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ABSTRACT 

Measurement of sound t r a n s m i s s i o n  through t h e  e x t e r i o r  facade  of a  
b u i l d i n g  r e q u i r e s  a  d e t e r m i n a t i o n  of t h e  i n c i d e n t  sound power. D i r e c t  
measurement of t h e  sound f i e l d  n e a r  t h e  r e l e v a n t  s u r f a c e  seems p r e f e r a b l e  t o  
t h e  use  of a  ' c a l i b r a t e d  s o u r c e '  because of v a r i a b i l i t y  i n  outdoor  
p r o p a g a t i o n  a s s o c i a t e d  wi th  ground r e f l e c t i o n s  and a tmospher ic  c o n d i t i o n s .  
The i n t e r p r e t a t i o n  of sound p r e s s u r e  l e v e l  measurements i n  t h i s  environment 
i s ,  however, complicated by t h e  i n t e r f e r e n c e  between i n c i d e n t  sound waves 
and t h o s e  r e f l e c t e d  from b u i l d i n g  s u r f a c e s .  T h i s  paper  p r e s e n t s  
exper imenta l  r e s u l t s  and a  s imple  p r e d i c t i v e  model. 

SOMMAIRE 

La mesure de l a  t r a n s m i s s i o n  du son 3 t r a v e r s  l ' e n v e l o p p e  d 'un bat iment  
e x i g e  qu'on de te rmine  l a  pu i ssance  a c o u s t i q u e  i n c i d e n t e .  La mesure d i r e c t e  
du champ a c o u s t i q u e  p r s s  de 11616ment de s u r f a c e  c o n s i d e r 6  sem5le p r E f 6 r a b l e  
5 l ' u t i l i s a t i o n  d 'une ' source  Gtalonnee '  e n  r a i s o n  de  v a r i a t i o n s  dans l a  
p ropaga t ion  e x t 6 r i e u r e  d e s  ondes a s s o c i e e s  aux r g f l e x i o n s  p a r  l e  s o l  e t  aux 
c o n d i t i o n s  a tmosphsr ique.  L 1 i n t e r p r 6 t a t i o n  d e s  mesures du niveau de 
p r e s s i o n  du son dans c e s  c o n d i t i o n s  e s t  cependant rendue d i f f i c i l e  e n  r a i s o n  
de l ' i n t e r f g r e n c e  e n t r e  l e s  ondes sonores  i n c i d e n t e s  e t  c e l l e s  r 6 f l 6 c h i e s  
p a r  l e s  s u r f a c e s  de b3 t iments .  C e t t e  communication p r g s e n t e  l e s  r e s u l t a t s  
exp6rimentaux e t  propose un modzle s i m p l i f i e  d e  p r 6 d i c t i o n .  

Th is  paper  u s e s  exper imenta l  d a t a  and a  s imple  p r e d i c t i v e  model t o  examine 
s y s t e m a t i c  e f f e c t s  a s s o c i a t e d  w i t h  r e f l e c t i o n s  from a  l a r g e  f l a t  f acade  and,  
subsequen t ly ,  t o  i n v e s t i g a t e  d e v i a t i o n s  from t h i s  i d e a l  c a s e .  For an  i n f i n i t e  
r e f l e c t i n g  p l a n e ,  sound p r e s s u r e  l e v e l  (SPL) a t  t h e  s u r f a c e  should be 6 dB h i g h e r  
t h a n  t h a t  f o r  t h e  i n c i d e n t  wave a l o n e .  A t  some d i s t a n c e  from t h e  s u r f a c e ,  phase 
d i f f e r e n c e s  between d i r e c t  and r e f l e c t e d  waves range from O t o  360 deg f o r  a  band of 
n o i s e ,  and t h e  average  SPL approaches  3 dB above t h e  i n c i d e n t  wave SPL. The p r a c t i c a l  
problem i s  t o  de te rmine  t h e  c a s e s  where t h e  l i m i t s  app ly  o r ,  i f  p o s s i b l e ,  t o  p r e d i c t  
(and c o r r e c t  f o r )  i n t e r f e r e n c e  e f f e c t s  i n  i n t e r m e d i a t e  c a s e s .  

