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Samenvatting 

Dit rapport b e s c h r i j f t een systeem voor de dimensionering, evaluatie en herdi-
mensionering van f l e x i b e l e verhardingsconstructies. Dit systeem i s opgedeeld i n 
een v i j f t a l subsystemen welke z i j n : 
a. een systeem waarmee wegverhardingen kunnen worden gedimensioneerd en waar­

mee de achteruitgang van de structurele conditie (draagcapaciteit) i n de 
t i j d kan worden beschreven, 

b. een systeem van visuele inspectie waarmee de conditie van wegverhardingen 
kan worden vastgesteld en op basis waarvan onderhoud kan worden gepland, 

c. een systeem waarmee, onder gebruikmaking van deflectiemetingen, de structu­
rele restwaarde van wegconstructies kan worden bepaald, 

d. een systematiek voor de bepaling van de breuk en scheurgroei eigenschap­
pen van asfaltbetonmengsels, 

e. een dimensioneringsysteem voor overlagen. 

De subsystemen z i j n gebaseerd op een theoretische analyse van elastische meer-
lagensysternen, op in s i t u metingen aan wegverhardingen, en op een karakterise­
ring van de breuk en scheurkarakteristieken van asfaltmengsels met behulp van 
principes u i t de breukmechanica. 
Bij de ontwikkeling van de subsystemen i s speciaal aandacht geschonken aan de 
praktische toepasbaarheid ervan. Tevens i s nadruk gelegd op de wijze waarop de­
ze subsystemen kunnen worden gebruikt b i j de planning van onderhoudsmaatregelen 
zowel naar aard als in de t i j d . 
Elk subsysteem i s in een apart hoofdstuk beschreven. Verder is voor een zodanige 
rapportagevorm gekozen dat de hoofdstukken onafhankelijk van elkaar kunnen worden 
gelezen. 
In het hierna volgende zal derhalve het rapport hoofdstuksgewijs worden samen­
gevat . 

Hoofdstuk 3 b e s c h r i j f t een nieuwe ontwerpmethodiek voor f l e x i b e l e Verhardings­
constructies . Deze methode i s gebaseerd op een karakterisering van de draagca­
p a c i t e i t van wegverhardingen met behulp van de equivalente laagdikte theorie 
van Odemark, en op r e l a t i e s welke z i j n ontwikkeld tussen aan de ene kant de e-
quivalente laagdikte en aan de andere kant de maximale rek in bitumineuze lagen 
van wegconstructies ten gevolge van een aslast van 100 kN. 
Daarnaast i s een model ontwikkeld waarmee de achteruitgang van de s t r u c t u r e l e 
conditie Van de gehele verharding kan worden beschreven. Dit model i s op z i j n 
j u istheid gecontroleerd met behulp van i n s i t u metingen aan de draagcapaciteit 
van wegverhardingen. 
Verder i s een model ontwikkeld waarmee de toekomstige permanente deformatie 
(spoorvorming) van wegverhardingen kan worden bepaald. 
Het hoofdstuk besl u i t met een aantal voorbeelden waarmee de modellen en metho­
den worden geïllustreerd. 

Hoofdstuk 4 b e s c h r i j f t a l l e r e e r s t het visueel inspectiesysteem dat in deze stu­
die i s gebruikt teneinde de conditie van wegverhardingen en de achteruitgang 
ervan in de t i j d vast te kunnen leggen. Daarna i s ingegaan op de gedragsmodel­
len welke op basis van inspectieresultaten z i j n opgesteld. Hiervoor z i j n i n ­
spectiedata gebruikt zoals die over een periode van v i j f jaar op een aantal we­
gen i n de provincie Zuid Holland z i j n verzameld. 
Verder z i j n normen ten aanzien van de nog toelaatbare verhardingsconditie gege­
ven. Deze normen z i j n gerelateerd aan het r i s i c o voor extra onderhoud ten gevolge 
van winterschade. 
Tot slot i s aangegeven hoe het inspectiesysteem tezamen met de gedragsmodellen 
kan worden gebruikt i n de planning van het onderhoud. Een en ander i s geïllus­
treerd met behulp van voorbeelden. 



In hoofdstuk 5 i s beschreven hoe de s t r u c t u r e l e conditie-index en de structu­
r e l e levensduur van wegverhardingen kan worden bepaald met behulp van deflec-
tiemetingen. In d i t hoofdstuk i s aangetoond dat de beschikbaarheid van gegevens 
met betrekking tot de verkeershistorie i n termen van gepasseerd aantal equiva­
lente 100 kN enkel assers geen absolute voorwaarde i s om de restlevensduur te 
kunnen berekenen. 
Verder i s aangetoond op welke wijze de snelheid van achteruitgang van de struc­
t u r e l e c o n d i t i e , of met andere woorden de vorm van het structurele gedragsmodel, 
kan worden bepaald met behulp van deflectiemetingen. 
Veel aandacht i s verder geschonken aan die condities waarbij de structurele con­
ditie-index niet met behulp van deflectiemetingen kan worden bepaald. Getoond i s 
hoe i n voorkomende gevallen deze index u i t de visuele inspectieresultaten kan 
worden berekend. 
Een model i s gepresenteerd waarmee de toekomstige permanente deformatie (spoor­
vorming) onder gebruikmaking van deflectiemetingen kan worden bepaald. Naast een 
min of meer klassieke methode, i s een meer algemeen toepasbare methodiek gepre­
senteerd waarmee een i n s i t u model voor de permanente deformatie kan worden op­
gesteld. 
Ook d i t hoofdstuk i s afgesloten met een aantal voorbeelden. 

In hoofdstuk 6 z i j n de resultaten gepresenteerd van een studie naar de breuk en 
scheurgroeikarakteristieken van asfaltbetonmengsels. In de i n l e i d i n g van d i t 
hoofdstuk i s aangegeven dat de problematiek van reflectiescheuren i n wegverhar­
dingen alleen naar behoren kan worden geanalyseerd met behulp van principes u i t 
de breukmechanica. Vervolgens i s een korte beschrijving van deze principes ge­
geven, waarna i s ingegaan op de modellen waarmee de scheurgroei kan worden be­
schreven. Speciale aandacht i s h i e r b i j gegeven aan de theorie van Schapery. Met 
behulp van deze theorie i s aangetoond dat de constanten u i t de scheurgroeirela-
t i e van Paris kunnen worden bepaald met behulp van nomogrammen en eenvoudige 
statische proeven. 
Verder z i j n i n d i t hoofdstuk de resultaten gegeven en besproken van de uitge­
voerde breuktaaiheids en scheurgroei-experimenten. Aangetoond i s dat er een 
grote verwantschap bestaat tussen de constanten u i t de op de aangebrachte span­
ning cq rek gebaseerde versoeiingsrelaties en de constanten u i t de scheurgroei-
r e l a t i e . 
Tot slot i s getoond hoe de constanten uit de s c h e u r g r o e i r e l a t i e kunnen worden 
bepaald met behulp van nomogrammen voor de berekening van de mengselstijfheid, 
en s p l i j t p r o e v e n . 

De methoden die z i j n ontwikkeld voor de dimensionering van overlagen welke al 
dan niet z i j n gehecht aan de onderliggende constructie z i j n beschreven i n hoofd­
stuk. 7. Aangetoond i s dat de dimensionering van niet gehechte overlagen gebaseerd 
moet z i j n op de rek welke optreedt onderin de overlaag. Tevens i s getoond dat b i j 
toepassing van d i t type overlaag, de reductie van het rekniveau i n de bestaande 
constructie slechts beperkt i s . 
Bij het ontwerpen van een aan de bestaande constructie gehechte overlaag moet 
onderscheid worden gemaakt i n de dikte die nodig i s om een bepaalde rekreductie 
in de bestaande constructie te realiseren, en in de overlaagdikte welke nodig 
is om v r o e g t i j d i g doorscheuren (reflectiescheuren) van de overlaag te voorkomen. 
A l l e drie ontwerp opties z i j n geïllustreerd met behulp van een voorbeeld. 
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Figure 1.2 Road Construction as b u i l t by the Romans 
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1.1 Introduction 

From the beginning of mankind, transportation has been a main aspect i n hu­
man l i v e . Communication, trade and wars between nations would not have been 
possible without i t . 

Already i n the early days, mankind recognized the importance of a paved trans­
portation surface. Some excellent examples of these early pavements w i l l be 
given here. 
Figure 1 for instance shows the pavements b u i l t on Crete during the Minoian 
period (2600 - 1150 B.C.). Figure 2 shows the construction used for the proces­
sion road to the I s j t a r temple of Assoer as b u i l t by Nebuchadnezzer II (605 -
562 B.C.). F i n a l l y figure 3 shows the famous road construction as b u i l t by the 
Romans. It should be noted that these pavements were already remarkably well 
designed. The Roman pavements are, i n f i v e aspects, an improvement of the other 
ancient pavements. 
a. the application of wooden mattresses under the stone base i n marshy areas 
b. the heavy construction layer which consisted of rubble, debris of bricks, 

and gravel; these materials were used in such a way that the fine materials 
were used i n the upper part of the layer, while the coarse materials were 
used in the lower part. 

c. the stone base was luted by means of loam or chalk mortar 
d. the paving stones were of high d u r a b i l i t y 
e. the types of construction were standardized over the entire Roman empire. 

In the modern western world, one accepts the existance of a well developed 
transportation system as something normal. Often i t i s forgotten that the so­
c i a l , c u l t u r a l and ecoaomic society would collapse i f no road transportation 
would be possible. 
In the developing countries, road transportation i s even more important since 
there the existance of this type of transportation very often means whether or 
not one i s able to survive. 

Concentrating oneself to the Netherlands, one could ask: "what i s the size of 
the road network", "what i s i t s value", and "how much does i t cost to keep i t 
on an acceptable lev e l of service". 
The information needed to answer these questions was obtained from |2|. 
Tables 1.1 and 1.2 give an indication of the size of the road network i n the 
Netherlands. It should be noted that the building and maintenance of the state 
roads i s f u l l y subsidized by the government. This is partly the case for the 
secondary and t e r t i a r y road network, while no governmental subsidy i s obtained 
for the other roads ( c i t y roads etc . ) . 
Table 1.3 shows which authorities are responsible for the maintenance of cer­
tain parts of the road network. Table 1.4 shows the amount of money which has 
been spent by the various authorities on the maintenance of the road network 
in 1980. Table 1.5 gives an indication of how this maintenance budget has been 
devided over the various items. 

L i t t l e information i s available on the replacement value of the road network 
in i t s present state. However an estimation made by Wester |3| does indicate 
that this value might be over 100 b i l l i o n guilders (this includes replacement 
of pavements, bridges and flyovers but not of embankements and other earth 
works). 

From the above mentioned arguments i t w i l l be obvious that one should design 
and maintain pavements in such a way that a safe and fast public transportation 
surface i s guarenteed over a large number of years. 
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Table 1.1 Size of the Road Net­
work in the Netherlands 

Table 1.2 Length of the Road Net­
work in the Netherlands 

Paved Area 1 2 1 Size 1 km | Road System Length [km| 

Roads 520 State Roads (Total) 4562 
Residential Areas x 3 State Highways 1755 
Bicycle Lanes 1 10 Secondary Roads 3494 
Parking Lots 15 Tertiary Roads 5133 
Other 2 Other 80356 

Unpaved 15800 
Total 650 
(2 % of country area) Total 109345 

X by these "woonerven" are meant 

Tab le 1.3 Overall Picture of the Tab le 1.4 Maintenance Budget 
A u t h o r i t i e s responsible in 1980 
for the Maintenance of 
the Road Network Guilders xlO 6 

Percentage of Total State 506 
Area to be Maintained Provinces 202 

Citie s 1364 
State 9.6 Others 96 
Provinces 12.1 
Citie s and Others 78.3 Total 2168 

Tab le 1.5 Maintenance Budget as devi-
ded over the various Items 

Percentage 

Overlays and Surface Courses 30.3 
Illumination 14.5 
T r a f f i c Signs 6.7 
Bridges 6.2 
Other 42.3 

Due to the complexity of the problem, pavement design and planning of mainte­
nance has always heavily r e l i e d on the experience and s k i l l of the highway en­
gineers in charge. 
The recent economic recession however has put large demands on these engineers 
in this sense, that they have to allocate the available budget even more pre­
c i s e l y than they did before. Furthermore the engineers must be able to give a 
good argumentation why a certain budget i s needed, and what the effects are i n 
terms of loss in safety and accelerated deterioration i f the budget request i s 
not granted. This w i l l only be possible i f one i s able to determine the beha­
vior of new designs, existing pavements and the effect of maintenance a c t i v i ­
ties l i k e for instance overlays. 
Unfortunately the existing methods and techniques for designing pavements and 
assessing maintenance p r i o r i t i e s are not developed so far that the highway en­
gineer can solve the above mentioned problems completely by means of these me­
thods and techniques. 
The shortcomings of the existing methods have been recognized at the Chair of 
Highway Engineering of the Delft University in 1974. This has resulted in the 
i n i t i a t i o n of two research programs: 
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a. a research program on the development of a pavement management system 
b. a research program on the development of structural performance models and 

a (overlay) design method for f l e x i b l e road constructions. 

The results of this l a t t e r research program are presented i n this report. 

1.2 Scope of the Study 

This Study i s dealing with the "Structural Performance and Design of F l e x i b l e 
Road Constructions and Asphalt Concrete Overlays". The words " f l e x i b l e road 
constructions" are used instead of " f l e x i b l e pavements" since these l a t t e r might 
be understood as pavements that are mainly b u i l t up from asphalt concrete lay­
ers. This has certainly not been the intention of this study. From the begin­
ning of the research project, emphasis has been placed on the importance of co­
vering also pavements that are mainly b u i l t up from unbound granular materials, 
with a thin bituminous bound top layer, the main purpose of which i s to seal 
the granular base layers. This l a t t e r type of pavement was the most important 
construction type a few decades ago and i t i s s t i l l used for farm to market 
roads. Although this type of pavement has mainly been replaced by pavement types 
having thicker asphalt layers, one s t i l l has to deal with i t in the planning 
and design of maintenance and reconstructions. 

Now attention i s paid to the various aspects covered by this report. 
a. F i r s t of a l l a new design method i s developed. This method i s , l i k e a l l 

existing mechanistic design methods, based on a theoretical analysis of 
three layered pavement systems. This analysis i s made assuming that the 
pavement materials behave l i k e linear e l a s t i c , homogeneous and isotropic 
materials. Normally such analyses are made by means of computer programs 
to determine the stresses and strains in the pavement system due to wheel 
loads. 
Although well known and well accepted techniques have been used, the method 
is considered to be new since equations have been developed which allow the 
assessment of stresses and strains in the pavement in a very simple way. 
These types of equations have not been presented before. 
Furthermore the method i s considered to be new since i t incorporates a mo­
del which enables the determination of the pavement strength deterioration 
in time. This model has been tested and validated by means of in s i t u mea­
surements on pavement strength. 
The development of this model i s thought to be one of the major achieve­
ments of this study, because now the highway engineer w i l l have a tool 
that can be used to determine when maintenance a c t i v i t i e s should be carried 
out. In other words, a tool has been provided by which pavement designs can 
be made i n r e l a t i o n to future maintenance. 
The development of the new design method i s described in chapter 3. 

b. The next item which i s dealt with i n this report i s the visual condition 
survey of pavements and the planning of maintenance a c t i v i t i e s by means of 
the r e s u l t s of these surveys. It needs no argumentation that one should 
perform condition surveys regularly i n order to determine whether or not 
the construction behaves as designed. The results of these surveys can be 
used to make time projections on when predefined minimum acceptance levels 
w i l l be reached. In other words, the results of these condition surveys 
can be used in the planning of maintenance and r e h a b i l i t a t i o n . 
The v i s u a l condition survey system as used i n this research program i s des­
cribed. It i s also shown how v i s u a l condition performance models have been 
developed from data which were gathered during a five year period on a num­
ber of roads. These performance models are thought to be another major 
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accomplishment of this study since by these i t i s possible to predict the 
future visual conditions of pavements. 
It is shown that planning of maintenance i n time can be done rather easily 
by means of these models and the empirically developed minimum acceptance 
levels. 
Since the adopted survey technique as well as the performance models do 
have a large p r a c t i c a l value, this part of the study should be of special 
interest to those engineers who are i n charge of the planning of mainte­
nance a c t i v i t i e s . 
Chapter 4 describes this part of the study. 

c. Although visual condition surveys are a very simple and powerful tool to 
assess the pavement condition, deflection measurements and material testing 
need to be performed i n order to obtain a detailed insight into the struc­
tural pavement condition. 
One could state that visual condition surveys should be used as a broad 
survey technique for a pavement network, while deflection measurements and 
material testing are diagnostic survey techniques which should be used on 
sites selected by means of the v i s u a l condition surveys. 
Therefore a considerable amount of attention has been paid in this study to 
d e f l e c t i o n measurements and the assessment of the remaining s t r u c t u r a l life 
of the pavement by means of these measurements. It i s shown how the struc­
tural condition index of the pavement as well as the shape of the curve 
which describes the structural performance, can be assessed by means of 
these measurements. 
An important result of this study i s that for the remaining l i f e assess­
ment, the t r a f f i c history in terms of applied number of load repetitions, 
needs not to be known i n absolute values. This i s in contradistinction with 
exisying methods where such information i s a v i t a l part in the calculation 
of the remaining l i f e . 
Furthermore attention i s paid to those conditions where i t i s troublesome to 
assess the remaining structural l i f e and the actual structural condition by 
means of deflection measurements. It i s shown how in these conditions, both 
values can be determined from the results of v i s u a l condition surveys. 
This study is not only dealing with the assessment of the structural condi­
tion i n terms of cracking, but also with the assessment of the condition i n 
terms of permanent deformation. It i s shown how future permanent deforma­
tion can be calculated from deflection measurements. Besides a rather 
c l a s s i c a l method a new, more generally applicable, method is presented. 
Chapter 5 describes this part of the study. 

d. As mentioned before, material testing i s an important part i n the structu­
r a l evaluation of pavements. In this study special emphasis i s placed on 
the fracture and crack growth c h a r a c t e r i s t i c s of asphalt concrete mixes. 
It i s discussed that especially the cracking behavior of overlays i s hard 
to describe by means of the c l a s s i c a l approach which i s based on l i m i t i n g 
the maximum tensile s t r a i n i n the asphalt layer(s) of both the existing 
pavement and the overlay. 
Furthermore a discussion i s given on the a p p l i c a b i l i t y of the fracture me­
chanics principles to solve the r e f l e c t i o n cracking problem of overlays. 
Then the report continues with a description of, and a discussion on the 
results of fracture toughness and crack growth tests as carried out on se­
veral asphalt concrete mixes. 
A major accomplishment of this study i s thought to be the equations which 
have been developed to assess the constants i n the Paris' crack growth law 
from nomographs and simple s t a t i c tests. It i s thought that these relations 
do promote the application of fracture mechanics for overlay design purpo­
ses. In chapter 6, this part of the study i s described. 

e. After i t has been shown how pavements can be designed, how their condition 
can be monitored, how maintenance can be planned, and how the remaining 
l i f e can be assessed, attention i s paid to the design of overlays. 
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A new overlay design method i s presented in which two types of overlay are 
discerned v i z . the unbonded and bonded overlay. 
A calculation method i s provided for the assessment of the st r a i n level in 
the overlay as well as i n the existing structure. 
Considering the bonded overlays, Ltwo approaches of design are discerned. 
The f i r s t one i s based on the preservation of the to t a l construction. Here 
the aim of the overlay i s to reduce the stress and strain level in the 
existing pavement. 
The second approach i s based on the reduction of r e f l e c t i o n cracking in the 
overlay due to wheel loads. In this approach the results of the material 
testing performed to determine the crack growth characteristics of asphalt 
concrete mixes are used. 
The overlay design method i s described i n chapter 7. 

1.3 Organization of the Report 

From the description of the scope of the various chapters of this study, i t 
can be observed that fiv e main aspects are discerned i n the structural perfor­
mance and design of f l e x i b l e road constructions and asphalt concrete overlays. 
These aspects are a l l strongly interrelated with each other; nevertheless they 
can be treated as separate subsystems of the overall design and performance 
system. 
In order to promote the readableness of the report, the author has decided to 
write i t in such a way that each aspect i s covered in a separate chapter. 
Furthermore the various chapters have been written i n such a way that they can 
be read independently from the other chapters. Therefore i t i s not necessary 
for the reader who i s interested only in one aspect of this study, to go 
through the entire report 
Figure 1.4 schematizes the organization of this report-
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2.1 Introduction 

Before one goes into the development of pavement design and performance models, 
one needs to have some general information on, e.g. subsoil conditions, pavement 
construction types, environmental conditions, t r a f f i c etc.. 
The intention of this chapter i s to give this type of information and to 
provide i n this way a background for the theoretical aspects of pavement design 
and performance which w i l l be dealt with i n the chapters to follow. 
The information that w i l l be given, can be considered to be typical for the con­
ditions that were observed in the province of Zuid Holland of the Netherlands. 

2.2 Types of Construction 

Most of the data that are used in this study to develop the performance models 
described i n the various chapters of this report, are obtained on pavement sec­
tions of the road network of the province of Zuid Holland. The location of the 
sections i s shown i n figure 2.1, while their constructions are given i n figure 
2.2 
As can be observed from this l a t t e r figure, this report deals with a wide va­
r i e t y of constructions and materials. 
In the recent years however, the province of Zuid Holland i s standardizing the 
construction for new pavements to the one with a 0.3 m thick base of blast fur-
nance slag, 0.07 m gravel sand asphalt, 0.04 m open asphaltic concrete, and a 
0.04 m thick surface course of dense asphaltic concrete | l | . 

In the following part of this section, information i s given on the characteris­
t i c s of the materials used in the various parts of the pavement, and the speci­
fications set for them. 

2.2.1 Subsoil 

Figure 2.3 i s a schematic geotechnical p r o f i l e through the Netherlands. The pro­
f i l e i s representative for the conditions one encounters going from the Hague 
eastward to the German border. One w i l l notice that in the western part of the 
Netherlands ( l e f t hand side of figure 2.3), the subsoil consists of a wide va­
r i e t y of weak layers (notice the low cone penetrometer values). 

In order to improve the bearing capacity of the subsoil, usually a sand layer 
with a thickness of about 1 m i s applied. For secondary and less important 
roads, this sand layer i s placed d i r e c t l y on the weak subsoil. Fore state high­
ways, the weak layers are normally dredged out and replaced by a hydraulic sand 
f i l l . This sand layer can be assumed to be the pavement subgrade. 

As can be expected, the application of a sand layer on the weak subsoil w i l l 
result i n settlements. In order to assess the amount of settlement, commonly use 
is made of Koppejan's formula |2|: 

1 1 P. + AP 
S t = h( - i + ^ log t )log( 1

 p_ ) eq. 2.1 
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Figure 2.2 Construction of the Test Sections 
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where = settlement at time t |m| 
h = thickness compressible layer |m| 
C = constant which indicates the magnitude of the primary 
^ settlement (consolidation) 

C = constant which indicates the magnitude of the secondary 
settlemant (creep) 

P. = s o i l pressure before the overload i s applied 
t = time |days| 
AP = increase in s o i l pressure due to the overload 

Typical values for C p and C g are given i n table 2.1. 

Table 2.1 Typical Values for C p and Cs 

CP c s 

Clay 5 - 1 0 20 - 100 
Peat 2 - 5 10 - 20 

Normally the groundwater table i s rather high. Since most roads are b u i l t in 
polders, the groundwater lev e l i s controlled a r t i f i c i a l l y and shows only l i t t l e 
v a riation during the year. Typical information on the groundwater table i s given 
in table 2.2. 

Table 2.2 Variation of the Groundwater Table during the 
Year in the Region of the S\o Road Sections 

Depth below Ground Level |m| 

Summer 
(June, July, August, Sept.) 0.7 - 1.0 

Winter 
(December, January, Febr.) 0.2 - 0.4 

Of course these subsoil conditions have their implications on the selection of 
the pavement type. In general i t can be stated that the weaker the subgrade, the 
more f l e x i b l e the pavement structure should be. This means that very often con­
crete block pavements or pavements b u i l t up from cold asphalt layers ( cold as­
phalt exhibits a large f l e x i b i l i t y ) are used in areas with a very weak subsoil. 
Some of this i s reflected in the constructions shown in figure 2.2. 

2.2.2 Subgrade 

As mentioned before, the subgrade usually consists of a sand layer with a thick­
ness of about 1 m. This sand is obtained by means of suction dredging or dry 
excavation. Table 2.3 gives an overall picture of the sands which are available 
in the Netherlands for road construction |3[. 
Typical information on gradation, CBR values, and moisture - density relations 
of the Oosterschelde estuarine sand, which i s often used i n the western part of 
the Netherlands, i s given in figure 2.4. 

The sand used in the subgrade should f u l f i l the specifications set by the State 
Authority for Roads, Bridges, and Waterworks ( Rijkswaterstaat ) |4|. S p e c i f i ­
cations are developed for the gradation, degree of compaction, and amount of 
organic material. 
Although these specifications are developed for state highways, they are also 
used by the provincial and c i t y road authorities. 
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Tab le 2.3 C l a s s i f i c a t i o n and I d e n t i f i c a t i o n of Available Sands 

manner of parameters on which designation 
winning and c l a s s i f i c a t i o n are based 
(suction 

type of sand dredging: uniformity 
( c l a s s i f i c a t i o n wet; dry coefficient 
according excav.: coarseness loam of sand 

no. place of o r i g i n to the genesis) dry) modulus percentage fraction 

1 Echteld (test river sand wet 1.66 1.7 2.00" 
sections R.W,15 

2 Angerlo r i v e r sand dry 1.41 2.8 2.54"' 
3 Oosterschelde estuarine sand wet 0.73 0.3 1.71' 
4 Hedemblik marine sand wet 0.78 1.0 1.65' 
5 Deurne aeolian sand dry 0.10 20.0 2.00'' 
6 Donderen aeolian sand 

(mixture) 
dry 0.31 21.7 3.12"' 

7 Voorthuizen aeolian sand dry 0.06 15.9 2.07"' 

Note 

5 10 15 20 25 
Figure 2.4 Some Properties of the Oosterschelde Estuarine Sand 
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2.2.3 Base 

D i s t i n c t i o n i s made in the following base types: 
a. unbound bases 
b. unbound bases showing some cementation 
c. cement bound bases 
d. bituminous bound bases 

Re a,b. The specifications set i n |4| for the grainsize d i s t r i b u t i o n of an un­
bound base and for unbound bases showing some cementation are given i n 
table 2.4. For this l a t t e r base type also specifications are set for 
the degree of cementation in time. 
No specifications are given for the required density and required CBR 
values. 

Re c. In 14! specifications are given for the sand, cement, and water which 
is used i n the preparation of cement s t a b i l i z i e d sand bases. Also spe­
c i f i c a t i o n s are given for the degree of compaction and compressive 
strength. These l a t t e r specifications are given in table 2.5. 

Re d. Sand asphalt and gravel sand asphalt mixtures are used as bituminous 
bound base in pavement constructions. Again ref. |4| gives s p e c i f i c a ­
tions for the bitumen type and content, the grainsize d i s t r i b u t i o n of 
the granular material, and the degree of compaction. Also s p e c i f i c a ­
tions are given for the mechanical properties of the mix. These speci­
fications are related to 4 t r a f f i c classes. 
Table 2.6 gives the t r a f f i c classes, while table 2.7 gives the required 
mechanical properties of the sand asphalt and gravel sand asphalt mixes. 

2.2.4 Top Layers 

Normally dense asphaltic concrete i s used as top layer material. Open asphaltic 
concrete i s another mix that i s used in the upper part of bituminous road con­
structions. This type of mix i s usually used as so called binder layer between 
the top layer and the bituminous base. Regularly i t i s used as a temporary top 
layer. 
Reference |4| contains a set of specifications for the mechanical characteris­
t i c s of these mixes. They are summarized i n table 2.8. 

2.3 Environmental Conditions 

Environmental conditions have a large influence on the behavior of pavement sys­
tems. Temperature for instance, has a large influence on the st i f f n e s s of as­
phalt mixes. Temperatures below 0 C w i l l influence the behavior of the t o t a l 
construction i f fro s t susceptible material i s used in the base and/or subgrade 
( frost heave ). During the following thaw period, weakening of the base and 
subgrade might occur. 
Precipitation w i l l influence the moisture conditions i n the base and subgrade 
and i n this way the deformation characteristics of these layers are influenced. 
In this section, typical temperature and moisture data w i l l be given for the 
Delft region. 

2.3.1 Temperature 

Figure 2.5 shows the annual a i r temperature variation as determined for the 
Delft region. The data presented are taken from |5| and are based on observations 
taken during the period 1931 - 1960. 
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Table 2.4 S p e c i f i c a t i o n s on Grainsize and Cementation of Unbound Bases 

Nominal Grading 0/40 0/80 20/80 

On Sieve 
(Percentage by Mass) min. max. min. max. min. max. 

C 90 - - 0 10 0 10 
C 45 0 10 - - 20 50 
C 31.5 - - 10 40 - -C 16 10 40 - - 90 -C 8 - - 40 70 - -
C 4 40 70 - - - -2 mm 50 80 55 85 - -
63 ym 92 - 92 - 92 -

Unbound Bases 

Nominal Grading 0/40 0/60 

On Sieve 
(percentage by Mass) min. max. min. max. 

C 90 _ _ _ _ 
C 63 - - 0 10 
C 45 0 10 - -
C 31.5 - - - -
C 22.4 - - 10 40 
C 16 10 40 - -C 8 - - - -C 4 30 70 35 75 
2 mm 50 80 50 80 

Unbound Bases showing some Cementation 

Specification Degree of Cementation: 
CBR after 7 days of hardening should be at least 125% of the CBR d i r e c t l y after 
preparation 

Table 2.5 Strength Requirements for Cement S t a b i l i z e d Bases 

a of cores prepared according to 5 MPa (after 28 days of 
Proctor method hardening) 

0 . of cores taken from base 1.5 MPa (after 90 days of 
hardening) 

Note: a = mean compressive strength, 0° . = minimum compressive strength 
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Table 2.6 T r a f f i c Classes 

T r a f f i c Class T r a f f i c Intensity (mean number of 
vehicles per working day) 

Number of Lanes 

1 < 1000 
2 1000 - 10000 

< 20000 
3 10000 - 20000 

20000 - 50000 
4 > 20000 

> 50000 

1 or 2 
2 

4 or more 
2 

4 or more 
2 

4 or more 

Table 2. 7 Required Mechanical "Properties of Base Course Mixes 

T r a f f i c Class 1 2 3 4 

Mix Type Mechanical Property min. max. min. max. min. max. min. max. 

Sand Marshall Stab, at 40 C |N 4000 - 4000 - 5000 - 5000 -
Asphalt Marshall Flow at 40°C |mm| 1.5 3.5 1.5 3.5 1.5 3.5 1.5 3.5 

Marsh. Quotient [N/nrm[ 2000 - 2000 - 2500 - 2500 -

Gravel Marshall Stab, at 60 C |N 
Sand Marshall Flow at 60°C |mm 
Asphalt Marsh. Quotient |N/mm| 

3000 - 4500 - 5000 - 6000 -
1.5 3.0 1.5 3.0 1.5 3.0 1.5 3.0 

1500 - 2000 - 2500 - 3000 -

Table 2.8 Required Mechanical Properties of Top Layer and Binder Mixes 

T r a f f i c Class 1 

Mix Type Mechanical Property min. max. min. max. mm. max. min. max. 

Dense Marshall Stab, at 60 C |N 
Asphalt. Marshall Flow at 60°C |mm 
Concrete Marsh. Quotient |N/mm| 

4000 - 5500 - 6500 - 7500 -
2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0 
1500 - 2000 - 2500 - 3000 -

Open 
Aspha 
Concrete Marsh. Quotient |N/mm| 

5500 - 6500 7000 Marshall Stab, at 60 C |N 4000 
Asphalt. Marshall Flow at 60°C |mm| 2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0 

1500 2000 - 2500 3000 

The temperature d i s t r i b u t i o n in the pavement i s not only influenced by the a i r 
temperature but also by the amount of solar energy. Figure 2.6 shows the v a r i ­
ation of the solar energy during a summer day i n July, i n re l a t i o n to d i f f e ­
rent degrees of cloudiness. 

The severity of a winter i s usually expressed by means of the freezing index. 
This index i s defined as the negative sum of the mean negative daily tempera­
tures during the frost period. 
An example of this index i s given i n figure 2.7 |6|. It should be noted that 
the winter of '78 - '79 was, according to Dutch circumstances, a severe winter 
while the winter of '62 - '63 was a very severe one. 
Figure 2.8 |6| shows the freezing index which might occur once per 10 years. 
Figure 2.9 [6| shows the frost penetration which might occur once per 50 years. 
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Figure 2.6 Daily Variation of the Solar Radiation Energy 
during a Summer Day in July in r e l a t i o n to 
d i f f e r e n t Cloudiness Levels (B) 
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freezing index 200 
(winter '62/'63 371) 

Figure 2.7 Freezing Index on the A i r f i e l d Veelen during the 1978-1979 Winter 

Figure 2.8 Freezing Index which 
might occur once per 10 years 

Figure 2.9 Frost penetration which 
might occur once per SO year under 
pavements with an asphalt layer 
thickness of less than 200 mm 
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2.3.2 P rec i p i t a t i on 

The variation of the moisture content of the base and subgrade w i l l be influen­
ced to a large extent by the prec i p i t a t i o n and evaporation. Figure 2.10, which 
is obtained from data presented i n |5|,shows the annual variation of the preci­
p i t a t i o n . Also the annual variation of the p r e c i p i t a t i o n minus the evaporation 
]5| i s given i n figure 2.10. The effect of this difference on the subgrade mo­
dulus i s i l l u s t r a t e d in figure 2.11. 

Precipitation |mm| 
Precipitation-Evaporation |mm| 

Q subarad« 
2001 

180 

MP. 

160 

uo 

120 

100 

80 Years 

Annual Variation of 
P r e o i p i t a t i o n and Preci­
p i t a t i o n minus Evaporation 

78 0 78.25 78.50 78.75 79.00 79.25 
Figure 2.11 Seasonal Variation of the 

S t i f f n e s s of the Sand Sub-
grade of the Si Sections 

2.4 Pavement Performance 

As mentioned before, also some data on pavement performance w i l l be given i n 
this chapter i n order to give the reader an idea of the type of data one i s dea­
l i n g with i n this report. 
Pavement performance i s influenced by the following main factors: 
a. skid resistance 
b. road roughness 
c. pavement strength 

Re a. In the Netherlands, skid resistance is the most important maintenance 
c r i t e r i o n . Based on the results of a research program on the r e l a t i o n 
between the lack of skid resistance and t r a f f i c accidents, minimum skid 
resistance acceptance levels have been defined. 
Each year the skid resistance of the state highways, the secondary, and 
partly the t e r t i a r y road network, i s measured by the state road labora­
tory. Maintenance i s applied on those sections where the skid resistance 
requirements are not met. 

Re b. Although road roughness i s regularly measured, i t i s seldom a cause for 
maintenance. In this respect i t i s doubted whether the present service­
a b i l i t y index which i s used i n other countries to determine maintenance 
needs, i s applicable to Dutch conditions (as w i l l be known, the present 
s e r v i c e a b i l i t y index i s mainly determined by road roughness). 

Re c. Pavement Strength i s another major maintenance c r i t e r i o n . Although a lack 
of strength w i l l ultimately influence the safety conditions, structural 
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maintenance to restore the pavement strength i s mainly performed to pre­
serve the structural condition and so the invested c a p i t a l . 

This report i s only dealing with the structural performance of pavements, there­
fore no examples w i l l be given of the deterioration of the skid resistance and 
the development of road roughness i n time. 

The deterioration of pavement strength can be observed by means of visual condi­
tion surveys, and deflection measurements. In the remaining part of this section 
examples w i l l be given of the structural deterioration of pavements as deter­
mined by means of these two evaluation techniques. 

2.4.1 Structura l Deter iorat ion as observed by means of Visual Condition Surveys 

In chapter 4 of this report, the v i s u a l condition survey technique and the pro­
cessing of the data obtained in this way, w i l l be discussed extensively. Here 
these items w i l l be discussed in a more general way. 

A large number of defects are observed on pavements. These defects are catego­
rized into three classes. 
a. surface defects 
b. cracking 
c. permanent deformations 

Re a. Typical surface defects are raveling (loss of aggregate p a r t i c l e s from 
the pavement surface), bleeding (appearance of a bitumen f i l m at the top 
of the pavement surface), and potholes. These types of defects are i n ­
fluencing the safety and r i d i n g comfort conditions of the pavement. There 
appearance i s not necessarely a sign of structural deterioration. 

Re b. Basicly three types of cracking can be discerned. They are: longitudinal, 
transverse, and a l l i g a t o r cracking. Transverse cracking i s mainly due to 
environmental effects. Longitudinal and a l l i g a t o r cracking are usually 
the res u l t of the detrimental effect of t r a f f i c loads. 

Re c. Permanent deformations of the pavement are a result of t r a f f i c loads 
(rutting and corrugations) and uneven settlements of the subsoil. The 
l a t t e r type of deformation can be e a s i l y recognized because of i t s long 
wave length. 

In order to be able to quantify and qualify the observed defects systematically, 
several condition survey techniques have been developed. In most of these tech­
niques, the combinations of severity and extent are transformed into deduct 
points. Such a system was also used i n this study. 
Figures 2.12 and 2.13, give examples of the cracking development and the dete­
r i o r a t i o n of the overall pavement condition, as determined for a s p e c i f i c road 
section. These types of data were the basis for the development of the visual 
condition performance model which i s described in chapter 4. 

2.4.2 Structura l Deter iorat ion as observed by means of Def lect ion Measurements 

In the Netherlands, deflection measurements are taken by means of four devices. 
They are: 
a. Benkelman beam 
b. Dynaflect 
c. Lacroix Deflectograph 
d. F a l l i n g weight deflectometer 
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Figure 2.12 Deterioration in terms of Cracking of the Si0 Road Sections 
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Figure 2.13 Deterioration of the Overall Condition of the Sin Road Sections 

A detailed description of these devices can be found elsewhe-e e.g. |7|. Although 
these devices do measure the same thing, there are marked differences in the re­
sults of the measurements. These differences can be attributed to differences 
i n load magnitude and duration of the load pulse. It w i l l be obvious that using 
one type of device i n conjunction with another w i l l result i n transformation 
problems. Therefore the author believes that i f one has selected a type of de­
vice, one should stay with i t . 
Nevertheless i t might sometimes be necessary to use different types of device 
next to each other. In that case one needs to have relations that describe the 
correlation between the devices. Figures 2.14 [8|, 2.15 |9|, and 2.16 |9|, give 
examples of these relations as determined by several researchers. 
In general these relations show a considerable amount of scatter, and sometimes 
hardly any relationship can be observed. This leads to the conclusion that one 
has to be very careful in using correlation equations to transform data obtain­
ed by one device into data which would be obtained i f another device had been 
used. 

In this study use has been made of a f a l l i n g weight deflectometer. By means of 
this device, a large number of measurements have been performed on the pavement 
sections shown i n figure 2.2. 
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Benke lman 
Beam |miLs| 

Figure 2.14 Relation between Dynafleat and Benkelman Beam Deflections 

AFWD,10" 1 0m/N 

ABB(CORRECTED) , IO - , i VN 

Figure 2.IS Relation between Benkelman Beam and F a l l i n g Weight Deflections 
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Figure 2.16 Relation between F a l l i n g Weight and Laaroix Deflectograph Deflections 
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Figure 2.17 Seasonal Variation of the SCI as determined for the S i 0 Road Sections 
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Figure 2.18 Increase of the Average Daily T r a f f i c (ADT) in Time of the Road 
Sections considered 
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Figure 2.19 Increase of the Cumulative Number of Equivalent 100 kN Single 
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Typical examples of the development of the surface curvature index (SCI) in 
time as determined by means of this device, are given i n figure 2.17. It should 
be noted that the SCI i s defined as 

SCI = A 0 - A 0. 5 eq. 2.2 

where An = deflection as measured at the loading centre 
An.5 = deflection as measured at a distance of 0.5 m from the loading 

centre 

Furthermore i t should be noted that the SCI values given i n figure 2.17 are not 
corrected for temperature and other influences. 

2.5 T r a f f i c 

The amount of t r a f f i c , and more s p e c i f i c a l l y the number and magnitude of the 
axle loads, i s of importance i n order to be able to make proper evaluations of 
the present-day pavement condition, and to make reasonable estimates of the fu­
ture condition. 
In the Netherlands, information on the amount of t r a f f i c i n terms of number of 
vehicles, i s readily available for state highways as well as for the secondary 
road system. There i s however very l i t t l e information on the axle load spectrum 
on the respective road types. L i t t l e to no t r a f f i c information i s available fore 
the less important roads. 
For the Zuid Holland road sections (figures 2.1 and 2,2), Beuving |10] derived 
an overview of the average daily t r a f f i c development over the years (figure 2.18) 
and the cumulative number of equivalent 100 kN single axles (figure 2.19). F i ­
gure 2.18 i s based on t r a f f i c counts performed by the provincial highway depart­
ment.1 Figure 2.19 i s based on relations that seem to exist between the truck 
silhouette and the number of equivalent 100 kN single axles per truck. 
The data given in figure 2.19 were used i n the development of a structural per­
formance model. 

2.6 Summary 

In this chapter, general information has been given on the construction types, 
materials used i n pavement structures, and specifications set for them. 
Attention has been paid to the subsoil and environmental conditions that are 
typical fore the Zuid Holland region. 
Furthermore, t y p i c a l examples are given of structural performance data as ob­
tained by means of v i s u a l condition surveys and deflection measurements. 
Also information on the amount of t r a f f i c and the t r a f f i c loads determined for 
the road sections considered, was given. 
This introductory chapter was thought to be necessary i n order to give the rea­
der an idea and understanding of the material which i s dealt with i n this report. 
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3.1 Introduction 

The design of f l e x i b l e pavements should be such that a safe, comfortable and 
fast public and commercial transportation i s possible during a large number of 
years. These demands, made by the road user, mean to the road designer that he 
should provide a smooth driving surface with a high skid resistance. Also the 
design of the structure should be such that the longitudinal and transverse de­
formations as well as surface distress which w i l l be developed during the pave­
ment l i f e , do not exceed predefined minimum acceptance levels. 

The development of damage or distress of the pavement depends to a large extent 
on the quality of the subsoil but to an even larger extent on the quality of the 
design of the pavement structure. Table 3.1 | l | gives an overview of distress 
;modes, distress manifestations and examples of distress mechanism. Distress 
which should be contributed to the pavement structure i t s e l f , i s the result of 
overstressing parts of the structure or the t o t a l structure. Overstressing means 

:that the stresses have reached such a magnitude that r e l a t i v e l y large permanent 
deformations and or cracking of the materials used,will occur. Especially 
cracking of one of the pavement layers should be of major concern since this 
may result in large deformations in other layers and f i n a l l y in the i n a b i l i t y of 
the total structure to transfer loads. Also t r a f f i c may p u l l the broken parts 
out of the pavement surface which result i n potholes which i n turn w i l l have a 
negative influence on the rid i n g comfort and even on the safety conditions. 

In order to be able to design pavements in such a way that a high quality d r i v ­
ing surface i s offered over a large number of years, a large number of methods 
have been developed i n the past. These design methods can roughly be categoriz­
ed into two groups. 
a. empirical design methods 
b. mechanistic design methods 

ad a. The empirical design methods are based on the observed behavior of pave­
ments related to the thicknesses of the different layers, some simple strength 
characteristics of the materials used, and the number and magnitude of the loads 
applied to the pavement. Although these empirical methods do have the large ad­
vantage of being based on observed damage developments, the main shortcoming i s 
that they are not based on a proper evaluation of the stresses within the pave­
ment and a proper description of the characteristics of the materials used, such 
as strength and deformation ch a r a c t e r i s t i c s . This ties these empirical methods 
to the materials, climatic and loading conditions for which they are developed. 
Use of these methods under other circumstances may result in wrong or unreliable 
designs. 

ad b. To overcome the drawbacks of the empirical design methods, mechanistic 
design methods have been under development during the l a s t twenty years. 
With the term mechanistic methods, those methods are meant which use a "funda­
mentally" sound approach to the calculations of the stresses and strains in 
pavement structures and which are based on a "fundamentally" sound description 
of the materials characteristics such as deformation and fracture properties. 
In the previous sentence, the word fundamentally has been placed between quota­
tion marks. This i s because up t i l l now a l l calculations are made under the 
assumption that the effects of dynamic t r a f f i c loads can be evaluated by means 
of calculation techniques which assume a s t a t i c loading. The dynamic nature i s 
simulated by using e l a s t i c modulus values which are t y p i c a l for the prevailing 
dynamic loading conditions. 
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Table S. 1 : Categories of Pavement Distress 

Examples of 
Distress Mode Distress Manifestation Distress Mechanism 

Excessive loading 
Repeated loading ( i . e. fatigue) 

Cracking Thermal changes 
Moisture changes 

Fracture Slippage (horizontal forces) 
Shrinkage 

Excessive loading 
Repeated loading ( i . e . fatigue) 
Thermal changes 
Moisture changes 

Excessive loading 
Time-dependent deformation 

Permanent (e.g. creep) 
deformation Densification ( i . e . compaction) 

Consolidation 
Distortion Swelling 

Excessive loading 
Faulting Densification ( i . e . compaction) 

Consolidation 
Swelling 

Adhesion ( i . e . loss of bond) 
Stipping Chemical r e a c t i v i t y 

Abrasion by t r a f f i c 

Desintegration Adhesion ( i . e . loss of bond) 
Raveling Chemical r e a c t i v i t y 
and Abrasion by t r a f f i c 
Scaling Degradation of aggregate 

Durability of binder 
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Furthermore very often far reaching assumptions need to be made on material 
properties, such as deformation characteristics, in order to perform the stress 
and s t r a i n calculations within a reasonable time and budget. 

The major advantage of these methods is, that they are not bound to certain l o c a l 
conditions but can be applied anywhere at any time. 

A major disadvantage of almost a l l mechanistic methods is, that only the number 
of load applications to f a i l u r e can be calculated. No predictions can be made on 
pavement performance during the time period which l i e s between construction and 
f a i l u r e . 
Another disadvantage of these mechanistic methods is, that hardly any v e r i f i c a ­
tion on the predictive c a p a b i l i t i e s of these models has been performed. 
Although one can consider the above mentioned disadvantages as serious drawbacks 
of the so-called mechanistic methods, i t is believed that their use should be 
encouraged because they give a better understanding or at least a better insight 
in why a given design w i l l perform well or not. 

This study has been undertaken to improve the prediction c a p a b i l i t i e s of exis­
ting mechanistic design methods. Especially emphasis i s placed on the prediction 
of future performance as well as on prediction of cracking. F i r s t of a l l , a 
short description w i l l be given of the basic principles of existing mechanistic 
design methods in order to get an understanding of the rationale for this study. 

3.2 Mechanistic Design Methods; Basic P r i nc ip l e s 

A rather complete picture on existing mechanistic design methods can be found i n 
the proceedings of the 4th International Conference Structural Design of Asphalt 
Pavements |2[. This section summarizes the basic assumptions used i n most of the 
methods presented there. 
In a l l mechanistic design methods the pavement structure i s modelled as a number 
of layers resting onan i n f i n i t e half space. Mostly the materials are assumed to 
be linear e l a s t i c , homogeneous and isotropic. This i s never true for pavement 
materials but i n many cases i t i s a reasonable assumption. To overcome this pro­
blem, sometimes a linear v i s c o e l a s t i c approach or a non-linear e l a s t i c approach 
is adopted. The linear visco e l a s t i c approach i s attractive to model the defor­
mation characteristics of bituminous materials; granular materials and cohesive 
s o i l s can be described better by a non-linear e l a s t i c approach. 
However a better model involves too, that more sophisticated tests should be 
performed to determine the deformation properties of the materials. This i s 
costly, time consuming, and at the present state of knowledge, a better design 
is not garanteed by using better material models. This is why usually a linear 
e l a s t i c approach i s adopted. 
It should be recognized that in many design procedures the linear e l a s t i c defor­
mation properties of the materials considered are estimated from rules of the 
thumb and nomographs to overcome the necessity to perform expensive and time 
consuming tests. One well known rule of the thumb i s the re l a t i o n to estimate 
the e l a s t i c modulus of the subgrade : 

E s = 107 CBR 

where E s = e l a s t i c modulus of the subgrade |N/m2| 
CBR = C a l i f o r n i a Bearing Ratio of the subgrade \%\ 
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It w i l l be obvious that the application of these types of rule i s derationali-
zing the mechanistic design methods. 
Fortunately the nomographs that are used to estimate the e l a s t i c deformation 
characteristics of bituminous materials, are based on extensive laboratory testing 
of these materials. By using these nomographs usually r e l i a b l e deformation va­
lues are obtained. 

In a l l design methods the pavement structure is loaded by uniformly distributed 
v e r t i c a l loads applied on c i r c u l a r areas. Computer codes have been developed to 
calculate the stresses and strains in a linear e l a s t i c , or linear v i s c o e l a s t i c 
layered pavement structure |3, 4|. 
One recent computer code |5| i s capable of handling anisotropy and non uniformly 
distributed v e r t i c a l and horizontal loads. This l a t t e r i s important since es­
p e c i a l l y inward shear loads, which have been neglected i n most of the design me­
thods, can have a major influence on the stresses and strains near the pavement 
surface. 

Since the magnitude of the wheel loads varies over a broad range, Miner's law i s 
used to determine the over a l l damage caused by the different wheel loads. 
Miner's law i s : 

J 
n i 

i=l N 1 

where n i = number of load applications of magnitude i 
N£ = allowable number of load repetitions of magnitude i 
j = number of load magnitudes (load classes) considered. 

Normally a l l axle or wheel loads considered are transformed to an equivalent 
single axle or wheel load in order to overcome the necessity to perform calcula­
tions for a large number of load groups. The number of equivalent axle loads (N) 
is calculated with 

H - I ( J i ) m n i 
i=l *e 

where P i = axle load of magnitude i 
n£ = number of axle load repetitions of magnitude Pi 
P e = reference axle load or equivalent axle load 
m = a constant ranging from 3 to 6 

In this study the reference axle load P e i s set a 100 kN being the legal l i m i t 
for single axles in the Netherlands. 

A l l design methods use two basic design c r i t e r i a . They are the maximum horizon­
t a l tensile s t r a i n i n the asphalt layer, which i s responsible for cracking of 
the asphalt layer, and the v e r t i c a l compressive strain at the top of the sub-
grade, which i s responsible for permanent deformation of the subgrade,resulting 
i n permanent deformation of the pavement surface. Some design methods do also 
take into account the permanent deformation developed i n the individual pavement 
layers. 
To check when or whether cracking or permanent deformation occurs, the cal c u l a ­
ted stresses or strains are put into fatigue relations, which almost a l l have 
been developed from laboratory tests, and into permanent deformation models that 
have been developed in the laboratory too, or that have been derived from ob­
served in s i t u behavior of pavement. 
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The laboratory determined fatigue relations that are used, are corrected by a 
factor, mostly ranging from 2 to 30, to take into account b e n e f i c i a l effects as 
rest periods, crack propagation and the l a t e r a l d i s t r i b u t i o n of the t r a f f i c 
loads over the pavement width. 

! 

Only a few design methods incorporate r e l i a b i l i t y concepts, by taking into ac­
count the influence of v a r i a b i l i t y of material and load characteristics, layer 
thicknesses etc. on the pavement l i f e . The way in which this i s done is compli­
cated and a f a i r l y large computer i s then needed. This i s the reason why the re­
l i a b i l i t y concepts are r e s t r i c t e d in their p r a c t i c a l use. 

3.3 Discussion on the A p p l i c a b i l i t y of the Mechanistic Design Methods; 
Sett ing the Scope for a New Design Method 

As mentioned before one of the major drawbacks of the mechanistic design methods 
is the uncertainty of whether theoretical results w i l l match observed pavement 
behavior. In r e a l i t y pavement damage (cracking, permanent deformation) develops 
in time in a gradual way. At the present moment, this can only be simulated by 
using design methods which are incorporating r e l i a b i l i t y concepts but they are, 
as noticed before, in their present form not user friendly. 

Another main shortcoming of most of the present design methods i s , that the f a ­
tigue and permanent deformation relations used, are not, or only to a limited 
amount, checked on observed pavement behavior. 
This i s thought to be especially true for fatigue cracking of the asphalt layers. 
As mentioned before a factor of 2 up to 30 i s used to "correct" the fatigue re­
lations determined in the laboratory to simulate the cracking behavior of the 
pavement. It w i l l be obvious that i n this case the introduction of r e l i a b i l i t y 
concepts w i l l give some indication on the cracking behavior of the pavement i n 
time, but that the predicted moment of the appearance of cracks at the pavement 
surface becomes highly unreliable i t s e l f due to the inconsistency of the correc­
tion factors. 
Not only the prediction of the moment of appearance of the cracks at the pave­
ment surface i s rather unreliable, also the prediction of the type of cracking 
as done by means of the existing mechanistic methods gives cause to question 
marks on the a p p l i c a b i l i t y of these methods. 
In general, cracking which grows from bottom to top can be very well explained 
by means of the existing methods. Also i t can be explained why the cracks some­
times i n i t i a t e somewhere within the asphalt layers |6|. In many pavements how­
ever a large amount of so called surface cracking can be observed. This type of 
cracking is defined as cracking which grows from the pavement surface downwards 
but only to a limited extent. For instance Dauzats et a l . |7| showed that in 
France longitudinal surface cracking contributed to about 25% of the total 
amount of cracking in thick asphaltic concrete pavements. For overlaid pavements 
surface cracking contributed to about 90% of the t o t a l amount of cracking. 
Unfortunately this type of cracking cannot be explained by means of the c a l c u l a ­
tion techniques which are commonly used. This is considered to be an imperfec­
tion of these methods which should be overcome. One should be able to predict 
and to recognize the occurence of surface cracking since i t w i l l influence the 
selection of maintenance strategies. 

Furthermore a strong need i s f e l t on f a i r l y simple structural performance models. 
By these, models are meant which can be used by the road engineer to estimate 
how the proposed designs w i l l most probably behave i n time i n terms of cracking 
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Figure 3.1 Pavement and Loading Geometry used in the Analysis 
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Figure 3.2a Relation between the Surface Curvature Index (SCI) and the 
V e r t i c a l Compressive Strain at the top of the Subgrade (zv) 

200 400 600 800 
Figure 3.2b Relation between the Surface Curvature Index (SCI) and the 

Horizontal Tensile Strain at the bottom of the Asphalt Top Layer 
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and permanent deformation. These models must enable the road engineer to check 
whether an existing road needs to be maintained and when this maintenance a c t i ­
v i t y should take place. 
F i n a l l y i t i s recognized that much attention should be paid to the comprehensi-
b i l i t y and a p p l i c a b i l i t y of methods to be developed, since i t has been stated 
several times that those design methods that already f u l l f i l l to some extent 
these demands, for instance the method presented i n |8|, are rather complex and 
therefore not very attractive to be used by the practising highway engineer. 

The above mentioned considerations have led to the conclusion that the existing 
pavement design methods should be extended. Departing from the same basic p r i n ­
ciples as used in the existing methods, simplified performance models should be 
developed which w i l l enable the road engineer to check whether these designs per­
form as expected and to determine whether maintenance a c t i v i t i e s should be sche­
duled or not. 
This l a t t e r demand means that the design and performance models should be strong­
ly related to data which can be obtained by means of deflection measurements and 
visual condition surveys. This is because these types of measurements are nor­
mally used to assess the pavement condition. 

In the subsequent sections of this chapter, the development of such an extended 
design method w i l l be described in which the requirements mentioned above are, 
according to this author, met as best as possible. 
Since this extended method contains many new and o r i g i n a l developments i t can 
be c l a s s i f i e d , without exaggeration, as a new design method. 

3.4 A New Design Method 

In the subsequent sections of this chapter on the development of a new design 
method, attention w i l l be paid to 
a_. development of simple techniques to assess the design s t r a i n levels, which 

are the tensile s t r a i n in the asphalt layer and the v e r t i c a l compressive 
s t r a i n at the top of the subgrade; 

b. development of a structural performance model; 
c_. development of a permanent deformation model. 

Of course none of these subjects were developed from one day to the next so 
each section w i l l start with a short review of the work executed on each subject 
by the author and others at the Laboratory of Road and Railroad Research of the 
Delft University. 
After that, the recent developments made by the author w i l l be discussed which 
have led to the techniques and models as they are at this moment. 

3.4.1 Development of Simple Techniques to Assess the Design St ra in Levels 

3.4.1.1 Review of Previous Work 

Already in 1976 evidence was obtained from extensive BISAR |3| calculations on 
three layer pavement systems, performed by the author |9| that a re l a t i o n could 
be derived between the surface curvature index (SCI) of the pavement caused by 
a dual wheel loading ( f i g . 3.1), and the two major design c r i t e r i a which are: 
a. , the horizontal tensile s t r a i n at the bottom of the asphalt layer; 
b. the v e r t i c a l compressive s t r a i n at the top of the subgrade. 
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Figure 3.4 Relations between the Equivalent Layer Thickness (he) on 
one hand and the Horizontal Tensile Strain at the bottom of the Asphalt 
Layer (zp) or the V e r t i c a l Compressive Strain at the top of the Sub-
grade (z-y) on the other. 

Figure 3.5 Pavement Design 
Curves based on the Equivalent 
Layer Thickness (he) 

Figure 3. 6 Relation between the 
Surface Curvature Index (SCI) and 
the Equivalent Layer Thickness (he) 
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This work has been extended by Z i j l s t r a [10]. In 1977 the author presented re­
lations between the surface curvature index on one hand and both strain values 
on the other | l l | ( f i g . 3.2). As can be seen from figure 3.2, both strain values 
can be estimated with a rather high accuracy provided the t o t a l pavement thick­
ness (base plus top layer) and the thickness of the asphaltic top layer are 
known. By using fatigue relations derived by Shell researchers for different 
asphalt mixes |l2|, and a subgrade fatigue r e l a t i o n also developed by Shell |l3|, 
the author has derived relations between the surface curvature index and the 
pavement l i f e based upon both design c r i t e r i a ( f i g . 3.3). 

7 
10 -N 

10 

5 
10 

J L SCI lyml 
200 400 600 

Figure 3.3 Example of a Pavement Design Curve based on the Surface 
Curvature Index (SCI) 

Although these relations are fortunately independent of any layer modulus, they 
are dependent on layer thicknesses. This means that quite a lot of cores should 
be taken from pavements in order to be able to determine the strain values. This 
was thought not to be a t t r a c t i v e . Also i t was thought that designing pavements 
based on a surface curvature index i s not very p r a c t i c a l . This curvature index 
must s t i l l be translated into layer thicknesses and e l a s t i c modulus values. 
Therefore this basic work was extended further by the author and Van Gurp |l4, 
15, 16, 17, 18, 19, 20| i n the following way. F i r s t of a l l relations were d e r i ­
ved between the equivalent layer thickness, calculated according to Odemark, 
|2l| and both basic design c r i t e r i a , i . e . the horizontal tensile s t r a i n at the 
bottom of the asphalt layer and the v e r t i c a l compressive strain at the top of 
the subgrade ( f i g . 3.4). 
The equivalent layer thickness (h e) i s calculated by 

L - l 3 E £ 

h e = 0.9 I h i / =- eq. 3. 1 
i=l b s 

where h i = thickness of layer i |m| 
E i = e l a s t i c modulus of layer i |N/m2 

E s = e l a s t i c modulus of the subgrade N/m2 | 
L = Number of layers 

Odemark's equivalency theory was used since the equivalent layer thickness i s a 
magnitude which i s meaningful and easily to be understood. A pavement with a 
high h e w i l l l a s t longer than a pavement with a low h e. 
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SCI = surface curvature index (as defined i n figure 3.1) 
N = number of load repetitions to f a i l u r e 

Figure 3.7 Relations between the SCI on one hand and the zv and zv on the other 

Examples of these design curves are given in figure 3.8 

_ l I L 

100 200 300 
SCI |jjm| 

Figure 3.8 Pavement Design Curves based on the SCI 
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By means of the relations between the h e and the design strain levels, and by 
applying appropriate fatigue relations, pavement design curves l i k e those given 
in figure 3.5 were developed. 
Each design curve can be described with 

log N = a 0 + ai b 0 + a ^ i log h e eq. 3.2 

where ao, ai = constants from the fatigue r e l a t i o n which i s 
log N = a 0 + ai log e 

bo, bi = constants from the r e l a t i o n log e = b 0 + by log h £ 

h e = equivalent layer thickness 
N = number of load repetitions to f a i l u r e 

The big advantage of this type of design curves is,that once a design equivalent 
layer i s selected, i t can be broken down very simple to layer thicknesses and 
e l a s t i c moduli values by using equation 3.1. This makes i t possible to select 
alternative designs. It could be argued that the e l a s t i c modulus of the subgrade 
s t i l l needs to be known i n order to be able to select a proper h e value. This 
modulus value can be selected by using the well known rule of the thumb. 

E s = 107 CBR 
|E S| = |N/m2| 
ICBR| = |%| 

It has been stated in section 3.3 that i t i s desirable to have relations be­
tween the magnitude, which i s used i n the design method to describe the load 
carrying capacity of the pavement, and deflection data. 
Therefore the surface curvature index of the deflection bowl caused by the dual 
wheel loading which i s a measurable quantity, and the equivalent layer thickness 
were correlated with each other. 
The result i s shown in figure 3.6. 

It i s obvious that relations between the SCI and the design s t r a i n levels are 
preferred over the SCI vs h e and h e vs e relations when one needs to know the 
str a i n l e v e l in existing pavements. Therefore the relations given i n figure 3.2 
were somewhat simplified i n order to get relations of the same shape as the 
h e vs e relations. These simplified relations are shown in figure 3.7. 
A logarithm based r e l a t i o n was used since this type of rel a t i o n had a somewhat 
higher c o e f f i c i e n t of correlation than the straight forward linear r e l a t i o n 
which was used before. 
The unknown subgrade modulus can d i r e c t l y be calculated from deflection measure­
ments. For a dual wheel load this r e l a t i o n i s developed in | l l | , for a f a l l i n g 
weight load this r e l a t i o n i s given i n |22|. This l a t t e r r e l a t i o n i s 

log E s = 9.87 - log A 2 eq. 3.3 

where E s = e l a s t i c modulus of the subgrade |N/m2| 
A2 = deflection measured at 2 m from the loading center 

(P = 50 kN, t = 0,02 s) [um| 

By means of these relations and appropriate fatigue relations, design curves 
based on the SCI could be developed. These curves can be described with 

log N = a 0 + ajCo + aiCi log SCI eq. 3.4 

where a 0 , ai = as defined e a r l i e r (eq. 3.2) 
Co, c i = constants from the re l a t i o n log e = Co + ci log SCI 
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The relations given so far were the base of further work i n this f i e l d and of 
the development of a structural performance model which w i l l be discussed later 
on. 

