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Preface   
 
The booklet in front of you is the completely revised 2007 version of the ñLECTURE NOTES on 
the DESIGN OF FLEXIBLE PAVEMENTSò which I prepared for the MSc program at the faculty of 

Civil Engineering and Geo Sciences of the Delft University of Technology. 
The reason why I revised the 2007 notes, 6 years after I retired in 2012, is a quite simple one. I 
feel honored and blessed to be still invited to teach class on this subject at the University of 

Stellenbosch in South Africa and at the Technical University in Wuhan, China. For these classes I 
regularly update my presentations using a.o. the results and findings of the 20 PhD students who 
graduated under my supervision at the Delft Univers ity after 2007, and of PhD students who 

graduated with prof. Scarpas in Delft and prof. Jenkins in Stellenbosch. I also included in those 
presentations, as good as possible, important developments published in journals and books etc. 
I wrote ñas good as possibleò, and I did this by purpose since it is almost impossible to study in 

detail the overwhelming amount of material on each and every topic in pavement engineerin g 
that is coming available nowadays by means of journals, conference proceedings, reports etc.  
 

From experience I know that students need more than copies of power point presentations and a 
long list of references; they also need an up to date reader whic h gives an as good as possible 

overview on the topic and which can be used as a basic source of information . It was clear to me 
that the 2007 version of the notes could not fulfill that purpose anylonger. Of course  I could use 
one or more of the excellent text books which are available on the topic but also these get 

outdated rather quick ly and on top of that they are too expensive for most students.  
Because of all this I decided to rewrite to 2007 notes and make them available for free to 
everybody who is interested in the topic.  

 
Compared to the 2007 notes I made the following revisions.  
¶ I rewrote completely the topic on asphalt mixtures .  

¶ Furthermore I made extensive revisions in the chapter on granular materials by adding 

information on how to predict the resilient modulus of those materials from physical 
parameters like gradation, moisture content etc. Information on this was taken from t he 
AASHTO MEPD reports.  

¶ Those AASHTO reports were also used to revise the part on estimating the resilient 
modulus of soils. 

¶ With respect to stabilized base courses extensive information was added on cement 
treated mixtures of recycled crushed concrete ï masonry mixtures. 

¶ The part on the mechanical characteristics of lime treated soils has also been revised 

somewhat. 
¶ New in the chapter on factors influencing pavement design and performance is the part 

on bases and sub-bases made of blast furnace slags. 
¶ Entirely new is chapter 15 dealing with ñDesign aspects not related to thickness designò. 

In this chapter we discuss shrinkage cracking, reflection cracking, top ï down cracking, 
raveling and bleeding, skid resistance, traffic noise and noise reducing surface layers and 

road roughness. I added this chapter to show students that designing a flexible 
pavement is much more than designing its thickness. All the items discussed in this 
chapter are not part of any design system but nevertheless have a big impact on the 

service provided to the road user and also have a big effect on maintenance needs. All 
these items should not be ñforgottenò when designing a pavement.  

¶ Chapter 16 is revised by discussing more design systems than was done in the 2007 

notes. 
¶ I added a new short chapter 17 on ñDo we build what we have designed?ò I decided to 

add this chapter in order to make students aware of the fact that because of all kind of 
construction related issues, the layer characteristics of the pavement as built  might very 
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well not be what was assumed when making the design analyses; therefore  pavements 
might very well perform quite differently from what was expected.  

¶ Furthermore chapter 18 is added which contains a short discussion on the number of 
measurements we need to make to get a reliable value for e.g. the tensile strength of a 

material. This chapter was added to show students that it is not that easy to pinpoint a 
certain value to a certain material characteristic especially when the variability is rather 
high. This implies that we have to live with uncertainties.  

¶ Also new is chapter19 on ñProbabilistic approach to pavement designò. I consider this to 
be an important chapter because it informs the student how we can take into account  

variations and uncertainties with respect to developments in traffic, climate changes, 
model errors and with large variations in material characteristics, mixture properties, 
layer thickness etc. Because of this, pavement performance predictions can never be 

accurate and precise and instead of predicting the amount of cracking after so many 
years we should much more focus on what is the chance of having a certain amount of 
cracking after X years and which are the most important factors affecting this.  

¶ The last new chapter is chapter 20 which is on  ñContract types, specifications, quality 
control and pavement designò. 

 
As one will notice, the reference list contains a large number of PhD theses that were produced 
at the Delft University of Technology. These theses can be downloaded via 

https://repository.tudelft.nl  or via my website https://molenaarfiles.stackstorage.com . The user 
name is molenaarfiles and the password is Molenaar2016. Here one can find a folder ñPhD 
thesesò which contains all theses produced by students who graduated under my supervision as 

well as some other theses. Under the folder ñMSc thesesò the reports can be found of students 
who got their MSc under my supervision. 

 
I  have done my best to mention in the references all sources and their authors from which I used 
some information but I am aware of the fact that I did not give credit to everybody whose 

information I used . I hope they will accept my apologies for thes e omissions.  
 
Although this booklet is close to 500 pages, which is about 300 pages more than the 2007 

version, it is certainly not a booklet on ñeverything you wanted to know about flexible 
pavementsò. Many important subjects were only briefly discussed and in not enough detail. Some 
important topics were even not discussed at all such as: 

- hot and cold recycling of asphalt mixtures, 
- half warm mixtures,  
- foamed bitumen mixtures,  

- seal coats, 
- construction techniques etc. 

 

After long deliberations I decided no t to include these topics because I felt it would be better to 
refer to references such as the ones listed hereunder where these topics are extensively 
discussed. 

- WIRTGEN manuals on Cold Milling and Cold Recycling (see website WIRTGEN),  
- MS-4 The Asphalt Handbook from the Asphalt Institute (pdf can be  downloaded from the 

web), 
- Hot Mix Asphalt Material, Mixture Design and Construction (see website NCAT) 
-  

It might very well be  that some experts and colleagues might not agree (at all)  with what I have 
written  down. If this is the case I warmly invite them to send me an email with their comments 
and criticism since that will help me in improving these notes.  

 

https://repository.tudelft.nl/
https://molenaarfiles.stackstorage.com/
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In spite of these shortcomings I nevertheless hope that this booklet will be useful for many 
pavement engineering students. 

 
Finally I like to mention that this booklet is part of a series of three, the two other ones are:  

- Cohesive and non-cohesive soils and unbound granular materials for bases and sub-

bases in roads. January 2015 
- Structural evaluation and strengthening of flexible pavements using deflection 

measurements and visual condition surveys. March 2015. 

 
Both can be found in the website mentioned above being https://molenaarfiles.stackstorage.co m 

 
I have given great care to the preparation of these notes; some errors however can never be 
avoided. It is therefore greatly appreciated if you inform me about any typing errors and other 

errors you may have found. 
 
 

Prof. dr. ir. André A. A. Molenaar 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

https://molenaarfiles.stackstorage.com/
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1. I ntroduction       
 

These lecture notes are dealing with the design of flexible pavements. One should realize that 
designing a pavement implies much more then designing its thickness. The design should also 

involve measures and techniques to guarantee for a sufficient long period of time the 
smoothness, skid resistance and reduced noise production. Designing a pavement doesnôt only 
imply ñtaking careò for traffic induced stresses and strains, also environmental effects like effects 

of temperature and moisture should be taken into account.  
Stress and strain analyses are nevertheless important parts of the design process but before we 
start with start with a discussion on stress and strain analyses in pavements, we better ask 

ourselves ñwhat is a flexible pavementò or ñwhat do we define as being a flexible pavementò. In 
these notes all pavements which are not considered to be a cement concrete pavement or a 
concrete block (small element) pavement are considered to be a flexible pavement. This implies 

that also pavements with a relatively stiff cement treated subbase or base are classified as a 
flexible pavement.  
Some examples of what is considered to be a flexible pavement are given in figure  1.  

 
In the South African structures, the bearing capacity of the pavement is provided by the unbound 

base and subbase (structure I) or by the unbound base and cement treated subbase (structure 
II). The a sphalt top layer provides a smooth riding surface and skid resistance. These structures 
have been successfully used in South Africa for moderately (structure I) and heavily loaded 

(structure II) roads. The ñsecretsò of the success of these pavements are the high quality, 
abundantly available, crushed materials used for the base and subbase and the high levels of 
compaction achieved. Furthermore the minimum CBR required for the subgrade is 15%. When 

that is not reached, improvement of the subgrade should tak e place. The cement treated 
subbase as used in structure II not only provides a good working platform for the construction 
and compaction of the unbound base but also influences the stress conditions in the pavement 

such that relatively high horizontal con fining stresses develop in the unbound base. As we know 
from the lectures on unbound materials (CT4850), unbound materials become stiffer and 
stronger when the degree of confinement increases. 

Structure III is an example of a heavily loaded highway pavemen t structure in the Netherlands. 
One will notice the striking difference between structure II which is used for heavily loaded 
pavements in South Africa and structure III that is used in the Netherlands for these purposes. 

