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1 Introduction 

Historica1 background 

After ten years experience - involving more than 300 projects -of the system of qual- 
ity control introduced in 1968 and associated with reduced-payment clauses, the 
State Road Laboratory has more recently developed an almost entirely statistical 
method. 
The system which still exists at present is described in a detailed publication by Van 
de Fliert and Brouwers in the July-August 1968 issue of ‘Wegen’[l]. 
That article also outlines the historica1 background in this area. Developments since 
1960 can be briefly summarized as follows. 

In the years 1960 to 1965 the Sirst steps were taken towards the introduction of a 
general method of quality control for the carriageway pavements laid in a numher 
of large bighway projects; this ultimately led to an appropriate system which was 
accepted both by the public authorities and by the contractors’ organizations. 
On the basis of the large volume of data amassed over the years, contract specifica- 
tions involving reduced-payment clauses were experimentally introduced for some 
projects in 1966. The clauses and specifications were completed in the next two years. 
The final version was then adopted in 1968. 

At the time these developments were encouraged by a lack of sufficiently qualified, 
supervisory staff in the directorate and, above all, by the increasing mechanization 
and automation of construction work together with the growth in the scale of most 
projects. 
Both the puhlic authorities and the contractors gradually reached the conclusion 
that it was no longer acceptable to apply unilateral quality control under the sole 
responsibility of the directorate and normally based on analysis of a relatively smal1 
number of samples generally taken by a selective method. This method was found to 
he outdated and in need of fundamental change. 

Tbe clauses incorporated in the contract specifications s ine  1968 were adjusted in 
points of detail in 1972 and 1975 following a review of the general criteria and test 
methods for materials, mixes and surfaces. They have thus undergone no basic change 
since 1968. However, in recent years an alternative system has been developed, based 
on statistical principles and on the extensive experience of sample-taking and testing 
acquired over the past ten years. 



Consultation between the directorate and contractors I 

Before the definitivz system of quality control with reduced-payment clauses was 
introduced in 1968, consultation took place between the Puhlic Works Department 
(State Road Laboratory) and a committee ofexpert representatives of the contractors. 
These consultations were intensified in the seventies when the ‘Specifications for con- 
struction and control of road pavements’ (VUCW) and the detailed ‘Recommenda- 
tions for productioa control in road building’ (ABCW) were compiled; these texts 
were published in 1975. The VUCW were revised in 1977-78, again in close consulta- 
tion between the public authorities and contractors’ organizations, and published as 
the VUCW 1978. 

A favourable situation obtains in the Netherlands in that the State Road Laboratory 
(RWL) is a central, public body with responsibility, in the road building sector, for 
compiling the criteria for materials and working methods, for the structural design 
of highways and the composition of the mixes used, for qnality control specifications 
aiid for the performance of quality control in the case of state highways. This central 
rok has led to a high degree of uniformity in the specifications applicable in tbe 
Netherlands and also to effective consultation with the representative committee of 
the contractors’ organizations. 
The system of quality control which has been applied in the past ten years has been 
accepted in broad outline by the Netherlands contractors’ organization and recog- 
nized as reasonable, cquitable and effective in maintaining the desired quality level. 
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2 Non-statistical system (1968-1978) I 

General principles 

The system is based on a clear distinction between daily production control under the 
responsibility of the contractor on the one hand, and limited acceptance control by 
the directorate on completion of the works on the other. To ensure good mix charac- 
teristics, the contract specification stipulates that the contractor must effect prelim- 
inary studies to determine the thickness (and the requisite cement content) of the sand- 
cement roadbase, and also the composition and Marshall stability of the asphalt 
mixes (mix design). 
The results of these preliminary studies are compared with the results of similar inves- 
tigations conducted by RWL. 
In this way specific agreements are reached between the directorate and the contractor 
on the design and characteristics of the mixes before the actual work begins. 
In principle the method of implementation is thus the main determining factor as 
regards the staudard of quality of the pavement layers. 

Production control by the contractor 

The specification stipulates that the contractor must effect thorough daily controls 
of the composition and characteristics of the mixes; these controls are governed hy 
the Same provisions as the acceptance control. 
The contractor must therefore have a well-equipped site lahoratory at bis disposal 
with qualified personnel. 
For major works in particular, the contractors regularly use statistical methods to 
control production quality; control cards are utilized for this purpose. On the hasis 
of the data obtained in this way it is possible to control the procedures for mixing, 
compacting and processing the road building materials. 

Acceptance control by the directorate 

Quality control in respect of road building in the Netherlands relates in the first in- 
stance to the following main characteristics: 
- layer thickness ; 
- bitumen content of the various types of asphaltic concrete; 
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~ void content of asphaltic concrete and degree of compaction of sand asphalt ; 
- compressive strength of sand cement. 

In the past 15 years no cement concrete pavements have been laid on trnnk roads 
in the Netherlands road network. Should pavements of this kind be applied in the 
future a system of quality control similar to that now used for asphalt pavements 
would have to be developed for concrete road surfaces. 

Under the system in use since 1968 one sample is taken per 2000 mz asphalt pavement; 
this sample consists of two cores with a diameter of abont 100 mm drilled out of the 
completed pavement. If analysis of the characteristics listed ahove shows the qnality 

Table 1 Table of penalties* 

layer rhickness penaliies per 2000 m2 - in guilders 
~~ 

shortfall on thickness roadhase: basecourses of 
0.15 m sand cement or 
0.12 m sand asphalt 

0.06 m bitumen-bound 
gravel (per course) 

basecourse or wearing 
course of 0.04 m asphalt- 
ic concrete 

~ - I- 5mm 
6-10 mm 
11-15mm - 2000 
16-20 mm 1000 4000 
21-25 mm 2000 6000 
etc. etc. etc. 

- - 
- 
2000 

6000 
8000 
etc. 

4000 

compressive srrengrh: sand cemeni birumen confeni: usphaliic voids: asphuliic concrete 
eoncrele 

strength too Iow** penalty per bitumen penalty per voids toohigh penalty per 
2000 m2 in content too 2000 m 2  in 2000 l n 2  1n 
guilders low guilders guildcrs 

- 1% O.I-OSMN/m’ 1000 0.14.2% - 
0.6-I.OMN/m2 2000 0.3-0.4*0 1000 2% 1000 
I.I-I.5MN/m2 3000 0.5-0.6% 2000 3% 2000 
I.6-2.0MN/m1 4000 0.7-0.8% 3000 4% 3000 
2.1-2.5MN/mZ 5000 0.8-0.9% 4000 5% 4000 
etc. etc. etc. etc. etc. etc. 

* The amounts quoted in this table were applicable for the years 1974-1977. At the beginning of 1978 
most of the penalties were increased hy 50%. 

Strength shortfall with reference to the criterion of at least 1.0 MN/m’ applicable for the period 1972- 
1911. At the beginning of 1978 this requirement was reduced to 1.5 MN/mZ. 

** 
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to he inadequate, financial penalties are imposed. These penalties are determined hy 
the mean result for the two core samples. As a function of the gravity of the deviation 
from the required values, the flat-rate penalty ranges in practice from 1,000 to 10,000 
guilders per sample of 2000 mz and per characteristic of a given layer, e.g. compres- 
sive strengîh of the sand cement roadbase or voids of the asphaltic concrete surfac- 
ing. (See Table 1.) 
The system employed up to now is clearly not a genuine statistical system in the 
strict sense of the term since it is based on determination oî the quality of individual 
samples and on penalties fixed in the light of the analysis results. In practice, however 
the number of samples is normally so large (e.g. 50 for a controlled surface area of 
100,000 mZ) that we have in effect a non-selective random sample capable of giving 
sufficient information on the qnality of the work in its entirety. The results of analysis 
and their statistical processing lead 10 the same conclusion: in most cases the number 
of insatisfactory samples-i.e. in excess of the penalty limit-expressed as a percentage 
of the total number of samples is roughly the same as the number calculated theoret- 
ically from the mean and the standard deviation. In addition, the system implies that 
2% of the total number of samples may show results which fail to meet the specified 
criteria without giving rise to penalties. On the other hand higher percentage devia- 
tions do automatically result in penalties. 

In this context it is important to note that the conclusion as to whether the work as 
a whole is ‘good’ or ‘bad does not depend on just one characteristic of one component 
part of the road construction; each project is assessed in the light of the test results 
for at least 3 or 4 characteristics: 
layer thickness, strength of the sand cement (where this is used), and the density and 
bitumen content of asphalt mixes. In addition the tests always relate to at least 3 or 4 
different layers: sand cement (15-40 cm) or sand asphalt (10-12), bitumen -hound grav- 
el (12-24 cm), open-textured asphaltic concrete (4-8 cm) and dense asphaltic concrete 
(4 cm) - see Table 2. 

To sum up, the overall system is thus a combination of in general some 10 different 
sub-systems of quality control. 
In asense the ‘risks’ are thus spread over the entire construction. For example, if a 
penalty of 1% must he imposed hecause of insufficient strength of the sand cement 
while no other penaities are chdrged in respect of the other characteristics and layers, 
the total penalty wil1 be limited to ahout 0.2% of the overall value of the construction 
project. If on the other hand the overall penalty for a particular project is high, it 
may safely he concluded that the quality standard of the project as a whole is low. 

Acceptance control definitely does not make routine site supervision by the direc- 
torate superfluous - quite the contrary. 
Acceptance control (hy RWL) on completion of the works relates only to certain spe- 
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ciflc (though essential) aspects of the construction work which are in any case only 
tested on a random sample basis. Careful supervisiou by the local directorate (which 
also supervises and takes regular note of the results of the contractor’s quality control) 
can reveal, or better still prevenl, extreme - and also incidental - faults. If the results 
are unsatisfactory the contractor himself must take direct action and the directorate 
wil1 also ask for shortcomings to be remedied. 

Results 

The principal results obtained in quality control of more than 300 projects since 
1968 are summarized in Tables 2 and 3. 
These projects involved areas of at least 50,000 m’, generally between 100,000 and 

Table 2 Test results 

property material overall mean specifica- t 6 quality quaiity 
mean standard tion or number number 

( - f l )  F(-o) IimitR 
value x’ deviation penalty QdC Q 

comvressive 
strength 
MNIml sand cement 6.0 2.3 2.0 1,74 4.0 12.6 1,40 

relative 
density (Mar- 
shalltest), sand asphalt 98.0 2.0 94.5 1.75 4,O 1,36 I ,40 

voids, % bitumen-bound 
(ViV gravel 5.9 1.8 .9.5 2,OO 2.3 1,60 

open-textured 
asphaltic con- 
crete 4.7 1.9 8.5 2,OO 2,3 1,60 1,60 
dense asphaltic 
concrete 3.1 1.65 7.0 2,OO 2,3 1,60 

bitumen con- bitumen-bound 
tent, % (m/m) gravel 5.0 0.32 5.0f0.75 2,34 1,0 1.65 

open-textured 
asphaltio oon- 
crete 5.5 0.31 5.5f0.75 2,34 1,0 1,65 1,60 
dense asphaltic 
concrete 6.5 0.29 6.5t0.75 2,24 1,25 1,57 

6.5-0.65 
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properiy material overall mean spccifica- t 6 quality quality 
mean standard tion or numher numher 

(-,i) .?(-<i) IümitR 
vdue ,?' deviation penalty Q,,,, Q 

~~ ~~~~~~ ~~ ~ ~ ~~~~~~ ~~~ ~~~ ~~ ~~~ ~ 
~ ~ ~~~ ~~~~~~ ~ 

layer thick- 
ness, mm sand ccmcnt 150 17 I20 1.40 

sand asphalt lZO(130) 18 100 

open-textured 
asphaltic con- 
crete 40 (43) 8 30 

dcnse asphaltic 
concrcte 40(43) 6 33 1,40 

total asphaltic 
concrete i120 
mm bitumen- 
hound gravel, 
40 mm npen- 
tcxrured as- 
phaltic concrete, 
40 mm dense 
asphaltic con- 
crete) 200(216) 20 180 I ,40 

.. 