3.4.1.2 Recent Developments 

Recently the author has made several modifications to the relations presented 
in the previous section. These modifications were thought to be necessary due 
to a number of reasons which are l i s t e d below. 

a. In the derivation of the presented relations, i t i s assumed that the maximum 
asphalt s t r a i n occurs at the bottom of the asphalt layer. It has been shown 
at several locations that this i s not always true. Also perfect adhesion be­
tween the layers was assumed. There is no doubt adhesion i s absent i n a r e l a ­
t i v e l y large number of occasions, especially in overlay conditions. The 
question therefore remains, w i l l i t be possible to estimate the tensile 
s t r a i n , which occurs i n these conditions, by means of the e a r l i e r developed 
SCI vs e relations. 

b_. The uniqueness of the h e vs £ and SCI vs h e relations has been questioned i n 
a few occasions when i t was discovered that ranking different pavement sec­
tions according to surface curvature index and equivalent layer thickness, 
resulted i n incompatible maintenance p r i o r i t i e s . Solving this problem i s 
thought to be important since the equivalent layer thickness i s an ideal 
yardstick to compare the condition of pavement sections, because i t i s s i g n i ­
ficant, easy to understand, and therefore very attractive to be used for 
these purposes. 

The question how to explain surface cracking that has been observed i n a num­
ber of occasions, i s not solved by the relations presented i n the previous 
section. From the available l i t e r a t u r e on this subject, i t could be concluded 
that there are two possible causes for this type of cracking. Yandell and 
Lyttoh |23| have indicated that surface cracking might be the result of r e s i ­
dual stresses which are at their maximum just after the passage of a load and 
which w i l l relax gradually. On the other hand Wardle and Gerrard |24| have 
shown that longitudinal surface cracking can be explained by taking into 
account ra d i a l shear stresses acting under r o l l i n g as well as standing 
wheels. 
Considering the fact that most of the surface cracking observed i n this study 
was longitudinal cracking, i t was decided by the author to perform additional 
calculations to quantify and qualify the effects of the above mentioned r a d i ­
a l shear stresses. 

In order to solve the above mentioned question marks, a number of calculations 
on three layered pavement systems were performed by using the CIRCLY computer 
program |5|. 
The loading geometry as well as the pavement characteristics are shown i n figure 
3.9. 
From figure 3.9 i t can be observed that three base stiffnesses were considered. 
a. a low stiffness base, representing an unbound base (E 2 = kE 3) 
b. a moderate s t i f f base, representing an unbound base showing some cementation 

as i s for instance the case with bases b u i l t of blast furnance slags 
(E 2 = 1200 MPa) 

c. a s t i f f base, representing a typical sand cement s t a b i l i z e d base 
((E 3 = 6000 MPa). 

Also i t can be observed that f u l l s l i p as well as f u l l adhesion conditions were 
assumed at the interface between the top layers and the base. 
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Figure 3.9 Input for the CIRCLY Calculations 

A detailed discussion on the results of these calculations i s given in appendix 
3A. In this section only the main findings from the analyses w i l l be given. 

F i r s t of a l l attention w i l l be paid to the location of the maximum tensile 
s t r a i n i n the asphalt layer. 
From the results of the calculations, i t i s concluded that the location of the 
maximum tensile strain within the asphaltic top layer was dependent on the r a t i o 
of base s t i f f n e s s to top layer s t i f f n e s s and the thickness of the asphaltic top 
layer. The rule of thumb developed by Claessen |6| to determine the location of 
the maximum s t r a i n was confirmed. 
Furthermore the calculations showed that in most cases the tensile strain at the 
bottom of the asphalt layer or the s t r a i n at some depth below the surface, i s 
smaller than the tensile s t r a i n at the pavement surface occuring at the t i r e 
edge, caused by inward shear forces. 
Also i t could be concluded that for the given loading configuration the magnitude 
of the tensile s t r a i n at the pavement surface i s solely dependent on the s t i f f ­
ness of the top layer. 

The following p r a c t i c a l conclusions on the cracking behavior of f l e x i b l e pave­
ments could be drawn from the results of the performed analysis, 
a. Cracking observed on pavements having an unbound base and an asphalt top 

layer thickness less than 0.2 m, can be judged as cracking which has grown 
from bottom to top. 

b_. Longitudinal cracking observed on pavements having an unbound base and an 
asphalt top layer thicker than 0.2 m, can be judged as cracking which has 
grown from top to bottom. 

c_. Longitudinal cracking observed on pavements having a s t i f f base is most pro­
bably cracking which has i n i t i a t e d at the top of the pavement. 

d. Transverse cracking observed on pavements having a s t i f f base might be due 
to environmental effects or due to fatigue of the s t a b i l i z e d base; in both 
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cases the observed transverse cracking in the asphalt layer i s r e f l e c t i o n 
cracking. 

Now the uniqueness of the relations between the equivalent layer thickness on 
one hand and the maximum tensile strain in the asphalt layer w i l l be considered. 
Again a l l the details of the analysis carried out on these relations are presen­
ted in appendix 3A. From this analysis the following conclusions have been drawn, 
a.. If one wants to estimate the tensile strain in the asphalt layer from the 

equivalent layer thickness (h e) with a high degree of accuracy, the thick­
ness as well as the base s t i f f n e s s should be taken into account. 

Id. Also the s t i f f n e s s of the top layer influences the h e vs e re l a t i o n but 
since this influence i s limited, i t can be neglected for p r a c t i c a l purposes. 

c. For p r a c t i c a l design purposes i t i s recommended to use the h e vs e re l a t i o n 
developed for pavement having an unbound base with a thickness of 0.3 m. 
This r e l a t i o n i s shown in figure 3.10. 

d_. The new h e vs e r e l a t i o n produces more conservative results than the old 
h e vs e r e l a t i o n . 

On the theoretically derived r e l a t i o n between the surface curvature index and 
the maximum tensile s t r a i n i n the asphalt layer, the following commentary can 
be given. 
a. The SCI correlates rather well with the tensile s t r a i n i n the asphalt layer 

both in cases where f u l l adhesion exists, and i n cases where f u l l s l i p between 
the top layer and the base occurs ( f i g . 3.11). 

b. There i s a good relat i o n between the SCI and the tensile s t r a i n at the bot­
tom of the base ( f i g . 3.11). 
The new re l a t i o n between the SCI and the maximum st r a i n in the asphalt layer 
produces more conservative results than the old r e l a t i o n . 

d_. It has been shown that the SCI i s almost independent of the subgrade modulus. 
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Furthermore i t i s strongly recommended to take cores i f pavement evaluation i s 
done by means of deflection measurements. The purpose of taking cores i s not on­
ly to get samples for the material testing but also because i t enables the pave­
ment engineer to check the degree of adhesion between the pavement layers. It 
has been shown that this i s important because a low SCI w i l l not always mean a 
low strain l e v e l in the asphalt layer. 

F i n a l l y some comments w i l l be made on the r e l a t i o n between the SCI and h e. Also 
this r e l a t i o n i s influenced by the thickness and st i f f n e s s of the base. However 
for pavements with s t i f f bases, the r e l a t i o n between SCI and h e i s not influen­
ced by the properties of the base. 
Furthermore i t can be concluded that the old r e l a t i o n between SCI and h e produ­
ced more conservative results ( i . e . lower h e values) than the new relations. 

Although the previous given relations between h e and e as well as between SCI 
and h e need to be modified to a considerable extent, one should know what the 
net effect of these modifications i s . For instance i f one wants to express the 
load carrying capacity of an existing pavement by means of h e, one has to calcu­
late h e from the SCI which in turn can be determined by means of deflection mea­
surements. For further evaluation purposes one has to translate h e into a s t r a i n 
l e v e l . One could ask now what the difference i s in the s t r a i n value estimated by 
means of the old equations and the s t r a i n value estimated by the new equations. 
Table 3.2 gives the results of such a comparison. The comparison i s based on a 
base thickness of 0.3 m since this is a commonly used thickness. 

Table 3.2 Equivalent Layer Thickness and Strain Estimations by means of the 
Original and Revised Equations. 

New Relations Original 
E 2 MPa| 400 1200 6000 Relations 

SCI |u'm| h e | m e h e |m| £ h £ |m £ h e |m| £ 
200 0.68 1.7 . 10" " 0.58 2.3 . 10-" 0.36 1.3 . io- " 0.51 1.7. 10^ 
100 1 8.6 . 10" "5 0.91 8.5 . l O - 5 1 1.7 . i o - 5 0.73 8.7. 10"5 

50 1.43 4.3 . 10" '5 1.49 3.1 . 10~5 1 .75 2.2 . l O - 5 1 .05 4.5 . 10~5 

As can be seen from table 3.2 the agreement between the s t r a i n values estimated 
by means of the old equations and the s t r a i n values determined by means of the 
new equations is good for pavements with an unbound base. The agreement is rea­
sonable for pavements with a moderate s t i f f base (E 2 = 1200 MPa) but poor for 
pavements with a s t i f f s t a b i l i z e d base (E 2 = 6000 MPa). 

3.4.2 Development of a St ructura l Performance Model 

In this section the development of a structural performance model w i l l be des­
cribed. As mentioned before such a model should describe how the pavement w i l l 
deteriorate i n time. It i s obvious that such a model i s important i f an overall 
economic analysis of the pavement structure (design plus maintenance) has to be 
made. As mentioned before a structural performance model i s also an important 
tool i n the planning and design of maintenance a c t i v i t i e s . 

The structural performance model developed i n this study, has been b u i l t around 
the relations between h e or SCI on one hand and £ on the other. These were des­
cribed i n the previous section. 
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3.4.2.1 Review of Previous Work 

The work done at the Laboratory of Road and Railroad Research of the Delft Uni­
versity on the development of a structural performance model has started in 1979. 
The o r i g i n a l developments have been reported in |l4| while further developments 
have been published in |15, 16, 17, 18, 19, 20|. The basic idea behind these 
performance curves i s that designs made by using equations 3.2 or 3.4 have a re­
l i a b i l i t y of 50% since a l l factors used are set at their mean value. Departing 
from this mean value of the number of load repetitions to f a i l u r e , the number of 
load repetitions N p to a certain r e l i a b i l i t y level P can be calculated by 

log N p = a 0 + a i b 0 + a:bi log h e - u . S i o g j j eq. 3.5 

where ao, a i , bo, bi = as defined before 
u = standardised normal deviate associated to a p r o b a b i l i ­

ty P 
^log N = standard deviation of the logarithm of the expected 

number of load repetitions to f a i l u r e . 

It i s obvious that a same type of r e l a t i o n can be derived based on the measured 
surface curvature index. 
As can be seen, the governing factor in the determination of log Np i s the fac­
tor S^ Qg jj, this parameter can be determined using the p a r t i a l derivative method 
for determining the variance of a multivariate |25, 26|. 
F i r s t of a l l the variance of the equivalent layer thickness (Sh g) i s calculated 
i n the following way 

i=l 1 i=l 1 

2 . 
where Sh£ = variance of layer thickness l 

2 
^ E i = variance of the e l a s t i c modulus of layer l 
L = number of layers 
f =0.9 I h; / ^ 

i=l E s 
h£ = thickness of layer i 
E s = e l a s t i c modulus of the subgrade 
E£ = e l a s t i c modulus of layer i 

From the r e l a t i o n 

log e = b 0 + bi log h e eq. 3.7 

the variance of the strains i s calculated by 

S l o g e = b i S l o g h eq. 3.8 

using the f i r s t order second moment approach. A detailed description of the c a l ­
culation of Si_ 0gj l e is given in appendix 3D. 

From the r e l a t i o n 

log N = a 0 + a i l o g e eq. ,3.9 
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the variance of log N i s calculated in the same way, which results in 

2 2 2 2 2 2 2 S, = a, S, = a, b, S. , + S, ,, , . eq.3.10 log N 1 log e 1 1 log h e l.o.f.Qog N-log e) H 

where „ = lack of f i t of the equation describing the fatigue re l a t i o n . 

In equation 3.10 a lack of f i t term has been introduced because of the large 
amount of scatter which i s normally observed in the results of fatigue tests. A 
value of 0.16 can be 2used for the lack of f i t term |l7| while a value of 0.0035 
can be adopted for S i 0 g h e (see also appendix 3D). 
As can be observed from eq. 3.10 the value of s| 0g N i s mainly determined by the 
variance in material properties and layer thicknesses as well as the slope of 
fatigue r e l a t i o n and the slope of the h e vs e r e l a t i o n . 

Using the same approach to determine the dependency of Slog n °n the variance of 
measured surface curvature index values resulted i n 

2 2 2 2 2 

S l o g N = a i C l S l o g SCI + S l . o . f . (log N-log e) 6 q - 3 - " 

This i s an important r e l a t i o n since i t means that the variance of the pavement 
l i f e , expressed in a number of load applications N, can be derived from deflec­
tion measurements. The importance of this w i l l be described i n d e t a i l later on. 
Based on the pavement design curves given i n figure 3.5, probability of survival 
curves were derived for a few values of S i 0 g JJ and a given value for h e. These 
curves are shown i n figure 3.12. Also probability of survival curves were d e r i ­
ved for several values of h e and a given value of S i Q g JJ. These curves are given 
in figure 3.13. The probability of survival P i s defined as the chance the pave­
ment w i l l sustain a certain number of load applications without f a i l u r e . 
As can be seen from figure 3.12, low values of S^ 0g JJ mean that after a rather 
long period i n which no damage to the pavement can be expected, an abrupt and 
rather steep decrease of the probability of survival might be expected. This i s 
also i l l u s t r a t e d in figure 3.14 where the decrease of P i s shown in respect with 
the ratio applied number of load applications to allowable number of load a p p l i ­
cations n/N. Since figure 3.14 shows i n a basic form the decrease of P i n res­
pect of. n/N , or in other words the structural deterioration of the pavement in 
respect of n/N , this figure i s defined as the basic structural performance mo­
del which can be used for pavement design and pavement evaluation purposes. 

3.4.2.2 Further Developments 

This section deals with the developments made by the author on the o r i g i n a l 
structural performance model which has been described i n the previous section. 
These developments are mainly concerned with the transformation of the parameter 
P into other parameters which have a physical meaning. For instance P should 
give information on the area which exhibits cracking or on to what extent the 
equivalent layer thickness of the pavement as constructed o r i g i n a l l y , has dete­
riorated. These aspects as well as the v e r i f i c a t i o n and validation of the nature 
of the structural performance model, as has been performed by analysing the re­
sults of i n s i t u tests on the load carrying capacity of pavements ( f a l l i n g 
weight deflectometer tests), w i l l be discussed i n this section. 

3. 4. 2. 2.1 Formulation of an Equivalent Layer Thickness Deter iorat ion Model 

If one considers the decrease of h e with respect to the number of load applica­
tions, one w i l l observe that this decrease can be described by an S shaped curve 
( f i g . 3.15). 
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Figure 3.13 Decrease of the P r o b a b i l i t y of Survival as a function of 
the number of Load Repetitions and the Equivalent Layer Thickness (he) 
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Figure 3.15 Hypothesised Decrease of the Equivalent Layer Thickness (he) with 
respect to the Number of Load Applications (n) 

The maximum leve l of h e i s determined by the thickness of the top layer and base 
and the r a t i o of the e l a s t i c modulus of the top layer resp. base to the e l a s t i c 
modulus of the subgrade. The minimum leve l of h e i s equal to the sum of the 
thickness of the top layer and the thickness of the base, assuming that both 
top layer and base have been ruined so far that the e l a s t i c modulus of those 
layers i s the same as the e l a s t i c modulus of the subgrade. 
Another minimum level of h e (h e min) c a n be defined by assuming that the e l a s t i c 
modulus of the top layer and base deteriorates to that of an unbound base. In 
this case hg min equal to 

e min ~ .3 (hi + h 2) eq. 3.12 

he min = minimum equivalent layer thickness |m| assuming Ei = E 2 = 3E3 
hi = thickness of the top layer |m| 
h 2 = thickness of the base |m| 
Ei = s t i f f n e s s of the top layer |MPa| 
E 2 = s t i f f n e s s of the base |MPa 
E 3 

= s t i f f n e s s of the subgrade MPa 

Although minimum values for h e can be defined in this way, they are not consi­
dered to be applicable to the d e f i n i t i o n of the end of the pavement l i f e . 
A usable minimum h e l e v e l can be defined by considering the condition of the 
pavement where a crack has propagated through a l l bound pavement layers and whe­
re no transfer of load due to aggregate interlocking across the crack takes pla­
ce. In other words the pavement has reached i t s minimum h e i f the o r i g i n a l 
" i n t e r i o r " loading conditions have changed to "free edge" loading conditions. 
This condition of a f u l l y developed crack coincides with the condition where 
n/N = 1 ( f i g . 3. 14). 
By using Westergaard's solutions |271 for stresses and displacements at the i n ­
t e r i o r and free edge of plates supported by a Winkler foundation, i t can easily 
be shown that i n case of a f u l l y developed crack, the equivalent layer thickness 
is decreased to 70% ( i f based on the stress analysis) or 37% ( i f based on the 
displacement analysis) of i t s o r i g i n a l value. From this i t seems reasonable to 
define the end of the pavement l i f e as the moment at which the equivalent layer 
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thickness has decreased to 50% of i t s o r i g i n a l value. 

From the foregoing i t was concluded that the decrease of h e with respect to n 
could be described by 

h e n = j + e g l o g ( n/ N) 3 - 1 3 

where h C n = equivalent layer thickness after n load repetitions 
hg Q = equivalent layer thickness at n = 0 
8 = a constant 
n = number of load repetitions 
N = number of load repetitions to f a i l u r e ( h e n = 0.5 h e Q ) 

Emphasis i s placed on the fact that the shape of the performance curves as d e f i ­
ned by equation 3.13 i s almost the same as the shape of the performace curves 
shown i n figure 3.14. A comparison between both types of curves i s given i n f i ­
gure 3.16. 

P 

Figure 3.16 Comparison of the T h e o r e t i c a l l y Derived Structural Performance Mo­
del and the Equivalent Layer Thickness Deterioration Model 

The agreement between the t h e o r e t i c a l l y developed s t r u c t u r a l performance model 
and the equivalent layer thickness d e t e r i o r a t i o n model which i s hypothesized 
here, i s thought to be of importance since i t would mean that the p r o b a b i l i t y of 
survival of the pavement can be determined from the r a t i o hen/hg0. This r a t i o in 
turn can be estimated by means of d e f l e c t i o n measurements. 

Considering the properties of equation 3.13 i t can be seen that they f u l l f i l l 
the requirements set in the beginning of this section. 
The h e n as described by equation 3.13 varies between a starting value h e o and 
some threshold value. 
According the equation 3.13, this threshold value i s zero. However i f one plots 
the decrease of h e with respect to n instead of log n, one w i l l observe that af-
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ter hen - 0.5 heo the decrease w i l l be very gradually and a p r a t i c a l minimum va­
lue for h e w i l l be observed ( f i g . 3.17). 

n 

Figure 3.17 decrease of the Equivalent Layer Thickness (he) with respect to the 
Number of Load Applications (n) 

In order to check the v a l i d i t y of equation 3.13, i t was decided to carry out an 
experimental program on a number of road sections. This program should consist 
of deflection measurements taken on a regular base over a number of years. These 
measurements should be complemented with v i s u a l condition surveys in order to 
qualify and quantify the v i s u a l deterioration of the pavement. 

The vali d a t i o n of equation 3.13 by means of deflection measurements w i l l be des­
cribed i n the next subsection. The results of the visual condition surveys w i l l 
be discussed in chapter four. 

3.4.2.2.2 Va l idat ion of the Equivalent Layer Thickness Deter iorat ion Model by 
Means of Def lect ion Measurements 

As indicated in the previous subsection, deflection measurements were carried 
out on a number of road sections over a number of years to v e r i f y the v a l i d i t y 
of equation 3.13. Eleven different road sections were selected which varied 
i n construction as well as in t r a f f i c loading. 
The construction details of the road sections tested, are given in figure 3.18. 
The deflection measurements were done by means of a f a l l i n g weight deflectome-
ter. If available, Benkelman beam data were used too in the analysis. 

As w i l l be understood from the previous subsection, the aim of the deflection 
measurements was to determine the equivalent layer thickness, the decrease of 
this value i n time, and to ve r i f y whether this decrease could be modelled by 
means of equation 3.13. Although this procedure seems rather straight forward, 
i t i s not that simple due to the fact that the deflection measurements are i n ­
fluenced by the temperature conditions i n the pavement as well as the moisture 
conditions i n the base and subgrade. It i s a well known fact that higher deflec­
tions w i l l be measured at higher temperatures. This i s because the e l a s t i c modu­
lus of the asphaltic top layer decreases with increasing temperature. 
Furthermore the e l a s t i c modulus of the subgrade w i l l be influenced by the mois­
ture content Of the subgrade material. This moisture content depends on the 
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Figure 3.18 Construction D e t a i l s of the Road Sections evaluated in this Study 

moisture supply which i n turn i s not constant during the year (see also chapter 
2). 
The f i r s t step was therefore to develop a technique which could be used to cor­
rect the equivalent layer thickness for influences of varying the s t i f f n e s s of 
the top layer, base and subgrade. This has resulted in a so called corrected 
equivalent layer thickness h e c |20, 29, 30|. The graph which has been developed 
to calculate h e c from the deflection measurements i s given i n figure 3.19 |20|. 
Appendix 3B contains a l l the details of the development of this correction me­
thod. 

It should be emphasized that the above mentioned correction method is only a p p l i ­
cable to pavements having a hot mix asphalt top layer and should only be used i n 
environmental conditions which are the same as those occuring i n the Netherlands. 

The h e c values which were derived in this way for the different road sections, 
were plotted against the number of load applications that were applied to the 
sections considered. These l a t t e r data were obtained from |28, 31, 32|. 
Subsequently equation 3.13 was used to f i t the data. A detailed description of 
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Figure 3.19 Chart to Determine the Corrected Equivalent Layer Thickness he<J 

From this curve f i t t i n g proces three conclusions have been drawn: 
a. The equivalent layer thickness deterioration model (eq. 3.13) describes 

rather well the deterioration which have been observed i n the f i e l d (table 
3.3) on f l e x i b l e pavements having a hot mix asphalt concrete top layer. 

b. The equivalent layer thickness deterioration model cannot be used on pave­
ments having a cold asphalt top layer. In fact no decrease of the equivalent 
layer thickness could be detected on these pavements. This might have been 
caused by the fact that hardening of the bitumen in the cold asphalt mix ba­
lances the deterioration of the layer. 

c:. In order to obtain r e l i a b l e estimates for h e c o (eq. 3.13) i t is strongly re­
commended to take deflection measurements immediately after construction of a 
road section has completed. 

From the r e s u l t s of the d e f l e c t i o n t e s t i n g program i t was concluded that there 
were no reasons to reject the equivalent layer thickness d e t e r i o r a t i o n model 
which i s represented by equation 3.13. Therefore this model i s used i n the re­
maining part-of this study to characterize the structural behavior of f l e x i b l e 
pavements having a hot mix asphalt concrete top layer. 

3.4.3 Development of a Permanent Deformation Model 

As has been mentioned before, permanent deformation of the individual layers re­
sulting in permanent deformation of the to t a l construction, i s another major as­
pect which should be considered in the design of new pavements and the evalua­
tion and overlay design of existing pavements. 
The type of permanent deformation which w i l l be discussed here i s that which oc­
curs in the wheeltracks and which is known as rutting. 
Two types of rutting can be discerned ( f i g . 3.20). 
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Table Z.S Results of the Regression Analysis f i t t i n g the Equivalent Layer 
Thickness Deterioration Model to the observed Data. 

Road Number Section Number r 2 6 N 

Si 2L 0.54 2.72 3.98 * 1 0 5 

3L 0.9 3.41 4.31 * 10s 

1R 0.81 5.7 1 .35 * 106 

2R 0.84 2 . 4 3 2 . 0 1 * 1 0 6 

3R 0.42 3.3 9.9 * 105 

Sy 1L 0.82 2.9 4.17 * 1 0 6 

2L 0.88 3. 1 2.24 * 1 0 6 

3L 0.73 2.43 5.97 * 1 0 G 

1R 0.98 2.64 2.04 * 1 0 6 

2R 0.60 1.84 2.52 * 1 0 6 

3R 0 . 9 4 2.64 1.86 * 106 

Si o 1L 0.32 9.5 5 . 7 5 * 1 0 5 

2L 0.44 3. 1 2.95 * 1 0 5 

4L 0.66 4.4 3.23 * 1 0 s 

5L 0 . 7 5 3.41 2.06 * 105 

1R 0.91 3. 1 3.13 * 1 0 5 

2R 0.80 4. 1 .57 * 1 0 5 

3R 0.99 3. 2. 12 * 1 0 5 

4R 0.96 3.4 2. 14 * 1 0 5 

5 R 0.87 3.3 3 . 4 9 * 1 0 s 

S 2 2 B 1L 0.45 2.89 3.04 * 1 0 G 

2 L 0.23 1.29 2.69 * 106 

5L 0.81 1.32 3.93 * 1 0 6 

1R 0.62 0.88 2.8 * 1 0 6 

2R 0.05 0 . 9 4 7.63 * 1 0 6 

5R 0 . 9 5 2.8 2.09 * 1 0 e 

S i , 2 1L 0 . 4 3 2.69 2.45 * 106 

3L 0 . 7 9 2.69 2.14 * 106 

4L 1. 2.55 5.62 * 1 0 6 

5 L 0.99 2.82 2.05 * 1 0 6 

1R 0.41 4.3 1 .35 * 1 0 6 

Note: N i s the number of load repetitions to h e c n = 0.5 h e c o ; 
h e c n i s the corrected equivalent layer thickness after n load 
repetitions 
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a. Rutting without l a t e r a l displacement of the material. This type of rutting 
is due to densification of the material and w i l l be cal l e d type A rutting. 

b. Rutting with l a t e r a l displacement of the material. Now the rutting can be 
judged to be a Prandtl type of shear deformation. This type of rutting w i l l 
be called type B. 

Figure 3.20 Types of Rutting which can be discerned 

This section deals with models which can be used to predict the occurrence and 
magnitude of type A rutting and models which can be used to design pavements i n 
such a way that the occurrence of type B rutting w i l l be prevented. 
The presented equations to assess the stresses and displacements i n a pavement 
system are developed by the author while the model which i s used to describe the 
permanent deformation behavior of pavement materials i s developed at the Belgian 
Road Research Centre. 

3.4.3.1 Pred ict ion of Type A Rutting 

As discussed before, most design methods use a subgrade s t r a i n c r i t e r i o n i n 
order to l i m i t the deformations at the top of the subgrade and so the permanent 
deformation at the pavement surface. This approach was o r i g i n a l l y developed by 
Dorman and Metcalf in their analysis of the behavior of the test sections of the 
AASHO Road test (33). In fact they related the calculated s t r a i n l e v e l i n the 
subgrade to the number of load applications, that the pavement could sustain to 
a present s e r v i c e a b i l i t y index of 2.5 ( f i g . 3.21). Since the present serviceabi­
l i t y index i s an overa l l pavement performance indicator, the subgrade s t r a i n 
c r i t e r i o n developed by Dorman and Metcalf i s not s t r i c t l y focussed on the pre­
vention of rutting. 
The same type of analysis which was carried out by researchers at the Waterways 
Experiment Station (WES) |341, i n order to obtain subgrade s t r a i n c r i t e r i a to 
prevent rutting i n a i r f i e l d pavements, resulted i n a similar subgrade s t r a i n 
c r i t e r i o n . 
Although these simple subgrade strain c r i t e r i a are very easy to use and there­
fore very at t r a c t i v e , they are nevertheless thought to cover only a part of the 
permanent deformation of the pavement structure because each layer can exhibit 
some permanent deformation i t s e l f . 

In order to get a better understanding of the permanent deformation characteris­
t i c s of pavement materials, extensive research has been carried out i n the re­
cent past at several research i n s t i t u t e s . This research has resulted i n models 
and methods which can be used to make rut depth predictions for a given pavement 

One rather simple method, which i s based on the equivalent layer thickness con-

Type A Type B 

design. 
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Figure 3.21 Subgrade Strain C r i t e r i o n as developed by Dorman and Metoalf 

cept and which i s therefore compatible with the approach used i n this study, 
has been reported by Veverka [33|. Veverka's method i s based on the concept that 
the permanent deformation can be estimated from the e l a s t i c deformation using. 

up = uel-bon^ 1 eq. 3.14 

where up = permanent deformation |m| 
u e i = e l a s t i c deformation |m| 
bo,bi = constants 
n = number of repetitions of e l a s t i c deformation u ei_ 

This basic model has been developed after extensive testing of asphaltic and 
granular materials, carried out at the Belgium Road Research Center |36, 37|. 
Veverka showed that for asphaltic concrete the constant bo i s about 4.49 while 
bi i s about 0.25. For granular materials l i k e sand and crushed stone, bo i s a-
bout 2, while bi varies between 0.2 and 0.3. Furthermore i t was shown |38|, that 
for fine grained s o i l s the permanent deformation could be estimated by 

Up = u e l (1.3+0.7 log n) eq. 3.15 

Veverka used Odemark's equivalent layer thickness concept and Boussinesq's equa­
tion to estimate u e i in different parts of the pavement structure. This procedu­
re i s represented schematically i n figure 3.22. 

Verstraeten et a l . |39| have shown that a rather good agreement exists between 
the rut depth as measured and the rut depth as predicted by means of Veverka's 
method. Figure 3.23 |39| shows the results as reported by Verstraeten et a l . 
It w i l l be obvious that this permanent deformation model, i f used together with 
the equivalent layer thickness deterioration model which was described i n the 
previous sections, forms a simple but comprehensive prediction technique. 

The only modification that has been introduced by the author to the method pro­
posed by Veverka i s that the deflection factor was calculated for a dual wheel 
loading by using the tables developed by Ahlvin and Ulery |40|. Also a value of 
0.35 was used as Poisson's r a t i o instead of 0.5 as used by Veverka. 
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Figure 3.22 Sehematieal Representation of the c a l c u l a t i o n of the E l a s t i c De­
formation 

2 4 6 8 10 

Figure 3.23 Correlation between the Calculated Rut Depth (d) and the Observed 
Rut Depth (d*) \33 \ 

The dependency of the deflection factor on the r a t i o depth over load radius i s 
shown in figure 3.24 |9[. 

3.4.3.2 Pred ic t ion of Type B Rutting 

The permanent deformation prediction method presented i n the previous section 
is a very attractive one due to i t s simplicity in Use. However i t should be 
used with caution especially i f f l e x i b l e pavements with rather thin asphaltic 
top layers are considered. In those cases the load carrying capacity of the 
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Figure 3.25 Stress Conditions used Figure 3.26 Transformation of 
in Deseornet's T r i a x i a l Tests Deseornet's Stress Conditions into in 

s i t u Stress Conditions 

From a closer observation of Deseornet's data, this author concluded that R* 
was strongly dependent on the dry density and the water content ( f i g . 3.27). 

R 

maten'c! number 
• 1 T A • 7 0* 9a 
x ^ A 3 Q f i y l O 
1 5 I 6 s 9 

"8°/owc. 

density g/cnT 
—i i i i 

12 1.6 18 2.2 

Figure 3.27 Dependency of Ffi on the Material Density 
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Figure.S. 24 Displacement Factors calculated for a Dual Wheel Loading. 

pavement comes mainly from the unbound base and subbase and a stress analysis 
might be necessary to determine whether rutting of type B might occur or not. 
In other words, such pavement types should be designed i n such a way that the 
permanent deformation of the unbound base layer i s due to post compaction of 
this layer. Preferably the permanent v e r t i c a l deformation should not be accom­
panied by permanent horizontal deformations, since then a shear f a i l u r e type 
of deformation has taken place. For the shear f a i l u r e analysis of unbound gra­
nular 1 bases, the author has used the l i m i t i n g deformation model developed by 
Descornet of the Belgian Road Research Laboratory. 

Descornet |36| has shown that no horizontal permanent deformation occurs i f 

R < R* eq. 3.16 
where R = 1 + Oi/a 0 

R* = resistance value of the material 
(Ji, 0"o = d e f i n i t i o n of the stress conditions used by Descornet in his 

t r i a x i a l tests ( f i g . 3.25) 

The expression for R can be rewritten to the v e r t i c a l and horizontal stresses 
that occur in the pavement under a c i r c u l a r load (figure 3.26). This results 
into 

eq. 3.17 

The values for a v and i n the base layer due to t r a f f i c loads can be easily 
determined by means of Odemark's equivalency theory and by using Boussinesq's 
equations. This procedure i s compatible to the procedure of estimating the e-
l a s t i c deformations in the pavement system. 
The value of a v due to the weight of the overlaying layers can easily be c a l ­
culated from the volumetric weight and the thickness of the overlaying layers 
The value of a n due to the overburden pressure can be calculated from 

a h = (1 - s i n <)>) 0"v 

where <j> = angle of internal f r i c t i o n 
eq. 3.18 
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From figure 3.27 the influence of the material density on R* can easily be ob­
served. The influence of moisture can be observed by taking into account the 
outli e r s marked with indices 1 to A. Points 1, 2 and 3 were obtained on stony 
materials with rather high water contents. It is believed that due to these 
high water contents, these materials did not behave l i k e the other materials. 
From figure 3.27 i t can be concluded that a good compaction, a good drainage, 
and a sealing of the base against intrusion of water, are important factors in 
the prevention of d i s t o r t i o n of the granular base. 

It i s believed that in this way a rather p r a c t i c a l approach to the evaluation 
of the behavior of unbound granular base layers i s obtained. 
From knowledge of the equivalent layer thickness and by using Boussinesq's the­
ory, R can be calculated. 
A value of R* can be estimated from figure 3.27, using density measurements as 
input. If the water content i s considered to be high i t i s recommended to use 
li n e B for the estimation of R* instead of line A. 

3.5 Summary 

In this chapter a description has been given of a new design method for f l e x i ­
ble road constructions. 
The method takes into account cracking as well as rutting of the pavement. It 
is based on simple and meaningful relations that exist between the load carry­
ing capacity of the pavement, quantified by the equivalent layer thickness, and 
the maximum tensile s t r a i n i n the asphalt layer and the v e r t i c a l compressive 
strain at the top of the subgrade. 
The rutting prediction method i s based on relations between the equivalent lay­
er thickness and the e l a s t i c deformation i n the pavement layers, and the r e l a ­
tion between the e l a s t i c deformation and permanent deformation i n pavement lay­
ers which has been developed at the Belgian Road Research Laboratory. 
In order to be able to predict the future behavior of the pavement, a structural 
performance model has been developed. It i s shown how the structural deteriora­
tion depends on the v a r i a b i l i t y of the properties of the materials used and on 
the v a r i a b i l i t y of the layer thicknesses. 
This structural performance model has been v e r i f i e d and validated by means of 
deflection measurements taken on a r e l a t i v e l y limited amount of pavement sec­
tions. From this analysis i t has been concluded that at this moment the deve­
loped model can only be used for pavements with hot mix asphalt concrete top 
layers. Also i t has been shown that the structural condition of the pavement 
can be quantified by the r a t i o hecn/heco-
Furthermore attention has been paid to the development of surface cracking. It 
has been shown that this cracking can be explained by taking into account the 
detrimental effect of inward shear forces which are normally neglected in the 
design of pavements. 
In order to i l l u s t r a t e the use of the design method that has been presented in 
this chapter, an example w i l l be given i n the next section. 

3.6 Example 

A pavement has to be designed for a t e r t i a r y road with a t r a f f i c load of 
5 * 105 equivalent single 100 kN axles. The subgrade i s a sand layer with an 
e l a s t i c modulus of 150 MPa. Unbound granular materials are available to be used 
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in the base course. Also a blast furnance slag is available for this purpose. 
This material exhibits some puzzolanic reaction which makes the blast furnance 
slag to behave l i k e a bound base having an e l a s t i c modulus of 1200 MPa. The de­
sign should be such that after 107 load repetitions the probability of survival 
is 0.6 or higher. The rut depth should be 1 imited to 18 mm. 
From laboratory tests i t was determined that the fatigue behavior of the as­
phalt mix to be used, could be characterized by 

log N = -5.345 log e - 15.819 eq. 3.18 

It was decided to use a s h i f t factor of 4 to take into account the b e n i f i c i a l 
effects of rest periods, transverse d i s t r i b u t i o n of t r a f f i c etc. This means 
that only 1 out of 4 load repetitions i s contributing to the damage develop­
ment. 
The s t i f f n e s s of the mix was assumed to be 5000 MPa. 

The f i r s t step i s to calculate the value of S i o g N for constructions having a 
base thickness of 0.15, Q.3 and 0.6 m. These values are given i n table 3.4. 
The necessary h e vs e relations are given i n table 3.5. 

Table 3.4 Values for Slog N used in the Example Problem 

Base Type 
Thickness 

[m| 
Unbound 
E 2 = k E 3 

Bound 
E 2 = 1200 MPa 

0. 15 0.64 0.638 
0.3 0.738 0.769 
0.6 0.996 1.029 

Note; S l o g N = / a i 2 b i 2 S l o g h g + S 1 > 0 - f > ( l o g N _ l o g e ) 

a, = -5.345 
bi = see table 3.5 
Sl.o.f. = 0.4 

Table 3.5 Values of b0 and b\ of the Relation log e = b0 + bi log he 

Base Type Unbound Bound 
Thickness E 2 = k E 3 E 2 = 1200 MPa 

|m| bo bo bi 

0.15 -4.183 -1.581 -4.294 -1 .572 
0.30 -4.070 -1.963 -4.158 -2.079 
0.60 -3.674 -2.617 -3.617 -2.998 

The next step i s to calculate the needed equivalent layer thicknesses. For 
this equation 3.5 is used. 
We r e c a l l : 

log N p = a 0 + a i b 0 + a i b i l o g h g - u . S i o g N eq. 3.19 

where log N = ao + ai log e 
log £ = b 0 + hi log h e 

a 0 = -15.819 
a, = -5.345 
bo, bi = see table 3.5 



62 

Slog N = s e e table 3.4 
u = 0.255 (for normal di s t r i b u t i o n s ; P = 0.6) 
N p = 1.25 * 105 

The calculated h e values are given in table 3.6 

Table 3.6 Calculated Values for the Equivalent Layer Thickness (he) 

Base Type Unbound Bound 
Thickness |m[ E 2 = k E 3 E 2 = 12oo MPa 

0. 15 0.71 0.61 
0.30 0.88 0.80 
0.60 1.27 1.31 

These h e values are translated into layer thicknesses using Odemark's equation. 
The results of this transformation are given in table 3.7. 

Table 3.7 Possible Construction A l t e r n a t i v e s 

Base Type Unbound Bound 
Thickness [m| E 2 |MPa| hi |m| E 2 |MPa| hi l « l 

0. 15 300 0.19 1200 0 12 
0.30 ¿00 0. 18 1200 0 09 
0.60 500 0. 16 1200 0 08 

By using the approach described in section 3.4.3, the permanent deformation 
was calculated from the e l a s t i c deformations which were determined by means of 
the equivalent layer thickness and Boussinesq's equation. 
The results of this analysis are given in table 3.8. 
The used permanent deformation laws are given in table 3.9. 

Table 3.8 Permanent Deformation predicted for the d i f f e r e n t Constructions. 

Base Permanent Deformations |m| * 10 - 2 

Type Thickness | n 

0. 15 
0.3 
0.6 

Top layer Base Subgrade Total 

0 1 1 0.06 1.44 1.56 
0 1 1 0. 12 1.15 1.38 
0 10 0.13 0.85 1.08 

0.15 0.08 1.27 1.35 
0.3 0.07 1.07 1.14 
0^6 0.05 0.85 0.90 

Table 3.9 Permanent Deformation Laws used in the Analysis. 

Permanent Deformation Law 
Top layer UP = u e i * 4 49 n 0 - 2 5 

Base layer Up = u e i * 2 n0.2 

Subgrade UP = u e l 2 „0.3 

It was assumed that no permanent deformation would occur i n the cemented blast 
furnance slag base. 
The calculation procedure has been i l l u s t r a t e d i n figure 3.28 for the construc­
tion having a top layer thickness of 0. 19 m and an unbound base thickness of 0.15m. 
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From the results given in table 3.8 one can observe that each design s a t i f i e s 
the permanent deformation constraint. It should be noted however that the 
structural deterioration was not taken into account i n the calculation of the 
rut depths. 

Figure S.28 Example of the Rut Depth Calculations 
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Appendix 3A 

Theoretical Analysis of the Cracking Behav 
of Three Layered Pavement Systems. 
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3.A.1 Introduction 

This appendix describes the theoretical analysis which has been made on crack­
ing of the layered f l e x i b l e pavement systems. This analysis was thought to be 
necessary since in previously performed calculations three assumptions have 
been made, the v a l i d i t y of which should be v e r i f i e d . These assumptions were: 
a. The maximum asphalt s t r a i n occurs at the bottom of the asphalt layer. 
b. Only v e r t i c a l forces are applied on the pavement. 
c. There i s a perfect adhesion between two adjacent layers, this means no s l i p 

of the layers occurs at the interface of two layers. 

The v a l i d i t y of these assumptions and their influence on the e a r l i e r developed 
models and relations, w i l l be discussed in this appendix. 
Furthermore the uniqueness of the re l a t i o n between the surface curvature index 
and the equivalent layer thickness w i l l be discussed i n this appendix. This is 
because i t has been observed in some occasions that the previously developed 
relations yielded inconsistent results. 

3.A.2 Location of the maximum ten s i l e s t r a i n in the asphalt layer 

The previously developed relations between the h e or the SCI on one hand and 
the tensile s t r a i n in the asphalt layer on the other, are derived under the 
assumption that the maximum tensile s t r a i n in the asphaltic top layer of a 
three layered pavement system w i l l occur at the bottom fibers of that top layer. 
Claessen |6| however has shown that the position of the maximum strain in the 
asphalt layer depends on the ratio E 2 / E i and the thickness of the asphalt lay­
er. Claessen et a l . have stated that the maximum st r a i n is not at the bottom of 
the layer i f 

> 0.133 m eq. 3.A.1 

where E 2 = st i f f n e s s of the base IMPa 
Ej = sti f f n e s s of the top layer 
hi = thickness of the top layer 

MPa | 
ml 

If hi > 0.20 m, the maximum st r a i n w i l l occur i n the upper half of the top lay­
er. If hi <_ 0.20 m, the maximum s t r a i n occurs i n the lower half of the top lay­
er. This would involve that the relations that have been presented in section 
3.4.2.2 to estimate the magnitude of the maximum tensile s t r a i n at the bottom 
of the asphalt layer, need to be v e r i f i e d . 
Furthermore a l l calculations were performed assuming that only v e r t i c a l forces 
are acting on the pavement. In r e a l i t y , r a d i a l inward shear forces occur 
under standing as well as under r o l l i n g wheels. These forces are normally ne­
glected i n the design of pavement structures since i t is claimed that their 
influence is r e s t r i c t e d to the upper part of the asphalt top layer. Wardle 
and Gerrard |24| have shown that this is indeed true but they also have shown 
that these shear forces, w i l l lead to early surface cracking. 
To estimate both the location of the maximum tensile strain in the asphaltic 
top layer and the effects of the inward shear forces, use was made of the 
CIRCLY cumputer program |5|, which i s the only program known to the author, that 
is capable of calculating the influence of multiple, v e r t i c a l and inward shear 
loads. 



68 

3.A.3 Loading Geometry 

The CIRCLY program i s capable of handling non uniform distributed loads. This 
option however was thought to be only of importance to the inward shear forces. 
The v e r t i c a l forces were assumed to be uniformly distributed. The inward shear 
forces were modelled as indicated in figure 3.A.1. 

q v = q h.(r/r„).| l-Cr/ro) 2! 0-" 

0.16 m r„-0.106 
4-

q =0.7 MPa v 

hi = var. v-i = 0.35 E, = 5000 MPa » 5 

s l i p 
no s l i p 

h 2 = var. \i2 = 0.35 E 2 = k.E 3, 1200, 6000 MPa 

no s l i p 

U3 = 0.35 150 MPa 
Figure Z.A.I C h a r a c t e r i s t i c s of the evaluated Layered Systems 

3.A.4 Pavement Geometry 

The pavement geometry used in this part of the study is also shown i n figure 
3.A.1. The s t i f f n e s s modulus of the asphalt top layer was set at 5000 MPa be­
ing a reasonable value for Dutch circumstances. 
The sti f f n e s s modulus of the bound base layer was set at 1200 and 6000 MPa re­
presenting a moderate and very s t i f f base. 
Also calculations were made on pavement systems with an unbound base. The 
stif f n e s s of those unbound bases was calculated by means of the well known 
Shell r e l a t i o n : 

E 2 = k E 3 eq. 3.A.2 

where k 
h 2 

E 2 

E 3 

= o.2 K (2 < k < 
= thickness of the base 
= sti f f n e s s of the base 

4) 
mm[ 
MPa 

= s t i f f n e s s of the subgrade MPa 

The sti f f n e s s of the subgrade was set at 150 MPa being the average modulus 
determined from deflection measurements carried out on pavement sections i n 
the province of Zuid Holland. 
The thickness of the asphaltic top layer was set at 0.05, 0.10, 0.20, 0.30 and 
0.40 m. Thick layers were used to represent overlay conditions. 
The thickness of the base was set at 0.15, 0.30 and 0.60 m. 
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3.A.5 Ca lcu lat ion Results; Low S t i f fnes s Bases 

Table 3.A.1 summarizes the main results. From this i t can be seen that in those 
cases where the asphalt layer i s thick (> 0.15 m) the tensile s t r a i n in point 2 
caused by the inward shear forces i s the largest of a l l strain values consider­
ed. 

Table 3.A.1 CIRCLY Results for Pavements with an Unbound Base 

h 2 1 m. [ 1 
0.15 

l m l 0.05 0.1 0. 15 0.2 0.3 0.4 
h 2 1 m. [ 1 
0.15 7 7 7 2,7 2 2 
0.3 7 7 7 2 2 2 
0.6 7 7 2,7 2 2 2 

Note: The numbers indicate the positions i n the pavement structure (fig.3.A.1) 

Furthermore, i t i s remarkable to note that for a l l layer combinations studied, 
the tensile s t r a i n at point 2 i s more or less constant. The mean strain value 
i s 1.27 * lO - 1* i t s standard deviation 1.75 * 10~5. Only for those cases where 
hi = 0.05 m the tensile s t r a i n at point 2 was 2 * lO - 1*. 
It should be noted that the tensile s t r a i n in point 2 would cause cracking in 
the direction of travel (longitudinal cracking). 
Considering the strains in the points 3 to 7 i t should be noted that the maxi­
mum value occurred i n point 7 for a l l layered systems. 
F i n a l l y i t i s concluded that only for the h i / h 2 r a t i o equal to 0.4/0.6 , the 
tensile s t r a i n at point 1 was higher than the tensile strain that occurred in 
points 3 to 7. It should be noted that this s t r a i n would cause cracking per­
pendicular to the direction of travel (transverse cracking). 

From these calculations i t can be concluded that the cracking as observed on 
t r a d i t i o n a l type f l e x i b l e pavements which have rather thin asphaltic top lay­
ers (< 0.15 m) can be c l a s s i f i e d as cracking which has grown from bottom to 
top. This kind of cracking indicates t o t a l f a i l u r e of the pavement. On pave­
ments with thick asphalt layers one w i l l most probably observe longitudinal 
cracking which w i l l grow from top to bottom. Later on an a l l i g a t o r type of 
cracking w i l l be observed due to transverse cracks which w i l l grow from bottom 
to top. One can consider the pavement to be f a i l e d i f this l a t t e r type of 
cracking i s observed. 

3.A.6 Ca lcu lat ion Results; S t i f f Bases 

For a l l pavement systems having a s t i f f base (E 2 = 1200 or 6000 MPa) the ten­
s i l e s t r a i n at point 2, caused by the inward shear forces, was the highest. 
For the systems having a base with E 2 = 1200 MPa, the mean value of the strain 
at point 2 was 1.41 * 10-1*, while i t s standard deviation was 1.26 * 10 - 5. For 
the systems with a base s t i f f n e s s of 6000 MPa this mean st r a i n value i s 
1.49 * 10-1* and i t s standard deviation 1.79 * 10 - 5. These values are very close 
to the s t r a i n values calculated i n point 2 for the low base s t i f f n e s s construc­
tions . 
This has led to the conclusion that the strain at point 2 i s hardly affected by 
the s t i f f n e s s of the base or the layer thicknesses but is only dependent on the 
st i f f n e s s of the top layer. Furthermore i t was concluded that for design pur-



70 

poses the tensile s t r a i n at point 2 could be set at 1.5 * lO - 1* for those cases 
where the s t i f f n e s s of the asphalt top layer i s equal to 5000 MPa. 
It was also concluded that the tensile s t r a i n at point 1 was higher than the 
s t r a i n at point 3 to 7 for the h i / h 2 combinations 0.3/0.6; 0.4/0.15; 0.4/0.3 
and 0.4/0.6 i f E 2 = 1200 MPa. This i s also the case for a l l but three h i / h 2 

combinations i f E 2 = 6000 MPa. 
Considering the strain d i s t r i b u t i o n over point 3 to 7 i t could be concluded 
that for the systems with E 2 = 1200 MPa the maximum value was found at point 7 
(except the h i / h 2 = 0.4/0.6 combination). 
For the layered systems with E 2 = 6000 MPa this maximum strain value was found 
at mid depth of the top layer or at | hi below the surface. 

From the calculation results i t i s concluded that most of the longitudinal 
cracking observed in the wheel paths of pavements with a s t i f f base can be con­
sidered as cracking which i s growing from top to bottom. Most probably trans­
verse cracking w i l l also be observed on this pavement type. This l a t t e r type 
of cracking i s most probably caused by fatigue cracking of the base or by ten­
s i l e stresses due to shrinkage of the bound base (shrinkage i s caused by en­
vironmental e f f e c t s ) . 

3.A.7 Results of Addit ional Calculat ions 

In order to check whether the tensile strains at point 2 would change with a 
change in e l a s t i c modulus of the top layer, calculations were performed on a 
number of pavement systems with top layer stiffnesses of 1000 and 10000 MPa. 
For the systems having a top layer with an e l a s t i c modulus of 10000 PMa, the 
mean value of the s t r a i n at point 2 was 7.43 * 10 - 5, i t s standard deviation 
was 5.87 *10 - 6. For the layered systems having a top layer with an e l a s t i c mo­
dulus of 1000 MPa, the mean value and standard deviation of the s t r a i n at 
point 2 were 8.12 *10 _ l t and 5 .39 * I0~ 5 . Together with the s t r a i n values at point 
2 determined for systems having a top layer e l a s t i c modulus of 5000 MPa. The 
following simple equation was derived. 

l o S e t . e . = 4.822* 10~2- 1.049 log Ei (r = 0.999) eq. 3.A.3 

where e t . e . = tensile s t r a i n at the t i r e edges of a dual wheel load. 
Ei = e l a s t i c modulus of the top layer (MPa) 

This equation can be used to assess the tensile s t r a i n at the pavement surface 
and to determine when and whether cracking which originates at the top of the 
pavement may occur. 

3.A.8 Influence of S l i p between the Layers 

As mentioned before, a l l previous calculations were performed assuming perfect 
adhesion between a l l layers, this however w i l l not always be the case. In a 
number of cases the adhesion between the layers i s imperfect due to an irregu­
l a r d i s t r i b u t i o n or lack of tack coat, due to moisture, loose material , or 
d i r t at the top of the layer to be overlaid. 
It w i l l be obvious that an imperfect adhesion w i l l cause higher strains i n the 
layers and w i l l therefore result in an accelerated structural deterioration of 
the pavement. In order to study the effect of s l i p between the layers, calcu­
lations were performed on three layered pavement systems having top layer 
thicknesses of 0.1, 0.2 and 0.3 m . The s t i f f n e s s of the top layer was set 
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again at 5000 MPa. For the base and subgrade the same st i f f n e s s and thickness 
values were chosen as used in the calculations mentioned i n the previous sec­
tion. 
Perfect adhesion was assumed between the subgrade and the base layer, no adhe­
sion was assumed between the base and top layer. The effect of these assump­
tions on the surface curvature index and maximum horizontal s t r a i n i s shown in 
table 3.A.2. 

Table S.A. 2 Influence of f u l l Adhesion or f u l l S l i p between Top Layer and 
Base on the Surface Curvature Index (SCI) and the Maximum Tensile Strain in 
the Asphaltic Top Layer 

hi |m| 0.1 0.2 0.3 

E 2 |MPa| 1 1 SCI S SCI S 
e s SCI S e s E 2 |MPa| h 2 |m| SCI a e a SCI a e a SCI a e a 

300 0.15 1.22 1.31 1.16 1 .25 1.09 1.2 
400 0.30 1.25 1.36 1. 19 1 .33 1.13 1.3 
500 0.60 1.21 1.37 1.18 1.38 1.14 1.39 

0. 15 1.58 2.22 1.40 1.88 1.21 1.69 
1200 0.30 1.45 2.07 1.39 2 1.25 1.88 

0.60 1.26 1.82 1.27 1.78 1.20 1.86 

0. 15 1.90 29.3 1.78 5.72 1.48 3.56 
6000 0.30 1.50 11.4 1.50 3. 19 1.42 2.25 

0.60 1.31 5.05 1.24 1.92 1.19 1.33 

SCI S = Surface curvature index of there i s no adhesion between top layer and 
base. 

SCI a = Surface curvature index i f there i s f u l l adhesion between top layer and 
base. 

e s = Maximum tensile s t r a i n in the asphalt layer i f there i s no adhesion be­
tween top layer and base. 

e a = Maximum tensile s t r a i n in the asphalt layer i f there i s f u l l adhesion be­
tween top layer and base. 

This table shows a dramatic increase i n maximum s t r a i n and surface curvature 
index i f s l i p occurs between the top layer and the base. This i s especially the 
case for the layered systems having a s t i f f base. In these cases the position 
of the maximum strain also changes from the upper half or middepth, to the bot­
tom of the top layer. The tensile s t r a i n at point 2 ( f i g . 3.A.2), had a mean 
value of 1.4 *10-1* and a standard deviation o f 2 . 3 * 1 0 - 5 . Knowing the strain va­
lues at point 2 for the layered systems having perfect adhesion between the 
layers, i t can again be concluded that this surface s t r a i n is a constant for 
the given loading system and i s only dependent on the st i f f n e s s of the top 
layer. 

3.A.9 Relations between the Equivalent Layer Thickness and the Maximum 
Tensi le St ra in in the Asphalt Layer ~ ~ ~~~ 

From the results of the previous mentioned calculations, improved relations 
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h 2 = 0.15 m: log E = -4.183 - 1.581 log h, 
r = -0.99 

h 2 = 0.3 m: log £ = -4.070 - 1.963 log h, 
r = -0.99 

h 2 = 0.6 m: log e = -3.674 - 2.884 log h, 
r = -0.99 

log E = -4.381 + 1.158 h 2 - (1.121 + 
2.921 h 2) log h e 

£ ,Q5, ,,,,1 V , 3. r^ml 

Figure 3.A.2 Relation between the Equivalent Layer Thickness (he) and 
the Maximum Tensile Strain in the Asphalt Layer (z) for Pavements with 
an Unbound Base 
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h 2 = 0.15 m: log e = -4.294 - 1.572 log h, 
r = -0.99 

h 2 = 0.3 m: log £ = -4.158 - 2.079 log h, 
r = -0.99 

h 2 = 0.6 m: log £ = -3.617 - 2.998 log h ( 

r = -0.99 

log E = -4.565 + 1.547 h 2 - (1.113 + 
3.514 h 2) log h e 

m 
Figure 3.A. 3 Relation between the Equivalent Layer Thickness (he) and 
the Maximum Tensile Strain in the Asphalt Layer (z) for Pavements with 
a Moderate S t i f f Bound Base (Ez = 1200 MPa) 
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Figure 3.A.4 Relation between the Equivalent Layer Thickness (he) and 
the Maximum Tensile Strain in the Asphalt Layer (z) for Pavements with 
a S t i f f Bound Base (E2 = 6000 MPa) 
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between the h e oh one hand and the e on the other were derived. They are shown 
in figures 3.A.2 to 3.A.4. 
From figures 3.A.2 and 3.A.3 , which give the results of the calculations on pa­
vements having unbound and bound moderate s t i f f bases, i t i s concluded that in 
order to estimate the maximum tensile s t r a i n in the asphaltic top layer with a 
high degree of accuracy, the thickness of the base should be taken into ac­
count. Also the s t i f f n e s s of the base i s of importance but only to a limited 
extent. In cases of bound s t i f f bases (E 2 = 6000 MPa, f i g . 3.A.4) the effect 
of the base thickness i s absent. Furthermore i t can be seen that the tensile 
s t r a i n w i l l increase with increasing equivalent layer thickness. 
In order to check whether the e a r l i e r developed r e l a t i o n between h e and e gave 
unreliable results, the old r e l a t i o n and the new one's were compared by p l o t ­
ting them into one graph (figure 3.A.5). 

Figure 3.A.S Comparison between the New Relation Equivalent Layer Thickness 
(he) vs Maximum Tensile S t r a i n in the Asphalt Layer (z) , and the Previously 
developed Relation. 

From figure 3.A.5 i t can be concluded that by means of the new relations, 
higher s t r a i n levels are predicted. Furthermore i t can be concluded that the 
old r e l a t i o n and the new relations,given for h 2 = 0.3 m,are almost p a r a l l e l . 
For design purposes i t seems reasonably to use the h e-e r e l a t i o n derived for 
unbound bases. This i s because base thicknesses of 0.3 m are commonly used. 
Nevertheless i t should be concluded that, unfortunately, the equivalent layer 
thickness i s not the unique parameter to define the load carrying capacity of 
the pavement, as was suggested e a r l i e r . 

3.A.10 Relations between the Surface Curvature Index and Maximum Tensi le 
S t ra in in the Asphalt Layer. ~ ~ ~ ~ 

Using the results of the calculations described in the previous sections, a 
new r e l a t i o n was derived between the surface curvature index on one hand and 
the maximum tensile s t r a i n i n the asphalt layer on the other. 
This rel a t i o n is shwon in figute 3.A.6. In mathematical form this r e l a t i o n can 
be written as: 

I 
05 1 3 
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log e 

where e 

-5.767 + 0.943 log SCI r z = 0.95, n = 52 eq. 3.A.4 

maximum tensile s t r a i n i n the asphalt layer due to a dual wheel 
loading of 50 kN 

SCI = surface curvature index due to a dual wheel loading of 50 kN 
luml 

10 
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Figure 3.A.S Relation between the Surface Curvature Index (SCI) and the 
Maximum Tensile Strain in the Asphalt Layer (c) both due to a Dual Wheel 
Loading of 50 kN. 

The main conclusion which can be drawn from figure 3.A.6 i s that i n general 
the surface curvature index i s a good indicator for the maximum st r a i n in the 
asphalt layer for pavement structures having a good adhesion between the lay­
ers as well as for pavement structures where this adhesion i s absent. It 
should be noted however that at surface curvature index values of 80 um and 
less, the st r a i n values predicted by using the regression equation are too low 
for the pavements having a 0.1 m thick top layer and no adhesion between the 
top layer and the base. For these cases, the maximum asphalt s t r a i n tends to 
take a constant value of about 1.10-'*. 
It should be noted that the points marked with an asterisk are not taken into 
account. These points represent structures which have a base sti f f n e s s of 
1200 MPa. Here the tensile strain seems to be more or less constant taking a 
value of 9. 10~5. 
Also the data points obtained from structures having a base layer s t i f f n e s s of 
6000 MPa and f u l l adhesion between the layers were not taken into account. 
This i s because for these types of construction the tensile s t r a i n decreases 
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with increasing surface curvature index. Also the constructions with a 0.05 m 
thick top layer on a base with a s t i f f n e s s of 6000 MPa are omitted since in 
these cases the asphalt layer was in compression. This opposed behavior can be 
explained by the fact that i n these cases the s t i f f base i s the main contribu­
tor i n the load carrying capacity. Higher SCI values are now caused by the 
fact that the top layer s t i f f n e s s i s lower compared to the base s t i f f n e s s . 
It should be noted that for these pavements with a s t i f f base, the maximum ten­
s i l e s t r a in i s at most 2.5 * 10 - 5 which i s in fact 6 times lower than the ten­
s i l e s t r a in due to the inward shear forces. 

It might be argued that in case of a bound base, the tensile s t r a i n at the 
bottom of the base is more c r i t i c a l than the tensile s t r a i n in the asphalt 
layer especially i f the bound base material has a lower fatigue resistance 
than the asphaltic material used in the top layer. Therefore also a r e l a t i o n 
was developed between the SCI and the base s t r a i n both due to a dual wheel 
loading of 50 kN |20|. This rela t i o n i s : 

log e b a s e = -5.858 + 0.966 log SCI r 2 = 0.97 eq. 3.A.5 

where ebase = tensile s t r a i n at the bottom of the base due to a dual 
wheel loading of 50 kN. 

SCI = surface curvature index due to a dual wheel loadong of 50 kN 
|um| 

A comparison between the SCI vs e asphalt layer r e l a t i o n developed here and the 
previously developed rela t i o n i s given in figure 3.A.7 

4hE 

10» new 

i i i 
SCI |jjm| 

20 40 100 400 

Figure Z.A.7 Comparison between the new SCI vs ^asphalt Relation and the 
Previously developed Relation. 

As can be seen,both relations are p a r a l l e l to each other but the r e l a t i o n de­
rived here predicts strain values which are about 1.2 times higher than those 
which are obtained by using the old r e l a t i o n . The differences between both re­
lations should be attributed to the effect of inward shear forces which were 
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neglected in |20| and which were taken under consideration i n this study. 
Figure 3.A.8 shows the new SCI vs asphalt strain r e l a t i o n together with the 
SCI vs base s t r a i n r e l a t i o n and the surface s t r a i n values as determined for an 
e l a s t i c modulus value of the top layer of 5000 MPa. 

Figure S.A. 8 Relations between the Surface Curvature Index (SCI) and Maximum 
Tensile Strain in the Asphalt cq Base Layer (e) 

From figures 3.A.6 and 3.A.8 the following conclusions have been drawn 
a_. For pavements having SCI values of 100 ym and higher, cracking w i l l growfrom 

the bottom of the asphalt layer to the top. 
b. For pavements having SCI values lower than 100 ym surface cracking may oc­

cur before fatigue cracking within the asphalt layer. 
c_. Whether fatigue cracking in the asphalt layer or the st a b i l i z e d base w i l l 

be predominant depends solely on the fatigue properties of the materials 
considered, since the tensile strain at the bottom of the base i s almost 
equal to the maximum tensile s t r a i n i n the asphalt layer. 

<1. Taking cores i s considered to be an important aspect i n pavement evaluation 
since this allows the determination of the adhesion between the layers. 

One should be aware of the fact that these conclusions are only v a l i d for the 
loading configuration considered. 
The question also arises whether the conclusions are s t i l l v a l i d i f other sub-
grade moduli are considered. 
A f i r s t indication that this question can be answered p o s i t i v e l y can already 
be obtained considering the previously determined relations between the SCI and 
the maximum tensile strain i n the asphalt layer (figure 3.7). From this figure 
i t can be concluded that the subgrade modulus has only a limited influence. 
To get more evidence of this, i t was checked whether the SCI due to a f a l l i n g 
weight load geometry i s affected by the subgrade modulus. Only a minor i n f l u ­
ence could be observed that could be described by 



77 

S C IE 3=100 = ("8.039 + 2.858 log E 3) eq. 3.A.6 
+ (0.8397 + 0.0875 log E 3 ) S C I E 

3 

where SCIg = surface curvature index as measured |um| 
E 3 = subgrade modulus [MPa| 
SCI E =ioo = surface curvature index of the pavement i f the same struc­

ture was l a i d on a subgrade with E 3 = 100 MPa |um| 

From this equation i t can easily be shown that,for p r a c t i c a l purposes, the i n ­
fluence of the subgrade modulus on the SCI and so on the asphalt s t r a i n can be 
neglected. 

