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Foreword 

The 11 papers in this R cord w re presented in Ses. ion 202 and 214 of th 69th Annual 
Meeting of the Transportation Research Board, held in 1990. All papers were developed 
jointly and spon. ored by two Permanent International Association of Road ongre se (PlAR ) 
committees and three TRB committees. Thomas Deen, Executive Director of TRB, and 
Bernard Fauveau, General Secretary of PIARC, each introduced one of the sessions by 
emphasizing the inlernational cooperation repre e.nted. The pap rs were prepared by author. 
from Belgium France Great Britain Italy the N therland Spain , and Switzerland . 

Porou asphalt pavements in Europe are 4 to 5 cm thick , about twice a thick as p n
graded a phalt surfaces in the United States. Otherwise they are similar . In addition to 
reducing splash and pray and helping to maintain high friction level · between vehicle tires 
and wet pavements, porous a phalt pav.em nts are recognized for their ability to reduce light 
reflectance and to decrea e tire and vehicle noise by 3 to 4 dB(A). Topics covered by the 
papers are mix design (including polymer add itives), placement, repair , performance , meas
urements of reduced noise and other p rceived benefits, and mea urement of physical 
properties related to the engineering performance of these pavements. 

v 
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Sound Absorption and Winter 
Performance of Porous Asphalt Pavement 

GABRIELE CAMOMILLA, MAURO MALGARINI, AND SANDRO GERVASIO 

ound-absorbent porous asphalt pavement have b en used 
extensively on ltalian motorways to reduce traffic noise; improve 
kid resistance in ca e of precipitation by eli minating aquaplaning 

especially in zone with limited runoff; and eliminate the ri k of 
the spray effect. The Auto trade >mpany carried om large- calc 
tesc for safeiy, economy, maintenance, and ound ab orption 
over some 1,200 ,000 m1 or porous a ·phalt pavcmenr . Laboratory 
control measurements and snO\ simulation were al o tudie<.I . 
The darn indicate why porous a phalt attenuate noise , which 
may lead to new ways to develop porou · asphalt p11vement mixes. 
The measures that should be taken ro remove now and ice are 
also reported. 

On such fast-transit roads as motorways, highways, ring roads, 
bypasses , and so on, traffic conditions generally are such that 
one main source of noise is "rolling noise," that is, the com
plex of vibrational and fluido-dynamic phenomena that arises 
from the interaction between vehicle tires and the road sur
face. Indeed, it has been ascertained that tire-on-road noise 
is the predominant source of noise for passenger cars traveling 
more than 50 to 60 km/hr and for industrial vehicles traveling 
at more than 60 to 70 km/hr (Figure 1) (I, 2). 

The Autostrade Company has become increasingly inter
ested in analyzing this phenomenon to develop a pavement 
that can reduce rolling noise, and simultaneously maintain 
good safety and durability characteristics. Research has clar
ified many, if not all, aspects of the problem which, in 
summary, is affected by the following parameters: 

• Aerohydraulic vorticity phenomena that result from the 
rota-translational movement of wheel itself, 

• Tire vibrations caused by impacts between the grooves 
of the tread and irregularities in the pavement surface (micro
and macro texture) , and 

•Air-pumping phenomena, that is, the sudden lamination 
of the pressurized air trapped in the spaces between the tread 
grooves and the road surface. 

The various simulation models developed so far are approx
imate, such that it is not possible today to theoretically deter
mine the combinations or solutions which will ensure low 
noise levels. 

SOUND ABSORBING PAVEMENTS: HOW THEY 
FUNCTION 

In recent years , experts have paid increasing attention to 
"porous asphalt pavements." The Autostrade Company has 

G. Camomilla and M. Malgarini, Autostrade S.p.A., Via Bergamini, 
50 , 00159 Roma, Italy . S. Gervasio, Fimit Ipse , Via Bologna, 87, 
10154 Torino, Italy . 

carried out extensive experiments involving porous asphalt 
pavements , and in 1988 conducted large-scale test fo r saf ty , 
economy, maintenance, and sound absorption over ome 
1,200,000 m2 of pavement. The tests on sound absorption have 
yielded some interesting data which may well open up new 
horiz ns for the development of this type of mix . 

Numerous hypotheses have been advanced to explain the 
noise attenuation produced by porous asphalts. The more 
feasible are as follows: 

•The porosity of the road surface strongly limits the air
pumping effect, and insofar a there is communication between 
the cavitie in the pavement, and therefo.re the air between 
the tread grooves and pavement is not compressed. 

•The macrotexture of the porous pavement is character
ized by optimal wave length and roughness , so as to minimize 
tire vibrations. See Descornet's theory (3). 

• The sound absorption coefficient is such that along the 
path of ·ound propaga ti n between the sou nd source and the 
point affected by the noise, an additional. attenuation occurs 
because of the reduced acou tic reflection from the road 
surface. 

Among these hypotheses the l a t important is usually con-
ide red to be sound ab orption (4) . Passing from a mean valu 

of 10 percent (traditional pavement) to an am coefficient f 
60 percent (porou · pavement), the maximum theoretical ver
all alt nuarion i abou t 1.3 dB(A) (Figure 2)-a figure con
siderably lower than the 4 to 6 dB(A) generally obtained 
experimentally. 

Tests and Results 

The test program included both measurements taken on site 
and measurements taken in the laboratory on samples. 
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FIGURE 1 Rolling noise as a function of vehicle speed. 
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FIGURE 2 Sound absorption. 

On-site Measurements 

he on- ite measurement were carried out 011 tbe Adriatica 
Motorway in the vicinity of Vasto Nord where severa l sec
tions were paved with traditional and ound-ab orbent 
materials under identical environmental and wear conditions. 

Tuo similar microphone arrangement wc::n: sel up at point! 
lOO m apart as mea uring positio11s , on the two types of pave
ment. Mea urements w re taken at 3.S and 7.S m from the 
axj of the normal traffic lane and in uch a way a LO obtain 
free field acoustic c nditions . 

The following noise sources were used: 

• Tw standa rd vehicles: a Fiat Uno and an OM 130 truck, 
b th in transit at constant speed , first in gear and again with 
the engine turned off. 

• A noi e generator: A loudspeaker mounted on the roof 
of a car powered with white noise from 100 to 5,000 Hz, 
producing a l.oudness that exceeded the vehicle nois by at 
least 10 dB. 

TABLE 1 TESTS WITH STANDARD VEHICLES 

Vehicle 

FIAT UNO 

OM 130 

60 

Speed 
km/h 

40 
60 
80 

120 
engine 

40 
80 

off 

60 engine off 

MEAN 

TABLE 2 TESTS WITH NOISE GENERATOR 
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Propagation of Sound in the Case of 
Traditional Pavement (a..= 10 i.) 

Hypothesis for Porous Asphalt Pavement: 
Simple Attenua1ion = 71 .5 only on the 
Source/Receiver Path 

•Actual motorway traffic. Given th proximity of th two 
microphone units and the type of road ection in question 
(slight negative slope and traight path) , it cou ld be as -umed 
that there would be no significant vadati 11 in the parameters 
affecting noise, (i.e., traffic composition, average speed of 
vehicles, engine speed, and weather conditions) between re
cording positions. Consequently , any attenuations would b at
tributable exclusively 10 the djfferent nature of the pavement 
urface . 

The te t results are ummarized in Tables 1- 3 (each atten
uation value i the average of three tests). Figure 3 shows 
db(A) levels measured using the standard vehicles a t the dif
ferent test ·peeds and conditions. Figure 4- 6 how th ta
tistical param ters measured at the two receiving units, and 
specifically spectra (mt:m1 value) , probability distribution, and 
the cumulative distribution. Figure 7 show the development 
of the sound l vet as a function of its position relative to the 
measuring point and the noise spectra recorded for one of 
the vehicles in transit. The time windows included either the 

Attenuation 
3.5 m 

dB(A) 

3.2 
3.1 
2.6 
2.8 
1. 8 

3.8 
2.2 
3.1 

2.8 

Attenuation 
7. 5 m 

dB(A) 

6 
3.6 
4. 5 
4.5 
3.3 

6 
3.3 
2.6 

4. 2 

Test No. Attenuation 
at 3.5 m, dB(A) 

Attenuation 
at 7 . 5 m, dB ( A ) 

1 
2 
3 

MEAN 

0.8 
0.3 
0.4 

0.5 

0.2 
0.3 

0.1 
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TABLE 3 TESTS WITH REAL TRAFFIC 

Attenuation, dBA (on 15 minutes of analysis) 

L5 L50 L90 

3.5 4.7 3.5 

--·~ __ , 
.... .n 

80 JI - -· ------- .. .- -----.- ... ---- .. .... 
_.:. ; ... ... 

,19•- -·· ... • 70 . . ... ' o•· 
60 BO 100 120Km/h 

IN GEAR MOTO"R OFF FIAT 
p t:>. UNO 

FIGURE 3 DB(A) levels for standard vehicles. 

90 

80 @] 
- - -- - . .- -.-. - -

--.1.:,. • • ., •. - -- -- - - - --:;: -- ---
70 -"-' - ... • ... -- ·- 11§. ~ -. 

• 
~ 

i. ... • 
60 ... , • • • \ 

• r • • 
50 • ' • • - --

20 50 100 200 500 1000 2000 500010000 Hz 

Lmean Lequivalent 

4 4 

10 PROBABILISTIC DISTRIBUTION 

---- POROUS ASPHALT 

8 - - - TRADITIONAL 

IMPROVEMENT 

50 60 70 80 90 
SOUND LEVEL (dBA) 

FIGURE 5 Probability distribution of dB(A) for porous 
asphalt and traditional pavements. 

100 CUMULATIVE DISTRIBUTION 

e • e e e e POAOUS ASPHALT 

80 - - - TRADITIONAL 

60 

40 

• • •• • NORMAL - - - POROUS ASPHALT .,.;20"-il---------_.:;.411'1l~r--------
:£ ...... ,"~·: FIGURE 4 Spectra (mean value) at two receiving units. 

entire approach and departure period (top) or ju t the instan t 
of pa ·sage past the pickup microphone (0.125 ec) (bottom). 

The following ob ervation can b deduced from these fi.g
ures and table : the overalJ effect of the pavement cannot be 
attributed solely to the reduction in rolling noise. In f< ct. a 
shown in Figure 3 and Tables 1-3 the attenuation i almost 
constant and independent of the vehicle peed, whereas, a. 
previou ·ly indicated, the· weighr" of tJ1e rolling n is increases 
rapidly with the rise in speed. In other w rds, a modification 
that would affect only t11e rolljng noise will not result in auen
uatioos of 4 to 5 dB(A) even at 40 km/hr (i.e. in condition · 
in which the primary noi e. ources are the engi1Je and exh11us1). 

This observation i. further . upported by comparing the 
measurements performed when ve hicles were in gea r with the 
measurements performed when the vehicles' e ngines were 
shu t off. For both standard vehicle in both test modes, reduc
tion of the same magnitu.de were · btainecl. In theory, when 
the rolling noise is the only ource f l'IOise (the test with the 
vehicle engine turned off), the attenuation should have been 
much more evident. 

All this led to Lhe formulatio n of the hypothesi ·flown in 
Figure 8, which can be expressed a fo llows: the 'overa ll effect 

Z~..+-~-~~-~~-..-~~~-,....-··-:~··~.:~~-~~~~ ..... 
50 60 70 80 SC 

SOUND LEVEL (dBA) 

FIGURE 6 Cumulative distribution of dB(A) for porous 
asphalt and traditional pavements. 

of the porous asphaJr pavement is cau eel by an attenuation 
obtained by soupd ab orption, operating first on the no.ise 
genera ted by all ource (mot r exhaust , fans. tire ) and 
successively rebounding between the floor pan and pavem nt, 
and then alo ng th s urce and receiver propaga tion pa th . A 
noise reduction from 3.5 to 4.7 dB(A) follows from this 
hypothesi depend ing on the number of succe sive reb unds 
between floor pan and cabin and pavement. T he approxi
mation between the theoretical data and the experimental 
results is good . (Detai ls about the theory of sound propagation 
between the tw parallel urfaces and mod I calculations are 
available by contacting the authors.) 

A first partial verification of thi thesi · is f und in the field 
mea urements, which show (Figure 7) that the attenuation at 
the approach and departure tages i greater compared ' ith 
the reduction rel ated to the transit only. ln add ition , pa -
senger cars are more sen ilive to the effect of the porou 
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FIGURE 7 Sound levels for vehicles in transit. 

172.@ 
!'.) '-::-!o ___ ~~ ~ 

____ W~--~-69_._5_~_ 70 ~ 
TRADITIONAL PAVEMENT o<m = 5 + 10 % 

l6B,5! 
(') --. 67 S<~ 

w~··~ 
single reflec1ion mlilllple reflection 

POROUS ASPHALT PAVEMENT o<m=40+70% 

ATTENUATION = 4,3 dB 

FIGURE 8 Attenuation obtained by sound absorption. 
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asphalt than are trucks and industrial vehicles as shown in the 
following table. 

Vehicle Type Test Conditions Mean Allenuation 
(dB(A)) 

Passenger car Approach, transit, 5.2 
and departure 

Passenger car Transit only 3.4 
Industrial Approach, transit 3.4 

Vehicle and departure 
Industrial Transit only 2.4 

Vehicle 

Laboratory Measurements 

Sev ra1 control mea. urem ~nt · were ul· equently taken in the 
laboratory. The fu'st step was Lo use the tanding wave appa
ratus (Figure 9) to determine ound ab orpt ion coefficients 
on normal incidence of different pavem nr ample . Differe nc 
measuremen t were taken n each type of mix to accounc f r 
dispersions owing to differences in production and laying of 
the materials . 

The resul ts are shown in Figure IO. Porou pavements have 
much higher values than traditional pavement , particularly 
in the fr quen y range where the mean n i e pectra begin 
to vary igni ficantly. 

A econcl c ntrol test was conducted in the Fimit-Ipse sem
ianechoic chamber (Figure 11). An automobile on the roller 

eEl D D D (c;;51 
., , ,, •··~ 

generator 

sample being 
/tested 

r..:-.. -.. •. "'='"·"'"'· .-:--:. •;, measurement 
: ._•...,:·=:•'-· --'·""'"'··-·_,·: amplifier 

1t''.'. e • : jJ filters I 
I 
I 
I 
I 
: 

KUNDT TUBE 

FIGlJRE 9 Standing wave apparatus. 

80 
-- - TRADITIONAL 
•••••MIX WITH 

---+---< FOAMED CLAY 
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50 

30 

20 

10 

0 
100 200 500 1000 2000 

' ' 

5000Hz 

FIGURE 10 Sound absorption coefficients of pavement 
sa1oplcs determined in laboratory. 
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FIGURE 11 Fimit-Ipse semianechoic chamber. 

bench wa driven at 120 km/ hr in direct gear under condition 
simulating a flat road. Subsequently a thin layer of sound
ab orbing material wa · placed on the chamber floor directly 
beneath the floor pan , and external noi em asuremcnts were 
taken to evaluate the effect of u h treatment. The polar dia
gram hown in Figure 12 fu ll y confirms the level of attenuation 
recorded on the motorway section. 

Implications for Further Research 

The work undertaken and the positive results obtained cannot 
be thought to solve the problem of vehicle noise, but certainly 
they represent an encouraging starting point for further re earch 
into the more important physical phenomena affecting the 
overall noisiness of vehicles-the comp nents of rolling noise 
as well as that of the engine and the drive-line. 

T he hypothesi. on porous asphalt pavem nts must be exam
ined and checked further. Some of the important implications 
include the following: 

• Porous asphalts could be used successfully in urban envi
ronments, insofar as the sound-absorbing effect is not linked 
to vehicle speed. Indeed, in theory, the z.ttenuation could be 
even greater in the cases of idling vehicles (at stoplights) or 
slow or "hiccuping" traffic. 

• When noise barriers are combined with porous asphalt 
pavement, it might be necessary to review the various 

5 

- - - - - REFLECTING PAVEMENT 
••••••••• ABSORBANT PAVEMENT 
;$,&:~~ ATTENUATION 

V=120 Km/h 

FIGURE 12 Attenuation in Fimit-Ipse semianechoic chamber. 

insertion-I ss calculation model . In fact. for example. the 
effect of the sound-absorbing urfacc could alter the conven
tional height of the noi e ource today ·et at 0. m above 
ground level. 

•The ound-ab. orbing pavement substantially modific the 
mean noise pectrum . ignificantly attenuating the frequ ncies 
from 500 to 6,300 Hz. 'This could also lead to a tandardized 
road noise ·pectrum rather diff ren from that cstabli hed , 
~ r example in the French and German standard · (5, 6). 

Future research should also be directed along the following 
lines: 

• Eva luation of the eventual deteri ration f acoustic prop
erties resulting from the pos ible compact.ion of the asphalt 
under traffic loads· reduction of porosity caused by dirt, dust , 
or cbemical action ( ·alts, ils. hydrocru·bons etc.)· and behav
ior under wet surface condi tions. 

• Developm nt of pavement · which offer better sound
absorption characteristics, mainly at low frequencies. 

• Development of ound-abso.rbent pavements with low 
rolling noise characteristics. 

PERFORMANCE OF POROUS ASPHALT 
PAVEMENTS UNDER WINTER CONDITIONS 

The advantage of porous asphalt pavement · require clo er 
attention to their performance u.nde.r winter condition , e pe
cially because their porou tructur may lead to changes in 
ice formation and in ice and snow elimination. Over several 
winters, it ha been noted that on everal motorway sections 
paved with porou. asphalt now attaches more easily and 
last longer, often with very rapid ice formati n. 

ln order to tudy thi phcnomen n and determine valid 
criteria for winter maintenance intervention it wa decided 
to conduct a series of test with the following ·pecific aims: 
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•To study 111 re th roughly the phy ical process which , 
under cert ain specific weather ondition , re ults in the for
mati n of ice on porous asphalt surfaces and 

•To analyze the phenomenon by means of Jab ratory te ·ts 
to determine the cause of ice formation from now. 

Winter Conditions Testing 

The tests were conducted on two different pavement sam
ple - porou asphalt surface and normal surface- having ih 
characteristic hown in Table 4 . For each test, th temper
atu re variation was 1·ecorded for increasingly longer time 
intervals at the surface, - 1 m, - 3 cm, and binder levels. 

The tests were conducted using (a) four digital thermom
eters with microprocessor temperature control. (Each ther
mometer was equipped with two external K-type thermocou
ple sensors. Temperature indication conformed to National 
Bureau standards.), (b) a thermostatic chamber for temper
atures ranging from 00 to + 350°C, and (c) a thermostatic 
chamber for temperatures ranging from + 7° to - l5°C. 

The porous and normal samples responded differently to 
physical transformation stresses occurring on the surface. In 
particular, the porous sample 

• Cooled more rapidly because of its high porosity and high 
specific surface area; in fact, road tests show that porous 
pavements are often colder than normal pavements; 

• Showed high wettability; 
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• Showed significant thermal resistance throughout, with 
significant delay in warming as envir nm ntal temperatures 
ro e; 

• As urned a high thermal capaci ty because of the presence 
of the melt water which oaked it and the thermal capaci ty 
appeared to vary a· a funetion of the concentratioa of the 
olution and the quantity of olvent; 

• Used little if any of the thermal re erves of the underlying 
pavement layers; 

• Proved relatively unaffected by normal preventive 
treatment. 

To obtain performance approaching that of the normal sam
ple it wa nece sary to apply almost triple tile am unt of 
NaCl. The main reasons for this are the following: (a) the salt 
is deposited in the voids and only partially comes into contact 
with the snow, and (b) the saline solution resulting from the 
melting of the snow is lost through drainage , and in its descent 
partially leaches out the salt deposited in the pores, thus 
increasing its concentration as it flows. 

Increasing the quantity of Na 1 is not recommended. In 
addition to delaying the rise in temperature, it could also have 
the effect of further chilling the drain water that re ult fr m 
the high concentration of salt solution which, in washing over 
the vast internal surfaces, subtracts additional heat from the 
deeper layers of the porous asphalt wearing course. Ice removal 
treatment with NaCl is also of little effect, because the frozen 
surface becomes "cratered" around the salt granule. In pass
ing over these craters, tht: salt solution is thus only partially 

TABLE 4 CHARACTERISTICS OF SAMPLES EMPLOYED 

WEARING COURSE 

BINDER POROUS ASPHALT NORMAL 

1) Thickness of Layer 5 - 7 4 cm 5 cm 

2) BitumPn Content 4.7 % 5.8 % 4.9 % 

3) Aggregate Specific Weight 2.68 gr/cm2 2.80 gr/cm2 2.73 gr/cm2 

4) Volume Weight 2396 gr/cm2 2260 gr/cm2 2403 gr/cm2 

5) Percentage Voids 4.56 % 11. 57 % 5.08 % 

6) Sample Weight 7.88 kg 8.94 kg 

7) Sample Diameter 200 mm 200 mm 

8) Samvle Height 115 mm 115 mm 

9) Granulometry According to Technical Standards 

10) Thermal Coefficient Values to be Determined 

11) Thermal Conductivity " II II " 

12) Thermal Capacity (C.S.) " ti It " 

13) Specific Surface " " ti " 
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deposited on the attack surface. The remainder is lost through 
drainage, and consequently the ice layer is only altered in 
certain zones (Figure 13). 

Conclusions Regarding Winter Performance 

• In conditions of intense cold and sharp frosts, the porous 
pavement presents several di advantages 

• Preventive treatment given the grnnulometric character
istics of salts currently used is not particularly effective, but 
certainly not useless 

• Ice removal treatment can perhaps be more effective using 
liquid chloride solutions, 

POROUS ASPHALT 

NORMAL 
ZONE INVOLVED 

SN\'W IN MEIIINf' PROCESS 

COMPRESSED 
SNOW, 

' \ 

' 

FIGURE 13 Preventive treatment and snowploughing process 
on wearing course. 

O' 60' 120' 
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• The pa age of th sn wplough blade compresses and 
pre es Lhe sn w into the pores of the p rous a phalt, and 
subsequent traffic brings to the surface part of the snow in 
the form of semi-liqu id slu h which easily freezes under low 
temperatures. 

• Attention must be given to the problems which arise at 
the transition points between the normal pavement and the 
porous asphalt pavement, because of the different behavior 
of the two mixes. 

Given current knowledge, and pending results of more 
detailed studies, the ~ llowing winter operations are advisable: 

1. In the case of porous asphalt pavements, it is necessary 
to provide strong preventive treatments consi ling of almo l 
three times the amount of salt used for normal pavement. , 

2. To facilitate accurate dosing on the p<trl of the alt- preacler 
operator, it is m;eful to po t si.gn al the beginning and end 
of the porous asphalt sections, 

3. It is necessary to alert staff in ample time to ensure 
immediate and rapid snow removal operations before the snow 
can penetrate to depth, and 

4. Once the snowploughs have cleared the snow. it is nec
essary to proceed immediately with successive and repealed 
treatments with reduced quantities of NaCl. 

Research should be continued to devise new specifications 
for both preventive treatments (granulometric characteristics 
of the salts) and ice removal treatments. 

Laboratory Simulation Tests and Results 

A simulation test was conducted on porous asphalt pavement 
in a thermostatic snow precipitation chamber and simulated 
outside weather conditions, which occur, for example, along 
the eastern coast of Italy prior to snowfalls. (See Figure 14.) 

I 

4 
180' 240' 

FIGURE 14 Snow simulation in climate-control chamber on porous asphalt wearing course at low 
temperatures. 
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Overall, the test included simulation of the preventive treat
ment, the snowfall itself, snowploughing, and snow removal 
treatment with NaCl and CaCl; recording the development of 
temperatures on the sample pavement and visual observation 
of the behavior of the now and the sample. 

The step-by-step test procedure was as follows. The sample 
was first kept at r om temperature for 24 hr, subsequently 
insulated with a thick layer of poly tyrene foam (except for 
the upper surface of the wearing course), and finally placed 
in the climate control chamber at a temperature of - S0 C. 
The demonstration value of the test required a precise chron
ological description to pinpoint the critical moments of a "snow 
operation." 

Because of the cold winter winds from the northeast and 
east, the normally brief snowfalls occurring on Italy's east
ern coast are preceded and followed by sharp temperature 
drops causing sudden frosts. In view of this, the sample was 
gradually cooled by applying an air temperature of - S0 C. 

At the instant when the ·urface temperature reached - 2°C, 
a preventive treatment was applied, using 3 gr of Na Cl ( e4uiv
alent to 90 gr/m2). At that moment, temperatures within the 
sample were recorded as follows: + 0.4°C at a depth of -1 
cm, and + 2.3°C at - 3 cm . 

Ten min after the salt was applied a snowfall was sinru lared, 
maintaining an air temperature of - 5° . T he lower lay rs 
of lhe we.1ring cour e were still above 0° ', and he11ce in 
condition to contribute warmth to the surface. 

It was assumed that the snowploughing operation occurs 
within 30 min of the snowfall. About 2S min after the simu
lated snowfall , i'he snow was tran formed into ice, attaching 
itself to the. urface (p int (1) in Figure 14). The preventive 
trearment proved to be of little effect, although the temper
atures in the lower layers of the porous asphalt wearing course 
had not yet reached values such as those encountered on the 
road and reported in Figure 14. After the ice was removed, 
the air temperature was returned to - 2°C. 

Some salt still remained in the pores, so the sample was 
given another preventive treatment with O.S gr of NaCl 
(equivalent to lS gr/m2). Another snowfall was then simu
lated, compacti ng the existing snow. The process of melting 
began, with both surface ::irid -1 cm depth temperatures 
remaining stable at around - 1°C. The temperature at - 3 
cm, however, continued to fall to about zero. After 30 min, 
the snow was removed, using a brush which pressed the snow 
into the surface pores and removed the exces (Figure 14, 
point 2). 

Temperature variations continued to occur such that after 
about 10 min, the surface temperature reached a maximum 
of -2.8°C and that at -1 cm reached - 2.2° . The physical 
process thus also involved the deeper layers. It was observed 
that the snow remaining in the surface pores took the form 
of semiliquid slush, without liquefying compklely. 

After 25 min, it was decided to perform another treatment 
operation with NaCl (90 gr/cm2). The air temperature remained 
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at - 2°C. At this point , the surface temp raturc fell to - 3.3°C 
and then ro e lowly to - 2°C. At - 2° , an ther ·nowfall 
was simulated, again compre · i:n tile existing snow. fter 10 
min (Figure 14 , point 3), the upper ·urface of the snow began 
to ice ove r, but the now in contact with the pavement tended 
to melt , witJ1out attaching ro the urfacc. About 20 percent 
of the snow melted. 

After 15 min the snow froze wmpletely. It was then decided 
to bring th air temperature down Lo - 7° and t effect an 
ice removal treatment using a 27 percen t aCl solution with 
a temperature of 0°C. For the entire observation time of SS 
min, the ice, which had formed earlier, remained in a semi
liquid state, certainly at the borderline between t he solid late 
and liquid state. The ice solidified when the sample was kept 
at - 7°C for a longer period. 

The following observations can be added to the advisable 
snow operations given previously. Because the noncompacted 
snow reacted very little with the alt dep si ted in the pores it 
i advisable to u e a quantity of NaCl no more than 90 gr/m1 

for the fir t treatment. The quantities l'O be used for ub ·e
qu nt treatment depend on the percemage of sa lt remaining 
undi olved. Finally, at low temperatures , the n w lush is 
particularly dangerou because of its rapid freezing potential. 

DISCUSSION 

TI1e analytical model for sound propagation empl yed here 
i not ' uitabl for u · in predicting the noise pollution pro
duced by traffic, for its application would require a real mea
sure of all pos ible noi. e ources (different motors , tires , muf
flers , and etc.) both a lev 1 and a a spectra l composition. 
Further analyt ic studies and experimentation, however. can 
lead to better knowledge of vehicle noise gen ration and prop
agation phenomena. Additional re earch hould be directed 
towaJ·d the variation f the ound absorbing coefficient f 
porous asphalt pavements as a function of the angle of inci
dence, effect of the thicknes of lh rnrnu a phalt, effect of 
the porosity effect of peci[ic r i'tance to 1he pa sage of ai r, 
and effect of the shape factor . 
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Acoustical Properties of Porous Asphalts: 
Theoretical and Environmental Aspects 

M. BERENGIER, J. F. HAMET, AND P. BAR 

The acoustical aspect of porous road urfaces as siudied in France 
are de crlbed in this paper. The first part discus es the advantage. 
~.f por u a phalt a1Jd shows how and why in France rwo exper
imental .approaches are carried out': thin porous layers (- 4 cm) 
for rhe rnterurban and urban netwod: and rbick porous layer 
(40 ro 50.cm) for the urban network. The second part prescm · 
a theoretical model: the absorption coefficient as a func1ion of 
freque ncy is obtained f~om the layer thickness and three physical 
parameters representative of the porous medium. Tbe influence 
or these parameters on the absorption is des ribed . It is clearly 
shown that above a certain value, thjckness has no influence on 
the absorption properties (i .e., increa ing the thick11es becomes 
a.cous1ically us.eles ). This is called the "superthicknes " condi
llon. In the tlmd part , experimental result obtained in the Jab· 
oratory and in situ ai·e compared with the theoretical calcu lations. 
The influences of humidity, gap in the grading, binder content 
an? number .or layers are also presented. The la t part: deal with 
noise redu~uon as measured with rolling vehicles (pass by, coast 
by). Experimental programs in progre ar described and ome 
results are given. Evolution f noise level versus road agi ng is 
al o discussed. 

In the last 10 year , vehicle noise has been ubstantjaJly reduced. 
For ligh t vehicles, tbe maximum noise level decreased from 
81 dB(A) in 1982 to 77 dB( A) in 1988, and for heavy vehicles, 
from 91 dB(A) to 84 dB(A) (measuremen ts performed 
following the ISO R 362) (1) . 

These important noise reduction have been primarily 
obtained by reducing engine noise developing a better con
ception of transmission, and constantly improving silencer . 
In these. conditions, the rolling noise tends to predominate 
particularly on expressways and uncongested urban road where 
the traffic speed exceed 50 km/hr. This i especially the case 
at night, when traffic noise i the most disturbing (i.e. , in its 
effects on sleep). 

The spread of noise levels mea· ured on different road and 
vehicle configuration can reach 10 dB( A) (1-3). Therefore, 
it is worthwhile to reduce trnffic noise by an appropriate con
ception of pavements, particularly the wearing course. 

In urban areas, where management of vehicle flow is not 
sufficient to significantly lower noi ·e levels it i not possible 
to consider noi e protection devices uch as barriers: acoust
ical improvement of building facade has been until now the 
on ly way to protect dwellings from traffic noise. It is, however, 
just a partial olution because it i effici.ent in ide, but. only 
with clo ed windows. A reduction of several decibel in noise 
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emission itself, because of a suitable pavement, would be real 
progres (4). 

In a periurban area a noise-reducing pavement w uld mak 
it possible to avoid excessively high noise barriers. Thi pre
sents two advantage : (a) better integration int the landscap 
and (b) lower co t f noi e barrier cost a bout 2000 FF (U. . 
$300)/m2 and the amount 11 ually increase. with height] . 

Such road urfaces might also complement effort by car 
manufacturers to reduce the noise inside the vehicle. 

EXPERIMENTAL APPROACHES 

The use of porous asphalt for wearing cour ·es ha been 
explored for about 20 year . The u e of new binders and 
the results of re earch on the acou tic efficiency of thes 
pavements can explain recent developments. 

In France (5) , two experimental approaches have been car
ried out. One is a thin porous asphalt wearing c ur e (about 
4 cm thick) combined with an integral porous structure from 
the road subbase to the urface {about 40 to 50 cm thick) . 
The thin porous layer i used on both interurban and urban 
networks. In the interurban domain several xperiments are 
in progress to determine adequare formulations and tudy the 
problems of aging and maintenance. Numerou experimental 
tracks have been esrablished in various place in France, for 
instance, 

•In 1986-1987, 200 km on the heavily trafficked Al 
Motorway between Paris and Lille. and 

• In 1988, 20 km between Orleans and Vierzon and 18 
experimental tTacks (500 m long) on A 63 (Bordeaux
Bayon11e) where different thickne ses (2.5 cm to 6 cm), bind
ers and gradings (0110 , 0/14, 0120) have been tested. On the 
latter site gripping evenness, and texture were measured 
simultaneously with the acoust ic measurement . During the 
next few year • a fo llow-up ·tudy will be carried out in order 
to control h w these pavement behave over time. 

The . econd approach, a thick porous structu re, repre ent 
more ambitiou research. These stru ture are built similarly 
to "re ervoir pavements ' who ·e purpo 'e i to absorb rain
water and delay water flo, evacuation (i.e ., during beavy 
rains). One ite is located near Nantes, France. A second site, 
experimental, is situated in the Lyon area . In this ca e, pr p
erties of thick tructure were theoretically evaluated by using 
the model di cus ·ed later (6, 7) and experimenta lly confirmed 
(8). Following thi work, four experimental tracks (50 m long) 
were built during the summer of 1989. Three are 40 cm thick 
and one is 50 cm thick. Several grading between 0/10 and 
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0/20 and binders (pure and modified bitumen and hydraulic, 
or poro us , concrete) were used . A fir ·t er of mea ·urements 
i in progress. A follow-up of the behavior under winter con
ditions is al o planned in order to ensure correct maintenance. 
The fisst resul!s will be publi hed in 1990. 

ADVANTAGES OF POROUS ASPHALTS 

It i now e. rnblishecl by specialists on rolling noise and c n
firmed by recent experiment carried out in several countries 
that porous asphalt' (4 cm thick, 15 to 20 percen t void ) 
provide noise attenuation re lative to lassica l surfaces and 
dre ings (3) whos values fluctuate be tween 3 and 6 dB(A) . 
Their main advantages a re to 

•Reduce the noi e emission (exterior noise), which can be 
particularly attractive in urban area. ; 

• Rednce noise inside vehicl s; 
• R educe vibration. in ide vehicles, which can increase the 

level of comfort for the u e r and th e lectronic devices· 
• Reduce water splash and spray (which i a afety facl'Or)· 
• Improve kid resistance on we t paveme nt in the high

speed domain and 
•Provide temporary water storage. 

