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PREFACE 

A s p e c i a l  problem f o r  i n h a b i t a n t s  of t a l l  bu i ld ings  i s  

t h e  percept ion  of motion induced by e x t e r n a l  f o r c e s ,  such a s  

wind and earthquake. To ensure  t h a t  t a l l  bu i ld ings  w i l l  be 
comfortably h a b i t a b l e ,  l i m i t s  t o  bu i ld ing  v i b r a t i o n  a r e  
r equ i r ed ,  but  as y e t  t h e r e  has  been l i t t l e  information 
publ ished on which t o  base  des ign  c r i t e r i a .  

Th i s  paper by Takeshi  Goto summarizes ex t ens ive  

Japanese s t u d i e s  on human response  t o  h o r i z o n t a l  s i n u s o i d a l  
motion wi th  pe r iods  of 1 - 10  seconds and ampli tudes of 1 - 
50 cm. The r e s u l t s  a r e  i n t e r p r e t e d  i n  biomechanist ic  terms 
a s  a  b a s i s  f o r  e s t a b l i s h i n g  h a b i t a b i l i t y  c r i t e r i a .  

The Div is ion  of Building Research i s  pleased t o  make 

t h i s  r e s e a r c h  information a v a i l a b l e  t o  o the r  Canadian 

r e s e a r c h  workers through t h e  Technica l  T r a n s l a t i o n  s e r i e s  
of t h e  National  Research Council .  The c o n t r i b u t i o n  of t h e  
t r a n s l a t o r ,  D r .  A l i c e  T s a i ,  i s  g r a t e f u l l y  acknowledged, a s  

i s  t h a t  of W.A. Da lg l i e sh  of t h i s  Div is ion ,  who checked 

t h e  t r a n s l a t i o n .  

Ottawa 
September 1976 

C.B.  crawford 

Di rec to r  
D iv i s ion  of Building Research 
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RESEARCH ON VIBRATION CRITERIA FROM THE VIEWPOINT OF PEOPLE 

LIVING I N  HIGH-RISE BUILDINGS 

(PART 1 )  VARIOUS RESPONSES OF HUMANS TO VIBRATION 

1. In t roduc t ion  

High-rise bu i ld ings  a r e  f l e x i b l e  s t r u c t u r e s .  Therefore ,  n a t u r a l  f o r c e s ,  

such a s  ear thquake and wind, in t roduce  t h e  new problem of bui ld ing  v i b r a t i o n ,  

which may have va r ious  e f f e c t s  on l i v i n g  cond i t i ons  f o r  occupants.  

I n  a  s tudy  of t h e  s a f e t y  and v a r i o u s  v i b r a t i o n s  of h igh- r i se  bu i ld ings ,  

h a b i t a b i l i t y  must be considered f i r s t ,  and demands our urgent  i n v e s t i g a t i o n .  

I n  order  t o  s tudy  t h e  fundamental c r i t e r i a ,  t h e  phys io log ica l  response  of 

occupants t o  t h e  phys i ca l  s t i m u l i  of v i b r a t i o n  must be understood. I n  o the r  

words, t h i s  can be  achieved from t h e  biomechanist ic  po in t  of view. 

I n  view of t h e  above, t h e  end o b j e c t i v e  of t h i s  s tudy  dea l ing  wi th  t h e  s a f e t y  

and comfort of h igh- r i se  bu i ld ings  v i b r a t i n g  under t h e  a c t i o n  of e x t e r n a l  n a t u r a l  

f o r c e s  i s  t o  propose h a b i t a b i l i t y  c r i t e r i a .  The s tudy  c o n s i s t s  of t h e  fol lowing 

two p a r t s :  

1)  Various human responses  t o  v i b r a t i o n .  

2) E f f e c t  of e x t e r n a l  n a t u r a l  f o r c e s  on v i b r a t i o n  of bu i ld ings  and occupants .  

However, t h i s  paper r e p o r t s  on ly  on P a r t  1. The remainder w i l l  be r epo r t ed  

i n  t h e  next  paper.  

2. Method and Objec t ives  

The period of v i b r a t i o n  of low s o l i d  bu i ld ings  is  u s u a l l y  l e s s  than  1 s e c ,  

and t h e  s i n g l e  ampli tude (displacement)  i s  a t  most w i t h i n  a  range  of s e v e r a l  mm. 

On t h e  o the r  hand, f o r  h igh - r i s e  bu i ld ings  t h e  period f o r  h o r i z o n t a l  v i b r a t i o n  

caused by s t rong  earthquake and wind i s  1 - 8 sec  ( f i r s t  n a t u r a l  per iod)  and t h e  

ampli tude may reach  s e v e r a l  t e n s  of cm (Note 1 ) .  These v i b r a t i o n a l  c h a r a c t e r i s t i c s  

being d i f f e r e n t  , t h e  measurement of response i n  terms of p e r c e p t i b i l i t y  and 



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

t a l l  b u i l d i n g s .  However, when t h e  v i b r a t i o n  i s  v e r y  s t r o n g ,  t h e  h o r i z o n t a l  

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

a l s o  i n h i b i t s  t h e  a c t i v i t y  and movement of people .  Fur the rmore ,  prolonged 

v i b r a t i o n  even w i t h i n  t h e  nonpercept  i b l e  r a n g e  may sometimes c a u s e  symptoms of 

s e a s i c k n e s s .  