3.A.11 Surface Curvature Index and Equivalent Layer Thickness 

As mentioned before the surface curvature index and equivalent layer thickness 
were related to each other since i t was thought that an equivalent thickness 
i s a more meaningful parameter than a surface curvature index. This early de­
veloped r e l a t i o n has been shown in figure 3.6. Further studies however have 
indicated that the r e l a t i o n i s not as unique as shown i n figure 3.6 and there­
fore a more careful study on this r e l a t i o n was carried out. The results are 
shown in figures 3.A.9 to 3.A.11. The relations give r i s e to the following 
comments. In order to be able to assess the h e from the SCI with a high degree 
of accuracy i t i s important to take into account the thickness of the base. 
The influence of the base thickness on the r e l a t i o n disappears i f s t i f f bases 
are concerned. From the data shown i n figure 3.A.11 i t can be concluded that 
the equivalent layer thickness of pavements with a s t i f f base can better be 
estimated from the difference in deflection measured at the loading centre and 
at a distance of 1 m from the loading centre. We r e c a l l that usually the SCI 
is defined as the difference in deflection measured at the loading centre and 
at a distance of 0.5 m from the loading centre. 
In order to check whether, and to what extent these improved relations d i f f e r 
from the previous developed re l a t i o n , both the new and the old relations were 
plotted into one graph ( f i g . 3.A.12) 

Figure S.A.I2 Comparison between New Surface Curvature Index (SCI) vs Equi­
valent Layer Thickness (he) Relation and the Previously developed Relation. 



5 0 100 SCI |jjm| 6 0 0 

h 2= 0.15 m: log 
r = -0.99 

h e= 1. 142 - 0.613 log SCI 

h 2= 0.3 m : log 
r = -0.99 

h e= 1.058 - 0.534 log SCI 

h 2= 0.6 m : log 
r = -0.99 

h e= 0.945 - 0.408 log SCI 

log h e= 1. 199 - 0.429h2-(0.676-0.450h2) 
log SCI 

h e i " |m| |SCI| = [ym| 

Figure 3.A.9 Relation between the Surface Curvature Index (SCI) and the 
Equivalent Layer Thickness (he) for Pavements with an Unbound Base. 
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Figure 3.A.10 Relation between the Surface Curvature Index (SCI) and the 
Equivalent Layer Thickness (he) for Pavements with a Moderate S t i f f Bound 
Base (E2 = 1200 MPa) 
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Figure 3.A.11 Relation between the Surface Curvature Index (SCI) and the 
Equivalent Layer Thickness (he) for Pavements with a S t i f f Bound Base 
(E2 = 6000 MPa) 
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From figure 3.A.12 i t can be concluded that the old re l a t i o n was on the con­
servative side. This i s caused by the fact that no inward shear forces were 
taken into account when developing the old re l a t i o n . 
Since the relations shown in figure 3.A.9 to 3.A.11 were derived for pavement 
systems having a stiffness of the top layer of 5000 MPa, i t was also studied 
whether dif f e r e n t stiffnesses of this layer might also influence the SCI vs h e 

r e l a t i o n . 
From the results of these calculations, shown i n figure 3.A.13, i t i s conclu­
ded that there i s indeed an influence of the s t i f f n e s s of the top layer on the 
SCI vs h e r e l a t i o n , but that this influence i s only limited and can be neglec­
ted for p r a c t i c a l purposes. 
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Figure 3.A.IS Comparison between the New Surface Curvature Index (SCI) vs 
Equivalent Layer Thickness (he) Relations and the Previously developed 
Relation. 
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Appendix 3B 

Development of a Correction Method on the Equivalent 
Layer Thickness as determined by means of Deflection 
Measurements taken at Various Moments during the Year. 
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3.B.1 Temperature Corrections 

Beuving and Molenaar |29| t r i e d to correct the measured deflections for tempe­
rature influences using the deflection and temperature data as gathered. Only 
for pavements having a cold asphalt toplayer a linear r e l a t i o n between the 
measured a i r temperature and the measured surface curvature index could be de­
rived. This rel a t i o n however was not unique but was dependent on thickness of 
the asphaltic layer. Since only two layer thicknesses were considered, this 
dependency could not be studied further. 

For a l l pavements having a hot mix asphaltic toplayer i t was determined that 
only a linear r e l a t i o n between the a i r temperature and h e s , which i s the equi­
valent layer thickness (h e) of the construction translated to a reference sub-
grade having an e l a s t i c modulus of 100 MPa, existed. 
This rel a t i o n could be written as 

hesT = h e s + ^ T e m P ~ " ) * ° - 0 1 / + eq. 3.B. 1 

where h e s = h e / jq7J l m l e1- 3 , B-' 2 

E 3 = subgrade modulus |MPa| 
h £ = equivalent layer thickness of the structure as determined from 

deflection measurements |m| 
0.014 = increase of h e s at a temperature drop of 1°C 
Temp = a i r temperature at the time of the deflection measurements |°C| 

The reference temperature was set at 11°C since this i s the weighted mean an­
nual a i r temperature for Dutch circumstances |l3|. 
It should be noted that by comparing the h e s j values of different construc­
tions with each other, the load carrying capacity of the layer above the sub-
grade i s compared and not the load carrying capacity of the pavement structure! 
So h e s T can be defined as the potential load carrying capacity. 
It could be argued that the h e s i s a rather a r t i f i c i a l factor to which the 
temperature corrections are applied. For the following reasons this is thought 
not to be true. For pavement structures which have a base layer consisting of 
unbound materials, a raise i n temperature not only means a softening of the 
asphaltic toplayer but also a s t i f f e n i n g of the base layer. Due to the lower 
sti f f n e s s of the asphalt layer at higher temperatures, which results i n higher 
surface curvature indexes, the stress l e v e l in the base layer w i l l increase. 
Since the e l a s t i c modulus of unbound granular materials is stress dependent, 
following equation 3.B.3, higher stress levels mean a higher e l a s t i c modulus. 

E 2 = ki 6 k 2 eq. 3.B.3 

where E 2 = e l a s t i c modulus of the granular base 
k l s k 2 = constants depending on the type of material, degree of 

compaction etc. 
6 = f i r s t stress invariant 

An increasing base modulus w i l l of course reduce the surface curvature index. 
Therefore i t i s thought that the temperature correction approach based on the 
h e s i s reasonable since this value takes into account both layer thicknesses. 

Although the developed temperature correction technique i s a simple one and i s 
based on f i e l d observation, i t i s f e l t necessary to study the v a l i d i t y of e-
quation 3.B.1 by means of a theoretical analysis. This is because the develop­
ed technique uses a i r temperatures instead of pavement temperatures as input. 
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This i s considered to be a drawback since the pavement temperature might d i f ­
fer remarkably from the a i r temperature. 
The desired theoretical v a l i d a t i o n of equation 3.B.1, can easily be obtained by 
checking to what extent the h e s i s influenced by a change in sti f f n e s s of the 
asphaltic top layer. 
We r e c a l l 

h e = 0.9 h / | i - + 0.9 h 2 / I2- eq. 3.B.4 
e n 3 t 3 

3 j . 

and h e s = h e / 

It can easily be shown that i f the e l a s t i c modulus of the base (E 2) remains 
constant, the influence of temperature on h e s can be calculated by 

A h e s m 0.9 hi 
} 100 AT 

3 

/ Ein ) eq. 3.B.5 

where Ahes/ATemp = change in h e s per change in temperature m/°C| 
hi = thickness of the bituminous top layer |m 

E i ^ . = e l a s t i c modulus of the bituminous layer at pavement 
temperature T^ |MPa| 

Considering the change in bituminous mix sti f f n e s s as given i n figure 3.B.1 
|13| and by taking into account the difference between a i r and pavement tem­
perature (figure 3.B.2 |l3J), the change i n h e s was determined for a pavement 
with a top layer consisting of a S-1—50 material and for a pavement with a top 
layer consisting of a S-2-100 material. The results are shown in table 3.B.1 

Smix iMRal J m v l ° c ' h i 

x \ \ T • I°CI \ \ \ , mix, I 
-20 20 40 

Figure S.B.I Mix S t i f f n e s s in Figure 3.B.2 Pavement Temperature in 
r e l a t i o n to Mix Temperature r e l a t i o n to Air Temperature 

As can be seen from table 3.B.1, the magnitude of the temperature corrections 
depends on 
a. the thickness of the asphaltic layer 
b. the type of bituminous mix 
ĉ . the temperature range considered. 
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Figure 3.B.3 Influence of Temperature (Temp) on the Magnitude of the 
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Figure 3.B.4 Seasonal Variation of the Subgrade Modulus 

Another reason that necessitates to correct the equivalent layer thickness to 
a reference subgrade is,that the equivalent layer thickness i t s e l f strongly 
depends on the magnitude of the subgrade modulus and therefore a direct compa­
rison of the bearing capacity of pavement structures based on a comparison of 
h e i s not possible. A given structure on a subgrade with a modulus of 150 MPa 
w i l l l a s t longer than the same structure on a subgrade with a modulus of 100 MPa. 
To overcome this problem the equivalent layer thickness is corrected in the 
following way 
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Table 3.B.1 Temperature Correction Factor in r e l a t i o n to the Thickness of 
the Asphalt Layer and the Type of Mix 

hi m 
Ahes/ATemp |m/°C| 

T, = 0°C T 2 = 11°C 

Ahes/ATemp |m/°C| 

Ti = 11UC 21°C 

S-l-50 S-2-100 S-l-50 S-2-100 

0.05 

0.10 

0.15 

0.20 

0.30 

0.00496 

0.00973 

0.0148 

0.0195 

0.0297 

0.00393 

0.0077 

0.0117 

0.0154 

0.0235 

0.00619 

0.0126 

0.017 

0.0189 

0.0288 

0.00454 

0.00867 

0.0119 

0.0147 

0.0224 

From table 3.B.1 i t can also be concluded that the developed empirical tempe­
rature correction factor (Ahes/ATemp = 0.014; equation 3.B.1) seems to over­
estimate the temperature effects on pavements with thin asphalt layers while 
i t seems to underestimate the temperature influences on pavements with thick 
asphalt layers. 
Nevertheless the empirically derived temperature correction factor was consi­
dered to be accurate enough for p r a c t i c a l purposes since 
a. the differences between the empirically and theoretically developed factors 

are limited especially i n the asphalt thickness range of 0.10 - 0.20 m 
b. the theoretically developed correction factor does not take into account 

the influences of a variation in stress level on the st i f f n e s s of the base. 

In order to check whether a simple temperature correction equation could be de­
veloped for the SCI, calculations on three layered systems were performed. In 
the calculations i t was assumed that the mix s t i f f n e s s of the top layer could 
be characterized by a S-l-50 mix |13]. 
By taking a pavement temperature of 18°C as reference temperature, correction 
factors for SCI in rela t i o n to different types of construction could be de­
rived. Examples are shown in figure 3.B.3. 
From figure 3.B.3 i t was concluded that no "simple" temperature correction e-
quation could be developed for the SCI. 

3.B.2 Corrections on Var iat ions in the Subgrade Modulus 

Beuving and Molenaar |29| have shown that the e l a s t i c modulus of the subgrade 
varies over the year in a sinusodial way. In fact the variation of the sub-
grade modulus follows with a time lag, the variation of the pr e c i p i t a t i o n ba­
lance (figure 3.B.4). Van Gurp |30| has developed this further and showed 
that the amplitude of the variation of the e l a s t i c subgrade modulus varied be­
tween 9 and 40 MPa. The overall mean value was 25 MPa while the standard devi­
ation was 9 MPa. The c o e f f i c i e n t of variation of the subgrade modulus of the 
individual sections varied between 8% and 23%. 
Furthermore i t was concluded that the mean subgrade modulus was reached at the 
months April/May and October. This means that deflection measurements should 
preferably taken in these periods in order to avoid the necessity of correct­
ing the deflection measurements for variations in the subgrade modulus since 
the magnitude of the variation i s seldom known. 
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h e c = h esT • (E 3 /100) 0 - 3 eq. 3.B.7 

where n
e s x = equivalent layer thickness as described above 
E3 = modulus of the subgrade under the construct ion considered |MPa| 
h e c = equivalent layer thickness i f the s t ructure was l y i n g on a sub-

grade with E 3 = 100 MPa 

3.B.3 Correction Procedure 

Based on the foregoing the fo l lowing co r rec t ion procedure was developed. 
a. Calculate the h e s for the pavement s t ructure considered, using equation 

3.B.2 
b. Apply the temperature correct ion on h e s using equation 3.B.1 
c. Apply the subgrade correct ion on h e s x using equation 3.B.7 

Van Gurp and the author have developed a graphical procedure to perform th i s 
co r rec t ion . This procedure i s shown i n f i gure 3.B.5 
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Appendix 3C 

V e r i f i c a t i o n of the Equivalent Layer Thickness Deterioration 
Model by means of Deflection Measurements 
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3.C.1 Decrease of the Equivalent Layer Thickness h e s i n Time 

e results of f a l l i n g weight deflection measurements, which were car-
the road sections mentioned in subsection 3.4.2.2.1, Beuving and 

29| showed that the decrease of the h e s in time was almost linear. 

Using th 
ried on 
Molenaar 
Figure 3.C.1 gives an example of the decrease of the h e s i n time of the Sj 
sections. 

|m| 

o1 

7 3 

o4 

• 5 

section 

1978 1979 1978 1979 

Figure S.C.la Decrease of hes Figure S.C.lb Decrease of h0S in 
in Time as determined for the Time as determined for the SmL Sec-
Si oR Sections tions 

Considering the results presented in figure 3.C.1, the following comments can 
be made 
a. The more or less constant h e s value for sections 5R and 6L could be ex­

plained by the fact that the v i s u a l condition of these sections was alrea­
dy very bad at the time of the deflection measurements. The condition was 
in fact so bad that no further decrease of h e s could be expected. In other 
words, the threshold value for h e s was reached. 

b. The variation of the h e s values over the year can be explained by the fact 
that no correction was applied to take in account the variation of the sub-
grade modulus over the year. 

In order to get a better insight in the decrease of the h e s with respect to 
time use was made of the results of Benkelman beam measurements carried out 
e a r l i e r on the same road sections by the d i s t r i c t engineers involved. Some re­
sults of this exercise are shown i n figure 3.C.2. Again i t can be noticed that 
the Sio 5R section had reached something l i k e a threshold value. Also i t can 
be observed that the shape of the deterioration curve i s S-shaped. 

3.C.2 Decrease of the Corrected Equivalent Layer Thickness hec in Time 

After this early work of Beuving and Molenaar, van Gurp and the author used 
the h e c to describe the structural deterioration of the pavements considered. 
They too found a more or less linear decrease of h e c in time. Figure 3.C.3 
shows the decrease h e c for the same section as mentioned in figure 3.C.I. 
The next step was to describe the decrease of h e with respect to the number 
of 100 kN equivalent single axles that have loaded the pavements. This i n f o r ­
mation was obtained from a study carried out by Beuving 1281 who has trans-
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Figure 3.C.2 Decrease of he8 as determined for the Sm SR Section 
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Figure 3.C.3 Decrease of heo as determined for the S J 0 5R Section 

lated t r a f f i c i n t e n s i t i e s obtained from the highway d i s t r i c t s considered, 
into numbers of 100 kN equivalent single axle passages from the known percen­
tage of truck t r a f f i c . Information on the types of trucks that have loaded the 
pavements and the r e l a t i o n between the truck silhouette and the load equiva­
lency i s given i n figure 3.C.4. Figure 3.C.4 was derived from data taken from 
|311 and I 32|. 
The decrease of h e c with respect to the applied number of load applications i s 
shown i n figure 3.C.5. Here again the same data are used as shown in figure 
3.C.2. 
Based on these results relations were derived of the shape 

1 + e 3log(n/N) 
eq. 3.C.1 
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type 
equiv. 
factor 
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Figure 3.C.5 Decrease of h&o with respect 
to n for the S 1 0 Si? Section 

Figure 3.C.4 Relation between the Truck 
Silhouette and the Number of 100 kN Equivalent 
Single Axles per Truck 

where h e c n = corrected equivalent layer thickness after n equivalent 100 kN 
single axle loads 

h e c o = corrected equivalent layer thickness at time of construction 
(n = 0) 

n = number of equivalent 100 kN single axle loads 
N = allowable number of equivalent 100 kN single axle loads 

( necn ~ i h e c o ) 
8 = a constant 

In section 3.4.2.2.1 i t has been explained why equation 3.C.1 was used to des­
cribe the deterioration of the equivalent layer thickness. 

3.C.2.1 Estimation of h eco 

In order to be able to calculate the two unknown parameters S and N from equa­
tion 3.C.1, h e c o needs to be known. Unfortunately no data were available from 
which r e l i a b l e h e c o estimates could be obtained. Therefore values for h e c o had 
to be assessed i n another way. In order to do so, the author decided to des­
cribe the decrease of h e c n by means of equation 3.C.2 

l n ( h e c n ) = b 0 - bi n eq. 3.C.2 
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where 
bo ,bi constants 

This model was selected for the following reason. 
As mentioned in section 3.4.2.2.1 the equivalent layer thickness deterioration 
model (eq. 3.C.1) closely matches the structural deterioration model which has 
been described i n section 3.4.2.1. This l a t t e r model describes the decrease of 
the probability of survival P with respect to the number of load repetitions n 
for different values of h g. 
Due to the agreement between the "P model" and the "h e model". The deteriora­
tion of h e with respect to n can be calculated from the P model by 

eq. 3.C.3 

where corrected equivalent layer thickness after application of n 
load repetitions 
probability of survival after n load repetitions 
corrected equivalent layer thickness at the time of construc­
tion. 

So given the decrease of P with respect to n for a given h e c o (figure 3.C.6). 
the decrease of h e c with respect to n can be determined (figure 3.C.7). 

0.8 
he 
|m| 

Q 6 

10' N 10^ 

0.4 
- j _ _ L 

X T 10"-
l _ l 

10 7 N 1 0 8 

Figure 3.C.6 Decrease of the 
P r o b a b i l i t y of Survival (P) with 
respect to the Number of Load 
Applications (log n) for a given 
Equivalent Layer Thickness (he) 

Figure 3.C.7 Decrease of the Equiva­
lent Layer Thickness (he) with respect 
to the Number of Load Applications 
(log n) 

If the decrease of h £ is plotted with respect to n instead of log n, figure 
3.C.7 transforms into figure 3.C.8. The shape of the Equivalent layer thick­
ness deterioration curve as shown i n figure 3.C.8 can be represented with rea­
sonable accuracy by means of equation 3.C.2. 

Resuming the foregoing, i t can be stated that equation 3.C.2 i s only used to 
assess h e c o values. The deterioration of h e c n i s described with the more gene­
r a l model represented by equation 3.C.1 

It should be noted that equation 3.C.2 was only used to f i t the data obtained 
on road sections with hot mix asphalt concrete layers. It was not used to f i t 
the data obtained on road sections with cold asphalt layers, since on those 
sections no decrease of h e c could be observed (the h e c values varied between 
0.7 and 0.8 m). 
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Figure 3.C.8 Deterioration of the Equivalent Layer Thickness (hg) with 
respeat to the Number of Load Applications (n) 

The results of the analysis described here are given i n table 3.C.I. They give 
r i s e to the following comments. 
F i r s t of a l l one w i l l notice that the measurements are taken over limited time 
period. At best data points are available over a six year period ( S i ( ) . Fortu­
nately the S7 sections are part of a very heavily t r a f f i c k e d road which means 
that,although the measurements are carried out over a rather short period, a 
considerable amount of t r a f f i c has passed the pavement section (the average 
daily t r a f f i c i s about 9000 vehicles i n one d i r e c t i o n ) . The same applies also 
to the S 2 2 B road sections where the t r a f f i c intensity per lane i s about 7000 
vehicles per day. 
The importance of having more widely spaced data i s best shown by the results 
of the Si»2 sections. By adding one data point (Si,2 R section) the values for 
r 2 drop dramatically. 

Considering the Si sections i t can be noted that no decrease of h e c in time 
could be observed for the 1L section, i n fact a small increase of h e c was no­
ted. No clear explanation for this could be found. For these reasons no re­
sults of the 1L sections are given in table 5. Furthermore a difference i n 
h e c o i s noticed between the L and R sections. This might be caused by the fact 
that both lanes don't carry the same amount of t r a f f i c what was assumed in the 
analyses. 
This statement i s more or less confirmed by the difference i n deterioration 
rate bi derived for the L and R sections. 

In order to be able to check which h e c o i s most suitable for the Si section, 
this value was calculated from the known layer thicknesses and assumed values 
for the e l a s t i c modulus of the asphaltic top layer and sand cement s t a b i l i z e d 
base. 
It was concluded that h e c Q must be somewhere between 1.3 and 1.4 m. From this 
i t was concluded that the amount of t r a f f i c carried by the L sections has been 
underestimated. 

The results of the S7 sections are considered to be reasonably consistent. 
However a difference i n h e c o as noticed on the Si section i s observed here too. 
The same explanation as given for the Si sections can be given here. 

The h e c o values as determined for the S 1 0 sections show a marked difference 
between each of them. This i s due to the fact that each section has a d i f f e ­
rent type of base material. This i s shown i n table 3.C.2. 



Table Z.C.I Results of the Regression Analysis ln(hean) = b0 - b\ n 

Road Section , , 2 h I I Measuring date's 
Number Number 0 1 n e c o l m | 7 8 0 8 = y e a r 1 9 7 8 ; m o n t h august 

2L 0.605 1 .745 E-6 6 0 87 1.83 7803, 7805, 7808, 7812 (7903, 7903), 7905 
3L 0.504 1 .60 E-6 7 0.84 1.66 7504*, 7803, 7805, 7808, 7812 (7903, 7903), 7905 
1R 0.38 5 .261 E-7 7 0 58 1.46 as 3L 
2R 0.317 3 .46 E-7 7 0 47 1.37 as 3L 
3R 0.352 7 .013 E-7 5 0 15 1.42 as 3L except 7504 and 7803 

1L 0.264 1 .666 E-7 5 0 86 1.30 7803, 7804, 7808, 7812, 7805 
2L 0.43 3 .08 E-7 5 0 91 1.54 as 1L 
3L 0.216 1 .163 E-7 5 0 82 1.24 as 1L 
1R 0.489 3 .403 E-7 5 0 99 1.63 as 1L 
2R 0.362 2 .039 E-7 5 0 88 1 .72 as 1L 
3R 0.485 3 .748 E-7 5 0 95 1 .62 as 1L 

1L 0.435 1.212 E-6 8 0 32 1.54 7802, 7804, 7805, 7808, 7812, 7903, 7905, 7909 
2L 0.277 2 .346 E-6 8 0 38 1.32 as 1L 
4L 0.0263 1 .874 E-6 8 0 64 1.02 as 1L 
5L 0.926 3 .376 E-6 7 0 72 2.52 7802, 7804, 7805, 7808, 7812, 79Q5, 7909 
6L -0.427 8 .241 E-7 9 0.079 0.65 as 1L 
!R 0.606 2 .223 E-6 1 I 0 89 1 .83 7411*, 7511*, 7704*, 7802, 7804, 7805, 7808, 7812, 7903, 

0.561 .419 7905, 7909 2R 0.561 4 .419 E-6 10 0 71 1.75 as 1R except 7411 
3R 0.723 3 .278 E-6 11 0.97 2.06 as 1R 
4R 0.503 3 .245 E-6 10 0 89 1.65 as 1R except 7511 
5R -0.224 1 .981 E-6 11 0 73 0.8 as 1R 

Note: * means Benkelman beam measurement, others are f a l l i n g weight measurements. 



Table Z.C.I continued 

Road 
Number 

Section 
Number bo bj n r 2 

hecohl Measuring date's 

S22 B 1L 0.463 2.28 E-7 9 0.71 1.59 7512*, 7710*, 7803, 7804, 7805, 7808, 7812, 7907, 8005 
2L 0.495 2.577 E-7 8 0.74 1.64 as IL except 7710 
5L 0.407 1.769 E-7 8 0.47 1.5 as 2L 
1R 0.561 2.48 E^7 8 0.37 1.75 as 1L except 7512* 
2R 0.402 0. 122 E-8 9 0.39 1.49 as IL 
5R 0.578 3.33 E-7 7 0.96 1.78 as 1L except 7512*, 77JO* 

Sl42 1L 0.495 2.827 E-6 3 0.93 1.64 7803, 7806, 7809 
3L 0.568 3.227 E-6 3 0.8 1.77 as 1L 
4L 0.234 1.239 E-6 3 1 1.26 as 1L 
5L 0.623 3.367 E-6 3 0.99 1.87 as 1L 
1R 0. 1 12 5.129 E-7 4 0.26 1.12 7803, 7806, 7809, 7905 
2R 0.129 3.283 E-7 4 0.027 1.14 as 2R 
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Table 3.C.S Values of 6 as determined for the d i f f e r e n t Road Sections 

Road 
Number 

S e c t i o n 
Number 

r 2 8 N 

S i 2L 0. 54 2. 72 3. 98 E 5 
3L 0. 90 3. 41 4. 31 E 5 
1R 0. 81 5. 7 1. 35 E 6 
2R 0. 84 2. 43 2. 01 E 6 
3R 0. 42 3. 3 9. 9 E 5 

Sy 11 0. 82 2. 9 4. 17 E 6 
2L 0. 88 3. 1 2. 24 E 6 
3L 0. 73 2. 43 5. 97 E 6 
1R 0. 98 2. 64 2. 04 E 6 
2R 0. 60 1 . 84 2. 52 E 6 
3R 0. 94 2. 64 1 . 86 E 6 

S i o 1L 0. 32 9. 5 5. 75 E 5 
2L 0. 44 3. 1 2. 95 E 5 
4L 0. 66 4. 4 3. 23 E 5 
5L 0. 75 3. 41 2. 06 E 5 
1R 0. 91 3. 1 3. 13 E 5 
2R 0. 80 4. 0 1. 57 E 5 
3R 0. 99 3. 0 2. 12 E 5 
4R 0. 96 3. 4 2. 14 E 5 
5R 0. 87 3. 3 3. 49 E 5 

S 2 2 B IX 0. 45 2. 89 3. 04 E 6 
2L 0. 23 1. 29 2. 69 E 6 
5L 0. 81 1 . 32 3. 93 E 6 
1R 0. 62 0. 88 2. 8 E 6 
2R 0. 05 0. 94 7. 63 E 6 
5R 0. 95 2. 8 2. 09 E 6 

S142 I t 0. 43 2. 69 2. 45 E 5 
3L 0. 79 2. 69 2. 14 E 5 
4L i . 0 2. 55 5. 62 E 5 
5L 0 . 99 2. 82 2. 05 E 5 
1R 0. 41 4. 3 1. 35 E 6 

Note: N i s the number of l o a d a p p l i c a t i o n s to h e c n = 0.5 h. 
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Table 3.C.2 Base Materials used in the S\q Road Sections and h e a o Values 
estimated from Construction Data 

Section Type of Material Estimated h e c o |m| Corresponds to 
from Construction Data Sections 

A Blast Furnance Slag 
(Thyssen Group, Germany) 1.44 1L 1R 

B Blast Furnance Slag 
(IJmuiden, Holland) 1.01 2L 2R 

C Blast Furnance Slag 
(3 Components Slag, 
Mannesmann, Germany) 

1.86 - 1.59 3L.4L.5L 3R.4R 

D Red Burnt C o l l i e r y Shale 0.79 6L 5R 

E Lava 0.87 

Since a lot of plate bearing tests , Benkelman beam deflection tests, and mea-
surements with a heavy vibrator where taken at the time of construction, and 
some time after construction was completed, i t was possible by using these da­
ta, to derive h eco values for the different sections. These values are given 
too i n table 3.C.2. 
By comparing the h e c o values fiven for the L and R sections i t i s concluded 
that the R sections have carried more t r a f f i c than the L sections. 
No results for the 3L sections are given since no decrease of h e c could be de­
termined. Again no clear explanation for this phenomenon could be found. 
The remarkable low r 2 as determined for the 6L section, which i s i n fact the 
same type of construction as the 5R section, can be explained by the fact that 
this section was already completely deteriorated at the time of the f i r s t mea­
surements . 

Also for S 2 2 B sections a difference in h e c Q can be seen for the L and R sec­
tions. Here no explanation can be found with the argument the amount of t r a f ­
f i c carried by the L and R sections i s not equal, since the R sections are 
thicker than the L sections. The data of the 3L, 4L, 3R and 4R sections have 
not been given since here again no decrease in h e c could be determined. 

3.C.2.2 Ca lcu lat ion of Bêta and i t s Relat ion to the Type of Construction 

The caclulated values of h e c o which are given in table 3.C.2, were used to 
calculate values for B as given i n equation 3 . C 1 . Also the pavement l i f e N 
has been calculated. It i s defined here as the number of load applications at 
which the r a t i o h e c n / h e c o has decreased to 0.5. The results of this analysis 
are given i n table 3.C.3. 
Table 3.C.4 gives the mean value of 6 and i t s standard deviation for the road 
sections considered. 

In general i t can be concluded that the exponential model (equation 3.C.1) 
described the observed behavior reasonably well. This means that i t is not ne­
cessary to reject the proposed equation to describe the deterioration of the 
equivalent layer thickness; this equation i s : 

necn 1 , , 
heco = 1 + e 3 l oS< n/ N> 
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Table 3.C.4 Mean Values and Standard Deviations of B as determined for the 
Road Sections considered 

Road S 
Number Mean Value Standard Deviation 

1. Si 3.51 1.29 
2. S 7 2.59 0.44 
3. q * 

J 1 o 
4.24 2. 18 

4. ^1 0 3.49 0.52 
5. S 2 2 B*** 1.84 0.94 
6. s M 2 **** 2.69 0. 11 

Overall (1+2+4+5+6) 2.82 0.70 

* only blast furnance slag sections 
** a l l blast furnance slag sections but 1L 
*** a l l sections but 2R 

only L sections 

Note: No overlay was applied on the Si and Sio road sections. 
The other pavement sections had received one or more overlays. 

Furthermore i t was concluded that B might be dependent on the type of con­
struction. From table 3.C.4 i t can be observed that on the pavement sections 
which had not yet received an overlay, higher B values were obtained than on 
the pavements which had been overlaid before (note the difference between the 
B values for the Si and Sio sections on one hand and the B values for the 
other sections on the other). 
This conclusion was underscored by the results of the analysis of variance 
carried out to determine whether s i g n i f i c a n t differences existed between the 
B values as obtained for the different road constructions. 
The results of this analysis of variance are given i n table 3.C.5. 

Table 3.C.5 Results of the Analysis of Variance carried out on the B values 
of the Road Sections considered 

Significant Difference No Significant Difference 
Between Between 

S i - s 7 s 7 - S 2 2 S i _ S i o 

S i - S 2 2 S 1 0 - S 2 2 s 7 - S i , 2 

S i - S l . 2 S i o " S l . 2 

s 7 
- S i 0 S 2 2 - S i , 2 

confidence l e v e l : 95% 

The fact that 3 decreases i f overlays are applied can be explained as follows 
It has been mentioned in the previous section that the theoretically derived 
"P model" and the "h e model" are exchangable. This also means that S i o g N and 
B,which are describing the shape of these models )are exchangable. 
It has been shown i n section 3.4.2.1 that S^ 0g is influenced to a rather 
large extent by the variances of the thicknesses and e l a s t i c moduli of the va 
rious layers. 
We r e c a l l 

s log N - a i b i s log h e 
eq. 3.C.5 



1 ,Sf , 2 . 2 I M where S 2
h e = Z & 2 S \ . + Z (^-)*S* E. 

i = l i 1 = i i 

L - l 
3, E-

where f = 0.9 I h- / ^ 
i=l E s 

h£ • thickness of layer i 
= e l a s t i c modulus of layer i 

E s = e l a s t i c modulus of the subgrade 
ai ,bi = constants 

L = number of layers 

It can eas i l y be shown that by adding one layer to the system, S^ Qg w i l l 
crease due to the variation in material properties and thickness of this 
layer. From figure 3. 16 i t can be observed that an increasing S^ Qg JJ means 
decreasing g. So i f an overlay is applied 6 w i l l tend to decrease. 
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Appendix 3D 

Calculation of the Variance of the Logarithm of the 
Equivalent Layer Thickness. 
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Calcu lat ion of the Variance of the Logarithm of the Equivalent Layer Thickness 

As has been shown in section 3.4.2.1 the value of S 2 i 0 g h e determines to a 
larger extent the value of S 2 i D g 
In this appendix the derivation of S 2 i o g h e w i l l be given and i t w i l l be shown 
which parameters are of main importance. In the analysis i t i s assumed that 
the pavement can be represented as a three layered system. 

The equivalent layer thickness of a three layer system i s calculated with 

h„ = 0 . 9 h i / | 1 + 0 . 9 h 2 / f 2 - eq.3.D.l 
e ^3 ^3 

By taking the logarithm, equation 3.D.1 transforms to 

log(h e) = log(0.9(hi / §±- + h 2 / I 2- )) eq. 3.D.2 
e t 3 ^3 

By following the approach as indicated in equation 3.6, S ^ Q g n g 

can be calculated as follows 

S 2log h e = ( j i T o ) 2 { ( — ^ E l / E 3 s f S„ +( 3 s ) 2 s h 
hi /E 1/E 3+ h 2 / E 2 / E 3

 1 h 1 / E 1 / E 3 + h 2 / E 2 / E 3
 2 

. '/3 h i / / E l 2 E 3 . 2 2 V3 h|7 ^ E 2
2 E 3 , 2 , 2 

3 3 ' E 3 ' 3 > °E 
hj /Ei/E 3+ h 2 v /E 2/E 3

 1 hi /Ei/E 3+ h 2 / E 2 / E 3
 2 

+ (-'/,h^E 1/E,-- W E 2 / E 3 y s 2 } e q _ 3 > D 3 

hi / E i / E 3 + h 2 / E 2/E 3
 3 

Reorganizing equation 3.D.3, results in 

S 2
l o g he = 0-'B86 ( (°' 9 ^ » ^ ) • ( S ^ ^ V l ^ 

+ ( 0.3 hi } 2 g 2 + ( ^ l ^ g 2 

h e / E i 2 E 3
 1 h e / E 2 E 3

 2 

+ ( - 3 f c ) 2 s E 3
} 3 - D - 4 

Van Gurp |l4| has calculated values of SiQg h e for 70 three layer systems. 
These systems are shown in table 3.D.I. In his analysis, van Gurp did not 
take into account the influence of the variance of E 3. Furthermore he assumed 
constant values for the c o e f f i c i e n t of variation of h i , E i , h 2 and E 2. These 
values are l i s t e d in table 3.D.2. 
From his calculation r e s u l t s , van Gurp concluded that S 2 i 0 g h e did not show a 
large amount of variation. In fact he concluded that for a given value of E 3 , 
constant values for S2iag h e could be discerned. These are given i n table 
3.D.3. 
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Table 3.D.1 Constructions for which S-fog }¡ was calculated \ 14\ 

h 2 150 300 600 
E 3 E 2 E í \ 50 100 200 50 100 200 50 100 200 

10000 
6000 5000 

1000 
10000 

150 1200 5000 
1000 

10000 
300 5000 

1000 

X 
X X 

X 
X X 

X 
X X 
X X 

X X 
10000 

6000 5000 
1000 
10000 

100 1200 5000 
1000 

10000 
300 5000 

1000 

X 
X 

X X 
X 

X X 
X X 

X X X X 
10000 

6000 5000 
1000 

10000 
50 1200 5000 

1000 
10000 

300 5000 
1000 

X X 

X 
X 

X X 
X 

X X 
X X 

X 
10000 

180 5000 
1000 

10000 
50 130 5000 

1000 
10000 

100 5000 
1000 

X 
X X 

X X 

X X 
X X 

X 
X X 
X X 

16496 
72 11053 

3675 
16496 

20 52 11053 
3675 
16496 

40 11053 
3675 

X X 
X X 

X X 
X X 
X X 

X X 
X X 

X X 
X X 

Note: |E| = [MPa[ |h| = |mm| 
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Table S.D.2 C o e f f i e i e n t s of Variation as used in van Gurp's Analysis \14\ 

Parameter Coefficient of Variation 

hi 0. 1 
Ei 0. 15 
h 2 

0. 1 
E 2 0.2 

Table Z.D.S Values of S2i0g he c.s calculated by van Gurp \l4\ 

E 3 MN/m2| S 2 log h e 

150 0. 0015 
100 0. 0017 
50 0. 0015 
20 0. 0016 

From equation 3.D.4, i t can be observed that a value of 
S 2 

0.02096 * —E*-
E 3

2 

should be added to the values given i n table 3-D.2 i n order to take into ac­
count the v a r i a b i l i t y of the subgrade on the variance of log h e. 
Table 3.D.4 gives an overview of the values which should be added to the va­
lues given i n table 3.D.3 in re l a t i o n to different values of the variance of 
E 3. 

Table S.D.4 Values of S iQg ^g which should be added to the Values given in 
Table ZD.2, i f the Influence of the Variation of the Subgrade Modulus (E3) 
is taken into account. 

Coefficient of Variation 
of E 3 

Influence on 
q 2 s log h e 

0. 1 0.0002 
0.2 0.0008 
0.3 0.0019 
0.4 0.0034 
0.5 0.0052 

Since the values given in table 3.D.4 should be added to the values given in 
table 3.D.3, i t can be concluded that the variation i n the subgrade modulus 
has a large influence on the value of S 2 i Q g he- Because i t has been observed 
that the co e f f i c i e n t of variation of E 3 is normally about 0.3, a value of 
0.0035 can be used for p r a c t i c a l purposes for S 2 i 0 g h e-
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Chapter 4 

VISUAL CONDITION SURVEYS 

AND 

PLANNING OF MAINTENANCE 
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4.1 Introduction 

The easiest way to determine whether the pavement performs as designed^is to 
observe the deterioration of the pavement condition by means of periodical 
visual condition surveys. 
The results of 
a. to predict future condition 
b. to determine when predefined minimum acceptance levels are reached 
c_. to establish maintenance urgencies and needs 
d_. to plan maintenance and r e h a b i l i t a t i o n a c t i v i t i e s 
e. to adjust designs and/or design methods 

It should be noted that the above-mentioned goals of the v i s u a l condition 
surveys can only be met i f the results of the surveys themselves are uniform 
and r e l i a b l e . This means that the condition surveys should be carried out 
according to well defined guidelines. 
This involves that visual condition surveys should only be conducted according 
to user's guides with detailed d e f i n i t i o n s of d i s t r e s s types, and t h e i r degree 
and extent classes. 

The main goal of visual condition surveys i s the planning of maintenance and 
r e h a b i l i t a t i o n . A number of steps can be recognized in reading this major goal, 
they are 
a. the development of a v i s u a l conditon survey method 
b. the modelling of the observed pavement deterioration 
c. the development of thresholds or minimum acceptance levels 
d. the development of guidelines for a maintenance planning technique 

Each step w i l l be described i n the subsequent sections. 
F i n a l l y the procedure of estimating the remaining l i f e and scheduling of 
maintenance works w i l l be i l l u s t r a t e d by means of an example. 

4.2 Visual Condition Survey Method 

Hp t i l l now a large number of v i s u a l condition survey methods has been 
developed. Hellings and Wienbelt {1] evaluated fiv e of these methods |2, 3, 4, 
5, 6| on their a p p l i c a b i l i t y for the Netherlands. They concluded that the 
condition survey method developed at the Texas A & M University could be used 
very well i n Dutch circumstances and that i t needed only minor adjustments to 
meet Dutch requirements. The revised method i s described and documented i n |7[. 
A short description of the method w i l l be given hereafter. 

The v i s u a l condition surveys are conducted using the inspection sheet which i s 
shown i n figure 4.1. As can be seen from this figure almost a l l damage types 
considered can be c l a s s i f i e d into a quantity and severity class. Each combi­
nation of quantity and severity class i s translated into a number of deduct 
points. The deduct point table i s given i n table 4.1. 
This deduct point table i s used i n the following way to describe the pavement 
condition. 
a. F i r s t of a l l an overall pavement rating score PRS i s calculated from 

the t o t a l amount of deduct points IDP using 
RPS = 100 - EDP 

b. Secondly four deduct points subtotals are calculated. These four 
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Table 4.1 Deduct Point Table 

Distress type Degree Extent or Amount 
(1) (2) (3) 

Raveling Slight 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

Flushing Slight 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

Patching Good 0 2 5 
Fair 5 7 10 
Poor 7 15 20 

Un f i l l e d Cores ') 5 8 12 

Potholes 7 12 18 

Failures 2) 20 30 40 

Transverse Cracking (sealed) Slight 2 5 8 
Moderate 5 8 10 
Severe 8 10 15 

( p a r t i a l l y sealed) Slight 3 7 10 
Moderate 7 10 15 
Severe 10 15 20 

(not sealed) Slight 3 7 12 
Moderate 7 12 15 
Severe 12 15 20 

Longitudinal Cracking (sealed) Slight 2 5 8 
Moderate 5 8 10 
Severe 8 10 15 

( p a r t i a l l y sealed) Slight 3 7 12 
Moderate 7 12 15 
Severe 12 15 20 

(not sealed) Slight 5 10 15 
Moderate 10 15 20 
Severe 15 20 25 

A l l i g a t o r Cracking Slight 5 10 15 
Moderate 10 15 20 
Severe 15 20 25 

Rutting Slight 0 2 5 
Moderate 5 7 10 
Severe 10 12 15 

Corrugations Slight 5 8 10 
Moderate 10 12 15 
Severe 15 18 20 

(1) = 1-3 (2) = 4-6 (3) = >6 
2) (1) = 1 (2) = 2 (3) = >2 



DETAILED VISUAL CONDITION SURVEY CONDUCTED 
ON THE TRUNK ROAD NETWORK OF DISTRICT AB 
FEBRUARY-MARCH 1982 

NOTATION FORM 

3 
5+ 

O 

í». 
S 

! 

s-

S" 

I 
1 

GENERAL SURFACE CRACKING DEFORM. SHOULDER 

PAVED UNP 

N L C 
F 0 0 S 
1 T N R H 
L R G A R 0 

R F P L AC IC LC U u 
A L A E P F NR TR LR R G F S L R S 

S V u * T D 0 A SA UA IA S U A C H D 0 H 
EN E s C T 1 VC DC GC E T T A 0 E A 0 
eu L H H C H L EK IK AK CA T ! D U R V D U 
TM L 1 I 1 0 0 U RI NI T l RL 1 0 S L S E S L 

ROAD IB FROM- TO A N H N R L R SN AN ON Al N N D 1 R 1 D 
CODE OE N G G G E E E EG LG RG CN G S D E D G D E 

NR E S S S KG E R E E E R 

LMS LMS GMP LMS LMS LMS LMS LMS 

AB S 22 1 0.40- 0.50 L 1 1 1 1 1 2 1 4 2 
AB S 22 2 0.60- 0.70 L 1 1 1 1 2 2 4 2 
AB S 22 3 0.90- 1.00 L 1 2 1 1 1 2 2 3 2 
AB S 22 4 1.00- 1.10 L 1 1 1 1 2 2 4 3 
AB S 22 5 1.89- J.90 L 2 1 3 4 2 
AB S 22 6 0 .20- 0.30 R 1 .1 1 1 3 2 3 3 
AB S 22 7 0 .30- 0.40 R 1 2 1 1 3 2 3 3 
AB S 22 8 0.40- 0,50 R .1 2 2 1 3 1 3 3 
AB S 22 9 0.90- 1.00 R 1 2 1 1 ] 1 2 1 3 3 
AB S 22 10 1.80- 1.90 R .1 1 1 2 3 4 3 

AB S 15 1 1 4 .40- 4.50 L 2 1 1 1 1 1 2 J 2 2 3 3 
AB S 15 12 5.10- 5.20 L 2 1 1 1 J 3 2 3 4 3 
AB S 15 13 5.30- 5.40 L .1 .1 1 1 Z 2 2 3 3 
AB S 15 14 4 .40- 4.50 R 2 .1 .1 1 2 3 2 3 4 4 
AB S 15 15 4 .50- 4.60 R 1 1 1 1 2 2 3 3 4 4 
AB S 15 16 4 .70- 4,80 R 1 1 1 } 1 2 3 4 3 3 
AB S 15 17 5.50- 5.60 R 1 1 1 1 3 4 4 3 4 

DEDUCT CLASS DATE OF 
POINTS 

p 
C C E 
0 0 H 
N N A 
S S B 

S T T 1 
R H R T R L 
0 0 U R U 1 S 
A U C A C T U 
D L R T F T A R 
W D 0 1 F 1 N V 
A E A 0 1 0 C E 
Y R D N C N E Y 

25 30 1 5 4 a 7803 8202 
26 30 .1 5 4 0 7803 8202 
30 25 1 5 4 0 7803 82 02 
22 35 .1 5 4 0 7803 8202 
13 30 .1 5 4 Q 7803 8202 
20 30 J 5 4 0 7803 8202 
23 30 .1 5 4 Q 7803 82Q2 
35 30 J 5 4 0 7803 8202 
40 30 J 5 4 0 7803 8202 
25 35 1 5 4 0 78Q3 8202 

34 25 .1 5 3 7205 0 8202 
26 30 .1 5 3 72Q5 0 8202 
20 25 1 5 3 7205 0 8202 
40 32 1 5 3 7205 0 8202 
26 35 .1 5 3 7205 0 82Q2 
21 32 .1 5 3 72Q5 0 8202 
.18 37 J 5 3 7205 Q 8202 

NOTE: Figures 4 . 2 , 4 . 3 , and 4,4 are t ypewr i t e r copies of the o r i g i n a l computer p r in tou t 
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subtotals are: 
1_. number of deduct points due to raveling 
2_. number of deduct points due to f a i l u r e s , potholes, bad repairs and 

u n f i l l e d coreholes 
3. number of deduct points due to transverse, longitudinal and a l l i g a t o r 

cracking 
4. number of deduct points due to rutting and corrugations. 

These four subtotals are introduced since i t enables the highway 
engineer to determine which type of distress i s predominant. This i s 
thought to be of importance since the type of defect together with i t s 
severity and extent w i l l determine the type of maintenance or 
r e h a b i l i t a t i o n works. 

Since the inspections w i l l result i n a mass of data, computerprograms to 
process the data have been written by Duivenvoorden |8| and Van Gurp |9|. 
Typical examples of the printout are given in figures 4.2. to 4.4. 

Figure 4.2 shows the printout of the data as introduced into the computer pro­
gram. Figure 4.3 shows the amount of deduct points assigned to the forementio-
ned four subtotals. In this figure also the deduct points due to raveling and 
longitudinal plus a l l i g a t o r cracking are given. These are, as w i l l be des c r i ­
bed later on, used in the remaining l i f e calculations. Figure 4.4 shows the 
graphical representation of the t o t a l number of deduct points. 

The visual condition survey method i s , as w i l l be indicated later on, succes-
f u l l y used on a large number of road sections since 1976. The survey results 
are used in the modelling of the observed pavement deterioration as w i l l be 
described in the next section. 

4.3 Modelling of the Observed Pavement Deter iorat ion 

As has been mentioned, visual condition surveys have been conducted on road 
sections that are a part of the p r o v i n c i a l road network of the province of 
Zuid Holland. Information on the location of the sections, their construction, 
subsoil and t r a f f i c i n t e n s i t i e s has been given i n chapter 2. 

Typical examples of the deterioration, expressed by the t o t a l number of deduct 
points, of the 100 m long survey sections within a s p e c i f i c road section are 
given in figure 4.5. 

The exponentional increase in distress, as depicted in figure 4.5, was observed 
on a l l road sections. 
Development of a deterioration model based on the data obtained on the 
individual 100 m survey sections,was not considered to be appropriate. There­
fore the survey sections were merged into larger subsections. The author 
decided that decisions on the magnitude (length) of these subsections should 
be based on the load carrying capacity of the pavement. Within a subsection, 
this load carrying capacity had to be more or less constant. In order to 
create such subsections, deflection measurements were carried out on the 
pavement considered. 

The condition of each subsection was characterized by the mean value of the 
PRS values of the 100 m survey sections. Application of this technique on the 
data given i n figure 4.5, yields to deterioration curves as shown in figure 4.6. 
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TABLE WITH THE TOTAL NUMBER OF DEDUCT POINTS FOR THE ROADWAY 
AND THE SUBTOTALS OF THE DEDUCT POINTS 

SUBTOTAL 1 IS SUM OF DEDUCT POINTS 

SUBTOTAL 2 IS SUM OF DEDUCT POINTS 

SUBTOTAL 3 IS SUM OF DEDUCT POINTS 

SUBTOTAL 4 IS SUM OF DEDUCT POINTS 

SUBTOTAL 5 IS SUM OF DEDUCT POINTS 

SUBTOTAL 6 IS SUM OF DEDUCT POINTS 

FOR : RAVELING 
FLUSHING 

FOR : PATCHING 
UNFILLED CORES 
POTHOLES 
FAILURES 

FOR : TRANSVERSE CRACKING 
LONGITUDINAL CRACKING 
ALLIGATOR CRACKING 

FOR : RUTTING 
CORRUGATIONS 

FOR : RAVELING 

FOR : LONGITUDINAL CRACKING 
ALLIGATOR CRACKING 

TOTAL SUB SUB SUB SUB SUB SUB 
NR DIST ROAD LANE FROM- TO DEDUCT TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL 

PO 1 NTS 1 2 3 4 5 6 

1 AB S 22 L 0 .40- 0.50 25 10 0 15 0 5 8 
2 AB S 22 L 0 60- 0.70 26 10 0 14 2 5 7 
3 AB S 22 L 0 .90- 1.00 30 13 0 15 2 5 12 
4 AB s 22 L 1 00- 1 .10 22 10 0 10 2 5 7 
5 AB s 22 L 1 80- 1.90 1 3 8 0 5 0 8 5 
6 AB S 22 R 0. 20- 0.30 20 10 0 3 2 5 5 
7 AB S 22 R 0. 30- 0.40 23 13 0 8 2 5 5 
8 AB S 22 R 0. 40- 0.50 3 5 13 0 12 10 5 5 
9 AB s 22 R 0 90- 1 .00 40 13 7 15 5 5 12 

10 AB S 22 R 1. 80- 1 .90 25 10 0 15 0 5 15 

1 1 AB s 15 L 4. 40- 4.50 34 13 5 11 5 8 8 
12 AB s 15 L 5 10- 5.20 26 13 0 13 0 8 10 
13 AB s 15 L 5. 30- 5.40 20 10 0 10 0 5 7 
14 AB s 15 R 4 . 40- 4.50 40 18 5 17 0 8 10 
15 AB s 1 5 R 4 50- 4.60 26 10 0 16 0 5 13 
16 AB s 15 R 4 70- 4.80 21 10 0 l l 0 5 8 
17 AB s 15 R 5. 50- 5.60 18 15 0 3 0 5 0 

18 AB s 22 L 3. 70- 3.80 54 30 12 12 0 15 5 
19 AB s 22 L 4 50- 4.60 49 27 17 5 0 15 5 
20 AB s 22 L 4. 60- 4.70 47 27 10 10 0 15 10 
21 AB s 22 R 3. 60- 3.70 30 20 7 3 0 5 0 
22 AB s 22 R 3 . 70- 3.80 42 20 0 22 0 5 15 
23 AB s 22 R 4 . 00- 4.10 17 17 0 0 0 5 0 

24 AB s 22A L 2 . 90- 3.00 30 18 0 5 7 8 5 
25 AB s 22A L 3 . 00- 3.10 20 10 0 10 0 5 10 
26 AB s 22A L 3 . 20- 3.30 36 18 5 13 0 10 13 
27 AB s 22A L 3. 30- 3.40 50 13 12 20 5 5 20 
28 AB s 22A R 2 . 90- 3.00 28 18 0 5 5 8 5 
29 AB s 22A R 3. 00- 3.10 18 13 0 5 0 8 5 
30 AB s 22A R 3. 20- 3.30 50 16 7 22 5 8 22 
31 AB s 22A R 3 . 30- 3.40 23 13 0 10 0 5 10 

32 AB s 7 L 6. 30- 6.40 10 5 0 5 0 0 5 
33 A3 s 7 L 6. 80- 6.90 19 10 0 9 0 5 7 
34 AB s 7 L 6. 90- 7.00 16 13 0 3 0 5 0 
35 A3 s 7 R 6. 30- 6.40 25 10 0 15 0 5 15 
36 AB s 7 R 6. 80- 6.90 60 8 27 20 5 8 20 
37 AB s 7 R 6 .90 - 7.00 15 5 7 3 0 0 0 

Figure 4.S Deduct Points as assigned to the Subtotals 



GRAPH WITH THE TOTAL NUMBER OF DEDUCT POINTS FOR THE ROADWAY 

WARNING LEVEL SET TO 40 DEDUCT POINTS 

NR ROAD LANE FROM- TO 
1 2 3 4 5 6 7 8 9 1 

123456789012345678901 2345678901234567890123456789012345678901 234567890123456789012345678901234567890 
0 

1 S 22 L 0.40- 0 50 xxxxxxxxxxxxxxxxxxxxxxxxx 
2 S 22 L 0.60- 0 70 xxxxxxxxxxxxxxxxxxxxxxxxxx 
3 S 22 L 0.90- 1 00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 S 22 L 1 .00- 1 10 xxxxxxxxxxxxxxxxxxxxxx 
5 S 22 L 1 .80- 1 90 xxxxxxxxxxxxx 
6 s 22 R 0.20- 0 30 xxxxxxxxxxxxxxxxxxxx 
7 s 22 R 0.30- 0 40 xxxxxxxxxxxxxxxxxxxxxxx 
8 s 22 R 0.40- 0 50 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
9 s 22 R 0.9O- 1 00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

10 s 22 R 1 .80- 1 90 xxxxxxxxxxxxxxxxxxxxxxxxx 
1 1 s 15 L 4.40- 4. 50 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
12 s 15 L 5.10- 5. 20 xxxxxxxxxxxxxxxxxxxxxxxxxx 
13 s 15 L 5.30- 5 40 xxxxxxxxxxxxxxxxxxxx 
14 s 15 4.40- 4 . 50 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
1 5 s 15 R 4.50- 4 . 60 xxxxxxxxxxxxxxxxxxxxxxxxxx 
16 S 15 R 4.70- 4 . 80 xxxxxxxxxxxxxxxxxxxxx 
17 S 15 R 5.50- 5. 60 xxxxxxxxxxxxxxxxxx 
18 s 22 L 3.70- 3 80 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
19 s 22 L 4.50- 4 . 60 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx%xxxxxxxxx 
20 s 22 L 4.60- 4 . 70 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
21 s 22 R 3.60- 3. 70 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
22 s 22 R 3.70- 3. 80 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxzxx 
23 s 22 R 4.00- 4 . 10 xxxxxxxxxxxxxxxxx 
24 S 22A L 2.90- 3 . 00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
25 s 22A L 3.00- 3 . 10 xxxxxxxxxxxxxxxxxxxx 
26 s 22A L 3.20- 3 . 30 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
27 S 22A L 3.30- 3. 40 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx*xxxxxxxxxx 
28 s 22A R 2.90- 3 . 00 xxxxxxxxxxxxxxxxxxxxxxxxxxxx 
29 s 22A R 3.00- 3 . 10 xxxxxxxxxxxxxxxxxx 
30 s 22A R 3.20- 3 . 30 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
31 s 22A R 3.30- 3. 40 xxxxxxxxxxxxxxxxxxxxxxx 
32 s 7 L 6.30- 6. 40 xxxxxxxxxx 
33 S 7 L 6.80- 6. 90 X X X X X X X X X X X X X X X X X X X 

34 s 7 L 6.90- 7. 00 xxxxxxxxxxxxxxxx 
35 s 7 R 6.30- 6. 40 xxxxxxxxxxxxxxxxxxxxxxxxx 
36 s 7 R 6.80- 6. 90 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
37 s 7 R 6.90- 7. 00 xxxxxxxxxxxxxxx 
38 s 30 L 1 .00- 1 . 10 xxxxxxxxxxxxx 
39 s 30 L 2.10- 2 . 20 xxxxxxxxxxxxxxxxxxxxxxxx 
40 s 30 L 2.20- 2 . 30 xxxxxxxxxxxxxxx 
41 s 30 R 1 .00- 1 . 10 xxxxxxxxxxxxxxxx 
42 s 30 R 2. 10- 2 . 20 xxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
43 s 30 R 2.20- 2 . 30 xxxxxxxxxxxxxxxxxxxxxx 

Figure 4,4 Graphical Representation of the Total Number of Deduct Points 
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Figure 4.5 Increase of the Total Number of Deduct Points on ten 100 m 
sections of the S36 
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Figure 4.6 Increase of the Total Mean Number of Deduct Points as observed on 
three Subsections of the S36 

It should be noted that simular curves were derived for raveling and longitu­
dinal plus a l l i g a t o r cracking. No such curves could be derived for bleeding, 
rutting and transverse cracking. The i n a b i l i t y to derive deterioration curves 
for bleeding and transverse cracking might be explained by the fact,, that these 
defects are mainly caused by climatic effects and only to a limited extent by 
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repeated t r a f f i c loading. 
The reason why no rutting deterioration curves could be derived i s twofold: 
a. i n general a very l i t t l e amount of rutting was observed 
b. too few data were available since only a few measurements could be 

taken due to rest r i c t e d a v a i l a b i l i t y of manpower and equipment that 
was required to meet a l l savety requirements 

In order to be able to describe i n a uniform way the deterioration of the 
pavement condition in terms of raveling, longitudinal .plus a l l i g a t o r cracking, 
and t o t a l number of deduct points, a value P v called the vi s u a l condition 
index was introduced | 10,11|. 
P i s called by 

1 DP 
DP eq. 4.1 

where DP = number of deduct points due to the present distress 
DP = maximum number of deduct points for the distress type considered, max r ' r 

From table 4.1 i t can be seen that DP 20 in case of raveling and that 
DI?max = 50 i n case of longitudinal and a l l i g a t o r cracking. For the overall 
condition DP i s set at 100. So i f e.g. a given section gets 15 deduct points max 6 r 

due to raveling, 25 due to longitudinal and a l l i g a t o r cracking and 50 due to 
the overall condition, then 

"raveling 

^cracking 

1 — — = 0 25 20 
25 

1 - § = 0 . 5 

overall condition 
50 
100 ' 0.5 

Figure 4.7 shows what the results of these calculations are, using the data 
given in figure 4.6. 
The same type of curves were derived for P .. and P . . . 

raveling cracking 

Figure 4. 7 Decrease of P y as determined for Three Subsections of the S3S. 
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The decrease of P v with time as shown i n figure 4 . 7 was described with the 
equation: 

1 - P 
v 

i n which P 
v 

a 
t 

e « ( f 0 eq. 4 . 2 

as defined above 
a constant depending on the type of construction 
number of years between time of inspection and construction or 
l a s t r e h a b i l i t a t i o n a c t i v i t y 

T = pavement l i f e ; the pavement l i f e i s reached i f P = 0 
Figure 4 .8 i s a graphical representation of equation 4 . 2 . 
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Figure 4.8 Performance Model to describe the Visual Deterioration of Pavement 
Deterioration 

4.4 App l i cat ion of the Deter iorat ion Model on the Road Sections considered 

Equation 4 . 2 has been used to describe the observed deterioration of the road 
sections considered. 
The two unknown parameters i n equation 4 . 2 . being a and T, can be solved by 
means of simple linear regression. Table 4 . 2 summarizes the results of the 
calculations performed. From this table i t can be seen that most alpha values 
range from 4 to 5 . 5 . Only the sections of the S ] , S ] Q and S 2 2 H show different 
a values. A possible explanation of this different behavior i n r e l a t i o n to the 
type of construction w i l l be given hereafter. 

S] Sections 

The reason why the sections S] show a different behavior arises from i t s 
construction type. This construction i s a rather s t i f f construction due to the 
cement s t a b i l i z e d base with an e l a s t i c modulus of about 6000 MPa. It i s a well 
known fact that the distress development of s t i f f pavements i s more or less 
b r i t t l e which means that the a values for cracking and also for the t o t a l 
number of deduct points w i l l be rather high. 



1 2 5 

The question however is why also the a value for raveling i s that high at the 
Sj since i t might be argued that raveling i s a construction independent 
distress type. Up t i l l now no satisfactory explanation could be found for the 
high traveling values. It might however be stipulated that differences i n 
^raveling values between s t i f f and f l e x i b l e constructions might; be due to 
differences in deformation on micro-scale and differences in kneading action 
of t r a f f i c . 

S]Q Sections 

Also the variation in a values as determined for the S\Q sections can be 
explained by taking into account the st i f f n e s s of the base layers. Figure 4 . 9 
shows the variation in time of the base modulus of the S J Q R sections. 
Sections 1 and 3 are the sections having a rather s t i f f base of blast furnance 
slag which exhibits a considerable amount of cementation. 
From table 4 . 2 i t can be seen that those two sections have rather high values 
for ctcracking and C 4 t o t a i . Once again i t can be stated that this i s reasonable 
since we are dealing with s t i f f bases. Just l i k e for a l l S] sections no s a t i s ­
factory explanation could be given for the high a r a v e l i n g values observed on 
those two sections. 
The same behavior i s observed at the S\QL sections. Here section 1 and 5 show 
high alpha values which correspond to s t i f f base layers ( f i g . 4 . 1 0 ) . 

By considering table 4 . 2 together with figures 4 . 9 and 4 . 1 0 i t can be seen that 
the sections with rather low base moduli (sections 2 R , 4 R , 5 R , 2 L , 6L) also 
show low values for alpha. 
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Figure 4.9 Deterioration of the Base of the SjoR sections 

Having made plausible that constructions with a s t i f f cemented base do have 
high a values, some comments should be made on the a values as derived for 
the S 4 2 sections. Although these sections do have a blast furnance clay base 
too, they do not seem to have the same high a values. This might be contributed 
to the fact that hardly any distress was encountered on these sections which 
makes the a predictions rather unreliable (see low r^ values for the cracking 
model in table 4 . 2 ) . For this reason the S 4 2 sections are not used i n the 
evaluation proces on the dependency of a on the type of construction (see 
section 4 . 5 ) . 