These qualities must not mask some problems with winter 
mainte nance th at must be adapt d to the specificity of sucb 
pavement . In other respects, some questi n mu t stil l he 
an wered about layer optimization the mechanical behavi r 
of the structure under heavy traffic (resistance to rutting and 
clogging) , and finally water flow in urban road systems. 

Becau e of the e qualitie , porou asphalt will probably be 
more extensively used in urban and periurban networks . 

MODEL FOR ACOUSTICAL PROPERTIES OF 
POROUS ROADS 

The acoustic absorption coefficient of a road surface repre
senting the proportion of acoustic energy not reflected by thi~ 
sur~a~e for a monochromatic pl<1ne wave impinging normally 
on It IS referred to here as absorption coefficient a0 • 

First , a brief review of how a0 can be determined from 
acoustical characteristics of the media (for a multilayered sys
tem) is given. Then how these acoustical characteristics are 
obtained from physical parameters, how to measure these 
parameters, and how the physical parameters influence the 
absorption coefficient are reviewed. 

Absorption Coefficient and Acousticnl Characteristics 

The absorption coefficient a0 of a surface can be de termined 
from the acoustic impedance Z (complex quantity) f this 
surface (Equation 1). For a layer of thicknes e backed by an 
impedance Zr. the surface impedance is given by Equation 
2. 

IZ - pcl2 
a

0 
= 1 - ~--'--'-

IZ + oc:!2 
(1) 
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z = W Zr coth-ye + W 
Zr + W coth-ye 

where 
pc = characteristic air impedance, 
W = characteristic impedance, and 

"Y = propagation constant. 

Wand "Y are the acoustical characteristi c.! r the medium . 

(2) 

REMARK .• Tl~e complex conventioo adopted in this paper 
for harmomc time dependence i e''"'. 

Equalion 2 is us~d to evaluate, through an iterative pro
cedure, the surface impedance of a multilayered system: one 
~eed to know the W and 'Y for each layer and the end (bottom) 
1mpedanc f the y tern . 

Acoustical Characteristics and Physical Parameters 

The acou tical characteristics W and 'Y of a porous medium 
can he obtained from physical paramete l' . Fur the ca e of 
mineral fiber , Delany and Bazley (9) have hown that the 

nly physical parameter to consider was the specific airflow 
resistance Rs. Various authors have tried to extend these result 
to ther media such as soil (or sand , a phalt, etc.) in the 
pre e nce of now or vegetation . Prediction. and mea. ure
ments did n t alway agree. An explanation i that acouSLic 
characteristics of a medium do not depend only n the airflow 
resistance (fric1ion force.) but a lso on the porosity (prop rt ion 
of air in the medium) and on the path rhe air bas to foll w 
(between the fiber. the particles, e tc.) (.10) . The fiber mate· 
rials studied by Dela11y and Bazley had a porosity nea r unity 
and an air path almost unaffected by the pre ·cnce of fi ers. 

For porou. road , the medium is assimilated to a homo
geneous fluid. The solid tructure is supposed rigid , non
moving. Thi approach i a macroscopic one: the dimensions 
of pores and particle must be small enough with respect ro 
t!1e_ wave l eng_tl~ (which in air i -17 cm at 2,000 Hz). This 
hm1ts the va11d1ty of the model up to about a few kilohertz. 

The fundamental equations of sta te continuity , and moti.on 
are u ed to evaluate , at each freque ncy the acoustical char
actcristi~ Wand -y From three physicaJ parameter· repres1::11ta
tive o.f the medium . h ge.nern l pltilosophy follows Mor e 
and Ingard (11) . The equation formu lation are given else
where (JO) . Details have been given by Hamel (6). The results 
are [compare work by Von Meier (12)] 

. w ( - i· Rs ~)in -y=1-cvK 1 
wp K 

where 

n = porosity (fl :s 1) , 
Rs = specific ai rflow resistance, and 
K = shape factor ( K ? 1). 

Porosity fl 

(3) 

(4) 

The porosity is introduced in the continuity equation, which 
states that the rate of mass increase of air in a volume results 
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from a mass flux of air through the surface limiting the vol
ume. If it is stated that the air occupies a fraction OdV of the 
elementary volume dV, the equation reads 

J J J ~~ OdV = - J J pu·dS 

where pis the density of the fluid and u·dS is the volume flow 
rate of the fluid through the surface dS normal to this surface 
(taken > 0 for outward flow). 

Fr m this formulation , it is clear that the porosity n must 
correspond to connected pores and is therefore defined as 

n = volume of connected pores 
total volume 

The porosity is actually measured with a gamma-ray tech
nique (13). It is therefore implicitly assumed that the mea
sured "air volume" corresponds to connected pores, which is 
reasonable because the porous medium is made of (asphalt) 
coated particles. 

Specific Air Flow Resistance R5 

The equation of motion takes into account the "frictional 
retardation to flow through the pores" (14). In the x-direction, 
the equation reads 

ap 
Rs u = -ax (5) 

where p is the acoustic pressure in the medium and u is the 
volume flow rate in the x-direction. 

Rs can be measured using a steady flow technique (14): 

1 AP 
R = --

s Uc e 

p +A p 

p 
(6) 

If AP is the pressure difference created between the two 
faces of a layer of thickness e and uc = Q!S is the steady 
volume flow rate of fluid per unit area through the sample, 
one gets Rs from Equation 6. 

REMARK 1. In order for the measurement conditions for 
Equation 6 to correspond to the acoustic conditions for Equa
tion 5, the flow velocity uc must be sufficiently small (laminar 
flow conditions (14). If not, Rs will depend on the velocity 
uc, as can be seen from Figure 1. 

REMARK 2. Rs is expressed in Nm4 in the mks system. The 
cgs system with the unit rays per centimeter is used here. 
(1 rayl/c = lkN/m4

.) 

Shape Factor K 

The shape factor is used to take into account the facts that 

11 

•The air path through the layer do n t always follow the 
normal direction (they are more or less tonuous) and 

• The pore cross-sections can vary along the paths. 

It is introduced in the inertial term of the equation of motion 
in the following way: 

K aupore _ _ ap 
p at - ax K?. 1 (7) 

where r.1.,.,,
0 

is the average velocity of the ais in !he pores ill 
the x-direction (average taken over the ·urface normal to x). 
It is related to the average flow rate per unit area 11 by the 
relation fl Upore = U. 

If one considers both the inertial term (Equation 7) and 
the friction term (Equation 5), the equation of motion reads 

K au _ap 
0 P at + Rs u = ax 

The authors do not know of any direct way to measure the 
shape factor K. It is indirectly determined from the absorption 
curve measured for a single layer of material, as will be 
indicated later. 

Relations Between Physical Parameters 

Each physical parameter has been introduced to take into 
account given physical phenomena: 

•Relative air volume (0 < n < 1), 
•Flow resistance to motion (Rs), and 
•Inertial modifications (K > 1) . 

As will be seen, each parameter has a specific effect on the 
absorption coefficient. This does not mean that these param
eters are otherwise independent of each other . 

The following relation, for instance, is proposed for aggre
gate media (15): 

T 

Rs= A f!3 cP 

where 'T is tortuo ity and d i the particle diameter. 
Tortuosity quantifie the average developed length (/,,) of 

a flow path between the two face of a sample , with re pect 
to the actual distance (l.,,) between two faces: r = 1,,11,., ~ 1. 

Acoustic Absorption of Porous Asphalt 

General observations can be made for the case of single layers 
only. 

The porou aspha lt is laid on an impervi us surface whose 
acoustic impedance i practically infioite. The urface imped
ance of the layer is obtained from Equation 2 by ·olving 
Zr = oo. One obtains 

Z = W coth-ye (8) 

where W and "/ are given by Equations 3 and 4. 
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FIGURE 1 Measured Rs (rayls/cm) as function of u, (m/sec). 

If one defines a critical frequency, 

These relations can be written 

(9) 

(10) 

For example for porous a phalt with R s = 20 rayl. cm , 
n = 0.20, and K = 3.5 (which are usual values), one. get 
fc = 150 Hz. 

In the domain/> > fc the following approximations can be 
made: 

R 
- ri7' x 1 1 Rs 

W = R + iX 
Vl'I.. 

- = - -2 vKwp 
(11) 

pc n pc 

-y = a + ii) 
1 n Rs l)=~vK a=---- (12) 
2 vK pc c 

These approximations will often be used in the analysis. 
The absorption curves, however, will always be calculated 
using the exact formulations (Equations 3 and 4) . 

Influence of the Total Airflow Resistance RT = Rse 

One can show (6) that the absorption coefficient dependence 
is of the form 

_ ( RT f) ao = a0 K, !1, pc' fc 

If Rs and e vary in such a way that RT = Rs·e = constant, 
there will be 

• No modification of the curves' shape, and 
•A simple frequency translation (in logarithmic scale) of 

the curves. 

An illustration is given in Figure 2 for a layer with RT = 
200 rayls. 

REMARK. A ray! cgs = 10 rayls mks . For example , pc = 
41.5 rayls cgs = 415 rayls mks. 

These curves are typical: the absorption coefficient starts 
from low values at low frequencies , then increases steadily to 
a maximum value, and oscillates afterwards as frequency 
increases. 

In the f > > f c domain the maximum value is given by 

(D - 1)2 

a0 max = 1 - D + l with 

yK ( !1 RT) 
D = D tanh vK 2pc (13) 

For most of the materials tested, then and K-viilnes ohserven 
were such that nlv'K < 0.2. In consequence, the ao max value 
reaches unity if RT = 2 pc = 83 rayls and a0 max > 0.95 if 
0.7 < RT/2pc < 1.4, that is , 58 < R5 ·e < 116 rayls cgs. About 
ao max = 1, the maximum value of absorption is not very 
sensitive to RT variation . 

For very low RT, the maximum value of absorption is low. 
It increases with RT and reaches unity for RT = 2 pc = 83 
rayls cgs. For higher values of RT it diminishes and tends to 
the asymptotic value 

(
'\/K./!1 - 1)2 

ao asymp t = 1 - VK.1n + l (14) 

Single Layers with Low Thickness 

The oscillations of the absorption coefficient with frequency 
come from the coth (-ye) term in Equation 8. For a high enough 
thickness, this term tends to unity and Z = W. Thus it is 
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possible to say that the "superthickness" condition has been 
reached. This case will be treated later. First thicknesses such 
that coth -ye is not close to unity are considered. The absorp
tion curve presents oscillations. 

Influence of Specific Airflow Resistance Rs From the ear
lier analysis, Rs influences the shape of the curve. In the 
domain Rs e/2pc < 1, an increase of Rs will increase the 
a0 ma x value, which will reach unity when Rs = 2 pc/e and 
then, as Rs increases, will decrease to reach ultimately the 
asymptotic value (Equation 14). An illustration is given in 
Figure 3. 

The three curves correspond to RT = 200, 400, and 600 
rayls, respectively, that is, to RT > 2 pc = 83 rayls. The 
increase of Rs tends to decrease the a0 max values and increase 
the minimum values : the curves have a tendency to " flatten." 

Relating to Rs influence, one notes that the frequencies at 
which the maxima of absorption occur are not modified by 
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R5 • This is typical: later it can be seen that these frequencies 
depend only on Kand e. 

Influence of Porosity fi From Equation 13 (high
frequency approximation) and taking into account that , for 
most of the materials tes ted it was found that f!l\/K < 
0.2, one sees that 

•For not too high values of RT/2pc, the porosity has almost 
no influence on the maximum values of absorption, and 

• The fl influence on maximum values becomes important 
for very large RT/2pc (cf. Equation 14). 

Large RT/2pc usually means large thicknesses. This case 
will be considered in the "superthickness" case. For usual 
cases, the situation is as shown in Figure 4. 

The increase of porosity from 0.1 to 0.3 widens the curves 
in the vicinity of the maximum values, and increases the 
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minimum values . It has almost no effect on the maximum 
values and no effect on the frequencies at which these values 
occur. 

A high porosity favors a high absorption between the max
imum values . 

Influence of the Shape Factor K With the high high
frequency approximations (Equations 11 and 12) , one finds 
(6) that the maximum values of absorption occur at frequen· 
cies such that 

n = 0, 1, 2, ... (15) 

frequencies that depend only on the shape factor K and on 
the thickness e. This result is used to determine K (compare 
Figure S) . 

2n + 1 c 
K = l-4-efn + 1 ]

2 

n = O,l,2, . .. (16) 

Experimental observations show that the estimated K 

•Does not depend on the value of n, and 
• Does not depend, for a given material , on the thickness 

of the layer . This implies that the layers are homogeneous 
(the characteristics are independent of the thicknes. ). 

Concerning the influence of Kon the absorption curves, it 
can be said that (see Figure 6) 

• A variation in K modifies the frequency positions of the 
absorption peaks (Equation 19), 

• K has almost no influence on the value of the peaks [for 
not too high values of RT/2 pc (Equation 13)), and 

• An increase in K narrows the width of the curves in the 
vicinity of the maximums of absorption and decreases the 
minimum values of absorption (effect opposite to the fl 
influence , Equation 13) . 
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FIGURE 5 Maximum values of absorption occur at 
freq uencies / 1 and /3. 
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Influence of Thickness e Thickness has an effect on 

• The shape of the absorption curve , and 
• The frequencies at which the maxima ccur- increasing 

the thickae lowers these frequencie-s (Equa tion 15). 

As for the R ca e, an increase of e will increase the a""'"' 
value (as l ng a· R;;e < 2r>c = 3 rayl ) unt il unity (when 
R :,.e = $3 rayl ). Ase till in rea e , lloma.< will decrea e to the 
asymptotic value (Equation 14). An illustration is given in 
Figure 7. 

Superthickness (7) 

When the thickness becomes large enough, coth ('Ye)~ 1 and 
z ~ W. The absorption no longer depends on thickness. This 
is called the superthickness condition . Increasing e further 
will have no effect on the absorption coefficient given by 

Wipe - l 
a - 1 - ! 1

2 

0 
- Wipe+ 1 

(17) 



Berengier et al. 

.. 
c: • B II 

u 

... 
I ... . 6 II 
I 

' 0 ' u I 
I 

c: , 
0 • 4 

, , .. , 
11. I 

I 
'- I 
0 I 

"' • 2 
I \ 

..Cl I \ , 
a: , ' ' , 

' , ' 
__ , , ...... __ ... 

0 
. l . 2 . 3 . 4 . 5 

Frequency (kHz) 

FIGURE 6 Influence of the shape factor on absorption. 

.. 
c: . 8 II 

u 

... ... . 6 II 
0 
u 

c: 
0 .4 .. 
11. 
'-
0 

"' . 2 ..Q 
a: 

0 
. l 

., 
I \ 

I \ 
I I 

I I 
I I r , , ~ 

I I \ / \ 

''\ '. 
I / \ 

I / \ \ 
/ ,/ ' 

, ,' "'--
/ ,/ 

~""' ,"'*"' 

---------
• 2 . 3 • 4 • 5 

Frequency (kHz) 

FIGURE 7 Influence of thickness on absorption. 

which, using the high-frequency approximations (Equation 
11) can be written 

( VK - 1)2 + ...!....(Rs)2 
!l 4K wp 

1 

(
\17( + 1)2 

+ _1 (Rs)2 

!l 4K wp 

The absorption increases monotonically with frequency (no 
oscillations) up to an asymptotic value a0 asymp" which happens 
to correspond to Equation 14. a0 asymp• does not depend on 
R5 . But, in terms of frequency, it will be reached "earlier" 
(i.e. at lower frequencies) if Rs is lower. (See Figure 8.) The 
curve corresponding to Equation 14 is given below (Figure 
9). For a high absorption, one needs high n and low K. 
(Remember that 0 < n < 1, K > 1.) 

INRETS 

2 

INRETS 

,, ,. 
I I 

I ·,~ 
: ~I 
i I! I\ 
I 1' 
r I : I\ I 

I l \ 
I I ', 

I 
I I 

\ \. 

2 

Porosity: 

Shape Factor 

3.5 
------- - · 7 

.25 

Rs (rayls / cm): 20 

Thickness (cm): 10 

A _ COPIP _11 9 

Porosity: 

Shape Factor: 

Rs (rayls/cm): 

Thickness (cm) 

5 
--------· 10 
----- 15 

A_COt11' _19 

.25 

3.5 

20 

15 

When is the superthickness condition reached? The con
dition coth('ye) = coth[(a + ip) e] ~ 1 implies ae large 
enough. If not, the absorption curve will oscillate around the 
limit curve of Equation 17. The larger the ae, the smaller the 
amplitude of the oscillations. If the superthickness condition 
is practically said to be reached when the oscillation ampli
tudes become lower than 0.05 (the absorption coefficient does 
not differ by more than 0.05 from the limit values of Equation 
17), this implies (7) that 

Rse _Q_ > 3 super-thickness condition 
pc VK- (18) 

The thickness to be reached depends on the medium: if Rs 
is high, it can be a few centimeters. (See Figure 14.) 

For a porou medium where n = 0.25, K = 3.5, and Rs 
= 20 rayls/cm, one needs e 2: 47 cm (Figure 10). 
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• The absorption curve presents small oscillations, and 
• Increasing the thickness will bring no practical improve

ment in the absorption . 

EXPERIMENTAL VERIFICATION OF 
THEORETICAL MODEL 

FTGTJRF. 9 Asymptotic value cf absorption (Equation 14). 

Experiments have been performed in the laboratory on single 
and multilayer samples (10-cm diameter) and outdoors on 
circular road tracks . Measurements on samples were essential 
to qualify the influence of the different physical parameters 
and study the effect of factors such as the number of layer-, 
the humidity, the grading, and the binder. In situ measure
ments were taken afterwards, in order to verify the agreement 
between the laboratory results and those obtained on actual 
porous pave!llents . 
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Influence of Physical and Intrinsic Parameters of 
Porous Asphalt Samples on Variation of Absorption 
Coefticient 

The absorption coefficient measurement was carried out on 
laboratory samples by using the Kundt tube technique. The 
absorption coefficient is obtained from the maximum and the 
minimum sound pressure level values of the standing waves 
in the duct. In order to ensure as accurate measurements as 
possible, special care must be taken in positioning the sample 
at the duct end. Maximum and minimum sound pressure 
values must be precisely read. 

As indicated earlier, the amplitude of the absorption peaks 
depends on the total airflow resistance RT = Rs·e and is near 
unity for RT = 2pc = 83 rayls cgs. In Figure 11, measurements 
are plotted with respect to frequency for two samples with 
RT = 93 and 300 rayls cgs, respectively. 

Reasonable agreement is found with theoretical curves. A 
small discrepancy at the higher frequencies may probably be 
attributed to the difference in the arrangement of the aggre
gates between the modeled structure and the experimental 
sample . 

Observation of porosity influence could not be made; sam
ples with n = 0.25 and n = 0.35, for instance, did not present 
the same shape factor (K = 3.9 and K = 5.7, respectively). 
The effect from the increase of fl was partly "destroyed" by 
the corresponding increase of K . 

The shape factor K directly influences the frequency posi
tions of the absorption peaks . It depends on the sample com
position (aggregate size and binder). In the experiments, the 
range of values was from 2.5 to 9. Figure 12 illustrates this 
phenomenon. 

As shown in Figure 13 , thickness has two effects: 

• Modification of the frequencies of the absorption peaks: 
when e is doubled, the frequencies are shifted down by one 
octave (Equation 15), and 
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• Modification of the amplitude of the peaks: in the do
main RT > 2pc = 83 rayls , increasing the thickness dimin
ishes the peak amplitude (minimum values of absorption are 
simultaneously increased). 

When the thickness becomes large enough (superthickness 
condition, Equation 19), the result is a smooth curve increas
ing with frequency up to an asymptotic value (Equation 14) . 
Such a phenomenon is observed in Figure 14 for a 15-cm
thick 0/2 porous sand asphalt sample (27 percent porosity) for 
which 

Rse n 
-- = 30 >> 3 
pc VK 

The superthickness condition is satisfied . (N .B .: The porosity 
comes from the absence of filler .) 

The asymptotic value a0 a>ym p t = 0.54 (from Equation 14) 
is not reached at 2,000 Hz because of the high value of Rs. 
(See Figure 8.) 

For the tested formulations, double layers did not show 
crucial differences when compared with single layers (same 
overall thickness in both cases). Figure 15 shows the com
parison of a single layer (0/10) and a double layer (0/10, 
0/40) with an overall thickness of 16.5 cm in both cases . The 
expected difference (from theory) is higher than what is 
measured . 

For layers with smaller grading difference (for instance , 
(0/10, 0.14) or (0/10, 0.20)], no experimental difference between 
single and double layers is observed. (See Figure 16.) 

The humidity, grading, and binder content influence the 
a0-curve mainly through the variation of the shape factor and 
partially through the variation of Rs and n, which are directly 
connected to the intrinsic characteristics of the internal 
structure. 

In the presence of humidity , each parameter is affected 
differently. The global result is a drop in absorption and a 
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FIGURE 11 Influence of airflow resistance Rr = R,.e. 8 --·--,Rs = 8 rayls/cm, e = 11.6 cm, Rr 
= 93 rayls. * _, R5 = 20 rayls/cm, e = 16.5 cm, Rr = 330 rayls. n = 0.25, K = 3. (When not 
specified otherwise, 8 and * are actual measurements and the dashed and olid lines are theoretical 
values.) 
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shift of the peaks as shown in Figure 17. This fact must be 
taken into account, if it is considered that the pavements are 
not always completely dry. 

Fur the experiments (Figure 17), measurements were first 
performed on a dry sample. The wet condition was achieved 
by immersing the sample in water, shaking it manually, and 
letting it dry naturally for one day . 

As expected, the discontinuities in the grading do not seem 
to affect the absorption much . For a fixed grading (0/14), 
three different discontinuities were tested (2/4, 2/6, 2110). 
The shape factor values were practically not affected (the 
measured relative variation was lower than 5 percent). 

The modification in the binder content probably affects the 
direction and the section of the connections between the pores, 

which automatically changes the shape-factor value. This effect 
was already shown in Figure 12. 

Outdoor Measurements 

In order to qualify new porous asphalt roads, an important 
set of measurements was made. The aim of such a work was 
to test the reliability of the theoretical model for a large por
tion of the road (about 3 m2) and the representativeness of 
the small-sample measurement results (from a standing wave 
tube) to evaluate the global absorption coefficient of a road 
surface. 

The measuring procedure used outdoors is based on an im
pulse technique (16): a0 is evaluated from the transfer func-
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tion, in normal incidence between a direct and a reflected 
transien t signal generated by an 8-mm alarm pistol. The re
sult obtai11ed by this technique compare well with those 
obtained with the standing wave duct on cores from the road 
(Figure 18) . 

However. one problem connected with the thickness of the 
wearing cour e must be pointed out. In road construction , 
the unevenness of the road base is taken care of by the porou 
asphalt (wearing course) spreading operation: the upper sur
face is made even. In the case of think layers, this means that 
for a 4-cm-thick layer, for instance, one can obtain 2.5 cm in 
one area and 4.5 cm at another. This discrepancy is not very 
important if acoustic measuremems are made on a 3-m2 area, 
but it can cause large difference on 10-cm-diameter samples 

(a large t:.efe yields large differences in the ab orplion peak 
position ; see Equation 15). Such phenomena were noticed 
during the experiments on some f the 18 different porous 
surfacings on the French A63 Motorway (Bordeaux-Bayonne) 
and on some of the 12 track · of the RN 76 (Bourges-Vierzon). 

For thicker porous structures (> 20 cm), thjs problem is 
avoided: on the one hand, owing to the low relative thickness 
difference(< 10 percent) aad, on the other, because of the 
modification of the absorption curve. Such structures can be 
used to temporarily store rainwater. An example exist. in the 
Loi.re Atlantique department in France in the city of Reze , 
where a complete porous structure 61 cm thick (35 cm of 
10/80 cru hed scone 20 cm of 0120 aggregate mixture with 
hard bitumen, and 6 cm of 0/14 porous asphalt). Figure 19 
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presents the absorption coefficient measured at two locations 
using the impulse technique. This result is in good agreement 
with predicted and laboratory values. 

Another experimental thick porou struclur i in progress 
near Lyon. Theoretical investigation have been performed 
on the constitution of the e porou · tructure in rder to 
improve the acoustical properties. 

The studies presented here deal with identification of the 
absorptive properties of porous a phalts and improvement of 
the composition. Knowledge of these characteristics is impor
tant for engineers, but it is obviou that qualification of the 
environmental impact on the neighborhood is also e.<>sential. 
This is the purpose of the next section. 

ENVIRONMENTAL IMPACT OF A POROUS 
ASPHALT 

Porous a phalts are becoming known as noise-reducing pave
ments. In fact , this quality resu lts not only from their absorp
tive capacity , but al o from the modification of the rolling 
noise source. 

Ba ically (17) , the acoustic emission is generated by a (tire) 
vibrating field and an air re onance process. The first is pre
dominant in the low and medium frequencies (100 to 1200 
Hz), and the other produces the main part of the energy in 
the high part of the spectrum. 

On a concrete pavement or on a regular dense bituminou 
a. phalt , the vibrations come from tire strains during rolling, 
the impact of tht: tire treads on the road and the slip-and
stick effect. The air re onance is mainly generated by air 
pumping. Becmn of their poro ity porous asphalts behave 
differently. On the one band, the vibrations lransmitted to 
the tire are les important owing to a lower surface texture 
(and consequently a lower indenting of the aggregates in the 
tire urface) , which can induce adhesi.on problem at low speed , 
and a reduction of the slip-stick phenomenon. On the other 
hand, air pumping is widely reduced. 

All these factors affect tire noise generation and are the 
main reason for the noise reduction. The other reason is the 
absorption of the structure itself. The excess attenuation is 
caused by the absence of multireflections between the tire 
and the road (horn effect) (18) and between the body of the 
vehicle and the road. Lf one takes into account both phenom
ena (low rolling noise and absorption effect), one mea ures, 
following ISO R 362 (coast-by method) , for a single vehicle 
a noise level that is approximately 2 or 3 dB{A) below the 
noise level found for a dense bituminous asphalt. Thi · i a 
mean value obtained from about 20 mea urements on thin
layer surfaces. When the porous structure is thick (around 
the superthickness condition), the absorption is almost con-
tant on the whole frequency range (o: - 0.4 to 0.5) (Figure 

19) , which yield · better exce s attenuation. Ia this particular 
case, the global attenuation reaches - to 6 dB(A) (19) . 

To take into account a more realistic traffic flow, two vehi
cles (with engine on) and three types of lires are used. The 
noise level at 90 km/hr is estimated by linear regression on 
the maximum sound pressure level values (LP .,,. .. ) for several 
(con tant) speeds between 70 and 110 km/hr . This method 
was first tested in a French-German twin cooperation frame
work (tests done in 1986 near Strasbourg, France, with 15 
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vehicle-tire configurations on five different experimental tracks 
(20)) . Round robin tests are performed on real roads. 

Porous Asphalt in an Urban Area 

One application of such noise-reducing pavement is in urban 
areas, particularly on the streets with buildings on each side. 
In this case, there is an important number of reflected paths. 
According to the acoustic condition in a diffu 'e field (21), 
one can expect that an absorbing pavement can ' trap" par
tially or completely, de pending on the thicknes of the 
structure, the acoustic energy after a few reflections. 

Some calculations of the acoustic field in a canyon street 
with an absorbing pavement, using a finite-element technique 
with a complex acoustic source (one spherical source for the 
radiation of each tire and one for the engine) show that the 
acoustic level in front of the facades relative to the level in 
the same street with a nonabsorbing pavement (dense hitu
minous asphalt, for example) is inferior by several decibels: 
1 to 6, depending on the thickness of the absorbing layer. 

The physical theory is similar to the one used in room 
acoustics. In this case, the lower surface is covered with an ab
sorbing material (porous asphalt), and the top surface has an 
impedance = pc. The facade surfaces are perfectly reflective. 

One experiment has already been conducted in Pari (22) ; 
two other · are in progres in Paris and Nantes on different 
types of road systems with different traffic volumes. For each 
case, an adequate thickness is investigated. Acoustic measure
ments must be performed day and night before and after 
construction in order to evaluate the gain on a real traffic 
flow. In parallel with those measurements, inquiries are being 
made among the neighbor population as to the subjectiv 
impact. Inquiries are focu ed not only on the acoustical aspect, 
but also on other factors such as water pray , aquaplaniog, 
comfort , and so forth . 

The first results will be published in 1990. 

Evolution of Noise Level Ver,ms P!!vemen~ Aging 

In the fi.rst 6 months after spreadiog, the porous asphall evolves 
quickly producing a modification in the mechanical proper
ties of the structure and also in the rolling noise level. With 
tbe single car coa t-by method (80 km/hr, tires under 5,000 
km wear) the difference between two ets of measurements 
(the second set is made 6 months later) can approximately 
reach ± 2 dB; these observations were made on the 18 sur
facings of the French A 63 motorway (Bordeaux-Bayonne) 
(See Figure 20). After 1 year under traffic, the evolution of 
the acou tic level is less importont (within 1 dD). Neve1 lht:~ 
less ii i necessary to pay attention to the clogging, which 
can transform an open pavement into a den e one and in the 
same way increase the noise level. Our experience on motor
ways shows that the clogging is not very important in the 
rolling tracks when the road is continuously trafficked. In this 
case, there is a self-cleaning of the pores by the tires them-
elves. In urban areas, nor enough information is availablt:, 

but it seem that clogging is a mor worri ome problem than 
on suburban or country road . 
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first set; -----, second set (6 months later). 

In any case, it is necessary to follow the acoustic evolution 
of all the sites on which work was done. More elements should 
be available in the next 3 or 5 years. 

Case of Heavy Vehicles 

The results pre ented in this paper concern light vehicles, the 
main acoustic source (more than 60 km/hr) for which is rolling 
noise. This source is very near the surface and, therefore, the 
noise propagation is largely affected by the presence of the 
ab orbing pavement. 

For diesel heavy vehicles, the noise source is differently 
located. The rolling noise is in fact responsible for a small 
part of the global acoustic energy (3) which i mainly pm
duced by rhe engine and the mechanical noise (vibrations 
gears, brakes, maybe ex haust)· that is why it is believed that 
the influence of an absorbent pavement on heavy vehicle noise 
is !es important. Nevertheless, the absorbing effect on the 
multi-reflections between the body of the vehicle and the road 
is still effective. But for how much? 

More studies on this topic are in progress; it is hoped that 
the first results will be available very soon. 

CONCLUSION 

The calculations and measurements presented in this paper 
permit the conclus.ion that a porous asphalt can be realistically 
modeled by phy ical parameters: airflow re i tivity (Rs) 
porosity (!1), hape factor (K), and thickness (e), and , rhat 
its environmental impact can be very important. Following 
the type of road, the vehicle peed, type of vehicle, noise 
mechanisms, and source location the porous asphalt pave
ment can be more or less efficient. At any rate, it seems that 
the gain is always positive. The excess attenuation is between 
1 and 6 dBA. 

All the acou tic properties combined with good adhesion 
in the high- p ed domain , good vi ·ibility on rainy days and 
the liminatiOJl of water pray and aquaplaning according to 
the drainage qualities suggest that porous asphalt will be widely 
used in the future. 
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Acoustical Performance of Pervious 
Macadam Surf aces for High-Speed Roads 

P. M. NELSON AND P. G. ABBOTT 

A full- cale performance trial of pervious macndam laid on the 
A38 Burton bypass ha been underway ·ince September 1984. 
The trial being carried out by the Macerinls and onstruction 
Division of the Transport and Road Re earch Laboratory. will 
compare the durability and performance of a number of pro
prietary and nonproprietary materials made with a range of 
polymer-modified and unm dified bitumen .. However. these ur
faces are also good ound ab ·orbers, so l'he opportunity was taken 
to monitor the noise emitted by vehicles traveling on the e ur
faces. Reporting result of the acoustical measurements covering 
the fir t 4 years of exposure to traffic is tl1e primary concern of 
this paper. Other aspect of performance are al o briefly dis
cus .. ed . The re ults show that the noise from vehicles running 
freely on perviou macadam i reduced when compared with 
equivalent nonporous surface by between 5.5 and 4.0 dB( A) on 
average. This re ult was not found to be influenced significantly 
by binder contenl variati as in the range 3.7 to S.O percen t or by 
the presence of binder additives. After 4 ·years of exposure to 
heavy traffic the surfaces bowed slight deterioration in noi e 
performance, although improvements over conventional surfaces 
were still averaging 4.0 dB( A). Thi occurred despite a sub tantial 
fall in the hydraulic conductivity and the surface texture depth 
of the trial surfaces over the same exposure period. Even so , the 
stabilized surface texture. remain high and acceptable for high
speed road applications, and the fall in hydraulic conductivity did 
not give ri e to a concomitant fall in the pray suppression 
properties of the surfaces. 

The Transport and Road Research Laboratory (TRRL) first 
adapted pervious macadam for road use more than 20 years 
ago (1). Although this surface material successfully reduced 
spray, it has not been adopted for commercial use mainly 
because the spray-reducing properties of pervious macadam 
deteriorate with time. The open nature of the surface also 
leaves much more of the surface material open to the atmos
phere, causing weathering of the bitumen, leading to embrit
tlement and eventual disintegration . This open structure, 
however, makes the surfaces good sound absorbers and they 
have considerable potential for reducing traffic noise. This 
aspect is the main focus of this paper. 

De pite these specific concerns about the durability of.the 
surface, substantial improvements have been made and per
vious macadam using a 20 mm stone and 100-pen bitumen 
has been included in a British Standard (BS 4987) (2). This 
material is expected to have a spray-reducing life of about 6 
years under medium traffic (i.e., 2,500 commercial vehicles 
per day). 