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

t h a t  t h e  p e r i o d  i s  1 - 1 0  s e c  and t h e  s i n g l e  a m p l i t u d e  i s  1 - 50 cm, assuming 

h o r i z o n t a l  s i n e  wave mot ion.  Exper iments  were c a r r i e d  o u t  t o  s t u d y  t h e  d e g r e e  

of i n f l u e n c e  on occupan ts  by t h e  a p p l i c a t i o n  pf p s y c h o l o g i c a l ,  p h y s i o l o g i c a l ,  

k i n e s i o l o g  i c a l  and e n g i n e e r i n g  methods. A v i b r a t i o n  s i m u l a t o r  i s  used a s  shown 

i n  Photo 1. The exper imenta l  i t e m s  are shown i n  T a b l e  I. The r e s u l t s  have been 

r e p o r t e d  a t  c o n f e r e n c e s  of t h e  J a p a n e s e  A r c h i t e c t u r a l  S o c i e t y  
(1-7) 

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

r e s e a r c h ,  t h e  f i r s t  p a r t  of t h i s  paper  c o r r e l a t e s  t h e  r e s u l t s  of major  exper iments  

and e x p l a i n s  them from t h e  b i o m e c h a n i s t i c  p o i n t  of view. The second p a r t  t h e n  

i n v e s t i g a t e s  h a b i t a b i l i t y  limits f o r  t h e  v i b r a t i o n  of b u i l d i n g s  based on r e s u l t s  

of t h e  f i r s t  p a r t .  

3 .  Biomechan is t i c  Response t o  V i b r a t i o n  

1) C o m ~ l e x  human s e n s o r v  resDonse t o  v i b r a t i o n  

The human s e n s o r y  r e s p o n s e  t o  v i b r a t i o n  v a r i e s  p rofoundly  w i t h  d i f f e r e n t  

i n d i v i d u a l s .  

F i g u r e  1 shows t h e  a v e r a g e  male  and f e m a l e  p e r c e p t i o n  c u r v e s  which e x p r e s s  

t h e  r e l a t i o n s h i p  between t h e  p e r i o d  of f l o o r  v i b r a t i o n  caused by t h e  s i m u l a t o r  

and t h e  maximum a m p l i t u d e  ( a b b r e v i a t e d  a s  a m p l i t u d e  below) . P e r c e p t i b i l i t y  (I) 

i s  i n  t h e  r a n g e  where t h e  v i b r a t i o n  i s  comple te ly  i m p e r c e p t i b l e .  (11) ( i )  i s  t h e  

r a n g e  where t h e  v i b r a t i o n  is beg inn ing  t o  b e  p e r c e p t i b l e ,  and (11) ( i i )  i s  t h e  
* 

r a n g e  where t h e  v i b r a t i o n  i s  s t r o n g l y  p e r c e p t i b l e .  (11) i s  t h e  r a n g e  where t h e  

*   ran slat or's n o t e :  T h i s  i s  a n  e r r o r .  According t o  F i g u r e  1, t h i s  r a n g e  

shou ld  b e  (111) .  



v i b r a t i o n  becomes unbearable.  Therefore ,  t h e  boundaries  of p e r c e p t i b i l i t i e s  

( I )  and (11) a s  w e l l  a s  (11) and (111) a r e  des igna ted  a s  percept ion  th re sho ld  

(Note 2) and t o l e r a n c e  th re sho ld  (Note 3 ) ,  r e s p e c t i v e l y .  I n  g e n e r a l ,  t h e  curve  

f o r  females  is  below t h e  curve  f o r  males. I n  o the r  words, females  a r e  more 

s e n s i t i v e  t o  v i b r a t i o n  than  males.  Furthermore, r e s u l t s  obtained from d i f f e r e n t  

a g e  groups,  pos tu re s  and v i b r a t i o n a l  d i r e c t i o n s  a r e  compared, a s  summarized i n  

Table 11. The t a b l e  i n d i c a t e s  a  c o n s i s t e n t  t r end  t h a t  t h e  female is  more 

s e n s i t i v e  than  t h e  male,  c h i l d r e n  a r e  more s e n s i t i v e  than  a d u l t s ,  and people i n  

s tanding  p o s i t i o n s  a r e  more s e n s i t i v e  than t h o s e  i n  s i t t i n g  p o s i t i o n s  t o  sho r t -  

per iod v i b r a t i o n  o r  v e h i c l e  v i b r a t i o n  (8-10), However, i f  a  person t ak ing  p a r t  

i n  t h e  experiment i s  s i t t i n g  i n  a  c h a i r  wi th  a  back suppor t ,  t h i s  s i t t i n g  p o s i t i o n  
* 

w i l l  be  more s e n s i t i v e  than  t h e  s tanding  pos i t i on .  

The pe rcep t ion  th re sho ld  and t o l e r a n c e  threshold  f o r  a l l  i tems i n  Table I1 

a r e  shown i n  t h e  same graph,  F igure  2,  a s  do t t ed  l i n e s .  I t  should be noted t h a t ,  

f o r  example, when t h e  period i s  10 sec ,  a l though i n  some c a s e s  when t h e  ampli tude 

i s  5 cm (poin t  M), t h e  v i b r a t i o n  is  pe rcep t ib l e ,  i n  o t h e r  ca ses  t h e  ampli tude 

can be increased  5 t imes  ( ~ o i n t  N ,  about 25 cm) be fo re  it begins  t o  be p e r c e p t i b l e .  

The p e r c e p t i b i l i t y  t o  v i b r a t i o n  v a r i e s  g r e a t l y  due t o  d i f f e r e n c e s  i n  phys i ca l  

cond i t i on  from one ind iv idua l  t o  another .  On t h e  o t h e r  hand, t h e  p e r c e p t i b i l i t y  

of t h e  same ind iv idua l  may a l s o  vary  from time t o  t ime due t o  v a r i a t i o n  i n  h i s  

o r  her  phys i ca l  and mental s t a t e s .  