Table 4.2 Values of a due to Raveling, Cracking and Overall Condition 

Road S e c t i o n a T ? <* T r 2 a T r 2 Y e a r l y t r a f f i c 
Number Number R a v e l i n g R a v e l i n g C r a c k i n g C r a c k i n g T o t a l T o t a l g rowth 

! L 8.6 8.4 0 .89 7.3 11.7 0 .69 7.6 9. 8 0.99 
2L 8.7 8.3 0.9 7.4 12.6 0 .63 7 9. 5 0.96 
3L 8.7 8 . 3 0 .9 7.3 12. 0 .78 7 10. 1 0 .96 

1R 8 .7 8.3 0 .9 7.9 11. 0 .72 7.7 9 . 7 0.98 
2R 8 .8 8 . 2 0.91 8 11.2 0 .72 7.1 9 8 0.97 
3R 8.9 8 . 2 0.91 7 .9 10.6 0 .74 7.7 9 3 0.99 

IL 8 7. 0 .83 8.1 7.6 0 .92 8.4 7. 2 0 .93 
2L 10.6 7 .2 0 .9 3.8 8.1 0 .82 5.6 7 5 0 .89 
3L 8 .5 7 . 2 0 .94 5 7.7 0.91 6 .3 7. 5 0.96 
4L 4 .2 7 .4 0 .96 4 7.7 0 . 9 3.8 7. 9 0.75 
5L 10.9 7.1 0 .88 10 7 .6 0.91 10.9 7. 1 0.91 
6L 3 .5 8.4 0.72 3 . 1 9.1 0.51 0.59 

IK 8.7 7. 0 .94 8 .8 7 .5 0.99 9 7 3 0.99 
2R 7.7 7 . 3 0 .79 2.1 12 0 .35 3.5 8. 9 0 .82 
3R 10.4 7 .3 0.9 5.9 7.4 0.91 7.7 7. 3 0.94 
4R 7.9 7 .2 0 .82 2 . 5 8 . 0.88 3.8 7. 6 0 .95 
5R 4.6 7.6 0 .93 4 8 .5 0 .69 4.8 7. 8 0.81 

1L 5 .8 4.8 0 .89 5.1 19.2 0.21 5.5 5 9 0.89 
2L 5.8 4 .7 0 .89 5.1 17.9 0 .28 5.5 5 . 9 0.88 
3L 5.9 4.6 0.9 4.8 9.1 0 .29 5.5 5 . 3 0 .82 
4L 4 .6 4 . 4 0.91 5 .7 5 .3 0.91 5.2 5 . 0.97 
5L 5.9 4.4 0 .9 5.6 6.1 0 .84 5.6 5 . 1 0 .86 

1R 5.7 5.3 0.91 5 .7 9.4 0.38 5.7 5 . 9 0 .95 
2R 5.9 4 . 8 0.9 5.5 5.8 0 .87 5.6 5 . 2 0.9 
3R 5.8 4 .7 0.91 5.4 5.8 0 .83 5.3 5 . 2 0.91 
4R 5 .8 4.9 0.91 5.6 7 .2 0.88 5.3 5 . 7 0.97 
5R 5 .8 4.8 0.91 5.9 7.4 0 .54 5.4 5 . 4 0.98 
6R 5.8 4 . 7 0.9 5.4 7.6 0 .52 5 .3 5. 6 0 .95 



Table 4.2 Continued 

Road Section a T r2 a T 2̂ a • T r2 Yearly t r a f f i c 
Number Number Raveling Raveling Cracking Cracking Total Total growth 

S H 1L 4.6 4.4 0.76 _ _ - 2.7 7.4 0.78 
ZZ 2L 4.6 4.4 0.74 5.8 8.1 0.73 4.6 6.2 0.72 6% 

1R 4.6 4.4 0.76 2.3 11.2 0.18 2.5 8.3 0.58 
2R 4.6 4.4 0.74 2.2 8.6 0.76 2.7 6.8 0.76 

1L 5.8 4.9 0.89 - - - 4 8.1 0.94 
2L 5.8 4.9 0.9 4.9 34. 0.25 4 7 0.9 
3L 5.8 4.9 0.9 - - - 4 7.7 0.93 6.7% 
1R 5.8 4.9 0.9 - - - 3.9 8.4 0.91 
2R 5.8 4.8 0.88 - - - 3.9 7.6 0.86 
3R 5.8 4.8 0.88 5.6 9.4 0.51 5.4 6.6 0.76 
4R 5.8 4.8 0.88 5.6 9.4 0.52 4.2 6.7 0.93 

1L 5.1 3.9 0.83 4.8 4.8 0.76 5.5 4.4 0.97 
JO 2L 5.3 3.8 0.88 4.3 4.3 0.89 5.6 4.3 1.0 

3L 5.3 3.7 0.89 4.1 4.1 0.91 5.3 4. 0.9 2.7% 
1R 5. 1 4. 0.82 4.3 4.3 0.78 5.5 4.2 0.98 
2R 4.9 3.9 0.76 4.8 4.8 0.77 5.5 4.6 0.98 
3R 5.1 3.8 0.82 4.8 4.8 0.9 5.4 4.5 0.98 

1L 5.8 4.9 0.73 5.7 9.4 0.54 5.7 6.5 0.82 
42 2L 5.8 4.9 0.73 - - - 5.6 7 0.82 

3L 5.9 4.9 0.86 - - - 5.6 6.9 0.82 
4L 5.9 4.8 0.86 4.9 25.9 0. 13 5.7 6.7 0.81 5.7% 
5L 5.9 4.8 0.86 5.6 9. 0.38 5.8 6. 0.81 
1R 5.8 4.9 0.73 5.1 16. 0.3 5.7 6.6 0.86 
2R 5.9 4.9 0.87 - - - 5.7 6.8 0.83 
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Figure 4.10 Deterioration of the Base of the Siol Sections 

S 2 2 H Sections: 
The reason for the different damage development of the S 2 2 H sections i s caused 
by the fact that on that road very often minor maintenance a c t i v i t i e s are 
applied to restore the damage which i s due to a gradual increasing slope 
f a i l u r e of the dike on which the pavement i s constructed. Due to these mainte­
nance a c t i v i t i e s the damage development shows a rather irregular pattern 
( f i g . 4.11). 

Figure 4.11 Irvegular Pattern of the Deterioration of the S22H Sections 
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4.5 Dependency of Alpha on the Type of Construction 

Although only a limited amount of road sections was taken under consideration 
in this study,it is thought that a dependency of alpha on the type of construc­
tion has been shown. 
Summarizing the results of table 4.2 i n conjunction with the explanation which 
has been given of the behavior of the S] and S10 sections i t can be concluded 
that alpha w i l l increase with increasing s t i f f n e s s of the structure. Normally 
alpha w i l l range from 4 to 5, while for structures with s t i f f s t a b i l i z e d base 
layers alpha w i l l be 7 or higher. On the other hand for constructions which 
have r e l a t i v e l y thin asphaltic top layers and low s t i f f n e s s bases, the alpha 
values w i l l vary around 3. 
In move fundamental terms i t can be stated that the magnitude of alpha i s 
dependent on the magnitude of the s t r a i n l e v e l s in the (semi) bound layers of 
the pavement structure. Low s t r a i n values w i l l result in high alpha values, 
while a high s t r a i n level w i l l result in low alpha values. 
In this sense the alpha values should be related with the surface curvature 
index since, as shown before, this value i s a good indication of the strain 
level in the pavement structure. This w i l l be discussed in a later section. 
Prior knowledge of the alpha value i s important for the planning of maintenance 
since the pavement l i f e T can be calculated knowing P, t and a (equation 4.2). 
Therefore i t i s recommended to use the alpha values given i n table 4.3 for 
pavement l i f e estimations i f none or only a limited number of condition surveys 
has been conducted in the past. 

Table 4.3 Values of a in r e l a t i o n to the Construction Type 

Type of Distress RAV CRK ALL 
Construction Type 
. asphalt layers on 5 7.6 7.4 
cement bound base 

. asphalt layers on 5 5-8.5 6-8.7 
base of blast furnace 
slag showing cementation 

. asphalt layers on 5 3-3.5 4.3 
unbound base 

. bituminous construction 5 5.5 5.5 

RAV = raveling 
CRK = longitudinal and a l l i g a t o r cracking 
ALL = overal pavement condition 

It should be noted that i n spite of the large variation which has 
been observed in the Hj^y values, this value was a r b i t r a r e l y set at 5 for a l l 
construction types. This i s done to overcome u n r e a l i s t i c remaining l i f e 
predictions based on raveling. 

4.6 Visual Deter iorat ion in Relat ion to the Number of Load Appl icat ions 

The presented models are based on a time scale. It might be argued that for 
instance load associated cracking should be related to the numer of load 
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Table 4.4 Cumulative Number of Load Repetitions in r e l a t i o n to T r a f f i c 
Growth Rate 

Year 4% 2 6% I 8% I 10% I 

1 1.04 1.04 1.06 1.06 1.08 1.08 1.1 1.1 

2 1.08 2.12 1.12 2.18 1.17 2.25 1.21 2.31 

3 1.12 3.24 1.19 3.37 1.26 3.51 1.33 3.64. 

4 1.17 4.41 1.26 4.63 1.36 4.87 1.46 5.1 

5 1.22 5.63 1.34 5.97 1.47 6.34 1.61 6.71 

6 1.27 6.9 1.42 7.39 1.59 7.93 1.77 8.48 

7 1.32 8.22 1.50 8.89 1.71 9.64 1.95 10.43 

8 1.37 9.59 1.59 10.48 1.85 11.49 2.14 12.57 

9 1.42 11.01 1.69 12.17 2. 13.49 2.36 14.93 

10 1.48 12.49 1.79 13.96 2. 16 15.65 2.59 17.52 

1 1 1.54 14.03 1.90 15.86 2.33 17.98 2.85 20.37 

12 1.60 15.63 2.01 17.87 2.52 20.5 3.14 23.51 

13 1.67 17.30 2.13 20. 2.72 23.22 3.45 26.96 

14 1.73 19.30 2.26 22.26 2.94 26.16 3.8 30.76 

15 1.80 20.83 2.4 24.66 3. 17 29.33 4.18 34.94 

16 1.87 22.70 2.54 27.2 3.43 32.76 4.59 39.53 

17 1.95 24.65 2.69 29.89 3.7 36.46 5.05 44.58 

18 2.03 26.68 2.85 32.74 4 40.46 5.56 50.16 

19 2.11 28.79 3.03 35.77 4.32 44.78 6.12 56.28 

20 2. 19 30.98 3.21 38.98 4.66 49.44 6.73 63.01 



131 

repetitions i n stead of the time period the construction is subjected to 
t r a f f i c . This is especially true i f the amount of t r a f f i c and especially the 
t r a f f i c growth i s not the same on each road. In the presented model,differences 
in amount of t r a f f i c of the road sections considered are overcome by using a 
time r a t i o t/T. It should be checked to what extent the differences in t r a f f i c 
growth do influence the shape of the model. 
In order to do so, the t/T scale of the horizontal axis of figure 4.8 was 
transformed into a n/N scale where n stands for the applied number of load 
applications and N for the number of load applications to P v = 0. 
Table 4.4 was used for these transformation purposes. One and another has 
resulted in figure 4.12 where the decrease of the v i s u a l condition i s given 
with respect to t/T and n/N. This l a t t e r factor i s given for different t r a f f i c 
growth rates and for different values of the pavement l i f e . 

t/T,K=4J=lO 

n/N, 4%,T=10 

n/N, 1070,1=10 

n/N,107o,T=20 

t/T 
1. n/N 

Figure 4.12 Visual Deterioration Performance Model related to d i f f e r e n t 
T r a f f i c Growth Rates and Pavement L i f e s 

An example w i l l be given to describe the proposed procedure. 
a. Assume the pavement l i f e i s 20 years 
b. For an annual t r a f f i c growth rate of 10%, the r a t i o of applied number of 

load applications to allowable number of load applications equals 2.31/63.01 
i f t/T =0.1 =2 years (see also table 4.4 underscored values). 

c. Assume the pavement l i f e i s 10 years 
d. For an annual t r a f f i c growth rate of 10%, the r a t i o of applied number of 

load applications to allowable number of load applications equals 5.1/17.52 
i f t/T = 0.4 = 4 years. 

As can be concluded form figure 4.12, the shape of the deterioration curve as 
characterized by alpha, i s affected i f n/N i s used instead of t/T. Especially 
for the higher t r a f f i c growth rates and longer pavement l i f e values (about 
20 years), a considerable difference between the t/T and n/N performance curves 
can be observed. Fortunately the t r a f f i c growth rates of a l l pavement sections 
considered were about the same and the pavements l i f e s were usually less than 
10 years. From this i t i s concluded that the straight forward comparison of 
a values as given i n table 4.2 i s acceptable. 
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4.7 Acceptance Levels based on Visual Condition Surveys 

It w i l l be recognized that P y = 0 conditions coïncides with a considerable 
amount of distress. For reasons of e.g. safety and maintenance budget minimi­
zation, such an amount of distress may not be acceptable. Therefore i t i s 
considered necessary to establish minimum acceptance levels for P v. 

From discussions with highway authorities which are familiar with the used 
inspection method, and from observed maintenance p r a c t i c e , i t became obvious 
that a need was f e l t to start maintenance a c t i v i t i e s on a road section, when 
P v had been dropped to 0.6. The severe winter of 1978/1979 (information on 
this winter has been given in chapter 2) has confirmed this action le v e l |l2|. 
Condition surveys conducted on a number of sections just before and after the 
winter showed that no spontaneous increase in distress could be observed i f 
P v was 0.8 or higher, but that a remarkable decrease in P v ^ L was observed 
i f this factor had reached a value of 0.6 before the winter started. This has 
led to the conclusion that P v = 0.6 i s a reasonable minimum acceptance level 
for P v ALL. From the same observations i t was concluded that a reasonable 
minimum acceptance lev e l for P v CRK was about 0.7. 

The minimum acceptance level for raveling i s set at 0.25. This low lev e l can be 
accepted since raveling i s not considered to be a structural type of distress, 
and since the maintenance a c t i v i t i e s to restore the quality of the pavement 
surface at a condition le v e l of P v g^y = 0.4,will be almost the same as those 
executed at P v RAV = 0. 

4.8 Guidelines fo r a Maintenance Planning Technique 

I t needs no argumentation that i t i s desireable to plan the maintenance budget 
in such a way that the yearly needed maintenance budget i s kept at a f a i r l y 
constant l e v e l . Therefore i t might not be wise to perform maintenance works at 
the moment that the condition index drops below the minimum acceptance l e v e l . 
It i s i n fact better to define a maintenance urgency range by setting a 
warning level as well as an ultimate minimum acceptance level for the condition 
index. The numerical values of these two levels are given in table 4.5. 

Tab le 4.5 Warning and Acceptance Levels for Raveling, Cracking and the 
Overall Condition 

Damage 
Type 

Level 
Damage 
Type Warning Miniman Acceptance Ultimate Minimum 

Acceptance 
RAV 0.4 0.25 0. 
CRK 0.8 0.7 0.6 
ALL 0.7 0.6 0.5 

RAV = raveling 
CRK = longitudinal + a l l i g a t o r cracking 
ALL - overall condition 
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By using both the minimum acceptance levels and the maintenance urgency range, 
maintenance a c t i v i t i e s can be planned i n such a way that the yearly needed 
maintenance budget can be kept at a constant le v e l as well as possible. This 
w i l l be i l l u s t r a t e d by means of an example. 

Figure 4.13 shows for a number of road sections the time period which l i e s 
between passing the warning level and passing the ultimate urgency l e v e l . 
Also the moment at which the minimum acceptance l e v e l i s reached i s indicated. 
If maintenance i s planned based on the minimum acceptance lev e l a d i s t r i b u t i o n 
of maintenance works as indicated in row 1 i n f i g 4.13 i s obtained. If the 
urgency range i s taken into account, a leveling of maintenance works over the 
analysis period can be obtained, as i s indicated in row 2 of f i g . 4.13. 
It should be noted that i n this example the leveling i s obtained by accelerating 
the date of maintenance, compared with the method where only the minimum accep­
tance lev e l i s the decisive c r i t e r i o n . 
F i n a l l y i t should be noted that a computer program has been developed by Van 
Gurp I 13, 14| which incorporates the techniques which are described in this 
chapter. This program has shown to be a powerful tool i n the planning of 
maintenance i f used on a f u l l scale base |l5 | . 

4.9 Summary 

This chapter has described the v i s u a l condition survey technique as used by the 
laboratory for Road and Railroad Research of the Delft University. Furthermore 
attention has been paid to the development of a performance model based on 
these surveys which can be used for the prediction of future deterioration. 
Furthermore the development of minimum acceptance levels for the visual 
condition has been described. 
It should be noted that use of both the guidelines for the selection of a 
values and the minimum acceptance levels i s r e s t r i c t e d to the types of pavement 
construction considered i n this study, and to environmental conditions that 
are comparable with Dutch conditions. 
In the last section of this chapter guidelines are given for a maintenance 
planning technique. These guidelines are based on the developed methods and 
techniques. 

4.10 Example 

The visual condition survey method as well as the interpretation technique and 
performance models has been used to evaluate the condition of 130 km of the 
secundary road network system of the province of Zuid-Holland | l 5 | . 
According to the provincial highway authorities these road sections had to be 
maintained within a four year period. Figure 4.14 shows the location of the 
road sections within the province. 
To reduce the amount of surveys, only 50% of each section was inspected. The 
location of the inspection sections within the road sections considered was 
selected by means of a random procedure. The inspection sections were 100 m 
in length. Figures 4.15 and 4.16 give a general view of the condition of the 
surveyed sections. To assess the remaining l i f e of these sections, the 
computer program PLAIN was used |13, 14|. As already mentioned i n section 4.3, 
the 100 m survey sections were merged into larger sections. The condition of 
these l a t t e r sections was characterized by the mean and standard deviation of 



134 

Section 
Years 

Section 
1 2 3 4 5 6 7 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 Z3 A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 1 
A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

c 1 • 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 i Z3 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 =1 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 1 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 1 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 • 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

1 1 i 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 
1 1 1 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 

A 

B 

C 

D 

E 

F 

G 

H 
I 

J 

K 1 1 
1 

2 

3 2 4 2 

B C A D F K E G I H J 

Row 1: Number of sections that need to be maintained due 
to reaching the minimum acceptance lev e l 

Row 2: Leveling of maintenance a c t i v i t i e s by taking into 
account the warning level and ultimate minimum 
acceptance lev e l 

Figure 4.13 Planning of Maintenance A c t i v i t i e s 
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i t s individual survey section ratings. 
Several combinations of this mean and standard deviation of the deduct points 
were entered i n the computer program PLAIN to determine the most desireable 
r e l i a b i l i t y level (see table 4.6). 
For each r e l i a b i l i t y level the t o t a l pavement area that should be maintained 
in the f i r s t year of the analysis was determined (see f i g . 4.17). For the 
analysis the minimum acceptance levels as given i n table 4.7 were used. 
It should be noted that raveling was not taken into account i n the determination 
of the maintenance p r i o r i t i e s . 

Table 4.6 R e l i a b i l i t y l e v e l s and 
Associated Deduct Point Levels 
used in the Analysis 

R e l i a b i l i t y Imput Deduct 
leve l t % I Point Level 

50 X 

70 X + 0.52O 

85 X + 1.04a 

95 5 + 1.650 

Table 4.7 Minimum Acceptance Levels 
used in the Analysis 

Minimum Ultimate Minimum 
Acceptance Acceptance 
Level Level 

Cracking 
Overall 
Condition 

0.7 

0.6 

0.6 

0.5 

Note: x = mean value 
C = standard deviation 

From figure 4.17 i t was concluded that up to a r e l i a b i l i t y l e v e l of 85% the 
t o t a l pavement area that needed maintenance hardly increased, while at 
r e l i a b i l i t y levels higher than 85% a sharp increase of that area occurred. This 
meant that by a small increase of the maintenance budget, compared with the 
budget needed for a r e l i a b i l i t y level of 50%, a r e l i a b i l i t y l e v e l as high as 
85% could be obtained. Therefore this l e v e l was selected for the remaining part 
of the analysis. 

The next step was ,the analysis of the condition phase 2 for cracking together 
with condition phase 2 for the overall condition. Condition phase 2 i s defined 
as the time period that the visual conditon index needs, to drop from the 
minimum acceptance lev e l to the ultimate minimum acceptance l e v e l . 
An abstract of the PLAIN calculation i s displayed in figure 4.18. The data in 
this figure were used i n the determination of the maintenance p r i o r i t i e s . For 
this,the same procedure as indicated i n figure 4.13 was used. 

Then a plot was made of the cumulative pavement area which needed to be 
maintained over the years. By assuming a "mean maintenance a c t i v i t y " which 
consisted of a 50 mm thick overlay, the needed maintenance budget over the 
years could be determined. Also the mean annual maintenance budget could be 
calculated i n this way. 
Figure 4.19 shows some results. 

F i n a l l y i t was checked whether there were s t i l l pavement sections which needed 
maintenance due to excessive raveling. It was found that a l l sections which 
exhibited excessive raveling needed already maintenance due to an unacceptable 
overall condition or due to an Unacceptable amount of cracking. 
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Chapter 5 

DEFLECTION TESTING AND ANALYSIS 

ASSESSMENT OF REMAINING STRUCTURAL LIFE 

AND FUTURE PERMANENT DEFORMATION 
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5.1 Introduction 

As has been mentioned i n chapter 4, v i s u a l condition surveys are a simple and 
economical way of monitoring the pavement condition in terms of surface d i s ­
tress (raveling, bleeding, potholes), cracking and permanent deformation (rut­
ting) . Nevertheless diagnostic surveys on the structural pavement condition , 
which i s related to the cracking conditions, should be undertaken to determine 
more precisely the extent of the structural deterioration and to determine the 
length of the time period to pavement f a i l u r e . Also a diagnostic survey on the 
rutting conditions should be performed i n order to determine which part of the 
structure i s the o r i g i n of the rutting and to estimate how the future rutting 
developments might be. 
In order to be able to make such an evaluation, knowledge i s needed on the de­
formation, cracking and fracture characteristics of the materials used in the 
different pavement layers,as well as on the stress and s t r a i n conditions in 
the pavement due to t r a f f i c loads. This knowledge can be obtained by measuring 
the respons of the pavement structure to a given r e a l i s t i c load and by measur­
ing the respons of the individual materials to loading conditions which are 
representative for the in s i t u conditions. In other words: this knowledge can 
be obtained by means of deflection measurements and testing of cores taken 
from the pavement structure. 
Deflection measurements are, i n f i r s t place, tests to evaluate the respons of 
the pavement structure to a r e a l i s t i c load. Secondly the stress, strain and 
deformation conditions i n the pavement can be assessed by means of these tests; 
this has been indicated in chapter 3. F i n a l l y i t i s possible to assess the de­
formation characteristics of the individual pavement layers. 
The assessment of cracking fracture deformation characteristics of the i n d i v i ­
dual pavement materials i s the main objective of core testing. If the defor­
mation characteristics are determined, the stress and s t r a i n conditions as 
well as the respons of the pavement structure due to a given load can be c a l ­
culated. 

Considering the time and costs involved with deflection and core testing, the 
following statements can be made. 
Deflection measurements are not time consuming and can be performed at r e l a ­
t i v e l y low costs, while core testing i s time consuming and r e l a t i v e l y costly. 
For reasons of time and costs and for the type of information which i s obtain­
ed, deflection measurements are normally preferred for the routine evaluation 
of the structural condition of a pavement network. 
This chapter deals with the analysis of deflection measurement results and es­
pe c i a l l y with the assessment of the structural pavement condition as well as 
the assessment of the remaining l i f e of the pavement structure. Furthermore 
guidelines w i l l be given on where and when deflection measurements should be 
taken. Also a method w i l l be presented which enables the assessment of the 
structural condition by means of deflection measurements i f this i s not possi­
ble by means of deflection measurements. 

F i r s t of a l l however attention i s paid to the s t a t i s t i c a l treatment of deflec­
tion data. This treatment is needed to reduce the large amount of data, which 
is a result of deflection surveys, to workable properties. 

5.2 S t a t i s t i c a l Treatment of Def lect ion Data 

Deflection surveys normally result i n a large amount of data. It i s not possi-
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ble and not necessary to make an i n depth evaluation of the data of a l l i n d i ­
vidual tests. A considerable reduction of data can be obtained by combining 
individual tests into sample populations. Such a population covers usually a 
complete road section, although sometimes smaller subsections can be more de­
sirable. 
S t a t i s t i c a l tests are run for each population to check and measure: 
a. the central tendency of the deflection data 
b. the dispersion or scatter around the mean 
c. the degree of f i t t i n g of the data i n a normal d i s t r i b u t i o n . 

Re a. Measure of central tendency i s provided by the mean and the median. In a 
normal d i s t r i b u t i o n mean equals median. 

Re b. Dispersion i s measured by the standard deviation and the range. The 
range i s the difference between the largest and smallest deflection va­
lue. 

Re c. Checking whether the population data f i t the normal d i s t r i b u t i o n require­
ments i s done by skewness and kurtosis [1\. Skewness i s the degree of a-
symmetry. Kurtosis i s the degree of peakedness. 

Skewness and Kurtosis are defined as 
E (xi-x) Skewness = , r.—4-(n - l ) a 3 

Kurtosis = £ . ( x i ; * r - 3 (n-1 

X = mean of a l l observations 
x = individual observation 
n = number of observations 

Both skewness and kurtosis w i l l be equal to zero i n case of a normal 
di s t r i b u t i o n . Figure 5.1 gives several examples of distributions exhi­
b i t i n g some degree of skewness and peakedness. 

It i s very important to have an indication whether the deflection data popu­
la t i o n can be described by a normal d i s t r i b u t i o n since, as has been described 
in the previous chapters, the d i s t r i b u t i o n of e.g. the equivalent layer thick­
ness or surface curvature index was taken as being normal or log-normal. It i s 
obvious that this assumption should be v e r i f i e d and validated. 

If the population of deflections i s e.g. skewed to the r i g h t , this dispersion 
of the normal d i s t r i b u t i o n can be caused by some deflections indicating a weak 
spot. These data may then be deleted from the population or put into another 
subpopulation, because this spot needs a special maintenance action, different 
from the average action suited for the rest of the population or road section. 
Since very often on a given road sections, the deflections measured on one 
part of the section are sig n i f i c a n t higher or lower than those measured on an­
other part, i t i s desirable to cut the main section into subsections, each 
with a s i g n i f i c a n t different load carrying capacity. In order to be able to 
discern these subsections, plots of the cumulative sums of the deviations of 
the mean of the deflections or calculated equivalent layer thicknesses should 
be made [ 21. 
The cumulative sum is calculated i n the following way 

5 1 = xi - x 
5 2 = x 2 - x + S] eq. 5.3 
Si = X£ - X + S£_i 

eq. 5.1 

eq. 5.2 
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where X £ = deflection measured in point i 
x m mean deflection 
Si = cumulative sum of the deviations of the mean deflection at 

point i 

By means of the cumulative sums i t can easily be determined to what extent the 
deflections measured on a certain part of the road section are different from 
the mean deflection. The parts discriminated in this way can then be treated 
seperately i n an overlay design procedure. 

The s t a t i s t i c a l treatments described here w i l l be i l l u s t r a t e d by means of an 
example which w i l l be given at the end of this chapter. 

5.3 Assessment of the S t ructura l Condition Index and the Shape of the Dete r i ­
orat ion Function by means of Def lect ion Measurements 

As has been shown in chapter 3, the structural condition of the pavement can 
be characterized by means of the structural condition index P which i s defined 
as 

P = eq. 5.4 
"eco 

where h e c n = corrected equivalent layer thickness after n load applica­
tions 

h e c o = corrected equivalent layer thickness just after construction. 

In order to be able to c a l c u l a t e P, one needs to know heco'- This stresses the 
importance of taking d e f l e c t i o n measurements after construction of a pavement 
section has completed. Unfortunately these measurements w i l l seldom be a v a i l ­
able. In those conditions i t i s recommended to take deflection measurements be­
tween the wheelpaths to obtain "candidate" h e c o values. The h e c 0 values ob­
tained in this way should be q u a l i f i e d as candidate values since the area be­
tween the wheelpaths w i l l always be subjected to some load applications. 
In general three important aspects should be taken into account in the selec­
tion of locations where h e c o measurements w i l l be taken. They are 
a. the location should not be subjected to t r a f f i c loads 
b. the location should be representative for the loaded structure 
c_. the location should not exhibit signs of other structural distress, e.g. 

thermal cracking, joints etc. 

It has been shown i n chapter 3 that the amount of future deterioration depends 
on the expected number of load applications, the structural condition index P 
and the shape of the deterioration function characterized by Si0g g.. Values for 
this l a t t e r factor should be determined by means of deflection measurements 
too. 

As has been shown in section 3.4.2.1, that S^ 0g JJ can be calculated by means of 

s 2 l o g N = a i 2 b i 2 S ~ l o g h e + S 2
1 - 0 - f - ( l o g JJ _ l o g £) eq. 5.5 

where ai = slope of the fatigue r e l a t i o n 
bi = slope of the log h e vs log E r e l a t i o n (= 2) 
S 2 l . o . f . = lack of f i t of the equation used to describe the fatigue 

relation (= 0.16) 
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The reader i s referred to section 3.4.1.1 for the calculation of h e from the 
surface curvature index (SCI) that results from deflection measurements. 

The question could now arise whether or not S 2^ 0g ^ cannot be calculated d i ­
r e c t l y from the SCI values. From the derivations given i n chapter 3 i t can be 
concluded that, theoretically, this p o s s i b i l i t y exists. However i t has been 
shown in section 3.4.2.2.2 that considerable corrections on the measured SCI va­
lues should be applied due to the variation i n temperature and subgrade s t i f f ­
ness. These correction factors have been developed for the h e c values but not 
for the SCI. 
Nevertheless a f i r s t crude indication on the magnitude of P and S^og ^ c a r l be 
obtained d i r e c t l y from the SCI by taking: 

P = (SCI 0 / S C I n ) d l eq. 5.6 

and S 2

L O G JJ = a ^ c ^ S ^ Q g S C I + S 2

L O < F ( L O G N _ l o g £ ) eq. 5.7 

where SCIo = SCI at the time of construction 
SCI n = SCI after n load applications 
di = absolute value of the slope of the SCI vs h e r e l a t i o n 

(a reasonable value is 0.53) 
ex = slope of the log SCI vs log r e l a t i o n (= 0.943) 
a l l other variables have been defined before. 

Although the procedure to calculate P seems very simple, one should be aware 
of the fact that in a number of cases the ratios h e c n / h e c o and SCIo/SCI n might 
be larger than one. Table 5.1 gives some results of deflection measurements 
taken on 26 different pavement sections. 
On 7 sections the h e c r a t i o was larger than 1, and on also 7 sections the same 
appeared to be the case with the SCI r a t i o . 
Even i n two cases the maximum deflections measured between the wheelpaths were 
larger than those measured i n the wheelpaths. 
This unexpected behavior might be caused by one, or a combination of the f o l ­
lowing reasons 
a. post compaction of the granular base due to t r a f f i c loads; this w i l l cause 

a s t i f f e n i n g of the base and a decrease of the SCI measured i n the wheel-
paths, which results i n an increase of the SCI r a t i o ; 

b. extension of cracking from the wheelpaths to the area between the wheel-
paths; this w i l l cause an increase of the SCI measured between the wheel-
paths and so an increase of the SCI r a t i o . 

The justness of these reasons and their impact on the a p p l i c a b i l i t y of deflec­
tion measurements to assess the structural condition of the pavement w i l l be 
discussed in the next section. 

5.4 Relat ion between Structura l and Visual Condition ; Assessment of the 
St ructura l Condition Index by means of Visual Condition Surveys 

In the determination of a rel a t i o n between the structural and visual pavement 
condition, special emphasis has to be placed on solving the problem which 
structural condition coincides with a visual condition described by P v = 0. 
In order to solve this problem a limited number of f i n i t e element calculations 
were made on cracked and uncracked pavements. The loading conditions and the 
pavement systems studied are shown i n figure 5.2. 
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Table 5.1 Structural Condition Index as determined on several Road Sections 

Road S e c t i o n h e c w h e e l p a t h p_ /SCI between wheelpaths ƒ .53 
h e c between wheelpaths SCI wheelpath 

S7 4.6 - 5.0 L 1 .03 (1) 1.09 
R 0.99 1 .01 

6.3 - 6.9 L 1 .07 (2! 1.14 
R 1 .04 (3) 1.05 

11.8 - 12.2 L 0.94 0.84 
R 1.03 (4) 1.10 

Si 5 1.6 - 2 L 0.88 0.81 
R 0.91 0.89 

4.4 - 5.9 L 0.76 0.45 
R 0.74 0.43 

S2 2 0.9 - 2 L 0.88 0.84 
R 0.80 0.73 

3.4 - 5.2 L 0.93 0.85 
R 0.90 0.80 

23.4 -24.4 L 0.95 0.86 
S2 2 A 3. 1 - 3.5 R 1 .03 !5) 1.03 

S2 9 9.0 - 10.0 L 0.88 0.90 

S3 0 6.2 - 7.2 L 1 .15 ¡6) 1.33 
R 0.86 0.83 

S3 6 16.8 - 18.0 L 0.93 0.83 
R 0.89 0.86 

St; 0 3.9 - 4.8 L 0.9 1 0.88 
R 0.86 0.82 

Si, 7 30.9 -31.9 L 0.98 0.86 
R 1 .02 (7) 0.95 

0.6r 

0.5 n/N 05 n/N 

Figure 5. 3a Relation between 
Structural (P) and Visual Condi­
tion (Pv) if the Surface Curva­
ture Index (SCI) is larger than 
200 ym 

Figure 5.3b Relation between Structural 
(P) and Visual Condition (Pv) if the Sur­
face Curvature Index is smaller than 
140 ym 
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1 
MPa 

0.7 MPa HE 
hi = 0.1,0.2,0.3m | E l = 5000 MPa hi = 0.1,0.2 m Ei = 5000 MPa 

h 2 = 0.3 m E 2 = 400 MPa h 2 = 0.3,0.4 m E 2 = 1200 MPa 

E 3 = 150 MPa E 3 
= 150 MPa 

n i i i i i i i i m i n i m 
Ul = 0.35 Ul = 0.35 

nr> s l i p 

Vi = 0.35 U2 = 0.35 
no s l i n 

U3 = 0.35 U3 = 0.35 
Figure 5.2 Cracked Layered Systems analysed to determine ? f a i l u r e 

Especially these conditions (cracked bound layers, no load transfer across the 
crack) were analysed since they were defined as structural f a i l u r e conditions 
(appendix 3C). 
With regard to the agreement with the vi s u a l condition, the following state­
ment can be made. 
It has been described in chapter 4 that the vi s u a l condition index (P v) r e l a ­
ted to cracking equals zero i f about 50% of the pavement surface shows severe 
cracking. In those conditions l i t t l e or no load transfer w i l l take place 
across the crack. From thi s , the author concluded that the conditions describ­
ed i n figure 5.2 represent P v = 0 conditions. 
From the calculation results i t was concluded that the h en/h eo r a t i o which 
characterizes the f a i l u r e stage of the pavement, i s dependent on the type of 
construction, but also on the position of the load to the location of the 
crack. 
If we assume that i n most cases deflection measurements w i l l be taken i n such 
a way that the loading wheel or loading plate covers the crack, then the f o l ­
lowing p r a c t i c a l guidelines can be given for the determination of the h e n / h e o 

r a t i o which characterizes the f a i l u r e condition. 

i f SCI > 200 um Pfai l u r e = hen/ heo =0.75 

i f SCI < 140 um Pf a i l u r e = hen/ heo =0.65 
} eq. 5. 

For intermediate SCI values, P f a i l u r e c a n b e determined by means of linear i n ­
terpolation. 
Having defined the re l a t i o n between the visual and structural condition, f i ­
gure 5.3 was derived. In this figure the visual condition performance model 
and the structural performance model are related to each other. 
Figure 5.3 enables the estimation of the s t r u c t u r a l condition index (F) from 
a known value of the visual condition index (Pv). This procedure i s also i n d i ­
cated in figure 5.3. 

It i s believed by the author that the above described procedure enables the 
pavement engineer to make reasonable estimates on the magnitude of P from the 
observed v i s u a l distress, i f P cannot be determined by means of deflection 
measurements. 



150 

Table 5.2 Decision C r i t e r i a used in the determination of the Sections where 
Deflection Measurements should be taken 

Road Section |km| 

s 7 4.6 - 5.0 X X X X (1) 
Sy 6.3 - 7.3 X (2) (3) 
S 7 L 11.82 - 12.27 X X 

s 7 R 1 1.82 - 12.27 X X X x (4) 
Sis L/M 1.65- 2.0 X X X X 

S i s R 1.65- 2.0 X X 

S i s R 4.4 - 6.0 X 

S 2 2 0.0 - 2.6 X X X 

S 2 2 S 3.2 - 3.5 X X 

S 2 2 L/M 3.5 - 5.25 X X X 

S 2 2 22.31- 24.35 X X 

S 2 2 A 2.95- 3.45 X X X x (5) 
S28 0.05- 0.45 X 

S 2 9 8.9 - 10.0 X X 

S30 3.2 - 5.4 X X 

S30 5.8 - 7.5 X (6) 
S32 L 1.65- 2.95 X 

S32 R 1.65- 2.95 X 

S3& 16.0 - 18.7 X 

S>,0 2.8 - 5.1 X X 

Slt7 20.5 - 24.3 x 
Si»7 30.1 -31.85 X x (7) 
S 52 R 2. - 2.8 X X 

S 5 2 
L 3.5 - 4.8 X 

S 5 2 
R 4.8 - 6.55 X 

Note: Crite r i o n 1: P v (CRK) < 0.8 r i g i d base 
Criter i o n 2: P v (CRK) < 0.7 
Cri t e r i o n 3: P v (ALL) < 0.7 and P v (CRK) <0.8 
C r i t e r i o n 4: t < 3 years and P v (CRK) £ 0 . 8 
Criter i o n 5: t £ 3 years and (T-t)cRK £ 2 years 

Cr i t e r i o n 6: t > 3 years and (T-t)ALL £ 2 years and P v (CRK) < 0.8 

t = time since l a s t maintenance a c t i v i t y 
Due to time limitations.deflection measurements could not be performed 
on each section. 
R e l i a b i l i t y l e v e l i s 85% 
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5.5 Guidelines for the A p p l i c a b i l i t y of Def lect ion Measurements to determine 
the St ructura l Condition Index 

As has been shown in section 5.3, conditions may occur where the structural 
condition index, determined with deflection measurements, takes values larger 
than one. In order to derive guidelines for the determination of the applica­
b i l i t y of deflection measurements to determine the structural condition index, 
the data given i n table 5.1 were analysed together with the results of the v i ­
sual condition surveys that were carried out too. 
Table 5.2 shows the c r i t e r i a on which i t was decided to perform deflection 
measurements. A f i r s t observation of table 5.1 together with table 5.2 shows 
that especially on sections where P v (CRK) i s low (less than 0.7; c r i t e r i o n 2) 
and the remaining l i f e based on cracking, as determined by means of the v i s u a l 
condition surveys, i s low (less than 2 years; c r i t e r i o n 5), the structural i n ­
dex i s larger than one. This i s i l l u s t r a t e d i n figure 5.4. 

Figure 5.4 Visual Condition related to inaccurate Structural Condition Index 
Values determined by means of Deflection Measurements 

In figure 5.4 also the S30 and Si,7 sections where the structural condition i n ­
dex was larger than one, are depicted. For these sections the remaining l i f e 
i s short (less than 2 years) while the v i s u a l condition i s s t i l l acceptable 
( S 3 0 : P V(ALL)= 0.77.; S „ 7 : P V(ALL)= 0.81). 
It has been shown i n section 5.4 that a low v i s u a l condition index and/or a 
short remaining l i f e , as determined by means of v i s u a l condition surveys, must 
result i n a low structural condition index. In these conditions i t i s very 
l i k e l y that wheelpath cracking has extended to the area between the wheelpaths. 
As has been stipulated in section 5.3, this can result in structural condition 
index values as determined by means of deflection measurements of larger than 
one. 

From this the author concluded that especially in those cases where the re­
maining l i f e , determined by means of visual condition surveys, i s less than 2 
years and the visual condition i s rather bad (PV(CRK) and/or P V ( a J T - J i s less 
than 0.7), deflection measurements might not give a proper indication of the 
structural condition index. 
In those circumstances i t i s recommended to assess this index by means of v i ­
sual condition surveys. It should be noted that this problem i s overcome i f 
the h e c o values can be determined from deflection measurements that are taken 
immediately after construction has been completed! 
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5.6 Assessment of the Remaining St ructura l L i f e 

In section 5.3 i t has been shown how the structural condition index ( P ) , and 
the shape of the curve describing the structural deterioration (S^og N)> C A N 

be determined by means of deflection measurements. In section 5.4 i t has been 
shown how the structural condition index can be determined by means of visual 
condition surveys i f this i s not possible by means of deflection measurements. 
Having determined P and S^ 0g JJ, the remaining l i f e can easily be assessed by 
means of the procedure indicated i n figure 5.5 

0.9. 

Q 8 h 

0.75 
Figure S.S Procedure to Assess the Remaining L i f e 

It w i l l be obvious that the remaining l i f e of pavements equals 1-n/N. This 
ratio can be translated into a number of years in the following way. 

t i t2 

time of 
construction 

time of 
measurements 

end of 
pavement l i f e 

Amount of t r a f f i c in year t i : I 
T r a f f i c growth period t o - t i : i i 
T r a f f i c growth period t i - t 2 : i 2 

Total amount of t r a f f i c in period t 0 - t i : Ci 

- _ -1 j ( H i 1 ) t ' + '" t° 
1 " i 1 ( > + i 1 ) t l + , - t ° 

eq. 5.9 

Total amount of t r a f f i c in period t i - t 2 : C 2 

I. ( l + i 2 ) . -1 + ( l + i 2 ) 
t 2 " t ! 

12 eq. 5.10 

Ratio 1 - n/N determined by means of measurements: X 

The remaining l i f e of the pavement expressed in a number of years can now be 
calculated from 

Ci + c 2 

= X eq. 5.11 

It should be noted that this approach to the calculation of the remaining l i f e , 
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can only be used i f neither a sharp increase of the mean truck axle load, nor a 
substantial change in the population of trucks and the percentage of truck 
t r a f f i c has taken place. 

5.7 Estimation of Future Permanent Deformation 

In the previous sections only attention has been paid to the assessment of the 
structural condition and remaining l i f e by means of deflection measurements. 
It w i l l be obvious that the assessment of future r u t t i n g development i s of im­
portance too. This section deals with the assessment of future permanent de­
formation by means of deflection measurements. Two approaches w i l l be described 
a. An approach which i s based on simple relations that exist between the elas­

t i c deformation on one hand and the permanent deformation or rutting on the 
other. 

b. An approach that is based on theoretical considerations concerning the per­
manent deformation behavior of pavement materials. 

5.7.1 Estimation of the E l a s t i c and Permanent Deformation of Pavement Layers 
from Deflect ion Measurement? 

In chapter 3 the permanent deformation model, developed at the Belgian Road 
Research Centre |3|, was described. Here we r e c a l l the basic equation which i s 

b, 
Up = b 0u en eq. 5.12 

where Up = permanent deformation |m| 
u e = e l a s t i c deformation |m| 
n = number of load repetitions 

bo.bi = constants 

In this section i t w i l l be shown how, for pavements with an unbound base, u e 

can be determined d i r e c t l y from the surface curvature index determined by means 
of deflection measurements. 

From extensive BISAR calculations on three layer pavement systems with an un­
bound base, i t became obvious that the e l a s t i c deformation of the different 
pavement layers due to a dual wheel loading, could be estimated rather simply. 
The calculated surface curvature index was "correlated by the author to the ver­
t i c a l e l a s t i c deformation at the interface of top layer and base layer and to 
the v e r t i c a l e l a s t i c deformation at the interface of base layer and subgrade. 
Table 5.3 shows the results of the regression analysis which was carried out 
to obtain the desired relations. 
As can be seen from table 5.3 no construction details are needed to make a 
r e l i a b l e estimate of the e l a s t i c deformation at the interface between top and 
base layer. This i s not the case for the estimation of the e l a s t i c deformation 
at the interface between base layer and subgrade, here the thickness of the 
base layer, needs to be known. It i s recognized that this magnitude may be hard 
to obtain especially i f rather old constructions are considered. However i t i s 
believed that s t i l l a r e l i a b l e estimate of the e l a s t i c subgrade deformation can 
be made, by using averages for the coe f f i c i e n t s given i n table 5.4. 

The estimation of the permanent deformation of the pavement from deflection 
measurements can be done in the following way. 
From e.g. f a l l i n g weight deflection measurements, the surface curvature index 
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Table 5.3 C o e f f i c i e n t s of the Regression Equation Surface Curvature Index 
(SCI) vs E l a s t i c Deformation (ue) 

E 3 

[MPa 
Interface 

bo 

top lay 

bi 

er/base 

r 2 

layer 

n 

Thickness 
base layer" 
|m| 

Interface 

bo 

base layer/ 

b, r 2 

subgrade 

n 

0.15 2.139 0.389 1 6 
20 2.064 0.422 0.97 18 0.3 2.196 0.343 1 6 

0.6 2.355 0.232 1 6 

0.15 1.853 0.408 0.79 24 
50 1.66 0.494 0.94 72 0.3 1.916 0.346 0.90 24 

0.6 1.834 0.319 0.97 24 

0.15 1.69 0.403 0.97 18 
100 1.47 0.517 0.94 54 0.3 1.722 0.354 0.94 18 

0.6 1.661 0.309 0.90 18 

0.15 1.571 0.41 0.96 18 
150 1.329 0.545 0.95 54 0.3 1.639 0.337 0.91 18 

0.6 1.542 0.304 0.95 18 

250 1.289 0.491 0.83 24 0.2 1.485 0.335 0.77 13 
0.4 1.421 0.334 0.76 11 

350 1.224 0.483 0.79 23 0.2 1.38 0.344 0.77 13 
0.4 1.39 0.286 0.63 10 

Note: log u e = b 0 + hi log SCI [«.. SCI = |umj 

of the pavement and the subgrade modulus can be obtained. The f a l l i n g weight 
SCI i s translated to a dual wheel SCI using 

log S C I d w = -0.991 + 1.455 log SCIpyn i f S C I F W D < 100 
} eq. 5.13 

log S C I d w = 0.0125 + 0.939 log S C I F W D i f SCIpwu >_ 100 

| SCI | = I vim I 
A graphical representation of equation 5.13 i s given i n figure 5.6 
In order to be able to determine the e l a s t i c deformation of the top layer, the 
el a s t i c deformation at the pavement surface needs also to be known. This de­
formation due to a dual wheel loading can be estimated from the f a l l i n g weight 
maximum deflection by means of equation 5.14 

l o g u e surface " ° - 0 9 + ° - 9 4 8 l o % AoFWD eq. 5.14 

Aopyjj = maximum deflection due to the f a l l i n g weight load |lim| 
l u e surface I " | u m | 

Having now relations to determine the e l a s t i c deformation at the individual 
interfaces, the e l a s t i c deformation of each layer can be calculated by sub­
tracting the deformation at the lower interface from the deformation at the up­
per interface. The permanent deformation of each layer can then be calculated by 
means of equation 5.12. Typical values for b 0 and bi ara given in table5.4 |4|. 
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Figure 5.6 Relation between the Surface Curvature Index due to a F a l l i n g 
Weight Load (P = 50 kN), (SCIp^p) and the Surface Curvature Index 
due to a Dual Wheel Load (P = 50 kN), (SCIDT) 

Tab le 5.4 Values for b o and b i to be used in the c a l c u l a t i o n of the Permanent 
Deformation 

Materials UP = u e * b 0 n b l Modulus |MPa| 

Bituminous layers UP - u e * 4.49 n0.25 5 000 (summer) 

UP = u e * 2 n°- 3 i f h < 0. 12 m 
Stone base 500 

UP = u e * 2 n°- 2 i f h > 0. 12 

Lean concrete base 15 000 

Granular subbase Up = u e * 2 n°- 3 200 

Subgrade UP " u e (1 + 0. 7 log n) 5, 10, 20, 40 

In many cases, the amount of rutting calc 
to the amount of rutting which i s r e a l l y 
fact that the number of load repetitions 
ly known. Also the used permanent deforma 
for the pavement section considered (the 
be the right one). 
In order to overcome this inequality i t i 
the calculated rutdepths with a factor i n 
rut depth. This correction factor should 
ture permanent deformation behavior. 
In formula this procedure can be written 

ulated in this way w i l l not be equal 
observed. This might be due to the 
applied to the pavement i s not exact-
tion models might not be appropriate 
selected bo and/or bi value might not 

s proposed by the author to correct 
order to match i t with the observed 

also be used i n the prediction of fu-

u p = ( u e l * b 0n ')CF eq. 5.15 

where CF = correction factor 
a l l other variables are as defined before 
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By means of the above described procedure, one obtains reasonable accurate and 
r e l i a b l e rut depth estimates. Nevertheless the presented procedure i s thought 
to be i n s u f f i c i e n t for an i n depth evaluation of the rutting behavior of pave­
ments. Therefore a need was f e l t for a method which enables a more proper eva­
luation and prediction of the rut depth development. Such a method i s hypo­
thesized in the next section. 

5.7.2 Assessment of the Permanent Deformation Behavior of Pavements by means 
of Repeated Load Def lect ion Testing 

Before i t w i l l be shown how the permanent deformation behavior of pavements 
can be assessed by means of repeated load deflection testing, f i r s t of a l l a 
generalized permanent deformation model w i l l be described. After that i t w i l l 
be shown how by means of repeated load deflection testing the parameters of 
this generalized model can be quantified. 

In general the permanent deformation of pavement materials i s described by 
means of equation 5.16. 

log £p = bo + bi log n eq. 5.16 
or 

s p = b 0n 

where £p = permanent s t r a i n 
n = number of load repetitions 
bo • intercept value 
bi = slope value 

It should be noted that equation 5.16 is a s i m p l i f i c a t i o n of the real deforma­
tion behavior. It has been shown |5, 6| that pavement performance as well as 
the permanent deformation behavior can be described more generally by means of 

- ( i ) Y 

e p = e 0 e vn' eq. 5.17 

where Eo = the permanent s t r a i n which w i l l be reached ultimately 
<(>,Y = constants 

Both equation 5.16 and 5.17 are shown in figure 5.7. 

Figure S. 7 Sahematiaal Representation of two Permanent Deformation Models. 
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Equation 5.17 can be rewritten to 

u D = uje n eq. 5.1! 

where Up = permanent deformation 
uo = permanent deformation which w i l l be reached ultimately 

By taking the derivative of Up to n we obtain 

^ = u 0 e - < £ > Y
 Y ( | ) Y . i 

°n 

which can be written as 
3ur = UgY ( ^ ) Y 

n n' 

Reorganizing equation 5.20 results in 

eq. 5.1< 

eq. 5.20 

eq. 5.21 

Figure 5.8 i s a graphical representation of equation 5.21 

A log u p log A l o g n 

logn 

Figure 5.8 Sehematieal Representation of Equation S.21 

This equation can be used together with repeated load deflection testing for 
the assessment of the permanent deformation behavior of pavements. 

During this study i t was not possible to evaluate i n this way the permanent 
deformation behavior of asphalt pavements. Nevertheless i t i s believed that 
the presented method i s a powerfull technique i n the assessment of future per­
manent deformation. 

5.8 Summary 

In this chapter i t has been described how the structural condition of the 
pavement, which i s related to the cracking conditions, and the remaining struc­
tural l i f e can be assessed by means of deflection measurements. 
It has been shown how the vi s u a l condition index and structural condition index 
are related to each other and how the remaining structural l i f e can be assessed 
by means of vi s u a l condition surveys i f deflection measurements result i n un­
r e l i a b l e condition index values. 
Guidelines have been given that can be used to recognize conditions where de-
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f l e c t i o n measurements may y i e l d unreliable equivalent layer thickness-ratios. 
In this regard, the importance of taking deflection measurements immediately 
after construction has been completed, i s stressed. 

Also a method has been presented by which future permanent deformation can be 
estimated by means of deflection measurements. 
F i n a l l y a technique was postulated which enables the assessment of an in s i t u 
permanent deformation model using repeated load deflection tests. 

5.9 Examples 

In this section two examples w i l l be given which are covering parts of the mo­
dels described i n this chapter. The f i r s t example w i l l deal with the assess­
ment of the remaining l i f e of a pavement section from measured deflections. 
This example w i l l also i l l u s t r a t e the results of the s t a t i s t i c a l treatments as 
described i n section 5 . 2 . 
The second example w i l l show how the described permanent deformation models 
can be used i n the assessment of future rut depth. 

5.9.1 Remaining L i f e Estimation 

Figure 5 . 9 shows the results of deflection measurements taken on the outer 
wheel path of the right hand side lane of a given provincial road. Figure 5 . 1 0 
gives the mean values, standard deviation of both the measured deflections as 
well as the equivalent layer thicknesses, strain values etc. which are c a l c u l ­
ated from the measured deflections. 
Also the values for the median, skewness and kurtosis as calculated for the va­
riables considered, are given i n figure 5 . 1 0 . F i n a l l y figure 5 . 1 0 gives the 
value for S ^ Q g N which i s 1 . 2 5 3 
Figure 5 . 1 1 snows the values of h e c along the pavement section as calculated 
from deflection measurements. Figure 5 . 1 2 shows the values of the cumulative 
sums of the deviations of the mean of h e c along the pavement section. 
From this figure i t can be concluded that from km 4 . 4 2 to km 4 . 9 3 the h e c va­
lues are about equal to the mean value of hec a s calculated for the entire 
section. 
From km 4 . 9 3 to km 5 . 1 5 the hec values are lower than the mean value and from 
km 5 . 1 5 to km 5 . 5 5 the h ec values are higher than the mean value. 
Since the differences are s t i l l rather small, i t i s decided that no further 
subdivision i s necessary. 
Figure 5 . 1 3 shows the mean values of the most important variables as determin­
ed from the measurements taken between the wheelpaths of the right hand side 
lane. 
From the results given in figure 5 . 1 0 and 5 . 1 3 the structural condition index 
(P) i s calculated from: 

P - 0 . 9 7 7 / 1 . 9 4 = 0 . 5 eq. 5 . 2 2 

Since the SCI i s larger than 2 0 0 um, ^ f a i l u r e i s s e t A T 0 . 7 5 (equation 5 . 8 ) . 
So i t i s concluded that the pavement has f a i l e d which means that i t has reach­
ed the condition in which the bound layers are cracked from bottom to top and 
no load transfer across the crack takes place. 
The remaining structural l i f e i s considered to be zero and immediate mainte­
nance action i s recommended. 



DEFLECTION MEASUREMENTS - PROVINCIAL ROAD - OUTER WHEELPATH - JUNE 9, 1982 

TABLE WITH INPUT DATA 

TEMPERATURE GEO 1 GEO 2 GEO 3 GEO 4 GEO 5 
POSITION 0.0 M 0.30M 0.50M 1 .OOM 1 .50M POSITION 

AIR PAV. 
0.0 M 0.30M 0.50M 1 .OOM 1 .50M 

4.420 RB 20.0 25,0 55.3 359, 259. .198, 138, 71 . 
4.470 RB 20.0 25.0 54.J 315. 186. 161 . 107, 73. 
4.490 RB 20.0 25.0 52.6 239. 204. 176. J13 , 77, 
4.510 RB 20.0 25.0 53.2 338. 185. 150. 92. 66. 
4.540 RB 20.0 25.0 54.4 258. 210. J76, 107. 72. 
4.560 RB 20.0 25,0 53.8 235. 206. 180. 120. 78. 
4.610 RB 20.0 25.0 52.2 695. 213, 175. .101 . 60. 
4.640 RB 20.0 25.0 52.5 339. 224. 189, 125. 68. 
4.670 RB 20.0 25.0 52.6 406. 295. 248. 139, 86, 
4.730 RB 20.0 25.0 54.8 365. 208. 179, 1.16. 82. 
4.750 RB 20.0 25.0 53.8 625. 268. 218, 2i29. 85. 
4.770 RB 20.0 25.0 54.2 600, 256. 2J2. .125, 79. 
4.830 RB 20.0 25.0 54.2 327. 239. 206. .136. 84. 
4.860 RB 20.0 25.0 54.0 253. 208. -173, J 06, 72, 
4.880 RB 20.0 25.0 53.7 455, 169. 159. 101 . 62, 
4.930 RB 20.0 25.0 54.9 333. 204, .1 77, 116. 73 , 
4.960 RB 20.0 25.0 54.3 635. 217. 208, .115. 7-1 . 
4.980 RB 20.0 25.0 54.4 404. 284. 241 , 133, 75, 
5.020 RB 20.0 25.0 54,5 40Q. 250, 211 . .12.1 , 89, 
5.060 RB 20.0 25.0 54. 1 267. 229. 197. -12Q, 72, 
5.080 RB 20.0 25.0 54.4 262, 214, .186. .1-18, 74, 
5.130 RB 20.0 25.0 54,2 112, 230, .186. 119. 7J , 
5.150 RB 20.0 25.0 54.9 262. 167, J48, J 02, 66, 
5. 180 RB 20.0 25.0 55.4 879. 129. -1J4. 77. 53. 
5.220 RB 20.0 25.0 55,4 583, 136, 120. 86. 62. 
5.250 RB 20.0 25.0 54.8 395. 243. .179, J .1-1 . 68, 
5.280 RB 20.0 25,0 55.3 365, 169. -145, 97, 65, 
5.310 RB 20.0 25.0 52.9 485. -143, .125, 87, 6J , 
5.350 RB 20.0 25.0 54.9 725. 153, J30 . 9Q, 63, 
5.390 RB 20.0 25,0 55.2 525, 157, .137, 93, 63, 
5.430 RB 20,0 25.0 54.7 400. 156. .133, 93, 65, 
5.550 RB 20.0 25,0 51 ,9 296, 164. 150, .107, 67, 
5.580 RB 20.0 25.0 52.0 365. 165. 143, -100, 68, 
5.620 RB 20.0 25.0 53.4 216, 182, .148, 92, 62, 
5.650 RB 20.0 25.0 54.2 215. 188. 155, 98, 65, 
5.680 RB 20.0 25.0 54.5 214. 183, J 4 5 , JQO, 68, 
5.730 RB 20.0 25,0 54.6 250. -197. 165, J 08, 7Q, 
5.760 RB 20.0 25,0 54.4 385. 16.7, .140, 89, 57, 
5.790 RB 20.0 25.0 54.2 200, .148. .131 , 92, 66, 
5.820 RB 20.0 25.0 54.2 335. 159. -143, .102, 71 . 
5.850 RB 20,0 25.0 52.5 254. 156. 136. 91 , 63, 
5.880 RB 20.0 25.0 54,4 224. 200. 253. 96, 65. 

GEO 6 
2. OOM 

59, 
53. 
57, 
52. 
53. 
57, 
42, 
52. 
63. 
60. 
64, 
56. 
59. 
59, 
45. 
52. 
57, 
56, 
53. 
57. 
55, 
54. 
45. 
44. 
47. 
43, 
44, 
44, 
46, 
45, 
46, 
50. 
47, 
44, 
44, 
46, 
44, 
43, 
49, 
43, 
48, 
49, 

NOTE: F igures 5.9 
to 5,13 are typewriter 
copies of the or ig ina l 
computer pr in tout 

Figure 5.9a Results of a Deflection Survey 



T A B L E WITH DATA D E R I V E D FROM THE D E F L E C T I O N DATA 

S U R F A C E CURVATURE I N D E X 

E Q U I V A L E N T TENS 1 LE C O M P R E S S . E L A S T I C E Q U I V A L E N T TENS 1 LE C O M P R E S S . E L A S T I C 
POS 1T1 ON SUBGRADE F A L L I N G WEIGHT D U A L WHEEL L A Y E R T H I C K N E S S ASPHALT S U B G R A D E SURFACE 

MODULUS S T R A I N S T R A I N DEFORM. MODULUS S T R A I N S T R A I N DEFORM. 

M E A S . 5 0 KN LOG 5 0 KN LOG HES H E S T | HEC 

4 4 2 0 RB 1 3 3 6 161 . 1 4 6 . 2 . 1 6 3 1 1 1 1 . 2 . 0 4 3 6 0 . 7 2 7 0 . 8 5 3 0 . 9 3 0 0 . 8 7 4 E - 0 4 0 . 2 5 4 E - 0 3 2 9 6 . 

4 4 7 0 RB 145 6 1 5 4 . 1 4 2 . 2 . 1 5 3 3 1 0 8 . 2 . 0 3 4 4 0 . 7 1 1 0 . 8 3 7 0 . 9 3 7 0 . 8 3 9 E - 0 4 0 . 2 5 . 1 E - 0 3 2 6 7 . 

4 4 9 0 RB 131 5 6 3 . 6 0 . 1 . 7 7 7 3 3 9 . 1 . 5 9 5 0 1 . 2 4 2 1 . 3 6 8 1 . 4 8 6 0 . 2 3 5 E - 0 4 0 . J J 6 E - 0 3 21.1 . 

4 5 1 0 RB 146 0 1 8 8 . 1 7 7 . 2 . 2 4 7 2 1 3 3 . 2 . 1 2 2 6 0 . 6 4 0 0 . 7 6 6 0 . 8 5 8 0 . 1 0 9 E - 0 3 0 . 2 9 0 E - 0 3 2 9 0 . 

4 5 4 0 RB 146 4 8 2 . 7 5 . 1 . 8 7 7 2 5 5 . 1 . 7 4 0 3 1 . 0 0 5 1 . 1 3 1 1 . 2 6 8 0 . 3 4 6 E - 0 4 0 . 1 5 1 E - 0 3 2 2 0 . 

4 5 6 0 R B 134 6 5 5 . 51 . 1 . 7 0 8 5 31 . 1 . 4 9 4 9 1 . 3 8 7 1 . 5 1 3 1 . 6 5 4 0 . 1 7 3 E - 0 4 0 . 9 6 9 E - 0 4 2 0 3 . 

4 6 1 0 RB 177 6 5 2 0 . 4 9 8 . 2 . 6 9 7 3 351 . 2 . 5 4 5 3 0 . 3 5 6 0 . 4 8 2 0 . 5 7 3 0 . 4 0 5 E - 0 3 0 . 5 7 0 E - 0 3 5 8 4 . 

4 6 4 0 RB 144 0 1 5 0 . 1 4 3 . 2 . 1 5 4 9 1 0 9 . 2 . 0 3 6 0 0 . 7 1 3 0 . 8 3 9 0 . 9 3 6 0 . 8 4 4 E - 0 4 0 . 2 5 1 E - 0 3 2 9 4 . 

4 6 7 0 RB 118 9 1 5 8 . 1 5 0 . 2 . 1 7 6 6 1 1 4 . 2 . 0 5 6 4 0 . 7 4 5 0 . 8 7 1 0 . 9 1 7 0 . 9 2 4 E - 0 4 0 . 2 6 0 E - 0 3 3 4 8 . 

4 7 3 0 RB 130 2 1 8 6 . 1 7 0 . 2 . 2 2 9 7 1 2 8 . 2 . 1 0 6 2 0 . 6 8 1 0 . 8 0 7 0 , 8 7 3 0 . . 1 0 5 E - 0 3 0 . 2 8 2 E - Q 3 3 Q 3 . 

4 7 5 0 RB 1 1 9 7 4 0 7 . 3 7 8 . 2 . 5 7 7 8 271 . 2 . 4 3 3 0 0 , 4 7 6 0 . 6 0 2 0 . 6 3 5 0 . 2 7 2 E ^ 0 3 0 . 4 8 Q E ^ 0 3 5 1 3 . 