To further improve the durability of pervious macadam, a 
series of performance trials are being conducted by the Mate
rials and Construction Division of TRRL on a heavily traf-

Transport and Road Research Laboratory, Crowthorne, Berkshire, 
RGll 6AU, United Kingdom. 

ficked section of dual carriageway near the town of Burton
upon-Trent. The trials ar till in progres. and the objective 
is to compare the performance of a range of perviou mac
adam made using conve ntional and p lymer modified bitu
mens toward identifying the most durable of the materials 
(3, 4) . Although thi wa essentially an experiment to examine 
performance and durnbility aspects of the surface 111111erial 
and spray-suppression performance the opportunity wa al o 
taken to monitor the noi e emitted by vehicles traveling on 
these trial surfaces. Noise generated by vehicles running on 
pervious macadam surface during their first 4 years of expo-
ure to traffic is the mai n concern of this paper, although 

other aspects of the materials performance during the ame 
period are reviewed where they relate to tl1e acoustical per
formance. It sJ10uld be stre ·sed that becau the tri al · are 
still in progres ·, the re ult pre ented her do not necessarily 
represent the performance of the surface over their effec
tive life . It follow that because the first 4 years of trafficki ng 
is significantly shorter than the anticipated life of the mate
rial, it will be some time before the acoustic and material 
performance can be fully evaluated. 

SITE DETAILS 

The road site chosen for this study is located on the A38 
where it bypasses the town of Burton-upon-Trent, about 30 
km north of Birmingham. The road is a dual carriageway 
and the pervious surfaces are located on the southbound 
carriageway on a section approximately 2.8 km long. 

A tota·l of 15 sections each 100 m long were laid on both 
Janes of the carriageway during August and September 1984 
and an additional 8 trial pervious macadam surfaces were laid 
in 1987. Besides the pervious macadams laid in 1984, three 
conventional hot rolled asphalt (HRA) surfaces were laid and 
used to compare noise levels from vehicle traveling on adja
cent pervious surfaces. The HRA urface were constructed 
according to the pec.ification given in (BS 594) (5). Figure 1 
shows a location map of the area and Figure 2 presents a plan 
of the layout of the trial sections laid in 1984. 

The average daily traffic flow taking the nearside lane of 
the southbound carriageway at the start of the trails was 
approximately 7 ,500 vehicles with 45 percent of them being 
heavy vehicles (for this study, "heavy" vehicles are defined 
as vehicles with unladen weight exceeding 1.5 tonnes, 
excluding passenger cars). 

SURFACE DESCRIPTION 

All surfaces were laid on a strong impermeable base of asphal
tic concrete of nominal thickness (55 mm). The surfaces, 
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FIGURE 1 Location of pervious macadam trials on A38 
Burton bypass. 

con tructed u ing a 20-mm grading were laid to a compacted 
thicknes of 45 mm. The specified aggregate gradings common 
to these surfacings i given in Table 1. 

Of the 15 sites laid, 11 were chosen for vehicle noise assess
ment. Table 2 lists the relevant surface parameters of these 
surfaces at the time the road opened to traffic. 

Binder Type 

To improve the durability of the surface, polymers were added 
to the binder at some sites prior to mixing. It was hoped that 
with the use of appr priate additives, the binder would be 
less susceptible to hardening through oxidization. 

Table 2 gives a brief description of the binders used at the 
11 sites studied. A 100-pen viscosity binder was used at all 

Branston Junction 

14x 
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sites, except Sites 8 and 11 which used a softer 200-pen bitu
men . it · 2, 3, 4, 12, and 14 contained various additives, 
while ites 5, 6, 8, 9, and 11 used polymer-modified bitumens. 
Site 15 used a conventional binder containing no additives or 
modified polymers. 

It can be seen from Table 2 that the overall binder peci
fication can be classified into 3 binder content group : 3.7, 
4.2, and 5.0 percent by weight of the total mix. The inknlion 
was to examine the effectiveness of the binder content on the 
maximum binder retained by th mix as well as the durability 
and spray-reduction life of the ·urface. 

Void Content 

Cores were extracted from the surfaces along the nearside 
lane wheel track before the road opened to traffic. The void 
content was determined for each trial surface from measure
ments of the bulk density and specific gravity of the material. 
As expected, the surfaces with the highest binder content had 
the smallest void volume. An increase in the binder content 
from 3.7 to 5 percent was found to reduce the void volume 
by 3.5 percent on average ( 4). Overall, the percentage voids 
achieved with the 20 mm pervious macadam were highly 
satisfactory at about 20 percent. 

MEASUREMENTS 

Texture Depth 

Texture depth was measured in the nearside wheel track of 
the near ide lane using the sand patch test (B 59 ) (6) . For 
each road ·ection, approximately 10 patch mea urements were 
made at 1-m intervals panning the noise measurement posi
tion and the average value determined. The average texture 

TABLE 1 SPECIFIED AGGREGATE 
GRADING FOR PERVIOUS 
MACADAM TRIALS (A38) 

British Standard 
Sieve (mm) 

20 
14 
10 
6.3 
3.35 

75m" 

Mass Passing (%) 

95-100 
65±10 

25±5 
10±3 
4.5±1 

• pecificd to coniain 2 percent (by mass of the 
coarse and fine aggregate) of hydrated lime (cxccpl 
Site 2 , 3, 4) . 

Clay Mills Junction 

14x, 15x and 6x: Non experimental hot rolled asphalt 

FIGURE 2 Schematic layout of pervious trial sections A38 Burton bypass southbound carriageway. 
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depths obtained prior to opening the test sections to traffic 
are listed in Table 2 for each section studied. The texture 
achieved were high, ranging from 2.49 to 5.48 mm, giving an 
average of 3.3 mm for the 11 sites sturued. Repeat mea ure
ments were taken periodically to coincide with the times when 
the noise measurements were taken. 

Hydraulic Conductivity 

Measurements of hydraulic conductivity (permeability to water) 
were made at 20-m intervals in the wheel path of the near
side lane in each section. The apparatus used, a falling head 
permeameter, allows a head of water to be placed in contact 
with the urface. The time taken for a known volume to pass 
into the surface is measured. The reciprocal of the time, 
when corrected for apparatus constants, gives a measure of 
the hydraulic conductivity. On average, an increase in the 
binder content from 3.7 to 5.0 percent leads to a reduction 
of approximately 50 percent in hydraulic conductivity ( 4). 

27 

Noise Levels 

Noise levels were taken alongside each trial section using a 
method developed previou ly for road urface noi e studies 
(7). Briefly this method involves measuring the peak noise 
levels and speeds of between 50 to 100 vehicles traveling in 
the nearside lane at a di tance of 7.5 m from the center of 
the lane. From the regression of noise level against speed, 
the noise level at 90 km/hr is determined and used to compare 
the surfaces. A separate regression i carried out for light and 
heavy vehicles. This method has been found to give result 
reproducible to less than 1.0 dB(A). 

RESULTS 

Changes over Time 

Figure 3 shows the variation in the peak ooise level for heavy 
and light vehicles as a function of time. Figure 4 sh ws similar 

TABLE 2 DETAILS OF THE PERVIOUS SURFACES PRIOR TO TRAFFICKING 

Site 
No. Binder Type 

2 JOO-pen bi tumen (4.5% limes.tone Oller)" 
3 Shell bitumen + epoxy resin• 
4 100-pen biturilen Inorphil fibers (9% of binder)" 
5 100-pen bilum n + 5% 18- 150 EVAb 
6 lOO-pen bitumen + 5% LS-150 EVAb 
8 200-pen bitumen + 5% 18- 150 EVAb 
9 JOO-pen biLumen + ESSO modified EVN 

11 200-pen bitumen + BS• 
12 100-pen bitumen + synthetic rubber 
14 100-pen bitumen + Pulvalex natural rubber (8.3% of 

binder) 
15 100-pen bitumen 

•No hydrated lintc. 
hEthylene vinyl ac<:t·ate, 18% vinyl acetate content, 150 melt flow index. 
'Styrene-butadienc-styrene block copolymer. 

Heavy vehicles 
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FIGURE 3 Peak vehicle noise level and age of the pervious surfaces. 

Texture Relative 
Voids Depth Hydraulic 
(%) (mm) Conductivity 

22.4 5.84 0.72 
25.4 3.11 0.5 
20.2 3.57 0.24 
21.0 3.25 0.33 
19.2 3.14 0.32 
21.2 2.63 0.24 
18.1 2.49 0.25 
18.9 3.65 0.41 
17.l 3.42 0.19 
16.8 2.67 0.17 

21.3 2.89 0.42 

Binder content 

0 3.7% 
• 4.2% 

.. 5.0% 

36 42 48 
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plot for the hydraulic conductivity and texture depth varia
ble a an indication of s me of the phy. ical change ' hich 
have taken place. Each data point represents a linear average 
of the values obtained for each binder content classification . 
Because there was no obvious effect of binder content on the 
resu lts obtained a single trend line has been drawn through 
the data po.ints in each case. 

The data clearly show that peak noise levels remained rel
atively constant over the 48 months of exposure to traffic and 
weathering, whereas substantial changes have occurred in some 
physical aspect of the ·urface, as evidenced by the change 
in both the hydraul ic conductivity and the texture depth . The 
texture depth however, d e. appear to have tabilizccl a t 
around 2 mm which represents a very high standard of macro
texture, ideally uited to high-speed road applications. Clearly, 
this was accomplish d primarily because the initial texrure 
achieved for these surfaces was very high, so that the inevi
table los es incurred during the initial 12 months of trafficking 
still leave the urface with adequate macrotexture and an 
acceptable degree of skidding resistance. 

The greatest reductions in the hydraulic conductivity of the 
surfaces occurred during the first 12 months the road was 
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opened to traffic. On average the reduction was 6 ercent 
of tbe initial value. After 4 years of trafficking, the hydraulic 
CC>nductivity fe ll to abou t 17 percent of the original I veL lt 
was thought that the probable caus for lhe reduction of 
hydraulic conductivity was the rapid silting of the finer drain
age channels in the surface layer followed by a slower block
i11g of the larger channels ( 4). Evidence for this comes from 
the analy i of the cores extracted from the road after 3 years. 
It was found that the increase in the proportion of small 
parLicles (fines) was f the ord r of 5 percent , which matched 
the observed reduction in void content. Thi uggest · that the 
materials did not compact significantly under traffic but rather 
that a large number of mall drainage channels con tributing 
relatively little to total void content had become blocked. 

Although there wa a sub tantial decrease in the hydraulic 
conductivity of the surfaces, the overall degree of pray 
suppre sion of the pervio us macadam remained at a high level 
compared with rolled asphalt. There was about 90 p rcent 
less spray than with the hot rolled a phalt mea ured 2 yea.r 
after opening the road to traffic. A typical spray record taken 
in October 1986, approximately 2 years after the road opened 
to traffic, is hown in Figure 5 ( 4). Mea urement were carried 

24 30 36 

Binder content 

0 3.7% 
• 4 ,2% 
• 5.0% 

42 48 

Age of surface (months) 
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out using a vehicle-mounted devi.ce that monitor the intensity 
of the back-scattered light from pray generated behind the 
rear wheel. High levels of spray for the hot rolled asphalt 
sections are clearly obvious from the record and the relative 
levels of spray from the pervious sections are small. 

Changes with Skidding Performance 

A previous study of noise from different nonpervious road 
surfaces attempted to relate the total noise generated by vehi
cles to the skidding resistance term A BFC for the road surface 
(7) . A BF is the change in rhe braking force coefficient (BFC) 
mea ·ured between the two test speeds of 50 km/hr and 130 
km/hr. The A BFC is usually expressed as a percentage change 
and given by the formula: 

A BFC = [(BFC130 - BFC50)/BFC/50] x 100 (1) 

where BFC50 and BFC130 are the braking force coefficients at 
50 km/hr and 130 km/hr, respectively. 

It was found that for both the light and heavy vehicle cat
egories, the average peak noise lev l in dB(A) at a standard 
distance of 7 .5 m from the road and at a passing speed of 70 
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km/hr was linearly related to the logarithm of the A BFC 
variable and was not found to depend on surface material 
(i .e., concrete or bituminous) . A ubsequent analysis to exam
ine the correlation at different vehicle speeds confirmed the 
earlier result (8). 

The regre ion line obtained for the light and heav vehicle 
categories for vehicle speeds of 90 km/hr arc reproduced in 
Figure 6 and 7, respectively . The two regres ion are based 
on measurements taken at 63 different road sites involving a 
broad range of both bituminou and tran ·vcr ely textured 
concrete surfacings. The correlation coefficients and the 95 
percent confidence boundarie a sociated with the regTession 
analysi are al ·o hown in the figures. At e~1ch of the 63 
different road site · studi cl the value of the skidding resi. -
tance A BFC was calculated from the texture depth values 
(TD) measured at each site using the following relationships: 

A BFC = 90 x TD 70 for concrete surfaces (2) 

A BFC = 20 x TD 40 for bituminous surfaces (3) 

These formulas were determined empirically from measure
ments taken on a broad range of conventional surfacings (9). 

Figures 6 and 7 include results obtained from the trial per
vious macadam road sites. In order to compare these results 
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Regression line 

non-pervious surfaces 

o Surface age (month) 
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• 48 
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Skidding resistancet>.BFC 

FIGURE 7 Heavy vehicle noise and .:i BFC. 

with the nonpervious road surface , the values of A. BFC have 
been detennined from the mea urements of surface texture 
lak n at each site using the empirical formula given in Equa
tion 2 for bituminous surfaces. (The texture depth values were 
upplied by the Materials and Construction Division ofTRRL.) 

Tht: figures cieariy show that the pervious macadams were, 
on average, ubstantially quieter than the conventional non
pervious surfacings at an equivalent value of skidding resis
tance, A BFC. Figure 8 shows the average reductions in noise 
obtained at equivalent values of A. BFC as a function of the 
age of the surfaces. It can be seen that for light vehicles, a 
slight deterioration occurred in the noise reduction obtained 
over the period of the measurements . initially for the light 
vehicle category, the new surfaces gave improvements of 
approximately 5.5 dB(A) but this decrea ed over 48 months 
to just below 4 dB(A) . This trend in performance i not repro
duced for the heavy vehicles which appear to exhibit litcle 
change over the exposure period , with the average reduction 
in noise remaining at approximately 4 dB(A). 

Allhough the average noise reduction performance of the 
pervious macadams i good for both categories of vehicle , 
Figures 6 and 7 sh w that considerable variation xists in the 
noise levels observed for the different urfaces , although the 
apparent differences between the surface material and pec
ifications are only slight . This suggest that the simple mea
sures of macrotexture such as textu.re depth , and de criptors 

of the material , such a void content or binder content , are 
insufficient to account for a signific;inf proporti.on of the 
observed variance in the noise level. It would appear there
fore, thal more needs to be learned about the mechani ms 
governing noise suppression so that the opportunity <:<m be 
taken to optimize the urface design to reduce noi e emission 
further . (Additional experimems are now planned to examine 
in detail the mechanisms of noise propagation over perviou 
road surfaces and will att mpt to link surface design and 
material specification to th acoustic performance achieved.) 

lt can also be seen from Figures 6 and 7 that unlike the 
nonpervious urfaces, there is no eviden c that noise from 
perviou macadams can be related to the skidding perfor
mance of the surface or the texture deptb. A possible expla
nation is that because noise i a function of both the macro
texture and the absorbing properties of the road surface a 
trade-off occurs between the two. A road with a higb macro
texture will tend to generate more tire noise through vibration 
excitation of the tires, but will also tend to offer greater void 
volumes and hence higher absorption witb associated lower 
noise levels. Clearly, this conflicting behavior will tend to 
reduce the possibility of a ignificant correlation of noise witb 
A BFC. Furthermore, it follows from this argument that as 
the macrotexture of the surface is reduced through the action 
of trafficking, lire noise levels will also decrease , but because 
trafficking al o cau e a reduction in the voids becau e of 
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FIGURE 8 Average reduction in vehicle noise comparing pervious macadams and 
nonpervious road surfaces. 

wheel track deformations and clogging, there will also be 
increased noise. Again because both mechanisms tend to pro
duce opposing noise trends, inevitably there is some degree 
of trade-off with the result that noise from pervious road 
surfaces does not appear to change greatly with the age of 
the surface. 

Vehicle Noise Spectra 

Vehicle noise frequency spectra have been determined com
paring the noise emitted by vehicles running on the pervious 
surfaces with that emitted on the hot rolled a phall sections. 
Some 1/3Jd octave pectra obtained for the light vehicles are 
given in Figure 9. The figure compare Surface 14, a pervious 
surface made with a rub!Jerized binder and 5 percent binder 
content; and Surface 14X, laid in the adjacent bay, a hot 
rolled asphal.t surface. In each case, the 1/3rd octave band 
peak levels were regressed against the passing speed of the 
vehicles . The values used to construct the pectra of Figure 
9 are the peak noise levels interpolated from the regression 
line for a passing peed of 90 km/hr. 

On the figure, the spectra have been constructed using data 
collected in September 1985 and September 1988. It can be 
seen that for the light vehicles and the pervious surface, there 
is generally a slight deterioration in the noi e performance 
with age of the surface, with imilar increase over the whole 
of the frequency range. ln contrast, the hot rolled asphalt 
surface did not show any significant change over the same 
period. Clearly this obscrvatjon matches the trend exhibited 
in Figure 8 where it can be seen that the noi e advantage 
provided by pervious macadam over conventional non
pervious surfaces decreased sUghtly with the age ofth.e surface 
for the light vel1icle category. 

A clearer indication of the differences in the frequency 
spectra between the two surface types can be een in Figure 
10. The fig11re gives che difference between the peak l/3rd 
octave band levels obtained on the two surfaces. The figure 
shows that the main improvements offered by the pervious 
surface lie in the mid-frequency range between 600 Hz and 3 
kHz, with the greatest improvements occurring in the range 

of 800 Hz to 1.25 kHz. This behavior agrees well with the 
t...'11own ab orption spectra of these urfaces which are found 
to absorb trongly in this frequency range (JO , 11). 

As before, it can be seen that a the urface ages, there is 
some deterioration in the relative performance of the pervious 
macadam that appear to be present over much of che fre
quency range. lt i interesting to note that for the low fre
quencies, the effect f trafficking is ·ufficient to cause the 
noise from the pervious . urface to rise above that emitted by 
vehicles running on the hot rolled asphalt surface. It appears 
that the small advantage offered by the absorbing property 
of the pervious surface at low frequencies ha. diminished after 
the 3-year exposure to traffic to the extent that the component 
of the macrotexture that contrnls the low frequency tire-radiated 
noise has taken over as the dominant noise generating mech
anism. It should be noted, however, that the surface texture 
depd1 behavior was similar for both surfaces and would, there
fore, not account for the observed changes in the noise 
performance at low frequencies. 

CONCLUSIONS 

• The noise from vehicles running freely on pervious mac
adam i significantly less thaD the noi e generated on con
ventional nonporous surfacing . The average reduction. 
obtained when comparing new (untrafficked) pervious ur
faces with conventional su1faces with equivalent kidding re
sistance performance were found to range between 5.5 and 
4 dB(A) . 

• Trafficking wa found to cause a slight deterioration in 
the noise performance of the pervious macadam, but the noi e 
reduction achieved after 4 years exposure t heavy traffic 
were till averaging 4 dB(A). 

•Binder content variations within the range of 3.7 to 5.0 
percent and the addition of polymer to improve the durability 
of these surfaces did not appear to ystematically affect. noi e 
emission performance. However the noise levels observed 
for the different surface types did vary over ignificanL ranges, 
indicating that further work could lead to a better understand
ing of the parameter affecting noise reduction and o provide 
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FIG RE 10 Difference between the 1/3rd octave spectra obtained on hot rolled 
asphalt (HRA) and pervious macadam (PM). (Light vehicles at 90 km/hr.) 

an opportunity to reduce noise further by optimizing the 
surface design. 
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Ten Years' Experience of Porous Asphalt 
in Belgium 

G. VAN HEYSTRAETEN AND C. MoRAUX 

Porous asphalt is a bituminou mix that becau e of its composi tion 
contain · about 22 percent voids after compaction. [n miny weather 
this resnlts in th absence of aquaplaning, increased kid re i -
Lance, and reduced plash and spray behind vehicles. Additional 
advantage are reductions in rolling noise level light reflection, 
and rolling resi ranee. In Belgium, thi type of surface is used 
not 0n ly on roads, but also on airfields and in tunnel . The Belgian 
Road Research Centre ha been conducting exten ive research 
into various a. pect of Its use, uch as mix de ign, the influence 
of binder type , manufacture and laying, the gradual loss of perme
ability, winter behavior, acoustic properties , specific features of 
applications in built-up areas and tunnel and maintenance. ome 
of these aspe ts are briefly discus ed in this paper. 

The fi rst appl ication of porous asphalt in Belgium occurred 
in 1979 a part of a research project conducted by the Belgian 
Road Research Centre (BRRC). 

It was a small job involving only 2,700 r.n2 of two-lane pave
ment carrying daily traffic volume of 700 vehicles in each 
direction. This first experiment immediately indicated aU the 
benefit that could be expected from U1is new technique. A s 
a result, new and more ambitious application. tarted to develop 
in 1981 thi. lime on motorways. 

The technique has been developed well beyond the exper
imental stage, and about 70 jobs have been con.dueled. At the 
end of 1988 the total surface area of porou a phalt laid in 
Btllgium was about 2 miJlion mi. This put Belgium and Lhe 
Netherlands i.n the lead in Europe, e' pecially when con idering 
!he relatively mall areas of Lbe two countries. 

PRINCIPLE 

Porous asphalts are bituminous road mixe de igned o that 
after laying and compaction they form a surface with a voids 
ratio of about 22 percent. The are used for wearing course 
and are always laid on an impervious base (Figure 1). 

With such a percentage of voids a network of channels i 
created in the layer, which is capable of conveying the water 
that has faUtJn on the pavement during a rain shower and 
penetrated the surface. 

Of course, r.he design of the road structure itself must enable 
this water to be drained off through the porous layer to tbe 
lateral coUecting devices or the shoulders. This makes it ne -
essary to have an impervious underlying layer with some 
crossfall to prevent the water from reaching the subbase and 
stagnating in the porous layer. 

G. Van H"ey traeten tind C. Moraux, Belgian Rond Research Centre , 
42 Boulcv3rd de la Woluwc, B- 11 200, llru els. Belgium. 

That is also why the lateral collecting device or the houl
der must not be si tuated higher than the top of the under
lying layer. Thi· may seem quite obvious, but al ready design 
engineers hav been found to overlook thi. essential 
requirement. 

PROPERTIES OF POROUS ASPHALT 

As just explained, porous asphalts are designed to allow free 
passage of rainwater. Furthermore th y make it pos ible for 
the vehicle tire to maintain contact with the pavement surface 
under any cir um tance· , and thus to avoid the aquaplaning 
that may occur on conventional pavements at high speeds 
under wet condition . 

Porou a phalt also eliminates plash and pray behind vehi
cles (e pecially trucks) (Figure 2) and avoid reflections from 
the surface of the pavement at both clay and night (Figure 3) , 
thu making road marks more vi ible. 

The draining capacity of porous a phalt urface , of course 
d pends on the percentage of void . It i , therefore, important 
that thi percentage be high when the pavement i pened to 
traffic. Thi i also necessary to prevent rapid clogging by dust 
or mud entering the layer. 

Another important property of porous asphalt. which 
accounts for a great part of the ·ucce f the technique is 
that it considerably reduce rolling noise both inside and out
ide vehicles (Figure 4) . A demonstrnt ci hy re.search carried 

out at the BRRC, this reduction in noise levels results from: 

• Sound absorption in the voids of the layer, 
• E limination of air pumping at the tire-pavement 

interface, and 
• The good surface evenness of this type of wearing course. 

collection 

CRR·OCW_ WR 15 9•3 

Tack coat 

Impervious) 
underlyirg layer 

FIGURE 1 Example of a road structure with porous 
asphalt. 
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FIGURE 2 Splash and spray behind a vehicle under identical 
weather condition on dense asphalt concrete (A) and on porous 
asphalt (B). 

These findings were made with a tandard ve hicle traveling 
with its engine off at 80 km/hr over a measuring te t section. 

In real traffic, however, engine noise also plays a part. 
Porous asphalt partly absorb this noi e in tile void. of the 
layer. 

When considering the variou applications of porous asphalt 
in Be lgium, it can be seen that two different desig1lS have 
been u ed: either 2.5-cm-thick layers or 4-cm-thick layers. It 
ha become clear that, to en urc high drai ning capacity and 
a substantial reduction in rolling noise and to preserve these 
properties over a longer period the 4-cm thicknes mu t be 
recommended . 

WHERE TO USE POROUS ASPHALT 

Porous asphalt is most commonly used in area where water 
cend to stagnate , such as changes of superelevation , wide 
pavements (motorways and airfie ld runways) and sag in the 
longitudinal profiles of roads in hilly regions. 

Another interesting application is in tunnels who e invert 
is situated below the phreatic surface. Water accidentally ris
ing through cracks in this invert will damage the asphalt pave
ment and lead to water stagnancy in the tunnel. An overlay 
of porous asphalt can cau e Lhi unwanted water to be drained 
off to the sides of the pavement (Figure 5) . 

Other applications are made to solve problems with rolling 
noise . A frequent case is that of crosstown express roads or 
motorway links with a transversely grooved concrete surfac
ing. Overlaying such concretes with porous asphalt has 

FIGURE 3 Difference in reflection of the headlights of d car 
on a wet road surface. In front, dense asphalt; behind, porous 
asphalt. 

dB(A) 

1. Porous asphalt 
2. Dense asphalt 
3. Deep transversely grooved 

concrete 

(km/h) 
60 80 100 120 

FIGURE 4 Rolling noise versus speed on three types of 
surfaces. 
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remarkable effects: under the mea uring cond itions descri bed 
artier a noise reduction of 6 to 10 dB(A) was observed 

7.5 m from the measuring vehicle and 1.2 m above the 
pavement. 

The u ·e of p rou a ·phalt in tunnels al o leads to con id
erable reduction o rolling noi e not only fo r vehicle pas en
ger , but also-and especially- in the vicini ty of the approache· . 

A more frequent application of porou · asphalt is on par
ticularly noisy arterials in urban areas . Becau the pavement 
i ge nerally boxed in betwee n tw curb , la teral drainage must 
be correctly designed. 
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Phreatic surface 

Porous asphalt 

Water rising through the invert of the tunnel 

FIGURE 5 Overlaying an existing pavement in a tunnel with porous asphalt. 

Wh n the porous asphalt layer is placed on top of th exi t
ing pavement, a drainage channel may be left b twe o the 
porous asph<1lt and the curb , but lhi so lution may cause 
pedestrians or cycli t to fal l a nd may be very inconvenient 
for tbe di abled ; moreover, the curb i no longer ufficicntly 
effective as an obstacle to stop lipping vehicle . 

Another ·olutiu.n is to extend the porou a phalt layer to 
the curb and level th grid of the gulleys with the ·urface of 
the pavement. Role · (25-rnm diameter) must then be drill d 
in the uppci part of Ilic sid wall of each gulley to allow 
gradual dispo al of the water caught in the porous layer. im
ple aw cuts in the upper part (Figure 6) are generally inad
equate becau e lhey will be blocked rapidly. When carried 
out as an overlay, thi · design reduce. the protection provided 
by the curb for pedestrians· the best way to proceed there
fore is to remove 4 cm of the existing pave ment by mill ing 
before laying ihe porous a phaJt. 

An ther technique already u ed but applicable only wben 
the pavement must be fully reconstructed , i. to provide , along 
the curb at the lower side of the crossfall a trench fitted with 
a longitudina l drain at the bottom and backfilled with p rou 
asphal t. T hi · drainage trench constitutes a buffer store in 
which urface water is allowed to accumulate until it can be 
carried off by the drain (Figu re 7). 

Finally, to facilitate lateral dra inage in areas with zero cross
fa ll a solution ha been tried con i. ting f making grooves 
in the layer t be covered by porou · a phalt. T hese gr.ooves 
becom deep r as they approach the side of th pavement 
wbe-re lateral drainage is to be provided and are also filled 
with porous a phalt. 

FIGURE 6 Saw cuts in the upper part of a gulley. 

WHERE NOT TO USE POROUS ASPHALT 

Although application in urban areas require , pedal care
as indicated-in d signing th pr ject , there are other ite 
where the use of porou a phall hould be a oided. 

One example is road that are frequent ly ·oiled with a 
vari ty of wastes. This is the ca e with r ad · in farming area . 
where much mud is left by tractor that a porous asphalt 
urfacc could be rapid ly clogged . 

Another example i low-volume or slow-traffic road . Thi 
i · because traffic en ures ·ome elf-cleaning of the surfac of 
porous asphalt courses . Dust which inevitably accumulates 
in the void at the surface, can be swept nly by the suction 
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FIGURE 7 Application of porous asphalt in built-up areas 
involving the use of a collector drain. 

effect of the tires of numerous vehicles traveling at fast speeds 
over the pavement. 

Finally , ii i preferable not to use porous a. pball in area 
where rhe urface of the pavement is subjected t.o very high 
tangential load , because relatively little is kn wn about the 
re ista:nce of porou · asphalt to this type of loading. 

COMPOSITION AND MIX DESIGN 

Several principles must be respected to obtain the high per
centage of voids required: 

• A Sufficient quantity of "stones" -experience has 
shown that the aggregates should contain more than 80 
percent of particles 2 2 mm; 

•A gap grading, to be obtained, for example, by omitting 
the 2/7 or 2110 mm fraction from a 0/14 mm mixture; and 

•A limited quantity of binder, in order not to fill the voids 
yet ensure cohesion. 

The Belgian specifications for the composition of porous 
asphalt ar summarized in Table l (1). Th y relate to a 0/J4 
gap-graded mix to be laid in courses 4 cm thick, with a void 
ratio that i to lie between 16 and 28 percent in each individual 
core sample and average between 19 and 25 percent over the 
various samples. This means that the mixture sought has an 
initial voids content of 22 percent. In addition, draining 
capacity is checked in situ by means of an outflow meter 
(Figure 8). 

The mix design method proposed by the BRRC consists of 
first determining the voids in the coarse aggregate ("the stones") 
and then measuring, on Marshall samples with various binder 
contents, the voids and the percentage of wear after rotation 
in a Los Angeles cylinder without abrasive charge. 

Binder content should be such that the granular materials 
are coated correctly but not excessively, because this would 
reduce the percentage of voids to below the desired minimum 
and lead to segregation during transport and laying. More-
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over, there would be a risk that the porous asphalt would 
become po tc0mpacted by traffic. 

Except for lower-volume road - for whi h porous a. phalt 
is not rec mmended- Belgian ·pecifications require an e ta -
tomer-bitnmen type of binder. Tw alternati es exist: 

• Bitumens with newly manufactured elastomers (mainly 
SBS), for which the required binder content is 4.0 to 5.0 
percent , and 

• Bitumens with recycled elastomers (bitumen admixed with 
powdered rubber and an aromatic oil), with binder contents 
between 5.5 and 6.5 percent. 

The possibility of u ing highe r c ntents with recycled ela -
tomers derive from the higher vi cosity of the binder. Thi 
has the advantage of enabling the aggregate to be coated 
with a thicker film of binder wbich , in principle should be 
le s en itive to aging. A disadvantage, h wever is the risk 
of reducing the initial percentage of void ' in Lhe layer or of 
facilitati ng clogging by po·tcompaction. 

The share of each of these variou type of binder in the 
tota l surface area covered wi.th porous asphalt in Belgium i 
currently 10 percent for bitumen 80/100, 30 percent for bitu
men with new ela tomers, and 60 percent for bitumen with 
recycled elastomers ("rubber-bitumen") . 

FIGURE 8 In situ measurement of the draining capacity of 
porous asphalt. 
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TABLE 1 BELGIAN SPECIFICATIONS FOR THE COMPOSITION OF 
POROUS ASPHALT 

Property Specification 

Grading 0/14 mm gap 

stones (~ 2 mm) 83 % 

Crushed sand (0.080 mm - 2 mm) 

Filler (< 0.080 mm) 

12 % 

5 % 

Binder 

- bitumen 80/100 

- modified bitumen 

- rubber-bitumen 

Thickness 

Voids ratio 

- average 

- individual 

4 to 5 % 

4 to 5 % 

5.5 to 6.5 % 

4 cm 

19 to 25 % 

16 to 28 % 

Draining capacity (for 1,4 1 water) 

- average $; 60 s 

$; 180 s - individual 

The vari.ous jobs were completed too recently to allow firm 
conclusion · about the service lives achieved with the three 
types. Two experimental job done in 19 3 and 1985 on 
the Philippeville-Couvin highway should yield important 
informa tion on this ·ubject within a few years. 

MANUFACTURE AND LAYING 

The manufacture of porous asphalt in conventional batch plants 
raises no particular problems compared with dense bitumi
nous mixes. More attention must be paid , however, to the 
temperature of the mineral aggregates, which must not exceed 
170°C to avoid dripping of 1h binder from the crushed stone 
particles and consequent segregation. 

The order of entry into the mixer is generally the same as 
usual: sand, crushed stone filler, and, finall y bitumen. Never
theless, good result have also been obtained with an alter
native procedure, which consists of first introducing and mix
ing the sand, the filler, and the bitumen, and then adding the 
coarse aggregate and mixing again. 

T he risk of segregati.on during transport iJ1crease · with the 
dista 11~1:: of trave l, e pecially with cxces ive binder contents. 
This egregation resul ts in materials sliding in large lump 
from the trucks, which makes laying more difficult , and in 
the presence of fat spots in the surface after spreading. 

Mechanical laying is normally not more difficult with porous 
asphalt than dense mixes . Static smooth-wheeled rollers are 
recommended for compaction . Vibrating rollers are to be 

excluded , mainly because of the risk of crushing stones ; with 
pneumatic-tired rollers , there is a problem of porous asphalt 
sticking to the tires . 

As do other types of mix , porous asphalt requires particular 
care as far as longitudinal construction joints are concerned, 
especially because coating these joints is not allowed here so 
that diainage is not obstructed. 

Finished porous asphalt tends to stick to car tires when first 
opened to traffic , which may lead to stripping of aggregate 
in area where eve re tangential loads are applied (for exam
ple in bends and at traffic lights) . To prevent this stripping, 
it is advisable to spread about 50 gtmz o f filler (fines < 0.080 
mm) on the surface before opening it to traffic (Figure 9) . 

RESEARCH WORK 

The BRRC has been conducting lab ratory and field research 
into variou particular aspects of this type wearing course (2) , 
ome of which are briefly discussed here. 