The reasons for these differences are quite simple being that the conditions in the Netherlands 
are completely different from those in South Africa. There are e.g. no quarries in the Netherlands 

that can provide good quality crushed materials; these have to be imported from other countries . 
Limitations in space and strict environmental requirements require to recycle as much as possible 
materials that come available from demolishing old buildings and structures and old asphalt that 

comes available from road reconstruction projects. Since it has been shown that good quality 
base courses can be built of mixtures of crushed concrete and crushed masonry, extensive use is 
made of unbound base courses made of these recycled materials. A porous asphalt concrete top 

layer (void content > 20%)  is used for noise reducing purposes. The thickness of the entire 
pavement structure is quite significant for two reasons. The first one is because the bearing 
capacity of the subgrade is quite often not more than 2% (this is in densely populated western 

part of the country) which necessitates the construction of a rather thick sand subbase . The 
second reason for the large thickness is that the road authorities donôt want to have pavement 
maintenance because of lack of bearing capacity. Such maintenance activities involve major 

reconstruction which cause, given the very high traffic intensities, great hinder to the road user 
which is not considered to be acceptable. For that reason pavement structures are built such that 
maintenance is limited to repair or replacement of the top layer (porous asphalt concrete).  
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Figure 1: Different types of flexible pavement structures.  

 
With respect to compaction of the unbound base it should be noted that it would be very hard to 

achieve the same results in the Netherlands as in South Africa. In South Africa the excellent 
compaction is achieved by soaking the base material and using a high compaction effort. The 
excessive amount of water used easily disappears because of the high evaporation rates. The 

recycled materials used for base courses in the Netherlands contain a significant amount of soft 
material (masonry) which is likely to crush if the compaction effort is too  heavy. Furthermore the 
excessive amount of water used for compaction will not disappear easily because of the much 

lower evaporation rates. Using the South African way of compacting granular base and subbase 
courses in the Netherlands will therefore not l ead to similar good results.  
Structure IV is the structure used for the runways and taxiways of Amsterdamôs Schiphol Airport. 

The airport is situated in a polder with poor subgrade conditions (CBR º 2%). Combined with the 

airportôs philosophy to maximize the use of the runway and taxiway system and minimize the 
need for maintenance, this results in rather thick pavement structures. A total thickness of 200 

         I              
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subgrade 
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        II       
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           IV      
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sub-base; 
subgrade (CBR = 

2%)  
 

 
SCHIPHOL 
AIRPORT 
AMSTERDAM 



 10 

mm polymer modified asphalt concrete is used to reduce the risk for reflective cracking. For that 
reason the lean concrete base is also pre-cracked. 

 
From the discussion given above it becomes clear that the type of pavement structure to be 
selected depends on the available materials, climatic conditions, maintenance philosophy etc. 

From the examples given above it also becomes clear that one has to be careful in just copying 
designs which seem to be effective and successful in other countries. One always has to consider 
the local conditions which influence the choice of a particular pavement type.  

 
 

2. Major defect types in flexible pavements  
 
Pavements are designed such that they provide a safe and comfortable driving surface to the 

public. Of course they should be designed and constructed in such a way that they provide this 
surface for a long period of time at the lowest possible costs. This implies that the thickness 
design and the material selection should be such that some major defect types are under control  

meaning that they donôt appear too early and that they can be repaired easily if they appear.  
Major defect types that can be observed on flexible pavements are:  

- cracking, 
- deformations, 
- disintegration and wear.  

 
A short description of these defect types and their causes is given hereafter.  Later in these notes 
it will be described how these defect types are taken care of in pavement design.  

 

2.1 Cracking  
Cracks in pavements occur because of different reasons. They might be traffic load associated or 

might develop because of thermal movements or some other reason. Figure 2 e.g. shows a 
combination of wheel track alligator cracking and longitudinal cracking. These cracks are most 

likely wheel load associated.  
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
    Figure 2: Longitudinal and alligator                  Figure 3: Cracking observed on a narrow 
          cracking in the wheel paths                              polder road in the Netherlands.  



 11 

Since they only appear in the right hand wheel track close to the edge of the pavement. This is 
an indication that the cracks are most probably due to edge load conditions resulting in higher 

stresses in the wheel track near the pavement edge than those that occur in the wheel track 
close to the center line. Because of this specific loading condition, cracks might have been 
initiated at the top of the pavement.  

Figure 3 is a picture of a cracked surface of a rather narrow pavement. If vehicles have to pass 
each other, the outer wheels have to travel through the verge. From the edge damage that is 
observed one can conclude that this is regularly the case. The base material which is visible in 

the verge seems to be a stiff and hard material. This is an indication that some kind of slag that 
shows self cementing properties was used as base material. Further indications of the fact that 

such a base material has been used can be found from the fact that the pavement surface is 
smooth; no rutting is observed. The extensive cracking of the pavement surface might be a 
combination of shrinkage cracks that have developed in the base. It is however also very well 

possible that the adhesion between the asphalt layer and the base is rather poor. If this is the 
case then high tensile strains will develop at the bottom of the asphalt layer causing this layer to 
crack.  

 

 
 
Figure 4: Low temperature cracking observed on 

              a highway in Minnesota. 
 
 

 
 
 

 
 
 

 

Figure 4 is a typical example of low 
temperature cracking. In areas with 
cold winters, this type of cracking is 

quite often the dominating cracking 
type. Due to the very cold weather, the 

asphalt concrete wants to shrink. In 
principle this is not possible and tensile 
stresses develop as a result of the drop 

in temperature. The magnitude of the 
tensile stress depends on the rate of 
cooling and the type of asphalt 

mixture; especially the rheological 
properties of the bituminous binder are 
of importance. If th e tensile stresses 

are becoming too high, the pavement 
will crack at its weakest point. Further 
cooling down of the pavement results 

in additional cracking and existing 
cracks will open. It is obvious that 
crack spacing and crack width are 

interrelated. A large crack spacing 
results in wide cracks and vice versa. 
Low temperature cracking can be the 

result of a single cooling down cycle 
but also can be the result of repeated 

cooling down cyclces (low temperature 
fatigue).  
Figure 5 is an example of temperature 

related block cracking. The pavement 
of course not only shrinks in the 
longitudinal direction but also in the 

transversal direction. In that case the 
friction between the asphalt layer and 
the base is of importance. If that is 

high, high tensile stresses might occur 
in the transversal direction causing 
longitudinal cracks. Combined with the 

crack pattern shown in figure 4, this 
results in block cracking. 
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Figure 5: Low temperature associated block  

              cracking observed on a highway in 
              Minnesota. 
 

A type of cracking that ha s many similarities with low temperature cracking is reflective cracking. 
In that particular case, a crack or joint in the layer underneath the asphalt layer tends to 
propagate through the asphalt layer. The problem often occurs in pavements with a cement 

treated base or in overlaid jointed concrete pavements (figure 6) . Reflective cracking can even 
occur in new pavements when the cemented base shrinks due to hardening. Shrinkages cracks 

that develop in the base can easily reflect through the asphalt top la yer especially if this layer is 
thin. If however the cement treated base is pre -cracked or if shrinkage joints have been made, 
the problem of reflective cracking can be minimized.  

 

 
 

In these lecture notes we will concentrate on traffic induced cracking as well as reflective 
cracking. Low temperature is not considered because it is not really an issue in the Netherlands 
with its moderate climate.  

 
Of course cracks can develop for many other reasons then traffic and environmental effects. One 

example of such ñanother reasonò is given in figure 7 which shows severe cracking in the 
emergency lane due to the widening of the embankment next to that lane. Due to the widening,  
excessive shear stresses developed in the existing embankment resulting in the development of a 

shear plane leading to severe longitudinal cracking not only in the emergency lane but also in the 
slow lane (this lane is already repaired as the picture shows). The problem was aggravated by  

As mentioned before, low temperature 

cracking can be the major cause of main-
tenance and traffic associated cracking is 
only of secondary importance in such 

cases. However, when heavy wheel loads 
are passing a crack like the one shown in 
figure 4, high t ensile stresses will 

develop at the crack edge simply 
because of the fact that there is no load 
transfer. This problem might increase 

during the spring when moisture enters 
the crack and weakens the supporting 
layers. All this means that although 

traffic associated cracking is not the main 
problem, traffic can cause accelerated 

damage development near cracks.    
 

Figure 6: Example of 
reflective cracking in an 
overlaid jointed concrete 
pavement. 
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Figure 7: Severe longitudinal cracking due to shear failure in the existing embankment as a result 

of widening the road (extended embankment is on the right had side).  
 

2.2 Deformations  

Deformations in pavements can be divided in longitudinal and transverse deformations. 
Longitudinal deformations can further by divided in short, medium and long wave deformations. 
Short wave deformations are of the order of a few centimeters and are mainly caused by surface 

irregularities such as raveling (this will be discussed later). Medium wave deformations are in the 
order of a few decimeters and usually are caused by imperfections in th e pavement structure 

itself. Long wave deformations are in the order of meters and are caused by settlements, 
swelling soils, frost heave etc. Although they cause major annoyance, long wave deformations 
are, because of their origin, outside the scope of th ese lecture notes.  

 

     
 

Figure 8: Roughness due to severe cracking. 
 

 
 

the fact that a significant height difference 
occurred across the longitudinal crack 

resulting in very dangerous driving conditions 
for motor cyclists. This type of cracking is 
clearly due to a soil mechanics problem and 

therefore is beyond the scope of these 
lecture notes. 

 

Therefore we will restrict o urselves to short and 

medium wave length longitudinal deformations, 
also called unevenness or roughness. 