4 7 7 0 RB 138 0 3 8 8 . 3 5 8 . 2 . 5 5 3 8 2 5 7 . 2 . 4 1 0 5 0 . 4 6 5 0 . 5 9 1 0 , 6 5 1 0 . 2 5 8 E - 0 3 0 . 4 6 J E - Q 3 4 9 0 . 

4 8 3 0 RB 1 3 0 9 121 . 1 1 2 . 2 . 0 4 7 8 8 6 . 1 . 9 3 5 3 0 . 8 3 2 0 , 9 5 8 J . 0 3 9 0 . 6 3 9 E - 0 4 Q . 2 1 J E - 0 3 2 7 6 , 

4 8 6 0 RB 1 3 0 5 8 0 . 7 4 . 1 . 8 6 9 7 5 4 . 1 . 7 2 9 4 1 , 0 6 3 1 . 1 8 9 1 . 2 8 8 0 . 3 5 0 E - 0 4 0 . J 4 7 E - 0 3 2 1 7 . 

4 8 8 0 RB 1 7 0 5 2 9 6 . 2 7 6 . 2 . 4 4 0 3 201 . 2 , 3 0 3 9 0 , 4 8 3 0 . 6 0 9 0 , 7 1 5 0 , 1 8 9 E * 0 3 0 , 3 9 4 E ^ Q 3 381 . 

4 9 3 0 RB 150 7 1 5 6 . 1 4 2 . 2 . 1 5 2 5 1 0 8 2 . 0 3 3 7 0 . 7 0 2 0 . 8 2 8 0 . 9 3 6 0 , 3 3 2 E ^ Q 4 0 . 2 5 1 E - Q 3 2 7 7 . 

4 9 6 0 RB 1 3 5 8 4 2 7 . 3 9 3 . 2 . 5 9 4 6 2 8 1 . 2 . 4 4 8 8 0 . 4 4 7 0 . 5 7 3 0 . 6 2 8 0 . 2 8 9 E - 0 3 0 . 4 8 9 E - 0 3 5 1 6 . 

4 9 8 0 RB 138 5 1 6 3 . 1 5 0 . 2 . 1 7 5 6 1 1 4 . 2 . 0 5 5 3 0 . 7 0 7 0 . 8 3 3 0 , 9 1 9 Q.90ÛE-04 0 . 2 5 9 E - 0 3 3 3 6 . 

5 0 2 0 RB 146 7 1 8 9 . 1 7 3 . 2 . 2 3 9 0 1 3 0 . 2 . 1 1 5 0 0 . 6 4 4 0 . 7 7 0 0 , 8 6 4 0 . . 1 0 7 E - 0 3 O . 2 8 7 E - 0 3 3 3 2 . 

5 0 6 0 RB 135 3 7 0 . 6 5 . 1 . 8 1 0 9 4 4 . 1 . 6 4 3 8 1 ,.161 1 . 2 8 7 1 , 4 0 9 0 . 2 6 8 E - Q 4 0 , J 2 7 E - 0 3 2 2 8 . 

5 0 8 0 RB 141 1 7 6 . 7 0 . 1 . 8 4 4 2 4 9 . 1 . 6 9 2 3 1 . 0 7 9 1 , 2 0 5 1 . 3 3 6 0 . 3 0 4 E * 0 4 0 , J 3 8 E ^ Q 3 2 2 3 . 

5 130 RB 1 4 3 2 1 2 6 . 1 1 6 . 2 . 0 6 5 3 9 0 . 1 . 9 5 1 9 0 , 7 8 9 Q . 9 1 5 1 , 0 1 9 Q , 657E^Q4 0 . 2 1 8 E ^ Q 3 2 6 4 . 

5 150 RB 174 3 1 1 4 . 1 0 4 . 2 . 0 1 6 3 81 1 . 9 0 5 8 0 . 7 6 6 0 , 8 9 2 . 1 , 0 5 4 0 . 5 4 4 E - 0 4 0 . 2 Q 6 E - 0 3 221 . 

5 180 RB 180 0 7 6 5 . 6 9 0 . 2 . 8 3 9 1 4 7 7 . 2 . 6 7 8 4 0 . 3 0 2 0 . 4 2 8 0,5.1 1 0 . 6 J 8 E - Q 3 0 . 6 9 1 E - Q 3 6 9 0 . 

5 2 2 0 RB 168 4 4 6 3 . 4 1 8 . 2 . 6 2 1 0 2 9 8 . 2 . 4 7 3 7 0 . 3 9 8 0 . 5 2 4 0 ,6 . 12 0 . 3 2 1 E - 0 3 0 . 5 1 . 1 E - Q 3 4 6 7 , 

5 2 5 0 RB 182 2 2 1 6 . 1 9 7 . 2 . 2 9 4 6 1 4 7 . 2 . 1 6 7 2 0 . 5 5 1 0 . 6 7 7 o . a i o Q , . 123Ev03 0 , 3 2 Q E ^ Q 3 3 2 6 . 

5 2 8 0 R B 179 7 2 2 0 . 1 9 9 . 2 . 2 9 8 7 1 4 8 . 2 . 1 7 0 9 0 . 5 5 2 0 , 6 7 8 0 , 8 0 8 Q . 1 2 5 E - 0 3 0 . 3 2 J E - Q 3 3 0 Q , 

5 3 1 0 RB 171 8 3 6 0 . 3 4 0 . 2 . 5 3 1 8 2 4 5 . 2 . 3 8 9 9 0 . 4 3 5 0 , 5 6 1 0 , 6 6 0 0 . 2 4 8 E - Q 3 0 . 4 5 Q E - 0 3 4.10. 

5 3 5 0 RB 1 7 0 5 5 9 5 . 5 4 2 . 2 . 7 3 3 9 3 8 0 . 2 . 5 7 9 6 0 , 3 4 9 0 . 4 7 5 0 . 5 5 7 0 . 4 4 7 E - . 0 3 0 . 5 9 8 E - 0 3 5 8 0 . 

5 3 9 0 RB 175 3 3 8 8 . 3 5 1 . 2 . 5 4 5 9 2 5 3 . 2 , 4 0 3 1 0 . 4 2 4 0 . 5 5 0 0 . 6 5 J 0,258ETQ3 Q . 4 6 1 E - 0 3 4 2 5 . 

4 3 0 R B 169 9 2 6 7 . 2 4 4 . 2 , 3 8 7 5 1 8 0 . 2 , 2 5 4 4 0 . 5 1 3 0 . 6 3 9 0 . 7 5 0 0 , J 6 2 E r Q 3 0 . 3 6 4 E - 0 3 331 . 

5 5 5 0 R B 148 1 1 4 6 . 141 . 2 . 1 4 8 2 1 0 7 . 2 , 0 2 9 6 0 , 7 1 0 0 . 8 3 6 0 . 9 4 ] 0 . 8 2 4 E - Q 4 Q . 2 4 9 E - 0 3 2 6 J . 

5 5 8 0 RB 1 5 8 0 2 2 2 . 2 1 3 . 2 . 3 2 9 3 1 5 8 . 2 , 1 9 9 7 0 . 5 6 6 0 , 6 9 2 0 , 7 9 3 0 . 1 3 7 E - Q 3 O . 3 3 1 E - 0 3 3 1 8 . 

5 6 2 0 RB 1 7 3 4 6 8 . 6 4 . 1 . 8 0 3 9 4 3 . 1 , 6 3 3 7 1 , 0 6 0 J , 1 8 6 1 . 3 9 9 0 , 2 3 2 E ^ Q 4 O . - I Z S E ^ 1 8 9 . 

5 6 5 0 R B 1 7 6 0 6 0 . 5 5 . 1 . 7431 3 5 . 1 . 5 4 5 2 1 ..169 1 , 2 9 5 .1 . 5 3 4 0 . 1 7 5 E ^ 0 4 Q , . l J 0 E - r Q 3 .185 , 

5 6 8 0 RB 169 3 6 9 . 6 3 . 1 . 8 0 1 4 4 3 . 1 . 6 3 0 1 1 . 0 7 6 -1 , 2 0 2 1 , 4 0 8 0 . 2 3 2 E - 0 4 Q , . 1 2 7 E ~ 0 3 .184, 

5 7 3 0 RB 177 4 8 5 . 7 8 . 1 . 8 9 1 2 5 8 . 1 . 7 6 0 7 0 , 9 0 2 .1 , 0 2 8 1 , 2 2 1 Q . 3 4 3 E - Q 4 0 ..1 6.1 E - 0 3 Z 1 2 . 

5 7 6 0 R B 1 8 0 9 2 4 5 . 2 2 5 . 2 . 3 5 2 5 1 6 7 . 2 . 2 2 1 5 0 , 5 1 8 0 . 6 4 4 0 , 7 6 9 0 , . I 4 6E*Q3 0 , 3 4 8 E ^ Q 3 321 . 

5 7 9 0 RB 157 9 6 9 . 6 4 . 1 . 8 0 3 8 4 3 . 1 . 6 3 3 6 1 , 1 0 5 1 , 2 3 1 . 1 , 412 0 . 2 4 2 E - Q 4 Q . 1 2 6 E - 0 3 . 173 , 

5 8 2 0 RB 1 8 0 2 1 9 2 . 1 7 7 . 2 . 2 4 8 3 1 3 3 , 2 . 1 2 3 6 0 . 5 8 3 0 . 7 0 9 0 , 8 4 6 0 . .1O7E-O3 Q . 2 9 7 E - 0 3 2 8 2 , 

5 8 5 0 RB 1 5 6 1 1 1 8 . 1 1 2 . 2 . 0 5 0 7 8 7 . 1 . 9 3 8 1 0 , 7 7 5 Q . 9 0 J 1 , 0 2 9 0.618E-îQ4 Q , 2 J 4 E - 0 3 2 2 4 . 

5 8 8 0 R B 1 5 8 5 71 . 6 5 , 1 . 8 1 4 6 4 5 . 1 , 6 4 9 3 1 , 0 8 3 1 , 2 0 9 1 , 3 8 8 0 , 2 5 4 E ^ Q 4 0 . . 1 3 0 E - 0 3 J 9 2 . 

HOT M I X A S P H A L T T E M P E R A T U R E A D J U S T M E N T HAS B E E N A P P L I E D 

Figure S. 9b Results of a Deflection Survey 



TABLE WITH STATISTICAL PARAMETERS 

VARIABLE 
NO. 
OF 

DATA 
MEAN MEDIAN STANDARD 

DEVIATION 
SKEWNESS KURTOS 1 S MINI MUM MAX 1 MUM 

LOADING FORCE 42 0 540 E+02 0.542 E+02 0. 954 E+00 - 0 . 7 5 1 - 0 371 0 .519 E+02 0. 554 E + 02 
DEFLECTION GEOPHONE 1 42 0 381 E+03 0.339 E+03 0. 159 E+03 1 .253 1 002 0 . 2 0 0 E + 03 0 . 879 E + 03 
DEFLECT ION GEOPHONE 2 42 0 198 E+03 0.199 E + 03 0. 410 E+02 0.451 -0 549 0 . 129 E+03 0. 295 E+03 
DEFLECTION GEOPHONE 3 42 0 168 E+03 0.163 E + 03 0. 323 E + 02 0 . 5 4 3 - 0 364 0 .114 E + 03 0 . 248 E + 03 
DEFLECTION GEOPHONE 4 42 0 107 E+03 0.107 E+03 0. 155 E+02 0 .326 - 0 768 0 . 7 7 0 E+02 0. 139 E + 03 
DEFLECTION GEOPHONE 5 42 0 697 E + 02 0 .680 E+02 0. 796 E+01 0 . 519 - 0 071 0 . 5 3 0 E + 02 0. 390 E + 02 
DEFLECTION GEOPHONE 6 42 0 506 E+02 0.495 E + 02 0 . 627 E+01 0 .370 -1 128 0 .420 E + 02 0 . 640 E + 02 
SUBGRADE MODULUS 42 0 155 E+03 0. 153 E + 03 0 . 192 E + 02 - 0 . 0 9 1 -1 375 0 . 1 1 9 E + 03 0 . 182 E + 03 
SC! FALLING WEIGHT 42 0 213 E + 03 0 . 160 E + 03 0 . 163 E + 03 1 .466 1 775 0 . 5 5 0 E+02 0. 765 E + 03 
SCI FALLING WEIGHT (F=50KN) 42 0 197 E + 03 0.148 E+03 0 . 149 E+03 1 .422 1 552 0.5.11 E+02 0. 690 E + 03 
LOG(SCI) FALLING WEIGHT (F=50KN) 42 0 219 E+01 0.217 E+01 0. 307 E+00 0 .240 - 0 949 0 . 17.1 E + 01 0. 284 E + 01 
SCI DUAL WHEEL (F=50KN) 42 0 143 E + 03 0 .112 E+03 0. 105 E+03 1.278 J 146 0 . 3 1 3 E+02 0. 477 E+03 
LOG(SCI) DUAL WHEEL (F=50KN) 42 0 205 E+01 0 .205 E+01 0. 315 E + 00 0 .04J - 0 970 0 . 149 E+01 0 . 268 E + 01 
EQUIVALENT LAYER THICKNESS HES 42 0 736 E+00 0.709 E+00 0 .279 E + 00 0 .476 - 0 803 0 . 3 0 2 E + 00 0. 139 E+01 
EQUIVALENT LAYER THICKNESS HEST 42 0 862 E+OO 0.835 E+00 0 . 279 E + 00 0 .476 - 0 803 0 . 4 2 8 E + 00 0. 151 E + 01 
EQUIVALENT LAYER THICKNESS HEC 42 0 977 E + 00 0.924 E+00 0 .308 E+00 0 .490 -0 902 0.511 E + 00 0 . J65 E + 01 
TENSILE ASPHALT STRAIN 42 0 133 E-03 0.887 E-04 0 .132 E-03 1 . 780 3 089 0 . 173 E-04 0. 618 E-03 
COMPRESSIVE SUBGRADE STRAIN 42 0.289 E-03 0.256 E-03 0. 149 E-03 0 . 7 9 0 -0 140 0 .969 E-04 0. 69.1 E-03 
ELASTIC SURFACE DEFORMATION 42 0.318 E+03 0.292 E + 03 0. 124 E + 03 1 . 18J 0 728 0 . 173 E + 03 0 . o90 E + 03 
STRUCT.CONDITION INDEX (HEC) 42 0 547 E + 00 0.496 E+00 0 .235 E+00 0 . 4 4 2 -0 936 O.J 53 E+00 0 . .105 E+01 
STRUCT.CONDITION INDEX (SCI) 42 0.457 E+00 0.407 E + 00 0 . 221 E + 00 0 . 4 4 3 •1 018 0.991 E-01 0.941 E+00 

STANDARD DEVIATION OF THE 
LOGARITHM OF THE NO. OF 
100KN SINGLE AXLE LOADS 

Figure 5.10 Results of the S t a t i s t i c a l Treatments applied on the Data given in figure 5.11 



EQUIVALENT LAYER THICKNESS HEC 

POSITION 0.5110 E+OO 0,7396 E+OO 0.9683 E+OO 0.1197 E+01 0.1426 E+OJ 0.1654 E+0J 
I 1 1 1- -, 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 4 420 RB 0.9299 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

4 470 RB 0.9369 E+OO xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 490 RB 0.1486 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 510 RB 0.8580 E + 00 xxxxxxxxxxxxxxxxxxxxxxxxx 
4 540 RB 0.1268 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 560 RB 0.1654 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 610 RB 0.5730 E+00 xxxxx 
4 640 RB 0.9358 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 670 RB 0.9170 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 730 RB 0.8734 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxx 
4 7 50 RB 0.6351 E+00 xxxxxxxxx 
4 770 RB 0.6510 E+00 xxxxxxxxxx 
4 830 R3 0.1039 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 86.) RB 0.1288 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 880 RB 0.7151 E+00 xxxxxxxxxxxxxxx 
4 930 RB 0.9364 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
4 960 RB 0.6282 E + OO xxxxxxxxx 
4 980 RB 0.9186 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 020 RB 0.8644 E+00 xxxxxxxxxxxxxxxxxxxxxxxxx 
5 060 RB 0.1409 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 080 RB 0.1336 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 130 RB 0.1019 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 150 RB 0.1054 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 180 RB 0.5110 E+00 X 

5 220 RB 0.6122 E+00 xxxxxxxx 
5 250 RB 0.8099 E+00 xxxxxxxxxxxxxxxxxxxxx 
5 280 RB 0.8081 E + 00 xxxxxxxxxxxxxxxxxxxxx 
5 31Q RB 0.6599 E+00 xxxxxxxxxxx 
5 350 R3 0.5571 E+OO xxxx 
5 390 RB 0.6512 E + 00 xxxxxxxxxx 
5 430 RB 0.7495 E+00 xxxxxxxxxxxxxxxxx 
5 550 RB 0.9409 E+00 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 580 RB 0.7932 E+OO xxxxxxxxxxxxxxxxxxxx 
5 620 RB 0.1399 E+01 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 

5 650 RB 0.1534 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 680 RB 0.1408 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 730 R3 0.1221 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 760 RB 0.7694 E+00 xxxxxxxxxxxxxxxxxxx 
5 790 RB 0.1412 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 820 RB 0.8458 E+00 xxxxxxxxxxxxxxxxxxxxxxxx 
5 850 RB 0.1029 E+01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
5 880 RB 0.1388 E + 01 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

0.5110 E+00 0.7396 E+00 0 ,9683 E+00 0.1197 E+01 0.1426 E+01 0.1654 E+01 

Figure 5.11 Variation of h e o along the Road Section 



CUMSUM VALUE OF EQUIVALENT LAYER THICKNESS HEC 

POSITION 

4 .420 RB 
4 .470 RB 
4 .490 RB 
4 .510 RB 
4 .540 RB 
4 .560 RB 
4 .610 RB 
4 .640 RB 
4 .670 RB 
4 .730 RB 
4 .750 RB 
4.770 RB 
4 .830 RB 
4 .860 RB 
4 .880 RB 
4 .930 RB 
4 .960 RB 

.980 RB 

.020 RB 

.060 RB 

.080 RB 
130 RB 

.150 RB 
5.180 RB 
5.220 RB 
5.250 RB 
5.280 RB 
5.310 RB 
5.350 RB 
5.390 RB 
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Figure 5.12 Variation of the Cumulative Sums of heo along the Road Section 



VARIABLE 
NO, 
OF 

DATA 
MEAN MEDIAN STANDARD 

DEVIATION 
SKEWNESS KURTOS 1S MINI MUM MAX 1 MUM 

LOADING FORCE 42 0.475 E+02 0 . 4 7 5 E + 02 0 . 8 0 5 E + 00 0.095 0.911 0 456 E+02 0 498 E+02 
DEFLECTION GEOPHONE 1 42 0.158 E+03 0 . 154 E+03 0 .358 E+02 0.556 0 . 689 0 840 E+02 0 259 E+03 
DEFLECTION GEOPHONE 2 42 0.139 E+03 0 .131 E + 03 0 . 3 2 2 E+02 0.337 - 0 . 2 4 1 0 740 E + 02 0 215 E+03 
DEFLECTION GEOPHONE 3 42 0.120 E + 03 0 . 1 1 7 E+03 0 .254 E+02 0.235 - 0 . 5 0 0 0 680 E+02 0 173 E+03 
DEFLECTION GEOPHONE 4 42 0.865 E+02 0 . 8 6 0 E + 02 0 . 1 4 9 E + 02 -0 .256 - 0 . 7 8 6 0 520 E+02 0 114 E + 03 
DEFLECTION GEOPHONE 5 42 0.603 E+02 0 . 6 2 5 E+02 0 . 9 0 3 E+01 -0 .119 - 0 . 7 3 0 0 420 E+02 0 810 E+02 
DEFLECTION GEOPHONE 6 42 0.450 E+02 0 . 4 5 0 E + 02 0 . 7 3 8 E + 01 0.016 - 1 . 0 9 5 0 320 E+02 0 590 E+02 
SUBGRADE MODULUS 42 0.155 E + 03 0 . 1 5 2 E+03 0 . 2 6 8 E + 02 0.347 - 0 . 9 7 4 0 114 E+03 0 213 E + 03 
SCI FALLING WEIGHT 42 0.382 E + 02 0 . 3 4 0 E+02 0. 154 E + 02 1.631 3 .059 0 160 E+02 0 890 E + 02 
SCI FALLING WEIGHT (F =50KN> 42 0.402 E + 02 0 . 3 6 5 E+02 0 . 1 6 2 E + 02 1.575 2 . 8 3 8 0 166 E+02 0 921 E+02 
LOG(SCI) FALLING WEIGHT (F=50KN1 42 0.157 E + 01 0 . 1 5 6 E+01 0 . 1 5 9 E+00 0.251 0 .587 0 122 E + 01 0 196 E+01 
SCI DUAL WHEEL (F=50KN> 42 0.231 E + 02 0 . 1 9 2 E+02 0 . 1 4 5 E + 02 2.086 4 . 5 2 2 0 607 E+01 0 736 E+02 
LOG(SCI) DUAL WHEEL (F=50KN1 42 0.130 E+01 0 . 1 2 8 E+01 0.231 E+00 0.251 0 .587 0 783 E+00 0 187 E + 01 
EQUIVALENT LAYER THICKNESS HES 42 0.171 E*01 0 . 1 6 2 E + 0.1 0 . 4 3 8 E + 00 0.632 0 . 369 0 883 E+00 0 284 E+01 
EQUIVALENT LAYER THICKNESS HEST 42 0.170 E+01 0 . 1 6 2 E*01 0 . 4 3 7 E+00 0.601 0 . 329 0 869 E+00 0 282 E+01 
EQUIVALENT LAYER THICKNESS HEC 42 0.194 E + 01 0 . 189 E+01 0 . 5 1 8 E+00 0.700 0 .940 0.959 E + 00 0 338 E+01 
TENSILE ASPHALT STRAIN 42 0,118 E-04 0 . 7 7 0 E-05 o . n o E-04 2.430 5 .677 0 146 E-05 0 514 E-04 
COMPRESSIVE SUBGRADE STRAIN 42 0.874 E-04 0 . 7 7 5 E-04 0 . 4 5 3 E-04 1.894 3 .919 0 294 E-04 0 241 E-03 
ELASTIC SURFACE DEFORMATION 42 0,157 E + 03 0 , 1 5 0 E+03 0 . 3 3 9 E + 02 0.393 0 . 3 1 0 0 850 E + 02 0 243 E+03 

STANDARD DEVIATION OF THE 
LOGARITHM OF THE NO. OF 0 , 9 6 0 
100KN SINGLE AXLE LOADS 

TABLE WITH STATISTICAL PARAMETERS 

Figure 5.13 Main Results of the Deflection Measurements taken on the Area between the Wheel Paths 
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5.9.2 Assessment of Future Permanent Deformation 

A pavement section i s considered on which regularly rut depth measurements 
have been taken. The results of these measurements are shown in table 5.5. 
The pavement i s 10 years in service and one likes to know the rut depth that 
might occur after 15 years. Unfortunately no axle load data are available but 
from t r a f f i c counts i t i s known that the t r a f f i c growth i s 4% per year. 
The normalized cumulative number of load repetitions calculated from the t r a f ­
f i c growth rate i s also given in table 5.5. 

Table 5.5 Ruth Depth Data to be used in the Example Problem 

Year of Service Ruth depth |mm| Normalized Cumulative Number 
of Load Repetitions 

1 4 1.04 
4 9 4.37 
8 13 9.55 
10 15 12.45 
15 20.79 

From the data given i n table 5.5, the following rut depth model was derived 

log RD = 0.599 + 0.531 log n eq. 5.23 

where RD = rut depth |mm| 
n = normalized cumulative number of load repetitions 

From equation 5.23 , i t can easily be shown that the rut depth after 15 years 
of service w i l l be 

R D 1 5 = RD1 0 / ( — ) 0 - 5 3 1 = 20 mm eq. 5.24 ni 5 

where the indices 10 and 15 denote the magnitude of the variable after 10 
resp. 15 years of service. 

Next, a three layered pavement with a 0.3 m thick unbound base i s considered. 
Here the observed rut depth is 18 mm, unfortunately no records on rut depth 
development are available. One m i l l i o n equivalent 100 kN single axles have 
been applied to the pavement. The question i s "what w i l l be the rut depth af­
ter 3.106 load repetitions". 
In order to solve this question, deflection measurements are taken by means of 
a f a l l i n g weight deflectometer. The most important results of these measure­
ments are given in table 5.6. This table also shows the e l a s t i c deformations 
at the interfaces between the different layers as calculated by means of 
equations 5.12, 5.13 and 5.3. 

Table 5.6 Deflection Data and calculated Vertical Elastic Displacement at the 
Layer Interfaces to be used in the Example Problem 

F a l l i n g Weight Data V e r t i c a l E l a s t i c D i s p l . at Interface |um| 

maximum deflection um 381 surface 344 
surf, curvature index um 197 top layer/base 324 
E 3 |MPa| 150 base/subgrade 234 
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By means of the interface displacements given i n table 5.6 and table 5.4 one 
arrives to the following rut depths. 

asphalt layer: Up = 20. 10 - 6 * 4.49 * (1 0 6 ) 0 2 5 _ 2 84 . 10~3 m 

base : UP = 90. 10"6 * 2 * ( 1 0 6 ) 0 - 2 = 2. 85 . 10 - 3 m 

subgrade : UP = 234 .10" ' * 2 ± ( 1 0 6 ) 0 - 3 = 29. 53 . 10"3 m 
rut depth - 35 mi 

The observed rut depth i s 18 mm so the correction factor that should be a p p l i ­
ed on the calculated values i s 0.51. 

In the same way, the rut depth after 3.106 load applications i s calculated and 
corrected with the above mentioned factor using equation 5.15. This results in 
a rut depth of 25 mm. 
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Chapter 6 

FRACTURE AND CRACK GROWTH CHARACTERISTICS 

OF ASPHALT CONCRETE MIXES 
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6.1 Introduction 

I t needs h a r d l y any argumentation t h a t c r a c k i n g i s a major t y p e o f d i s t r e s s . 
I n t h e p r e v i o u s c h a p t e r s i t has been shown how c r a c k i n g i n f l u e n c e s the s t r u c ­
t u r a l performance o f pavements. I t has been shown t h a t c r a c k i n g i s i n f l u e n c e d 
by t h e s t r e s s and s t r a i n l e v e l w i t h i n t h e pavement as w e l l as t h e u l t i m a t e 
and f a t i g u e s t r e n g t h c h a r a c t e r i s t i c s o f t h e m a t e r i a l s used. 
In c h a p t e r s 3 and 5 c o n s i d e r a b l e a t t e n t i o n has been p a i d t o t h e a n a l y s i s o f 
s t r e s s e s and s t r a i n s t h a t a r e i n t r o d u c e d i n t h e pavement s t r u c t u r e by t r a f f i c 
l o a d s . In t h i s c h a p t e r a t t e n t i o n w i l l be p a i d t o t h e f r a c t u r e and c r a c k 
growth c h a r a c t e r i s t i c s o f a s p h a l t c o n c r e t e mixes. The c h a r a c t e r i z a t i o n o f t h e 
f r a c t u r e and c r a c k growth p r o p e r t i e s w i l l be done by u s i n g f r a c t u r e mechanics 
p r i n c i p l e s . 
In the subsequent s e c t i o n s , f i r s t o f a l l t h e a u t h o r w i l l go i n t o t h e q u e s t i o n 
why f r a c t u r e mechanics p r i n c i p l e s s h o u l d be used. 
Then a s h o r t l i t e r a t u r e r e v i e w w i l l be g i v e n i n which s p e c i a l a t t e n t i o n i s 
p a i d t o t h e c r a c k growth t h e o r i e s developed by Schapery. T h i s w i l l be f o l l o w ­
ed by t h e d e s c r i p t i o n o f t h e e x p e r i m e n t a l program t h a t was c a r r i e d out t o 
determine t h e f r a c t u r e and c r a c k growth p r o p e r t i e s . Next t h e r e s u l t s ' o f t h e s e 
t e s t s w i l l be d i s c u s s e d , and f i n a l l y i t w i l l be shown how t h e c r a c k growth 
c h a r a c t e r i s t i c s can be e s t i m a t e d by means o f s i m p l e s t a t i c t e s t s . 

6.2 App l icat ion of Fracture Mechanics to the (Overlay) Design of Asphalt 
Pavements 

As has been i n d i c a t e d i n t h e p r e v i o u s p a r t s o f t h i s s t u d y , t h a t n o r m a l l y t h e 
phenomenological approach i s used t o t h e ( o v e r l a y ) d e s i g n o f a s p h a l t pave­
ments. T h i s means t h a t t h e c a l c u l a t e d bending s t r a i n l e v e l i s r e l a t e d t o t h e 
pavement l i f e . 
A l though t h i s approach i s s i m p l e i n u s e , i t i s not r e a l l y a p p l i c a b l e . I t has 
been shown t h a t c r a c k p r o p a g a t i o n from t h e s t a b i l i z e d base t o t h e a s p h a l t i c 
t o p l a y e r o r from t h e c r a c k e d pavement t o t h e a s p h a l t o v e r l a y , cannot be ana­
l y s e d by u s i n g t h i s c l a s s i c a l phenomenological approach. T h i s i s c o n s i d e r e d 
t o be a s e r i o u s drawback o f t h i s method s i n c e c r a c k r e f l e c t i o n can reduce t h e 
o v e r l a y and pavement l i f e t o an unexpected and c o n s i d e r a b l e e x t e n t . T h i s i n 
t u r n might have u n d e s i r e d i n f l u e n c e on t h e maintenance budget. 
Although t h e problem o f r e f l e c t i o n c r a c k i n g and t h e i n a b i l i t y o f t h e pheno­
m e n o l o g i c a l approach t o a n a l y s e t h i s problem i s known over a l o n g p e r i o d o f 
t i m e , o n l y a l i m i t e d number o f r e s e a r c h e r s have s t u d i e d the p o s s i b i l i t i e s o f 
t h e a p p l i c a t i o n o f f r a c t u r e mechanics i n s o l v i n g t h e s e problems. To t h e know­
ledge of t h e a u t h o r o n l y t h r e e r e s e a r c h i n s t i t u t e s have p a i d a c o n s i d e r a b l e 
amount o f a t t e n t i o n t o t h e i n c o r p o r a t i o n o f f r a c t u r e mechanics i n t o the s o l ­
v i n g o f r e f l e c t i o n c r a c k problems. They are the Ohio S t a t e U n i v e r s i t y |1~9|, 
the U n i v e r s i t y o f C a l i f o r n i a at Berkeley|10-12| and t h e Texas A & M U n i v e r ­
s i t y |13-17|. A l s o r e s e a r c h performed at t h e LCPC o r g a n i z a t i o n i n France has 
been r e p o r t e d '8 j . 
Although t h e f r a c t u r e mechanics approach has t h e p o t e n t i a l t o be an e x c e l l e n t 
t o o l i n s o l v i n g t h e r e f l e c t i o n c r a c k problem, i t has not g a i n e d v e r y much po­
p u l a r i t y . I n f a c t i t can be s t a t e d t h a t i t i s s t i l l a r e s e a r c h t o o l and t h a t 
i t s p r a c t i c a l a p p l i c a t i o n i s l i m i t e d t o o n l y a few c a s e s . 
The reasons f o r t h i s somewhat adverse a t t i t u d e towards t h i s approach might be 
t h a t : 
a. The f r a c t u r e mechanics approach i s not a t t r a c t i v e t o be used on a r o u t i n e 

b a s e , due t o t h e h i g h c o s t s f o r r u n n i n g f i n i t e element programs and due 
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t o t h e more complex m a t e r i a l t e s t i n g i f compared w i t h t he t e s t i n g needed 
i n t he phenomenological approach. 

b. L i t t l e agreement seems t o e x i s t between t h e c r a c k p r o p e r t i e s o f a s p h a l t 
mixes o b t a i n e d by means o f c r a c k growth t e s t s as r e p o r t e d by d i f f e r e n t 
r e s e a r c h e r s . A l s o disagreement seems t o e x i s t on a s p e c t s l i k e f o r i n s t a n ­
ce p o s i t i o n o f i n i t i a t i o n o f r e f l e c t i o n c r a c k i n g . Furthermore o p i n i o n s 
d i f f e r as t o t h e r e l a t i v e importance o f t h e d i f f e r e n t f r a c t u r e models. 

The adverse a t t i t u d e towards t h e f r a c t u r e mechanics approach t o r e f l e c t i o n 
c r a c k i n g i s perhaps i l l u s t r a t e d a t b e s t by a statement made by Coetzee 11|. 
"The proposed method of analysis for evaluating pavement overlays in terms 
of r e f l e c t i o n cracking should i d e a l l y be 

(i) simple to use and understand 
(ii) able to consider the various a l t e r n a t i v e s which may retard or elimi­

nate crack r e f l e c t i o n 
(iii) consistent with t h e o r e t i c a l predictions. 
A primary requirement for the evaluation is some estimate of stress l e v e l s 
in the overlay, and the e f f e c t s that various overlay design a l t e r n a t i v e s may 
have on these stress l e v e l s . This obviously requires a stress analysis which 
focuses on the cracks in the e x i s t i n g pavement and the effect that these have 
on the overlay. As indicated, fracture mechanics provides some tools for 
approaching the problem, but as yet no exact solution e x i s t s for a cracked 
multi-layered system under complex stress conditions. Further, the average 
highway pavement engineer responsible for overlay design i s not likely to be 
well versed in the f i e l d of fracture mechanics, making t h i s approach u n l i k e l y 
as an everyday design method u n t i l such time as extremely s i m p l i f i e d proce­
dures, such as design charts based on fracture mechanics, become a v a i l a b l e " . 
N e v e r t h e l e s s i t i s b e l i e v e d t h a t a p p l i c a t i o n o f f r a c t u r e mechanics concepts 
i n o v e r l a y d e s i g n and r e f l e c t i o n c r a c k problems i s j u s t i f i e d because i t g i v e s 
at l e a s t a b e t t e r i n s i g h t i n t h e c r a c k i n g b e h a v i o u r o f pavement m a t e r i a l s and 
s t r u c t u r e s . I t s h o u l d be r e p e a t e d a g a i n t h a t t h i s i s not p o s s i b l e by u s i n g 
t h e phenomenological approach s i n c e t h i s o n l y g i v e s a r e a s o n a b l e a c c u r a t e 
i n d i c a t i o n where c r a c k i n g may i n i t i a t e i n s t r u c t u r e s which show no c r a c k i n g . 
T h e r e f o r e i t was d e c i d e d t h a t e f f o r t s s h o u l d be made t o i n c o r p o r a t e f r a c t u r e 
mechanics concepts i n t h i s study i n o r d e r t o get a b e t t e r g r a s p on t h e r e f l e c ­
t i o n c r a c k problems which have been mentioned i n t h e p r e v i o u s p a r t s o f t h i s 
s t u d y . 
T h i s p a r t o f t h e study w i l l d e s c r i b e t h e r e s e a r c h on c r a c k growth b e h a v i o u r 
o f common Dutch a s p h a l t mixes as c a r r i e d out b y , and under s u p e r v i s i o n o f t h e 
aut h o r . 
Furthermore i t w i l l be shown how t h e s e r e s u l t s can be used i n o r d e r t o e s t i ­
mate t h e appearance o f r e f l e c t i o n c r a c k s i n o v e r l a y s . 

F i r s t o f a l l however a s h o r t r e v i e w o f t h e a v a i l a b l e l i t e r a t u r e w i l l be g i v e n 
i n o r d e r t o s e t t h e scope o f t h i s s t u d y . 

6.3 L i te ra ture Survey 

6.3.1 Basic P r i nc ip le s 

B a s i c l y d i s t i n c t i o n can be made between t h r e e f r a c t u r e modes. These modes are 
shown i n f i g u r e 6 . 1 . C o n s i d e r i n g t h e mode I c r a c k i n g , which i s common t o 
c r a c k i n g due t o t e n s i l e s t r e s s e s p e r p e n d i c u l a r t o t h e c r a c k , t h e s t r e s s con­
d i t i o n s near t h e cr a c k t i p can be c a l c u l a t e d by 
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Figure 6.1 Cracking Modes Figure 6.2 Coordinate System 

F r a c t u r e w i l l o c c u r i f t h e v a l u e f o r K j , t h e s t r e s s i n t e n s i t y f a c t o r , has 
reached a c e r t a i n c r i t i c a l v a l u e K J Q . T h i s c r i t i c a l v a l u e i s c a l l e d t h e f r a c ­
t u r e toughness. I t can be c o n s i d e r e d as a m a t e r i a l p r o p e r t y . K J Q can be d e t e r ­
mined by means o f t e n s i l e t e s t s , i n d i r e c t t e n s i l e t e s t s and t h r e e p o i n t ben­
d i n g t e s t s . A c c o r d i n g t o t h e ASTM procedure | l 9 | K g f o l l o w s from t h r e e p o i n t 
bending t e s t s by 

K i c = i~hfF f ( c / h ) eq- 6 - 2 

where K ^ = f r a c t u r e toughness |N/mm| 
f ( c / h ) = 2 . 9 ( c / h ) 0 - 5 - UMc/h)1-5 + 2 1 . 8 ( c / h ) 2 - 5 eq. 6.3 

- 3 7 . 6 ( c / h ) 3 - 5 + 38.7(c/h)"- 5 

P = f r a c t u r e l o a d |N| 
1, b, h = l e n g t h , w i d t h , h e i g h t o f t h e specimen |mm| 
c = c r a c k l e n g t h |mm| 



6.3.2 Mult i Mode Cracking 

There w i l l be no doubt t h a t i n most cases a l l t h r e e c r a c k i n g modes w i l l 
o c c u r . F o r i n s t a n c e i n pavements, mode I and mode I I c r a c k i n g w i l l p r e v a i l . 
The q u e s t i o n now a r i s e s how t h i s m u l t i mode c r a c k i n g s h o u l d be t r e a t e d o r , i n 
o t h e r words, how can we d e r i v e t h e d i r e c t i o n o f c r a c k i n g from m u l t i mode 
c r a c k i n g c o n d i t i o n s . In o r d e r t o overcome t h i s problem, S i h |20| has p o s t u ­
l a t e d h i s multimode f r a c t u r e t h e o r y . 
From t h e energy dW per u n i t of volume dV i n an e l a s t i c m a t e r i a l 

dW = - ^ | a 2 + a 2 + o 2 - 2 v ( a c + a a + a a ) + 2 E ' x y z y z z x x y 
2(1 + V ) ( T 2 + T 2 + T 2 )| dV e q . 6.1» 

yz zx xy 1 ^ 
he a r r i v e d t o 

where 

K I ' 

dW 
dV = — ( a n K i + 2 a i 2 K i K 2 + a 2 2 K 2 

2 + a 3 3 K 3
2 ) 

a n = - 4 — I(3-hv-cosé)(1+cosó)I 1 by 

a i 2 = TgTj 2 s i n * |cos<M 1-2v) | 

a 2 2 = -r4~ |U( 1-v)( 1-COSIj)) + ( 1+cos 1 ou * > C 3 cos4>-l) 1 

a 3 3 
1 

E 
u = 2( 1+v) 

E = e l a s t i c modulus 
V = 
Ki= 

P o i s s o n ' s r a t i o 

K 2 = 
K 3 = 

K I I / A 

K T I I / A 

K J J J = s t r e s s i n t e n s i t y f a c t o r 
c r a c k i n g r e s p e c t i v e l y . 

a s s o c i a t e d w i t h K J J J = s t r e s s i n t e n s i t y f a c t o r 
c r a c k i n g r e s p e c t i v e l y . 

eq. 6.5 

r , <|> = as i n d i c a t e d i n f i g u r e 6.2. 

The p a r t i n parentheses i n e q u a t i o n 6.5 g i v e s t h e a m p l i t u d e o f t h e e l a s t i c 
energy at a d i s t a n c e r o f t h e c r a c k t i p . T h i s f a c t o r i s d e f i n e d as t h e s t r a i n 
energy d e n s i t y f a c t o r S. 

S = a n K i 2 + 2 a i 2 K i K 2 + a 2 2 K 2
2 + a 3 3 K 3

2 eq. 6.6 
S i h h y p o t h e s i z e d t h a t t h e c r a c k s would grow i n t h e d i r e c t i o n o f t h e minimum 
s t r a i n energy d e n s i t y which e q u a l s t h e d i r e c t i o n of t h e maximum p o t e n t i a l 
energy i n t r o d u c e d i n t o t h e system due t o t h e a p p l i e d l o a d s . 
M a t h e m a t i c a l l y t h i s can be w r i t t e n as: 

Up = -S ^ =0 eq. 6.7 
The d i r e c t i o n o f c r a c k i n g w i l l be $ = * 

dS n , d 2S 0 en 6 8 i f — = 0 and T T F > 0 e 1 - D-° dip d*1-
U s i n g t h i s approach, S i h showed t h a t f o r mode I c r a c k i n g <(>o=0 w h i l e f o r mode 
I I c r a c k i n g <f>0 depends on P o i s s o n ' s r a t i o ( f i g u r e 6.3, t a b l e 6.1) 
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Table 6.1 D i r e c t i o n of Mode II Cracking 
in r e l a t i o n to Poisson's Ratio 

V *o 
0 -70.5° 
0.1 -75.6° 
0.2 -79.3° 
0.3 -83.3° 
Ct.lt -87.2° 
0.5 -90.0° 

Figure 6.3 D i r e c t i o n of Cracking in r e l a t i o n 
to the Cracking Mode and 
Poisson's Ratio. 

S i n c e c r a c k i n g w i l l o c c u r a t a c r i t i c a l v a l u e o f S, c a l l e d S , i t can be c r shown t h a t 
_ (1+V)(1-2V) 2 

c r " 2TTE Ic 

Furthermore i t can be shown by supposing 
S = S c r c r mode I mode I I 

t h a t K l . 3(1-2V) 

eq. 6.9 

eq. 6.10 

eq. 6.11 l i e 2 ( 1 T v ) - v 2 • Ic 

6 . 3 . 3 Crack Propagation Laws 

In 1963, P a r i s and Erdogan [21 J found from e x p e r i m e n t a l d a t a t h a t t h e c r a c k 
p r o p a g a t i o n r a t e dc/dN was p r o p o r t i o n a l t o the s t r e s s i n t e n s i t y f a c t o r K 
r a i s e d t o t h e power n 

dc .„n s .~ - = AK eq. 6.12 

where dc/dN = i n c r e a s e i n c r a c k l e n g t h p e r l o a d i n g c y c l e 
K = s t r e s s i n t e n s i t y f a c t o r 

A, n = c o n s t a n t s depending on t h e m a t e r i a l 

P a r i s and Erdogan s t a t e d t h a t n was about It. Majidzadeh et a l . |2, 3, h, 5| 
concluded from t h e i r experiments on sand a s p h a l t t h a t a v a l u e o f about It was 
indeed a r e a s o n a b l e v a l u e f o r n. F o r a s p h a l t i c c o n c r e t e mixes however n was 
c l o s e t o 3. A l s o n = It v a l u e s were r e p o r t e d by Monismith e t a l . |10|. 
Furthermore Majidzadeh showed a dependency of n on te m p e r a t u r e . I n g e n e r a l n 
i n c r e a s e d w i t h d e c r e a s i n g t e m p e r a t u r e . T h i s makes sense s i n c e a t l o w e r tempe­
r a t u r e s a s p h a l t mixes behave more b r i t t l e which s h o u l d be r e f l e c t e d i n t h e 
v a l u e o f n. 

http://Ct.lt
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In l a t e r p u b l i c a t i o n s Majidzadeh et a l . | 6 , 7, 8| r e p o r t e d t h a t t he c r a c k 
growth r e l a t i o n between l o g (dc/dN) and l o g K, i s not l i n e a r i n g e n e r a l . They 
co n c l u d e d t h a t a f o u r term model d e s c r i b e d t he e x p e r i m e n t a l d a t a much b e t t e r . 
T h i s f o u r term model l o o k e d l i k e 

| | = AiK + A 2 K 2 + A 3K* + A..K6 eq. 6.13 

Furthermore Majidzadeh c o n c l u d e d t h a t i f t h e one term model was used (eq. 
6.12), t h e power n was dependent on the l o a d i n g c o n d i t i o n s . F o r low l o a d s , 
h i g h c y c l e f a t i g u e , n would be somewhere between k and 8 w h i l e f o r h i g h l o a d s 
low c y c l e f a t i g u e , n would be e q u a l t o or s m a l l e r t h a n 2. He a l s o c o n c l u d e d 
t h a t i f n=2, t h e c o n s t a n t A c o u l d be e s t i m a t e d from mechanical mix p r o p e r ­
t i e s by 

a 
A x 10 9 = 0.231 + 2.613 ( — x 10 3) + 3.233 (K x l O - 1 1 ) eq. 6. lU 

E* 
where a = t e n s i l e s t r e n g t h ( p s i ) (a = 1200 p s i / s ) m 

E x = dynamic modulus ( p s i ) ( f = 10 Hz) 
Kj. = f r a c t u r e toughness ( l b s / i n l* S) (o = 1200 p s i / s ) 

S i n c e t h e l o a d i n g c o n d i t i o n s i n f l u e n c e d t h e v a l u e o f n, Majidzadeh concluded 
t h a t a two term c r a c k growth law c o u l d he used t o c o v e r a l l l o a d i n g c o n d i t i ­
ons. T h i s model l o o k e d l i k e 

% = A i K 2 + A 2K" eq. 6.15 an 
Here A i and A 2 c o u l d be e s t i m a t e d from mechanical p r o p e r t i e s by 

o 
A i x 1 0 1 0 = 7.02 + 77.9 ( — x 1 0 3 ) 2 - 6.09 (K * 1 0 ~ 3 ) 3 eq. 6.16 

E* 
a 

A 2 x 1 0 1 6 = 31 .36 - 1 132.1* ( — x 10 3) 3 - 1+3.32 (K x 10"~ 3) 3 eq. 6.17 
E x i c 

From Majidzadeh's work one c o u l d come t o t h e c o n c l u s i o n t h a t P a r i s ' l a w cannot 
be used f o r c r a c k growth p r e d i c t i o n s . However, i t w i l l be shown t h a t t h i s 
c o n c l u s i o n i s not c o r r e c t . 

I n s p i t e o f t h e above mentioned o b j e c t i o n s , t h e o r e t i c a l j u s t i f i c a t i o n o f 
P a r i s ' law can be found by c o n s i d e r i n g Schapery's work | 13|- He d e r i v e d an 
equ a t i o n r e l a t i n g t h e v e l o c i t y o f a c r a c k i n a v i s c o - e l a s t i c m a t e r i a l due t o 
mode I d i s p l a c e m e n t s , t o t h e p r o p e r t i e s o f t h a t m a t e r i a l . 

% - AK n eq. 6.18 dN 

( 1 ~ £ ) D ' | V m U w ( t ) 2 ( 1 + 1 / m ) d t | eq. 6.19 " " 6a 2 I 2 1 2r 
m j u 

n = 2(1 + 1/m) eq. 6.20 
where a = maximum t e n s i l e s t r e s s t h e m a t e r i a l can w i t h s t a n d b e f o r e f a i l u r e m 

I i = a f a c t o r depending on t h e s t r e s s c o n d i t i o n s a t t h e c r a c k t i p , t h e 
f a i l u r e s t r e s s of t h e m a t e r i a l and the l e n g t h of t h e f a i l u r e zone 

D2 = t h e compliance o f the m a t e r i a l c o n s i d e r e d a t t=1 s e c . 
v = P o i s s o n ' s r a t i o 
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r = fracture energy, defined as the work done on a material to pro­
duce a unit area of crack surface 

w(t) = the pulse shape of the stress intensity factor 
m = the slope of the compliance curve. 

In equation 6.19 a l l factors except I i and w(t) are solely dependent on the 
type of material. Considering the magnitude of I i , Germann and Lytton |15| 
have stated that "reasonable values of I\ can be taken any value between one 
and two". In t h i s way they j u s t i f i e d the choice of 1.5 as used i n t h e i r study. 

Observation of Schapery's equation shows that t h i s t h e o r e t i c a l l y derived 
equation i s basic l y the same as the Paris r e l a t i o n . 
Comparison of the regression equations to estimate the magnitude of A as de­
rived by Majidzadeh et a l , with the equation for A as given by Schapery, 
leads to the conclusion that for fixed loading conditions i t i s indeed possi­
ble to estimate A from routine material t e s t s . 
Furthermore i t can be concluded that Majidzadeh's statement n being dependent 
on the loading conditions i s v a l i d i f we consider the e l a s t i c or s t i f f n e s s 
moduli of asphaltic materials to be stress dependent. This i s c e r t a i n l y the 
case at higher temperatures (or lower load frequencies) ( f i g . 6.U 1221 ). 

Note: G = E/2( l + v) 

Figure 6.4 Dependency of the Shear Modulus on the Magnitude 
of the Shear Stress. 

It can e a s i l y be shown that m increases at higher temperatures (or lower load 
frequencies) i f the stress l e v e l increases. This would, according to equation 
6.20 result i n lower values for n. 
However i t might be doubted whether these low n values (< 2) as reported by 
Majidzadeh w i l l occur i n practice since normally the pavement i s not designed 
to sustain 10 load cycles but at least 106 load cycles. 
Nevertheless almost a l l specimens tested by Majidzadeh f a i l e d at less than 
5.101* cycles while most of them f a i l e d a f t e r 101* load repetitions. So in prac­
t i c e , low load high cycle fatigue conditions resulting i n unreduced n values, 
w i l l probably p r e v a i l . 

Recently Schapery has extended his theory in order to be able to describe the 
fracture i n nonlinear v i s c o e l a s t i c composite materials |23, 2k\. 
He assumed a nonlinear behaviour which can be described by ( f i g . 6.5) 
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b e o eq. 6.21 

where o = applied stress l e v e l 
o 0 = y i e l d stress 

b , b i = constants, o 

GT/LT |J ^ 

decreasing 

Figure 6.5 Nonlinear Stress - Strain Relations used by Sahapery. 

By using a generalized J integral theory he arrived to the following express­
ions for the exponent of the crack growth law n 
If a and r take a constant value then m 

n = 2(1 + - ) m eq. 6.22 

If the length of the fracture zone a and V take a constant value then 

n = 2 C ) m eq. 6.23 

If the length of the fracture zone a and the crack opening displacement u 
take a constant value, then 

For the sake of completeness a and u are defined i n figure 6 .6 . 

eq . 6.2k 

failure zone 

crack opening displacement u=w,-W2 

Figure 6.6 D e f i n i t i o n of a and u. 
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Schapery's developments have t h e f o l l o w i n g i m p l i c a t i o n s . 
I f we assume m = 0.5 and we a l s o assume b% = 1, t h e n n = 6 i f t h e c r a c k 
growth p r o p e r t i e s were d e r i v e d by means of a c o n s t a n t s t r e s s t y p e o f t e s t , 
and n =• k i f t h e t e s t was a c o n s t a n t d i s p l a c e m e n t t y p e o f t e s t . 

A p p l i c a t i o n o f Schapery's t h e o r y seems v e r y a t t r a c t i v e s i n c e i t shows t h e o ­
r e t i c a l l y t h a t t h e r e e x i s t p o s s i b i l i t i e s t o determine t h e c o n s t a n t s A and n 
from s i m p l e t e s t s and nomographs. 

From the f o r e g o i n g i t i s concluded t h a t P a r i s ' law as extended by Schapery 
can be used f o r c r a c k p r o p a g a t i o n c a l c u l a t i o n s w i t h a r a t h e r h i g h degree of 
c o n f i d e n c e . 
Furthermore i t i s concluded t h a t P a r i s ' law can a l s o be used f o r t h e a n a l y s i s 
o f m u l t i mode c r a c k i n g c o n d i t i o n s s i n c e , as has been i n d i c a t e d i n the p r e v i o u s 
paragraph, K can e a s i l y be r e p l a c e d by S. 

6.3.4 Ca lcu lat ion Techniques 

C a l c u l a t i o n on c r a c k p r o p a g a t i o n i n pavement s t r u c t u r e s i n v o l v e s t h e use of 
f i n i t e element programs i n o r d e r t o be a b l e t o c a l c u l a t e t h e s t r e s s e s and 
s t r e s s i n t e n s i t y f a c t o r s i n the a r e a s u r r o u n d i n g t h e c r a c k t i p . I n o r d e r t o 
a v o i d a c c u r a c y e r r o r s , a f i n e element mesh has t o be c r e a t e d around the c r a c k 
t i p . Furthermore c r a c k i n g i s a t y p i c a l t h r e e d i m e n s i o n a l phenomenon so i n f a c t 
3D programs s h o u l d be used. These t y p e s o f programs however do r e q u i r e a 
l a r g e s t o r a g e c a p a c i t y and a l a r g e amount o f computation t i m e . T h e r e f o r e t h e i r 
use i s r e s t r i c t e d t o s p e c i a l problems. 
In o r d e r t o overcome t h i s problem a two d i m e n s i o n a l p l a i n s t r a i n approach i s 
u s u a l l y adopted w h i l e sometimes a q u a s i 3D program i s used which i n c o r p o r a t e s 
p r i s m a t i c elements |:25|. 
J u s t r e c e n t l y , two 2-D f i n i t e element programs i n c o r p o r a t i n g s p e c i a l c r a c k 
t i p elements have become a v a i l a b l e which a l l o w s the u s e r t o d e f i n e a much 
c o a r s e r element mesh around the c r a c k t i p . Chang, L y t t o n and C a r p e n t e r \lh\ 
have r e p o r t e d such a program t h a t has been shown t o be v e r y e f f i c i e n t and 
h i g h l y a c c u r a t e even when a coarse element mesh i s used. 
F i g u r e 6.7 g i v e s an example o f the f i n i t e element r e p r e s e n t a t i o n o f a c r a c k e d 
pavement i n c o r p o r a t i n g t h e s p e c i a l c r a c k t i p element as used i n t h e i r s tudy. 

Figure 6. 7 Finite Element Representation of a Pavement Structure, 
a) Five-Node Tip Element for Symmetric Case 
b) Nine-Node Tip Element for Non Symmetric Case \l4\ 
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Marchand and Goacolon |l8| reported the development of the BIFIS program 
which incorporates a crack t i p element as shown i n figure 6.8. 
Both the Chang and Marchand program produce Ki and K 2 values at the crack t i p . 

Figure 6.8 F i n i t e Element Representation of a Pavement Structure and 
the Crack Tip Element as used by Marchand et al. \w\ 

Coetzee in his study |11| used a f i n i t e element program to calculate the 
effective stress contours instead of K values i n the surrounding of the crack 
t i p . The effective stress i s defined by 

°eff = ~72 J ' ( 0 1 " ° 2 ' 2 + ( ° 2 ~ ° 3 ) 2 + ( ( ? 3 " ° l ) 2 ' 6q* 6 - 2 5 

He motivated his choice for calculating o ^ instead of K by stating 
"The use of the e f f e c t i v e stress allows consideration of a given state of 
stress in the pavement in terms of a parameter that can be compared with 
that of a d i f f e r e n t stress condition to determine the r e l a t i v e e f f e c t s of 
the stress states on the pavement. Further, unlike generally applied pavement 
design techniques which use horizontal t e n s i l e s t r a i n s at the base of the 
surface layer as a f a i l u r e c r i t e r i o n , e f f e c t i v e stress considerations can 
accomodate the detrimental effect of compressive stresses in the overlay over 
the e x i s t i n g crack." 
However i t should be noted that f a i l u r e predictions based on the effective 
stress are only v a l i d i f the material follows the von Mises f a i l u r e c r i t e ­
r ion. This i s not the case for asphaltic materials. Here the f a i l u r e condi­
tions can be described better by the Mohr-Coulomb c r i t e r i o n . This involves 
that the f i r s t stress invariant should also be taken into account. 
Based on the foregoing the author decided that for the stress intensity c a l ­
culations the program reported by Chang et a l . could be used 

6.4 Experimental Program 

In order to obtain the fracture and crack growth characteristics of common 
Dutch mixes, an experimental program on both subjects was carried out. 
Also t h i s program should result in relations between the fracture characte­
r i s t i c s , as determined by means of st a t i c tests and crack growth properties 
which are the result of repeated load t e s t s . 
By means of these rel a t i o n one would be able to estimate the dynamic proper­
t i e s by means of routine testing. The author believes, that the development 
of such relations should be encouraged, since in t h i s way application of fun­
damental sound approaches which give an insight in the r e f l e c t i o n cracking 
problem, would be promoted. 
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The e x p e r i m e n t a l program c o n s i s t e d o f 
a: s t a t i c t e s t s ; 

a1: i n d i r e c t t e n s i l e t e s t s t o determine t h e t e n s i l e s t r e n g t h of t h e 
mixes c o n s i d e r e d 

a2: t h r e e p o i n t bending t e s t s on notched beam specimens t o determine t h e 
f r a c t u r e toughness and s t i f f n e s s o f t h e mix 

b: dynamic t e s t s ; 
b1: dynamic t e n s i l e t e s t s on notched beam specimens a t h i g h e r l o a d 

l e v e l s and v a r i o u s f r e q u e n c i e s and temperatures t o determine t h e 
c r a c k growth c h a r a c t e r i s t i c s 

b2: dynamic t e n s i l e and compressive t e s t s on beams at low l o a d l e v e l s 
and v a r i o u s f r e q u e n c i e s and temperatures t o determine t h e mix s t i f f ­
ness (compliance) c h a r a c t e r i s t i c s (D 2 and m, see e q u a t i o n 6.19). 

I n t h e subsequent s e c t i o n s t h e s e t e s t s and t h e i r r e s u l t s w i l l be d e s c r i b e d . 
F i r s t o f a l l however a t t e n t i o n w i l l be p a i d t o t h e mix c o m p o s i t i o n s and p r e ­
p a r a t i o n o f th e t e s t specimens. 

6.4.1 Mix Compositions, Preparation of the Test Specimens 

B a s i c l y f o u r mix types were c o n s i d e r e d i n the dynamic t e s t program w h i l e i n 
the s t a t i c t e s t program f i v e mixes were c o n s i d e r e d . W i t h i n t h r e e mix types 
t h e t y p e of bitumen as w e l l as th e g r a d a t i o n was v a r i e d which r e s u l t e d i n 
t h r e e t o f o u r v a r i a n t mix c o m p o s i t i o n s . A l l mixes can be c o n s i d e r e d t o be 
t y p i c a l Dutch mixes. The t y p i c a l a s p e c t o f Dutch mixes i s t h a t t h e y c o n t a i n 
f a c t o r y made f i l l e r s because, among o t h e r r e a s o n s , t h e n a t u r a l m i n e r a l aggre­
gate c o n t a i n s v e r y l i t t l e i n h e r e n t f i l l e r . The f i l l e r s a r e s p e c i f i e d a c c o r ­
d i n g t o t h e i r " s t r e n g t h " , which i s t h e c a p a c i t y o f th e f i l l e r t o absorb 
bitumens, i n t o v e r y weak, weak and medium f i l l e r s . 
T able 6.2 g i v e s t h e c o m p o s i t i o n of each mix. F i g u r e 6.9 shows t h e g r a d a t i o n 
o f t h e aggregate as used i n each mix. 
T able 6.2 a l s o g i v e s i n f o r m a t i o n on th e v o i d c o n t e n t of th e mixes a f t e r 
compaction. Because M a r s h a l l compacted d e n s i t i e s were a v a i l a b l e f o r most 
mixes, i t was p o s s i b l e t o c a l c u l a t e t h e degree o f compaction; t a b l e 6.2 a l s o 
c o n t a i n s t h i s i n f o r m a t i o n . 
Furthermore t h e t a b l e g i v e s an i n d i c a t i o n i n which p a r t of th e a s p h a l t s t r u c ­
t u r e t h e mixes a r e used. 

S i n c e i t was deci d e d t o use beam specimens f o r most o f the s t a t i c and a l l 
dynamic t e s t s , s l a b s were made h a v i n g a s i z e of 0.9 x 0.26 x- 0.095 m ( l e n g t h x-
wi d t h x h e i g h t ) . 
A f t e r c a s t i n g t h e m a t e r i a l i n t o a mold, h a v i n g t h e above mentioned i n t e r n a l 
d i m e n s i o n s , t h e m a t e r i a l was compacted by means o f a r o l l e r , w i t h a w i d t h of 
0.26 m. The r o l l e r was moved a l o n g t h e m a t e r i a l by hand. 
F i r s t 10 passes were a p p l i e d u s i n g an unloaded r o l l e r (m=38 kg) a f t e r which 
10 passes were a p p l i e d u s i n g a l o a d e d r o l l e r (m=7'+ k g ) . The sa n d a s p h a l t s l a b s 
were compacted by hand s i n c e use o f th e r o l l e r r e s u l t e d i n sh o v i n g o f th e 
mix. 

The beam specimens were sawn from t h e s l a b s i n t h e f o l l o w i n g way. F i r s t t h e 
edges of t h e s l a b were c u t o f f and a f t e r t h a t t h e beams were sawn a t t h e i r 
d e s i r e d l e n g t h . Hext t h e t o p and bottom o f each beam were cut o f f i n o r d e r 
t o a v o i d edge e f f e c t s . 

Cores were t a k e n from t h e s l a b s i n o r d e r t o o b t a i n specimens f o r t h e i n d i ­
r e c t t e n s i l e t e s t s . A g a i n the t o p and bottom o f each c o r e were cu t o f f and 
the r e m a i n i n g p a r t s were sawn i n two d i s k s each h a v i n g a h e i g h t o f about 
0.025 m. 
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Figure 6.93 Gradation of Mix B2} B3, Su, E1} E2, E3;i l\ 

Figure 6.9c Gradation of Mix C 



Table 6.2 Composition of the Mixes studied 

Mix G r a v e l Sand Open A s p h a l t i c Sand Dense A s p h a l t i c C o l d 
A s p h a l t C o n c r e t e A s p h a l t Concrete A s p h a l t 

C o m p o s i t i o n ( P e r c e n t a g e ^ ^ A ^ B j C E i E 2 E 3 Ei, F 
by w e i g h t 

G r a v e l 55 -55 55 — — — — ~ — — — — 
Crushed g r a v e l — — — 62 62 62 62 — 57 57 57 57 60 
R i v e r s a n d 39 19.5 9 31 — 31 — 63 — — g 9 
Fore shore sand — 19.5 30 ' — 31 — 31 31 35 35 
Crushed r i v e r s a n d — — — — — — — — — — 26 26 31 
F i l l e r DF18 (weak) 6 6 6 7 7 7 7 — _ _ _ _ _ _ _ _ 
F i l l e r KhO (weak) — — — — — — — 6 
F i l l e r Duras (medium) — — — — — — — — 8 8 8 8 
F i l l e r — — — — — — — — — — — — 9 

Bitumen 1+5/60 5 5 5 5 5 1* 6.h — 6.1+ — 
Bitumen 80/100 _ _ _ _ _ _ 5 5 __ (,.k é j . 
Bitumen 80/100+ f l u x o i l — — — — ~ — — — — _ — — 7.5 

Mean V o i d Content (%) 5.91* 7.57 10.01 k.95 9.98 3.72 9.09 20.5 7.08 6.81* 2.9 h.39 8 
Degree o f Compaction {%) 97.2 97. 1 96.5 97.7 96.5 99.0 97.5 97.0 95.1* 96.1* 98.7 97.2 

L o c a t i o n i n S t r u c t u r e Base m B i n d e r Subhase Top l a y e r Top l a y e r 
Temporary Top l a y e r 
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6.5 S ta t i c Tests to determine the Fracture Toughness, Tens i le Strength and 
S t i f fnes s Character i s t i c s 

In t h i s section the s t a t i c tests which were carried out in order to deter­
mine the fracture toughness, t e n s i l e strength and st i f f n e s s characteristics 
w i l l be described. Many of these results have already been published else­
where 126 | . 
Three point beam bending tests were performed to determine the fracture 
toughness and mix s t i f f n e s s c h a r a c t e r i s t i c s . The t e n s i l e strength of the 
mixes was evaluated by means of the indirect t e n s i l e t e s t . 