Development of Binder Characteristics 

Because porous a phalts are by definition rich in voids, the 
introduction of oxygen and ultraviole t rays into the bitumi
nous layer and the continuing pre ence f water will lead to 
a rapid development of the bi.nd r 's characle ri. ·tics. Under 
site condit ions the penetration of pure bitumen ha been 
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FIGURE 9 Spreading filler on a newly laid porous asphalt 
surface. 

found to drop sharply in the first month . Il can be said that 
after 3 year , all bitumen 80/.LOO have a penetration value 
be! w 25/10 mm and a ring and ba ll oftening point exceeding 
60°C. Beyond that period, the proce s ap pears to stabilize 
comparatively and it is remarkable that porous a ·phalt ur
facings containing uch aged bitumens still hold after 8 year 
of service. 

With bitumens contai ning recycled elastomers, or ' rubber
bitumens," the process is much slower; bitumen containing 
new elastomers stand midway between pur bitumens and 
bitumen with .recycled e la to mer as far as aging is concerned. 
But observations on te t roads have not yet permitted 
researchers to establish whether improving the characteri tics 
of the binder extends service life . 

Acoustic Properties 

T he noise reduction is related to the high sound absorption 
coefficient (o:) f the material. The coefficient varies with 
sound frequency and is most favorable at about 1000 Hz (Fig
ure 10), which happens to be the frequency at which tire noi e 
or the rolling noise of traffic ha· the highest intensity. The 
absorption coefficient increa e with the percentage of voids 

a (sound absorption coe fficient) 
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FIGURE 10 High sound absorption coefficient of porous 
asphalt, primarily at sound frequencies of about 1000 Hz. 
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and the thickness of tlle layer. Compared with convencional 
or chipped asphalt the reduction in noi e level at 80 km/hr 
is generally 2 to 3 dB(A) . For transversely grooved cement 
concrete the reduction i generally 6 to 10 dB(A). 

Structural Contribution 

By determining the moduli , it ha been possible to quantify 
the structural contribution of porou asphalt manufac tured 
with bitumen 80/100; this contribution lies between 73 and 79 
percent o.f that of a wearing course in conventional asphalt 
concrete. 

Winter Serviceability 

Studies and ob ervalions made by the BRR have made it 
possible to draw the following conclusions about the much
debated behavior or porous asphalt. Briefly, it can be said 
that por u a ·phalt and dense bituminous concrete do not 
behave differently in snowy weather when spread intensively 
with deicing salts. If such is not the case, snow may remain 
longer on porous asphalt because the brine that is formed 
under traffic can penetrate the voids in this material. How
ever, this difference in snow-clearing behavior has never been 
the underlying cause of any accidents recorded in Belgium. 

On the other hand, accidents have happened in icy weather 
on porous asphalt surfaces while rhe adjacent pavements were 
not icy , and vice versa. Ice simula tion tests have hown that 
the comparison for skid resistance is ornetimes favorable to 
porous asphalt and sometimes to dense surfacings, depending 
on ice conditions. 

Clogging 

It i.s we ll known that porou asphall lowly silts up in places 
where traffic is not intense. T hi problem, rheref re, doe not 
occur in the lraffic lanes of a h.ighway or a motorway and 
certai nly no t with an initial voids content of 22 percent and 
a 4-cm-tbick layer. 

T he problem i n:rised by the hard houlder for emergency 
tops , which silt up quite rapid ly and, a a result block water 

drainage from the traffic lanes. To avoid this situation, it i 
thought u efu l to provide the porous asphal t urfac of the 
hard sh ulder with a waterproofing urface dre ·ing at the 
time of construction (Figure 11). 

Porous asphalt Surface dressing 

Traffic lane Hard shoulder for 
emergency stops 

FlGURE 11 To avoid clogging the surface of the hard 
boulder is provided with a surface dre sing. 
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FIGURE 12 Cleaning the surface with an appropriate suction 
sweeper using a water jet. 

Maintenance 

Studies have also been conducted in l.o the behavi r of porous 
a phalt course and their deterioration with time. A joint 
Dur h and Belgian working gToup is investi gating the specific 
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maintenance problems with this type of surface. This effort 
has led to the development of cold-laid porous asphalt mixes 
for filling potholes or for durable local repairs. In addition, 
trials have been made with overlays in porous asphalt, in situ 
recycling of old porous asphalt , fog seal spray , and the 
cleaning of partially clogged pavement surfaces (Figure 12). 

CONCLUSIONS 

Porous asphalt makes it possible to improve road safety in a 
number of critical cases and, by reducing rolling noise, con
tribute to the comfort of both road users and frontagers . It 
i · not the unive al remedy, however, and it hould not be 
forgotten that porou · a phalt i only one of the techniques 
available to contract awarder. f r designing their road 
pavements . 
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Experiences with Porous Asphalt in 
Switzerland 

THOMAS lsENRING, HARALD KosTER, AND IVAN ScAzzrcA 

Since 1982 a re eoirch program observing the long-term belrnvior 
of porous asphalts under normal traffic conditions has been car
ried out at the lnstituie for Transportation , Traffic, Highway and 
Railway Engineering !VT of the Swl s Federal In titute of Tech
nology in Zurich . In a first phase , an observation program mea
sured skid resistance, permeability, rolling tire noise, and defor
mation once or twice a year on a electi n of porous a phalt 
pavement already in service. The general appcctrancc and beha • 
ior under winter conditions were al o recorded. In a ·econd phase, 
the research wa extended to include the study of material prop
ertie such as aging or the binder, performance of the mix, and 
so fonh. The emphasi · in thi paper is given 10 resu.lts from the 
first phase of the research pr gram . Particular attention is devoted 
to the problem of kid res istance , permeability, noise reduction, 
and behavior under winter road conditions of porous asphalt 
pavements. For these parameters, the method of me~surement 
results , and genera l conclusions are pre ented. onclusions are 
provided separately for two potential areas of application of porous 
asphalt: motorway and other roads with fast traffic, and urban 
roads with slower traffic. Taking into account the different advan
tages and di advantages of porou asphalt. experiences obtained 
so far are generally very positive about the application of porous 
asphalt to roads with high- peed traffic. Wben applied in urban 
areas, differenl' problems appear and initia l advantage may be 
lost within a hon time. Al o applications in an urban environ
ment cannot take full advantage of ihe noi ·e-reducing porential 
when traffic travels at lower pecds. Results from this research 
project also indicate that a number of conventional surrace layers 
can have favorable acoustic properties; in this field there i poten
tial for further development. Under winter road conditions, porous 
a phalt surfaces can present the same range of variation of kid
ding properties as conventional surface layers. However at a 
particular moment there is a difference in the behavior of the 
two pavement types along the road a l the site where the type of 
surface changes. 

The first porou a phalt in Switzerland wa placed on an air
port runway in 1972. On road pavements, porous asphalt. 
have been u ed since the late 1970 and early 1980s. Since 
1982 a research program has been canied oul at the Jn titute 
for Transportation Traffic, Highway and Railway Engineer
ing IVT of the Swiss Federal ln titute of Tech110logy in Zurich 
to ob erve the long-term behavior of porous asphalt under 
normal traffic conditions. U i11g these observation ·, it should 
be p ssible to collect data on all material propertie of porou, 
a phalt concrete with a view to its future use. The work 
described here is mainly limited to experience in Switzerland. 
Some studies from other coun tries were also considered in 
certain cases; otherwise they cannot b compared because of 
different conditions such as climate, winter maintenance, type 
of bitumen, test procedures, and so forth. 

Swiss Federal Institute of Technology, FTH Hiinggerberg , Zurich , 
Switzerland CH-8093. 

In a first phase, porous asphalt pavements already in ser
vice in 1982 were selected and an observation program mea
sured skid resistance, permeability, rolling tire noise, and 
deformation once or twice a year. The pavement's general 
appearance and the beha ior under winter conditions were 
also recorded. The research program was enlarged iTI <1 ec
ond phase and now also includes material propertie uch a 
aging of the binder, performance of the mix, and so forth. 
Results from the first phase of the research program are 
emphasized here. 

TEST PAVEMENTS 

The research program now comprises 17 sections located on 
motorways, interurban, and urban roads with a section length 
between 150 m and 2.2 km. The oldest section was placed in 
1979; the majority were constructed in 1985 and 1986. Rea
sons for choosing porous asphalt on these sections were gen
eral material testing, traffic safety, or traffic noise reduction. 
(A polymer-modified bitumen is generally used as a binder 
for the porous asphalt.) General data on the materials used 
are given in Figure 1 and as follows: 

Max. aggregate size 
(mm) (round sieve) 

Layer thickness (mm) 
Binder content 

(%by mass) 
Void content(%) 

(Marshall specimens) 
Void content(%) 

(cores) 

SKID PROPERTIES 

Test Procedures 

Porous Asphalt 
(0110) 

10 

28-42 
4.65-5.82 

10.9-22.5 

14.6-21.1 

Porous Asphalt 
(0116) 

16 

43-50 
4.23-4.99 

14.9-17.0 

14.6-19.6 

Skidding properties were mea ured once or twice a year with 
the Skiddometer BY . This skid trailer makes it po sible to 
determine the coefficient of friction wit11 either a locked wheel 
or a braked wheel (slip ra.ti of 14 percent normally on a 
theoretical water film of 0.5 mm rhickne ). Mea urements 
were carried out with the PIARC skid test tire of dimension 
165 R15 with 'four long.itudinal groove . Tire pres ure i J .5 
bar and tire load 3.5 kN . The initial conditions of each ·ection 
were measured within two months of the opening to traffic, 
in any case before the first winter. 
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FIGURE I Gradation curves for porous asphalt (size in mm). 
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Other measurements of skid properties such as the SRT 
pendulum or the sand patch method were not considered 
suitable for this type of material. Also the Moore outflow 
meter (SN 640 510b) cannot be used for porous asphall, where 
water outflow occurs through the pavem nl. Therefore, it is 
not possible to characterize of the pavement texture. 

Results 

Skidding properties of porous asphalt pavements (measured 
with the locked wheel) are usually in the range of values 

0.8 

43 

measured on conventional asphalt mixes. However, values 
for porous asphalt are hardly speed dependent. The curves 
in Figure 2 are flatter than the general shape of the frequency 
distribution used as the evaluation background. This means 
that p rou a phalt has exceptionally good skidding properties 
at higher speeds where macro-texture is very important. At 
lower speed where micro-texture is more relevan t, p rous 
asphalt has, on lhe contrary , rather poorer kid propertie 
than a conventional mix , as can a l o be seen in particular in 
Figure 3 with the results of the measurements with the braked 
wheel (slip ratio of 14 percent). 

LOCKED WHEEL 

0.7 

I 7 

15 
0.6 

16 

3 5% 
9 

0.52 
10% 

8 20% 0.5 IO 
0:48 30% 

40% 
50% 

2 60% 

0.4 
70% 

80% 

0.31 
0.3 

90% 
0. 27 

0.2 

0. l 
~o 60 SJ Speed [km/h] 100 

FIGURE 2 Skid measurements with locked wheel for porous asphalts compared with the general 
evaluation backround. 
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SLIP RATIO 14 % 

0,9 

17 

15 
5% 

10% 

0,8 ~~~~-~~~~~ 

0,7 

10 

80% 
0,6 

7 

2 190X 0,5 

2 

0,4 
40 60 80 speed [km/h] 100 

FIGURE 3 Skid measurements with braked wheel (14 percent slip ratio) for porous asphalts compared with 
the general evaluation background. 

Skidding properties of porous a phall in the initial . rage 
after con truction Figure 4) are frequenrly lower than the 
values obta ined on the same pavement after a certain u age 
time. This can best be een in the results with the locked 
wheel, where skid values normally clearly increased after the 
first winter. 

Skid Resistance: Conclusions 

Skidding properties of porous asphalt are generally in the 
same range as conventional pavement mixes. Because of the 

high macro-texture, results for porou asphalt are generally 
ab ve ::iverngc at higher speed. However, a lack of microtex
ture can often be observed. This leads to lower skid values 
with the locked wheel at low speeds. 

Becau e of the particular urface tructure of porous asphalt, 
the aggregate u ed must meet more evere requ irements. In 
particular it i important f r kid propertie. to use high qual
ity aggregates witb good resistance Lo poli ·hing and with sharp 
edges. In fact in the case of porou a. pha lt , all the contacts 
between tire and pavement occur on tbe single surface aggre
gates which also by themselve al ne contribute to the surface 
"sharpness." Normally good skid properties may be obtained 
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FIGURE 4 Initial skid values with locked wheel for porous asphalts compared with the general 
evaluation background. 
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with the available aggregates. However, the general short
comings at lower speed must b considered when using porou 
a phalt in urban areas or in critical curve . 

The occurrence of reduced skid properties shortly after 
construction is similar to the experience with conventional 
mixes. But with porous a phalt, there i a bigger problem 
because generally microtexture is poorer and normal repair 
methods ( ·uch a spreading of chippings) cannot be u ed. The 
situati n improves aft r a certain time when the binder coating 
of the ingle surface aggregates has worn off. 

PERMEABILITY 

Permeability to water is one of the characteristic properties 
of porou asphalt. This is also the main djfference wirh con
ventional asphalt mixe and the rea on for the great advan
tages of porous a phalt (e.g., strong redu tion in the risk of 
hydroplaning). New solutions had t · be d veloped for mea -
uring drainage potential. An bjective methods to quantify 
thi prop rty is e scntial for evaluating the e mixes. 

Test Procedure 

Within the research project, one of the first tasks involved 
the search for an appropriate methodology to measure perme
ability. Devices such as Moore's outflow meter could n t be 
con id red as alJeady mentioned. ther d vice · developed 
for this purpose were considered to be either in ufficienlly 
preci . e or too complicated for practical use. Therefore, the 
In titute chose to develop a new methodology which has now 
been used successfully in practice in Switzerland for about 
seven years. 

The IVT permeameter h wn in Figure 5, is made of a 
plexig'lass cylinder with an intedor diameter of 190 mm and 
a height of 250 mm. The cylinder has five engra ed marking, 
20 mm a1 art from ea h ther, with the · zero-marking" 120 
mm above the bottom of the cylind r. A pecia l putty is placed 
as a 30 mm wide ring on th pavement surface in order to 
cover the highest aggregates and fill voids at the surface. Thus 
the contact zone between the cylind r and th pavement i 
sealed, and the water is forced to fl w through the int rior 
voids of the porous asphalt layer. Permeability of the layer 
is expre ed by the Lim elap ·ed between the 0 and th 0 
mm line. This downward movement of the water surface cor
responds to an outflow quantity of 2.27 L. In cases when the 
time needed to pass the 40 mm line is greater than 300 sec, 
the permeability and thu also the functional quality of the 
porou · asphalt is considered to be insuffici nt. 

This method, a "single point measurement," is a disadvan
tage, recognizing the inhomogeneity of the porous mixe . A 
sufficient number of mea uring points must be considered for 
a good characterization of the layer. Three sampling areas 
were therefore selected on each section, and in ead1 sampiing 
area, two measurements wer made in the whe I track an I 
two others outside of it. In order to follow with precision the 
development of permeability measurement were alway 
repeated at the sarn spots. measured values for a water level 
decrea e of 80 mm range between 10 sec for a very permeable 
mix to almos·r oo for a den "e mix (conventional mix or a porous 
asphalt with filled voids). Measurements within the research 
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FIGURE 5 IVT permeameter (schematic, not to scale). 

program had two purposes: to determine the permeability of 
new mixes and develop permeability with the increasing age 
of the porous asphalt. 

Permeability of New Porous Asphalt Mixes 

Initial permeability values for a water level decrease of 80 
mm on new porous asphalt layers ranged between about 23 
and 105 sec. These are the mean values for the different 
sections (determined on th ampling ba i mentioned ear
lier) . ingle value can be outsid of this range. The mean 
value for the initial permeability of all the b erved pavement 
is 3.4 Umin corresponding to an outflow time of about 40 
sec. An influence of the maximum aggregate size on the initial 
permeability ha not been ob erved with certainty. 

Large difference can be bservcd not only between dif
ferent mixc but also within the same ection already in an 
i.nitial stage after construction. tandard deviation on the 
order of magnitude of 30 to 50 percent of the mean value are 
not rare, demon trating the problems of getting good hom
ogeneity during constructfon. Results from laboratory le ·t 
on material specimens (core ) al ·o show this tendency. Under 
the assumption that a porous asphalt layer can b qualified 
as being homogeneou when th tandard deviation of the 
permeability values is below 30 percent, about one half of the 
pavements observed fell in this i.:ategury. 

Development of Permeability 

Permeability of porous asphalt layers decrease with higher 
or lower progression with the age of the m·ix (Figure 6). All 
kind of dirt on the pavement and the con equent filling f 
the void in the layer account for this progre sion. [n ingle 
cases postcompaction of the layer can also lead to reduced 
permeability. Normally conditions remain better in the wheel 
tracks than in the center of a lane or on emergency lanes 
because oi the "cleaning" suction effect of rolling tires. There
fore postcompaction cannot be con idered a major cause of 
reduced permeability. 

The rate of reduction of permeability depends on a number 
of factors such as the environm nt , traffic loadings type f 
mix, construction, and so forth. Some ections still show sat
isfactory values of permeability even after 5 years of traffic; 
others have becom almo t c mpletely dense within 1 yenr 
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FLOW [Vmin] 

oll~~:ft:=::=:=::=::S:~;;;I::::=:::::.j=:::::::::::~ 
FALL 1982 FALL 1983 FALL 1984 FALL 1985 FALL 1986 FALL 1987 

--WHEEL TRACK - - - - CENTER OF LANE X MEASURED JUST AFrER 
CONSTRUCTION 

a POROUS ASPHALT0/10 (CONSTRUCTED 1980) 

6 POROUS ASPHALT0/10 (CONSTRUCTED 1984) 

0 POROUS ASPHALT0/10 (CONSTRUCTED 1983) 

<> POROUS ASPHALT0/10 (CONSTRUCTED 1985) 

• POROUS ASPHALT0/16 (CONSTRUCTED 1986) 

... POROUS ASPHALT0/16 (CONSTRUCTED 1981) 

• POROUS ASPHALT0/16 (CONSTRUCTED 1982) 

• POROUS ASPHALT0/16 (CONSTRUCTED 1985) 

FIGURE 6 Development of permeability with time. 

(Figure 6). Although just after construction no significant 
differences were measured for mixes with maximum aggregate 
sizes of 16 and 10 mm, those with 16 mm maximum aggregate 
generally show a much more favorable situation in the last 
series of measurements considered for this paper (fall 1987) 
than the mixes with 10 mm maximum aggregate . However, 
this result may not stem from the difference in maximum 
aggregate size but from generally more favorable service con
dilion for the sections having the 16 mm mixes (mosLly on 
motorways). 

Favorable conditions for maintaining a sufficient permea
bility are: reduced amount of dirt , good drainage (in partic
ular, free water utflow at the edge of the layer and sufficient 
crossfall of the supporting layer) , a layer structure with large 
voids and high void content, and finally the cleaning action of 
rapid and intense traffic. The use of porous a phalt layers on 
motorways can be seen very po itively from the viewpoint of 
the developing permeability. On the contrary, more dirt and 

a reduced cleaning action by traffic are not favorable to an in
tense use of these materials in agricultural areas, nearby stone 
and aggregate pits, or urban areas. In the latter case generally , 
the influence of poorer drainage conditions for the layer must 
be considered. Porous asphalt overlays with a free edge usu
ally are not recommended in urban areas for traffic safety 
reas9ns (cyclists and pedestrians). Ramps for lateral access 
also limit the lateral flow of the water from the porous layer. 
This leads , as experience shows, to deposits of dirt in the layer 
that tend to increase with time, which can considerably reduce 
the permeability of the layer. 

Cleaning porous asphalt layers with filled voids could be 
very difficult if not completely impossible . First tests with wa
ter under high pressure and subsequent suction of the dirt have 
shown the capability of clearly cleaning the surface. However, 
pem1eability of the layer was not improved by this measure. 
Periodic cleaning of pavements with still sufficient permeability 
might have a positive influence on its development. 
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Effects of Permeability 

The use of porous asphalt layers on motorway sections that 
had a concentration of hydroplaning accidents considerably 
reduced the number of accidents, even on sections deficient 
in surface drainage. Moreover, poorly drained porous asphalt 
layers can accumulate large quantities of water within the 
layer . Porous asphalt layers remain wet longer after rain than 
conventional, dense pavement layers because the water within 
the layer is pressured out by the tires . As long as the surface 
remains wet, this will also have an unfavorable influence on 
rolling tire noise. 

Reducing permeability, except with very heavy rain, gen
erally will have less influence on traffic safety than on the 
acoustical properties of the porous asphalt layer. In fact, a 
porous asphalt layer with filled voids can also be considered 
to be favorable from the viewpoint of safety on a wet surface 
because of its high macrotexture, if skidding properties are 
satisfactory. However, acoustical properties of these coarse, 
but unpermeable mixes are usually no longer positive, because 
the surface is no longer capable of noise absorption. 

TRAFFIC NOISE 

Methodology for Measurement 

A 1986 environmental law fixed limit values for noise emission 
in order to reduce the nuisance to the population based on 
the general principle that noise should be reduced at the source. 
In view of this law, th re is great intere! t in porous asphalt, 
because traffi noise derives from engine noise and, at higher 
speeds, from rolling tire noise. 

For evaluating road pavements, three different measure
ment methods can be adopted: 

• Measurement of rolling tire noise with a special trailer 
(LMA), 

•Measurement with a microphone at the roadside (coasting 
or traffic noise) or sound level Leq, and 

• Measurement of the absorption qualities of a pavement 
surface. 

Measurements on fixed facilities, such as the drums used 
for tire testing, are not suitable for investigating pavement 
surfaces under realistic conditions. Because the problem is 
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complex, the three methodologies just mentioned have been 
used in this research project. The following values have been 
used to characterize the noise: 

• Degree of reflection: the amount of sound reflected by 
the pavement surface and the quantity of sound absorbed by 
the pavement respectively, 

• LMA-value: determinant of rolling tire noise level in the 
noise-measuring trailer LMA, 

• Coasting noise: maximum sound level of a passenger car 
rolling by with engine turned off, 

• Traffic noise: maximum sound level of a passenger car 
passing at constant speed, and 

•Traffic noise (Leq): the energy-equivalent continuous sound 
level for total "normal" traffic (including trucks). 

Measurement of Absorption 

Measurement of the absorption or reflection of sound can be 
done either in the laboratory on cores or other suitable sam
ples with the impedance tube, or iii the field with special 
instrumentation. The principle is the measurement of a known 
emitted sound and the sound signal reflected by the pavement. 
The degree of reflection of sound is determined by comparing 
the signals; it is then possible to calculate die absorption 
(1 - degree of reflection). Conventional, dense-graded asphalt 
pavements are very hard and lead to almost total noise reflec
tion. Porous asphalt layers, however, can absorb part of the 
sound. A porous asphalt layer in good functional condition 
can therefore reduce the nuisance deriving from traffic noise. 
Because it can be assumed that the absorption potential depends 
on the permeability of a porous asphalt, the IVT permeameter 
was also used in conjunction with all noise measurements. 
The program of measurements was carried out only on select 
pavements, because the primary purpose was only to study 
general relationships. 

The study of absorption characteristics has shown porous 
asphalt pavements in good functional condition capable to 
absorb sound. Figure 7 shows some typical curves for different 
pavement materials . However , on the basis of acoustical the
ory, high absorption effects are not expected for the layer 
thickness (30 to 50 mm) used today for porous asphalt. The 
lowest mean reflection value measured in this study was 0.79 
(corresponding to an absorption factor of 0.21). This means 
that a maximum of about 20 percent of the sound was absorbed. 

2000 

D Conventional AC 

• Porous asphalt Type A, 
motorway emergency 
lane (voids filled by dirt) 

• Porous asphalt Type A, 
motorway traffic lane 
(voids empty) 

O Porous asphalt Type B, 
interurban road 
(voids empty) 1000 

Frequency (Hz) (Sound emission : vertical) 

FIGURE 7 Degree of sound reflection at various frequencies for different surfac.e materials. 
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Analyzing some parts of the spectrum of frequencies, one can 
find absorption factors of up to about 40 percent. 

A correlation between reflection and absorption has been 
determined (Figure 8). (Figure was based on 21 pairs of values 
for 4 porous asphalt sections. Permeability was determined 
by IVT permcameter. Mea uremca t was of the degree of 
reflecti non the road. Mean value of reflection alues in the 
octave volumes 500 Hz, 1,000 Hz and 2 000 Rz. ound 
absorption, a = 1 - r2.) In order to btain a noticeable 
absorption of at least 10 p rcent , permeability should not 
be above 130 to 140 seconds, or the flow val ue not below 1 
L/min. Mean flow quantities for many of the s ctions with 
porous asphalt are below this limit. 

Rolling Tire Noise Measurement with the 
Measurement Trailer LMA 

The trailer for noise measurement (LMA) has b en developed 
and built by the Institute based on a scheme adopted by the 
Technical University of Stuttgart. It is a one-wheel trailer 
meant to determine the rolling noise of tires on different road 
surfaces at different speeds. Two microphones are used to 
regi ter the sound immediately .adjacent to the wheel. The 
body is fitted with ound insulation that prevents almost any 
outside influence. TI1erefore it is possible to obtain a preci
sion of ± 1 dB on homogeneous surfac and without larger 
disturbing effects from the outside. 

The two microphones register two parts of the noise cre
ation and diffusion mechanism. A laterally placed microphone 
registers sound emitted from the tire ide due to the vibrations 
of the rolling wheel. A microphone on the rear side of the 
tire is used to determine the sound-increasing influence of the 
"funnel-effect" between tire and surface or the absence of 
this effect on porous asphalt surfaces. The mean value from 
both microphones is used as the determinant value. Frequency 
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analysis wa carried out by the acoustics depanment of the 
Swiss Federal Laboratory for Tesring f Material (EMPA). 
The results are shown in Figure 9 and are discu ed next. 

Standard conditions of measurement include the use of the 
European PIARC test tire 165 Rl5 with 4 longitudinal grooves, 
which is normally used for skid testing. Earlier comparisons 
of different tires have shown that the PIARC tire is in the 
same range as modern standard production tires as far as 
rolling noise is concerned, but has the advantage that it best 
differentiates among road surfaces. The use of the noise mea
surement trailer has proven to be a simple method, which 
under normal traffic conditions preclude disturbances from 
other noise source . . This method is Lherefore particularly well 
suited for comparing pavement surfaces. 

• 

The use of two microphones in the trailer allows differ
entiating between sound propagation from the tire and from 
the texture of the pavement surface. Values measured from 
the recordings on the rear microphone are usually greater 
than for the lateral position on conventional, dense asphalts 
because of the "funnel effect." In the case of porous asphalt, 
both recordings lead generally to the same values and in cer
tain cases the higher value is even recorded for the lateral 
microphone, because of the high ab orption behind the tire. 
The lateral microphone is not influenced by the absorption 
characteristics of the surface and, moreover, the coarse sur
face may even increase lateral reflection. 

For porous asphalt layers in good functional condition val
ues recorded on the rear microphone are lower than for con
ventional pavement surface layer · at speeds above 50 to 60 
km/hr. The difference increa es with higher peed. At . peeds 
below 60 km/hr, it is possible to mea ure the ame level of 
rolling noise at the rear microphone for certain "acoustically 
favorable" conventional materials. 

Values obtained from the lateral microphone for porous 
asphalt are in the range of values obtained with other sur
facings. This could happen because of the generally coarse 

• 

y= a+ b *In x 
z"' z= 0.80 (Corr. coeff.) 

a= 0.65 
b = 0.05 

~ 

150 200 

Permeability (sec) 

FIGURE 8 Relation between permeability and degree of sound reflection. 
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FIGURE 9 Mean values for rolling tire noise (LMA trailer) for selected pavement surfaces. 

texture of porou asphalts used in Switzerland. T he "acous
tical optimization" or a porous asphalt leads to a finer texture 
of the urface. 

The determinant LMA va lue gives an overaJ I characteri
zation of acousti al conditions. The dif(erence in sound level 
for the porou aspba ll with the lowest value and the corre
sponding conventional surfac depends on lhe speed. Ba eel 
on the results obtained so far, thi difference is I .5 d.B(A) 
al 50 km/hr 3.5 dB(A) at 60 km/hr, and 5.0 dB(A) at 80 
knllhr. This hows that a red uction of roll ing noise by the use 
of porous asphalt can be obtaiJ1ed primarily at a higher peed 

level. Similar results should be obtained in the compari on 
between p rou a phalt and conventional material when Lhe 
mean value of rolling noise are considered. 

A low noise level is nnt necessarily typical for all porou 
asphalts. The difference in noise level between all ection 
lies between 7 and 9 dB(A) , a value corresponding to the 
difference between porou asphalt and dense-graded layers. 
A binder film at the surface seem to have a noise-reducing 
effect. Indeed , al o on dense-graded a phaJts, noi. e mea ure
ment carried out immediate ly after construction f the pave
ment had lower noise level than for the same pavement at 
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a later time. No influence was found in relation to the material 
(concrete or asphalt) of the pavement layer beneath the porous 
asphalt. 

The noise level is influenced by aggregate size, size distribu
tion, permeability, and the condition of the layer. Porous 
asphalts with smaller maximum aggregate size or a more con
tinuous gradation have a lower noise level than coarse porous 
asphalt layers. Permeability also has a positive effect on the 
noise. However, the influence of texture seems to be more 
important because some pavements in the study still had low 
noise levels despite having filled voids and very reduced 
permeability. This again i particularly true for fine-textured 
porous asphalts, wh reas coarse layers are generally noisy 
when their void have been filled completely with dirt. 

The observation that some porous asphalts still exhibit low 
noise volumes, even when the voids are filled, leads to the 
conclusion that the comparatively low noise level, of fine
textured porous asphalt layers in particular, is caused by a 
reduced rolling noise emission rather than the absorption effect 
of the pavement surface. Therefore, it should be possible, in 
attempting to achieve an "acoustical optimization" of con
ventional pavement surface layers, to obtain equal or even 
better rolling noise values than with porous asphalts, in par
ticular when their permeability is reduced. A dense asphalt 
layer with a surface similar to that of a fine-textured porous 
asphalt therefore should perform quite will in respect to 
rolling tire noise. 

Measurements with Roadside Microphone 

Measurements with a roadside microphone were used to directly 
determine the effects of the construction of a porous asphalt 
on the noise nuisance at the roadside and to verify a possible 
relationship between values measured with the noise trailer 
LMA and roadside noise levels. This type of measurement 
involves considerable effort and gives valid results only in an 
acou tically appropriate environment (including traffic con
ditions). Therefore, such mea urements were conducted only 
on selected sections. 

Measurements would usually be carried out in the zone of 
a change in pavement type. A microphone was installed at a 
distance of about 30 m on both sides of the surface change 
at a distance of 6 m from the road edge and at a height of 
1.7 m. Normally, the traffic noise of individual passenger cars 
driving at constant peed was mea ·ured and also the general 
traffic noise (L.q)· The value for traffic noise of individual 
car wa determined taking the mean valu of 60 to 80 rec
ordings of cars driving by at constant speed. Traffic noise, 
L"'l was determined from a number of hon-time recordings 
of the total traffic (including trucks). 

For traffic noise (maximum value) of individual cars, a level 
reduction between 1 and 5 dB(A) was measured for porous 
asphalt in good functional condition compared to conven
tional, dense layers. The magnitude of the reduction depends 
on the acoustical properties of the porous asphalt and the 
compared material. Traffic noise levels L.q could be reduced 
with a porous asphalt in good functional condition between 
0 and 3.5 dB(A) compared to the conventional material, 
depending on tile type of porous a phalt , the compared mate
rial, and the traffic. In the case of two "before and after' 
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comparison with a microphone at a longer distance from the 
road edge (25 m 75 m and 140 m) on roads which pr viously 
had a concrete pavement traffic noise (L. 4). reductions of 3 
to 5 dB(A) have been measured. But on older, coarse porou , 
asphalts with filled void , too, the noi e valu mea ured were 
higher than on the adjacent, conventional urface. 

Noise Frequencies 

Besides generally reducing noise level, porous asphalt often 
can also lead to a reduction of particularly disturbing higher 
sound frequencie . Th remaining noise i then comparntively 
acceptable to human perception. For this rea on, it ha been 
pos ible to regi ter p itive reactions from road neighbors , 
even if the mea urable difference in noi e level would not 
justify such a reaction. 

Traffic Noise: Conclusions 

The noise-reducing effect of porous asphalt results from the 
following factors: 

• Lower rolling noise at the source, particularly on fine
textured surfaces and at higher speeds, 

•Absorption effect of the pavement surface. However, the 
absorption effect is rather limited on today's thin porous asphalt 
layers. In addition, this quality is not permanent because porous 
asphalts with a reduced or disturbed permeability show few 
or no signs of absorption, and 

• "Pleasant" noise from a change in frequencies stem
ming from a rolling noise of lower sound frequency and the 
absorption "cutting off' higher frequencies. 

Porous asphalts in good functional condition can potentially 
reduce the traffic noise level (L.q) by 0 to 4 dB( A), compared 
to dense-graded asphalt layer and by 3 to 7 dB(A) com
pared to old concrete pavements. Porou. asphalt with fine
textured urface generally are acoustically more favorable than 
coar e-graded one . 

Regarding the relatively low reducti.on in rolling noi e com
pared to the more 'silent" characteri tics of the conventi nal 
dense-graded layers and the fact that the ab orption effect is 
often limited in time it would not e · m appropriate generally 
to consider porous asphal t as the real alternative to other 
noise-reducing means uch a noi e barrier (walls) or sound
insulated window and ·o forth. This is particulady true in 
urban areas, where direct accumulation and the drainability 
of porous asphalt layers are a more serious problem and where 
engine noise is generally more relevant than rolling tire noise. 