Figure 8 shows a severely cracked farm to mar-
ket road in Ohio. Due to the extensive amount of 
cracking, the pavement has become rather 

rough. It is quite clear from the picture that 
cracking has not only resulted in longitudinal but 
also transverse deformations. It is a typical 

example of medium wavelength roughness. 
Figure 9 shows a pavement in Zimbabwe. Lack of 
maintenance has resulted in potholes which ob-

viously result in a large decrease of driving com-
fort. Even dangerous situations might occur 
when driving at night. The reason for the pot -

holes is that pavement has cracked severely, 
comparable to a condition shown in figure 8, and 
at given moment small pieces of the surface 

layer have been driven out. Erosion of the pot -
holes due to rain and wind results in depressions 

of significant size and depth. 
 
 

Figure 9: Roughness due to potholes as a result 
of severe cracking. 
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Figure 10: Longitudinal deformations due to 

               settlements. 
 

 
 
Figure 11: Rutting in an asphalt pavement.  
 

 
 

Figure 12: Unevenness due to ñbucklingò of 
the base made of blast furnace slag. 

 

 
 

Figure 10 was taken on a provincial road 

close to the Delft University in the 
Netherlands. The long wave longitudinal 
unevenness that can be observed is clearly 

the result of settlements. Please note that 
the settlements also have caused deforma-
tions in the transverse direction.  

 
Next to longitudinal deformations, transver -
sal deformations can occur. These can be the 

result of movement of the subsoil (settle -
ments, swell, frost heave), but they also 
might be the result of traffic. The best known 

transversal deformation type due to traffic is 
rutting or permanent deformation that occurs 

in the wheel paths. A typical example of 
rutting is shown in figure 11. Rutting can  
develop in the asphalt layer(s) or in the 

unbound base, subbase or subgrade. Rutting 
can be the result of a densification process or 
as a result of shear failure. The rutting 

shown in figure 11 is clearly caused by shear 
failure in the asphalt layer. Shear failure can 
be recognized by the ridges that have de-

veloped next to the depression. Furthermore 
one can state that the narrower the depress -
sion the higher the layer is located in the 

structure where the shear failure has deve-
loped. The same is true for corrugations or 
washboard formation that is quite often ob -

served near traffic lights or on unsurfaced 
roads. 
 

Figure 12 shows a type of longitudinal un-
evenness that is quite often observed on 

pavements with a base course made of blast 
furnace slags. Because of the chemical 
reactions that take place, the material wants 

to expand resulting into compressive stresses 
that at a given moment become higher than 
the compressive strength of the material. 

Buckling of the base course is then the result 
leading to ridges which negatively influence 
driving comfort  and which might have a 

negative effect on traffic safety because of 
loss of cargo from trucks.       
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2.3 Desintegration and wear  
Raveling, bleeding and pothole formation can be rated as signs of disintegration and wear. 

Pothole formation has already been discussed in the previous section so we will concentrate 
ourselves in this section on raveling and bleeding. 

 
Bleeding is a defect type that can be recognized as black, ñfattyò looking spots on the pavement 
surface. It is an indication of overfilling  of the voids in the aggregate skeleton with bituminous 

mortar. It is an indication that the mixture is not well designed. Due to the high bitumen content, 
the mixture suffers probably from lack of stability at higher temperatures and high traffic loads 
might squeeze out the bituminous mortar. Another reason might be that because of the low void 

content, there is not enough space for the bituminous mortar when it expands with increas ing 
temperatures. In any case, the result is the same being a black, shiny surface with hardly any 
macro or micro texture and thus a low skid resistance.  

 
Raveling is the loss of aggregate from the surface layer. It can occur on any type of asphalt 
mixture but especially open graded mixtures like porous asphalt concrete (void content > 20%) 

are sensitive for this damage type (figure 1 3). Raveling develops because of cohesive failure in 
the bituminous mortar or adhesive failure in the interface between aggre gate and bituminous 
mortar.  

     

 

 
 

Raveling provides a rough pavement surface resulting in an increased noise level. Furthermore 
the loose aggregate particles might result in windscreen damage. If raveling occurs on 
pavements with a thin asphalt surfacing , like the one shown in figure 9, then it is the first step to 

pothole formation.  
 
 

3. Early design systems , the CBR method  
 

Until now we have discussed damage types that can occur on flexible pavements. Before we start 
discussing the mechanistic empirical design systems that are developed, some information on the 
early design systems is given. Some knowledge on these systems is necessary because they are 

still used in several parts of the world and because it gives an understanding on how and why 
design systems developed to the mechanistic empirical systems used nowadays. Figure 14 is an 

Figure 13: Raveling in porous asphalt 
concrete.  
Note: some aggregate particles are ñnakedò without any 
mortar bonded to the aggregate surface.   
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example of the problems one encountered in the early years of motorization. In those days most 
roads were earth or gravel roads and the strength of the pavement solely depended on the shear 

strength of the materials used.  
 

 
 

One has to realize that nowadays about 65% of the global road network still consists of earth 
and gravel roads. Problems as shown in figure 14 therefore still quite often occur as is shown in 
figure 15. 

 

 
 

In both cases it is clear that the stresses induced in the pavement are higher than the allowable 
ones resulting in shear failure of the pavement surface and resulting in the fact that in both cases 
the vehicle got ñstuck in the mudò. The question now is why a light vehicle, such as shown in 

figure 14, suffered from the same problems as the heavy vehicle shown in figure 15. This has to 
do with the fact that the contact pressures caused by the light vehicle shown in figure 14 are of 
the same order of magnitu de as the contact pressures caused by the heavy vehicle shown in 

figure 15. The lesson we learn from this is that it is not really the weight of the vehicle that is of 
importance or the number of axles but the contact pressure distribution under the tires.  This 
distribution not only depends on the wheel load but also on the area over which the wheel load is 

distributed. This depends to a very large extent on the tire pressure. In the old days, solid  tires 
were initially used and when pneumatic tires were introduced, high tire pressures had to be used 
because of the size of the tire (see figure 1 4). This resulted in small contact areas and high 

contact pressures. All this means that the contact pressure due to the vehicle shown in figure 14 
could very well be the same as the contact pressure due to the vehicle shown in figure 15. 
Therefore similar types of surface defects can be expected.  

The other reason why both vehicles run into problems is the lack of bearing capacity of the 
pavement material. On both pictures we notice an excessive amount of water and from our 

Figure 14: Pavement problem in the early 

years of motorization. 

 

Figure 15: Timber truck completely 

stuck on an earth road due to too 
high contact pressures and a too low 
shear resistance of the pavement 

material. 
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lectures in soil mechanics we know that an excessive amount of water results in a low shear 
resistance especially in case of soils which contain a high amount of fine grained materials. We all 

know that the undrained shear strength of a saturated clay or silt is very low. In that case the 
cohesion is low and the angle of internal friction is about zero.  
From this example it is clear that knowledge on the pressures applied to the pavement and the 

strength of the materials used is essential in order to be able to design pavements that can 
sustain millions of load repetitions.   
   

The early design systems were, not surprisingly, based on determining the required thickness of 
good quality layers on top o f the subgrade to prevent shear failure to occur in the subgrade. Of 

course the required thickness was dependent on the shear resistance of the subgrade and the 
amount of traffic. Furthermore the quality of the covering layers had to be such that shear fai lure  
didnôt occur in these layers. This was the basis for the CBR thickness design method which is 

schematically shown in figure 16. 
In the CBR design charts, the traffic load was characterized by means of a number of commercial 
vehicles per day and the shear resistance of the materials was characterized by means of their 

CBR value. The charts were used in the following way. First of all the number of commercial 
vehicles had to be determined. When this number was known, the appropriate curve had to be 
selected.  Next the CBR value of the subgrade needed to be determined and the required layer 

thickness on top of the subgrade could be estimated by means of figure 16; this will be illustrated 
by means of an example. If e.g. the subgrade CBR is equal to a %, then the total thickness on 

top of the subgrade of a better quality material should be H1. If the CBR of the base material  (for 

reasons of simplicity no subbase is applied in this case) is equal to b, then the thickness of a 

better quality material (bet ter than the base material) on top of the base should be H2. In most 
cases such a material would be asphalt concrete so H2 would be equal to the required asphalt 

thickness. The thickness of the base is then H1 ï H2.  
 

 
Figure 16: Principle of the CBR design charts. 

 
The minimum asphalt thickness to be applied was 50 mm. The CBR values of the unbound 
materials used in the pavement structure is determined by means of the CBR test which is 

schematically shown in figure 17. Although the test has been described in detail in the part I of 

Increasing amount of traffic  

a                                         b 

H1 

H2 log CBRsubgrade 

Thickness 
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the lecture notes on cohesive and non-cohesive soils and unbound materials, a summary of the 
basics of the test will be given here.   

In the CBR test a plunger is pushed into the soil sample with a specific displacement rate and the 
load that is needed to obtain that displacement rate is monitored. The load ï displacement curve 
that is obtained in this w ay is compared to the load ï displacement curve of a reference material 

and the CBR is calculated as shown in figure 18. 
The CBR design method results in thin asphalt layers which are mainly needed to provide a 
smooth driving surface and sufficient skid resistance. 