It i s  very  d i f f i c u l t  t o  determine t h e  percept ion  th re sho ld  and t o l e r a n c e  

threshold  f o r  an  a c t u a l  bu i ld ing  v i b r a t i o n  from experimental  r e s u l t s .  Th i s  i s  

because t h e  v i b r a t i o n  generated i s  not  n e c e s s a r i l y  s i m i l a r  t o  t h e  a c t u a l  

v i b r a t i o n  of bu i ld ings .  Meanwhile, people tak ing  p a r t  i n  t h e  experiment a r e  

n o t i f i e d  of t h e  content  of t h e  experiment beforehand. I n  t h i s  c a s e ,  people 

a l r e a d y  become ve ry  a t t e n t i v e  a s  soon a s  t h e  v i b r a t i o n  s t a r t s .  The percept ion  

threshold  i n  F igu re  2  is  considered t o  be more s e n s i t i v e  than  t h a t  obtained from 

t h e  a c t u a l  bu i ld ing  v i b r a t i o n  without warning. On t h e  o t h e r  hand, t h e  t o l e r a n c e  

threshold  i s  accompanied by v i s u a l  and a u d i t o r y  s t i m u l i  due t o  t h e  movement of 

household o b j e c t s .  One f e e l s  r a t h e r  s a f e  dur ing  t h e  experiment and i s  not  

h o r r i f i e d  a s  i n  t h e  s i t u a t i o n  of a c t u a l  bu i ld ing  v i b r a t i o n .  The expertmental 

* e ran slat or's note :  Th i s  s ta tement  d i s a g r e e s  w i th  t h e  r e s u l t s  shown i n  Table  

I1 which i n d i c a t e s  t h a t  t h e  s tanding  p o s i t i o n  is  more s e n s i t i v e  t o  v i b r a t i o n  

than  t h e  s i t t i n g  pos i t i on .  



r e s u l t s  should perhaps be considered t o  be on t h e  unconservat ive s i d e .  Due t o  

t h e  d i v e r s i t y  of cond i t i ons ,  i t  i s  ve ry  d i f f i c u l t  t o  make a  judgement. For 

example, should t h e  s i t t i n g  c r i t e r i o n  o r  t h e  s tanding  c r i t e r i o n  be used? Many 

i tems l i k e  t h i s  should be inves t iga t ed .  Under t h e s e  circumstances it was decided 

t o  base t h e  percept  ion  threshold  and t o l e r a n c e  threshold  on t h e  average  v a l u e s  

of a l l  t h e  fundamental c r i t e r i a .  The f i n a l  pe rcep t ion  th re sho ld  and t o l e r a n c e  

threshold  a r e  shown a s  t h e  s o l i d  l i n e s  i n  F igure  2 (-0-) . 

2) Percept ion  zone i n  which people a r e  s e n s i t i v e  t o  v i b r a t i o n  

The average  percept ion  threshold  and average  t o l e r a n c e  th re sho ld  a r e  shown 

i n  F igure  2. The f l o o r  v i b r a t i o n  of a house is  expressed by t h e  a n p l i t u d e  ( A ) .  

The maximum a c c e l e r a t i o n  (a which w i l l  be c a l l e d  simply a c c e l e r a t i o n )  may be 

expressed i n  t h e  fol lowing equat ion i f  t h e  v i b r a t i o n  i s  a  s i n e  wave, 

Where T i s  t h e  period.  The average percept ion  threshold  and average  t o l e r a n c e  

th re sho ld  der ived  from t h i s  a r e  shown i n  F igu re  3 (*). 

Human pe rcep t ion  t o  v i b r a t i o n  of long d u r a t i o n  i s  known t o  vary  w i t h  

a c c e l e r a t i o n .  I n  t h e  a c c e l e r a t i o n  percept ion  zone, i t  i s  s e n s i t i v e  t o  t h e  

magnitude of t h e  period.  For example, t h e  left-hand s i d e  of po in t  E ,  which i s  

on t h e  t o l e r a n c e  threshold  l i n e  wi th  a period of 5 sec  and a c c e l e r a t i o n  of 65 

g a l ,  is i n  t h e  p e r c e p t i b i l i t y  (111) zone when t h e  a c c e l e r a t i o n  i s  kept  c o n s t a n t .  

However, t h e  right-hand s i d e  of po in t  E i s  i n  t h e  p e r c e p t i b i l i t y  (11) zone. The 

same t rend  i s  a l s o  observed f o r  t h e  percept ion  th re sho ld .  The t o l e r a n c e  

th re sho ld  c a l c u l a t e d  by D r .  Ishimoto (11) i s  shown i n  F igu re  4. A s  shown i n  t h e  

f i g u r e ,  t h e  curve becomes convex upward when t h e  period i s  below 0.3 sec .  Th i s  

i s  t h e  a r e a  where t h e  p e r c e p t i b i l i t y  i s  s e n s i t i v e  t o  changes of t h e  per iod .  I n  

o the r  words, when t h e  a c c e l e r a t i o n  i s  kept  cons tan t  a t  1 .0  g a l ,  t h e  v i b r a t i o n  

i s  impercept ib le  a t  po in t  A ,  whi le  t h e  v i b r a t i o n  i s  p e r c e p t i b l e  a t  po in t  B.  

Furthermore, t h e  h o r i z o n t a l  s t r a i g h t  l i n e s  ( screen  tone) i n  F igure  3 

r ep re sen t  t h e  rankings  ( l e v e l s ) .  D r .  Chang inves t iga t ed  experimental  r e s u l t s  

of many r e s e a r c h e r s  who s tudied  v i b r a t i o n s  w i t h  per iods  l e s s  t h a c  1 .0  s ec  and 

proposed t h a t  v i b r a t i o n s  wi th  per iods  lower than  1.0 s ec  a r e  s u i t a b l e  f o r  



(12) 
ranking de termina t ion  . 

3) Human p e r c e p t i b i l i t y  t o  v i b r a t i o n  c o n t r o l l e d  by head a c c e l e r a t i o n  

The sensing of v i b r a t i o n s  of long period and l a r g e  ampli tude i s  determined 

by t h e  head a c c e l e r a t i o n  which r e s u l t s  from t h e  s t rong  f l o o r  (or  l e g )  v i b r a t i o n .  

The analogous r e s u l t s  can  then  be der ived .  The p e r c e p t i b i l i t i e s  ( I ) ,  (11) - i ,  

( 1 1 ) - i i  and (111) were s tud ied  by measuring t h e  a c c e l e r a t i o n s  of heads of people 

tak ing  p a r t  i n  t h e  experiment. The r e s u l t s  obtained a r e  p l o t t e d  i n  t h e  graph 

a s  shown i n  F igure  5 .  The same p e r c e p t i b i l i t i e s  caused by t h e  a c c e l e r a t i o n  of 

heads a r e  d i s t r i b u t e d  i n  almost t h e  same a c c e l e r a t i o n  zones. 

