h e  d e n s i t y  e q u i v a l e n c e ,  t h e  b o x  w i l l  n o t  s i g n i f i c a n t l y  

s c a t t e r  l o w - f r e q u e n c y  g r o u n d  v i b r a t i o n  w a v e s  a n d  t h u s  

b e c o m e s  a n  o p t i m u m  t r a n s d u c e r  m o u n t i n g .  A  p r o b l e m  w i t h  t h i s  

a p p r o a c h  m a y  b e  t h a t  t h e  s o i l  i s  n e c e s s a r i l y  g r e a t l y  d i s t u r b e d ,  a n d  

t h e  b a c k f i l l  m u s t  b e  w a t e r e d  t o  a c h i e v e  c o m p a c t i o n .  M o i s t u r e  m a y  

t h e n  i n t e r f e r e  w i t h  t r a n s d u c e r  c a b l i n g ,  a  p r o b l e m  t h a t  i s  

p a r t i c u l a r l y  s i g n i f i c a n t  w i t h  p i e z o e l e c t r i c  a c c e l e r o m e t e r s .  

G e o p h o n e s ,  o r  v e l o c i t y  p i c k - u p s ,  w i t h  t h e i r  v e r y  l o w  o u t p u t  

e l e c t r i c a l  i m p e d a n c e s  a r e  l e s s  p r o n e  t o  t h i s  p r o b l e m .  I n  a n y  c a s e ,  

t h i s  t e c h n i q u e  i s  p r o b a b l y  o n l y  p r a c t i c a l  w h e n  e x t r e m e  a c c u r a c y  o r  

m e a s u r e m e n t s  b e l o w  t h e  s o i l  s u r f a c e  a r e  r e q u i r e d .

4 . 2 . 2  P e r f o r m a n c e  o f  V a r i o u s  T r a n s d u c e r  M o u n t s

M e a s u r e m e n t s  o f  t h e  r e l a t i v e  p e r f o r m a n c e  o f  s e v e r a l  t r a n s d u c e r  

m o u n t i n g  c o n f i g u r a t i o n s  a r e  d o c u m e n t e d  b y  G u t o w s k i  e t  a l .  ( R e f .  ' 

A - 5 0 )  a n d  N o l l e  ( R e f .  A - 1 0 2 ) . G u t o w s k i  c o m p a r e s  s t a k e  m o u n t s  w i t h  

t h e  p o t e n t i a l l y  i d e a l  c i r c u l a r  p l a t e  m o u n t .  E x p e r i m e n t a l  d a t a  

i n d i c a t e  t h a t  s h o r t  s t a k e  m o u n t s  a r e  c o m p a r a b l e  t o  c i r c u l a r  p l a t e  

m o u n t s  f o r  v e r t i c a l  v i b r a t i o n  u p  t o  a b o u t  1 0 0  H z .  H o w e v e r ,  a b o v e  

1 0 0  H z ,  i n c o m p l e t e  c o u p l i n g  o f  t h e  c i r c u l a r  d i s k  c a u s e s  t h e  d i s k  t o  

p e r f o r m  b a d l y  ( r e s o n a t e )  a b o v e  1 0 0  H z .  T h e  d i s k  w a s  n o t  s e t  i n  

p l a s t e r ,  a s  d e s c r i b e d  b y  V e r h a s  ( R e f .  A - l l l ) . T h e r e f o r e ,  i n  t h e  

a b s e n c e  o f  p l a s t e r  a s  a  c o u p l e r ,  s h o r t  s t a k e s  w i t h  l a r g e  c o n t a c t  

s u r f a c e  a r e  p r e f e r a b l e .

N o l l e  r e p o r t s  m e a s u r e m e n t s  o f  t h e  r e l a t i v e  r e s p o n s e s  o f  m o u n t i n g  

s t a k e s  o f  v a r i o u s  c r o s s - s e c t i o n a l  d e s i g n s .  T h e  r e s u l t s  o f  N o l l e ' s  

i n v e s t i g a t i o n s  a r e  p r e s e n t e d  i n  F i g u r e  4 . 2 .  M a n y  o f  t h e  s p i k e s
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* Top 125 mm above ground t  Bond damaged
** Top 100 mm above ground t t  Bond bad ly  damaged

H and V d esign ate  response to  h o r iz o n ta l  and 
v e r t i c a l  fo r c in g  r e s p e c t iv e ly . C on stru ction  
d e t a i ls  fo r  bases are (dim ensions are in  mm):

1 . 10 x 50 d ia . top  p la t e ,  5 x 150 lon g  tapered  
p la te  welded to  form  + s e c t io n .

2. As p er 1 above, 300 lon g .
3 . 50 d ia . x 150 lon g  s o l id  cone.
4 . 50 d ia . x 300 lon g  s o l id  cone.
5 . As per 3 above, h o llow .
6. As per 4 above, h o llow .
7 . 40 x 230 lon g , p a r a l le l  hollow  c y lin d e r .
8. 10 x 115 square top  p la t e ,  5 x 40 x 150 T

s e c t io n  l e g s .
9. 15 x 100 d ia . top  p la t e ,  12 d ia . x 65 le g s  

on 80 P.C.D.
10. 20 d ia . x 180 lon g  capped tube in  non -sh rin k  g rou t.

F I G U R E  4 . 2  L I N E A R  F R E Q U E N C Y  R E S P O N S E  L I M I T S  ( +  O R  - 3 d B  P O I N T S )  

O F  V A R I O U S  B A S E  D E S I G N S  I N  D I F F E R E N T  G R O U N D  [ F R O M  

N O L L E ,  R E F .  A - 1 0 2 ]
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g a v e  r e l i a b l e  f r e q u e n c y  r e s p o n s e  c h a r a c t e r i s t i c s  u p  t o  2 0 0  H z  f o r  

m o s t  s o i l s ,  b u t  s p i k e s  d r i v e n  i n t o  w e t  s a n d  g e n e r a l l y  h a d  v e r y  l o w  

h o r i z o n t a l  r e s o n a n c e  f r e q u e n c i e s ,  o n  t h e  o r d e r  o f  6 5  t o  8 0  H z .  N o t  

a l l  s p i k e s  w e r e  t e s t e d  w i t h  a l l  s o i l s ,  b u t  t h e  i m p l i c a t i o n  i s  c l e a r  

t h a t  c o n s i d e r a t i o n  o f  s o i l  t y p e  s h o u l d  i n f l u e n c e  t h e  s e l e c t i o n  o f  a  

s p i k e  d e s i g n .  H o r i z o n t a l  r e s o n a n c e  f r e q u e n c i e s  a r e  l o w e r  t h a n  

v e r t i c a l  r e s o n a n c e  f r e q u e n c i e s  f o r  a l l  s p i k e  d e s i g n s .  O n e  c a n  h a v e  

r e a s o n a b l e  c o n f i d e n c e  i n  t h e  f r e q u e n c y  r e s p o n s e  u p  t o  a t  l e a s t  1 5 0  

H z  f o r  s a n d y  l o a m  s o i l s ,  t y p i c a l  o f  m a n y  t o p  s o i l s .  I n  h e a v y  c l a y ,  

t h e  b a n d w i d t h  m a y  e a s i l y  e x t e n d  t o  5 0 0  H z .  N o l l e  s u g g e s t s  t h a t  t h e  

b e s t  r e s u l t s  a r e  o b t a i n e d  i f  t h e  s p i k e  i s  d r i v e n  t h e  f u l l  l e n g t h  

i n t o  t h e  s o i l .

R e c e n t  m e a s u r e m e n t s ?  h a v e  b e e n  p e r f o r m e d  a t  t h e  B A R T  s y s t e m  t o

e v a l u a t e  t h e  d i f f e r e n c e s  i n  r e s p o n s e  b e t w e e n  s p i k e s ,  p l a s t e r  o f

P a r i s  p a d s ,  a n d  s i d e w a l k  o r  a s p h a l t  s u r f a c e s .  F o r  t h e  p l a s t e r  o f

P a r i s  p a d ,  l o o s e  s o i l  a n d  v e g e t a t i o n  w e r e  r e m o v e d  p r i o r  t o  p o u r i n g .  
2

A  4 c m  a l u m i n u m  b l o c k  w a s  s e t  i n  t h e  p l a s t e r  o f  P a r i s  t o  s u p p o r t  

t h e  a c c e l e r o m e t e r .

S u m m a r y  r e s u l t s  f o r  t h e  t h r e e  m o u n t i n g  t e c h n i q u e s  a r e  p r e s e n t e d  i n  

F i g u r e  4 . 3 .  B e l o w  1 2 5  H z  t h e  t h r e e  t e c h n i q u e s  p r o v i d e d  e s s e n t i a l l y  

t h e  s a m e  r e s u l t .  A b o v e  1 2 5  H z  t h e  l e v e l s  m e a s u r e d  o n  t h e  s i d e w a l k s  

a r e  2 t o  7 d B  l o w e r  t h a n  t h e  r e s u l t s  w i t h  t h e  a l u m i n u m  s t a k e s .  I n  

c o n t r a s t ,  a b o v e  1 2 5  t o  2 0 0  H z  t h e  p l a s t e r  o f  P a r i s  m o u n t s  e x h i b i t e d  

d i s t i n c t  r e s o n a n c e s .  U s i n g  m o r e  c a r e  w i t h  t h e  p r e p a r a t i o n  o f  t h e  

p l a s t e r  o f  P a r i s  p a d  r e d u c e d  t h e  r e s o n a n c e  e f f e c t .

T h e  c o n c l u s i o n s  i s  t h a t  t h e  a d d e d  c o m p l e x i t y  o f  u s i n g  t h e  p l a s t e r  

o f  P a r i s  p a d  i n  a d d i t i o n  t o  t h e  p r o b l e m s  o f  o b t a i n i n g  a d e q u a t e  

c o n t a c t  w i t h  t h e  g r o u n d  m a k e  i t  a  l e s s  d e s i r a b l e  m e t h o d  o f  

a t t a c h i n g  a n  a c c e l e r o m e t e r  t o  t h e  g r o u n d  s u r f a c e .  E i t h e r  a n  

a l u m i n u m  s t a k e  o r  a  c o n c r e t e  o r  a s p h a l t  s u r f a c e  i s  p r e f e r a b l e .
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• ------------ ,  C O N C R E T E  SID E U IA L K

H------------ □  P L A S T E R - O F - P A R I S ,  D A Y  1

x ------------X  P L A S T E R - O F - P A R I S ,  D A Y  2

FIGURE 4 . 3 RELATIVE RESPONSES OF VARIOUS TRANSDUCER MOUNTINGS 

EVALUATED AT BART
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4 . 3  DATA PRESENTATION

O ne  o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  r e s e a r c h  i n  t h i s  f i e l d  i s  

t h e  v a r i a b i l i t y  i n  m e t h o d s  f o r  q u a n t i f y i n g  a n d  p r e s e n t i n g  

m e a s u r e m e n t  r e s u l t s .  S t a n d a r d i z e d  p r o c e d u r e s  f o r  d a t a  p r e s e n t a t i o n  

a r e  e n t i r e l y  l a c k i n g .  T h e  U IT P  i s  a t t e m p t i n g  t o  d e v e l o p  a n  

i n t e r n a t i o n a l  t e s t  c o d e  f o r  s u b w a y  s t r u c t u r e  v i b r a t i o n  m e a s u r e m e n t s  

( R e f .  A - 9 9 ) .  T h e  d r a f t  c o d e  s p e c i f i e s  t h a t  o v e r a l l  v i b r a t i o n  d a t a
_  Q

b e  p r e s e n t e d  i n  t e r m s  o f  v i b r a t i o n  v e l o c i t y  l e v e l s  r e l a t i v e  t o  10  

m / s e c .  I f  a c c e l e r o m e t e r s ,  r a t h e r  t h a n  v e l o c i t y  p i c k - u p s ,  a r e  u s e d  

f o r  d a t a  a c q u i s i t i o n ,  t h e n  t h e  c o d e  a l l o w s  t h e  u s e  o f  a n a l o g  

i n t e g r a t o r s  t o  c o n v e r t  a n a l o g  a c c e l e r a t i o n  s i g n a l s  t o  a n a l o g  

v e l o c i t y  s i g n a l s .  T h e  i n t e r n a t i o n a l l y  s t a n d a r d i z e d  1 / 3  o c t a v e  

f i l t e r  n e t w o r k s  a r e  s p e c i f i e d  f o r  p r e s e n t a t i o n  o f  s p e c t r a l  d a t a .

T h e  t e n t a t i v e  b a n d w i d t h  f o r  v i b r a t i o n  m e a s u r e m e n t s  i s  s p e c i f i e d  

f r o m  10  Hz t o  1 0 0 0  H z ;  h o w e v e r ,  e x t e n s i o n  o f  t h e  l o w e r  l i m i t  t o

3 . 1 5  Hz i s  u n d e r ,  c o n s i d e r a t i o n .  T h e  m a i n  o b j e c t i o n  t o  e x t e n d i n g  

t h e  m e a s u r e m e n t  b a n d w i d t h  t o  3 . 1 5  Hz i s  t h a t  t h e  l o w  f r e q u e n c y  

l i m i t s  o f  m o s t  s o u n d  l e v e l  m e t e r s ,  a n d  o t h e r  i n s t r u m e n t s  u s e d  b y  

a c o u s t i c i a n s ,  a r e  i n  t h e  n e i g h b o r h o o d  o f  10  H z .

I n  t h e  U . S .  m o s t  v i b r a t i o n  d a t a  i s  p r e s e n t e d  i n  t e r m s  o f  

a c c e l e r a t i o n  l e v e l .  T h i s  i s  l a r g e l y  a r e s u l t  o f  t h e  m e a s u r e m e n t s  

b e i n g  p e r f o r m e d  w i t h  a c c e l e r o m e t e r s .  H o w e v e r ,  a s  r e c o m m e n d e d  b y  

t h e  U ITP d r a f t  t e s t  c o d e ,  v i b r a t i o n  v e l o c i t y  i s  a  m o r e  u s e f u l  

f o r m a t  f o r  d a t a  p r e s e n t a t i o n .  V i b r a t i o n  v e l o c i t y  i s  d i r e c t l y  

r e l a t e d  t o  s o u n d  p r e s s u r e ,  i s  b e t t e r  c o r r e l a t e d  t o  human r e s p o n s e  

( o v e r  m o s t  o f  t h e  f r e q u e n c y  r a n g e )  t h a n  a c c e l e r a t i o n ,  a n d  i s  b e t t e r  

c o r r e l a t e d  t o  s t r u c t u r a l  d a m a g e .  A n o t h e r  f a c t o r  i s  t h a t  

g e o t e c h n i c a l  e n g i n e e r s  u s u a l l y  r e p o r t  v i b r a t i o n  v e l o c i t y .  T h e  

c o n c l u s i o n  i s  t h a t  r e p o r t i n g  v i b r a t i o n  v e l o c i t y  l e v e l  h a s  

s i g n i f i c a n t  a d v a n t a g e s  o v e r  a c c e l e r a t i o n  l e v e l .
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4 . 4  NARROW BAND ANALYSIS -  FFT

I n  t h e  p a s t  t e n  y e a r s  t h e  u s e  o f  e q u i p m e n t  t h a t  u t i l i z e s  t h e  F a s t  

F o u r i e r  T r a n s f o r m  (FFT)  a l g o r i t h m  t o  p e r f o r m  f r e q u e n c y  a n a l y s i s  h a s  

b e c o m e  v e r y  c o m m o n .  T h e  t e c h n i q u e  h a s  t h e  a d v a n t a g e  o f  g e n e r a t i n g  

a n a r r o w  b a n d  f r e q u e n c y  a n a l y s i s  a l m o s t  i n s t a n t a n e o u s l y .  I t  i s  

v e r y  u s e f u l  f o r  i d e n t i f y i n g  p u r e  t o n e  s i g n a l s ,  p e r i o d i c  s i g n a l s ,  

h i g h l y  r e s o n a n t  o s c i l l a t i o n ,  a n d  i d e n t i f y i n g  v i b r a t i o n  s o u r c e s .  I t  

h a s  n o t  b e e n  u s e d  e x t e n s i v e l y  f o r  e v a l u a t i o n  a n d  p r e s e n t a t i o n  o f  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  H o w e v e r ,  t h e  FFT a n a l y z e r  c a n  

c e r t a i n l y  b e  a  v a l u a b l e  t o o l  i n  t h e  a n a l y s i s  o f  n o i s e  a n d  v i b r a t i o n  

p r o b l e m s .

4 . 5  CROSS-CORRELATION OF GROUND VIBRATION SIGNALS

D e t e r m i n i n g  t h e  v e l o c i t y  o f  p r o p a g a t i o n  o f  g r o u n d  v i b r a t i o n  f r o m  

t r a n s i t  s y s t e m s  c a n  h e l p  t o  u n d e r s t a n d  t h e  n a t u r e  o f  g r o u n d b o r n e  

v i b r a t i o n ,  i . e . ;  w h e t h e r  t h e  v i b r a t i o n  c o n s i s t s  o f  s h e a r ,  R a y l e i g h ,  

o r  c o m p r e s s i o n  w a v e s .  . O n e  m e t h o d  f o r  s u c h  d e t e r m i n a t i o n  i s  

c r o s s - c o r r e l a t i o n  b e t w e e n  t w o  a n a l o g  v i b r a t i o n  s i g n a l s ,  o b t a i n e d  

f r o m  s e p a r a t e d  t r a n s d u c e r s ,  o n e  c l o s e r  t o  t h e  s o u r c e ,  o n  a l i n e  

b e t w e e n  t h e  s o u r c e  a n d  t h e  s e c o n d  t r a n s d u c e r .  T h e  t h e o r e t i c a l  a n d  

p r a c t i c a l  a p p l i c a t i o n  o f  c r o s s - c o r r e l a t i o n  i s  d e s c r i b e d  i n  g e n e r a l  

t e x t s  ( R e f .  C - 4 )  . T h e  a p p l i c a t i o n  o f  c r o s s - c o r r e l a t i o n  t o  s o i l  

d y n a m i c s  i s  d i s c u s s e d  i n  d e t a i l  b y  S .  R o e s l e r  ( R e f .  B - 3 )  , w h o  f o u n d  

t h e  m e t h o d  u s e f u l  f o r  m e a s u r i n g  b o t h  g r o u p  a n d  p h a s e  v e l o c i t i e s ,  

d e t e c t i o n  o f  a n i s o t r o p y  i n  s o i l s ,  a n d  e v a u l a t i o n  o f  t h e  e f f e c t  o f  

s h e a r ,  c o m p r e s s i o n ,  a n d  R a y l e i g h  w a v e s .  T h e  m e t h o d  i s  p a r t i c u l a r l y  

u s e f u l  i n  t h e  p r e s e n c e  o f  h i g h  b a c k g r o u n d  v i b r a t i o n ,  a n d  f o r  

m e a s u r i n g  o v e r  l o n g  d i s t a n c e s .

C r o s s - c o r r e l a t i o n  t e c h n i q u e s  h a v e  s e e n  o n l y  l i m i t e d  a p p l i c a t i o n  t o
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g r o u n d b o r n e  v i b r a t i o n  f r o m  t r a n s i t  s y s t e m s .  V e r h a s  u s e d  i t  t o  

d e t e r m i n e  t h e  v e l o c i t y  o f  g r o u n d  v i b r a t i o n  p r o p a g a t e d  f r o m  a t - g r a d e  

b a l l a s t - a n d - t i e  t r a c k  ( R e f .  A - l l l ) . He f o u n d  t h e  v e l o c i t y  t o  b e  

a b o u t  1 8 4  m / s e c ,  a t  b o t h  14  a n d  7 0  H z .  A g r e e m e n t  a t  t h e s e  t w o  

w i d e l y  s e p a r a t e d  f r e q u e n c i e s  i n d i c a t e s  t h a t  t h e  s a m e  b a s i c  w a v e  

t y p e  may  b e  r e s p o n s i b l e  f o r  g r o u n d b o r n e  v i b r a t i o n  f r o m  a t - g r a d e  

t r a c k  o v e r  a  w i d e  f r e q u e n c y  r a n g e .  F r o m  t h i s  p r o p a g a t i o n  v e l o c i t y ,  

V e r h a s  d e d u c e d  t h a t  R a y l e i g h  a n d / o r  s h e a r  w a v e s  w e r e  t h e  p r i m a r y  

c a r r i e r s  o f  v i b r a t i o n  e n e r g y  f r o m  a t - g r a d e  t r a c k  s t r u c t u r e s .  

C r o s s - c o r r e l a t i o n  o f  g r o u n d b o r n e  v i b r a t i o n  f r o m  a s u b w a y  s t r u c t u r e  

p r o v i d e d  R u c k e r  ( R e f .  A - 5 8 )  w i t h  a m e a s u r e m e n t  o f  t h e  s h e a r  a n d  

c o m p r e s s i o n  w a v e  v e l o c i t i e s  f o r  d e t e r m i n a t i o n  o f  t h e  s h e a r  m o d u l u s  

a n d  P o i s s o n ' s  r a t i o s  f o r  t h e  s o i l  s u r r o u n d i n g  t h e  s u b w a y  s t r u c t u r e .  

T h i s  i n f o r m a t i o n  w a s  t h e n  u s e d  i n  a  f i n i t e  e l e m e n t  m o d e l  o f  t h e  

s u b w a y  s t r u c t u r e  a n d  s o i l  t o  d e t e r m i n e  t h e  i n p u t  p o w e r  s p e c t r u m  o f  

t h e  r u n n i n g  t r a i n s .

C r o s s - c o r r e l a t i o n  i s  u s e f u l  f o r  d e t e r m i n i n g  p r o p a g a t i o n  d e l a y  

t i m e s ,  w h i c h  may b e  u s e d  i n  t u r n  t o  i n f e r  p r o p a g a t i o n  p a t h s  a n d  

i d e n t i f y  v i b r a t i o n  s o u r c e s .  S u c h  a t e c h n i q u e  m i g h t  t h u s  b e  u s e f u l  

f o r  i d e n t i f y i n g  t h e  m o s t  s i g n i f i c a n t  v i b r a t i o n - r a d i a t i n g  p o r t i o n s  

o f  a  s u b w a y  s t r u c t u r e .  R o e s l e r  d i s c u s s e s  t h e  s u c c e s s f u l  

a p p l i c a t i o n  o f  t h e  t e c h n i q u e  t o  v o i d  d e t e c t i o n  b e t w e e n  t h e  H am bu rg  

r o a d  t u n n e l s  a n d  s o i l  o v e r b u r d e n  ( R e f .  B - 3 ) .

4 . 6  IMPEDANCE/TRANSFER FUNCTION MEASUREMENTS

T h e  d e v e l o p m e n t  o f  t w o - c h a n n e l  FFT a n a l y z e r s  h a s  m a d e  t h e  

m e a s u r e m e n t  o f  i m p e d a n c e  a n d  t r a n s f e r  f u n c t i o n s  m u c h  m o r e  p r a c t i c a l  

t h a n  i n  t h e  p a s t .  S u c h  m e a s u r e m e n t s  a r e  b e i n g  w i d e l y  a p p l i e d  i n  

t h e  e x p e r i m e n t a l  a n a l y s i s  o f  c o m p l e x  s t r u c t u r e s  a n d  a r e  f u n d a m e n t a l  

t o  t h e  v a r i o u s  m o d a l  a n a l y s i s  s y s t e m s  t h a t  a r e  n o w  a v a i l a b l e .
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M e a s u r i n g  t h e  d r i v i n g  p o i n t  i m p e d a n c e  o f  t h e  s u b w a y  i n v e r t  ( o r  

a e r i a l  s t r u c t u r e  r o a d b e d )  c o u l d  y i e l d  i n f o r m a t i o n  v a l u a b l e  f o r  t h e  

d e s i g n  o f  d i r e c t  f i x a t i o n  f a s t e n e r s  a n d  f l o a t i n g  s l a b  v i b r a t i o n  

i s o l a t i o n  s y s t e m s .  No s u c h  m e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  t o  

d a t e  f o r  s t u d y  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  S u c h  

m e a s u r e m e n t s ,  f r o m  t h e  s t a n d p o i n t  o f  f a s t e n e r  d e s i g n  o r  f l o a t i n g  

s l a b  d e s i g n ,  w o u l d  b e  s i g n i f i c a n t  w i t h  r e s p e c t  t o  a e r i a l  

s t r u c t u r e s .

T r a n s f e r  m o b i l i t i e s  b e t w e e n  s o u r c e  a n d  r e c e i v e r  l o c a t i o n  a r e  t r a n s 

f e r  f u n c t i o n s  ( R e f .  C - 6 )  r e l a t i n g  t h e  r e s p o n s e  a t  t h e  r e c e i v e r  

l o c a t i o n  t o  t h e  i n p u t  f o r c e  a t  t h e  s o u r c e  a s  a  f u n c t i o n  o f  f r e 

q u e n c y .  T y p i c a l l y  t r a n s f e r  m o b i l i t i e s  a r e  m e a s u r e d  u s i n g  i m p a c t  

e x c i t a t i o n  a t  t h e  s o u r c e  l o c a t i o n  a n d  a v i b r a t i o n  t r a n s d u c e r  a t  t h e  

m e a s u r e m e n t  l o c a t i o n .  U s i n g  a s p e c i a l  hammer i n s t r u m e n t e d  w i t h  a 

f o r c e  t r a n s d u c e r ,  t r a n s f e r  m o b i l i t i e s  c a n  b e  m e a s u r e d  i n  a n  

e f f i c i e n t ,  r a p i d  m a n n e r .  T h e  t e c h n i q u e  c a n  b e  a p p l i e d  t o  t h e  

s t u d y  o f :

T h e  m e c h a n i s m  o f .  v i b r a t i o n  r a d i a t i o n  f r o m  a  s u b w a y

s t r u c t u r e .

T h e  v i b r a t i o n  t r a n s m i s s i b i l i t y  o f  v a r i o u s  c o m p o n e n t s  i n  t h e  

t r a n s m i s s i o n  p a t h  b e t w e e n  w h e e l ,  r a i l ,  a n d  b u i l d i n g  w a l l .

T h e  e f f e c t  o f  d i f f e r e n t  i n s t a l l a t i o n s  a n d  d e s i g n s  o n  

g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .

P a r a m e t r i c  d e p e n d e n c e  o f  t r a c k  a n d  s u b w a y  s t r u c t u r e s .
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T h e r e  a r e  a n u m b e r  o f  a d v a n t a g e s  a s s o c i a t e d  w i t h  u s i n g  i m p a c t  t y p e  

t e s t i n g  t o  e v a l u a t e  t r a n s i t  f a c i l i t i e s .  Som e t h a t  p a r t i c u l a r l y  

a p p l y  t o  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  a r e :

D i r e c t  m e a s u r e m e n t  o f  t r a n s f e r  m o b i l i t i e s  i s  p o s s i b l e .

E f f e c t s  o f  d i f f e r e n t  c o m p o n e n t s  i n  t h e  v i b r a t i o n  

t r a n s m i s s i o n  p a t h  c a n  b e  m o r e  e a s i l y  d e t e r m i n e d .

D i r e c t  c o m p a r i s o n s  o f  d i f f e r e n t  c o n d i t i o n s  c a n  b e  

p e r f o r m e d .  T h e  a d v a n t a g e  i s  t h a t  a  c o m p a r i s o n  c a n  b e  

a c h i e v e d  t h k t  i s  n o t  d e p e n d e n t  o n  t h e  t y p e  o f  r o l l i n g  

s t o c k ,  t h e  c o n d i t i o n  o f  t h e  r a i l  r u n n i n g  s u r f a c e ,  t h e  

c o n d i t i o n  o f  t h e  t r a i n  w h e e l s ,  o r  w h e t h e r  t h e  t r a c k  i s  

j o i n t e d .

O n l y  s h o r t  l e n g t h s  o f  t e s t  t r a c k  a r e  r e q u i r e d  f o r  a n  

e x p e r i m e n t a l  a s s e s s m e n t .

S i n c e  t h e r e  i s  n o  n e e d  t o  r u n  t e s t  t r a i n s ,  l a r g e  

q u a n t i t i e s  o f  d a t a  c a n  b e  c o l l e c t e d  a n d  a n a l y z e d .

T h e  c h a r a c t e r i s t i c s  o f  v i b r a t i o n  t r a n s m i s s i o n  c a n  b e  

s t u d i e d .

M o s t  m a t h e m a t i c a l  m o d e l s  o f  t r a c k  f o r m s  a r e  b a s e d  o n  

d i s c r e t e  d e g r e e  o f  f r e e d o m  s y s t e m s  w i t h  a s i n g l e  i n p u t .  
T h i s  m e t h o d  w i l l  p r o v i d e  i n f o r m a t i o n  m u c h  m o r e  u s e f u l  f o r
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i n c l u s i o n  i n t o  t h e s e  s t u d i e s .

E f f e c t s  o f  e x t r a n e o u s  v i b r a t i o n s  c a n  b e  r e d u c e d .

A l t h o u g h  t h e  i m p a c t  m e t h o d  o f  v i b r a t i o n  t e s t i n g  i s  w e l l  p r o v e n  f o r  

m an y  t y p e s  o f  s t r u c t u r e ,  i t s  a p p l i c a t i o n  t o  r a i l w a y  v i b r a t i o n  

i n v e s t i g a t i o n  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  a n d  d e v e l o p m e n t .  T h e  

m e t h o d  o f  t e s t i n g  u s e d  m u s t  g i v e  r e s u l t s  t h a t  r e l a t e  c l o s e l y  t o  

t h o s e  o b t a i n e d  w h e n  s e r v i c e  ( o r  t e s t )  t r a i n s  a r e  r u n n i n g .  A s e r i e s  

o f  i n i t i a l  t e s t s  a r e  p l a n n e d  b y  L o n d o n  T r a n s p o r t  a t  A l d w y c h .  A t  

t h i s  s i t e  t h r e e  d i f f e r e n t  t r a c k  f o r m s  a r e  t o  b e  l a i d  a n d  t h e  

i m p u l s e  m e t h o d  r e s u l t s  w i l l  b e  c o m p a r e d  w i t h  r e s u l t s  f r o m  t e s t  

t r a i n s  f o r  a l l  t h r e e .

A p a r t i c u l a r  a r e a  o f  u n c e r t a i n t y  i s  t h e  e f f e c t  o f  t h e  t r a i n  d e a d  

l o a d  o n  t h e  n o n - l i n e a r  c h a r a c t e r i s t i c s  o f  m a n y  t r a c k  s u p p o r t  

s t r u c t u r e s .  A f u r t h e r  s e t  o f  t e s t s  i s  p l a n n e d  b y  L o n d o n  T r a n s p o r t  

t o  e x a m i n e  t h i s  r e l a t i o n s h i p .  O t h e r  a r e a s  r e q u i r i n g  i n v e s t i g a t i o n  

a r e  r e p e a t a b i l i t y  a n d  s e n s i t i v i t y  t o  p o s i t i o n i n g  o f  t r a n s d u c e r s ,  

a l t h o u g h  i n i t i a l  i n d i c a t i o n s  a r e  t h a t  t h e s e  l a t t e r  t w o  f a c t o r s  

s h o u l d  n o t  c a u s e  a n y  p r o b l e m s .

W h i l e  t h e  v a l u e  o f  v i b r a t i o n  m e a s u r e m e n t  d u r i n g  t h e  p a s s a g e  o f  

t r a f f i c  o v e r  a t r a c k  s u p p o r t  s t r u c t u r e  i s  w e l l  a p p r e c i a t e d ,  t h e  

c o s t  o f  t h i s  e x e r c i s e  c a n  b e  v e r y  g r e a t .  G e n e r a l l y ,  a t  l e a s t  o n e  

t r a i n ' s  l e n g t h  o f  a  s y s t e m  u n d e r  i n v e s t i g a t i o n  m u s t  b e  p r e p a r e d  a t  

a  l o c a t i o n  w h e r e  s u f f i c i e n t  s t r a i g h t  t r a c k  i s  a v a i l a b l e  t o  a l l o w  a 

f u l l  r a n g e  o f  t r a i n  s p e e d s .  W h e r e  s e v e r a l  t r a c k  s t r u c t u r e s  a r e  t o  

b e  c o m p a r e d ,  t h e  r e q u i r e m e n t  f o r  t h e m  a l l  t o  c o n f o r m  t o  t h i s  

c o n d i t i o n  a n d  a l s o  t o  b e  i n d e p e n d e n t  o f  o t h e r  p a r a m e t e r  v a r i a t i o n s  

( e . g . ,  t u n n e l  s t r u c t u r e ,  l o c a l  v a r i a t i o n  i n  t e r r a i n ,  d i f f e r e n t  

r o l l i n g  s t o c k )  f u r t h e r  c o m p o u n d s  t h e  p r a c t i c a l  p r o b l e m s  a n d  t h e
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c o s t  o f  t e s t i n g .  I t  i s  a n t i c i p a t e d  t h a t  a n  i m p a c t  m e t h o d  o f  

t e s t i n g  w i l l  mak e i n s t a l l a t i o n  o f  s u c h  e l a b o r a t e  t e s t  f a c i l i t i e s  

u n n e c e s s a r y .

4 . 7  MECHANICAL V IBRATIO N  INPUT POWER MEASUREMENT

One o f  t h e  f u n d a m e n t a l  q u a n t i t i e s  t h a t  c h a r a c t e r i z e  v i b r a t i o n  a n d  

s o u n d  i s  t h e  v i b r a t i o n  i n p u t  p o w e r  d e l i v e r e d  t o  a  d y n a m i c  s y s t e m .

N o  s u c h  m e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  f o r  g r o u n d b o r n e  v i b r a t i o n ;  

h o w e v e r ,  R u c k e r  i n f e r r e d  t h e  i n p u t  v i b r a t i o n  p o w e r  s p e c t r u m  f o r  

t r a i n s  r u n n i n g  i n  s u b w a y s  b y  u s i n g  m e a s u r e m e n t  d a t a  a n d  a f i n i t e  

e l e m e n t  m o d e l  o f  t h e  s t r u c t u r e  a n d  s o i l  ( R e f .  A - 5 8 ) . O t t e s e n  e t  

a l .  ( R e f .  C - 2 )  m e a s u r e d  t h e  v i b r a t i o n  p o w e r  d e l i v e r e d  t o  w a l l  

s t r u c t u r e s  w i t h  a p p a r e n t l y  g o o d  s u c c e s s .

I n p u t  v i b r a t i o n  p o w e r  s p e c t r a  may  b e  v a l u a b l e  f o r  v a l i d a t i n g  m o d e l s  

o f  t r a n s i t  s t r u c t u r e  a n d  s o i l  i n t e r a c t i o n  a n d  m i g h t  b e  u s e d  a s  a n  

i n p u t  t o  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  p r e d i c t i o n  p r o c e d u r e s .  

V i b r a t i o n  p o w e r  m e a s u r e m e n t s  may a l s o  p r o v i d e  d i r e c t  c o m p a r i s o n  o f  

t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  v a r i o u s  f a s t e n e r  d e s i g n s ,  t r u c k  

d e s i g n s ,  a n d  s t r u c t u r e  t y p e s .

T h e  v i b r a t i o n  p o w e r  t r a n s m i t t e d  t h r o u g h  t h e  f a s t e n e r  i n t o  t h e  

t r a c k b e d  m u s t  b e  m e a s u r e d  w i t h  an  i n s t r u m e n t e d  f a s t e n e r ,  a n d  b y  

v e l o c i t y  t r a n s d u c e r s  m o u n t e d  o n  t h e  i n v e r t  n e a r  t h e  f a s t e n e r .  T h e  

t r a n s m i t t e d  v i b r a t i o n  p o w e r  s p e c t r a l  d e n s i t y  w i l l  b e  t h e  r e a l  p a r t  

o f  t h e  c r o s s - p o w e r  s p e c t r a l  d e n s i t y  b e t w e e n  t h e  f a s t e n e r  f o r c e  a n d  

i n v e r t  v e l o c i t y  s i g n a l s .  S u c h  m e a s u r e m e n t s  h a v e  n o t  b e e n  p e r f o r m e d .  

I n d e e d ,  s u i t a b l e  i n s t r u m e n t i n g  o f  a  f a s t e n e r  w i l l  b e  a d i f f i c u l t  

t a s k  f o r  p o w e r  m e a s u r e m e n t s  a t  a u d i o  f r e q u e n c i e s .
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4 . 8  GEOPHYSICAL METHODS

G e o p h y s i c a l  m e t h o d s ,  o r  s e i s m i c  m e t h o d s ,  a r e  a g r o u p  o f  m e a s u r e m e n t  

t e c h n i q u e s  u s e d  t o  d e t e r m i n e  t h e  s u b - s u r f a c e  c h a r a c t e r i s t i c s  o f  

e a r t h  m e d i a .  T h e y  a r e  w e l l  k n o w n  i n  t h e  f i e l d s  o f  c i v i l  

e n g i n e e r i n g ,  m i n i n g ,  a n d  g e o p h y s i c s  a n d  a r e  w e l l  d e s c r i b e d  i n  t h e  

l i t e r a t u r e  ( R e f .  B - 3 ,  B - 4 ,  B - 2 2 ,  B - j2 3 )  . T h e y  g e n e r a l l y  i n v o l v e  

a r t i f i c i a l  e x c i t a t i o n  o f  t h e  s o i l  a n d  m e a s u r e m e n t  o f  t h e  r e s u l t i n g  

s o i l  r e s p o n s e  a t  s e v e r a l  p o i n t s  r e m o v e d  f r o m  t h e  s o u r c e .

T h e  p a r a m e t e r s  w h i c h  c a n  b e  e v a l u a t e d  w i t h  t h e s e  m e t h o d s  i n c l u d e :

-  S h e a r  a n d  c o m p r e s s i o n  w a v e  v e l o c i t i e s .

-  S o i l  l a y e r  t h i c k n e s s e s .

-  D e p t h  o f  o v e r b u r d e n .

-  Q - f a c t o r  ( d a m p i n g )  o f  s o i l s .

-  D e p t h  o f  t h e  w a t e r  t a b l e .

G e o p h y s i c a l  m e t h o d s  c a n  b e  g r o u p e d  u n d e r  f o u r  b a s i c  h e a d i n g s :

Down H o l e / U p  H o l e

C r o s s - H o l e

S e i s m i c  R e f r a c t i o n

C o n t i n u o u s  S i n e  W ave  E x c i t a t i o n

T h e  f i r s t  t w o  m e t h o d s  i n v o l v e  b o r i n g  a h o l e  o r  h o l e s  a n d  p l a c i n g  

g e o p h o n e s  i n  t h e  h o l e .  I n  t h e  d o w n  h o l e / u p  h o l e  m e t h o d ,  g e o p h o n e s  

a r e  p l a c e d  a t  v a r i o u s  d e p t h s  b e l o w  t h e  s u r f a c e ,  a n d  i m p u l s i v e  

e x c i t a t i o n  a t  t h e  s u r f a c e ,  e i t h e r  s h e a r  o r  c o m p r e s s i o n  i s  u s e d  t o  

d e t e r m i n e  p r o p a g a t i o n  v e l o c i t i e s  a s  a  f u n c t i o n  o f  d e p t h .  I n  t h e  

c r o s s - h o l e  m e t h o d ,  t h e  e x c i t a t i o n  c a n  b e  a p p l i e d  a t  v a r i o u s  d e p t h s  

w i t h i n  t h e  s o u r c e  h o l e ;  s i m i l a r l y ,  r e c e i v e r s  c a n  b e  l o c a t e d  a t  

v a r i o u s  d e p t h s  w i t h i n  t h e  r e c e i v e r  h o l e .  M e t h o d s  o f  e x c i t a t i o n  
a n d  p l a c e m e n t  o f  t r a n s d u c e r s  c a n  b e  d i f f i c u l t ,  a n d  o f t e n  r e q u i r e  
s p e c i a l  e q u i p m e n t .

JL
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T h e  s e i s m i c  r e f r a c t i o n  m e t h o d  i s  t h e  s i m p l e s t  t o  p e r f o r m  b e c a u s e  i t  

d o e s  n o t  r e q u i r e  t e s t  h o l e s .  T h e  s o u r c e  may  i n s t e a d  b e  a hammer o r  

e x p l o s i v e  c h a r g e .  T h e  a r r i v a l  t i m e  o f  t h e  r e s u l t i n g  c o m p r e s s i o n  

w a v e  i s  t h e n  m e a s u r e d  a t  s e v e r a l  d i s t a n c e s  a l o n g  a  s t r a i g h t  l i n e  

f r o m  t h e  s o u r c e ,  w i t h  s i n g l e  o r  m u l t i p l e  t r a n s d u c e r s  a n d  a s i n g l e -  

o r  m u l t i - c h a n n e l  s e i s m o g r a p h .  T h e  b e s t  r e s u l t s  a r e  o b t a i n e d  i f  t h e  

s e i s m o g r a p h  i s  o f  t h e  s i g n a l - e n h a n c e m e n t  t y p e  w h i c h  c a n  a v e r a g e  

r e p e a t e d  i m p u l s e s  a n d  d i s p l a y  t h e  r e s u l t  i n  a  s t a c k e d  f a s h i o n .  

S t a n d a r d  a l g e b r a i c  t e c h n i q u e s  a r e  t h e n  a p p l i e d  t o  d e t e r m i n e  t h e  

c o m p r e s s i o n  w a v e  s p e e d  w i t h i n  s o i l  l a y e r s  a n d  t h e  d e p t h  o f  t h e  s o i l  

l a y e r s  ( R e f s .  B - 4 ,  B - 2 2 ,  B - 2 3 )  . T h e  s e i s m i c  r e f r a c t i o n  m e t h o d  i s  

a l m o s t  a l w a y s  u s e d  t o  d e t e r m i n e  c o m p r e s s i o n  w a v e  v e l o c i t i e s .  Some 

w o r k e r s  h a v e  u s e d  t h e  m e t h o d  f o r  i d e n t i f i c a t i o n  o f  s h e a r  w a v e  

v e l o c i t i e s  ( R e f .  B - 2 3 ) .

T h e  f i n a l  m e t h o d  i s  t o  u s e  c o n t i n u o u s  s i n e  w a v e  e x c i t a t i o n  a t  a 

p o i n t  o n  t h e  s o i l  s u r f a c e  a n d  m e a s u r e  t h e  f a r - f i e l d  w a v e l e n g t h  o f  

v i b r a t i o n ,  a l s o  a t  t h e  s o i l  s u r f a c e .  A s  t h e  f r e q u e n c y  i s  l o w e r e d ,  

t h e  w a v e l e n g t h  o f  t h e  R a y l e i g h  w a v e  b e c o m e s  l o n g e r ,  a n d  a t  t h e  sam e  

t i m e  t h e  R a y l e i g h  w a v e  e x c i t a t i o n  e x t e n d s  t o  g r e a t e r  d e p t h .  I f  t h e  

p r o p a g a t i o n  v e l o c i t y  o f  t h e  R a y l e i g h  w a v e  i s  a  f u n c t i o n  o f  t h e  

a v e r a g e  s o i l  p a r a m e t e r s  o v e r  t h e  e f f e c t i v e  d e p t h  o f  t h e  w a v e ,  t h e  

s o i l  p r o p e r t i e s  a s  a f u n c t i o n  o f  d e p t h  m ay  b e  d e t e r m i n e d .  One 

a d v a n t a g e  o f  t h i s  m e t h o d  o v e r  t h e  i m p u l s e  m e t h o d s  d e s c r i b e d  a b o v e  

i s  t h a t  h i g h l y  s e l e c t i v e  f i l t e r s  m ay  b e  u s e d  t o  i m p r o v e  t h e  

s i g n a l - t o - n o i s e  r a t i o  f o r  t h e  r e c e i v e r  d a t a .  T h e  m a j o r  

d i s a d v a n t a g e  i s  t h a t  a  s h a k e r  s y s t e m ,  o r  o t h e r  r e l a t i v e l y  m a s s i v e  

e x c i t e r ,  m u s t  b e  u s e d .

G e o p h y s i c a l  t e c h n i q u e s  a r e  n o w  a t  a  r e l a t i v e l y  a d v a n c e d  s t a g e  o f  

d e v e l o p m e n t ,  a n d  s h o u l d  b e  c o n s i d e r e d  i n  t h e  e v a l u a t i o n  o f  s o i l  

p r o p e r t i e s  f o r  p r e d i c t i o n  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  

p r o p a g a t i o n .  H o w e v e r ,  t h e  t e c h n i q u e s  a r e  n o t  n e c e s s a r i l y  e a s i l y
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p e r f o r m e d ,  a n d  c o n s i d e r a b l e  e x p e r t i s e  i s  r e q u i r e d  i n  b o t h  t a k i n g  

a n d  i n t e r p r e t i n g  t h e  d a t a .
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5 .  V IB RATION CONTROL TECHNOLOGY

A v a r i e t y  o f  o p t i o n s  a r e  a v a i l a b l e  t o  c o n t r o l  g r o u n d b o r n e  

v i b r a t i o n  f r o m  r a p i d  t r a n s i t  s y s t e m s .  A l m o s t  a l l  o f  t h e s e  o p t i o n s  

c a n  b e  s u b d i v i d e d  i n t o  t h e  f o l l o w i n g  c l a s s i f i c a t i o n s :

t
-  W h e e l / R a i l  M a i n t e n a n c e

-  T r a n s i t  V e h i c l e  D e s i g n

-  R a i l  S u p p o r t  D e s i g n

-  F l o a t i n g  S l a b  V i b r a t i o n  I s o l a t i o n

-  B a l l a s t  M a t s

-  S u b w a y  S t r u c t u r e  D e s i g n
-  L o c a t i o n  o f  Way

-  S c r e e n i n g

-  B u i l d i n g  I s o l a t i o n

T h i s  s e c t i o n  w i l l  b e  d e v o t e d  t o  d i s c u s s i o n  o f  e a c h  o f  t h e  v a r i o u s  

v i b r a t i o n  t e c h n o l o g i e s  w i t h  r e s p e c t  t o  t h e  a b o v e  c l a s s i f i c a t i o n s .

5 . 1  WHEEL/RAIL MAINTENANCE

A p r i m a r y  m e t h o d  f o r  c o n t r o l  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  i s  

t h e  m a i n t e n a n c e  o f  t h e  w h e e l  a n d  r a i l  c o n t a c t  s u r f a c e s  i n  s m o o t h  

a n d  u n i f o r m  c o n d i t i o n .  S u c h  m a i n t e n a n c e  i s  e f f e c t i v e  p r i m a r i l y  o n  

t h o s e  s y s t e m s  w i t h  c o n t i n u o u s  w e l d e d  r a i l .  R a i l  j o i n t s  c a n  m a sk  

m an y  b e n e f i t s  o f  r a i l  g r i n d i n g  a n d  w h e e l  t r u i n g .

M e a s u r e m e n t s  a t  t h e  SEPTA s y s t e m  i n d i c a t e  t h a t  v i b r a t i o n  w i t h  

t r u e d  s t a n d a r d  w h e e l s  i s  a p p r o x i m a t e l y  6 t o  1 0  dB l o w e r  t h a n  w i t h  

w o r n  s t a n d a r d  w h e e l s  a b o v e  a b o u t  1 0 0  H z .  T h e  v i b r a t i o n  r e d u c t i o n  

o b t a i n e d  b y  r a i l  g r i n d i n g  o n  t h e  SEPTA s y s t e m  w a s  l e s s  s i g n i f i c a n t  

t h a n  f o r  w h e e l  t r u i n g ,  b u t  w a s  s t i l l  a b o u t  4 t o  8 dB a b o v e  a b o u t
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1 0 0  Hz o n  t h e  s u b w a y  s t r u c t u r e  a n d  i n  a n e a r b y  b u i l d i n g  ( R e f .

A - 9 )  .

M e a s u r e m e n t s  a t  BART i n d i c a t e  a 5 t o  15  dB r e d u c t i o n  o f  p l a t f o r m  

v i b r a t i o n  i n  t h e  8 t o  1 0 0 0  Hz f r e q u e n c y  r a n g e  a f t e r  r a i l  g r i n d i n g  

( R e f .  A - 1 7 3 ) . H o w e v e r ,  t h e  BART r a i l s  p r i o r  t o  g r i n d i n g  w e r e  

n e w l y  p l a c e d  a n d  s t i l l  h a d  m i l l  s c a l e  a n d  o t h e r  m a n u f a c t u r i n g  

i r r e g u l a r i t i e s .  A d d i t i o n a l  m e a s u r e m e n t  d a t a  a r e  p r e s e n t e d  i n  

R e f e r e n c e  A - 5 2 .  I n  a l l  c a s e s ,  t h e  r e s u l t s  a r e  a c l e a r  i n d i c a t i o n  

o f  t h e  i m p o r t a n c e  o f  r e g u l a r  r a i l  g r i n d i n g  a n d  w h e e l  t r u i n g  f o r  

c o n t r o l  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  o n  m o d e r n  s y s t e m s  w h i c h  

u s e  c o n t i n u o u s  w e l d e d  r a i l .

O ne  o f  t h e  c u r r e n t  p r o b l e m s  a s s o c i a t e d  w i t h  a s s e s s i n g  t h e  q u a l i t y  

o f  r a i l  g r i n d i n g  a n d  w h e e l  t r u i n g  c o n c e r n s  t h e  l a c k  o f  a r e l i a b l e  

r o u g h n e s s  m e a s u r i n g  a p p a r a t u s .  S u c h  a d e v i c e  w a s  d e v e l o p e d  b y  

R e m i n g t o n ,  R u d d ,  a n d  V e r  ( R e f .  A - 7 7 ) . R e f i n e m e n t  a n d  f u r t h e r  

v a l i d a t i o n  o f  t h e  m e a s u r e m e n t  t e c h n i q u e  m ay  p r o v i d e  a m e a n s  f o r  

q u a n t i f y i n g  w h e e l  a n d  r a i l  r o u g h n e s s  i n  a m a n n e r  w h i c h  c a n  a l l o w  

c o r r e l a t i o n  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  d a t a  w i t h  r a i l  

r o u g h n e s s  d a t a .  .

5 . 2  TRANSIT VEHICLE DESIGN

R e d e s i g n  o r  m o d i f i c a t i o n  o f  t h e  t r a n s i t  v e h i c l e  t r u c k  c a n  b e  an  

e f f e c t i v e  c o n t r o l  m e a s u r e  f o r  g r o u n d b o r n e  v i b r a t i o n .  D e s i g n  
c o n s i d e r a t i o n s  i n c l u d e  r e d u c i n g  t h e  d y n a m i c  l o a d  o n  t h e  r a i l  ( b y  

d e c r e a s i n g  p r i m a r y  j o u r n a l  s p r i n g  s t i f f n e s s ,  p r o v i d i n g  f l e x i b l e  

f r a m e s ,  o r  o t h e r w i s e  r e d u c i n g  t h e  e f f e c t i v e  m a s s ) , a n d  i n c l u d i n g  

d a m p i n g  d e v i c e s  t o  a b s o r b  v i b r a t i o n  e n e r g y  ( f o r  e x a m p l e ,  r e s i l i e n t  

w h e e l s ,  a x l e  m o u n t e d  d y n a m i c  a b s o r b e r s ) .  T h i s  s e c t i o n  d i s c u s s e s  

c o m p o n e n t s  i n  t h e  t r u c k  d e s i g n  t h a n  c a n  a f f e c t  g r o u n d b o r n e
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v i b r a t i o n .  T h e  e f f e c t  o f  t h e  w h e e l s  i s  d i s c u s s e d  i n  t h e  n e x t  

s e c t i o n .

T h e  p r i m a r y  j o u r n a l  s t i f f n e s s  h a s  r e c e n t l y  b e e n  i d e n t i f i e d  b y  

P a o l i l l o  ( R e f .  A - l l )  a n d  W i l s o n  ( R e f .  A - 1 7 4 )  a s  a  f a c t o r  

c o n t r i b u t i n g  t o  e x c e s s i v e  g r o u n d b o r n e  v i b r a t i o n  a t  20  t o  2 5  Hz o n  

t h e  NYCTA, WMATA, a n d  MARTA s y s t e m s .  A p r i m a r y  s t i f f n e s s  

r e s o n a n c e  f r e q u e n c y  i n  t h e  r a n g e  o f  20  Hz i s  c l o s e  t o  t h e  d e s i g n  

r e s o n a n c e  f r e q u e n c i e s  o f  f l o a t i n g  s l a b s  a n d  t y p i c a l  f l o o r  a n d / o r  

w a l l  r e s o n a n c e  f r e q u e n c i e s  o f  b u i l d i n g  s t r u c t u r e s .  T h u s ,  r e d e s i g n  

o f  t h e  p r i m a r y  j o u r n a l  s p r i n g  t o  l o w e r  t h e  r e s o n a n c e  f r e q u e n c y  f r o m  20  

t o  25  Hz d o w n  t o  a b o u t  10 Hz w i l l  s u b s t a n t i a l l y  r e d u c e  g r o u n d b o r n e  

v i b r a t i o n  i n  t h e  16  t o  30  Hz r a n g e .

C o m p a r i s o n s  b y  W o l f e  ( R e f .  A - 7 )  a n d  K e e v i l  ( R e f .  A - 1 7 5 )  o f  

v i b r a t i o n  p r o d u c e d  b y  CTA v e h i c l e s  ( 2 4 0 0  S e r i e s  v s .  2 0 0 0  a n d  2 2 0 0  

S e r i e s )  s t r o n g l y  d e m o n s t r a t e  t h e  e f f e c t i v e n e s s  o f  r e d u c i n g  t h e  

d y n a m i c  l o a d  i m p e d a n c e  f o r  v e h i c l e s  o p e r a t i n g  o n  c o n t i n u o u s  w e l d e d  

r a i l  o n  b a l l a s t - a n d - t i e  t r a c k .  W o l f e ' s  m e a s u r e m e n t  d a t a  a r e  

s u m m a r i z e d  i n  F i g u r e  5 . 1 .  T h e  v i b r a t i o n  d i f f e r e n c e s  b e t w e e n  t h e  

v e h i c l e s  a r e  l e s s  f o r  a e r i a l  s t r u c t u r e  o p e r a t i o n  w i t h  j o i n t e d  r a i l  

t h a n  f o r  b a l l a s t - a n d - t i e  o p e r a t i o n ;  t h i s  i s  p r o b a b l y  a r e s u l t  o f  

t h e  g r e a t e r  f l e x i b i l i t y  ( a n d  r e d u c e d  r a i l  i n p u t  i m p e d a n c e )  o f  t h e  

a e r i a l  s t r u c t u r e .  T h e  i m p a c t s  a t  t h e  r a i l  j o i n t s  c o u l d  a l s o  

c o n t r i b u t e  t o  t h e  d i f f e r e n c e s  o n  t h e  a e r i a l  s t r u c t u r e  b e i n g  l e s s  

d r a m a t i c .

T h e  2 4 0 0  S e r i e s  v e h i c l e s  u s e  W egman t r u c k s  t h a t  a r e  a  v e r y  

d i f f e r e n t  d e s i g n  t h a n  t h e  L F M - R o c k w e l l  a n d  B u d d  P i o n e e r  I I I  t r u c k s  

u s e d  o n  t h e  2 0 0 0  a n d  2 2 0 0  S e r i e s  v e h i c l e s .  T h e  p r i m a r y  s u s p e n s i o n  

r e s o n a n c e  f r e q u e n c y  o f  t h e  Wegman t r u c k  i s  a b o u t  10  H z ,  m u c h  l o w e r  
t h a n  t h e  20  t o  5 0  Hz p r i m a r y  r e s o n a n c e  f r e q u e n c y  o f  t h e  R o c k w e l l  

t r u c k  u s e d  o n  t h e  NYCTA, WMATA, a n d  MARTA s y s t e m s .  N o t e  t h a t  t h e
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t r u c k s  o n  t h e  CTA 2 0 0 0  a n d  2 2 0 0  S e r i e s  c a r s  h a v e  t h e  e q u i v a l e n t  o f  

v e r y  s t i f f  p r i m a r y  s p r i n g s .