 
 

4. AASHTO empirical design method  
 
In the late 1950ôs, it was understood that, with the rapid increase in number and weight of the 

vehicles, these simple systems were not good enough anymore for the design of pavements and 
a strong need for improved methods developed. For that reason the Am erican State Highway and 
Transportation Officials (AASHTO) launched a large research program that had to result in a 

better understanding of pavement performance in general and in a system that would allow 
durable and economical feasible pavement structures to be designed. For that reason a number 

of flexible and rigid pavement test sections were built which were subjected to a variety of traffic 
loads. This test is known as the AASHO Road Test, the results of which, e.g. the load equivalency 
concept, are still used today.  

 

 
 

Figure 17: Principle of the CBR test. 
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Figure 18: Assessment of the CBR value. 

 

It is beyond the scope of these lecture notes to discuss the Road Test in detail. The interested 
reader is referred to reference [1] .  
We will limit ourselves to a short description of the Interim Design Guide published in the early 

1980ôs [2] . It is impor tant to understand the principles of this guide since it is still being used in 
many places all around the world.  
One of the most important concepts that was developed during the test was the present 

serviceability index (PSI). This index is a number that  reflects the ñserviceò that is given by the 
pavement to the road user. The index was developed by correlating the physical condition of the 

various test sections in terms of the amount of cracking, rutting and unevenness to the ratings 
given by a panel of road users to the ñserviceò provided by the pavement to the user. This latter 
rating was a number ranging from 5, being very good, to 0, being very poor. For main roads a 

PSI level of 2.5 was considered to be minimum acceptable level. The PSI is calculated as follows: 
 
PSI = 5.03 ï 1.91 log ( 1 + SV ) ï 1.38 RD2  - 0.01 Õ( C + P )   

 
Where: PSI = serviceability index,  
 SV = slope variance, a measure of the unevenness of the pavement surface, 

 C + P = percentage of cracked and patched pavement surface, 
 RD = rut depth.  
 

As one could expect, the unevenness of the pavement has a significant effect on the PSI value; it 
dominates all the other factors. Detailed analyses of the data however showed that the amount 
of cracking and the slope variance correlate well with each other  [119] . 

 
The pavement design method that was developed using the results of the AASHO Road Test 
involves the calculation of the so called structural number in relation to the allowable drop in PSI 

and the number of load repetitions after wh ich this drop in PSI is allowed to occur. The structural 
number SN is calculated using: 
 

SN = a1D1 + a 2D2 + a 3D3 

reference 
material 

material as 
tested 

load 

Fr 

 

 

 

 

 

 

 

Fm 

 
 

CBR = Fm / Fr * 100%  

displacement 

0.1 inch 
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Where: ai = structural coefficient of layer i [ -],  
 Di = thickness of layer i [inch],  

 i = 1 is the asphalt layer, 2 = base, 3 = subbase.  
 
Other factors that are taken into account are the effective resilient modulus of the subgrade. 

Furthermore the method allows to design pavements with a certain level of reliability . Also the 
variation that occurs in the prediction of the occurring number o f load repetitions as well as the 
variation that occurs in the layer thickness, structural layer coefficient and subgrade modulus can 

be taken into account by means of the overall standard deviation.  
 

The design chart is shown in figure 19. 
 
The subgrade modulus might vary during the year due to seasonal variations. One therefore has 

to determine the effective roadbed resilient modulus which is determined using the chart given in 
figure 20. Figure 20 is used as follows: one first determines the modulus which is to be used in 
each month (please note that it also possible to define the subgrade modulus each half month). 

Then the relative damage is determined using the scale at the right hand part of the figure. Next 
the sum of the damage factors is determined and divided by 12 (or 24 if the damage factor is 
defined per half month). This value is then used to determine the effective roadbed or subgrade 

modulus. An example of how to use the chart is given in table 1.  
 

Month Roadbed soil modulus [psi]  Relative damage uf 

January 20,000 0.01 

February 20,000 0.01 

March 2,500 1.51 

April 4,000 0.51 

May 4,000 0.51 

June 7,000 0.13 

July 7,000 0.13 

August 7,000 0.13 

September 7,000 0.13 

October 7,000 0.13 

November 4,000 0.51 

December 20,000 0.01 

Average uf  3.72 / 12 = 0.31  

 
Table 1: Calculation of the mean relative damage factor for the estimation of the effective 

subgrade modulus. 
 

Since the mean relative damage factor = 0.31, we determine from figure 20 that the mean 

effective roadbed (or subgrade) modulus is 5,000 psi.  
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Figure 19: AASHTO design chart for flexible pavements based on using mean values for each 
input. 
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Figure 20: Chart to determine the effective roadbed (subgrade) modulus.  
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Charts to determine the structural layer coefficients for asphalt concrete, base and subbase are 
given in figures 21, 22 and 23. 

 

 
 
 

The charts given in figures 22 and 23 are based on the following equations:  
 
For the base: a2 = 0.249 log E BS - 0.977 

 
For the subbase: a3 = 0.227 log E SB ï 0.839 

 
Both the resilient modulus of the base, EBS, and the subbase, ESB, are stress dependent following 
 

E = k1 q
k2 

 
Where: E = modulus [psi],   

q = sum of the principal stresses [psi]  (see table 2). 
k1, k2 = material constants (see table 3). 
 

The sum of the principal stresses in the base and subbase depends of course on the thickness 
and stiffness of the layers placed on top of them as well as on the magnitude of the load. 

Suggested values for q are presented in table 2. 

As one will notice from table 3, the material constants k 1 and k2 are dependent on the moisture 
condition of the material (dry, damp, wet) as well as the quality of the material (indicated by the 
range in values.  

Figure 21: Chart for determining the structural layer coefficient for asphalt; please 
note that the asphalt modulus is at 68 0F (20 0C). 
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Table 3: Values for k1 and k2 for base and subbase materials. 
 

Also charts have been provided for cement treated bases and bituminous treated base courses. 

These charts are shown in figures 24 and 25. 
 
The traffic load is expressed as number of equivalent 18 kip (82 kN) single axles. To get this 

number the following equation is used.  
 
Neq =  i=1S

i=n (Li / 82) 4 

 
Where: Neq = num ber of equivalent 18 kip (82 kN) single axles,  
 n = number of axle load classes, 

Li = axle load of axle load class i.  
 

The reliability level to be used depends on the importance of the road. Freeways and very 

important highways are to be designed with a hi gh level of reliability  (90% and higher)  because 
of the fact that traffic delays due to maintenance because of premature failure is considered  not 
to be acceptable. Roads of minor importance can be designed with a much lower reliability level. 

Low volume roads e.g. can be designed with a reliability level of 60 ï 70%. 
The overall standard deviation is much more difficult to estimate. It appeared that this value was 

0.45 for the asphalt pavements of the AASHO Road Test. Because production and laying 
techniques have significantly be improved since then, a lower value could be adopted. Since it is 
difficult to estimate a proper value, use of the 0.45  value is still suggested.   

 

      Roadbed resilient modulus [psi]  

Asphalt concrete thickness [inch]  3000  7500  15000 

< 2      20  25  30 
2 ï 4     10  15  20 

4 ï 6     5  10  15 
> 6      5  5  5 

 
Table 2: Estimated values for q in the base and subbase. 
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Figure 22: Chart to estimate the structural layer coefficient for granular 
base courses. 
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Figure 23: Chart to estimate the structural layer coefficient for granular 
subbases. 
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Figure 24: Chart to estimate the structural layer coefficient of cement treated base 
layers. 
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Drainage is a very important feature of pavement structures. Insufficient drainage might result in 
moisture conditions close to saturation. As we have seen in table 3, such conditions result in 

significant lower values for k1 implying that the modulus of t he unbound base and subbase can 
be 3 times lower in wet conditions than when they are dry.  In order to be able to take care for 
improper drainage, it is suggested to multiply the structural layer coefficients with a drainage 

factor (m i) following:  
 
SN = a1D1 + m 2a2D2 + m 3a3D3 

 
Recommended m values are given in table 4.  
 

It should be noted that the selection of the actual layer thicknesses has to follow a certain 
procedure. First of all one should determine the SN of the entire structure. Following the example 
in figure 20, we determine that the required SN = 5. Then we determine the required SN 1 on top 

of the base. Assuming a modulus of 30000 psi for the base (a2 = 0.14)  we determine that SN1 = 
2.6 and we determine the required asphalt thickness (assuming a1 = 0.4) as D 1 = SN1 / a1 = 2.6 
/ 0.4 = 6.5 inch. I f we assume that the modulus of the subbase is 15000 psi (a 3 = 0.11), we  

Figure 25: Chart to estimate the structural layer coefficient for bituminous treated 
base courses. 
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Table 4: Drainage factor m. 

 
 

5. Development of mechanistic empirical design 
methods  
 

5.1 Introduction  
Although the AASHTO design method was a major step forward it still had the drawback of being 
highly empirical. The method is in fact is nothing less than a set of regression equations which 
are valid for the specific conditions (climate, traffic, materials e tc.) of the Road Test. This implies 

that it is a bit risky to use the method in tropical countries where the conditions ar e completely 
different. Fortunately, road constructions are forgiving structures implying that the method at 
least results in an initial design that can be refined to meet local conditions.  

The fact that the AASHTO method cannot be directly used for conditions for which it hasnôt been 
developed became very apparent when attempts were made to use it in developing countries. 
The main problem was the PSI concept; it appeared e.g. that a pavement in the developed world 

with a low PSI implying that immediate mai ntenance was needed, was still a pavement with an 
acceptable quality in developing countries. This clearly indicated the need to have performance 
criteria and design methods that  would fit the needs and circumstances in developing countries. 