6.5.1 Fracture Toughness Tests 

Three point bending tests ( f i g . 6.10) were performed in order to obtain f r a c ­
ture toughness values for the different mixes. The dimensions of the tested 
beams were 1 x w x h = 0.U5 x 0.05 x 0.05 m. At midspan an i n i t i a l crack was 
sawn with a depth of about 0.01 m. The width of the a r t i f i c i a l crack was 
about 5 mm, the radius of the crack t i p about 2.5 mm. 

Figure 6.10 Three Point Bending Test 

It was decided to perform the fracture toughness tests on a Marshall testing 
device since th i s piece of equipment i s available i n each pavement material 
testing laboratory. Using the Marshall device means that a stroke controlled 
type of test i s used ( v e r t i c a l deformation speed = O.85 mm/sec). 
In order to get fracture toughness results at different mix stiffnesses, the 
tests were performed at temperatures of - 1 5 , _ 5 , 5 and 15°C. Table 6.3 shows 
the mean fracture toughness values and standard deviation around the mean as 
determined for the different mixes. It should be noted that a l l K T values 

Ic 
are calculated from the fracture load. 
The ASTM procedure |19| (see appendix 6A) was used, i n order to check whether 
the values calculated in this way could be considered to be " v a l i d " . 
From t h i s i t was concluded that a l l 15°C results and some of the 5°C results 
were " i n v a l i d " . Candidate K values were then calculated and these~are given 
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Table 6.3 Fracture Toughness Values (Kj ) as determined for the Mixes 
considered \N/mm1'5\ 

Temperature |°c| 
Mix - 15 -5 5 15 

vc vc K T vc K T vc Ic Ic Ic vc Ic vc 

A i 17.39 8 19.1 2.2 15.1*5(17.97) 6.2 11.1 (11+.8 ) 2.9 
A 2 15.08 9 16.1+ 13.6 13.66(11+35) 6.1 3.98( 6.99) 18.8 
A 3 13.32 16 13.56 7.It 10.lt8( 11.01+) 11.7 2.1+9( 2.1+9) 5.It 
B i 22.02 10.8 22.38 10. 11.6M18.77) 1+.1 5.95( 9.01) 7.1 
B 2 10. U5 12.3 10.37 5.5 5.8 ( 8.66) 7.5 2.73( 1+.11+) 18.9 
B 3 20.71* 2.5 25.38 13.9 16.77(17.11) lt . 6 11.82(16.89) 6.2 
Bit 13.U8 5.3 9.72 25.2 10.39( 11.95) 8 .8 8.19( 8.19) 5.It 
C 6.12 1+ 6.31+ 5.2 9.15 1.9 6.18( 8.03) 3.8 

E i k . l 7.It It.77 7.1 3.85 9.1 1.65( 2.89) 6.1 
E 2 It.39 9.0 5.33( 6.66) 23.1 1.1+1( 2.87) 2.9 
E 3 6.98 8 .6 7.38 6.5 6.87 5. 3 .6 ( 6.2 ) 2.8 
E+» 6.91 6.it 7.67 3 .2 6.1+1. 5 .6 1.3M 3.52) 2.1 

F 12.1+ 1.7 8.22(9.79) 1.22 2.72( It.39) 0.3 (0°C data) 

Note: vc = c o e f f i c i e n t o f v a r i a t i o n \%\ 
The K j c v a l u e s i n parentheses a r e c a l c u l a t e d from t h e f r a c t u r e l o a d , 
t h e o t h e r v a l u e s a r e c a l c u l a t e d a c c o r d i n g t o t h e d e s c r i b e d ASTM 
procedure (appendix 6A). 

Table 6.4 Tangent Modulus (Sm^) of the Mixes determined from the Fracture 
Toughness Tests \MPa\ 

Temperature ]°C| 
Mix -15 -5 5 15 

S . 
mix 

vc S . mix vc s . mix vc S . mix vc 
A i 6458 15 511+1 6 2527 16 I75lt 9 
A 2 565lt 13 U565 15 2530 15 1214 32 
A3 5266 7 5096 32 1719 11 781t 35 
B i 9095 15 5935 8 3034 3 ll+7lt 1+ 
B 2 1+052 18 3017 16 1292 1+ 689 16 
B 3 8176 17 7817 10 3619 10 2157 7 
Bo 1+975 11 3793 17 2131 6 11+95 13 
C 3lto6 15 2936 18 1522 7 1081 k 

E i 1853 6 1561+ 6 706 7 337 9 
E 2 1118 16 919 21 675 17 
E 3 2818 11* 2173 7 1558 5 658 15 
E„ 2I+65 9 2063 8 850 17 331+ 12 
F 2731 18 1331+ 36 1+69 38 (0°C data) 
Note: vc = c o e f f i c i e n t o f v a r i a t i o n \%\ 

http://11.6M18.77
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Figure 6.11a Fracture Toughness 
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Figure 6.11a Fracture Toughness Values 5 
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Figure 6.lid Fracture Toughness Values 
for the Cold Asphalt and Dense Asphaltic 

Concrete Mixes 
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Figure 6.11b Fracture Toughness Values for 
the Open Asphaltic Concrete Mixes 

Figure 6.12 Sahematiaal Represen­
t a t i o n of the Calculation of the 
Tangent Modulus 
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i n t a b l e 6 . 3 t o o ( v a l u e s i n p a r e n t h e s e s ) . 
The terms " v a l i d " , " i n v a l i d " and " c a n d i d a t e " a r e e x p l a i n e d i n appendix 6A 
F i g u r e 6.11 shows the r e s u l t s o f t h e K measurements i n a g r a p h i c a l way. 
Furthermore t h e tangent s t i f f n e s s modulus o f each specimen was c a l c u l a t e d 
from t h e l o a d d i s p l a c e m e n t curves ( f i g . 6 .12) . These r e s u l t s a r e g i v e n i n 
t a b l e 6.h and f i g u r e 6.13. 

Figure 6.13 Tangent Modulus (Sm%x) Figure 6.14 Tensile strength (am) as 
as determined for the Mixes aonsi- determined for the Mixes considered 
dered 

6.5.2 Ind i rect Tens i le Tests 

I n d i r e c t t e n s i l e t e s t s were performed i n o r d e r t o o b t a i n t e n s i l e s t r e n g t h 
v a l u e s f o r the d i f f e r e n t mixes. Only t h o s e mixes were c o n s i d e r e d which were 
a l s o t e s t e d i n t h e c r a c k growth e x p e r i m e n t s . These i n d i r e c t t e n s i l e t e s t s 
were performed t o o on a M a r s h a l l t e s t i n g d e v i c e . The t e s t i n g temperatures 
were -15, - 5 , 5, 15 and 25°C. The t e n s i l e s t r e n g t h v a l u e s o f each mix i n r e ­
l a t i o n t o t h e t e s t i n g temperature a r e shown i n f i g u r e 6.1U. 

6.5.3 Discussion on the S t a t i c Test Results 

I n t h i s s u b s e c t i o n , t h e r e s u l t s o f t h e s t a t i c t e s t s w i l l be d i s c u s s e d . 
F i r s t o f a l l t h e a t t e n t i o n w i l l be f o c u s s e d on t h e f r a c t u r e toughness r e ­
s u l t s , s u b s e q u e n t l y t h e s t i f f n e s s moduli w i l l be d i s c u s s e d and f i n a l l y a t t e n ­
t i o n w i l l be p a i d t o t h e i n d i r e c t t e n s i l e t e s t r e s u l t s . 

6.5.3.1 Fracture Toughness 

As c o u l d be ex p e c t e d , temperature has a l a r g e i n f l u e n c e on t h e t e s t r e s u l t s 
( f i g . 6 .11) . T h i s i n f l u e n c e i s most pronounced f o r t h e g r a v e l sand a s p h a l t 
and open a s p h a l t i c c o n c r e t e mixes. A l s o a dramatic decrease o f t h e K l c w i t h 
r e s p e c t t o temperature can be observed f o r t h e c o l d a s p h a l t mix. 
Furthermore a l a r g e i n f l u e n c e o f t h e t y p e o f sand used i n t h e mix can be 
observed. Foreshore sand r e s u l t s i n l e a n mixes which have a h i g h v o i d con­
t e n t (compare A i w i t h A 2 and A 3 , B i w i t h B 2 and B 3 w i t h B i , ) . F i g u r e 6.15 
n i c e l y shows t h e i n f l u e n c e o f t h e v o i d c o n t e n t on t h e K j c f o r t h e g r a v e l sand 
a s p h a l t mixes. 
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l_. I i I > I , i 

7 8 9 10 
void content |% | 

Figure 6.IS Influence of Void Content and Temperature on the Fracture 
Toughness of Gravel Sand Asphalt Mixes 

A l s o t h e i n f l u e n c e of the type of bitumen, o r perhaps b e t t e r t h e i n f l u e n c e o f 
t h e c h a r a c t e r i s t i c s o f t h e b i t u m e n / f i l l e r m o r t a r , can be r e c o g n i z e d . Espe­
c i a l l y a t h i g h e r temperatures t h e mixes h a v i n g a 1*5/60 bitumen - produce h i g h e r 
K j c v a l u e s t h a n comparable mixes c o n t a i n i n g a 80/100 bitumen (compare B i w i t h 
B 3 , B 2 w i t h BJ, and E 3 w i t h Ei,, f i g . 6.11b and 6.11 d) 
Furthermore i t s h o u l d be noted t h a t a l l dense a s p h a l t i c c o n c r e t e mixes showed 
low Kj_ c v a l u e s . T h i s i s c o n t r i b u t e d t o t h e h i g h e r bitumen content o f t h i s mix 
The r a t h e r c o n s t a n t v a l u e s o f Kj_ e as o b t a i n e d f o r t h e sand a s p h a l t mix i s 
c o n t r i b u t e d t o t h e h i g h v o i d c o n t e n t o f t h i s mix. 

6.5.3.2 Mix S t i f fnes s 

The mix s t i f f n e s s as o b t a i n e d from t h e f r a c t u r e toughness t e s t s ( f i g . 6.13) 
do not g i v e r i s e t o s p e c i a l comments. The s t i f f n e s s i n c r e a s e s w i t h d e c r e a ­
s i n g temperature and t h e mixes c o n t a i n i n g a h a r d e r bitumen ( l o w e r pen.) p r o ­
duce h i g h e r s t i f f n e s s e s t h a n comparable mixes h a v i n g s o f t e r bitumens t e s t e d 
a t t h e same temp e r a t u r e . A l s o t h e e f f e c t o f t h e v o i d content on t h e mix 
s t i f f n e s s can be observed (compare f o r i n s t a n c e mix B i w i t h B 2 and B 3 w i t h 
B,,, f i g . 6.11b) 
From t h e mix s t i f f n e s s e s and mix c o m p o s i t i o n , t h e a p p r o p r i a t e bitumen s t i f f ­
nesses were back c a l c u l a t e d u s i n g t h e m o d i f i e d S h e l l S^-^ - S m ^ x nomograph 
[ST| • The c a l c u l a t e d S, . v a l u e s a r e g i v e n i n t a b l e 6 .5 . 
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Table 6.5 Calculated S^^. values \MPa\ 

Temperature l°c| 
Mix Type -15 -5 5 15 

A i 100 72 23 t l i 
A 2 72 52 23 9 
A 3 110 100 23 6.3 
B l 73 ¡4? 15 0.9 
B 2 73 1*3 11* 5 
B 3 100 90 29 15 
Bi* 80 50 22 13 

C 120 100 36 20 

E i 30 23 15 3 
E 2 17 12 7 
E 3 23 18 12 3.5 
Ei» 21.5 19 6.5 1.8 
F 23 8.5 1.7 (0°C) 

6.5.3.3 Tensi le Strength 

From t h e t e n s i l e s t r e n g t h v a l u e s as g i v e n i n f i g u r e 6.14 i t can be concluded 
t h a t e s p e c i a l l y at temperatures below 0°C t h e dense a s p h a l t i c c o n c r e t e mix 
compares f a v o r a b l y w i t h t h e open a s p h a l t i c and g r a v e l sand a s p h a l t mixes. 
T h i s might be c o n s i d e r e d as an unexpected r e s u l t s i n c e t h e tangen t modulus 
as w e l l as t h e K j c v a l u e s o f t h i s mix are r a t h e r low compared t o t h e v a l u e s 
o b t a i n e d f o r t h e g r a v e l sand a s p h a l t and open a s p h a l t i c c o n c r e t e mixes. 
T h i s l e a d s t o t h e c o n c l u s i o n t h a t a h i g h t e n s i l e s t r e n g t h does not always 
mean t h a t t h e mix a l s o has a h i g h s t i f f n e s s or a h i g h Kj_ c 

From t h i s i t i s concluded t h a t i n o r d e r t o determine t he f r a c t u r e p r o p e r t i e s 
of a s p h a l t mixes, one sh o u l d not o n l y t a k e i n t o account t h e t e n s i l e s t r e n g t h 
of t h e m a t e r i a l but a l s o t h e s t i f f n e s s o f t h e m a t e r i a l . 

6.6 Dynamic Tensi le Tests to character ize the Crack Growth Behaviour of 
Asphalt Concrete Mixes 

I n o r d e r t o o b t a i n v a l u e s f o r t h e c o n s t a n t s A and n from P a r i s ' c r a c k growth 
law (eq. 6.12) i t was d e c i d e d t o c a r r y out r e p e a t e d l o a d t e s t s on t h e mixes 
A i , B i , B 3 , Ei, and F. The f i r s t q u e s t i o n which had t o be s o l v e d was, which 
type of t e s t s h o u l d be s e l e c t e d f o r t h e s e experiments. T h i s s e c t i o n w i l l 
t h e r e f o r e f i r s t d e a l w i t h t h e s e l e c t i o n of t h e t y p e of t e s t , and sec o n d l y 
w i t h t h e e x p e r i m e n t a l program and i t s r e s u l t s . 

6.6.1 Select ion of the Type of Test 

A number o f t e s t s can be used t o e v a l u a t e t h e f a t i g u e and c r a c k growth p r o ­
p e r t i e s of a s p h a l t mixes, f o r example ( f i g . 6.16) 
a. t h r e e or f o u r p o i n t beam bending t e s t s 
b. beam on e l a s t i c f o u n d a t i o n t e s t s 
c. pure shear t e s t s 
d. i n d i r e c t t e n s i l e t e s t s 
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e. d i r e c t t e n s i l e t e s t s . 

1 

kz : : —_2 
t h r e e p o i n t "bending' 

d i r e c t 
t e n s i l e 

beam on e l a s t i c f o u n d a t i o n 

1 

i n d i r e c t t e n s i l e pure shear 

Figure 6. IS Sahematiaal Representation of the d i f f e r e n t Test Types 

Furthermore d i s t i n c t i o n can be made between c o n s t a n t l o a d t e s t s and co n s t a n t 
displacement t e s t s . 
The s e l e c t i o n of which t e s t s h o u l d be used f o r c r a c k growth experiment s h o u l d 
be based on two c r i t e r i a 
a. t he s i m p l i c i t y o f t h e t e s t 
b. t h e p o s s i b i l i t y t o c a l c u l a t e t h e s t r e s s i n t e n s i t y f a c t o r and c r a c k l e n g t h 

from t h e i n c r e a s e o f t h e measured d i s p l a c e m e n t s . 

By t he f i r s t c r i t e r i o n i t i s meant whether o r not t h e t e s t equipment i s r e a ­
d i l y a v a i l a b l e , whether o r not t h e t e s t i s easy t o run,and whether or not t h e 
specimen p r e p a r a t i o n i s s i m p l e . 
The l a t t e r c r i t e r i o n i s an i m p o r t a n t one s i n c e i t i s v e r y h a r d t o do a c c u r a t e 
c r a c k l e n g t h measurements on a s p h a l t c o n c r e t e specimens. T h e r e f o r e t h e c r a c k 
l e n g t h must be determined from t h e i n c r e a s e i n t h e measured d i s p l a c e m e n t s . 
In o r d e r t o determine whether o r not i t would be p o s s i b l e t o c a l c u l a t e t h e 
c r a c k l e n g t h from t h e measured d i s p l a c e m e n t s , t h e f i v e above mentioned t e s t s 
were a n a l y s e d by means o f t h e f i n i t e element program d e s c r i b e d by Chang e t 
a l . A d e t a i l e d d e s c r i p t i o n o f t h i s a n a l y s i s i s g i v e n i n appendix 6B. 

From t h i s a n a l y s i s i t was co n c l u d e d t h a t f o r each t e s t i t i s p o s s i b l e t o c a l ­
c u l a t e t h e c r a c k l e n g t h and s t r e s s i n t e n s i t y f a c t o r from t h e i n c r e a s e of t h e 
measured d i s p l a c e m e n t s . 
However f o r t h e beam on e l a s t i c f o u n d a t i o n t e s t , t h e K p r o f i l e was c o n s i d e r e d 
t o be r a t h e r c o m p l i c a t e d . Furthermore i t was n o t i c e d t h a t exact knowledge on 
th e degree o f adhesion between t h e a s p h a l t i c beam and t h e rubber subgrade was 
nec e s s a r y i n o r d e r t o be a b l e t o make p r o p e r e s t i m a t i o n s o f K. 
Another r e s u l t o f the a n a l y s i s was t h a t c o n s t a n t l o a d t e s t s s h o u l d be p r e ­
f e r r e d . T h i s i s because of the f a c t t h a t a t c o n s t a n t d i s p l a c e m e n t t e s t s , t h e 
a p p l i e d l o a d ( t h e magnitude o f which s h o u l d be measured) w i l l drop t o such a 
low l e v e l t h a t i n s t a b i l i t y o f t h e l o a d i n g system u s e d , might o c c u r . There­
f o r e t h i s t y p e of t e s t was thought t o be i n a p p r o p r i a t e . 
For reasons o f s i m p l i c i t y t h e pure shear t e s t was r e j e c t e d . F or t h i s t y p e o f 
t e s t a v e r y s t i f f and s t r o n g frame i s needed. Furthermore t h e p r e p a r a t i o n of 
the t e s t specimens was c o n s i d e r e d t o be c o m p l i c a t e d . 
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The t h r e e and f o u r p o i n t bending t e s t was r e j e c t e d s i n c e i n t h i s t e s t t h e 
dead weight o f t h e specimen can have a s i g n i f i c a n t i n f l u e n c e on t h e K v a l u e . 
The i n d i r e c t t e n s i l e t e s t was not thought t o be a p p r o p r i a t e s i n c e i t was ob­
served t h a t " r o c k i n g " o f t h e specimen c o u l d o c c u r . T h i s r o c k i n g movement has 
of course an i n f l u e n c e on the s t r e s s c o n d i t i o n s . Furthermore i t was q u i t e 
o f t e n observed t h a t the edges o f t h e l o a d i n g s t r i p s i n c i s e d i n t o t h e s p e c i ­
men. T h i s o f course w i l l i n f l u e n c e t h e s t r e s s c o n d i t i o n as w e l l as t h e c r a c k ­
i n g b e h a v i o u r . 
I n c i s i o n by t h e l o a d i n g s t r i p s might be overcome by p l a c i n g a r u b b e r s t r i p 
between t h e specimen and t h e l o a d i n g s t r i p . T h i s however h i n d e r s t h e measure­
ments o f t h e v e r t i c a l d i s p l a c e m e n t . 

From t h e above mentioned c o n s i d e r a t i o n s t h e a u t h o r c o n c l u d e d t h a t the d i r e c t 
t e n s i l e t e s t was the most a p p r o p r i a t e one f o r c r a c k growth e x p e r i m e n t s . I t 
s h o u l d be noted t h a t i n t h i s t e s t s p e c i a l a t t e n t i o n s h o u l d be p a i d t o a p r o p e r 
alignment o f t h e specimen. A l s o c o n s i d e r a b l e c a r e s h o u l d be g i v e n t o t h e f a s ­
t e n i n g of t h e specimen t o t h e l o a d i n g frame. 

6.6.2 Test Set-Up and Experimental Program 

As d e s c r i b e d i n t h e p r e v i o u s s u b s e c t i o n , t h e d i r e c t t e n s i l e t e s t was s e l e c t e d 
f o r t h e c r a c k growth experiments. A s k e t c h o f t h e t e s t set-up as u s e d , i s 
g i v e n i n f i g u r e 6.17. F i g u r e 6.18 i s a p i c t u r e o f t h e s e t - u p |28 | . 

J U L 

ILX 

LVDT 

range* 1mm 

• —holder 

pressu re cell 

steel plate 70x70x8 mm 
epoxy resin 

specimen 

epoxy resin 
...nKnn ^ 1 P P I plate 150x100x10mm 

Figure 6.17 Test Set-Up 

The specimens were about 0.15 m l o n g and t h e c r o s s s e c t i o n was about 0.05 s 
0.05 m. At m i d l e n g t h of two o p p o s i t e s i d e s , an a r t i f i c i a l c r a c k was sawn 
which has a depth of about 0.005 m. 
The beam specimens were sawn from s l a b s which were p r e p a r e d i n t h e way as 
d e s c r i b e d b e f o r e . An epoxy r e s i n was used t o g l u e t h e specimens t o t h e t o p 
and bottom l o a d i n g p l a t e . To ensure a p r o p e r alignment of t h e specimens, 
h a r d e n i n g of t h e g l u e took p l a c e w h i l e the beam was p o s i t i o n e d under t h e ram 
of t h e dynamic l o a d i n g system. 
Use was made o f a MTS h y d r a u l i c l o a d i n g system. F i g u r e 6.19 g i v e s a view on 
t h e system c o n t r o l and r e c o r d i n g equipment. 
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Figure 6.18 Picture of the Test Figure 6.19 Picture of the System Con-
Set-Up trot and Recording Equipment 

The shape o f t h e l o a d p u l s e was a h a v e r s i n e and a l o a d t o r e s t p e r i o d r a t i o 
of 1 t o 7 was used. During the t e s t s t h e e l a s t i c v e r t i c a l d i s p l a c e m e n t was 
c o n t i n u o u s l y r e c o r d e d ( f i g . 6 .20) . Furthermore r e c o r d i n g s were made a t re g u ­
l a r i n s t a n c e s of t h e l o a d d i s p l a c e m e n t curves by means o f a x-y r e c o r d e r 
( f i g . 6 .21) . However i t s h o u l d be noted t h a t due t o l i m i t a t i o n s o f t h e e q u i p ­
ment, t h i s l a t t e r was o n l y p o s s i b l e a t a l o a d i n g frequency o f 1 Hz. 

ll Load F=4000|N| 

Figure 6.20 Example of the Continuous Recording of the E l a s t i c V e r t i c a l 
Displacement 
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0.04 01 0.16 

Figure 6.21 Example of the Load vs Displacement Recordings 

From the r e c o r d i n g s o f t h e e l a s t i c v e r t i c a l d e f o r m a t i o n , t h e c r a c k l e n g t h and 
a s s o c i a t e d s t r e s s i n t e n s i t y f a c t o r was c a l c u l a t e d . These c a l c u l a t i o n s w i l l be 
d e s c r i b e d i n t h e next s e c t i o n . From t h e l o a d vs d i s p l a c e m e n t r e c o r d i n g s , t h e 
amount o f energy i n t r o d u c e d i n t o t h e specimen was determined. 

C o n s i d e r i n g t h e t e s t i n g program, t h e f o l l o w i n g remarks can be made. 
From Schapery's v i s c o - e l a s t i c c r a c k growth law ( e q . 6 .18, 6.19, 6 .20) , i t 
becomes apparent t h a t t h e so c a l l e d c o n s t a n t s A and n a r e dependent t o a 
l a r g e e x t e n t on mix p r o p e r t i e s , l o a d i n g f requency and tem p e r a t u r e . Conside­
r i n g Schapery's c r a c k growth law one can see t h a t i f t e s t s a r e c a r r i e d out 
at a g i v e n temperature b ut a t v a r i o u s l o a d i n g f r e q u e n c i e s , o n l y t h e c o n s t a n t 
A w i l l be i n f l u e n c e d . I f however t h e t e s t s a r e c a r r i e d out a t a g i v e n l o a ­
d i n g frequency but at v a r i o u s t e m p e r a t u r e s , e s p e c i a l l y n and t o some e x t e n t 
A w i l l be i n f l u e n c e d . 
I n o r d e r t o determine t h e dependency of A and n on temper a t u r e and l o a d i n g 
f r e q u e n c y , t h e a u t h o r d e c i d e d t o c a r r y out t h e experiments a t s e v e r a l f r e ­
quency and temperature c o n d i t i o n s . These a r e shown i n t a b l e 6 .6 . 

Table 6.6 Test Conditions used in the Crack Growth Experiments 

Mix 5°C/10 Hz 15°C/10 Hz 15°C/1 Hz 25°C/1 Hz 
A i X X X X 
B x X X 
B 3 X X 
E* x x 
F X X 

6.6.3 Ca lcu lat ion of Crack Length and Stress Intens i ty Factor from the 
E l a s t i c Ve r t i ca l Displacement 

Appendix 6B c o n t a i n s a d e t a i l e d d e s c r i p t i o n o f how t h e c r a c k l e n g t h and s t r e s s 
i n t e n s i t y f a c t o r can be determined from t h e i n c r e a s e i n e l a s t i c d e f o r m a t i o n . 
The procedure which has been o u t l i n e d t h e r e , can be resumed as f o l l o w s : 
a. determine t h e i n c r e a s e i n e l a s t i c d e f o r m a t i o n d n i n r e l a t i o n t o t h e num­

ber of l o a d a p p l i c a t i o n n ( f i g . 6.20) 
b. determine t h e r a t i o d n / d 0 ; d 0 i s t h e e l a s t i c d e f o r m a t i o n on t h e f i r s t 

l o a d 
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determine t h e r a t i o c r a c k l e n g t h (.c) t o beam w i d t h (b) from t h e r a t i o 
d n / d Q ,by u s i n g f i g u r e 6.22 
determine t h e s t r e s s i n t e n s i t y f a c t o r K from t h e r a t i o d n / d 0 , b y u s i n g 
f i g u r e 6.23 
s i n c e f i g u r e 6.23 i s based on a s t r e s s l e v e l o f 1.6 N/mm2 , t h e K v a l u e as 
determined i n s t e p d. s h o u l d be c o r r e c t e d f o r t h e a p p l i e d s t r e s s l e v e l a 
a c c o r d i n g t o 

K c o r r e c t e d 1.6 x K eq. 6.26 

from t h e i n c r e a s e i n c r a c k l e n g t h i n r e l a t i o n t o t h e number o f l o a d a p p l i ­
c a t i o n s as d etermined from steps a_^ t o c ^ and t h e s t r e s s i n t e n s i t y f a c t o r 
at a g i v e n c r a c k l e n g t h , as determined from s t e p s a^, d̂ _ and ej_, t h e 
r e l a t i o n d c / d n v s K i s determined. 

1.75 -

90 (- K1 |N/mrri 
312, 

1.25 

0.25 Q5 075 1 
Figure 6.22 Relation between the Dis­
placement Ratio (dn/d0) and the Crack 
Length over Beam Width Ratio (c/b) 

d p / d o 

1.25 15 175 2 2.25 
Figure 6.23 Relation between the 
Displacement Ratio and the Stress 
Intensity Factor (K\) 

6.6.4 Test Results: 

From t h e a p p l i e d s t r e s s l e v e l , t h e measured i n i t i a l e l a s t i c d e f o r m a t i o n , t h e 
r e c o r d e d l o a d vs displacement diagrams and t h e number of l o a d a p p l i c a t i o n s , 
the f o l l o w i n g f a t i g u e r e l a t i o n s were determined. 

l o g N = k i + m l o g e 
l o g N = k 2 + n 2 l o g a 
l o g N = k 3 + n 3 l o g W 

eq. 6.27 
eq. 6.28 
eq. 6.29 

where N = number o f l o a d a p p l i c a t i o n s t o f a i l u r e 
£ = i n i t i a l s t r a i n l e v e l as determined from t h e e l a s t i c d e f o r m a t i o n 

r e c o r d e d d u r i n g t h e e a r l y p o r t i o n s o f t h e c r a c k growth t e s t s 
a = a p p l i e d s t r e s s l e v e l (N/mm2) 
W = amount o f energy i n t r o d u c e d i n t o t h e specimen d u r i n g t h e e a r l y 

p o r t i o n s o f t h e c r a c k growth t e s t s as determined from t h e l o a d 
vs d i s p l a c e m e n t r e c o r d i n g s (N mm) 

n,-, k-, i= 1-3 = c o n s t a n t s . 
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Next t o t h e above mentioned f a t i g u e r e l a t i o n s , t h e s t i f f n e s s o f each mix as 
o c c u r i n g under t h e p r e v a i l i n g l o a d i n g c o n d i t i o n s was c a l c u l a t e d . 
From the c a l c u l a t e d c r a c k l e n g h t s and K v a l u e s t o g e t h e r w i t h t h e a s s o c i a t e d 
number o f l o a d a p p l i c a t i o n s , t h e c o n s t a n t s A and n from P a r i s ' c r a c k growth 
law c o u l d be determined by means o f r e g r e s s i o n a n a l y s i s . 
We r e c a l l P a r i s ' c r a c k growth law 

dc/dN = AK n eq. 6.30 
where K = s t r e s s i n t e n s i t y f a c t o r |tl/mm3/2 I 

dc/dN = i n c r e a s e i n c r a c k l e n g t h p e r l o a d i n g c y c l e |mmj 

Table 6.7 summarizes t h e r e s u l t s o b t a i n e d i n t h i s way. 
For t h e sake o f completeness a l s o t h e mean v o i d c o n t e n t and i t s c o e f f i c i e n t 
o f v a r i a t i o n a r e g i v e n . 
T y p i c a l t e s t r e s u l t s a r e shown i n f i g u r e s 6.2k t o 6.27. To e s t i m a t e t h e 
amount o f f r a c t u r e energy T which i s needed t o produce a u n i t a r e a o f c r a c k , 
r e s u l t s d e p i c t e d from f i g u r e s 6.25 and 6.27 were used. We r e c a l l t h a t t h i s 
parameter T i s one o f t h e f a c t o r s w h i c h, a c c o r d i n g t o Schapery, governs t h e 
magnitude o f A ( e q u a t i o n 6 .19) . T h i s w i l l be d i s c u s s e d i n d e t a i l i n t h e next 
s e c t i o n s . 

Figure 6.24 Examples of the Stress based Fatigue Relations obtained from 
the Craok Growth Experiments 
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Figure 6.25 Inerease of the Crack Length * Beam Width Ratio (a/b) in r e l a t i o n to 
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Repetitions to F a i l u r e (N^) 



Table 6. 7 Resulta of the Crack Growth Experiments 

Mix temp|°c| freq|Hz | EIMPaI C.V. l o g k i ni log k 2 ri2 k 3 113 A n 
void 

content 
\%\ 

C.V. 

Ai 25 1 1939 15.6 - 4 386 -2.02 1 686 -2.957 4 798 -1.281 6.394E- 5 2.889 5 76 13.7 

15 1 4o84 27.0 - 7 670 -3.014 3 581 -4.246 6 549 -2.387 8.984E- 8 4.026 5 85 12.8 
15 10 8426 31.7 - 9 657 -3.571 4 245 -3.546 1 .009E- 9 4.367 5 57 12.9 

5 10 8937 32.2 -12 917 -4.348 4 088 -4.63 5.035E- 9 3.086 6 58 5.6 

Bi 15 1 2730 8.1 - 6 997 -2.756 2 392 -3.145 5 43 -1.539 1.673E- 6 3.787 4 72 22.5 

15 10 7951 34.6 - 9 701 -3.308 3 436 -2.611 9.183E- 7 2.882 5 17 11.8 

B 3 15 1 U260 12.7 -13 206 -4.487 2 795 -4.876 6 459 -2.175 1.546E- 8 4.767 3 87 16 

5 10 1741+9 32.2 -17 908 -5.405 5 823 -6.803 2.612E- 16 8.696 3 57 15.5 

Eii 15 1 2612 11.9 - 6 692 -2.744 2 605 -3.194 5 775 -1.548 3.059E- 6 3.239 4 53 15.1 
15 10 1+963 21.2 - 5 82 -2.342 2 799 -2.392 1.403E- 6 2.571 4 24 12.7 

F 15 1 238 20.6 - 3 909 -1.842 -0 209 -2.328 3 591 -1.216 4.91 E- 3 2.994 

5 10 24o4 21.5 - 4 682 -1.938 1 778 -1.965 5.16IE- 4 1.255 

Note: c.v. = coefficient of variation 
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Figure 6.26 Stress Intensity Factor (K) vs Crack Growth (dc/dN) Relation for 
Open Asphaltic Concrete (45/60, T - 15°C, f = 1 Hz) 

energy per load cycle |Nmm| 

mix E . 19C/1HZ. 

100 

•+TTT- _1 1 1 1 1 — i — 
N 

_i 1 ' • t 
100 1000 

Figure 6.2 7 Increase of the Amount of Energy introduced in the Specimen in 
r e l a t i o n to the Number of Load Applications (N) 

6.6.5 Discussion of the Results 

C o n s i d e r i n g t h e f a t i g u e and crack growth r e l a t i o n s determined from the c r a c k 
growth t e s t s , i t can be observed t h a t i n g e n e r a l t h e a b s o l u t e v a l u e s of the 
f a c t o r s k i , n i , k 2 , n 2 , A and n i n c r e a s e w i t h i n c r e a s i n g s t i f f n e s s . T h i s i s 
i l l u s t r a t e d i n f i g u r e s 6 .28 , 6.29 and 6.30. 
As can be observed k i , m, k 2 and A do c o r r e l a t e r e a s o n a b l e w e l l w i t h t he 
e l a s t i c ( s t i f f n e s s ) modulus of the mix. The c o r r e l a t i o n between E and n 2 i s 
much l e s s developed. H a r d l y no c o r r e l a t i o n can be observed between E and n. 

Very o f t e n r e l a t i o n s between k i and m o r k 2 and n 2 can be found i n l i t e r a ­
t u r e 129-35 | . F i g u r e 6.31 shows the k i vs m r e l a t i o n as determined by means 



o f t h e experiments d e s c r i b e d h e r e . A l s o d a t a p o i n t s which were t a k e n from 
o t h e r sources a r e i n c l u d e d i n f i g u r e 6.31. As can be seen from f i g u r e 6.31 
the data o b t a i n e d from t h i s study agree w e l l w i t h t h e da t a t a k e n from l i t e 
r a t u r e . 
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Figure 6.28 Relation between SJn^x and \n^\, \log k±\ resp. 
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Figure 6.30 Relation between S . and [log A\, n resp. 



200 

' V , 

0 M o n l s m i t h e t d - f l e x u r e 

o K d i a s e t a l * f l e x u r e 

7 Pel l e t a l - r o t a t i n g c a n t i l e v e r 

• Pel l e t c! - a x i a l l o a d 

O A d e d i m i l a e t c l - i n d i r e c t t e n s i o n 

• M o l e n a a r - i n d i r e c t t e n s i o n 

x t N s s t u d y - a x i a l l o a d 

l o g * ; 

-22 -20 -18 -16 -t* -12 -10 -8 -6 -4 -2 

Figure 6.31 Relation between log ki and n\ 

6.6.6 Relation between the Fatigue and Crack Growth Parameters 

I f we c o n s i d e r t h e c r a c k growth law 

A K i dc 
dN eq. 6.31 

and we assume a c o n s t a n t l o a d t y p e o f t e s t , t h e n e q u a t i o n 6.31 can be r e ­
w r i t t e n t o 

dc . / / \n — = A (o/c) 

T h i s i s because i n a c o n s t a n t l o a d t y p e o f t e s t 
Kx = o/c 

From e q u a t i o n 6.32 one o b t a i n s 
Nf b 
ƒ dN = ƒ dc 

A o n
C n / 2 

i o 
and f i n a l l y one a r r i v e s t o 

n 

eq. 6.32 

eq. 6.33 

eq. 6.31* 

eq. 6.35 

where N-f = number o f l o a d r e p e t i t i o n s t o f a i l u r e 
A, n = c o n s t a n t from t h e c r a c k growth law 

b = specimen h e i g h t 
e 0 = (2-n)/2 
c = i n t e g r a t i o n c o n s t a n t 

E q u a t i o n 6.35 i s i d e n t i c a l t o the e q u a t i o n used t o d e s c r i b e t h e f a t i g u e r e l a ­
t i o n based on the a p p l i e d s t r e s s l e v e l . T h e r e f o r e the c o n s t a n t s k 2 and n 2 o f 
t h i s f a t i g u e r e l a t i o n can be c a l c u l a t e d from 

k, = + c 

and 
n„ = n 

eq. 6.36 

eq. 6.37 
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E q u a t i o n 6.35 can be r e w r i t t e n t o 

( A E n ) ( ¥ eq. 6.38 

which i s i d e n t i c a l t o t h e e x p r e s s i o n used t o d e s c r i b e t h e f a t i g u e r e l a t i o n 
based on a p p l i e d s t r a i n l e v e l . T h e r e f o r e t h e c o n s t a n t s k i and m o f t h i s f a ­
t i g u e r e l a t i o n can be c a l c u l a t e d from 

k i = 

and 
e 0 A E n eq. 6.39 

eq. 6.U0 

eq. 6.1+1 

H i = n 
From e q u a t i o n 6.36 and 6.1(0 one a r r i v e s t o 

k i = k 2 / E n 

From t h e d e r i v a t i o n s g i v e n above t h e f o l l o w i n g c o n c l u s i o n s can be drawn: 
a. t h e exponents o f t h e s t r e s s based f a t i g u e r e l a t i o n , s t r a i n based f a t i g u e 

r e l a t i o n and c r a c k growth law s h o u l d be e q u a l t o each o t h e r 
b • t h e c o n s t a n t o f the s t r e s s based f a t i g u e r e l a t i o n i s p a r t l y dependent on 

t h e c o n s t a n t and exponent of t h e c r a c k growth law and t h e s i z e o f t h e 
specimen 

c. t h e c o n s t a n t of t h e s t r a i n based f a t i g u e r e l a t i o n i s equal t o t h e con­
s t a n t o f the s t r e s s based f a t i g u e r e l a t i o n m u l t i p l i e d by a c o n s t a n t which 
i s dependent on t h e s t i f f n e s s and t h e c r a c k growth p r o p e r t i e s . 

In o r d e r t o i l l u s t r a t e t h e c o n c l u s i o n s mentioned above, f i g u r e 6.32 was de­
r i v e d from t h e a v a i l a b l e d a t a . T h i s f i g u r e shows t h e correspondence between 
n i and n. F i g u r e 6.33 shows t h e correspondence between n 2 and n. As can be 
observed, t h e agreement between t h e d i f f e r e n t n v a l u e s i s r e a s o n a b l e . The n 2 

v a l u e s show a somewhat b e t t e r agreement w i t h n th a n t h e m v a l u e s . 
F i g u r e 6.3** shows the r e l a t i o n between t h e a b s o l u t e v a l u e s o f l o g k i as de­
r i v e d from t h e t e s t s and t h e l o g k! v a l u e s c a l c u l a t e d by means o f e q u a t i o n 
6 . 41 . 

r-n 

6 - line of eotfaljjy / 

/ 3 
_ i 1 1 1 1 1 1 

6 | nil 

n 

+ 1 / 

line of equdi 

/ » / 

i £ 1 1 6 N 
Figure 6.32 Relation between n\ and. n Figure 6.33 Relation between nz and n 
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6.7 Estimation of the Parameters of the Crack Growth Law from Simple S ta t i c 
Tests and Nomographs 

I t w i l l be ob v i o u s t h a t e s t i m a t i n g t h e c o n s t a n t s o f t h e c r a c k growth law by-
means of r e p e a t e d l o a d t e s t i n g , i s a ti m e consuming and c o s t l y a f f a i r . I n o r ­
der t o be a b l e t o use t h e f r a c t u r e mechanics approach i n t h e r o u t i n e p r a c t i c e 
o f f o r i n s t a n c e o v e r l a y d e s i g n , the assessment o f t h e c o n s t a n t s o f t h e c r a c k 
growth law from s i m p l e s t a t i c t e s t i n g and/or nomographs i s a n e c e s s i t y . 
L e t us r e c a l l t h e e q u a t i o n s developed by Schapery t o c a l c u l a t e t h e c o n s t a n t s 
A and n: 

A = g - ^ r - I i t g i a - I 1 / m I T „ ( t ) ^ 1 + l / m ) d t | eq. 6.^2 
m l o 

n = 2( 1 + Vm) eq. 6.1*3 

where o m = t e n s i l e s t r e n g t h 
I i = 1.5 

r = energy needed t o produce a u n i t s u r f a c e o f f r a c t u r e 
D 2 = compliance at t=1 sec 
m = s l o p e o f t h e compliance curve 

W(t) = wave shape o f t h e s t r e s s i n t e n s i t y f a c t o r 
v = P o i s s o n ' s r a t i o 

Values o f D2 and m can be o b t a i n e d by u s i n g t h e bitumen and mix s t i f f n e s s 
nomographs as developed by r e s e a r c h e r s o f S h e l l O i l Company |2T, 36 | . 
Furthermore t h e t e n s i l e s t r e n g t h of t h e m a t e r i a l a t t h e t e s t c o n d i t i o n s con­
s i d e r e d ( l o a d i n g f r e q u e n c y , temperature) can be e s t i m a t e d by means o f e.g. 
i n d i r e c t t e n s i l e t e s t s performed at d i f f e r e n t t e m p e r a t u r e s . The t e n s i l e 
s t r e n g t h v a l u e s s h o u l d be r e l a t e d t o t h e s t i f f n e s s o f t h e bitumen ( f i g . 6.35 
| 3 T I ) which can be back c a l c u l a t e d from t h e s t i f f n e s s o f t h e mix. R e v e r s e l y 
t h e bitumen s t i f f n e s s can be c a l c u l a t e d from t h e l o a d i n g and temperature con­
d i t i o n s . By means o f f i g u r e 6.35 t h e a p p r o p r i a t e t e n s i l e s t r e n g t h can t h e n 
be determined. 
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Figure 6.35 Tensile Strength of Mixes as a Function of the S t i f f n e s s Modulus 
of the Asphalt Cement 

I n t h e subsequent s e c t i o n s t h e assessment o f n by means o f nomographs o r 
s t i f f n e s s modulus t e s t s w i l l be d i s c u s s e d , a n d i t w i l l be shown which c o r r e c ­
t i o n f a c t o r s s h o u l d be a p p l i e d on t h e s e a s s e s s e d v a l u e s i n o r d e r t o l e t them 
c o i n c i d e w i t h t h e e x p e r i m e n t a l v a l u e s . Next t h e assessment o f A by means o f 
Schapery's e q u a t i o n (eq. 6.42) w i l l be d e s c r i b e d . A l s o r e g r e s s i o n e q u a t i o n s 
which have been developed t o e s t i m a t e A w i l l be p r e s e n t e d . 

6.7.'1 Assessment of n and D2 from Mix Compliance ca lcu lated from Nomographs 
and determined by means of Repeated Load Tens i le and Compressive Tests 

By u s i n g t h e van der P o e l 1361 and m o d i f i e d S-bit vs S m i x nomograph | 2 f | , 
t h e dependency o f t h e mix s t i f f n e s s on t h e l o a d i n g t i m e a t g i v e n temperatures 
was determined. From t h i s D 2 and n were c a l c u l a t e d . The r e s u l t s a r e g i v e n i n 
t a b l e 6 .8 . 

In o r d e r t o check whether t h e nomographs produced r e l i a b l e s t i f f n e s s e s t i m a ­
t e s , complex modulus t e s t i n t e n s i o n were c a r r i e d out t o o . F o r t h i s t h e same 
t e s t set-up was used as i n t h e c r a c k growth t e s t s . However no i n i t i a l c r a c k s 
were sawn i n t h e specimens. 
The t e s t s were c a r r i e d out a t temperatures of 5 , 15, 25 and 35°C, s t a r t i n g 
at t h e l o w e s t t e m p e r a t u r e , and by u s i n g a l o a d i n g frequency s c h e d u l e o f 20, 
10, 5, 1, 0.5 Hz. The a p p l i e d s t r e s s l e v e l was about 25% o f t h e s p l i t t e n s i l e 
s t r e n g t h at t h e t e s t temperature c o n s i d e r e d . The number of l o a d r e p e t i t i o n s 
a p p l i e d at each l o a d i n g frequency was kept as s m a l l as p o s s i b l e i n o r d e r t o 
prevent f a t i g u e o f the specimens. The same specimens were used throughout t h e 
whole t e s t i n g scheme. 
From t h e t e s t r e s u l t s , v a l u e s f o r D 2 and n were c a l c u l a t e d , and t h e s e a r e 
g i v e n i n t a b l e 6 .9 . 

S i n c e i n many cases t h e complex modulus t e s t s a r e c a r r i e d out i n compression, 
because t h i s t y p e of t e s t i s much e a s i e r t o r u n , i t was o f i n t e r e s t t o know 
whether t h e r e s u l t s o f t h e s e compressive t e s t s would r e s u l t i n a c c e p t a b l e e s ­
t i m a t e s f o r D 2 and n. A comparison o f t h e s e v a l u e s and t h o s e determined by 
means of t h e nomographs o r t h e t e n s i l e complex modulus t e s t , i s g i v e n i n 
t a b l e 6 .10. 



Table 6.8 Results of the Nomograph Predictions to determine the S t i f f n e s s Modulus 

-5°C 5°C 15 °C 25 °C 35°C 
D m n D m r D m n D m n D m n 

G r a v e l Sand A s p h a l t 

A i 9.91 1 0.203 11.86 9.665 0.24 10. 3 9.345 0. 288 8.95 8.912 0. 346 7.77 8.268 O.43 6.65 

A 2 9.866 0.209 11.58 9.614 0.248 10. 08 9.287 0. 295 8.79 8.846 0. 35k 7.65 8.19 0.438 6.57 

A3 9.752 0.224 10.91 9.W5 0.264 9 . 58 9.142 0. 312 8.41 8.68 0. 372 7.38 7.997 O.457 6.38 

Open A s p h a l t i c C o n c r e t e 
B1 9.951 O.I86 12.78 9.581 0.256 9 . 8 9.109 0. 336 7.95 8.53 0 422 6.74 7.967 0.451 6.43 
B 2 9 .712 O.215 11.29 9.296 0.291 8. 86 8.773 0. 375 7.33 8,14 0 464 6.31 7.532 O.491 6.07 

B 3 10.024 O.I87 12.69 9.792 0.225 10. 9 9.49 0. 27 9.4 9.078 0 328 8.1 8.461 0.41 6.88 

B„ 9.793 0.219 11. l i t 9.531 0.258 9. 75 9.193 0. 306 8.54 8.738 0 366 7.47 8.066 O.45 6.44 

Sand A s p h a l t 
C 9.477 O.261 9.66 9.176 0.302 8. 62 8.793 0. 352 7.69 8.284 0 413 6.84 7.543 0.5 6 

Dense A s p h a l t i c C o n c r e t e 

E i 9.73 O.227 10.79 9.h6 0.267 9. 49 9.113 0. 315 8.35 8.647 0 375 7.33 7.96 0.461 6.34 
E 2 9.701 0.217 1 1 .23 9.282 0.293 8. 82 8.757 0. 377 7.31 8.122 0 466 6.29 7.511 O.493 6.06 

" : 3 9.939 0.199 12.06 9.969 0.237 10 44 9.38 0 284 9.05 8.952 0 342 7.85 8.314 0.425 6.7 

E* 9.901 0.192 12.43 9.522 0.264 9 58 9.039 0 344 7.81 8.448 0 431 6.64 7.875 0.46 6.35 

Hote: t h e r e g r e s s i o n equation i s l o g S m ^ x = D - m l o g t ISmixI = K a l 
D 2 = w , N = I s ! 

n = 2 ( l 4 ) 



Table 6.9 Results of the Repeated Load Tensile Tests to determine the Stiffness Modulus 

-5°C 
D m n D 

5°C 
m n D 

15°C 
m n D 

25°C 
m n D 

35°C 
m n 

G r a v e l Sand A s p h a l t 
A i 9.828 0.208 1 1 . 59 9.1+88 0.239 10.36 8.903 0.1+35 6.6 7.958 0.7 1+.86 

A 2 9.625 0.196 12, .2 9.281 0.3l»l» 7.81 8.63 0.535 5.7l* 7.808 0.62 5.22 

A 3 9.509 0.21+1 10. ,31 9.001 0.358 7.59 8.1+71+ 0.1+87 6.11 7.566 0.571* 5.1*8 

Open A s p h a l t i c Concrete 
B i 9.76U 0.139 16. 37 9.289 0.319 8.27 8.522 0.63 5.17 7.583 0.669 1+.99 

B 2 9.325 0.227 9. 38 8.861+ 0.392 7.1 7.91+6 0.619 5.23 6.901 0.786 1*.55 

B 3 9.831 0.226 10. 86 9.1*1+5 0.371 7.39 8.758 0.557 5.59 7.902 0.71*8 U .68 
B- 9.718 Q.lTli 13. 52 9.11+9 0.1»71 6.25 8.1+26 0.625 5.2 7.596 0.716 1*.8 

Dense A s p h a l t i c Concrete 
E i 9.959 0.201+ 1 1 . 82 9.359 0.366 7.1*6 8.607 0.612 5.27 7.703 0.707 1+ .83 
E2 - - - - - - - - - - - -
E 3 9.92U 0.13 17. 36 9.1*92 0.1*78 6.19 8.618 O.63I+ 5.16 7.589 0.762 1* .63 
E„ 9.61+1 0.201 1 1 . 9h 8.981 0.519 5.85 8.11*5 0.683 U .93 7.61*3 0.681+ 1+.93 

Sand A s p h a l t 
C 9.635 0.125 17. 95 9.321» 0.305 8.55 8.739 0.51*5 6.1* 7.982 0.585 5.1+1 

CARPAVE 
F 9.226 0.376 7.32 8.1+28 0.569 5. 52 7.1*01 0.782 I+.56 

Note: t h e r e g r e s s i o n e q u a t i o n i s l o g S m i x = 
D 2 = 
n = 

D - m 
1 

Too 
2(1 + 

l o g t 

b 
m 

I S m i x l = 

| t | = 
' |Pa| 
: | B | 



Table 6.10 Comparison between the values of D and n as predicted by means of the Nomographs and as determined by means o 
of Repeated Load Tensile and Compressive Tests (nomograph : tensile : compressive) 

G r a v e l Sand A s p h a l t 5°C 15°C 25°C 35°C 
A 0.687 1 1.102 0 .719 1 0.953 1 .021 1 1.035 2.042 1 2.588 
n 0 889 1 1.553 0.864 1 1.328 1.117 1 1.168 1.368 1 1.42 

A 2 A 0 975 1 0.908 1.014 1 0.785 1.644 1 1.466 2.41 1 3.95k 
n 0 826 1 1.445 1.125 1 1.241 1.333 1 1.256 1.259 1 1.519 

A3 A 0 946 1 0.723 1.384 1 1.156 1.607 1 1.324 2.698 1 5.047 
n 0 929 1 1.348 1.108 1 1.195 1.208 1 1.098 1.164 1 1.38 

Open A s p h a l t i c Concrete 
B i A 0 656 1 0.695 O.661 1 1.371 1.019 1 1.871 2.421 1 6.18 

n 0.599 1 1.667 0.961 1 0.959 1.304 1 1.315 1.289 1 1.337 
B 2 A 0 935 1 1.225 0.811 1 1.39 1.563 1 3.226 4.276 1 20.749 

n 0 945 1 2.845 1.032 1 1.217 1.207 1 1.272 1.334 1 1.695 
B3 A 0 .91 1 * 1 1.198 1 1.53 2.089 1 2.371 3.622 1 4.093 

n 1 004 1 1.272 1 1.468 1.449 1 1.165 1.47 1 1.459 
B* A 0 65 1 : 0.471 1.107 1 1.483 2.051 1 1.671 2.951 1 5.61 

n 0 721 1 : 1.868 1.366 1 1.995 1.437 1 1.427 1.346 1 1.635 
Sand A s p h a l t 

C A 0 348 1 0.294 : 1 0.699 0.351 : 1 1.028 0.364 : 1 1.914 
n 0 48 1 0 .899 : 1 1 .242 1.069 : 1 1.383 1.109 : 1 1.734 

Dense A s p h a l t i c Concrete 
E i A 0 317 1 : 0.308 0.599 : 1 0.8 1.096 : 1 1.309 0.553 : 1 3.342 

n 0 803 1 : 1.667 1.119 : 1 1.345 1.391 : 1 1.376 1.313 : 1 1.59 
t 2 

E 3 
A 0 59 ~1 0.773 ! 0.499 2.158 ! 1.489 4.217 ! 2.931 
n 0 601 1 1.462 1 5.006 1.521 1 1.312 1.447 • 1 1.652 

E„ A 0 76 1 : 0.631 1.143 1 1.315 2.009 1 2.655 1.706 • 1 2.799 
n 0.802 1 : 1.894 1.335 1 1.214 1.347 1 1.205 1.288 1 1.588 

CARPAVE 
F A 1 : 0.94 1 4.064 

n 1 : 1.761 1 1.408 

Note: t h e D v a l u e s s t a n d f o r S m ^ x at t=1s. The comparisons a r e based on t h e r e a l D v a l u e s and not on t h e l o g a ­
r i t h m i c v a l u e s . 
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From t a b l e 6.10 i t can be concluded t h a t t h e n v a l u e s e s t i m a t e d from t h e com­
p r e s s i v e complex modulus t e s t s a r e always over e s t i m a t e d . The n v a l u e s as de­
ter m i n e d by means of t h e nomographs are much c l o s e r t o t h e n v a l u e s d e t e r m i n ­
ed from t h e t e n s i l e complex modulus t e s t . However a s y s t e m a t i c d e v i a t i o n can 
be o b s e r v e d , s i n c e at lo w e r v a l u e s t h e nomograph determined n v a l u e s a r e some­
what u n d e r p r e d i c t e d w h i l e a t h i g h e r temperatures t h i s n v a l u e i s somewhat o v e r -
p r e d i c t e d . 

The b e s t agreement between t h e e x p e r i m e n t a l l y determined n v a l u e s (both com­
p r e s s i v e and t e n s i l e t e s t r e s u l t s ) and t h e v a l u e s determined by means o f t h e 
nomographs i s o b t a i n e d at a t e s t i n g temperature o f 15°C. 

Much l a r g e r d e v i a t i o n s a r e observed between t h e e x p e r i m e n t a l l y determined 
and nomograph p r e d i c t e d D 2 v a l u e s . At h i g h e r t e m p e r a t u r e s , e s p e c i a l l y t h e 
"compressive" D 2 v a l u e s d i f f e r c o n s i d e r a b l y from t h e " t e n s i l e " v a l u e s . 

F i n a l l y i t i s concluded from t a b l e 6.10 t h a t c a n d i d a t e v a l u e s o f n can be 
determined w i t h r e a s o n a b l e a c c u r a c y by u s i n g nomographs. However c a r e s h o u l d 
be t a k e n w i t h t h e D 2 v a l u e s a s s e s s e d by means o f t h e nomographs,since t h e y 
can d i f f e r c o n s i d e r a b l y from t h e " t e n s i l e " D 2 v a l u e s e s p e c i a l l y a t tempera­
t u r e s o t h e r t h a n "room te m p e r a t u r e " (= 18°C). 
I t i s a d v i s e d not t o use t h e r e s u l t s o f compressive complex modulus t e s t s t o 
es t i m a t e D 2 and n s i n c e i n most cases t h i s r e s u l t s i n v a l u e s which are t o o 
h i g h . 

6.7.2 Comparison of Estimated and Experimentally determined n Values 

Although t h e n v a l u e s e s t i m a t e d from nomographs and c a l c u l a t e d from t e n s i l e 
complex modulus t e s t s a r e i n r a t h e r good agreement, t h e y do d i f f e r c o n s i d e r a ­
b l y from t h e n v a l u e s as c a l c u l a t e d from t h e c r a c k growth exper i m e n t s . Table 
6.11' g i v e s an overview o f t h e n v a l u e s t o g e t h e r w i t h t h e mean v o i d content o f 
th e mixes t e s t e d i n t h e c r a c k growth t e s t . I t i s b e l i e v e d t h a t t h e d i f f e r e n ­
ces between t h e e x p e r i m e n t a l l y and e s t i m a t e d n v a l u e s , s h o u l d be c o n t r i b u t e d 
t o t h e d i f f e r e n c e between t h e o r y and p r a c t i c e m a i n l y . Although Schapery d e r i ­
ved h i s t h e o r y f o r v i s c o - e l a s t i c m a t e r i a l s i t i s not f u l l y a p p l i c a b l e t o a s -
p h a l t i c mixes s i n c e t h e s e c o n t a i n v o i d s , aggregate p a r t i c l e s which i n most c a ­
ses f o r c e t h e c r a c k t o propagate around t h e p a r t i c l e s e t c . E s p e c i a l l y t h e 
v o i d c o n t e n t seems t o have an i n f l u e n c e on t h e c r a c k growth r a t e s i n c e most of 
the d i f f e r e n c e between t h e e x p e r i m e n t a l l y determined and e s t i m a t e d n v a l u e s 
c o u l d be e x p l a i n e d by t h i s f a c t o r ( f i g u r e 6 .36) . The c o r r e c t i o n f a c t o r , b y 
which t h e n v a l u e s as determined from t h e t e n s i l e complex modulus t e s t need t o 
be d i v i d e d t o o b t a i n n v a l u e s which might be o b t a i n e d from c r a c k growth t e s t s , 
can be c a l c u l a t e d by 

C.F. = -0 .93 + 0.65 V.C. r = 0.93 eq. 6.hh 
C.F. = c o r r e c t i o n f a c t o r 
V.C. = v o i d content {%) 

I t s h o u l d be noted t h a t t h e d a t a p o i n t marked w i t h a q u e s t i o n mark (mix F t e s ­
t e d a t 15°C/1 Hz) was not t a k e n i n t o account i n d e r i v i n g t h e above mentioned 
r e g r e s s i o n e q u a t i o n . The reason why t h i s data p o i n t doesn't f i t i n t h e r e l a ­
t i o n s h o u l d , t o t h e o p i n i o n o f the a u t h o r , be c o n t r i b u t e d t o t h e uncommon p r o ­
p e r t i e s o f t h i s mix. I t i s r e c a l l e d t h a t t h i s mix has a v e r y h i g h f l e x i b i l i t y 
which i s caused by the a d d i t i v e s t h a t a r e mixed w i t h t h e bitumen. From t h e de­
vel o p e d r e g r e s s i o n e q u a t i o n , i t can be concluded t h a t a t v o i d c o n t e n t r a t i o ' s 
of 3% and lower,no c o r r e c t i o n f a c t o r needs t o be a p p l i e d on the e s t i m a t e d n 
v a l u e s . 
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Table 6.11 Comparison of Experimentally determined and Estimated Values of n 

Mix V.C.(%) f(Hz) n 
eg 

n 
n 

S& 
n c g 

tcm 
Btcfl 
n c g 

5.77 25 1 2.89 7.77 2.69 6.6 2.28 

Ai 5.85 15 1 4.03 8.95 2.22 10.36 2.57 

5.57 15 10 4.37 8.95 2.05 10.36 2.37 

6.58 5 10 3.09 10.3 3.33 11.59 3.75 

Bi 4.72 15 1 3.79 7.95 2.1 8.27 2.18 

5.17 15 10 2.88 7.95 2.76 8.27 2.87 

B 3 3.87 15 1 It.77 9.4 1.97 7.39 1.55 

3.57 5 10 8.70 10.9 1.25 10.86 1.25 
Eo 4.53 15 1 3.24 7.81 2.41 5.85 1.81 

4.24 15 10 2.57 7.81 3.04 5.85 2.28 

F X 15 1 2.99 4.56 1.53 

5 10 1.26 5.52 4.38 

Note: V.C. = void content 
x V.C. s 8% (according to producer) 

1 I 1 1 1 1 > * 1 1 

1 2 3 4 5 6 7 8 

Figure 6.36 Relation between the Void Content and the Correction Factor which 
should be applied on Values of n determined from Nomographs or 
S t i f f n e s s Modulus Tests 
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6.7.3 Estimation of A using Nomographs and S ta t i c Tests 

As has been shown b e f o r e , t h e c o n s t a n t A o f t h e c r a c k growth l a w , i s dependent 
on a l a r g e number of f a c t o r s . They a r e 

T = energy t o produce a u n i t s u r f a c e of f r a c t u r e 
am = t e n s i l e s t r e n g t h 
D2 = compliance at t=1 sec 
v = P o i s s o n ' s r a t i o , which i s s e t a t 0.35 

w(t) = shape o f t h e s t r e s s i n t e n s i t y p u l s e 
I = c o n s t a n t which i s s e t a t 1.5 
m = s l o p e o f t h e c r e e p compliance curve 

I n t h e f o l l o w i n g s e c t i o n s , i t w i l l be shown how each o f t h e s e f a c t o r s can be 
e s t i m a t e d from nomographs o r s t a t i c t e s t s and i t w i l l a l s o he shown t o what 
e x t e n t t h e c o n s t a n t A,as d e r i v e d u s i n g t h e above mentioned f a c t o r s , matches 
t h e A f a c t o r which i s d e r i v e d u s i n g t h e r e s u l t s o f t h e c r a c k growth t e s t s . 