T h e  Wegman t r u c k  h a s  a n u m b e r  o f  f e a t u r e s  t h a t  h e l p  r e d u c e  g r o u n d  

v i b r a t i o n .  T h e s e  f e a t u r e s  i n c l u d e  ( R e f .  A - 1 7 5 )  :

-  Low  s t i f f n e s s  p r i m a r y  s p r i n g s  p r o v i d i n g  g o o d  i s o l a t i o n  

b e t w e e n  t h e  w h e e l / a x l e  a s s e m b l y  a n d  t h e  t r u c k  f r a m e .

-  A f l e x i b l e  f r a m e  —  c o n s i s t i n g  o f  t w o  s i d e  f r a m e s  c o n n e c t e d  

i n  t h e  m i d d l e  b y  a w e b  s t r u c t u r e  —  t o  a c h i e v e  w h e e l  l o a d  

e q u a l i z a t i o n .

-  C o m b i n a t i o n  s t e e l / r u b b e r  b o l s t e r  s p r i n g s  t o  s u p p o r t  t h e  

b o d y .

-  A l l  p o i n t s  o f  c o n t a c t  s u p p l i e d  w i t h  r u b b e r  b u s h i n g s  o r  

p a d s .

-  R u b b e r  a n d  s t e e l  s a n d w i c h  c e n t e r  b e a r i n g .

M o d i f i c a t i o n  o f  t h e  p r i m a r y  s t i f f n e s s  o f  t h e  Wegman t r u c k  i s .  t h e  

m o s t  i m p o r t a n t  f a c t o r  c o n t r i b u t i n g  t o  r e d u c t i o n  o f  g r o u n d b o r n e  

v i b r a t i o n .  H o w e v e r ,  d a m p i n g  p r o v i d e d  b y  t h e  r e s i l i e n t  e l e m e n t s  

u s e d  t o  e l i m i n a t e  m o s t  m e t a l - t o - m e t a l  c o n t a c t s  may  y i e l d  s o m e  
a d d i t i o n a l  v i b r a t i o n  r e d u c t i o n  b y  a b s o r b i n g  v i b r a t i o n  e n e r g y .

I n  g e n e r a l ,  p r i m a r y  s p r i n g s  a n d  f l e x i b l e  f r a m e s  a r e  p r o b a b l y  t h e  

m o s t  e f f e c t i v e  w a y  o f  r e d u c i n g  u n s p r u n g  m a s s .  H o w e v e r ,  a l u m i n u m  

c e n t e r e d  w h e e l s ,  h o l l o w  a x l e  a s s e m b l i e s ,  a n d  a r t i c u l a t e d  a x l e s  

w i t h  u n i v e r s a l  j o i n t s  h a v e  b e e n  s u g g e s t e d  t o  r e d u c e  t h e  u n s p r u n g  

m a s s  o f  t h e  t r u c k s  ( R e f .  A - 5 2 ) .
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T h e  U n i v e r s i t y  o f  T o r o n t o  ( R e f .  A - 5 2 )  a l s o  s u g g e s t e d  a n  a x l e  

m o u n t e d  v i b r a t i o n  a b s o r b e r  ( b y  r e d e s i g n  o f  t h e  u n s p r u n g  g e a r b o x  

m a s s )  t o  r e d u c e  r e s o n a n t  v i b r a t i o n  o f  a x l e s  a n d  w h e e l s .  V i b r a t i o n  

r e d u c t i o n s  o f  a p p r o x i m a t e l y  10  dB w e r e  p r e d i c t e d  b y  t h e  U n i v e r s i t y  

o f  T o r o n t o  f r o m  r e s u l t s  o f  i n i t i a l  m o d e l  s t u d i e s  f o r  a b s o r b e r  

m a s s e s  o f  12% t o  25% o f  t h e  w h e e l  m a s s .

R a t h e r  t h a n  a v i b r a t i o n  a b s o r b e r ,  a  d y n a m i c  a b s o r b e r  c o u l d  b e  m o r e  

e f f e c t i v e .  T h e  d y n a m i c  a b s o r b e r  i n c o r p o r a t e s  a v i s c o u s  d a m p i n g  

e l e m e n t  w h i c h  d i s s i p a t e s  v i b r a t i o n  e n e r g y  b e f o r e  i t  c a n  b u i l d  u p  

i n  a x l e  a n d / o r  t r u c k  f r a m e  b e n d i n g  m o d e s .  T h e  d y n m a i c  a b s o r b e r  

may  a l s o  b e  m o r e  e f f e c t i v e  f o r  r a n d o m  e x c i t a t i o n  a n d  l e s s  

s e n s i t i v e  t o  t u n i n g ,  w h e r e a s  t h e  v i b r a t i o n  a b s o r b e r  i s  p r o b a b l y  

b e s t  u s e d  f o r  c o n t i n u o u s  s i n u s o i d a l  v i b r a t i o n ,  s u c h  a s  p r o d u c e d  b y  

a n  e n g i n e  o r  f a n ,  w h e r e  i t  s i m p l y  c a u s e s  a  n u l l  i n  t h e  r e s p o n s e  o f  

t h e  s y s t e m  a t  t h e  e x c i t a t i o n  f r e q u e n c y .  A t  p r e s e n t ,  n o  

t h e o r e t i c a l  m o d e l i n g  o f  d y n a m i c  a b s o r b e r s  f o r  t r a n s i t  v e h i c l e  

t r u c k s  h a s  b e e n  p e r f o r m e d .

A s  i n d i c a t e d  a b o v e ,  s u b s t a n t i a l  r e d u c t i o n  o f  g r o u n d b o r n e  V i b r a t i o n  

may  b e  a c h i e v e d  w i t h  s u i t a b l y  d e s i g n e d  v e h i c l e  t r u c k s .  H o w e v e r ,  

p r o p e r  d e s i g n  a n d  p a r a m e t e r  e v a l u a t i o n  n e c e s s a r i l y  r e q u i r e  a 

m u l t i - d e g r e e - o f - f r e e d o m  m o d e l  c a p a b l e  o f  r e p r e s e n t i n g  

t r a n s l a t i o n a l  o r  r o t a t i o n a l  m o d e s  o f  t r u c k  c o m p o n e n t s ,  a s  w e l l  a s  

a x l e  b e n d i n g  m o d e s  i f  f r e q u e n c i e s ,  a b o v e  60  Hz a r e  t o  b e  i n c l u d e d  

i n  t h e  a n a l y s i s .  T h e  w o r k  p e r f o r m e d  b y  t h e  U n i v e r s i t y  o f  T o r o n t o  

i s  t h e  m o s t  t h o r o u g h  i n  t h i s  r e g a r d  ( R e f .  A - 5 2 ) .  A l s o ,  t h e  

m a t h e m a t i c a l  a n d  c o m p u t e r  m o d e l s  u s e d  f o r  r i d e  q u a l i t y  a s s e s s m e n t  

a r e  v e r y  s i m i l a r  t o  t h o s e  w h i c h  w o u l d  b e  r e q u i r e d  f o r  v i b r a t i o n  
a n a l y s i s  a n d  may b e  a d a p t a b l e  t o  a n a l y s i s  o f  g r o u n d b o r n e  

v i b r a t i o n .
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5 . 3  WHEEL TYPE

M e a s u r e m e n t s  o n  t h e  SEPTA s y s t e m  ( R e f .  A - 9 )  i n d i c a t e  s i g n i f i c a n t  

r e d u c t i o n  o f  g r o u n d b o r n e  v i b r a t i o n  w i t h  t h e  u s e  6 f  r e s i l i e n t  

w h e e l s .  C o m p a r e d  t o  s o l i d  s t e e l  w h e e l s ,  t h e  r e d u c t i o n  a m o u n t e d  t o  

4 t o  8 dB f o r  a e r i a l  s t r u c t u r e  v i b r a t i o n  a n d  8 t o  12  dB f o r  s u b w a y  

s t r u c t u r e  v i b r a t i o n  o v e r  t h e  f r e q u e n c y  r a n g e  o f  3 1 . 5  Hz t o  1 2 5  H z .  

V i b r a t i o n  a m p l i t u d e s  ( R e f .  A - 9 2 )  f o r  a x l e  b o x  a c c e l e r a t i o n  w e r e  

f o u n d  t o  b e  s i g n i f i c a n t l y  l o w e r  f o r  l o c o m o t i v e s  u s i n g  SAB 

r e s i l i e n t  w h e e l s  t h a n  l o c o m o t i v e s  u s i n g  s t a n d a r d  s o l i d  w h e e l s  b y 5 

r o u g h l y  10  t o  2 0  dB a t  f r e q u e n c i e s  a b o v e  3 0  H z .  M i x e d  r e s u l t s  a r e  

r e p o r t e d  b y  W i l s o n *  f o r  o p e r a t i o n  o n  a  BART a e r i a l  s t r u c t u r e  ( R e f .  

A - 2 0 ,  A - 1 7 2 ) , w h e r e  SAB r e s i l i e n t  w h e e l s  p r o d u c e d  l o w e r  l e v e l s  o f  

g r o u n d  v i b r a t i o n  a t  16  a n d  3 1 . 5  Hz t h a n  BLH d a m p e d  o r  o r d i n a r y  

s t e e l  w h e e l s  ( s e e  F i g u r e  5 . 5 ) .

5 . 4  R A IL  SUPPORT

F o r  t h e  p u r p o s e s  o f  t h i s  d i s c u s s i o n ,  t h e  t e r m  " r a i l  s u p p o r t "  w i l l  

r e f e r  t o  t h e  t r a c k  s u p p o r t i n g  h a r d w a r e  s u c h  a s  t i e ,  t i e  p l a t e ,  

f a s t e n e r ,  o r  o t h e r  h a r d w a r e  n e c e s s a r y  f o r  d i r e c t  s u p p o r t  o f  t h e  

r a i l ,  a n d  e x c l u d e s  v a r i o u s  t r a c k b e d s  s u c h  a s  t h e  f l o a t i n g  s l a b ,  

d o u b l e  t i e ,  o r  c o n c r e t e  t r a c k b e d .  F l o a t i n g  s l a b s  w i l l  b e  

d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n ,  d u e  t o  t h e i r  u n i q u e  a n d  

s u b s t a n t i a l l y  m o r e  e f f e c t i v e  v i b r a t i o n  i s o l a t i o n  c h a r a c t e r i s t i c s .

5 . 4 . 1  T y p e s  o f  R a i l  F a s t e n e r s  a n d  P e r f o r m a n c e

One o f  t h e  f i r s t  l i n e s  o f  d e f e n s e  a g a i n s t  g r o u n d b o r n e  v i b r a t i o n  

f r o m  s u b w a y s  w i t h  c o n c r e t e  i n v e r t s  i s  a  r e s i l i e n t  d i r e c t  f i x a t i o n
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s y s t e m  d e s i g n e d  s p e c i f i c a l l y  t o  r e d u c e  g r o u n d b o r n e  v i b r a t i o n .

M any  d i f f e r e n t  f a s t e n e r  d e s i g n s  h a v e  b e e n  d e v e l o p e d ,  a l l  o f  w h i c h  

p e r f o r m  i n  a p r e d i c t a b l e  f a s h i o n .  T h e y  c a n  b e  g r o u p e d  u n d e r  t h e  

f o l l o w i n g  g e n e r a l  t y p e s :

1 .  B o n d e d  a n d  u n b o n d e d  r e s i l i e n t  f a s t e n e r s  w i t h  e l a s t o m e r  i n  

c o m p r e s s i o n .  .

2 .  R e s i l i e n t  f a s t e n e r  w i t h  e l a s t o m e r  i n  s h e a r .

3 .  L o n g i t u d i n a l l y  c o n t i n u o u s  r e s i l i e n t  r a i l  f i x a t i o n .

T h e  t y p i c a l  f a s t e n e r  c u r r e n t l y  u s e d  f o r  new  c o n s t r u c t i o n  o n  

c o n c r e t e  r o a d b e d s  u s u a l l y  e m p l o y s . a n  e l a s t o m e r  p a d  b o n d e d  b e t w e e n  

t w o  s t e e l  p l a t e s .  O ne  p l a t e  i s  b o l t e d  t o  t h e  c o n c r e t e  r o a d b e d ,  

a n d  t h e  r a i l  i s  c l i p p e d  o r  b o l t e d  t o  t h e  o t h e r  p l a t e .  E x a m p l e s  o f  

s u c h  f a s t e n e r s  a r e  t h o s e  m a n u f a c t u r e d  b y  L a n d i s  S a l e s .  C o m p a n y ,

L o r d  K i n e m a t i c s  a n d  H i x s o n  w h i c h  a r e  c u r r e n t l y  b e i n g  i n s t a l l e d  o n  

t h e  WMATA, BART, a n d  MARTA s y s t e m s .  T h e  s t a n d a r d  T o r o n t o  T r a n s i t  

C o m m i s s i o n  f a s t e n e r  u s e s  a n  u n b o n d e d  e l a s t o m e r i c  p a d  p r e c o m p r e s s e d  

w i t h  h o l d  d o w n  b o l t s  a n d  s p r i n g s .

T h e  s e l e c t i o n  a n d  d e s i g n  o f  r e s i l i e n t  r a i l  f a s t e n e r s  i s  d i s c u s s e d  

b y  W i l s o n  ( R e f .  A - 3 9 ) ; h e  i n d i c a t e s  t h a t  o f  t h e  t w o  t y p e s  o f  

f a s t e n e r s  u s i n g  e l a s t o m e r  p a d s  i n  c o m p r e s s i o n , •t h e  b o n d e d  f a s t e n e r  

h a s  a d v a n t a g e s  o y e r  t h e  u n b o n d e d  d e s i g n  b e c a u s e  o f  n o  

p r e c o m p r e s s i o n  o f . t h e  r e s i l i e n t  e l e m e n t ;  v i b r a t i o n  i s o l a t i o n  i n  

a l l  t h r e e  d i r e c t i p n s ; . a n d  n o  s u r f a c e  a b r a s i o n .  T h e  u n b o n d e d  

f a s t e n e r  i s  m o r e  e c o n o m i c a l  i f  t h e  e l a s t o m e r  r e q u i r e s  f r e q u e n t  

r e p l a c e m e n t .  T h i s  i s  n o t ,  h o w e v e r ,  v i e w e d  a s  s i g n i f i c a n t ,  b e c a u s e  

t h e  e l a s t o m e r  e l e m e n t s  m ay  b e  c o m p o u n d e d  t o  a c h i e v e  v e r y  l o n g  l i f e  
e x p e c t a n c i e s  e v e n  i n  t h e  p r e s e n c e  o f  o z o n e  a n d  o i l .  T h e  v i b r a t i o n  

i s o l a t i o n  o f  t h e  b o n d e d  f a s t e n e r  i s  c o m p l e t e . i n  a l l  t h r e e
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d i r e c t i o n s ,  w h e r e  a s  w i t h  s o m e  u n b o n d e d  d e s i g n s ,  l a t e r a l  s h o r t i n g  

o f  t h e  f a s t e n e r  t o p  p l a t e  t o  t h e  a n c h o r  b o l t  m ay  o c c u r .  A t  

s p e c i a l  t r a c k w o r k ,  t h e  u n b o n d e d  f a s t e n e r  may  b e  m o s t  a p p r o p r i a t e  

i n  v i e w  o f  t h e  d i f f i c u l t y  i n  a c q u i r i n g  u n i q u e  a n d  p o s s i b l y  

n o n - s t a n d a r d  b o n d e d  r a i l  f a s t e n e r s .

A n e w  f a s t e n e r  d e s i g n  h a s  b e e n  i n t r o d u c e d  b y  C l o u t h  ( G e r m a n y )  

w h i c h  i n c o r p o r a t e s  e l a s t o m e r - i n - s h e a r  t o  a c h i e v e  r e l a t i v e l y  l o w  

v e r t i c a l  s t i f f n e s s  w i t h o u t  u n d u l y  s a c r i f i c i n g  t h e  l a t e r a l  

s t a b i l i t y  o f  t h e  r a i l .  T h i s  f a s t e n e r  ( O b e r b a u  1 4 0 3 c )  h a s  b e e n  

d u b b e d  t h e  " C o l o g n e  E g g "  a n d  i s  r e p u t e d  t o  h a v e  e x c e l l e n t  

v i b r a t i o n  i s o l a t i o n  p e r f o r m a n c e  ( R e f .  A - 9 0 ) . T h e  C o l o g n e  E g g  u s e s  

a n  e l l i p t i c a l l y  s h a p e d  e l a s t o m e r - i n - s h e a r  r i n g  ( o r  c o l l a r )  b o n d e d  

b e t w e e n  t w o  c o n i c a l l y  c a s t  e l e m e n t s ,  a s  d e t a i l e d  i n  F i g u r e  5 . 2 .

T h e  m a j o r  a x i s  o f  t h e  e l l i p s e  i s  o r i e n t e d  t r a n s v e r s e l y  t o  t h e  r a i l  

t o  a c h i e v e  h i g h  l a t e r a l  r a i l  s t a b i l i t y .  T h e  f a s t e n e r  c o m e s  i n  t w o  

v e r s i o n s  —  o n e  90  mm h i g h  a n d  t h e  o t h e r  70  mm h i g h  f o r  

a p p l i c a t i o n s  w h e r e  h e i g h t  l i m i t a t i o n s  e x i s t .

T h e  v e r t i c a l  s t i f f n e s s  o f  t h e  C l o u t h  f a s t e n e r  i s  a b o u t  3 0 , 0 0 0  

l b / i n .  w h i c h  w i l l  g i v e  a r a i l  s u p p o r t  m o d u l u s  o f  a b o u t  1 , 0 0 0  

l b / i n  f o r  a  30  i n .  f a s t e n e r  s p a c i n g .  T h e  s t a t i c  d e f l e c t i o n  

u n d e r  t r a i n  l o a d  i s  5 mm ( 0 . 2  i n . )  a n d  1 . 5  mm ( 0 . 0 6  i n . )  f o r  t h e  

9 0  mm a n d  7 0  mm h i g h  f a s t e n e r s ,  r e s p e c t i v e l y .

T h e  v i b r a t i o n  r e d u c t i o n  r e p o r t e d  b y  B r a i t s c h  ( R e f .  A - 1 1 8 )  f o r  t h e  

9 0  mm h i g h  m o d e l  r e l a t i v e  t o  b a l l a s t  a n d  t i e  t r a c k b e d  i s  10  t o  15  

dB f o r  f r e q u e n c i e s  b e t w e e n  25  a n d  40  H z ,  a n d  25  dB f o r  f r e q u e n c i e s  

b e t w e e n  40  a n d  80  H z ,  b a s e d  o n  m e a s u r e m e n t s  p e r f o r m e d  a t  t h e  

t u n n e l  w a l l  a t  a n u m b e r  o f  s y s t e m s .  H o w e v e r , ‘ s u c h  a  r e d u c t i o n  f o r  

f r e q u e n c i e s  b e l o w  40  Hz i s  v e r y  d i f f i c u l t  t o  a c h i e v e .  B r a i t s c h ' s  

c o n c l u s i o n s  a r e  b a s e d  o n  m e a s u r e m e n t  d a t a  c o l l e c t e d  o n  d i f f e r e n t  

s y s t e m s  a n d  m ay  h a v e  b e e n  i n f l u e n c e d  b y  t h e  v a r i a t i o n s  b e t w e e n
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F I G U R E  5 . 2

E L A S T O M E R

C L O U T H  1 4 0 3 / c  ( " C O L O G N E  E G G " )  R A I L  F A S T E N E R
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s u b w a y  f o u n d i n g  c o n d i t i o n s ,  s u b w a y  s t r u c t u r e  p a r a m e t e r s ,  o r  

p o s s i b l y  r o l l i n g  s t o c k  c h a r a c t e r i s t i c s .  A m o r e  m e a n i n g f u l  

c o m p a r i s o n  o f  t h e  C l o u t h  1 4 0 3 c  f a s t e n e r  p e r f o r m a n c e  w i t h  t h e  

p e r f o r m a n c e s  o f  a C l o u t h  1 4 0 3 b  f a s t e n e r  a n d  a  f l o a t i n g  s l a b  

t r a c k b e d ,  a l l  m e a s u r e d  o n  t h e  C o l o g n e  U - B a h n ,  i s  p r e s e n t e d  i n  

F i g u r e  5 . 3 .

I n  F i g u r e  5 . 3  t h e  s u b w a y  w a l l  v i b r a t i o n  v e l o c i t y  l e v e l  s h o w n  f o r  

t h e  C o l o g n e  E g g ,  f a s t e n e r  i s  s i m i l a r  t o  t h a t  s h o w n  f o r  t h e  C l o u t h  

1 4 0 3 b  f a s t e n e r  a t  40  Hz a n d  l o w e r  f r e q u e n c i e s .  A t  h i g h e r  

f r e q u e n c i e s  b e t w e e n  50  a n d  1 0 0  H z ,  t h e  C o l o g n e  E g g  p r o d u c e d  a b o u t  

1 0  dB l o w e r  v i b r a t i o n  l e v e l s  t h a n  t h e  1 4 0 3 b  d e s i g n .  T h e  C o l o g n e  

E g g  p r o d u c e d  h i g h e r  v i b r a t i o n  l e v e l s  t h a n  t h e  f l o a t i n g  s l a b  

v i b r a t i o n  i s o l a t i o n  s y s t e m ,  e x c e p t  b e t w e e n  5 0  a n d  80  H z ,  w h e r e  t h e  

l e v e l s  w e r e  c o m p a r a b l e .  T h e  d y n a m i c  s t i f f n e s s  o f  t h e  C l o u t h  1 4 0 3 b  

f a s t e n e r  w a s  n o t  s p e c i f i e d ,  b u t  i s  u n d o u b t e d l y  h i g h e r  t h a n  t h a t  o f  

t h e  C o l o g n e  E g g .  T h e  f l o a t i n g  s l a b  r e s o n a n c e  f r e q u e n c y  i s  

p r o b a b l y  i n  t h e  n e i g h b o r h o o d  o f  16  H z .  N o  d a t a  w e r e  p r e s e n t e d  f o r  

f r e q u e n c i e s  l e s s  t h a n  3 1 . 5  H z .  T h e  d a t a  p r e s e n t e d  i n  F i g u r e  5 . 3  

i n d i c a t e  t h a t  t h e  C o l o g n e  E g g  f a s t e n e r  p r o v i d e s  s i g n i f i c a n t  

v i b r a t i o n  r e d u c t i o n  a t  f r e q u e n c i e s  a b o v e  a b o u t  40  H z .

A n o t h e r  r e c e n t  f a s t e n e r  . d e s i g n  i s  t h e  M e t a l a s t i k  r e s i l i e n t  r a i l  

f a s t e n e r  i l l u s t r a t e d  i n  F i g u r e  5 . 4 .  C o m p a r e d  t o  c o n v e n t i o n a l  

f a s t e n e r s  u s i n g  f l a t  p a d s ,  t h i s  f a s t e n e r  e n h a n c e s  t h e  m o m e n t  

r e a c t i o n  t o  r a i l  o v e r t u r n i n g  r e l a t i v e  t o  v e r t i c a l  s t i f f n e s s  b y  

m o v i n g  t h e  c e n t e r  o f  r o t a t i o n  c l o s e r  t o  t h e  r a i l  h e a d .  T h e  c e n t e r  

o f  r o t a t i o n  c a n  a c t u a l l y  b e  l o c a t e d  a t  o r  a b o v e  t h e  r a i l  h e a d .

T h e  v e r t i c a l  d y n a m i c  s t i f f n e s s  o f  t h i s  f a s t e n e r  c a n  b e  v a r i e d  b y  

d e s i g n  o f  t h e  r e s i l i e n t  e l e m e n t s .  T h e  r a t i o  o f  t r a n s v e r s e  t o  

v e r t i c a l  s t a t i c  s t i f f n e s s  i s  a l s o  v a r i a b l e  a n d  d e p e n d s  o n  s t a t i c  

l o a d .  F o r  3 mm ( 0 . 1 2  i n . )  v e r t i c a l  d e f l e c t i o n ,  a  r a t i o  o f  0 . 3  t o  

0 . 4  w a s  a c h i e v e d  u n d e r  t e s t  ( R e f .  A - 1 7 6 ) . No  v i b r a t i o n  i s o l a t i o n
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O C T R U E  B R N D  C E N T E R  F R E Q U E N C Y  —  H z

F I G U R E  5 . 3  V I B R A T I O N  I S O L A T I O N  P E R F O R M A N C E  O F  C O L O G N E  E G G  

( L E V E L S  R E L A T I V E  T O  S T A N D A R D  F A S T E N E R )  A D A P T E D  

F R O M  R E F .  A - 9 0



F I G U R E  5 . 4  M E T A L A S T I C  R E S I L I E N T  R A I L  F A S T E N E R

-1
3
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p e r f o r m a n c e  d a t a  h a s  b e e n  a c q u i r e d  a s  o f  t h i s  w r i t i n g .

T h e  r e l a t i v e  p e r f o r m a n c e  o f  v a r i o u s  p r o t o t y p e  r a i l  f a s t e n e r  

d e s i g n s  f o r  t h e  BART a e r i a l  s t r u c t u r e s  w e r e  e v a l u a t e d  

e x p e r i m e n t a l l y  b y  W i l s o n  ( R e f .  A - 2 0 ,  A - 1 7 2 ) . T h e  f a s t e n e r  t e s t  

i n c l u d e d :

S t a n d a r d  T o r o n t o  F a s t e n e r  w i t h  3 / 1 6 "  p a d

P a n d r o l  F a s t e n e r  w i t h  1 / 8 "  p a d  a n d  n y l o n  c l i p s

G e n e r a l  T i r e  F a s t e n e r

B .  F .  G o o d r i c h  F a s t e n e r

Som e  o f  t h e  r e s u l t s  o f  t h e  g r o u n d  s u r f a c e  m e a s u r e m e n t s  a t  30  f t  

( 9 . 1  m) a n d  60  f t  ( 1 8 . 3  m) f r o m  m i d - s p a n  a r e  p r e s e n t e d  i n  F i g u r e

5 . 5 .  T h e  t e s t s  S h o w e d  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  v i b r a t i o n  

l e v e l s  w i t h  t h e  s t a n d a r d  T o r o n t o  a n d  G e n e r a l  T i r e  f a s t e n e r ,  a n d  

l i t t l e  d i f f e r e n c e  b e t w e e n  t h e  s t a n d a r d  T o r o n t o  a n d  P a n d r o l  

f a s t e n e r .  W h i l e ,  a s  s h o w n  i n  F i g u r e  5 . 5 ,  t h e  v a r i o u s  f a s t e n e r s  

r e s u l t e d  i n  s i g n i f i c a n t  d i f f e r e n c e s  i n  v i b r a t i o n  l e v e l ,  t h i s  c o u l d  

b e  p a r t i a l l y  a c c o u n t e d  f o r  b y  t h e  p h y s i c a l  s e p a r a t i o n  o f  t h e  t e s t  

s e c t i o n s .

I n  p a s s i n g ,  n o t e  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  a r e  o b s e r v e d  i n  

F i g u r e  5 . 5  b e t w e e n  v i b r a t i o n  l e v e l s  f o r  c a r  B a n d  f o r  c a r s  A a n d

C .  C a r  A w a s  e q u i p p e d  w i t h  BLH d a m p e d  w h e e l s ,  c a r  B w a s  e q u i p p e d  

w i t h  SAB r e s i l i e n t  w h e e l s ,  a n d  c a r  C i s  e q u i p p e d  w i t h  s t a n d a r d  

w h e e l s .  T h e  s t i f f n e s s  o f  t h e  BLH d a m p e d  w h e e l  i s  c o m p a r a b l e  w i t h  
t h a t  o f  t h e  o r d i n a r y  s t e e l  w h e e l .  T h e  d a t a  t h e r e f o r e  i n d i c a t e s  

t h a t  a r e d u c t i o n  o f  w h e e l  s t i f f n e s s  c a n  r e d u c e  g r o u n d b o r n e
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10 100 1000

0--------------- o  S T A N D A R D  [ T O R O N T O ]  F A S T E N E R  -  C A R  A

A - ----------- - A  S T A N D A R D  [ T O R O N T O ]  F A S T E N E R  -  C A R  C

X----------------X G E N E R A L  T I R E  R A I L  F A S T E N E R  -  C A R  A

D----------------□ G E N E R A L  T I R E  R A I L  F A S T E N E R  -  CA R  C

------------------- B A C K G R O U N D  L E V E L

F I G U R E  5 . 5  G R O U N D  V I B R A T I O N  L E V E L S  N E A R  B A R T  A E R I A L  S T R U C T U R E  

-  C A R S  P A S S I N G  B Y  A T  6 0  M P H
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v i b r a t i o n  a t  l o w  f r e q u e n c i e s  m o r e  s i g n i f i c a n t l y  t h a n  d i f f e r e n c e s  

i n  f a s t e n e r  d e s i g n .

A n o v e l  r e s i l i e n t  f i x a t i o n  d e s i g n  h a s  b e e n  s t u d i e d  i n  J a p a n  b y  

S a t o h ,  e t . a l .  ( R e f .  A - 8 9 )  f o r  c o n t r o l  o f  n o i s e  a n d  v i b r a t i o n  a t  

a e r i a l  s t r u c t u r e s .  T h e  d e s i g n  u s e s  c o n t i n u o u s  r u b b e r  s t r i p s  a n d  

c l a m p s  t o  h o l d  t h e  r a i l .  T w o  v a r i a t i o n s  o f  t h i s  d e s i g n  w e r e  

i n s t a l l e d  f o r  p e r m a n e n t  s e r v i c e  a t  t h e  A k a s h i  b a l l a s t e d  e l e v a t e d  

s t r u c t u r e  a n d  t h e  b a l l a s t l e s s  S h i m o  K a n z a k i g a w a  B r i d g e  i n  J a p a n .  

O c t a v e  b a n d  v i b r a t i o n  r e d u c t i o n s  a t  s t r i n g e r  w e b s  a n d , u p p e r  

f l a n g e s  w e r e  r o u g h l y  5 t o  10  dB a t  63  H z ,  0 t o  10  dB a t  1 2 5  H z ,  

a n d  5 t o  10  dB a t  2 5 0  H z .  N o  d a t a  o n  t h e  r e d u c t i o n  o f  g r o u n d b o r n e  

v i b r a t i o n  w e r e  r e p o r t e d .

5 . 4 . 2  R a i l  S u p p o r t  S t i f f n e s s

W i l s o n  ( R e f .  A - 3 9 )  i d e n t i f i e s  a n  o p t i m u m  r a i l  s u p p o r t  m o d u l u s  o f

3 . 0 0 0  l b / i n .  p e r  l i n e a l  i n c h  o f  r a i l .  A l t h o u g h  s t i f f e r  f a s t e n e r s

a r e  p r o b a b l y  r e q u i r e d  a t  s p e c i a l  t r a c k w o r k ,  t h e  o v e r a l l  r a i l
2s u p p o r t  m o d u l u s  s h o u l d  b e  l e s s  t h a n  6 , 0 0 0  l b / i n  . L a t e r a l  

s t a b i l i t y  u s u a l l y  r e q u i r e s  t h a t  t h e  v e r t i c a l  r a i l  s u p p o r t  m o d u l u s  

f o r  t h e  e l a s t o m e r - i n - c o m p r e s s i o n  f a s t e n e r s  b e  a m in im u m  o f  a b o u t

3 . 0 0 0  l b / i n 2 .

B a s e d  o n  a t h e o r e t i c a l  a n a l y s i s  ( R e f .  A - 1 8 ) , t h e  m a g n i t u d e  o f  t h e  

i n t e g r a t e d  o r  d y n a m i c  f o r c e  t r a n s m i t t e d  t o  t h e  r o a d b e d  i s .  

e q u i v a l e n t  t o  t h a t  w h i c h  w o u l d  b e  t r a n s m i t t e d  t h r o u g h  a s i n g l e -  

d e g r e e - o f - f r e e d o m  v i b r a t i o n  i s o l a t i o n  s y s t e m .  T h i s  i n d i c a t e s  t h a t  

t h e  r a i l  a n d  f a s t e n e r  m ay  b e  m o d e l e d  a c c o r d i n g l y  a s  a f i r s t  

a p p r o x i m a t i o n .  U s i n g  t h i s  m o d e l ,  a n d  u s i n g  i m p e d a n c e  f o r m u l a s  f o r  

t h e  w h e e l  m o d e l e d  a s  a m a s s  a n d  t h e  r a i l  a s  a  be am  o n  a n  e l a s t i c  

f o u n d a t i o n ,  t h e  t h e o r e t i c a l  v i b r a t i o n  t r a n s m i s s i o n  f o r  s e v e r a l
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v a l u e s  o f  r a i l  s u p p o r t  m o d u l i  w e r e  c o m p u t e d  r e l a t i v e  t o  t h e
2

s t a n d a r d  TTC r a i l  s u p p o r t  m o d u l u s  o f  4 , 3 0 0  l b / i n  . T h e  r e s u l t s  

a r e  p r e s e n t e d  i n  F i g u r e  5 . 6 .  A l s o  p r e s e n t e d  i n  F i g u r e  5 . 6  a r e  

c o m p u t e d  v a l u e s  o f  maximum r a i l  s t r e s s  a n d  d e f l e c t i o n  u n d e r  a

3 0 , 0 0 0  l b  p o i n t  l o a d  f o r  s t a n d a r d  AREA 1 1 5  r a i l .

J u d g i n g  f r o m  F i g u r e  5 . 6 ,  t h e  l e v e l  o f  g r o u n d  v i b r a t i o n  f o r  r a i l
2

s u p p o r t  m o d u l u s ,  K ,  o f  2 7 5  t o  4 , 3 0 0  l b / i n  i s  r o u g h l y

p r o p o r t i o n a l  t o  2 0  l o g  K a t  f r e q u e n c i e s  a b o v e  30  t o  50  H z .

H o w e v e r ,  a m p l i f i c a t i o n  a t  f r e q u e n c i e s  b e l o w  30  Hz i s  e v i d e n t ,

i n d i c a t i n g  t h a t  t o o  l o w  a  r a i l  s u p p o r t  m o d u l u s  m ay  n o t  b e

b e n e f i c i a l .  T h e  r e s u l t  i s  t h a t  a  " c o m p r o m i s e "  r a i l  s u p p o r t

m o d u l u s  o f  8 0 0  l b / i n .  i s  r e c o m m e n d e d  b y  B e n d e r ,  e t . a l .  ( R e f .

A - 1 8 )  a s  a d e q u a t e  f o r  v i b r a t i o n  c o n t r o l .  T h i s  r e c o m m e n d a t i o n  i s

b a s e d  o n  n o i s e  a n d  v i b r a t i o n  c o n s i d e r a t i o n s  o n l y  a n d  i s  m u c h  l o w e r

t h a n  t h e  " u s u a l "  r e s i l i e n t  f a s t e n e r  r a i l  s u p p o r t  m o d u l u s  o f  3 , 0 0 0  
2

t o  4 , 5 0 0  l b / i n .  , a s  u s e d ,  f o r  i n s t a n c e ,  b y  T T C .  T h e  i n t r o d u c t i o n  

o f  t h e  e l a s t o m e r - i n - s h e a r  r e s i l i e n t  f a s t e n e r ,  s u c h  a s  t h e  " C o l o g n e  

E g g , "  may  a l l o w  a l o w  r a i l  s u p p o r t  m o d u l u s  w i t h o u t  s a c r i f i c i n g  

r a i l  s t a b i l i t y .  H o w e v e r ,  s u c h  f a s t e n e r  d e s i g n s  m u s t  n e c e s s a r i l y  

b e  c o o r d i n a t e d  w i t h  r e q u i r e m e n t s  f o r  r a i l  s t r e s s ,  r i d e  q u a l i t y ,  

s t a b i l i t y  e t c .

R e s u l t s  f r o m  a l a t e r  i n v e s t i g a t o n  b y  B e n d e r  ( R e f .  A - 8 1 )  i n d i c a t e  

t h a t  t h e  e f f e c t  o f  r a i l  f a s t e n e r  s t i f f n e s s  may  b e  r e l a t e d  t o  

b u i l d i n g  v i b r a t i o n  a s  i n  T a b l e  5 - 1 .  A b o v e  1 0 0  Hz t h e  c h a n g e  i n  

v i b r a t i o n  l e v e l  w i t h  a  c h a n g e  i n  s u p p o r t  m o d u l u s  K i s  

a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  20  l o g  K ,  w h i l e  a t  f r e q u e n c i e s  

b e t w e e n  10  t o  30 Hz  i t  i s  p r o p o r t i o n a l  t o  a b o u t  5 l o g  K .  F o r  t h e  

f r e q u e n c i e s  b e t w e e n  30  a n d  1 0 0  H z ,  n o  f o r m u l a  a r e  g i v e n ,  b e c a u s e  

o f  t h e  c o m p l i c a t e d  n a t u r e  o f  r a i l  a n d  w h e e l  i m p e d a n c e s .  T h e  
a n a l y s i s  i s  l i m i t e d  t o  r a i l  s u p p o r t  m o d u l i  i n  t h e  r a n g e  o f  3 , 0 0 0  

l b / i n .  o r  h i g h e r .
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D E C R E A S E  I N  V I B R A T I O N  T R A N S M I S S I O N  C O M P A R E D  W I T H  
T T C  F A S T E N E R S  F O R  S E V E R A L  V A L U E S  O F  I S O L A T O R  
S T I F F N E S S .  A L S O  S H O W N  A R E  T H E  M A X I M U M  R A I L  
B E N D I N G  S T R E S S  A N D  D E F L E C T I O N  F O R  A  3 0 , 0 0 0  L B  
P O I N T  L O A D .

F I G U R E  5 . 6 T H E O R E T I C A L  V I B R A T I O N  I S O L A T I O N  ( B E N D E R ,  R E F .  A - T 8 )



5 - 1 9

TABLE 5 - 1  EFFECT OF FASTENER STIFFNESS ON NOISE 
TRANSMITTED TO BUILDINGS (R E F. A - 8 1 )

FREQUENCY RANGE EFFECT

10  t o  30  Hz -  5 l o g  (K)

> 100. Hz ==20 l o g  (K)

30  t o  1 0 0  Hz ( n o t  g i v e n )

K = f a s t e n e r  s t i f f n e s s
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T h e  e f f e c t  o f  d o u b l i n g  t h e  p a d  t h i c k n e s s  o f  t h e  T o r o n t o  f a s t e n e r  

w a s  d e t e r m i n e d  b y  m e a s u r e m e n t s  a t  t h e  YSNE t u n n e l s  i n  T o r o n t o  

( R e f .  A - 5 2 ) . T h e  q u e s t i o n  o f  v a r i a t i o n  i n  v i b r a t i o n  p r o p a g a t i o n  

c h a r a c t e r i s t i c s  f o r  d i f f e r e n t  l o c a t i o n s  w a s  r e m o v e d  b y  p e r f o r m i n g  

m e a s u r e m e n t s  b e f o r e  a n d  a f t e r  a d d i n g  t h e  e x t r a  p a d .  T h e  r e s u l t s  

o f  t h e s e  t e s t s  a r e  s u m m a r i z e d  i n  F i g u r e  5 . 7 ,  w h i c h  s h o w s  t h e  

v i b r a t i o n  l e v e l  a t  t h e  i n v e r t  a n d  a t  t h e  g r o u n d  s u r f a c e  o f  t h e  

d o u b l e  p a d  i n s t a l l a t i o n  r e l a t i v e  t o  t h e  o r i g i n a l  s i n g l e  p a d  

i n s t a l l a t i o n .  A l s o  p r e s e n t e d  i n  F i g u r e  5 . 7  f o r  c o m p a r i s o n  a r e  t h e  

v i b r a t i o n  l e v e l  d i f f e r e n c e s  e s t i m a t e d  b y  B e n d e r  ( R e f .  A - 1 8 )  f o r  

r a i l  s u p p o r t  m o d u l i  o f  3 , 2 0 0  a n d  1 , 6 0 0  l b / i n ^ .  A d o u b l i n g  o f  t h e  

T o r o n t o  f a s t e n e r  p a d  t h i c k n e s s  s h o u l d  r e s u l t  i n  a r a i l  s u p p o r t  

m o d u l u s  i n  t h e  n e i g h b o r h o o d  o f  2 , 2 0 0  l b / i n  , a n d ,  i n d e e d ,  t h e  

m e a s u r e d  d i f f e r e n c e s  f a l l  w i t h i n  t h e  e s t i m a t e s  o f  B e n d e r ,  f o r  

v a l u e s  o f  K e q u a l  t o  3 , 2 0 0  a n d  1 , 6 0 0  l b / i n  . A l s o  t h e  k n e e  i n  t h e  

s p e c t r a l  d i f f e r e n c e  i s  w e l l  p r e d i c t e d .  T h u s ,  t h e  g e n e r a l  m o d e l  

p r o p o s e d  b y  B e n d e r ,  e t  a l , i s  s u p p o r t e d  b y  t h e s e  d a t a ,  a n d  t h e  

a s s u m p t i o n  o f  m o d e l  v a l i d i t y  f o r  v a l u e s  o f  r a i l  s u p p o r t  m o d u l i  

l e s s  t h a n  1 , 6 0 0  l b / i n  i s  p e r h a p s  j u s t i f i e d .

P a o l i l l o  p r e s e n t s  m e a s u r e m e n t  d a t a  c o n c e r n i n g  t h e  r e d u c t i o n  o f  

g r o u n d b o r n e  v i b r a t i o n  w i t h  f a s t e n e r  s t i f f n e s s  ( R e f .  A - 3 6 )  a t  

NYCTA. R e s u l t s  o f  t h e s e  m e a s u r e m e n t s  i n d i c a t e  t h a t  g r o u n d b o r n e  

v i b r a t i o n  l e v e l s  a r e  r o u g h l y  p r o p o r t i o n a l  t o  20  l o g  K o v e r  a l m o s t  

t h e  e n t i r e  f r e q u e n c y  r a n g e .  T h e  t e s t s  i n v o l v e d  f i r s t  i n s e r t i o n  o f  

1 i n .  ( 2 5  mm) t h i c k  B u t y l  p a d s  f o l l o w e d  i n  t h e i r  s t e a d  b y  3 / 8  i n .  

( 0 . 9 5  cm) t h i c k  r i b b e d  n e o p r e n e  p a d s  b e t w e e n  t h e  w o o d  h a l f - t i e  

b l o c k s  e m b e d d e d  i n  c o n c r e t e  a n d  t h e  t i e  p l a t e .  T h e  r i b b e d  

n e o p r e n e  p a d  w a s  s h o w n  t o  b e  c o n s i s t e n t l y  s u p e r i o r  t o  t h e  1 i n .

( 2 5  mm) t h i c k  B u t y l  p a d s  o v e r  t h e  e n t i r e  s p e c t r u m .  T h e  r e d u c t i o n  
o b t a i n e d  w i t h  t h e  r i b b e d  n e o p r e n e  p a d  c o m p a r e d  t o  t h e  o r i g i n a l  

c o n f i g u r a t i o n  w a s  a b o u t  1 0  dB b e t w e e n  1 2 . 5  Hz t o  40  Hz a n d  15  t o  

20  dB b e t w e e n  50  a n d  4 0 0  H z .
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5 . 4 . 3  R e s i l i e n t l y  S u p p o r t e d  T i e s

T h e  r e s i l i e n t l y  s u p p o r t e d  c o n c r e t e  t i e  r a i l  s u p p o r t  s y s t e m  p r o v i d e s  

t w o  s t a g e s  o f  v i b r a t i o n  i s o l a t i o n  w h i c h  c a n  b e  p a r t i c u l a r l y  

e f f e c t i v e .  T h e  V SB /S TE D E F t w o - b l o c k  s y s t e m  i s  a n  e x a m p l e  a n d  i s  

i l l u s t r a t e d  i n  F i g u r e s  5 . 8  a n d  5 . 9 .  T h e  s y s t e m  c o n s i s t s  o f  a 

t w o - b l o c k  t i e ,  w i t h  t h e  t i e  b l o c k s  i n  p o c k e t s  i n  a c o n c r e t e  i n v e r t  

w i t h  a  n e o p r e n e  r u b b e r  b o o t  a n d  e x p a n d e d  n e o p r e n e  s u p p o r t  p a d  

b e t w e e n  t h e  t i e  a n d  i n v e r t  f o r  v i b r a t i o n  i s o l a t i n g .  T h e  r a i l  i s  

f i x e d  t o  t h e  t i e  b l o c k  w i t h  a n  e l e c t r i c a l l y  i n s u l a t i n g  c l i p  u s i n g  

a 3 / 1 6  i n .  ( 0 . 5  cm) r u b b e r  p a d  b e t w e e n  t h e  r a i l  a n d  t i e  b l o c k .

T h e  r u b b e r  p a d  i s  r e l a t i v e l y  s t i f f  a n d  p r o v i d e s  l i t t l e  o r  n o  

v i b r a t i o n  i s o l a t i o n .

T h e  STEDEF s y s t e m  h a s  b e e n  t e s t e d  e x t e n s i v e l y  b y  t h e  P a r i s  M e t r o  

(RATP) a n d  i s  b e i n g  u s e d  e x t e n s i v e l y  i n  p l a c e  o f  t h e  s t a n d a r d  

b a l l a s t  a n d  t i e  t r a c k  u s e d  i n  t h e i r  e a r l i e r  d o u b l e - t r a c k  t u n n e l  

i n s t a l l a t i o n s .  T h e  STEDEF s y s t e m  i s  a l s o  b e i n g  u s e d  o n  t h e  MURLA 

s y s t e m  i n  M e l b o u r n e ,  t h e  BRRT s y s t e m  i n  B a l t i m o r e ,  a n d  t h e  MARTA 

s y s t e m  i n  A t l a n t a .

A n o t h e r  r e s i l i e n t l y  s u p p o r t e d  t i e  s y s t e m  i s  t h e  V o e s t - S e m p i r i t  
r e s i l i e n t l y  s u p p o r t e d  t i e / f l o a t i n g  s l a b  s y s t e m  w h i c h  h a s  b e e n  

i n s t a l l e d  i n  V i e n n a ,  A u s t r i a .  T h e  V - S  s y s t e m  i s  a  s o l i d  o n e - p i e c e  

PVC t i e  ( i t  c o u l d  u s e  p r e - c a s t  c o n c r e t e  t i e s )  w i t h  a r u b b e r  b o o t  

a n d  r u b b e r  s u p p o r t  p a d  s y s t e m  s i m i l a r  t o  t h e  STEDEF s y s t e m ,  b u t  

w r a p p e d  a r o u n d  t h e  e n d s  o f  t h e  t i e s  o n l y .  T h e  V - S  s y s t e m  a l s o  

i n c l u d e s  a f o r m  o f  f l o a t i n g  s l a b  t r a c k b e d  w h i c h  m a k e s  t h e  a s s e m b l y  

u n n e c e s s a r i l y  c o m p l e x  a n d  e x p e n s i v e .
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F I G U R E  5 . 8  R S - S T E D E F  R E S I L I E N T L Y  S U P P O R T E D  R A I L  T I E  S Y S T E M  C O M P O N E N T S
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T h e  v i b r a t i o n  i s o l a t i o n  p e r f o r m a n c e  o f  r e s i l i e n t l y  s u p p o r t e d  t i e s  

h a s  b e e n  e v a l u a t e d  e x p e r i m e n t a l l y  a t  a  n u m b e r  o f  s y s t e m s  i n  E u r o p e  

( R e f .  A - 2 8 ,  A - 2 2 ,  A - 2 7 ) . A v a r i a t i o n  i n c l u d i n g  w o o d  t i e s  

s u p p o r t e d  o n  r e s i l i e n t  e l e m e n t s  w a s  e v a l u a t e d  b y  L a n g  ( R e f .  A - 2 9 ,  

A - 1 0 1 ) . T h e  m e a s u r e m e n t s  r e p o r t e d  b y  C o l o m b a u d  ( R e f .  A - 2 8 )  a r e  

p e r h a p s  t h e  m o s t  o f t e n  q u o t e d  i n  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  

v i b r a t i o n  i s o l a t i o n  p e r f o r m a n c e  o f  t h e  STEDEF r e s i l i e n t l y  

s u p p o r t e d  t i e ,  w h i c h  g a v e  t h e  b e s t  o v e r a l l  p e r f o r m a n c e  i n  t h e  

P a r i s  RER w h e n  c o m p a r e d  t o  RAPT a n d  SNCF ( T y p e  F )  r e s i l i e n t  

f a s t e n e r s  a n d  b a l l a s t  a n d  t i e  t r a c k .  T h e s e  d a t a  a r e  s u m m a r i z e d  i n  

F i g u r e  5 . 1 0 .  A h i g h  d e g r e e  o f  m a t e r i a l  d a m p i n g  i n  t h e  STEDEF 

r e s i l i e n t  e l e m e n t  i s  c l a i m e d  t o  b e  r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  

l o w  63  Hz o c t a v e  b a n d  v i b r a t i o n  l e v e l  i n  c o m p a r i s o n  w i t h  o t h e r  

f a s t e n e r  d e s i g n s .

T h e  STEDEF s y s t e m  w a s  a l s o  e x p e r i m e n t a l l y  e v a l u a t e d  b y  N o l l e  i n  

r e l a t i o n  t o  s t a n d a r d  b a l l a s t  a n d  t i e  t r a c k  a t  t h e  J o l i m o n t  T e s t  

T r a c k  ( R e f .  A - 7 8 ) . V e r y  l i t t l e  r e d u c t i o n  o f  v i b r a t i o n  w a s  

a c h i e v e d  b y  t h e  STEDEF s y s t e m  r e l a t i v e  t o  b a l l a s t  a n d  t i e  t r a c k  

e x c e p t  f o r  a b o u t  5 dB a t  f r e q u e n c i e s  a b o v e  2 5 0  H z .  An 

a m p l i f i c a t i o n  o f  a b o u t  1 t o  3 dB i s  e v i d e n t  i n  t h e  f r e q u e n c y  r a n g e  

o f  50  t o  80  H z .  B e l o w  4 0  H z ,  t h e  STEDEF s y s t e m  p r o d u c e d  5 dB 

l o w e r  l e v e l s .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t ,  b e c a u s e  t h e  b a l l a s t  

a n d  t i e  t r a c k  p r o v i d e s  a s i g n i f i c a n t  a m o u n t  o f  v i b r a t i o n  i s o l a t i o n  

a t  h i g h  f r e q u e n c i e s  r e l a t i v e  t o ,  f o r  i n s t a n c e ,  d i r e c t  f i x a t i o n  

f a s t e n e r s  o n  c o n c r e t e  s l a b  r o a d b e d s .

5 . 5  FLOATING SLABS

5 . 5 . 1  T y p e s  o f  F l o a t i n g  S l a b s

F l o a t i n g  s l a b s  b a s i c a l l y  c o n s i s t  o f  a  c o n c r e t e  t r a c k w a y  s u p p o r t e d  

b y  r u b b e r  o r  l o a d b e a r i n g  f i b e r g l a s s  p a d s .  F l o a t i n g  s l a b s  w o r k  o n
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the same principal as inertia bases used to vibration isolate 
machinery. The typical inertia base consists of a concrete pad 
supported by springs with the machine to be isolated attached to 
the concrete pad. This system reduces the forces transmitted from 
the machine to the foundation at frequencies above the resonance 
frequency of the spring-mass system. Near the resonance frequency 
the transmitted force is amplified, and well below the resonance 
frequency the force is transmitted with no change in magnitude.

Several varieties of floating slab systems have been developed. 
Some of the earlier designs such as those used by London Transport 
under the Barbican and on the extension to Heathrow Airport, are 
very heavy and expensive to install (Ref. A-106). More recent 
designs which require less space and are much less expensive, 
include the insulated track slab design for the Lime Street 
Station of the Mersey Railway Extensions by British Railways (Ref. 
A-106), the floating slab trackbed designed for the Washington,
D.C. Metropolitan Area Transit Authority Metro System (Ref. A13, 
A-33), and the discontinuous double tie systems developed for the 
Toronto Transit Commission (Ref. A-76).

The vibration isolation of floating slabs is provided by the mass 
of the slab acting as an inertia mass and the resilience of the 
support pads acting as soft support springs which, in combination, 
reduce the transmission of the vibration forces to the subway 
structure. The system is very effective in reducing groundborne 
vibration from transit train operations. Compared with resilient 
direct fixation fasteners on rigid invert, concrete floating slabs 
of approximately 0.3 m (1 ft) thickness have reduced groundborne 
vibration very significantly over the audible frequency range 
(Ref.' A-162) . The disadvantages of the continuous floating slab 
system include the cost of construction, the difficulty of forming 
and pouring the concrete slab, the non-replaceability of the
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resilient elements without special provision, and bending waves in 
the slab which generate higher in-tunnel noise levels at low 
frequencies. The continous floating slab is illustrated in Figure
5.11.

British Rail has developed a continuous floating slab system with 
adjustable and replaceable springs (Ref. A-132) for use at 
mainline railways. They prefer the use of continuous floating 
slabs over discontinuous slabs because of radiation damping 
provided by slab bending waves, which carry energy away from the 
point of excitation at frequencies above the resonance frequency 
of about 15 to 18 Hz. They believe that the radiation damping is 
substantially greater than that provided by the resilient 
supported elements. Thus, local build-up of vibration energy does 
not take place. This concept may be true for single point 
excitation, but in reality, groundborne vibration from trains 
necessarily involves a distribution of point sources along the 
train. Thus, whether the slab is discontinuous or continuous, the 
vibration energy is distributed. However, radiation damping due 
to slab bending may play a role with respect to controlling 
amplification at the design resonance. Again, the radiation 
damping at resonance is apparently low. Thus, the significance of 
radiation damping needs to be assessed.

Most of the floating slabs being installed in North American 
transit systems are pre-cast discontinuous floating slabs. This 
system, often referred to as the double tie system, was developed 
by TTC (Ref. A-76), and is now being recommended and installed on 
the MARTA, BRRT, and MURLA (Australia) transit systems (Refs.
A-105, A-70).

The double tie vibration isolation system consists of pre-cast 
concrete double ties supported on pads similar to the continuous

*
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floating slab concept. Each double tie is isolated from 
neighboring double ties with additional resilient elements. The 
rail is fastened to the slabs with direct fixation fasteners using 
standard rail fixation hardware such as the Pandrol rail clip.
The basic design of the double tie system is illustrated in Figure
5.12.

One of the major advantages of the double tie concept is that 
installation costs are significantly lower than for the continuous 
cast-in-place slab. The pre-cast concrete slabs are typically 
brought to their final resting places on fork-lifts and are easily 
positioned with hydraulic jacks and clamps (Refs. A-68, A-87). 
Alternatively, pneumatic bearings are sometimes used to ease final 
positioning of the slabs.

5.5.2 Floating Slab Performance

Estimates based on measurement data for vibration reduction 
performances of continuous and discontinuous floating slabs 
relative to direct fixation resilient fasteners are presented in 
Figure 5.13. These estimates are based on actual measurements of 
floating slab and non-floating slab sections of subway. The WMATA 
and TTC data are reported by Wilson (Ref. A-33, A-162), Nelson et 
al. (Refs. A-57, A-98), and Lawrence (Ref. 44), and in another TTC 
paper (Ref. A-14).

In a MURLA study (Ref. A-72) measurements of rock-borne vibration 
were made for trains running on ballast and tie. Then the ballast 
and tie track was removed and a discontinuous floating slab system 
was installed on a concrete invert poured directly on the base 
rock. The measured reduction for the MURLA discontinuous floating 
slab relative to ballast and tie track, was not as great as shown
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for the above other systems relative to direct fixation fasteners.

