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ABSTRACT

D if f e re n t  methods of improving sound-absorpt ive p ro p e r t i e s  of porous co ncre te -  
based m a te r i a l s  were in v e s t ig a t e d  inc luding:  
a/ changing the mater ia l  composition and th ick n ess ,
b / in c o rpo ra t ing  resona to r  c a v i t i e s  in the form of resonator  tubes or Helmholtz 

r e s o n a to r s ,  and 
c /  s ea l ing  one face of homogeneous m a te r i a l s .
The in v e s t i g a t io n  encompasses both a n a ly t ic a l  analyses  and labo ra to ry  measurements 
using both the impedance tube and the rev e rb e ra t io n  room measurement methods. The 
r e s u l t s  i n d ic a te  t h a t  one of the most promising methods to improve sound-absorp-  
t io n  q u a l i ty  of porous concrete-based  mater ia l  i s  sea l ing  one face of the m a te r i 
a l .

SOMMARIE

On a é tu d ié  d i f f é r e n t e s  méthodes pour améliorer  le s  p ro p r ié t é s  d 'ab so rp t io n  ac- 
coust ique  de matériaux î  base de béton poreux, dont: 
a /  la  m od if ica t ion  de la  composition e t  de l ' é p a i s s e u r  du m atér iau ,  
b/  11 in co rp o ra t io n  de cav i té s  résonnantes en forme de tube de résonnance ou de 

tube de Helmholtz,  e t  
c /  le  sce l lement  d'une des faces des matériaux homogènes.
L 'é tude  comprend des analyses ana ly t iques  e t  des mesures en l a b o r a t o i r e  a l ' a i d e  
des méthodes de tubes d'impédance e t  de mesures en chambre de réverbération Les 
r é s u l t a t s  ind iquen t  que l 'u n e  des méthodes l e s  plus prometteuses pour améliorer  
l e s  q u a l i t é s  d ' ab so rp t io n  accoustique des matériaux £ bctse de béton poreaux e s t  de 
s c e l l e r  une des faces  du matér iau .

1/ INTRODUCTION

There i s  an in c reas in g  need for  sound-absorp t ive  m a te r ia l s  s u i t a b l e  for  use as a 

highway noise b a r r i e r .  The use of sound-absorpt ive  m a te r ia l s  can improve the 
performance of p a r a l l e l  highway noise b a r r i e r s  [1] and, in the case of s ing le  
b a r r i e r s ,  i t  can s u b s t a n t i a l l y  reduce the amount of sound r e f l e c t e d  by the b a r r i e r  
to the opposi te  s ide of the highway. P r e se n t ly ,  a l l  sound-absorpt ive  b a r r i e r s ,  
t h a t  i s ,  b a r r i e r s  which absorb more sound energy than they r e f l e c t ,  or p a r t i a l l y  
sound-absorp t ive  b a r r i e r s  b u i l t  in Ontar io ,  have u t i l i z e d  Por t land  cement-based 
m a te r i a l s .  This may be a t t r i b u t e d  to the harshness  of the highway environment and 
to the c o s t  c o n s id e ra t io n s .

The o b jec t iv e  of t h i s  study was to eva lua te  and improve sound-absorpt ive  p roper 
t i e s  of the Por t land  cement-based m a te r ia l s  which are commercially a v a i l a b l e .  Two
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gener ic  types of these  m a te r i a l s  were in v e s t ig a t e d :

a) A two-layer system c o n s i s t in g  of an abso rp t ive  l a y e r ,  formed by wood f ib r e s  
bonded toge the r  by Por tland  Cements and a h igh -dens i ty  concrete  l a y e r .  The 
mater ia l  s e l e c te d  fo r  the study was D u r i so l - -  produced by Durisol M ate r ia ls  
Ltd. Durisol i s  a l i g h t - w e ig h t  bu i ld ing  mate ria l  made of chemically m ine ra l 
ized and n e u t r a l i z e d  softwood shavings bonded toge the r  under pressure  with 
Por tland  cement.