All this resulted in the development of the Highway Design Model [3], a design system that is 
fully suited for those conditions. A short discussion about this model i s given in chapter 16.3.7.  

 
Another problem with the Guide is that i t provides no information with respe ct to maintenance 
that is needed from a preservation point of view . The PSI value e.g. is strongly dependent on 

pavement roughness and damage types like cracking and rutting donôt seem to have a large 
influence on the PSI. However control of cracking and rutting is important from a preservation 
point of view and in order to be able to make estimates on such maintenance needs,  knowledge 

on stresses and strains and strength of materials is essential. Furthermore, if such information is 
not available, then it is almost impossible to evaluate the potential benefits of new types of 
materials and structures with which no experience has been obtained yet.   

Given these drawbacks, one realized immediately after the Road Test that mechanistic based 
design tools were needed to support the AASHTO Guide designs. For that reason, much work has 
been done in the 1960ôs on the analysis of stresses and strains in layered pavement systems [6, 

determine in the same way the required t hickness on top of the subbase as SN2 = 3.4 The 
required base thickness is D2 = (SN2 ï SN1) / a 2 = (3.4 ï 2.6) / 0.14 = 5.8 inch. Furthermore we 

calculate the thickness of the subbase as D3 = (SN ï SN2) / a 3 = (5 ï 3.4) / 0.11 = 14.6 inch.  
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7, 8, 9]  and on the characterization of the stiffness, fatigue and permanent deformation 
characteristics of bound and unbound pavement materials. The work done on the analysis of 

stresses and strains in pavements is all based on early developments by Boussinesq [4] and 
Burmister [5].  References [10, 11 and 12] are excellent sources with respect to research on 
pavement modeling and material characterization done in those days and should be on the 

reading list of any student in pavemen t engineering. It is remarkable to see that much of the 
material presented then still is of high value today.  
 

Since then, much progress has been made and the reader is referred e.g. to the proceedings of 
the conferences organized by the International Society of Asphalt Pavements, the proceedings of 

the Association of Asphalt Pavement Technologists, the Research Records of the Transportation 
Research Board, the proceedings of RILEM conferences on asphalt materials, the proceedings of 
the International Confe rences on the Bearing Capacity of Roads and Airfields, the Mairepav 

conferences and those of many other interna tional conferences to get informed about these 
developments.  
 

Given the possibilities we have nowadays with respect to material testing, characterization and 
modeling, it is possible to model pavements structures as accurate as possible using non linear 
elasto-visco-plastic models and using advanced finite element techniques that allow damage 

initiation and progression to be taken into acco unt as well as the effects of stress re-distribution 
as a result of that. Also such methods allow the effects of joints, cracks and other geometry 
related issues to be taken into account. Furthermore these methods also allow to analyze the 

effects of moving loads which implies that inertia and damping effects can be taken into account.  
 
The question however is to what extent such advanced methods should be used for solving day 

to day problems. This is a relevant question because advanced pavement design methods involve 
advanced testing and analyses techniques which require specific hardware and skills. 
Furthermore pavement design is to some extent still an empirical effort because many input 

parameters cannot be predicted with sufficient accuracy on before hand. Examples of such input 
parameters are climate, traffic and the quality of the materials as laid and the variation therein. 

All this means that although advanced methods provide a much better insight in why pavements 
behave like they do, one should realize that  even with the most advanced methods one only can 
achieve a good estimate of e.g. pavement performance. Obtaining an accurate prediction is still  

impossible. Because of this, practice is very much interested in design methods which are, on 
one hand, based on sound theoretical principles but, on the other h and, are very user friendly 
and require only a limited amount of testing  in order to save money and time . 

 
One should realize that the need to use accurate modeling is influenced to a very large extent by 
the type of contracts used for road construction projects. In recipe type contracts, the contractor 

is only responsible for producing and laying mixtures in the way as prescribed by the client. In 
this case the contractor is neither responsible for the mixture design nor the design of the 
pavement structure; these are the responsibilities of the client . This immediately implies that the 

clients in this case will choose ñprovenò designs and materials, in other words he will rely on 
experience, and the contractor has no incentive to spend much effort and resources in advanced 
material research and pavement design methods. If h owever contractors are made more 

responsible for what they make, meaning that contractor s take over from the authorities  the 
responsibility for the performance of the road over a certain period of time, then they are much 

more willing to use more advanced ways of material testing and pavement design.  More on this 
topic can be found in chapter 19.  
 

The purpose of these lecture notes is not to provide an overall picture of existing mechanistic 
empirical design methods. The goal of these notes is to provide an introduction into pavement 
design using the analytical methods and material characterization procedures as they are 
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common practice nowadays in the Netherlands and elsewhere. This implies that we will 
concentrate in these notes on the use of multi layer linear elastic systems and the material 

characterization needed to use these systems. Also attention will be paid to how to deal with 
pavement design in case the main body of the structure consists of unbound materials  which 
exhibit a stress dependent behaviour. Also the characterization of lime and cement treated layers 

will be discussed. 
 

5.2 Stre sses in a homogeneous half space  

Although pavement structures are layered structures, we start with a discussion of the stresses in 
a homogeneous half space. Solutions for this were first provided by Boussinesq at the end of the 

1800ôs. Originally Boussinesq developed his equations for a point load but later on the equations 
were extended for circular wheel loads. The stresses under the center of the wheel load can be 
calculated using: 

 
sz = p [ -1 + z 3 / (a 2 + z 2)3/2 ] 

 

sr = st = [ -(1 + 2n) + 2.z.(1 + n) / Õ(a2 + z 2) ï { z / Õ(a2 + z 2) } 3 ] . p / 2  

 
w = 2.p.a.(1 - n2) / E  

 
Where:   sz = vertical stress,  

  sr = radial stress,  

  st = tangential stress,  

  n = Poissonôs ratio, 

  E = elastic modulus,  
  a = radius of the loading area,  

  p = contact pressure,  
  z = depth below the surface.  
 

Please note that the cylindrical coordinate system is used for the formulation of the stresses (see 
figure 26). 
This is not the place to give the derivations that resulted in the equations given above. The 

interested reader is referred to [ 4, 6].  
In figure 2 7 some graphical solutions are provided for the Boussinesq equations. 

 

The Boussinesq equations are useful to estimate stresses in e.g. earth roads where the road 
structure is built by using the natural available material.  One can e.g. derive the Mohrôs circles 
from the calculated stresses and then one can determine whether the stresses that occur are 

close to the Mohr ï Coulomb failure line, implying early failure, or not.  
 

Many of these earth roads however are layered systems simply because the top 200 mm or so 
have different characteristics than the original material simply because of compaction that is 
applied etc. The higher stiffness of this top layer results in a better spreading of the load. This is 

schematically shown in figure 2 8. 
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Figure 26: Cartesian and cylindrical coordinate system. 
Note: Spannungen = stresses, Zug = tension, Druck = compression,  

p= compressive stress and therefore negative 
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Figure 27: Graphical solutions for Boussinesqôs equations. 
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Figure 28: Effect of applying a stiffer top layer on the spreading of the load.  

 
In order to be able to calculate stresses in such two layered systems, Odemarkôs equivalency 

theory [13] is of help. The idea behind Odemarkôs theory is that the vertical stresses at the 
interface between the top layer with stiffness E 1 and thickness h1 and the half space with 
stiffness Em are the same as the stresses in a half space at an equivalent depth h eq with stiffness 

Em. This principle is shown in figure 29.   

   
Figure 29: Principle of Odemarkôs equivalency theory. 

 

The figure on the left hand side shows the distribution of the vertical stresses in a two layer 
system. On the right hand side the equivalent h eq is shown resulting in the same vertical stress (B) 
at the interface between the top layer and the underlying half space.  

Odemark showed that the equivalent layer thickness can be calculated using: 
 
heq = n h 1 (E1 / Em)0.33 

 
If Poissonôs ratio of the top layer equals Poissonôs ratio of the half space, then n = 0.9.  
 

Em Em 

h1 

A 

A 

B 
B E1 

Em Em 

E1 
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The question of course is how well this Odemark/Boussinesq approach allows accurate 
predictions of the vertical stresses in pavements to be made. As is shown in figure 30 [14], this 

approach seems to be fairly effective in case one is dealing with pavements having unbound 
bases and subbases. 

 
 

Figure 30: Comparison of measured and calculated vertical stresses in pavements. 
 

Let us illustrate the procedure by means of an example. We want to know the stresses in a 

homogeneous half space (modulus 100 MPa) that is loaded with a wheel load of 50 kN. Since the 
contact pressure is known to be 700 kPa, we can calculate the radius of the loading area 

following:  
 
p p a2 = Q 

 

Where:  p = contact pressure,  
  a = radius of the contact area,  

  Q = wheel load.  
 
In this way we calculate a = 150 mm. If we assume Poissonôs ratio to be 0.25, then we can 

derive from figure 27 that the vertical stress under the centre of the load at a depth of 150 mm 
(z = a) is to 60% of p being 420 kPa. Assume that this stress is too high a nd that a layer is 
placed on top of the half space having a modulus of 300 MPa and a thickness of 150 mm. The 

equivalent layer thickness of this layer is:  
 
heq = 0.9 h 1 (E1 / Em)0.33 = 0.9 * 150 * (300 / 100) 0.33 = 194 mm  
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We can now calculate the vertical stress using the same Boussinesq chart but this time the depth 
at which we have to determine the stress is 194 + 150 = 344 mm which is at a depth of z = 2.3 

a. 
From figure 27 we notice that now the vertical stress is equal  to approximately 20% of p being 
140 kPa.  