There is some limited data (Refs. A-57, A-98) which indicate that 
lightweight continuous floating slabs used in smaller 
cross-section circular tunnels may perform differently than the 
heavier continuous slabs used in the larger double-box structures. 
Figure 5.14 presents the measured vibration performances of 
floating slabs in concrete double box and circular tunnel subways. 
The data for the WMATA double-box structure is based on 
measurements at two different locations separated by several 
hundred feet, and is consistent with previous data reported by 
Wilson (Ref. A-33, A-162). The floating slab performance given 
for the WMATA circular earth tunnel is based on a limited set of 
measurements at two adjacent tunnel sections -- one with the 
floating slab and the other without. Thus, variations due to 
differences in subway founding and vibration propagation 
characteristics are to a large extent removed for the circular 
tunnel data.

A pronounced attenuation dip occurs for the circular earth 
performance curve at 20 Hz, followed by a peak at 25 Hz —  at 
which frequency virtually no reduction is obtained. Above 31.5 
Hz, and below 16 Hz, both performance curves are essentially 
similar. Essentially the same qualitative performance was 
observed for both measurements on the subway benches as well as at 
points on the ground surface. Also, the measured ground surface 
and tunnel bench vibration levels are very similar to measurements 
at another circular concrete tunnel with floating slab at an 
entirely different location on the system, indicating that the dip 
at 20 Hz and peak at 25 Hz are not simply anomalies.

Additional data collected at MARTA also show a similar qualitative 
trend for the discontinuous double tie floating slab system used
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in the concrete double box structures, as illustrated in Figure
5.13. In addition to the resonance at 12.5 Hz, a second 
resonance appears at 31.5 Hz, followed by effective attenuation at 
higher frequencies (Ref. A-31).

The reason for this anomaly is not clear, but there are strong 
indications that^it is related to coupling of the slab mass-spiring 
system with the truck suspension. The primary suspension 
resonance of both the WMATA and MARTA Rockwell trucks is in the 
neighborhood of 20 to 25 Hz (Ref. A.-11, A-174), and the loaded 
floating slab resonance is about 16 Hz. Thus, the major resonance 
frequencies are relatively close, and coupling of the floating 
slab with the truck is likely.

At the MARTA system in Atlanta, experiments were also performed 
with adding mass to an existing discontinuous floating slab to see 
if the resonance frequency could be significantly lowered (Ref. 
A-50) . This was done because of community reaction to groundborne 
vibration at frequencies.in the neighborhood of 16 to 31.5 Hz. As 
discussed above, three factors combined to produce high levels of 
vibration. These factors are:

1. Primary suspension resonance in the neighborhood of 20 to 
25 Hz for the Rockwell trucks.

2. Floating slab resonance frequency in the neighborhood of 
16 Hz.

3. Floor and ceiling resonances at about 16 to 25 Hz within 
the residential wood-frame structures.

This type of vibration problem is similar to that described by
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Paollilo (Ref. A-ll) in regard to the NYCTA R-46 trucks.

The effect of doubling the mass of the MARTA floating slab is 
illustrated in Figure 5.15. Based on this data as well as on 
corresponding data recorded within the residential structures, the 
conclusion was reached that the loaded resonance frequency was 
reduced from 16 Hz to about 11.5 Hz. This is very similar to that 
which would be expected based on a single-degree-of-freedom model 
of the floating slab.

It is also of interest that the secondary peak at 31.5 Hz in the 
1/3 octave spectrum for the unmodified floating slab was 
suppressed as a consequence of the mass doubling. This indicates 
that doubling the slab mass may help to uncouple vibration modes 
of the vehicle truck from the slab resonance, thereby achieving a 
more idealized isolation curve for the floating slab.

Grootenhuis indicates that the continuous floating slab design is 
preferable to the discontinuous double tie design as used at TTC 
because vibration energy may be concentrated in vibration bending 
modes of the double tie in the absence of damping (Ref. A-106). 
Although bending modes may well occur in the double tie, the modal 
density of the continuous floating slab of the same cross-section 
is higher than that of the double tie, indicating that vibration 
energy is more easily stored as bending waves in the continuous 
slab. Grootenhuis makes an unsupported statement to the effect 
that the TTC discontinuous double tie does not perform adequately 
due to local buildup of vibration energy in the slab, a statement 
that is at odds with the data presented in Figure 5.13 and 5.15. 
Since the first bending mode of a double tie slab is well above 
150 Hz, if the vibration isolation is deficient because of slab 
bending, it is in a frequency region which is rarely important for 
groundborne vibration at U.S. transit systems. In any case, the
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peaks at 25 or 30 Hz indicated in the floating slab performance 
curves of Figures 5.14 and 5.15 are not caused by slab bending7.

Grootenhuis' solution for controlling bending waves of the 
continuous floating sla:b is to use constrained layer damping in 
the concrete slab.. However, this adds substantially to the cost 
of slab construction by requiring multiple pours and hence is 
possibly uneconomical, especially since the installation costs of 
the continuous slab without constrained layer damping are already 
quite high.

A relatively small increase in noise levels inside the subway may 
result with continuous floating slabs as a consequence of bending 
waves within the Slab. At crossovers, if very wide single piece 
floating slabs are used, very significant rumbling noise may 
result, similar to the sound of thunder. The low-frequency noise 
radiation from the wide floating slabs is due to low-frequency 
bending modes, which also degrade vibration isolation performance 
at these frequencies. Thus, current practice for crossover slab 
design is to incorporate isolation joints to separate the slab 
into smaller units. On the TTC system, the crossover slabs use 
ballasted track with a longitudinal cut in the slab included to 
isolate the line tracks from one another, thus reducing the 
problem of bending waves in the slab (Ref. A-76).

Floating slab vibration isolation at crossovers is particuarly 
important because groundborne vibration levels produced at 
crossover frogs and switches are roughly 10 dB higher over the 
entire 1/3 octave spectrum from 10 to 200 Hz relative to 
continuous welded rail. Thus, control of bending waves within the 
crossover floating slab is of particular importance. Indeed, the 
WMATA system incorporates a floating slab at all subway 
crossovers.
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5.6 BALLAST MATS

A ballast mat is a resilient layer of material placed under the 
ballast. Ribbed rubber or neoprene sheets, fiber glass, mineral 
wool, and used automobile tires have all been used as ballast 
mats. They have received much attention and in-service evaluation 
in Europe and in Japan, but relatively little in the United 
States, possibly due to the emphasis on direct fixation trackwork 
which is more economical to maintain than ballasted track. A 
frequently encountered ballast mat is the ISOLIF mat consisting of 
two or three layers of ribbed rubber sheets interleaved so as to 
provide a very resilient sandwich construction.

The results of tests peformed in Europe to determine the vibration 
isolation performance of ballast mats are presented in Figure 
5.16. All of the isolation curves shown in Figure 5.16 are for 
track with ballast mats relative to ballasted track without mats. 
The data are reported for the Munich S-Bahn (Ref. A-26), the 
Vienna U-Bahn (Ref. A-101), and the Paris Metro (Ref. A-155). The 
data are indicative of the range of vibration isolation which 
might be expected for a ballast mat installation.

The data given for the Munich S-Bahn are based on measurements on 
the invert, wall, and upper pedestrian gallery floor of a concrete 
double box subway structure, during actual train passbys. The 
Vienna U-Bahn data were determined with impulse excitation using a 
rail inspection vehicle. The Paris Metro data were determined 
from noise measurements inside rooms below the tracks at two train 
stations. Of these data, those given for the Munich S-Bahn and 
Paris Metro are most representative in that they are based on 
actual train passbys. From these data one might expect a 
vibration reduction between 5 and 15 dB at frequencies between 63 
and 250 Hz. The data presented for the Vienna U-Bahn indicate a
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reduction of 13 to 20 dB over this same range for impact 
excitation. At 31.5 Hz and lower frequencies, little or no change 
in vibration level may be expected.

Octave band vibration isolation data for ballast mats used in a 
double box subway are given by Kazamaki (Ref. A-69). Subway floor 
vibration levels were roughly 20 dB lower with ballast mats 
compared to direct fixation track with train speeds of about 65 
km/hr, over a frequency range of 63 Hz to 500 Hz. At 31.5 Hz, the 
ballast mat vibration reduction is only 10 dB. Subway floor 
vibration levels with the ballast and ballast mat track are 
between 10 and 20 dB lower than for the ballasted track with 
vibration damping cross-ties;

Vibration reductions for a ballast mat used on the Shinkansen 
aerial structure (viaduct) are given by Morii (Ref. A-53). Only a 
limited reduction of about 0 to 3 dB was obtained for girder 
vibration from 31.5 to 125 Hz, although above 150 Hz the reduction 
is between 10 and 20 dB. The reduced performance of a ballast mat 
used on an aerial structure relative to a subway structure is not 
surprising due to the lower impedance of,the aerial structure 
trackbed against which the mat must act in order to provide 
adequate isolation.

Often the major motivation for use of ballast mats is to control 
ballast pulverization and increase ballast replacement intervals, 
as described by Tajima and Kiura (Ref. A-34). Their tests showed 
structure vibration magnitudes were reduced by about 20 to 30%, 
but, more importantly, manpower requirements for maintenance were 
reduced by about 50 percent. Similar reduction of maintenance costs 
would be expected for subway ballast and tie installations. For 
at-grade embankment, the ballast mat will reduce soil migration 
into the ballast and improve soil stability.
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Other materials besides rubber or neoprene may be used for a 
ballast mat. Millbom (Ref. A-32) compares measurement data for 
ballast and tie track on three layers of 5 cm thick mineral wool 
sheets with ordinary ballast and tie track, "normal- ballast in a 
concrete construction supported by rubber pads," and track 
directly fixed to a "sandwich plate" supported by rubber pads.
The isolation of vertical vibration provided by the mineral wool 
installation was evidently similar or not quite as good as "normal 
ballast in a concrete construction." However, the transverse and 
longitudinal vibration isolation performance of the mineral wool 
was evidently superior to all of the other constructions. For 
these reasons, and because of lower cost and installation time, 
the ballast and tie track with 15 cm (three layer) of mineral wool 
ballast mat was selected for vibration control.

Based on the above data and discussion, the ballast mat is a prime 
candidate for vibration control and ballast maintenance when 
building new or renewing existing ballasted track. Their 
effectiveness has not been tested in the U.S. as of this writing. 
However, substantially similar performance with U.S. transit 
vehicles and ballast and concrete ties would probably result. No 
data or discussion concerning their performance on earthen 
embankments has been found. On earth embankments, their 
performance might be less than expected for a concrete slab base 
due to the lower input impedance of earthen subgrades relative to 
concete track slabs.

5.7 SUBWAY STRUCTURE DESIGN

The design of the subway structure can have a very significant 
effect on groundborne vibration and noise. A particular subway
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design may be influenced (but not necessarily determined) by 
vibration control requirements and for this reason the effect of 
the transit structure requires discussion.

The basic radiation characteristics of subway structures are not 
fully understood. Some researchers consider the tunnel wall to be 
the major source of vibration radiation, while others consider the 
invert to be the most significant. In addition, there is a 
possibility that the bending of the subway structure in a 
beain-like manner is a significant vibration mode. There is a lack 
of fundamental understanding regarding radiation of groundborne 
vibration by the tunnel.

The effect of subway structure mass is discussed by Wilson (Ref. 
A-3) who assumes a single-degree-of-freedom model for the subway 
supported by the soil. He states that at low frequencies, the 
subway vibration amplitude is controlled by soil stiffness, 
whereas at high frequencies, its amplitude is controlled by its 
mass. Thus at high frequencies, subway structure vibration levels 
would decrease by approximately 6 dB per doubling of subway mass 
while at low frequencies, no difference would exist (assuming 
similar structure dimensions, and therefore, similar soil 
reactions). Models of subway/soil interaction are discussed in 
Section 7.

An empirical relation between subway wall overall vibration 
velocity level and average subway wall thickness has been 
presented by Koch as (Ref. A-65):

A(dB) = (69 to 56) log (d/40)

for values of average subway wall thickness, d, of 40 to 125 cm. 
The subway wall thickness is an average over the wall, ceiling,
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and f lo o r  p a n e ls  and i s  s t a t e d  t o  be a m easu re  o f  o v e r a l l  subway 
s t r u c t u r e  m ass. The r e l a t i o n s h i p  in d ic a t e s  a 17 dB r e d u c t io n  f o r  
a d o u b lin g  o f  a v e ra g e  w a l l  t h ic k n e s s .  The r e l a t i o n  i s  b ased  on  
m easurem ents made by th e  C u r t - R i s c h - I n s t i t u t e  as p u b lis h e d  in  a 
s e r ie s  o f  i n t e r n a l  r e p o r t s  (R e fs .  A -2 3  and A - 6 5 ) . N o te  t h a t  t h is  
r e l a t i o n  a p p l ie s  t o  subway w a l l  v i b r a t i o n  and t h a t  th e  g ro u n d b o rn e  
v i b r a t i o n  r a d ia t e d  may n o t  be d i r e c t l y  r e l a t e d  t o  th e  w a l l  
v i b r a t i o n  s in c e  th e  i n v e r t  may be th e  m a in  s o u rc e  o f  r a d ia t e d  
e n e rg y .

E x p e r ie n c e  in  th e  U .S .  and C anada in d ic a t e s  t h a t  v e r y  s i g n i f i c a n t  
d i f f e r e n c e s  e x i s t  b e tw e en  g ro u n d  s u r fa c e  v i b r a t i o n  l e v e l s  f o r  
c i r c u l a r  tu n n e ls  and f o r  c u t - a n d -c o v e r  d o u b le  box subw ays. Th ese  
d i f f e r e n c e s  a re  su m m arized  in  F ig u r e  5 . 1 7 ,  in  w h ic h  l e v e l s  f o r  
l i g h t - w e ig h t  c i r c u l a r  tu n n e ls  a r e  p l o t t e d  r e l a t i v e  t o  th o s e  f o r  
d o u b le  box s t r u c t u r e s .  T h e s e  c u rv e s  a r e  b ased  on d a ta  m easu red  a t  
50 f t  a n d /o r  100 f t  fro m  th e  t r a c k  c e n t e r l i n e  a t  th e  g ro u n d  
s u r fa c e  a t  th e  TTC system  (R e fs .  A - 5 3 ,  A - 1 5 ,  A -1 4 )  and a t  50 f t  a t  
th e  WMATA system  (R e f .  A -9 8 )  .

A t  th e  t im e  o f  th e  m easu rem en ts  r e p o r te d  in  R e fe re n c e  A -1 5  no 
d i f f e r e n t i a t i o n  was made b e tw e en  p r e c a s t  c o n c r e te  and s t e e l  tu n n e l  
l i n e r s ,  b o th  o f  w h ic h  a r e  used  in  TTC s t r u c t u r e s .  The d i f f e r e n t  
tu n n e l m asses in v o lv e d  may in f lu e n c e  th e  r e s u l t s .  The s t e e l  o r  
c a s t  i r o n  and p r e c a s t  c o n c r e te  s e c t io n s  ca n  be lo c a te d  ra n d o m ly ,  
d e p e n d in g  on th e  w a te r  t a b l e .  H ence t h e r e  i s  a d e g re e  o f  c a u t io n  
needed when i n t e r p r e t i n g  F ig u r e  5 .1 7 .  B o th  th e  s t e e l  and p r e - c a s t  
TTC tu n n e ls  a re  s i g n i f i c a n t l y  l i g h t e r  th a n  th e  WMATA p o u r e d - in -  
p la c e  tu n n e ls .

The WMATA c i r c u l a r  c o n c r e te  tu n n e ls  a r e  c a s t - i n - p l a c e  w i th  a w a l l  
th ic k n e s s  o f  8 i n .  to  12 i n . , as opposed t o  th e  TTC p r e c a s t  
c o n c r e te  tu n n e ls  w i t h  a th ic k n e s s  o f  a b o u t 6 in  o r  l e s s .
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FIGURE 5 .1 7  GROUND SURFACE VIBRATION FROM EARTH FOUNDED CIRCULAR 
TUNNELS RELATIVE TO CUT-AND-COVER DOUBLE BOX SUBWAYS 
ON THE TTC AND WMATA SYSTEMS
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The same g e n e r a l  t re n d s  a r e  o b s e rv e d  a t  th e  WMATA M e tro  system  
f a c i l i t i e s  as a t  th e  TTC s y s te m . Above 125 Hz th e  g ro u n d b o rn e  
v i b r a t i o n  le v e ls  fro m  th e  c i r c u l a r  tu n n e ls  a re  5 t o  20 dB h ig h e r  
th a n  th o s e  fro m  th e  c o n c r e te  d o u b le  box tu n n e ls ;  w h i le  b e lo w  a b o u t
3 1 .5  H z , th e  l e v e l s  fro m  th e  c i r c u l a r  tu n n e ls  a r e  lo w e r ,  w i th  a 
t r a n s i t i o n  r e g io n  b e tw een  3 1 .5  Hz and 125 H z . The d a ta  p re s e n te d  
i n  F ig u r e  5 .1 7  in d ic a t e  fu n d a m e n ta l d i f f e r e n c e s  b e tw e e n  
g ro u n d b o rn e  v i b r a t i o n  fro m  l ig h t w e i g h t  c i r c u l a r  tu n n e ls  and th e  
l a r g e r ,  h e a v ie r  c o n c re te  d o u b le  box s t r u c t u r e s .  T h is  i s  n o t  
s u r p r is in g  in  v ie w  o f  th e  l a r g e  d i f f e r e n c e  in  o v e r a l l  s i z e ,  subway  
mass p e r  u n i t  le n g t h ,  subw ay w a l l  mass p e r  u n i t  a r e a ,  
c o rre s p o n d in g  b e n d in g  s t i f f n e s s ,  and d i f f e r e n c e s  in  g e o m e try .

O f r e c e n t  c o n c e rn  is  w h e th e r  o r  n o t  tu n n e ls  w i th  l ig h t w e ig h t  
p r e c a s t  l i n e r s  p ro d u c e  lo w e r  l e v e l s  o f  v i b r a t i o n  th a n  h e a v ie r  
c a s t - i n - p l a c e  c i r c u l a r  c o n c r e te  t u n n e ls .  B ased on W ils o n 's  m o d e l, 
and K o c h 's  e m p ir ic a l  fo rm u la  d is c u s s e d  a b o v e , c i r c u l a r  tu n n e ls  
w it h  p r e c a s t  c o n c re te  o r  s t e e l  l i n e r s  s h o u ld  p ro d u c e  h ig h e r  l e v e ls  
o f  v i b r a t i o n  th a n  c a s t - i n - p l a c e  c o n c r e te  tu n n e ls  w i t h  t h ic k e r  and  
m ore m a s s iv e  w a l l s .  The l i m i t e d  d a ta  p re s e n te d  in  F ig u r e  5 .1 7  
te n d  to  s u p p o rt t h is  c o n c lu s io n ,  assum ing  t h a t  s u b t r a c t io n  o f  
l e v e l s  f o r  th e  c u t -a n d -c o v e r  d o u b le  box s t r u c t u r e s  fro m  le v e l s  f o r  
c i r c u l a r  c o n c re te  s t r u c t u r e s  e f f e c t i v e l y  rem oves th e  in f lu e n c e  o f  
t r a n s i t  v e h ic le  and t r a c k  d e s ig n s  and p o s s ib le  r e g io n a l  v i b r a t i o n  
p r o p a g a t io n  c h a r a c t e r i s t i c s  o f  s o i l s .  H o w e v e r, th e  WMATA d a ta  
p re s e n te d  in  F ig u r e  5 .1 7  a r e  b ased  on m easu rem ents  a t  a s in g le  
c i r c u l a r  tu n n e l and a s in g le  d o u b le  box subw ay, so t h a t  th e  d a ta  
a re  n o t  a t  a l l  c o n c lu s iv e .

A lth o u g h  th e  subway w a l l  t h ic k n e s s ,  o r  th e  mass p e r  u n i t  a r e a ,  is  
th e  m ost o f t e n  q u o te d  tu n n e l  p a r a m e te r ,  i t  i s  l i k e l y  t h a t  th e  
e f f e c t i v e  mass o f  th e  subway i n v e r t  a n d /o r  th e  o v e r a l l  mass o f  th e
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s t r u c t u r e  i s  a d e te rm in in g  f a c t o r .  G e n e r a l ly ,  th e  subway i n v e r t  
mass i s  much h e a v ie r  and s t i f f e r  th a n  th e  subway w a l l s ,  and w o u ld  
in c r e a s e  in  ro u g h  p r o p o r t io n  w i t h  o th e r  subway p a r a m e te r s ,  e . g . ,  
w a l l  th ic k n e s s .  The e f f e c t i v e  mass o f  th e  i n v e r t  m ig h t  in c lu d e  
n o t  o n ly  i n v e r t  mass b u t  a p o r t io n  o f  th e  subway w a l l  and an 
"added" mass c o n t r ib u t e d  by th e  fo u n d in g  s o i l .

T h u s , a lth o u g h  th e  a v a i l a b le  in fo r m a t io n  in d ic a t e s  t h a t  h e a v ie r  
tu n n e ls  te n d  to  p ro d u c e  lo w e r  v i b r a t i o n  l e v e l s  a t  f r e q u e n c ie s  
above 3 1 .5  H z , th e  d i f f e r e n c e  may be due m e re ly  t o  th e  s iz e , and  
mass o f  th e  tu n n e l  i n v e r t  o r  o v e r a l l  mass o f  th e  s t r u c t u r e .  A 
tu n n e l  w i t h  p r e c a s t  c o n c r e te  o r  m e ta l l i n e r  may p ro d u c e  
g ro u n d b o rn e  v i b r a t i o n  l e v e l s  c o m p a ra b le  w i t h  t h ic k e r - w a l l e d  
c a s t - i n - p l a c e  c o n c r e te  subways p ro v id e d  t h a t  th e  o v e r a l l  m asses o f  
th e  in v e r t s  a n d /o r  t o t a l  s t r u c t u r e s  a r e  c o m p a ra b le , a lth o u g h  t h is  
may be d i f f i c u l t  t o  a c h ie v e  in  p r a c t i c e .

F i n a l l y ,  th e  l e v e l  d i f f e r e n c e s  g iv e n  in  F ig u r e  5 .1 7  s h o u ld  be 
p la c e d  in  p ro p e r  p e r s p e c t iv e  b ecau se th e  1 /3  o c ta v e  band  
g ro u n d b o rn e  v i b r a t i o n  a c c e le r a t io n  s p e c tr a  g e n e r a l l y  p e ak  in  th e  
n e ig h b o rh o o d  o f  50 H z , w h i le  a t  h ig h e r  f r e q u e n c ie s ,  th e  l e v e l s  a r e  
le s s  s i g n i f i c a n t .  In  f a c t ,  s i g n i f i c a n t  com m unity  r e a c t io n  has  
r e s u l t e d  due to  g ro u n d b o rn e  v i b r a t i o n  in  th e  15 t o  3 1 .5  Hz 
f re q u e n c y  ra n g e . F ig u r e  5 .1 7  in d ic a t e s  t h a t  th e  c i r c u l a r  c o n c r e te  
tu n n e ls  may te n d  t o  p ro d u c e  lo w e r  le v e ls  o f  v i b r a t i o n  in  t h is  
f re q u e n c y  ra n g e  th a n  th e  l a r g e r  c u t -a n d -c o v e r  s t r u c t u r e s .  T h is  i s  
an i n t e r e s t i n g  r e s u l t  t h a t  i s  an i n d ic a t io n  o f  th e  c o m p le x ity  o f  
th e  e f f e c t  t h a t  tu n n e l  w a l l  th ic k n e s s  has on th e  l e v e l s  o f  
g ro u n d b o rn e  v i b r a t i o n .  C l e a r l y  th e  in f lu e n c e  o f  tu n n e l  w a l l  
th ic k n e s s  is  an a r e a  r e q u i r in g  m ore s tu d y .
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5 .8  SCREENING

Use o f  u n d e rg ro u n d  s c re e n s , o r  b a r r i e r s ,  i s  a m ethod f o r  c o n t r o l  
o f  r a p id  t r a n s i t  g ro u n d b o rn e  v i b r a t i o n  w h ic h  has n o t  r e c e iv e d  much 
a t t e n t io n  in  th e  U n ite d  S t a t e s .  I t  i s  e s s e n t i a l l y  a n a lo g o u s  t o  co n 
t r o l l i n g  a i r b o r n e  n o is e  w i t h  a Sound b a r r i e r ,  and' many o f  th e  same 
d e s ig n  c o n s id e r a t io n s  a p p ly .  W ith  v a r y in g  d e g re e s  o f  s u c c e s s , s c re e n  
in g  has been  used  f o r  c o n t r o l  o f  g ro u n d  v i b r a t i o n  fro m  h e a v y  m ac h in e s

D ep end in g  on th e  r e l a t i v e  mass o f  th e  s c re e n  and th e  s u rro u n d in g  
s o i l ,  s c re e n in g  te c h n iq u e s  may be c l a s s i f i e d  as e i t h e r  t re n c h e s  o r  
s o l id  b a r r i e r s .  The f i r s t  g ro u p  in c lu d e s  open tre n c h e s  and  
t re n c h e s  f i l l e d  w i th  a l ig h t w e ig h t  w a te r p r o o f  f i l l e r  such as  
s ty ro fo a m . The second g ro u p  in c lu d e s  s h e e t  p i l i n g  and c o n c r e te  
w a l ls  p o u re d  in t o  t r e n c h e s .  In  b o th  c a s e s , th e  b a s ic  id e a  i s  to  
p r o v id e  an im pedance m ism atch  in  th e  s o i l  so as t o  i n t e r r u p t  
s u r fa c e  o r  R a y le ig h  wave p r o p a g a t io n .  F o r  body waves ( e . g . ,  
c o m p re s s io n  and s h e a r)  th e  s c re e n s  m ust e x te n d  t o  g r e a t e r  d e p th  
th a n  f o r  s u r fa c e  w a v e s . A c c o r d in g ly ,  b e fo r e  d e c id in g  w h e th e r  o r  
n o t  s c re e n in g  may be e f f e c t i v e ,  th e  wave ty p e s  and w a v e le n g th s  
m ust be d e te rm in e d *

Exam ples o f  u n s u c c e s s fu l s c re e n in g  t o  i s o l a t e  m ach in e  v i b r a t i o n  
a re  d e s c r ib e d  by B a rk a n  (R e f .  B - 8 ) . I n v e s t i g a t in g  th e  re a s o n s  f o r  
th e s e  f a i l u r e s ,  B a rk a n  c o n c lu d e s  t h a t  th e  s c re e n  d e p th  s h o u ld  be 
a t  l e a s t  o n e - t h i r d  o f  th e  w a v e le n g th  o f  th e  p r o p a g a t in g  w a v e , and  
t h a t  th e  d e p th  s h o u ld  be m easu red  fro m  th e  b o tto m  o f  th e  s o u rc e  o f  
v i b r a t i o n .  F o r m ost s o i l s  th e  v e l o c i t y  o f  R a y le ig h  wave 
p ro p a g a t io n  i s  on th e  o r d e r  o f  200 m /s e c ;  f o r  s i g n i f i c a n t  
i s o l a t i o n  a t  20 H z , th e  d e p th  o f  th e  s c re e n  s h o u ld  be a t  l e a s t  3 
to  4 m b e lo w  th e  b o tto m  o f  th e  s o u rc e . B a rk a n  f u r t h e r  s t a t e s  t h a t  
t re n c h e s  s h o u ld  n o t  be used i f  g ro u n d  w a te r  w i l l  c o l l e c t  in  th e  
t r e n c h .  In  such c a s e s , s h e e t  p i l i n g  m ig h t  be s u b s t i t u t e d .  I f  
sand i s  fo u n d  a t  th e  s i t e ,  B a rk a n  s u g g e s ts  fo rm in g  a s c re e n  by
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c h e m ic a l o r  cem en t s t a b i l i z a t i o n  o f  a n a rro w  s t r i p  o f  s o i l .

R ic h a r t  e t  a l .  (R e f .  B -4 )  d is t in g u is h  tw o ty p e s  o f  i s o l a t i o n  by  
(1 ) a c t iv e  i s o l a t i o n - t r e n c h e s  c lo s e  to  o r  c o m p le te ly  s u rro u n d in g  

th e  v i b r a t i o n  s o u rc e -a n d  (2 ) p a s s iv e  i s o l a t i o n - t r e n c h e s  w h ic h  a r e  
d i s t a n t  fro m  th e  s o u rc e  b u t  n e a r  th e  s i t e  w h ere  th e  v i b r a t i o n  
a m p litu d e  i s  to  be re d u c e d . They d e t a i l  t e s t s  o f  th e s e  b a r r i e r  
ty p e s  arid s p e c i f y  tw o g e n e r a l  c r i t e r i a  r e g a r d in g  th e  a m p litu d e  
r e d u c t io n  and e f f e c t i v e  a r e a .  Th ese  c r i t e r i a  a r e  su m m arized  a s :

1 . A c t iv e  I s o l a t i o n : The t re n c h  i s  c o n s id e re d  e f f e c t i v e  i f
th e  a m p litu d e  o f  g ro u n d  v i b r a t i o n  i s  re d u c e d  by 75% (12  
dB) beyond th e  t re n c h  e x te n d in g  t o  a d is ta n c e  o f  a b o u t  
te n  R a y le ig h  w a v e le n g th s  fro m  th e  t r e n c h .  To a c h ie v e  
t h i s ,  th e  t r e n c h  b o tto m  m ust be a t  l e a s t  s i x - t e n t h s  o f  
th e  R a y le ig h  w a v e le n g th .

2 . P a s s iv e  I s o l a t i o n : The t re n c h  i s  c o n s id e re d  e f f e c t i v e
i f  th e  a m p litu d e  o f  v e r t i c a l  g ro u n d  s u r fa c e  v i b r a t i o n  i s  
re d u c e d  by 75% (12  dB) w i t h in  a s e m i - c i r c le  o f  r a d iu s  
e q u a l t o  o n e - h a l f  o f  th e  t re n c h  le n g t h  e x te n d in g  fro m  
th e  c e n te r  o f  th e  t r e n c h .  F o r t re n c h e s  lo c a te d  b e tw e en  
tw o and se ve n  R a y le ig h  w a v e le n g th s  fro m  th e  s o u rc e , th e  
t re n c h  d e p th  m ust be 1 .3  t im e s  th e  R a y le ig h  w a v e le n g th .  
The p ro d u c t  o f  th e  t re n c h  h e ig h t  and le n g t h  s h o u ld  be a t  
l e a s t  2 .5  t im e s  th e  s q u a re  o f  th e  R a y le ig h  w a v e le n g th  i f  
th e  t r e n c h  i s  two w a v e le n g th s  fro m  th e  s o u rc e ;  i t  s h o u ld  
be in c r e a s e d  l i n e a r l y  w ith  such d is t a n c e  to  a t  l e a s t  s ix  
t im e s  th e  s q u a re  o f  th e  R a y le ig h  w a v e le n g th  a t  seven  
w a v e le n g th s  fro m  th e  s o u rc e .

R ic h a r t  e t  a l . f u r t h e r  s t a t e  t h a t  th e  t r e n c h  d im e n s io n s  m ust be 
d e te rm in e d  fro m  a kn o w led g e  o f  th e  f re q u e n c y  o f  v i b r a t i o n  and
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p r o p a g a t io n  v e l o c i t y ,  w h ic h  to g e th e r  d e te rm in e  th e  w a v e le n g th .
The p ro p a g a t io n  v e l o c i t y  s h o u ld  be m easu red  in  s i t u  u s in g  s ta n d a rd  
g e o p h y s ic a l m ethods o r  e s t im a te d  fro m  d a ta  on s o i l  p r o p e r t ie s  and  
c o n f in in g  p r e s s u r e .  F i n a l l y ,  s o i l  l a y e r in g ,  a h ig h  w a te r  t a b l e ,  
o r  b u i ld in g  fo u n d a t io n  d e s ig n  may a l t e r  wave p r o p a g a t io n  
c h a r a c t e r i s t ic s  and re d u c e  th e  e f f e c t i v e n e s s .

R ic h a r t  e t  a l . (R e f .  B -4 )  i n d ic a t e  t h a t  th e  w id th  o f  th e  t r e n c h  
has l i t t l e  e f f e c t  o n ,s c r e e n in g  e f f e c t i v e n e s s .  Q u ite  th e  c o n t r a r y  
i s  r e p o r te d  f o r  s o l id  b a r r i e r s  by H a u p t (R e f .  B -3 6 )  who i d e n t i f i e s  
a v e ry  s tro n g  d epen den ce o f  b a r r i e r  i n s e r t i o n  lo s s ,  f o r  s o l id  
b a r r ie r s  in  s a n d , w i t h  th e  r a t i o  o f  th e  c r o s s - s e c t io n a l  a re a  o f  
th e  b a r r i e r  and th e  s q u a re  o f  th e  R a y le ig h  w a v e le n g th .  T h is  
c o n c lu s io n  i s  based  on b o th  a tw o -d im e n s io n a l f i n i t e  e le m e n t m odel 
and e x p e r im e n ta l  m o d e lin g  w i t h  a sand p i t .  The r e s u l t s  o f  th e  
m o d e lin g  e x p e r im e n ts  w h ic h  s u p p o r t  t h i s  c o n c lu s io n  a r e  p r e s e n te d  
in  F ig u r e  5 .1 8 .  The b a r r i e r  a n a ly s e s  d e s c r ib e d  by H a u p t w e re  f o r  
b a r r i e r s  lo c a te d  in  th e  f a r  f i e l d  o f  th e  v i b r a t i o n .  G r e a te r  
v i b r a t i o n  r e d u c t io n  i s  a c h ie v e d  i f  th e  b a r r i e r  i s  lo c a te d  in  v e r y  
c lo s e  p r o x im ity  to  th e  v i b r a t i o n  s o u rc e .

D o l l in g  (R e f .  A -1 2 2 )  f in d s  th e  t h e o r e t i c a l  v i b r a t i o n  i s o l a t i o n  o f  
open tre n c h e s  to  be in d e p e n d e n t o f  th e  r e l a t i v e  lo c a t io n  o f  th e  
t r e n c h  betw een  th e  s o u rc e  and r e c e iv e r  p r o v id e d  t h a t  th e  t r e n c h  i s  
i n  th e  f a r  f i e l d  and t h a t  th e  r e c e iv e r  i s  f a r  fro m  th e  t r e n c h .  
D o l l in g  a ls o  in d ic a t e s  t h a t  th e  v i b r a t i o n  r e d u c t io n .o f  open  
t re n c h e s  i s  in d e p e n d e n t o f  th e  c r o s s - s e c t io n  o f  th e  t r e n c h ,  
c o n s is te n t  w i th  R ic h a r t  e t  a l , and c o n t r a r y  t o  r e s u l t s  r e p o r te d  by  
H a u p t f o r  s o l id  b a r r i e r s .

L i t t l e  d a ta  e x i s t  c o n c e rn in g  th e  use o f  t re n c h e s  f o r  c o n t r o l  o f  
g ro u n d b o rn e  n o is e  and v i b r a t i o n  fro m  r a p id  t r a n s i t  s y s te m s . A 
t r e n c h  f i l l e d  w ith  s ty ro fo a m  has been  c o n s t r u c te d  and t e s t e d  by
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th e  T o ro n to  T r a n s i t  C om m ission  w i t h  e v id e n t l y  s u c c e s s fu l  r e s u l t s  
w h ic h  have been m a in ta in e d  o v e r  a p e r io d  o f  a t  l e a s t  one y e a r  
(R e f .  A - 1 7 7 ) .

M o r i i  o f  th e  Jap an  N a t io n a l  R a i lw a y  p r e s e n ts  m easu rem en t d a ta  f o r  
th e  r e d u c t io n  o f  g ro u n d b o rn e  v i b r a t i o n  a c c e le r a t io n  by tw o row s o f  
s h e e t  p i l i n g  d r iv e n  n e a r  a S h in k a n s e n  a e r i a l  s t r u c t u r e  (R e f .
A - 5 3 ) . E v id e n t ly ,  th e  r e d u c t io n  i s  s i g n i f i c a n t  b u t  le s s  th a n  8 o r  
10 dB betw een  10 and 20 m fro m  th e  a e r i a l  s t r u c t u r e .  A d d i t io n a l  
d a ta  a r e  p re s e n te d  f o r  tw o row s o f  c o n t in u o u s  s h e e t  p i l i n g  d r iv e n  
a t  3 .5  m fro m  an " e x is t in g  l i n e "  ( e v id e n t ly  a t - g r a d e  b a l l a s t  and 
t i e ) . V ib r a t io n  r e d u c t io n  o f  a b o u t 5 dB a t  5 m and 10 dB a t  7 m 
fro m  th e  t r a c k  a re  g iv e n  f o r  p i l e s  d r iv e n  to  a d e p th  o f  5 m. F o r  
p i l e s  d r iv e n  to  a d e p th  o f  3 m th e  r e d u c t io n  i s  much le s s  a t  th e s e  
d is t a n c e s .  The d a ta  a r e  r a t h e r  s k e tc h y  and no s p e c t r a  a r e  
p r e s e n te d ,  m aking i n t e r p r e t a t i o n  d i f f i c u l t .

P a r t  o f  th e  p ro b le m  in  a s s e s s in g  th e  p u b lis h e d  d a ta  on th e  
e f f e c t iv e n e s s  o f  s c re e n in g  on g ro u n d b o rn e  v i b r a t i o n  i s  t h a t  m ost 
v i b r a t i o n  re d u c t io n s  a r e  g iv e n  in  o v e r a l l  a c c e le r a t io n  a n d /o r  
v e l o c i t y  m a g n itu d e s . The p r im a r y  fo c u s  i s  u s u a l ly  t o  re d u c e  th e  
fu n d a m e n ta l com ponents o f  g ro u n d  v i b r a t i o n  due t o  h e a v y  m ach in e  
o p e r a t io n .  I n  th e s e  c a s e s , th e  o f fe n d in g  f re q u e n c y  com ponent may 
be a t  10 Hz o r  l e s s ,  g e n e r a l l y  b e lo w  th e  f re q u e n c y  ra n g e  o f  
g ro u n d b o rn e  n o is e  and v i b r a t i o n .  An e f f o r t  to  c o m p ile  a d d i t io n a l  
m easurem ent d a ta ,  e i t h e r  fro m  th e  l i t e r a t u r e  o r  by t e s t i n g ,  w o u ld  
be d e s i r a b le  to  d e f in e  th e  e f f e c t  o f  s c re e n in g  in  th e  f re q u e n c y  
ra n g e  o f  g ro u n d b o rn e  n o is e  and v i b r a t i o n  fro m  t r a n s i t  s y s te m s . 
A ls o ,  a lth o u g h  s c re e n in g  may be p a r t i c u l a r l y  e f f e c t i v e  f o r  b a l l a s t  
and t i e  t r a c k  o r  a e r i a l  s t r u c t u r e s ,  s c re e n in g  i s  in  m ost ca se s  
t o t a l l y  im p r a c t ic a l  f o r  su b w ays . H o w e v e r, i s o l a t i o n  o f  s p e c i f i c  
b u i ld in g s  a t  a la r g e  d is t a n c e  fro m  th e  subway may be e f f e c t i v e  i f  
a w e l l  d e v e lo p e d  R a y le ig h  wave can  be e x p e c te d . T h u s , a d d i t i o n a l
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w ork c o u ld  be d i r e c t e d  to w a rd s  i d e n t i f y i n g  th e  d is t a n c e  fro m  a 
subway s t r u c t u r e  beyond w h ic h  a " p a s s iv e "  s c re e n  may be e f f e c t i v e .

5 .9  ISO LATIO N OF BU ILD IN G  STRUCTURES

I s o l a t i n g  b u i ld in g  s t r u c t u r e s  i s  a c h ie v e d  by p la c in g  v i b r a t i o n  
i s o l a t o r s  b e tw e e n  th e  fo u n d a t io n  and s t r u c t u r e .  Such i s o l a t i o n  
can  c o n s is t  o f  l a r g e  ru b b e r  pads p la c e d  b e n e a th  b u i ld in g  co lum ns  
o f  l a r g e  m u l t i - s t o r y  b u i ld in g s ,  o r  r ib b e d  ru b b e r  o r  n e o p re n e  
s t r i p s  b e tw e e n  th e  fo u n d a t io n s  and p la t e s  o f  w o o d -fra m e  
r e s i d e n t i a l  s t r u c t u r e s .  E x p e r ie n c e  in d ic a t e s  t h a t  such i s o l a t i o n  
ca n  be v e r y  e f f e c t i v e ,  a n d , c o n t r a r y  to  p o p u la r  m is c o n c e p t io n ,  
does n o t  r e s u l t  in  a " s p r in g y "  b u i ld in g .

T e c h n ic a l ly  s p e a k in g , v i b r a t i o n  i s o l a t i o n  o f  b u i ld in g s  m ig h t  
in c lu d e  th e  use o f  t re n c h e s  o r  s h e e t  p i l i n g  as d e s c r ib e d  a b o v e . 
H o w e v e r, t h i s  s u b s e c t io n  i s  d e v o te d  to  th e  use o f  s p r in g s  to  
s u p p o r t  th e  b u i ld in g  s t r u c t u r e  and i s o l a t e  i t  fro m  t r a n s i t  
in d u c e d  v i b r a t i o n .

A m ore c o m p le te  d is c u s s io n  o f  th e  g e n e r a l  p ro b le m  and l i t e r a t u r e  
c o n c e rn in g  b u i ld in g  v i b r a t i o n  i s o l a t i o n ,  in c lu d in g  human re s p o n s e  
and a p p l ic a b le  c r i t e r i a ,  i s  p r e s e n te d  by S t e f f e n s  (R e f A - 8 5 ) .

A g e n e r a l  d is c u s s io n  o f  v i b r a t i o n  i s o l a t i o n  o f  b u i ld in g s  i s  g iv e n  
by W a l le r  (R e f A -8 0 )  who in d ic a t e s  t h a t  one o f  th e  m a jo r  uses f o r  
i s o l a t i o n  i s  t o  re d u c e  g ro u n d b o rn e  n o is e  and v i b r a t i o n  fro m  
r a i l r o a d s  and r a p id  t r a n s i t  s y s te m s . A c c o rd in g  t o  W a l l e r ,  th e  
g e n e r a l  d e s ig n  o f  b u i ld in g  i s o l a t i o n  system s i s  b ased  on th e  
a s s u m p tio n  o f  s im p le  r i g i d  body m o tio n  o f  th e  s t r u c t u r e  m ass, 
in c lu d in g  e f f e c t s  o f  v e r t i c a l ,  h o r i z o n t a l ,  and r o c k in g  m odes.
T h is  a p p ro a c h  i s  p e rh a p s  re a s o n a b le  as a f i r s t  a p p r o x im a t io n ,  b u t
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" lo c a l"  re s o n a n c e s  o f  w a l l s ,  f l o o r s ,  and c e i l i n g s  may c o in c id e  
w ith  s p e c t r a l  com ponents o f  g ro u n d  v i b r a t i o n  and n u l l i f y  th e  
e f f e c t  o f  th e  i s o l a t i o n .  A l l e n  e t . a l .  ( R e f .  A -7 5 )  d is c u s s e s  th e  
p ro b lem s  o f  v i b r a t i o n  i s o l a t i o n  o f  b u i ld in g s  c o n s t r u c te d  o f  
l i g h t l y  damped beam and p l a t e  e le m e n ts .  I n  such c a s e s , th e  
i s o l a t i o n  may be com prom ised by re s o n a n t  a m p l i f i c a t io n  o f  th e s e  
b u i ld in g  e le m e n ts .

I f  th e  lo a d  im pedance o f  th e  s t r u c t u r e  as "s e e n "  by th e  s p r in g  i s  
s im i la r  to  o r  le s s  th a n  th e  s p r in g  im p e d a n c e , l i t t l e  o r  no  
r e d u c t io n  o f  b u i ld in g  v i b r a t i o n  w i l l  be o b t a in e d .  N o rth w o o d  ( R e f .  
B -2 9 )  in d ic a t e s  t h a t  b u i ld in g s  fo u n d e d  on s o i l  h ave  a fu n d a m e n ta l  
reso n an ce  be tw een  0 .5  to  1 H z ; i n  a se n s e  th e  b u i ld in g  i s  a l r e a d y  
i s o la t e d .  I n  f a c t ,  i f  s i g n i f i c a n t  r e d u c t io n  o f  b u i ld in g  v i b r a t i o n  
i s  to  be a c h ie v e d , th e  t o t a l  c o m p lia n c e  o f  th e  i s o l a t o r s  m ust be 
s i g n i f i c a n t l y  g r e a t e r  th a n  t h a t  o f  th e  s o i l .  I f  a p p r o p r ia te  
a t t e n t io n  i s  n o t  p a id  to  th e  s o i l  c o m p lia n c e , l i t t l e  o r  no 
v i b r a t i o n  i s o l a t i o n  may be a c h ie v e d .  C o n v e r s e ly ,  b u i ld in g s  b u i l t  
on colum ns o r  fo u n d a t io n s  r e s t in g  on s t i f f  b e d ro c k  may b e n e f i t  
g r e a t l y  fro m  a b u i ld in g  i s o l a t i o n  s y s te m .

W a l le r  (R e f .  A -8 0 )  d is c u s s e s  v i b r a t i o n  i s o l a t i o n  a p p l ie d  d i r e c t l y  
t o  a m u l t i - s t o r y  a p a r tm e n t  b u i ld in g  c o n s t r u c te d  d i r e c t l y  o v e r  th e  
S t .  James P a rk  U n d e rg ro u n d  S t a t i o n ,  L o n d o n . I n  t h i s  c a s e ,  
la m in a te d  n a t u r a l  ru b b e r  c o n s t r u c t io n s  w e re  used  f o r  th e  s p r in g s ,  
th e  l a r g e s t  m e a s u rin g  24 i n .  by 24 i n .  by 1 1 .5  i n .  The v e r t i c a l  
n a t u r a l  f re q u e n c y  was e s t im a te d  t o  be a b o u t 7 H z , w i t h  an i n i t i a l  
d e f l e c t io n  o f  0 .4  H z . The h o r i z o n t a l  n a t u r a l  f re q u e n c y  f o r  th e s e  
s p r in g s  a lo n e  was e s t im a te d  t o  be a b o u t 0 .5  H z , w h ic h  was l i k e l y  
t o  p ro d u ce an u n d e s ir a b le  re s p o n s e  t o  w in d . The h o r i z o n t a l '  
n a t u r a l  f re q u e n c y  was t h e r e f o r e  in c r e a s e d  t o  2 .5  Hz w i t h  use o f  
th r e e  p a i r s  o f  ru b b e r  s p r in g s  s a n d w ic h e d  b e tw e en  v e r t i c a l  s t e e l  
p l a t e s .  A h ig h e r  h o r i z o n t a l  r e s o n a n t  f r e q u e n c y  m ig h t  h a ve
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r e s u l t e d  in  c o u p l in g  be tw een  th e  v e r t i c a l  and h o r i z o n t a l  v i b r a t i o n  
le a d in g  t o  re d u c e d  o v e r a l l  p e rfo rm a n c e  o f  th e  i s o l a t i o n  s y s te m . 
M easu rem en t d a ta  a r e  p re s e n te d  f o r  b u i ld in g  v i b r a t i o n  and g ro u n d  
v i b r a t i o n ,  b u t  no c le a r  e s t im a te  o f  i n s e r t i o n  lo s s  i s  g iv e n .

I n  a second e x a m p le , Sow ry (R e f .  A -9 1 )  d is c u s s e s  th e  c o n t r o l  o f  
t r a i n  in d u c e d  v i b r a t i o n  and n o is e .  T w o -h u n d red
n a t u r a l - r u b b e r - a n d - s t e e l  la m in a te d  b e a r in g s  w e re  p o s i t io n e d  a to p  
th e  s u p p o r t  co lum ns o f  a m u l t i - s t o r y  h o t e l  u n d e r w h ic h  ru n  h e a v y  
e x p re s s  t r a i n s .  The b e a r in g s  w ere s u rro u n d e d  by 10 cm t h ic k  
a s b e s to s  c o v e r in g s  f o r  f i r e  p r o t e c t io n ,  and h o r i z o n t a l  re s o n a n c e s  
w ere c o n t r o l le d  by f o u r te e n  s t a b i l i z i n g  w in d  b ra c e s  u s in g  
a d d i t io n a l  b e a r in g s .  A g a in ,  no d a ta  c o n c e rn in g  th e  i s o l a t i o n  
e f f e c t iv e n e s s  o f  th e  system  i s  p r e s e n te d .

In  a lm o s t a l l  a p p l ic a t i o n s ,  n a t u r a l  ru b b e r  s p r in g s  w i th  s t e e l  
r e in fo r c e m e n t  a r e  s e le c te d  o v e r  c o i l  s t e e l  s p r in g s .  The re a s o n  i s  
t h a t  ru b b e r  i s  n o t  s u b je c t  to  c o r r o s io n  and p r o v id e s  a h ig h e r  
d e g re e  o f  dam ping th a n  s t e e l  s p r in g s .  A ls o ,  n a t u r a l  ru b b e r  i s  
le s s  s u b je c t  to  c re e p  th a n  o th e r ,  c o m p e tin g  p o ly m e rs .

One o f  th e  s i g n i f i c a n t  p ro b lem s  e n c o u n te re d  w i th  c o n s t r u c t in g  
b u i ld in g s  on i s o l a t i o n  system s i s  t h a t  r u b b le  i s  som etim es l e f t  
betw een  th e  fo u n d a t io n  and s t r u c t u r e  w i t h  r e s u l t a n t  s h o r t in g  o f  
th e  r e s i l i e n t  e le m e n t .  In  one u n p u b lis h e d  c a s e , th e  b u i ld in g  
c o n t r a c to r  m is ta k e n ly  p o u re d  c o n c re te  a ro u n d  th e  i s o l a t o r s  n o t  
r e a l i z i n g  t h e i r  s ig n i f i c a n c e .

To s u m m a rize , b u i ld in g s  have been i s o la t e d  fro m  subway in d u c e d  
v i b r a t i o n  by use o f  i s o l a t i o n  s p r in g s .  H o w e v e r, th e  e f f e c t iv e n e s s  
o f  th e s e  i s o l a t o r  system s i s  d i f f i c u l t  t o  a s s e s s , and c a r e f u l  
c o n s id e r a t io n  m ust be g iv e n  to  lo c a l  re s o n a n c e s  o f  w a l l s ,  f l o o r s ,  
c e i l i n g s ,  beam s, and c o lu m n s , as w e l l  as t o  th e  c o m p lia n c e  o f  th e

fo u n d a t io n s  and b u i ld in g s  r e l a t i v e  t o  th e  s p r in g .  Im p ro p e r  d e s ig n  
can  e a s i l y  le a d  t o  u n d e s ir a b le  p e r fo rm a n c e . ~ ~ -



6 - 1

6 . V IBRATIO N PREDICTION METHODS

A v a r i e t y  o f  p r e d i c t i o n  m ethods have been used  by t r a n s i t  system  
d e s ig n e rs  f o r  p r e d ic t io n  o f  g ro u n d b o rn e  n o is e  and v i b r a t i o n .  
P e rh a p s  th e  m a in  re a s o n  f o r  t h is  v a r i e t y  i s  t h a t  th e  m e c h a n ic s  o f  
subway v i b r a t i o n  r a d i a t i o n ,  wave t y p e ,  and b u i ld in g  re s p o n s e  a r e  
v e r y  co m p lex  and d i f f i c u l t  to  m o d e l, and a r e  n o t  w e l l  u n d e rs to o d .  
A ls o ,  a c c u r a te  p r e d ic t io n  o f  th e  m a g n itu d e  o f  v i b r a t i o n  and n o is e  
a t  s p e c i f i c  s i t e s  r e q u i r e s  d e t a i l e d  kn o w led g e o f  s o i l  c o n d i t io n s  
( in c lu d in g  l a y e r in g  and w a te r  s a t u r a t io n )  and th e  d e s ig n  o f  th e  

a f f e c t e d  b u i ld in g s .  U n f o r t u n a t e ly ,  th e s e  d a ta  a r e  r a r e l y ,  i f  
e v e r ,  r e a d i l y  a v a i l a b l e .  In  p r a c t i c e ,  p r e d ic t io n  m ethods h ave  
r e l i e d  upon in -h o u s e  e x p e r ie n c e  and g e n e r a l ly  a c c e p te d  
p r o p a g a t io n  la w s , . w i th o u t  d e t a i l e d  a n a l y t i c a l  m o d e lin g .

One o f  th e  m a jo r  d i f f e r e n c e s  b e tw een  p r e d ic t io n  m ethods i s  th e  
t r e a tm e n t  o r  c h a r a c t e r i z a t i o n  o f  th e  s o u rc e . U ngar and B en d er  
(R e f .  A -2 )  assume th e  subway w a l l  a n d /o r  c e i l i n g  i s  th e  m a jo r  
s o u rc e  o f  v i b r a t i o n ,  w h i le  T o k i t a  e t  a l  (R e f .  A -4 )  c o n s id e r  an  
e q u iv a le n t  v i b r a t i o n  s o u rc e  in  th e  s o i l  b e n e a th  th e  subway 
s t r u c t u r e .  I n  c o n t r a s t  to  t h is  a p p ro a c h , W ils o n  (R e f .  A -3 )  
s t a r t s  w i th  m easu red  v i b r a t i o n  a t  a b o u t 7 . 5 m  fro m  th e  subway  
s t r u c t u r e ,  th u s  b y p a s s in g  q u e s t io n s  o f  s o u rc e  lo c a t io n  and subway  
s o i l  c o u p l in g .

P ro p a g a t io n  o f  v i b r a t i o n  ahd r e s u l t in g  a t t e n u a t io n  i s  a ls o  
m odeled  d i f f e r e n t l y  b y  d i f f e r e n t  r e s e a r c h e r s .  R e fe re n c e  A -2  
em p lo y d e t a i l e d  s o i l  s t i f f n e s s  and dam ping d a ta  w h e re  a v a i l 
a b le ,  in c lu d in g  e f f e c t s  o f  l a y e r  t h ic k n e s s ,  w h i le  W ils o n  (R e f .  
A -3 )  s u g g e s ts  e m p i r i c a l  a t t e n t u a t io n  c u rv e s  as a f u n t io n  o f  
f re q u e n c y  f o r  a t y p i c a l  s o i l .  N o l le  (R e f .  A -7 8 )  e x te n d s  th e
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e m p ir ic a l  ap p ro ac h  w i t h  th e  a id  o f  r e g r e s s io n  a n a ly s is  to  
d e te rm in e  a s e t  o f  c o n s ta n ts  f o r  an assumed p r o p a g a t io n  la w  as a 
f u n c t io n  o f  1 /3  o c ta v e  band f r e q u e n c y .

O th e r  p r e d ic t io n  m ethods a r e  c o n c e rn e d  p r i m a r i l y  w i t h  A -w e ig h te d  
n o is e  l e v e l s  in  b u i ld in g s .  Lang (R e f .  A -2 9 )  has shown t h a t  th e  
A -w e ig h te d  n o is e  l e v e l  in  c e l l a r s  f a l l s  w i t h in  a b o u t 10 dB o f  a 
b e s t  f i t  c u rv e  o f  l e v e l  as a f u n c t io n  o f  d is t a n c e  fro m  th e  subway 
s t r u c t u r e .  H o w e ve r, c u r r e n t  e x p e r ie n c e  a t  m a jo r  t r a n s i t  system s  
in d ic a t e s  t h a t  " f e e la b le "  lo w  f re q u e n c y  v i b r a t i o n  in  th e  10 t o  31  
Hz ra n g e  can be as much o f  a p ro b le m  as th e  A -w e ig h te d  n o is e  
l e v e l  (R e f .  A - l l ,  A -3 6 ,  A - 7 3 ,  A - 1 0 9 ) .

The p u rp o s e  o f  t h is  s e c t io n  w i l l  be to  i d e n t i f y  th e  s a l i e n t  
f e a t u r e s  o f  each p r e d ic t io n  m ethod and t o  i d e n t i f y  w h e re  any  
co nsensus e x i s t s .  In  a d d i t i o n ,  a re a s  w h ere  th e  p r e d ic t io n  
m ethods c o u ld  be m o d if ie d  t o  im p ro v e  th e  p r e d ic t io n  a c c u ra c y  -are  
a ls o  d is c u s s e d .