BEHAVIOR UNDER WINTER CONDITIONS 

Problem Description 

Despite the advancages mentioned so far, generally unfavor
able behavior under winter road condition is said to be a 
major disadvantage of porous a phalt. To investigate this 
problem in more detail, it was decided to run a serie of skid 
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measurements with the Skiddometer under winter road con
ditions on some sections, in addition to visual inspections and 
contacts with the road maintenance departments. Measure
ments were carried out with the t st wheel brake only (slip 
ratio of 14 percent at a speed of 60 km/hr on motorway. and 
of 40 km/hr on Other roads). Thi clto.ice was made because 
of very inhomogenous road surface conditions on one side 
and of the possible formation of a snow or slush wedge in 
front of a blocked wheel. The purpose of these measurements 
wa to determine relative values as the basis for comparing 
porous asphalt and other surface materials. More than 160 
measurement runs were made under winter road conditions 
in the winters 1981 to 1982, 1983 to 1984, 1984 to 1985, and 
1985 to 1986. 

Results of Skid Resistance Measurements for Winter 
Road Conditions 

Road conditions in winter are very variable and can change 
rapidly with time. Therefore the result of ·kid measurements 
also show a large degree or variation. Generally , it can be 
aid that skid values on porous a phalt are in the same range 

as tho e measured on conventional , den e aspha lt layers. In 
the winters 1981 to 1982 and J.984 to 1985, porou a phalt. 
were rather better and in the winter 1983 to 1984 ~md 1985 
to 1986, rather below compared materials, but this depended 
on the situation at the m men! th 111ea urements were carried 
out (Table 1). 

It also was found that the influence of other factors is gen
erally more important than the type of pavement surface. uch 
other factor are microdimate, ide vegetation wind expo ure, 
width of the roadway, and o forth . ln comparing different 
sections under winter road condili n , difference! concerning 
the factors mentioned above mu t be con idered. ft als wa 
observed that porous asphalt with filled voids and a perme
ability ofless than 1 L/min behaved in almost the same manner 
as conventional, dense asphalt layers with similar surface tex
ture. Differences in the behavior of porou asphal t show up 
mainly on heavily trafficked road in area not directly cov
ered by traffic (center of a lane, center, and edge · of the 
road). 
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Winter Conditions: Conclusions 

Porous asphalt surfaces generally do not behave worse than 
conventional pavement materials under winter road condi
tions. The dif.fcrences in behavior could, in areas of the change 
of surface material, lead to increa. ed traffic hazards due to 
inhomogeneity. However, it should not be forgotten that road 
surface conditions are very inhomogeneous in winter. Their 
variability depends strongly on time and location (shaded 
areas, alritudc, wind , winter maintenance, etc.). Variations 
in skid values for porous ~ phalt layers lie overall within the 
variations observed for conventional pavement materials. 

The main differences in behavior of porous a phalt under 
winter road conditions can be summarized as follow : 

• Advantages of porous asphalt: Ice formation on a wet 
surface is generally prevented because of good surface drain
age and a good macrotexture. This good macrotexture is also 
an advantage for porous asphalt on snow and slush. The tend
ency for ice formation in the wheel tracks on roads covered 
with snow is reduced again by macrotexture, water absorption 
within the layer, and limited thaw. 

• Disadvantages of porous asphalt: Winter maintenance on 
porou a phalt surfaces requires the use f deicing alt. and 
other thawing product . The use of sand and small aggregate 
i not po sible becau. e of the negative effe f on the void 
structu re. Snow has a tendency to tick so ner n a porous 
asphalt surface becau. e o.f it generally colder . urface (about 
0.5° ). now and icing rain can a l form earlier n porou · 
a phalt because deicing sal ts do not remain on the surface. 
Preventive salting does not make great sense, because the salt 
inks i1llo the v id r is bl wn away. If the drainage within 

the porous aspha lt layer is bad ice can build up withjn the 
layer and expand later o n the surface. In this ca e , preventive 
salting may be appro1 riate. The ab ence fa a ll solution on 
the surface outside the wheel track. can also keep the snow 
on the surface longer. With reduced traCfic and winter main
tenance, this problem can also appear in the wheel tracks. It 
also has been observed that som icing problems can occur 
in the initial part of the following road section with a con
ventional urface, which does n t receive salt, by transpor
tation t11rough road traffi from the preceding porous asphalt 
seclion . 

TABLE 1 GENERAL DATA ON POROUS ASPHALTS IN SWITZERLAND 

1981/82 1983/84 1984/85 1985/86 

AC 1 0.67 0.57 0.36 0.58 

Porous asphalt 1 0.62 0.48 0.48 0.58 voids filled 

Surface tre,atment 0.63 0.64 0.58 0.65 since 1984/85 

Hot rolled asphalt 0.51 0.61 

Porous asphalt 2 0.52 0.54 

AC2 0.51 0.57 

Mean value 0.63 0.56 0.49 0 .59 

Measurements carried out with braked wheel (slip ratio 14%), speed= 40 km/h 
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The disadvantages of porous asphalt in winter can be con
trolled by intensive winter maintenance. The reduced effect 
of salting porous asphalt surfaces must be compensated by 
more intensive salting. Critical times are the beginning of 
snowfall and, in certain cases, the thaw period. 

SUMMARY AND CONCLUSIONS 

The experiences so far with porous asphalt layers on motor
ways and similar roads can be qualified as good. Their excel
lent quality in surface drainage reduces the risk of hydro
planing and sight-disturbing spray. Porous asphalt layers can 
also be used for dealing with drainage deficiencies in zones 
of change in crossfall, even if this use of porous asphalt is not 
optimal in view of the accumulation of water within the pave
ment and its consequences for the qualities of the layer. Skid 
properties of porous asphalt are adequate for motorway 
requirements. 

On motorways, too, the durability of a good permeability 
can be expected. Drainage at the edges of the layer normally 
does not cause any problems and winter maintenance can be 
controlled. At higher speeds, traffic noise is also significantly 
reduced and the remaining noise is experienced as more 
pleasant. 

Results are not quite so positive in urban areas. Major 
problems are the drainage of the layer at the edge and fre
quently a rapid reduction in permeability. Skid properties of 
porous asphalt are often inadequate for the needs of urban 
traffic. The use of deicing salts, generally tending to be used 
increasingly less often in residential areas, is imperative for 
porous asphalt. Pavement repair work, frequently in con
junction with the utility work in the roadway, is also a specific 
problem for urban conditions. At lower speeds, the meas
urable effects in noise reduction are well below certain expec
tations. And many porous asphalts soon lose their noise 
advantage with decreasing permeability. At lower traffic speeds, 
then, porous asphalts are not different from conventional 
pavement materials. Thus, the noise problem in urban areas 
generally cannot be solved with the use of porous asphalt. 
Rather, this problem might be solved by developments in 
vehicle technology, traffic management, passive means of 
noise protection, and eventually by the development of new 
noise-reducing road surfaces. 

Advantages and Disadvantages of Porous Asphalt 

Advantages 

• Reduction of hydroplaning on motorways, 
• Spray reduction generally, particularly on motorways, 
• Good skid properties at higher speeds on motorways, 
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• Noise reduction, generally, particularly on motorways, 
•Reduced glare at night and on wet surfaces generally, and 
• Good resistance to permanent deformation generally, 

particularly on motorways. 

Disadvantages 

•Poor durability of good qualities by loss of permeability, 
generally, particularly in urban areas, 

•Unknown durability (oldest porous asphalts of the new 
generation only 5 to 6 years old) generally, particularly on 
motorways, 

•Special requirements for (lateral) drainage in urban areas, 
•Unfavorable skid properties at low speed in urban areas, 
•Different behavior for winter road conditions, use of salt, 

generally, particularly in urban areas, 
• Repairs, utilities in urban areas, and 
•Costs, particularly in urban areas (special drainage). 

Before using porous asphalt layers on a large scale, some 
open questions should be answered. The principal problem 
is durability; others include quality requirements and control, 
the study of possible ways to improve the development of 
permeability, and more experiences are needed. Research on 
the acoustic properties of road surfaces should also be inten
sified. In the future, it might be useful to differentiate between 
porous asphalts used as a safe surface with good drainage on 
the one hand and those used as noise-reducing surfaces on 
the other hand. In this second group, porous asphalts are not 
necessarily the only surface. Optimal texture can already reduce 
rolling tire noise; in addition, a porous structure can also 
produce a sound absorption effect. Today's porous asphalts 
are not yet satisfactory for urban situations. The use of porous 
asphalts is very interesting on motorways and other roads with 
constant, fast traffic and little dirt accumulation, where they 
improve traffic safety and also contribute to reducing traffic 
noise. 
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Experiments with Porous Asphalt on the 
Nantes Fatigue Test Track 

M. HUET, A. DE BOISSOUDY, J.-C. GRAMSAMMER, A. BAUDUIN, AND 

J. SAMANOS 

Within the framework of an agreement between the French Public 
Works National Research Institute, SCREG Routes et Travaux 
Publics, and it regional subsidiary S REG Ouesr, comparative 
experiments were carried ou t on several porou asphalt using 
the Nante circular fatigue test track. This facility is designed to 
accelerate the eHect of h avy traffic, making iL po sible to com
pare different pavement trucLures. Although this has never been 
done before, S REG Route et Travaux Public and French 
highway authorities decided to u ·c this equipmelll to follow the 
evolution of porous asphalts under traffic. Four mixes were selecied, 
differentiated by the nature of the binder and the grading curve. 
One had a base of pure asphalt cement, two of elastomer (SBS) 
modified binder and the last , developed by S REG Routes et 
Travaux Publics was pure bitumen and fiber based. After a short 
description of the test facility, the methodology de doped for 
invescigating the on-site properties of porous asphalts and pre
senting the re.suit is defined. It is concluded rhat th experiments 
made it possible to observe trends in porous bituminous mixe 
under traffic, demonstrate the influence of mix design param
eters 11 the stability of propertie , and confirm the excellent 
performance of fiber-based porous asphalt. 

Porou a phalts have been developing rapidly in France. Their 
high void content (about 20 percent) give them hydraulic 
and acoustic characteristics that provid user safety and com
fort Several variants are available , provided by botl1 govern
ment departments and industry. They differ by their grading 
curve, binder content, or binder specification as well as in 
some cases by their additives. Whatever U1e mix design, how
ever the aim is to obtain sufficiently good initial draining 
performance that can with land traffic use. 

The Public Works National Research Institute (LCPC) fatigue 
test track accelerates the effects of heavy traffic so that struc
tures can be compared. Although the test track had never 
been used for testing wearing courses, SCREG Routes and 
the French highway authorities thought it would be interesting 
to try it out to observe porous asphalts in heavy traffic con
ditions. Four different mixes were selected and an agreement 
drawn up between LCPC, SCREG Routes, and its subsidiary, 
SCREG Quest. 

NANTES FATIGUE TEST TRACK 

The LCPC fatigue test track, situated on the Nantes-Bou
guenais site of the Central Laboratory, was designed to study 

M. Huet , Laboratoire Central des Ponts et Chaussee , Orly Sud 
N155, Orly Aerogare Cedex, 94936 France. A. de Boissoudy and 
J .-C. Gramsammcr, Laboratoire Central des Pont et Chaussec , 
BP19, Bouguenais, 44 40 France. A. Bauduin and .I. Samanos, S REG 
Routes cl Travaux Publi , hallenger L'Avcnuc Eugene, Fressinet 
BPIOO Guyancourt , St. Oucotinen Welinc , 78065 Franc . 

the mechanical performance of road structures under accel
erated heavy traffic loads. This means in practice that the 
equivalent of 15 or 20 years of normal traffic can be simulated 
in a few months. 

The units consist of four arms rotated by a central hydro
electric 1,000 hp motor. Load are attached to the end of 
the arms by single or double couplings. The rotation radius 
of loads can be varied between 15.5 m and 19.5 m by half
meter steps. When working, the loads go around the track 
and also zigzag to simulate real conditions. Each load can 
therefore use a surface up to 1.6 m wide. 

With a single configuration, the test track simulates axle 
loads adjustable from 9 to 15 tons. Maximum speed in this 
configuration is 100 km/hr. A novel suspension device controls 
load weight at high speeds and on uneven or damaged sur
faces. With this device, the load applied to the surface remains 
near the nominal calculated load at all times. 

TEST SITE 

The test track is a circular road whose average radius is 17 .5 
m. It is 6 m wide and can be divided into two concentric tracks 
each 3 m wide with average radii of 16 aml 19 m. The porous 
asphalts were applied to the inner part of the track, which 
has an average radius of 16 m and a width of 3 m. This is 
shown in Figure 1. 

MIX DESIGNS 

Of the four mixes selected, two were developed by LCPC; 
the others are the results of the following SCREG ROUTES 
techniques under development: 

•Section 1-grading curve, 0/14 mm; gap grading, 2/10 
mm; binder, pure asphalt cement. 

•Section 2-grading curve, 0/14 mm; gap grading, 2/10 
mm; binder, SBS modified asphalt. 

•Section 3-grading curve, 0/14 mm; gap grading, 2/6 mm; 
binder, SBS modified asphalt cement. 

•Section 4- grading curve 0/14 mm; gap grading, 2/6 mm; 
binder, pure asphalt cement with mineral fibt:rs. 

The SBS modified asphalt cement contains 4.5 percent of 
SBS. Its penetration at 25°C is 130 (0.1 mm) and it ring and 
ball softening point is above 65°C. The mixes put forward by 
the LCPC were designed using a gyratory shearing pre . The 
binder content are given in Figure 2. 



Section 1 
Asphalt cement 

Section 4 
.............. 

Asphalt with fibers \ 

Section 2 
SBS - modified binder 

/ 
Section 3 

SBS - modified binder 
FIGURE 1 Test setup showing the different types of binders used in porous asphalts. 

Section 1 2 3 4 

Binder type Pure Asphalt SSS-Asphalt SSS-Asphalt Pure Asphalt 
Cement Cement Cement Cement 

Binder content pha 4 .5 4.5 4 .5 6.0 

Fibers % - l 

Material Diorite Diorile Diorile Diorite 

Origin La Noubleau La Noubleau La Noubleau La Noubleau 

Grading curve 0/14 0/14 0/14 0/14 

Gap 2/10 2/10 2/6 2/6 

Quality Control 
Binder content pha 4.1 4.8 4.2 5.6 
Filler Content % 5.4 5.6 5 .6 9.5 

Grading curve 
Passing al 2 mm % 13 15 16 14 
Passing al 6 mm % 17 17 24 23 
Passing al lOmm % 24 24 57 55 

On-site 
Thickness cm 4.2 3.4 3.8 4.2 

FIGURE 2 Details of the trial sections. 
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MANUFACTURING AND APPLICATION 

Manufacturing and application were carried out by Screg Quest 
in July 19 7. Secti n-by-section control results are shown in 
Figure 2. 

RESULTS 

The experiment took place between August 17 and October 
22, 1987. It was thus started three weeks after the asphalt was 
laid. The total number of loads was 1,100,000. 

Visual Appearance 

From the beginning, differences in appearance were visible 
and continued to be so throughout the experiment. These 
differences were related to different grading curves. The two 

Number 
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a phalt with a 2110 gap had a seemingly more porou ·appear
anc ~ than tho e wi th a 2/6 gap. At the e nd of the expcrime111s, 
a(ter I , 100,000 cycles, the four a pha lt. h wed no surface 
deterioration . 

Void Content 

The initial values and their changes were calculated using 
apparent density from three or four core samples. The results 
are given in Figure 3 and the corresponding graph in Figure 
4. It appears that highly discontinuou 0/14 formu lations lead 
to a considerable reduction in void content (reduced by 28 
percent and 21 percent in relative value, respectively, for the 
pure asphalt mix and for SBS asphalt) . On the other hand, 
asphalt, with fibers that had a high void content at the start, 
remained at its in itia l level throughout the experiment. Sec
tion asphalt ba ed on SBS-m dified binder and a 2/6 gap 
provided an intermediate result. 

Section 1 Section 2 Section 3 Section 4 
of loads 

4,000 17.1 21.3 19.4 23.2 

24,000 17.3 18.3 18.8 23.2 

100,000 16.9 17.5 19.8 23.9 

600,000 13 .3 18.7 16.8 22.0 

1,100,000 12.4 16.7 16.4 23.8 

FIGURE 3 Void content ot' core samples. 

%NO = original void content 
%Nx = void content after Nx loads Thousands of cycles 

-30 '----~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-----' 

4 24 100 200 300 400 500 600 700 800 900 1000 1100 

FIGURE 4 Relative change of void content during the experiment. 
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Rut Depth 

Measurements taken by "transversoprofilograph" at various 
stages of the experiment led to the calculation of the average 
rutting for each section. The graph in Figure 5 shows the 
results obtained and points out greater speed of deformation 
at the beginning of the experiment. Beyond 600,000 cycles, 
stabilization can be seen for all the asphalts. This could have 
been influenced by the ambient temperature during the exper
iment. With time, rut depth divides the asphalts into two 
distinct groups. The first includes the asphalts based on pure 
asphalt cement and SBS modified binder (2 and 3). Overall 
rut depth is about 5 mm with a slight advantage going to the 
SBS modified binders sections. This could result from the 
high ring and ball softening point of this binder. The second 
consists only fiber-based asphalt which had a very slight 
deformation of 2 mm after 1,100,000 cycles. 
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These results are consistent with the change in void content, 
thus tending to prove that the rutting observed partially cor
responds to the increasing density of the asphalt, probably 
related to postcompacting. Calculations indicate, however, 
that this phenomenon is not the only reason for deformation. 

Hydraulic Properties 

Effective Porosity and Horizontal Permeability 

Figure 6 illustrates how the results evolve under traffic con
ditions. A clear advantage of between 5 and 7 percent can 
again be noted in favor of fiber-based asphalt. The other three 
mixes perform similarly . After swift change at the beginning, 
porosity, as with rutting, stabilizes; in this case, after 100,000 
passages. 

Thousands of cycles 
0 "'-'liloo. ... ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

4 24 100 200 300 400 500 600 700 800 900 1000 1100 

FIGURE 5 Rutting. 
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FIGURE 6 Porosity. 
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4 24 100 200 300 400 500 600 700 800 900 1000 1100 

FIGURE 7 Permeability of core samples. 

Permeability measurements made in permanent water flow 
conditions gave tightly grouped results varying over the whole 
experiment between 2 and 3 x 10- 2 m/sec. These resu lt. are 
all atisfactory becau e it is generally recognized that perme
ability is adequate when lateral water evacuation exceeds 10- 4 

m/sec. 

Vertical Permeability 

Whatever the pressure used in laboratory measuring, the results 
are scattered for cores of Sections 1-3 unlike Section 4. 
Therefore they are noc ea y t interpret. Compari ·on between 
the mixes however indicates, as in the previous cesc a clear 
11rlv<lntage in favor of asphalt with fibers, and on the other 
band a low level for the highly discontinuous pure asphalt 
cement formula (Figure 7). 

Surface Characteristics 

Macrotexture by sand patch test and macroprofilograph : The 
value obtained are hig·b for all te ted porous a phalts, regard
le: of the number of cycles. It should be noted however 
that the highly gap-grad d form ula give better results at the 
beginning of the experiment as well as after 1,100,000 cycles . 

CONCLUSION 

This experiment carried out on the LCPC's fatigue test trac 
is innovative for several reasons. The track wa · designed to 
assess the fatigue behavior of road structures and this was 
the first time wearing courses were studied. 

In this eries of tests , four porous asphalts were compared. 
One was based on pure asphalt cement two were based on 
modified binders (differfog from each other by the gap f the 
grading curve) and the last was based on asphalt cement with 
fiber . 

Thousands of cycles 

Now that the experiment, which took place over 1,100,000 
cycles, is finished, a number of conclusions can be drawn: 

•Despite their lower mechanical properties compared with 
dense aspbaltic mixe based on id ntical binders , porou asphalts 
underwent no surface de te riorati n during the te ts. 

• Under traffi condition , the void content of th por us 
asphalts generally tends to diminish. As thi · in reased den ' ity 
occur · there is al o light surface ructing and a reduction in 
hydraulic properties. Surface characteristics also undergo 
modification . 

• At the end of the experiment, it clearly appeared that 
the fiber-based porous asphalt had unde rgone no reduction 
in void content; its drainage properties were practically 
unchanged and rutting wa minimal. 

• The other three asphalts had lo t a con iderable propor
tion of their void content: - 28 percent in -re lated value for 
the porous a phalt ba. ed on pure asphalt cement, -21 percent 
and -16 percent, re pectively, for Section 2 and Section 3 
asphalt based on SBS modified binder . Thi change appe<trs 
to be re latec.l lu , on the one hand , the ·ize of gap of the grading 
curve (the void content of the a phalt with a larger gap in the 
grading curve underwent an even greater change) and on the 
other hand , the nature of the binder (with the same grading 
curve, the change in void for SBS modified binder is le .. than 
that of pure asphalt cement). This void content drop is accom
panied by slight rutting and a reduction in drainage properties. 
From these two latter tandpoints , the differences between 
the three asphalts are very small. 

• Porous a phalt with a large gap in the grading curve have 
ignificantly better macrotexture both at the beginning and 

the end of th trial than tho e of a mailer gap (216) . 

Although such an experiment cannot simulate all conditions 
such as the filling-in effect of dust, binder aging, and weather 
conditions, the operation nevertheless proved useful. The 
precise test methodology allowed the modification of porous 
asphalt to be observed under traffic conditions and SBS 
modified binder-based porous asphalts to be improved. The 
superior performance of porous asphalt with fibers has been 
confirmed. 
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Optimization of Porous Mixes Through 
the Use of Special Binders 

F. E. PEREZ-JIMENEZ AND J. GORDILLO 

The studies carried out in the laboratory to value the effect of 
the use of ·sp.ecial. bind.ers in the manufacturing of porous mixes 
are covered m this article. The results obtained from the use of 
poly~eric bitumen and conventional binders are compared. These 
studies were conducted in the Road Laboratory of the University 
of Cantabria and in the E.S .M. Research Center. It also reflects 
t~e performance of some sections constructed with polymeric 
b1tument as compared to the response of porous pavements 
fabricated with conventional binders. 

In recent years, the use of porous mixes as a wearing course 
has demonstrated enormous advantages and many road tech
nicians, especially in Spain , are selecting them. This use has 
made evident the properties to be emphasized in these mixes 
in order to achieve good medium- and long-term perfor
mance: on the one hand, resistance to disintegration and, on 
the other, porosity. 

The basic mechanical characteristic to be taken into account 
in the design of these mixes is the resistance to di integration. 
An observation of sections in service reveals that scabbing, 
potholes , and aggregate lo es appear very frequently in this 
type of pavement. These deficiencies stem from a drop in the 
cohesion of the mix , making it unable to adeq uately re i t the 
abrasive effect of traffic. 
. In addition, these mixes must have a high degree of porosity 
1f their beneficial effect on the circulation of vehicles is to be 
appreciable and maintained on a medium- and long- term basis. 
The advantage that these mixes offer for improvements in 
traffic circulation in wet condition are directly related to their 
permeability. The greater the permeability, the greater the 
pavement'. drainage capacity and the more difficult it will be 
to encounter splashes or vehicle skidding. 

The acoustics of these mixes also depend on their porosity. 
The greater the poro ity and the thicke r the draining cour e , 
the greater the pavement's capacity to reduce traffic noise 
and improve the quality of life of those living near the road . 

The initial porosity achieved also functions to maintain these 
properties over a long term. With a low initia l percentage f 
porou , (16 to 18 percent, the filling of these mixe usu ally 
take place in a short period and they lose a large part of 
their initial propertie . One can deduce from the experience 
of the pave men in service tha t it i convenient to design 
these mixe with a high percentage of porou (more than 21 
to 22 percent), in order to maintain a high degree of their 
permeable characteristics during their active life. 

F. E .. Perez-Jimenez, Universidad Politecnica, Barcelona, Spain. J. 
Gord1llo, Centro de Investigaci6n E.S.M., Madrid, Spain. 

A problem arises because the two properties considered 
are in opposition. An increase in porosity always rep re ent · 
a loss of cohesion and less re ·istance to disintegration in the 
manufactured mix. In fact , it is sometimes difficult to reach 
a satisfactory solution with the use of conventional materia ls 
and binder , and it becomes necessary to resort to special 
binders in order to improve their properties and, at the same 
time, achieve elevated porosity and adequate cohesion. 

Moreover, utilization of these special binders has other 
effects which must be considered when using this type of mix. 
They increase the film thickness of the binder and reduce the 
risk of binder runoff when the mix is transported. T hey also 
improve the mix's adhesion and its resistance in the action of 
atmospheric agents . 

The studies carried out in the laboratory to evaluate the 
effect of the use of special binders on the manufacturing of 
porous mixes are covered in thi article. The results obtained, 
from the use of polymeric bitumens and the use of conven
tional binders, are compared. These studies were carried out 
in the Road Laboratory of the University of Cantabria and 
in the E.S.M. Research Center. The performance of certain 
sections constructed with polymeric bitumens compared with 
the response of porous pavements constructed with conven
tional binders are also discussed . 

LABORATORY STUDY 

The laboratory study centered on the effect produced by the 
incorporation of polymeric bitumen on the following prop
erties of the mix: 

• Resistance to plastic deformations, 
•Resistance to indirect traction, 
• Resistance to disintegration , 
•Adhesiveness, and 
•Runoff. 

The grading of the mix studied is that of a continuou open 
type ophite aggregate, wich the following characteri tics: 
maximum size , 10 mm ; percentages passing through the s.ieves 
of 5, 2.5, and 0.080 mm, 30, 10, and 4 percent, respectively. 

Two bitumens of a similar penetration are used with this 
grading, one having been modified by the incorporation of a 
mix of polymers. 

These two binders were chosen prior to laboratory analysis 
of different types of polymers and their effect on bituminous 
binder. For this study, an 0/100 bitumen was chosen, mod
ified by the incorporation of an EV A type polymer, whose 
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chara teristics are given in T able 1. (Toughness and tenacity 
are measured by pu lling a hemi. pherical . crew-head out f 

inder ·pecimen a t 25° .) The same table al o includes the 
characteri . tics f the B-60/70 bi tumen used . T he difference 
between the binders are notable , e peciall y with respect to 
their toughness and th rmal ·u ·ceptibility. 

Resistance to Plastic Deformations 

The study of the resistance to plastic deformations was carried 
out with the use of the wheel tracking test at a temperature 
of 60° . The percentage of binde rs er aggregates tested 
ranged from 4.0 to 4.5 percent for both mixes. 

In Figure l , it can be o bserved tha t wi t'h the use of polymeric 
bitume n, there i greater resistance to plastic deforma1ions 
than with tbe mix fa bricated with ordinary bi tume n, which 
is itself re istant and di plays good performance in prac ti e , 
and represents grea te r security in the (ace of this type of 
defici ency . 

The use of polymeric bitumens can diminish the effect of 
postcompacting by traffic, which is sometimes observed in 
porous mixes . 

Resistance to Indirect Traction 

The effect of the binder on improving resistance to traction 
of this mix was studied through the rupture of Marshall test 
samples at a diametrical compression . 

The tests were carried out at two temperatures: 5 and 45°C, 
and for a charge application velocity of 50.8 mm/min . The 
Marshall test samples were compacted with an energy of 50 
blows per face , in accordance with the compacting energy 
employed in the sections and the den ities reached . 
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T he test results , as can be een in Table 2 and Figure 2 , 
how a better perform ance f the mix made with polym ric 

bitumen compared with tha t made with ordinary bitumen. 
Thi diffe renc i mo re ignificant at 45° than at 5° which 
lead to the be lief that the u e of a lower rupture velocity 
wou ld have rnadt! manifes t the diffe r nee with re pect to 
flexibi lity and toughne. presented by the e tw binders 
in use . 

Neverthe less the results obta ined how an increase in the 
traction resi tance of 20 10 0 percent for polymeri · bitumen 
with respect Lo ordinary bitumen a t 45° . 

Resistance to Disintegration 

This is perhaps the most valuable property in these mixes 
and it is here that the effect of the bitumens modified with 
polymers becomes more evident. 

Disintegration resistance is tested in the laboratory through 
the Cantabro test of wear loss, consisting of introducing Mar
shall samples into the Los Angeles machine (without balls) 
to obtain their weight loss after 300 drum revolutions. This 
test has been used as a basis for Spanish standards for estab
lishing design criteria for these mixes. In accordance with this 
test, Spanish design criteria are the following: 

• The voids in mixes should be more than 18 percent and, 
preferably, not Jess than 20 percent, and 

•The test Joss will be no more than 35 percent and, gen
erally, no more than 30 percent, if the test is carried out 
at l8°C. 

These values refer to Marshall test samples compacted by 
50 blows per face. 

The fin al results clearly show the advantages fu sing poly
meric bitumens over traditional ones. For the ame binder 

TABLE 1 CHARACTERISTICS OF THE BINDERS TESTED 

B - 60/70 Polymeric bitumen 

Penetration at 25 °C 65 70 
(0,1 mm) 

Softening Point 50 68 
(oC) 

Penetration Index - 0,5 + 1,9 

Fraass Point - 8 - 13 
(oC) 

Plasticity Index 58 81 
(oC) 

Toughness 4 157 
(Kg.cm) 

Tenacity 95 229 
(Kg.cm) 
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WHEEL 1RACKING 
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FIGURE 1 Resistance to plastic deformation. 

TABLE 2 EFFECT OF TEST TEMPERATURES AND PERCENTAGE OF BINDER ON 
ULTIMATE TENSILE STRENGTH. 

Ultimate tensile strength (Kp/cm2) 

3,5% binder 

~ 5 
e 

c 

Polymeric bitumen 71,5 

B - 6ono 65,4 

content and with similar void percentages, the use of poly
meric bitumens reduces the losses by 15 to 20 units, as can 
be seen in Table 3 and Figure 3. Thus, the non-utilization of 
polymeric bitumen would resu lt in the rejection of the selected 
mix according to Spani h standards, except for the use of 5.5 
percent of binder with the consequent loss of voids in the mix 
and the possible problem of binder runoff. 

Adhesiveness 

Another important property to be considered in these mixes 
is their resistance to the stripping effect caused by water. Their 

45 

3,8 

2,9 

4,5 % binder 5,5% binder 

5 45 5 45 

72,5 3,5 70,1 3,1 

69,6 2,9 71,0 2,7 

high por sity favors this water action, which can cause rnpid 
disintegration of the mix in cases using aggregates and bind rs 
with a deficient adhesiveness factor. 

In this study, the resistance to this stripping action was 
evaluated in the Cantabro wear test be determining the loss 
in the test sample that was submerged in water at 49°C for 
four days. 

The re,ults, given in Table 3 and Figure 4, show that the 
mix manufactured with elastomeric bitumen maintains a high 
resistance to disintegration after the period of water immer
sion, even higher than that displayed when dry by the mix 
manufactured with B-60/70 bitumen. On the other hand, the 
mix fabricated with ordinary bitumen loses a large part of its 
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FIGURE 2 Influence of binder type on tensile strength (indirect traction test at 45°C). 

TABLE 3 VOIDS AND LOSSES IN THE TWO MIXES TESTED IN THE CANTABRO 
WEAR TEST 

B - 6ono Polymeric bitumen 

% binder s. a. 3,5 4,5 

Voids (%) 24,1 22,2 

Dry losses 46 40 

After 
immersion (%) 86 65 

cohesion, resulting in very high losses in the tests, even for 
the 5.5 percent binder. 

These results emphasize the greater adhesiveness of the 
polymeric bitumen compared with ordinary bitumen, which 
can also be seen in the increase in losses in the tests after the 
immersion period. Thus, although the increase in test losses 
for the polymeric bitumen after the immersion period ranges 
Crom 9 to 22 points , this gain varies from 18 to 40 points for 
ordinary bitumen. 

Runoff 

This problem sometimes occurs fo these mixes, especially when 
they are manufactured with a low fines content and a high 
pe;centage of binder. In such cases, it is possible that a runoff 
of the binder to the bottom of the truck layer may occur during 
transport. This represents a weakening of the bitumen and a 
loss of the mix's cohesiveness , which may rapidly become 
evident by its quick disintegration by traffic. 

The tests carried out in the laboratory to ascertain the influ
ence of the binder type on runoff showed, as can be observed 
in Table 4, that the use of a polymeric bitumen can notably 

5,5 3,5 4,5 5,5 

20,2 24,l 22,1 19,9 

33 30 20 15 

50 52 32 24 

reduce runoff, especially when vibration exists , as normally 
occurs in the transport of this mix. 

The test consisted of putting 1,000 g of mixture into a cap
sule and introducing it for 1 hour into an oven at the test 
temperature of 140 or 160°C. After the time had elapsed, the 
capsule's contents are emptied and the parts that adhered to 
the walls are weighed. When the test is conducted with vibra
tion, the test continues, after taking the capsule out of the 
oven and before pouring its contents, with a series of shakings 
on the table for 15 minutes for compacting test samples of 
cement mortar. 

The results demonstrate that, at 140°C and with vibration, 
a runoff of ordinary bitumen is clearly produced while for 
the polymeric bitumen it remains at very low values , barely 
staining the bottom of the capsule. 

POROSITY VERSUS RESISTANCE TO 
DISINTEGRATION 

The design of porous mixes must compromise between poros
ity and resistance to disintegration . The porosity is necessary 
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FIGURE 3 Effect of the type of binder on losses in the Cantabro test. 

100 

90 

80 

70 

60 

50 

40 

'30 

20 

10 

% LOSSES IN CANT ABRO TEST 

' ... ... 
-..... .. ' ... ----· ... ·· ..... -.. 

!,, 

... 

(S): After immersion 

B 60/70 (S) 
~ .. 
' --... ---.... • .... .... •·~ s 6ono 

. . . . .. ·• .... --. . . . . -.... 
.... - Polymeric bitumen (S) 

. • • . 6 .•. 
Polymeric bitumen 

,,5 

% BITUMEN SI A 
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TABLE 4 INFLUENCE OF BINDER TYPE ON PERCENTAGE OF 
DRAINED WEIGHT 

Without vibration With vibration 

5% of binder 5 % of binder 

~ 140 
e 

c 

Polymeric bitumen 1,4 

B - 6ono 1,6 

500 
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FIGURE S Evolution ol' permeability with time. 

to appreciate to a high degree the qualities that these mixes 
possess and maintain these qualities over a certain period. 
The resistance to disintegration is neces ary for the mixes to 
resist the tangential stress and suction of traffic without 
disintegrating. 