The p r e d i c t i o n  model u s e s  a  p lane  wave approximat ion and assumes s p e c u l a r  
r e f l e c t i o n ,  w i t h  no a b s o r p t i o n  o r  phase s h i f t  a t  t h e  s u r f a c e .  D i r e c t  and r e f l e c t e d  
waves f o r  a  s p e c i f i c  f requency and a n g l e  of Inc idence  a r e  t r e a t e d  a s  f u l l y  coheren t .  
C o n t r i b u t i o n s  from d i f f e r e n t  a n g l e s  o r  f r e q u e n c i e s  a r e  t r e a t e d  a s  independent ,  and a r e  
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combined by adding weighted mean square  p r e s s u r e s  a t  t h e  p o s i t i o n  of i n t e r e s t .  
Weighting was chosen t o  correspond t o  exper imenta l  c o n d i t i o n s  (e .g . ,  113  o c t a v e  bands 
of whi te  n o i s e ) .  

DISTANCE FROM SURFACE.wavelengths Figure  1 ANGLE OF INCIDENCE. degrees F i g u r e  2 

F i g u r e s  1 and 2 p r e s e n t  113  o c t a v e  band d a t a  f o r  SPL n e a r  a r e f l e c t i n g  s u r f a c e  i n  
a n  o t h e r w i s e  anechoic  room. The r e f e r e n c e  microphone was mounted through t h e  w a l l ,  
i t s  diaphragm f l u s h  w i t h  t h e  s u r f a c e .  The s o u r c e  was a  s m a l l  loudspeaker  3  m from t h e  
r e f e r e n c e  microphone; w h i t e  n o i s e  was used.  Data f o r  2 kHz (A) and 5 kHz (X) bands 
were ob ta ined  u s i n g  6  mm condenser  microphones w i t h  a  c o n v e n t i o n a l  113 o c t a v e  
measur ing system by r e p e a t e d  c a r e f u l  r e p o s i t i o n i n g  of microphone o r  source .  The s o l i d  
l i n e  shows t h e  c a l c u l a t e d  d i f f e r e n c e  i n  SPL f o r  a p e r f e c t  1 1 3  o c t a v e  f i l t e r ,  and t h e  
dashed Line t h e  cor responding  c a l c u l a t i o n  f o r  a  f i l t e r  w i t h  t h e  minimum a t t e n u a t i o n  
c h a r a c e r i s t i c  f o r  an ANSI Class  111 f i l t e r ;  a s  e x p e c t e d ,  d a t a  f a l l  between t h e s e  
l i m i t s .  F igure  1 p r e s e n t s  t h e  d a t a  f o r  p e r p e n d i c u l a r  i n c i d e n c e ,  w i t h  t h e  second 
microphone c e n t r e d  from 3 mm ( t o u c h i n g  s u r f a c e )  t o  100 mm from t h e  r e f l e c t i n g  p lane .  
The r e l a t i o n  between i n c i d e n t  sound power and measured SPL changes s i g n i f i c a n t l y  i n  
t h e  r e g i o n  0.1 - 1 wavelength  from t h e  s u r f a c e ,  and q u i t e  s m a l l  changes i n  microphone 

i p o s i t i o n  can d r a s t i c a l l y  a l t e r  t h e  a p p a r e n t  s p e c t r a l  ba lance .  F i g u r e  2 i l l u s t r a t e s  
t h e  change i n  SPL a t  a  f i x e d  p o s i t i o n  (0.57 wavelength  from s u r f a c e )  a s  a n g l e  of 
i n c i d e n c e  changes.  A s  t h e  a n g l e  moves from 0 deg towards g r a z i n g  i n c i d e n c e ,  p a t h  
l e n g t h  d i f f e r e n c e  between d i r e c t  and r e f l e c t e d  waves d e c r e a s e s ;  f o r  a  f i x e d  microphone 
p o s i t i o n  t h e  i n t e r f e r e n c e  p a t t e r n  s h i f t s  t o  h i g h e r  f r e q u e n c i e s .  