6 .1  PRESENT METHODOLOGY

Each o f  th e  m ethods e n c o u n te re d  in  th e  l i t e r a t u r e  a r e  sum m arized  
b e lo w . Some o f  th e s e  m e th o d s , e . g . ,  th e  m ethod used by W ils o n  
and by U ngar and B e n d e r , a r e  u n d o u b te d ly  s u b je c t  t o  r e v is io n s  by  
t h e i r  a u th o rs  as new d a ta  a n d /o r  m odels  become a v a i l a b l e .  T h is  
s h o u ld  be k e p t in  m ind when r e v ie w in g  th e  m eth o d s . E ach  m ethod  
i s  r e f e r r e d  to  by th e  a u th o r  o f  th e  s o u rc e  l i t e r a t u r e .

6 . 1 . 1  W ils o n  (W ils o n , I h r i g  & A s s o c ia te s )

W ils o n 's  m ethod was i n i t i a l l y  d e v e lo p e d  fro m  m easu rem ents
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p e r fo rm e d  a t  BART and TTC (T o ro n to )  and d e s c r ib e d  in  th e  r e p o r t  
" N o is e  and V i b r a t io n  C h a r a c t e r is t i c s  o f  H ig h  Speed T r a n s i t  
V e h ic le s "  (R e f .  A - 3 ) . The m ethod was l a t e r  r e v is e d  f o r  
p r e d i c t i o n  o f  v i b r a t i o n  fro m  b o th  r o c k -  and e a r th -b a s e d  subways  
a t  th e  WMATA M e tro  (R e f .  A -5 )  and o n ly  m in o r  ch ang es h ave  s in c e  
been in c o r p o r a t e d .  The m ethod has been used f o r  g e n e r a l  d e s ig n  
r e v ie w  a t  MARTA, BRRT, and NFTA. I t  i s  im p o r ta n t  t o  r e c o g n iz e  
t h a t  t h i s  m ethod was d e v e lo p e d  t o  p r o v id e  a c o n s e r v a t iv e  
p r e d ic t io n  o f  th e  l e v e l s  o f  g ro u n d b o rn e  n o is e  and v i b r a t i o n .
T h a t  i s ,  i t  e s t im a te s  th e  " h ig h e s t  e x p e c te d "  l e v e l  o f  g ro u n d b o rn e  
n o is e  and v i b r a t i o n  and n o t  an " a v e ra g e "  l e v e l .

S o u rc e : The s t a r t i n g  p o in t  o f  W ils o n 's  m ethod i s  th e  e x p e c te d
ra n g e  o f  v e r t i c a l  o c ta v e  band v i b r a t i o n  a c c e le r a t io n  l e v e l s  
e x p e c te d  a t  a b o u t 10 m fro m  th e  t r a c k  c e n t e r l i n e  o f  d o u b le  box 
subways d u r in g  p a ss ag e  o f  8 - c a r  WMATA M e tro  t r a i n s  t r a v e l i n g  a t  
110 t o  120 k m /h r . T h re e  s p e c tr a  a re  c o n s id e re d , ea c h  f o r  a g iv e n  
subway fo u n d in g  c o n d i t io n :

1 .  V i b r a t io n  a t  th e  g ro u n d  s u r fa c e  f o r  e a r th -b a s e d  
su b w a y s .

2 .  V i b r a t io n  a t  th e  g ro u n d  s u r fa c e  f o r  ro c k -b a s e d  
(m ix e d - fa c e d )  subw ays.

3 . V i b r a t io n  in  ro c k  f o r  r o c k -c o n f in e d  subw ays.

T h e se  s p e c t r a  a r e  p re s e n te d  in  F ig u r e  6 . 1 .  S ta n d a rd  r e s i l i e n t
t r a c k  f a s t e n e r s  g iv in g  a r a i l  s u p p o r t  m odulus o f  a b o u t 4000  

2l b s / i n  o f  r a i l  a r e  assum ed.

C o r r e c t io n s : C o r r e c t io n s  a re  used to  a c c o u n t f o r  t r a i n  s p e e d ,
subway m ass, and s p e c ia l  t r a c k w o r k ,  and a re  added t o  th e  s t a r t i n g
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s p e c tr a  p re s e n te d  in  F ig u r e  6 . 1 .  T h e s e  c o r r e c t io n s  a r e  p r e s e n te d  
in  T a b le  6 -1  and a p p ly  a c ro s s  th e  e n t i r e  o c ta v e  band s p e c tru m .

A d d i t io n a l  o c ta v e  band c o r r e c t io n s  a r e  used  t o  a c c o u n t f o r  
v i b r a t i o n  c o n t r o l  p r o v is io n s ,  such as th e  RS-STEDEF B a l l a s t l e s s  
T ra c k  s y s te m , and f l o a t i n g  s la b  v i b r a t i o n  i s o l a t i o n  s y s te m s .
Th ese  c o r r e c t i v e  c u rv e s  a r e  i l l u s t r a t e d  in  F ig u r e  6 .2  and a r e  t o  
be added to  th e  c u rv e s  o f  F ig u r e  6 . 1 .  T h e se  c o r r e c t io n s  
r e p r e s e n t  r e v is io n s  as o f  1 9 7 5 .

P r o p a g a t io n : A t te n u a t io n  as a f u n c t io n  o f  d is ta n c e  i s  p r e s e n te d
in  F ig u r e  6 . 3 .  The d a ta  w e re  d e te rm in e d  fro m  m easu rem en ts  a t  TTC 
and BART and a p p ly  to  " t y p i c a l "  s o i l s .  H o w e v e r, th e  s o i l s  a t  th e  
TTC system  may be r e l a t i v e l y  s t i f f  com pared t o  s o i l s  a t  o th e r  
system s (R e f .  6 .1 4 )  and may h ave r e l a t i v e l y  l i g h t  dam ping  
p r o p e r t ie s .  N o te  t h a t  th e  c u rv e s  a r e  ra n g e s  o f  v i b r a t i o n  
e x p e c te d  a t  3 m, 15 m, and 30 m r e l a t i v e  t o  10 m fro m  an  
e a r th -b a s e d  o r  m ix e d - fa c e  subway t r a c k  c e n t e r l i n e .

F o r r o c k - t u n n e ls , th e  d is s a p a t io n  lo s s  i s  c o n s id e re d  
i n s i g n i f i c a n t  com pared to  s p re a d in g  lo s s e s ,  a n d , in  t h i s  c a s e ,  
t r a i n  le n g th  becomes im p o r ta n t .  The r e s u l t i n g  c o r r e c t io n  c u rv e  
i s  i l l u s t r a t e d  in  F ig u r e  6 .4  f o r  2 -  and 8 -o c ta v e  band v i b r a t i o n  
s p e c t r a  f o r  r o c k - t u n n e ls . The c o r r e c t io n  a p p l ie s  t o  a l l  
f r e q u e n c ie s .

B u i ld in g  R es p o n se : E s t im a te d  c o u p l in g  lo s s e s  f o r  v a r io u s
b u i ld in g  d e s ig n s  a re  p r e s e n te d  in  F ig u r e  6 .5  f o r  t h r e e  fo u n d a t io n  
c a t e g o r ie s ;  m asonry b u i ld in g s  on s p re a d  f o o t in g s ,  l a r g e  m aso n ry  
b u i ld in g s  on p i l i n g ,  and r e s i d e n t i a l  s t r u c t u r e s  on s p re a d  
f o o t in g s .  F o r c e l l a r  w a l ls  and f l o o r s  o r  s la b -o n -g r a d e  f l o o r s ,  
th e  c o u p lin g  lo s s  i s  assum eed t o  be n e g l i g i b l e .  The e s t im a te d  
a m p l i f i c a t io n  o f  v i b r a t i o n  by f l o o r  s la b s  s u p p o r te d  on co lu m ns o r
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---------------------- S O I L  F O U N D E D  T U N N E L S

---------------------- M I X E D  F A C E  T U N N E L S

---------------------  R 0 C K  F O u n D e D T U N N E L

FIGURE 6 .1  MAXIMUM EXPECTED VIBRATION ACCELERATION LEVELS 25 TO 
30 FT FROM TRACK CENTERLINE AT THE TO P -O F-R A IL  

(THESE CURVES ARE FOR USE IN FUTURE PROJECTIONS OF 
GROUNDBORNE NOISE AND VIBRATION AT WMATA METRO

8-CAR TRAINS AT 70 TO 75 MPH)

t
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TABLE 6 -1  CORRECTION FACTORS TO BE APPLIED TO THE 
EXPECTED VIBRATIO N LEVELS INDICATED ON 
FIGURE 6 .1

F a c to r  A f f e c t in g R e la t i v e  V ib r a t io n  L e v e l
V ib r a t io n  L e v e l (d e c ib e ls )

A l l  T u n n e ls

T r a in  Speed -  75 raph 0
60 mph -2
50 mph - 3 . 5
4 5 mph -4
40 mph - 5

C u rve s +3 t o  +5
(w it h  g u a r d r a i l )

GROUNDBORNE V IBRATIO N LEVEL ADJUSTMENTS FOR 
SPECIAL TRACKWORK AND TYPE OF STRUCTURE

F a c to r  A f f e c t in g  
V ib r a t io n  L e v e l

R e la t iv e  V i b r a t io n  L e v e l  -  d e c ib e ls  
O c ta v e  Band C e n te r  F re q u e n c y  -  Hz

16 3 1 .5 63 125 250

S p e c ia l  T ra c k w o rk +10 +10 +10 +10 +10

Subway S t r u c t u r e  -  s o i l  
fo u n d e d  s t r u c t u r e s  o n ly

D o u b le  box 0 0 0 0 0
S in g le  box o r  

c o n c re te  tu n n e l - 3 - 3 0 +5 +5
C a s t i r o n  o r  s t e e l  

tu n n e l - 3 - 3 +1 +6 +6
T r i p l e  box o r  

c ro s s o v e r  s t r u c t u r e 0 0 -2 -2 -2
S t a t io n 0 -1 - 3 - 4 - 4
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F I G U R E  6 . 2  G R O U N D B O R N E  V I B R A T I O N  F O R  R S - S T E D E F  A N D  F L O A T I N G  S L A B  

V I B R A T I O N  I S O L A T I O N  S Y S T E M  R E L A T I V E  T O  W M A T A  R E S I L I E N T  

D I R E C T  F I X A T I O N  F A S T E N E R S
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shear walls is presented in Figure 6.6. Note that the expected 
amplification due to resonances in the 10 to 40 Hz range is 
approximately 10 dB.

Also shown in Figure 6.6 is the floor-to-floor attenuation for 
large multi-story structures. Measurements reported by Ishii and 
Tachibana (Ref. A-148) have recently been incorporated for 
estimation of floor-to-floor attenuation as summarized in Table
6-2. Note that Table 6-2 indicates a reduction for the first few 
floors comparable with that given in Figure 6.6, e.g., about 3 dB 
per floor from 31 to 250 Hz. However, above the 8th floor the 
attenuation is reduced to 1 to 2 dB from 31 to 250 Hz.

Figure 6.7 illustrates the expected range of octave band sound 
pressure levels within rooms relative to the average octave band 
vibration acceleration of the floor. For rooms with little 
absorption, the upper part of the range is used, while for rooms 
with a large amount of absorption, the lower part of the range is 
used. A-weighted noise levels are then computed from the octave 
band sound, pressure level spectra.

The foregoing discussion essentially summarizes the approach used 
by Wilson for prediction of groundborne noise. The method 
necessarily accounts for spectral effects and is useful for 
comparison with NC criteria. Alternatively, the A-weighted level 
may be computed and used for comarison with other criteria.

6.1.2 Ungar and Bender (Bolt, Beranek, and Newman)

The method of Ungar and Bender was determined from published, 
literature and engineering reports for WMATA Metro and NYCTA 
(Ref. A-2, A-158). This method has been used by Copley for
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TABLE 6-2 POINT SOURCE BELOW BUILDING - ATTENUATION 
PER FLOOR WITH ACCELERATION IN dB
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F I G U R E  6 . 7 R O O M  I N T E R I O R  S O U N D  P R E S S U R E  L E V E L  R E L A T I V E  T O  

A V E R A G E  F L O O R  A C C E L E R A T I O N  L E V E L
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estimation of vibration near MBTA with some modification (Ref. 
A-71). Tokita (Ref. A-4) also refers to the method, but assumes 
an entirely different type of source, e.g., an equivalent source 
below the subway structure.

The method is a conservative method based on an upper bound 
spectrum for subway trackbed and wall vibration as determined 
from experimental data from NYCTA, Paris Metro, and TTC. 
Corrections are then applied to estimate the subway wall 
vibration levels and effects of propagation. The salient points 
of the method are discussed below.

Source: The subway wall is assumed to be the primary source of
groundborne vibration radiated horizontally away from subway
structures. The starting point of the prediction method is an
upper bound reference octave band acceleraton spectrum derived
for the subway wall from subway trackbed vibration data collected
at NYCTA, Paris, and TTC subways. The reference spectra for
trackbed and subway wall vibration are presented in Figure 6.8
for subways with 35 mph trains operating on jointed rail and
"stiff" fasteners giving a rail support modulus of about 20,000 

2lb/in of rail.

Corrections.: Reduction of rail support moduli below 20,000
2lb/in of rail gives a reduction of groundborne vibration 

levels in the audible frequency range of -20 Log K/20,000, where 
K is the rail support modulus. In the "feelable" low frequency 
range, the reduction is -5 Log K/20,000.

Elimination of major discontinuities, such as rail joints, is 
estimated to reduce groundborne vibration by 5 dB in the low 
frequency "feelable" portion of the spectrum and by 10 dB in the 
high frequency audible portion. These estimates are based on
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observed reductions of wayside noise levels.

Unsprung vehicle weights are assumed to be similar for all 
vehicles and are, therefore, believed to have an insignificant 
effect on groundborne noise and vibration levels from one transit 
system to the next.

Above 40 mph doubling of vehicle speed is assumed to increase 
groundborne vibration by about 4 dB. An increase of 6 to 8 dB 
per doubling of train speed is expected at train speeds between 
20 and 40 mph.

Propagation; The soil immediately surrounding the subway 
structure vibrates a't the same amplitude as the subway wall.
Ungar and Bender distinguish between near-field and far-field 
soil vibration and make the conservative assumption that all of 
the near-field vibration contributes to the far-field. The 
amplitude of vibration as a function of distance from the subway 
is then estimated as the sum of spreading loss and dissipation.

The subway structure is assumed to be a line source for 
estimation of spreading loss, giving a level reduction in dB of

A s = 10 Log (1 + x/rQ)

where, x is the distance from the structure wall to the point in 
question and r is the distance from the tunnel center to wall 
surface, or the effective radius of the structure.

The attenuation due to dissipation is modeled by

A^ = 27.3 fxn/c
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where, f is the frequency in Hz, n is a dimensionless loss 
factor, x is the distance from subway wall, i.e., the distance of 
propagation through the soil, and c is the velocity of 
propagation. The variables x, c, and f must have consistent 
units.

Both shear and dilational waves are assumed to have the same loss 
factor n with the same initial amplitude at the subway structure. 
Because the velocity of propagation for dilitational waves is 
generally much higher than shear waves, giving rise to longer 
wave lengths, the attenuation rate for shear waves will be much 
more than for dilitational waves. The result is that only the 
dilitational wave and its corresponding propagation velocity is 
considered significant for estimation of the dissipation loss.
For simplicity, the various earth media are grouped into three 
classes with representative dilitational wave speeds, loss 
factors, and densities, as given in Table 6-3.

The loss caused by propagation across soil layer interfaces is 
modeled for a "first estimate" as

1 Pj_C-.A = 20 Log [i(l + ■ ?  )]
pa a

where a, b refer to the two differing soils, p& and are the soil 
densities, and Ca and are the dilitational wave propagation 
velocities within soils "a" and "b". The wave travels from soil 
a to soil b. Multiple layered soils are also treated with 
correspondingly more complex formulas.

For subways founded on or embedded in rock, the subway structure
vibration is estimated to be less than that for soil by the
factor
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TABLE 6-3 WAVE PROPAGATION PROPERTIES OF TYPICAL SOILS

Soil Class

Longitudinal 
Wavespeed 
c(ft/sec)

Loss Factor
0

Density 
p(g/cm3)

1. Rock 11,500 0.01 2.65

2. Sand, silt, gravel, 
loess

2,000 0.1 1.6

3. Clay, clayey soil 4,900 0.5 1.7
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V as = <Zst + Zs>/<Zst + V

where a a n d  ag are the acceleration of subway structures in rock 
and in soil, respectively, Z and Z_ are the rock and soilL o
impedances, respectively, and Z fc is the subway structure 
impedance. The ordering of these impedances is assumed to be 
Zgt,<Zs,<Zr. Z is assumed to be approximately 10 times Z g.
Thus,

ar/as 2 0.1

That is, rock subway structure vibration is predicted to be about 
20 dB less than for soil founded subways.

Building Response: The level of cellar wall vibration is assumed
to be equal to that of the incident groundborne vibration. More 
complex relationships are used for estimating the response of 
buildings mounted on piles. For this latter case, experimental 
data were used to prepare an idealized curve of "coupling loss" 
for piles. Here, coupling loss is the difference between 
vibration level which would exist in the absence of the piles. 
This coupling loss is illustrated in Figure 6.9.

The effect of building load on the pile is represented by the 
relation

V ao - »b/'m b + MP>

where a^ is the actual acceleraton of the head of the pile, aQ is 
the acceleration of the head of the free pile, Mg is the mobility 
of the attached building, and Mp is the mobility of the pile. As 
a first approximation, the mobility of the building corresponds 
to that part of the building mass supported by the pile with an
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elastic pad of stiffness KB inserted between the pile and 
building mass. This model was used to derive the curves given in 
Figure 6.10 for the difference between building and free-pile 
acceleration levels for various values of building isolator 
static deflection. The formula used to generate these curves is 
presented in Reference A-158. Note that the curves presented in 
Figure 6.10 are to be added to the coupling loss given in Figure
6.9.

The floor-to-floor attenuation is 3 dB per floor, substantially 
the same attenuation rate used by Wilson.

The interior sound pressure level arising from groundborne 
vibration is represented by the formula

SPL = PWL-lOLog Sta+16

where "St" is the total room area, "a" is the average absorption 
coefficient for the room, and PWL is the input sound power 
radiated into the room by the walls. Assuming that the radiation 
efficiency for the wall is unity, the resulting sound pressure 
level for an rms wall acceleration level is given as

SPL = L -20Logf-10Log(a)+363.
— 6where L is the rms acceleration level re 10 g, determined over a

the entire room surface area, and f the frequency in Hz. For
an average room, the absorption coefficient "a" is approximately 
0.15.
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6.1.3 Tokita

A partial model of groundborne vibration radiation and 
propagation from subways has been presented by Tokita, et al 
(Ref. A-4). The features of the method are noteworthy, 
especially concerning the apparently good qualitative agreement 
claimed by the authors.

Source: Tokita employs an imaginery line source with level LQ
located at a distance rQ beneath the subway structure. The
concept is illustrated in Figure 6.11. An assumed propagation
law was fitted to experimental data giving values of 82 dB re 
-5 210 m/sec for L and 3 m for r . However, the attenuation lawo o

is not clearly presented.

The use of an imaginary line source, located below the subway 
structure allows qualitative prediction of a local maximum of 
ground surface vibration level vs. distance from the structure. 
This trend was experimentally observed by Tokita at 15 to 30 m 
from the subway structure centerline at the ground surface. The 
distance of the local maximum increases with increasing subway 
depth.

The basic mechanism responsible for this maximum, as proposed by 
Tokita, is that the subway structure acts as a, barrier around 
which vibration waves must diffract in order to reach the 
surface. The attenuation produced by the barrier effect is not 
clearly presented by Tokita.

Corrections: As shown in Figure 6.12 vibration levels are
assumed to increase with train speed, rising by about 5 dB for a 
speed increase of 40 to 60 km/hr. Above 60 km/hr, effects of 
train speed are considered nil.

Of particular note is a projected increase of vibraton with
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FIGURE 6 . 1 1  PREDICTION MODEL FOR GROUND'BORNE VIBRATION LEVEL VERSUS DISTANCE
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FIGURE 6 . 1 2  CORRECTIONS TO BE ADDED TO ESTIMATED LEVEL
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d e c r e a s i n g  t r a c k  r a d i u s  o f  c u r v a t u r e ,  u n i q u e  i n  t h e  l i t e r a t u r e .  

T h e  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F i g u r e  6 . 1 2 .

N o  c o r r e c t i o n s  w e r e  g i v e n  f o r  f a s t e n e r  s t i f f n e s s ,  r a i l  t y p e ,  

t u n n e l  m a s s ,  e t c .  H o w e v e r ,  s u c h  c o r r e c t i o n s  a s  d i s c u s s e d  a b o v e  

w i t h  r e g a r d  t o  W i l s o n ' s  a n d  U n g a r ' s  m e t h o d s  w o u l d  a p p l y .

P r o p a g a t i o n ; T h e  a t t e n u a t i o n  o f  o v e r a l l  v i b r a t i o n  w i t h  d i s t a n c e  

i s  c o n s i d e r e d  a s  t h e  sum o f  l o s s e s  d u e  t o  s p r e a d i n g  a n d  

d i s p e r s i o n .  T h e  a s s u m e d  f o r m u l a  f o r  v i b r a t i o n  p r o p a g a t i o n  i s ;

L v  =  L o " A l L o g ( r / r o ) - A 2 r

w h e r e  L q  i s  t h e  s o u r c e  s t r e n g t h ,  A-^ i s  a  f a c t o r  a c c o u n t i n g  f o r  

s p r e a d i n g  l o s s  ( A 1 = 1 0  f o r  a  l i n e  s o u r c e ) , A 2  i s  a  d i s s i p a t i v e  

t e r m ,  r Q i s  t h e  d e p t h  o f  t h e  l i n e  s o u r c e  b e l o w  t h e  s u b w a y  a n d  r  

i s  t h e  d i s t a n c e  f r o m  t h e  l i n e  s o u r c e  l o c a t i o n  t o  t h e  o b s e r v a t i o n  

p o i n t .

T o k i t a  c l a s s i f i e s  s o i l  m a t e r i a l s  i n t o  t h r e e  g e n e r a l  c a t e g o r i e s :  

" s o f t , "  " r a t h e r  h a r d "  a n d  " h a r d . "  W ave  p r o p a g a t i o n  v e l o c i t i e s ,  

d e n s i t i e s  a n d  " d a m p i n g  f a c t o r s "  f o r  t h e s e  v a r i o u s  s o i l s  a r e  

p r e s e n t e d  i n  T a b l e  6 - 4 .  T h e  v e l o c i t i e s  o f  p r o p a g a t i o n  a r e  t h o s e  

o f  s h e a r  w a v e s ,  b e i n g  i n  t h e  r a n g e  o f  2 0 0  m / s e c  t o  6 0 0  m / s e c .

T h e  u s e  o f  t h e  " d a m p i n g  f a c t o r "  g i v e n  i n  T a b l e  6 - 4  i s  n o t  c l e a r .  

A s s u m i n g  c o n v e n t i o n a l  r e l a t i o n s  b e t w e n  t h e  a t t e n u a t i o n  

c o e f f i c i e n t  a n d  l o s s  f a c t o r  o n e  o b t a i n s

A 2 = 0 . 3 5  t o  0 . 4 3

f o r  a l l  t h r e e  c l a s s e s  o f  s o i l .  T h e  i n d i c a t i o n  i s  t h a t  t h e  

a t t e n u a t i o n  w i t h  d i s t a n c e  i s  r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  s o i l  

h a r d n e s s .



6-28

TABLE 6 - 4  C L A S S IF IC A T I O N  OF SO IL  MATERIAL (T O K IT A ,  A - 4 )

S o i l  C l a s s N - V a l u e
D e n s i t y
- g / c m 3-

V e l o c i t y
- m / s -

D a m p in g
F a c t o r

I  ( s o f t ) <10 1 . 5 200 . 0 5

I I  ( r a t h e r  h a r d ) 1 0 - 4 0 1.6 4 0 0 .1

I I I  ( h a r d ) > 4 0 1.8 6 0 0 .2
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S o i l  i n t e r f a c e  t r a n s m i s s i o n  l o s s e s  a r e  a c c o u n t e d  f o r  b y  t h e  

r e l a t i o n

K1 ( d B )  =  1 0  L o g  [ 1 - P2 C 2 C O S 0 1  ”  P i c i c o s 0 2 

P2 C 2 c o s 0 1  +  p 1 C 2 c o s 02 ^

w h e r e  p a n d  c  a r e  t h e  d e n s i t i e s  a n d  w a v e  p r o p a g a t o n  v e l o c i t i e s  

f o r  s o i l s  1 a n d  2 .  T h e  a n g l e s  o f  i n c i d e n c e  a n d  r e f r a c t i o n  i n  

s o i l s  1 a n d  2 ,  a r e  0^ a n d  0 2 r e s p e c t i v e l y .  H e r e  t h e  w a v e  i s  

i n c i d e n t  f r o m  s o i l  1 ( S e e  F i g .  6 . 1 1 ) .

B u l d i n g  R e s p o n s e : B a s e d  o n  e x p e r i m e n t a l  d a t a  a s i m p l i f i e d

r e l a t i o n  b e t w e e n  r e s i d e n t i a l  s t r u c t u r e  i n t e r i o r  A - w e i g h t e d  n o i s e  

a n d  g r o u n d  s u r f a c e  v i b r a t i o n , i s  g i v e n  a s :

L (dB A )  = 0 . 8 8  L (dB r e  1 0 - 5  m / s e c 2 ) - 1 7a  V

D i f f e r e n c e s  i n  s t r u c t u r a l  d e s i g n ,  s t r u c t u r a l  f l e x i b i l i t y ,  e t c . ,  

a r e  n o t e d  t o  h a v e  a s i g n i f i c a n t  e f f e c t  o n  i n t e r i o r  n o i s e  l e v e l s .  

N o  d i s c u s s i o n  w a s  p r e s e n t e d  c o n c e r n i n g  l a r g e  m a s o n r y  o r  s t e e l  

b u i l d i n g s ,  o r  r e s p o n s e  o f  p i l e s  t o  g r o u n d  v i b r a t i o n .  T h e  

e x p e r i m e n t a l  d a t a  s u p p o r t i n g  t h e  a b o v e  f o r m u l a  f e l l  w i t h i n  t h e  

r a n g e  g i v e n  i n  F i g u r e  6 . 1 3 .
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FIGURE 6 . 1 3  RELATION BETWEEN GROUND SURFACE VIBRATION AND 

INTERIOR NOISE IN RESIDENTIAL STRUCTURES
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6 . 1 . 4  L a n g

L a n g  h a s  p r e s e n t e d  e x p e r i m e n t a l  d a t a ,  F i g u r e  6 . 1 4 ,  w h i c h  h a s  b e e n  

u s e d  t o  e s t i m a t e  A - w e i g h t e d  g r o u n d b o r n e  n o i s e  l e v e l s  i n  c e l l a r s  

a n d  g r o u n d  f l o o r  r o o m s  o f  r e s i d e n t i a l  s t r u c t u r e s  n e x t  t o  a n d  o v e r  

s u b w a y  s t r u c t u r e s  d u r i n g  s u b w a y  t r a i n  p a s s b y s  ( R e f .  A - 2 9 ) . T h e  

d a t a  f a l l  w i t h i n  p l u s  o r  m i n u s  10  dB o f  t h e  c u r v e :

L = 5 9 - 2 0 L o g ( d )  (dBA)a

w h e r e  d i s  t h e  d i s t a n c e  f r o m  t h e  s u b w a y  s t r u c t u r e  t o  t h e  r o o m  i n  

m e t e r s .  T h e  d a t a  a r e  f o r  a  w i d e  v a r i e t y  o f  t r a i n  t y p e s ,  t u n n e l  

t y p e s ,  t r a i n  s p e e d s  a n d  c o n d i t i o n s ,  t r a c k  t y p e s  a n d  c o n d i t i o n s ,  

a n d  t u n n e l  a n d  b u i l d i n g  c o n s t r u c t i o n .

T h e s e  d a t a  h a v e  b e e n  q u o t e d  b y  K u r z w e i l  ( R e f .  A - l )  a n d  b y  

M a n n i n g ,  e t  a l  ( R e f .  A - 5 4 )  , a s  a s i m p l e  e s t i m a t e  o f  A - w e i g h t e d  

n o i s e  l e v e l s  i n  b u i l d i n g s .

6 . 1 . 5  K u r z w e i l

K u r z w e i l  h a s  p r e s e n t e d  a n  a m a l g a m  o f  t h e  m e t h o d s  u s e d  b y  W i l s o n ,  

U n g a r , a n d  o t h e r s  f o r  e s t i m a t i o n  o f  o c t a v e  b a n d  g r o u n d b o r n e  

v i b r a t i o n  i n  b u i l d i n g s  ( R e f .  A - 4 6 ) . E s s e n t i a l l y ,  t h e  g r o u n d b o r n e  

f l o o r  v i b r a t i o n  l e v e l  i n  a b u i l d i n g ,  L ( r o o m ) , d u e  t o  t r a i n  

p a s s a g e  i s  m o d e l e d  a s :

L a ( r o o m )  = L fl ( t u n n e l  w a l l )  -  C -  C b  -  Cb

dB r e  10  ^ g ( r m s )

L ( t u n n e l  w a l l )  = o c t a v e  b a n d  a c c e l e r a t i o n  l e v e l  a t  t h e
c l

w h e r e
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DISTANCE FROM SUBWAY -  m

FIGURE 6 . 1 4  A-WEIGHTED GROUNDBORNE NOISE LEVELS IN BASEMENTS 

AND GROUND FLOOR ROOMS OF BUILDINGS OVER AND 

ADJACENT TO SUBWAYS
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w a l l  o f  a  s u b w a y  t u n n e l  d u r i n g  a t r a i n  p a s s b y  i n  dB r e  

10 " 6 g

C = t h e  v i b r a t i o n  a t t e n u a t i o n  d u e  t o  p r o p a g a t i o n
y

t h r o u g h  t h e  g r o u n d .

C g k  = C o u p l i n g  l o s s  b e t w e e n  t h e  g r o u n d  a n d  t h e  
b u i l d i n g .

= V i b r a t i o n  a t t e n u a t i o n  d u e  t o  p r o p a g a t i o n  i n  t h e  

b u i l d i n g .

T h e  l o s s e s  a s s o c i a t e d  w i t h  t h e s e  l o s s  t e r m s  a r e  i n d i c a t e d  a s  

t h o s e  d e t e r m i n e d  b y  W i l s o n  o r  b y  U n g a r .  N o t e  t h a t  t h e  s t a r t i n g  

p o i n t  i s  t h e  t u n n e l  w a l l  o c t a v e  b a n d  v i b r a t i o n  s p e c t r u m .

K u r z w e i l  p r e s e n t s  a  su m m ary  o f  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  

e f f e c t  o f  a d d i t i o n a l  f a c t o r s  o n  t h e  o c t a v e  b a n d  s u b w a y  w a l l  

v i b r a t i o n  s p e c t r a .  T h e s e  f a c t o r s  i n c l u d e :

T r a i n  s p e e d

A x l e  l o a d

S u s p e n s i o n

R e s i l i e n t  w h e e l s

U n s p r u n g  m a s s

W h e e l  a n d  r a i l  c o n d i t i o n s

*•



•\
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S p e c i a l  t r a c k w o r k  

F a s t e n e r  r e s i l i e n c e  

F l o a t i n g  s l a b s  

B a l l a s t  d e p t h  

B a l l a s t  m a t s  

T u n n e l  c o n s t r u c t i o n

6 . 1 . 6  N o l l e

N o l l e  h a s  m ade  s o m e  a t t e m p t s  a t  p r e d i c t i n g  g r o u n d b o r n e  v i b r a t i o n  

f r o m  t h e  MURLA ( M e l b o r n e ,  A u s t r a l i a )  s u b w a y  s y s t e m  ( R e f .  A - 7 8 ) . 

B a s i c a l l y ,  t h e  a p p r o a c h  u s e d  m e a s u r e m e n t  d a t a  f o r  g r o u n d b o r n e  

v i b r a t i o n  f r o m  o p e n  c u t  s e c t i o n s  o f  e x i s t i n g  t r a c k  a n d  c o r r e c t i n g  

t h e s e  l e v e l s  b y  d i f f e r e n c e s  o b s e r v e d  a t  TTC ( T o r o n t o )  b e t w e e n  

v i b r a t i o n  f r o m  o p e n  c u t  s e c t i o n  a n d  s u b w a y .  N o l l e  a p p l i e d  

r e g r e s s i o n  t e c h n i q u e s  t o  1 / 3  o c t a v e  b a n d  v i b r a t i o n  d a t a  f o r  

d e t e r m i n a t i o n  o f  v i b r a t i o n  a t t e n u a t i o n  w i t h  d i s t a n c e  d u e  t o  b o t h  

d a m p i n g  a n d  g e o m e t r i c  s p r e a d i n g .  T h e  a m p l i t u d e  d e p e n d e n c e  o n  

d i s t a n c e  f r o m  t h e  t r a c k  w a s  m o d e l e d  a s

a ( x )  = a Q/ ( l + k x n )

w h e r e  x  i s  t h e  d i s t a n c e  f r o m  t h e  s o u r c e ,  a Q a n  e m p i r i c a l l y  

d e t e r m i n e d  s o u r c e  a m p l i t u d e ,  a n d  k a n d  n e m p i r i c a l l y  d e t e r m i n e d  

c o n s t a n t s  w i t h  r e s p e c t  t o  d i s t a n c e  x .  A l l  t h r e e  p a r a m e t e r s  a Q , 

b ,  a n d  n v a r y  w i t h  r e s p e c t  t o  f r e q u e n c y .  T h e  m e a s u r e m e n t  d a t a
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w e r e  o f  v i b r a t i o n  i n  m u d s t o n e  b e d r o c k ,  n o t  a t y p i c a l  s o i l .

M in im u m  a t t e n u a t i o n  w i t h  d i s t a n c e  w a s  o b s e r v e d  a t  16  Hz a n d  

m aximum a t t e n u a t i o n  a t  4 0 0  H z .  T h e  " e r r o r "  a s s o c i a t e d  w i t h  t h e  

f i t  w a s  a b o u t  1 t o  2 dB o v e r  t h e  f r e q u e n c y  r a n g e  o f  1 2 . 5  Hz t o  

4 0 0  H z .  T h i s  u n i q u e  a p p r o a c h  u s e d  b y  N o l l e  f o r  m e a s u r i n g  

a t t e n u a t i o n  w i t h  d i s t a n c e  i n  b e d r o c k  may b e  a p p r o p r i a t e  f o r  s o i l s  

i n  g e n e r a l ,  p r o v i d e d  t h a t  s u f f i c i e n t l y  d e t a i l e d  m e a s u r e m e n t  d a t a  

a r e  a v a i l a b l e .

6 . 2  DISCUSSION

O f  t h e  f o r e g o i n g  p r e d i c t i o n  p r o c e d u r e s ,  t h e  m o s t  h i g h l y  d e v e l o p e d  

a r e  t h o s e  u s e d  b y  W i l s o n  a n d  b y  U n g a r ,  e t  a l .  T h e  r e m a i n i n g  

m e t h o d s  a r e  l e s s  w e l l  d e v e l o p e d ,  o r  d e a l  o n l y  w i t h  a p a r t i c u l a r  

f a c e t  o f  t h e  p r e d i c t i o n  p r o b l e m .  T h e r e  a r e  s e v e r a l  a r e a s  w h i c h  

a r e  e i t h e r  n e g l e c t e d  o r  a r e  d e a l t  w i t h  i n  a v e r y  a p p r o x i m a t e  

m a n n e r .  T h e  m o s t  i m p o r t a n t  a r e a s  c o n c e r n  t h e  e f f e c t s  o f  t r u c k  

d e s i g n  a n d  s u b w a y  s t r u c t u r e  d e s i g n .  A d d i t i o n a l l y ,  t h e r e  e x i s t  

c o n s i d e r a b l e  d i f f e r e n c e s  r e g a r d i n g  s u b w a y  v i b r a t i o n  r a d i a t i o n  

c h a r a c t e r i s t i c s  a n d  t h e  t y p e s  o f  p r o p a g a t i n g  w a v e s .

T h e  p u r p o s e  o f  t h i s  s e c t i o n  i s  t o  i d e n t i f y  d e f i c i e n c i e s  i n  t h e s e  

m e t h o d s  a n d  s u g g e s t  p o s s i b l e  e x t e n s i o n s  w h i c h  m i g h t  y i e l d  m o r e  

r e l i a b l e  e s t i m a t e s  o f  g r o u n d b o r n e  v i b r a t i o n  l e v e l s .

6 . 2 . 1  T r u c k  D e s i g n

N o n e  o f  t h e  p r e d i c t i o n  p r o c e d u r e s  d i s c u s s e d  a b o v e  i n c o r p o r a t e  

i n f o r m a t i o n  o n  t r u c k  d e s i g n .  B e c a u s e  t h e  t r u c k  a n d  t r a c k b e d ,  

d r i v e n  b y  w h e e l / r a i l  f o r c e s ,  c a n  b e  v i e w e d  a s  t h e  u l t i m a t e  s o u r c e  
o f  v i b r a t i o n  e n e r g y ,  a n y  e x t e n s i o n  o f  t h e  a b o v e  p r e d i c t i o n



6-36

p r o c e d u r e s  s h o u l d  c o n s i d e r  t h e  e f f e c t  o f  t r u c k  d e s i g n .  

A d d i t i o n a l l y ,  s u c h  e x t e n s i o n  s h o u l d  c o n s i d e r  t h e  t r u c k  a n d  

t r a c k b e d  a s  a  s y s t e m .  T h i s  d o e s  n o t  i m p l y  t h a t  d e t a i l e d  

m u l t i d e g r e e  o f  f r e e d o m  m o d e l i n g  o f  t r u c k  a n d  t r a c k  d y n a m i c s  b e  

p e r f o r m e d  a s  p a r t  o f  t h e  p r e d i c t i o n  p r o c e d u r e ,  b u t  t h a t  g e n e r a l  

c o r r e c t i o n  c u r v e s  b e  d e v e l o p e d  f o r  g i v e n  t r u c k  a n d  t r a c k b e d  

p a r a m e t e r s .

6 . 2 . 2  T r a c k b e d  D e s i g n

T h e  u s u a l  a p p r o a c h  t o  i n c o r p o r a t i n g  t h e  e f f e c t  o f  t r a c k b e d  d e s i g n

i n t o  t h e  p r e d i c t i o n  o f  g r o u n d b o r n e  v i b r a t i o n  i s  t o  i n c l u d e  a s e t

o f  o c t a v e  b a n d  c o r r e c t i o n  f a c t o r s  f o r  e a c h  t r a c k b e d  d e s i g n

r e l a t i v e  t o  a  s t a n d a r d  d i r e c t - f i x a t i o n  w i t h  a r a i l  s u p p o r t
2

m o d u l u s  o f  a p p r o x i m a t e l y  3 , 5 0 0  l b s / i n  o f  r a i l .  T h e r e  i s  n o  

p a r t i c u l a r  r e a s o n  t o  m o d i f y  t h i s  a p p r o a c h ,  e x c e p t  i n s o f a r  a s  t h e  

t r u c k  a n d  t r a c k b e d  s h o u l d  b e  c o n s i d e r e d  a s  a s y s t e m .  T h i s  i s  

e s p e c i a l l y  i m p o r t a n t  w i t h  r e s p e c t  t o  f l o a t i n g  s l a b s  a n d  t h e i r  

p o s s i b l e  i n t e r a c t i o n  w i t h  t h e  t r u c k ' s  p r i m a r y  s u s p e n s i o n ,  a s  

d i s c u s s e d  a b o v e .

6 . 2 . 3  S u b w a y  S t r u c t u r e  D e s i g n

T h e  e x i s t i n g  p r e d i c t i o n  p r o c e d u r e s  m ay  n o t  a d e q u a t e l y  a c c o u n t  f o r  

t h e  e f f e c t  o f  s u b w a y  s t r u c t u r e  d e s i g n .  D a t a  p r e s e n t e d  a b o v e  ( s e e  

S e c t i o n  5 )  i n d i c a t e  t h a t  s u b s t a n t i a l  d i f f e r e n c e s  e x i s t  b e t w e e n  

c i r c u l a r  t u n n e l s  a n d  c o n c r e t e  d o u b l e  b o x  s t r u c t u r e s .  A t  

f r e q u e n c i e s  a b o v e  a b o u t  50  H z ,  g r o u n d b o r n e  v i b r a t i o n  f r o m  

c i r c u l a r  t u n n e l s  i s  a b o u t  10  t o  15  dB h i g h e r  t h a n  f r o m  d o u b l e  b o x  

s t r u c t u r e s ,  w h i l e  t h e  o p p o s i t e  e f f e c t  o c c u r s  a t  l o w  f r e q u e n c i e s  

( b e l o w  a b o u t  16  t o  3 1 . 5  H z ) . F r o m  t h e  s t a n d p o i n t  o f  p r e d i c t i o n ,
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t h e  l o g i c a l  s o l u t i o n  i s  t o  p r e s e n t  d i f f e r e n t  s t a r t i n g  s p e c t r a  f o r  

e a c h  b a s i c  s t r u c t u r e  d e s i g n ,  e . g . ,  d o u b l e  b o x  o r  c i r c u l a r  

c o n c r e t e  t u n n e l s .

T h i s  a p p r o a c h ,  h o w e v e r ,  d o e s  n o t  d i r e c t l y  d e a l  w i t h  t h e  q u e s t i o n  

o f  t h e  e f f e c t  o f  s u b w a y  w a l l  t h i c k n e s s ,  o r  t h e  d i f f e r e n c e  b e t w e e n  

s t e e l  o r  p r e c a s t  t u n n e l s  a n d  h e a v i e r  c a s t - i n - p l a c e  c i r c u l a r  

c o n c r e t e  t u n n e l s .  O ne  s o l u t i o n  t o  t h i s  p r o b l e m  m ay  b e  t o  

s t a t i s t i c a l l y  c o r r e l a t e  m e a s u r e m e n t  d a t a  w i t h  s u b w a y  d i m e n s i o n a l  

a n d  m a s s  p a r a m e t e r s .  T h i s  w o u l d  b e  b e s t  p e r f o r m e d  w i t h  

e x p e r i m e n t a l  d a t a  o b t a i n e d  f o r  v a r i o u s  s u b w a y  s t r u c t u r e  d e s i g n s  

o n  t h e  sa m e  s y s t e m ,  t h e r e b y  r e m o v i n g  v a r i a t i o n s  d u e  t o  

d i f f e r e n c e s  i n  v e h i c l e s  a n d  p e r h a p s  r e g i o n a l  s o i l  

c h a r a c t e r i s t i c s .  H o w e v e r ,  m o s t  new s y s t e m s  i n c o r p o r a t e  

s t a n d a r d i z e d  s u b w a y  s t r u c t u r e  d e s i g n s  w i t h  t h e  r e s u l t  t h a t  a l l  

c i r c u l a r  c o n c r e t e  t u n n e l s  h a v e  t h e  sam e  w a l l  t h i c k n e s s  o n  a g i v e n  

s y s t e m .

I n  o r d e r  t o  g a i n  a  b e t t e r  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  t h e  e f f e c t  

o f  s u b w a y  s t r u c t u r e  d e s i g n ,  n u m e r i c a l  a n d / o r  a n a l y t i c a l  m o d e l i n g  

i s  s u g g e s t e d  t o  a u g m e n t  e x p e r i m e n t a l  d a t a .  S u f f i c i e n t l y  r e l i a b l e  

q u a n t i t a t i v e  i n f o r m a t i o n  m i g h t  t h u s  b e  o b t a i n e d  w h i c h  c o u l d  b e  

i n c o r p o r a t e d  i n t o  a  p r e d i c t i o n  p r o c e d u r e  i n  t h e  f o r m  o f  a  t a b l e  

o r  s e t  o f  c u r v e s  g i v i n g  l e v e l  c o r r e c t i o n  a s  a  f u n c t i o n  o f  

f r e q u e n c y  a n d  p e r t i n e n t  s u b w a y  p a r a m e t e r s .

6 . 2 . 4  S o u r c e  L o c a t i o n

A s  c a n  b e  o b s e r v e d  a b o v e ,  s o m e  c o n s i d e r a b l e  d i f f e r e n c e s  o f  

o p i n i o n  e x i s t  c o n c e r n i n g  t h e  " s o u r c e "  o f  v i b r a t i o n  f r o m  s u b w a y  

s t r u c t u r e s .  On t h e  o n e  h a n d  t h e  s u b w a y  w a l l  i s  a s s u m e d  a s  t h e  

m a j o r  s o u r c e ,  w h i l e  o n  t h e  o t h e r  h a n d  an  i m a g i n a r y  s o u r c e  i s
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a s s u m e d  l o c a t e d  b e l o w  t h e  s t r u c t u r e .  T h e  a c t u a l  c a s e ,  h o w e v e r ,  

i s  p r o b a b l y  f a r  m o r e  c o m p l i c a t e d  t h a n  t h e s e  s i m p l e  c o n c e p t s  w o u l d  

i n d i c a t e .  A t  r e l a t i v e l y  l o w  f r e q u e n c i e s ,  i . e . ,  b e l o w  20  Hz o r  

s o ,  b e n d i n g  o f  t h e  s u b w a y  s t r u c t u r e  a s  a  b e a m  m i g h t  b e  m o s t  

s i g n i f i c a n t .  A t  f r e q u e n c i e s  a b o v e  p e r h a p s  1 0 0  H z ,  t h e  s u b w a y  

w a l l  may b e  t h e  p r i m a r y  s o u r c e ,  a l t h o u g h  i n  t h i s  c a s e  t h e  i n v e r t  

a r e a  i s  n e v e r t h e l e s s  a l i k e l y  p a r t i c i p a n t  a s  w e l l .

F r o m  t h e  s t a n d p o i n t  o f  p r e d i c t i o n ,  k n o w l e d g e  o f  t h e  a c t u a l  s o u r c e  

l o c a t i o n  may  n o t  b e  a s  i m p o r t a n t  a s  k n o w l e d g e  o f  a  r e f e r e n c e  

g r o u n d  v i b r a t i o n  s p e c t r u m  a t  5 t o  10  m f r o m  t h e  s t r u c t u r e .  T h i s  

i s  t h e  a p p r o a c h  t a k e n  b y  W i l s o n  w h i c h  e s s e n t i a l l y  a v o i d s  i n  a 

p r a c t i c a l  w a y  q u e s t i o n s  o f  s o u r c e  l o c a t i o n ,  a n d  s o i l  s t r u c t u r e  

i n t e r a c t i o n  e f f e c t s .  T h e  a p p r o a c h  i s  a n a l o g o u s  t o  u s i n g  n o i s e  

l e v e l  d a t a  m e a s u r e d  a t  1 m f r o m  m e c h a n i c a l  e q u i p m e n t  t o  e s t i m a t e  

n o i s e  l e v e l s  w i t h i n  i n d u s t r i a l  s p a c e s .  I n  s u c h  c a s e s ,  t h e  

v i b r a t i o n  o f  a  m o t o r  h o u s i n g  i s  n e v e r  u s e d  a s  t h e  s t a r t i n g  p o i n t  

f o r  n o i s e  p r e d i c t i o n ,  d u e  t o  l a c k  o f  d e t a i l e d  k n o w l e d g e  r e g a r d i n g  

r a d i a t i o n  e f f i c i e n c y ,  a n d  s o  f o r t h .  S i m i l a r l y ,  o n e  c a n  a r g u e  

t h a t  u s i n g  s u b w a y  w a l l  o r  i n v e r t  v i b r a t i o n  d a t a  i s  l i k e w i s e  l e s s  

a c c u r a t e  t h a n  s t a r t i n g  w i t h  t h e  g r o u n d  v i b r a t i o n  s p e c t r a  a t  s o m e  

s t a n d a r d  d i s t a n c e  f r o m  t h e  s u b w a y  s t r u c t u r e .

6 . 2 . 5  W ave  T y p e s

O n e  m a j o r  q u e s t i o n  c o n c e r n i n g  t h e  a b o v e  p r e d i c t i o n  p r o c e d u r e s  i s  

t h e  t y p e  o f  w a v e  r a d i a t e d  b y  a  s u b w a y  s t r u c t u r e .  U n g a r  a n d  

B e n d e r  a s s u m e  t h a t  c o m p r e s s i o n  w a v e s  r a d i a t e d  b y  t h e  n o r m a l  w a l l  

v i b r a t i o n  a r e  t h e  m o s t  i m p o r t a n t .  T o k i t a  o n  t h e  o t h e r  h a n d ,  

( j u d g i n g  f r o m  h i s  a s s u m e d  w a v e  v e l o c i t y  d a t a )  p r e d i c t s  o n  t h e  

b a s i s  o f  s h e a r  w a v e s .  T h e  t y p e  o f  w a v e  i s  l i k e l y  t o  b e  a  

c o m b i n a t i o n  o f  w a v e  t y p e s ,  e . g . ,  c o m p r e s s i o n  a n d  s h e a r .
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A d d i t i o n a l l y ,  g u i d e d  w a v e s  i n  s o i l  P a y e r s  may o c c u r ,  a n d  l i g h t l y  

d a m p e d  c o u p l e d  c o m p r e s s i o n  w a v e s  w i t h i n  s a t u r a t e d  s o i l s  m ay  b e  o f  

g r e a t  s i g n i f i c a n c e .

F o r  v e r t i c a l  e x c i t a t i o n  o f  a n  h o m o g e n e o u s ,  i s o t r o p i c ,  e l a s t i c ,  

h a l f  s p a c e  b y  a c i r c u l a r  d i s c ,  M i l l e r  a n d  P u r s e y  h a v e  d e t e r m i n e d  

t h a t  t h e  p a r t i t i o n  o f  e n e r g y  b e t w e e n  w a v e  t y p e s  i s  a s  f o l l o w s  

( R e f .  C - 2 6 ) ;

S u r f a c e  w a v e  ( R a y l e i g h ) 67%

S h e a r  w a v e 26%

C o m p r e s s i o n  w a v e 7%

T h i s  t y p e  o f  i n f o r m a t i o n  i s  q u i t e  r e l e v a n t  t o  g r o u n d b o r n e  
v i b r a t i o n  f r o m  a e r i a l  a n d  a t - g r a d e  t r a c k  s t r u c t u r e s .  T h e  e n e r g y  

p a r t i t i o n  i s  n o t  a p p l i c a b l e  t o  s u b w a y s  b e c a u s e  o f  t h e  s u b s u r f a c e  

l o c a t i o n  o f  t h e  v i b r a t i o n  s o u r c e .  H o w e v e r ,  t h e  a b o v e  p a r t i t i o n  

d o e s  i n d i c a t e  t h a t  w i t h  r e s p e c t  t o  b o d y  w a v e s ,  s h e a r  w a v e s  m a y , b e  

m o r e  i m p o r t a n t  t h a n  c o m p r e s s i o n  w a v e s .

P e k e r i s  a n d  L i f s o n  h a v e  p r o d u c e d  s o l u t i o n s  t o  t h e  p r o b l e m  o f  t h e  

m o t i o n  o f  t h e  s u r f a c e  o f  an  h o m o g e n e o u s  i s o t r o p i c  e l a s t i c  

h a l f - s p a c e  p r o d u c e d  b y  a b u r i e d  p u l s e  ( R e f .  C - 2 5 )  f o r  t h e  c a s e  o f  

P o i s s o n ' s  r a t i o  o f  0 . 2 5 .  I n  p a r t i c u l a r ,  t h e  r e s u l t s  o f  t h i s  

s o l u t i o n  i n d i c a t e  t h a t  f o r  a  c o n c e n t r a t e d  p u l s e  a p p l i e d  

v e r t i c a l l y  a t  d e p t h  H b e l o w  t h e  s u r f a c e ,  a  R a y l e i g h  w a v e  e m e r g e s  

a t  a b o u t  a d i s t a n c e  o f  5 H f r o m  t h e  e p i c e n t e r  o f  t h e  p u l s e .  A t  

l a r g e  d i s t a n c e s ,  t h e  a s y m p t o t i c  c h a r a c t e r  o f  t h e  s o l u t i o n  

a p p r o a c h e s  t h a t  o f  a p u l s e  a p p l i e d  a t  t h e  s u r f a c e .  A l t h o u g h  t h e  

n a t u r e  o f  l o a d i n g  o f  t h e  s o i l  b y  t h e  t u n n e l  i s  u n d o u b t e d l y  m o r e
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c o m p l e x  t h a n  t h a t  o f  a  b u r i e d  p u l s e ,  t h e  s o l u t i o n  p r e s e n t e d  b y  

P e k e r i s ,  e t  a l . ,  s u g g e s t s  t h a t  a t  s u f f i c i e n t l y  l a r g e ,  d i s t a n c e  f r o m  

a s u b w a y  s t r u c t u r e  a s i g n i f i c a n t  a m o u n t  o f  v i b r a t i o n  e n e r g y  may  

b e  b o r n e  b y  a  R a y l e i g h  w a v e .  T h i s  may  a l s o  s u b s t a n t i a l l y  e x p l a i n  

t h e  " s h e l v i n g "  o f  v i b r a t i o n  l e v e l  a s  a  f u n c t i o n  o f  d i s t a n c e  

o b s e r v e d  a t  TTC ( R e f e r e n c e  A - 5 2 ) , o r  t h e  l o c a l  m a x i m a  o b s e r v e d  a t  

a b o u t  15  m t o  30  m f r o m  t h e  s u b w a y  s t r u c t u r e  b y  T o k i t a ,  e t  a l .

N o t e  t h a t  T o k i t a  a t t r i b u t e s  t h i s  e f f e c t  a s  d u e  t o  b a r r i e r  

a t t e n u a t i o n  c a u s e d  b y  t h e  s u b w a y  s t r u c t u r e .

T h e  s h e l v i n g  o r  a c t u a l  i n c r e a s e  o f  v i b r a t i o n  l e v e l  a s  a  f u n c t i o n  

o f  d i s t a n c e  f r o m  a  s u b w a y  s t r u c t u r e  m i g h t  a l s o  b e  e x p l a i n e d  o n  

t h e  b a s i s  o f  e n e r g y  p a r t i t i o n  a n d  r e l a t i v e  a t t e n u a t i o n  r a t e s  f o r  

d i f f e r e n t  w a v e  t y p e s .  F o r  e x a m p l e ,  i f  a  g r e a t  d e a l  m o r e  s h e a r  

w a v e  e n e r g y  i s  r a d i a t e d  t h a n  c o m p r e s s i o n  w a v e  e n e r g y ,  b u t  t h e  

c o m p r e s s i o n  w a v e  e n e r g y  i s  a b s o r b e d  a t  a  m u c h  l o w e r  r a t e ,  t h e n  

r e l a t i v e l y  r a p i d  a t t e n u a t i o n  o f  v i b r a t i o n  w i t h  d i s t a n c e  m a y  b e  

e x p e c t e d  a t  l o c a t i o n s  c l o s e  t o  t h e  s t r u c t u r e ,  w h i l e  a t  l a r g e  

d i s t a n c e s  f r o m  t h e  s t r u c t u r e ,  t h e  a t t e n u a t i o n  r a t e  w o u l d  b e  

c o n t r o l l e d  b y  t h e  s u r v i v i n g  c o m p r e s s i o n  w a v e .