The human percept ion  t o  t h e  a c c e l e r a t i o n  of h i s  body i s  sensed by t h e  

v e s t i b u l e  i n  t h e  inner  ea r  (F igure  6) and t h i s  i s  r e l a t e d  t o  t h e  movement of t h e  

head. 

Various body senses  a r e  cha rac t e r i zed  a s  shown i n  F igure  7 .  

The term w i t h  a  dot  i n  t h e  f r o n t  i n d i c a t e s  t h a t  it i s  r e l a t e d  t o  a  sens ing  

of v i b r a t i o n .  I n  a d d i t i o n  t o  sk in ,  v i s u a l  and a u d i t o r y  senses ,  people can a l s o  

pe rce ive  l i n e a r  v i b r a t i o n  by t h e  v e s t i b u l e  of t h e  inner  e a r ,  e s p e c i a l l y  t h e  

u t r i c u l u s .  The u t r i c u l u s  is  shown i n  F igu re  6. There a r e  h a i r  c e l l s  on t h e  t i p  

of nerve  f i b r e s .  These h a i r s  pro t rude  from lymphs. There a r e  ca l ca reous  smal l  

p a r t i c l e s  ( o t o l i t h )  which a r e  enclosed i n  membrane (13y14) a t  t h e  t i p s .  The 

movement of t h e  head, which induces t h e  movement of t h e s e  p a r t i c l e s ,  t hus  c o n t r o l s  

t h e  sensing of v i b r a t i o n  (Note 4 ) .  

From t h e  engineering po in t  of view, t h i s  i s  equiva len t  t o  a n  i n v e r s e  

pendulum i n  a  l i q u i d .  T h i s  phenomenon i s  a l s o  similar t o  t h e  s t r u c t u r a l  response  

of a  one-storey bui ld ing  t o  v i scous  damping (F igure  8 ) .  The fo l lowing  express ion  

( 2 )  d e s c r i b e s  t h e  equat ion  of motion of t h i s  system (Figure 8 ) .  The displacement 

(15) 
and a c c e l e r a t i o n  may be der ived  . 

Since  t h e  v i s c o s i t y  cons t an t  of lymph i n  t h e  u t r i c u l u s  ( c ) ,  t h e  e l a s t i c i t y  

cons t an t  (k) of h a i r  c e l l s  and t h e  mass of o t o l i t h  (m) a r e  known, t h e  corresponding 

movement of o t o l i t h  which i s  caused by movement of t h e  head may be  c a l c u l a t e d .  



The human sensa t ion  of v i b r a t i o n  may be  understood s c i e n t i f i c a l l y  through t h i s  

biomechanism. 

I n  a d d i t i o n  t o  t h o s e  descr ibed  above, t h e  s k i n  sense  i s  t h e  major sense  

organ which perce ives  v i b r a t i o n  of s h o r t  per iod and small  ampli tude.  V ib ra t ion  

of long period and l a r g e  ampli tude may g r e a t l y  upse t  t h e  body balance.  Therefore ,  

o the r  sense  organs such a s  muscles,  tendons and j o i n t s  a r e  a l s o  involved i n  t h e  

percept ion  of v i b r a t i o n .  

4 )  People a r e  s e n s i t i v e  t o  t h e  sensa t ion  of v i b r a t i o n  

The average percept ion  th re sho ld  and t o l e r a n c e  th re sho ld  a r e  proposed above 

(Figure 3 ) .  Objects  which begin t o  move a t  t h i s  boundary a r e  compared. 

For ty- f ive  gene ra l  househoid k i t chen ,  d in ing  room and l i v i n g  room o b j e c t s ,  

such a s  dinnerware,  cooking u t e n s i l s ,  cooking app l i ances ,  f u r n i t u r e ,  e t c .  a r e  

s e l ec t ed  a s  shown i n  Table  111. Their  movement during v i b r a t i o n  i s  analyzed.  

The a n a l y s i s  of motion i s  based on t h r e e  s t a g e s ,  i . e . ,  t h e  boundary where o b j e c t s  

begin t o  shake, t h e  boundary where o b j e c t s  begin t o  r a t t l e ,  and t h e  boundary 

where o b j e c t s  begin t o  topple .  

The phys i ca l  phenomenon f o r  t h e  movement of household o b j e c t s  i s  compared 

wi th  t h e  percept ion  of body response a s  shown i n  F igu re  9. The pe rcep t ion  

threshold  i s  below t h e  f i r s t  l i m i t  of movement of household o b j e c t s ,  i. e . ,  when 

t h e  o b j e c t s  s t a r t  t o  shake. People can  d e t e c t  t h e  v i b r a t i o n  even be fo re  t h e  

household o b j e c t s  s t a r t  t o  shake. 

S i m i l a r l y ,  i n  an  a c t u a l  ear thquake,  people subconsciously n o t i c e  t h e  

v i b r a t i o n  and then  a s k  anybody who happens t o  be around f o r  conf i rmat ion ,  or  

observe t h e  movement of household o b j e c t s .  From t h i s  in format ion ,  people 

g radua l ly  confirm t h e i r  percept ion .  

People a r e  s e n s i t i v e  t o  v i b r a t i o n .  Before household o b j e c t s  s t a r t  t o  move, 

people can a l r e a d y  perce ive  t h e  v i b r a t i o n .  Th i s  ag rees  wi th  t h e  hypothes is  i n  

Sec t ion  3)  t h a t  people can perce ive  v i b r a t i o n  even i f  t h e  v i s u a l ,  a u d i t o r y  and 

s k i n  senses  a r e  el iminated.  



5) Symptoms of s ea s i cknes s  va ry  g r e a t l y  w i t h  d i f f e r e n t  i n d i v i d u a l s  

I n  t h e  p e r c e p t i b l e  v i b r a t i o n a l  range ,  persons who have never experienced 

v e h i c l e  s i cknes s  be fo re  do no t  u s u a l l y  r e a c t  t o  v i b r a t i o n s  of long per iod w i t h  

s ea s i cknes s  symptoms. I n  t h e  impercep t ib l e  v i b r a t i o n a l  range ,  nobody r e a c t s  

t o  i t  wi th  s ea s i cknes s  symptoms r e g a r d l e s s  of one ' s  p rev ious  v e h i c l e  s i cknes s  

experience.  