. ~ ~. - -~ 

The layer thicknesses indicated in the 3rd column are nominal vahes, spccified as minimum thickncsses. 
in the case of asphalt mixcs, prescrihed quantitics must he processed: 20 kglm' and 25 k d m i  per 10 mm 
nominal thickncss for sand asphalt and al1 types ofasphaltic concrete respcctivcly. The processed quantities 
arc ineasiired hy weighhridge and charged up to this maximum. 
Since the normal mem degrees of compaction of sand asphalt and asphaltic concrcte are approximately 
1850 kg/m' and 2300 kg/in3 respectively. an extra 'safety margin' of ahoiit 8% is included for each asphalt 
layer in order to cnsurc the presence of minimum (iiominal) thicknesses tliroiighout; the mean effective 
thickncsses are shown in brackets in thc tablc. 
The bitumen content Y B I U ~ S  in the 3rd column are also spccified as prescrihed nomina1 vahes. 

200,000 m2 and sometimes even more. The majority of projects thus had a length of 
10-20 km with an average carriageway width of about 10 m. 
The overall average values for ff (p) and the mean standard deviations f(u) shown in 
the second and third columns of Table 2 were calculated as follows. 
The random sample average (2) and the (estimated) standard deviation (s) were deter- 
mined for each project and each characteristic. 
Using the values for r a n d  s, the mean value of the random sample averages (3 and 
the inean standard deviation (3) were then calculated for each characteristic. 
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Where the construction work is performed to a proper standard and sufficient care 
is taken over quality control, the completed works meet the specified criteria and 
there are few, if any, penalties. 

Table 3 Level of penalties with reference to number of controlled projects (1968.1975) 

penalties not higher than guilders/t asphalt 

o 9 
0.1 35 
0.2 54 

0.4 77 

1 .o 91 
2.0 96 
3.0 48 
4.0 99 
5.0 100 

Current average Dost per ton of asphalt in the Netherlands: approx. 50 guilders (approx. $25). 

number of projects % (cumulative) 

I 0.3 67 

0,5 a0 
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3 Statistica1 system 

General 

The syste’m of quality control for asphalt pavements used up to now is, as we have 
seen, based largely on determination of the quality of individual cylindrical samples 
extracted by drilling from the completed pavement; the penalty is always related ex- 
clusively to the results of the tests carried out on these cylindrical samples. 
This essentially traditional method of quality control has certain drawbacks. 
Information which has become available in the past ten years or so (as in other tech- 
nical sectors) shows that these drawbacks can he overcome by applying statistical 
methods. 
In a statistical quality control system, interpretation of test rzsults on the basis of 
mean values and standard deviations replaces the analysis of individual samples. 
The possibility of switching over to a fully statistical system was already discussed 
in the article by Van de Fliert and Brouwers (1968) referred to above; the principle 
referred to by them of relating the penalty level to tbe statistical excess percentage 
can also be considered as the basis of the new system which was described in detail 
in an earlier publication [SI. 

Testing system 

Rational quality control must meet the following requirements: 
a. The testing system must be such that acceptable works do not normally incur pen- 
alties while a penalty of any importance is only imposed on them in exceptional cases 
(producer’s risk). On the other hand the testing system must be designed in such a 
way that ‘bad’ works do normally incur substantial penalties; this is very important, 
if only indirectly, as a preventive measure to encourage good quality control. 
b.  Because the quality of the works is determined on the basis of the results obtained 
by means of a non-selective random sample of limited size, ‘chance’ wil1 have a rela- 
tively large influence on the results. 
In others words the magnitude of the random sample average (x), and that of the 
standard deviation (s), are influenced by chance. The testing system must allow for 
such accidental deviations. 

The term ‘testing against variables’ is used when the acceptance or rejection of a 
batch of products or the imposition of a penalty on the contract sum for a particular 
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project depend on variabies such as the mean (Z) and standard deviation (s) of obser- 
vations on a random sample taken from the batch or on core samples drilled from 
an asphalt pavement. 
The aim is thus to keep the mean and standard deviation under control. A system of 
this kind has now been chosen for acceptace control of asphalt pavements and sand 
cement roadbases. In addition to the two parameters Zand s, in testing these pave- 
ments and roadbases against measurable characteristics such as the voids content of 
asphaltic concrete and the compressive strength of sand cement, two further values 
must he known: 
- a limit value or penalty limit R below or above which a particular ineasurable 
characteristic must be defined as functionally ’bad’: 
- the uncertainty percentage wbich is still just acceptable; a value frequently encoun- 
tered in industrial practice is 8%. 

As mentioned above, the testing system must he designed in such a way that penalties 
may only occur in exceptional cases for acceptable works; a figure of 0,OS is often 
taken for this ‘producer’s risk’  in other words a likelihood of approval (of, expressed 
differently, no imposed penalty) of 98%. 
The following system is now wed: the physical characteristic to be investigated is 
measured on a non-selective random sample of the prescribed size n. From the n 
results obtained both the mean 

and standard deviation 

are determined. 
With the aid of these results, the testing parameter 

R,,, - X IR . -i\ ___.- or mili_- 
S S 

is calculated, depending on whether the penalty limit R is a maximum or minimum 
value. In one instance, namely determination of the bitumen content, where there is 
both a lower and an upper limit, both testing parameters must he determined. 
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If the testing parameter is greater than or equal to a constant Q (quality index) no 
penalty is applied to the contract sum in respect of the characteristic concerned. 
If the criterion is not met, a penalty is imposed; its magnitude is dependent on the 
level of the result of the testing parameter; Q is a constant whose magnitude is depen- 
dent on the size of the random sample and on the uncertainty percentage which is 
still just considered permissible, as wel1 as on the prohability of approval (or proha- 
bility of no penalty) applicable for example to a batch of products which is still just 
acceptahle (in practice often 95%). 

The Q values wil1 be cdicuiated with the aid of the following simple formulae deter- 
mined by Stange 121 : 

in which = 5-valne applicable to the maximum permissible error percentage (6) or 
the maximum permissible percentage of ‘bad‘ material. 
5 ,  _ a  = value applicable to the probability of approval or probability of no penalty 
forabatchwiththemaximum permissible percentage of ‘bad‘ material; CI is the thresh- 
old of unreliability; in practice a value of 0.05 is generally used in which case the 
probability of approval is 95% (n is the size of the random sample). 
The percentages associated with the 5 values wil1 he found in tabular form in standard 
hooks on statistics (see [3], page 43). 
If 5 is negative, the table shows the fraction of observations smaller than R and if 4: 
is positive, the fraction of observations greater than R .  
The formula for the testing parameters coincides wel1 with the formula by which the 
percentage of observations in a normally distributed population which is smaller or 
larger than a given R value, is determined, i.e. 

The difference now is that the mean p and standard deviation u of the population are 
replaced by the mean n and standard deviation s of the random sample. 
If a number n of cylindrical random samples are taken non-selectively from the same 
asphalt pavement, we shall naturally End, for the mean X and standard deviation s 
of e.g. the asphaltic biiumen content, values which not only differ among themselves 
hut also depart in a more or less random manner from the ‘true’mean bitumen content 
p and tbe ‘true’ standard deviation u.  
As we have aireddy seeu, account must be taken of the influence of these random 
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deviations on the criteria concerned; this is done by using Stange's formulae referred 
to above for determination of the Q values. 
However, these criteria can in theory oiily be applied if the random samples are taken 
from populations with normal or practically normal dislrihution. 
A population with a distribution which departs significantly from that of a normally 
distributed population while still having the same mean (p) and standard deviation (a) 
wil1 have an uncertainty percentage which differs from the latter distribution. This 
may he a drawback for application of the criteria referred to above since the criteria 
concerned may become 'blurred' ~ with inevitable consequences for quality control. 
Research carried out hy the American industry has, however, shown that there are 
seldom wide differenccs in uncertainty percentages between these distributions. 
Therefore in the overwhelming majority of cases the error made in applying these 
criteria to populations which deviate in varying degrees from the normal distrihution 
wil1 not he important [4], Figure 2 shows as examples four histograms for different 
characteristics of layers of works chosen at random. I t  is apparent that the deviations 
from the normal distribution remain within reasonable limits. 

frequency, % 

Al 

1 

bitumsn bound gravel - laver thickness, mm Open textured asphaitic concrete - bitumsn, % 

''lfrequency, 00 
frsquency, % 

apen textured asphaltic concrste - voids, % 

Figurc 2. 

rand cement - compressive strength, mnlm2 

Histogram for ccrtain ChdraCk!riSliCS of pnvement layers cliasen at random 
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By using the criteria defined ahove we have ohtained a test procedure in which 
‘batches’ (in this case pavement layers) which have identical uncertainty percentages 
but differ in terms of mean and standard deviation, have the same prohahility of 
approval (or of avoiding penalty imposition) (Fig. 3); this is very important in the road 
building sector where the asphalt mix production, among other factors, may differ 
widely from one contractor to another. 

A Pi IJ1 

Figure 3. Two production processes which differ in terms of mean values and standard 
deviatians but give the Same percentage defectives. 

Size of random sample 

The size of the random samples chosen for statistical quality control of the various 
characteristics of asphalt pavements and sand cement roadhases is shown in Table 4 
with reference to pavement area in mz. 

To ensurereasonably good differentiation between ‘good’ and ‘bad’ works, the random 
sample size per lot is set at 40 samples to determine the quality of the various charac- 
teristics of asphalt pavements and sand cement roadhases. Partly because determina- 
tion of the asphaltic bitumen content of the different types of asphaltic concrete is 
extremely labour-intensive, and therefore expensive, a random sample size of 20 
samples per lot is used for quality control of the asphaltic bitumen content; this num- 
her is necessary to obtain sufficient information on the quality of thecompleted work. 
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Table 4 Size of random samples for statistical quality control 

characteristic sim of random sample with ref. to pavement area in m' 

20,000-200,000 m' 200,000-400,000 mz > 400,000 m' 

asphaltic bitumen content of 
bitumen bound gravel, opeu- 
textured asphaltic concrete and 
den% asphaltic Concrete 20 
percentage voids of bitumen- 
bound gravel, open-textured 
asphaltic concrete and dense 
asphaltic concrete 40 
degree of compscticn of sand 
asphalt 40 
compressive strength of sand 
cement 40 
thickness af the different layers 40 

40 

80 

80 

80 
80 

60 

120 

120 

120 
120 

Road works with surface areas between 200,000 and 400,000 m' are divided into two, and works with a 
surfaie area p a t e r  than400,OW mr into three Sections (lots) of identical size. Ai1 the lots are the subject 
afindividual qvality control. To determine asphaltic bitumen content, 20 samples are used for each lot 
while 40 samples per lot are used to determine the quaiity of the other characteristics shown in Table 4. 