One frequent problem is that sometimes it is not possible 
to manufacture mixes that arc highly permeable and, at the 
same time, resistant to the abrasive stress of traffic with 
conventional materials. 

Available experience points to the fact that it is easy for 
the filli ng-up to occur in these mixes if one does not start 
from a high percentag • f void · (more than 20 to 21 percent). 
It is necessary to urpass this porosi ty if these mixes are to 
be genuinely permeable and maintain their porosity over time. 
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T he graph of Figure 5 shows the evolu ti n o the p rme
abi lity measurement on a te t ection of porous mix ( -634 
road) over 7112 year . The following defects can be ob crved: 

1. There is differential filling up caused in the lane, (Table 
5. In the wheel track zones, the vehicle ' suction force has a 
dean ing effect, helping to maintain the permeability of the 
mix, and 

2. When using low porosities, filling up may easily result. 

Only the P-10 mix, which contains polymeric bitumen, 
maintains an appreciable permeability after 7112 years. 

The void-loss ratios of the two mixes tested in the labo
ratory, graphed in Figure 6, show that only by using a modified 



TABLE 5 EVOLUTION OF PERMEABILITY WITH TIME 
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Mix type 
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4 mths. (1) 65 55 
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binder can highly porous mixes (> 20 percent for the per
centage of voids) be achieved that are simultaneously resistant 
to disintegration(< 30 percent for losses). 

BEHAVIOR OF SECTION IN USE 

The results obtained for the different roadways in which poly
meric bitumens are used are almost the same. As can be seen 
in Table 6, mixes of similar gradings and binder content have 
been employed in the e. For exampl.e the results corre pond
ing to the A-8 freeway from Bilbao to Bohohia are included , 
where the aforementioned characteristics are being wholly 
and continuously measured . 

Permeability 

After more than two-and-a-half year of service, a slight filling 
up of the mix employed has occurred . The water evacuation 
time measured with the LC permeameter has gone fr m 
16 to 35 econds. (See Table 7 . Measurement of permeability: 
time (in ec) of evacuation of water in the LCS (Laborat rio 
de aminos de Santander) permeamcter.] 

TABLE 6 ROAD WORKS UNDERTAKEN 
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Tbis slight reduction (a predictable one, in any case) has 
no appreciable effects on the efficiency of wat r drainage and 
the avoidance of its projection and . plashing. It hould be 
kept in mind that , after this type of service, the mix still 
remains a coefficient of permeability of 20 x 10-2 cm/sec, 
higher than that of a permeable sand. 

Macrotexture 

By using a sand ci rcle procedure, the tests carried out a year 
after its installation give values rangi ng from 1.8 to 2.2 mm, 
indicating an excellent superficial macrotexture. 

Coefficient of' Longitudinal and Transversal Friction 

The measurement of the longitudinal friction coefficient with 
the Road Research Laboratory friction pendulum howed an 
initial value of 0.49 increasing after opening to traffic, as a 
consequence of the disappearance of the binder film covering 
the surface of the aggregates . After one month, it was already 
0.55 and after six months 0. 61. 

Grading 

UNE sieves % passing bit. Voids Cantabro (%) 

Date Place 12.5 10 5 2.5 0.08 (%) (%) Dry Wet 

4-80 Solares 100 85 36 18 5.5 4.5 20 12 -
12-80 Orense 100 87 25 16 3.5 4.5 20 12 -

2-82 Solares 100 82 32 14 3.5 4.8 20 14 -
4-82 Pamplona 100 87 36 15 4 4.6 21 13 -
3-86 A-8 (•) 100 85 35 13 3.5 4.5 21 12 -

85 Orense 100 87 25 16 4 4.5 20 15 -
3-86 A-8 100 94 31 11 4 4.5 22.5 13 29 

7-86 A-6 98 82 24 12 4.1 4.3 22 8 -
87 lrurzun 100 87 28 13 4 4.5 21 18 35 

9-87 Oviedo 100 86 28 16 4 4.4 20 16 37 

10-87 Las Rozas 100 84 22 14 4 4.5 22.5 12 24 

1-88 La Avanzada 100 85 27 13 4 4 .3 23 14 -
3-88 Vigo 100 91 21 17 4 4.0 22 17 32 

3-88 Lugo 100 86 19 12 4 4.5 21.6 10 -
6-88 La Corui'la 96 59 20 14 4.7 4.5 21.4 12 22 

9-8fs Pontevedra IOU 87 29 21 4.7 4.5 21.4 13 25 

9-88 Palencia 84 77 21 17 4 4.5 22.3 11 22 

12-88 Orense 100 82 28 16 4 4.5 22.5 11 22 

12-88 Barcelona 100 87 28 15 3 4.5 21.7 16 28 

(•): A-8, Bilbao-Behobia Freeway 
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TABLE 7 BILBAO-BEHOBIA FREEWAY. EVOLUTION OF THE INITIAL 
CHARACTERISTICS OF THE MIX 

Service time 

Initial 1 month 6 months 1 year 2,5 yrs. 

LCS permeability 16 20 24 29 35 
(s) 

Coef Longitudinal Friction 
RRL pendulum 

0,49 0,55 0,61 0,61 

Coef. Transversal Friction 50-70 70-75 60-75 
SCRIM 

TABLE 8 EFFECT OF THE TYPE OF PAVEMENT ON VEHICLE NOISE 

TYPE OF PAVEMENT 

Porous mix 0/12 mm 

Dense mix 0/12 mm 

Slurry seal 0/8 mm 

The measurement of the transversal friction coefficient with 
SCRIM shows that, after an initial value ranging from 50 to 
70, it increased and then established itself in a variation inter
val of 60 to 75. 

Rolling Noise 

The mea ·urements carried out by th Industrial Testing and 
Research Laboratory of Bilbao in different ections and 
pavements of tJ1e highway indicate the following: for porous 
mix, cold microa phalt concrete (slurry seal 0/8 mm) , and 
dense conventional hot mix the drai11ing agglomerate i hown 
to be quieter and the cold microasphalt concrete Lo be n is
ier, with level differences between them at Sm, of 3 to 5 
dB(A). (See Table 8) 

The data recorded in rainy conditions show an increase of 
2 dB( A) when driving in wet conditions on the slurry seal and 
the conventional den e hot mix and only a slight increase for 
sections paved with porous mixes. 

Noise Inside the Vehicle 

Measurements carried out on this freeway by the SEAT 
. Acous ics and Vibrations Laboratory on a SEAT Malaga vehi-

dB(A) sonority 

Dry Wet 

74,2 74,8 

76,8 78,5 

77,8 80,2 

de, demonstrate a lower noise level on draining pavements. 
In tbe spectral analysi in octave thirds, for the driver's posi
tion a well a the pa senger's position, a reduction of up lo 
5 dB(A) i observed in low and middle frequencie with re pect 
to the slurry seal and of 2 to 3 dB(A) with respect to the 
conventional dense hot mix. 

CONCLUSIONS 

The test results make clear the advantages of using bitumen 
modified with polymers i.n the properties and characteristics 
of the porous mixe . These advantages can be ummarized as 
follows: 

•The use of polymeric bitumen makes it easier to obtain 
a greater thickness of the binder film , which improves th 
cohesion , resi tance to aging and durability of the mix. 

•For a minimal value of the content in voids the wear 
losses in the Cantabro test are spectacularly lower when using 
polymeric bitumen compared with pure binders of the same 
penetration . 

• They lead to the obtention of mixes with a higher content 
of voids without their abrasion re istance being affected. The 
obtention of mixes with void content equal to or more than 
20 percent and abrasion losses of less than 30 percent requires 
the use of modified binders . 
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•This ease in obraining more open mix . re ·ults in great r 
endurance of the initial permeabi lity. 

• Tbe rest after immersion show excellent p rformance of 
the bind r modified with polymers. Its us produce. half the 
losse caused by abrasion of a normal bitumen , which supp rt 
the excell nt pa ive adhesiveness of the mentioned binder's 
properties and i of great importilnce in this type of mix. 
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•Lower criticalne sin the manufacture f draining aggl m
erate resulting from rhe null risk of under-dosificati n because 
of running off of th binder in the manufacturing or extending 
process. 

•The track test re-ult c nfirm the lower thermal su cep
tibility of the polymeric bitumen and its superior perfi rmnnce 
in the face of plastic deformation. 
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Advantages of Asphalt Rubber Binder for 
Porous Asphalt Concrete 

ALAIN SAINTON 

In France after 10 year f cattered experiment , p r us asphalt 
concrete mixes are expected 10 s Ive the problems of aquaplan
ing, water projection noise reduciion , and the mirror effccl at 
night. There wa ome apprehension regarding the adaptability 
of the material to winter maintenance and rhe graduii l rccluction 
in draining proper1ies with lime on heavy trnffic roads or turn
pikes. In 1982, a French contractor specia li.zi ng in r ad and turn
pike construction carried ou t laboratory s1udie oh new modified 
binder composed of an asphalt-ground-rubber mix . Thi binder 
has remarkable rhe logical pro1 erties ( i. cosity at 200° 10 times 
more than that of pure a phalt and ela !'Omer propertie with high 
elongati n, even at low temperature) and good resistance to aging. 
The first use of asphalt rubber binder (ARB) was the tressed 
absorbing membran and the tress d absorbing membrane inter
layer. But ARB qualities led 1he engineers 10 formulate porous 
asphalc rubber concrece (PAR ) and !hen compare it with other 
formulas using sophistica ted laboratory te ts. At the same time, 
on- ite experimen have been conducted since 1983, panlcularly 
on the A26 turnpike in the north of France. The Frencb Road 
and Bridge Laborarory made rolling noi ·e te t • and completely 
assessed PAR characteri tic (r ughne s, draining, and even
nes propertie ) after 3 years of traffi ·. Lab ratory test data indi
cate the advantages of ARB in porou mixe compitred with tho e 
of pure a phah and polymem1odified a pbalt. Moreover all the 
work site te rs made on PAR during lhe last 5 years on heavy 
traffic turnpikes confirm its excellent durability . 

Asphalt rubb r binders (ARBs) appeared in France in .1982 
after cxhau Live lab ratory tudies. The composition of the 
rubber powder, the choice of the extender oil, and the kind 
of a phalt were lhe subjects of lengthy re earch tha t led to 
the final adj ustment of a high-performance binder with 
remarkable e lastomeric properties particularly at low 
temperatures . 

The fir t use of ARB wa the stress-absorbing membrane 
(SAM) or stres -absorbing membrane illterlayer (SAMI) . 
Within 6 year , more than 3 000 000 m2 were u ed on di ff rent 
types of pavements: turnpikes parkway ·, highways, and 
airport runway . 

At the same time the jdea emerged f making hot asphalt 
concrete with this n w binder, in particular porou mixes and 
very thin overJays ; rheological propertie of ARB perfectly 
fitted those formulation . 

CHARACTERISTICS OF ARB 

ARB is obtained by mixing ground rubber powder (15 to 25 
percent by weight) in asphalt with extender oil (2 to 10 per-

Beugnet Group- France , 66, Avenue des Champs Elysees, Immeu
ble , 75008 P;1ris, France. 

cent by weight) at a high temperatu.re (> 200° ). The basic 
a phalt is usually an O/LOO grad with p cial chemical com
position. The extender oil i · a crude oi l fraction with ar -
matic properties that extend. unsa turated elastomer · uch a 
polybutadiene and p lyi oprcne, the main ingredients f ARB. 

Ground rubber powder which comes from old or retreaded 
crap tire , is made primarily of one pan natural and synthetic 

rubber and one part mainly stabilizing and antioxidizing fill er. 
Its granular size is determined by laboratory tests. 

The hot mix i · followed b an important elevatioll of vi ·
cosity ( welling of rubber particles) 1hen b n fall in visco ity 
that progre ·iv ly 'low down (devulcallization). After lV! hr , 
the dynamic viscosity is tabilized below l poi e · an I th 
binder is ready to use. ce figure l. 

The important physical characteri 1ics of ARB arc a. 
follows: 

•Penetration at 25°C in 1/10 mm, 50 to 80; 
• Softening point, higher than 60°C; 
• Penetration index [Laboratoire Central des Ponts et 

Chausse es (LCPC)], + 1.5 to + 5; and 
• Density at l8°C, 1.03. 

Viscosity 
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FIGURE 1 Viscosity evolution through rubber swelling. 
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Tensile test. indicate high elongation and good resilience 
even at low temperature and after aging in a thin film 
(3 mm) at SOG • See Figures 2 and 3. 

The adhesion test in pircd by the " Vialit te t" at very low 
temperature indicate. that ARB has tacky properties with 
stone much better than pure a phalt 60no. See Figure 4. 

POROUS ASPHALT RUBBER CONCRETE (PARC) 

The general advantages of porous mixes are as follows : 

• High skid resistance at high speed and in rainfall (no 
aquaplaning), 

• No spray or splash, 

% Elongation 
400 
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-30 -20 -10 
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• No light reflection from wet pavement, 
• Reduction of tire rolling noise, and 
• Low cost due to low density. 

Why PARC? 

Pure asphalt cement have neither the cohesion nor the flex
ibiJjty to give p rous a ·phalt concrete (PAC) resistance to 
heavy traffic. Asphalt content mu t be limited to 4.5 to 5 
percent; otherwise rutting occurs. With such content , the tones 
are bound firmly bu t fa tigue restance is weak aJtd porou 
asphalt life is limited. Moreover the thin a phall film is 
ensitive to air aging. 

I \ I 
I \ ., 
I , 
I Tensile speed 
I 10 mm/min I 
I 
I 
I Asphalt , 

G0/70 I 
I , 
I 
I 
I 
I 
I 
; 
I 
I 
I Tem era::re 0 C 
0 10 20 

FIGURE 2 Elongation versus temperature. 
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'--~-'-~~,~0-0 ~--'-~~20~0~--'~~l~oa~~'--~,~o-o ~__,_~• Time 

FIGURE 3 Loss of tensile stress-curbs of asphalt rubber and asphalt. 
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Polymer-modified asphalt (PMA) ha · good rheological 
mechanical properties at fost but lhe. e a re not table over 
time, and afte r aging by oxidation PMA becomes brittle at 
low temperatures . 

ARB ba high cohesion , high fl exibility at low temperature 
strong creeping re istance (a softening point between 60°C 
and 75°C) and a remarkabl aging re istance becau e there 
i · no fluxing agent and because of aJl anrioxidant in the rubber 
powder. 

Because of the binder's high viscosity , it is possible to have 
a high binder content in porous asphalt mixes, which leads to 
binding strength fatigue resistance, and aging re istance (thick 
film). 

PARC Composition 

The tudies led to a 0110 granular size; a voids content > 20 
percent (density about 2); and an ARB content from 6 to 7 
percent according to thickness, tructural state of support , 
traffic, and weather. 

For example to u e a PARC in a depth of 4 cm and under 
heavy 1raffic, the following formulation is needed (see Figure 
5) : 87 percent 6/10 crushed porphyry, 11 percenl 0/2 cru ·hed 
porphyry , and 2 percent fille r. The ARB is 6. percent_ 

Laboratory Test Results 

Duriez-LCPC Test 

test , the compaction ratio was 79.2 per
cent (20. percent vo id ) ; the percentage of e fficient voids 
was 12· compres iv trength11 (8 days at J8°C) was 4 10 p i: 
corn pre sive ·trength' (7 day immer ·ion at l 0 

) was 393 psi; 
r/R = 0.9(i . The wate r tripping resi tance is remarkable (the 

same formula with 4.5 percent asphalt 60/70 given an r!R index 
of 0.8) . 

Gyratory Test 

The compaction rate at n; gyrations ( C;) was as follows [see 
Figure 6): 

C1 = 65.4 percent 

C10 = 70.8 percent 

c30 = 73.4 percent 

c40 = 74 percent 

C200 = 77 .8 percent 

K1 = c - I = 2.34 
log 11 , 

Tests by the Exxon European Research Center in 
Mont-Saint-Aignan (France) 

Laboratory Tests for Mechanical Properties Exxon Com
pany, supplier of the asphalt and extender oil used to make 
ARB, conducted a comparative laboratory study on three 
porous mixes with the same granular size but with three dif
ferent binders and three binder contents using the ESSO Road 
Design Technology (ERDT method) developed by Mont-Saint
Aignan Research Center engineers . 

The granular size of each mix was as follows: 87 percent ; 
6/10 crushed porphyry, 11 percent ; 0/2 crushed porphyry , 2 
percent limestone filler. 

Binder content was 4.7 percent for asphalt 60/70, 5.5 
percent for PMA, and 6.8 for ARB. 
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Binder properties appear in the following table. 

Asphalt 
60170 PMA ARB 

Density at 25°C 1.030 1.01 1.030 
Penetration 

(1110 mm) 
10°c 15 18 22 
15°C 32.5 
20°c 52 46 
25°C 61 97 68 
JOOC 96 135 105 

Softening point (0 C) 50.2 83 63.2 
Breaking point (°C) - 12 -19 

Mixing temperature was 150° with asphalt 60/70, 160°C 
with PMA , and 180° with ARB. 

Dynamic modulus of the hot mixes was determined at four 
temperatures (10°C, 20°C, 30°C, and 40°C) and six frequencies 
(20, 10, 3, 1, 0.3, and 0.1 Hz). See Figures 7-11. ote that 
porous mix s have a lower tiff:nes · compared with that of 
den e mixes (the structura l str ngthen ing is approximately 
half for porous mixes). Al low temperatures , PAR is more 
flexible, a great advantage in old winter wcarber. 

The dynamic creep test was conducted at 30°C under an 
ax ial compressive stress amplitude (a-,.) qual t 0.3 MPa (45 
psi) by applying an isotropic stre (er,.) equal to 0.1 MPa (15 
psi) over the entire specimen. ce Figures 12 and L3. Although 
less stiff, PAR behaved well against creep a11d rutting. 

T he pecimen was prepared for the fa tigue test in the ame 
way a for the dynamic modulu le ·t , but the c ntral portion 
was reduced in diameter to en. ure rupture in the part during 

E 

H 

FIGURE 7 Dynamic modulus test. 
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the te t. An alternating (push-pull) axial ine wave fJ crv 
of amplitude o-2,. was applied without re. I period , until the 
specimen broke. The applied tre s induced an axial sine wave 
strain of 2Y2 percent amplitude, which increased during the 
test. The number of cycle to fajlure (N1) and the initial train 
amplitude were recorded. The temperature wa 10° . (See 
Figures 14 and J 5). 

For an initial strain = 7 x 10- 5
, PARC specimen nave a 

lifetime 13 times superior to PAC and 23 times superior to 
PMAC. 

Freeze-Thaw Cycle Tests and Resistance to Deicing Salt 
Sen itivity to freeze-thaw cycles was compared for PARC and 
PAC for a dry p cimen and a water- saturated specimen with 
fatigue tests as described earlier. (See Figures 16 and 17.) 
The tests were carried out at -20° for 24 hr and at ambient 
temperature for 24 hr. They were carried out for an initial 
strain of 8 x 10-s with PAC and 12 x 10-s with PARC. 
The ·aturated specimen evolved faster than the dry specimen; 
PARC had better fatigue behavior than PAC. 

The purpose of the deicing salts study was to a sess the 
mechanical properties of PAR and PA after immersion in 
water and two deicing salt solutions at l8°C and - 5°C. The 
deicing salt solutions used were potassium salt and Nivacal 
( aCl2). 

Faligue te t were done on differem PA and PAR pec
imen before and after immer ion during day in water 
pota ·sium alt solution (0.25 kg/I), and Nivacal (0.8 percent 
calcium dichloride). 
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The fatigue resistance of PARC was not sensitive to water 
or deicing salt. oluti ns after 8 days' imme ion, but the f< tigue 
resistance of PA (wilh asphal1 60/70) is reduced by r to 60 
percent. See figures 18 and 19. 
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FIGURE 11 Dynamic modulus compared at 40°C. 
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Tire Rolling Noise 

The goal of the tests was to compare sound levels of tire
pa vement contact in city areas before and after the use of 
PARC. The method was the one given by the LCPC. Tests 
were done in situ near Lille in the north of France. 

The tests gave the level noi e pres ure in weighted decibels 
dB(A) cau ·ed by a free- wheeled vehicle on the pavement 
with e ngine cut off. The micr phon wa 7.5 mfr m the axl 
path of the vehide and 1.20 m above the pavement. Speed 
of the vehicle was 80 km/hr. See able 1. 

Compared with illlOOth portland ceme nt concrete pave
ment, PAR improved the nois level by 3 dB(A). ompared 
with smo th dens· asphalt concrete, PAR improved the 
noise level by l dB(A) . 

Spectrum examination in 1/3 crave indicates that the gain 
is mainly important (5 to 10 dB(A)J in 113 o cave frequen y 
band above 1600 Hz corresponding to treble frequencie . 
See Table 2. 

Tracking Results on PARC Implemented on Al 
Turnpike in the North of France 

More than 1,000,000 m2 of PARC has been implemented on 
Al turnpike in the north of France since 1984. Al turnpike 
use is 40,000 vehicles per day; 35 percent of the vehicles are 
heavy trucks. 

Evolution of roughness is shown in Figures 20 and 21. 
Evolution of voids content is shown in Figure 22. After 2 

years, the slow lane cross section does not show significant 
deformation at wheel track areas (no rutting). 

AXIAL <r 
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FIGURE 18 Fatigue resistance-PAC. 
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FIGURE 20 Hot-mix overlay performance analysis according to cumulative traffic on Al turnpike, Paris-Liile. 
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TABLE 1 ROLLING TIRE NOISE 

Experiment 
Test Area 

2 

Pavement 

{ 

Old: smooth 
portland cement 
concrete 

{

New: PARC 
Old: dense 
asphalt concrete 
New: PARC 

81 

Sound Level 

75 

72 
72 

71 

[dB(A)) 

TABLE 2 SPECTRUM EXAMINATION OF NOISE LEVEL 

Frequency Band 
on 113 Octave (Hz) 

100 
125 
160 
200 
250 
315 
400 
500 
630 
800 

1,000 
1,250 
1,600 
2,000 
2,500 
3,150 
4,000 
5,000 

First Intervention" 
(317/85) 

74 
74.5 
68.5 
65 
66 
63 
63.5 
62 
62.5 
66 
70 
68 
66.5 
65 
63.5 
60 
59.5 
56 

•Initial state, smooth PCC. 
•PARC0/10. 

CONCLUSION 

Second Intervention• 
(5/9/85) 

70.5 
74 
66 
69 
64 
62 
61.5 
59.5 
63 
66.5 
69 .5 
68 
63 
58.5 
53.5 
51 
48.0 
48.0 

D.iffe rent experimental sections were made in France in the 
1970s without significant results. The approach until then 
seemed too empirical to achieve a reliable solution that cor
responded to a necessity (rain doubles the risk of accident on 
dense asphalt concrete pavement). 

Since l982 laboratory studies in France have clearly indi
cated the advantages of ARB in porous mixes; ARB offers 
the following advantages: 

• Constant draining properties, 
• Good behavior under heavy truck traffic (fatigue and 

rutting resistance), 
• Shearing stress resistance, and 
• Insensitivity to bad weather. 

The excellent durability of PARC has been confirmed by work 
in France during the last 5 years. 
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Contribution of Cellulose Fibers to the 
Performance of Porous Asphalts 

Y. DECOENE 

Observation on Belgian road have not yet demonstrated any 
significant effect on polymer additive on the pefonnance f porou 
asphal t , also known a · open-graded a phallic concrete or open
graded friction course. Nevertbeles , they have . howi1 l'hat there 
may be local problems with pure bitumen draioing by gravity 
through the bJturni.nou material during mixing, tran port. and 
laying. This occasionally happen . SCREG Belgium ha devel
oped porou a phalt mixes containing pure bitumen and rganie 
fibers. Numerous test carried out on Its initiative, b th in the 
laboratory and on road , have confirmed l'he anti-draining action 
of cellulose fibers which makes it po ·sible l'O lay low-co t , high 
performance porous asphalt with an eventual higher bitumen 
content , while solving the occasional problem of binder drainage. 

The use of porous asphalt mixes in Belgium and other Western 
countries ha. greatly increased th past f w years, mainly 
because of the well-known advantages lhey present regarding 
skid resi tance aquaplani.ng, splash and pray visibility 
rolling noi ·e, and resistance to permanent defo'rmaci n (7). 

Observation. mad n Belgian roads have shown the good 
performanc of th se mixes, even with pure bitumens. With 
the latter, it is possible, although they are less expensive than 
polymer-modified bitumens , to obtain perviou. and high per
formancesurfacings. However it ha been found (2) that local 
problem may occur with pure bitumen draining by gravity 
through the material during mixing transport and laying. As 
a resul'I aggregates are w rn away. by traffic on local spots 
where the bitumen content is too low. 

To solve this pr blem and enable porous asphalt mixes to 
be laid with higher contents of bituminous mastic, SCREG 
Routes has been successfully usiug (3 ,4) a small amount of 
asbestos fibers in its porous asphalts. Because the use of these 
mineral fibers is prohibited by law in Belgium, SCREG Bel
gium ha. been inve ligating the possibility of working with 
cellulo fibers in it porous a phalt mixe . This investigation 
intended to determine whether tho ' e fib rs prevent bitum n 
drainage and make it po sible to work with high r bituminous 
mastic contents, is the subject of this paper. 

ORGANIC FIBERS USED 

The organic fibers used are gray fibers with a cellulose content 
of at least 75 percent and a pH of 6 to 8.5. The maximum 
length of the fibers used is 1.2 mm, and their density is about 

SCREG Belgium S.A., Rue du Commerce 20, 1040 Brussels, 
Belgium. 

1.5 g/cm3 . The fibers generally have a temperature-resistance 
of more than 180°C during 1 hr. 

This type of fiber has already been u ed in chip mastic 
asphalt io the Federal Republic of Germany (5) The Neth
erland (6) , and e lsewhere, and in the thin surfacings (7) f 
SCREG Route and SCREG Belgium. 

The celluose fibers are wrapped in sealed polyethylene packs 
with a sufficiently low melting point , to be dissolved in the 
hol mixture. There are al o precoaced fibers containing 50 
percent fibers and 50 percent hard (20/30 or 40150 penetration) 
bitumen . They are sp cially intended for drier drum mixers . 

LABORATORY TESTS ON MIXES 

Basket Drainage Tests 

Seven porous asphalt mixes, with or without fibers Table 1), 
were subjected to a basket drainage test. The operational 
procedure was as follows:_ 

1. The mixes were manufactured and compacted in great 
Duriez molds (8) under a pres ure of 30 bars, 

2. These molds were laid on a grid and the set was then 
placed in an oven at 180°C for 71/2 hr; these severe conditions 
were choosen to simulate occasional cases when the bitumen 
is draining through the aggregates, and 

3. The bitumen drained through the mix to the grid was 
recovered and the loss of bitumen was calculated with respect 
to the initial uittut!r content. 

The bitumen used for these tests was an 80/100 pen bitumen 
doped with 3 O/oo of adhesion agent. 

The amounts of bitumen drainage obtained, as percentages, 
are given in Table 1 and represented in Figure 1. From these 
results, it can be concluded that: 

• Porous asphalt without fibers lost 13.5 percent of its binder 
during the test, even at low binder content (4.7 percent) , 

• ln the mixes composed with fiber · the latter play an 
important role as an anti-draining agent. Lndeed , compared 
witb lhe mixes without fiber , little bitumen is lost (maximum 
4 perc nt) , even at binder contents higher than 5.5 percent. 
It is thus pos ible to use a greac deal of binder if orgamc fj. rs 
are added , and 

• There is very little difference in drainage behavior between 
the porous asphalts with 0.3 and 0.5 percent of fibers. Con
sequently, it does not seem necessary to use more than 0.3 
percent. 
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TABLE 1 BASKET DRAINAGE TESTS 

Loss ot bitumen(%) 

15 
• no fibres 

10 

4.5 5.0 

Mix A B 

Compos i t i on cu 

Diorite 10/ 14 55.5 55.5 

Diorite 6/10 30 30 

sand 0/2 13 12 

Filler 1. 5 2.2 

organic fibres 0 0.3 

Bitumen B0/100 4.7 5.5 

Loss of 

bitumen (%) 13. 5 1. 5 

0.3% fibres__
_....- 0.5% fibres -----5.5 6.0 

Bitumen content(%) 

FIGURE 1 Influence of the bitumen and the fibers content on 
the loss of bitumen by the basket drainage tests. 

Schellenberger Drainage Tests 

Drainage tests done according to the Schellenberger method 
(9) were conducted on porous asphalts the composition of 
which is given in Table 2. 

In short, 1,000- to 1,100-g samples of asphalt were put in 
800 ml glass receivers and then placed in an oven at 170°C 
for 60 min. Here, too, the amount of binder drainage was 
determined with respect to the initial amount of bitumen dur
ing mixing. The bitumens used for these tests were not doped . 
The conclusions from the results of these tests (Table 2) are 

c D E F G 

55.5 55.5 55.5 55.5 55.5 

30 30 30 30 30 

12 12 12 12 12 

2.2 2.2 2.0 2.0 2.0 

0.3 0.3 0.5 0.5 0.5 

5.7 5.9 5.5 5.7 5.9 

2.9 3.4 0.3 1. 3 1.2 

similar to those from the basket drainage tests: the mixes 
without fibers lost 15 to 21 percent of their binder and the 
fibers are effective in preventing bitumen drainage (Figures 
2 and 3) . Again no significant difference was found b tween 
the results according to the amounl of fi bers (0.3 or 0.5 per· 
cent) so chat the lowest of the e contents should be ufficient. 

Moreover, the loss of binder from the porous asphalts with 
fibers was found to be smaller than in the basket tests; on the 
other hand, it wa slightly greater for the mixes without fi bers. 
In making thi comparison , one sh uld nevertheles consider 
the difference between the bitumens used. 

Finally, the cellulose fibers used all gave similar results . 

Voids Content and Cantabrian Abrasion Test 

For the mix design of porous asphalt , the Belgian Road 
Research Centre has suggested a procedure which consists of 
determining the voids ratio on Marshall samples and then 
performing the Cantabrian abrasion test on tho e ample , to 
determine the perc ntage of w ar of the material after 300 
revolution in a Los Angeles cylinder without abrasive charge 
(1,2). 

These tests, carried out on 4 porous asphalt mixes with or 
without fibers (Table 3) produced the following findings : 

• A slight reduction (1 percent) of the void. in the porous 
asphalt without fibers with the 1 percent increase in bitumen 
content, 



TABLE 2 SCHELLENBERGER DRAINAGE TESTS 

MIX A B c D E 

Composition 
(%) 

Durite 10/14 55.5 55.5 55.5 55.5 55.5 

Durite 6/10 30 30 30 30 30 

sand 0/2 12 12 12 12 12 

Filler 2.5 2.5 2.5 2.5 2.2 

Fibres a 0 0 0 0 0.3 

Fibres b 0 0 0 0 0 

Fibres c 0 0 0 0 0 

Fibres d 0 0 0 0 0 

Bitumen 4.5 4.7 4.9 4.9 5.9 
60/70 

Bitumen 0 0 0 0 0 
80/100 

Loss of 15 16 21 17 0.1 
bitumen 
(%) 

T 

FIGURE 2 View of the glrus re eivers after the Schellenberger 
drainage test. (Porous asphalt with 4. 7 percent bitumen and 
without fibers .) 

FIG RE 3 View of the glass receivers aft r the Schellenberger 
drainage test. (Porous asphalt with 5.9 percent bitumen and 0.3 
percent fibers.) 

F G II I J K L 

55.5 55.5 55.5 55.5 55.5 55.5 55.5 

30 30 30 30 30 30 30 

12 12 12 12 12 12 12 

2.2 2.2 2.0 2.2 2.2 2.5 2.2 

0.3 0 0 0 0 0 0.3 

0 o.3 0.5 0 0 0 0 

0 0 0 0.3 0 0 0 

0 0 0 0 0.3 0 0 

6.1 5.9 5.9 5.9 5.9 0 0 

0 0 0 0 0 4.7 5.9 

1.1 1.1 0.3 0.6 1.1 18 0.5 

TABLE 3 VOIDS CONTENT AND CANTABRIAN 
ABRASION TEST 

Mix A B c D 

Composition ltl 

Porphyry 7/14 85 85 85 85 

Sand 0/2 12 12 12 12 

Filler 3.0 2.7 2.5 3.0 

Fibres 0 0.3 0.5 0 

Bitumen 80/100 4.5 5.5 5.5 5.5 

voids (%) 22.5 20.3 21.3 21.1 

Wear of material (%) 15.9 16.6 18.0 20.0 



Decoene 

• No significant di[ference in void content between the 
porous asphalt with 5.5 percent of 01100 pen bitumen , 
according to whether they contained fibers , and 

•A very good resistance of all the porou asph<tlt mixe -
with or without fibers-to attrition whatev r their binder 
content. There is little difference between the mixes tested, 
but the wear of their material is well below the maximum 
value of 30 percent which is generally suggested. 

One of the conclusions to be made from all those tests is 
that the voids of porous asphalts with 5.5 percent of pure 
bitumen and with the addition of 0.3 or 0.5 percent ot fiber · 
is equivalent to tho e of "conventional" porous a ' phalt with 
about 4.5 percent of pure bitumen and without fibers · the 
addition of fibers allow an increase f the bitumen content 
and the durability and avoids problems with bind r drainage 
through the material. Working with binder content higher 
than 5.5 percent is not con idered because ob ervation and 
experiment on road. in Belgium have hown that O/J4 mixe 
that meet Lhe Belgian grading tandards, but contain m r 
than 5.5 percent of binder with polymer additives, present 
less drainability and generate more r !ling noise (1,2). 