2) A s ing le  l aye r  of homogeneous porous concrete  using mineral aggregates  bonded 
with Por tland cement. The mater ia l  s e lec ted  fo r  t h i s  study was obta ined from 
Evercre te  Ltd. This mate ria l  con ta ins  sand and l imestone screening aggregates  
and has the p o ros i ty  of about 20%.

2/ SOUND ABSORPTION MEASUREMENTS

The sound-absorption  measurements were performed using two methods, the impedance 
tube (IT) method and the r ev e rb e ra t io n  room (RR) method as s p e c i f i e d  in Refer
ences 2 and 3, r e s p e c t iv e ly .  The IT measurements were done a t  the Ontario Mini s ty  
of  T ranspor ta t ion  and Communications Research Laboratory using s tandard  i n s t r u 
mentation manufactured by Bruel and Kjaer .  The sample diameter was approximately 
100 mm and the small gap between the sample and the impedance tube was sea led  with 
a th in  ring of p l a s t i c i n e .  The RR measurements were performed a t  the Division  of 
Building Research,  NRC, Ottawa, and a t  the Domtar Research Centre,  Sennev i l le ,  
Quebec.

All measurements should have been, p re fe ra b ly ,  performed a t  one f a c i l i t y  using 
only the RR method since  the use of d i f f e r e n t  t e s t i n g  f a c i l i t i e s  can c o n t r ib u te  to 
measurement e r r o r s  [4] and, more im por tan t ly ,  the RR method i s  the most appro
p r i a t e  t e s t i n g  method fo r  hard m a t e r i a l s ,  such as those used in t h i s  study, which 
may e x h ib i t  a re sonant  sound-absorp t ion [5 ] ,  The RR measurements a t  the two ex
te rna l  f a c i l i t i e s  were n e c e s s i t a t e d  by the a v a i l a b i l i t y  of these  f a c i l i t i e s .  The 
impedance tube measurements were used because of the cons iderab le  number of sam
ples  t e s t e d .  The cos ts  of producing and t e s t i n g  dozens of l a rge  samples requ ired  
for  the RR method would be p r o h i b i t i v e  (the minimum recommended su rface  area fo r  
the RR method i s  about 4.5 m2).  Also, given the nature  of the m a te r ia l s  t e s t e d ,  
i t  would be d i f f i c u l t  to produce la rge  samples with uniform p r o p e r t i e s ,  such as 
poros i ty  or surface  roughness.

3/ COMPARISON OF TESTING PROCEDURES

3.1/ Two-Layer Panels

The two-layer system c o n s i s t s  of 7.5 cm th ick  Durisol mate ria l  bonded to high 
dens i ty  re in fo rced  Por tland  cement concre te  backing, approximately 1.9 cm th ick .  
The sound-absorption  c o e f f i c i e n t s  of the 2 - lay e r  system measured by the RR and IT 
methods are compared j o i n t l y  in Figure 1 even though the c o e f f i c i e n t s  obta ined by 
the IT method are normal inc idence sound-absorption c o e f f i c i e n t s  and the c o e f f i 
c i e n t s  obta ined by the RR method are random incidence absorpt ion  c o e f f i c i e n t s .
The r e s u l t s  of the RR measurements were obtained with the sample panels laying on 
the  f lo o r  of the rev e rb e ra t io n  room and a lso  standing in an upr igh t  p o s i t io n .

According to Figure 1, the two sample p o s i t io n s  t e s t e d  by the reve rbe ra t ion  room 
method, as well as the impedance tube method, produced s im i la r  r e s u l t s  which in d i -
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cate  t h a t  the sound-absorption  of the two-layer panels occurs both in porous and 
resonant ways. The pos i t ion  of the panels in the RR is  not c r i t i c a l .  The IT 
measurements r e a l i s t i c a l l y  resemble those obtained in the r e v e r b e r a t i o n  room a l 
lowing for  the d i f f e r en c e  th a t  occurs when the sound i s  only normally in c id e n t .