For projects with a surface area of less than 20,000 m2, statistical quality coutrol 
using this system is considered too expensive. The ohvious solution here is to assess 
the quality of such works by investigating individual samples taken for example for 
each 1000 m2;  conclusions can then be drawn from the results of these tests of indi- 
vidnal samples. 
In the case of smalt works, however, a better alternative wil1 normally be to ensure 
frequent and thorongh control hy the public authority of the performance of work 
by the contractor. 
The uew system always uses individual samples (taken non-selectively), i.e. each sam- 
ple consists of a cylinder with a diameter of 0.10 m taken from the pavement perpen- 
dicular to the road surface; in the previons system on the other hand the samples 
consisted of two cylinders with a diameter of 0.10 m obtained by drilling from the 
pavement on transverse lines at intervals of 1 .O m, perpendicular to the road surface. 
In the new system of acceptance control it is desirable to use single samples, since 
the sampling method might otherwise introduce inaccuracies into the random sample 
sizes [5]. 
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New criteria for quality control of asphalt pavements and sand cement roadhases 

In defining the criteria for quality control of asphalt pavements and sand cement 
roadhases use was made, for the various characteristics, of the corresponding mean 
of the random sample averages (9) and mean stándard deviation (q. 
These values have been cdhkdted with reference to the quality control results for 
several hundred projects in the years 1968-1978 (see Tahle 2, columns 3 and 4). 
In these calculations, the values for Zand Sonly required modification in one single 
instance on the basis of practical data aud information on desiied and feasihle quality 
levels. It wasassumed that therequirements for thelevel(~() and extent of dispersion (u) 
(i.e. mean values calculated from the results not only of good but also of moderate 
and even poor works) must still he just acceptahle to the directorate and considered 
reasonably feasihle by the conctractor (‘standardjoh‘). This seems a better assumption 
than to take values for I( and u calculated solely from the results of moderate and good 
works. 
In determining the criteria on the hasis explained above, the Q values were always 
defined in such a way that where the mean level and standard deviation for the various 
characteristics just met the required standards, there would he a 95% probability of 
uo penalty in respect of eachcharacteristic.This principle can be summarized as fol- 
lows: in the newly developed system of acceptance control, the level and dispersion 
values used are taken from data for a large number of projects with the criteria fixed 
in such a way that when these values are respected the likelihood of a penalty is slight. 

Composition and density of asphalt mixes and strength of sand cement 

Columns 3 to 9 of Tahle 2 show the following data for the different characteristics: 
- the values determined in the manner outlined above for the mean (I() and standard 
deviation (u) used - wiih reference to the results achieved in practice or the values 
prescribed for @ - as the basis for defining the criteria; 

~ the penalty or quality limits (R)  now fixed on the basis of practical results and sta- 
tistical considerations and representing, by delhition, the boundary between ‘good‘ 
or ‘satisfactory’ and ‘bad‘ or ho t  satisfactory’ work: 

- the t values calculated as and the maximum permissible error percentages 

(8) determined therefrom with the aid of tables, using the method of calculation des- 
cribed ahove (see [3], page 43): 
- the suhsequently determined Q value which shows that with the given random sam- 
ple size (40 or 20) there is a 95% acceptance probahility fora  characteristic with the 
maximum permissible error percentage ; 
- the definitive Q value determined by rounding-of€ or fixed for reasons of uniform- 
ity. 

R - I (  
U 
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The following explanation is appropriate here. 
The Q value determined by rounding-off or fixed for reasons of nniformity functions 
in the general criterion as follows: 

No penalty where 

IR,," o, milx - 21 2 Q. 
S 

Penalty imposed where 

IR,," 0,' "IRX - 21 - < Q  
S 

In the latter instance the excess percentage associated with the calculated value for 
the penalty figure 

IR,,, m mar - R I  
S 

wil1 be found in the table for the normal distribution [3]. For quality control of the 
asphaltic bitumen content of the different types of asphaltic concrete, a double 
criterion wil1 be applied in the following manner: 
No penalty where: 

IR,,, - - .Y 2 Q and Z Q  
S S 

A penalty is on the other hand imposed where: 

< Q  IR,,, - XI Rma, - 2 < Q and/or 
S S 

If in both cases the value of the test parameter is lower than Q, the corresponding 
excess percentages B, and B, must be added together. 

Layer thickness 

As regards the layer thickness, the penalty system is only applied for three separate 
thicknesses, i.e. 
- the overall thickness of the different layers of asphaltic concrete, i.e. of the bitumen- 
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bound gravel, open-textured asphaltic concrete and frequently also dense asphaltic 
concrete which are of primary importance to the entire dimensional characteristics 
of the pavement ; 
- the thickness of the roadbase where it does not consist of bitumen-bound gravel 
(i.e. sand cement or sand asphalt) which plays a separate rok in the dimensions of 
the pavement ; 

~ the thickness of tlie temporaryor permanenl surface layer of the pavement with 
tbe emphasis placed on durability of this layer from the angle of direct mechanica1 
stress and maximum particle size. 

Apart from the pavement surface layer, the total thickness of the various layers of 
asphaltic concrete is also determined ; it is therefore naturally possible to compensate 
at any time on the site a shortfall caused for one reason or another in the thickness 
of a particular layer, by applying additional thickness to one or more of the upper 
layers. 
Statistical interpretation is effected wherever possible, i.e. in so far as the numher of 
samples taken from the pavement or the results obtained by local measurement allow 
this. In cases (e.g. service roads, local roads, cycle tracks and access roads) where the 
nutnber ofcylindrical samples to he taken from the pavement is insufficient for statis- 
tical evaluation, the present system of penalties with testing of individual samples, is 
msintained in respect of layer thickness (see Table i). The present system of penalties 
can also be applied to reconstrnction projects where the nature of tbe work is such 
(wide variations in layer thickness) that statistical interpretation would he unrealistic. 
To ensure convenient and uniform test criteria for the overall layer thickness of 
asphaltic concrete strnctures, the thickness of sand asphalt or sand cement roadbases 
and the thickness of temporary or permanent surface layers, the same criterion is 
applied in al1 possible cases (see Table 2) (Q = 1.40). 

To ensure that, with the set Q valne of 1.40, works with correct layer thickness (p) 
(i.e. the layer thickness for which the contractor is to be paid), and a correct standard 
deviation u, are 95% sure to avoid penalty with a random sample size of 40 core sam- 
ples, it is possible, nsing the known basic data, to calculate the penalty limit R,,, in 
the various cases from the following formulae (R,,, being a completely arbitrary num- 
ber) : 

ca = 1,78 (permissible uncertainty percentage: 3.8%) 

___ - - -Ta or Rmi, = p - 1,78 U 
R,," - !J 

U 
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Table 2 shows penalty limits (&J calculated with the aid of these formulae for the 
overall thickness of the various layers of asphaltic concrete and for the thickness of 
the separate layers of dense asphaltic concrcte, open-textured asphaltic concrete, 
sand asphalt and sand cement. 

characteristic limit value for atypical results 

asphaltic bitumen content of bitumen-bound gravel, open-textured 

Voids of: 

I - __. - 

asphaltic concrete and dense asphaltic concrete v, * 1.0%’ 

bitumen-bound gravel 12% 
open-textured asphaltic concrete 11% 
dense asphaltic concrete 10% 

92% 
1.0 MNjm’ 

degree of compaction of sand asphalt 
compressive strength of sand cement 

- 

Application of the ‘3a rul& leads, with some rounding-off, to these limit values; 
because of the relatively wide dispersion, the ‘30 rule’ is not applicable to the com- 
pressive strength of sand cement; an arbitrary limit value of 1.0 MN/m2 is therefore 
taken, below which the test results can scarcely be considered reliahle. 

Atypical values 

In incidentai cases a value may occur (in a random sample of 20 or 40 results) which 
does not really seem to belong to the population. These values may for example fali 
onlside the ‘3a limit’. Such results which are altributahie to a variety of causes and 
are not always due to careless work by the contractor, have a relatively large influence 
on the standard deviation (s) and ihus also on the value of the test parameter 

To give the contractor the benefit of the doubt, the following rule is applied: 
If one (and not more than one) of the 20 measured results for the asphaltic bitumen 
content of the various types of asphaltic concrete or one of the 40 results for the voids 
content of the various types of asphaltic concrete, the degree of compaction of the 
sand asphalt or the compressive strength of the sand cement, fall outside the limit 
values shown below, this result wil1 he treated as a value which does not helong to 
the population (and is thereforc atypical: see Table 5). 

Table 5 Limit values for atypical results 

* Vb = prcscribed YdIuc 
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Allowance for atypical values in the case of layer thickness control appears Iess ap- 
propriate fora variety of reasons, especially as the accuracy of a value which appears 
to be seriously inadequate can normally he verified by direct and objective means. 

Test characteristics 

Figures 4 to 6 inclusive show the operating characteristic curves in respect of the 
criteria defined above for assessing the bitumen content and voids percentage of the 
various kinds of asphaltic concrete, the degree of compaction of sand asphalt and 
the compressive strength of sand cement. 
Details of the method for calculating these characteristic curves wil1 he found in hand- 
hooks. The test characieristic shown in Figure 5 is also applicable to the acceptance 
criteria for total thickness of the different layers of asphaltic concrete, and for the 
Iayer thicknesses of dense and open-textured asphaltic concrete, sand asphalt and 
sand cement. These curves show the relationship hetween the prohahility of approval 
(P,) or likelihood of no penaliy, and the percentage of 'had' material or the error 
percentage attihutable to a layer of asphaltic concrete, sand asphalt or sand cement. 
As regards the characteristic curve for thc bitumen content of various types of asphal- 
tic concretc (see Figure 4) it should be noteà that precise determination is nat possi- 
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Figure 4. Cliaracteristic curve for dcterminatioii of asphnliic bitumen content of asphali- 
ic cancretc. 
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ble, partly because of tbe fact that a dual criterion is applied forthedeterminationof 
the asphaltic bitumen content. In particular for relatively low error percentages, be- 
tween 0.5 and lS%, the probability of no penalty being imposed wil1 bc somewhat 
lower than the characteristic curve suggests. 
The different figures clearly show that penalties wil1 only he incurred in exceptional 
cases by good work while poor work wil1 almost always he penalized. For example, 
if the error percentage in respect of the voids content of a layer of bitumen-bound 
gravel is I%, the likelihood of no penalty being imposed is 99.9%; if on the other hand 
the error percentage is 8% (for example for work with a mean value of 6.7% and a 
standard deviation of 2.0%), the likelihood of penalties being justifiably imposed is 
very high, i.e. in the order of 80% (see Figure 5) .  
As we have already seen, a penalty may exceptionally he imposed on the contract 
sum where the work is in faci good; this is known as the producer’s risk. On the other 
hand there is also a consumer’s risk: it may happen, alíhough again this is exception- 
al, that no penalty is imposed on work which is definitely bad. For example, if the 
error percentage in respect of the voids content of a layer of bitumen bound gravel is 
10% (e.g. for work with a inean value of 6.9% and a standard deviation of 2.0%), the 
likelihood of no penalty is 9%; in other words 1 out of 11 such works wil1 escape 
any penalty. It should of course be noted that in the statistical method of quality 
control of a road project, individual characteristics are not assessed separately ; on 
the contrary a number (generaily about 10) of characteristic parameters (bitumen 
content and density of asphalt, strength of sand cement, layer thicknesses of 3 or 4 
different pavement layers) are determined. 
This in turn means that where a penalty is wrongly imposed on good work or alter- 
natively no penalty incurred by bad work, the error wil1 only apply to one part of the 
work and never to the work as a whole so that the consequences which may arise in 
exceptional cases affect only that particular part of the work and never the project 
in its entirety. 
In determining the various criteria for the pnrpose of acceptance control, the analysis 
is in al1 cases based on values for the level and extent of dispersion which the contrac- 
tor can reasonably be expected to meet. 
It is open to question whether, in the event of reduction of the minimum standards 
placed on the different characteristics, the work may still just he acceptable. However, 
a reduction of these minimum requirements necessarily entails a higher error percen- 
Lage which increases the consumer’s risk; in that event the likelihood of poor work 
escaping any penalty is higher. From the standpoint of good quality control, a reduc- 
tion of the set miniinum standards musi therefore he treated as impermissible. Cai- 
culations have also been made to determine the approximate percentage probability 
of relatively low or high excess percentages in respect of certain mean values (p)  and 
siandard deviations (u) for the various characteristics. 
For details of the calculation of these probabilities, reference should be made to 
standard statistical handbooks. The results of the calculations show that if, in excep- 
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tional cases, a penalty is charged on good work that penalty wil1 be relatively low, i.e. 
less than 2 to 2& of the total cost of the layer, since the excess percentage wil1 prac- 
tically never be higher than the 10% allowed for the asphaltic bitumen and voids 
content for the various kinds of asphaltic concrete and the 15% for the degree of 
compaction of sand asphalt and compressive strength of sand cement. Again in the 
case of works which are slightly helow the minimum reqnirements for level and dis- 
persion, the likelihood of an excess percentage (depending on the characteristic) of 
more than 10% or 15% is extremely low. 
A high probability of an excess percentage of more than 25% in fact only occurs 
- and then quite rightly - in the case of bad work with error percentages of 20% or 
more. 
Considerable likelihood of excess percentages between 15 and 25% Tor asphaltic 
bitumen content and voids content occurs in the case of works which fall distinctly 
short of the set minimum standards relating to meaii and standard deviation. In gen- 
era1 these are works with error percentages between 12 and 20%. 