 

5.3 Stresses in two -layer systems  

If the str esses in the subgrade due to a wheel load are too high, a stiff top is needed to reduce 
these stresses. Such a system, a stiffer layer on top of a softer half space , is called a two layer 
system. It could represent e.g. a full depth asphalt pavement on top of a sand subgrade.  

Burmister [5] was the first one who provided solutions for stresses in a two layer system. Again, 
it is beyond the scope of these lecture notes to provide a detailed discussions on the mathema-
tical background. Here only attention will be paid to the results of those mathematical analyses 

and how they can be used in practice.  
Figure 31 shows the effect of a stiff top layer on the distribution of the vertical stresses in a two 
layer system. First of all we notice that the distribution of the vertical stress is bell shaped. 

Furthermore we notice that the magnitude of the vertical stress is very much influenced by the 
stiffness of the top layer. The width of the stress bell however is much less influenced by the 
stiffness of the top layer.  

 

 
 

Figure 31: Distribution of the vertical stress in a one and two -layer system. 
 

A stiff top layer not only provides protection to the second layer, also tensile stresses at the 
bottom of the top layer develop  in case the top layer is a bound layer. These stresses are due to 
bending of the bound top layer. This implies that for two layer systems we are dealing with two 

design parameters being the horizontal tensile stress at the bottom of the top layer and the 
vertical compressive stress at the top of the second layer (figure 32). 
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Figure 32: Design criteria in a two layer pavement system.  

 
If the horizontal tensile stress at the bottom of the top layer is too high, it will be the cause for 
cracking of the top layer. If the vertical compressive stress at the top of the bottom layer is too 

high, excessive deformation will develop in that layer . 
 

Figure 33 shows the distribution of the horizontal and vertical stresses in a two layer system  

under the centre of the load in relation to the ratio E 1 / E2 and for h = a. Please note that 
Poissonôs ratio is 0.25 for both layers. 

 

 
 
 

Figure 33a: Distribution of the horizontal stresses in a two layer system under the centre of a 
circular load (Poissonôs ratio equals 0.25). 

Note: 10 fach verkleinert = 10 times reduced  

 

horizontal tensile stress        E2                   vertical compressive stress 

E1, h1 



 38 

 
 

Figure 33b: Distribution of the vertical stresses in a two layer system under the centre of a 

circular load. 
 

From the figure 33a one can observe that significant horizontal stresses (compressive at the top 

and tensile at the bottom)  develop in the top layer. When E1 / E2 = 10, a tensile stress equal to 
the contact pressure p develops while this value becomes 2.7 * p when E1 / E2 = 100. One also 
observes that at those modulus ratioôs the tensile stresses in the second layer can almost be 

neglected. Another interesting aspect is that the neutral axis is almost in the middle of the top 
layer for modulus ratioôs of 10 and higher. 

Figure 33b shows that a stiff top layer greatly reduces th e vertical stresses in the bottom layer. 
As we have seen in figure 27, the stress at a depth of z = a is 60% of the contact pressure in 
case of a half space. Figure 33b shows that if the modulus ratio is 10 , the vertical stress at z = a 

is 30% of the contact pressure and when the modular ratio is 100, the vertical stress at z = a is 
only 10% of the contact pressure . 
 

Let us go back for a moment to Odemarkôs equivalency theory. We have noticed that in a half 
space, the vertical stress at a depth of z = a under the centre of the load equals 60% of the 
contact pressure. If we assume that the top part of that half space is replaced over a depth of a 

by a material that has a 10 times higher modulus, than the equivalent layer thickness of that 
layer equals: 
 

heq = 0.9 * a * (10) 0.33 = 1.92 * a  
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From figure 27 we can determine that the vertical stress at that depth equals approximately 30% 
of p. This is in excellent agreement with the result obtained from figure 33b. This is considered to 

be proof of the validity of Odemarkôs approach. 
 
Until now no attention has been paid to the conditions at the interface. From our structural 

design classes we know that it makes quite a difference whether layers are perfectly glued to 
each other and there is no slip (full friction) between the layers or whether the layers can freely 
move over each without any friction (full slip). The effect of those two interface conditions on t he 

stresses at the bottom of the top layer are shown in figure 34.  
 

 
Figure 34a: Influence of friction on the radial stresses at the bottom of the top layer under the 

wheel centre (please note that Poissonôs ratio is 0.5). 
Note: rauh = full friction, gla tt = full slip  
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Figure 34b:  Influence of friction on the vertical stress at the top of bottom layer under the wheel 

centre (please note that Poissonôs ratio is 0.5). 
 

As one will observe, the presence of friction has a significant influence on the radial  (horizontal) 
stress at the bottom of the top layer  especially at low values for the ratio E1 / E2. We also note 
that the influence on the vertical stress is much smaller.  

If there is full friction or full bond at the interface, the following conditions ar e satisfied. 
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a. The vertical stress just below and above the interface are equal because of equilibrium, so:  
sz bottom, top layer  =  stop, bottom layer  

 
b. The horizontal displacements just above and below the interface are the same because of full 
friction, so:  

ur bottom, top layer  = u r top, bottom layer  
 
c. The vertical displacements just above and below the interface are the same because of 

continuity, so:  
uz bottom, top layer  = u z top, bottom layer  

 

In case of full slip, only conditions a. and c.  are satisfied. 
 
Another important factor is Poissonôs ratio. Since measurements needed to determine Poissonôs 

ratio are somewhat complicated, values for this parameter are usually estimated from 
information available from literature. The question then is to what extent wrong estimates 

influence the magnitude of the stresses. Information on this can be found in figure 35. Figure 
35a e.g. shows that the influence of Poissonôs ratio on the radial stress at the bottom of the 
asphalt layer is quite significant. This also means that it will have a significant influence on the 

radial strain. As one can see from figure 35b, the influence of Poissonôs ratio on the vertical 
stress at the top of the bottom layer is limited.  
 

 
 

Figure 35a: Influence of Poissonôs ratio on the radial stress at the bottom of the top layer.  
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Figure 35b: Influence of Poissonôs ratio on the vertical stress at the top of the bottom layer. 

 
By means of the figures available we now can estimate the stresses and strains in two layer 
pavements. This will be illustrated by means of the following example.  

Assume we have a two layer structure consisting of a 150 mm thick asphalt layer on top of a 
sand subgrade. The elastic modulus of the asphalt layer is 5000 MPa while the modulus of the 
sand layer is 100 MPa. A 50 kN wheel load is applied on the pavement. The contact pressure 700 

kPa which results in a radius of the circular contact area of 150 mm. Poissonôs ratio for both the 
asphalt and the sand layer equals 0.35. We want to know the stresses and strains in the locations 

indicated below. 
 

  
Figure 36: Two layer pavement example problem. 

 
Let us start with the calculation of the stresses and strains at the bottom of the asphalt layer . 
Since both layers have a Poisson ratio of 0.35, we have to use figure 35 and interpolate between 

the lines for n = 0.25 and n = 0.5. Since E1 / E2 = 50 and a / h = 1 we read from the graphs 

Pavement surface, z = 0 

 
Bottom of asphalt layer, z = 150 mm  

Top of sand layer, z = 150 mm  

Asphalt 

h = 150 mm  
E = 5000 MPa 
n = 0.35  

 
 

Sand 
E = 100 MPa 
n = 0.35  
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shown in figure 37 that -sr / p = 2.7 and sz / p = 0.15.  Since the contact pressure is a 

compressive stress and we decided to express compression by means of the minus sign (-), we 

calculate sr = st = 1890 kPa and sz = -105 kPa.  

Please note that under the centre of the load centre there is not only a horizontal radial stress sr 

but also a horizontal tangential stress st (see also figure 26). These stresses are acting 

perpendicular to each other and because the load centre is in the axis of symmetry, the 

tangential stress is equal to the radial stress. 
 

 
 

Figure 37a: Estimation of the horizontal stress at the bottom of the asphalt layer.  
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Figure 37b: Estimation of the vertical stress at the top of the subgrade. 

 
The strains are calculated as follows: 

 
er = et = (sr - nst - nsz) / E = (1890 ï 0.35 * 1890 ï 0.35 * -105) / 5000000 = 2.53 * 10 -4 

 

ez = (sz -nsr - nst) / E = ( -105 ï 0.35 * 1890 ï 0.35 * 1890) / 5000000 = -2.86 * 10 -4 

 
Please note that the units used for the stresses and elastic modulus is kPa. This implies that the 
value of 5000000 is used for the modulus (originally it was given in MPa).  

 
Let us now consider the stresses and strains at the top of the asphalt layer . We notice that figure 

35 is not of help anymore because that figure only gives information about the stresses at the 
bottom of the asphalt layer. We know however that, for reasons of equilibrium, the vertical stress 
at the top of the asphalt layer is equ al to the contact pressure, so sz = -700 kPa. There are no 

graphs available to estimate the horizontal stress at the top of the asphalt layer for n = 0.35, but 

we can make a reasonable estimate of those stresses. From figure 35 we determine that the 
tensile stress at the bottom of the asphalt layer is -2.2 * p if n = 0.25. If  we insert that value in 

figure 33, then we can determine that the  radial stress at the top of the pavement equals 2.5 * p 

(see figure 38).  
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Figure 38: Estimation of the horizontal stress at the top of the asphalt layer.  