A t  t h e  p r e s e n t  t i m e ,  n o  d e f i n i t i v e  d a t a  r e g a r d i n g  e n e r g y  

p a r t i t i o n  h a s  b e e n  o b t a i n e d  f o r  s u b w a y  s t r u c t u r e s ,  a l t h o u g h  

m e a s u r e m e n t s  p e r f o r m e d  b y  V e r h a s  i n d i c a t e  t h a t  s h e a r  a n d  R a y l e i g h  

w a v e s  a r e  t h e  m o s t ,  s i g n i f i c a n t  f o r  b a l l a s t - a n d - t i e  s u r f a c e  t r a c k .  

S h e a r  a n d / o r  R a y l e i g h  s u r f a c e  w a v e s  w o u l d  a l s o  b e  e x p e c t e d  f r o m  

a e r i a l  s t r u c t u r e  f o u n d a t i o n s .  I f  a t t e n u a t i o n  o f  v i b r a t i o n  w i t h  

d i s t a n c e  i n  s o i l  i s  t o  b e  c o n f i d e n t l y  p r e d i c t e d  u s i n g  l o s s  

f a c t o r s  a n d  w a v e  p r o p a g a t i o n  v e l o c i t i e s  f o r  v a r i o u s  s o i l s ,  

a s s u m i n g  t h a t  a  r e l i a b l e  p r o p a g a t i o n  f o r m u l a  i s  a v a i l a b l e ,  t h e n  

i t  i s  n e c e s s a r y  t h a t  t h e  e n e r g y  p a r t i t i o n  b e t w e e n  v a r i o u s  w a v e  

t y p e s  b e  k n o w n .
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6 . 2 . 6  D i s s i p a t i o n

A l t h o u g h  t h e r e  a p p e a r s  t o  b e  so m e  d i s c r e p a n c y  b e t w e e n  m e t h o d s  f o r  

a c c o u n t i n g  f o r  s p r e a d i n g  a n d  d i s s i p a t i o n  w i t h i n  s o i l s ,  t h e r e  i s  a  

g e n e r a l  c o n s e n s u s  t h a t  t h e  a t t e n u a t i o n  r a t e  i n c r e a s e s  w i t h  

i n c r e a s i n g  f r e q u e n c y .  T h i s  i s  p r i m a r i l y  a  r e s u l t  o f  d i s s i p a t i o n  

b e i n g  l a r g e l y  p r o p o r t i o n a l  t o  t h e  n u m b e r  o f  w a v e l e n g t h s  

t r a v e r s e d .  A f o r m a l i s m  h a s  b e e n  e s t a b l i s h e d  f o r  p r e d i c t i n g  s u c h  

d i s s i p a t i o n  l o s s e s  f r o m  l o s s  f a c t o r s  w h i c h  a r e  a s s u m e d  t o  b e  

f r e q u e n c y  i n d e p e n d e n t .  T h i s  f o r m u l a t i o n ,  a s  w e l l  a s  o t h e r s ,  h a v e  

b e e n  d i s c u s s e d  i n  t h e  l i t e r a t u r e  r e g a r d i n g  g r o u n d b o r n e  v i b r a t i o n  

b y  G u t o w s k i  a n d  Dym. ( R e f .  A - 5 9 ) . A l t h o u g h  t h e r e  may  b e  

m o t i v a t i o n  f o r  g a i n i n g  a f u r t h e r  u n d e r s t a n d i n g  o f  d i s s i p a t i o n  

m e c h a n i s m s ,  s u c h  s t u d y  r e q u i r e s  e x t e n s i v e  r e s e a r c h  a n d  d e t a i l e d  

t e s t i n g  a n d  a n a l y s i s .  F o r  p u r p o s e s  o f  p r e d i c t i o n  o f  g r o u n d b o r n e  

v i b r a t i o n  f r o m  t r a n s i t  s y s t e m s  i n  a p r a c t i c a l  w a y ,  t h e  m e t h o d s  

o u t l i n e d  b y  G u t o w s k i  a n d  Dym a r e  p r o b a b l y  a p p r o p r i a t e  f o r  

e s t i m a t i n g  d i s s i p a t i o n  l o s s e s .  A t t e n t i o n  s h o u l d ,  t h e r e f o r e ,  

f o c u s  u p o n  t h e  t y p e s  o f  w a v e s  r a d i a t e d  f r o m  t r a n s i t  s t r u c t u r e s .

6 . 2 . 7  B u i l d i n g ' C o u p l i n g  L o s s

B u i l d i n g  f o u n d a t i o n  c o u p l i n g  l o s s e s ,  i . e . ,  t h e  b u i l d i n g  

f o u n d a t i o n  v i b r a t i o n  l e v e l s  r e l a t i v e  t o  i n c i d e n t  f r e e - f i e l d  

g r o u n d b o r n e  v i b r a t i o n  l e v e l s ,  i s  n o t  w e l l  u n d e r s t o o d  i n  t h e  a u d i o  

f r e q u e n c y  r a n g e .  D e t a i l e d  m o d e l i n g  o f  t h e  m o d a l  r e s p o n s e  o f  

b u i l d i n g s  t o  i n c i d e n t  g r o u n d b o r n e  v i b r a t i o n  o f  a r b i t r a r y  

f r e q u e n c y ,  v e l o c i t y ,  a n d  d i r e c t i o n  i s  a t  b e s t  i m p r a c t i c a l .  

C o n s i d e r i n g  t h e  w i d e  v a r i e t y  o f  b u i l d i n g  d e s i g n s ,  f o u n d a t i o n s ,  

a n d  t h e  v a r i a b i l i t y  o f  s o i l  p a r a m e t e r s ,  t h e  a p p r o x i m a t e  c u r v e s  

a n d  a n a l y s i s  p r e s e n t e d  b y  W i l s o n  a n d  a l s o  b y  U n g a r  a n d  B e n d e r  a r e

s/
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a p p r o p r i a t e  f o r  a  p r e d i c t i o n  m e t h o d .  E f f o r t  c o u l d  b e  d i r e c t e d  

t o w a r d s  c o m p i l a t i o n  o f  c o u p l i n g  l o s s e s  f o r  v a r i o u s  s t r u c t u r e  

d e s i g n s ,  a s  i s  d o n e  i n  t h e  f i e l d  o f  a r c h i t e c t u r a l  a c o u s t i c s  

r e g a r d i n g  t r a n s m i s s i o n  l o s s e s  o f  v a r i o u s  a r c h i t e c t u r a l  

p a r t i t i o n s .  S u c h  e f f o r t  m i g h t  b e  s u m m a r i z e d  i n  a c o m p e n d i u m  

w h i c h  w o u l d  s e r v e  a s  a v a l u a b l e  r e f e r e n c e  f o r  p r e d i c t i o n  o f  

g r o u n d b o r n e  v i b r a t i o n  i n  b u i l d i n g s  n o t  o n l y  f r o m  t r a n s i t  s y s t e m  

s o u r c e s  b u t  f r o m  h i g h w a y  a n d  i n d u s t r i a l  s o u r c e s  a s  w e l l .

6 . 2 . 8  V i b r a t i o n  A t t e n u a t i o n  i n  B u i l d i n g s

T h e  f l o o r - t o - f l o o r  a t t e n u a t i o n  o f  v i b r a t i o n  i n  b u i l d i n g s  i s  v e r y  

d i f f i c u l t  t o  p r e d i c t  a n a l y t i c a l l y ,  b u t  s u f f i c i e n t  e x p e r i m e n t a l  

d a t a  i s  a v a i l a b l e  f o r  p r e d i c t i o n  p u r p o s e s .  T h e  a s s u m p t i o n s  o f  3 

dB a t t e n u a t i o n  p e r  f l o o r  i s  r e a s o n a b l e  a n d  s u p p o r t e d  b y  

m e a s u r e m e n t  d a t a  r e p o r t e d  b y  T a c h i b a n a  f o r  t h e  f i r s t  s e v e r a l  

f l o o r s  a b o v e  g r a d e .  A t  h i g h e r  f l o o r  l e v e l s ,  t h e  a t t e n u a t i o n  r a t e  

r e p o r t e d  b y  T o c h i b a n a  i s  c l o s e r  t o  1 t o  2 dB p e r  f l o o r .

6 . 2 . 9  N o i s e  G e n e r a t i o n  i n  B u i l d i n g s

T h e  m e c h a n i s m  o f  n o i s e  r a d i a t i o n  b y  v i b r a t i n g  p a n e l s  ( i . e . ,  

w a l l s ,  f l o o r s ,  a n d  c e i l i n g s )  i n t o  r o o m s  i s  w e l l - u n d e r s t o o d .  

P r o v i d e d  t h a t  k n o w l e d g e  o f  t h e  a m p l i t u d e  o f  w a l l  v i b r a t i o n  

v e l o c i t i e s  a r e  k n o w n ,  r e a s o n a b l y  a c c u r a t e  e s t i m a t e s  o f  i n t e r i o r  

n o i s e  may b e  m a d e  f o r  g i v e n  v a l u e s  o f  a v e r a g e  a b s o r p t i o n  

c o e f f i c i e n t .  E i t h e r  o f  t h e  m e t h o d s  p r o p o s e d  b y  W i l s o n  o r  b y  

U n g a r  a n d  B e n d e r  a r e  a p p r o p r i a t e ,  t h e  l a t t e r  b e i n g  m o r e  d e t a i l e d  

d u e  t o  t h e  i n c l u s i o n  o f  t h e  a v e r a g e  a b s o r p t i o n  c o e f f i c i e n t .

U n g a r  a n d  B e n d e r  a l s o  h a v e  d e v e l o p e d  f o r m u l a s  f o r  p r e d i c t i o n  o f  

i n t e r i o r  n o i s e  l e v e l s  a t  s u b - m o d a l  f r e q u e n c i e s  f o r  t h e  r o o m  ( R e f .

A - 1 3 6 ) .
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7. MATHEMATICAL MODELS FOR PARAMETER EVALUATION

One of the problems encountered in the development of a 
comprehensive prediction method is the lack of, accurate analytical 
models that can be used to evaluate the generation and propagation 
of groundborne noise and vibration. There are many analytical 
techniques available in the literature which may have application 
to groundborne vibration; a number of those models are summarized 
in this chapter. The analytical models discussed are not 
generally appropriate for direct incorporation into a prediction 
method, however, the results of the evaluation might be applied in 
a prediction method in the form of tabulated correction factors. 
Covered in this chapter are mathematical models of:

- rail fasteners
- resiliently supported ties
- floating slabs
- truck dynamics
- subway/soil interaction and radiation from the subway 

structure
- vibration propagation and attenuation in soil
- building response to ground surface vibration

In several areas, e.g. subway/soil interaction, the extent of 
model development is very limited. Other models are very well 
developed and are only briefly summarized in this report. Instead 
of focusing on a complete development of the models, the 
discussion concentrates on the limitations and possible extensions 
to the existing models.

The general conclusion is that there are a number of techniques 
and mathematical models that could be, or have been successfully 
applied to groundborne noise and vibration. In some areas such as 
vibration propagation and attenuation in soil, much can be gleaned
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from the research.in other fields. Both earthquake engineering 
and geology are concerned with the propagation of waves through 
earth media and earthquake engineering is intimately concerned 
with the response of structures to ground motion. Unfortunately, 
some of the techniques that have been very successfully applied in 
these fields are not practical for rail transit groundborne 
vibration.

Following is a summary of the conclusions and salient 
observations:

Rail fasteners: The analytical models of rail fasteners that
have been developed seem to represent reasonable 
approximations which should be adequate at frequencies below 
200 Hz.

Resiliently supported ties: Although multi-degree of freedom
models of resiliently supported ties have been developed, the 
models are not very well documented in the literature.

Floating Slabs: The simple single-degree-of-freedom model of
a floating slab is adequate for most design purposes. More 
detailed analysis should be employed when the resonance 
frequencies of the floating slab and the truck primary 
suspension are close enough to interact or when the mass of 
the slab and the tunnel structure are approximately equal.

Truck dynamics: The truck dynamics have a strong influence
on groundborne vibration. Although there are many MDOF 
computer models of trucks, most are concerned with ride 
quality. The literature review did not reveal any easily 
used models that include the effect of truck dynamics on 
groundborne vibration. A 3 or 4 DOF model of a truck should 
be adequate for evaluation of groundborne vibration.
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Subway/Soil interaction; Models of the interaction of the 
subway structure and the surrounding soil, and the radiation 
of vibration by the subway structure are inadequate.
Simple models can be used to estimate the relative vibration 
levels of soil and rock founded subways, however, fundamental 
questions such as the relative importance of shear and 
compression waves and the effect of tunnel wall thickness can 
only be determined by measurements at this point. Some of 
the promising analytical approaches should be investigated.

Vibration propagation and attenuation in soils: This is
another.area where a considerable amount of research is 
needed. At present estimates of attenuation of vibration in 
soil must be based on empirical data. Several models have 
been preposed for dissipation of vibration in soil, however, 
they do not always show good agreement with test results. It 
appears that much can be learned from reference to the 
literature on dissipation of vibration in rock.

Building response to groundborne vibration; Although 
building response to ground motion is a central problem of 
earthquake engineering and has been the subject of 
considerable research, most of the techniques that have been 
developed do not have direct application to groundborne noise 
and vibration from transit trains. However, much can be 
learned about the interaction between ground motion and 
buildings from straight forward lumped parameter models of 
the buildings. Recent research shows promise for predicting 
the floor-to-floor attenuation of audio-frequency vibration 
and noise in large multi-story buildings.
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7.1 RAIL FASTENERS

Bander, et al (Ref. A-18) have developed a model of direct 
fixation resilient fasteners that includes the wheel and rail 
roughnesses, the vehicle and rail impedances, and damping of the 
fastener elastomer. The analysis indicates that the integrated 
net force transmitted to the invert is equivalent to that which 
would be transmitted through a simple spring-mass vibration 
isolation system.

The rail impedance is determined by modeling the rail as an 
elastically supported Bernoulli-Euler beam. After determination 
of the rail impedance for the undamped case, the effect of damping 
in the fastener is approximated by introduction of a complex rail 
support modulus.

Figure 5.6 presents the predicted change in vibration isolation 
when the rail support modulus is reduced relative to the standard 
TTC fastener. The results from a test by the Toronto Transit 
Commission in which the groundborne vibration was measured before 
and after adding an extra pad to the fastener is presented in 
Figure 5.7 (Ref. A-52). The effect was to reduce the rail support 
modulus from 4300 lb/in to 2100 lb/in. As can be observed in 
Figure 5.7, the measured difference between single and double 
thickness pads is consistent with projection.

The model incorporates a complex rail support modulus whose 
imaginary loss term is linearly dependent on frequency. This 
approach represents a reasonable approximation which should be 
adequate under most circumstances where relatively light damping 
is concerned.
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An exact solution to the problem of a Bernoulli-Euler beam 
supported on a visco-elastic foundation is provided by Mathews for 
the case of a stationary oscillating point load (Ref. C-8, C-9).
In the event that fasteners with relatively high damping or very 
low stiffnesses are to be modeled, the solution by Mathews might 
be relatively easily incorporated into Bender's model, although 
the results should not change dramatically.

The assumption of continuous support should be reasonable over the 
frequency range of groundborne noise and vibration. The effect of 
discontinuous supports (e.g., fastener spacing) becomes important 
at frequencies for which the wavelength of bending waves in the 
rail is comparable with twice the fastener spacing. This 
condition will not be attained at frequencies below 200 to 800 Hz.

7.2 RESILIENTLY SUPPORTED TIES

Resiliently supported ties such as the STEDEF system have been 
shown to be an effective method of reducing groundborne vibration. 
The STEDEF system has been installed at a number of European 
systems and at the MARTA system in Atlanta.

Since resiliently supported ties are widely used, a model that 
could be used to optimize the vibration isolation would be 
valuable. Kazamaki (Ref. A-69) discusses a four-degree-of-freedom 
model used for evaluating two resiliently supported tie designs. 
The model includes the truck wheel set, rail, rail pad stiffness, 
tie, tie support stiffness, tunnel, and ground. The model was 
used to compare the performances of resiliently supported ties and 
ballasted tracks and showed good agreement with experimental data. 
Unfortunately, the model is not described in detail.
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Another approach is the model developed by Manning, et al., (Ref 
A-19) for floating slab and rail interaction. The model, could be 
simplified for use in analysis of the resiliently supported tie 
system by allowing the floating slab longitudinal bending 
stiffness to go to zero, ignoring transverse bending in the slab, 
adjusting the floating slab dimension, and adjusting the rail and 
slab support stiffnesses to correspond with resiliently supported 
ties. A simpler approach may be to directly model the system as a 
Bernouilli-Euler beam supported on a continuous system of springs 
and an inertial mass. In either case, damping in the tie support 
stiffness should be included as a significant parameter, judging 
from Colombaud's comment that such damping is responsible for the 
good performance of the R.S. STEDEF system at the RER Subway in 
Paris (Ref. A-28).

Finally, modeling of resiliently supported tie track as well as 
other trackbed designs should ideally include the truck, i.e., the 
multi-degree-of-freedom approach as indicated by Kazamaki (Ref. 
A-69). To the extent that the support stiffness of the STEDEF 
design is relatively high, approximating that of ballast, one 
might be able to ignore coupling effects between the truck primary 
suspension and the track support system. However, an axle bending 
mode at between 70 and 125 Hz could couple with the resiliently 
supported tie system, producing lower than anticipated vibration 
isolation.

7.3 FLOATING SLABS

Floating slab vibration isolation systems are presently the most 
effective method of reducing groundborne vibration. Two types are 
currently in use. in the U.S. One is the continuous floating slab 
used at WMATA, and the other is the discontinuous type used at TTC 
and MARTA.
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Wilson (Ref. A-13) based the design of the WMATA continuous 
floating slab on a single-degree-of-freedom isolator system. Only 
isolation of vertical vibration was considered in detail.
Included in the model are the combined mass of the truck and 
floating slab per unit tunnel length, the isolator and perimeter 
board stiffness, and the entrained air stiffness. Note that the 
entrained air adds significantly to the dynamic stiffness of the 
floating slab. Decoupling of the floating slab with the tunnel 
stiffness was ensured by requiring the tunnel mass to be 3 to 10 
times greater than the slab mass, while coupling between the truck 
and slab system was neglected in the analysis. Also included in 
the model is damping provided by the resilient slab supports. 
However, additional significant effective damping is assumed due 
to the translating nature of the load.

Wilson has extended the approach to the discontinuous floating 
slab (also referred to as the double tie system) used at TTC and 
MARTA. The major difference is that there is no entrained air to 
be included in the stiffness calculation. The truck masses are 
still assumed to be evenly distributed along the vehicle length so 
that the masses, stiffnesses, and damping are still computed per 
unit tunnel length.

The approach used by Wilson has been quite successful, especially 
for the WMATA double box floating slab and the TTC double tie 
system. At WMATA, although the truck suspensions are relatively 
stiff, giving primary resonances greater than 25 Hz, the large 
mass of the floating slab in double-box subways relative to. the 
truck mass tends to decouple the truck and floating slab systems.

However, in the small tunnels, e.g., circular concrete or steel 
tunnels the floating slabs are of lower mass, with the result that 
the potential for coupling is increased at low frequencies. In
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such cases more complex multi-degree-of-freedom models would 
probably be desirable for designing floating slab vibration 
isolation systems.

A relatively detailed analysis of floating slab vibration and 
interaction with the rail was performed by Manning, et al. (Ref. 
A-19), drawing heavily upon a model developed by Bender, et al. 
(Ref. A-103). The rail fastener and floating slab support 
stiffnesses are both considered as continuous supports with 
damping. The model concentrates on coupling between bending waves 
of the rail and both transverse and longitudinal bending modes of 
the slab. One particularly interesting result of Manning's work 
is that for sufficient damping in the system, the force 
transmissibility predicted by the coupled mode model is similar to 
that predicted by the much simpler single-degree-of-freedom model, 
thus supporting the approach used by Wilson and the relatively 
good agreement of Wilson's model with experimental data.

Manning extends the coupled mode model for continuous floating 
slabs to the discontinuous double tie slab by setting the bending 
stiffness of the slab equal to zero. This approach could also be 
used to model resiliently supported tie systems.

Johnston (Ref. A-67) has treated the case of the discontinuous 
double tie floating slab during the course of his modeling of 
truck dynamics for the TTC. Essentially, the slab was represented 
as an inertial element in terms of mass per unit tunnel length, 
neglecting rail bending stiffness. Using this approach, Johnston 
obtained a rail driving point impedance which he then combined 
with a limited multi-degree-of-freedom model of the truck to 
assess ground loading and force transmissibility of the isolator 

\ system.
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Of the above models, only the one employed by Johnston includes a 
detailed model of the truck, including an axle bending mode, to 
describe floating slab vibration isolation performance. The 
remainder of the methods either assume the wheel set mass or the 
mass of the truck as representative of vehicle loads. An 
extension of these models should include the effect of primary 
stiffness, the first axle bending mode, and possibly the bending 
of the truck frame. The model should be sufficiently general to 
allow analysis of resiliently supported tie systems such as the 
STEDEF, and should encompass the frequency range of at least 5 Hz 
to 100 Hz. Particular attention should be focused on damping in 
the resilient slab support elements and in the truck. Finally, 
consideration of coupled horizontal and rocking modes of both the 
truck and slab may be advisable, although the net force at the 
invert resulting from such modes will likely be less than that due 
to vertical translation.

The subject of dynamic modeling of the truck will be discussed 
below in greater detail. Emphasis must be placed, however, on 
viewing both the truck and the floating slab as a system.

Some discussion has occured regarding the relative effectiveness 
of continuous and discontinuous floating slabs. Most data from 
U.S. and Canadian installations of floating slabs indicate that 
the performance of the continuous and discontinuous floating slabs 
is very similar. However, Grootenhuis (Ref. A-106) states that 
local vibration build-up in transverse bending of the 
discontinuous double tie will compromise the isolation 
effectiveness of the slab, relative to the continuous design. He 
further states that the TTC double tie slab does not perform 
adequately on the basis of measurement data, but does not supply 
such data. Samavedam and Cross (Ref. A-159) state that 
longitudinal bending wave propagation in the continuous floating
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slab contributes additional radiation damping at frequencies above 
the design resonances of the slab and is therefore more desirable 
than the discontinuous double tie slab.

The model developed by Bender, et al. , (Ref. A-103) and. extended 
by Manning, et al., (Ref. A-19) should be sufficient to answer the 
question of whether or not a continuous floating slab is 
preferable to a discontinuous slab. For the present, however, the 
data presented by Lawrence (Ref. A-15) indicate that the vibration 
isolation of the double tie system is as good or better than that 
for the continuous slab design. Indeed, the first transverse 
bending mode of the double tie occurs at roughly 100 Hz, at which 
frequency virtually all measurement data collected to date 
indicate that the double tie system is quite as effective as the 
continuous design. Secondly, although continuous floating slabs 
may provide damping due to longitudinal bending wave radiation 
from a point, the fact' that a train is a line source of vibration 
energy means that whatever vibration energy is radiated away from 
an excitation point is replaced by vibration energy produced at 
neighboring points in the absence of damping. The result is that 
dispersion of vibration energy along the slab is probably of only 
limited interest.

Finally the problem of a translating, oscillatory point load 
directed against an elastically supported Bernoulli-Euler beam has 
been studied by Mathews (Ref. C.-8) . This solution can be used to 
assess the effect of a moving load on the amplitude of the 
resonance peak in the force transmissibility curve of floating 
slabs, relative to that for a stationary load. Unfortunately, 
damping is not included in the closed form solution, although a 
numerical technique can be employed to include the effect of 
damping. Mathews has treated the case of a stationary oscillating 
point load directed against a visco-elastically supported beam 
(Ref. C-9).
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7.4 TRUCK DYNAMICS

Of considerable importance in the generation of groundborne 
vibration is the impedance of the vehicle as "seen" by the rail.
If this quantity were identically zero, the rail would not be 
excited into vibration by rail and wheel surface roughness. The 
nature of the vehicle impedance in conjunction with the rail 
driving point impedance and rail and wheel surface roughness, 
determines the magnitude of the rail vibration and thus ground 
loading.

The simplest approach to modeling the vehicle impedance is to , 
consider only the wheel-set mass; this should be adequate for 
frequencies in the neighborhood of 60 Hz and higher. Included 
with the wheel-set mass should be the masses of axle mounted 
equipment such as gearbox and brake discs. At lower frequencies,
e.g., in the range of 2 to 20 Hz, the entire mass of the truck may 
be the determining factor. At still lower frequencies, the 
vehicle body mass must be added. In addition to simple mass-like 
assumptions for the vehicle impedance, bending modes of the axle 
and the truck frame will influence the vehicle impedance.

Measurements reported by Wolfe (Ref. A-7) indicate that truck 
design can have a very substantial effect on groundborne 
vibration. Moreover, this same data indicates that the nature of 
trackbed structure influences the effect of such truck design on 
vibration. The implication is that the truck and trackbed must be 
considered as a system, for which a multi-degree-of-freedom model 
is desirable.

The most detailed analysis of truck dynamics with respect to
trackbed configuration is described by Johnston (Ref. A-67) for
the TTC (Toronto) system. Johnston concluded that the truck may
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be adequately approximated by considering only the following truck 
components:

- Single Wheel
- Axle (Rigid and first bending mode)
- Gearbox
- Frame

The first axle bending mode at 119 Hz was identified as 
significant, although higher modes were ignored on the basis of 
the resonance frequencies being above 450 Hz and higher. The case 
of resilient wheels was also considered.

Johnston includes the driving point impedance of the rail in the 
analysis. For the case of simple resilient fastening, the rail is 
treated as a beam on a continuous elastic foundation. For the 
double tie floating slab vibration isolation system, the rail 
impedance is modeled as that of a 2 degree of freedom oscillator, 
neglecting rail bending stiffness.

Numerous other multi-degree-of-freedom models have been developed 
for transit vehicles, resulting in publicly available software, 
(Ref. A-8), e.g. DYNALIST, HALF, FULL, and FLEX. All of these 
models were initially developed for ride quality and truck 
stability assessment, and include the vehicle l?ody in the 
analysis. Of these models, DYNALIST is the most general, capable 
of analyzing up to 50 degrees-of-freedom, and could be directly 
extended to analysis of truck dynamics in the frequency range of 
groundborne vibration. However, it is a rather complex model and 
program to use. A simpler and perhaps more practical model is 
that provided by HALF, which is relatively unique in that it 
includes the track support modulus. HALF includes six 
degrees-of-freedom, which should be adequate for many truck
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vibration problems. Howev'er, the program has the disadvantage of 
being dedicated to a particular dynamic model, which, for 
instance, does not include the first axle bending mode nor the 
gearbox-axle vibration mode. HALF can be used for analysis of 
coupling between the primary suspension and a floating slab 
vibration isolation system and has the added advantage that 
optimization of floating slab design can be performed with 
consideration of ride quality and truck stability. HALF could be 
modified and extended to provide a more comprehensive model which 
includes the axle bending mode and the gearbox.

7.5 SUBWAY/SOIL INTERACTION AND VIBRATION RADIATION

One of the facets of groundborne vibration that is least 
understood is the interaction of the subway and surrounding earth 
and the radiation of vibration by the subway structure. At the 
present time, the effect of subway wall thickness can not be 
determined except by measurement. The relative importance of 
different parts of the subway structure as regards vibration 
radiation is not clear. Also, the partition of energy between 
shear and compression waves in soil is not known, but is necessary 
for a reliable estimate of attenuation with distance in soil.

One of the early models of the effect of subway founding 
conditions is provided by Bender, et al. (Ref A-158) for 
estimating the difference between subway wall vibration for earth 
based and rock based subway structures. The amplitude ratio 
between earth and rock based structures is given as

a
a
r

s
+ Z 
+ Z

s
r



7-14

where ar/ag is the ratio of subway wall vibration between earth 
and rock based structure, Z  ̂is the subway structure impedance,
Zg is the soil impedance, and Zr is the rock impedance.

Bender indicates that the subway structure impedance is less than 
either the earth or rock impedance, and that the soil impedance is 
about 1/10 the rock impedance. Therefore, subway wall vibration 
for rock based structures should be about 20 dB lower than for 
earth based structures.

Wilson (Ref. A-3) uses the same model to estimate the ratio 
between vibration in surrounding soil or rock for soil and rock 
based structures. Following Wilson's discussion, there are two 
general ranges where the impedance of the system or at least the 
ratios of impedances, can be estimated from easily determined 
properties of the system components. In the low-frequency region 
the mechanical impedance is stiffness controlled and the amplitude 
of vibration is proportional to the stiffness. In the 
high-frequency region the mechanical impedance is mass controlled 
and the amplitude of vibration is inversely proportional to mass 
times frequency squared, assuming constant amplitude forces in the 
frequency domain. In the transition area between low and high 
frequencies the amplitude of vibration is controlled largely by 
the damping and other coupling factors in the mechanical system.

At high frequencies where the subway structure impedance, Z ., is
b L

large, the vibration levels for rock and earth supported subway 
structures are comparable. Since the ratios of low-frequency and 
high-frequency vibration levels are considerably different, it is 
necessary to determine the frequency range where the transition 
occurs. There are two basic sources of information on where this 
transition occurs. The literature on ground vibration created by 
blasting in rock and soil indicates that the frequency spectrum
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shifts upward by a factor of about 3 for rock and soil blasts.
The peak acceleration amplitudes remain about the same for equal 
applied forces. For a typical single or double box subway in 
soil, the natural frequency of the subway structure on the earth 
spring is estimated to be in the range of about 17 to 32 Hz and, 
therefore, the transition from stiffness control to mass control 
starts at about 30 Hz for subway structures supported on soil.
For a rock base subway, the transition will occur at a much higher 
frequency, on the order of 125 to 250 Hz. With the information 
from blasting and the calculated natural frequencies of subway 
structures, vibration amplitude ratio curves which bridge the 
transition section between the low-freqency, stiffness controlled 
region and the high-frequency, mass controlled region may be 
constructed.

Another method of estimating ratios of vibrations for rock and 
soil based subways is to use the ratio of the coefficients of 
subgrade reaction or the ratio of Young's moduli for rock and 
soil. This approach is only appropriate in the low-frequency 
region. These ratios indicate that at low frequencies the 
vibration of rock based subways will be 10 to 20 dB less than for 
soil based subways.

The lumped mass model described above may be compared to.ground 
surface vibration data presented in Figure 7.1 for a variety of 
subway types and basic founding conditions at WMATA Metro (Ref. 
A-98) . The data presented for soil based subway structures has 
been normalized to a slant distance of 50 ft from top-of-rail, 
assuming a 3 dB attenuation rate per distance doubling, and 
neglecting the effect of damping. The rock and mixed-face tunnel 
data were left unaltered due to -the complexity of the transmission 
path. However, about 50 ft of soil covered the rock strata, and 
the propagation path for the rock subways was roughly divided 
equally between rock and earth.
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The data presented in Fig. 7.1 indicate that the lumped mass 
analogy may provide a simple means of'estimating the effect of 
structure mass and soil stiffness on groundborne vibration. The 
model is particularly suitable for use in regression techniques 
for an empirical evaluation of structure parametric effects.

Subway structures have also been modeled as a beam on an elastic 
foundation (Ref. A-52) . The goal of this model was to identify 
the vertical resonance frequencies for the subway structure in 
soil to explain a peak at 50 Hz in the spectrum of groundborne 
vibration. Damping is indicated as a significant factor in the 
subway motion, but no quantitative values are given. The model 
ignores distortion of the subway cross-section and bending of the 
subway walls.

Greenfield (Ref, C-27) recently presented a solution to the 
problem of a harmonic point load acting against the surface of a 
cylindrical cavity within an infinite elastic homogeneous and 
isotropic medium. Radiation patterns for both shear and 
compression waves are discussed. For wavelengths in soil less 
than or similar to twice the cavity diameter, directivity effects 
are significant, and for wavelengths significantly less than the 
cavity diameter, vibration radiation is highly directional. Most 
of the energy is radiated into the half-space on the side of the 
cavity at which the force is directed. This shielding effect 
(combined with absorption in soil) may help to explain the rapid 
attenuation of groundborne vibration at frequencies above about 63 
Hz to 125 Hz, as illustrated in Figure 7.1.

Note that for the tunnel structure to provide significant 
shielding, the wavelength must be smaller than the tunnel 
diameter. For a typical 5 m diameter tunnel to have significant 
shielding in the 30 to 120 Hz range, wave speeds would have to be
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in the 200 to 600 m/sec range which includes the range for shear 
waves and the lower range of pressure waves in soil.

No analytical model of a hollow circular cylinder in an elastic 
medium has been found which could be used for modeling circular 
tunnels in soil. Greenfield's solution discussed above might be 
extended to include a hollow circular cylinder. Such extension 
would presumably provide qualitative information regarding 
tunnel/soil coupling and wave energy partition as a function of 
tunnel mass, wall thickness, and soil stiffness. Questions 
concerning the effective length of a vibrating tunnel could be 
also considered. The model parameters could, conceivably, be 
adjusted to approximate the larger and heavier double box 
structures, in spite of the non-circular shape of double box 
structures.

Rucker (Ref. A-58) discusses a finite element model of a subway 
structure in soil. The model is evidently a plane strain model 
incorporating 290 elements and 355 nodal points, the greatest 
element size being 1/5 of the shortest shear wavelength at 100 Hz 
in soil. The model was applied to experimental data to determine 
the input power spectrum of the excitation process. The values of 
the soil shear modulus were determined for use in the numerical 
model by cross-correlation between two measurement locations of 
groundborne vibration from passing trains.

The approach taken by Rucker certainly represents the 
state-of-the-art in modeling/subway soil interaction. With a 
sufficient number of elements, such an approach can be used to 
model any subway shape. However, finite element models have the 
limitation of requiring a large amount of computer time to 
evaluate the sensitivity to parameter modifications. The question 
of plane strain vs. a more complete three-dimensional finite
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e l e m e n t  m o d e l  n e e d s  t o  b e  a d d r e s s e d .  T h r e e - d i m e n s i o n a l  f i n i t e  

e l e m e n t  m o d e l i n g  w o u l d  n e c e s s a r i l y  i n v o l v e  a  g r e a t  m a n y  m o r e  
d e g r e e s - o f - f r e e d o m  a n d  c o r r e s p o n d i n g  i n c r e a s e  i n  p r o c e s s i n g  t i m e  
a n d  c o s t .  P l a n e  s t r a i n  s o l u t i o n s  a r e  q u i t e  v a l u a b l e ,  h o w e v e r ,  a n d  
p r o v i d e  s i g n i f i c a n t  i n s i g h t  i n t o  t h e  m e c h a n i s m s  o f  s o i l  s t r u c t u r e  
i n t e r a c t i o n .

F i n a l l y ,  a l t h o u g h  n u m e r i c a l  o r  a n a l y t i c a l  m o d e l s  f o r  a n  e l a s t i c ,  
h o m o g e n e o u s ,  a n d  i s o t r o p i c  m e d iu m  m a y  p r o v i d e  i n f o r m a t i o n  
r e g a r d i n g  c o u p l i n g  o f  t h e  s u b w a y  s t r u c t u r e s  w i t h  s h e a r  a n d  
c o m p r e s s i o n  w a v e s ,  a  m o r e  r e a l i s t i c  a p p r o a c h  w o u l d  i n c l u d e  e f f e c t s  
o f  s a t u r a t e d  s o i l s .  A t e n t a t i v e  a p p r o a c h  w o u l d  b e  t o  u s e  t h e  
t h e o r y  d e v e l o p e d  b y  B i o t  ( R e f .  C - 2 9 )  f o r  e l a s t i c  w a v e  p r o p a g a t i o n  
i n  s a t u r a t e d  p o r o u s  m e d i a  a n d  c o n s i d e r  t h e  m o t i o n  o f  t h e  r i g i d  
s p h e r e  a s  a n  a p p r o x i m a t i o n .  T h e  p r i m a r y  g o a l  w o u l d  b e  t o  e s t i m a t e  
t h e  r e l a t i v e  p a r t i t i o n  o f  e n e r g y  b e t w e e n  s h e a r  w a v e s ,  t h e  s l o w  
c o m p r e s s i o n  w a v e ,  a n d  t h e  f a s t e r ,  l i g h t l y  d a m p e d ,  c o m p r e s s i o n  
w a v e s .

7 . 6  V I B R A T I O N  P R O P A G A TIO N  AND A T T E N U A T IO N  I N  S O I L

W a v e  p r o p a g a t i o n  i n  s o i l s  a n d  r o c k s  i s  t h e  s u b j e c t  o f  m u c h  s t u d y  

a n d  e x p e r i m e n t a t i o n  b y  r e s e a r c h e r s  i n  t h e  f i e l d s  o f  f o u n d a t i o n  
d e s i g n  ( R e f .  B - 8 ,  B - 4 )  , s o i l - s t r u c t u r e  i n t e r a c t i o n  a n d  e a r t h q u a k e  
r e s p o n s e  a n a l y s i s  ( B - 2 4 )  , a n d  g e o p h y s i c s .

M o d e l i n g  s o i l ,  a n d  t o  a l e s s e r  e x t e n t  r o c k ,  c a n  b e  d i f f i c u l t .
S o i l  i s  n o t  n e c e s s a r i l y  h o m o g e n e o u s ,  i s o t r o p i c ,  n o r  s o l i d ,  b u t  
r a t h e r  a  m u l t i - l a y e r e d  p o r o u s  m e d iu m  a t  v a r i o u s  d e g r e e s  o f  
s a t u r a t i o n .  F o r  m o s t  p u r p o s e s ,  l i m i t e d  b y  p r a c t i c a l i t y ,  
a n a l y t i c a l  m o d e l i n g  o f  s o i l  o r  r o c k  u s u a l l y  i n c o r p o r a t e s  l a y e r e d  
e l a s t i c  m o d e l s ,  e a c h  l a y e r  b e i n g  h o m o g e n e o u s  a n d  i s o t r o p i c  o r
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p o s s ib ly  p o ro u s  and s a t u r a t e d .  These m o d e ls  a r e  u s u a l ly  , 
r e s t r i c t e d  t o  l i n e a r  th e o r y  f o r  d is p la c e m e n t  a m p litu d e s  s i m i l a r  t o  
th o s e  o f  g ro u n d b o rn e  v i b r a t i o n  fro m  r a p id  t r a n s i t  s y s te m s . T h e s e  
i d e a l i z e d  c o n c e p ts  o f  s o i l s  a r e  u s u a l ly  s u f f i c i e n t  f o r

4
i n t e r p r e t a t i o n  o f  e x p e r im e n ta l  d a ta  and q u a l i t a t i v e  a n a ly s is .  A l l  
o f  th e  a n a l y t i c a l  wave p r o p a g a t io n  and a t t e n u a t io n  m o d e ls  
e n c o u n te re d  in  th e  l i t e r a t u r e  c o n c e rn in g  g ro u n d b o rn e  v i b r a t i o n  
fro m  r a p id  t r a n s i t  sys tem s  a r e  o f  th e  ab ove ty p e .

F o l lo w in g  i s  a s h o r t  in t r o d u c t io n  t o  b a s ic  wave ty p e s  f o r  th e  
m ed ia  u s u a l ly  c o n s id e re d  in  th e  l i t e r a t u r e ,  and a d is c u s s io n  o f  
m odels  f o r  a t t e n u a t io n  due to  s p re a d in g  and d i s s i p a t i o n .

7 . 6 . 1  B a s i c  T y p e s  o f  W a v e s

T h e r e  a r e  t w o  b a s i c  t y p e s  o f  b o d y  w a v e s  w h i c h  m a y  p r o p a g a t e  i n  a n  

i n f i n i t e ,  h o m o g e n e o u s ,  i s o t r o p i c ,  e l a s t i c  m e d iu m  ( R e f .  B t 4 ) .  O n e  
i s  a  s h e a r  w a v e  o r  S - w a v e ,  o t h e r w i s e  i d e n t i f i e d  a s  e q u i v o l u m n a l , 
r o t a t i o n a l ,  o r  d i s t o r t i o n a l  w a v e .  T h e  s e c o n d  i s  a  c o m p r e s s i o n  
w a v e ,  o r  P - w a v e ,  w h i c h  i s  a l s o  r e f e r r e d  t o  a s  a  d i l a t a t i o n a l  w a v e .  
T h e s e  t w o  w a v e s  p r o p a g a t e  i n d e p e n d e n t l y  a n d  o n l y  i n t e r a c t  a t  
i n t e r f a c e s  b e t w e e n  m e d i a  w i t h  d i f f e r i n g  e l a s t i c  p r o p e r t i e s ,  o r  a t  
a  f r e e  s u r f a c e .  A t  s u c h  b o u n d a r i e s ,  w a v e  e n e r g y  i s  b e  e x c h a n g e d  
b e t w e e n  t h e  t w o  t y p e s  o f  w a v e s  a n d  c a n  c o m b i n e  t o  f o r m  s p e c i a l  
t y p e s  o f  w a v e s  s u c h  a s  R a y l e i g h ,  L o v e ,  a n d  h e a d  w a v e s .  O f  t h e  
w a v e s  d i s c u s s e d  i n  t h e  l i t e r a t u r e ,  w i t h  a  f e w  e x c e p t i o n s ,  o n l y  t h e  
b o d y  w a v e s  ( i . e .  s h e a r  a n d  c o m p r e s s i o n  w a v e s )  a n d  R a y l e i g h  w a v e s ,  
h a v e  b e e n  a s s o c i a t e d  w i t h  g r o u n d b o r n e  v i b r a t i o n .

The R a le ig h  wave can  be an im p o r ta n t  com ponent o f  g ro u n d b o rn e  
v i b r a t i o n .  R a y le ig h  w a v e 's  p r o p a g a te  a t  a speed  s l i g h t l y  le s s  
th a n  t h a t  o f  s h e a r w a v e s . Due t o  th e  n a tu r e  o f  th e  R a y le ig h  w a v e ,
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t h e  m o t i o n  a s s o c i a t e d  w i t h  i t  i s  c o n f i n e d  t o  w i t h i n  a b o u t  o n e  
w a v e l e n g t h  o f  t h e  s u r f a c e ,  a n d  i t s  s p r e a d i n g  l o s s  i s  m u c h  l e s s  
t h a n  t h a t  o f  b o d y w a v e s .  C o n s e q u e n t l y ,  a t  a  s i g n i f i c a n t  d i s t a n c e  
f r o m  t h e  s o u r c e ,  R a y l e i g h  w a v e s  c a n  b e  t h e  m a j o r  c a u s e  o f  s u r f a c e  
m o t i o n .

A s e c o n d  t y p e  o f  s u r f a c e  w a v e  i s  t h e  L o v e  w a v e ,  i n v o l v i n g  a  
h o r i z o n t a l  s h e a r  w a v e  p r o p a g a t i n g  w i t h i n  a  s o f t  l a y e r  a t  
r e l a t i v e l y  s l o w  s p e e d .  T h e  l a y e r  c a n  b e ,  a n d  u s u a l l y  i s ,  t h e  
t o p - m o s t  l a y e r  o f  a  m u l t i - l a y e r e d  h a l f - s p a c e .  T h i s  l a y e r  a c t s  a s  

a  w a v e  g u i d e  b y  w h i c h  e n e r g y  i s  p r o p a g a t e d  o v e r  g r e a t e r  d i s t a n c e  
w h e n  c o m p a r e d  w i t h  t h e  c a s e  o f  a n  h o m o g e n e o u s  m e d i u m .

A n o t h e r  t y p e  o f  w a v e  t h a t  c o u l d  b e  s i g n i f i c a n t  t o  p r o p a g a t i o n  o f  
g r o u n d b o r n e  v i b r a t i o n  i s  t h e  h e a d  w a v e ,  i l l u s t r a t e d  i n  F i g u r e  7 . 2 .  
H e a d  w a v e s  d e v e l o p  i n  l a y e r e d  m e d i a  w h e n  t h e  c o m p r e s s i o n  w a v e  
s p e e d  i s  g r e a t e r  i n  t h e  l o w e r  s t r a t a .  T h e  d i s t u r b a n c e  o f  t h e  w a v e  
i n  t h e  l o w e r  s t r a t a  c r e a t e s  a  d i s t u r b a n c e  i n  t h e  u p p e r  m e d i u m ,  
t h i s  d i s t u r b a n c e  i s  c a l l e d  t h e  h e a d  w a v e .

F o r  a  p o r o u s  s a t u r a t e d  m e d i u m ,  t h e  s i t u a t i o n  b e c o m e s  e v e n  m o r e  

c o m p l e x  s i n c e  t h r e e  t y p e s  o f  b o d y  w a v e s  m a y  o c c u r .  T h e  f i r s t  a n d  
s l o w e s t  i s  t h e  s h e a r  w a v e  a s s o c i a t e d  w i t h  t h e  e l a s t i c  s o l i d .  T h e  
s e c o n d  a n d  t h i r d  a r e  c o u p l e d  c o m p r e s s i o n  w a v e  m o d e s  i n v o l v i n g  b o t h  
t h e  s o l i d  a n d  f l u i d  m a t e r i a l .  T h e  f i r s t  c o u p l e d  c o m p r e s s i o n  w a v e ,  
a  l o w  s p e e d  w a v e  c l o s e l y  a s s o c i a t e d  w i t h  t h e  s o l i d ,  o c c u r s  w i t h  
s i g n i f i c a n t  d a m p i n g  a n d  a t  a  s p e e d  g r e a t e r  t h a n  t h a t  o f  t h e  s h e a r  
w a v e .  T h e  s e c o n d  c o u p l e d  c o m p r e s s i o n  w a v e ,  f a s t e r  t h a n  t h a t  
n o r m a l l y  a s s o c i a t e d  w i t h  e i t h e r  t h e  s o l i d  o r  t h e  f l u i d ,  i s  
r e l a t i v e l y  l i g h t l y  d a m p e d .  A c o u p l e d  c o m p r e s s i o n  w a v e  h a s  b e e n  
c o n j e c t u r e d  a s  r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  l o n g  d i s t a n c e  
p r o p a g a t i o n  o f  g r o u n d b o r n e  v i b r a t i o n  f r o m  t h e  T o r o n t o  s u b w a y s  
( R e f .  A - 5 2 ) .
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GROUND LEVEL

C„ = PHASE VELOCITY OF HEADWAVE NORMAL TO WAVE 
M FRONT IN SOFT UPPER SOIL LAYER

Cp = PHASE VELOCITY OF HEADWAVE IN SOFT SOIL AND 
K IN STIFF SUBSTRATA IN HORIZONTAL DIRECTION

FIGURE 7 .2 ILLUSTRATION OF HEADWAVE IN  UPPER SOIL LAYER 
CAUSED BY FASTER WAVE IN  LOWER STRATA
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7 . 6 . 2  A t t e n u a t i o n  w i t h  D i s t a n c e

A s  w a v e s  p r o p a g a t e  t h r o u g h  s o i l ,  o r  i n  t h e  i d e a l  s i t u a t i o n ,  a n  
i n f i n i t e  m e d i u m ,  t h e y  e x p e r i e n c e  a t t e n u a t i o n  d u e  t o  g e o m e t r i c a l  
s p r e a d i n g  a n d  d i s s i p a t i o n .  A c c o r d i n g l y ,  p r o p a g a t i o n  t h r o u g h  a n  
e l a s t i c  m e d iu m  i s  m o d e l e d  a s

A =  A Q G e x p  [ - a  ( r - r Q) J

w h e r e  " A "  i s  t h e  a m p l i t u d e  a t  d i s t a n c e  " r "  f r o m  t h e  s o u r c e ,  " A g "  

t h e  a m p l i t u d e  a t  d i s t a n c e  " t g "  f r o m  t h e  s o u r c e .  "G "  i s  a  f u n c t i o n  
o f  " r "  a n d  " r g "  r e p r e s e n t i n g  a t t e n u a t i o n  d u e  t o  g e o m e t r i c  
s p r e a d i n g ,  a n d  " a " '  i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t .

7 . 6 . 2 . 1  G e o m e t r i c  S p r e a d i n g  —  T h e  g e o m e t r i c  s p r e a d i n g  f a c t o r
" G "  d e p e n d s  o n  t h e  w a v e f r o n t  g e o m e t r y  a n d  i s  a  r e s u l t  o f
c o n s e r v a t i o n  o f  e n e r g y .  F o r  a  s p h e r i c a l  w a v e ,  G = ( r g / r )  w h e r e  " r "
i s  t h e  r a d i u s  f r o m  t h e  c e n t e r  o f  t h e  s p h e r e .  F o r  a  l i n e  s o u r c e

1 / 2s u c h  a s  a r a p i d  t r a n s i t  l i n e ,  G = ( r g / r )  '  . F o r  a  p l a n e  w a v e ,  G = l .
We m a y  a s s u m e  t h e  a t t e n u a t i o n  d u e  t o  g e o m t r i c  s p r e a d i n g  i s  o n l y  a  
f u n c t i o n  o f  t h e  d i s t a n c e  f r o m  t h e  s o u r c e  a n d ,  f o r  a  p a r t i c u l a r  
r e g i o n ,  t h e  f a c t o r  G m a y  b e  a p p r o x i m a t e d  b y  t h e  f o l l o w i n g  
f u n c t i o n :

G = ( r / r o )

w h e r e  n  i s  a  c o n s t a n t  c h a r a c t e r i s t i c  o f  t h e  p a r t i c u l a r  r e g i o n .  
T h u s ,  t h e  p r o p a g a t i o n  m o d e l  a s s u m e s  t h e  f o r m

A = A g  ( r / r Q) - n  e x p [ - a ( r - r Q) ]

t
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T h e  v a l u e s  o f  n f o r  v a r i o u s  w a v e  t y p e s  a n d  s o u r c e s  a r e :

■ S o u r c e T y p e
W a v e  T y p e P o i n t L i n e
B o d y  w a v e s

S h e a r 1 1 / 2
C o m p r e s s i o n 1 1 / 2

S u r f a c e  W a v e s
R a y l e i g h 1 / 2 0
L o v e 1 / 2 0

7 . 6 . 2 . 2  D i s s i p a t i o n  —  T h e  a t t e n u a t i o n  d u e  t o  d i s s i p a t i o n  i s  
l e s s  w e l l  u n d e r s t o o d  t h a n  t h a t  d u e  t o  s p r e a d i n g .  T h e  c u s t o m a r y  

a p p r o a c h  i n  g e o p h y s i c s  i s  t o  d e s c r i b e  t h e  a t t e n u a t i o n  
c h a r a c t e r i s t i c s  o f  r o c k s  a n d  s o i l  i n  t e r m s  o f  a  p a r a m e t e r  0 ,  w h i c h  
i s  r e l a t e d  t o  t h e  r a t i o  b e t w e e n  t h e  e n e r g y ,  E ,  d i s s i p a t e d  i n  a 
c y c l e  o f  v i b r a t i o n  a n d  t h e  m a x im u m  s t o r e d  e l a s t i c  e n e r g y  W b y  t h e  
f o l l o w i n g  r e l a t i o n :

1 / Q  =  -  E / 6 . 2 8 W

I n  d i f f e r e n t i a l  f o r m ,  t h i s  b e c o m e s

1 / Q  = ( - T / 6 . 2 8 W ) d W / d t

w h e r e  T  i s  t h e  p e r i o d  o f  t h e  v i b r a t i o n .  I n t e g r a t i n g  t h e  a b o v e  
e x p r e s s i o n  w i l l  r e s u l t  i n :

W = WQ e x p  ( - 6 . 2 8 1 / Q T ) = WQ e x p  ( - 6 . 2 8 f t / Q )



7-25

w h e r e  f  i s  t h e  f r e q u e n c y  o f  t h e  v i b r a t i o n .  T h e  a t t e n u a t i o n  o r  
a b s o r p t i o n  c o e f f i c i e n t  a  i s  r e l a t e d  t o  t h e  Q - f a c t o r  a s

a = 3 . 1 4 f / ( Q c )

S i n c e  e n e r g y  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  a m p l i t u d e  o f  
v i b r a t i o n ,  w e  h a v e

A = A Q G e x p  [ - 3 . 1 4  f t / Q ]

w h e r e  G i s  t h e  f a c t o r  d u e  t o  g e o m e t r i c  s p r e a d i n g  o f  t h e  w a v e .

F o r  a  c o n t i n u o u s  t r a v e l i n g  w a v e ,  t h e  d i s t a n c e  ( r - r Q) i s  r e l a t e d  t o  
t h e  a n g u l a r  f r e q u e n c y  f ,  t h e  w a v e l e n g t h  L ,  a n d  t h e  w a v e  v e l o c i t y  c  
b y  t h e  f o l l o w i n g  r e l a t i o n

( r - r Q) = c t  =  f L t

H e n c e ,

A =  A q G e x p  [ - 3 . 1 4 ( r - r Q) / ( Q L ) ] 
o r

A =  A q G e x p  [ - 3 . 1 4  f  ( r - r Q) / ( Q c ) ]

I n  t h e  e n g i n e e r i n g  l i t e r a t u r e ,  t h e  p a r a m e t e r  c a l l e d  t h e  l o s s  
f a c t o r  i s  o f t e n  u s e d .  T h e  l o s s  f a c t o r  i s  r e l a t e d  t o  t h e  Q f a c t o r  
a s :

N = 1 / Q

T h u s ,  t h e  l o s s  f a c t o r  i s  r e l a t e d  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  a s :

a  = 3 . 1 4 N f / c
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G u t o w s k i ,  e t  a l  ( R e f .  A - 5 9 )  r e v i e w  t h e  c u r r e n t  l i t e r a t u r e  a n d  
s i m p l e  m o d e l s  o f  s p r e a d i n g  a n d  d a m p i n g  e f f e c t s  o f  g r o u n d  
v i b r a t i o n ,  a n d  p o i n t  o u t  t h a t  t h e r e  e x i s t  a  n u m b e r  o f  g a p s  i n  
k n o w l e d g e  o f  a t t e n u a t i o n  l a w s .  S p e c i f i c a l l y ,  G u t o w s k i  a n d  Dym  

s t a t e  t h a t  a t t e n u a t i o n  d u e  t o  d i s s i p a t i o n  i n  dB b e t w e e n  t w o  p o i n t s  
h a s  b e e n  e x p e r i m e n t a l l y  d e t e r m i n e d  t o  b e  p r o p o r t i o n a l  t o  t h e  

l o g a r i t h m  o f  t h e  n u m b e r  o f  w a v e  l e n g t h s  b e t w e e n  t w o  p o i n t s  f o r  a  
p a r t i c u l a r  s e t  o f  d a t a .  T h e s e  a u t h o r s  s h o w  t h a t  f o r  a  v a r i e t y  o f  
s u r f a c e  s o i l s  t h e  a t t e n u a t i o n  i n  d e c i b e l s  i s  r e l a t e d  t o  d i s t a n c e  
t r a v e l e d  b y

A = k lo g  ( x /L )

w here  x i s  th e  d is ta n c e  t r a v e l e d  and L i s  th e  w a v e le n g th .  P i t t i n g  
t h i s  r e l a t i o n  to  a l a r g e  n u m b e r .o f  d a t a ,  th e y  g iv e  th e  f o l lo w in g  
r e s u l t s :

S o i l s k

C l a y 2 0
S a t u r a t e d  C l a y 1 4
D r y  S a n d 1 2
A l l u v i a l  F i l l 1 1
W e t  a n d  D r y  S a n d 1 0

T h e s e  f i n d i n g s  a r e  f u r t h e r m o r e  i n d i c a t e d  b y  G u t o w s k y  a n d  Dym t o  b e  
i n  c o n t r a d i c t i o n  t o  t h e  u s u a l  t h e o r e t i c a l  m o d e l s  p r o p o s e d  b y  

B a r k a n  ( R e f .  B - 8 )  a n d  o t h e r s ,  n a m e l y  t h a t  t h e  a m p l i t u d e  
a t t e n u a t i o n  d u e  t o  d i s s i p a t i o n  b e  o f  t h e  f o r m :

e x p ( a x )  ( f r e q u e n c y  i n d e p e n d e n t )

e x p ( 3 . 1 4 N f  x / c )  ( p r o p o r t i o n a l  t o  t h e  n u m b e r  o f
w a v e l e n g t h s )

w h e r e  t h e  v a r i a b l e s  a ,  N ,  f , x ,  a n d  c  a r e  a s  d e f i n e d  a b o v e .