Penalty criteria 

When these criteria are applied it is reasonable to assume that this statistical system 
is less stringent than the system applied hitherto, especially for percentages which are 
only marginally in excess of the penalty limits. It has been found in practice that 
penalties on many works fall precisely within this area. 
Critical consideration of the relationship between shortfall on quality and the result- 
ing, desirable compensation charges or penalties, leads US to conclude that penalties 
under the present system are in fact relatively low. 

Penalties 

In the light primarily of experience of the non-statistical qnality control system used 
during the past ten years, the relationship between the scale of the penalties K and 
the percentage of ‘unsatisfactory’ or ‘poor’ test results E in the statistical system has 
been determined as follows: 

K = 0.3 B - 1 .O for bitumen content and voids content of asphaltic concrete, and 
K = 0.3 E - 2.0 for layer thicknesses, degree of compaction of sand asphalt and 

compressive strength of sand cement. 

K is expressed here as a percentage of the true value of the layer concerned, while B 
is the percentage of the overall work which, on the basis of the calculation (from the 
mean valne Zand standard deviation s), can be considered to fall below the prescribed 
quality(pena1ty)limitRin respectofaparticularcharacteristic ( E  = ‘% defectives’). 
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Introduction of the new statistical system 

In discussions with the commiitee of experts of the road building contractors organ- 
izations, a wish was expressed for more information on the consequences of the new 
system before it was actually introduced. 
It was agreed that as an initia1 step a number of projects (10 to 20) would be assessed 
by both systems, i.e. the traditional non-statistical and the new statistical system. 
The results would then be compared and discussed with a view to possible adjustment 
of the statistical system. 

Costs and henefits 

It must be remeinbered that neither quality control during implementation nor ac- 
ceptance control can in themsclves give complete certainty as to the overall average 
quality of a particular project or prevent instances of poor quality. Investigations are 
and remain based on arbitrary, random sample checks. It also practically impos- 
sible io obtain optimum quality at the lowest possible cost to the authority which 
lias commissioned ihe works. 
The aim of the penalty provisions cannot therefore be primarily to provide equitable 
compensation for lower quality. Al1 rules laid down on a largely theoretica1 basis with 
that aim in mind would be influenced by so many factors (subsoil, traffic load, main- 
tenance methods, wheather conditions etc.) that a precise approximation is impos- 
sible. The introduction of an apparently watertight system based on cost-benefit 
analysis, would therefore be inequitable to the contractors who perfom the work. 
It is, however, particularly important to have some knowledge of the costs and bene- 
fits arising in this context. We refer to the costs resulting from a shorter useful life due 
to poor quality, and to the benefits flowing from the proceeds of the penalties im- 
posed because of qutility shortcomings. 

A special study of this problem was made by Brouwers in 1974; it was hitherio only 
available in Dutch [IO], but now appears as chapter 4 of this publication. 

Control of surface characteristics 

An important area of acceptance control relates to the surface characteristics of 
evenness and skid-resistance, Measurements of evenness and skid resistance are made 
by methods which are not entirely statisticd. The fact that it is not easy to express 
traffic safety in statistical figures plays a part here. In the first instance only 30% of 
the road length is checked for evenness and skid-resistance in order to limit the num- 
ber of mcasurements. The location of the measuring points is fixed at random. How- 
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ever, if the results of this first series of measurements, and the appearance of the 
surface, give reason to suppose that there are large-scale shortcomings on quality, 
especially as regards skid-resistance. further measurements are carried out; should 
this be necessary, the entirc surface of the completed work is controlled. 

Evenness 

Untill 1975 the evenness was always checked by using a normal or rolling straight- 
edge with a length of 3 m .  When deviations from the even profile of more than 3 mm 
were found in a measured section with a length of 100 m, penalties were imposed. 
If deviations of more than 5 mm were found more than once, the evenness had to be 
cocrected by shaving ~ naturally at the contractor’s cost. Since 1976 the viagraph has 
been used instead of the rolling siraightedge to check the evenness of the carriageway 
surface. A penalty is imposed if the deviation percentage C5 is gceater than 2 .  Devi- 
ations of more than 5 mm, measured with the viagraph, necessitate correction by 
shaving at the responsibility of the contractor concerned. In special cases where the 
irregularity is such that correction hy shaving wil1 not result in a completely even 
surface, tbe contractor is required by special contract provisions to adjust the surface 
hy laying an extra surface course of 40 mm on lhe completed road surface. 

Figurc 7 .  Viagraph for measuring evcnncss of road surfms. 
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Skid-resistance 

Since as long ago as 1967 it has been stipulated in tlie Netherlands that before irunk 
roiids are opened to traffic, new pavements must be checked for skid-resistance. This 
is done with a standard measuring vehicle with a retarded wheel (86% slip), a wet 
surface and a measuring speed of 50 kin/h. Penalties are imposed if the measured 
coefficient of friction is lower than 0.52.* However, if the value is less than 0.45* the 
contractor must also correct the surface of tlie asplialtic concrete by treatrnenl with 
white spirit and crushing sand. This treatment adequately removes surplus bitumen 
from the surface nntil a coefficient of friction of al least 0.52 is obtained. However, 
it is very expeiisive and ihe provision iii the contract thus has a good deterrent effect. 
New roads with smooth surfaces are thus rarely encountered today and the completed 
surface normally easily meets the requirement regarding skid-resistance. Other meth- 
ods of iinprovement have &O been applied recently, i.e. sand-blasting oï milling. 

Figure 8. Slandard vehicle Tor measuring skid resisbmce of road siirfaces. 

~~- 
* Thcsclimit VBIIIOS are spccificd since January 1978. With respcct 10 international standardization of skid- 
rcsistance test tyrcs as fram 1978 the measuring vehicles of thc SRL have been pravidcd with standard Lest 
tyres of a type different from thc onc used sincc 1958. 
Starting from tlie ortginal criteria tlie numerical valucs for the specifications on skid-resistance af rond 
surfaccs have been changed on ihe basis of comparative meafurcmcnts with both types of iyres. Before 
I978 tho specified limits werc 0,56 and 0.51 insicd of 0.52 2nd 0.45 respecfivcly. 



One stipulation is particularly important in this connection. For more than ten years 
Dutch road contract specifications have stated that warm asphaltic concrete surface 
layers must be spread during rolling with approx. 2 kg fine stone chippings (2-5 mm) 
per m2, This treatment effectively prevents initia1 smoothness of new asphaltic 
concrete surfaces due to excess bitumen content in the surface. 

31 



4 Relationship between the penalty system and the necessary 
compensation costs 

In this final chapter calculations are given for the layer lhickness, voids and asphaltic 
bitumen content of an asphalt pavement; these calculations show that the penalties 
are substantially lower than the compensation costs. In the case of the layer thickness 
reference is made to a pavement structure which is frequently used in practice and 
the consequences of divergent layer thickness distributions (hoth too low average 
thickness and excessive standared deviations) on the service life of the pavement are 
calculated. Comparisons are drawn with the average service life of the standard pave- 
ment structure determined hy a desigii method. 
Similar calculations are effected for the voids and bitumen content: the reduction in 
service iife can again be calculated with refcrence to an asphalt structure with voids 
equivalent to the mean voids content of al1 works to which penalties have been ap- 
plied, or with a bitumen content equivalent to the desired bitumen content. 

The following formulae are used for calculation of the penalties: 

K = 0.2 B for the layer thickness; 
K = 0.3 B for asphaltic bitumen content and voids 

When this study was carried out, about one year hefore development of the statistical 
system descrihed ahove was fuliy completed, it was not yet known which specific for- 
mulae would he proposed in the final version. Although the latter do in fact differ 
soniewhat from the formulae reported earlier (i.e. K = 0.38 - 2.0 and K = 0.38 - 
- 1.0) the original formulae have been maintained in this chapter, as Tahles 3 to 7 
would otherwise have had to he revised. The differences concerned are only slight so 
that this has no great influence on the conclusions drawn. 

Layer thickness 

The damage resulting from insufficient layer thickness can be quantified on the hasis 
of design data establishing a relationship hetween the layer thickness and traffic 
parameters. Use is made helow of the ‘design formula of the AASHO test’ which 
establishes the relationship between the number of load repetitions n up to the attain- 
ment of a given serviceahility index p,  and the thickness, expressed as the thickness 
index D for a given wheel load P (tons). This formnla, valid forp  = 1.5 - a  low level 



of, in particuiar, longitudinal evenness of the carriageway at which reconstruction 
hecomes necessary -, is as follows: 

105,93(0 + 1)9,36 n = -  
(4.41 P + 114.79 

In this formula D = &,h, = c lhl  + czh, + ..., an equivalent pavement thickness 
formed bysummation of thelayerthicknessesofthedifferentpavementlayers(hincm), 
each multiplied hy the value coefficient c .  
For the reference wheel load P = 5 tons, this formula hecomes 

n = 0.2528(0 + 1)9,36 

or D = 1.1583n0,'07 - 1, where n is the equivalent number of load repeti- 
tions of the 10 ton axle load (or equivalent 5 ton wheel load). This design formula 
naturally only applies under conditions similar to those for the AASHO test as regards 
the underlying suhsoil and the environment, 

For a more detailed description of the AASHO test reference should he made to 
specialized publications, e.g. the paper hy Van de Fliert and Brouwers [91. 
The exaniple chosen is the standard structure of a primary road (non-motorway) 
hased on : 
4 cm coarse dense asphaltic concrete with = o,173 
4 cm open-textured asphaltic concrete 

18 cm (3 x 6 cm) bitumen-hound gravel 

There are thus 26 cm asphaltic concrete in al1 (nomina1 layer thickness) applied to 
a compacted suhgrade with a thickness of 50 cm and c = 0.02. 
The thickness index of this structure is 

On the hasis of the invoicing clauses in contract specifications with penalty provi- 
sions, the effective mean layer thickness of the hituminons structure is as follows with 
a mean unit density (normal value) of 2.33: 

2.50 
4 = 4.3 cm dense asphaltic concrete 

2.33 

4 = 4.3 cm open-textured asphaltic concrete 2.50 
2.33 

I 
with c = 0.12 

D = 8 x 0.173 + 18 X 0.12 + 50 X 0.02 5 4.55 

2.50 
_ _ _ ,  18 = 19.3 cm bitumen-bound gravel 
2.33 

Total = 28 cm asphaltic concrete. 
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The thickness index of the average structure is therefore: 

On this pavement with D = 4.80, the dimension formula shows that n = 3.536 ’ 106 
(equivalent 10 ton axle) load repetitions are permissihle before the serviceahility index 
y = 1.5 is reached. 
The service Me of this pavement in years can be calculaied on the basis of two further 
factors: the number of equivalent 10 ton load repetitions in the year of construction 
and the annual percentage growth in this number. We have taken for these factors 
n, = 84,000 and a = 7% respectively, i.e. an equivalent annual total and a mean 
growth percentage which have recently been used as the characteristic figures for pri- 
mary roads. 
The service life in years can now be claculated (for example) graphically with the aid 
of a graph showing the cumulative total of axle loads as a function of the service life 
in years for the applicable (continuous) growth percentage. It is thus calculated that 
the structure under consideration with ,Eneq5, = 3.536 106 has a service life Tof 20.3 
years, On the basis of the relationship D = Cqh, = f(n),,p and T = j(n),,,z i.e. D = 
= f(T), the service life in years can now he calculated for every pavement thickness. 
Tbe reduction in layer thickness proportional to the design thicknesses is distributed 
over the asphalt layers so that with the asphalt thickness N in cm: 

D = 8.6 0,173 + 19.3 0.12 + 50 0.02 = 4.80 

H 
28 

D = (4.80 - 1.00)-- + 1.00. 