3.2/ One-Layer Homogeneous Panels

The r e s u l t s  of sound-absorption  measurements of homogeneous porous concre te  pa
n e l s ,  obta ined by the two mesurement methods, are compared in Figure 2. The pa
nels are s e l f - s u p p o r t i n g  (without a r i g i d  backing) and the presence of re sonant  
absorp tion  i s  ev ident  only i f  the r i g i d  backing i s  a r t i f i c i a l l y  c rea ted  by the 
f lo o r  of the RR (when the panels are laying on i t )  or by the IT holder when the 
m a te r ia l s  i s  measured in the tube.  Thus, the proper t e s t i n g  procedure fo r  th i s  
materia l  i s  to have i t  in standing p os i t ion  in the RR. However, as ind ica ted  
before ,  the IT method was a lso  used fo r  t h i s  materia l  in order to eva lua te  r e l a 
t i v e  performance of d i f f e r e n t  mate ria l  modif ica t ions  with the in t e n t io n  to t e s t  
the most promising ones l a t e r  in the reve rbe ra t ion  room.

Figure 2 /  A bso rp t ion  C oeff ic ien t o f  O ne-L ayer  P o ro u s  C o n c re te  

F igure 1 /  A b s o rp t io n  C o e f f ic ien t  o f  T w o-L aye r  P anels  (Durisol)  M ateria l (Evercrete ) O b ta in ed  by  D if fe ren t  T es ting  M e thods

Measured  b y  D if fe ren t  Testing  M ethods

Thickness o f D urisol layer 7.5 cm, thickness o f  concrete  
hacking 1.9 cm

4/ METHODS FOR IMPROVING SOUND-ABSORPTION

The following methods for  improving sound-absorption p ro p e r t i e s  of the Por t land  
cement concre te -based  m a te r ia l s  were in v e s t ig a t e d .

1/ changes in th ickness  of the sound-absorbing laye r  of the two-layer panels and 
in the mix composition of the s i n g l e - l a y e r  panels;

2/  Use of r e sona to r  c a v i t i e s  - re sona to r  tubes and Helmholtz r e so n a to r s ;

3/  Application of r i g i d  backing to homogeneous s in g l e - l a y e r  panels .
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Whenever possible, both analy tica l and experimental approaches were used. A b r ie f  
description of the resu lts  achieved by these methods and th e ir  l im ita t io n s  is 
given below.

4 .1 / Changes In Thickness and Material Composition

Since the presence of the sound-absorbing layer in the 2-layered panels is not 
required for s tructura l support, the thickness of the layer can be changed. By 
varying the thickness of the absorptive layer, i t  is possible to influence both 
the amount of sound-absorption and the posit ion of the resonance frequency (Figure 
3). The re la tionsh ip  between the thickness of the absorptive layer and i t s  over
a l l  sound-absorption, expressed in terms of A-weighted sound-absorption c o e f f i 
c ien t c^, is  shown in Figure 4. The coeffecient a^, when m u lt ip l ie d  by 100, 
gives tue percentage of the A-weighted energy equivalent sound level which would 
be absorbed by the material assuming a typ ica l highway t r a f f i c  noise spectrum [6 ] .  
Thus, provides a single-number index fo r an easy and accurate comparison of 
the sound-absorption effectiveness of the highway noise ba rr ie r  materia ls.

Figure 3 /  Absorption  C o effic ie n t o f  T w o -L a v e r Panels (Durisol) 

Measured b y  Im pedance T u b e  M etho d

Complete panel w ith concrete backing. Thickness o f  Durisol 
layer as indicated. Values assumed fo r  calculations : see F igure 4.

Figure 4 /  Influence o f Thickness o f Durisol Layer o n  S o und-A bsorption  C o effic ien t, u .