F igu re  1 0  shows t h e  symptoms people  experienced du r ing  v i b r a t i o n s  w i t h  a 

pe r iod  of 6 sec  and ampl i tudes  of 20 cm (Exp. 1 )  a s  w e l l  a s  37.5 cm (Exp. 2) 

r e s p e c t i v e l y .  People  w i th  prev ious  v e h i c l e  s i cknes s  exper ience  e x h i b i t  

s ea s i cknes s  symptoms 1 0  - 20 min a f t e r  v i b r a t i o n  s t a r t s .  The symptoms a r e  

i n c r e a s i n g l y  worsened w i t h  prolonged v i b r a t i o n .  However, t h o s e  people  without  

p rev ious  v e h i c l e  s ea s i cknes s  exper ience  e x h i b i t  s l i g h t  symptoms of s ea s i cknes s  

momentarily,  but soon recover .  No seas i cknes s  symptoms were observed. 

A s  f a r  a s  symptoms of s ea s i cknes s  a r e  concerned, some people  a r e  e a s i l y  

a f f l i c t e d  w i th  it but some people  a r e  no t .  It a l l  depends on t h e  i nd iv idua l .  

For t h o s e  people  w i th  s eve re  s ea s i cknes s  symptoms, t h e  blood p r e s s u r e ,  b r ea th ing  

and hea r tbea t  become obvious ly  abnormal. 

Phys io log i ca l  changes a r e  caused. A s  d i s cus sed  p rev ious ly ,  t h e  v e s t i b u l a r  

organ i s  exc i t ed .  The e f f e c t  of s t rong  excitement i s  t r ansmi t t ed  no t  on ly  t o  

t h e  s p i n a l  nervous system but  a l s o  t o  t h e  autonomic nervous system, thereby  

inducing r e f  l e x i o n ,  e s p e c i a l l y  t h e  so-cal led r e f l e x i o n  phenomenon through t h e  

vagus nerve.  Therefore ,  it was p rev ious ly  proposed (16) 
t h a t  f o r  t h e  prevent ion  

of s ea s i cknes s ,  t h e  o t o l i t h  could be  d i s so lved  t o  e r a d i c a t e  t h e  pe rcep t ion  of 

v e s t i b u l a r  s t i m u l i .  Th i s  may be  i n t e r p r e t e d  from t h e  engineer ing  p o i n t  of view 

a s  s e t t i n g  t h e  mass of F igure  8 t o  z e r o ,  i . e . ,  m = 0. Th i s  means t h a t  t h e  

motion equa t ion  cannot  be  e s t a b l i s h e d .  

F igu re  11 shows t h e  r e s u l t s  of experiments i n v e s t i g a t i n g  whether t h e  

v i b r a t i o n  i n  t h e  v i c i n i t y  of t h e  pe rcep t ion  th r e sho ld  causes  symptoms of 

seas ickness .  The r e l a t i o n s h i p  between per iod and ampl i tude  i s  presen ted .  The 

b l ack  d o t s  i n  t h e  f i g u r e  i n d i c a t e  t h e  experimental  p o i n t s .  The surrounding 

c i r c l e s  r e p r e s e n t  t h e  number of people  who took  p a r t  i n  t h e  experiment.  The 

l a r g e  b l ack  d o t s  i n d i c a t e  t h a t  persons who took p a r t  i n  t h e  experiment exh ib i t ed  

obvious s ea s i cknes s  symptoms and l e f t  t h e  house i n  t h e  middle  of t h e  experiment.  



The s i g n + r e p r e s e n t s  t h o s e  p e r s o n s  who seemed t o  deve lop  s e a s i c k n e s s  symptoms 

bu t  remained i n  t h e  house  u n t i l  t h e  end of t h e  e x p e r i m e n t . ( 2  h o u r s ) .  The open 

c i r c l e  (0)  i n d i c a t e s  t h a t  n o t h i n g  abnormal was observed .  

Based on t h i s ,  t h e  c u r v e  f o r  t h e  boundary of s e a s i c k n e s s  symptoms caused 

by v i b r a t i o n  is  shown a s  t h e  t h i n  l i n e  c u r v e  i n  t h e  f i g u r e  (- + -). The c u r v e  i s  

s i c a a t e d  above t h e  p e r c e p t i o n  t h r e s h o l d  (--0-- i n  t h e  f i g u r e ) .  Theref  o r e ,  one 

p e r c e i v e s  v i b r a t i o n  b e f o r e  e x h i b i t i n g  s e a s i c k n e s s  symptoms. 

6)  A b i l ~ t y  t o  work i s  r e l a t e d  s imply t o  f l o o r  ( t a b l e )  a c c e l e r a t i o n ,  whereas  

a b i l i t y  t o  move i s  r e l a t e d  i n  a  complex way t o  f l o o r  a c c e l e r a t i o n .  

A b i l i t y  t o  work i s  t e s t e d  by t r a c i n g  a  s imple  diagram,  a s  shown i n  F i g u r e  12.  

Walking a b i l i t y  was t e s t e d  by walking on a  f l a t  s u r f a c e  and c l imbing  up and down 

s ~ a i r s .  F i g u r e  1 3  shows t h e  exper imenta l  r e s u l t s  of walking on a  f l a t  s u r f a c e .  