On the basis ofa normal population distribution, the layer thickness of the pavement 
is entirely determined by the mem layer thickness pand standard deviation <i. 28 cm 
is taken as the feasible average for this ‘normal’ structure; this is the layer thickness 
which, in the closest possible approximation to the calculated daily quantity of 25 
kg/m2 per cm layer thickness, can be expected for asphalt witli a relatively high unit 
density. 2.0 cm is taken as the feasible standard deviation for the total layer thickness. 
Both assumptions can be considered realistic on the hasis of the results obtained. It 
is now also easy to show, on the basis of the normal distrihution, the dispersion in 
layer thickness over this total ‘standard’ pavement and hence to express the dispersion 
in terms of service life. 

The calculations have been compiled in Table 6. 

The significance of the ‘nominal layer thickness’ is now clearly apparent: 84.1% of 
the pavement surface has a thickness equal to or greater than the nominal thickness 
of 26 cm, and therefore a service life equal to or greater than 16 years. 
l t  is also more in accordance with road-building practice to take as the effective service 
life of the pavement the life at the nominal layer thickness rather than at the mean 
layer thickness. Premature maintenance of the pavement wil1 certainly be necessary 
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Table 6 Dispersion in layer thickness of the’standard‘ pavement and service life ofparts ofthe pavement 

asphalt pavement pavement service life ofpavement 
layer thickness H, 
cm total (Q) asphalt Iayer D equivalent no. years, T 

surface, % of 

thickness, cm 10 t axles 

15.9 
15.0 
19.1 
19.1 
15.0 

84.1 

> 28 
27 - 28 
26 - 27 
25 - 26 
24 -25 
23 ~ 24 
22 - 23 

< 22 

84.1 

50 > 28 > 4.80 > 3,536 , 106 
19.1 1 84.1 28 4.80 3,536, 106 
15.0 21 4.664 2,833 106 
9.2 26 4.529 2,258 106 
4.4 25 4.393 1,789 106 
1.7 24 4.251 1,409 106 
0.5 23 4.121 1,103 . 106 
0.1 22 3.986 8,580, 10’ 

21 3.850 6,627 10’ 

19 
20 3.714 5,081~. 105 

15.9 
15.0 
19.1 
19.1 
15.0 

> 20.3 
20.3 (20) 
18 
15.7 (16) 
13.5 
11.5 
9.6 (9.5) 
8 
6.5 

4 
5.2 ( 5 )  

11.9 
9.3 

84.1 6.7 
4.4 
2.5 

Table 7 Layerthickness dispersion of 5 pavements with excessively low mean thickness or high standard 
deviation and effective life of these pavements 

variant I I1 111 IV v 

mean layer thickness 
P ,  cm 27 
standard deviation 
o, cm 2 

26 

2 

24 28 28 

2 3 4 

of pavement surface 
with layer thickness: 

> 28 cm 30.9 
27 - 28 cm ( = 28) 19.1 
26 - 27 cm ( = 27) 19.1 
25 - 26 cm ( = 26) 15.0 
24 - 25 cm ( = 25) 9.2 
23 - 24 cm ( = 24) 4.4 
22 - 23 cm ( = 23) 1.7 
21 -22cm(  = 22) 0.5 
2 0 - 2 1 c m ( =  21) 0.1 
19- 20 cm ( = 20) 

< 19 cm ( = 19) 

50.0 1 
9.2 9.9 I 84.1 

84.1 

6.8 
5.3 
3.9 
2.6 
1.8 
1.1 
O 

~~ 

effective layer thick- 
ness, cm 25 24 12 25 24 
effective Me T years 13.5 11.5 8 13.5 11.5 
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for that part of the pavement which is thinner than 25 cm, i.e. 6.7% of the total pave- 
ment area. 
In the following analysis, it is always assumed that the greatest layer thickness of the 
thickness ranges shown in the table is the determining factor as far as service life is 
concerned. it is now possihle to determine this liTe distrihution for pavements with 
other layer thickness distributions, i.e. different mean layer thickness values 1 and 
standard deviations u, and, on the hasis of a comparison with the standard structure, 
to determine the cos1 incurred for premature reconstruction and maintenance. 
For this purpose the same disiribution over the layer thickness groups shown in the 
table must be calculated, the service life of 8.41% of the pavement surface being taken 
as the effective service life. 
The calculations (see tahle 7) were made for five variants with mean layer thickness 
deviation 1 and standard deviation u. 
For the decisive part of the six construction varianls taken from tables 6 and 7, Figure 
9 shows the (standard) distrihutions of the pavement surface as a function of the layer 

I 
~ 

Y 
/ 

5 
L 

21 

-t service Iife, 

years (T) 

26 

-t iayer thickness. cm (HI 

Figure 9, Distribulion of road surface as u fuunciion of layer thickness nnd service Me 
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thickness; the service life calculated from the layer thickness is also shown. 
The following assumptions are made for the purpose of calculating the cost of pre- 
mature reconstruction and maintenance: 
At the end of the effective life (Tyears), an asphalt layer must be laid down; the cost 
of this work is set a t f A  per m* road surface. 
In the normal structure, this asphalt layer wil1 serve for au (extended) service life of 
10 years (i.e. 16 + i0 = 26 years after laying the pavement). 

Since the effective life of the structure is only T years instead of T years, this asphalt 
layer must be applied (T  - T ' )  years sooner. This asphalt layer must have a greater 
thickness than under normal circumstances $0 that the service life is extended to 10 + 
+ (T  - T') years. 
At that point in time the original situation is restored. The updated cost per m2 is 
therefore : 

(i + j ) r - y  - i B 
A + -  

( i  +jìT (1 + j)T' 
j = discount rate equated with the interest rate on long-term public notes; a figure 
of 0.08 (8%) is wed. 
A = cost of a 4 cm asphalt layer; the total cost (inclusive of ancillary charges) is set 
at f S/m2 road surface. 
T = effective life of the extended strnctnre, i.e. 16 years in this example. 
The first term is the amount that must now be earmarked to apply the asphalt layer 
(T - T' )  years sooner than normal. 
B = cost of the extra thickness required for the asphalt layer per mz to ensure that 
it has a life of (T - 7") years longer than 10 years. 
The cost of the extra layer thickness of the asphalt layer to be applied after T' years 
to ensure a service life of 10 + ( T -  T') years is calculated on the basis of a linear 
relationship between service life and layer thickness, so that: 

16 - T 
10 

= . 4 cm 

(rounded off to whole cm). 
Although thislinearity - on the basis ofdesign relationships(ineffect reconstruction) - 
in fact results in excessive additional thickness, it must be remembered that the 
application of the asphalt layer also takes place by reason of factors which are not 
related to design and tend rather to be proportionaljto nl(the 'improvement' is a 
hybrid of maintenance and actiial reconstruction for design reasons). 
The second term is thus the amount that must now be earmarked for the additional 
layer thickness to be applied after i"' years. Finally the costs are expressed as a per- 
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centage of the total pavement costs set atf20.-, so that the following improvement 
costs to be compensated are arrived at: 

[(1.08)16-T' - i] ' 8 
1.0816 

10 + 

In addition to these costs necessitated by premature improvement, the cost of the 
associated increase in maintenance can also be assessed, again in comparison with a 
normal structure. 
For this purpose, the difference in pavement area (as 90 of the total) must be calculated 
on the basis of the tables for the various thickness and service life groups. Additional 
costs wil1 therefore be incurred for this purpose at the end of the effective life. 
Assuming that these casts are identical to the cost of normal reconstruction, i.e.f8 
per mz - which is plausible given that the non-seiective distribution of the damage 
often entails the improvement of a substantially greater road surface area than is 
strictly necessary - the following percentage of the total pavement costs is arrived at: 

- Qo ercent 
8 
20 l.OgT 
-_ 2 

Q is the percentage of the surfwe area in the layer thickness group for which mainte- 
nance is necessary prior to reconstruction. Q ,  is the percentage in the same layer 
thickness group for a normal structure. 

The calculations for both amounts in respect of the five variants are shown below: 

Structure I ( p  = 27 cm, u = 2 cm) 

(1.082.5 - 1)s 1 100 
improvement : { 1.0810 + *}?o 4'1% 

4.4 - 1.7 1.7 - 0.5 0.6 - 0.1 
1.0811,5 1.089.5 1.08' 

maintenance: - 

total 4.990 of pavement costs 

Structure I1 ( p  = 26 cm, u = 2 cm) 

(1.084.5 - 1)8 2 1oa 
improvement : { 1.0816 

+ -}% = 
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maintenance: - 

totai 10.3% of pavement costs 

Structure I11 (p = 24 cm, u = 2 cm) 

t z}- 100 = 18.1% improvemen t : 
1.088 20 

1.7 0.6 

total 19.9% of pavement costs 

N.B.  As an alternative form of improvement, the application of a new 4 cm surface 
layer can be calcuiated; the cost is then: 

100 8 
1.088 20 

-- = 24% 

It must be remembered that this is an additional operation which shouid not have been 
iiecessary and in the case of which aliowance must also be made for compensation in 
respect of prejudice to the road user and road anthority. 

Structure IV ( p  = 28 cm, u = 3 cm) 
improvement: as structure I, 4.1% 

1.3 - 0.1 0.6 
+ 1.08' 1.08'.' 

+- -t maintenance: - 

+-- - 14% 
1.08~ 0.4 I - ' 

total 5.5% of pavement casts 

Structure V (p = 28 cm, u = 4 cm) 
improvement: as structure 11, 9.1%, 

39 



2.6-0.1 1.8 1.1 0.6 
+ ___ + ~ + + -_ + 

1.0ö8 1.066 1.065 LOG4 
maintenance - 

total 11.4% of pavement costs 

Finally a comparison can be drawn between the costs calculated in this way for com- 
pensation of deviant layer thicknesses (in terms of p and u) and the penalties deter- 
mined on the basis of the penalty provisions (see table 8). 
The penalty is then calculated on the basis of the mean layer thickness X and the 
standard deviation s of the random sample. It should be noted that in this way the 
excess percentage of the penalty limits is calculated using estimates, calculated on the 
basis of a random sample, of the mean standard deviation (x and s). 
Although these parameters must approximate as closely as possible to the true mean 
pand true standard deviation o, there may in fact always be a disparity between them. 
The calculation is effected on the basis of the relationship: 
Penalty (calculated as percentage of total pavement costs) = 0.2 x excess percentage 

in relation to penalty limit B, calculated from ~ 

the limit value R being fixed at 24.0 cm. 

Table 8 Comparison between penalties and compensation costs for totai pavement thickness 

IXERl  

Structure Xdefectives = B penalty 0.2B, caicuiated cost/benefit 
*: cost of necessary ratio 
pavement compensation 

COStS 

d 

, 

28 - 24 
2 

21 - 24 
2 

26 - 24 
2 

24 - 24 
2 

28 - 24 
3 

28 - 24 

normal - - 2.0 2.3 zero' zero - 

I __ = 1.5 6.7 1.34 4.9 3.7 

11 - 1.0 15.9 3.18 10.3 3.2 

50 10 19.9 2.0 111 

I V  ~ = 1.33 9.2 1.84 5.5 3.0 

V - 1.0 15.9 3.18 11.4 3.2 

__. - 

~- - o  

__- 

* zero = no penalty because excess percentage is greater than a set limit value [SI 
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For details of this factor 0.2 and the penalty limit referred to here for the total layer 
thickness, reference should be made to the relevant comments on page 32 of this 
publication and to publication [SI. 