 
Going back to figure 35a we notice that the radial stresses at the bottom of the asphalt layer are 
2.7 * p / 2.2  * p = 1.23 times higher when n = 0.35 instead of 0.25. Therefore we estimated the 

radial compressive stress at the top of the asphalt layer to be 1.27 * 2.5 * p = -2223 kPa (the ï 
sign is because p is compressive). 
Using these values we calculate: 

 
er = et = (sr - nst - nsz) / E = ( -2223 ï 0.35 * -2223 ï 0.35 * -700) / 5000000 = -2.4 * 10 -4 

 

ez = (sz - nsr - nst) / E = ( -700 ï 0.35 * -2223 ï 0.35 * -2223) / 5000000 = 1.71 * 10 -4 

 
This later value implies that a vertical tensile strain develops at the top of the asphalt layer!  

 
Finally we will discuss the stresses and strains at the top of the subgrade.     
Because of equilibrium, the vertical stress at the top of the subgrade is equal to the vertical 

stress at the bottom of the asphalt layer being -105 kPa. Also in this case we have no graphs 
available to estimate the horizontal stresses at the top of the su bgrade. Nevertheless figure 33a 
is showing that the radial stress at the top of the subgrade is very small and almost zero for E1 / 

E2 = 100.  For that reason we assume that at the top of the subgrade sr = st = 0.  

Using these values we calculate: 
 

er = et = (sr - nst - nsz) / E = (0 ï 0 ï 0.35 * -105) / 100000 = 3.68 * 10 -4 

 
ez = (sz - nsr - nst) / E = ( -105 ï 0 ï 0) / 100000 = -1.05 * 10 -3 

 

5.4 Stresses in three -layer systems  
The calculation of the stresses and strains in three layer systems is based on the same principles 

as used for two layer systems. It is however much more complicated to derive tables [7] and 
charts [8] that allow the stresses at various points in the pavem ent to be estimated and as we 
will see from the given examples, those charts are not very user friendly.  

Figure 39 shows the stresses and locations in a three layer system for which tables and graphs 
have been developed. Note that a Poissonôs ratio of 0.5 was used for all layers. 
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Figure 39: Locations in a three layer system for which tables and graphs to estimate stresses 

have been developed. 

 
In developing th ese tables and graphs [7], [8] , the following parameters have been used.  
 

A = a / h 2; H = h 1 / h 2; K1 = E1 / E2; K2 = E2 / E3 
 
Figures 40, 41 and 42 show the graphs for the estimation of resp. szz1, szz2, and srr1 for K1 =20 

and K2 = 2 . 
 

Diameter 2a, contact pressure p 

sz1  
sr1 

sz2 

E1 , h1 
 

 
 
 

 
E2 , h2 
 

 
 

 
 
 

E3 
 

A = a / h 2     K1 = E1 / E2     K2 = E2 / E3     H = h 1 / h 2 
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Figure 40: Chart to estimate szz1 (vertical stress at the top layer ï base interface) in a three layer 

system. 
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Figure 41: Chart to estimate szz2 (vertical stress at the base ï subgrade interface) in a three layer 

system. 
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Figure 42: Chart to estimate srr1 (horizontal stress at the bottom of the top layer at the top layer 

ï base interface) in a three layer system. 
 

The use of the charts is illustrated by means of an example. Let us assume we have a three layer 

system consisting of 100 mm of asphalt (E = 6000 MPa) that is placed on a 300 mm thick base 
(E = 300 MPa) on a subgrade with a stiffness with E = 150 MPa. The magnitude of the load is 50 

kN and the radius of the loaded area is 150 mm. This implies that the contact pressure is 700 kPa.  
This input means that K1 = 20, K 2 = 2, A = 2 and H = 0.33. We want to know the horizontal 
stress at the bottom of the asphalt layer. Using figure 42 in the way as illustrated in figure  43, we 

derive that the horizontal stress factor is approximately 7 which results in srr1 = 7 * 700 = 4900 

kPa.  
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Figure 43: Example of the estimation of srr1. 

 
It is obvious that the determination of the stresses in this way is a quite time consuming 
approach especially since most of the time interpolations have to be made between the different 

charts. Furthermore the charts are only valid for Poissonôs ratio equals 0.5 and most materials 
have a different value for this parame ter. Therefore use of one of the many computer programs 
that are available nowadays is highly recommended. It should however been noted that in [15] a 
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graph has been presented that allows the tensile strain at the bottom of the asphalt top layer in a 
three layer system to be estimated. This chart is shown in figure 44.  

 

 
 
Figure 44: Chart to estimate the tensile strain at the bottom of the asphalt layer in a three layer 

system [15].  
 

The chart is used in the following way. From K 1 = E1 / E2 and h1 / a a point on the first ñHilfslinieò 

is determined. From K2 = E2 / E3 and h2 / a a point on the second ñHilfslinieò is determined. Then 
a line is drawn connecting these two points and the value of ñxò is determined. The tensile strain 

at the bottom of the aspha lt layer equals e = x . s / E1  

  

5.5 Stresses due to horizontal loads  
It is obvious that in reality not only vertical stresses are applied on the pavement surface. Also 
horizontal shear stresses are present, acting in the longitudinal and transverse direction. These 
shear stresses are due to traction forces, braking, cornering etc. They occur under free rolling as 

well as driven tires. As we will see in the next chapter, the real stress conditions in the contact 
area are indeed very complex. Several researchers have studied the effect of such shear forces 
and early work on this topic is done by Verstraeten [ 16] and Wardle and Gerrard [ 17].  Given the 

limited computational power in those days, they had to apply rigorous simplifications of the real 
stress conditions. Nevertheless, a good idea of the effect of these shear stresses can be obtained 
from their work. Figures 45, 46 and 47 are taken from the work presented by Verstraeten.  

 
The figures show that depending on the applied shear force, significant r adial and tangential 
stresses can develop at the pavement surface. Furthermore the figures show that the ratio of 
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stiffness of the top layer over the stiffness of the second layer has a large effect on the 
magnitude of these stresses.  

 

 
Figure 45: Radial and tangential stresses in a pavement system due to a uniformly distributed, 

unidirectional, shear load. 
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Figure 46: Vertical stresses in a pavement system due to a uniformly distributed, unidirectional 

shear load. 
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Figure 47: Radial stresses in a pavement system due to a combination of vertical stresses and 

uniformly distributed, unidirectional and multidirectional, shear forces.  
Note: vertikaler Belastung = vertical load, schräge Belastung = shear load  
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5.6 Stresses in multilayer systems, available computer 
programs  
As has been mentioned in the previous section, it is strongly recommended to use a multilayer 
computer program for the analysis of stresses and strains in three layer systems. This becomes a 

necessity in case the number of layers is 4 or more . Charts for the assessment of stresses in a 
four layer systems even donôt exist. 
Many computer programs have been developed in time and it is almost impossible to give a 

complete picture of the available prog rams. Well known programs are BISAR, KENLAYER, CIRCLY, 
MePADS and WESLEA. BISAR and WESLEA only allow linear elastic materials to be taken into 
account. CIRCLY on the other hand allows taking into account anisotropic behavior of materials. 

Many of these programs have been incorporated in design systems such as the Shell Pavement 
Design System, OIA (developed in the Netherlands), MePADS (developed in South Africa). 

KENLAYER is an interesting system because it allows taking into account the stress dependent 
behaviour of unbound granular materials and soils and it allows the asphalt concrete to be 
modelled as a linear visco-elastic material. RUBICON, a program developed in South Africa,  is a 

finite element based program t hat also allows to take into account the stress dependent behavior  
of granular materials. Furthermore this program allows  probabilistic analyses to be made. A quite 
advanced program is 3D-Move which allows asphalt concrete to be modelled as a linear elastic 

and linear visco-elastic material. It furthermore allows complex contact stress distributions to be 
taken into account as well as the effect of dynamic wheel loads. It also allows performance 
predictions to be made in terms of development of the amount o f cracking and permanent 

deformation in relation to the applied number of load repetitions. Another advanced pavement 
design program is the one developed for the American State Highway and Transportation 
Officials (AASHTO). This program allows predictions to be made on cracking, rutting and 

roughness progression as a function of the number of load repetitions and climate. Further 
details will be given in chapter 16 ñDesign Systemsò.  
 

Many of these programs can be found on the internet and can be retrieved for free (e.g. the 
design programs developed for the Federal Aviation Agency FAA in the USA) while other software 
packages have to be purchased. It is beyond the scope of these lecture notes to discuss all the 

available programs in detail. In this part of the lecture notes we only discuss the output that is 
generated by the computer program BISAR developed by SHELL which calculates the stresses 

and strains in the pavement system due to traffic loads.  These principles should be well 
understood before one is going to use the advanced design systems.  
 