The t r a l l s  of b o t h  head and f e e t  a r e  shown i n  t h e  f i g u r e .  Based on t h e  r e s u l t s  

of t h e  t r a c i n g  t e s t ,  t h e  a b i l i t y  t o  work i s  judged by t h r e e  a r b i t r a r y  d e g r e e s  of 

d i f f i c u l t y :  wi thou t  d e v i a t i o n  from normal s ta te  ( d e g r e e  of d i f f i c u l t y  [I]) ; 

p a r t r a l l y  d e v i a t e d  from t h e  b a s e  l i n e  ( d e g r e e  of d i f f i c u l t y  [ I I ] ) ;  I o b v i o u s l y  

d e v i a t e d  from t h e  b a s e  l i n e  ( d e g r e e  of d i f f i c u l t y  [111])  ( c f .  F i g u r e  1 2 ) .  The 

r e l a t i o n s h i p  between p e r i o d  and a c c e l e r a t i o n  is  shown i n  F i g u r e  14.  The d e g r e e s  

of d i f f i c u l t y  shown as  d o t t e d  l i n e s  i n  t h e  f i g u r e  a r e  c o n t r o l l e d  by f l o o r  a c c e l -  

e r a t  ion .  

A s  t o  t h e  e f f e c t  on walking a b i l i t y  (Q), t h e  e x p e r i m e n t a l  r e s u l t s  f o r  walking 

on a  f l a t  s u r f a c e  (0) and t h o s e  f o r  c l imbing  up and down s ta i rs  ( V )  a r e  r a t h e r  

s i m i i a r .  The d e g r e e  of d i f f i c u l t y  i n  a b i l i t y  t o  walk i s  chosen ,  on t h e  s a f e  

s i d e ,  belaw each curve .  S i m i l a r l y ,  t h e  r e l a t i o n s h i p  between p e r i o d  and a c c e l -  

e r a t i o n  i s  shown i n  F i g u r e  15.  Fur thermore,  t h e  d e g r e e  of d i f f i c u l t y  i n  walking 

up and down s t a i r s  and walking on a  f l a t  s u r f a c e  i s  r a t h e r  similar. T h i s  may 

be exp la ined  a s  f o l l o w s :  t h e  s t a i r c a s e  i s  120 cm wide w i t h  w a l l s  on b o t h  s i d e s .  

T h i s  has a  p s y c h o l o g i c a l  e f f e c t  on peop le  t a k i n g  p a r t  i n  t h e  exper iment  because  

when t h e y  a r e  o f f  b a l a n c e  t h e y  can  r e l y  on w a l l s  on b o t h  s i d e s .  During t h e  

exper iment  some peop le  a c t u a l l y  s t r e t c h e d  o u t  t h e i r  hands t o  g e t  s u p p o r t  from 

t h e  w a l l .  I n  t h e  exper iment  of walking on a f l a t  s u r f a c e ,  t h e r e  i s  no s i d e  

w a l l  w i t h i n  r e a c h .  T h i s  makes t h e  p e r s o n s  who t o o k  p a r t  i n  t h e  exper iment  f e e l  

u n s t a b l e .  The s t a i r c a s e  w i t h  w a l l s  on b o t h  s i d e s  w i t h i n  r e a c h  i s  a c t u a l l y  used 



i n  t h e  experiment. The degree  of d i f f i c u l t y  i n  walking i s  determined according 

t o  t h e  previous method. 

A s  shown i n  F igure  15 ,  t h e  response i n  walking a b i l i t y  t o  t h e  f l o o r  acce l -  

e r a t i o n  i s  complex. The curves  obtained tend t o  b e  q u i t e  s i m i l a r  t o  t h e  per- 

c e p t i o n  curves  of Sec t ion  1 ) .  These curves  a r e  known t o  be  inf luenced p e r i o d i c a l l y  

by t h e  period.  Unlike t h e  s t a t i c  s t a t e ,  t h i s  complexity may be  due t o  t h e  a d d i t i v e  

pe r iod ic  e f f e c t  of t h e  f l o o r  v i b r a t i o n  and foot-s tepping.  

On t h e  c o n t r a r y ,  t h e  a b i l i t y  t o  work a t  a  desk  i s  a f f e c t e d  by f i x e d  f a c t o r s .  

It is  mainly c o n t r o l l e d  by a c c e l e r a t i o n .  

4 .  I n v e s t i g a t i o n  of V ib ra t ion  Limi ts  and H a b i t a b i l i t y  

This  s e c t  ion  i n v e s t i g a t e s  t h e  s i g n i f i c a n t  biomechanist i c  response  of people 

t o  v i b r a t i o n  a s  a  means of eva lua t ing  h a b i t a b i l i t y .  The experiments on i tems 

enc i r c l ed  wi th  o l i s t e d  i n  Table I were c a r r i e d  out .  The r e l a t i o n s h i p s  between 

period and a c c e l e r a t i o n  f o r  t h e s e  experiments a r e  shown i n  t h e  same graph,  F igu re  

16. The ranges  between t h e s e  curves  (and a l s o  s t r a i g h t  l i n e s )  a r e  des igna ted  

f o r  convenience a s  @ - @ . The content  f o r  each of t h e s e  a r e a s  w i l l  be de- 

s c r ibed  a s  fol lows.  

@ : I n  t h i s  range,  most people do not  perce ive  v i b r a t i o n .  The v i b r a t i o n  

of bu i ld ings  caused by an  unwarned ear thquake o r  storm i s  even more impercept ib le .  

: I n  t h i s  range,  most people a r e  aware of t h e  s l i g h t  v i b r a t i o n ,  and 

s t a r t  t o  t a l k  about i t .  The boundary between ranges  @ and @ i s  c a l l e d  t h e  

percept ion  threshold .  To ensure  comfort and h a b i t a b i l i t y ,  t h e  v i b r a t i o n  should 

be wi th in  t h e  weak range. The l i m i t  where comfort i s  l o s t  depends on t h e  per- 

c e p t i o n  of each ind iv idua l .  Therefore ,  t h e  percept ion  threshold  i s  t h e  f i r s t  

l i m i t  f o r  t h e  i n v e s t i g a t i o n  of comfort. These curves  a r e  based on peop le ' s  

f e e l i n g .  The index may be e s t a b l i s h e d  from t h e  fo l lowing  equat ion  (17) which i s  

expressed i n  terms of a c c e l e r a t i o n  (a) and period (T) . 

where 1 ,( T 4 1 0  ( s e c ) .  