According to Figure 4, a f te r  the thickness of the absorptive layer reaches about 
4.5 cm, any additional increase in i t s  thickness resu lts  in only marginal improve
ment of a«. Also shown in Figures 3 and 4 are calculated sound-absorption coef
f ic ie n ts  fo r  spec if ic  assumptions of flow r e s is t iv i t y ,  porosity and structure 
fac to r of the Durisol materia l.

Using pressure and ve loc ity  equations fo r  a sound wave t ra v e l l in g  through a medium 
and appropriate boundary conditions, the absorption cha rac te r is t ies  of the medium 
can be determined. Considering three media backed by a r ig id  wall (Figure 5), the 
fo llow ing ra t io  of the re flec ted and inc ident pressures can be obtained:
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Figure 5 / Sound Wave Propagation

Eo _ - zb
A0 Zq "

( 1 )

where: Za = Z 1 + 1Q (2)

zb = z o " z i

B i exp(2jk 1 £ 2  ̂ ( Z  2 Z j )  + (Z 2 + Z ^  ( 4 )

1 exp(2jk 1£ 2) ( Z 2 + Z 1) + ( Z 2 -  Z x)

k 1 = wave number (angular frequency/speed o f sound) 
b = propagation constant [7 ]  and other terms as defined in Figure 5.

The absorption co e f f ice n t  is  defined as

2

1 -
Bo (5)

The s im i la r i t y  between the Equations 1 to 4 and Equation 1 in Reference 7 is  re 
cognized. However, the Equation 1 in Reference 7 contains several typographical 
e rro rs .

The a n a ly t ica l approach based on the fundamental material p rop e rt ie s , while pro
mising ( in  view o f the apparent agreement between the measured and ca lcu la ted  
values given in Figures 3 and 4) could not be e f fe c t iv e ly  pursued because 
of the u n a v a i la b i l i t y  o f equipment fo r  a ir f lo w  resistance measurements [8 ]  in 
Canada.

To improve sound-aborption prc le r t ie s  o f homogeneous concrete m a te r ia ls , a sepa
ra te  study was made which attempted to re la te  materia l c h a ra c te r is t ic s ,  such as 
s p e c if ic  g ra v i ty  and p o ro s ity ,  w ith  sound-absorption. Data fo r  the 10 samples 
included in the study are summarized in Table 1. The re su lts  were ra ther disap
po in ting  in th a t no s ig n i f ic a n t  c o r re la t io n  was obtained between the poros ity  and 
sound-absorption c o e f f ic e n t  a^ even though some was expected. However, a s ta 
t i s t i c a l l y  s ig n i f i c a n t  c o r re la t io n  was obtained between surface roughness, mea
sured on a sub jec tive  scale, and absorption (Figure 6). The sub jective  scale was 
1 to 10, where 1 was a smooth surface w ithout v is ib le  openings or pores and 10 was 
a rough surface w ith about 30% of openings. This leads to suggest th a t  the way in 
which the pores are connected to the surface is  more important than the amount o f 
pores i . e . ,  p o ro s ity .  Add it ional research is  required to evaluate the e f fe c t  o f 
d i f fe re n t  aggregates (shape and size) and other fa c to rs ,  such as s trength , which 
were not included in th is  study.
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Table 1/ P r o p e r t ie s  of Porous Por t land  Cement Concrete Samples

Sample
No.