It is generally accepted that the BISAR program can be taken as the reference to which all other 
programs can be compared. This is because of the high mathematical stability of the BISAR 
program. Quite some programs have minor flaws of which the user should be aware before using 

them. To check whether these flaws exist the stresses, strains and displacements have to be 
calculated in a number of points of the pavement structure (see figure 48). 
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Figure 48: Locations in the pavement where consistency checks can be made. 

 

Some programs do not fulfill the requirements set for the interface between layers 1 and 2 
and/or the interfaces between layers 2 and 3. These programs often also not fulfill the 
equilibrium requirement  at the pavement surface under the centre of the load.  Other programs 

generate unrealistic results at the edge of the load. The problems at the interfaces and under the 
centre of the load at the pavement surface can easily be overcome by not requiring output at 
those interfaces but at locations that are e.g. 1 mm above or below the interface.  

Almost all programs generate comparable results if stresses and strains are required at other 
locations in the pavement. 

Although most of the problems mentioned above can be overcome quite easily, one must be 
aware of the fact that some programs have difficulties in generating realistic results for 
pavements with a thin asphalt layer that has a low modulus on top on a thick stiff (high modulus) 

base layer (so if h1 / h 2 < 1 and E1 / E2 < 1).  
It should be noted that the BI SAR program passes all these requirements. 
 

Let us now return to the output that is generated by these computer programs  and let us explain 
the output that is generated by BISAR for two example problems . 
The two problems that are analyzed are schematically shown in figure 49. 

 
In the first example, only the vertical load is applied while in the second example the vertical and 
horizontal load is applied. The horizontal load acts in the x-direction and simulates a braking 

force. The stresses and strains are calculated for the locations which are defined with their x, y 
and z coordinates. The locations for which the stresses and strains are calculated are shown in 
table 5.  

 

Is sv equal to contact pressure? 

Is the vertical displacement cq vertical stress cq horizontal displacement at the 
top of layer 2 at z = h1 equal to the vertical displacement cq vertical stress cq 

horizontal displacement at the bottom of layer 1 at z = h1?  

Are realistic values obtained for the stresses 
and strains at the edge of the load? 

Is the vertical displacement cq vertical stress cq horizontal displacement at the  
bottom of layer 2 at z = h1 + h2 equa l to the vertical displacement cq vertical 

stress cq horizontal displacement at top of layer 3 at z = h1 + h2  

Full bond 
between 

the 
layers is 
assumed 
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Figure 49a: Example problem. 
 

 
Figure 49b: Coordinate system and direction of the shear force as used in the example problem.  

 
 
 

Load    Sheet  Layer  X [mm]   y [mm]   z [mm]  

Vertical force only 2  1  0  0  0 
   3  1  152  0  0 

   4  1  152  0  10 
   5  1  0  0  250 
   6  2  0  0  250 

Vertical and  8  1  -152  0  0 

horizontal force  9  1  0  0  0 
   10  1  152  0  0 
   11  1  -152  0  10 

   12  1  0  0  10 
   13  1  152  0  10 
   14  1  0  0  250 

   15  2  0  0  250 

 
Table 5: Locations where results are obtained. 

Note: The sheet number refers to the handwritten numbers written on the output pages given in figure 50.  

Fvertical = 50 kN  
Fhorizontal = 20 kN  
diameter loaded area = 300 mm  

E1 = 6000 MPa 

h1 = 250 mm  
n1 = 0.35   

E2 = 100 MPa   n1 = 0.35  

x 

y 
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Please note that at the pavement surface and at a depth of 10 mm, the results are re quested just 
outside the loaded area and at the load center. This is done to determine the effect of the shear 

forces. In figure 50 all the calculation results are given while the main results are summarized in 
table 6. 
 

The sheets with the calculation results are pretty much self -explaining. The coordinates of the 
location at which the stresses and strains are requested are given in the top of  the page. Then 
detailed information is given on the normal stresses and strains acting in the XX, YY and ZZ 

direction as well as on the shear stresses and strains in the YZ, XZ, and XY direction. 
All this information is summarized in terms of principal stresses and strains as well as the 

directions in which these principal stresses and strains are acting (defined as ñx comp., y comp., 
z comp.ò). The ñminimaxò principal stress and strain are usually called s2 and e2.. In table 6 a 

summary is given of these principal stresses and strains. 
 

Furthermore three rows are given with the maximum, minimax, and minimum normal stress; 
these are the principal stresses. Then there are three rows which show the maximu, minimax and 

minimum stress together with shear stresses. These combinations of normal and shear stresses 
indicate the center of each of the three stress circles. As an example the stress circles derived 
from figure 50c are shown below.     

 
Maximum stress s1 = 0, Minimax s2 = -4.23 E5, Minimum s3 = -6.76 E5  [s], [t] = [Pa]  

Center of the stress circles with the radius (= shear stress)  

Max: s = -3.38 E5 and t = 3.38 E5, Minimax: s -2.12 E5 and t = 2.12 E5,  

Minimum: s = -5.50 E5 and t = 1.26 E5 

 
 

 
 
 

 
 

 
 
 

 
 
 

 
Sheet nr. s1 [Pa] s2 [Pa] s3 [Pa] e1 e2 e3 

2 -7.074E+05 -1.251E+06 -1.251E-6 2.800E-05 -9.421E-05 -9.241E-05 

3 0 -4.231E+05 -6.758E+05 6.410E-05 -3.110E-05 -8.975E-05 

4 -1.630E+05 -7.555E+05 -8.132E+05 6.434E-05 -6.897E-05 -8.195E-05 

5 9.046E+05 9.046E+05 -3.547E+04 1.001E-04 1.001E-04 -1.115E-04 

6 -3.705E+03 -3.705E+03 -3.547E+04 1.001E-04 1.001E-04 -3.288E-04 

8 4.618E+05 0 -4.179E+05 1.013E-04 -2.565E-06 -9.658E-05 

9 -5.867E+ 05 -1.251E+06 1.371E+06 5.514E-05 -9.421E-05 -1.213E-04 

10 0 -9.337E+05 -1.308E+06 1.308E-04 -7.932E-05 -1.635E-04 

11 -9.085E+04 -2.962E+05 -6.034E+05 3.733E-05 -8.874E-06 -7.798E-05 

12 -5.887E+05 -1.122E+06 -1.239E+06 3.985E-05 -8.034E-05 -1.067E-04 

13 -2.154E+05 -9.076E+05 -1.350E+06 9.578E-05 -5.996E-05 -1.595E-04 

14 9.046E+05 9.046E+05 -3.547E+04 1.001E-04 1.001E-04 -1.115E-04 

15 -3.694E+03 -3.705E+03 -3.548E+04 1.002E-04 1.002E-04 -3.289E-04 

  
Table 6: Results of the example problems in terms of principal stresses and strains. 

-6.75           -4.23                              0 principal stresses [kPa] * 1E5 

1.26           3.38     2.12              shear stresses [kPa] * 1E5 

 
-5.5           -3.38    -2.12             normal stresses at center of stress circle [kPa] * 1E5  
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Furthermore the output shows the strain energy and the strain energy of distortion. The strain 
energy is composed of two distinct forms being volume changes and distortion (change in shape). 

Normal strains cause a change in volume while shear strains cause distortion. The total strain 
energy (Utotal) is the sum of distortion energy (U distortion) and volume energy (Uvolume). 
 

Utotal = U distortion + U volume 
 
For uni-axial loading, the strain energy per unit volume is the area under the stress ï strain curve 

and equals  
 

Utotal = s1 e1 / 2   

 
 
 

 
 

 
 
 

 
 
For a general 3D situation we calculate Utotal  using 

 
Utotal = (s1 e1 + s2 e2 + s3 e3) / 2  

 

Since e1 = [s1 - m (s2 + s3)] / E etc. U total  becomes 

 
Utotal = {1/2E} { s1

2 + s2
2 + s3

2 - 2m (s2 s3 + s1 s3 + s1 s2)}   

 

We know that the first stress invariant (I 1) , also called the hydrostatic stress (shyd), is calculated 

using: 
 

shyd = (s1 + s2 + s3) / 3  

 
If we only would have hydrostatic stresses, then we would only have volume change and U total 

would be equal to Uvolume. In that case  
 
Uvolume = {3(1 ï 2m) / 2E} shyd

2 = {(1 - 2m) / 6E} { s1
2 + s2

2 + s3
2 + 2s2 s3 + 2s1 s2 + 2s1 s3}    

 
Since Udistortion = U total ï Uvolume we find 
 

Udistortion = {(1 + m) / 3E} [{( s1 - s2)
2 + (s2 - s3)

2 + (s3 - s1)
2} / 2]  

 
As we will see later on Udistortion can be used for fatigue analyses. 

 
  
On sheets nr 1 and nr 7 of figure 50, we recognize the input. Please note on sheet 7 that the 

angle of the shear load is taken from the x -axis. Since the horizontal load is acting in the positive 
x-direction the shear direction equals 00 (the angle equals 1800 if the shear load is acting in the 
negative x-direction). If the shear force was acting in the positive y -direction, the shear direction 

had to be 900.  
 

 

s1 
 

 

 

 

 

                             e1 
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Figure 50a: Input for BISAR calculation; vertical load only.  
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Figure 50b: Output of BISAR calculation. 
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Figure 50c: Output of BISAR calculation (continued). 
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Figure 50d: Output of BISAR calculation (continued).  
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Figure 50e: Output of BISAR calculation (continued). 
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Figure 50f: Output of BISAR calculation (continued).  