7-27

R e p r e s e n t a t i v e  s o i l  a b s o r p t i o n  c o e f f i c i e n t s  " a "  f o r  t h e  f o r m e r  o f  
t h e  a b o v e  e q u a t i o n s  a r e :

S o i l  T y p e A b s o r p t i o n  C o e f f i c i e n t  

( 1 / f t )  ( 1 / m )

W a t e r - s a t u r a t e d  c l a y  
L o e s s  a n d  l o e s s i a l  s o i l  
S a n d  a n d  s i l t

0 . 0 1 2 - 0 . 0 3 7
0 . 0 3 0
0 .0 1 2

0 . 0 4 0 - 0 . 1 2 0
0 . 1 0 0

0 . 0 4 0

F o r  t h e  l a t t e r  e q u a t i o n ,  r e p r e s e n t a t i v e  v a l u e s  o f  t h e  l o s s  f a c t o r  
" N "  a r e :

S o i l  T y p e  N ( 1 / w a v e l e n g t h )

C l a y 0 . 5 0
L o e s s 0 . 3 0
S a n d 0 . 1 0

T h e  a b o v e  v a l u e s  f o r  " a "  a n d  " N "  a r e  f r o m  B a r k a n  ( R e f .  B - 8 ) .

T h e  l o s s  f a c t o r  i s  g e n e r a l l y  a p p l i e d  e q u a l l y  t o  s h e a r  w a v e s  a n d  

c o m p r e s s i o n  w a v e s ,  r e s u l t i n g  i n  a  l o w e r  a t t e n u a t i o n  r a t e  w i t h  
d i s t a n c e  f o r  c o m p r e s s i o n  w a v e s  t h a n  f o r  s h e a r  w a v e s .  P a r t  o f  t h e  
p r o b l e m  i n  u s i n g  t h e s e  m o d e l s  i s  t h e  e x t e n t  t o  w h i c h  t h e  l o s s  
f a c t o r s  f o r  s h e a r  a n d  c o m p r e s s i o n  w a v e s  m a y  b e  a s s u m e d  e q u a l .
W o r k  i n  t h e  a r e a  o f  g e o p h y s i c s  r e g a r d i n g  p r o p a g a t i o n  a n d  
d i s s i p a t i o n  i n  r o c k s  m a y  s h e d  some l i g h t  i n  t h i s  r e g a r d ,  a s  
d i s c u s s e d  b e l o w .

R o c k s  a n d  s o i l s ,  w h e n  s u b j e c t e d  t o  s m a l l  a m p l i t u d e  o s c i l l a t o r y  

s t r e s s e s  d o  n o t  d e p a r t  s e r i o u s l y  f r o m  b e i n g  p e r f e c t l y  e l a s t i c .
B u t  som e o f  t h e  s t r a i n  e n e r g y  a l w a y s  i s  c o n v e r t e d  i n t o  h e a t  a n d  i s  
l o s t .  T h e  m e c h a n i s m s  b y  w h i c h  t h e  c o n v e r s i o n  t a k e s  p l a c e  a r e
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c o l l e c t i v e l y  t e r m e d  " i n t e r n a l  f r i c t i o n s . "  T h e r e  a r e  n u m e r o u s
I

m e c h a n i s m s  o f  i n t e r n a l  f r i c t i o n  a n d  w e  h a v e  n o  c e r t a i n  k n o w l e d g e  
w h i c h  o f  th e m  i s  m o s t  i m p o r t a n t  i n  r o c k s ,  s o i l s ,  o r  t h e  e a r t h  a s  a  
w h o l e .

T h e r e  a r e  v e r y  f e w  s t u d i e s  w h i c h  c o m p a r e  t h e  l o s s  f a c t o r  f o r  

c o m p r e s s i o n ,  s h e a r ,  a n d  R a y l e i g h  w a v e s  i n  e a r t h  m e d i a .  A c c o r d i n g  
t o  some r e c e n t  e x p e r i m e n t a l  w o r k s  ( R e f .  B - 2 5 ,  B - 2 6 ) , t h e  l o s s  

f a c t o r  i n  t h e  s h e a r  m od e  i s  a b o u t  e q u a l  t o  t h a t  i n  t h e  
c o m p r e s s i o n a l  m o d e  i f  t h e  r o c k  i s  d r y .  T h e  l o s s  f a c t o r  f o r  b o t h  

m o d e s  i n c r e a s e s  s e v e r a l  f o l d s  w h e n  w a t e r  e n t e r s  t h e  m e d i a ;  t h e  
r a t e  o f  i n c r e a s e  f o r  t h e  c o m p r e s s i o n a l  m o d e  i s  g r e a t e r  t h a n  t h a t  
f o r  t h e  s h e a r  m o d e .  H o w e v e r ,  u p o n  s a t u r a t i o n  t h e  l o s s  f a c t o r  f o r  
t h e  c o m p r e s s i o n a l  m o d e  d e c r e a s e s  g r e a t l y ,  a l m o s t  t o  t h e  v a l u e  f o r  
t h e  d r y  c a s e  a n d  b e c o m e s  m u c h  s m a l l e r  t h a n  t h a t  f o r  t h e  s h e a r  

m o d e .

F o r  m o s t  c r y s t a l l i n e  r o c k s ,  t h e  e n e r g y  l o s s  f a c t o r  i s  a b o u t  1  t o  a  

f e w  p e r c e n t .  F o r  som e c a p  r o c k ,  i t  i n c r e a s e s  t o  o v e r  1 0  p e r c e n t .  
F o r  N a v a j o  s a n d s t o n e ,  i t  g o e s  t o  3 0  p e r c e n t ,  a n d  f o r  P i e r r e  s h a l e  

i n  C o l o r a d o  i t  c a n  b e  a s  l a r g e  a s  6 0  p e r c e n t  ( B - 2 7 ) .

Some p e c u l i a r  d i f f e r e n c e s  e x i s t  b e t w e e n  t h e  e n e r g y  l o s s  f a c t o r  f o r  
t h e  c o m p r e s s i o n a l  w a v e  a n d  t h a t  f o r  t h e  s h e a r  w a v e .  Som e v a l u e s  
a r e  l i s t e d  b e l o w  f o r  e a s e  o f  c o m p a r i s o n  ( R e f .  B - 2 7 ) :

R o c k  T y p e _______________  L o s s  F a c t o r  (%)
C o m p r e s s i o n _________S h e a r

c o n g l o m e r a t e ,  J e l m

i—1 • . 9 5
l i m e s t o n e ,  P a . . 5 6 . 1 9  ( d r y )
l i m e s t o n e ,  S o l e n h o f e n . 9 1 . 5 1  ( d r y )
s a n d s t o n e ,  B e r e a . 3 2 1 . 2
s h a l e ,  P i e r r e 2 . 9 9 . 5  ( i n  s i t u )
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A s  s t a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n ,  t h e  r e l a t i v e  m a g n i t u d e  
o f  t h e  s h e a r  a n d  c o m p r e s s i o n  l o s s  f a c t o r s  a p p e a r s  t o  v a r y  w i t h  t h e  
e n v i r o n m e n t a l  c o n d i t i o n s .

T h e r e  a r e  a  f e w  s c a t t e r e d  v a l u e s  f o r  d i f f e r e n t  s o i l s  i n  t e x t s  o n  

f o u n d a t i o n  d e s i g n  ( R e f .  B - 8 ,  B - 4 ) . D e t a i l e d  i n f o r m a t i o n  i s  g i v e n  

b y  U n g a r  a n d  B e n d e r  ( R e f .  A - 2 )  w h i c h  y i e l d s  t h e  g e n e r a l i z e d  
r e s u l t s  a s  f o l l o w s :

M a t e r i a l
R o c k
S a n d ,  s i l t ,  g r a v e l ,  l o e s s  
C l a y ,  c l a y e y  s o i l

A r e c e n t  s t u d y  o f  S a n  F r a n c i s c o  B a y  mud b y  W . S i l v a  ( p r i v a t e  

c o m m u n i c a t i o n )  y i e l d e d  c o m p r e s s i o n a l  l o s s  f a c t o r s  r a n g i n g  f r o m  5 
t o  5 0  p e r c e n t .

T h e  l o s s  f a c t o r  h a s  b e e n  m e a s u r e d  f o r  r o c k s  i n  t h e  l a b o r a t o r y  b y  a  
n u m b e r  o f  t e c h n i q u e s .  A r e m a r k a b l e  f a c t  i s  i t s  i n s e n s i t i v i t y  t o  
f r e q u e n c y ,  o v e r  a  r a n g e  f r o m  a f e w  H z  t o  1 0 ^  H z .  E x a m p l e s  a r e  
l i s t e d  b e l o w :

B r e a  S a n d s t o n e  W i n g a t e  S a n d s t o n e

F r e q u e n c y  ( H z ) N (%) F r e q u e n c y  ( H z ) N (%)
1 0 , 0 0 0 1 . 8 8 1 0 0 2 . 0

3 3 5 1 . 5 1 7 0 1 . 9
7 7 1 . 3 6 7 1 . 8

L o s s  F a c t o r  N -  % 
1

1 0

5 0

T h e  d i f f e r e n c e s  i n  N a r e  a l l  w i t h i n  e x p e r i m e n t a l  e r r o r  ( + 2 0 % ) .  
T h i s  p a r t i c u l a r  c h a r a c t e r i s t i c  m a k e s  r o c k s  s t a n d  o u t  a s  d i f f e r e n t  
m a t e r i a l s  f r o m  t h e  " s t a n d a r d  l i n e a r  s o l i d "  ( w h i c h  s h o w s  a  
c h a r a c t e r i s t i c  f r e q u e n c y  a t  w h i c h  N p e a k s  o u t )  o r  m e t a l s  ( w h i c h
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u s u a l l y  s h o w  a  n u m b e r  o f  d i s t i n c t  p e a k s ) . T h e  i m p l i c a t i o n  i s  t h a t  
r o c k s  c o n t a i n  a  b r o a d  v a r i e t y  o f  r e l a x a t i o n  m e c h a n i s m s  g i v e n  s u c h  a  
w i d e  r a n g e  o f  r e l a x a t i o n  t i m e s  t h a t  f r e q u e n c y  d e p e n d e n c e  i s  
s m e a r e d  o u t .

W h a t e v e r  t h e  s o u r c e s  f o r  t h i s  p a r t i c u l a r  p r o p e r t y  o f  r o c k s  a r e ,  
t h e  f r e q u e n c y - i n d e p e n d e n c e  i n  N m a k e s  i t  p o s s i b l e  f o r  u s  t o  
e s t i m a t e  N f o r  a  p a r t i c u l a r  r e g i o n  ( o r  r o c k  s p e c i m e n )  f r o m  t h e  

r e c o r d e d  v i b r a t i o n  s i g n a l s  o f  a  t r a v e l i n g  w a v e .  We s h a l l  s h o w  t h e  

b a s i c  p r i n c i p l e :

A s s u m e  t h e r e  a r e  t w o  r e c o r d i n g . s t a t i o n s  a t  w h i c h  t h e  v i b r a t i o n s  
d u e  t o  t h e  sam e s o u r c e  a r e  r e c o r d e d .  F o u r i e r  a n a l y z i n g  t h e  
r e c o r d s  g i v e s  A ^  a n d  A 2 f o r  t h e  t w o  r e c o r d s .  T h e s e  a r e  r e l a t e d  t o  
t h e  " N "  o f  t h e  r e g i o n  t r a v e r s e d  b y  t h e  w a v e s  b y  t h e  f o l l o w i n g  
e q u a t i o n s :

l ( f ) = exp [ - 3 . 1 4  N f <r l  - r Q) / c ]

2 ( f ) 0
<II G2 exp [ - 3 . 1 4  N f ( r 2 " r 0 ) / c ]

w h e r e  " N "  i s  a s s u m e d  t o  b e  f r e q u e n c y  i n d e p e n d e n t .  D i v i d i n g  t h e  
t w o  r e l a t i o n s ,  g i v e s

A 2 ( f ) / A 1 ( f  j =  G 2 / G 1 e x p  [ - 3 . 1 4  N f  ( r 2 -  r - ^ / c ]

P l o t t i n g  L o g  [A 2 ( f ) / A ^ ( f ) ]  a g a i n s t  f ,  t h e  s l o p e  o f  t h e  r e s u l t i n g  
c u r v e  y i e l d s  N ,  w h e r e  t h e  s l o p e  i s  g i v e n  b y :

- 3 . 1 4  N ( r 2 -  r  1 ) / c

A t  s h a l l o w  l e v e l s  o f  t h e  e a r t h ' s  c r u s t  N i s  q u i t e  l o w ,  u s u a l l y  
l e s s  t h a n  1 p e r c e n t  a n d  m a y  b e  d o m i n a t e d  b y  " f r i c t i o n "  a t  g r a i n  

b o u n d a r i e s .
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I f  t h i s  i n d e p e n d e n c e  o f  v i b r a t i o n a l  f r e q u e n c y  i n  t h e  e n e r g y  l o s s  
f a c t o r ,  g e n e r a l l y  o b s e r v e d  f o r  m a n y  d i f f e r e n t  t y p e s  o f  r o c k s ,  i s  
a l s o  t h e  c a s e  f o r  s o i l s ,  t h e n  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  
p r o p a g a t i o n  o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  m u s t  b e  a l i n e a r  
f u n c t i o n  o f  f r e q u e n c y ,  a s  a s s u m e d  b y  G u t o w s k i  a n d  Dym ( A - 5 9 ) .

I f  we h a v e  a n u m b e r  o f  s t a t i o n s  a t  d i f f e r e n t  d i s t a n c e s  " r "  f r o m  a  
v i b r a t i o n  s o u r c e ,  a n d  i f  t h e  a m p l i t u d e s  o f  t h e  t r a v e l i n g  w a v e s  a t  
t h e s e  s t a t i o n s  a r e  r e g i s t e r e d ,  a  l e a s t - s q u a r e s  p r o c e d u r e  m a y  b e  
u s e d  t o  f i t  t h e  e x p e r i m e n t a l  d a t a  t o  t h e  a b o v e  e q u a t i o n  t o  
e v a l u a t e  t h e  a t t e n u a t i o n  d u e  t o  d a m p in g  a n d  t h e  a t t e n u a t i o n  d u e  
t o  g e o m e t r i c a l  s p r e a d i n g ,  t h i s  a p p r o a c h  i s  p e r h a p s  t h e  m o s t  
p r a c t i c a l  f o r  c h a r a c t e r i z i n g  g r o u n d b o r n e  v i b r a t i o n  p r o p a g a t i o n  f o r  
g e n e r a l  t y p e s  o f  s o i l s .

7 . 6 . 2 . 3  E f f e c t  o f  S a t u r a t i o n  o n  A t t e n u a t i o n  —  W a t e r  i s  

i m p o r t a n t  i n  t h e  s u r f a c e  l a y e r s  o f  t h e  e a r t h ,  a n d  t h i s  i n t r o d u c e s  
a v a r i e t y  o f  a d d e d  c o m p l i c a t i o n s .  F o r  e x a m p l e ,  r o c k s  s u b j e c t e d  t o  
a  h i g h  v a c u u m  w h i c h  r e m o v e s  w a t e r  f r o m  t h e  i n t e r n a l  g r a i n  s u r f a c e s  
g i v e  m u c h  h i g h e r  Q ,  i n  t h e  r a n g e  o f  1 0 0 0  t o  2 0 0 0  o r  a l t e r n a t i v e l y ,  
m u c h  l o w e r  N i n  t h e  r a n g e  o f  . 0 1  p e r c e n t  t o  . 0 5  p e r c e n t .

I n  a  v e r y  g e n e r a l  s e n s e ,  f l u c t u a t i o n  o f  t h e  w a t e r  t a b l e  w o u l d  

c h a n g e  t h e  w a v e  p a t h  a n d  t h e  v e l o c i t y  o f  t h e  w a v e s  s i n c e  s a t u r a t e d  
r o c k s  a n d  s o i l  t r a n s m i t  a c o u s t i c  w a v e s  a t  a  v e r y  d i f f e r e n t  s p e e d  
a s  c o m p a r e d  w i t h  d r y  o r  p a r t i a l l y  s a t u r a t e d  r o c k s  a n d  s o i l .  G i v e n  
t h e  d e g r e e  o f  s a t u r a t i o n  i n  r o c k  o r  s o i l ,  e x i s t i n g  t h e o r i e s  a l l o w  
c o m p u t a t i o n  o f  v e l o c i t i e s  f o r  v a r i o u s  t y p e s  o f  w a v e s  i n  t h e  
m e d i u m .  I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  t h e  c o m p u t e d  r e s u l t s  a r e  
n o t  i n c o n s i s t e n t  w i t h  o b s e r v a t i o n  i f  w e a l l o w  a  n u m b e r  o f  
e s s e n t i a l  a s s u m p t i o n s  a n d  s i m p l i f i c a t i o n s  i n  t h e  c o m p u t a t i o n .  
S e v e r a l  p u b l i c a t i o n s  h a v e  d i s c u s s e d  t h i s  t o p i c .  A w e l l - k n o w n  w o r k  
i s  t h a t  b y  O ' C o n n e l l  a n d  B u d i a n s k y  ( R e f .  B - 2 8 ) .

rt
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I n s i g h t  i n t o  t h e  e f f e c t s  o f  p o r e  f l u i d  i n  r o c k s  o n  a t t e n u a t i o n  a n d  
t h e  c o r r e s p o n d i n g  m e c h a n i s m  i s  g a i n e d  b y  c o m p a r i n g  l a b o r a t o r y  

r e s u l t s  f o r  a t t e n u a t i o n  o f  s h e a r  w a v e s  a n d  c o m p r e s s i o n a l  w a v e s .
S h e a r  a t t e n u a t i o n  i s  m i n i m a l  i n  d r y  r o c k ,  i s  g r e a t e r  i n  p a r t i a l l y  
s a t u r a t e d ,  r o c k ,  a n d  i s  m a x i m a l  i n  f u l l y  s a t u r a t e d  r o c k .  F o r  
c o m p r e s s i o n a l  l o s s ,  w h i l e  a l s o  a t  a  m in im u m  i n  d r y  r o c k  a n d  
g r e a t e r  i n  p a r t i a l l y  s a t u r a t e d  r o c k ,  t h e  c o m p r e s s i o n a l  l o s s  i s  
g r e a t l y  r e d u c e d  i n  f u l l y  s a t u r a t e d  r o c k .  I n  p a r t i a l l y  s a t u r a t e d  

r o c k s ,  h o w e v e r ,  t h e  l o s s  i n  c o m p r e s s i o n a l  e n e r g y  i s  a b o u t  t w i c e  a s  
l a r g e  a s  s h e a r  e n e r g y  l o s s ,  a n d  b o t h  i n c r e a s e  w i t h  d e g r e e  o f  
s a t u r a t i o n .  T h i s  c o n t i n u e s  u n t i l  a p p r o x i m a t e l y  9 5  p e r c e n t  s a t u r a t i o n ,  

a b o v e  w h i c h  t h e  c o m p r e s s i o n a l  l o s s  d e c r e a s e s  t o  l e s s  t h a n  o n e  
t h i r d  o f  t h e  s h e a r  l o s s .  T h i s  m in im u m  i n  l o s s  i n  c o m p r e s s i o n a l  
e n e r g y  i s  a l s o  p r e d i c t e d  b y  a  m e c h a n i s m  i n v o l v i n g  f l o w  b e t w e e n  
c r a c k s  ( R e f .  B - 2 8 ) . S i n c e  t h e  w a t e r  t a b l e  a n d  t h e  d e g r e e  o f  
s a t u r a t i o n  o f  s o i l  c h a n g e s  w i t h  t i m e ,  t h e  a t t e n u a t i o n  
c h a r a c t e r i s t i c s  o f  s o i l  l a y e r s  c o u l d  b e  e x t r e m e l y  c o m p l i c a t e d .

7 . 6 . 2 . 4  C h a r a c t e r i s t i c  F r e q u e n c y  f o r  S o i l  —  A l t h o u g h  t h e  

e m p i r i c a l  a p p r o a c h  b y  G u t o w s k i  a n d  Dym ( R e f .  A - 5 9 )  p r o v i d e s  a  
t e n t a t i v e  m e t h o d  f o r  p r e d i c t i n g  t h e  l e v e l  o f  g r o u n d b o r n e  n o i s e  a n d  

v i b r a t i o n ,  i t  w i l l  n o t  p r e d i c t  t h e  c h a r a c t e r i s t i c  f r e q u e n c y  w h i c h  
i s  s o  c o n s p i c u o u s l y  p r e s e n t  i n  t h e  o b s e r v e d  g r o u n d  v i b r a t i o n  
s p e c t r a  a t  m a n y  l o c a t i o n s  n e a r  t r a n s i t  s y s t e m s .  I n  f a c t ,  a s s u m i n g  
t h a t ,  l i k e  r o c k s ,  s o i l s  a l s o  h a v e  l o s s  f a c t o r s  w h i c h  a r e  
i n d e p e n d e n t  o f  f r e q u e n c y ,  t h e n ,  a s  s t a t e d  i n  S e c t i o n  7 . 6 . 2 . 1 ,  t h e  
a b s o r p t i o n  c o e f f i c i e n t  m u s t  b e  l i n e a r l y  d e p e n d e n t  o n  f r e q u e n c y .
T h e n ,  f o r  c o n s t a n t  a m p l i t u d e  A ( 0 ) ,  t h e  a m p l i t u d e  o f  v i b r a t i o n  w i l l  
t h e n  b e  r e l a t e d  t o  f r e q u e n c y  b y

A ( x )  =  A ( 0 ) e - k f

w h e r e  k = N x / c  a n d  i s  i n d e p e n d e n t  o f  f r e q u e n c y .  T h u s ,  t h e  
a m p l i t u d e  d e c r e a s e s  e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  f r e q u e n c y .
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O r ,  i f  w e a s s u m e ,  a s  B a r k a n  c l a i m s  ( R e f .  B - 8 )  , t h a t  t h e  a b s o r p t i o n  
c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  f r e q u e n c y ,  t h e  a m p l i t u d e  w i l l  t h e n  
b e  i n d e p e n d e n t  o f  f r e q u e n c y .

A n  i d e a l i z e d  s t a n d a r d  l i n e a r  s o l i d  w i l l  h a v e  a  p e a k e d  l o s s  f a c t o r  
a t  a  c h a r a c t e r i s t i c  f r e q u e n c y .  G r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n ,  

o n  t h e  o t h e r  h a n d ,  s h o w  a  p e a k e d  a m p l i t u d e  i n  a  n a r r o w  r a n g e  o f  
f r e q u e n c y .

I n  s h o r t ,  n o t h i n g  w e  k n o w  t o d a y  a b o u t  t h e  d a m p i n g  c h a r a c t e r i s t i c s  

o f  e a r t h  m e d i a  o r  a  s i m p l e  i d e a l i z e d  m e d iu m  w i l l  p r e d i c t  t h e  
o b s e r v a t i o n  o f  t h e  c h a r a c t e r i s t i c  v i b r a t i o n  a t  t h e  g r o u n d  s u r f a c e .  
M o r e  l i k e l y ,  t h e  " c h a r a c t e r i s t i c  f r e q u e n c y "  a t  w h i c h  t h e  v i b r a t i o n  
a m p l i t u d e  p e a k s  r e f l e c t s  t h e  t h i c k n e s s  o f  t h e  t o p  s o i l ,  t h e  d e p t h  
o f  g r o u n d w a t e r  t a b l e ,  s u b w a y  r a d i a t i o n  c h a r a c t e r i s t i c s ,  m e c h a n i c a l  
r e s o n a n c e s  o f  t h e  v e h i c l e  a n d  t r a c k  s u p p o r t  s y s t e m ,  a n d  
h i g h - f r e q u e n c y  r o l l  o f f  d u e  t o  d i s s i p a t i o n .

7 . 6 . 2 . 5  E f f e c t  o f  S o i l  L a y e r i n g  a n d  S u r f a c e —  V i b r a t i o n  

a m p l i f i c a t i o n  a s  w e l l  a s  a t t e n u a t i o n  m a y  b e  e x p e c t e d  a t  l a y e r  
i n t e r f a c e s .  S e c o n d l y ,  e n e r g y  m a y  b e  e x c h a n g e d  b e t w e e n  v a r i o u s  
w a v e  t y p e s  a t  l a y e r  i n t e r f a c e s .  A t  t h e  s o i l  s u r f a c e ,  a  R a y l e i g h  
w a v e  m a y  d e v e l o p ,  a s  d i s c u s s e d  a b o v e  w i t h  r e s p e c t  t o  s u b w a y  
c o u p l i n g .  I n  g e n e r a l ,  a  t y p e  o f  r e s o n a n c e ,  s u b j e c t  t o  
d i s s i p a t i o n ,  m a y  d e v e l o p  w i t h i n  s o i l  l a y e r s ,  l e a d i n g  p o s s i b l y  t o  a  
v e r y  c o m p l e x  t r a n s f e r  f u n c t i o n  b e t w e e n  l o w e r  s o i l  s t r a t a  a n d  t h e  
s u r f a c e .

O f  t h e  l i t e r a t u r e  c o n c e r n i n g  g r o u n d b o r n e  v i b r a t i o n  f r o m  t r a n s i t  
s y s t e m s ,  t h e  a p p r o a c h  t a k e n  b y  U n g a r  a n d  B e n d e r  ( R e f .  A - 2 )  i s  m o s t  
r e p r e s e n t a t i v e  o f  a t t e m p t s  t o  c o m p u t e  t h e  e f f e c t  o f  l a y e r i n g .
W i t h  r e s p e c t  t o  f o u n d a t i o n  d e s i g n  a n d  g e n e r a l  g r o u n d  v i b r a t i o n
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w o r k ,  t h e  s t a n d a r d  t e x t s  b y  B a r k a n  ( R e f .  B - 8 ) ; b y  R i c h a r t ,  H a l l  
a n d  W o o d s  ( R e f .  B - 4 ) ; a n d  E w i n g ,  J a r d e t s k y ,  a n d  P r e s s  ( R e f .  B - 3 5 )  
p r o v i d e  a n a l y t i c a l  m o d e l s  o f  w a v e  p r o p a g a t i o n  i n  l a y e r e d  m e d i a .  
F i n a l l y ,  a  g r e a t  d e a l  o f  r e s e a r c h  o n  t h e  t h e o r y  o f  p r o p a g a t i o n  i n  
l a y e r e d  m e d i a  i s  p r o v i d e d  b y  r e s e a r c h e r s  i n  t h e  f i e l d  o f  
g e o p h y s i c s .  S p e c i f i c a l l y ,  H a r k r i d e r  ( R e f .  C - 2 8 )  h a s  d e v e l o p e d  a  
g e n e r a l  m a t r i x  f o r m u l a t i o n  f o r  t h e  p r o b l e m  o f  a  p o i n t  v i b r a t i o n  
s o u r c e  w i t h i n  a  m u l t i - l a y e r e d  t h r e e - d i m e n s i o n a l  e l a s t i c  

h a l f - s p a c e ,  u s i n g  d i s p l a c e m e n t  p o t e n t i a l s .

G r e g o r y  ( R e f .  C - 3 4 )  h a s  d e v e l o p e d  a s o l u t i o n  t o  t h e  p r o b l e m  o f  a  
h a r m o n i c ,  u n i f o r m  n o r m a l  p r e s s u r e  a c t i n g  o n . t h e  w a l l  o f  a  

c y l i n d r i c a l  c a v i t y  i n  a  t w o - d i m e n s i o n a l ,  h o m o g e n e o u s ,  i s o t r o p i c ,  
e l a s t i c  h a l f - s p a c e .

A l t h o u g h  G r e g o r y ' s  a n a l y t i c a l  m o d e l  i s  n o t  e x a c t l y  t h e  m o s t  

a p p r o p r i a t e  m o d e l ,  i t  i s  s t i l l  r e p r e s e n t a t i v e  e n o u g h  o f  t h e  a c t u a l  
p r o b l e m  t o  g i v e  u s e f u l  i n f o r m a t i o n  o n  t h e  e f f e c t  o f  t h e  f r e e  
s u r f a c e .  F u r t h e r ,  a n  e x a m i n a t i o n  o f  t h e  v i b r a t i o n  d a t a  o b t a i n e d  
b y  R u c k e r  ( R e f  A - 5 8 )  i n d i c a t e s  t h a t  t h e  s o i l  v i b r a t i o n ,  i n  t h e  
c a s e  o f  d o u b l e  b o x  c o n s t r u c t i o n ,  i s  d e p e n d e n t  t o  a  l a r g e  d e g r e e  o n  
w h a t  a p p e a r s  t o  b e  c o m p r e s s i o n  w a v e s  e m m a n a t i n g  f r o m  t h e  b o t t o m  o f  

t h e  t u n n e l .  A l t e r n a t i v e l y ,  i t  m a y  b e  p o s s i b l e  t o  a p p r o x i m a t e  t h e  
t w o - d i m e n s i o n a l  l i n e  l o a d  w i t h  a s y m m e t r i c  n o r m a l  p r e s s u r e  w h i c h  
i n  t h e  l i m i t  b e c o m e s  a  c o n c e n t r a t e d  l o a d .

A s o l u t i o n  t o  t h e  m o r e  c o m p l i c a t e d  p r o b l e m  o f  c o n i c a l  w a v e s  
r a d i a t e d  b y  a  s u b m e r g e d  c y l i n d e r  ( e . g . ,  g a s  p i p e )  i n t o  a n  e l a s t i c  
h a l f - s p a c e  h a s  b e e n  d e v e l o p e d  b y  J e t t e  a n d  P a r k e r  ( R e f .  C - 3 6 ,
C - 3 7 ) . T h e  t r e a t m e n t  a s s u m e s  a z i m u t h a l  s y m m e t r y  f o r  t h e  s o u r c e ,
i . e . ,  t h e  s o u r c e  s t r e n g t h s  a r e  s y m m e t r i c  a b o u t  t h e  c y l i n d e r  a x i s .  
I m a g e  s o u r c e s  a b o v e  t h e  s u r f a c e  a r e  e m p l o y e d  t o  g i v e  z e r o  n o r m a l  
a n d  t a n g e n t i a l  s t r e s s  a t  t h e  s u r f a c e .  T h e  s o l u t i o n s  r e d u c e  t o  
t h e  t w o - d i m e n s i o n a l  c a s e ,  i . e . ,  t h a t  o f  G r e g o r y ' s  m o d e l ,  a s  t h e  
p h a s e  v e l o c i t y  o f  t h e  c o n i c a l  w a v e s  i n  t h e  d i r e c t i o n  o f  t h e  
c y l i n d e r  a x i s  a p p r o a c h e s  i n f i n i t y .  I n  t h e  s e c o n d  p a p e r  b y  J e t t e ,  
e t  a l  ( R e f .  C - 3 7 ) , a  h o l l o w  c i r c u l a r  c y l i n d e r  i s  i n c l u d e d  i n  t h e
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a n a ly s is  to  r e p r e s e n t  a gas p ip e  and th e o r y  i s  com pared w i th  
m easurem ent d a ta  f o r  s u r fa c e  d is p la c e m e n ts  as a f u n c t io n  o f  
f r e q u e n c y . The d is t a n c e  a t  w h ic h  R a y le ig h  w aves fo rm  as a f u n c t io n  
o f  s o u rc e  d e p th  and t r a c e  v e l o c i t y  a lo n g  th e  c y l in d e r  a x is  is  
d is c u s s e d .

The s o lu t io n s  o f  G re g o ry  and o f  J e t t e  and P a rk e r  s h o u ld  p r o v id e  
m e a n in g fu l in f o r m a t io n  r e g a rd in g  th e  e f f e c t  o f  th e  s o i l  s u r fa c e  on  
g ro u n d b o rn e  v i b r a t i o n  p ro d u c ed  by a b u r ie d  s o u rc e . A d d i t io n a l l y ' ,  
th e  a p p ro a c h  o f  J e t t e  and P a rk e r  p r o v id e s  a f i r s t  o rd e r  a p p ro a c h  
t o  d e te rm in e  th e  e f f e c t  o f  tu n n e l w a l l  mass and s t i f f n e s s  on 
s o i l / t u n n e l  c o u p l in g .  In  t h is  c a s e , " f i r s t  o r d e r "  r e f e r s  to  th e  
c a s e  o f  an a x i -s y m m e t r ic  s o u rc e  p re s s u re  d i s t r i b u t i o n .

7 . 7  B U IL D I N G  RESPONSE TO GROUNDBORNE V I B R A T I O N

7 . 7 . 1  E a r t h q u a k e  R e s p o n s e

T h e  p r o b l e m  o f  a n a l y z i n g  t h e  r e s p o n s e  o f  s t r u c t u r e s  t o  s p e c i f i e d  
g r o u n d  m o t i o n  i s  a  c e n t r a l  p r o b l e m  i n  e a r t h q u a k e  e n g i n e e r i n g  a n d  
h a s  b e e n  t h e  s u b j e c t  o f  c o n s i d e r a b l e  r e s e a r c h  o v e r  t h e  l a s t  f o u r  
d e c a d e s .  T h e  r e s u l t s  o f  t h i s  r e s e a r c h  o n  t h e  e a r t h q u a k e  r e s p o n s e  
p r o b l e m  m a y  s e e m  t o  b e  d i r e c t l y  a p p l i c a b l e  w h e n  t h e  e x c i t a t i o n  i s  
a s s o c i a t e d  w i t h  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .

G r o u n d  m o t i o n s  d u r i n g  t h e  l a r g e r  e a r t h q u a k e s  h a v e  t h e  a p p e a r a n c e  

o f  b r o a d - f r e q u e n c y - b a n d  r a n d o m  p r o c e s s e s  w i t h  s i g n i f i c a n t  
a m p l i t u d e s  u p  t o  2 5  H z .  T h i s  f r e q u e n c y  r a n g e  i n c l u d e s  t h e  l o w e r  
f r e q u e n c i e s  o f  n a t u r a l  v i b r a t i o n  o f  m a n y  b u i l d i n g s .  ( T h e  
f u n d a m e n t a l  f r e q u e n c y  m a y  b e  a r o u n d  1 0  H z  f o r  a  o n e - s t o r y  b u i l d i n g  
a n d  a r o u n d  0 . 5  H z  f o r  a  3 0 - s t o r y  b u i l d i n g . )  T h e  c o n t r i b u t i o n s  o f  
a l l  t h e  v i b r a t i o n  m o d e s  w i t h  n a t u r a l  f r e q u e n c i e s  l e s s  t h a n  2 5  H z  
s h o u l d  b e  c o n s i d e r e d .  H o w e v e r ,  g e n e r a l l y  o n l y  t h e  f i r s t  f e w  o f  
t h e s e  m o d e s  n e e d  b e  i n c l u d e d  i n  t h e  a n a l y s i s  b e c a u s e  t h e  r e s p o n s e  
o f  b u i l d i n g s  t o  h o r i z o n t a l  g r o u n d  m o t i o n  i s  p r i m a r i l y  c o n t a i n e d  i n
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t h e  l o w e r  m o d es  o f  v i b r a t i o n .  T h e  r e s p o n s e  o f  m a n y  b u i l d i n g s  t o  
v e r t i c a l  g r o u n d  m o t i o n  i s  r e l a t i v e l y  s m a l l  a n d  i s  u s u a l l y  n o t  
c o n s i d e r e d  w i t h  r e s p e c t  t o  e a r t h q u a k e  m o t i o n .

I n  t h e  s i m p l e s t  m a t h e m a t i c a l  m o d e l  e m p l o y e d  f o r  c o m p u t i n g  t h e  
l o w e r  h o r i z o n t a l  v i b r a t i o n  m o d e s  o f  b u i l d i n g s ,  t h e  m a s s  o f  t h e  
b u i l d i n g  i s  c o n s i d e r e d  t o  b e  c o n c e n t r a t e d  a t  t h e  f l o o r  l e v e l s ,  t h e  

f l o o r  s y s t e m s  a r e  a s s u m e d  t o  b e  r i g i d  s o  t h a t  t h e  l a t e r a l  
d i s p l a c e m e n t s ,  r e l a t i v e  t o  t h e  g r o u n d  d i s p l a c e m e n t ,  a r e  d u e  

e n t i r e l y  t o  t h e  d e f o r m a t i o n s  i n  c o l u m n s ,  t h u s  l e a d i n g  t o  a  s i n g l e  
d e g r e e - o f - f r e e d o m  p e r  f l o o r .  T h i s  " s h e a r  b u i l d i n g "  i d e a l i z a t i o n  

i s  a d e q u a t e  f o r  l o w - r i s e  m o m e n t - r e s i s t i n g  f r a m e  b u i l d i n g s .  F o r  
m e d iu m  a n d  h i g h  r i s e  b u i l d i n g s  o f  t h i s  t y p e  a n d  b u i l d i n g s  w i t h  
o t h e r  s t r u c t u r a l  s y s t e m s ,  t h e  e f f e c t  o f  j o i n t  r o t a t i o n s  a n d  a x i a l  
d e f o r m a t i o n s  i n  c o l u m n s  m a y  b e  s i g n i f i c a n t ;  c o n s e q u e n t l y ,  r e f i n e d  

m a t h e m a t i c a l  m o d e l s  a n d  a n a l y s i s  p r o c e d u r e s  h a v e  b e e n  d e v e l o p e d  t o  
f o r m  t h e  l a t e r a l  s t i f f n e s s  m a t r i x  o f  b u i l d i n g s  i n c l u d i n g  t h e s e  

a d d i t i o n a l  d e g r e e s  o f  f r e e d o m .

T h e  m ode s u p e r p o s i t i o n  m e t h o d  ( R e f .  B - 2 4 )  i s  m o s t  e f f e c t i v e  i n  
l i n e a r  a n a l y s i s  o f  r e s p o n s e  o f  t h e  a b o v e  m e n t i o n e d  i d e a l i z e d  
s y s t e m s  t o  e a r t h q u a k e  g r o u n d  m o t i o n .  T r a n s f o r m a t i o n  t o  m o d a l  
c o o r d i n a t e s  l e a d s  t o  a n  u n c o u p l e d  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s ,  
o n e  f o r  e a c h  n o r m a l  m ode o f  v i b r a t i o n ,  i d e n t i c a l  i n  f o r m  t o  t h e  
e q u a t i o n  f o r  a  s i n g l e  DOF s y s t e m .  U n c o u p l i n g  o f  t h e  e q u a t i o n s  i s ,  
o f  c o u r s e ,  a  v e r y  a t t r a c t i v e  f e a t u r e  o f  t h e  m o d a l  m e t h o d .  A m o r e  
s i g n i f i c a n t  a s p e c t  o f  t h e  m e t h o d  i s  t h a t ,  i n  g e n e r a l ,  o n l y  a  f e w  

m o d a l  e q u a t i o n s  n e e d  t o  b e  s o l v e d  b e c a u s e ,  a s  m e n t i o n e d  e a r l i e r ,  
r e s p o n s e  t o  e a r t h q u a k e  g r o u n d  m o t i o n  i s  p r i m a r i l y  c o n t a i n e d  i n  t h e  

l o w e r  m o d es  o f  v i b r a t i o n .  E v e n  f o r  a  b u i l d i n g  w i t h  m a n y  s t o r i e s ,  
s a y  2 0  o r  m o r e ,  t h r e e  t o  f i v e  m o d e s  w i l l  u s u a l l y  s u f f i c e  t o  
p r o d u c e  s a t i s f a c t o r y  r e s u l t s .

D u r i n g  t h e  p a s t  d e c a d e ,  r e c o r d i n g s  o f  m o t i o n s  o f  s e v e r a l  b u i l d i n g s  
d u r i n g  a c t u a l  e a r t h q u a k e s  h a v e  b e e n  o b t a i n e d .  T y p i c a l l y ,  
a c c e l e r a t i o n s  a t  t h r e e  l o c a t i o n s  —  b a s e ,  m i d - h e i g h t  a n d  t o p  —  i n  
a  b u i l d i n g  h a v e  b e e n  r e c o r d e d ,  ' c o n s i d e r i n g  t h e  b a s e  a c c e l e r a t i o n  
a s  t h e  e x c i t a t i o n ,  t h e  r e s p o n s e  o f  t h e  b u i l d i n g  h a s  b e e n  a n a l y z e d  
b y  t h e  m o d e - s u p e r p o s i t i o n  p r o c e d u r e  m e n t i o n e d  a b o v e  a n d  c o m p a r e d
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with recorded accelerations. The analyses are capable of 
producing satisfactory agreement with recorded motions provided the 
stiffness, mass, and damping properties used in the analyses are 
representative of those effective during the earthquake (Ref.
B-30) . Thus/ accurate values and detailed description of these 
properties are essential if the analytical results are to agree 
with recorded responses.

The motion at the base of a building due to nearby rail transit 
operations is three-dimensional, including horizontal and vertical 
components with significant motions in the frequency range of 10 
to 200 Hz. Response of the building to these high-frequency base 
motions would be primarily in the form of local distortion of wall 
panels and other building components. Noise in the building 
arises from these local distortions of structural elements.
Unlike earthquake response, the vibration and noise in a building 
due to the vertical component of base motion is important; hence, 
the response to both components of base motion should be 
considered. Thus, mathematical models of buildings should be 
capable of (1) accurately predicting the vibration modes of 
structures with natural frequencies up to 200 Hz, and (2) 
satisfactorily representing the response to vertical ground 
motion. . ...

In principle, these requirements could be satisfied by refining 
the mathematical models that have been employed for earthquake 
response analysis, resulting in detailed finite element 
idealizations of the structure with several hundred degrees of 
freedom. Accurate values and detailed description of the 
stiffness, mass, and damping properties would be required to 
accurately predict the response, especially at high frequencies. 
Considerable computational effort would be required in analysis of 
such a system. The total computational effort required in 
analysis of the many buildings in the vicinity of rail transit 
lines would be prohibitive. Therefore, straightforward extension 
of standard mathematical modeling and response analysis procedures



7-38

does not appear to be a practical approach to the prediction of 
vibration and noise in buildings arising from rail transit 
operations.

For buildings supported on soft soil, the effects of 
soil-structure interaction must be considered in the analysis of 
earthquake response. Consider the aforementioned planar "shear 
building" idealization of a multi-story building, supported 
through a rigid circular foundation mat at the surface of a half 
space composed of a homogeneous, viscoelastic soil or rock. The 
foundation impedances relating forces and displacements for the 
rigid plate on a half space depend on the excitation frequency.
The governing equations for the structure-foundation system are 
written most conveniently in the Fourier transformed frequency 
domain. The steady state response to harmonic ground motion at a 
particular excitation frequency is determined by solving the 
frequency domain equations. Efficient solution of these equations 
is possible by extensions of modal analysis concepts in which only 
the lower few modes that have significant contribution to the 
response are included (Ref. B-31) .

A reasonable approximation to the maximum building response may be 
obtained by assuming that soil-structure interaction influences 
only the response component contributed by the fundamental mode of 
vibration (Ref. B-32). This component may be evaluated by a 
simple, practical procedure, utilizing published data and charts. 
The contributions of the higher modes to the response may be 
determined by the above mentioned procedures disregarding the 
effects of interaction.

In addition to the mass, stiffness, and damping properties of the 
structure, the properties of the foundation medium are also 
required in the analysis. These include the shear modulus of 
elasticity, the mass density, Poisson's ratio and the specific 
energy loss factor. Within the range of values that are of 
interest in practical applications, the response of the structure
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is generally insensitive to variations in the Poisson's ratio, but 
it can be influenced significantly by the other soil parameters.

By appropriate modifications and extensions, the analysis 
procedure outlined here for structures supported on the surface of 
a homogeneous half space has also been applied to systems with 
embedded foundations and layered foundation media. It can also be 
generalized to relax the assumption of a rigid foundation mat. 
Foundation flexibility may be a significant factor in the response 
of structures of very large plan dimensions. A problem requiring 
additional research is the response of structures supported on 
isolated spread footings. Probably the most pressing current 
need, however, is for studies of the dynamics of structures 
supported on pile foundations.

The influence of soil-structure interaction on building response 
is related to the shear and moment imposed by the building on the 
foundation. Because the most significant base shear and moment 
are associated with response components contributed by the lower 
modes of vibration, soil structure interaction has the most 
influence on these response components.1 This is the basis for the 
assumption in the above-mentioned simple analysis procedure that 
soil-structure interaction influences only the earthquake response 
component contributed by the fundamental mode of vibration.

Noise in buildings arising from rail transit operations is 
associated with vibration in the higher modes with natural 
frequencies in the range of 10 to 200 Hz. The base shear and 
moment associated with vibration in these modes is expected to be 
very small, to the point of being almost negligible. Consequently, 
soil-structure interaction is expected to have little influence on 
the contributions of these higher modes to the noise and 
vibration.
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In analyzing the response of structures to earthquakes, it is 
normally assumed that all points of the foundation are excited 
simultaneously and experience identical motion. However, 
different frequency components of the seismic waves may have 
different velocities and each is associated with a separate 
wavelength. The resulting spatial variations in the ground motion 
have the influence of reducing the effective translational ground 
motion for structures with stiff mat foundation but adding 
torsional excitation. The significance of these effects depends 
on the excitation frequency (or wavelength) of the associated 
seismic wave; these effects increase for high frequency (or short 
wavelength) excitations (Ref. B-33) .

Groundborne vibration and noise arising from rail transit 
operations is associated with motions in the 10 to 200 Hz 
frequency range. The wavelengths of motions at these frequencies 
would be shorter than the plan dimensions of many structures.
Thus the resulting spatial variations in the ground motion are 
expected to significantly affect the vibration and noise in 
buildings.

Thus, the conclusions of the above discussions are:

(1) Given the free-field ground motion at the site of a 
building due to nearby rail transit operations, 
predictions of resulting vibration and noise in the 
building may be based on analyses neglecting 
soil-structure interaction.

(2) Straightforward extension of mathematical modeling and 
response analysis procedures that have been employed 
in earthquake engineering does not appear to be a 
practical approach to the prediction of vibration and
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noise in buildings induced by rail transit operations. 
Such an approach would require accurate and detailed 
description of the stiffness, mass, and damping 
properties of the buildings. Detailed dynamic analyses 
of all buildings in the vicinity.of rail transit 
systems would require prohibitive computational 
effort.

(3) Spatial variations in the ground motion arising from 
traveling wave effects should be considered in the 
analysis of vibration and noise in buildings induced 
by nearby rail transit operations.-

7.7.2 Lumped Parameter Models

Richart, et al, (Ref. B-4) and Woods (Ref. B-3) summarize the 
literature concerning interaction of foundations with an elastic 
half space for vertical, torsional, rocking, and horizontal 
motion. In particular, lumped parameter models are presented for 
such interaction in response to excitation forces. These models 
can be re-cast to model the response of. massive foundations to 
free surface ground vibration which would otherwise exist in the 
absence of the foundation, as discussed by Holzlohner (Ref. B-3).

The resulting equation for vertical motion is:

Mz + C_z + K z - L_ = C„z-r + K z p z z z z f z f

where z is the vertical displacement and zf is the vertical 
displacement of the soil in the absence of the foundation.
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For coupled horizontal and rocking motion, the equations of motion 
are:

Mx + C X + K X -
X  X

C h 0 - x o K h 0 - x o = [C X- + K X-.]x f x f
and
10 + [CQ + h2C ]0 + [K„ + h2K ]0 - h C x - h K x - L a L 0 o x  0 o x  o x  o x  0

= [Co0.e + Kq6. - h C X, - h K x,] L 0 f 0 f o x f  o x f J
x = Horizontal Displacement
0 = Angular displacement
h = height of center of mass, o

The stiffness and damping coefficients (Kz, Kx, KQ , Cz, Cx , and 
CQ ) are defined for circular footings in Table 7-1. The loads 
representing the building are L_, Lv, and L_ for the vertical, 
horizontal, and angular displacements. The translational and 
angular displacement variables are identified in Figure 7.3. 
Similar expression for torsional vibration about the vertical (z) 
axis can also be determined, but such vibration is not considered 
here. Equivalent radii are given in Table 7-2 for rectangular 
footings.

The coupling loss as a function of frequency can be determined 
from the above equation for vertical vibration. For example, 
setting zp = zoelwt, where zq is a complex coefficient, and 
representing the building load by the impedance, %z:
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TABLE 7-1 VALUES OF EFFECTIVE STIFFNESSES AND DAMPING
COEFFICIENTS FOR CIRCULAR FOUNDATIONS (Ref. B-3)

Mode Vertical Damping

4Gr 3.4r 2
Vertical * z  ■ 1 - v C z  ■ l - v  7 p T

32(l-v)Gr 18.4(l-v)r 2
Horizontal y - 0 

\  7 -8v Cx 7-8v ^ pG

8Gr 3i/ o r °*8ro ypG~Rocking* k 0 3( 1-v) c e ■ (l -v)(l + B Q)

*B - 3 (1 - v) I
8 5

pro

G = Soil Shear Stiffness
v = Soil Poisson's Ratio
p = Soil Density
Ig = Mass moment of inertia about y-axis through

center of mass
m = Mass of Foundation



7 - 4 4

TABLE 7-2 EQUIVALENT RADII FOR RECTANGULAR FOOTINGS 
OF LENGTH, L, AND WIDTH, W*(Ref. B-3)

Mode Radius ro
1

Vertical <— >2TT '

1
Horizontal (IS)1

1
Rocking

3 4
( LW )11 3tt- '

*L
W

< 2.
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X = x. + h 6 
b o

FIGURE 7.3 VARIABLES USED IN LUMPED PARAMETER MODEL OF 
FOUNDATION RESTING ON HALFSPACE
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The coupling loss for pure vertical vibration becomes
? 2 w C + K z zL = 10tog ----------------^ ^ ^  ~C (K +wIM {Z } - w M) + w (C - Re { Z  >)z z z z

The real part of Z is negative by requirement for stability.c*
Thus, the coupling loss is determined by soil stiffness, radiation 
damping, and the building load.

Analogous formulas may be derived for horizontal and rocking 
modes. Together, they can be used to estimate the response to a 
variety of wave types. For example, the vertical, horizontal, and 
angular displacement of a point on a free soil surface can be 
determined for a Rayleigh wave. Using this information for input, 
the response of the foundation can be determined, provided that a 
meaningful representation of building load can be obtained.

As discussed above, the form of the building load impedance is 
quite complex due to many modes of vibration for walls, ceilings, 
floors, and so forth. For building columns resting on the 
foundations, a significant part of the column mass must be 
included for vertical motion. Indeed, the usual assumption is to 
include that portion of the building mass which is supported by 
the foundation. For large masonry buildings this added mass would 
be substantial. For single family residential structures, the 
building mass would be much less. In any case, caution must be 
exercised when making assumptions regarding building load in that 
it can be easily over-estimated. The problem of defining building 
load can be simplified for a structure supported on springs placed 
on the foundation, provided that the spring impedance is much less 
than the building impedance.
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At audio frequencies a great many modes of vibration may be 
expected within a building. The result is that the building 
impedance may be lower than expected from a simple mass 
representation. When the modal density becomes large, one might 
expect that the building impedance is largely dissipative.
Finally, one might conservatively assume that the foundation mass 
controls foundation motion, resulting for example, in an 
asymptotic form for the coupling loss for vertical vibration of

Lc = 10 log Cz2/M2w 2

which gives an eventual 6 dB increase of coupling loss per 
frequency doubling. This assumption would give a worst case or 
conservative estimate of foundation response. Analogous asymptotic 
relations can be determined for horizontal and rocking modes.

Evident in the above equation for vertical, horizontal, and 
rocking motion is that the damping coefficients play a significant 
role in coupling of the foundation to groundborne vibration. The 
damping coefficients represent radiation damping, sometimes called 
geometrical damping.

The presence of- the radiation damping in the coupling of incidentior free surface vibration with the foundation reflects the 
radiation reaction due to scattered wave energy in the soil.
Thus, at sufficiently high frequencies the radiation reaction term 
will dominate the stiffness term and, neglecting effects of 
building impedance, at most a 6 dB increase per frequency doubling 
in coupling loss may be expected above resonance, i.e., at audio 
frequencies. This latter result is perhaps the most important 
conclusion of this discussion. Also, because the radiation 
reaction is directly proportional to shear stiffness, one may 
expect less coupling loss for stiff soils than for soft soils.
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The agreement of the lumped parameter models with the more exact 
continuum models is good at least up to about 50 to 100 Hz for 
foundations with equivalent base area radii of 0.5 to 1 meter. At 
higher frequencies, the agreement is not discussed in the 
literature. However, as the shear wave length in soil approaches 
the dimension of the foundation, the geometric damping factor will 
likely increase, thus increasing coupling. At very high 
frequencies, i.e., at 500 to 1000 Hz or higher, the wavelength of 
compression waves in soil begin to approach the dimension of a 
foundation footing of perhaps 1 meter width in which case the bulk 
acoustic impedance of the soil will enter the damping term 
significantly. Because the acoustic or dilatational impedance is 
generally higher than the shear wave impedance, significantly 
stronger coupling of the foundation with soil would be expected 
relative to that predicted by the above lumped parameter model.

For large foundations, significant phase differences can be 
expected for free-field amplitudes at the soil foundation 
interface. Holzlohner, in discussing the state-of-the-art in 
soil-structure interaction analysis, indicates that an averaging 
procedure may be used to calculate the free-field excitation from 
the free-field displacements, evidently with good success (Ref. 
B-3) .

All foundations do not rest on the soil surface. Most are 
embedded in the soil, although the condition or degree of contact 
between the sides of the foundation and the soil will 
significantly affect the response. Kausel reviews recent 
literature regarding embedded foundation models, and Woods 
discusses the effects of embedment in some detail (Ref. B-3). 
Essentially, the equation of motion may still be represented in 
terms of lumped parameters, but the expression for stiffness and 
damping become quite complex. A number of general conclusions are
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given by Woods for embedded foundations. Namely, 1) the amplitude 
of vibration decreases with depth; 2) the resonance frequency 
increases with depth; 3) the damping increases with depth.

The problem of modeling a pile foundation in soil is considerably 
more difficult than modeling foundations resting on soil surfaces. 
A pile normally is supported on bedrock or at least on stiffer 
soil layers. In the former case, vertical motion will be largely 
controlled by the bedrock, and high frequency resonances can be 
expected when the longitudinal wavelength in the pile is equal to 
one-fourth of the pile length (Ref. B-4). In the latter the sur
rounding soil as well as supporting strata will have a combined 
effect on vertical motion. In both cases, the lateral or trans
verse response of the pile will be strongly influenced by the 
surrounding soil. Again, Richart, et al, provide a detailed 
discussion concerning the response of piles to lateral forces.

Navak reviews recent extensive literature regarding the effect of 
piles on dynamic response of footings and structures (Ref. B-3) , 
presenting two models of piles subject to horizontal soil motion, 
one more rigorous than the other. In the more rigorous model, 
modal resistance factors are used to represent soil reaction 
against various transverse bending modes of the pile. The 
resistance factors are determined from solutions to the equation 
of motion for a linear visco-elastic medium with hysteretic 
damping, using cylindrical coordinates. The resulting formulae 
are very complicated but evidently computing costs are low. Thus, 
extensive parametric studies may be conducted.

In the simpler approach, Novak derives the soil reaction under the 
simplifying assumption of only horizontally propagating waves. 
Thus, soil resistance per unit pile length for horizontal 
vibration are represented by complex stiffness constants which are 
complicated functions of frequency but not of pile depth. The 
soil reaction to the pile at a particular depth is then given as 
proportional to the pile displacement at that depth. In this way, 
a closed form solution for impedance functions can be obtained for 
all lateral vibration modes using a Bernoulli-Euler beam model for
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the pile. Evidently, agreement of the simple model with more 
exact finite element models is good.