A c l e a r  impress ion  of t h e  i n t e r f e r e n c e  p a t t e r n  can be o b t a i n e d  more e a s i l y  by 
u s i n g  f requency  r a t h e r  t h a n  s o u r c e  o r  microphone p o s i t i o n  as t h e  independent v a r i a b l e .  
F i g u r e  3  shows t h e  d i f f e r e n c e  between measured SPL a t  two microphones (O), o b t a i n e d  
from rms-averaged s p e c t r a l  ampl i tude  measurements w i t h  a  two-channel FFT a n a l y s e r .  
One microphone touched t h e  s u r f a c e ;  t h e  o t h e r  was 2 m from t h e  e x t e r i o r  w a l l  of a  
b u i l d i n g .  White n o i s e  came from a loudspeaker  a t  an  a n g l e  of i n c i d e n c e  of 60 deg. 
The dashed l i n e  shows t h e  c a l c u l a t e d  d i f f e r e n c e  i n  SPL f o r  t h e  f i l t e r  r esponse  
a s s o c i a t e d  w i t h  an i n d i v i d u a l  f requency l i n e  of t h e  FFT. Small  d i s c r e p a n c i e s  between 
exper iment  and c a l c u l a t i o n  a r e  b e l i e v e d  t o  be due t o  p h y s i c a l  c o m p l i c a t i o n s  (such a s  



sound r e f l e c t e d  from the  ground su r f ace )  not  accounted f o r  i n  t h e  c a l c u l a t i o n .  The 
s o l i d  curve i n  Fig. 3  i s  t h e  113 octave response synthes ized  from t h e  FFT; a t  h igh  
f requenc ies  t he  r e s u l t s  approach 3 dB below t h e  s u r f a c e  SPL, but i n t e r f e r e n c e  e f f e c t s  
a r e  app rec i ab l e  f o r  t h e  lowest bands. 
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Reduced i n t e r f e r e n c e  e f f e c t s  were observed with a  l i n e  source.  F igure  4 shows 
t h e  p red i c t ed  and measured SPL d i f f e r e n c e s  f o r  microphones touching and 2 m from a 
l a r g e  f l a t  w a l l  f a c i n g  a  major highway. The d i f f e r e n t  i n t e r f e r e n c e  p a t t e r n s  f o r  
d i f f e r e n t  angles  of inc idence  average ou t  much of t h e  v a r i a t i o n  i n  SPL ve r sus  
f r equency 'o r  d i s t a n c e  from the  su r f ace .  For t h e  2 m p o s i t i o n  t h e  113 oc tave  SPL 
( s o l i d  curve)  approaches su r f ace  SPL minus 3 dB f o r  t h e  bands above 100 Hz. Measuring 
c l o s e r  t o  t h e  s u r f a c e  would s h i f t  i n t e r f e r e n c e  e f f e c t s  t o  h igher  f requenc ies .  