With the exception of the extreme case of structure 111, a fairly constant relation- 
ship is thus found between the costs and 'estimates', i.e. on average 1 : 3. 
This nieans that the formula based on the deviation percentage for the total layer 
thickness is a good indication of the actual consequences of improvement of the 
pavement life. 
In the relationship: penalty = factor x percent defectives, the factor must, however, 
be at least 0.6 to obtain adequate compensation. 
The dimension formula used ahove is a special instance of a general dimension for- 
mula derived as follows from the AASHO results: 

D = necessdry layer thickness,expressed as thickness index D, up to 

E, = modulus of elasticity of~subgrade 
E, = modulus of elasticity of pavement courses 
hi = layer thickness of pavement courses in cm 
n, = 'number of load repetitions of wheel load P i  during the service Me 

p = 1.5 

(up to p = 1.5) of the road. 

Al1 in all, a safety coefficient of 0.11 ( D  + i )  is introduced on the basis of the 90% 
reliability limits of the AASHO relationship and a combination with the (dynamic) 
modulusofelasticity(= 100 x CBR)ofthesubgradeintheAASHO test(CBR = 2.5). 
In the first approximation, we have taken a proportionality of the value coefficient 
of a pavement material (of thickness h cm) with the modulus of elasticity to the power 
of 113. 

For the purpose of comparative calculations, this formula is fnrther simplified[ll] to 

D = I Y ( C B R ) - ~ . ~ ( Z : ~ ~ P ~ ~ ) ) '  

Although an infinite number of calculation examples can be worked out on the basis 
of this formnla and on the basis of other design methods, a service life equation 
wil1 always give broadly similar results, since these are~based primarily on the IOW 
exponent ofn while the subgrade characteristic which is introduced has a considerable 
influence on the absolute value of D but no influence at al1 on the relationship between 
the thickness indices for the same suhgrade. 
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The parameter values chosen as an example are adapted to practica1 conditions and 
the use of a low determining CBR value (AASHO-CBR) in combination with refer- 
ence to the topmost, wellcompacted layer of the suhgradô, generally provides a suf- 
ficiently high safety coefficient to justify use of the original AASHO equation. 

Finally it should be noted that the layer thickness variatioii of the total pavement has 
been treated in the foregoing as the determining factor for service life. Although varia- 
tion hoth of the mean layer thickness and of the standard deviation has been taken 
into account, it seems reasonable in practice to take steps fint of al1 to prevent exces- 
sive variation of the standard deviation. The provision that only the actually proces- 
sed quantity can he invoiced - up to a maximum of 25 kg/cm per m2 ~ is in itself a 
deterrent to excessively low average layer thicknesses. 
Under norninl circumstances processing of ‘too little’ asphalt wil1 cut the contractor’s 
profit. 
It wil1 also be expedient to lay down requirements for the thickness of the individual 
pavement layers, with reference to both the mean and standard deviation. 
The greatest need for this applies to tlie topmost pavement layer and to the subhase, 
especially where this consists of a different material than the roadbase, e.g. sand 
cement. 
For the top pavement layer a mean ihickness of 4.3 cm has heen calculated and a 
reasonable standard deviation is 0.5 cm. 
With a mean layer thickness of 3.8 cm the total pavement thickness wil1 he 0.5 cm 
lower, thus reducing the thickness index by 0.087 and leading to a reduction in survice 
life of about 1.5 years in comparison with a normal pavement. 
Expressed as a percentage of the cost of the surface asphalt layer, compensation for 
premature improvement wil1 therefore be: 

1 

--+-}-=IS% I 100 
i.0814.5 4 

or 3‘jó, expressed as a percentage of the total pavement costs 

On the hasis of the choice of R = 3.3 cm, = 1 .O so that the excess percent- 

age in this case is l5.9”/, and the penalty with a factor of 0.2 is equal to only 3.2% 
of the value of the asphalt layer or 0.6% of the cost of the asphalt pavement. 

However, the performance of these calculations is far less logica1 in this case since a 
shortfall on the thickness of an underlying layer can he compensated by additional 
thickness of another layer, while a penalty is already imposed for shortfalls (although 
much greater in extent) on the (total) layer thickness. The above considerations show 
that there can be no question of an accumulated penalty exceeding the damage ac- 
tnally caused. 

P - R  
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The main purpose of penalties in respect of the layer thickness of the surface layer 
is in any case to avoid excessive standard deviations so that the design calcnlations 
lend themselves far less to use as a basis for comparison. The harmful consequences 
of local shortfalls on thickness of the surface layers are sufficiently wel1 known from 
practica] experience. 
For comparison, it should be noted that the deviation percentage of 15.9% calculated 
in this case wil1 also be reached with a standard deviation of 1 .O cm if the layer thick- 
ness (as is usual in practice) coincides with the mean thickness. This means that the 
surface layer with a mean thickness of 4.3 cm (nomina1 thickness 4 cm) has a thickness 
of less than 3.0 cm over 10% of the road surface and of less than 2.5 cm over 3.6% 
of the surface. 

Voids 

A reduction in service life is the quantifiable expression of damage caused by excessive 
voids content. The calculation can be based on fatigue tests which have heen carried 
out on asphalt bars by a number of research workers. In 1960, Saal and Pel1 [i21 
already described fatigue tests (constant u = 3MN/m2, OT,  50Hz) on sand asphalt 
bars (85 / ;  sand, 15% limestone filler, 9f%~(m/m)  bitumen 40/50 M.E.). The voids 
content varied between 0 and 10% (V/V) .  They reported that the service Me with 
10% voids is only 1/16 of the life with 0% voids. The reduction is greater than would 
be expected from the lower quantity of aspkalt in the cross-section so that the cause 
must lie in stress concentration. 
Bazin and Saunier [13] also performed fatigue tests on a sand asphalt of the same 
composition (constant u, I O T ,  50 Hz) with mean voids of 4.5, 7.0 and 9.0%. Their 
test results ( E  - na t  failure graph) show for example that with 4.5% voids the number 
of load repetitions (n) to failure is 106 with E = 200 x t0-6; this number is reduced to 
3 105 with 9% voids. A 4.5% increase in voids thus reduces the service life on average 
to one third of its initia1 value. There is also a reduction in rigidity (approx. 3% 
- relative -per percent voids) so that the loss of service life for an identical stress level 
(u - n to failure graph) wil1 be even greater. 

Monismith and co-workers [irll~carried out large scale fatigue tests in which, as in the 
research referred to above, the voids varied on the basis of compaction differences, 
in other words the degree of compaction of identicafasphalt varied. 
This research was conducted with two mixes of different composition: a BS 594 hot 
rolled asphalt with 30% chippings and 7.9% bitumen 40/50, and two Californian 
asphaltic concrete mixes with on average 55% chippings and approximately 6% 
bitumen (SS/lOO). The Wöhler curves (relationship between strain at failure and 
number of load repetitions at which failure occnrs, in the general form E = A . n-*) 
for the two mixes show considerable differenceS in particular a substantially higher 
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strain at failure and a flattcr curvc (higher exponent b) for RS 594 asphalt. This 
hcttcr fatiguc charactcristic was also reflected in hchaviour with incrcasing voids; 
a 10% incrcasc in voids for BS 594 asphalt and 4-690 increase for Californian asphaltic 
concrete causcd a reduction in service life with a factor of 10. Since the voids content of 
the latter mix was distributed over larger voids, it was concludcd that this voids 
distribution is the cause of the difference. 

Rigidity is rcduced as follows by thc increase in voids: in thc case of BS 594 asphalt 
with 5% voids by a factor of 2/3 and I 1  voids by a factor of 1/3; in the case of Cali- 
fornian asphalt for a 5% incrcase in voids, on average by a factor of 4, 
The reduction in service lik cannot, howcvcr, be fully cxplaincd by this loss of rigidity. 

In recent ycars, Pcll and Taylor [i51 have condncted cxtensivc series of fatigue tests 
and establishcd a complete E - n graph for voids varying in 1% stages hetwecn 0 and 
10%. The results rclatcto BS 594roadbase asphalt, i.c. discontinuouslygradcd aspbal- 
tic concrete with 60% porphyry chippings, round sand or crushed porphyry sand, 
limestone or sand fillcr and 6% bitumen 40/50, investigatcd with constant u( 1.2 
MN/mZ), at 20°C and 20Hz. 

Thc dcscription of the research shows, however, that these rcsults wcrc not obtained 
by intcntional variation of the dcgrec of compaction but that they are primarily due 
to differcnccs in mix composition as the origin of the varying voids (i.e. variations 
in bitumen and filler contents since other variations were not significant). The re- 
sults show that an increase in voids from 0 to 10% givcs a reduction in service l ik  by 
a factor of 1/20 and that a i% voids increase signifies a multiplication factor ofslightly 
less than 3/4 for thc service life (reduction of about 25% in service We). 

J. M. Kirk [I61 also performcd a number of fatiguc test (constant E, 50 Hz) mainly 
with sand asphalt (e.g. bascd on crushed granitc sand, limestonc fillcr and SO/IOO 
bitumen) but also with a numbcr of very fine asphaltic concrete mixes with variahle 
voids (I-lSz). For these mixes, he reports thc strain at failure at 106 load repetitions: 
for othcr mixes with high voids thc strain at failure is rclatively low, but these mixes 
also have a lowcr bitumen content to which the diffcrencc is attrihuted. Thrcc mixes 
with thc same bitumen content hut differing hy 6% in voids show practically thc same 
value for E at n 2 10"; Kick accordingly concludes that voids do noi influencc thc 
fatigue strain. 
The conclusion reached by Kirk diffcrs completely from the results of thc other rc- 
seatch workcrs but is reported hcre for completcness. General considerations of 
material engineering also tetid to throw doubt on Kirk's rcsult. 

Thc other research workers rcferred to ahove accordingly show a varying influence 
of thc increasc in voids on fatiguc life. To sum up, the rcsults in respect of a 10% 

I 
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increase in voids due entirely to variations in the degree of compaction, show a reduc- 
tion factor for service life of 
& (Saai and Pell, sand asphalt) 
& (Bazin and Saunier, sand asphalt) 

(Epps and Monismith, Californian asphaltic concrete), and 
& (Epps and Monismith, BS 594 hot rolled asphalt) 

(Pell and Taylor, asphaltic concrete). 
and primarily due to mix variations 

In practice, however, the variation in voids is a combination of variation in the degree 
of compaction and mix; in some cases one of these two factors predominates. 
Having regard to the fact that the asphaltic concrete used in the Netherlands is more 
closely related to American ‘Marshall asphalt’ than to English ‘hot rolled asphalt’ 
aiid that its composition, under the influence of various other factors, is (unfortu- 
nately) increasingly tending to resemble that of Marshall asphalt, the assumption of 
a reduction in service life of 25% (relative) per volume per cent increase in voids would 
seem to be rather on the low side (factor 1/18 for 10% voids). 
It is self-evident that the differences between the results obtained may be attributable 
to the widely varying test methods used by the different authors, but this aspect has 
not been studied in more detail. 
A numher of further ohservations are called for on the use made below of the fatigue 
life determined in laboratory tests of asphalt. It must not be assnmed that the lahora- 
tory fatigue strength or sirain is the decisive value in practice but only that the rela- 
tive reduction determined in the lahoratory wil1 also be reflected in practice; further- 
more the road design should he considered to be hased on a fatigue strength which 
wil1 be just adequate at the end of the service Me of the road. It is accordingly assumed 
that tlie strain of the asphalt is in practice the decisive criterion for service life and 
that reduction in service life under practica1 conditions wil1 be proportional to the 
laboratory situation. 
This assumption wil1 not always hold good, e.g. hecause during construction in ac- 
cordance with the design data another criterion, soil pressure which wil1 be dealt with 
later, may be the principal determinant, or hecause the location of the asphalt layer 
is such that it is subject to less strain. It must, however, be noted that, partly because 
of the reduced strain at failure of the asphalf this characteristic which is contrary 
to the design data may become the decisive factor (and indeed often does as is shown 
by Brouwers [li]), while in a ‘protected‘ asphalt layer the strain which occurs may 
increase with the passage of time so that this weakness criterion again applies. In the 
event of failure of the underlying layer as a result of an effective reduction in layer 
thickness even higher reqnirements may be placed on this material. 