Novak finally indicates that the impedance of the pile foundation 
can be represented in a manner analogous to that discussed above 
with respect to foundations resting on a half space. Although the 
stiffness and damping coefficients are frequency dependent, they 
can often be taken as approximately frequency independent over a 
particular range of interest. Of course, a suitable 
representation of the building impedance must be obtained.
Bender, et al, (Ref. A-158) employ this approach for modelling the 
effect of resilience placed between the pile cap and building 
columns in large buildings, as discussed in Chapter 6. The 
approach is based on empirical data for vertical pile vibration.

7.7.3 Audio Freqency Building Vibration

A model has been recently proposed by Lubliner (Ref. A-93) for 
predicting the floor-to-floor attenuation of audio-frequency 
vibration and noise in large multi-story buildings. Transverse 
bending and shear waves in building walls and story columns are 
assumed to be the significant modes of vibration transmission.

The transmission and attenuation of vibration from story to story 
depends strongly on the degree of coincidence between bending mode 
frequencies for neighboring story columns. Based on extensive 
numerical computation using a multi-degree-of-freedom model for 
generalized bending and shear modal vibration, an approximate 
relation among the percentage variation, U, of resonance 
frequencies from floor to floor, the floor-to-floor attenuation, 
a, in decibels, and the number of floors, n, is given as:

1 / 2a = C1 (U/n)
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where is a constant equal to about 17.5. Thus, for a 2% 
frequency variation and 10 story building, the attenuation from 
floor-to-floor would be about 8 dB. For 1% frequency variation 
and a 30 story building, the attenuation would be about 3 dB.

Detuning of story columns can be accomplished by varying the area 
moment of inertia for steel columns, or by modifying the amount of 
re-enforcement of concrete columns. No supporting experimental 
data is presented for the model.

Detailed modeling of building structures may best be accomplished 
using methods such as statistical energy analysis (SEA) (Ref.
C-14). The method has been applied to a variety of problems where 
high modal densities (number of vibration modes per unit 
bandwidth) may be expected for various building elements. The 
method, however, pre-supposes a detailed knowledge of coupling 
factor for vibration energy transmission from one building element 
to the next. A similar, if not greater, limitation exists for 
direct multi-degree-of-freedom models, however. The advantage of 
the SEA method lies in the ability to model complex dynamical 
systems where the number of vibration modes would normally make 
generalized multi-degree-of-freedom modeling prohibitively 
expensive.
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R o t t e r d a m ,  T h e  N e t h e r l a n d s  ( 1 9 7 8 )

A - 0 5 9 G u t o w s k i , T . G . ;  Dym, C . L .  .
P r o p a g a t i o n  o f  g r o u n d  v i b r a t i o n .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  4 9 : 2 , 1 7 9 - 1 9 3  ( 1 9 7 6 )

A - 0 6 0 P r a u s e ,  R . H . ;  A r n l u n d ,  R . C . ;  H a r r i s o n ,  H . D .
M e a s u r e m e n t  P l a n  f o r  t h e  C h a r a c t e r i z a t i o n  o f  t h e  L o a d  
E n v i r o n m e n t  f o r  C r o s s - T i e s  an d  F a s t e n e r s .
( i n t e r i m  r e p o r t )  B a t t e l l e - C o l u m b u s  L a b o r a t o r i e s ,  C o l u m b u s ,  OH 
& B e c h t e l ,  I n c .  f o r :  U . S .  DOT; F e d e r a l  R a i l r o a d  
A d m i n i s t r a t i o n ,  F R A / O R D - 7 7 / 0 3  ( 1 9 7 7 )

A - 0 6 1 A h l b e c k ,  D . R . ;  H a r r i s o n ,  H . D .
T e c h n i q u e s  f o r  m e a s u r i n g  w h e e l - r a i l  f o r c e s  w i t h  t r a c k s i d e  
i n s t r u m e n t a t i o n .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t :  w i n t e r  a n n u a l  m e e t i n g  o f  

ASME, A t l a n t a ,  GA,  r e p r i n t  # 7 7 - W A / R T - 9  ( 1 9 7 7 )

A - 0 6 2 S a u r e n m a n ,  H . J .
C r i t e r i a  f o r  a c c e p t a b l e  l e v e l s  o f  b u i l d i n g  v i b r a t i o n  c a u s e d  
b y  r a p i d  t r a n s i t  o p e r a t i o n s .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t  9 9 t h  M e e t i n g  o f  t h e  

A c o u s t i c a l  S o c i e t v  o f  A m e r i c a ,  S a n  F r a n c i s c o ,  CA,  p a p e r  Z8 
( 1 9 8 0 )

A - 0 6 3 Daw n, T . M . ;  S t a n w o r t h ,  C . G .
G r o u n d  v i b r a t i o n s  f r o m  p a s s i n g  t r a i n s .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 6 : 3 , 3 5 5 - 3 6 2  ( 1 9 7 9 )



A - 9

A - 0 6 4

A - 0 6 6

A - 0 6 7

A - 0 6 8

A - 0 6 9

A - 0 7 0

A - 0 7 1

A - 0 7  2

A h l b e c k ,  D . R . ;  H a r r i s o n ,  H . D . ;  T u t e n ,  J . M .
M e a s u r e m e n t  o f  W h e e l / R a i l  F o r c e s  a t  t h e  W a s h i n g t o n  
M e t r o p o l i t a n  A r e a  T r a n s i t  A u t h o r i t y .  V o l  I I :  T e s t  R e p o r t ,  
( i n t e r i m  r e p o r t )  B a t t e l l e - C o l u m b u s  L a b o r a t o r i e s ,  C o l u m b u s ,  

OH, D O T - T S C - U M T A - 8 0 - 2 5 , 2 .  f o r :  U . S .  DOT; U r b a n  M a s s  
T r a n s p o r t a t i o n  A d m i n i s t r a t i o n ,  U M T A - M A - 0 6 - 0 0 2 5 - 8 0 - 7 . a v a i l :  
U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B 8 1 - 1 0 3 3 2 7  
( 1 9 8 0 )

K o c h ,  H .W .
P r o p a g a t i o n  o f  v i b r a t i o n s  an d  s t r u c t u r e - b o r n e  s o u n d  c a u s e d  b y  
t r a i n s  r u n n i n g  a t  maximum s p e e d  o f  2 5 0  k m / h r .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  5 1 : 3 , 4 4 1 - 4 4 2  ( 1 9 7 7 )

J o h n s t o n ,  G .W .
A s s e s s m e n t  o f  g r o u n d - b o r n e  v i b r a t i o n  t o  t h e  g r o u n d  f r o m  
s u b w a y  t r a i n s ,  g r o u n d  l o a d  m o d e l i n g .
( p a p e r  i n  r e p o r t )  i n : Y o n g e  S u b w a y  N o r t h e r  E x t e n s i o n  N o i s e  a n d  

V i b r a t i o n  S t . u d y ;  V o l  I V .  R D - 1 1 5 / 3  T o r o n t o  T r a n s i t  
C o m m i s s i o n ,  S u b w a y  C o n s t r u c t i o n  B r a n c h  ( 1 9 7 6 )

H u n t ,  A . D .
M a n u f a c t u r e  a n d  I n s t a l l a t i o n  o f  t h e  T r a c k  V i b r a t i o n  I s o l a t i o n  
S y s t e m s  o n  t h e  S p a d i n a  S u b w a y .
( t e c h n i c a l  r e p o r t )  T o r o n t o  T r a n s i t  C o m m i s s i o n ,  T o r o n t o ,  

O n t a r i o ,  C a n a d a  ( 1 9 7 6 )

K a z a m a k i ,  T .
S u b w a y  v i b r a t i o n  c o n t r o l .
( j o u r n a l  a r t i c l e )  P e r m a n e n t  W a y ,  c i t a t i o n  u n c e r t a i n  
( d a t e  u n c e r t a i n )

P a t e r a o n ,  W . H . ;  W i l s o n ,  G . P .
M e l b o u r n e  U n d e r g r o u n d  R a i l  L o o p  -  T r a c k  S u p p o r t ,  N o i s e  a n d  
V i b r a t i o n .
( r e p o r t )  W . H .  P a t e r s o n ,  T o r o n t o ,  C a n a d a  a n d  W i l s o n ,  I h r i g  & 

A s s o c . ,  O a k l a n d ,  CA.  f o r ;  J o h n  C o n n e l l - M o t t ,  H a y ,  A n d e r s o n ,  
H a t c h  & J a c o b s  ( 1 9 7 4 )

C o p l e y ,  L . G .
D e s i g n  A n a l y s i s  R e p o r t  f o r  G r o u n d - B o r n e  N o i s e  C o n t r o l  -  MBTA 
R e d  L i n e  E x t e n s i o n  N.W . ( H a r v a r d  —  D a v i s ) .
( r e p o r t )  L . G .  C o p l e y  A s s o c i a t e s ,  N e w t o n ,  MA. f o r :  B e c h t e l ,  
I n c .  ( 1 9 7 9 )

N o l l e ,  H.
D o u b l e  S l e e p e r  T r a c k  a n d  R F - S t e d e f  T r a c k  V i b r a t i o n  S u r v e y  a t  
J o l i m o n t ,  N o v e m b e r  1 9 7 7 .
( p r e l i m i n a r y  r e p o r t )  M e l b o u r n e  U n d e r g r o u n d  R a i l  L o o p  

A u t h o r i t y ,  M e l b o u r n e ,  A u s t r a l i a  ( 1 9 7 8 )



A - 1 0

A - 0 7  3 W i l s o n ,  G . P .
G r o u n d - b o r n e  V i b r a t i o n  a n d  N o i s e  M e a s u r e m e n t s  a n d  A n a l y s i s  ■ 
6 1  R o c k m a r t  D r i v e .
( l e t t e r  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  O a k l a n d ,  CA,  
f o r :  M e t r o p o l i t a n  A t l a n t a  R a p i d  T r a n s i t  A u t h o r i t y  
[ p r o p r i e t a r y  i n f o r m a t i o n ]  ( 1 9 8 0 )

A - 07 4 F o x ,  G . D .
D e s i g n  o f  L i g h t  R a i l  T r a c k  i n  P a v e m e n t .
( r e p o r t )  D e L e u w ,  C a t h e r  & C o m p a n y ,  S a n  F r a n c i s c o ,  CA 
( d a t e  u n c e r t a i n )

A - 0 7 5 A l l e n ,  P . W . ; L i n d l e y ,  P . B . ; P a y n e ,  A . R .  ( e d s ) .
U s e  o f  R u b b e r  i n  E n g i n e e r i n g .
( f i r s t  e d i t i o n )  M c L a r e n  & S o n s ,  L t d ,  L o n d o n ,  U n i t e d  K i n g d o m  
( 1 9 6 7 )

A - 07  6 H u n t ,  A . D .
T r a c k  V i b r a t i o n  I s o l a t i o n  S y s t e m  f o r  t h e  S p a d i n a  S u b w a y ,  
( t e c h n i c a l  r e p o r t )  T o r o n t o  T r a n s i t  C o m m i s s i o n ,  T o r o n t o ,  
O n t a r i o ,  C a n a d a  ( 1 9 7 5 )

A - 0 7 7 R e m i n g t o n ,  P . J . ;  R u d d ,  M . J . ;  V e r ,  I . L .
W h e e l / R a i l  N o i s e  a n d  V i b r a t i o n ;  V o l  2 :  A p p l i c a t i o n s  t o  
C o n t r o l  o f  W h e e l / R a i l  N o i s e .
( f i n a l  r e p o r t )  B o l t ,  B e r a n e k  & Newman,  I n c . ,  C a m b r i d g e ,  MA. 
f o r :  U . S .  DOT; T r a n s p o r t a t i o n  S y s t e m s  C e n t e r ,  U M T A -M A -0 6 -  
0 0 2 5 - 7 5 - 1 1 .  a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  
S e r v i c e ,  P B - 2 4 4 - 5 1 5  ( 1 9 7 5 )

A - 0 7 8 N o l l e , ,  H.
B a l l a s t e d  and R F - S t e d e f  T r a c k  V i b r a t i o n  S u r v e y  a t  J o l i m o n t ,  
N o v e m b e r l 9 7 6 .
( r e p o r t )  M e l b o u r n e  U n d e r g r o u n d  R a i l  L o o p  A u t h o r i t y ,  

M e l b o u r n e ,  A u s t r a l i a  ( 1 9 7 7 )

A - 0 7 9 P o w e l l ,  J . K .
MURLA P r o j e c t  -  C o m m e n t s  o n  D r .  N o l l e ^ s  L e t t e r  t o  Mr A . D .  
H u n t  -  O c t o b e r  6 ,  1 9 7 7 .
( r e s e a r c h  memo) T o r o n t o  T r a n s i t  C o m m i s s i o n .  E n g i n e e r i n g  

D e p a r t m e n t ,  # 4 9 4  ( 1 9 7 7 )

A - 0 8 0 W a l l e r ,  R . A .
B u i l d i n g  o n  S p r i n g s .
( f i r s t  e d i t i o n )  P e r g a m m o n  P r e s s ,  O x f o r d ,  U n i t e d  K i n g d o m  
( 1 9 6 9 )



A - 1 1

A - 0 8 1 B e n d e r ,  E . K .
R a i l  F a s t e n e r  D e s i g n  f o r  N o i s e  a n d  V i b r a t i o n  C o n t r o l ,  
( r e p o r t )  B o l t ,  B e r a n e k  & Newman,  I n c . ,  C a m b r i d g e ,  MA, BBN- 
2 4 8 5 .  f o r :  New Y o r k  C i t y  T r a n s i t  A u t h o r i t y  ( 1 9 7 4 )

A - 0 8 2 D u p i n ,  G . ; L e v y ,  T .
A t t e n u a t i o n  du  s o n  d a n s  un m i l i e u  p o e u x  e l a s t i q u e .  ( S o u n d  
a t t e n u a t i o n  i n  an e l a s t i c  m e d i u m ) .
( j o u r n a l  a r t i c l e )  A c u s t i c a  4 4 : 1 , 1 0 - 1 3  ( 1 9 8 0 )

A - 08 3 R e m i n g t o n ,  P J ;  R u d d ,  MJ;  V e r ,  I L .
W h e e l / R a i l  N o i s e  an d  V i b r a t i o n ;  V o l  1 :  M e c h a n i c s  o f  
W h e e l / R a i l  N o i s e  G e n e r a t i o n .
( f i n a l  r e p o r t )  B o l t ,  B e r a n e k  & Newman,  I n c . ,  C a m b r i d g e ,  MA. 
f o r :  U . S .  DOT; T r a n s p o r t a t i o n  S y s t e m s  C e n t e r ,  U M T A -M A -0 6 -  
0 0 2 5 - 7 5 - 1 0 .  a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  
S e r v i c e ,  P B - 2 4 4 - 5 1 4  ( 1 9 7 5 )

A - 08 4 A n o n y m o u s
On t h e  r i g h t  t r a c k .
( j o u r n a l  e d i t o r i a l )  R u b b e r  D e v  3 2 : 3 , 6 8 - 7 0  ( 1 9 7 9 )

A - 08 5 S t e f f e n s ,  R . J .
S t r u c t u r a l  V i b r a t i o n  a n d  D a m a g e .  So m e  N o t e s  o n  A s p e c t s  o f  t h e  
P r o b l e m  a n d  a r e v i e w  o f  a v a i l a b l e  i n f o r m a t i o n .
( r e p o r t )  G r e a t  B r i t a i n ,  D e p t  o f  t h e  E n v i r o n m e n t ,  B u i l d i n g  

R e s e a r c h  E s t a b l i s h m e n t .  H e r  M a j e s t y " s  S t a t i o n a r y  O f f i c e  
( 1 9 7 4 )

A - 08 6 S a t o ,  Y .
H i g h  f r e q u e n c y  v i b r a t i o n  o f  t r a c k .
( j o r n a l  a r t i c l e )  P e r m a n e n t  Way 5 : 3 , 1 - 1 5  ( 1 9 6 2 )

A -  0 8 7 S w e e z i e ,  H .M .
I n s t a l l a t i o n  o f  t h e  d o u b l e  t i e ,  c o n c r e t e  s l a b ,  i s o l a t e d  
t r a c k b e d .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t  APTA R a p i d  T r a n s i t  

C o n f e r e n c e ,  T o r o n t o ,  O n t a r i o ,  C a n a d a  ( 1 9 7 6 )

A - 08 8 A n o n y m o u s
A d v a n c e d  T r a n s p o r t  T e c h n o l o g y  -  T r a c k .
( r e p o r t )  B r i t i s h  R a i l w a y s  R e s e a r c h  D e p a r t m e n t ,  c i t a t i o n  
u n c e r t a i n  ( d a t e  u n c e r t a i n )

A - 08 9 S a t o ,  Y . ; U m e k u b o ,  S . ;  H i r a t a ,  G . ;  A r a i ,  M . ; C h i n o ,  T .  e t  a l  
R e s i l i e n t  r a i l .
( j o u r n a l  a r t i c l e )  Q u a r t e r l y  R e p o r t s  1 3 : 2  ( 1 9 7 2 )

/



A - 1 2

A - 09 0 B r a i t s c h ,  H.
D as  " K o l n e r  E i "  ( O b e r b a u  1 4 0 3 / c )  .
( c o l l e c t i o n  o f  a r t i c l e s )  V e r k e h r  und  T e c h n i k ,  H e f t  7 , 8 , 1 0 , 1 2  
[ i n  G erm an]  ( 1 9 7 9 )

A - 0 9  2 J e n k i n s ,  H . H . ;  S t e p h e n s o n ,  J . E . ;  C l a y t o n ,  G . A .
T h e  e f f e c t  o f  t r a c k  and  v e h i c l e  p a r a m e t e r s  o n  w h e e l / r a i l  
v e r t i c a l  d y n a m i c  f o r c e s .
( j o u r n a l  a r t i c l e )  R a i l r o a d  Eng 3 : 1 , 2 - 1 6  ( 1 9 7 4 )

A - 0 9  3 L u b l i n e r ,  J .
A m o d e l  o f  a u d i o - f r e q u e n c y  v i b r a t i o n  o f  b u i l d i n g s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 8 : 3 , 3 3 5 - 3 4 0  ( 1 9 8 0 )

A - 0 9 4 H e h e n b e r g e r ,  W.
C h o o s i n g  t h e  r i g h t  t r a c k  f o r  u r b a n  c o n d i t i o n s ,  
( j o u r n a l  a r t i c l e )  D e v e l o p i n g  R a i l w a y s  ( 1 9 7 5 )

A - 09 5 D a l i g a d u ,  D.
H o a r d  P a r k  A r e a - S t r e e t c a r  V i b r a t i o n  I n v e s t i g a t i o n - M e a s u r e m e n t  
R e s u l t s - 2 6  H i g h  P a r k  G a r d e n s - N e w  R a i l  I n s t a l l a t i o n .
( r e p o r t )  T o r o n t o  T r a n s i t  C o m m i s s i o n  R e s e a r c h  Memo # 4 8 9 A  
( 1 9 7 7 )

A - 0 9 6 P a u l s o n ,  J . N . ;  S i l v e r ,  M . L . ;  B e l y t s c h k o ,  T . B .
D y n a m i c  T h r e e - D i m e n s i o n a l  F i n i t e  E l e m e n t  A n a l y s i s  o f  S t e e l  
T r a n s p o r t a t i o n  S t r u c t u r e s .
( f i n a l  r e p o r t )  U n i v e r s i t y  o f  I l l i n o i s .  D e p a r t m e n t  o f  

M a t e r i a l s  E n g i n e e r i n g ,  C h i c a g o ,  I L .  f o r :  U . S .  D e p a r t m e n t  o f  
T r a n s p o r t a t i o n ,  D O T - T S T - 7 6 - 4 6 .  a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  
I n f o r m a t i o n  S e r v i c e  ( 1 9 7 5 )

A - 0 9 7 P a r k ,  T . ;  S i l v e r ,  M . L .
D y n a m i c  S o i l  P r o p e r t i e s  R e q u i r e d  t o  P r e d i c t  t h e  D y n a m i c  
B e h a v i o r  o f  E l e v a t e d  T r a n s p o r t a t i o n  S t r u c t u r e s .
( i n t e r i m  r e p o r t )  U n i v e r s i t y  o f  I l l i n o i s .  D e p a r t m e n t  o f  

M a t e r i a l s  E n g i n e e r i n g ,  C h i c a g o ,  I L .  f o r :  U . S .  D e p a r t m e n t  o f  
T r a n s p o r t a t i o n ,  D O T - T S T - 7 5 - 4 4 . a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  
I n f o r m a t i o n  S e r v i c e  ( 1 9 7 5 )

A - 09 8 N e l s o n ,  J . T . ;  S a u r e n m a n ,  H . J . ;  W i l s o n ,  G . P .
M e t r o r a i l  O p e r a t i o n a l  S o u n d  L e v e l  M e a s u r e m e n t s :  G r o u n d - B o r n e  
V i b r a t i o n  and N o i s e  L e v e l s .
( p r e l i m i n a r y  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  O a k l a n d ,  CA.
f o r :  W a s h i n g t o n  M e t r o p o l i t a n  A r e a  T r a n s i t  A u t h o r i t y
( 1 9 7 9 )

A - 0 9 9 A n o n y m o u s
D r a f t  S t a n d a r d  M e t h o d  f o r  t h e  M e a s u r e m e n t  o f  V i b r a t i o n s  i n



A - 1 3

A - 1 0 0

A - 1 0 1

A - 1 0 2

A - 1 0 3

A - 1 0 4

A - 10  5

A - 1 0 6

A - 1 0 7

B u i l d i n g s  A d j a c e n t  t o  R a i l w a y  T u n n e l s  a n d  T r a c k s - T e s t  C o d e  
f o r . . . U n d e r g r o u n d  T u n n e l s .
( r e p o r t )  U IT P  I n t e r n a t i o n a l  M e t r o p o l i t a n  R a i l w a y s  W o r k i n g  

G r o u p  o n  M e a s u r e m e n t  o f  N o i s e  an d  V i b r a t i o n ,  ( u n p u b l i s h e d  
m i n u t e s )  I n t e r n a t i o n a l  U n i o n  f o r  P u b l i c  T r a n s p o r t .
( d a t e  u n c e r t a i n )

J o h n s o n ,  K . L . ; G r a y ,  G . G .
D e v e l o p m e n t  o f  c o r r u g a t i o n s  o n  s u r f a c e s  i n  r o l l i n g  c o n t a c t ,  
( j o u r n a l  a r t i c l e )  P r o c  I n s t  M e ch  Eng 1 8 9 : 1 3 / 7 5 . 4 5 - 5 8  
( 1 9 7 5 )

L a n g ,  J .
S c h a l l s c h u t z m a s s n a h m a n  b e i  d e r  V i e n e r  U - B a h n .  ( S o u n d  
M e a s u r e m e n t s  a t  t h e  V i e n n a  U - B a h n .
( j o u r n a l  a r t i c l e )  s o u r c e  and  c i t a t i o n  u n c e r t a i n  
[ i n  G e r m a n ]  ( d a t e  u n c e r t a i n )

N o l l e ,  H.
H i g h  f r e q u e n c y  g r o u n d  v i b r a t i o n  m e a s u r e m e n t s ,  
( j o u r n a l  a r t i c l e )  S h o c k  V i b r  B u l l  4 8 : 4 , 9 5 - 1 0 3  ( 1 9 7 8 )

B e n d e r ,  E . K .
N o i s e  a n d  v i b r a t i o n  o f  r e s i l i e n t l y  s u p p o r t e d  t r a c k  s l a b s .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  Amer 5 5 : 2 , 2 5 9 - 2 6 8
( 1 9 7 4 )

H u n t ,  A . D .
H o w a r d  P a r k  S t r e e t c a r  N o i s e  a n d  V i b r a t i o n  M e a s u r e m e n t s  a n d  
S u m m a ry .
( r e s e a r c h  memo) T o r o n t o  T r a n s i t  C o m m i s s i o n ,  S u b w a y  

C o n s t r u c t i o n  B r a n c h ,  T o r o n t o ,  O n t a r i o ,  C a n a d a ,  # 4 8 9 ,  # 4 8 9 A ,  
# 4 9 8 ,  # 4 9 9  ( 1 9 7 7 )

W i l s o n ,  I h r i g  & A s s o c i a t e s .
A n a l y s i s  a n d  D e s i g n  R e c o m m e n d a t i o n s  -  F l o a t i n g  S l a b  T r a c k  
S u p p o r t  S y s t e m s .
( r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  O a k l a n d ,  CA.  f o r :  

D a n i e l ,  M a n n ,  J o h n s o n  & M e n d e n h a l l ,  B a l t i m o r e ,  MD 
( 1 9 7 6 )

G r o o t e n h u i s ,  P .
F l o a t i n g  t r a c k  s l a b  i s l o a t i o n  f o r  r a i l w a y s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  5 1 : 3 , 4 4 3 - 4 4 8  ( 1 9 7 7 )

G e n e n ,  J . ;  C h u n g ,  Y . I .
R e s p o n s e  o f  a  c o n t i n u o u s  g u i d e w a y  o n  e q u a l l y  s p a c e d  s u p p o r t s  
t r a v e r s e d  b y  a m o v i n g  v e h i c l e .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 7 : 2 , 2 4 5 - 2 5 1  ( 1 9 7 9 )



A - 1 4

A - 1 0 8 F i e l d s ,  J . M .
R a i l w a y  n o i s e  a n d  v i b r a t i o n  a n n o y a n c e  i n  r e s i d e n t i a l  a r e a s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 6 : 3 , 4 4 3 - 4 5 8  ( 1 9 7 9 )

A - 1 0 9 W i l s o n ,  G . P .
G r o u n d - B o r n e  V i b r a t i o n  a n d  N o i s e  M e a s u r e m e n t s  a n d  A n a l y s i s -  
3 0 9  S y c a m o r e  S t r e e t .
( l e t t e r  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  O a k l a n d ,  CA.  
f o r :  M e t r o p o l i t a n  A t l a n t a  R a p i d  T r a n s i t  A u t h o r i t y  
[ p r o p r i e t a r y  i n f o r m a t i o n ]  ( 1 9 8 0 )

A - 1 1 0 M e a c h u m ,  H . C . ;  P r a u s e ,  R . H . ;  W a d d e l l ,  J . D .
A s s e s s m e n t  o f  D e s i g n  T o o l s  a n d  C r i t e r i a  f o r  U r b a n  R a i l  T r a c k  
S t r u c t u r e s .  V o l  2 :  A t - G r a d e  S l a b  T r a c k .
( f i n a l  r e p o r t )  B a t t e l l e - C o l u m b u s  L a b o r a t o r i e s ,  C o l u m b u s ,  OH, 
D O T - T S C - U M T A - 7 4 - 5 . f o r :  U . S .  DOT; T r a n s p o r t a t i o n  S y s t e m s  
C e n t e r ,  D O T - T S C - 5 6 3 .  a v a i l :  U . S . D O T ;  U r b a n  M a s s  
T r a n s p o r t a t i o n  A d m i n i s t r a t i o n ,  U M T A - M A - 0 6 - 0 0 2 5 - 7 4 - 4  ( 1 9 7 4 )

A - l l l V e r h a s ,  H . P .
M e a s u r e m e n t  a n d  A n a l y s i s  o f  T r a i n  I n d u c e d  G r o u n d  V i b r a t i o n ,  
( t h e s i s )  U n i v e r s i t y  o f  S o u t h a m p t o n ,  S o u t h a m p t o n , ,  U n i t e d  

K i n g d o m  ( 1 9 7 7 )

A - 1 1 2 N a y a k ,  P . R . ;  T a n n e r ,  R . B .
F r i c t i o n a l  a n d  V i b r a t o r y  B e h a v i o r  o f  R o l l i n g  a n d  S l i d i n g  
C o n t a c t s .
( r e p o r t )  B o l t ,  B e r a n e k  & Newman I n c . ,  C a m b r i d g e ,  MA, BBN- 
2 4 0 2 .  f o r :  U . S .  DOT; F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n ,  F R A - R T -  
7 3 - 1 3 .  a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  
P B - 2 1 4 - 9 3 9  ( 1 9 7 2 )

A - 1 1 3 H u r s t ,  D . R .
S o u n d  a n d  V i b r a t i o n  F r e q u e n c y  A n a l y s i s .
( t e c h n i c a l  r e p o r t )  T o r o n t o  T r a n s i t  C o m m i s s i o n ,  T o r o n t o ,  

O n t a r i o ,  C a n a d a  ( 1 9 7 6 )

A - 1 1 4 H u n t ,  A . D .
S t r e e t c a r  V i b r a t i o n  S u r v e y  -  S u m m a ry .
( r e s e a r c h  memo) T o r o n t o  T r a n s i t  C o m m i s s i o n ,  T o r o n t o ,  O n t a r i o ,  

C a n a d a ,  # 4 9 9  ( 1 9 7 7 )

A - 1 1 5 M a r t i n ,  J . F .
D y n a m i c  L o a d  T e s t  o f  S u p p o r t  P a d s  f o r  TTC .  D y n a m i c  L o a d  T e s t  
o f  S u p p o r t  P a d s  w i t h  S h i m s .
( a c a d e m i c  r e p o r t )  U n i v e r s i t y  o f  W a t e r l o o  R e s e a r c h  I n s t i t u t e ,  
f o r :  T o r o n t o  T r a n s i t  C o m m i s s i o n  ( 1 9 7 5 )

A - 1 1 6 H a n n e l i u s ,  L .
V i b r a t i o n e r  f r a n  t u n g  t a g t r a f i k .  ( V i b r a t i o n s  f r o m  H e a v y  R a i l



A - 1 5

A - 1 1 7

A - 1 1 8

A - 1 1 9

A - 1 2 0

A - 1 2 1

A - 1 2 2

A - 1 2 3

A - 1 2 4

T r a f f i c )
( r e p o r t )  S w e d i s h  S t a t e  R a i l w a y s ;  G e o t e c h n i c a l  D e p a r t m e n t  
[ i n  S w e d i s h ]  ( 1 9 7 8 )

B l e j w a s ,  T . E . ;  F e n g ,  C . C . ;  A y r e ,  R . S .
D y n a m i c  i n t e r a c t i o n  o f  m o v i n g  v e h i c l e s  a n d  s t r u c t u r e s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 7 : 4 , 5 1 3 - 5 2 1  ( 1 9 7 9 )

B r a i t s c h ,  H.
E g g s  l a i d  i n  K o l n  s o f t e n  t r a c k  n o i s e .
( j o u r n a l  a r t i c l e )  R a i l w a y  G az  I n t i  D e c  1 9 7 9 , 1 1 - 1 5
( 1 9 7 9 )

D a l i g a d u ,  D . ;  P o w e l l ,  J . K .
H o w a r d  P a r k  A r e a :  S t r e e t c a r  V i b r a t i o n  I n v e s t i g a t i o n - V a r i o u s
M e a s u r e m e n t  R e s u l t s .
( r e s e a r c h  memo) T o r o n t o  T r a n s i t  C o m m i s s i o n ,  T o r o n t o ,  O n t a r i o ,  

C a n a d a ,  # 4 9 8 / 4 8 9 A / 4 8 4  ( 1 9 7 8 )

S p l i t t g e r b e r , H.
U b e r  D i e  E r s c h u t t e r u n g s - I m m i s s i o n e n . . .  (On v i b r a t i o n  
i m m i s s i o n s  b y  r o a d  an d  r a i l  t r a f f i c . )
( j o u r n a l  a r t i c l e )  I n t i  V e r k e h r s w e s e n  2 7 : 5 , 2 4 5 - 2 4 8  [ i n

G e r m a n ]  ( 1 9 7 5 )

I s a e e v ,  I . K .
K o m p e n s a t s i y a  A k u s t i c h e s k o v o . . .  ( R e d u c t i o n  o f  a c o u s t i c  f i e l d  
c a u s e d  i n  s o i l  b y  r u n n i n g  r a i l w a y  t r a i n s . )
( j o u r n a l  a r t i c l e )  V e s t n i k  ( V n t t z t )  3 5 : 2 , 4 0 - 4 3  [ i n
R u s s i a n ]  ( 1 9 7 6 )

D o l l i n g ,  H . J .
D i e  A b s c h i r m u n g  v o n  E r s c h u t t e r u n g e n  D u r c h  B o d e n s c h l i t z e .  
( S h i e l d i n g  a g a i n s t  v i b r a t i o n s  b y  t r e n c h e s  i n  t h e  s o i l ,  P a r t  
1 .)
( j o u r n a l  a r t i c l e )  D i e  B a u t e c h n i k  5 , 1 5 1 - 1 5 8  [ i n  G e r m a n ]
( 1 9 7 0 )

K o n c h i n ,  G . G .
I s l e d o v a n i y e  K o l e b a n y i  G r u n t a . . .  ( V i b r a t i o n s  o n  s l o p e s  o f  
r a i l w a y  e m b a n k m e n t s . )
( j o u r n a l  a r t i c l e )  V e s t n i k  1 9 7 4 : 6 , 4 2 - 4 5  [ i n  R u s s i a n ]
( 1 9 7 4 )

K o n c h i n ,  G . G .
S p e k t r a l n y i  S o s t a w . . .  ( S p e c t r u m  o f  p r o p a g a t i n g  v i b r a t o n s  o n  
t r a c k  b e d  a n d  e m b a n k m e n t . )
( j o u r n a l  a r t i c l e )  V e s t n i k  1 9 7 7 : 4 , 3 9 - 4 3  [ i n  R u s s i a n ]
( 1 9 7 7 )



A - 1 6

A - 1 2 5

A - 1 2 6

A - 1 2 7

A - 1 2 8

A - 1 2 9

A - 1 3 0

A - 1 3 1

A - 1 3 2

A - 1 3 3

K a e s s ,  G.  ; S t r e t z , R .
S t a n d  D e r  E r p r o b u n g . . .  ( T h e  p r e s e n t  p o s i t i o n  a s  r e g a r d s  
e x p e r i e n c e  w i t h  e l a s t i c  m a t s  u n d e r  b a l l a s t . )
( j o u r n a l  a r t i c l e )  E i s e n b a h n t e c h n i s c h e  R u n d s h a u  2 8 , p p 6 7 1 - 6 8 0  
[ i n  G e rm an ]  ( 1 9 7 9 )

K e i m ,  D.
S y n t h e t i c  m a t e r i a l s  i n  t r a c k .
( j o u r n a l  a r t i c l e )  D e r  E i s e n b a h n  I n g e n i e u r ,  1 9 7 8 : F e b , 6 0 - 6 8 ;  
1 9 7 8 : M a r , 1 2 2 - 1 3 5  ( 1 9 7 8 )

B i r m a n n ,  F .
T r a c k  p a r a m e t e r s ,  s t a t i c  a n d  d y n a m i c .
( c o n f e r e n c e  p a p e r )  P r o c  I n s t  M e c h  Eng  1 8 0 : p a r t  3F 
( 1 9 6 5 )

M a k o w s k i , J ,
A n a l y s i s  o f  t h e  m a t h e m a t i c a l  m o d e l  o f  t h e  r a i l w a y  t r a c k  
f o r m a t i o n .
( j o u r n a l  a r t i c l e )  R a i l  I n t i  1 9 8 0 : M a r , 1 5 2 - 1 8 5  ( 1 9 8 0 )

F u n k e ,  H.
U n e b e n h e i t e n . . .  ( I r r e g u l a r i t i e s  o f  r a i l  t o p . ) .
( j o u r n a l  a r t i c l e )  S i g n a l  u n d  S c h i e n e ,  c i t a t i o n  u n c e r t a i n  
( d a t e  u n c e r t a i n )  . . .

K e i m ,  D.
T h e o r e t i s c h e  U n t e r s u c h u n g e n . . .  ( T h e o r e t i c a l  i n v e s t i g a t i o n s  o f  
n a t u r a l f r e q u e n c i e s  a n d  v i b r a t i o n  a m p l i t u d e s  o f  b a l l a s t l e s s  
t r a c k . ) .
( j o u r n a l  a r t i c l e )  E i s e n b a h n t e c h n i s c h e  R u n d s h a u  2 5 : 1 / 2 , 9 4 - 1 0 5  
[ i n  Germ.an] ( 1 9 7 6 )

B a r a b o c h i n ,  V . F . ;  L y s y u k ,  V . C .
U l u c h s h i n e n i y e . . .  ( I m p r o v e m e n t  o f  v i b r a t i o n  p r o p e r t i e s  o f  
t r a c k  w i t h  r e i n f o r c e d  c o n c r e t e  (RC) s l e e p e r s . ) .
( j o u r n a l  a r t i c l e )  V e s t n i k  1 9 8 0 : 1 , 4 8 - 5 1  [ i n  R u s s i a n ]
( 1 9 8 0 )

A n o n y m o u s
P a v e d  c o n c r e t e  r a i l  t r a c k  s y s t e m  f o r  v i b r a t i o n a l l v  s e n s i t i v e  
a r e a s  -  V IP A C T .
( r e p o r t )  B r i t i s h  R a i l  R e s e a r c h ,  M k - P u b - 6  ( d a t e  u n c e r t a i n )

A n o n y m o u s
T r a c k s  f o r  r a i l w a y s  i n  t u n n e l s .
( r e p o r t )  B r i t i s h  R a i l  R e s e a r c h ,  M r - P u b - 5  ( 1 9 7 9 )



A - 1 7

A - 1 3 4

A - 1 3 5

A - 1 3 6

A - 1 3 7

A - 1 3 8

A - 1 3 9

A - 1 4 0

A - 1 4 1

B a r a b o c h i n ,  V . F . ;  ANANEV, N . I .
V i b r a t s i i  P o d r e l s o v y k h . . .  ( V i b r a t i o n s  o f  s u p p o r t s  u n d e r  r a i l s  
a t  r a i l  j o i n t s . ) .
( j o u r n a l  a r t i c l e )  V e s t n i k  1 9 7 5 : 6 , 4 2 - 4 7  [ i n  R u s s i a n ]
( 1 9 7 5 )

R a q u e t ,  E . ;  T a c k e ,  G.
S o u n d  e m i s s i o n  o f  r a i l w a y  w h e e l s  a n d  t e s t s  o n  n o i s e - d a m p e d  
w h e e l s  f o r  l o n g  d i s t a n c e  a n d  l o c a l  r a i l  t r a f f i c .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t  6 t h  I n t e r n a t i o n a l  W h e e l  S e t  

C o n g r e s s ,  C h i c a g o ,  I L  ( 1 9 7 8 )

U n g a r ,  E . E . ;  B e n d e r ,  E . K .
G u i d e l i n e s  f o r  t h e  P r e l i m i n a r y  E s t i m a t i o n  o f  V i b r a t i o n s  a n d  
N o i s e  i n  B u i l d i n g s  N e a r  S u b w a y s .
( r e p o r t )  B o l t ,  B e r a n e k  & Newman,  I n c . ,  C a m b r i d g e ,  MA, BBN- 
2 5 0 0 B .  f o r :  New Y o r k  C i t y  T r a n s i t  A u t h o r i t y  ( 1 9 7 3 )

A n o n y m o u s  
V i b r a t i o n  S t u d y .
( r e p o r t )  a p p e n d i x  t o :  S t r u c t u r a l  D e s i g n  P r i n c i p l e s  o f  S t a t i o n  

B l o c k  F o u n d a t i o n s .  f o r :  L o w e  & R o d i n  C o n s u l t a n t s ,  L o n d o n ,  
U n i t e d  K i n g d o m .  a v a i l :  C r o w n  E s t a t e  C o m m i s s i o n e r s ,  L o n d o n  
( d a t e  u n c e r t a i n )

R u c k e r ,  W.
A u s w i r k u n g e n  v o n . . .  ( E f f e c t  o f  u n d e r g r o u n d  r a i l w a y  v i b r a t i o n s  
o n  p l a n n e d  b u i l d i n g s . ) .
( j o u r n a l  a r t i c l e )  D i e  B a u t e c h n i k  1 9 7 8 : 7 , 2 1 8 - 2 2 6  
[ i n  G e r m a n ]  ( 1 9 7 8 )

K e i m ,  D . ;  K o h l e r ,  K . A .
V e r b e s s e r u n g  d e s  S c h o t t e r o b e r b a u s  i n  T u n n e l n .  ( I m p r o v e d  
s e t t i n g s  f o r  b a l l a s t e d  t r a c k s  i n  t u n n e l s .
( j o u r n a l  a r t i c l e )  E i s e n b a h n t e c h n i s c h e  R u n d s h a u  5 9 , p p 5 4 5 - 5 4 8  
[ i n  G e r m a n ]  ( 1 9 7 8 )

L a t s c h ,  P .
Z u s a m m e n h a n g  S w i s c h e n . . .  ( R e l a t i o n  b e t w e e n  s t i f f n e s s  o f  t r a c k  
a n d  t h a t  o f  r a i l  s u p p o r t . ) .
( j o u r n a l  a r t i c l e )  E i s e n b a h n t e c h n i k  2 4 : 5 , 2 1 5 - 2 1 7  
[ i n  G e r m a n ]  ( 1 9 7 6 )

B e e r ,  R .  e t  a l
V e r t i c a l  c o n c u r r e n t  f o r c e s  b e t w e e n  w h e e l  a n d  r a i l  o n  c r o s s i n g  
r a i l  j o i n t s .
( j o u r n a l  a r t i c l e )  R a i l w a y  R e s  Eng N e w s ,  S e c  G,  T r a n s l a t i o n  

S e r i e s  7 9 / G / 3 ,  F e b  1 9 7 1 , p p 6 2 - 6 6 . a v a i l :  B u r e a u  
S p o o r w e g d o c u m e n t a t i e ,  I .  E i j s s e n s t r . ,  W i j n a n d s r a d e ,  L i m b u r g ,  
T h e  N e t h e r l a n d s  [ f r o m  Z h e l e z n o d .  T r a n s p . ]  ( 1 9 7 1 )
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A - 1 4 4

A - 1 4 5

A - 1 4 6

A - 1 4 7

A - 1 4 8

A - 1 4 9

A - 1 5 0

K o g a n ,  A .
C h a r a c t e r i s t i c  o s c i l l a t i o n s  a n d  s t a b i l i t y  o f  r a i l s .
( j o u r n a l  a r t i c l e )  R a i l w a y  R e s e a r c h  a n d  E n g i n e e r i n g  New, 
S e c t i o n  D,  T r a n s l a t i o n  S e r i e s  7 1 / D / 7 .  a v a i l :  B u r e a u  
S p o o r w e g d o c u m e n t a t i e ,  I .  E i j s s e n s t r ,  W i j n a n d s r a d e ,  L i m b u r g ,  
T h e  N e t h e r l a n d s  [ f r o m  V e s t n i k  T s n i i  ( s i c ) ]  ( 1 9 7 0 )

A l i a s ,  J .  e t  a l
T r a e t m e n t  o f  s u r f a c e  d e f e c t s  i n  r a i l s .
( j o u r n a l  a r t i c l e )  F r e n c h  R a i l w a y  T e c h n i q u e s  1 9 7 9 : 1 , 1 5 - 3 2  
( 1 9 7 9 )

G i r a r d ,  J .
E t u d e . . . p o u r  l a  c o n s t r u c t i o n  d e s  b a t i m e n t s . . . o u  r o u t i e r e .  
( S t u d y  o f  m e a s u r e s  f o r  c o n s t r u c t i o n  o f  b u i l d i n g s  n e a r  o r  
a b o v e  r a i l w a y s  o r  r o a d s . )
( j o u r n a l  a r t i c l e )  A p p l  A c o u s t  5 : 2 , 9 1 - 1 1 7  [ i n  f r e n c h ]  
( 1 9 7 2 )

K u c h l b a u e r ,  S .
E i s e n b a h n o b e r b a u . . .  ( R a i l w a y  t r a c k s  i n  t u n n e l s ) ,  
( j o u r n a l  a r t i c l e )  E i s e n b a h n i n g e n i e u r  1 9 7 8 , p p 5 1 2 - 5 2 0  
( 1 9 7 8 )

A n a n e v ,  N . I . ;  B a r a b o c h i n ,  V . F .
M e t o d o l o g i c h e s k i y e  O s n o v y . . .  ( M e t h o d o l o g i c a l  p r i n c i p l e s  o f  
i n v e s t i g a t i n g  t r a c k  v i b r a t i o n s . ) .
( j o u r n a l  a r t i c l e )  V e s t n i k  1 9 7 9 : 7 . 4 6 - 4 8  [ i n  R u s s i a n ]
( 1 9 7 9 )

R e i h e r ,  H . ;  v o n  S o d e n ,  D.
E i n f l u s s  v o n  E r s c h u t t e r u n g e n  a u f  G e b a u d e .  ( E f f e c t  o f  
v i b r a t i o n  o n  b u i l d i n g s . ) .
( f i r s t  e d i t i o n )  W e s t  D e u t s c h e r  V e r l a g  ( 1 9 6 1 )

A n o n y m o u s
B r i t i s h  R a i l w a y s  T e c h n i c a l  N o t e s  T S 2 ,  TNTS 22  a n d  T e c h n i c a l  
M e m o r a n d u m  TMTS 8 2 .
( r e p o r t )  B r i t i s h  R a i l w a y  R e s e a r c h  B o a r d  ( 1 9 7 4 )

G e r m a n  S t a n d a r d s  I n s t i t u t e .
M e s s u n g  v o n  S c h w i n g u n g s  E m m i s s i o n e n  ( M e a s u r e m e n t  o f  V i b r a t i o n  
E m i s s i o n s ) :  DIN 4 5 6 6 9 .
( d r a f t  DIN s t a n d a r d )  [ i n  G e r m a n ]  ( 1 9 7 9 )

D w e ,  B . ;  S a i l l e r ,  J . ;  H o f e r ,  J .
S c h i e n e n b a h n e n  T h e o r i e ,  V e r s u c h e  u n d . . .  ( B a l l a s t l e s s  r a i l w a y  
t r a c k  -  t h e o r y ,  t e s t s  a n d  e x p e r i e n c e s  w i t h  n e w  t r a c k
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c o n s t r u c t i o n s . ) .
( j o u r n a l  a r t i c l e )  V e r k e h r  und  T e c h n i k  6 9 : 9 4 p p  ( 1 9 7 9 )  
[ i n  G e r m a n ]  ( 1 9 7 9 )

H a n n e l i u s ,  L .  x
G r o u n d  V i b r a t i o n s  C a u s e d  b y  R a i l w a y s  -  T h e i r  I n f l u e n c e  o n
B u i l d i n g s  a n d  P e o p l e .
( a c a d e m i c  r e p o r t )  S w e d i s h  G e o t e c h n i c a l  I n s t i t u t e ,  r e p r i n t s  
a n d  p r e l i m i n a r y  r e p o r t  n o . 56  [ i n  S w e d i s h ]  ( 1 9 7 4 )

B e l z e r ,  H.W .
Z u r  B e u r t e i l u n g  Z e i t l i c h . . .  ( E v a l u a t i o n  o f  v a r y i n g  v i b r a t i o n  
e f f e c t  b y  m e a n s  o f  a n  e q u i v a l e n t  c o n t i n u o u s  v a l u e  ( e c v ) ) .  
( j o u r n a l  a r t i c l e )  VDI B e r i c h t e  2 8 4 , p p l 9 - 2 2  [ i n  G e r m a n ]
( 1 9 7 7 )

A n o n y m o u s
R e p o r t  o n  V i b r a t i o n  R e c o r d s  a t  L e y t o n s t o n e  H o u s e  H o s p i t a l ,  
( r e p o r t )  L o n d o n  T r a n s p o r t  I n t e r n a t i o n a l ,  d a t e d  F e b  2 4 ,  1 9 5 5  
( 1 9 5 5 )

V o l b e r g ,  G.
V o r s c h l a g e . . i U - B a h n  V e r k e h r .  ( S u g g e s t i o n s  f o r  e v a l u a t i o n  o f  
n o i s e  e m i s s i o n s  c a u s e d  b y  u n d e r g r o u n d  r a i l w a y s . ) .
( j o u r n a l  a r t i c l e )  VDI -  B e r i c h t e  2 8 4 , p p 3 3 - 3 5  [ i n  G e r m a n ]  
( 1 9 7 7 )

D e v a u x ,  A .
R e d u c t i o n  o f  n o i s e  a n d  v i b r a t i o n s  w h i c h  a f f e c t  b u i l d i n g s  
s t r u c t u r e s  c a u s e d  b y  t h e  p a s s a g e  o f  r a i l w a y  r o l l i n g  s t o c k ,  
( j o u r n a l  a r t i c l e )  B u l l  I n t i  R a i l  C o n g  A s s o c  4 6 : 1 2 , 7 1 7 / 1 -  
7 6 0 / 4 4  ( 1 9 6 9 )

S t u h l e r ,  W.
U b e r s i c h t . . .  ( R e v i e w  o f  p r o c e d u r e s  f o r  m e a s u r e m e n t  a n d  
a n a l y s i s  o f  m e c h a n i c a l  v i b r a t i o n s  i n  c o n n e c t i o n  w i t h . . . a n d  o n  
p e o p l e  i n  b u i l d i n g s )  .
( j o u r n a l  a r t i c l e )  VDI  -  B e r i c h t e  2 8 4 , p p 5 - l l  [ i n  G e r m a n ]
( 1 9 7 7 )

A n o n y m o u s
P r e l i m i n a r y  U n p u b l i s h e d  I n v e s t i g a t i o n s  b y  I n t e r n a t i o n a l  U n i o n  
o f  R a i l w a y s .
( r e p o r t )  O f f i c e  f o r  R e s e a r c h  a n d  E x p e r i m e n t s  ( O R E ) ,  U t r e c h t ,  

T h e  N e t h e r l a n d s  ( 1 9 7 9 )

B e n d e r ,  E . K . ;  K u r z e ,  U . J . ;  L e e ,  K . S . ;  U n g a r ,  E . E .  
P r e d i c t i o n s  o f  S u b w a y - I n d u c e d  N o i s e  a n d  V i b r a t i o n  i n  
B u i l d i n g s ,  P h a s e  1 .
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( r e p o r t )  B o l t ,  B e r a n e k  & N ew m an ,  I n c . ,  C a m b r i d g e ,  MA, BBN- 
1 8 2 3 .  f o r :  W a s h i n g t o n  M e t r o p o l i t a n  A r e a  T r a n s i t  A u t h o r i t y  
( 1 9 6 9 )

S a m a v e d a m ,  G . ; C r o s s ,  P .
R e v i e w  o f  V i b r a t i o n - I s o l a t i n g  T r a c k s  f o r  T u n n e l s .
( t e c h n i c a l  n o t e )  B r i t i s h  R a i l w a y s  B o a r d ,  R e s e a r c h  a n d  

D e v e l o p m e n t  D i v i s i o n ,  R a i l w a y  T e c h n i c a l  C e n t r e ,  D e r b y ,  U n i t e d  
K i n g d o m ,  T N - T S - 3 7  ( f i l e  2 6 1 - 2 0 2 - 3 7 )  ( 1 9 8 0 )

A l l e n ,  D . L .
YSNE N o i s e  a n d  V i b r a t i o n  I n v e s t i g a t i o n  P r o g r a m  -  S u b w a y  C a r  
V i b r a t i o n  S h a k e  T e s t  P r o g r a m .
( a c a d e m i c  r e p o r t )  U n i v e r s i t y  o f  T o r o n t o ,  D e p a r t m e n t  o f  

M e c h a n i c a l  E n g i n e e r i n g .  f o r :  T o r o n t o  T r a n s i t  C o m m i s s i o n  
( 1 9 7 5 )

S a u r e n m a n ,  H . J .
G r o u n d - B o r n e  N o i s e  a n d  V i b r a t i o n  S t u d y  -  T o r o n t o  T r a n s i t  
C o m m i s s i o n  Y o n g e  S u b w a y  N o r t h e r n  E x t e n s i o n .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t  9 2 n d  M e e t i n g  o f  t h e  

A c o u s t i c a l  S o c i e t y  o f  A m e r i c a ,  N o v e m b e r  1 9 7 6  ( 1 9 7 6 )

W i l s o n ,  G . P .
P r e l i m i n a r y  R e p o r t  o n  F l o a t a t i o n  S l a b  E v a l u a t i o n ,  
( p r e l i m i n a r y  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  I n c . , 

O a k l a n d ,  CA.  f o r :  D e L e u w ,  C a t h e r  & C o m p a n y ,  W a s h i n g t o n ,  DC 
[ p r o p r i e t a r y  i n f o r m a t i o n ]  ( 1 9 7 5 )

Dym, C . L .
A t t e n u a t i o n  o f  g r o u n d  v i b r a t i o n .
( j o u r n a l  a r t i c l e )  S o u n d  a n d  V i b r  1 0 : 4 , 3 2 - 3 4  ( 1 9 7 6 )

D e r h a m ,  C . J . ;  W o o t t o n ,  L . R . ;  L e a r o y d ,  S . B . B .
V i b r a t i o n  i s o l a t i o n  a n d  e a r t h q u a k e  p r o t e c t i o n  o f  b u i l d i n g s  b y  
n a t u r a l  r u b b e r  m o u n t i n g s .
( j o u r n a l  a r t i c l e )  NR T e c h n o l o g y  6 : 2 , 2 1 - 3 3  ( 1 9 7 5 )

H a s s e l m a n ,  T . K . ;  B r o n o w i c k i ,  A . ;  H a r t ,  G . C .
D y n a l i s t  I I - A  C o m p u t e r  P r o g r a m  f o r  S t a b i l i t y  an d  D y n a m i c  
R e s p o n s e  A n a l y s i s  o f  R i a l  V e h i c l e  S y s t e m s .
( f i n a l  r e p o r t )  J . H .  W i g g i n s  C o m p a n y .  f o r :  U . S .  DOT; F e d e r a l  
R a i l r o a d  A d m i n i s t r a t i o n ,  F R A - O R & D - 7 5 - 2 2 - 1 . a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  PB 2 5 6  0 4 6  ( 1 9 7 5 )

B r o n o w i c k i ,  A ;  H a s s e l m a n ,  TK.
D y n a l y s t  I I ,  A C o m p u t e r  P r o g r a m  f o r  S t a b i l i t y  a n d  D y n a m i c  
R e s p o n s e  A n a l y s i s  o f  R a i l  V e h i c l e  S y s t e m s ,  V o l  2 :  U s e r ^ s  
M a n u a l .
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( f i n a l  r e p o r t )  J . H .  W i g g i n s  C o m p a n y ,  R e d o n d o  B e a c h ,  C A ,  DOT- 
T S C - F R A - 7 4 - 1 4 . 2 .  f o r :  U . S .  DOT; F e d e r a l  R a i l r o a d  
A d m i n i s t r a t i o n ,  F R A - O R & D - 7 5 - 2 2 . 2 .  a v a i l :  U . S .  N a t i o n a l  
T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 2 5 7 - 7 3 3  ( 1 9 7 5 )

B r o n o w i c k i ,  A . ;  H a s s e l m a n ,  T . K .
D v n a l i s t  I I - A  C o m p u t e r  P r o g r a m  f o r  S t a b i l i t y  an d  D y n a m i c  
R e s p o n s e  A n a l y s i s  o f  R a i l  V e h i c l e  S y s t e m s .  V o l .  I l l :  
T e c h n i c a l  R e p o r t  A d d e n d u m .
( f i n a l  r e p o r t )  J . H .  W i g g i n s  C o m p a n y .  f o r :  U . S .  DOT; F e d e r a l  

R a i l r o a d  A d m i n i s t r a t i o n ,  F R A - O R & D - 7 5 - 2 2 . 3  a v a i l s  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  PB 2 5 8  1 9 3  ( 1 9 7 6 )

B r o n o w i c k i ,  A . ;  H a s s e l m a n ,  T . K .
D y n a l i s t  I I - A  C o m p u t e r  P r o g r a m  f o r  S t a b i l i t y  a n d  D y n a m i c  
R e s p o n s e  A n a l y s i s  o f  R a i l  V e h i c l e  S y s t e m s .
( f i n a l  r e p o r t )  J . H .  W i g g i n s  C o m p a n y .  f o r :  U . S .  DOT; F e d e r a l  

R a i l r o a d  A d m i n i s t r a t i o n ,  F R A - O R & D - 7 5 - 2 2 . 4  a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  PB 2 5 8  1 9 4  ( 1 9 7 6 )

P e r l m a n ,  A . B . ;  D i M a s i ,  F . P .
F r e q u e n c y  D o m a i n  C o m p u t e r  P r o g r a m s  f o r  P r e d i c t i o n  a n d  
A n a l y s i s  o f  R a i l  V e h i c l e  D y n a m i c s ;  V o l  1 :  T e c h n i c a l  R e p o r t ,  
( f i n a l  r e p o r t )  U . S .  DOT; T r a n s p o r t a t i o n  S y s t e m s  C e n t e r ,  

C a m b r i d g e ,  MA, D O T - T S C - F R A - 7 5 - 1 6 . 1 .  f o r :  U . S .  DOT; F e d e r a l  
R a i l r o a d  A d m i n i s t r a t i o n .  F R A - O R & D - 7 6 - 1 3 5 . 1 ,  a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 2 5 9 - 2 8 7  ( 1 9 7 5 )

P e r l m a n ,  A . B . ;  D i M a s i ,  F . P .
F r e q u e n c y  D o m a i n  C o m p u t e r  P r o g r a m s  f o r  P r e d i c t i o n  a n d  
A n a l y s i s  o f  R a i l  V e h i c l e  D y n a m i c s ;  V o l  2 :  A p p e n d i c e s .
( f i n a l  r e p o r t )  U . S .  DOT; T r a n s p o r t a t i o n  S y s t e m s  C e n t e r ,  DOT' 

T S C - F R A - 7 5 - 1 6 . 2 .  f o r :  U . S .  DOT; F e d e r a l  R a i l r o a d  
A d m i n i s t r a t i o n ,  F R A - O R & D - 7 6 - 1 3 5 . 2 .  a v a i l :  U . S .  N a t i o n a l  
T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 2 5 9 - 2 8 8  ( 1 9 7 5 )

W r i g h t ,  A . T .
BART T r u c k  S h o c k  L o a d i n g  T e s t .
( r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  O a k l a n d ,  CA.  f o r :  
P a r s o n s - B r i n k e r h o f f - T u d o r - B e c h t e l ,  S a n  F r a n c i s c o ,  CA 
( 1 9 7 4 )

P a r s o n  B r i n c k e r h o f f - T u d o r , B e c h t e l
S a n  F r a n c i s c o  B a y  A r e a  R a p i d  T r a n s i t  D i s t r i c t  D e m o n s t r a t i o n s  
P r o j e c t - T e c h n i c a l  R e p o r t  N um ber  8 - A c o u s t i c  S t u d i e s .