FULL SCALE TESTS ON ROADS 

In April 1988, three porous asphalt mixes with cellulose fibers 
(Table 4) were laid on the N 56 Ath-Ostriches state road in 
Ath, Belgium (Figure 4), with a thickness of 4 cm. This road 
experiment is being monitored by the Belgian Ministry of 

TABLE 4 POROUS ASPHALTS ON N 56 AT ATH 

Mix A B c 

Composition (\) 

Porphyry 7/14 85 85 85 

Sand 0/2 11 11 11 

Filler J.85 J.7 J.5 

Fibers 0.15 O.J 0.5 

Bitumen 80/100 5.0 5.5 6.0 

Dra i nage t i me Csecl 

- after 2 weeks 15 12 15 

- after 6 months 14 16 

85 

Public Work . Using a falling head permeamcter (10), drain
ability te t were carried out Mt r two weeks and six months 
of rather du ty traffic. Although such traffic often cause local 
pot clogging of porou surfaciJ1gs the B lgian Ministry of 

Public Work. found the draim1bility t be excellent: the drain
age ti me is always les than the maximum average figure of 
60 sec, which i tipulat d after laying. ll should be noted 
that even with 6 percent of binder, n bitumen drainage has 
been observed. 

In 1989, new applications were made in Belgium, more 
particularly at Kuurne (Figure 5) and in the center of the town 
of Ath. 

All the coating plants of SCREG Belgium are equipped to 
work with fibers. The sealed polyethylene pack are p ured 
into the mixer while the aggregates are being introduced. Dry 
mixing f the combination of aggregate (stone and sand) and 
fibers take. place before the biwmen and the filler are added . 
In the patented double mixing procedure used, for xample, 
in the experiment at Atb , the fibers a re added t th sand 

FIGURE 4 Porous asphalt sei:tions on N 56 Ath-Ostriches at 
Ath. 

FIGURE 5 Porous asphalt sections on city streets at Kuurne. 
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before the bitumen and the filler are introduced; after this 
bituminous mortar has been mixed, the stones are added and 
thus coated with homogenous mortar. 

COMPARISON OF COSTS 

Belgian studies (11) have shown that, at equal binder content, 
the u e of modified binders in porous asphalt surfacing entails 
an extra co L of about 40 percent as compared with pure 
bitumen. With re peel to porou a phalts containing 4.5 per
cent of pure bi tumen and no fibers the extra cost of product 
with S.S percent of pure bitumen and 0.3 percent of cellulo ·e 
fibers i about 10 percent. This mean that the e products not 
only perform well, but are also relatively cheap. 
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Porous Asphalt Mixtures in Spain 

AURELIO Rurz, ROBERTO ALBEROLA, F:Eux PEREZ, AND BARTOLOME 

SANCHEZ 

urrently Spai n has 3 million ru2 of porous asphah road . Porous 
asphalt i being used for all types of traffic condi tion and for any 
type roads and highways. Tbe most common practice today is co 
use 4 cm layer with 0/12 gradings, with a very low amount of 
and (about 15 percent) and 4.5 percent of pure or modified 

bitumens which results in a void content in the mix of more than 
20 percent:) In the first appli.cation ofporou asphalt a conserva
tive approach was taken , primarily using mixe with a moderate 
content of voids (15 percent to 18 percent). The good durability 
of mixe with voids contents f more than 20 percent in the 
experimental road sections and the clo ing up observed in the 
mixe with a low voids content has meant that since 1986 the 
more open mixes have been preferred. Porou a ·phalts with void 
con tent of Less than 20 percent have varied widel y in their behav
ior. With heavy traffic, they have closed up aft e r 2 years ' u e . 
With medium traffic, however, they have maintained their drain
age capacity after 9 year . None of the pavements using thi 
material have hown any serious deterioration . De pite reduced 
drainage capacitie , all the pavements, including those that have 
closed up show a dry appearance during light rains or immedi
ately after a heavy rainfall. Until now, the kid resistance bas 
been very good. Porous asphalts with void c ntent highe r than 
20 percent held up very well even under heavy traffic , altbough 
in this case the experience has covered only three years. As in 
the ca e of the othe r mixtures, these have not hown any seriou 
deteriora tions and after several years, they maiJ1tain excellent 
skid resistance . 

The first application of porous a ·phalt in pain wa · in 19 0 
on four experimental road ection on one of the no rthern 
highways located in a region of frequent rainfall. Ini tially, the 
objective wa to use the e mixtu.res in rainy areas in order to 
improve traffic afety and comfort on wet surfaces. 

The favorable results obtained from these mixture has pro
moted the construction of new experimental pavements and 
small projects to be carried out in the next few years. But in 
1986, this material started to be used extensively, after initial 
doubts about its durability were eliminated. Now, the purpose 
for u ing this materia l ha. changed. It is not only used to 
improve driving conditions in the rain, but also to provide a 
durable surface, with a smooth safe and quie t ride in any 
type of weather. 

Currently Spain has 3 million m2 of porous a phalt roads. 
Porous asphalt is be ing used for all types of traffic con
ditions and for any type of roads and highways. T he most 
notable projects are the 44 km (about 500,000 m2) on Highway 

Aurelio Ruiz, Centro de Estudios de Carreteras. CEDEX. Autovra 
de Colrnenar Viejo Km . 18,200, Madrid . 28049 Spain. Roberto 
Alberola, and Bartolom6 Sanchez, Mini tc.rio de Obrn Publicas, 
Pasco de la Ca tellana, 67 Madrid, 28046, Spain . .F6lix Perez, Escuela 
de Caminos, Jordi Girona SaJgado, 31, 0 034, _Barcelona, Spain. 

N-VI, between Las Rozas and Villalba, with some 20,000 
vehicles per day per carriageway, 2,000 of which a re truck 
(13 ton axle load)· the 70 km (about 800,000 m2) on the toll 
road between Bilbao and Behobia, with about 9 ,000 vehicle 
pe r carriageway, of which J ,200 are truck , and the 33 km 
(400,000 m2

) in ACESA toll roads, with traffic varying between 
800 and 1,800 trucks per day. 

The most common practice today is to use 4 cm layers with 
0/10 or 0/12.5 gradings, with very little sand, and 4.5 percent 
of pure or modified bitumens which results in a voids content 
of more than 20 percent . 

MATERIAL REQUIREMENTS 

Gradings 

The selected aggregate grading primarily influences the water 
drainage capacity, resistance to particle losses, resistance to 
plastic deformation , and macrotexture of the mix . 

For porous asphalt, two grading bands have been defined, 
P 12 and PA 12 (Table 1). 

The P grading band has a discontinuity in the 2.5 mm size. 
These gradings usually need three commercial aggregates 
(0/2.5, 2 .5/5, and 5/10 to 12 mm). Using them, mixes with 15 
to 22 percent of voids can be obtained. The PA grading band 
has a discontinuity in the 5 mm size and needs only two 
commercial aggregates. It was initially designed to reduce the 
number of commercial aggregates and obtain more open mixes . 
With these gradings, mixes with up to 25 percent of voids can 
be obtained. 

Both P 12 and PA 12 have a large proportion of coarse 
aggregate (between 90 and 78 percent of particles exceeding 
2.5 mm) , in order to accommodate the other components in 
their interstitial voids, leaving the designed voids in the mix . 
The amount of fine aggregate must be low enough to prevent 
the voids from closing up and separating the coarse particles . 
A certain amount of filler (at least 3 percent) is thought nec
essary to give cohesion to the mix and avoid particle losses . 
Keeping this in mind, the tests used to define the grading 
bands were mainly directed towards the drainability and 
resistance to particle losses. 

Today there is a tendency towards PA gradings, with 10 to 
15 percent of particles passing through the 2.5 mm sieve and 
amounts of filler between 3 and 4.5 percent. With these mix
tures, voids contents of more than 20 percent are being obtained. 

The maximum particle size has been set at 10 or 12.5 mm 
for both gradings, although the 10 mm top size is generally 
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TABLE 1 GRADINGS 

% PASSING 

GRADING 20mm 12, Smm lOmm Smm 2.Smm 0.63mm 0,08mm 

p - 12 100 75-100 60-90 32-50 10-18 6-12 3-6 

PA - 12 100 70-100 50-80 15-30 10-22 6-13 3-6 
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FIGURE 1 Gradings. 

used. With this size, sand patch depths of between 1 to 2.5 
mm can be obtained . These sizes are also related to the 
thickness of the layer being used (4 cm). 

Aggregates 

Considering that the material is for a thin , open, top layer, 
coarse aggregates which show great resistance to fragmen-

0,63 

. .. , ... ....... .. .. 

0,08 SIEVES (mm) 

tation, good and stable microtexture, and adequate interlock 
are called for (Table 2) . 

Fragmentation of aggregates can lead to particle losses, 
raveling, and the closing up of the surface texture by the 
separate fines. An abrasion loss value (Los Angeles machine) 
of 20 percent is considered as a maximum. For the same 
reason, a flakiness index below 25 is required. 

Frictional characteristics of the surface make a nonpolishing 
aggregate necessary for maintaining a good, durable micro-
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TABLE 2 AGGREGATE CHARACTERISTICS 

LOS ANGELES < 20 

FLAKINESS INDEX < 25 

POLISHED STONE VALUE > 0.45 - 0. 4 0 

PARTICLES ( % ) WITH 

2 OR MORE FRACTURED 100 - 75 

FACES 

SAND EQUIVALENT > so 

' 

~ 
35 25 

Vl ~ 
Vl 

0 
-' Vl 

25 20 e z 0 2 > 
"' <( 

"' "' <( 15 15 

3 4 5 6 
BINDER ("lo) 

FIGURE 2 Binder design. 

texture. The pecification set p Ii heel tone values (British 
poli hing wheel) above 0.45 for traffic volumes of more than 
800 truck per day per lane and 0.40 for other traffic vol um es. 

Porous a phalt mixtures are subjected to lh direct effect 
of the traffic loads. A good level of internal friction in the 
course aggregate is necessary in order to avoid plastic def r
mations and the clo ing up of the voids. For traffic volumes 
of more than 800 trucks per day per lane , 100 percent of 
particle with two or more fractured faces are required. This 
is reduced to 90 percent for volumes of 200 to 800 trucks and 
to 75 percen t for trucks below 50 per day per lane . 

Ln projects carried our until now coarse aggregates, which 
come from hard rocks with a high resi lance to polishing 
(ophites , porphyry, and granite) have been exclusive ly used. 
In ·ome ca e , limestone has been u ed for shoulders. Another 

project used a coar, e-grained lime tone in a carriageway on 
the island of Mallorca where no other aggregates were easily 
available. Until now, the performance has been satisfactory. 

Limestone is frequently used as fine aggregate because of 
its adhesion to the binder. Mineral ti.lier is always added (com
mercial limestone dust or cement) . To avoid the presence of 
detrimental fine dust, a sand equivalent value above 50 is 
required. 

Hydrocarbonated Binder 

1n porous mixes becau e o.f the open texture, a thick film of 
binder coating i sought in an attempt to ff et early aging. 
From thi · viewpoin t hydrocarbonated binder with high vis-
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cosity would be preferred. On the other hand, hard bitumens 
would take less time to reach a critical hardness of the binder. 
For this reason, an equilibrium is necessary. 

In selecting the binder, other factors to consider are weather 
and traffic v lume. oft bitumens tend to bleed under high 
temperatures and can lead to plastic deformations in the mix , 
particu larly under heavy traffic volumes. In cold climates , 
hard bitumen can produce brittle mixe . 

Taking all this into account, in Spain the grades of binder 
specified are B 60/70 and B 80/100. The former is recom
mended in area. of mild and hot climates for heavy traffic. 
But the binders more commonly u ed are polymer (EV A and 
SBS) modified bitumen . Today 80 percent of the porou 
mixes exi Ling in Spain have a modified binder. The main 
purpose for using it are to improve the resistance against 
particle lo es with very open mixtures through • higher cohe
sion and get longer durability thr ugh thicker film of binder 
because of the higher viscosity. A reduction in the thermal sus
ceptibility of the mix (porous mixes are very susceptible to 
temperature changes is also sought in an attempt to get higher 
consi tencies with high temperatures and more flexibility with 
low temperatures (Table 3). 

Nevertheless, it has not been possible to confirm the lab
oratory results on the road. In the first experimental pave
ments , where mixes with a low amount of voids were laid, 
pure and modified binders were compared. Until now there 
have been n difference in performance. Witb very pen 
mixes in which the differences probably would be more marked. 
modified binders bave always been u ed. [t is th refore not 
possible to compare. 

The current tendency is to c ntinue usiJ1g modified binders 
with the more open mixtures and with heavy traffic, but to 
experiment with the same mixtures with pure bitumens for 
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medium and light traffic. (There is already an experimental 
pavement along these lines near Madrid.) 

MIX DESIGN 

The design of porous asphalt is based on: 

• A minimum binder content to assure resistance against 
particle losses resulting from traffic and a thick film of binder 
on the aggregates , and 

• A maximum binder content to avoid binder runoff and 
have a good drainability in the mix. 

The resistance to particle losses is analyzed through the 
Canta bro test (NLT-352/ 6), an abrasion and impact test con
ducted in the Los Angeles rattler, without balls and at con
trolled temperature, on Marshall samples compacted with 50 
blows on each idc. The results are given as the weight loss, 
in percentage, after 300 drum revolution (Table 4) . The max
imum abra ion lo value admined i 25. With thi t st a 
minimum amount of binder is determined. In any case, the 
binder content must be at or above 4.5 percent to ensure 
adequate coating thickness . 

The calculation of voids is made on the same Marshall 
samples, considering the volume geometrically determined. 
For a specific grading , the minimum amount of voids set (20 
percent), define a maximum content of binder. Also there 
is a maximum binder content to prevent drainage of the as
phalt from the aggregates, although this is not yet under 
specification. 

With this procedure, it must be considered that the use of 
the Marshall hammer for compacting the specimens can cause 

TABLE 3 HYDROCARBONATED BINDERS 

TRUCK ADT SUMMER TEMPERATURE 

IN DESIGN LANE HOT MEDIUM TEMPERATE 

> 2.000 60/70 

2.000-800 
60/70 OR 80/100 

200-800 

50-200 

< 50 80/100 

BINDER 
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TABLE 4 BINDER CONTENT DESIGN 

BI NDER PROP ERTY SPECIFI CAT ION 

CONTENT OF THE MIX 

RESISTANCE TO PARTICLE 

LO SSES 2 5 

(CANTABRO TEST) 

MINIMUM 

DURABILITY 

(% bitumen) > 4. 5 

BINDER RUNOFF -

MAXIMUM 
DRAINABILITY 

( % VOIDS) 20 

some runoff of the binder , mainly with high binder contents . 
Nevertheless, this leaves the mixture on the safe side in rela
tion to the results of the Cantabro test. Because of the good 
correlation between voids calculated with this method and 
drainability in the road and the results of the Cantabro test 
with lab .ratory specim ns and road samples, this method has 
been chosen. 

In the design of porou. mixes, the Cantabro test after 
immersion and some laboratory permeability te t have been 
used, buc they are not under a standard yet either. Sometimes 
indirect traction and wheel tracking tests have also been used . 

Tb_is method u ually gives binde r con tents of ab ut 4.S 
percent fo r no rmal specific gravity aggregates. With these in 
practice, no major problem of particle lo. ses or binder runoff 
have been encountered. 

PAVEMENT DESIGN 

The design of the newly constructed pRvement with layers 
of porous asphalt mixes has been given in lhe design standRrd 
lnstruction 6.1 and 2. 1 C of the General Direction of Roads 
of MOPU (J). 

In this tandard, a layer of 4 cm thick is established for 
porou a phalt. The possibility of using thicker layers has not 
been considered because the water ab orption cap acity with 
4 cm layers is already thought to be sufficient. Thinner layers 
would lead to bad performance with heavy rains and could 
reduce the durability of the layer. 

For pavements with granu lar or asphalt roadbases . the p -
rou asphalt can ·ub titute in the same thickne ses , for pen 
or emi-open conventional aspJ1alt mixe . Thi approach bas 
been taken because of the experience and calculation on 
which the design tandard i · based. lt acco unts f r pavements 
with layers f pen or . emi-open aspha lt mixture , with a 
mechanica l performance imilRr to those f the porous a phalt. 

In pavements with cement-treated road bases , in which one 
of th main objectives of the bituminous layer is to prevent 
refleccive cracking a 2 cm increa e in total rhickn · is required 
for the bituminous layers when porous asphalt is used. This 
increase is intended to prevent the appearance of reflective 
cracking in the impermeable layer below the porous a ·phalt 
which can make repairs of the structure especially complex 
and costly. 

FIELD OF APPLICATION 

Although porous a phalt is used a the top layer of ne\ pave
ment the main application thus fa r has been in the repair 
o f aged or slippe ry urface wirhout structural problem . ln 
this fi eld thi alternative can be more advantageou , from 
the viewpoint of durability, than other uch a. those of thin 
laye rs of convemional den e-grnded mixe. micro-a phalt 
mixtures slurry sea l or ·urface treatment -. In speci fi areas 
of hort length ( lippery curves) requiring a very high degree 
of resi lance to skidding, conventional olution are still pref
erable. They have al o been u ed in short stretches ( 0 m) 
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in areas of difficult drainage (change in the direction of the 
cross fall, low points). 

Porous asphalt's use should be carefully studied for the 
following case : 

•Areas where it snows frequently, because of maintenance 
problems during the winter months, 

• Urban or industrial areas where there is extensive wear 
from abrasion or where the impacts or spillage of oil or fuels 
occurs. 

• Areas in which a strong risk of reflective cracking exits, 
either by retraction or fatigue, and 

• Bridge pavements, especially in cold areas. 

In any ciise , it is nece sary to lay porous asphalt on 
impermeable and regular urfa es, and to assure adeq uate 
lateral drainage. 

MANUFACTURE AND LA YING 

If porous asphalt is placed over pavements, for surface reha
bilitation of an aged or slippery surface, the deteriorated areas 
should be repaired first and the surface leveled if there are 
any large irregularities . When porous asphalt is used on pave
ments with reflective cracking in the surface , it is necessary 
to seal them first (but this is not a good solution for this type 
of problem). 

In any case, it is necessary to make sure the layer is 
impermeable and has a satisfactory load capacity. Before the 
material is placed over new or old layers, an emulsion is 
extended over it (quick setting cationic emulsion), with a 
residual bitumen rate of 500 to 600 gr/m2 . In pavements with 
a highly polished or very open surface, it may be necessary 
to lay down slurry seals. 

The manufacture of the mixture is made in conventional 
discontinuous plants. The production of the plant should cor
respond to the spreading equipment in such a way that stops 
are minimized. When establishing mixing temperatures, binder 
viscosity must be taken into account, but the drainage of the 
binder or cooling of the mix during transit from the mixing 
plant to the job site must also be considered. With B 60170 
or modified binders and the fines given in the specifications, 
mixing temperatu1es have oscillated between 140"C and 150°C 
without ever exceeding 160°C. 

In transport, it is necessary to cover the trucks adequately 
with canvas. In cold weather and over long transport dis
tances, it is necessary to watch out for agglomerated portions 
of the mixture in the front part of a truck's body. 

According to established procedures, this material should 
not be spread when the temperature is less than 8°C. In any 
case, the temperature of the mix should never go below 120°C 
during compacting. 

Compacting is carried out with metallic rollers having a 
total weight of 10 tons or more and without vibration. The 
usual procedure is to set up two similar compacters. The first 
compacts with 4 to 5 passes and the second with 2 or 3 in 
order to smooth out the tracks left by the first one and improve 
the surface finish . 

Until now, shoulders constructed on pavements topped with 
porous asphalt layers have been built by extending the porous 
asphalt over the entire shoulder or 50 cm into the shoulder. 
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The top layer of the shoulder in the second case or the 
intermediate layer in the first case must be of an impermeable 
material. 

The differential aspects of control of this material with respect 
to conventional mixtures are 

• In control of the manufacture, the Marshall test is sub
stituted for the antabro Test of abrasion loss on sample in 
which the voids content has been previou ·Jy determined, and 

• The degree of compaction can be controlled indirectly by 
means of a permeability test in situ. 

This test is conducted by means of the LCS drainometer 
(2). The equipment, developed by the University of Santander 
in 1981 , is a variable charge static outflow meter used to 
measure the ti me necessary to drain 1, 735 1 of water through 
a pavement urface of 7 cm2

. 

The voids content percentage previously related in the 
laboratory with the degree of compaction, is then related to 
the time of water drainage by means of the expression (3): 

H = 58.6/TD 305 

where 

H = % voids content 
T = time of water drainage (sec) 

MAINTENANCE 

The main pr blem have com · in the form of particle losse 
in localized or large area . This proce s usually occurs very 
quickly once the flow of traffic begins. Thi 1 roblem us ually 
originates Crom laying the mixture cold from t I w a lc;vel 
of compaction, or from segregation of the binder. The solution 
has always been to mill and substitute the withdrawn material 
for another porou · a ' phalt. In one case, the repair was made 
by laying on p rou · a phalt over another; ·o far , no problems 
have ari en. Rehabilitation ha never been undertaken because 
the material closes up. 

Experience with wintM maintenance in Spain is not very 
extensive. Skidding problems have been detected because of 
ice formation after snowfalls and this has led to avoiding the 
use of the e mixe in extrem ly cold areas. In warm areas 
where snow falls only a few days per year, the solution is to 
use more salt (more than double the normal amount) and 
increase the frequency of spreading. 

PERFORMANCE OF EXISTING SURFACES 

In the first application of porous asphalt, a conservative 
approach was taken primarily using mixes with a moderate 
content of void (15 to 18 percent). The good durability of 
mixes with voids content of more than 20 percent in the 
experimental road section. and the closing up observed in th 
mixe with a low voids content has meant that since 19 6, the 
more open mixes have been preferred. Therefore, in the anal
ysis of the performance of existing pavements with a top layer, 
it is useful to differentiate the ca e in which mixes have been 
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used whose voids content is less than or greater than 20 
percent. 

Porous mixes with voids content < 20 percent 

Experience with these mixes goes back to 1980. They are 
generally type P gradings with pure bitumens in an application 
rate of between 4 and 5 percent. The voids content is usually 
found in the range of 16 to 20 percent. The evolution of the 
mixes has been studied through measurements of drainability, 
surface texture, skid resistance, and visual condition . 

The initial drainage times (LCS drainometer) on the high
way varies between 30 and 75 sec. The texture, measured in 
sand patch depth, varies between 1 and 1.5 mm. The Side 
Force Coefficient (SFC) measured with SCRIM type equip
ment at 50 km/hr and with 1 mm of water gives values of 
between 0.50 and 0. 70. Values of the Skid Resistance Tester 
Coeficiente (SRC) between 0.45 and 0. 70 are usually found. 

Over time, a large decrease in the drainage capacity has 
been observed. The factors that come into play are the closing 
up of the surface voids caused by various types of deposits, 
or the silting up of internal voids because of the dragging of 
fine materials and densification from tires rolling over the 
surface. 

The evolution shows a great degree of dispersion and depends 
on conditions in the area and the type of traffic. Closing up 
(defined as drainage times measured with the LCS draino
meter of more than 600 sec) has taken place during various 
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periods. With the more closed porous asphalts and with the 
heaviest traffic (16 percent of voids in mix and more than 
2,000 trucks per day and per lane), this has taken place within 
two years of the opening of traffic and with the more open 
porous asphalts and with medium traffic (about 1,000 trucks 
per day) after 9 years they are not totally closed up. 

Sand patch depth and SFC values show no appreciable 
change over many years, and today all the sections constructed 
with these mixtures are in good condition, without any serious 
deterioration. Despite the decrease in drainage capacity, all 
the sections, including those that are closed up, remain dry 
in light rains or immediately after heavy rains, with a marked 
difference in this aspect compared to conventional dense graded 
mixes. 

Table 5 shows the values corresponding to the evolution of 
drainage times for the experimental pavements of Santander 
with these kinds of mixes. The level of traffic on this road is 
5,000 vehicles a day per lane, of which 700 are trucks. It is a 
rainy area used mainly for agricultural traffic. As can be seen, 
some of them maintain a certain capacity of drainage after 7 
to 9 years. The SFC and SRC values are 0.50 to 0.60 and 0.50 
to 0.70, respectively, after the same period. The sand patch 
depth is 1.2 to 1.5 mm. 

Table 6 shows the results obtained over 4 years on a highway 
located near Madrid. It has a double carriageway and two 
lanes going in each direction, with a level of traffic of about 
10,000 vehicles a day per carriageway of which 1,800 are 
trucks. The initial voids content was 17 percent. 

TABLE 5 PERMEABILITY (SANTANDER TEST SECTIONS) 

Tcsl Pc;rmcoability (scg) 

Sec Lion Initial 4 Months 2 years 4 Ye ar s 9 Ye ars 

I 30 75 180 288 silting up 

I I 46 70 100 159 220 

Test 
Permeability (Seg) 

Section 4 Months 2 Years 7' 5 Years 

2 65 180 Silting up 

3 58 220 350 

4 45 140 300 

6 120 300 Silting up 

9 80 200 Silting up 
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TABLE 6 PERMEABILITY (SEC) IN DIFFERENT AREAS OF THE 
CARRIAGEWAY (NA V ALCARNERO) 

LEFT LANE RIGHT LANE 

DISTANCE TO THE EDGE OF CARRIAGEWAY MARKING (m) 

0.70 1. 70 
~ 

63 79 71 87 

99 - 109 -

10 - 30 measures 

- Not measured 

KEY 

6 months 
2 years 

The drainage time was 200 sec after 1 year in some points 
on this pavement and in all the right lane after 2 years. After 
4 years, this lane is almost closed up. Although it has been 
seen that the main factor in the closing up is the postcom
paction in the wheel tracks, the area between them in the 
slow lane is also closed up because of spillage from trucks. 
The left lane of the same carriageway is still in good condition. 

Porous mixes with voids content > 20 percent 

These mixes , first used extensively in 1986, today are the most 
widely used. They are generally of the PA grading type, with 
modified bitumens in percentages in the 4.3 lu 4.8 range . 

The initial drainage time varies between 15 and 25 sec and 
the sand patch depth between 1.3 and 2.2 mm. The SFC and 
SRC values are 0.60 to 0.80 and 0.54 to 0.80, respectively. 

The mixes tested in the experimental pavements of San
tander now have, after 7 to 9 years of service, drainage times 
of between 150 and 300 sec. 

In the Las Rozas-Villalba road (44 km), with 2,000 trucks 
per day per lane, the mix initially had a voids content of 22 
percent and registered initial drainage times of about 20 sec. 
Today after 2 years, the interval of drainage time values is 
between 20 and 50 sec. The texture is of approximately 2.2 
mm and its coefficient of skid resistance is 0.55 to 0.60 and 
0.60 to 0.80 measured with the TRRL pendulum and SCRIM, 
respectively. 

1. 70 0.70 

80 113 150 219 

226 608 362 988 

in each point 

1 year 
years 

CONCLUSIONS 

Porous asphalts with voids content of less than 20 percent 
have varied widely in their behavior. With heavy traffic, they 
have closed up after 2 years of use. With medium traffic, 
however, they have maintained their drainage capacity after 
9 years. None of the pavements using this material have shown 
any serious deterioration. Despite reduced drainage capaci
ties , all the pavements, including those that have closed up, 
show a dry appearance during light rains or immediately after 
a heavy rainfall. The skid resistance has been very good until 
now. 

Porous asphalts with voids contents higher than 20 percent 
held up very well even under heavy traffic, although in this 
case the experience has only been over 3 years. As is the case 
with the other mixtures, these have not shown any serious de
teriorations, and after several years, they maintain excellent 
skid resistance. 
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Porous Asphalt Wearing Courses in the 
Netherlands: State of the Art Review 

J. TH. VAN DER ZWAN, TH. GOEMAN, H.J. A. J. GRUIS, J. H. SWART, 

AND R. H. OLDENBURGER 

Since 1972, research has been carried out in the Netherlands to 
assc 1he advantages of porous a phalt wearing courses in rela
tion to conventional pavement trncturcs. Efforts have also been 
mad to quantify the extra cost. incurred by road managing 
authoritie when using such material . The chief advantages of 
por us asphalt wearing courses to road users are expected tO be 
improved road afety and reduced conge !ion. Furthermore the 
noise nuisance on uch roads is greatly dimini hed. On the other 
hand additiona l co ts are involved because of the shorter ·ervice 
life and more expen ive maintenance required for porou asphalt , 
a well as the fact that thicker a phalt construction · are needed 
to provide the necessary bearing capacity. Ba ed on a cost--benefit 
analy ·is, it has been shown that the extra expenditure associated 
with porous asphalt can be justified by the potential benefirs. The 
Dutch Department of Public Work (Rijkswa1ers1aat) has there
fore decided to install such wearing cour e where possible on 
the national road network, particularly on motorways. The char
acteristic properties of porou a phalt and the related financial 
implication are di cus ed in rhi paper. Moreover, an outline i 
given of how the new policy f the Department of Public Works, 
which will take omelO years to implement, has been developed . 

The Netherlands, located in northwestern Europe, has a tem
perate climate with average temperature of 1. 7°C in January 
and 17 .0° in July. The annual precipitation is almost 800 
mm, which is equally distributed throughout the year. Despite 
the mild winters, the rather changeable weather conditions 
often lead to fog and slippery roads. 

The Netherlands is one of the few countries which began 
the construction of its motorway system before World War 
II. The growth in motorway building in the period 1960 to 
1985 coincided with major increases in traffic density on the 
primary road network. Additional general information about 
the Netherlands can be found elsewhere (1). 

REASONS FOR APPLYING POROUS ASPHALT 

The relatively high levels of precipitation in the Netherlands 
means that on average, road surfaces tend to be wet or moist 
about 13 percent of the time. In order to promote road safety 
under such conditions, the former Study Centre for Road 

J. Th. van der Zwan, Th. Goeman, H. J. A. J. Gruis, and J. H. 
Swart Road nnd Hydraulic Engineering Division. Ministry of Public 
Work (Rijkswater ·um1) , P.O. Box 5044 2600 GA Delrt The Neth
erlands. R. H . Oldenburger Traffic E ngineering Divi ion , Mini try 
of ·Public Work. (Rijkswatcrstant). P .. Box 1031 , 3000 BA 
Rotterdam, The Netherlands. 

Construction set up a working party in 1971 that was asked 
to formulate recommendations for improving the surface 
characteristics of wearing courses (2). This led to the first 
applicat ion of porous asphalt in the Netherland· in 1972. The 
significant potential of thi material for improving road safety 
coupled with the favorable experience gained during the trial , 
led to the establishment of a second working party to assess 
the possibilities for porous asphalt in more detail (3). 

Although road safety aspects were initially considered to 
be of overriding importance when deciding to apply porous 
asphalt wearing course. , the favorable noise-reduction char
acteristics of this material have led to its more widespread 
use in the 1980s. Despite the fact that most of the earliest 
porou asphalt urfacing installed is in the United tates and 
United Kingd m (part icularly at airports) considerable interest 
ba also been shown n the Continent in recent years (4 5). 

In an extension of previous work on establishing national 
properties, the factors that have influenced the decision of 
the Rijkswaterstaat to apply porous asphalt wearing courses 
on heavily traveled routes is discussed in this paper. 

PREREQUISITES FOR INSTALLING POROUS 
ASPHALT WEARING COURSES 

Before porous asphalt wearing course can be applied , certain 
prerequi ites must be et. The Rijkswaterstaat postulated that 
the co !-benefit ratio of porous asphall hould at least equal 
that of dense asphalt concrete wearing courses. Only then 
could the application of this new type of wearing course be 
ju tified. 

Many of the factors that must be taken into account in such 
cost-benefit analyse · have political connotations because pub
lic opinion can influence aspects of road safety, congestion 
prevention, and environmental pollution. 

The political dimension is especially relevant because the 
p tential benefits to road users in society, for in tance of fewer 
accidents mu ·t be compared to the increased expenditure 
incurred · by road managing authorities (government). 

In the Netherlands, the factors that are used as the basis 
for such cost-benefit assessments are structural properties (such 
as service life and mechanical strength), material costs, road 
safety considerations, traffic behavior (fewer traffic backups 
in wet conditions), maintenance costs, and noise aspects. 

Furthermore, efforts have been made to quantify the addi
tional expenditure associated with porous asphalt in relation 
to the potential cost savings. 
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METHODOLOGY 

Before taking into account the named factors, something must 
be said about the method used in the Netherlands to design 
roads, because the parameters used in this method must be 
quantified for porous asphalt. 

The design of highways in the Netherlands is largely based 
on semi-empirical methods (6). This implies that information 
about material characteristics and structural aspects is regu
larly updated in the light of practical experience obtained 
under realistic conditions. The various steps involved can be 
represented by the Deming quality circle, which is shown in 
its most complete form in Figure 1. 

Because much knowledge about the behavior of materials 
and construction is empirical by nature, the models used strictly 
only apply to existing materials. 

In the Netherlands, it is customary to use a multilayer elastic 
model for design analyses as proposed in the Shell Pavement 
Design Manual (7). Incorporation of the department's own 
research results and practical experience have made it possible 
to modify the model so as to enhance the accuracy of the 
predictions made (8). In view of the empirical nature of road 
engineering technology, it is essential to gain sufficient expe
rience with porous asphalt before meaningful conclusions can 
be drawn about its general suitability. Although experiments 
carried out on a laboratory scale can be used to generate the 
basic properties of materials, it is necessary to use test sections 
to confirm these findings under practical conditions. 

An integrated approach of this type is needed in order to 
provide a full description of the behavior of porous asphalt 
for modeling purposes. The factors relevant to such an anal
ysis are discussed individually in the following sections, after 
which a combined cost-benefit balance is presented. The greater 
part of the national road network in the Netherlands has an 
asphalt concrete wearing course with a base course con-

input 
parameters 
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structed from asphalt concrete, to which gravel has been added 
as aggregate (9). Most of the asphalt concrete road bases have 
been laid directly on the subgrade or on a sub base of unbound 
stone or cement-bound materials. 

Because porous asphalt has been proposed as an alternative 
to dense asphalt concrete, direct comparisons have been made 
between these two materials in the cost-benefit analysis. The 
specific composition of the dense asphalt concrete mix is shown 
in Table 1. 

CHARACTERISTICS OF POROUS ASPHALT 
MIXES 

Materials 

The porous asphalt mix currently being used in the Nether
lands is comparable to that gen rally empt yed in porous 
friction courses in the United States. However, whereas a 
layer thickness of approximately 50 mm is normal practice in 
the Ne Lherlands, 20 mm is standard in the United State: . The 
choice of 50 mm relates to the higher water storage capacity 
of the layer. For the climatological conditions in the Netb· 
erlands, this means that only in exceptional conditions, water 
will be on the surface of the porous asphalt wearing course. 