The second assumption can be allowed for in practice with rational design methods, 
in which the strain at failure calculated through laboratory fatigue tests is taken as 
the failure criterion. 
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So as not to make these calculations excessively complicated, it is assumed that the 
rigidity relationship of the total asphalt pavement (constructed out of several different 
layers) to the roadbase or subgrade is not changed; allowance is thus only made for 
changes in the failure criterion (determinant strain). This of course means that a 
further consequence, a change in îhe strain of the pavement occuring under load, 
is disregarded. 
If this factor is to he taken into account, the structure wil1 have to he the subject 
of further calculation, e.g. with the aid of the BISTRO programme. 
A simple calculation is given here on the hasis of which it can be seen that the strain 
which occurs with increased voids falls further: working from the calculation method 
described hy Burmister (Fox, Acum and Fox), and Jeuffroy, Brouwers [i71 concluded 
that the following expression is reasonably accurate: 

log-L = A log -- + E ,  with which parallel lines are found for different values of 

E ,  
EZ' 
Here up is the radial strain at the bottom of the asphalt layer 

U EZ 
0 0  E, 

-_ 

u. is the contact pressure 
E,,  E,  and E, are the respective moduli of elasticity of asphalt, roadbase and 

subgrade (applicable to 2 and 3 layer systems with y = 0.5). 
The following expression [I81 is a good approximation for the 2 layer system: 

applicable for Jeuffroy and Burmister if E/E, > 20, 
where h is the layer thickness 

a is the radius of the contact surface 
E is the modulus of elasticity of the pavement (rigidity) 
E, is the modulus of elasticity of the subgrade. 

If the modulus of elasticity of the asphalt pavement is halved (according to Monismith 
this is the consequence of 5% higher voids in Californian asphaltic concrete), the 
tensile stress encountered at the bottom of the asphalt layer is only reduced by 10%. 
As a consequence of the halving of the modulus of elasticity, the strain which occurs 
wil1 clearly be substantially greater. In disregarding this factor one is tlierefore pos- 
tulating a far more favourable situation than exists in reality. 
On the basis of the assumed 25% (relative) reduction in service life for each 1 per cent 
higher voids content, the financial consequences for the road authority and contractor 
must now be calculated. 
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The method of calculation is similar to that used for the layer thickness. This is done 
on the basis of the average situation for bitumen-bound gravel obtaining in the past, 
i.e. the ’average’ pavement with mean voids of 5.9% and a standard deviation ($) of 
1.8% i s  taken as standard and assumed to have a service life of20 years A ‘cost-benefit’ 
calculation is now effected for four different situations with higher average voids; 
on the one hand the financial compensation for the resulting reduction in service life 
is calculated, while on the other the penalty is determined with reference to the ‘equi- 
valent’ statistical penalty provisions (see Table 9). The compensation is calculated in 
the same way as for layer thickness (with the costs of the asphalt layer set atf4 per mZ). 
It is assumed that the trne standard deviation (c) is and remains identical to the 
‘historical’ mean valiie of 1.8%. Similar calculations based on different standard 
deviations are of course also possihle but have not heen carried out here. Consequent- 
ly the calculation is not as complete as for the layer thickness, where allowance was 
also made for the consequences of increased maintenance due to dispersion in the 
layer thickness. 

It is thus apparent that the prooeeds of the penalty represent on average only 15% 
of the calculated costs to the road authority. 

Table 9 Cansequences ofreduced permissible strain due 10 higher voids content in bitumen-bound gravel - ______ 
cos1 proceeds of penalty 

mean mean compensatory asphalt layer ai (R = 9.5%) %defecthes penalty 
voids life end of service lifa, % ualue (s = 1.8%) 8 as % vaiue 
(vol. %) (years) asphalt Iayer R - l <  of asphalt 

(K = 0.38) 
L7 layer 

5.9 20 zero 
9.5 - 5.9 
_ _ =  2.00 2.3 Zei0 

1 R  

6.9 1.44 7.5 2.3 

7.9 0.89 18.7 5.6 
9.5 - 7.9 

1.8 
(Los8 - 1)s 3 100 9.5 - 8.9 

+ - ] - = 6 6  -E 0.33 37.0 11.1 i 1.0820 1.0812 4 1.8 
8.9 1 i$ 

9.5 - 9.5 
1.8 

9.5 o 50.0 15.0 

8 100 - - - 93 based on add. 

compensation for 
loss of use 

4 ireatment excl. 
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These calculations show the same overall pattern for open-textured and dense asphal- 
tic concrete (see Tahle 10). 
It should be noted that the values for p and (i chosen for open-textured and dense 
asphaltic concrete are the average values for mean voids and mean standard devia- 
tion found by analysis of al1 projects on which penalties have been imposed hither- 
to IS], 
The value chosen for the limit value R is also based on the proposed new statistical 
procedure for the determination of penalties [8]. 
The limit value used at present for penalty calculations is R = 9.5% for open-textured 
asphaltic concrete and R = 6.5% for dense asphaltic concrete. 
Where these limit values are used, the results shown in brackets should be obtained. 
In that case there is a much greater discrepancy hetween the calculated penalty and 
the costs calculated on the basis of the reduction in service life for open-textured 
asphaltic concrete. In the case of dense asphaltic concrete the difference is less marked, 
corresponding to a factor of only e instead of 6. 
When open-textured asphaltic concrete is applied as basecourse on a sufficiently 
rigid road base, a reduction in the permissible strain may be less applicable; however 
the consequences of the reduction in rigidity wil1 still apply. 
In the foregoin& only the consequences of a reduction in the strain at failure of 
asphalt as a result of an increase in voids have been considered and the increase in 
the strain attributable to a reduction of rigidity has been disregarded. 

Table 10 Penalties for open-texturcd and dense asphaltic concrete due to higher voids content 

open-texturcd asphaltic concrete = 8.5% (9’5”/.) dense asphaltic concrete 7.0i: (6.5%) 
s = 1.9% s = 1.65% 

mean voids percentage penalty as mcan voids R - p exccss penalty as 
~ 

(vol. %) 0 defcctives i: value of (vol. %J 0 percentage i: value of 
B asphalt defectives asphalt 

laycr B layer 
K = 0.38  K = 0.38 

4.7 2.00 
mcan (2.53) 
standard 
5.7 I .47 

(2.00) 
6.7 0.95 

( I  .47) 
7.7 0.42 

(0.95) 
8.5 O 

(0.53) 

2.3 
(0.57) 

7.1 

17.1 

33.7 
(17.1) 
50 

(29.8) 

(2.3) 

(7.1) 

zero 3.7 
mcan 
standard 

2.1 4.7 
(ZCrO) 

5.1 5.7 
(2.11 
10.1 6.7 
(5.11 
15.0 7.0 
(8.9) 

2.00 2.3 
(1.70) (4.5) 

1.39 8.2 
(1.09) (13.8) 
0.79 21.5 
(0.49) (31.2) 
0.18 42.9 

(0.12) (54.8) 
O 50 

(0.30) (61.8) 

zero 

2.5 

6.5 
(9.41 
12.9 

(16.4) 
15.0 

(18.5) 

(4.1) 
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However, a further consequence of this loss of rigidity which can easily be determined 
in numerical terms must now be considered, i.e. the increase in the occurring soil 
pressure. 
As we have already seen, according to Epps and Monismith the loss of rigidily for 
two widely different asphalt mixes is represented by a factor of li2 and 2/3 respective- 
ly for 5% voids, corresponding to a reduction of 8 and 13% respectively per percent 
voids. 
11% is taken as the mean value here, i.e. a reduction factor of 0.89. 
The relationship between the soil pressure uy (directly below the pavement in the cen- 
tre of the load) can generally be indicated as follows according to Brouwers [I71 for 
the 2 and 3 layer system used by Burmister and Jeuffroy: 

In the complete asphalt structure, considered for greater simplicity as a 2 layer sys- 
tem, u” is thus inversely proportional to the rigidity of the asphalt to a power of 2/3. 
This means that a reduction in E by a factor of 0.89 results in a reduction of uv by a fac- 
tor of 1.08. 
On the basis of the AASHO test results a relationship of the type uv = A n d 5  has 
been established between the service life expressed in axle passages of an equivalent 
axle (n) and the soil pressure (u”): this expression has been used as the basis for the 
Shell design method [IS]. 
This means that an increase of uv by a factor of 1 .O8 leads to a reduction of n by a 
factor of 0.68, i.e. approx. 2/3. 
This result is even more unfavourable than the factor of 3/4 calculated for the re- 
duction in strain at failure. 

for the pavement as is assumed in tbe Shell design method, e.g. for thick asphalt 
structures (of good quality in terms of strain at failure). 
Comparative calculations (kost-benefit analyses’) have been made on the basis of 
this 2/3 factor which reduces the service life (Table 1 i). 
In drawing the comparison between the costs of compensating asphalt and the yield 
of the penalty, it has been assumed here (for greater simplicity) that the entire struc- 

49 

, These factors obviously have consequences if khe soil pressure is or becomes decisive 
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UV2 

0 0  E3 
log - = - A  log -B in which A is practically always equal to 2/3, and 

The following expression is arrived at for the 2 layer system [is]: 

O, = 2u,(;y ($y’3 applicable to Burmister and Jeuffroy’s system where- 2 40. 
E 
E s  



Table I1 Consequences of redueed ripidity of the entire stiucture due to higher voids content 

increase in 
voids above 
standard, al1 
layers, % 

mean service 
life in 
years 

cost of compensutory asphalt 
layer at end of service life, 
% value of total pavement 

proceeds of penalty as % value 
of total pavement, mean of 
5 layers (see Tables 6 and 7) 

- - 
20 zero zero 

(1.08‘ - 1)s 2 100 3 x 2.3 + 2.1 + 2.5 

(1.08’ - 1)8 3 100 3 x 5.6 + 5.1 + 6.5 

= 2.3 

= 5.7 

16 { 1.0820 + 31% E 5 

{ 1.08’0 +- l . 0 8 ” } 5  == l3 5 12* 

3 x 11.1 + 10.1 + 13.3 
5 

= 11.3 9 

8 100 
or - ’ - = 20 

based on additional treafmenc, 
excluding compensation for loss of use 

1.08’ 4 

ture (i.e. ai1 the layers) wil1 have a given higher voids content (as compared with the 
mean standard voids) so that the ‘yield‘ and the costs are expressed as a percentage 
of the cost of the entire pavement. 

In these calculations too there is a discrepancy between the compensation costs to be 
fixed on the basis of the deterioration of materiai characteristics and the yield of the 
penalty imposed under the relevant provisions. 
Finaily it should be noted that in practice it willgenerally not be possible to determine 
as such the possihle loss of quality or damage resulting from the material-technica1 
phenoniena described here. It is also not realiy known to what extent a safety margin 
is inciuded under practica1 conditions, as a result of which deviatious from the mean 
(which is treated under the penalty provisions as a feasibie aim) during the normal 
service iife (which may in fact also he limited hy other factors) wil1 not lead to manifest 
increases in voids. Shouid this be so, it would still not disprove the vaiue of the cost- 
compensation method used. The relationship hetween the voids and al1 the ‘strength 
characteristics’ of the material, and the interrelationship between the latter and the 
design thickness, make it reasonable to suppose that this particular property is of 
consiäerable importance to the behaviour pattern, especially and above al1 as regards 
the durability (service iife) of the structure. 