I n  t h e  @ r a n g e  w i t h  a c c e l e r a t i o n  of 5 - 1 0  g a l ,  t h e  wa te r  i n  t h e  w a t e r  

t a n k  which was i n s t a l l e d  w i t h  a  pendant  l i g h t  began t o  shake  g e n t l y .  T h i s  i s  

d e t e c t e d  v i s u a l l y ,  bu t  t h e  v i b r a t i o n  i s  n o t  y e t  p e r c e i v e d .  T h i s  phenomenon h a s  

been con£ irmed. 

@ : I n  t h i s  r a n g e ,  t h e  v i b r a t i o n  of t h e  s u r r o u n d i n g s  i s  d i s c e r n i b l e  even 

wi thou t  household o b j e c t s .  Everyone c a n  f e e l  t h e  v i b r a t i o n .  A b i l i t y  t o  work 

a t  & d e s k  i s  s l i g h t l y  i n t e r f e r e d  w i t h .  A b i l i t y  t o  walk i s  e q u i v a l e n t  t o  t h e  

c u r v e  f o r  t h e  f i r s t  d e g r e e  of d i f f i c u l t y ,  l. e.  , i s  n e a r l y  ncrmal.  However, 

prolonged v i b r a t i o n  c a u s e s  s e a s i c k n e s s  sympto,ns f o r  c e r t a i n  peop le .  T h i s  i s  

t h e  boundary f o r  a r e a s  @ and @ . S i n c e  most of t h e  above items a r e  con- 

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

i n v e s t i g a t i o n .  To b e  on t h e  s a f e  s i d e ,  t h e  linit should b e  e s t a b l i s h e d  below 

each curve .  

@ : I n  t h i s  r a n g e ,  it i s  s t i l l  p o s s i b l e  t o  move a round ,  bur  w i t h  g r e a t  

a i i f  i c u l t y .  I n  a d d l t i o n  t o  t h e  d i f f i c u l t y  i n  movement, t h e  o c c u p a n t s  f e e l  

u n s a f e  d u e  t o  v i o l e n t  shak ing  of t h e  b u i l d i n g .  The l as t  comfort  l i m i t  ( t h e  

t h i r d )  should  b e  a s s i g n e d  below t h i s  r ange .  Beyond t h i s  r a n g e ,  t h e  i n v e s t i g a t i o n  

on h a b i t a b i l i t y  should  b e  swi tched from comfor t  t o  s a f e t y .  T h e r e f o r e ,  t h e  t h i r d  

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

t h e  c u r v e  of d i f f i c u l t y  i n  moveiient. 

Beyond t h e  @ r a n g e  of 35 g a l  a c c e l e r a t i o n ,  d e s k  work becomes d i f f i c u l t .  

'The l i m i t  f o r  which d e s k  work becomes i m p o s s i b l e  i s  s e t  a t  35 g a l .  However, i t  

i s  p o i n t l e s s  t o  s e t  t h e  working l i m i t  when i t  a l r e a d y  exceeds  t h e  comfor t  l i m i t .  

@ : A t  40  g a l ,  household o b j e c t s  s t a r t  a c l e a r l y  a u d i b l e  r a t t l i n g .  It 

becomes i n c r e a s i n g l y  d i f f i c u l t  t o  move around.  It i s  a lmos t  i m p o s s i b l e  t o  

m a i n t a i n  b a i a n c e  even i f  one t r i e s  t o  s t a n d  s t i l l .  Above 40 g a l ,  one h a s  t o  b e  

v e r y  c a r e f u l  t o  m a i n t a i n  b a l a n c e  i n  moving around.  The lower l i m i t  of t h i s  

a r e a  i s  e s t a b l i s h e d  a s  t h e  second s a f e t y  l iai t .  

: i n  t h i s  r a n g e ,  movement i s  p o s s i b l e  t o  some d e g r e e  b u t  t h e  d e g r e e  of 

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

@ :  Movement becomes i m p o s s i b l e .  However, t h e  p e r c e p r i b i l i t y  i s  i n  t h e  

" s t r o n g l y  p e r c e p t i b l e  a rea" .  I n  a c t u a l  b u i l d i n g  v i b r a t i o n ,  t h e  occupan ts  s t a r t  

t o  escape ,  f e a r i n g  t h a t  t h e  v i o l e n t  v i b r a t i o n  may throw them o u t .  The above 

o b s e r v a t i o n  i s  conf irmed by two a c c i d e n t s  d u r i n g  t h e  exper iment .  I n  t h e  8 
and @ r a n g e s ,  movement i s  suppressed .  From t h e  above d i s c ~ s s l o n ,  t h e  t h i r d  



s a f e t y  l i m i t ,  i n  which movement i s  prevented,  i s  es t ab l i shed  below t h e  lower 

l i m i t  of t h e  previous two a r e a s .  

@ :  I n  t h i s  range,  t h e  response  t o  v i b r a t i o n  i s  g r e a t e r  than  t h a t  i n  @ 

and @ a r e a s .  It i s  unders tandable  t h a t  i t s  v i b r a t i o n a l  cond i t i on  i s  a l s o  more 

seve re  than  that of t h e  o the r  two ranges.  

@ : I n  t h i s  range,  household o b j e c t s  s t a r t  t o  t opp le .  The occupants have 

t o  escape o r  e l s e  t h e  o b j e c t s  may f a l l  and h i t  them. From t h e  viewpoint of l i v i n g  

cond i t i ons ,  t h e  a c c e l e r a t i o n  caused by t h e  bu i ld ing  v i b r a t i o n  i n  t h i s  a r e a  is  

unfavorable  f o r  l i v i n g .  I n  o the r  words, t h e  lower l i m i t  of t h i s  range  i s  t h e  

f i n a i  s a f e t y  l i m i t  f o r  occupancy. It i s  assigned a s  t h e  4 t h  s a f e t y  l i m i t .  

5. Conclusion 

From t h i s  viewpoint of h a b i t a b i l i t y ,  t h e  comfort and s a f e t y  l i m i t s  f o r  

v i b r a t i o n  of long period and l a r g e  ampli tude a r e  proposed based on t h e  above 

obse rva t ions  a s  shown i n  F igures  17 and 18. F igure  17 shows t h e  r e l a t i o n s h i p  

between period and a c c e l e r a t i o n .  F igure  18 shows t h e  r e l a t i o n s h i p  between t h e  

period and ampli tude (displacement) .  