( f i n a l  r e p o r t )  P a r s o n s - B r i n k e r h o f f - T u d o r - B e c h t e l .  f o r :  S a n  
F r a n c i s c o  B a y  A r e a  R a p i d  T r a n s i t  D i s t r i c t  ( 1 9 6 8 )

W i l s o n ,  G . P .
S u b w a y  P l a t f o r m  V i b r a t i o n  L e v e l s .
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( l e t t e r  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  I n c . , O a k l a n d ,  
CA.  f o r :  P a r s o n s - B r i n k e r h o f f - T u d o r - B e c h t e l ,  S a n  F r a n c i s c o ,  
CA [ p r o p r i e t a r y  i n f o r m a t i o n ]  ( 1 9 7 2 )

W i l s o n ,  G . P .
P r i m a r y  S t i f f n e s s  R e s o n a n c e .
( l e t t e r  r e p o r t )  W i l s o n ,  I h r i g  & A s s o c i a t e s ,  I n c . ,  O a k l a n d ,  

CA.  f o r :  P a r s o n s - B r i n k e r h o f f - T u d o r - B e c h t e l  [ p r o p r i e t a r y  
i n f o r m a t i o n ]  ( 1 9 7 8 )

A - 1 7 5 C a r l s o n ,  N . ; K e e v i l ,  W . R .  ( e d s ) .
C h i c a g o ' s  R a p i d  T r a n s i t ,  V o l  I I :  R o l l i n g  S t o c k / 1 9 4 7 - 1 9 7 6 . 
( r e p o r t )  C e n t r a l  E l e c t r i c  R a i l f a n s  A s s o c i a t i o n ,  B u l l e t i n  1 1 5  
( 1 9 7 6 )

A - 1 7 6 D o n l o p  P o l y m e r ,  E n g i n e e r i n g  D i v i s i o n  
P a t e n t  A p p l i c a t i o n  f o r  ' M e t a l a s t i c '  F a s t e n e r .
( p r o p o s a l )  D o n l o p  P o l y m e r ,  E n g i n e e r i n g  D i v i s i o n .  R e p o r t  N o .  

A 364  ( 1 9 8 0 )

A - 1 7 7 L a w r e n c e ,  S . T .  '
TTC-LRT T r a c k b e d  s t u d i e s ,  g r o u n d b o r n e  v i b r a t i o n  t e s t i n g ,  
m e a s u r e m e n t  and  e v a l u a t i o n  p r o g r a m .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t  APTA R a i l  T r a n s i t  C o n f e r e n c e ,  
San  F r a n c i s c o ,  CA ( 1 9 8 0 )

A - 1 7 8 R e i h e r ,  H . ;  M e i s t e r ,  F . H .
D i e  e m p f i n d l i c h k e i t  d e r  M e n s c h e n  g e g e n  E r s h u t t e r u n g e n .  
( j o u r n a l  a r t i c l e )  F o r s c h u n g s  G e b i e t e  I n g e n i e u r w e s e n ,  
2 : 1 1 , 3 8 1 - 3 8 6  [ i n  G e rm an ]  ( 1 9 3 1 )

A - 1 7 9 D i e c k m a n n ,  D.
S t u d y  o f  t h e  i n f l u e n c e  o f  v i b r a t i o n  o n  man.  
( j o u r n a l  a r t i c l e )  E r g o n o m i c s ,  1 : 4 , 3 4 7 - 3 5 5  ( 1 9 5 8 )

A - 1 8 0 M iw a ,  T .
E v a l u a t i o n  m e t h o d s  f o r  v i b r a t i o n  e f f e c t s  P a r t  1 :  m e a s u r e m e n t  
o f  t h r e s h o l d  c o n t o u r s  o f  w h o l e - b o d y  f o r  v e r t i c a l  an d  
h o r i z o n t a l  v i b r a t i o n s .
( j o u r n a l  a r t i c l e )  I n d u s t  H e a l t h  5 , 1 8 3 - 2 0 5  ( 1 9 6 7 )

A - 1 8 1 I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
G u i d e  t o  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  W h o l e - B o d y  
V i b r a t i o n  [ I S O - 2 3 6 1 - 1 9 7 8  ( E ) ] .
( a p p r o v e d  s t a n d a r d )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S O - 2 3 6 1 - 1 9 7 8  (E)  ( 1 9 7 8 )

A - 1 8 2 A m e r i c a n  N a t i o n a l  S t a n d a r d s  I n s t i t u t e .
G u i d e  t o  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  V i b r a t i o n  i n  
B u i l d i n g s .
( d r a f t  amer s t a n d a r d )  A m e r i c a n  N a t i o n a l  S t a n d a r d s  I n s t i t u t e ,  

New Y o r k ,  NY,  A N S I - S 3 . 2 9 - 1 9 8 X  ( 1 9 8 1 )



A - 2  3

A - 1 8 3

A - 1 8 4

A - 1 8 5

A - 1 8 6

A - 1 8 7

A - 1 8 8

A - 1 8 9

A - 1 9 0

A - 1 9 1

Dym, C . L . ;  G u t o w s k i ,  T . G .
I n t e r s t a t e  3A S y s t e m  f o r  B a l t i m o r e  C i t y ;  A s s e s s m e n t  o f  
T r a f f i c - I n d u c e d  G r o u n d  V i b r a t i o n .
( r e p o r t )  B o l t ,  B e r a n e k  & Newman ,  I n c . ,  C a m b r i d g e ,  MA, BBN- 
3 0 7 6  ( 1 9 7 5 )

G e r m a n  S t a n d a r d s  I n s t i t u t e .
DIN 4 0 2 5 .
( s t a n d a r d )  ( 1 9 5 8 )

G e r m a n  S t a n d a r d s  I n s t i t u t e .
V i b r a t i o n s  i n  B u i l d i n g  C o n s t r u c t i o n ;  D r a f t  R e v i s i o n ,  
( s t a n d a r d  d r a f t  r e v i s i o n )  G e r m a n  S t a n d a r d s  I n s t i t u t e ,  D I N -  
4 1 5 0 ;  B S I  t r a n s l  7 1 / 3 2 7 6  ( 1 9 7 1 )

G e r m a n  S t a n d a r d s  I n s t i t u t e .
V i b r a t i o n s  i n  B u i l d i n g s ,  P a r t  2 ;  I n f l u e n c e  o n  P e r s o n s  i n  
B u i l d i n g s .
( i n t i  s t a n d a r d )  G e rm an  S t a n d a r d s  I n s t i t u t e ,  D I N - 4 1 5 0 : P a r t  2 
( 1 9 7 5 )

B r i t i s h  S t a n d a r d s  I n s t i t u t i o n .
D e v e l o p m e n t  G u i d e  t o  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  
W h o l e - B o d y  V i b r a t i o n ;  D r a f t .
( s t a n d a r d s  d i s c u s s i o n )  B r i t i s h  S t a n d a r d s  I n s t i t u t i o n ,  B S I - D D -  
3 2  ( 1 9 7 4 )

A m e r i c a n  N a t i o n a l  S t a n d a r d s  I n s t i t u t e .  ,
G u i d e  f o r  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  W h o l e - B o d y  
V i b r a t i o n .
( s t a n d a r d )  A m e r i c a n  N a t i o n a l  S t a n d a r d s  I n s t i t u t e ,  New Y o r k ,  

N Y,  A N S I - S 3 . 1 8 - 1 9 7 9  ( 1 9 7 9 )

I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
G u i d e  f o r  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  W h o l e - B o d y  
V i b r a t i o n ,  A m e n d m e n t  1 .
( s t a n d a r d  a m e n d m e n t )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S 0 - 2 6 3 1 ; D A M I - 1 9 8 0
( 1 9 8 0 )

I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
G u i d e  f o r  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  V i b r a t i o n  a n d  
S h o c k  i n  B u i l d i n g s ;  A d d e n d u m  1 :  A c c e p t a b l e  M a g n i t u d e s  o f  
V i b r a t i o n .
( s t a n d a r d  a d d e n d u m )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S O - 2 6 3 1 : D A D 1 - 1 9 8 0  
( 1 9 8 0 )

I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
G u i d e  f o r  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  W h o l e - B o d y



A -  2 4

A - 1 9  2

A - 1 9  3

A - 19  4 

A - 1 9 5

A - 1 9 6

A - 1 9 7

A - 1 9 8

A - 1 9 9

A - 2 0 0

A - 2 0 1

V i b r a t i o n ;  A d d e n d u m  2 :  E v a l u a t i o n  o f  E x p o s u r e  t o  Z - A x i s  
V e r t i c a l  V i b r  a t  0 . 1  -  1 . 0  HZ.
( s t a n d a r d  a d d e n d u m )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S O - 2 6 3 1 : D A D 2 - 1 9 8 0  
( 1 9 8 0 )

M c K a y ,  J . R .
Human R e s p o n s e  t o  V i b r a t i o n :  Some S t u d i e s  o f  P e r c e p t i o n  a n d  
S t a r t l e .
(PhD t h e s i s )  U n i v e r s i t y  o f  S o u t h a m p t o n ,  S o u t h a m p t o n ,  U n i t e d  

K i n g d o m  ( 1 9 7 2 )

G r i f f i n ,  M . J .
Human R e s p o n s e  t o  V i b r a t i o n .
( a c a d e m i c  c o u r s e  n o t e s )  U n i v e r s i t y  o f  S o u t h a m p t o n ,  
S o u t h a m p t o n ,  U n i t e d  K i n g d o m  ( 1 9 8 0 )

W i l s o n ,  I h r i g  & A s s o c i a t e s .
U n - p u b l i s h e d  i n t e r n a l  d a t a - .

G r e a t e r  L o n d o n  C o u n c i l .
G u i d e l i n e s  f o r  E n v i r o n m e n t a l  N o i s e  an d  V i b r a t i o n .
( r e p o r t )  G r e a t e r  L o n d o n  C o u n c i l ,  L o n d o n ,  E n g l a n d ,  B u l l e t i n  
# 9 6 :  2nd  s e r i e s  ( 1 9 7 6 )

P a r i s i a n  T r a n s p o r t  B o a r d .
P r o v i s i o n a l  T e s t  C o d e  f o r  t h e  M e a s u r e m e n t  o f  V i b r a t i o n s  i n  
M e t r o p o l i t a n  R a i l w a y  V e h i c l e s .
( r e p o r t )  P a r i s i a n  T r a n s p o r t  B o a r d ,  P a r i s ,  F r a n c e ,  T T - 7 3 - 6 3 2 6  
( 1 9 7 4 )

A m e r i c a n  P u b l i c  T r a n s i t  A s s o c i a t i o n .
G u i d e l i n e s  f o r  t h e  D e s i g n  o f  R a p i d  T r a n s i t  F a c i l i t i e s ,  
( r e p o r t )  A m e r i c a n  P u b l i c  T r a n s i t  A s s o c i a t i o n  ( 1 9 7 9 )

N i c h o l s ,  H . R . ;  J o h n s o n ,  C . F . ;  D u v a l l ,  W . I .
B l a s t i n g  v i b r a t i o n s  a n d  t h e i r  e f f e c t  o n  s t r u c t u r e s .
( j o u r n a l  a r t i c l e )  B u r e a u  o f  M i n e s  B u l l e t i n ,  # 6 5 6  
( 1 9 7 1 )

W i s s ,  J . F .
D am ag e  e f f e c t s  o f  p i l e - d r i v i n g  o p e r a t i o n s .
( j o u r n a l  a r t i c l e )  H i g h w a y  R e s e a r c h  R e c o r d ,  # 1 5 5  ( 1 9 6 7 )

W h i f f i n ,  A . C . ; L e o n a r d ,  D . R .
S u r v e y  o f  T r a f f i c - I n d u c e d  V i b r a t i o n s .
( r e p o r t )  T r a n s p o r t  a n d  R o a d  R e s e a r c h  L a b o r a t o r y ,  C r o w t h o r n e ,  

B e r k s ,  E n g l a n d ,  L R - 4 1 8  ( 1 9 7 1 )

C a u t h e n ,  L . J .
E f f e c t s  o f  s e i s m i c  w a v e s  o n  s t r u c t u r e s  a n d  o t h e r  f a c i l i t i e s ,  
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t :  T h o r d  P l o w s h a r e  S y m p o s i u m ,  

D a v i s ,  CA ( 1 9 6 4 )



A - 2  5

A - 2 0  2

A - 20 3

A - 20 4

A - 20 5

A - 20 6

A - 20 7

A - 20 8

A - 2 0 9

T h o e n e n ,  J . R . ;  W i n d e s ,  S . L .
S e i s m i c  e f f e c t s  o f  Q u a r r y  B l a s t i n g .
( j o u r n a l  a r t i c l e )  B u r e a u  o f  M i n e s  B u l l e t i n ,  # 4 4 2  
( 1 9 4 2 )

G u t o w s k i ,  T . G . ;  W i t t i g ,  L . E . ;  Dym, C . L .
A s s e s s m e n t  o f  G r o u n d - B o r n e  V i b r a t i o n  f r o m  C o n s t r u c t i o n  a n d  
T r a f f i c  f o r  1 - 8 3  i n  B a l t i m o r e  C i t y .
( r e p o r t )  B o l t ,  B e r a n e k  & Newman,  I n c . ,  C a m b r i d g e ,  MA, BBN- 
3 4 6 6  ( 1 9 7 7 )

P a o l i l l o ,  A .
S u i t a b i l i t y  o f  e x i s t i n g  v i b r a t i o n  c r i t e r i a  f o r  r a p i d  t r a n s i t  
s y s t e m s .
( c o n f e r e n c e  p a p e r )  p r e s e n t e d  a t :  A n n u a l  m e e t i n g  o f  t h e  

A c o u s t i c a l  S o c i e t y  o f  A m e r i c a ,  A t l a n t a ,  GA ( 1 9 8 0 )

I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
S t r u c t u r a l  D am ag e  f r o m  B u i l d i n g  V i b r a t i o n .
( d r a f t  s t a n d a r d )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S 0 / T C - 1 0 8 / S C - 2 / W G 3  
( 1 9 7 4 )

U n g a r ,  E . E . ;  K u r z w e i l ,  L . G .
M e a n s  f o r  t h e  r e d u c t i o n  o f  n o i s e  t r a n s m i t t e d  f r o m  s u b w a y s  t o  
n e a r b y  b u i l d i n g s .
( j o u r n a l  a r t i c l e )  S h o c k  & V i b r  D i g e s t  1 2 : 1 , 2 - 1 2  
( 1 9 8 0 )

C r o c k e t t ,  J . T . A .
T r a f f i c  v i b r a t i o n  d a m a g e  i n  m e d i e v a l  c a t h e d r a l s .
( c o n f e r e n c e  p a p e r )  i n :  P r o c e e d i n g s  o f  RILEM: V o l  1 .  B u d a p e s t ,  

H u n g a r y ,  ( p u b l i s h e r  u n k n o w n )  ( 1 9 6 3 )

I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n .
G u i d e  t o  t h e  E v a l u a t i o n  o f  Human E x p o s u r e  t o  V i b r a t i o n  a n d  
S h o c k  i n  B u i l d i n g s ;  A d d e n d u m  1 :  A c c e p t a b l e  M a g n i t u d e s  o f  
V i b r a t i o n .
( i n t i  s t a n d a r d  d r a f t  a d d )  I n t e r n a t i o n a l  O r g a n i z a t i o n  f o r  
S t a n d a r d i z a t i o n ,  S w i t z e r l a n d ,  I S O - 2 6 3 1 - D A D 1  ( 1 9 7 8 )

M a r t i n ,  D . J . ;  N e l s o n ,  P . M . ; H i l l ,  R . C .
M e a s u r e m e n t  a n d  A n a l y s i s  o f  T r a f f i c  I n d u c e d  V i b r a t i o n  i n  
B u i l d i n g s .
( r e p o r t )  T r a n s p o r t  a n d  R o a d  R e s e a r c h  L a b o r a t o r y ,  C r o w t h o r n e ,  

B e r k s ,  E n g l a n d ,  T R R L - S u p p l e m e n t a r y - 4 0 2 . a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 2 9 7 - 3 3 6 / 2 G A  
( 1 9 7 8 )



A - 2  6

A - 2 1 0 M a r t i n ,  D . J .
Low F r e q u e n c y  T r a f f i c  N o i s e  a n d  B u i l d i n g  V i b r a t i o n .
( r e p o r t )  T r a n s p o r t  a n d  R o a d  R e s e a r c h  L a b o r a t o r y ,  C r o w t h o r n e ,  

B e r k s ,  E n g l a n d ,  T R R L - S u p p l e m e n t a r y - 4 2 9 . a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 3 0 1 - 0 3 7 / 8 G A  
( 1 9 7 8 )

A - 2 1 1 W i l s o n ,  S . S . ;  N o r t h w o o d ,  T . D . ;  W e b s t e r ,  F . W . J .  
S t a n d a r d s  o f  A c c e p t a b l e  R a i l w a y  N o i s e  a n d  V i b r a t i o n  
A p p l i c a b l e  t o  New R e s i d e n t i a l  D e v e l o p m e n t s  A s j a c e n t  t o  
R a i l w a y s .
( r e p o r t )  S . S .  W i l s o n  & A s s o c i a t e s ,  D o w n s v i e w ,  O n t a r i o ,  
# W 8 0 - 2 0 8 - 9 .  f o r :  O n t a r i o  M i n i s t r y  o f  H o u s i n g ,  T o r o n t o ,  
O n t a r i o ,  C a n a d a  ( 1 9 8 1 )

B - 0 0 1 O m a t a ,  S .  M o r i t a ,  S .
H o r i z o n t a l  r e s o n a n c e  f r e q u e n c i e s  o f  v i b r a t i o n  p i c k - u p  o n  s o i l  
s u r f a c e s .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  A m er  6 6 : 4 , 9 6 5 - 9 7 5  
( 1 9 7 9 )

B - 0 0 2 H a m i l t o n ,  E . L .
V p  o v e r  v s  a n d  p o i s s o n ' s  r a t i o s  i n  m a r i n e  s e d i m e n t s  a n d  
r o c k s .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  A m er  6 6 : 4 , 1 0 9 3 - 1 1 0 1  
( 1 9 7 9 )

B - 0 0 3 P r a n g e ,  B . ( e d )
D y n a m i c  R e p o n g e  a n d  W a v e  P r o p a g a t i o n  i n  S o i l s .
( f i r s t  e d i t i o n )  D y n a m i c a l  M e t h o d s  i n  S o i l  a n d  R o c k  M e c h a n i c s :  

V o l  1 .  A . A .  B a l k e m a ,  R o t t e r d a m  ( 1 9 7 8 )

B - 0 0 4 R i c h a r t ,  F . E . ( j r )  ; H a l l ,  J . R . ( j r )
V i b r a t i o n  o f  S o i l s  a n d  F o u n d a t i o n s .
( f i r s t  e d i t i o n )  P r e n t i c e - H a l l ,  I n c . ,  E n g l e w o o d  C l i f f s ,  NJ 
( 1 9 7 0 )

B - 0 0 5 K a m p e rm a n ,  G . W . ; N i c h o l s o n ,  M . A .
T r a n s f e r  F u n c t i o n  o f  Q u a r r y  B l a s t  N o i s e  a n d  V i b r a t i o n  i n t o  
T y p i c a l  R e s i d e n t i a l  S t r u c t u r e s .
( f i n a l  r e p o r t )  K am perm an  a n d  A s s o c i a t e s ,  D o w n e r s  G r o v e ,  I L .  
f o r :  U . S .  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y ,  E P A - 5 5 0 / 9 - 7 7 - 3 5 1 .  
a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 2 8 8 -  
8 9 2  ( 1 9 7 7 )

B - 0 0 6 B e l t z e r ,  A . I .
T h e  i n f l u e n c e  o f  p o r o s i t y  o n  v i b r a t i o n s  o f  e l a s t i c  s o l i d s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 3 : 4 , 4 9 1 - 4 9 8  ( 1 9 7 9 )



A - 2 1

B - 0 0 7 New, B .M .
E f f e c t s  o f  G r o u n d  V i b r a t i o n  D u r i n g  B e n t o n i t e  S h i e l d  T u n n e l i n g  
a t  W a r r i n g t o n .
( l a b o r a t o r y  r e p o r t )  T r a n s p o r t  and R o a d  R e s e a r c h  L a b o r a t o r y .  

D e p a r t m e n t  o f  t h e  E n v i r o n m e n t ,  C r o w t h o r n e ,  B e r k s ,  U n i t e d  
K i n g d o m ,  TRRL 860  ( 1 9 7 8 )

B - 0 0 8 B a r k a n ,  D .D .
D y n a m i c s  o f  B a s e s  and F o u n d a t i o n s ,  ( t r a n s l a t e d  b y  L .  
D r a s h e n s k a )
( f i r s t  e d i t i o n )  M c G r a w - H i l l  B o o k  C o m p a n y ,  I n c . , New Y o r k ,  NY 
( 1 9 6 2 )

B - 0 0 9 B e l t z e r ,  A . I .
The  i n f l u e n c e  o f  ran dom  p o r o s i t y  o n  e l a s t i c  w a v e  p r o p a g a t i o n ,  
( j o u r n a l  a r t i c l e )  J  Sound V i b r  5 8 : 2 , 2 5 1 - 2 5 6  ( 1 9 7 8 )

B - 0 1 0 M e l k e ,  J .
A u s b r e i t u n g  T e c h n i s c h  E r r e g t e r  E r s c h u t t e r u n g e n . . . ( S p r e a d  o f  
t e c h n i c a l l y  i n d u c e d  v i b r a t i o n s . . .  p r e d i c t i o n  f o r  p r o t e c t i o n  
a g a i n s t  i m m i s s i o n )
( j o u r n a l  a r t i c l e )  VDI -  B e r i c h t e  2 8 4 , p p 8 9 - 9 6  [ i n  German]  
( 1 9 7 7 )

B - O l l N e l s o n ,  I . ;  B a r o n ,  M . L . ;  S a n d l e r ,  I .
M a t h e m a t i c a l  m o d e l s  f o r  g e o l o g i c a l  m a t e r i a l s  f o r  w ave  
p r o p a g a t i o n  s t u d i e s .
( p a p e r  i n  m o n o g r a p h )  i n :  S h o c k  W aves  and t h e  M e c h a n i c a l  
P r o p e r t i e s  o f  S o l i d s .  J . J .  B u r k e  ( e d ) . S y r a c u s e  U n i v e r s i t y  
P r e s s ,  S y r a c u s e ,  NY ( 1 9 7 1 )

B - 0 1 2 D a w a n c e ,  M.G.
M e a s u r e m e n t s  and e f f e c t s  o f  v i b r a t i o n s  i n  i n h a b i t e d  and 
i n d u s t r i a l  b u i l d i n g s .
( j o u r n a l  a r t i c l e )  A n n a l e  d e  L " I n s t i t u t e  T e c h n i q u e  du B a t i m e n t  
e t  d e s  T r a v a u x  P u b l i c s ,  n o .  1 1 5 / 1 1 6  [ i n  F r e n c h ]  ( 1 9 5 7 )

B - 0 1 3 New, B .M . '
U l t r a s o n i c  Wave P r o p a g a t i o n  i n  D i s c o n t i n u o u s  R o c k .
( r e p o r t )  T r a n s p o r t  and Road  R e s e a r c h  L a b o r a t o r y .  D e p a r t m e n t  
o f  t h e  E n v i r o n m e n t ,  C r o w t h o r n e ,  B e r k s ,  U n i t e d  K i n g d o m ,  TRRL 
r e p o r t  # 7 2 0  ( 1 9 7 6 )

B - 0 1 4 E l l i s ,  B . R .
A s t u d y  o f  d y n a m i c  s o i l - s t r u c t u r e  i n t e r a c t i o n ,  
( j o u r n a l  a r t i c l e )  P r o c  I n s t  C i v  Eng p a r t  2 , p p 7 7 1 - 7 8 3  
( 1 9 7 9 )

B - 0 1 5 G r o s s m a y e r ,  R . ; R a m m e r s t o r f e r , F . G . , ;  Z i e g l e r ,  F .  
U n t e r s u c h u n g  d e s  V e r h a l t e n s  v o n  B a u w e r k e n . . . .  ( I n v e s t i g a t i o n  
o f  B e h a v i o r  o f  B u i l d i n g s  d u r i n g  E a r t h q u a k e s - M o d e l  t e s t s ) . 
( j o u r n a l  a r t i c l e )  O e s t e r r e i c h i s c h e  I n g e n i e u r  -  Z e i t s c h r i f t ,  
1 9 7 9 : 1 , 1 5 - 2 2  [ i n  German] ( 1 9 7 9 )



A - 2  8

B - 0 1 6 A n o n y m o u s
I n t e r n a t i o n a l  S y m p o s i u m  o n  S o i l / S t r u c t u r e  I n t e r a c t i o n ,  
( c o l l e c t e d  p r o c e e d i n g s )  P r o c e e d i n g s  o f  S y m p o s i u m  a t  

U n i v e r s i t y  o f  R o o r k e e ,  S a r i t a  P r a k a s h a n ,  M e e m t ,  I n d i a  
( 1 9 7 7 )

B - 0 1 7 S r i n i v a s u l u ,  P . ;  V a i d y a n a t h a n ,  C . V .
H a n d b o o k  o f  M a c h i n e  F o u n d a t i o n s .
( f i r s t  e d i t i o n )  M c G r a w - H i l l  P u b l i s h i n g  C o . ,  L t d . ,  New D e h l i ,  
I n d i a  ( 1 9 7 6 )

B - 0 1 8 B r e b b i a ,  C . A . ;  T o t t e n h a m ,  H . ;  W a r b u r t o n ,  G . B . ;  W i l s o n ,  J . ;  
W i l s o n ,  R
V i b r a t i o n s  o f  E n g i n e e r i n g  S t r u c t u r e s .
( f i r s t  e d i t i o n )  C o m p u t a t i o n a l  M e c h a n i c s ,  L t d . ,  S o u t h a m p t o n ,  

U n i t e d  K i n g d o m  ( 1 9 7 6 )

B - 0 1 9 M a r t i n ,  D . M . ; N e l s o n ,  P . M . ; H i l l ,  R . C .
M e a s u r e m e n t  an d  A n a l y s i s  o f  T r a f f i c - I n d u c e d  V i b r a t i o n s  o n  
B u i l d i n g s .  & Low F r e q u e n c y  T r a f f i c  N o i s e  a n d  B u i l d i n g  
V i b r a t i o n .
( r e p o r t )  T r a n s p o r t  a n d  R o a d  R e s e a r c h  L a b o r a t o r y .  D e p a r t m e n t  

o f  t h e  E n v i r o n m e n t ,  C o r w t h o r n e ,  B e r k s ,  U n i t e d  K i n g d o m ,  S u p p l  
r e p o r t s  4 0 2  an d  4 2 9  ( 1 9 7 8 )

B - 0 2 0 G a s h ,  R . ; K l i p p e l ,  P .
E v a l u a t i o n  o f  d y n a m i c  s t r e s s e s  i n  b u i l d i n g  f l o o r s  a n d  o t h e r  
b u i l d i n g  c o m p o n e n t s  u n d e r  a c t i o n  o f  e x p l o s i v e  b l a s t s  a n d  
i m p a c t  l o a d s .
( j o u r n a l  a r t i c l e )  D i e  B a u t e c h n i k ,  1 9 7 6 : 1 1 , 3 7 9 - 3 8 7  & 
1 9 7 6 : 2 , 4 1 7 - 4 2 1  ( 1 9 7 6 )

B - 0 2 1 S p l i t t b e r g e r , H.
E f f e c t s  o f  v i b r a t i o n s  o n  b u i l d i n g s  a n d  o n  o c c u p a n t s  o f  
b u i l d i n g s .
( c o n f e r e n c e  p a p e r )  i n :  P r o c e e d i n g s  o f  S y m p o s i u m  o n  
I n s t r u m e n t a t i o n  f o r  G r o u n d  V i b r a t i o n  a n d  E a r t h q u a k e s ,  L o n d o n ,  
p p l 4 7 - 1 5 2 .  I n s t i t u t i o n  o f  C i v i l  E n g i n e e r s ,  L o n d o n ,  U n i t e d  
K i n g d o m  ( 1 9 7 8 )

B - 0 2 2 R e d p a t h ,  B . B .
S e i s m i c  R e f r a c t i o n  E x p l o r a t i o n  f o r  E n g i n e e r i n g  S i t e  
I n v e s t i g a t i o n s .
( r e p o r t )  E x p l o s i v e  E x c a v a t i o n  R e s e a r c h  L a b o r a t o r y ,  L i v e r m o r e ,  

C A ,  d a t e d  May 1 9 7 3  ( 1 9 7 3 )

B - 0 2 3 C r i c e ,  D.
S h e a r  W a v e s  -  T e c h n i q u e s  a n d  S y s t e m s .
( t r a d e  r e p o r t )  G e o m e t r i c  N i m b u s ,  S u n n y v a l e ,  CA ( d a t e  u n c e r t a i n )



A - 2  9

B - 0 2 4

B - 0 2 5

B - 0 2 6

B - 0 2 7

B - 0 2 8

B - 0 2 9

B - 0 3 0

B - 0 3 1

B - 0 3 2

B - 0 3 3

C l o u g h ,  R . W . ; P e n z i e n ,  J .
D y n a m i c s  o f  S t r u c t u r e s .
( f i r s t  e d i t i o n )  M c G r a w - H i l l  B o o k  C o m p a n y ,  New Y o r k ,  NY 
( 1 9 7 5 )

W i n k l e r ;  N u r
P o r e  F l u i d  a n d  S e i s m i c  A t t e n u a t i o n  i n  R o c k s ,  
( j o u r n a l  a r t i c l e )  G e o p h y s  R e s  L e t t e r s  6 : 1  ( 1 9 7 9 )

J o h n s t o n ;  T o k s o y
U l t r a s o n i c  P a n d  S w a v e  a t t e n u a t i o n  i n  d r y  a n d  s a t u r a t e d  
r o c k s  u n d e r  p r e s s u r e .
( j o u r n a l  a r t i c l e )  J  G e o p h y  R e s  85  ( 1 9 8 0 )

A n o n y m o u s
H a n d b o o k  o f  P h y s i c a l  C o n s t a n t s .  M e m o i r  9 7 .
( f i r s t  e d i t i o n )  G e o l o g i c a l  S o c i e t y  o f  A m e r i c a  ( 1 9 6 6 )

O ^ C o n n e l l ;  B u d i a n s k i i
V i s c o e l a s t i c  p r o p e r t i e s  o f  f l u i d  s a t u r a t e d  c r a c k e d  s o l i d s ,  
( j o u r n a l  a r t i c l e )  J  G e o p h y s  R e s  82  ( 1 9 7 7 )

N o r t h w o o d ,  T „ D .
I s o l a t i o n  o f  b u i l d i n g  s t r u c t u r e s  f r o m  g r o u n d  v i b r a t i o n .
( p a p e r  f r o m  m o n o g r a p h )  i n :  I s o l a t i o n  o f  M e c h a n i c a l  V i b r a t i o n  
I m p a c t  a n d  N o i s e .  J . C .  S n o w d o n ;  E . E .  U n g a r ,  ( e d s ) , p p 8 7 - 1 0 1  
A m e r i c a n  S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s ,  New Y o r k ,  NY 
( 1 9 7 3 )

W o o d , J . H .
E a r t h q u a k e  r e s p o n s e  o f  a  s t e e l  f r a m e  b u i l d i n g .
( j o u r n a l  a r t i c l e )  I n t i  J  E a r t h q  E n g  S t r u c t  Dyn  4 , p p 3 4 7 - 3 9 9  
( 1 9 7 6 )

C h o p r a ,  A . K . ;  G u t i e r r e z ,  J . A .
E a r t h q u a k e  a n a l y s i s  o f  m u l t i s t o r y  b u i l d i n g s  i n c l u d i n g  
f o u n d a t i o n  i n t e r a c t i o n .
( j o u r n a l  a r t i c l e )  I n t i  J  E a r t h q  E n g  S t r u c t  Dyn  3 , p p 6 5 - 7 7  
( 1 9 7 4 )

V e l e t s o s ,  A . S .
D y n a m i c s  o f  s t r u c t u r e - f o u n d a t i o n  s y s t e m s .
( p a p e r  f r o m  m o n o g r a p h )  i n :  S t r u c t u r a l  a n d  G e o t e c h n i c a l  

M e c h a n i c s .  W . J .  H a l l  ( e d ) . P r e n t i c e - H a l l ,  E n g l e w o o d  C l i f f s ,  
NJ ( 1 9 7 7 )

S c a n l a n ,  R . H .
S e i s m i c  w a v e  e f f e c t s  o f  s o i l  -  s t r u c t u r e  i n t e r a c t i o n ,  
( j o u r n a l  a r t i c l e )  I n t i  J  E a r t h q  E n g  S t r u c t  Dyn 4 , , 3 7 9 - 3 8 8  
( 1 9 7 6 )



' J

A - 3 0

B - 0 3 4 B y c r o f t ,  G . N .
T h e  m a g n i f i c a t i o n  c a u s e d  b y  p a r t i a l  r e s o n a n c e  o f  t h e  
f o u n d a t i o n  o f  g r o u n d  v i b r a t i o n  d e t e c t i o n .
( j o u r n a l  a r t i c l e )  T r a n s  Am G e o p h y s  U n i o n  3 8 : 9 2 8 - 9 3 0  
( 1 9 5 7 )

B - 0 3 5 E w i n g ,  W . M . ; J a r d e t z k y ,  W . S . ;  P r e s s ,  F .
E l a s t i c  W a v e s  i n  L a y e r e d  M e d i a .
( m o n o g r a p h i c  s e r i e s )  L a m o n t  G e o l o g i c a l  O b s e r v a t o r y  

C o n t r i b u t i o n ,  n o .  1 8 9 .  M c G r a w - H i l l  B o o k  C o m p a n y ,  I n c . ,  New 
Y o r k ,  NY ( 1 9 5 7 )

B - 0 3 6 H a u p t ,  W.
I s o l a t i o n  o f  G r o u n d  V i b r a t i o n s  a t  B u i l d i n g s .
( r e p o r t )  B u i l d i n g  R e s e a r c h  S u m m a r i e s .  H e r  M a j e s t y ' s  
S t a t i o n a r y  O f f i c e ,  # 6 / 7 3 - 7 9 .  d e t a i l e d  r e p o r t  i n  G e r m a n  
a v a i l :  I n f o r m a t i o n s v e r b u n d z e n t r u m  Raum u n d  B a u ,  S t u t t g a r t  
( 1 9 7 9 )

C - 0 0 1 V o n  G i e r k e ,  H . E .
G u i d e l i n e s  f o r  P r e p a r i n g  E n v i r o n m e n t a l  I m p a c t  S t a t e m e n t s  o n  
N o i s e .
( r e p o r t )  C o m m i t t e e  o n  H e a r i n g ,  B i o a c o u s t i c s ,  a n d  B i o m e c h a n i c s  

A s s e m b l y  f o  B e h a v i o r a l  a n d  S o c i a l  S c i e n c e s  ( C H A B A ) , W o r k i n g  
G r o u p  6 9 .  f o r :  N a t i o n a l  R e s e a r c h  C o u n c i l .  a v a i l :  U . S .  
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  N T I S  A D - A 0 4 4 3 8 4  
( 1 9 7 7 )

C - 0 0 2 O t t e s e n ,  G . E . ;  V i g r a n ,  T . E .
M e a s u r e m e n t  o f  m e c h a n i c a l  i n p u t  p o w e r  w i t h  a n  a p p l i c a t i o n  t o  
w a l l  s t r u c t u r e s .
( j o u r n a l  a r t i c l e )  A p p l  A c o u s t  1 2 : 4 , 2 4 3 - 2 5 1  ( 1 9 7 9 )

C - 0 0 3 F i d e l l ,  S . ;  T e f f e t e l l e r ,  S . ;  H o r o n j e f f ,  R . ; G r e e n ,  D .M . 
P r e d i c t i n g  a n n o y a n c e  f r o m  d e t e c t a b i l i t y  o f  l o w - l e v e l  s o u n d s ,  
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  Amer 6 6 : 5 , 1 4 2 7 - 1 4 3 4  
( 1 9 7 9 )

C - 0 0 4 B e n d a t ,  J . S . ;  P i e r s o l ,  A . G .
R a n d o m  D a t a :  A n a l y s i s  a n d  M e a s u r e m e n t  P r o c e d u r e s ,  
( f i r s t  e d i t i o n )  J o h n  W i l e y  & S o n s ,  New Y o r k ,  NY 
( 1 9 7 1 )

C - 0 0 5 C r e m e r ,  L . ;  H e c k l ,  M.
S t r u c t u r e - B o r n e  S o u n d .  T r a n s l a t e d  a n d  r e v i s e d  b y  E . E .  U n g a r .  
( f i r s t  e d i t i o n )  S p r i n g e r - V e r l a g ,  New Y o r k ,  NY ( 1 9 7 3 )



A - 31

C-006

C - 0 0 7

C - 0 0 8

C - 0 0 9

C - 0 1 0

C - 0 1 1

C - 0 1 2

C - 0 1 3

C - 0 1 4

H a r r i s ,  C . M . ; C r e d e ,  C . E . ;  U n g a r ,  E . E .  ( e d s ) .
S h o c k  a n d  V i b r a t i o n  H a n d b o o k .
( f i r s t  e n g l i s h  e d i t i o n )  M c G r a w - H i l l  B o o k  C o m p a n y ,  New Y o r k ,  

NY ( 1 9 7 6 )

B r o w n ,  F . T .
D y n a m i c s  o f  F l e x i b l y  S u p p o r t e d  T u n n e l s  a n d  o t h e r  R o a d b e d s ,  
( t e c h n i c a l  r e p o r t )  M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,  

D e p a r t m e n t  o f  M e c h a n i c a l  E n g i n e e r i n g ,  C a m b r i d g e ,  MA, D SR-  
7 6 1 0 7 - 1 .  f o r :  U . S .  D e p a r t m e n t  o f  C o m m e r c e ,  c o n t r a c t  C - 8 5 - 6 5 .  
a v a i l :  U . S .  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e ,  P B - 1 7 3 -  
6 4 5  ( 1 9 6 6 )

M a t h e w s ,  P . M .
V i b r a t i o n s  o f  a  b e a m  o n  an  e l a s t i c  f o u n d a t i o n .
( j o u r n a l  a r t i c l e )  Z e i t s c h r i f t  a n g e w e s e n  f u e r  M a t h e m a t i k  u n d  

M e c h a n i k  (ZAMM) 3 8 : 3 / 4 , 1 0 5 - 1 1 5  ( 1 9 5 8 )

M a t h e w s ,  P . M .
V i b r a t i o n  o f  a  b e a m  o n  e l a s t i c  f o u n d a t i o n  -  I I .
( j o u r n a l  a r t i c l e )  Z e i t s c h r i f t  a n g e w e s e n  f u e r  M a t h e m a t i k  u n d  

M e c h a n i k  (ZAMM) 3 9 : 1 / 2 , 1 3 - 1 9  ( 1 9 5 9 )

K e n n e y ,  J . T . ( j r )
S t e a d y - s t a t e  v i b r a t i o n s  o f  a  be am  o n  e l a s t i c  f o u n d a t i o n  f o r  
m o v i n g  l o a d .
( j o u r n a l  a r t i c l e )  J  A p p l  M e c h  2 1 : 4 , 3 5 9 - 3 6 4  ( 1 9 5 4 )

M e i s e n h o l d e r , S . G . ;  W e i d l i n g e r ,  P .
D y n a m i c  i n t e r a c t o n  a s p e c t s  o f  c a b l e - s t a y e d  g u i d e w a y s  f o r  h i g h  
s p e e d  g r o u n d  t r a n s p o r t a t i o n .
( j o u r n a l  a r t i c l e )  T r a n s a c t i o n s  o f  ASME; J o u r n a l  o f  D y n a m i c
S y s t e m s ,  M e a s u r e m e n t  a n d  C o n t r o l ,  J u n e , p p l 8 0 - 1 9 2
( 1 9 7 4 )

M e a d ,  D . J .
F r e e  w a v e  p r o p a g a t i o n  i n  p e r i o d i c a l l y  s u p p o r t e d ,  i n f i n i t e  
b e a m s .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  1 1 : 2 , 1 8 1 - 1 9 7  ( 1 9 7 0 )

S h a r m a ,  C . B .
V i b r a t i o n  c h a r a c t e r i s t i c s  o f  t h i n  c i r c u l a r  c y l i n d e r s ,  
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 3 : 4 , 5 8 1 - 5 9 2  ( 1 9 7 9 )

L y o n ,  R . H .
S t a t i s t i c a l  E n e r g y  A n a l y s i s  o f  D y n a m i c a l  S y s t e m s :  T h e o r y  a n d
A p p l i c a t i o n s .
( f i r s t  e d i t i o n )  MIT P r e s s ,  C a m b r i d g e ,  MA ( 1 9 7 5 )



f  \

A - 3  2

C - 0 1 5 K o v a l e n k o ,  G . P .
P r e s s u r e  p u l s e  o n  t h e  b o u n d a r y  o f  a n  e l a s t i c  i n h o m o g e n e o u s  
h a l f  p l a n e .
( j o u r n a l  a r t i c l e )  J  A p p l  M e c h  T e c h  P h y s ,  J a n , p p 8 3 2 - 8 3 6 . 
[ E n g l i s h  t r a n s l a t i o n  o f  Z h u r n a l  P r i k l a d ;  P a r t  1 ,  J u l y / A u g u s t  
1 9 7 4 ,  1 2 3 - 1 2 7 ]  ( 1 9 7 6 )

0 0 1 6 G h o s h ,  M . L .
On t h e  p r o p a g a t i o n  o f  l o v e r ’ s  w a v e s  i n  an  e l a s t i c  l a y e r  i n  t h e  
p r e s e n c e  o f  a v e r t i c a l  c r a c k .
( j o u r n a l  a r t i c l e )  P r o c  V i b r  P r o b l e m s ,  I n s t i t u t e  o f  
F u n d a m e n t a l  T e c h n i c a l  R e s e a r c h ,  P o l i s h  A c a d e m y  o f  S c i e n c e s ,  
1 5 : 2 , 1 4 7 - 1 6 5  ( 1 9 7 4 )

0 0 1 7 W i e r z c h o l s k i , K.
T h e  e x i s t e n c e  o f  a s u r f a c e  w a v e  i n  a n o n h o m o g e n e o u s  i s o t r o p i c  
s e m i  i n f i n i t e  e l a s t i c  b o d y .
( j o u r n a l  a r t i c l e )  P r o c  V i b r  P r o b l e m s ,  I n s t i t u t e  o f  
F u n d a m e n t a l  T e c h n i c a l  R e s e a r c h ,  P o l i s h  A c a d e m y  o f  S c i e n c e s ,  
1 5 : 1 4 , 3 3 0 - 3 3 5  ( 1 9 7 4 )

0 0 1 8 M a n d a l ,  S . B .
D i f f r a c t i o n  o f  e l a s t i c  w a v e s  b y  a r i g i d  h a l f  p l a n e .
( j o u r n a l  a r t i c l e )  P r o c  V i b r  P r o b l e m s ,  I n s t i t u t e  o f  

F u n d a m e n t s l  T e c h n i c a l  R e s e a r c h ,  P o l i s h  A c a d e m y  o f  S c i e n c e s ,  
1 3 : 4 , 3 3 1 - 3 4 3  ( 1 9 7 1 )

0 0 1 9 C h a l c z y k ,  F . ;  R a f a ,  J . ;  W l o d a r o z y k ,  E .
P r o p a g a t i o n  o f  t w o  d i m e n s i o n a l  n o n s t a t i o n a r y  s t r e s s  w a v e s  i n  
a s e m i  i f i n i t e  v i s c o e l a s t i c  b o d y  p r o d u c e d  b y  a n o r m a l  l o a d  
m o v i n g  o v e r  t h e  s u r f a c e .
( j o u r n a l  a r t i c l e )  P r o c  V i b r  P r o b l e m s ,  I n s t i t u t e  o f  
F u n d a m e n t a l  T e c h n i c a l  R e s e a r c h ,  P o l i s h  A c a d e m y  o f  S c i e n c e s ,  
1 3 : 3 , 2 4 1 - 2 5 7  ( 1 9 7 1 )

0 0 2 0 G r o o t e n h u i s ,  P .
A s t a t e  o f  a r t  r e v i e w  o n  t r e n d s  i n  d e s i g n  f o r  t h e  s h o c k  a n d  
v i b r a t i o n  e n v i r o n m e n t .
( c o n f e r e n c e  p a p e r )  i n :  V i b r a t i o n  S h o c k  a n d  N o i s e .  
P r o c e e d i n g s  o f  Symp b y  S o c i e t y  o f  E n v i r o n m e n t a l  E n g i n e e r s ,  
L o n d o n ,  p p 8 5 - 9 9  ( 1 9 7 9 )

0 0 2 1 Y i h - H s i n g ,  P . ;  C h a o - C h o w ,  M.
D i f f r a c t i o n  o f  E l a s t i c  W a v e s  a n d  D y n a m i c  S t r e s s  
C o n c e n t r a t i o n .
( f i r s t  e d i t i o n )  C r a n e ,  R u s s a k  & C o . ,  New Y o r k ,  NY 
( 1 9 7 3 )

0 0 2 2 K e r o p y a n ,  K . K . ; C h e g o l i n ,  P . M .
E l e c t r i c a l  A n a l o g u e s  i n  S t r u c t u r a l  E n g i n e e r i n g .  J . M .  P r e n t i s



C - 0 2 3

C - 0 2 4

C - 0 2 5

C - 0 2 6

C - 0 2 7

C - 0 2 8

C - 0 2 9

C - 0 3 0

A - 3  3

( e d )  .
( e d i t e d  m o n o g r a p h )  E d w a r d  A r n o l d  P u b l i s h e r s ,  L t d . ,  L o n d o n  
( 1 9 6 7 )

P u r o ,  A . E .
S o l u t i o n s  o f  t h e  e q u a t i o n  o f  e l a s t i c i t y  t h e o r y  f o r  a  
n o n h o m o g e n e o u s  m e d i u m .
( j o u r n a l  a r t i c l e )  S o v  A p p l  M ech  ( t r a n s l a t i o n  o f  P r i k l a d n a y a  

M e c h a n i k a )  1 1 : 3 , 2 6 7 - 2 7 1  ( 1 9 7 5 )

F r y b a ,  L .
V i b r a t i o n  o f  S o l i d s  a n d  S t r u c t u r e s  u n d e r  M o v i n g  L o a d s ,  
( f i r s t  e d i t i o n )  N o o r d h o f f  I n t e r n a t i o n a l  P u b l i s h e r s ,  L i e d e n ,  

T h e  N e t h e r l a n d s  ( 1 9 7 2 )

P e k e r i s ,  C . L . ;  L i f s o n ,  H.
M o t i o n  o f  t h e  s u r f a c e  o f  a  u n i f o r m  e l a s t i c  h a l f - s p a c e  
p r o d u c e d  b y  a b u r i e d  p u l s e .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  Amer 2 9 : 1 1 , 1 2 3 3 - 1 2 3 8  
( 1 9 5 7 )

M i l l e r ,  G. F . ;  P u r s e y ,  H.
On t h e  p a r t i t i o n  o f  e n e r g y  b e t w e e n  e l a s t i c  w a v e s  i n  a s e m i 
i n f i n i t e  s o l i d .
( j o u r n a l  a r t i c l e )  P r o c  R o y a l  S o c  L o n d o n - A  2 3 3 : p p 5 5 - 6 9  
( 1 9 5 5 )

G r e e n f i e l d ,  J .
S e i s m i c  R a d i a t i o n  f r o m  a p o i n t  s o u r c e  o n  t h e  s u r f a c e  o f  a 
c y l i n d r i c a l  c a v i t y .
( j o u r n a l  a r t i c l e )  G e o p h y s i c s  4 3 : 6 , 1 0 7 1 - 1 0 8 2  ( 1 9 7 8 )

H a r k r i d e r ,  D . G .
S u r f a c e  w a v e s  i n  a m u l t i - l a y e r e d  e l a s t i c  m e d i a  I .  r a y l e i g h  
a n d  l o v e  w a v e s  f r o m  b u r i e d  s o u r c e s  i n  a m u l t i - l a y e r e d  e l a s t i c  
h a l f - s p a c e .
( j o u r n a l  a r t i c l e )  B u l l  S e i s m o l  S o c  Amer 5 4 : 2 , 6 2 7 - 6 7 9  
( 1 9 6 4 )

B i o t , M . A .
T h e o r y  o f  p r o p a g a t i o n  o f  e l a s t i c  w a v e s  i n  a f l u i d - s a t u r a t e d  
p o r o u s  s o l i d .  I .  l o w - f r e q u e n c y  r a n g e .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  Amer 2 8 : 2 , 1 6 8 - 1 7 8  
( 1 9 5 6 )

B i o t ,  M . A .
T h e o r y  o f  p r o p a g a t i o n  o f  e l a s t i c  w a v e s  i n  a f l u i d - s a t u r a t e d  
p o r o u s  s o l i d .  I I .  h i g h e r  f r e q u e n c y  r a n g e .
( j o u r n a l  a r t i c l e )  J  A c o u s t  S o c  Amer 2 8 : 2 , 1 7 9 - 1 9 1  
( 1 9 5 6 )



A - 3 4

C - 0 3 2

C - 0 3 3

C - 0 3 4

C - 0 3 5

C - 0 3 6

C - 0 3 7

C - 0 3 1 A d a m s ,  G . G . ;  B o g y ,  D . B .
S t e a d y  s o l u t i o n s  f o r  m o v i n g  l o a d s  o n  e l a s t i c  b e a m s  w i t h  o n e  
s i d e d  c o n s t r a i n t s .
( c o n f e r e n c e  p a p e r )  A m er  S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s  
n u m b e r  7 5 - W A / A P M - 3 0  ( 1 9 7 5 )

A r n o l d ,  R . M . ; B y c r o f t ,  G . N . ;  W a r b u r t o n ,  G . B .
F o r c e d  v i b r a t i o n s  o f  a  b o d y  o n  an  e l a s t i c  s o l i d .
( j o u r n a l  a r t i c l e )  J  A p p l  M e c h  2 2 : p p 3 9 1 - 4 0 0  ( 1 9 5 5 )

B e r a n e k ,  L . L .  ( e d )
N o i s e  an d  V i b r a t i o n  C o n t r o l .
( f i r s t  e d i t i o n )  M c G r a w - H i l l  B o o k  C o m p a n y ,  New Y o r k ,  NY 
( 1 9 7 1 )

G r e g o r y ,  R . D .
An e x p a n s i o n  t h e o r e m  a p p l i c a b l e  t o  p r o b l e m s  o f  w a v e  
p r o p a g a t i o n  i n  a n e l a s t i c  h a l f - s p a c e  c o n t a i n i n g  a  c a v i t y ,  
( j o u r n a l  a r t i c l e )  P r o c  Camb P h i l  S o c  6 3 : p p l 3 4 1 - 1 3 6 7  
( 1 9 6 7 )

G r e g o r y ,  R . D .
T h e  p r o p a g a t i o n  o f  w a v e s  i n  an  e l a s t i c  h a l f - s p a c e  c o n t a i n i n g  
a c y l i n d r i c a l  c a v i t y .
( j o u r n a l  a r t i c l e )  P r o c  Camb P h i l  S o c  6 7 : P P 6 8 9 - 7 1 0  
( 1 9 7 0 )

J e t t e ,  A . N . ;  P a r k e r ,  J . G .
E x c i t a t i o n  o f  an  e l a s t i c  h a l f - s p a c e  b y  a  b u r i e d  l i n e  s o u r c e  
o f  c o n i c a l  w a v e s .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 7 : 4 , 5 2 3 - 5 3 2  ( 1 9 7 9 )

J e t t e ,  A . N . ;  P a r k e r ,  J . G .
S u r f a c e  d i s p l a c e m e n t s  a c c o m p a n y i n g  t h e  p r o p a g a t i o n  o f  
a c o u s t i c  w a v e s  w i t h i n  an  u n d e r g r o u n d  p i p e .
( j o u r n a l  a r t i c l e )  J  S o u n d  V i b r  6 9 : 2 , 2 6 5 - 2 7 4  ( 1 9 8 0 )
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APPENDIX B

REPORT OF NEW TECHNOLOGY

T h i s  r e p o r t  r e p r e s e n t s  t h e  f i r s t  t i m e  a n  e f f o r t  h a s  b e e n  m ade 

t o  r e v i e w  t h e  s t a t e - o f - t h e - a r t  o f  t h e  p r e d i c t i o n  a n d  c o n t r o l  

o f  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n . -  T h e  i n f o r m a t i o n  i n  t h e  

r e p o r t  i s  m o s t  i m p o r t a n t  i n  p r e s e n t i n g  r e c e n t  t e c h n i q u e s  u s e d  

b y  t r a n s i t  s iy s te m s  i n  c o n t r o l l i n g  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n .  

U t i l i z a t i o n  o f  t h e s e  t e c h n i q u e s  w i l l  c o n t i n u e  t o  e n h a n c e  e f f o r t s  

t o  r e d u c e  a n d  c o n t r o l  g r o u n d b o r n e  n o i s e  a n d  v i b r a t i o n  i n  t h e  

n e a r  f u t u r e .
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