The precise composition and properties of the mix used in 
the Netherlands are given in Table 2. In view of the specific 
nature of the mixture and in particular, its high porosity , 
strict demands must be made towards the bonding between 
the bitumen and mineral aggregate. The crushed gravel aggre
gate u ed for this type asphalt in the Netherlands originates 
from either the Rhine or Maas. 

To improve the bonding of the bitumen, a limestone filler 
is added during the production process, which has a hydrated 
lime content of at least 25 percent. The formulation of the 

structural 
design design: 
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materials 
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...----~ contract 

materials 

plan 
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FIGURE 1 Quality circle for the production of asphalt concrete roads. 
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TABLE 1 COMPOSITION OF A DENSE ASPHALT CONCRETE 0/16 WEARING 
COURSE 

mass percentage 

on sieve desired 2) min. max. tolerance 
5) 

c 16 1) 0 2 ± 1. 0 

c 11. 2 5 25 ± 8.0 

c 5.6 30 55 ± 7.0 

2 mm 60 4) 57 63 ± 5.0 

63 µm 93 3) 92,5 * 94 ± 1. 0 

bitumen 

content (% m/m) 6.2 6.6 ± 0.4 

(on 100% mineral 

aggregate) 

1) Sieves according to IS0-565. 

2) Desired composition should lie between minimum and maximum 

values as specified in the Marshall procedure. 

3) Correction applied depending on the density of the filler 

4) All stone is crushed gravel. 

5) Accepted difference between individual road sample (cores) 

and desired composition. 

mixture has been standardized, such that Marshall tests can 
be used lo quantify the pore volume that is used as the si ngle 
design criterion (minimum value 20 percent) . ll shou lcl be 
noted that the porous asphalt mix i prepared with bitumen 
having an 0/100 penetration rating. Other mechanical prop· 
erties used to characterize this type of material are its rcsis· 
tance to deformation and stiffness modulus (E modulus) from 
dynami bending tests. Wheel tracking tests (10 have shown 
that the porous asphalt mix used in the Netherlands ha a 
good resistance to deformation (Figure 2), while the E
modu lu i known to be relatively high (only about 20 percent 
lower than dense asphalt concrete). 

It should be noted, however, that the fatigue and creep 
properties are difficult to interpret with current test methods. 
Because the mixture has an open stone structure, held together 
by a relatively small arnounl of mortar, it fail extr mely 
rapidly during creep tests (11), because of the lack of lateral 
restraint. Similar shortcoming prevent the result of long
term fatigue tests being used for design purposes as would be 
appropriate for dense asphalt concrete mixes. 

Processing and Application 

In the Netherlands, asphalt concrete is produced in batch mix
ing plants, which can be used in a relatively straightforward 
manner to handle porous asphalt. 

The different material characteristics require a stricter tem
perature control in the drying drum, wherea · ·ornc production 
losse are incurred as a result of the somewhat longer mixing 
times. Mechanized processing (Figure 3) is essential for porous 
asphalt because hand-laying gives poor result and therefore 
should be avoided. Compaction is best achieved by mean of 
static rollers. During this process, temperature control is crit
ical. Too high a temperature affects the viscosity of the mortar, 
leading to segregation and demixing. Too low a temperature, 
on the other hand, hampers the compaction. 

Laying and compaction temperatures should be between 
140°C and 170°C. Current estimates suggest that the material 
cost , including laying and compaction of porou asphalt are 
comparable to those of dense aspball concrete. To a ·sist with 
project management aspects, c ntract ·pecification have been 



TABLE 2 COMPOSITION OF POROUS ASPHALT 

mass percentage 

on sieve desired min. max. tolerance 

c 16 0 4 ± 1.0 

c 11. 2 15 30 ± 8.0 

c 8 50 65 ± 7.0 

c 5.6 70 85 ± 7.0 

2 mm 85 ± 4.0 

63 µ.m 3) 95.5 ± 1. 0 

bitumen 4) 4.5 ± 0.5 

content (% m/m) 

(on 100% mineral 

aggregate) 

1) Crusher sand only. 

2) Void content after laying and compaction: minimum 15.0%, 

maximum 25%. 

3) Limestone filler only. 

4) Penetration bitumen 80/100. 

deformation(%) 
25 

I 
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10 dense asphalt concrete 

A ~ . --

5 . ..... .. .. porous asphalt .. . . 
····· .. , .. 
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wheel passes (x 104
) 

FIGURE 2 Deformation characteristics of dense asphalt concrete and porous asphalt 
obtained from wheel tracking tests. 
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FIGURE 3 Laying porous asphalt with a paver. 

drawn up for the production and application of porous asphalt 
wearing courses (12). 

Structural Properties 

The impact of replacing a dense asphalt concrete wearing 
course with one of porous asphalt on the structural integrity 
of the pavement can be assessed using the Department of 
Public Works' standard multilayer elastic design analysis. 

Existing bituminous pavements are modeled with a dynamic 
E-modulus of 7 ,500 MN/m2 and specific fatigue characteristics 
depending on the material concerned (13). 

In the current model, it is assumed that the fatigue resis
tance of road pavements is determined by the lower part of 
the structure, which ignores the fact that, under certain cir
cumstances, fatigue cracks can also develop in the upper part 
of the structure (14). However, no evidence of such cracking 
has been found in any of the porous asphalt test sections 
examined to date. Studies have indicated that three specific 
aspects need to be addressed when considering the bearing 
capacity of porous asphalt. At first the effects of these aspects 
are discussed individually, afterwards they will be integrated. 

Initial Stiffness Modulus 

Fatigue tests have shown that the initial E-modulus of porous 
asphalt (E = 5,400 MN/m2

) is approximately 80 percent of 
that of dense asphalt concrete and about 70 percent of that 
of gravel asphalt concrete. 

By substituting the above data in the elastic design model, 
estimates have been made of the effective contribution of a 
porous asphalt wearing course to be bearing capacity of the 
pavement structure. The results are shown in Figure 4. It can 
be seen that the initial effective contribution is about 80 to 
90 percent of that attainable with gravel asphalt concrete, 
depending on the thickness of the structure. 

Aging and Stripping Characteristics 

As a result of the rather open structure of porous asphalt , 
the binder is likely to undergo accelerated aging because of 
oxidation, which in turn will considerably increase the stiffness 
of the material. On the other hand, water ingress will lead to 
stripping in the lower part of the surface layer, which will 
adversely affect the cohesive properties of the material, as 
well as the adhesion to the underlying base course, thus 
impairing the load transfer characteristics of the structure. 
Although no direct evidence has been forthcoming from prac
tical trials, suggesting that the actual performance is drasti
cally modified by such effects, it has been conservatively 
assumed that the adhesion to the underlying pavement is 
effectively reduced to zero at the end of the service life because 
of this stripping effect. 

Calculations performed with the BISAR program have shown 
that; under such circumstances, the effective bearing capacity 
of the debonded layer is reduced to between 2 and 10 percent 
of the original value. By applying Miner's modified linear 
damage law (15) over the service life of the wearing course 
(16), the weighted effective contribution can be estimated to 
be about 35 to 40 percent. 

Effect of Temperature on Dimensioning 

In view of the relatively open structure of porous asphalt , it 
is expected that the thermal characteristics of such wearing 
courses will differ significantly from those of conventional 
materials. 

It has been postulated that the suction and pumping action 
of tires passing over porous asphalt surfaces , coupled with 
wind motion, will promote a continuous circulation of air 
within the pores. Consequently, the temperature in porous 
asphalt wearing courses is likely to remain closer to the pre
vailing air temperature than with closed surfacing materials. 
This is especially important in the summer months, when the 
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FIGURE 4 Strains in full-depth gravel asphalt concrete pavements and comparable 
structures with 40-mm-thick porous asphalt wearing courses when subjected to a standard 
axle load of (100 kN). (E subgrade = 100 MPa.) 

temperature of dense asphalt concrete roads has been known 
to rise to 60°C. Under such conditions, the stiffness of the 
material decreases because of the visco-elastic nature of bitu
men. To investigate the extent of temperature differences 
between various surfacing materials, experiments have been 
carried out on instrumented test sections. 

Temperatures were measured through the thickness of asphalt 
concrete constructions both with newly laid and 8-year-old 
porous asphalt, as well as in similar constructions with a dense 
asphalt concrete wearing course. Dy taking continuous mea
surements witll specially installed gauges, it was possible to 
plot comparable temperature gracli.ent. . An example of the 
measW'ed temperature profiles is given in Figure 5. 

Analysis of the result , which were c llectecl over I year, 
including both summer and winter condition . has clearly 'l1own 
the significance of thermal insulation effect in wearing couc es. 
The weighted average temperature over a year was found to 
be al ut 1° lower in pavement · surfaced with porous asphalt 
than in comparable structure. with a dense asphalt concrete 
wearing course. Consequently, the stiffness of asphalt con
crete structures with porous asphalt wearing courses is less 
affected by warm weather. 

Compared with structures with dense asphalt concrete 
wearing courses, the relative stiffness of the structure effec
tively increases which reduces the strain in the lower part of 
the structure and therefore extend. the fatigue life. This menn 
that thinner construction can be used in order to achieve a 
given fatigue life as shown in Figure 6. 

Overall Effect on Structural Design 

The combined effect of the above-mentioned factors is illus
trated in Table 3, assuming an avernge temperature reduction 
of 1°C attainable with porous asphalt. It can be seen that 
depending on th thickne. of the tructure p rous asphalt 
can be expected to contribute about SO percent f the equiv
alent bearing capacity achievable with den ea phalt concrete 
(16). If good adhe. ion ca.11 be maintai11ed throughout the cr
vice life tbe effective contribution of a porous asphalt wearing 
course can amount to 100 to 110 percent of conventional 
systems. 

Effect of Temperature on Rutting 

The higher the prevai ling ambient temperature , the greater 
the impact temperature reduction in the wearing cour e arc 
likely to have on rutting. Unfortunate ly. it wa not po sible 
to quantify these effect fully under extreme summer tem
p rature (typically 50 to 60°C at the road urfacc) because 
of the unseasonably cool weather conditions during the period 
when the temperature profiles were being measured. 

Because the temperature differences between structures with 
porous asphalt and dense asphalt concrete wearing courses 
are expected to increase as a function of the ambient tem
pen1ture, struclllres with porous asphalt are likely to retain a 
far better resistance to rutting. Practical observations have 
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FIGURE 5 Differences in temperature of pavements with porous asphalt and dense 
a phalt concrete wearing cour c · as a function of the temperature of the standard 
structure. 
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FIGURE 6 Effect of temperature reductions on pavement design curves resulting from the 
use of porous asphalt wearing courses. (E subgrade = 100 MPa.) 



102 TRANSPORTATION RESEARCH RECORD 1265 

TABLE 3 DIFFERENCES IN EFFECTIVE CONTRIBUTION OF A 50 MM THICK 
POROUS ASPHALT WEARING COURSE TO THE BEARING CAPACITY OF A 
FLEXIBLE PAVEMENT AS A FUNCTION OF THE DIFFERENCE IN 
PROPERTIES RELATIVE TO DENSE ASPHALT CONCRETE 

Difference in bearing capacity expressed in 

mm gravel asphalt concrete for a 50 mm 

porous asphalt wearing course instead of 

dense asphalt concrete. 

total due to due to due to total 

thickness lower aging and lower con- effect 

of asphalt initial loss Of struction 

construction E-modulus adhesion temperature 

120 -10 

240 - 6 

360 - 4 

tended t confirm this hypol'he is in that hardly any evidence 
of rutting could be found on porous asphalt test section dur
ing a service life of 10 year where, under similru· circum-
tances, an average rut depth growth of 1.5 mm/year was 

measured on simil11r structures with conventional surfaces. 

Service life 

The service life f wearing courses is an extremely important 
factor to be considered when performing co t-benefit anal -
se . The experience gai11ed with test secti n f porous a phalt 
since 1972 i discussed at lengtb elsewhere (3) . 

Data have been collected from 11 test sections, with a total 
length of approximately 10 km, which were constructed at 
various locations in th etherland ·, particularly along 
extremely bu y motorways with traffic densities o( approxi
mately 60 000 vehicle per day. On the basi · of these trials , 
it can be concluded that the service life of porou asphalt 
wearing cour es under Dutch traffic and weather conditions 
is expected to be about 10 years, compared with a service life 
of approximately 12 years for dense asphalt concrete. 

The 0 hortcr maintenance cydes that :m: needed for porous 
asphalt are therefore a clear disadvantage. Subsequent eval
uation of the test sections ha revealed that the prevai ling 
damage mechanism i the loss of material that results when 
stones become separated from the pavement surface. 

Generally, the d teriorntion process takes place relatively 
slowly and does not have any ca ta ·trophic effects. Other types 
of damage such a rutting and cracking have not been observed. 

-22 +2 -30 

-24 +6 -24 

-25 +9 -20 

However, it should be noted that porous asphalt is sensitive 
to mechanical damage in the first year after installation. 

ROAD SAFETY ASPECTS 

The qualitative improvements in road afcty that can be pro
duced by using porous a phalt wearing courses have been 
known for some time. By eliminating continuous water films 
on the road surface, splash and sprny effects are reduced 
considerably, ensuring that road markings remain clearly vis
ible even in wet weather. 

Moreover, troublesome reflections can be avoided and the 
chance of aquaplaning eliminated (Figure 7). However, before 
cost-benefit analyses can be performed to assess the economic 
impact of such advantages, the financial savings resulting from 
fewer accidents need to be quantified. 

Much of the early Dutch research into porou asphalt focused 
on skid resistance properties. All the resul.ts collected to date 
clearly show that the skid resistance of pavements surfaced 
with porous asphalt satisfies the requirements laid down over 
the prescribed service life (Figure 8). In addition, it was found 
that the reduction in skid resistance on porous asphalt surfaces 
at higher speeds was far less marked than that observed on 
conventional wearing courses (17). Standardized measure
ment techniques are employed in the Netherlands to deter
mine the skid resi tance properties of pavements (18), involv
ing the use of a braked tire with 86 percent skid on a wet 
road surface. 
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FIGURE 7 Visual improvements stemming from the use of porous asphalt. 

friction factor (x 102), 86% slip, speed 50 km/h(-) and 70 km/h(---). 
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FIGURE 8 Typical example of the decrease in skid resistance of porous asphalt 
as a function of time. 
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This method allows practical situations lo be simulated and 
enables the coefficient of friction between tire and road to be 
measured under unfavorable conditions. The thickness of the 
water film on porous asphalt wearing courses is generally 
lower than that of dense asphalt concrete in view of the rel
atively open ·tructure of the former , which allows water to 
drai n away, a · ppo ed to the closed st ructure of the la tter. 
Nevertheless , kid resistance measurement made under the 

prescribed test conditions are considered to be valid because 
this closely reflects the actual conditions encountered on these 
types of wearing course. 

It is noted, however, that the values obtained for the dif
ferent materials are not strictly comparable in a scientific sense 
because of the different film thicknesses . 

Research conducted in the Netherlands into the relation
ship between skid resistance and accident rates (19) has shown 
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that increases in skid resistance tend reduce the number of 
traffic accidents in wet condition . To complete the picture , 
th effects of porous asphalt under dry circumstances should 
al o be given. Although porous a phalt wea ring cour e. have 
b en found t have u lower skid resistance than dense asphalt 
concrete surface under these co11ditio11s-as a re ·ult of the 
reduced contact area-hardly any difference in accident rates 
will occur. T hi is a resu lt of the cx trememly high levels of 
skid resistance obtained under dry conditio1 for botJ1 types 
of pavements. These results are in ace rda11ce with foreign 
re. t which have also sbown thal the braking di tanc required 
on porou a ·phalt wearing cou rses i longer than that needed 
on nonporous surfacing (20). 

Generally, skid resistance in only one of the factors that 
affects road afety. The other a pect outlined in the ope11ing 
paragraph of this section al o have a ·ignificant impact on the 
driving behavior of road u ers a11d hence on traffic afety. 

TRANSPORT A T!ON RESEA RCH RECORD 1265 

Accident statistics in the Netherlands show that the number 
of accident on wet road is 3.5 higher per million vehicle 
kilometers than n c.Jry roads. Drivers appa re ntly fail to adapt 
their driving behavior sufficiently t account for the;; hanged 
condition . 

Because no accurate data were available on road accidents 
on porous asphalt, the advantages of using chis type of\ earing 
cour ·e . hould be estima ted in another way. Given the hypoth
esis thar the perf rmance offered by porou a phalt wearing 
courses in wet condition \ ill be:: comparable to that f dense 
asphalt concrete surfacing in dry wea ther, it can be postulated 
that the accident rates should also be similar. On this hypo
thetical basis, the number of accidents that could be avoidc.:d 
with porous asphalt wearing courses can be determined and 
hence the potential financial benefits quantifi ed (21). An 
example of uch a calculation is given in Table 4. It should 
be noted that these figures represent the maximum savings 

TABLE 4 ESTIMATED SAVINGS FROM THE INCREASED TRAFFIC SAFETY 

total annual savings savings 
2 

length financial per km per m 

of savings 1) 

roads (guilders) (guilders) (guilders) 

(km) 

motorways 1825 44,101,20 24,165 ~ 1. OD 2) 

limited 486 10,112,70 20,808 ~ 2.30 3) 

access roads 

highways 490 8,416,20 17,176 ~ 2.15 

other nation- 1809 30,513,60 16,868 ~ 2.UU 

al roads 

all national 4610 93,143,70 20,204 ~ 1. 65 4) 

roads 

1) Based on the following average costs per accident: 

material damage only f 3,900 (~us $ 1,750) 

casualties involved f 39,000 c~us $ 17,500) 

2) Two traffic lanes with a hard shoulder (total width ~ 23 m). 

3) Single carriageway (width ~ 9 m). 

4) Weighted average. 
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achievable within the framework of the above hypothesis. On 
the other hand, no allowance has been made for the fact that 
drivers may compensate for wet (road) conditions. 

CAPACITY EFFECTS 

Most experts agrne that traffic conge lion builds up m re 
rapidly in wet weath r. This i only partially becau e more 
people tend to u. e their car under . uch circumstances. The 
major contributory factor affecting congestion is the signifi
cant reduction in tr:iffi capacity brought on by chang in 
driving behavior. Measurements have shown that on average, 
reductions in capacity of approximately 10 percent can be 
expected in wet weatlrnr (22). 

Because a large· number of roads in the etherland are 
used at full capacity during the ru h hour, the impact of such 
weather condition can be c nsiderab le. On the basis of the 
hypothesis outlined above, it may be assumed that porous 
asphalt will also reduce the number of backups, resulting in 
considerable benefits to society. 

Calculations have shown that backups cost the Dutch econ
omy about F 325 miJlion a year (23). A large proportion of 
these backups ccur at regular conge tion point because of 
overloading, with bad weather conditions being mainly 
responsible for difficulties at other parts of the network. It. 
has been calculated that approximately F 25 milli n ould be 
avcd in lo. t waiting time if porous asphalt wearing courses 

were installed on all national highways. Efforts are currently 
being made to quantify these benefits more precisely. 

ENVIRONMENT AL ASPECTS 

Noise Reduction 

It is now widely recognized that porou · a phalt i highly effec
tive in reducing no·ise levels on roads. Greater understanding 
of the potential offered by this materia l in the 1980s ha led 
to its more extensive use. The rapid increase in traffic density 
and growing concern for the environment in a densely pop
ulated country such as the Netherlands have meant that 
increa ·ing empha ·i is being placed on minimizing the impact 
of noise nui ance. 

Measurement performed in rhe Netherland have hown 
that by installing porous asphalt wearing courses, noise level.s 
can be reduced by approximately 3 dB(A) c mpared with 
more conventional dense asphalt concrete surfacing {24). These 
figures, which apply to pas enger cars traveling at speed 
exceeding 80 km/hr in dry condition$, strongly agree with 
findings publi hed in other countries (25 26). 

In order to tudy noise reduction aspecr in more detail in 
the Netherlands , special test section have been installed of 
varying composition and having dif~ rent layer thicknes es 
a illustrated in Table 5. 

No significant differences in noi e reduction have been 
observed within the group of p rous asphalt wearing conrses 
that have been tested (24) . In accordance with the regulation 
laid down in the Dutch Noise Nuisance Act, all the tests were 
performed on dry road surfaces (27). However it i recog
nized that noise reduction effect are generally more 
pronounced (up to about 8 dB(A)) in wet weather. 
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Measurements were made at speeds of more than 80 km/ 
hr, because, under these conditions, the noise produced between 
the tires and road surface tends to dominate. The differences 
in texture between porous asphalt and dense asphalt concrete 
not only bring about a reduction in noise levels on porous 
asphalt surfacing but also produce shifts in the noise spectrum. 
On the one hand, less noise is generated and on the other 
hand, more noise is absorbed because of the relatively open 
structure. 

It should be noted, however, that installing porous asphalt 
wearing courses can diminish the effectiveness of existing noise 
screens because of changes in the noise spectrum and the 
reduced noise levels . 

The suitability of porous asphalt as a noise-reducing mea
sure has been clearly demonstrated in an extensive series of 
trials. The benefits in relation to other provisions such as 
acoustic barriers can readily be quantified. Compared with 
the costs of noise screens, which are generally put at about 
F 800/m porous asphalt is seen as representing a competitive 
option. This reason alone has stimulated much interest in 
porous asphalt. 

More Environmental Aspects 

Apart Crom ariation in the noise transmission characteri ·tics 
of porou ·asphalt compare 1 with den asphalt concrete, there 
may al ·o be other differencei; between the two materials in 
terms of their environmental impact, such as: 

• The rate at which chemicals are removed from the asphalt 
by leaching, 

• The formation of abrasion products from tires and the 
road surface, because of changes in the coefficient of friction, 

• The amount of exhaust fumes emitted per kilometer 
traveled, and 

• Changes in the water/dirt balance of the road. 

Differences of this type could affect the amount of pollution 
produced by road traffic, but are as yet not well defined. In 
view of the importance of such matters, this subject is 
currently receiving further attention. 

ROLLING RESISTANCE 

A number of report · appearing in foreign publications indi
cate that the rolling resistance of vehicles on porou. a phall 
wearing course i relatively low. To what ext nt this infor
mation is relevant in the conte>.1 of highway con ·truction 
depends heavily, of course, on the reference materials u ed 
in such studies. In the Netherlands, tests have sh wn that 
under dry conditions, the rolling resistance on porous asphalt 
surfaces tends to be slightly higher than that on dense asphalt 
concrete (28) . 

However, in view of the extremely small differences observed, 
considerably more tests would need to be conducted to quan
tify the. e effects more precisely. It is expected that in wet 
weather, the results of a ·imi lar study would be reversed. 
Because the overall variation are likely to be mall and com
parable information is not available for other road surfaces 
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TABLE 5 PARAMETRIC VARIATIONS IN TEST SECTIONS USED FOR 
MEASURING NOISE REDUCTION CHARACTERISTICS 

test type of asphalt max stone thickness binder L 
A, max 

sections size 3) (cm) 
(dB(A)) 

(mm) 
4) 

1 porous asphalt 11 4 1) 73,8 

2 porous asphalt 11 6 1) 74,2 

3 porous asphalt 11 4 2) 75,9 

4 porous asphalt 11 6 2) 74,9 

5 porous asphalt 16 4 1) 75,2 

6 porous asphalt 16 6 1) 76,0 

7 dense asphalt 16 4 1) 77,7 

concrete 

1) Penetration bitumen 80/100. 

2) Rubber modified bitumen. 

3) Maximum sieve size c 11.2 

and c 16 respectively. 

4) A weighted maximum noise level, passenger cars. 

<v = loo km/hl 

such as cement concrete or surface dressings, it has been 
decided not to proceed with this type of research at present. 

DEALING WITH ICY ROADS IN WINTER 

Icy road are a recurrent problem in the Netherland during 
the winter months. o ameliorate the ·e conditio11s, salting 
operations are carried out <ts and when required. Under such 
circumstances, a porous asphalt wearing course is likely to 
behave differently. 

Measurements have sbown that the temperatur of a porou 
aspha lt wearing cour e will remai11 below 0°C longer than that 
of dense asphal t concrete urfacing. As a re ult , problem 
with ice on porou · aspbalt surfaces ar likely to deve lop sooner 
and last longer than on conventional road . An electronic 
monitoring system is being installed along the main road net
work in the Netherland . . Thi will allow road managers to 
anticipa te the onset of dangerous condition at an early stage 
and hence take appropriate acti on. 

T he relatively open structure of porou asphalt wearing 
c ur es al o needs to be considered when planning salting 
operations because part of the sall will di appear immediately 
i.nto the interstitial void . This will be furth •r exacerbated by 

om of the ·alt being rem ved from the surface by melting 
ice. A a result, the re idence time of sa'lt on porous a phalt 
wenring cour e i relatively short compared with that 
attributed to surfacing materials with a closed structure. 

experience has shown that special attention needs to be 
given to tran ition between porous asphalt and dense asphalt 
concrete a little alt Lran port take place at these point 
because of pas ing traffic. LI has been hown , for instance, 
tbat by increasing the frequ ncy of salting operation and by 
using wet rather than dry alt, uch difficultie. can be over
come. Using more salt, of course, has negative environmental 
effects. 

The introductin of revised salting cheuules of this type has 
meant that road managing authorities now report few, if any 
differences in behavior between the two type of wearing 
course . .. 1oreover, few difficulties have been encountered to 

date with snowfalls because this form of precipitation is 
relatively infrequent in the Netherlands. 

Although evidence of differences in performance has been 
reported in other countries (e.g. 29, 30), no negative conse
quences have been attributed to such variations. On balance 
in The Netherlands , porous asphalt wearing courses are there
fore considered to be as safe as dense asphalt concrete sur-
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facing during the winter period, provided that timely measures 
are taken to compensate for the differences in behavior. 

ROAD MAINTENANCE 

It is accepted practice for road managers to distinguish between 
maintenance work during the service life of a road and the 
major repairs required at the end of its service life. Experience 
has shown that minor repairs can be carried out to porous 
asphalt using conventional means, provided that care is taken 
to preserve the inherent drainage characteristics. 

Two specific issues remain to be addressed concerning the 
major repair work required after the service life of a wearing 
course has expired. The first concerns how best to apply a 
new wearing course . The approach currently favored is to mill 
away the old porous asphalt layer and apply a new wearing 
course, where necessary in combination with an strengthening 
layer. 

Tests have been performed with in situ techniques such as 
repaving (31) and remixing, but further work will be required 
to improve the results obtained before such methods could 
be recommended. 

The second issue related to major repair work concerns the 
monitoring operations that are carried out to determine whether 
highway maintenance work needs to be performed. Semi
empirical methods have been developed for conventional 
pavement structures and mixtures, which allow such decisions 
to be made. Typically, this involves measuring the bearing 
capacity of a pavement using a falling-weight deflectometer 
and combining this with the results of visual inspections for 
cracks. However, because cracks in porous asphalt are less 
visible, it is more difficult to assess the maintenance require
ments from such observations and determine the residual life 
of the pavement structure. 

COST-BENEFIT ANALYSIS 

In the preceding sections, a number of characteristics prop
erties of porous asphalt have been identified, which differ 
significantly from those of dense asphalt concrete. By trans
lating these inherent differences into financial terms , the 
potential benefits in favor of porou · a phalt can be a ses eel 
in light of th additional costs involved. Becau ·e the effective 
contribution of porou asphalt to the bearing capacity of t11e 
pavement structure is 50 percent of that of conventional wear
ing courses, an extra 25 mm asphalt base course is required, 
when applying porous asphalt in a thickness of 50 mm. 

The shorter maintenance cycles predicted for this type of 
surfacing will also add extra costs, as shown in Table 6. On 
an annual basis, it is expected that porous asphalt will be 
about F l.50/m2 more expensive to maintain than dense asphalt 
concrete. However, with the advent of cheaper maintenance 
techniques, it is thought that an annual cost differential of 
approximately F l.OO/m2 will be achievable in the future. 

These figures, which refer to global estimates for the net
work as a whole, will, of course, vary from project to project 
and depend on the construction and maintenance strategies 
employed (32). 

The maximum benefits that are likely to accrue from install
ing porous asphalt wearing courses by virtue of increased 
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traffic safety are shown in Table 4. On the conservative 
assumption that only half these benefits are realized, about 
F 50 million per year would be saved. The potential benefits 
from reductions in traffic congestion have been estimated to 
be approximately F 25 million per year, as summarized in 
Table 7. 

It should be noted that no account has been taken of the 
extra costs that would be incurred for salting operations in 
winter. Although the additional expenditure for salting porous 
asphalt roads is currently estimated to be about 1.5 times that 
required for conventional surfaces, the lack of accurate data 
to substantiate this figure, coupled with the fact that these 
costs are generally insignificant in relation to the overall level 
of expenditure, have led to this aspect not being included at 
this stage. Further studies will be required to investigate whether 
these costs can be reduced . 

Other factors not included in the cost-benefit analysis .are 
the noise reduction capabilities of porous asphalt and the 
rolling resistance. This stems from the fact that porous asphalt 
is already considered to be an economically sound method of 
minimizing noise nuisance on specific locations where this 
property is of no importance to other locations, while the 
differences in rolling resistance were found to be insignificant. 

POLICY IMPLICATIONS 

On the basis of the cost-benefit analysis just described, the 
Dutch Department of Public Works has decided that porous 
asphalt wearing courses shall preferably be applied 

•On busy motorways (with an average of more than 35,000 
motor vehicles per day), 

• On limited-access roads and highways prohibited to slow 
moving traffic, 

• At discontinuities such as superelevations and so forth 
where excess surface water may cause difficulties, and 

•On roads with a recognized noise nuisance problem. 

Wherever possible, porous asphalt wearing courses should 
only be installed as part of normal maintenance activities. To 
maximize the effective use of capital, structures not needing 
major repairs should not be treated in this way. It has also 
been decided to apply porous asphalt only on stretches of 
road of at least 3 to 5 km, because the degree of variation on 
shorter sections could impair road safety. As a consequence 
of this policy, porous asphalt wearing courses will be applied 
on about 100 km of motorway a year. 

RECOMMEND A TIO NS FOR FURTHER 
RESEARCH 

In order to be able to perform a more detailed cost-benefit 
amilysi regarding the merits of por us a phah. a number of 
questions must sti ll be ans~ cred. The co. ts of appropriate 
maintenance techniques mu. t be established and assessments 
made about the effect of differences in the monitoring pro
cedures. In addition, studies should be carried out to identify 
methods for extending the service life of porous asphalt with
out detracting from its advantages. Studies will be conducted 
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TABLE 6 EXAMPLE OF NONCAPITALIZED MAINTENANCE COSTS FOR 
ROADS WITH POROUS ASPHALT WEARING COURSES COMPARED WITH 
THOSE SURFACED WITH DENSE ASPHALT CONCRETE 

dense asphalt porous asphalt 

concrete wearing 

course (d.a.c.) 

year maintenance costs year maintenance costs 
2 2 

provision fl/m provision fl/m 

0 strengthening 12.50 0 strengthening with 5. -

with 0.05 cm 0.025 m g.a.c. 1) 

d.a.c. overlay with 0.05 m 

porous asphalt 9. -

12 strengthening 12 . 50 9 milling away 0.05 m 4.-

with 0.05 m porous asphalt 

d.a.c. strengthening with 

0.05 m g.a.c. overlay 10.-

with 0.05 m porous 9. -

asphalt 

24 as in year 12 18 as in year 9 

maintenance costs 1 . 05 maintenance costs per year 2.55 

per year 

1) Gravel asphalt concrete . 

into the possible use of different aggregates, adhesion agents, 
fibers , and modified binders. 

The potential for recycling should also be considered in this 
con text. The b nefits of using porous asphalt should be quan
tified more fu lly by carrying ou t ystematic research into r ad 
safety . A prerequi ite for such an investigation is the acility 
to monitor sect i n · of road long enough to all w accidents to 
be registered effectively. In order to provide a firm basis for 
assessing the effects porous asphalt has on the capacity of 
road . meCJsuring gauges have been incorp rated int porous 
asphalt wearing courses and reference section .. Finally, fur
ther research i needed to quantif the dra inage and noi. e
r duction characteristic of poroui. asphalt as a func tion of 
time, with particular reference to the effects of dirt accu
mulation. Studies into the environmental impact of porous 
asphalt wearing courses are already in progress . 

CONCLUSIONS 

The results of extensive scientific research , coupled with many 
years of practical experience, have made it possible to give a 

sound justification for using porous asphalt wearing courses 
on motorways. A cost-benefit analysis based on this infor
mation has allowed particular categories of road to be iden
tified where preference should be given to the installation of 
porous asphalt surfacing. Further research is planned to verify 
a number of hypotheses on which the analysis has been based . 

The conclusions contained in this paper are only strictly 
valid for the type of porous asphalt mix used in the Nether
lands and for the circumstances pertaining in this country . 
Changes in these conditions could affect the applicability of 
these findings . 
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TABLE 7 SUMMARY OF ESTIMATED EXTRA COSTS AND SAVINGS FROM USE 
OF POROUS ASPHALT RATHER THAN DENSE ASPHALT CONCRETE WEARING 
COURSES 

annual costs annual savings 

increased costs traffic traffic 

of porous safety capacity 

asphalt 

(guilders) (guilders) (guilders) 

6 6 6 
national road llOxlO 50xl0 25x10 

network 
2 

(ca. 90 km ) 
6 6 6 

motorways 72xl0 24x10 15 a 2ox10 
2 

(ca. 60 km ) 
6 6 6 

other roads 36Xl0 26x10 5 a lOxlO 
2 

(ca. 30 km ) 

6 6 6 
motorways with 22Xl0 9xl0 5 a lOxlO 

more than 35,000 

vehicles/day 
2 

(ca. 18 km ) 

* savings due to noise reduction not included 

** savings due to winter maintenance not included 

Construction who reported on "asphaltic concrete wearing 
courses with modified surface structures" and on "porous 
asphalt" respectively . 
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