6.7.3.1 Estimation of r 

F i r s t o f a l l T was c a l c u l a t e d u s i n g t h e l o a d vs d i s p l a c e m e n t c u r v e s which we­
r e r e c o r d e d d u r i n g t h e c r a c k growth experiments c a r r i e d out a t 15°C and 1 Hz. 
T h i s was r e a l i s e d i n t h e f o l l o w i n g way. 
The i n c r e a s e i n d i s s i p a t e d energy d u r i n g t h e t e s t s was, a c c o r d i n g t o f i g u r e 
6 .27 , d e s c r i b e d by 

l o g w
n/Wo = a Q + a i l o g (1-n/N) eq. 6.1*5 

where Wn = energy d i s s i p a t e d a t t h e n t h l o a d i n g c y c l e 
W0 = energy d i s s i p a t e d a t t h e f i r s t l o a d i n g c y c l e 

a 0 , a i = c o n s t a n t s 
Then the i n c r e a s e i n c r a c k l e n g t h d u r i n g t h e t e s t s was, a c c o r d i n g t o f i g u r e 
6.25 d e s c r i b e d by 

l o g c/b = a Q + a i l o g n/N eq. 6.46 
or 

l o g c/b = a Q + a i l o g (1-n/N) eq. 6.47 
where c = c r a c k l e n g t h 

b = beam w i d t h 
n = a p p l i e d number o f l o a d a p p l i c a t i o n s 
N = number o f l o a d a p p l i c a t i o n s t o f a i l u r e 

a 0 , a i = c o n s t a n t s 

The c h o i c e o f t h e model t o be used was dependent on t h e magnitude o f t h e c o r ­
r e l a t i o n c o e f f i c i e n t . 
By assuming a v a l u e o f N, t h e i n c r e a s e o f energy p e r l o a d c y c l e o f W (AW) and 
c (Ac) c o u l d be c a l c u l a t e d . The i n c r e a s e i n c r a c k e d s u r f a c e p e r l o a d c y c l e was 
c a l c u l a t e d by m u l t i p l y i n g Ac w i t h two times the w i d t h o f the specimen b. I t 
w i l l be c l e a r t h a t T f o l l o w s from 

,, _ AW 
2bAc 

Table 6.12 summarizes t h e V v a l u e s o b t a i n e d i n t h i s way. 

eq. 6.48 

In o r d e r t o be a b l e t o e s t i m a t e T from nomographs and s t a t i c t e s t s , a r e l a t i o n 
was developed between T and o m , E and n because t h e s e parameters r e p r e s e n t the 
s t r e n g t h , d e f o r m a t i o n and c r a c k growth c h a r a c t e r i s t i c s o f the m a t e r i a l . 
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Table 6.12 Values of Y as determined from the Crack Growth Experiments 

Mix T|°C| f|Hz| r|Nmm/mm2 

A! 25 1 7.625 E-4 
15 1 1 . E -2 

B i 15 1 1.101 E-2 
B 3 15 1 1.937 E -2 
Ei, 15 1 1.671* E -3 
F 15 1 1.259 E-4 

Having s t u d i e d s e v e r a l e q u a t i o n s , t h e a u t h o r d e c i d e d t h a t b e s t e s t i m a t e s f o r V 
c o u l d be o b t a i n e d from 

l o g r 
( r ) 

-6.181 + 0.938 l o g E.o m.n r= 0. eq. 6.49 
|Nmm/mm2| 

n = exponent o f t h e c r a c k growth law c o r r e c t e d f o r i n f l u e n c e o f v o i d 
c o n t e n t 

o m = t e n s i l e s t r e n g t h o f t h e m a t e r i a l g i v e n t h e l o a d i n g c o n d i t i o n s 
(see p a r . 6.7.3.2) |MPa| 

E = s t i f f n e s s modulus of t h e m a t e r i a l g i v e n t h e l o a d i n g c o n d i t i o n . 
|MPa| 

T h i s r e l a t i o n i s g i v e n i n f i g u r e 6.37. The used d a t a a r e g i v e n i n t a b l e 6.13. 

10* r E t ^ n |MRa 2| 

I0~2 r |NnrYri/nnnn2| 

Figure 6.3 7 Relation between the product E.a .n and V 

Table 6. 13 Data used to develop the E.a^.n vs f Relation 

Mix T|°C| f |HZI r|Nmm/mm2| E|MPa| a m|MPa| n e x p 
A i 25 1 7.625 E-4 1939 0.35 2.89 

15 1 1. E-2 4084 1.5 4.03 
B i 15 1 1.101 E-2 2730 2.6 3.79 
B 3 15 1 1.937 E-2 4260 2 4.77 
En 15 1 1.674 E-3 2612 1.15 3.24 
F 15 1 1.259 E-4 238 0.30 2.99 

Resuming t h e f o r e g o i n g , i t can be s t a t e d t h a t f o r normal a s p h a l t i c - c o n c r e t e 
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mixes, T can be e s t i m a t e d by means o f nomographs and s i m p l e s t a t i c t e s t s . 

6.7.3.2 Estimation of o m 

As has been i n d i c a t e d b e f o r e , a m can be o b t a i n e d from i n d i r e c t t e n s i l e t e s t s 
performed a t d i f f e r e n t temperature l e v e l s . From t h e t e s t c o n d i t i o n s , S ^ i t c a n 

be determined and then a r e l a t i o n between S ^ i t and a m can be developed. T h i s 
r e l a t i o n can be used t o e s t i m a t e o m at g i v e n l o a d i n g f r e q u e n c i e s and tempera­
t u r e s . F i g u r e 6.38 shows t h e S^£^ vs am r e l a t i o n s as determined f o r t h e mixes 
c o n s i d e r e d h e r e . 

6.7.3.3 Estimation of D2 and m 

The e s t i m a t i o n o f D 2 and m from nomographs has a l r e a d y been d i s c u s s e d i n s e c ­
t i o n 6 . 7 . 1 . 

6.7.3.4 Estimation of ƒ )w(t )| n dt 

S i n c e t h e shape o f t h e l o a d p u l s e was a h a v e r s i n e , t h e shape o f t h e s t r e s s i n ­
t e n s i t y f u n c t i o n | w ( t ) | i s a h a v e r s i n e t o o . The way i n which t h e f u n c t i o n 
| w ( t ) | n i s i n f l u e n c e d by t h e magnitude o f n i s i l l u s t r a t e d i n f i g u r e 6 .39. For 
l o a d p u l s e s h a v i n g a fre q u e n c y o f 1 Hz and 10 Hz t h e a r e a e n c l o s e d by t h e 
| w ( t ) | n c u r v e was c a l c u l a t e d f o r s e v e r a l v a l u e s o f n. I t showed t h a t the mag­
n i t u d e o f t h i s a r e a was dependent on n i n t h e f o l l o w i n g way 

l o g / | w ( t ) | n dt = -0.2696 - 0.1825 l o g n. ( 1 Hz) eq. 6.50 

l o g / | w ( t ) | n dt = -1.2696 - 0.1825 l o g n. (10 Hz) eq. 6.51 

6.7.3.5 Estimation of A from Nomographs and S t a t i c Test Results 
Comparison with the Experimentally derived Values 

The r e l a t i o n s d e r i v e d i n t h e p r e v i o u s s e c t i o n s were used t o c a l c u l a t e t n e A 
v a l u e s f o r t h e mixes c o n s i d e r e d i n t h e c r a c k growth t e s t program. These v a ­
l u e s were t h e n compared w i t h t h e A v a l u e s as o b t a i n e d from t h e r e s u l t s o f t h e 
c r a c k growth t e s t s t h e m s e l v e s . The r e s u l t s are shown i n t a b l e 6 . 1 ^ . 



Table 6.14 Comparison of the A Values calculated from the Nomographs etc. and A Values obtained from Crack Growth 
Experiments 

Mix T|°C| f|Hz S b i t °m 
MPa |MPa| 

v.c . 
1*1 

n 
nom 

n 
cor 

/ w ( t ) n d t I i smix 
[MPa 

T|Nmm/ mm2 | D2|mm2/N | V 2 
m * c a l c A 

exp 

A] 25 1 2 0.35 6.79 7.77 2.23 0.464 1.5 1038 3 .53 E-4 1.23 E -3 0.35 2.89 2 98 6.39 E-5 
15 1 10 1.5 6.79 8.95 2.57 0.452 1.5 2702 3.87 E-3 4.52 E-4 0.35 3.47 1 55 E-6 8.98 E-8 

15 10 ¡40 2.7 6.79 8.95 2.57 0.0452 1.5 5244 1 .25 E-2 4.52 E-4 0.35 3.47 8 17 E-10 1.01 E -9 

5 10 150 2.7 6.79 10.3 2.98 0.0441 1.5 9489 2.49 E-2 2.16 E-4 0.35 4.17 1 16 E-13 5.04 E-9 

B i 15 1 3 2.6 5.44 7.95 3.05 0.439 1.5 1622 4.71 E-3 7.78 E-4 0.35 2.98 6 04 E-8 1.67 E-6 

15 10 15 3.2 5.44 7.95 3.05 0.0439 1.5 3526 1.18 E-2 7.78 E-4 0.35 2.98 2 55 E-8 9.19 E-7 

B 3 15 1 10 2 4.82 9.U 4.27 0.412 1.5 3726 1.1 E-2 3.24 E-4 0.35 3.70 2 42 E-9 1.55 E-8 

5 10 150 2.7 4.82 10.9 4.95 0.0401 1.5 12154 5.11 E-2 1.61 E -4 0.35 4.44 2 6 E-16 2.61 E-16 

En 15 1 3 1.15 4.53 7.81 3.87 0.442 1.5 1389 2.37 E-3 9.14 E -4 0.35 2.91 h 39 E-4 3.06 E-6 

15 10 15 3.3 4 .53 7.81 3.87 0.0442 1.5 3066 1.34 E-2 9.14 E-4 0.35 2.91 3 1*7 E-8 1.4 E-6 

F 15 1 0.37 0.3 8 4.56 1.07 0.531 1.5 200 9.5 E-5 3.97 E -2 0.35 1.28 4.91 E -3 

5 10 20 1.1 8 7.4 1.73 0.0486 1.5 2100 8.6 E-4 3.73 E -3 0.35 1.76 2 86 E-2 5.16 E-4 
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t 

Figure 6.39 \w(t)\n in r e l a t i o n to n 

I t s h o u l d he noted t h a t S ^ i ^ i s e s t i m a t e d from t h e t e s t c o n d i t i o n s and a m i s 
e s t i m a t e d from t h e d e r i v e d S ^ i t vs o m r e l a t i o n s . The v o i d content was t h e mean 
v a l u e o f a l l specimens t e s t e d under s t a t i c and dynamic l o a d i n g c o n d i t i o n s . The 
nnom v a l u e s were ta k e n from t a b l e 6.8 w h i l e t h e c o r r e c t e d n v a l u e s were o b t a i ­
ned by u s i n g e q u a t i o n 6.41). Values f o r / | w ( t ) | n dt were o b t a i n e d by u s i n g equa­
t i o n s 6.50 and 6 .51. The S r a^ x v a l u e s were o b t a i n e d from t h e l o a d i n g c o n d i t i o n s 
t o g e t h e r w i t h t a b l e 6 .8 . The f r a c t u r e energy was c a l c u l a t e d from e q u a t i o n 6.1+9 
The creep compliance a t t=1 sec was o b t a i n e d from t a b l e 6.8 as was t h e case fo: 
th e 1/m v a l u e s . 
The r e l a t i o n between l o g A as c a l c u l a t e d i n t h i s way and l o g A as determined 
from t h e e x p e r i m e n t a l r e s u l t s i s shown i n f i g u r e 6.1+0. As can be seen from t h i : 
f i g u r e t h e agreement i s not v e r y good. 

|togA e x p| 

11 I L 
3 10 

Figure 6.40 Relation between \log A e \ and \log A \ as determined by means 
of Schapery's Equation 

6.7.4 Estimation of A by means of Regression Equations 

S i n c e t h e c a l c u l a t i o n o f A by means o f Schapery's e q u a t i o n i s more o r l e s s com­
p l i c a t e d and s i n c e t h e agreement between A e x p and A C a-[_ c i s not v e r y good, i t 
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was d e c i d e d t o develop r e g r e s s i o n e q u a t i o n s f o r t h e e s t i m a t i o n o f A. 
The f i r s t e q u a t i o n which was developed i s a r e l a t i o n between t h e exponent of 
the c r a c k growth law n,and A. 
Th i s r e l a t i o n i s 

I l o g A = 0.977 
0.91* 

1.628 n eq. 6.52 

A g r a p h i c a l r e p r e s e n t a t i o n i s g i v e n i n f i g u r e 6.1+1. The r e l a t i o n i s of t h e sa­
me shape as t h e one between n i and l o g k i as shown i n f i g u r e 6 .31. 

15 

10 

•fbgA| 

n 
_i 1 

10 
Figure 6.41 Relation between n and log A 

A l s o an e q u a t i o n was developed by which i t i s p o s s i b l e t o e s t i m a t e A from no­
mographs and s t a t i c t e s t s . T h i s e q u a t i o n i s 

l o g A = 1+.389 - 2.52 l o g E.o .n 
m 

-O.96 eq. 6.53 

where A = co n s t a n t o f t h e c r a c k growth law 
t e n s i l e s t r e n g t h o f t h e m a t e r i a l a t t h e g i v e n l o a d i n g c o n d i t i o n s 
|MPa| 
exponent o f t h e cr a c k growth law 
s t i f f n e s s modulus of t h e m a t e r i a l a t the g i v e n l o a d i n g c o n d i t i o n s 
iMPal 

To develop t h i s e q u a t i o n , t he da t a as g i v e n i n t a b l e 6.13 were used t o g e t h e r 
w i t h t he e x p e r i m e n t a l l y d e r i v e d A v a l u e s as g i v e n i n t a b l e 6 .7 . A g r a p h i c a l r e ­
p r e s e n t a t i o n o f the e q u a t i o n i s g i v e n i n f i g u r e 6.1+2. 

The c a p a b i l i t i e s o f e q u a t i o n 6.53 t o p r e d i c t a c c e p t a b l e A v a l u e s was t e s t e d by 
means o f t h e re m a i n i n g d a t a g i v e n i n t a b l e 6 .7 . The E and n v a l u e s f o r t h e 
15°C/10 Hz and 5°C/10 Hz t e s t s t o g e t h e r w i t h the a p p r o p r i a t e c m v a l u e s were i n ­
t r o d u c e d i n e q u a t i o n 6.53. The A v a l u e s c a l c u l a t e d i n t h i s way were compared 
w i t h t h e e x p e r i m e n t a l l y determined v a l u e s . The r e s u l t s a r e shown i n f i g u r e 6.1*3 
and t a b l e 6. ll+. 

From t h i s comparison i t was concluded t h a t e q u a t i o n 6.53 p r e d i c t s A v a l u e s 
w i t h a re a s o n a b l e a c c u r a c y . 
From t a b l e 6.15 i t can a l s o be concluded t h a t t h e r e i s no need t o modify t h e 
r e g r e s s i o n e q u a t i o n i n o r d e r t o t a k e i n t o account t h e shape o f t h e _ s t r e s s i n ­
t e n s i t y wave. 
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10 

10 

10 

10 » • 10 10 

Figure 6.42 Relation between E.am.n and A 

^ricgAexpl 

»3 10 

Fiqure 6.43 Comparison of log A . , witTz Zog 4 
—« r experimental ° regr. equation 
From t a b l e 6.15 i t can concluded t h a t by u s i n g t h e r e g r e s s i o n e q u a t i o n one ob­
t a i n s u s u a l l y A v a l u e s which are o v e r - e s t i m a t e d , so A v a l u e s which a r e on the 
" s a f e s i d e " . 
S i n c e b o t h r e g r e s s i o n e q u a t i o n s a r e much s i m p l e r i n use than Schapery's equa­
t i o n , i t i s recommended t o use t h e r e g r e s s i o n e q u a t i o n s f o r t h e assessment o f 
A. Due t o i t s s i m p l i c i t y e q u a t i o n 6.52 i s p r e f e r r e d over e q u a t i o n 6 .53. 

6.7.5 Conclusions on the Assessment of A and n from Nomoqraohs and S ta t i c 
TêlTs ' — ' 

From the m a t e r i a l p r e s e n t e d i n s e c t i o n 6 .7 , i t can be concluded t h a t t h e con­
s t a n t s A and n can in d e e d be e s t i m a t e d from nomographs and s i m p l e s t a t i c t e s t s . 
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Table 6.15 Comparison of the Experimentally determined A values with those 
calculated by means of the Regression Equation (eq. 6.53) 

Mix T|°C f | Hz | A 
exp. 

A 
reg.eq. 

A i 25 1 6 39 E-5 1.23 E-lt 

15 1 8 98 E-8 2.09 E-7 

10 1 01 E-9 6.25 E-9 

5 10 5 oh E-9 1.29 E-8 

Hi 15 1 1 67 E-6 1.68 E-7 

10 9 18 E-7 1.34 E-8 

B 3 15 1 1 55 E-8 5.96 E-8 

5 10 2 61 E-16 1.76 E-10 

En 15 1 3 06 E-6 2.18 E-6 
10 1 ho E-6 5.44 E-8 

F 15 1 U 91 E-3 3.29 E -2 

5 10 5 16 E-h 3.28 E-5 

The nomographs t o be used are t h e van der P o e l nomograph and t h e S ^ t v s S m i x 

nomographs as developed by r e s e a r c h e r s o f S h e l l O i l Company. The s t a t i c t e s t s 
i n v o l v e d a r e i n d i r e c t t e n s i l e t e s t s performed at s e v e r a l temperatures i n o r d e r 
t o o b t a i n S ^ i t vs a m r e l a t i o n s . From t h e r e s u l t s p r e s e n t e d i t becomes obvious 
t h a t t h e mix p r o p e r t i e s and e s p e c i a l l y the v o i d c o n t e n t , do have a pronounced 
i n f l u e n c e on t h e r e s u l t s . S i n c e t h e p r e d i c t i o n s a r e r a t h e r s e n s i t i v e t o changes 
i n v o i d c o n t e n t , s p e c i a l c a r e s h o u l d he t a k e n i n p r e p a r i n g t e s t specimens and 
assuming mix p r o p e r t i e s f o r nomograph p r e d i c t i o n s . Both t h e assumed composi­
t i o n and t h e c o m p o s i t i o n of t h e t e s t specimens, s h o u l d match c l o s e l y t h e mix 
c o m p o s i t i o n i n t h e f i e l d . 

6.8 Summary and Conclusions 

I n t h i s c h a p t e r t h e need f o r t h e a p p l i c a t i o n of f r a c t u r e mechanics i n t h e de­
s i g n o f o v e r l a y s has been d e s c r i b e d . Furthermore a t t e n t i o n has been p a i d t o 
t h e assessment o f t h e f r a c t u r e b e h a v i o u r o f common Dutch a s p h a l t i c mixes t e s ­
t e d b o t h under dynamic and s t a t i c l o a d i n g c o n d i t i o n s . S p e c i a l c o n s i d e r a t i o n 
has been g i v e n t o t h e assessment o f c r a c k growth p r o p e r t i e s u s i n g nomographs 
and s t a t i c t e s t r e s u l t s , s i n c e t h e a v a i l a b i l i t y o f such r e l a t i o n s would s t i m u ­
l a t e the use o f f r a c t u r e mechanics p r i n c i p l e s i n d e s i g n i n g pavements and o v e r ­
l a y s r e l a t e d t o t h e c r a c k i n g b e h a v i o u r o f a s p h a l t mixes. 
From t h e e x p e r i m e n t a l work i t can be concluded t h a t 
a. Crack growth c h a r a c t e r i s t i c s o f a s p h a l t mixes a r e h e a v i l y dependent on t h e 

mix c o m p o s i t i o n . 
b. Schapery's c r a c k growth t h e o r y , which can be seen as a t h e o r e t i c a l j u s t i f i ­

c a t i o n o f t h e e m p i r i c a l P a r i s ' c r a c k growth l a w , can be used t o e s t i m a t e t h e 
c o n s t a n t s A and n from the c r a c k growth law p r o v i d e d t h a t t h e e f f e c t o f 
v o i d s i s t a k e n i n t o a ccount. 

c• For p r a c t i c a l purposes A can a l s o be e s t i m a t e d by means o f a r e g r e s s i o n 
e q u a t i o n which r e l a t e s A t o n and an e q u a t i o n which r e l a t e s A t o om, E and 
n. 
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Although f r a c t u r e toughness t e s t s g i v e a b e t t e r i n s i g h t i n t h e f r a c t u r e 
p r o p e r t i e s o f a s p h a l t mixes t h a n t h e i n d i r e c t t e n s i l e t e s t s , t h i s l a t t e r 
t e s t i s recommended s i n c e i t i s much e a s i e r t o perform and s i n c e i t enables 
t e s t i n g o f co r e s t a k e n from t h e pavement. Furthermore t h e i n d i r e c t t e n s i l e 
t e s t p r o v i d e s data which enable t h e e s t i m a t i o n o f A. 
Si n c e t h e e s t i m a t e s o f A and n are r a t h e r s e n s i t i v e t o changes i n mix com­
p o s i t i o n s , s p e c i a l a t t e n t i o n s h o u l d be g i v e n t o t h e c o n f o r m i t y o f t h e de­
sig n e d mix t o t h e mix i n t h e f i e l d . 
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Appendix 6A 

D e s c r i p t i o n o f the ASTM Procedure t o Determine K_ Values from Ic Three P o i n t Bending T e s t s 
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6.A.1 Description of the ASTM Procedure to Determine K j r Values from Three 
Point Bending Tests' 

ASTM has developed a procedure |19| t o determine t h e K j c v a l u e s from d i r e c t 
t e n s i l e as w e l l as from beam bending t e s t s . T h i s procedure w i l l be d e s c r i b e d 
h e r e a f t e r . 
L e t us assume a l o a d d i s p l a c e m e n t g r a p h l i k e t h e one g i v e n i n f i g u r e 6 . A . 1 . 
The s e c a n t l i n e 0 P X i s drawn w i t h a s l o p e w h i c h i s l e s s s t e e p t h a n t h e s l o p e 
o f l i n e OA. The s l o p e o f l i n e O P x i s dependent on t h e r a t i o c r a c k depth ( c ) o -
v e r spec imen h e i g h t (b) and on t h e t y p e o f t e s t ( f i g . 6 . A . 2 ) . 

Figure 6.A.1 Procedure to c a l c u l a t e Figure 6. A. 2 Dependency of <)> on Ratio 
Kja Values a/b and Test Conditions 

Next a h o r i z o n t a l l i n e i s drawn a t F=0.8 P x. I n o r d e r t o o b t a i n a " v a l i d " K j c , 
d i s t a n c e AB s h o u l d be l e s s o r equ a l t o 0.25 times t h e d i s t a n c e CD. 
Then K* i s c a l c u l a t e d from P x (see e q u a t i o n 6 .2 ) . I t s h o u l d be checked whether 
o r not 

2 . 5 ( V o e ) = < t 
and 

2 . 5(K ( j )/o e) 2 < 2a 

where o e = y i e l d s t r e s s 
t = specimen t h i c k n e s s 

2a = c r a c k l e n g t h 

K A = c a n d i d a t e f r a c t u r e toughness v a l u e 

When th e s e c o n d i t i o n s a r e f u l f i l l e d , t h e n 
K I c = K * 

I f one o f t h e s e c o n d i t i o n s i s not f u l f i l l e d o r when t h e t e s t s h o u l d be con­
s i d e r e d t o be i n v a l i d t h e n i s a c a n d i d a t e v a l u e f o r K j _ | 6 | . 
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Appendix 6B 

Evaluation of Five Types of Test on t h e i r A p p l i c a b i l i t y for 
Crack Growth Experiments 
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6.B.1 Introduction 

I n t h i s appendix t h e r e s u l t s w i l l be g i v e n of a t h e o r e t i c a l a n a l y s i s on t h e 
a p p l i c a b i l i t y o f d i f f e r e n t t y p e s o f t e s t s t o be used i n a c r a c k growth e x p e r i ­
ment. The a n a l y s i s was c a r r i e d out by means o f t h e f i n i t e element program des­
c r i b e d i n 1141. Sub s e q u e n t l y , t h e f o l l o w i n g t e s t s w i l l be d i s c u s s e d 
a. t h r e e p o i n t bending t e s t 
b. beam on e l a s t i c f o u n d a t i o n t e s t 
c. pure shear t e s t 
d. i n d i r e c t t e n s i l e t e s t 
e. d i r e c t t e n s i l e t e s t . 
I t w i l l be shown how t h e r e s u l t s o f t h e a n a l y s i s can be used i n o r d e r t o de­
ter m i n e t h e c r a c k l e n g t h and s t r e s s i n t e n s i t y f a c t o r from t h e i n c r e a s e o f t h e 
measured e l a s t i c d i s p l a c e m e n t s . 

6.B.2 Three Point Bending Test 

An example o f t h e f i n i t e element mesh which was used t o s i m u l a t e t h e t h r e e 
p o i n t bending t e s t i s g i v e n i n f i g u r e 6.B.1. C a l c u l a t i o n s were made f o r t h e 
uncracked beam and f o r c r a c k e d beams w i t h d i f f e r e n t c r a c k l e n g t h s . A c o n s t a n t 
l o a d t y p e o f t e s t was assumed. F i g u r e 6.B.2 shows t h e i n c r e a s e i n d e f l e c t i o n 
at mid span i n r e l a t i o n t o t h e c r a c k l e n g t h (c) over beam h e i g h t (b) r a t i o . 
F i g u r e 6.B.3 shows t h e i n c r e a s e i n t h e K v a l u e i n r e l a t i o n t o t h e i n c r e a s e o f 
th e c/b r a t i o . F i g u r e 6.B.4 shows t h e i n c r e a s e o f t h e n o r m a l i z e d v a l u e K-r/a/b 
i n r e l a t i o n t o t h e i n c r e a s e o f t h e c/b r a t i o as c a l c u l a t e d by means o f t h e f i ­
n i t e element program. T h i s f i g u r e a l s o shows t h e K j / c / b vs c/d r e l a t i o n as c a l ­
c u l a t e d by means o f e q u a t i o n 6 .2 . The agreement between b o t h r e l a t i o n s i s con­
s i d e r e d t o be good. Although t h i s t y p e o f t e s t might be c o n s i d e r e d f o r use i n 
c r a c k growth e x p e r i m e n t s , i t was not s e l e c t e d i n t h i s r e s e a r c h program s i n c e 
i t was b e l i e v e d t h a t t h e dead weight o f t h e specimen, which i s n e g l e c t e d so 
f a r , 'has a marked i n f l u e n c e on t h e K v a l u e s . 

6.B.3 Beam on E l a s t i c Foundation Test 

An example o f t h e f i n i t e element mesh which was used t o s i m u l a t e t h e beam on 
e l a s t i c f o u n d a t i o n t e s t i s g i v e n i n f i g u r e 6.B .5 . A g a i n c a l c u l a t i o n s were made 
f o r t h e uncracked specimen as w e l l as f o r c r a c k e d specimens w i t h d i f f e r e n t 
c r a c k l e n g t h s . As i n d i c a t e d i n f i g u r e 6.B .5 , b o t h bending as w e l l as s h e a r i n g 
l o a d c o n d i t i o n s were s t u d i e d . A l s o here a c o n s t a n t l o a d t y p e o f t e s t was a s s u ­
med. F i g u r e 6.B.6 shows t h e i n c r e a s e i n d e f l e c t i o n as w e l l as t h e i n c r e a s e i n 
c u r v a t u r e i n r e l a t i o n t o t h e c r a c k l e n g t h * beam h e i g h t r a t i o . One s h o u l d note 
t h e S shaped i n c r e a s e o f t h e maximum d e f l e c t i o n and t h e s u r f a c e c u r v a t u r e i n ­
dex! I t i s b e l i e v e d t h a t t h e s e r e s u l t s g i v e evidence t o t h e s t r u c t u r a l p e r f o r ­
mance model which was s t i p u l a t e d i n c h a p t e r 3. F i g u r e 6.B.7 shows t h e v a r i a ­
t i o n o f t h e K i and K 2 v a l u e s i n r e l a t i o n t o t h e c/d r a t i o . As c o u l d be expec­
t e d , t h e K 2 r a p i d l y i n c r e a s e s w i t h i n c r e a s i n g c r a c k l e n g t h . The K i v a l u e s a r e 
d e c r e a s i n g i f t he c/d r a t i o i s l a r g e r t h a n 0 .5 . T h i s i s because t h e c r a c k t i p 
reaches t h e compressive zone. I t s h o u l d be noted t h a t t h e K i vs c/d r a t i o as 
developed here i s v e r y d i f f e r e n t from t h e one assumed by Majidzadeh et a l . i n 
t h e i r a n a l y s i s o f the c r a c k growth i n a number o f mixes ]6, T|. They assumed 
t h a t f o r beams on e l a s t i c f o u n d a t i o n t e s t s t h e r e l a t i o n K i vs c/d c o u l d be 
d e s c r i b e d by means o f f i g u r e 6.B .4. T h i s f i g u r e can o n l y be used i f f u l l s l i p 
c o n d i t i o n s o c c u r a t t h e i n t e r f a c e between t h e a s p h a l t i c beam and t h e rubber 
subgrade. I t i s b e l i e v e d t h a t a l t h o u g h p r e c a u t i o n s a r e t a k e n , f u l l s l i p c o n d i ­
t i o n s a r e not l i k e l y t o o c c u r . T h e r e f o r e i t i s s t r o n g l y a d v i s e d t o gjue t h e 
a s p h a l t i c beam t o the rubber subgrade i n o r d e r t o be sure t h a t p e r f e c t a d h e s i o n 
o c c u r s as was assumed i n t h e c a l c u l a t i o n s performed h e r e . 
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F=105N 
— 1 

E=5000MFb v̂ O.35 h = 50mm 
I 

E=5000MFb v̂ O.35 h = 50mm 
I 

E=5000MFb v̂ O.35 h = 50mm 

- 4 
225 mm 

Figure S.B.I F i n i t e Element Mesh used in the Simulation of the Three Point 
Bending Test 

Figure 6.B.3 Increase of K in re- Figure 8.B.4 Relation between the 
l a t i o n to the c/b Ratio c/b Ratio and the normalized K]. (Kl) 



Figure 6.B.S F i n i t e Element Mesh used in the Simulation of the Beam on E l a s t i c 
Foundation Test 

Figure S.B.6a Increase of the Deflec- Figure 6.B.6b Increase of the Curvature 
tion Ratio in r e l a t i o n to the c/b Ratio Ratio in r e l a t i o n to the c/b Ratio 

Figure S.B.7 Variation of Ki and K2 in r e l a t i o n to the c/b Ratio 
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i c/b 

-100 

Figure 6.B.8 Ratio o/b in r e l a t i o n to the Number of Load Repetitions (N) 

K| | N / r r r r i ' 2 | 

' ' ' ' I _ i i i ' ' ' ' ' i • ' ' i _ —J 1 1 1 L 
01 1 dc«N *1Cr 3 |rrmfcycle| 10 

Figure S.B.9 Craok Growth Rate in r e l a t i o n to K, assuming f u l l s l i p between 
_L ^ r\nr\c. Beam and Subavads 
4- Ipi i 1 i i i — r r r 1 

±d![ -+- if 

h =50 n m 

E=500DMPa \7=Q:I5 

Figure 6.B.10 F i n i t e Element Mesh used in the Simulation of the Pure Shear Test 
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The e f f e c t o f a wrong assumption on t h e i n t e r f a c e c o n d i t i o n s has been shown by 
Thewessen and t h i s a u t h o r 128 | . By u s i n g a t e s t set-up s i m i l a r t o t h a t des­
c r i b e d i n f i g u r e 6.B .5 , t h e y o b t a i n e d r e s u l t s l i k e t h o s e g i v e n i n f i g u r e 6.B .8. 
From t h i s f i g u r e i t can a l r e a d y be observed t h a t t h e r a t e o f c r a c k p r o p a g a t i o n 
decreased i f t h e c/b was 0.6 or l a r g e r . 
The s t r e s s i n t e n s i t y f a c t o r s were c a l c u l a t e d by means o f f i g u r e 6.B .4. T h i s r e ­
s u l t e d i n K vs dc/dN graphs l i k e t h e one g i v e n i n f i g u r e 6.B .9 . These r e s u l t s 
can, t o put i t m i l d l y , be c o n s i d e r e d as remarkable. I f however f i g u r e 6.B.7 
was used t o ass e s s t h e K i v a l u e s , a K i vs dc/dN r e l a t i o n was o b t a i n e d as i n d i ­
c a t e d by t h e dashed l i n e i n f i g u r e 6.B .9. 

From t h e d i s c u s s i o n on t h e beam on e l a s t i c f o u n d a t i o n t e s t which was g i v e n he­
r e , i t was d e c i d e d t h a t , a l t h o u g h r e a l i s t i c support c o n d i t i o n s e x i s t , t h i s 
t y p e of t e s t s h o u l d not be used i n t h e e x p e r i m e n t a l program. 

6.B.4 Pure Shear Test 

Pure shear t e s t s are c o n s i d e r e d t o be impo r t a n t s i n c e t h e y enable t o determine 
c r a c k growth r e l a t i o n s o f t h e shape. 

( § ) = A K? eq. 6.B.1 
shear 

I t might be argued t h a t t h e s e r e l a t i o n s can be d e r i v e d from t h e r e l a t i o n 

(§§) = A K? eq. 6.B.2 
bending 

because, a c c o r d i n g t o S i h , K i and K 2 a r e r e l a t e d t o each o t h e r i n t h e f o l l o ­
wing way 

„ 2 3(1-2v) v 2 , 
n = 2 ( i - v ) - v 2 K ! e q - 6 - B - 3 

F o r v=0.35 e q u a t i o n 6.B.3 reduces t o 
K 2 = 0.8? K i eq. 6.B.4 

N e v e r t h e l e s s i t i s thought w o r t h w h i l e t o check t h e t r a n s f o r m a t i o n o f K 2 t o K j 
as i n d i c a t e d i n e q u a t i o n 6.B .3 . T h i s can be done by means o f t h i s t y p e o f t e s t . 

The t e s t , w h i c h was a n a l y s e d by means o f t h e f i n i t e element program,was a con­
s t a n t displacement t y p e o f t e s t . I n t h i s t y p e o f t e s t , t h e c r a c k l e n g t h and 
s t r e s s i n t e n s i t y f a c t o r s h o u l d be a s s e s s e d from t h e decrease o f t h e a s s o c i a t e d 
l o a d . 

F i g u r e 6.B.10 shows t h e f i n i t e element mesh, w h i l e f i g u r e 6.B.11 shows t h e de­
cr e a s e o f t h e l o a d i n r e l a t i o n t o t h e c/b r a t i o . F i g u r e 6.B.12 shows t h e v a r i a ­
t i o n o f K 2 i n r e l a t i o n t o t h e c/b r a t i o . 

From f i g u r e 6.B.11 i t can be concluded t h a t t h e l o a d decreases almost l i n e a r l y 
w i t h i n c r e a s i n g c r a c k l e n g t h . On t h e o t h e r hand K 2 s t a y s almost c o n s t a n t over 
a r a t h e r l a r g e c/b range. T h i s would mean t h a t o n l y a l i m i t e d number o f dc/dN 
vs K 2 combinations can be o b t a i n e d from t h i s t e s t . T h e r e f o r e a c o n s i d e r a b l e 
amount o f t e s t s s h o u l d be run i n o r d e r t o be a b l e t o determine t h e c o n s t a n t s 
from t h e c r a c k growth law as g i v e n i n e q u a t i o n 6.B .2 . 

T h i s , t o g e t h e r w i t h t h e f a c t t h a t i t i s a r a t h e r d i f f i c u l t t e s t (one needs t o 
have a v e r y s t i f f frame i n o r d e r t o a v o i d b e n d i n g ; specimen p r e p a r a t i o n might 
be d i f f i c u l t ) , h a s l e a d t o t h e c o n c l u s i o n t h a t t h i s t y p e o f t e s t s h o u l d not be 
used i n o r d e r t o determine t h e c r a c k growth p r o p e r t i e s . 



Figure 6.B.1S Decrease of DR in re­
l a t i o n to the Ratio c/b 

Figure 6.B.16 Increase of the apparent 
Poisson's Ratio in r e l a t i o n to the 
Ratio c/b 
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0.4 0.8 c/b 0.4 0.8 c/b 
Figure 6.B.11 Decrease of the Ratio Figure 6.B.12 V a r i a t i o n of K2 in r e l a -
Pn/Pa in r e l a t i o n to the Increase of t i o n to the Ratio c/b 
the Ratio c/b 

6.B.5 Ind i rect Tens i le Test 

The i n d i r e c t t e n s i l e t e s t o r s p l i t t e s t , i s n o r m a l l y used f o r t h e t e s t i n g o f 
b r i t t l e m a t e r i a l s . D u r i n g t h e l a s t 10 y e a r s t h i s t e s t i s a l s o r e c o g n i z e d as a 
v a l u a b l e t y p e o f t e s t t o be used on a s p h a l t i c m a t e r i a l s . I t s use on t h i s t y p e 
o f m a t e r i a l however, i s s u b j e c t e d t o a l a r g e amount o f c r i t i c i s m which i s main­
l y caused by t h e f a c t t h a t q u i t e o f t e n one seems t o get u n r e a l i s t i c r e s u l t s . 
E s p e c i a l l y t h e magnitude o f P o i s s o n ' s r a t i o , c a l c u l a t e d from t h e measured v e r ­
t i c a l and h o r i z o n t a l d i s p l a c e m e n t s t a k e s u n r e a l i s t i c v a l u e s l i k e e.g. 1.5. 
In s p i t e o f t h i s c r i t i c i s m i t i s s t i l l b e l i e v e d t h a t t h e i n d i r e c t t e n s i l e t e s t 
i s a v a l u a b l e t e s t s i n c e i t g i v e s t h e p o s s i b i l i t y t o determine t h e s t r e n g t h 
c h a r a c t e r i s t i c s o f co r e s t a k e n i n t h e f i e l d . Because o f t h i s , i t i s f e l t t h a t 
t h i s type of t e s t i s a v e r y p r a c t i c a l one and t h e r e f o r e i t was s t u d i e d i n t h i s 
a n a l y s i s i n o r d e r t o determine i t s a p p l i c a b i l i t y f o r c r a c k growth experiments. 
The f i n i t e element mesh which was used f o r t h e c a l c u l a t i o n s i s g i v e n i n f i g u r e 
6.B.13. Some r e s u l t s a r e shown i n f i g u r e 6.B .14, 6.B.15 and 6.B.16. 
F i g u r e 6.B.14 shows t h e i n c r e a s e i n K i i n r e l a t i o n t o t h e r a t i o c/b. A l s o i t s 
dependency on t h e magnitude o f P o i s s o n ' s r a t i o i s shown. F i g u r e 6.B.15 shows 
t h e decrease of t h e v a l u e o f DR. T h i s f a c t o r i s d e f i n e d as 

__ v e r t i c a l d i s p l a c e m e n t <• „ c DR = f — eq. 6.B.5 h o r i z o n t a l d i s p l a c e m e n t 
From DR, t h e v a l u e o f P o i s s o n ' s r a t i o can be c a l c u l a t e d from 

0.0673DR - 0.8951* r „ r 
V = -0.2494DR - 0.0156 eq. 6.B.6 

The c o n s t a n t s i n e q u a t i o n 6.B.6 are dependent on t h e diameter o f t h e specimen 
and t he w i d t h o f t h e l o a d i n g s t r i p . A complete p i c t u r e o f t h e v a r i a t i o n o f 
the s e c o n s t a n t s w i t h v a r y i n g specimen diameter i s g i v e n i n 1381 . E q u a t i o n 6.B.6 
i s v a l i d f o r specimens h a v i n g a diam e t e r o f 100 mm, t h e w i d t h o f t h e l o a d i n g 
s t r i p s h o u l d be 12.7 mm. 
Eq u a t i o n 6.B.6 was used t o c a l c u l a t e apparent P o i s s o n ' s r a t i o s from t h e DR v a ­
l u e s g i v e n i n f i g u r e 6.B .15. The r e s u l t s a r e shown i n f i g u r e 6.B .16. From t h i s 
f i g u r e i t can immediately be observed t h a t apparent P o i s s o n ' s r a t i o s can be ob­
t a i n e d t h a t a r e much l a r g e r than 0 .5 . T h i s s h o u l d be c o n t r i b u t e d t o the e x i s -
tance o f c r a c k s and f l a w s i n t h e specimen. 
From t h e a n a l y s i s p r e s e n t e d h e r e i t can be co n c l u d e d t h a t t h e i n d i r e c t t e n s i l e 
t e s t i s a l s o a v e r y u s e f u l t e s t f o r t he assessment o f c r a c k growth p r o p e r t i e s . 
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As an example, f i g u r e 6.B.17 i s g i v e n which shows t h e i n c r e a s e o f P o i s s o n ' s 
r a t i o as determined by means o f the r e p e a t e d l o a d i n d i r e c t t e n s i l e t e s t s . The 
data were o b t a i n e d from |33 | . 

1r v 

. —« " r 

103 1 0 ^ 

Figure 6.B.17 Increase in Poisson's Ratio during a Repeated Load I n d i r e c t Ten­
sile Test (mix A\, Marshall compaction,void content=3.S%) 

Although t h e t e s t seems v e r y a t t r a c t i v e from a t h e o r e t i c a l p o i n t of view, t h e r e 
ar e some p r a c t i c a l i n c o n v e n i e n c e s t h a t can oc c u r d u r i n g t h e t e s t . 
D u r i ng t he t e s t p r o g r a m d e s c r i b e d i n |33, 3k, 35| r e g u l a r l y r o c k i n g of t h e spe­
cimen was observed because t h e l o a d i n g s t r i p s were p r e s s e d somewhat skew i n t o 
t h e specimen. T h i s r o c k i n g w i l l o f course i n f l u e n c e t h e s t r e s s d i s t r i b u t i o n and 
dis p l a c e m e n t . Furthermore t h e s t a i n l e s s s t e e l l o a d i n g s t r i p s i n c i s e d i n t h e 
specimen c a u s i n g c r a c k i n g near t h e edges o f t h e s t r i p s . T h i s o f course w i l l a l ­
so i n f l u e n c e t h e s t r e s s , d i s p l a c e m e n t and cr a c k growth b e h a v i o u r o f t h e s p e c i ­
men. I t i s b e l i e v e d however t h a t both i n c o n v e n i e n c e s might be overcome by p l a ­
c i n g a t h i n s t r i p o f r u b b e r between t h e specimen and t h e l o a d i n g s t r i p . I n t h a t 
case s p e c i a l c a r e s h o u l d be g i v e n t o t h e measurements of t h e v e r t i c a l d i s p l a c e ­
ments o f t h e specimen. 
Due t o th e s e i n c o n v e n i e n c e s , t h i s t e s t was not s e l e c t e d t o be used f o r t h e 
cra c k growth experiments. 

6.B.6 Direct Tens i le Test 

As i n d i c a t e d i n c h a p t e r 6 , t h e d i r e c t t e n s i l e t e s t was s e l e c t e d f o r the c r a c k 
growth e x p e r i m e n t s . The main reason f o r i t s s e l e c t i o n was t h a t t h e t e s t s a r e 
r e l a t i v e l y easy t o perform and t h a t , as w i l l be i n d i c a t e d h e r e , t h e cr a c k l e n g t h 
and s t r e s s i n t e n s i t y f a c t o r can e a s i l y be o b t a i n e d from t h e i n c r e a s e i n e l a s t i c 
d e f l e c t i o n . 

The f i n i t e element mesh t h a t was used i n t h e c a l c u l a t i o n s i s shown i n f i g u r e 
6.B .18. Both t h e c o n s t a n t l o a d and c o n s t a n t d i s p l a c e m e n t t e s t were s i m u l a t e d . 

6.B.6.1 Constant Load Test 

F i g u r e 6.B.19 shows t h e q u a r t e r beam which has been c o n s i d e r e d i n t h e f i n i t e 
element c a l c u l a t i o n s . T y p i c a l c a l c u l a t i o n r e s u l t s a r e shown i n f i g u r e s 6.B.20 
and 6.B .21. The m u l t i p l e c r a c k i n g c o n d i t i o n s were s i m u l a t e d s i n c e t h i s t y p e o f 
c r a c k i n g was observed s e v e r a l times d u r i n g t h e t e s t i n g o f t h e En and F mix at 
15°C and 1 Hz. 
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As can be seen from f i g u r e 6.B.20 and 6.B.21, b o t h t h e c r a c k l e n g t h and t h e 
s t r e s s i n t e n s i t y f a c t o r o f c r a c k number 1 can be a s s e s s e d w i t h r e a s o n a b l e a c c u ­
r a c y from t h e c 2=0 curves as l o n g as c 2 i s s m a l l e r t h a n c i . These curves (c 2=0) 
have t h e r e f o r e been s e l e c t e d f o r t h e e v a l u a t i o n o f t h e c r a c k growth t e s t s . 

6.B.6.2 Constant Displacement Test 

F i g u r e 6.B.22 shows how t h e l o a d decreases w i t h i n c r e a s i n g c r a c k l e n g t h . The 
i n c r e a s e o f K i w i t h r e s p e c t t o the c r a c k l e n g t h i s shown i n f i g u r e 6.B.23. Ba­
sed on t h i s f i g u r e , f i g u r e 6.B.20 has been developed which enables t h e a s s e s s ­
ment of K i f o r d i f f e r e n t a p p l i e d s t r a i n l e v e l s and e l a s t i c m o d u l i . 

6.B.7 Summary 

I n t h i s appendix t h e r e s u l t s a r e p r e s e n t e d o f a t h e o r e t i c a l a n a l y s i s on t h e 
a p p l i c a b i l i t y o f d i f f e r e n t t y p e s o f t e s t f o r c r a c k growth e x p e r i m e n t s . 
In g e n e r a l i t can be concluded t h a t each t y p e o f t e s t c o n s i d e r e d , can be used 
f o r t h e experiments. F o r reasons o f s i m p l i c i t y , t h e d i r e c t t e n s i l e t e s t and 
the i n d i r e c t t e n s i l e t e s t a r e p r e f e r r e d . F o r t h e experiments which were c a r r i e d 
out i n t h i s s t u d y , t h e d i r e c t t e n s i l e t e s t was s e l e c t e d . 
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7.1 Introduction 

I f t h e pavement s t r u c t u r e reaches t h e c o n d i t i o n t h a t a s a f e and f a s t p u b l i c and 
commercial t r a n s p o r t a t i o n cannot be g a r a n t e e d any l o n g e r , maintenance s h o u l d 
t a k e p l a c e i n o r d e r t o r e s t o r e the pavement c o n d i t i o n t o such a l e v e l t h a t i t 
can serve as t r a n s p o r t a t i o n s u r f a c e f o r a n o t h e r number o f y e a r s . Maintenance 
a c t i v i t i e s can be such as f i l l i n g c r a c k s , l e v e l l i n g o f t h e s u r f a c e o r s u r f a c e 
t r e a t m e n t s . I f however t h e s t r u c t u r a l c o n d i t i o n s h o u l d be improved, th o s e r e l a ­
t i v e l y s i m p l e maintenance t e c h n i q u e s a r e not s u f f i c i e n t . In t h o s e c o n d i t i o n s 
o v e r l a y s w i t h a t h i c k n e s s o f 0.05 t o 0.15 m s h o u l d be p l a c e d on t h e e x i s t i n g 
pavement. 
For t h e t h i c k n e s s d e s i g n o f t h e s e o v e r l a y s , e m p i r i c a l as w e l l as m e c h a n i s t i c 
methods have been developed. The same advantages and d i s a d v a n t a g e s a p p l y f o r 
t h e s e methods,as f o r t h e e m p i r i c a l and m e c h a n i s t i c d e s i g n methods which were 
d e s c r i b e d i n c h a p t e r 3. The a u t h o r b e l i e v e s t h a t , as was t h e case f o r t h e de­
s i g n methods f o r new pavements, m e c h a n i s t i c o v e r l a y d e s i g n methods a r e i n ad­
vantage over t h e e m p i r i c a l methods, s i n c e t h e y have b e t t e r p r e d i c t i v e c a p a b i ­
l i t i e s . N e v e r t h e l e s s t h e c a p a b i l i t i e s o f e x i s t i n g m e c h a n i s t i c methods s h o u l d 
be improved s i n c e t h e y have s t i l l a number o f shortcomings. 

I n t h i s c h a p t e r a new o v e r l a y d e s i g n procedure w i l l be p r e s e n t e d . I t i s based 
on t h e models and m a t e r i a l c h a r a c t e r i z a t i o n t h a t were d e s c r i b e d i n t h e p r e v i o u s 
c h a p t e r s . The a u t h o r b e l i e v e s t h a t t h e p r e s e n t e d procedure overcomes t h e main 
i m p e r f e c t i o n s o f t h e e x i s t i n g methods. 
I n o r d e r t o o b t a i n a b e t t e r u n d e r s t a n d i n g f o r t h e r a t i o n a l e o f t h e new o v e r l a y 
d e s i g n p r o c e d u r e , t h i s c h a p t e r w i l l s t a r t w i t h a s h o r t d e s c r i p t i o n o f t h e b a s i c 
p r i n c i p l e s o f t h e c u r r e n t m e c h a n i s t i c methods and a d i s c u s s i o n on t h e i r a p p l i ­
c a b i l i t y and i m p e r f e c t i o n s . 

7.2 Current Mechanistic Overlay Design Methods 

A r a t h e r complete p i c t u r e o f c u r r e n t o v e r l a y d e s i n g methods u s i n g a m e c h a n i s t i c 
approach,can be found i n t h e p r o c e e d i n g s o f t h e Uth and 5th I n t e r n a t i o n a l Con­
f e r e n c e S t r u c t u r a l Design o f A s p h a l t Pavements | l , 2|. T h i s s e c t i o n summarizes 
the b a s i c assumptions used i n most o f t h e methods p r e s e n t e d t h e r e . 
A l l c u r r e n t o v e r l a y d e s i g n methods use measured s u r f a c e d e f l e c t i o n s as i n p u t . 
D e p a r t i n g from t h e s e d e f l e c t i o n s two main t y p e s o f d e s i g n methods can be d i s ­
c e r n e d . I n t h e methods o f t h e f i r s t t y p e , t h e e l a s t i c m o duli o f t h e d i f f e r e n t 
pavement l a y e r s (both c r a c k e d and uncracked) are c a l c u l a t e d from t h e measured 
d e f l e c t i o n s and t h e l a y e r t h i c k n e s s e s which a r e o b t a i n e d by means o f c o r i n g . 
These moduli are used t o g e t h e r w i t h t h e l a y e r t h i c k n e s s e s as i n p u t i n t o a com­
p u t e r program t o c a l c u l a t e t h e s t r e s s e s and s t r a i n s i n t h e m u l t i l a y e r e d pave­
ment system. From t h e c a l c u l a t e d s t r e s s e s and s t r a i n s , and u s i n g an a p p r o p r i a t e 
f a t i g u e r e l a t i o n , u s u a l l y t h i s r e l a t i o n i s t a k e n from l i t e r a t u r e , t h e number 
o f l o a d a p p l i c a t i o n s t o f a i l u r e can be c a l c u l a t e d . T h i s number,together w i t h 
t h e number o f l o a d s a p p l i e d t o t h e pavement ( n ) , which i s o b t a i n e d from t r a f f i c 
and a x l e l o a d d a t a , M iner's r a t i o (n/N) i s c a l c u l a t e d . Depending on t h e magni­
tude o f t h i s r a t i o i t i s d e c i d e d whether an o v e r l a y s h o u l d be a p p l i e d o r n o t . 
Then t h e s t r e s s e s and s t r a i n s i n t h e e x i s t i n g pavement as w e l l as i n t h e o v e r ­
l a y , are c a l c u l a t e d f o r d i f f e r e n t o v e r l a y t h i c k n e s s e s and a new number o f l o a d 
a p p l i c a t i o n s t o f a i l u r e ( N n ) i s c a l c u l a t e d . The number o f l o a d s which s t i l l 
can be a p p l i e d (n,j) i s c a l c u l a t e d from 

-_. = 1 _ £ 
N n N eq. 7.1 
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In t h e methods o f t h e second t y p e , d e f l e c t i o n measurements are used t o c a l c u ­
l a t e an e f f e c t i v e l a y e r t h i c k n e s s . An example of such a method i s t h e one deve­
l o p e d by r e s e a r c h e r s o f the S h e l l l a b o r a t o r i e s [3 | . T h i s approach i s d i f f e r e n t 
from t h e one d e s c r i b e d above i n t h a t way t h a t now an e f f e c t i v e t h i c k n e s s o f 
the a s p h a l t i c t o p l a y e r i s c a l c u l a t e d assuming t h i s l a y e r has an e l a s t i c modu­
l u s e q u a l t o t h a t o f new m a t e r i a l . 
The e f f e c t i v e l a y e r - t h i c k n e s s approach i s an a t t r a c t i v e one s i n c e t h i s t h i c k ­
ness can be compared d i r e c t l y w i t h t h e o r i g i n a l t h i c k n e s s . I t w i l l be obvious 
t h a t s t r u c t u r a l damage has o c c u r r e d i f t h e r a t i o h e f f e c t i v e T h o r i g i n a l i s 
s m a l l e r than 1. The e f f e c t i v e l a y e r t h i c k n e s s and t h e a p p l i e d and expected 
number o f l o a d r e p e t i t i o n s are t h e n used as i n p u t i n t h e d e s i g n method f o r new 
pavements t o determine t h e o v e r l a y t h i c k n e s s | 3 | . 

7.3 Imperfections of Current Mechanistic Overlay Design Methods and Suggestions 
fo r Improvement 

B a s i c l y s i x major i m p e r f e c t i o n s and/or di s a d v a n t a g e s can be f o r m u l a t e d a g a i n s t 
t h e c u r r e n t m e c h a n i s t i c o v e r l a y d e s i g n p r o c e d u r e s . They a r e : 
a. d i f f i c u l t i e s i n t h e c a l c u l a t i o n o f t h e e l a s t i c moduli o f t h e pavement l a y ­

e r s , 
b. t h e a p p l i c a t i o n o f M iner's r a t i o i n o v e r l a y t h i c k n e s s e s t i m a t i o n , 
c. s e l e c t i o n o f a p r o p e r f a t i g u e r e l a t i o n , 
d. e s t i m a t i o n of t h e l o a d i n g h i s t o r y , 
e. i n a b i l i t y t o t a k e i n t o account t h e presence o f c r a c k s i n t h e e x i s t i n g pave­

ment on t h e b e h a v i o r o f t h e o v e r l a y , 
f . t h e n o n - e x i s t a n c e o f r e l a t i o n s between v i s u a l observed d i s t r e s s and s t r u c ­

t u r a l d e t e r i o r a t i o n as determined from t h e d e f l e c t i o n measurements. 

These d i s a d v a n t a g e s w i l l be d i s c u s s e d i n t h e f o l l o w i n g paragraphs. 

Re a. The c a l c u l a t i o n o f e l a s t i c moduli from known l a y e r t h i c k n e s s e s and 
measured d e f l e c t i o n s g i v e s no problems f o r two l a y e r pavement s t r u c ­
t u r e s . Sound mat h e m a t i c a l s o l i t i o n s have been p r o v i d e d i n t h e shape o f 
graphs |U| t a b l e s |5 | and computer programs | 6 | . The c a l c u l a t i o n o f t h e 
moduli o f t h r e e l a y e r e d pavement systems i s p o s s i b l e i f t h e modulus o f 
the a s p h a l t i c t o p l a y e r i s e s t i m a t e d from nomographs | 3 | and the sub-
grade modulus i s e s t i m a t e d from t h e d e f l e c t i o n measured a t a c e r t a i n 
d i s t a n c e o f the l o a d | 1 , 7 | . U s i n g t h e s e moduli v a l u e s , t h e e l a s t i c mo­
d u l u s o f t h e base can be e s t i m a t e d r a t h e r e a s i l y . E l a s t i c moduli o f 
m u l t i l a y e r e d pavement systems can o n l y be e s t i m a t e d i n an i t e r a t i v e 
way assuming s t a r t i n g v a l u e s f o r t h e moduli | 8 | . T h i s method however 
i s r a t h e r cumbersome, c o s t l y and t i m e consuming and one a l s o needs t o 
have a good knowledge o f t h e l a y e r t h i c k n e s s e s s i n c e t h e y have a major 
i n f l u e n c e on t h e c a l c u l a t e d m o d u l i . T h i s means t h a t a r a t h e r l a r g e 
amount o f c o r e s needs t o be t a k e n which i s not v e r y a t t r a c t i v e . 

Re b. Although Miner's law i s a p p l i c a b l e t o the development of one c r a c k , 
f u r t h e r e x t e n s i o n o f c r a c k s i s dependent on t h e r e d i s t r i b u t i o n o f t h e 
s t r e s s e s , a n d i n t h i s case Miner's law may not be f u l l y a p p l i c a b l e . F u r ­
thermore Miner's law d e f i n e s a c l e a r f a i l u r e c o n d i t i o n which occurs a t 
e.g. t h e f r a c t u r e o f a t e s t specimen. Such a f a i l u r e p o i n t does not 
e x i s t i n t h e case o f pavements. A 100 p e r c e n t c r a c k e d pavement s u r f a c e 
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can s t i l l be used as a r e a s o n a b l e d r i v i n g s u r f a c e u n l e s s l a r g e d e f o r ­
mations and/or p o t h o l e s o c c u r . T h e r e f o r e a s t r a i g h t f o r w a r d use o f 
Miner's law i n t h e e s t i m a t i o n o f o v e r l a y t h i c k n e s s e s i s not c o n s i d e ­
re d t o be a p r o p e r approach, s i n c e t h i s w i l l r e s u l t i n an u n r e a l i s t i c 
o v e r l a y d e s i g n e s p e c i a l l y i n t h o s e eases where Miner's r a t i o comes 
c l o s e t o one. 

Re c. The s e l e c t i o n of t h e p r o p e r f a t i g u e r e l a t i o n i s o f major concern s i n c e 
t h i s a f f e c t s h i g h l y t h e r e s u l t s o f t h e pavement l i f e c a l c u l a t i o n s . F a ­
t i g u e r e l a t i o n s can be determined e x p e r i m e n t a l l y i n t h e l a b o r a t o r y but 
t h e y s h o u l d be c o r r e c t e d w i t h a p r o p e r f a c t o r i n o r d e r t o t a k e i n t o 
account b e n i f i c i a l e f f e c t s o f e.g. r e s t p e r i o d s . However t h i s w i l l ma­
ke t h e f a t i g u e r e l a t i o n r a t h e r d i f f u s e . I t i s t h e r e f o r e much b e t t e r t o 
determine t h e f a t i g u e r e l a t i o n from t h e i n s i t u b e h a v i o r o f t h e pave­
ment, s i n c e t h e n a r e a l i s t i c r e l a t i o n i n c l u d i n g t h e b e n e f i c i a l e f f e c t s 
i s determined. U n f o r t u n a t e l y t h e c u r r e n t d e s i g n methods don't have op­
t i o n s t o assess such an i n s i t u f a t i g u e r e l a t i o n . 

Re d. E s p e c i a l l y the i n f o r m a t i o n on t r a f f i c l o a d s i s i n most cases v e r y poor 
or even not a v a i l a b l e a t a l l . T h i s i s because t h e c o l l e c t i o n of t h i s 
t y p e o f data i s r a t h e r c o s t l y . I t i s expected t h a t no s u b s t a n t i a l im­
provement of t h e q u a l i t y o f t h e s e d a t a w i l l be o b t a i n e d i n t h e coming 
y e a r s . I t i s t h e r e f o r e suggested t h a t r e s e a r c h s h o u l d be undertaken i n 
o r d e r t o be a b l e t o make r e a s o n a b l e e s t i m a t i o n s o f t h e a x l e l o a d spec­
trum what has been a p p l i e d t o t h e pavement and t h a t , what might be ex­
p e c t e d i n f u t u r e . 

Re e. V i s i b l e c r a c k s i n t h e e x i s t i n g pavement w i l l i n f l u e n c e t h e b e h a v i o r o r 
t h e o v e r l a y , because t h e y w i l l a c t as a c r a c k i n i t i a t o r u n l e s s s p e c i a l 
p r e c a u t i o n s have been t a k e n . T h i s i n f l u e n c e can be t h a t pronounced t h a t 
t h i s w i l l r e s u l t i n a s u b s t a n t i a l r e d u c t i o n o f t h e l i f e o f t h e o v e r l a y . 
Up t o now a l l m e c h a n i s t i c d e s i g n methods, which a r e r e a d i l y a v a i l a b l e , 
do not t a k e i n t o account t h i s i m p o r t a n t a s p e c t . 

Re f . The d e t e r i o r a t i o n or d i s t r e s s o f t h e pavement can be observed v i s u ­
a l l y and can be d e t e c t e d by means of d e f l e c t i o n measurements. Up t o 
now t h e m e c h a n i s t i c o v e r l a y d e s i g n methods r e l y h e a v i l y on t h e r e s u l t s 
of t h e d e f l e c t i o n measurements. T h i s i s thought t o be a v a l i d approach 
i f d e f l e c t i o n measurements a r e t a k e n on a r e g u l a r b a s i s , t h i s however 
w i l l seldom be t h e case. U s u a l l y d e f l e c t i o n measurements are o n l y t a k e n 
i f maintenance a c t i v i t i e s a r e thought t o be n e c e s s a r y . In t h a t case 
v i s u a l c o n d i t i o n surveys s h o u l d be performed i n o r d e r t o o b t a i n a d d i ­
t i o n a l i n f o r m a t i o n . T h i s means t h a t t h e r e l a t i o n between t h e s e two a s ­
p e c t s , v i s u a l c o n d i t i o n and d e f l e c t i o n , s h o u l d be improved i n o r d e r t o 
be a b l e t o make b e t t e r o v e r l a y t h i c k n e s s d e s i g n s . 

From t h e above mentioned d i s a d v a n t a g e s , i t can be concluded t h a t c o n s i d e r a b l e 
m o d i f i c a t i o n s s hould be a p p l i e d t o most o f the e x i s t i n g o v e r l a y d e s i g n methods. 
A number o f t h e s e m o d i f i c a t i o n s have a l r e a d y been d i s c u s s e d i n t h e p r e v i o u s 
c h a p t e r . 

I n c h a p t e r 3 i t has been d i s c u s s e d how t h e s t r e s s and s t r a i n l e v e l i n pavement 
s t r u c t u r e s can be a s s e s s e d r a t h e r e a s i l y by means o f d e f l e c t i o n measurements. 
The e q u a t i o n s p r e s e n t e d t h e r e overcome t h e problems o f c a l c u l a t i n g e l a s t i c mo­
d u l i as mentioned under i t e m a ^ Furthermore a s t r u c t u r a l performance model has 
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been d e s c r i b e d i n c h a p t e r 3. T h i s model overcomes t h e problem of d e s c r i b i n g 
the pavement c o n d i t i o n even i n tho s e cases where Miner's r a t i o i s l a r g e r than 
one. I t w i l l a l s o be p o s s i b l e t o make r e a l i s t i c o v e r l a y t h i c k n e s s d e s i g n s i n 
t h e s e cases by means o f t h i s model. T h i s i n t u r n means t h a t t h e q u e s t i o n r a i ­
sed under i t e m has been s o l v e d . 

In c h a p t e r 5 i t has been shown how t h e rem a i n i n g l i f e o f the pavement can be 
as s e s s e d w i t h o u t any knowledge on t h e number o f l o a d a p p l i c a t i o n s a p p l i e d t o 
the pavement. I t has been shown t h a t knowledge on t h e t r a f f i c i n t e n s i t y i s s u f f i ­
c i e n t t o make r e a s o n a b l e a c c u r a t e e s t i m a t e s on t h e r e m a i n i n g l i f e . T h i s means 
t h a t t h e p r e s e n t e d method overcomes the d i f f i c u l t i e s which have been mentioned 
under it e m d̂ _ Of c o u r s e t h e a c c u r a c y o f t h e r e m a i n i n g l i f e assessments w i l l i n ­
c r e a s e i f a c c u r a t e d a t a on t h e amount and magnitude o f t h e t r a f f i c l o a d s a r e a-
v a i l a b l e . 
In c h a p t e r 5 a l s o r e l a t i o n s have been developed between the s t r u c t u r a l c o n d i ­
t i o n o f t h e pavement,as determined by means o f d e f l e c t i o n measurements,and the 
d i s t r e s s which can be observed v i s u a l l y . I t has even been shown how t h e s t r u c ­
t u r a l c o n d i t i o n can be e s t i m a t e d by means o f v i s u a l c o n d i t i o n surveys i n th o s e 
cases where d e f l e c t i o n measurements f a i l t o do so. T h i s means t h a t t h e problems 
mentioned under i t e m fj_ have been overcome. 