FREQUENCY , Hz Figure 5 FREQUENCY . Hz Figure  6 



Standards  f o r  measur ing f a c a d e  sound t r a n s m i s s i o n  commonly assume t h a t  SPL a t  
b u i l d i n g  s u r f a c e s  i s  6 dB h i g h e r  than t h e  SPL f o r  t h e  i n c i d e n t  wave. S c a t t e r i n g ,  
d i f f r a c t i o n ,  and response  of s u r f a c e  e lements  t o  t h e  sound f i e l d  could  i n t r o d u c e  
d e v i a t i o n s  from t h i s .  F i g u r e s  5 and 6 show t h e  d i f f e r e n c e  i n  SPL measured wi th  t h e  
FFT a n a l y s e r  f o r  two microphones n e a r  a  house w a l l  ( 3 m h i g h  x 9 m wide) .  The d a t a  
i n  F ig .  5  were o b t a i n e d  w i t h  microphones touch ing  t h e  w a l l  a t  mid-point and 1 m from 
t h e  c o r n e r .  S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  o t h e r  p o s i t i o n s .  Although s y s t e m a t i c  
v a r i a t i o n  w i t h  f requency is  e v i d e n t ,  t h e  1 / 3  o c t a v e  SPL ( s o l i d  curve)  is  n e a r l y  
uniform over  t h e  s u r f a c e .  The d a t a  i n  Fig .  6 were o b t a i n e d  w i t h  one microphone 
touch ing  t h e  w a l l  s u r f a c e  ( 1  m from t h e  c o r n e r )  and t h e  second microphone 2  m beyond 
t h e  c o r n e r .  V a r i a t i o n s  i n  SPL d i f f e r e n c e s  w i t h  f requency  a r e  c o n s i s t e n t  w i t h  expected 
d i f f r a c t i o n  f r i n g e s ,  but  d e t a i l e d  c a l c u l a t i o n s  t o  conf i rm t h i s  mechanism a r e  beyond 
t h e  scope of t h i s  work. V a r i a t i o n s  i n  r e f l e c t i o n s  from t h e  r a t h e r  uneven ground 
s u r f a c e  might a l s o  c o n t r i b u t e .  The average  d i f f e r e n c e  i n  SPL i s  c l o s e  t o  6 dB; f o r  
1 / 3  o c t a v e  bands ,  assumed p r e s s u r e  doubl ing  a t  t h e  w a l l  i s  reasonab ly  a c c u r a t e .  

A t  h i g h  f r e q u e n c i e s  t h e  p r e s s u r e  doubl ing  assumption f a i l s  i f  microphone d iamete r  
i s  comparable t o  wavelength.  F i g u r e  7 shows t h e  d i f f e r e n c e ,  f o r  a  p o i n t  source  a t  
normal i n c i d e n c e ,  between s u r f a c e  SPL (measured w i t h  flush-mounted microphone) and 
t h a t  measured w i t h  a  25 mm microphone touch ing  t h e  s u r f a c e .  The dashed l l n e  shows t h e  
c a l c u l a t i o n  ( a s  i n  F i g .  3)  f o r  expec ted  SPL a t  t h e  microphone mid-point;  a s h a r p  
minimum i s  p r e d i c t e d  n e a r  7 kHz. The lumped response  of t h e  microphone t o  p r e s s u r e  
d i s t r i b u t i o n  over  t h e  e n t i r e  diaphragm l i m i t s  t h e  measured mini-mum; d i f f r a c t i o n  and 
microphone response a l s o  a f f e c t  t h e  r e s u l t s  above 6 kHz. Measurements w i t h  s m a l l e r  
microphones c e n t r e d  at  t h e  same l o c a t i o n  shou ld  approach t h e  c a l c u l a t e d  r e s u l t  more 
c l o s e l y .  The p reced ing  a n a l y s i s  i s  concerned w i t h  SPL a d j a c e n t  t o  essentially f l a t  
s u r f a c e s ,  bu t  a c t u a l  doors  and windows a r e  seldom f l u s h .  Because t h e s e  e lements  o f t e n  
dominate sound t r a n s m i s s i o n ,  sound power r e a c h i n g  them i s  of p a r t i c u l a r  i n t e r e s t .  
F i g u r e  8  shows t h e  measured d i f f e r e n c e  between SPL a t  a  door  s u r f a c e  ( r e c e s s e d  

150 mm) and t h e  r e f e r e n c e  SPL a t  an  a d j o i n i n g  f l a t  s u r f a c e .  Microphone l o c a t i o n  on 
t h e  door  s u r f a c e  a l t e r s  t h e  observed maxima and minima, which a r e  a p p a r e n t l y  due t o  
i n t e r f e r e n c e  of sound wave components p a r a l l e l  t o  t h e  s u r f a c e :  t h e  h i g h  impedance of 
t h e  40 mm s o l i d  wood door shou ld  e n s u r e  n e g l i g i b l e  p a n e l  r esponse .  These e f f e c t s  
shou ld  average  o u t  f o r  h i g h e r  1 / 3  o c t a v e  bands ,  bu t  as shown by t h e  s o l i d  curve i n  
F ig .  8 ,  t h e y  may a f f e c t  t h e  lower bands a p p r e c i a b l y .  
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