l

Dry
Densi ty  
g / c m 3

_ l

Water
A b s o rp t io n
A f t e r

B o i l i n g ,  %

P o r o s i t y ,  % 
o f  Space

2

S u r f a c e
Roughness

J

A-Weighted 
S o u n d -A b so rp t io n  
C o e f f i c i e n t ,  a 

A

1 1.96 15.38 30. 1 2 0 .1 7

2 2.02 13.74 27 .8 3 0 .2 0

3 2 .08 12 .3 0 25 .6 4 .5 0 .2 1

4 2.01 13.7 9 27 .8 3 0 .2 3

5 2.01 14.19 28 .5 4 0 .2 8

6 2.07 12.34 25 .6 6 0 .2 8

7 2.03 13. 38 27 .2 5 0 .2 9

8 2 .14 10.92 23 .3 7 0 .3 0

9 2.01 13.82 2 7 .8 6 0 .31

10 2 .15 10.37 2 2 .3 7 0 .3 2

Figure 6 /  Relationship Between Surface Roughness and a ,
Porous Concrete A

1 Based on ASTM C 642

2 Based on a s u b j e c t i v e  s c a l e  1 to  10.

3 A - w ei gh te d s o u n d - a b s o r p t i o n  c o e f f i c i e n t  ba se d on impedance tub e 

m ea sur em en t s .

4 .2 /  Use of Resonator Cavit ies

4 .2 .1 /  Resonator Tubes

Sound-absorption of resonator tubes occurs pr imarily due the tube resonance when 
the sound wave leaving the tube cancels the incoming wave. For resonance to oc
cur,  the tube length (disregarding the end correction factor)  must be an odd mul
t i p l e  of x/4 where x i s  the wavelength. The wave amplitude is  also at tenuated  by 
the viscous f r i c t i o n  between the wall of the tube and the a i r  in the tube. How
ever,  th i s  a t tenuat ion  is  considered neg l ig ib le  for tubes with radius g rea ter  than 
about 0.2 cm and length shor ter  than 6 cm [9] .

As an example of many resonator tube arrangements evaluated,  Figure 7 shows th a t  a 
s ig n i f i c a n t  improvement in the sound-absorption of homogeneous layer  of porous 
concrete can be achieved by creat ing  holes acting as resonator tubes.  The im
provement is  highest a t  the resonance frequency ca lcula ted  a t  1888 Hz. The calcu
la t ion  was based only on the resonant absorption [9].  The measured and ca lcu la ted  
values agree qui te well for frequencies near the resonance. For other frequen
c ies ,  the c h a r a c t e r i s t i c s  of the material i t s e l f  predominate and the increase in 
absorption may be a t t r ib u te d  to the increase in the to ta l  e f fe c t iv e  area of the 
sample.

While the sound-absorption of porous concrete materia ls  can be s ig n i f ic a n t ly  im
proved by creat ing resonator tubes, the f i e l d  appl ica t ion of the resonator  tubes 
requires careful considerat ion of th e i r  impact on d u ra b i l i ty ,  strength and sound 
transmission of the weakened panel.  Also, considering the predominant highway 
t r a f f i c  noise frequency of about 550 Hz, the length of tubes to achieve resonance 
(and consequently the panel thickness) is  r e l a t iv e ly  large,  about 15 cm.
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4 .2 .2 / Helmholtz Resonators

Unlike the tube resonators which absorb sound predominantly by rad ia tion cancella
t io n ,  Helmholtz resonators absorb sound also by f r ic t io n a l  absorption due to the 
movement of a ir  mass in the neck (aperture) of the resonator. Results obtained 
from two Helmholtz-type s lo t  resonators incorporated in to a layer of porous con-

Figure  7 /  S o u n d -A b so rp t io n  C oeff ic ien t  f o r  P o rous  C onc re te  
w ith  0 .4  c m  R ad ius T u b e  R esona to rs

Length o f resonator tubes 4.2.cm, sample thickness 5.5 cm, 
19 resonators in  the sample (diameter=10 cm), measured by  

impedance tube method.

TWO RESONATORS

1.0 cm 

f  
-¥

J k (H E / .