I n  t h e  next paper ,  t h e  limits obtained from t h e  a c t u a l  v i b r a t i o n s  of 

bu i id ings  and t h e  a n a l y s i s  of response t o  v i b r a t i o n  w i l l  be  compared. The f i n a l  

c r i t e r i a  concerning bu i ld ing  v i b r a t i o n s  w i l l  t hen  be proposed. 
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Table I 

Items of experimental  o b j e c t s  

S t a t i c  s t a t e  

P e r c e p t i b i l i t y  (1,4)  

Symbol r ep re -  

s en t ing  t h e  

r e s u l t s  

S t a t e  of persons 

i n  experiment 

Analysi  n  t h e  s t a t e  of body 

shaking 913 

Accelera t ion  produced i n  v a r i o u s  

p a r t s  of body 

Ef fec t  on a b i l i t y  t o  work 
( 6 )  

Experi- 

ment No. 

E f fec t  on v i s i o n  

I tems of experiment 

Symptoms of seagfykness  and physio- 

l o g i c a l  changes 

I Degree of d i f f i c u l t y  i n  walking ! A - - - 4  
I 

Degree of d i f f i c u l t  n  walking up I V- 
and down t h e  s t a i r s  

?3j. 
I 

Changesof  t h e 1  @ ( D i s t u r b a n c e o f  h o u s e h o l d o b j e c t s  ( 7 )  1 --------- 

The number i nd ica t ed  i n  t h e  upper r i g h t  corner  i n  column 3 i n d i c a t e s  t h e  

Reference No. 

indoor s t a t e  

Table I1 

I 
I 

Resu l t s  of experiments on p e r c e p t i b i l i t y  

It ems compared Experimental r e s u l t s  

D i f f e rence  i n  p e r c e p t i b i l i t y  due t o  sex Female > male 

Dif fe rence  i n  p e r c e p t i b i l i t y  due t o  age  Children > a d o l e s c e n t s  > a d u l t s  

D i f f e rence  i n  p e r c e p t i b i l i t y  due t o  d i r e c t i o n  Back-front > l e f  t - r i g h t  

D i f f e rence  i n  p e r c e p t i b i l i t y  due t o  pos tu re  Standing > s i t t i n g  wi th  back 
support > s i t t i n g  p o s i t i o n  

The open s i d e  of t h e  unequal s i g n  r e p r e s e n t s  t h e  h igher  s e n s i t i v i t y .  



Table 111 

Household obj  e c t s  

Items Measurement 4 Items Measurement Items Measurement 
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(a: l ength ;  b: width; c :  he igh t ;  d :  
e:  l eng th  of cord ;  w: weight;  u n i t :  

Dining t a b l e  

Dining c h a i r  

Gas t a b l e  

S ink  

Ref r ige ra to r  

China cab ine t  

Tea-set cabine t  

Bucket 

Water i n  t h e  bucket 

E l e c t r i c  pot 

J a r  s 

Dinnerware, cups 

Pans, k e t t l e  

B o t t l e s  

Cans 

16. Teapot 

17. Tea t a b l e  

18. Sideboard 

19. Desk 

20. Desk c h a i r  

21. Bookcase 

22. O i l  s tove  

23. Gas s tove  

24. E l e c t r i c  s t o v e  

25. Televis ion  

26. E l e c t r i c  f a n  

27. Clock 

28. Trash can 

29. Upright a s h t r a y  

30. Vase 

diameter  of t h e  base;  

em, kg) 

31. Frame 

32. E l e c t r i c  bulb 

33. Dresser  

34. Make-up d r e s s e r  

35, Baby d r e s s e r  

36. E l e c t r i c  s tand 

37. Hanger 

38. Wooden-shoe r a c k  

39. S tep  ladder  

40. 3-way mir ror  

41. Sewing-machine s tand 

42. Empty boxes 

43. Locker 

44. Hanger f o r  ha t  

45. Swing f o r  baby 



Posture:  s tanding  
Vibra t ion  d i r e c t i o n :  back 

and f o r t h  

e  i n  sex Dif fe rence  

Period ,her-  

Fig. 2 

Average percept ion  threshold  and 
average  to l e rance  threshold  
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Fig.  3 

Comparison on p e r c e p t i b i l i t y  
obtained by o the r  r e s e a r c h e r s  

Pos ture :  s i t t i n g  i n  c h a i r  
Vibra t ion  direction: f r o n t  

t o  back 
I I I 1 1 

Period ( S ~ C I  

Fig. 4 

Percept ion  threshold  c a l c u l a t e d  by D r .  I sh imoto  
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C h a r a c t e r i z a t i o n  of body senses  

Fig. 8 

Viscous damping f o r  a v i b r a t i o n a l  

system of one-storey bu i ld ing  
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Mot ion  of household obj e c t  s and 

t h e  corresponding human percept ion  



Experiment 1. Amplitude: 20 cm; pe r iod :  6 s e c  

Time cou r se  ( s ec )  0 1 0  20 3 0 4 0 5 0 60 7 0 80 90 100.... .150 

Experiment 2 .  Amplitude: 37.5 em; pe r iod :  6 s e c  
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S-pptoms of people  t a k i n g  p a r t  i n  t h e  experiment du r ing  t h e  v i b r a t i o n  
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Boundary where seas ickness  symptoms begin t o  develop 
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One of t h e  examples of t r a c i n g  a t  a desk 
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Direc t ion  of v i b r a t i o n  

Fig.  13  

Walking t r a i l  

Period ' 

Fig. 1 4  

Per iod-acce lera t  ion  and the degree of d i f f i c u l t y  
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Evalua t ion  of a b i l i t y  t o  walk 
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Fig ,  17 

I n v e s t i g a t i o n  on t h e  limits of h a b i t a b i l i t y  1 
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Fig.  18 

I n v e s t i g a t i o n  on t h e  limits of h a b i t a b i l i t y  2 