It wil1 perhaps not be superfluous to point out that in this study various other conse- 
quences of higher voids which also influence durability (mechanica1 deterioration and 
stripping of the binder under the influence of climate and traffic loads, especially in 
the case of the surface layers) have been entirely disregarded. 
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Bitumen content 

The consequences of deviations in the asphaltic bitumen contents can be calculated 
in the same way as has been described in detail for the voids. Saal and Peil [I21 and 
Jimenez and Gallaway [20] have already iudicated the great influence of the asphaltic 
bitumen content on the service life in fatigue tests of asphalt. In their first fatigue tests, 
Saal aud Pell already gained tbe impression that the permissible strain in the binder 
eg is tbe determining parameter. The strain in the mix is then E, = E,  e, where 
E, is the volymetric concentration of the bitumen in the mix. Jimenez and Gallaway 
found an optimum binder content at which the service life is greatest for a given 
asphalt mix. 
The first îïnding has been confirmed by other research workers (naturally below the 
optima1 binder content), e.g. by Kirk [16) (8 10-6 per % (V/V)  bitumen at n = 106) 
and Epps and Monismith [14], while an optimum for a curve giving the service life 
as a function of the binder content was later also fouud by Peil [21], Pell and Taylor 
[i51 and Epps and Monismith [14]. 

Pell's assumption that the relationship betweenn and eg is decisive, with n = A eg- ' ,  
gives,inconjunctionwitheM = B,  , e g : n  = A , B,-5 , 8 M - 5 0 r e M  = A' , B, nsa. 
This means that for n = constant the permissible strain in the mix is proportional 
to tbe volumetric concentration of the bitumen, while for an identical strain level 
the permissible number of load repetitions (the service Me) is inversely proportional 
to Eu5,  i.e. 

Tbis means for example that in a comparison between an asphalt with 7.0% (m/m) 
and an asphalt with 6.3% bitumen (10% Iess) - with (given 0% voids and a mineral 
density of 2.65) B, = 0.15 and 0.14 respectively (ratio of 0.93) - the service life in the 
case of 6.3% binder wil1 he 0.7 times the life with 7.0% bitumen. 

This overall approach to the problem has in fact been superseded by the practica1 
determination of the service life of a number of asphalt mixes as a function of the 
binder content. 
Pell's study 1213 related in the first instance to a BS 594 roadbase asphalt (discontinu- 
ously graded) with 60% porphyiy chippings and sand to which, in accordance with 
the relevant specifications, no filler is added, and 4-12,5% bitumen 40/50. 
Under Pell's test conditions (umax = 1/2 N/inmz, 1O"C, 20 Hz) a definite maximum 
service life of n = 1.5 ~ 105 was found for 7.7% bitumen. His graph for n =f(bitu- 
men %) shows that n 2 105 between 6.5 and 10% bitumen, while n falls much more 
rapidly with lower than with higher binder contents ( n  = 3.103 for 4% bitumen), 
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The voids varied between O and 9.8% and corresponded to 0.9% in the case of the 
optimum mix. This study was followed hy a further study in which for mixes with 
the desired hinder content of 6%, according to BS 594, the filler content (limestone) 
was varied hetween O and 17%. Here again a definite optimum service life was found 
for 9.7% filler; the original value n = 8.104 (without filler) was increased in this case 
to 2.5 I 106. The voids ranged from O to 4.5% (O in the optimum case). Finally Pel1 
and Taylor [81 kept a constant filler content (10.3%) hut varied the hinder content 
hetween 3.5 and 10.5%; it was then found that 6.4% bitumen 40/50 gave an optimal 
service life (2.5 10') but this fel1 off quickly, expecially with lower hinder contents. 
Even at the limits of the BS 594 specification, i.e. 5.9.x min. and 7.1% max., a consid- 
erahle reduction is found, i.e. to 4 105. The voids varied hetween O 
and 5.4%, 
In Pell's first study, the optimum mix with 8.3% bitumen also showed a maximum 
rigidity of 7.5 . 103 N/mm2 (prohably hecause with a lower bitumen content the 
increase is counteracted by the higher voids content; in Pel1 and Taylor's series a 
mix with a lower hinder content had a higher rigidity than the optimum mix (1 1 103 
MN/m2). The decisive strain level in these tests was 100 to 150 ' la-'. A further 
striking feature is that the optimum hinder content is 6.3% with 10.3% filler, hut 
substantially greater, i.e. 8.3%, without filler. 

The fact that specific mix characteristics may influence the optimum bitumen con- 
tent and the corresponding service life was already ohserved hy Jimenez and Galla- 
way, who found in particular that a rougher, more ahsorhent aggregate had a higher 
optimum bitumen content and a longer service Me. Pel1 and Taylor also compared 
a sand filler with iimestone which gave lower results. 

Epps and Monismith also studied the influence of the bitumen content fora  numher 
of mixes. This was done first with two asphaltic concrete mixes on the basis of two 
types of basalt aggregate (with approx. 50:U chippings, max. 12 mm, 6% filler and 
5343.7% bitumen 60/70). Under his test conditions (omlx = 1.1 MN/m2, 20"C, 0.1 s 
and a strain level of approx. 500 pm), Monismith found a maximum n = 1.9 104 
at 6.7% bitumen. As in Pell's study, n d r o p  very rapidly with lower asphaltic bitumen 
content and less rapidly with a higher content (still ]O4 at 8.5%). A maximum rigidity 
is again found (2.7 103 MN/m2) at the optimum hinder content. The voids in this 
case were 5.2% and varied hetween 1.6 and 8.8% in other instances. The optimum 
binder content for maximum service life at 6.7% was 0.8% higher than on the hasis 
of the Californian (stability) tests (cohesiometer) while the service life is then roughly 
three times greater. 
Analysis of the results ohtained hy Pel1 and Taylor for the mix with 10% limestone 
filler (far more comparahle with our own asphalt mixes than the mix without filler) 
shows that the life of 2.47 106 at 6.4%, bitumen content is reduced to 4.43 105 
with 4.5% bitumen, and to 1.05 104 with 3.5% bitumen. However, with these mixes 

104 and 1.05 
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the voids rise from 0.4 to 2.8 or 5.4% so that (on the basis of the data indicated in the 
chapter on voids) a halving of the service Me can be shown for each successive bitu- 
men content, The reduction factor resulting from the respective lowering of the bitu- 
men content by 1.9 and 1.0% is then 0.36 and 0.05 respectively which corresponds to 
a reduction factor of 0.90 and 0.55 respectively per 0.2% bitumen. 
This reduction therefore increases considerably with a very low bitumen content (de- 
parting from the general formulation based on E”). 
Epps and Monismith describe a reduction from n * 19.1 103 for 6.7% bitumen 
and 5.2% voids to n = 6.6 ’ 10’ at 6.2% bitumen and 6.2% voids. After correction 
for the considerabie drop in n found by them at higher voids content (factor 0.63 per ”/, 
voids) we obtain a reduction factor of 0.55 for 0.5% bitumen or 0.80 for 0.27; bitumen. 
For an even lower binder content, Epps and Monismith describe a less far-reaching 
reduction in n .  Further analysis of their results shows, however, that this reduction 
can also be attributed to the further increase in voids content, 
It is therefore considered reasonable in our further discussion to take a mean reduc- 
tion factor for servicellife of 0.85 per 0.2% bitumen applicable to binder contents 
which are not reduced too far. 
For raised bitumen contents the reduction factor is lower, i.e. a factor of approxima- 
tely 0.6 per /ó bitumen. 
The results of calculations to which the same assumptions apply as for voids are 
shown in Tahle 12. 

The calculation is effected for coarse, dense asphaltic concrete and, in addition to the 
assumed meau standard deviation of 0.29% (identical to the historica1 average for al1 
penalty contracts), a calculation has also been made ofthe penalty for an unnecessari- 
ly high standard deviation of 0,35%. 
As in the case of voids we did not investigate the effect of higher standard deviations 
on the increase in inaintenance costs. 
Similar calculations can be made for other asphalt layers. The results obtained here 
show that the yield of the penalty is always substantially lower than the damage 
actually incurred. 
For higher bitumen contents the results wil1 be less unfavourable, but it must be 
remembered that with high binder contents other types of damage which are dif- 
ficult to quantify are likely to occur. 

If the mean bitumen content is reduced a quantity of binder the cost of which can 
be calculated wil1 not be supplied. In the examples quoted with 6.3, 6.1 and 5.85% 
bitumen respectively, the value of this non-delivery is not less than O.@%, 1.2% and 
1.9% (overall) respectively of the value of the asphalt (on the basis of prices obtaining 
in mid-1972). This percentage must be deducted from the proceeds of the penalty ifthe 
comparison is to be effected in the same manner as in respect of the other character- 
istics. 
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Table 12 Coarse dense asphaltic concrete: consequences of reduced bitumen content 

mean mean compensatory asphalt layer proceeds of penalty 
bitumen service at end of service lik R = 5.85% s = 0.28% 0.35% 
content life as % value of asphalt layer 
% fyears) R - P  per cent penalty as % 

Ll defectives value asphalt 
B layer 

(K = 0.3 E )  

6 4  - 5.85 

0.29 
6.5 - 5.85 

0.35 
(1.082 - 1)8 I 100 6.3 - 5.85 

0.29 
6.3 - 5.85 

0.35 
6.1 - 5.85 

0.29 

6.5 20 zero I_ = 2.24 1.25 none 

none 

none 

3.0 

6. I - 0.86 19.5 5.9 

___- -1.86 3.1 

18*(18) { 1.08’o +- l , 0 8 1 8 ] ~  = 13 __ = 1.55 6.1 

- 1.29 9.9 

6.3 

__-  

Conelusion 

The penalties calculated with the aid of the new statistica1 method of evaluation 
amount on average to 30, 15 and 30% respectively of the necessary compensation 
costs which can be calculated on the basis of the reduction in the service life of an 
asphalt pavement as a consequence of certain shortcomings in respect of layer thick- 
ness, voids and bitumen content. 
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5 Summary 

A uniform, effective and equitable system of quality control for pavements has been 
applied to road-building projects in the Netherlands since 1968. The system has been 
developed in consultation between the public authorities and the contractors’ organi- 
zations. 
The system is characterized by a distinction between regular, daily production con- 
trol by the contractor and limited retrospective acceptance control by the public 
authority based on random samples. 
Under the existing non-statistica1 system, samples (one per 2000 mZ) are examined to 
determine the layer thicknesses, sand cement strength and density and bitumen con- 
tent of the asphalt. 
When the quality does not meet the specified values, financial penalties are applied 
the level of which depends on the extent of the deviation from the set standards. In the 
light of experience with over 300 major projects, the system has now been developed 
into an almost entirely statistical method of control which is ready for practica1 
introduction. 
Under this statistical system, samples are examined for road surface areas up to a 

maximum of 200,000 m2 (n = 20 or 40). Penalties are imposed if---- < Q ,  

where R is the quality limit, X the mean value, s the standard deviation and Q the 
quality index (Q = I .6 or 1.4). 
Penalties are fixed by the formula K = 0.3 E - C, where Kis the penalty as a percent- 
age of the pavement costs, B the percentage of unsatisfactory work and C = 1 .Oor 2.0 
Control of the surface characteristics relates to skid-resistance and evenness measured 
at random points on 30% of the pavement surface. 
Penalties are imposed if the measurement results do not meet the criteria. If the results 
fa11 below certain safety limits the surfaces must be repaired at the contractor’s cost. 
A theoretica1 study of the shortening of the service life of a road pavement due to 
deviations in the thickness, density and bitumen content of asphalt layers, leads to 
the conclusion that the penalties imposed under the statistical quality control system 
are substantially lower (on average three times lower) than the calculated costs theo- 
retically necessary as compensation for the reduction in value due to the shorter 
service life. Calcuiations of this kind are set out in the final chapter. The reduction in 
the service life of the pavement as a consequence of specific shortfalls on layer thick- 
ness, excessive voids and too low bitumen content is calculated. The consequences 
of changes in the service life pattern in relation to reconstruction and maintenance, 

IR - 11 
S 
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in addition to the costs of the resulting necessary additional work in comparison 
with the specified work structure, are also calculated. 

Finally, the amount needed after laying the pavement to cover the costs calculated 
in this way is also determined to give the necessary compensation costs. These a- 
mounts are compared with the proceeds of the penalties imposed in such cases. 
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