W/À3.1 cm '

10 cm

160 250 500
1/3 OCTAVE BAND CENTRE FREQUENCY

Figure  8 /  A b so rp t io n  C oeff ic ien t  o f  P o ro u s  C o n c re te  w i th  H elm ho ltz  
S lo t R esona to rs

T f/tj n o t resonators in  a 5 cm radius sample. Calculated resonance 

'w je n i . /  630 H /. Measured by impedance tube method.

crete material are shown in Figure 8= The advantage of th is  type of resonator is  
tha t i t  can be incorporated in to a re la t iv e ly  th in  panel and designed so that i t s  
resonance absorption coincides with the predominant component of the highway t r a f 
f i c  noise frequency spectrum. Figure 8 also shows tha t the sharp resonant absorp
tion peak may be somewhat blunted and spread out by f i l l i n g  the resonator chamber 
w i th f ib re g la s s .  As with the resonator tubes, use of th is  system fo r highway 
barriers  would be conditional on the strength and d u ra b il i ty  cha rac te r is t ics  of 
the weakened panels.

4 .2 .3 / Application o f Rigid Backing

As discussed in Section 3.2 and shown in Figure 2, the addition of an apparent 
r ig id  backing, created by the reverberation room f lo o r ,  to a porous homogeneous 
material induces resonant absorption. In order to ve r ify  th is  phenomenon and 
to u t i l i z e  i t  in a practica l way, a 3.8 m2 sample of porous homogeneous concrete 
panel was tested by the reverberation room method in a standing posit ion without 
any backing and with two types of backing — a) 1.9 cm th ick v inyl-coated gypsum 
wall board attached to one side of the panels and b) a heavy coat of Betonite pa in t 
on one side of the panels (Betonite is  an a c ry l ic -s i l ic o n e  emulsion manufactured 
by Sternson L td .) .

While the addition of the gypsum wall board does not have any s ig n if ic a n t  practica l 
app lication fo r the outdoor no+se ba rr ie rs , i t  shows tha t i t  can substan tia l ly  
increase sound-absorption of the panels, p a r t ic u la r ly  at the induced resonant 
frequency of 500 Hz (Figure 9). The sealing of one face of the panels (the face
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Figure 9 /  E ffect o f  Sealing Porous Concrete on Sound-Absorption

Results shown are fu r the sample face w ith  highest overall  ̂
absorption. Thickness o f  sample 5.0 cm. sample s i/e  3 .8 m '  

measured b y  reverberation room method.

away from the noise source)  with a concre te  p a in t  or Por t land  cement concrete  
s lu r ry  may be inexpensive and a p r a c t i c a l  way to increase  sound-absorpt ion of the 
panels .  Figure  9 shows t h a t  t h i s  method can approximately double the sound-ab- 
so rp t ion  c o e f f i c i e n t  of the o r ig in a l  sample a t  the frequency range of 400 to  630 
Hz, which i s  the predominant frequency range of highway no ise .

5 /  CONCLUSIONS

1/ The th ickness  of the abso rp t ive  la y e r  of  the two-layer  panels should be o p t i 
mized fo r  highway noise b a r r i e r  a p p l i c a t i o n .  For example, in the case of Duri- 
sol absorp t ive  l a y e r ,  the recommended th ickness  i s  about 5 cm.

2/ For the range of v a r i a b le s  s tu d ied ,  no c o r r e l a t i o n  was found between the poro
s i t y  of porous concre te  m a te r i a l s  and t h e i r  overa l l  sound-absorpt ion (of  h igh
way t r a f f i c  n o ise ) .

3/ The use of re sona to r  c a v i t i e s  s i g n i f i c a n t l y  improves sound-absorpt ion of porous 
concrete  m a te r i a l s .  However, t h e i r  e f f e c t  on d u r a b i l i t y ,  s t r e n g th  and sound 
t ransmiss ion  must a lso  be considered .

4/ Sealing one face of the porous concre te  panels ,  to achieve resonant  abso rp t ion ,  
appears to be the most promising method to improve t h e i r  sound-absorpt ion cha 
r a c t e r i s t i c s .
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