Chapter 6 d e s c r i b e d the i m p o r t a n t aspect o f c r a c k p r o p a g a t i o n i n bituminous ma­
t e r i a l s . The r e s u l t s g i v e n i n t h a t c h a p t e r , t o g e t h e r w i t h a c a l c u l a t i o n o f t h e 
s t r e s s i n t e n s i t y f a c t o r i n o v e r l a y s due t o c r a c k s i n t h e u n d e r l y i n g e x i s t i n g 
pavement, w i l l s o l v e t h e problems mentioned under it e m e_̂  

From t h e p r e v i o u s paragraphs i t can be concluded t h a t a l l i m p e r f e c t i o n s but one 
( i t e m c_;_) have been d e a l t w i t h i n one o f t h e p r e v i o u s c h a p t e r s . The assessment 
o f an i n s i t u f a t i g u e r e l a t i o n w i l l be d i s c u s s e d i n t h i s c h a p t e r . 

7.4 New Overlay Design Method 

D e p a r t i n g from t h e improvements as suggested i n t h e p r e v i o u s s e c t i o n , t h e a u t h o r 
has developed a new o v e r l a y d e s i g n method t h a t i n c o r p o r a t e s t h e methods and t e c h ­
niques developed and d e s c r i b e d i n t h e p r e v i o u s c h a p t e r s . 
I n t h i s new method t h r e e d e s i g n o p t i o n s a r e d i s t i n g u i s h e d . They a r e 
a. d e s i g n o f unbonded o v e r l a y s 
b. d e s i g n o f bonded o v e r l a y s w i t h s p e c i a l emphasis p l a c e d on the upgrading o f 

t h e s t r u c t u r a l c o n d i t i o n of the e x i s t i n g pavement 
c. d e s i g n of bonded o v e r l a y s w i t h s p e c i a l emphasis p l a c e d on t h e r e d u c t i o n o f 

r e f l e c t i o n c r a c k i n g . 

Re a. In c e r t a i n c i r c u m s t a n c e s , e.g. a b a d l y c r a c k e d pavement, i t i s d e s i r a b l e 
t o p l a c e t h e o v e r l a y i n such a way t h a t r e f l e c t i o n o f c r a c k i n g from t h e 
e x i s t i n g pavement i n t o t he o v e r l a y i s p r e v e n t e d . Such c o n d i t i o n s can be 
c r e a t e d by a p p l y i n g a bond b r e a k e r between t h e o v e r l a y and t h e e x i s t i n g 
pavement. I d e a l l y t h e a p p l i c a t i o n o f a bond b r e a k e r c r e a t e s a c o n d i t i o n 
where t h e o v e r l a y can be c o n s i d e r e d as a s l a b r e s t i n g on another s l a b 
and where no shear s t r e s s e s a r e t r a n s m i t t e d from the o v e r l a y t o t h e 
e x i s t i n g pavement. 
S i n c e the o v e r l a y and t h e e x i s t i n g pavement a r e not behaving l i k e a 
s i n g l e s l a b but l i k e two s e p a r a t e s l a b s , t h e o v e r l a y s h o u l d p r i m a r i l y 
be d e s i g n e d on t h e t e n s i l e s t r a i n t h a t o c c u r s a t the bottom of t h e o v e r ­
l a y . I t w i l l be obvious t h a t t h e s t r a i n r e d u c t i o n i n t h e e x i s t i n g pave­
ment due t o an unbonded o v e r l a y i s l e s s t h a n the s t r a i n r e d u c t i o n due t o 
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a bonded o v e r l a y . N e v e r t h e l e s s t h e d e s i r e d s t r a i n r e d u c t i o n i n t h e e x i s ­
t i n g pavement s h o u l d be one o f t h e c o n s t r a i n t s i n t h e s e l e c t i o n o f t h e 
o v e r l a y t h i c k n e s s . F i g u r e 7.1 shows s c h e m a t i c a l l y t h e d e s i g n p r i n c i p l e 
o f unbonded o v e r l a y s 

mm s l i p _ 

¿1. 

Figure 7.1 Design P r i n c i p l e of Unbonded Overlays 

Re b. The main o b j e c t i v e o f a bonded o v e r l a y i s , t o reduce t h e s t r e s s and 
s t r a i n l e v e l i n t h e e x i s t i n g pavement t o such an e x t e n t t h a t the s t r u c ­
t u r a l l i f e o f t h e e x i s t i n g pavement i s extended c o n s i d e r a b l y . S i n c e t h e 
o v e r l a y l i e s above t h e n e u t r a l a x i s , the s t r e s s e s and s t r a i n s i n t h e o-
v e r l a y i t s e l f w i l l be compressive. 
F i g u r e 7.2 shows s c h e m a t i c a l l y t h e d e s i g n p r i n c i p l e o f bonded o v e r l a y s . 

_ dud 
U M no sup . o v e r l Q y 

. ft El 

Figure 7.2 Design P r i n c i p l e of Bonded Overlays 

Re c. In t h e d e s i g n o f bonded o v e r l a y s , performed a c c o r d i n g t o t h e p r i n c i p l e s 
d e s c r i b e d above, t h e e f f e c t o f c r a c k s i n t h e e x i s t i n g pavement on t h e 
performance o f t h e o v e r l a y i s not t a k e n i n t o a c c o u n t . I t i s a w e l l known 
f a c t however t h a t t h e i n f l u e n c e o f t h e s e c r a c k s i s r a t h e r pronounced. 
Bonded o v e r l a y d e s i g n s s h o u l d t h e r e f o r e be checked on t h e p r o p a g a t i o n 
r a t e o f r e f l e c t i o n c r a c k s t hrough t h e o v e r l a y . 
F i g u r e 7.3 shows s c h e m a t i c a l l y t h e r e f l e c t i o n c r a c k i n g p r o c e s s through 
o v e r l a y s . 

_ r m n 
D i m no s n P - t - K i 2™[°y 

Figure 7.3 Reflection Cracking of Overlays 

In t h e f o l l o w i n g s e c t i o n s , methods w i l l be d e s c r i b e d t h a t e nable t h e d e s i g n of 
o v e r l a y s a c c o r d i n g t o o p t i o n s d e s c r i b e d above. 



21+8 

_ £ h_ in m 
r wt< O. 

Figure 7.5 Strain Level in the Unbonded Overlay (£o) in r e l a t i o n to the 
SCI after Overlaying (SCIa^0J 
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7.4.1 Design of Unbonded Overlays 

The e f f e c t o f unbonded o v e r l a y s on t h e s t r u c t u r a l b e h a v i o r o f pavements has 
been s t u d i e d by t h e a u t h o r by means o f a number o f c a l c u l a t i o n s on f o u r l a y e r ­
ed pavement systems u s i n g t h e CIRCLY computer program | 9 | . These c a l c u l a t i o n s 
have r e s u l t e d i n r e l a t i o n s between t h e SCI a f t e r o v e r l a y i n g on one hand and t h e 
maximum t e n s i l e s t r a i n i n the o v e r l a y on t h e o t h e r . 
F i g u r e 7.1+ shows t h e l a y e r e d systems which were a n a l y s e d . F i g u r e 7.5 shows the 
r e s u l t s o f t h e c a l c u l a t i o n s . 

0.32 m 

mm v ° - 7 M P a | 
sm oo th 

iMnnni 

rough 

j—[-rough 

E Q = 1000, 5000,8000MPa h^O.02,0.035,0.05,01,0.15 m 
E 1 =5000 MPa h-, =0.1,0.15,0.2 m 

E 2 =400,1200,6000 MPa h2=0.3 m 

E 3 = 150 MPa Mi = ^3 = u o = Q 3 5 

Figure 7.4 Layered Systems analysed to determine the Effect of Unbonded Over­
lays 

In f i g u r e 7.5 t h e s t r a i n v a l u e s f o r t h e 0.02 m t h i c k o v e r l a y s a r e o m i t t e d s i n c e 
i n t h e s e cases t h e s t r a i n i n t h e o v e r l a y was c o m pressive. 

F i g u r e 7.6 shows t h e r e l a t i o n between t h e SCI b e f o r e o v e r l a y i n g and t h e SCI a f ­
t e r o v e r l a y i n g f o r d i f f e r e n t o v e r l a y t h i c k n e s s e s and s t i f f n e s s e s . 

From f i g u r e 7.5 i t can be concluded t h a t t h i n o v e r l a y s are i n advantage over 
t h i c k o v e r l a y s . E s p e c i a l l y o v e r l a y t h i c k n e s s e s o f 0.1 m e x h i b i t h i g h s t r a i n v a ­
l u e s . 

S p e c i a l c a r e s h o u l d be g i v e n t o t h e s e l e c t i o n o f t h e o v e r l a y t h i c k n e s s i n r e l a ­
t i o n t o i t s s t i f f n e s s f o r t h e f o l l o w i n g r e a s o n s . As has been mentioned i n chap­
t e r 3, t h e t e n s i l e s t r a i n t h e pavement s u r f a c e due t o inward shear f o r c e s 
( E t . e . ) e a n b e e s t i m a t e d by means o f 

l o g e t _ e < = 1+.822 x 1 0 - 2 - 1.01+9 l o g E i eq. 7.1 

where E i = s t i f f n e s s o f t h e t o p l a y e r ( i n t h i s case t h e o v e r l a y ) |MPa| 

Due t o t h e l a c k o f adhesion between t h e e x i s t i n g pavement and t h e o v e r l a y , the 
t e n s i l e s t r a i n s at t h e s u r f a c e o f the o v e r l a y appeared t o be 13% t o 20% h i g h e r 
than the s t r a i n v a l u e e s t i m a t e d by means o f e q u a t i o n 7.1. 



Figure 7.6 Relation between the SCI before Overlaying (SCIfc^J and the 
SCI after Overlaying (SCIa%0J for Unbonded Overlays 
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These t e n s i l e s t r a i n s a t t h e pavement s u r f a c e are i n most cases h i g h e r t h a n t h e 
t e n s i l e s t r a i n s at the bottom o f t h e o v e r l a y (compare t h e dashed l i n e s i n f i g u ­
r e 7.5 w i t h t h e s o l i d l i n e s ) . T h e r e f o r e c r a c k i n g t h a t grows from bottom t o t o p 
i s v e r y l i k e l y t o o c c u r . I f t h e o v e r l a y i s t h i n , t h e r e w i l l be a b i g chance 
t h a t t h e s e c r a c k s w i l l r e a c h the i n t e r f a c e between t h e o v e r l a y and the e x i s t i n g 
pavement. S i n c e t h e r e i s h a r d l y any bonding between t h e o v e r l a y and t h e e x i s ­
t i n g pavement, l o o s e p a r t s w i l l d e velop which might r e s u l t i n p o t h o l e s . 

From the r e s u l t s o f t h e c a l c u l a t i o n s , i t can a l s o be c o n c l u d e d t h a t t h e r e d u c ­
t i o n of t h e s t r a i n l e v e l i n t h e e x i s t i n g pavement as a r e s u l t o f t h e unbonded 
o v e r l a y i s o n l y l i m i t e d . The amount o f r e d u c t i o n i s shown i n f i g u r e s 7.7 and 
7.8 . E s p e c i a l l y i f t h e o v e r l a y has a t h i c k n e s s o f 0.05 m o r l e s s , and t h e 
SOIb.o. i - s l e s s t h a n 100 um, t h e r e i s h a r d l y any s t r a i n r e d u c t i o n i n t h e e x i s ­
t i n g pavement. T h i s l e a d s t o t h e c o n c l u s i o n t h a t an unbonded o v e r l a y a c t s more 
o r l e s s l i k e a s e a l a n t and does not reduce t h e d e t e r i o r a t i o n r a t e o f t h e e x i s ­
t i n g pavement. 

The t h i c k n e s s o f t h e unbonded o v e r l a y i s designed i n t h e f o l l o w i n g way. 
a. f i r s t o f a l l the f u t u r e number o f l o a d a p p l i c a t i o n s (H) s h o u l d be e s t i m a t e d 
b. from t h i s number, t h e d e s i g n s t r a i n l e v e l i n t h e o v e r l a y can be c a l c u l a t e d 

by means o f 

l o g e = 1°3 — - a ° 
a i 

where a D and a i r e p r e s e n t t h e i n t e r c e p t and s l o p e o f t h e f a t i g u e r e l a t i o n 
o f t h e o v e r l a y m a t e r i a l . 

c. t h e n e i s i n t r o d u c e d i n f i g u r e 7.5 and the needed S 0 I a > o _ i s determined f o r 
v a r i o u s o v e r l a y t h i c k n e s s e s and s t i f f n e s s e s . 

d. t h e S 0 I a > o _ v a l u e s are i n t r o d u c e d i n f i g u r e 7.6 t o g e t h e r w i t h t h e measured 
'S^l-b.o. v a l u e ; t h i s r e s u l t s i n t h e needed o v e r l a y t h i c k n e s s and s t i f f n e s s . 

7.4.2 Design of Bonded Overlays with Special Emphasis on the Upgrading of the 
St ructura l Condition of the Ex i s t ing Pavement 

The method which has been developed f o r t h e d e s i g n o f bonded o v e r l a y s has been 
o u t l i n e d b a s i c l y i n |10, 11, 12, 13, 1^|. Here t h e most imp o r t a n t a s p e c t s o f 
t h i s method w i l l be summarized. 
As has been shown i n c h a p t e r 3, t h e number of l o a d a p p l i c a t i o n s N p ^ t h e pave­
ment can s u s t a i n u n t i l t h e pavement has reached a p r o b a b i l i t y o f s u r v i v a l l e v e l 
P i , can be c a l c u l a t e d from 

l o g Np^ = a 0 + a i b 0 + a i b i l o g h e i - u i S l o g N eq. 7.2 

where h e i = e q u i v a l e n t l a y e r t h i c k n e s s o f t h e c o n s t r u c t i o n 
u i = s t a n d a r d i s e d normal d e v i a t e a s s o c i a t e d t o a p r o b a b i l i t y P i 

SlogN = s t a n d a r d d e v i a t i o n o f t h e l o g a r i t h m o f t h e number of l o a d r e p e t i ­
t i o n s t o f a i l u r e 

a c , a i = c o n s t a n t s from t h e r e l a t i o n l o g N = a 0 + a i l o g e 
b 0 , b i = c o n s t a n t s from t h e r e l a t i o n l o g e = b D + b i l o g h e 

I f t h e pavement l i f e has t o be extended t o (N+AN)p 2, t h e needed e q u i v a l e n t l a y ­
e r t h i c k n e s s can be c a l c u l a t e d from 

l o g (N+AH)p 2 = a Q + a i b 0 + a i b i l o g h e j - u 2 S l o g H + A K eq. 7.3 
where h g 2 = h e i + Ah e 

A h e = i n c r e a s e i n e q u i v a l e n t l a y e r t h i c k n e s s due t o t h e o v e r l a y 
P 2 = d e s i r e d r e l i a b i l i t y l e v e l o f t h e c o n s t r u c t i o n at t h e end o f t h e 

d e s i g n l i f e o f t h e o v e r l a y 
u 2 = s t a n d a r d i s e d normal d e v i a t e a s s o c i a t e d t o a p r o b a b i l i t y P 2 
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Figure 7. 7 Strain Level in the E x i s t i n g Pavement after Overlaying (£„.0 ^ ^N 

r e l a t i o n to the Strain Level before Overlaying (£hm0~) <z"3 '"the 
Thiokness (ho.) and S t i f f n e s s (Ea) of the Unbonded Overlay 
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Figure 7.8 Reduction of the Strain Level in the E x i s t i n g Pavement (z{/z\) 
in r e l a t i o n to the Thickness (h0) and S t i f f n e s s (Eo) of the 
Unbonded Overlay 
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SlogN+AN = s t a n d a r d d e v i a t i o n of t h e l o g a r i t h m o f t h e number of l o a d a p p l i c a ­
t i o n s t o f a i l u r e o f the o v e r l a i d pavement 

By s u b t r a c t i n g e q u a t i o n 7.3 from e q u a t i o n 7.2 one o b t a i n s 

L 0 S (N!AN) P 2
 = a i b l l 0 g h £ - U l S l o g N + U * S l o g N + A N e ^ 1 ' h 

by w r i t i n g ( j g g j j ^ = f v / eq. 7-5 

j , = 1 0
U l S l o g N / e q . T.6 

j 2 = 1 0
U 2 S l o g N + A N / eq. 7.7 

one a r r i v e s t o 

l o g ~ = a x b i l o g j - 1 5 1 - l o g J i + l o g J 2 eq. 7.8 
h e 2 

which can be r e w r i t t e n i n t o 
a i b i g r 

h e 2 = h e ! ^ J eq. 7.9 

The o v e r l a y t h i c k n e s s can be c a l c u l a t e d from 

>, - 1-11 (hga - h P i ) , , 
h ° - V E o / E , ^ eq. 7.10 

where h 0 = o v e r l a y t h i c k n e s s |m| 
E G = s t i f f n e s s o f t h e o v e r l a y |MPa| 
E 3 = s t i f f n e s s o f t h e subgrade |MPa| 

One should note that only information on the amount of t r a f f i c i s needed in 
terms of r a t i o past to future t r a f f i c . In \l4\ i t has been shown that this ra­
t i o can be determined from t r a f f i c counts; an exact knowledge on the axle load 
spectrum i s not s t r i c t l y necessary. 

Furthermore one should note that only the slope of the asphalt fatigue r e l a t i o n 
needs to be known. It has been shown in sections 6.6.6 and 6.7.2 that these va­
lues can be assessed by means of the Shell mix s t i f f n e s s nomographs and knowing 
the void content of the mix. In this way the problems of selecting an appropri­
ate fatigue r e l a t i o n (see section 7.3 item c) are overcome. 

The same t y p e o f e q u a t i o n s can be developed u s i n g t h e r e l a t i o n s between SCI and 
E i n s t e a d o f the h e vs z r e l a t i o n s . U s i n g t h e SCI one o b t a i n s : 

l o g N P l = a Q + a i c 0 + a i C i l o g SCI - U I S 1 O R K eq. 7.11 
where c O J C i = c o n s t a n t s from t h e r e l a t i o n l o g e = c D + c i l o g SCI 

By u s i n g t h e same approach one a r r i v e s t o : 

s c i = s c i w aisj^j? 7 - 1 2 

a.o. b.o. J i 
where S C I a _ 0 = s u r f a c e c u r v a t u r e index a f t e r o v e r l a y i n g 

S C I b > 0 _ = s u r f a c e c u r v a t u r e index b e f o r e o v e r l a y i n g 

Van Gurp |15| has shown t h a t t h e o v e r l a y t h i c k n e s s can now be o b t a i n e d from: 
l 0 g S C I a . o . = b o + b 2 l o g S C I b q + ( b i + b 3 l o g S C I b q + b„E 0)h 0 

r " = ° ' 9 6 ' ' eq. 7.13 
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where b c = - 0.205 
b i = -11.795 
b 2 = 0.951 
b 3 = - 2.589 
bi, = - 1 .653 * 10~ 1 0 

E 0 = mix s t i f f n e s s o f t h e o v e r l a y |Pa| 
h Q = t h i c k n e s s o f t h e o v e r l a y |m| 

As can be observed from e q u a t i o n s 7.9 and 7 .12, one needs t o know v a l u e s f o r 
SlogN a n d ^logN+AH i n o r d e r t o be a b l e t o make o v e r l a y t h i c k n e s s e s t i m a t i o n s . 
I n c h a p t e r 3 i t has been shown t h a t S]_ 0g[j can be c a l c u l a t e d from S^ogSCI^, 0 hy 

S 2 l o g N = a i 2 c i 2 S 2 i o g S C I b . 0 . + ° - 1 6 e 1 - T-1** 
A v a l u e f o r S^ogjj+^u can be o b t a i n e d i n t h e f o l l o w i n g way. 

From e q u a t i o n 7.13 one can d e r i v e t h e S-, A N T by 
i o g b U l a > 0 i 

s 2 i o g s c i a 0 = < b 2 + b 3 h o ) 2 s 2 i ° g s c i b . 0 . + ^ h | s l 0 + 
a ' ° ' ( b i + b„E D + b 3 l o g S C I b - 0 J 2 S g D eq. 7.15 

A p p l i c a t i o n o f e q u a t i o n 7.1^ h e r e , r e s u l t s i n 
S 2 l o g N + A N = *!cSB«i o gBCI a. 0. + 0.16 eq. T.16 

C o n s i d e r i n g e q u a t i o n 7 .16, one w i l l n o t i c e t h a t t h e S^ Q_ J J a f t e r o v e r l a y i n g w i l l 
be l a r g e r t h a n t h e S]_ 0g[j b e f o r e o v e r l a y i n g . In r e a l i t y however, one w i l l n o t i c e 
t h a t , i n most c a s e s , S]_0gN w i l l decrease a f t e r an o v e r l a y has been a p p l i e d , 
r a t h e r t h a n i n c r e a s e . A l s o i t w i l l be observed t h a t f o r o v e r l a i d pavements, 
Sx 0gfj w i l l i n c r e a s e i n t i m e and f i n a l l y one w i l l o b t a i n v a l u e s which a re l a r g e r 
than t h o s e b e f o r e o v e r l a y i n g . Evidence o f t h i s l a t t e r statement has been g i v e n 
i n c h a p t e r 3. There i t has been shown t h a t t h e S]_ Qgjj v a l u e s as determined on 
o v e r l a i d pavements are l a r g e r t h a n t h e S i 0 g j [ v a l u e s o f pavements t h a t have not 
y e t been o v e r l a i d . 

7.4.3 Design of Bonded Overlays with Special Emphasis on the Reduction of Re­
f l e c t i o n Cracking" 

As has been mentioned i n t h e i n t r o d u c t i o n o f s e c t i o n 7 .4 , c r a c k s i n t h e e x i s ­
t i n g pavement have a l a r g e i n f l u e n c e on the performance o f t h e o v e r l a y . The 
e f f e c t i v i t y o f t h e o v e r l a y might be reduced t o a c o n s i d e r a b l e e x t e n t i f c r a c k s 
from the e x i s t i n g pavement a r e r e f l e c t i n g through t h e o v e r l a y . T h e r e f o r e t h e 
bonded o v e r l a y s , d esigned a c c o r d i n g t o t h e p r i n c i p l e s d e s c r i b e d i n t h e p r e v i o u s 
s e c t i o n , s h o u l d be checked on t h e occurence o f premature r e f l e c t i o n c r a c k i n g . 
T h i s s e c t i o n d e s c r i b e s t h e o v e r l a y d e s i g n method t h a t can be used t o reduce r e ­
f l e c t i o n c r a c k i n g . 

In c h a p t e r 6 the assessment of t h e c r a c k growth c h a r a c t e r i s t i c s of a s p h a l t con­
c r e t e mixes has been d e s c r i b e d by means of t h e f r a c t u r e mechanics p r i n c i p l e s . 
I t has been shown t h a t t h e c r a c k growth can be d e s c r i b e d by 

JJH = AK eq. 7.17 

where dc/dN = i n c r e a s e i n c r a c k l e n g t h p e r l o a d i n g c y c l e |mm/cycle| 
A, n = c o n s t a n t s (see c h a p t e r 6) 

K = s t r e s s i n t e n s i t y f a c t o r , due t o t h e a p p l i e d l o a d iN/mm 1" 5! 

From e q u a t i o n 7 .17, t h e l i f e o f t h e o v e r l a y expressed i n a number o f l o a d r e p e ­
t i t i o n s (N) can be c a l c u l a t e d u s i n g : 



255 

A ( K ( c ) ) 
dc eq. 7.18 

where h Q = t h i c k n e s s o f t h e o v e r l a y |mm 

The s t r e s s i n t e n s i t y f a c t o r K i n r e l a t i o n t o t h e c r a c k l e n g t h c s h o u l d be known 
i n o r d e r t o s o l v e e q u a t i o n 7.18. For pavement s y s t e m s , K s h o u l d be determined 
by means o f a f i n i t e element program. T h i s however reduces t h e a p p l i c a b i l i t y o f 
the f r a c t u r e mechanics concepts i n t h e d e s i g n o f o v e r l a y s , f o r t h e p r a c t i s i n g 
e n g i n e e r s . In o r d e r t o overcome t h i s problem, a l a r g e number o f c a l c u l a t i o n s by 
means of t h e f i n i t e element program r e p o r t e d i n | l 6|,have been made by t h e au­
t h o r t h a t s h o u l d r e s u l t i n graphs which enable t h e p r a c t i s i n g e n g i n e e r t o e s t i ­
mate K i n a r a t h e r s i m p l e way. 
F i g u r e 7.9 shows t h e f i n i t e element mesh t h a t was used i n t h e c a l c u l a t i o n s . A l s o 
i n t h i s f i g u r e t h e l o a d i n g geometry and the l a y e r p r o p e r t i e s a r e g i v e n . As can 
be observed both bending and s h e a r i n g c o n d i t i o n s were s t u d i e d . I t s h o u l d be no­
t e d t h a t o n l y t h e c r a c k c o n d i t i o n s as i n d i c a t e d i n f i g u r e 7.9 were s t u d i e d . T h i s 
i s because from t h e c a l c u l a t i o n s on beams on e l a s t i c f o u n d a t i o n s (see c h a p t e r 6 ) , 
i t became apparent t h a t no dramatic i n c r e a s e i n t h e s t r e s s i n t e n s i t y f a c t o r s 
c o u l d be expected i f t h e c r a c k depth o v e r beam h e i g h t r a t i o had reached a v a l u e 
of 0 .8. For pavements t h i s r a t i o i s c r a c k l e n g t h over t h i c k n e s s of t h e bound 
l a y e r s . F i g u r e 7.10 shows t h e K / K m a x r a t i o i n r e l a t i o n t o t h e c r a c k l e n g t h over 
bound l a y e r t h i c k n e s s r a t i o s which were a n a l y s e d h e r e . 
The r e s u l t s of t h e performed c a l c u l a t i o n s are summarized i n f i g u r e 7 .11. 
As can be observed from t h e r e s u l t s , t h e shear l o a d i n g c o n d i t i o n s are g o v e r n i n g 
the r e f l e c t i o n c r a c k i n g p r o c e s s . E s p e c i a l l y i n cases where t h e base has a r e a ­
sonable s t i f f n e s s ( i . e . 1200 MPa), the bending l o a d i n g c o n d i t i o n s a r e not im­
p o r t a n t a t a l l . 
Furthermore one w i l l n o t i c e t h a t t h e t h i c k n e s s and s t i f f n e s s o f t h e o v e r l a y have 
a l a r g e i n f l u e n c e on t h e magnitude of t h e s t r e s s i n t e n s i t y f a c t o r s . T h i s e f f e c t 
i s most pronounced at t h e t h i n o v e r l a y s . One w i l l a l s o observe t h a t i n cases 
where t h e base i s c r a c k e d t o o , t h e K 2 v a l u e s seem h a r d l y t o be a f f e c t e d by t h e 
p r o p e r t i e s o f t h e e x i s t i n g pavement. A l s o t h e i n f l u e n c e of t h e s t i f f n e s s of t h e 
o v e r l a y i s l e s s pronounced i n t h e s e cases t h a n i n cases where o n l y t h e t o p l a y ­
e r o f t h e e x i s t i n g pavement i s c r a c k e d . 
Another i m p o r t a n t r e s u l t o f t h e c a l c u l a t i o n s i s , t h a t e s p e c i a l l y i f r a t h e r t h i n 
o v e r l a y s are u s e d , low s t i f f n e s s o v e r l a y s might be i n advantage over s t i f f o v e r ­
l a y s . T h i s i s not a v e r y s u r p r i s i n g r e s u l t s i n c e q u i t e o f t e n a d i s a p p o i n t i n g be­
h a v i o r o f s t i f f o v e r l a y s can be observed i n t h e f i e l d . I t s h o u l d be noted how­
ev e r , t h a t a s u p e r i o r b e h a v i o r o f low s t i f f n e s s bonded o v e r l a y s cannot be shown 
by means o f t h e c l a s s i c a l t h e o r y , i n which o v e r l a y d e s i g n i s based on l i m i t i n g 
t h e s t r a i n i n t h e e x i s t i n g pavement. For i n s t a n c e e q u a t i o n 7.13 shows t h a t i n 
case of b o n d i n g , h i g h s t i f f n e s s o v e r l a y s s h o u l d be p r e f e r r e d ! 

7.5 Summary 

T h i s c h a p t e r has been d e a l i n g w i t h t h e d e s i g n o f bonded and unbonded o v e r l a y s . 
Graphs and e q u a t i o n s have been p r e s e n t e d t o a s s e s s t h e s t r a i n l e v e l s and v a l u e s 
f o r the s t r e s s i n t e n s i t y f a c t o r s i n t h e e x i s t i n g pavement as w e l l as i n t h e o-
v e r l a y . A l s o i t has been i n d i c a t e d how t h e o v e r l a y t h i c k n e s s can be determined 
from t h e s e v a l u e s . I t has been shown t h a t t h e s e l e c t i o n o f t h e t h i c k n e s s and 
s t i f f n e s s o f t h e o v e r l a y i s a f f e c t e d t o a l a r g e e x t e n t by t h e a d h e s i o n c o n d i ­
t i o n s at t h e i n t e r f a c e between o v e r l a y and e x i s t i n g pavement. Emphasis has been 
p l a c e d on t h e f a c t t h a t bonded o v e r l a y s , t h a t a r e d e signed t o upgrade t h e s t r u c ­
t u r a l c o n d i t i o n o f t h e e x i s t i n g pavement, s h o u l d be checked on whether prema­
t u r e r e f l e c t i o n c r a c k i n g might o c c u r o r n o t . 
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Figure 7.9 F i n i t e Element Mesh used in the Analysis of Cracked Pavements 
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Figure 6.11a K± and Kz in r e l a t i o n to Overlay Thiekness and S t i f f n e s s 
hi =0.1 m, h2 = 0.3 m, E2 = 400MPa 
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Figure 6.11b Ki and Kz in r e l a t i o n to Overlay Thickness and S t i f f n e s s 
h - 0.1 m, h - 0.3 m, E = 1200 MPa 



Figure 6.11a Kx and K2 in r e l a t i o n to Overlay Thickness and S t i f f n e s s 
hi = 0.2 m, h2 =0.3 m, E2 = 400 MPa 

Figure 6.lid Ki and K2 in r e l a t i o n to Overlay Thickness and S t i f f n e s s 
hi = 0.2 m, h2 = 0.3 m, E2 = 1200 MPa 
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Figure 6.lie Ki and K2 in r e l a t i o n to Overlay Thickness and S t i f f n e s s 
hi = 0.3 m, hi = 0.3 m, E2 = 400 MPa 
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Figure B . l l f Ki and K2 in r e l a t i o n to Overlay Thickness and S t i f f n e s s 
hi =0.2 m, h2 - 0.4 m, E2 = 1200 MPa 
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i t has a l s o been shown t h a t t h i c k s t i f f o v e r l a y s a r e not always i n advantage 
over o v e r l a y s , t h e t h i c k n e s s and s t i f f n e s s o f which a r e l e s s . 
Furthermore i t i s shown t h a t i n t h e d e s i g n o f o v e r l a y s , t h e a x l e l o a d spectrum 
o f t h e v e h i c l e s which have t r a f f i c k e d t h e pavement, need not n e c e s s a r i l y t o be 
known. 
F i n a l l y i t i s n o t e d t h a t , a c c o r d i n g t o t h e procedure f o r t h e d e s i g n of bonded 
o v e r l a y s p r e s e n t e d h e r e , o n l y t h e s l o p e o f t h e f a t i g u e r e l a t i o n a p p l i c a b l e t o 
the e x i s t i n g pavement needs t o be known. T h i s v a l u e can be determined r a t h e r 
e a s i l y . 

7.6 Examples 

I n o r d e r t o i l l u s t r a t e t h e way i n which t h e p r e s e n t e d graphs and equation s 
s h o u l d be used, each d e s i g n o p t i o n w i l l be i l l u s t r a t e d by means o f an example. 

7.6.1 Unbonded Overlay 

I t i s d e c i d e d t o d e s i g n an unbonded o v e r l a y f o r a pavement t h e SCI o f which i s 
120 um. The o v e r l a y s h o u l d be a b l e t o s u s t a i n 101* l o a d r e p e t i t i o n s of a d u a l 
wheel 100kN s i n g l e a x l e . Two t y p e s o f o v e r l a y m a t e r i a l are s e l e c t e d t he p r o p e r ­
t i e s o f which a r e g i v e n i n t a b l e 7.1. 

Table 7.1 Properties of the Overlay Materials 

m a t e r i a l 1 m a t e r i a l 2 

E MPa| 8.000 5.000 
l o g k i -9.701 -5.82 

n i 3.308 2.342 

A 9.183 x 10~ 7 1.403 x- 10~ 6 

n 2.882 2.571 

By means of t h e f a t i g u e r e l a t i o n 
l o g N = l o g k i - m l o g e eq. 7.19 

the a l l o w a b l e s t r a i n l e v e l s can be c a l c u l a t e d . For m a t e r i a l 1 t h i s i s 
e = 7.2 x 1 0 - 5 , f o r m a t e r i a l 2 t h e a l l o w a b l e s t r a i n l e v e l i s e = 6.41 x 1 0 - 5 . 
By means o f f i g u r e 7.5 one can determine t h a t an o v e r l a y t h i c k n e s s of 0.035 m 
would be s u f f i c i e n t f o r b o t h m a t e r i a l s i f the SCI i s reduced t o 100 um. By 
means o f f i g u r e 7.6 one can determine t h a t an o v e r l a y t h i c k n e s s of 0.035 m w i l l 
i ndeed decrease t h e SCI from 120 um t o 100 um. 
M a t e r i a l 1 i s s e l e c t e d f o r t h e o v e r l a y s i n c e i t has a h i g h e r r e s i s t a n c e t o s u r ­
f a c e c r a c k i n g than m a t e r i a l 2. 
From f i g u r e s 7.7 and 7.8 i t can be observed t h a t t h e o v e r l a y w i l l not reduce 
t h e s t r u c t u r a l d e t e r i o r a t i o n o f t h e e x i s t i n g pavement. 

7.6.2 Bonded Overlay 

A pavement w i t h an h e c o °? 1.0 m has d e t e r i o r a t e d t o P = 0.75. An o v e r l a y s h o u l d 
be designed i n such a way t h a t t h e pavement i s capable o f c a r r y i n g t he same a-
mount o f t r a f f i c as i t has been done i n t h e p a s t . The de s i g n l e v e l o f r e l i a b i ­
l i t y i s 0 .9 . The c h a r a c t e r i s t i c s o f t h e e x i s t i n g pavement and t h e o v e r l a y which 
need t o be known f o r t h e o v e r l a y t h i c k n e s s c a l c u l a t i o n s , a r e g i v e n i n t a b l e 7 .2 . 
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Table 7.2 Input for the Design Example of a Bonded Overlay 

iogSCI = 0.139 p a c t u a l = 0 . 7 5 

a i = It ^design = 0.9 
Cl = 0.9^3 N 1 

H+AN X 
1 
2 

b i 
(-) 
V E 0 

= 1.963 
= 0 . 1 

h e i 
E 3 

= 1 .0 m 
= 150 MPa 

(-) 
V h 0 

= 0 . 1 

It should be noted that the slope of the fatigue r e a l t i o n which i s applicable 
for the e x i s t i n g pavement (ai) i s equal to 4 . 
F i r s t of a l l the S]_ 0 gu of the e x i s t i n g pavement i s calculated. This i s done by-
means of equation 7.14. Next the S]_ 0 gjj values of the ov e r l a i d pavement are c a l ­
culated. This i s done by means of equations 7.14, 7.15 and J.\6. In these c a l ­
culations two st i f f n e s s e s f o r the overlay were assumed. Furthermore i t was assum­
ed that h Q = 0.1 m. The r e s u l t s of these c a l c u l a t i o n s are shown i n table 7.3. 

Table 7.3 Results of the Example Problem of the Bonded Overlay Design 

slogN J i h e? 
hei h 0 | m 

ex i s t i n g pavement 0 . 6 5 9 2 . 8 0 6 — — 

overlaid pavement 
E Q = 8 0 0 0 MPa 

0 . 7 4 3 8 . 9 3 4 1 . 2 6 7 0 . 0 8 

overlaid pavement 
E 0 = 5000 MPa 

0.730 8 . 5 9 8 1 . 2 6 0 0 . 0 9 

The needed increase i n equivalent layer thickness was calculated by means of 
equation 7.9. The input was obtained from tables 7.2 and 7.3. From the required 
increase i n h e , the overlay thickness was calculated by means of equation 7.10. 
The re s u l t s are given i n table 7.3. 
From these r e s u l t s i t can be concluded that the thickness of the overlay with 
the lower s t i f f n e s s must be l i t t l e more than the thickness of the s t i f f over­
l a y . 

7.6.3 Se lect ion of the Type of Overlay Material to Reduce Ref lect ion Cracking 

The 0.2 m t h i c k top layer of a pavement, with a base b u i l t up from unbound gra­
nular materials, shows a considerable amount of cracking. I t i s decided to 
apply an overlay i n order to prevent the in t r u s i o n of water. The thickness of 
the overlay i s l i m i t e d to 0.03 m. For the overlay,two types of material are a-
v a i l a b l e , the properties of which are given i n table 7.1. The question i s which 
material should be selected. 
From figure 7.11 the stress i n t e n s i t y factors which w i l l occur are determined. 
The crack growth rate i s calculated by means of equation 7.17. Since the K va­
lues w i l l be reasonable constant with increasing crack length, the number of 
load cycles to f a i l u r e (N-p) i s calculated by means of 

- _ h 0 

2 ^ dN 
eq. 7 . 2 0 

The overlay thickness i s divided by twice the crack growth rate since the shear 
loading conditions do occur twice per one wheel passage. 
The re s u l t s of the calculations are given i n table 7 . 4 . 

1 
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From t h i s t a b l e i t can be concluded t h a t t h e lower s t i f f n e s s o v e r l a y s h o u l d be 
s e l e c t e d s i n c e i t l a s t s l o n g e r . 

Table 7.4 Results of the Example Problem of Selecting an Overlay Material to 
Reduce Reflection Cracking 

E 0|MPa| K|N/mm3/2| dc/dN N 
5000 9.8 4.964 x l O - " 30216 
8000 10.75 8.624 * 10-" 17393 
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3.1 Summary 

In this report, the development of a structural performance and design system 
for f l e x i b l e road constructions and asphalt concrete overlays i s described. In 
this overall system, f i v e subsystems are recognized. They are: 
a. Design and Performance of Flexible Road Constructions 
b. Visual Condition Surveys and Planning of Maintenance 
c. Deflection Testing and Analysis, Assessment of Remaining Structural L i f e 

and Future Permanent Deformation 
d. Fracture and Crack Growth Characteristics of Asphalt Concrete Mixes 
e. Design of Asphalt Concrete Overlays 

The development of each subsystem i s based on theoretical analyses of layered 
pavement systems, f i e l d observations on the structural behavior of in service 
pavements, and a fundamentally sound characterization of the cracking behavior 
of asphalt concrete mixes. 
Special care has been given to the comprehensibility and a p p l i c a b i l i t y of the 
subsystems. Although the various equations might seem complicated, they are in 
fact rather simple and can be used easily by the practising engineer. 
Emphasis has also been placed on how the system can be used in the development 
of pavement maintenance p o l i c i e s . 
Since the various subsystems are described in separate chapters, the accomplish­
ments w i l l be summarized chapter by chapter. 

In chapter 3, the development of a new design method for f l e x i b l e road construc­
tions has been described. This method i s based on a characterization of the 
load carrying capacity of pavements by means of Odemark's equivalent layer thick­
ness concept, and on relations which have been developed between the equivalent 
layer thickness and the maximum tensile s t r a i n in the asphaltic top layer of a 
three layered pavement system. 
Furthermore a s t r u c t u r a l performance model has been developed, by which i t i s 
possible to assess the future deterioration of the pavement as a whole. This 
model has been v e r i f i e d and validated by means of in s i t u measurements on the 
load carrying capacity of pavements. 
F i n a l l y a method has been presented to assess the future permanent deformation 
of pavements. 
The various models and equations have been i l l u s t r a t e d by means of examples. 

Chapter 4 describes the visual condition survey system that has been used i n 
this study i n order to assess the structural condition of pavements in time. 
Furthermore visual condition performance models have been described which are 
based on condition surveys carried out on a number of sections over a fiv e year 
period. Also the development of minimum acceptance l e v e l s for the v i s u a l con­
d i t i o n have been described. These levels are related to the risks of increased 
maintenance needs due to winter damage. 
Fi n a l l y this chapter describes how the condition survey method can be used i n 
conjunction with the developed performance model i n the planning of maintenance 
and r e h a b i l i t a t i o n . 
Examples have been given to i l l u s t r a t e the presented procedures. 

Chapter 5 describes how the s t r u c t u r a l condition index and the s t r u c t u r a l re­
maining life of pavements can be determined by means of d e f l e c t i o n measurements. 
It i s shown in this chapter, that a precise knowledge on the applied number of 
load repetitions i s not a necessity i n the assessment of the remaining l i f e . 
Furthermore i t i s described how the shape of the s t r u c t u r a l performance model 
can be determined also by means of deflection measurements. 
A considerable amount of attention has been paid to those conditions where the 
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s t r u c t u r a l c o n d i t i o n index cannot be determined by means of d e f l e c t i o n measure­
ments. I t has been shown how i n t h i s c a s e , t h i s v a l u e can be o b t a i n e d from the 
r e s u l t s of v i s u a l c o n d i t i o n s u r v e y s . 
A method has been p r e s e n t e d to assess the future development of permanent defor­
mations by means of d e f l e c t i o n measurements. Next t o a more or l e s s c l a s s i c a l 
method, a g e n e r a l permanent d e f o r m a t i o n model has been p r e s e n t e d t h a t can be 
used to e v a l u a t e the permanent d e f o r m a t i o n b e h a v i o r of pavements. 
A l s o i n t h i s c h a p t e r , examples have been g i v e n to i l l u s t r a t e the p r e s e n t e d p r o ­
cedures . 

I n chapter 6, the r e s u l t s are p r e s e n t e d of a study on the fracture and crack 
growth c h a r a c t e r i s t i c s of asphalt mixes. In the i n t r o d u c t i o n o f t h i s c h a p t e r , 
i t i s d i s c u s s e d t h a t the problem of r e f l e c t i o n c r a c k i n g can o n l y be a n a l y s e d 
p r o p e r l y by a p p l i c a t i o n of the p r i n c i p l e s of f r a c t u r e mechanics. A f t e r a s h o r t 
i n t r o d u c t i o n to f r a c t u r e mechanics, a t t e n t i o n i s p a i d t o the c r a c k growth laws 
t h a t heve been developed. S p e c i a l emphasis i s p l a c e d on Schapery's theo r y s i n c e 
i t e x p l a i n s how and to what e x t e n t , t h e so c a l l e d c o n s t a n t of the c r a c k growth 
law, are dependent on o t h e r m a t e r i a l p r o p e r t i e s l i k e s t i f f n e s s and s t r e n g t h . 
By means of Schapery's t h e o r y , i t i s shown t h a t the c o n s t a n t s of the c r a c k growth 
law can be e s t i m a t e d by means of nomographs and s t a t i c t e s t s . 
Furthermore t h i s c h a p t e r d e s c r i b e s and d i s c u s s e s the r e s u l t s o f f r a c t u r e tough­
ness t e s t s and c r a c k growth experiments, t h a t were performed t o c h a r a c t e r i z e the 
c r a c k i n g b e h a v i o r of a s p h a l t c o n c r e t e mixes. Emphasis has been p l a c e d on the r e ­
l a t i o n s t h a t e x i s t between the c o n s t a n t s of the s t r e s s and s t r a i n based f a t i g u e 
r e l a t i o n s , and the c o n s t a n t s of the c r a c k growth law. Furthermore s p e c i a l em­
p h a s i s i s p l a c e d on the assessment of the constants of the crack growth law 
from mix s t i f f n e s s nomographs and simple s t a t i c tests. 

A d e s c r i p t i o n of the methods t h a t have been developed f o r the design of unbonded 
and bonded asphalt concrete overlays, has been g i v e n i n chapter 7. I t has been 
shown t h a t the d e s i g n of unbonded o v e r l a y s s h o u l d be based on l i m i t i n g the t e n ­
s i l e s t r a i n a t the bottom of the o v e r l a y . I t has been shown t h a t the s t r a i n r e ­
d u c t i o n i n the e x i s t i n g pavement i s l i m i t e d i f unbonded o v e r l a y s are a p p l i e d . 
Furthermore i t has been shown t h a t t h i n o v e r l a y s are i n advantage over t h i c k 
o v e r l a y s . 
I n the d e s i g n of bonded overlays, d i s t i n c t i o n i s to be made i n d e s i g n i n g o v e r l a y s 
the p r i m a r y g o a l of which i s to reduce the s t r a i n level in the e x i s t i n g pave­
ment, and d e s i g n i n g o v e r l a y s to prevent r e f l e c t i o n cracking. 
A l l t h r e e o v e r l a y d e s i g n o p t i o n s are i l l u s t r a t e d by means of an example. 

8.2 Conclusions 

From the r e s u l t s as o b t a i n e d from the v a r i o u s p a r t s of t h i s s t u d y , a number of 
c o n c l u s i o n s can be drawn. As has been done i n the p r e v i o u s s e c t i o n , these con­
c l u s i o n s w i l l be g i v e n c h a p t e r by c h a p t e r . 

From the work p r e s e n t e d i n c h a p t e r 3 "Design and Performance of F l e x i b l e Road 
Constructions", the f o l l o w i n g main c o n c l u s i o n s have been drawn: 
a. The s t r e s s and s t r a i n c o n d i t i o n s i n pavements can be a s s e s s e d by means of 

s i m p l e e q u a t i o n s t h a t d e s c r i b e the r e l a t i o n between the e q u i v a l e n t l a y e r 
t h i c k n e s s and the maximum t e n s i l e s t r a i n i n the a s p h a l t l a y e r . 

b. Pavement d e t e r i o r a t i o n i s determined by the v a r i a t i o n i n l a y e r t h i c k n e s s 
and s t i f f n e s s of the v a r i o u s m a t e r i a l s used i n the s t r u c t u r e , and the s l o p e 
of the f a t i g u e r e l a t i o n of the bound m a t e r i a l s used. 

c. C r a c k i n g which i s o f t e n observed a t the pavement s u r f a c e and w h i c h o n l y p r o ­
gresses to a l i m i t e d depth i n t o the pavement, can be e x p l a i n e d by t a k i n g 
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into account the effect of inward shear forces which are normally neglected 
in pavement design. 

d. Miner's fatigue law i s considered to be applicable for the prediction of 
pavement cracking but not for the prediction of pavement f a i l u r e . This i s 
because pavements do not collapse i n the same way as can be observed at c i ­
v i l engineering structures l i k e buildings and bridges. 

e. The presented design method for f l e x i b l e road constructions is considered 
to be applicable and r e l i a b l e , since the method consists of f a i r l y simple 
equations, and since the performance model has been v e r i f i e d and validated 
by means of i n s i t u measurements on the load carrying capacity of pavements. 

From the results presented in chapter 4 "Visual Condition Surveys and Planning 
of Maintenance", the following conclusions have been drawn. 
a. Visual condition surveys as performed i n the way described in this report, 

are a powerful tool in the determination of the pavement condition. 
b. The performance models developed i n this study to describe the deterioration 

of the v i s u a l condition, are an extremely valuable tool in the planning of 
maintenance. 

c. The visual condition survey method and the performance models are considered 
to be r e l i a b l e since they are based on observations taken on a number of 
road sections over a fiv e year period. Furthermore a f u l l scale test on a 
160 km long pavement netweork, has proven the a p p l i c a b i l i t y of the methods 
and models presented. 

From the achievements reported in chapter 5 of this study "Deflection Testing 
and Analysis; Assessment of Remaining Structural L i f e and Future Permanent De­
formation" , the following conclusions have been drawn. 
a. It i s strongly recommended to perform deflection measurements immediately 

after the construction has been b u i l t or overlaid, in order to determine 
the i n i t i a l equivalent layer thickness. 

b. If these i n i t i a l measurements are not available, then the i n i t i a l equiva­
lent layer thickness, which is needed to determine the structural condition 
index, can be determined by means of measurements taken between the wheel-
paths. 

c. The structural condition index of pavements can be determined by taking the 
ratio of the equivalent layer thickness as determined in the wheelpaths 
over the i n i t i a l equivalent layer thickness. 

d. If the structural condition index cannot be determined i n the above desc r i ­
bed way, then a reasonable accurate estimate for this factor can be obtained 
using the results of visual condition surveys. 

e. Depending on i t s s t i f f n e s s , the construction can considered to be f a i l e d i f 
the structural condition index has dropped to values between 0.65 and 0.75. 

f. For the assessment of the remaining l i f e , i t i s not necessary to have de­
t a i l e d information on the number of load repetitions to the time of measure­
ment, i n terms of equivalent single 100 kN axles. Reasonable r e l i a b l e e s t i ­
mates can be made also i f only t r a f f i c intensity data are available. 

g. Due to i t s simplicity, the method is considered to be applicable. The method 
is considered to be r e l i a b l e since the structural performance model that i s 
used in the assessment of the remaining l i f e , i s v e r i f i e d and validated by 
means of in s i t u measurements on the load carrying capacity of pavements. 

From the results of the work presented in chapter 6 "Analysis of the Fracture 
and Crack Growth C h a r a c t e r i s t i c s of Asphalt Concrete Mixes", the following 
conclusions have been drawn: 
a. The principles of fracture mechanics are applicable to describe the cracking 

behavior of asphalt concrete mixes. 
b. The constants A and N in Paris' crack growth law can be determined by means 

of simple s t a t i c tests and available mix s t i f f n e s s nomographs. 



269 

c. The exponent of the crack growth law as estimated from the slope of the com­
pliance curve, should be corrected by a factor which depends on the a i r void 
content. For the mixes tested,the mean value for this correction factor was 
2.38, i t s standard deviation was 0.6. 

d. The exponent of the crack growth law i s equal to the exponent of the stress 
and s t r a i n based fatigue relations, i f those are determined by means of con­
stant stress fatigue testing. 

e. The type of material characterization i s considered to be r e l i a b l e and ap­
p l i c a b l e . The presented method to assess the crack growth characteristics 
can be used very easily to check whether the mixes as l a i d in s i t u , w i l l beha­
ve as was expected from tests on laboratory manufactured specimens. 

The main conclusions that have been drawn from the results of chapter 7 "Design 
of Asphalt Concrete Overlays", are as follows. 
a. The design of asphalt concrete overlays should be based on two aspects which 

are the preservation of the condition of the existing pavement, and the pre­
vention of cracking of the overlay i t s e l f . 

b. Unbonded overlays do reduce the strain l e v e l i n the existing pavement only 
to a limited extent. 

c. In case of bonded overlays, the strain reduction in the existing pavement is 
the largest i f the s t i f f n e s s of the overlay increases. 

d. In case of bonded overlays, the stress intensity factor at the t i p of the 
crack entering the overlay, decreases i f the s t i f f n e s s of the overlay de­
creases and i f i t s thickness increases. 

e. The overlay design method i s considered to be applicable and r e l i a b l e . This 
conclusion i s drawn since the method presented does give a better insight 
i n the factors which cause the overlay to crack, and which cause a further 
development of deterioration of the existing pavement. 

8.3 Recommendations 

Considering the results of this study and considering the conclusions that have 
been drawn, a large number of recommendations can be given. The author however, 
likes to r e s t r i c t himself to the most important ones. 
a. F i r s t of a l l i t i s recommended to use the developed methods and models as 

presented in this report. Especially the visual condition performance model 
as well as the structural performance model, both are based on observations 
taken over a number of years, enable the pavement engineer to assess the 
future condition of the pavement network. 
It is therefore recommended that these models should be used in the planning 
of maintenance and r e h a b i l i t a t i o n as well as in optimization programs. 

b. Furthermore i t i s recommended to characterize the cracking behavior of pa­
vements by means of the principles of fracture mechanics, and to use these 
concepts also in the design of overlays. Only by means of these concepts one 
w i l l be able to solve the r e f l e c t i o n cracking problem. 

c. It i s recommended that deflection measurements and visual condition surveys 
are conducted more detailed and c a r e f u l l y , i n order to get a continuous up­
dating and improving of the presented models. 

d. Further research of a detailed nature should be conducted on the fracture, 
creep and healing properties of asphalt mixes, i n order to obtain new means 
of extending the l i f e of f l e x i b l e road constructions and asphalt concrete 
overlays. 





9_. Het s t r i k t hanteren van normen b i j het bepalen van het a l dan n i e t accep­
tabel z i j n van de c o n d i t i e van wegverhardingen en de planning van het on­
derhoud i s o n j u i s t . Niet zozeer de norm i s van belang doch veel meer de 
periode welke l i g t tussen het moment van aanleg en het moment van het be­
reiken van de norm. 

10. B i j het dimensioneren van overlagen i s het een dwingende voorwaarde dat 
men daarbij de levensduur van de overlaag z e l f mede i n de beschouwing 
betrekt. Voor het analyseren van het gedrag van overlagen, z i j n de gebrui­
k e l i j k e l i n e a i r e l a s t i s c h e meerlagenmodellen ongeschikt. Toevlucht z a l 
daarom moeten worden gezocht i n toepassing van p r i n c i p e s u i t de breuk­
mechanica. 

11• Een be l a n g r i j k e voorwaarde van het door de M i n i s t e r van Onderwijs en de 
Colleges van Bestuur zo gestimuleerde derde geldstroom onderzoek i s dat 
het v e r r i c h t e n van d e r g e l i j k onderzoek f i n a n c i e e l a a n t r e k k e l i j k moet z i j n 
voor de betrokken l a b o r a t o r i a . D i t moet betekenen dat: 
a. de verdiende gelden voor het grootste gedeelte ten goede moeten komen 

aan de betrokken l a b o r a t o r i a , 
b. b i j de toewijzing van budgetten u i t de algemene middelen de "geldver-

dienende" l a b o r a t o r i a n i e t evenredig aan het verdiende worden gekort, 
c. er gereserveerd kan worden voor onderhoud cq vervanging van de voor 

het derde geldstroom onderzoek benodigde apparatuur. 

12. Daar kennis snel veroudert en U n i v e r s i t e i t e n en Hogescholen hun bestaans­
recht a l l e e n kunnen danken aan een hoge k w a l i t e i t van onderwijs en onder­
zoek, zou op elke jonge wetenschappelijk medewerker i n vaste dienst sterke 
aandrang moeten worden uitgeoefend z i j n onderzoek zodanig i n te r i c h t e n 
en u i t te voeren, dat het l e i d t tot het s c h r i j v e n van een p r o e f s c h r i f t . 

13. Ten aanzien van de f i n a n c i e r i n g van ad m i n i s t r a t i e , bestuur en beheer van 
het bijzonder lager en kleuteronderwijs i s er geen sprake van een volgens 
de wet geregelde g e l i j k s t e l l i n g met het openbaar onderwijs. Deze o n g e l i j k ­
heid p l a a t s t besturen van scholen voor bijzonder onderwijs b i j voorbaat 
i n een nadelige onderhandelingspositie ten opzichte van de gemeentelijke 
overheid. 

14. De wijze waarop gedurende de l a a t s t e jaren door binnen- en buitenlandse 
p o l i t i c i het "vijandsbeeld" nieuw leven i s ingeblazen moet worden veroor­
deeld daar d i t heeft g e l e i d tot een agressieve d e f e n s i e p o l i t i e k . 

15. De door een aantal " s c e n a r i o s c h r i j v e r s " ingenomen s t e l l i n g dat een kern­
oorlog ondanks "X Megadoden" zou z i j n te winnen, i s o n j u i s t , werkt moraal 
en moreel vervuilend en dient derhalve te worden verworpen en bestreden. 

16. De mate waarin door f i e t s e r s en voetgangers het rode v e r k e e r s l i c h t wordt 
genegeerd i s recht evenredig met de mate waarin het door hen a l s overbo­
dig wordt geacht. 

17. Het aardige van tennis i s , dat een beginneling na het enkele malen succes­
v o l . irneren van de hem toegespeelde b a l , z i c h reeds a l s een topspeler 
op het centre court waant. 

S t e l l i n g e n behorende b i j het p r o e f s c h r i f t : 
"Structural Performance and Design of F l e x i b l e Road Constructions and 
Asphalt Concrete Overlays" van A.A.A. Molenaar 

Delft, 10 mei 1983 



STELLINGEN 

1. Het v e r t a l e n v a n i n g e w i k k e l d e r e k e n - en m a t e r i a a l m o d e l l e n t o t v o o r de 
p r a k t i j k handzame en i n z i c h t e l i j k e f o r m u l e s , g r a f i e k e n en t a b e l l e n , i s 
een a b s o l u t e v o o r w a a r d e t e n e i n d e een g e a c c e p t e e r d e s y n t h e s e t u s s e n t h e o r i e 
en p r a k t i j k i n de wegbouwkunde t e kunnen r e a l i s e r e n . 

2. De o o r z a a k van de soms g r o t e v e r s c h i l l e n t u s s e n h e t b e r e k e n d e en waarge­
nomen g e d r a g v a n w e g v e r h a r d i n g e n i s n i e t z o z e e r t e w i j t e n aan de soms 
v e r g a a n d e s c h e m a t i s e r i n g v a n h e t w e r k e l i j k e m e c h a n i c a - en m a t e r i a a l m o d e l , 
doch v e e l meer aan een va a k t e r i g o r e u z e s c h e m a t i s e r i n g v a n de i n w e r k e l i j k ­
h e i d g e l d e n d e r a n d v o o r w a a r d e n . 

3. Het f e i t d a t z e e r w e i n i g bekend i s o v e r de v e r s c h i l l e n i n k a r a k t e r i s t i e ­
ken t u s s e n p r o e f s t u k k e n v a n een b i t u m i n e u s mengsel i n h e t l a b o r a t o r i u m 
v e r v a a r d i g d danwel aan "het w e r k " o n t l e e n d , l e i d t t o t de c o n c l u s i e d a t : 
a. meer o n d e r z o e k moet worden v e r r i c h t t e n e i n d e de a a r d , omvang en o o r ­

z a a k v a n deze v e r s c h i l l e n v a s t t e s t e l l e n , 
b. g r o t e v o o r z i c h t i g h e i d moet worden b e t r a c h t b i j h e t t o e p a s s e n v a n v e r -

m o e i i n g s k a r a k t e r i s t i e k e n w e l k e i n h e t l a b o r a t o r i u m z i j n b e p a a l d . 

4. Het g e b r u i k v a n i n de l i t e r a t u u r gegeven r e g r e s s i e v e r g e l i j k i n g e n v o o r h e t 
b e p a l e n v a n v e r m o e i i n g s r e l a t i e s l e i d t , u i t g a a n d e v a n d e z e l f d e m e n g s e l k a -
r a k t e r i s t i e k e n , t o t g r o t e v e r s c h i l l e n . D i t w e t t i g t de c o n c l u s i e d a t deze 
v e r g e l i j k i n g e n h e t w e r k e l i j k e v e r m o e i i n g s g e d r a g o n v o l d o e n d e b e s c h r i j v e n . 
Het v e r d i e n t dan ook a a n b e v e l i n g d i t s o o r t v e r g e l i j k i n g e n t e b a s e r e n op 
d i e p a r a m e t e r s waarvan door S c h a p e r y , l a n g s t h e o r e t i s c h e weg, de i n v l o e d 
op h e t s c h e u r - cq v e r m o e i i n g s g e d r a g i s a a n g e t o o n d . 
( F i n n e t a l . , P r o c . F o u r t h I n t . Conf. S t r u c t . D e s i g n o f Asph. Pav. 1977; 
Brown e t a l . , P r o c . F o u r t h I n t . Conf. S t r u c t . D e s i g n o f Asph. Pav. 1977; 
Bonnaure e t a l . , P r o c . A.A.P.T. V o l . 49 1980; S c h a p e r y , R e p o r t MM 2764-
73-1 Texas A&M U n i v e r s i t y ) 

5. Het s t r i k t t o e p a s s e n v a n de s c h a d e r e g e l v a n M i n e r i n de b e p a l i n g v a n de 
r e s t l e v e n s d u u r v a n b e s t a a n d e v e r h a r d i n g e n en de d i m e n s i o n e r i n g v a n o v e r ­
l a g e n l e i d t t o t op z i j n m i n s t m e r k w a a r d i g e c o n c l u s i e s , i n d i e n deze r e g e l 
n i e t b e z i e n w o r d t i n r e l a t i e t o t h e t w e r k e l i j k e g e d r a g v a n w e g v e r h a r d i n g e n . 

6. Het b i j de o p l e v e r i n g u i t g e v o e r d e a s f a l t o n d e r z o e k z o u n a a s t een c o n t r o l e 
op h e t m a t e r i a a l ( m e n g s e l s a m e n s t e l l i n g , h o l l e r u i m t e en M a r s h a l l e i g e n ­
schappen) een c o n t r o l e moeten i n h o u d e n v a n d i e k a r a k t e r i s t i e k e n d i e h e t 
ge d r a g en de l e v e n s d u u r v a n de c o n s t r u c t i e b e h e e r s e n . Met name w o r d t h i e r ­
b i j g e d a c h t aan een c o n t r o l e op de v e r v o r m i n g s e i g e n s c h a p p e n a l s w e l een 
c o n t r o l e op de b r e u k - en s c h e u r g r o e i - e i g e n s c h a p p e n z o a l s aangenomen b i j 
h e t o n t w e r p . 

7. Het v e r d i e n t s t e r k e a a n b e v e l i n g d e f l e c t i e m e t i n g e n t e v e r r i c h t e n op pas 
a a n g e l e g d e w e g c o n s t r u c t i e s en op c o n s t r u c t i e s w e l k e pas z i j n o v e r l a a g d . 
Met b e h u l p v a n deze m e t i n g e n w o r d t een i n z i c h t v e r k r e g e n i n de k w a l i t e i t 
van de c o n s t r u c t i e z o a l s gebouwd en i n h e t t o e k o m s t i g g e d r a g v a n de v e r ­
h a r d i n g . Op deze w i j z e w o r d t de zo n o o d z a k e l i j k e k o p p e l i n g g e l e g d t u s s e n 
ontwerp en t o e k o m s t i g onderhoud. 

8. Het b e l a n g v a n g l o b a l e v i s u e l e i n s p e c t i e s moet n i e t worden o v e r s c h a t . Ge­
z i e n de k w a l i t e i t v a n de g l o b a l e v i s u e l e i n s p e c t i e d a t a kunnen deze s l e c h t s 
i n b e p e r k t e mate worden g e b r u i k t v o o r de p l a n n i n g v a n h e t onderhoud. D e r g e ­
l i j k e i n s p e c t i e s z i j n v o o r a l b e d o e l d a l s s e l e c t i e v a n d i e wegvakken waarop 
g e d e t a i l l e e r d e i n s p e c t i e s e n / o f m e t i n g e n d i e n e n t e worden v e r r i c h t . 










