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OBJECTIVE 
  
            This course is mainly designed for senior students with some background in
Highway engineering, computer programming and fundamentals of elasticity.
Students will be introduced to the basic aspects of pavement structure design for
flexible asphalt pavements and rigid pavements for highways and airports. 
  
  
TEXTBOOK:    Principle of Pavement Design by E. Yoder and M. Witczack, 
McGraw-Hill Book Co., 1975. 
  
  
REFERENCES 
  
            1.      Thickness Design, The Asphalt Institute (MS-I), 1981. 
  
            2.      AASHTO Interim Guide for Design of Pavement Structures, 1972. 
  

3.      Structural Design of Asphalt Concrete Pavement System, HRB Special 
Report No. 126, 1971. 

  
            4.      Layered Pavement Systems, TRR No. 810, TRB, 1981. 
  
            5.      Highway Design and Construction, R.J. Salter. 
  
            6.      Saudi Arabian General Specifications. 
  
            7.      Shell Design Manual. 
  
            8.      Soils Manual, The Asphalt Institute (MS-10). 
  

9.      Full-Depth Asphalt Pavements for Air Carrier Airports, The Asphalt 
Institute (MS-11). 



COURSE OUTLINE 
 
 

  
Week 
“Approx.”             Chapter                             Topic 
  
      1                      1                                        Introduction 
  
      2                      1                                        Principles of pavement design 
  
     3,4                    2                                        Stresses in flexible pavements 
  
      5                      3                                        Stresses in rigid pavements 
  
      6                      4                                        Traffic loads and its characteristics 
  
                              EXAM # 1 (in class) 
  
      7                      7                                        Soil classification systems 
  
      8                      8                                        Material characterization   
  
     9,10                  8                                        Pavement materials 
  
      11                    15                                      Design of flexible highway pavements 
  
      12                    14                                      Design of flexible highway pavements 
  
                              EXAM # 2 (in class) 
  
      13                    17                                      Design of flexible airport pavements 
  
      14                    16                                      Design of rigid highway pavements 
  
      15                    20                                      Design of rigid airport pavements 
  
      16                                                              FINALS 
  
  
  
  

WISH YOU VERY GOOD LUCK.



COURSE FORMAT 
  
1.  Lectures: 
  
Students are required to attend unless a permissible excuse is granted.  However,
students are responsible to information taught in class and in reading assignments as
well. 
  
  
2.  Homeworks: 
  
Homeworks are assigned during the semester at an interval of one week.  Each
homework will cover one integrated part of the course. Grading of homework should
measure student’s understanding to the subject, organization and preparation of the
homework report, and ability to discuss and deduce conclusions. 
  
  
3.  Exams: 
  
In general, two (one-hour) exams will be given in addition to the Final.  The final will
carry 40% of the total grade while each one-hour exam will carry 20% and 25%,
respectively. 
  
  
4.  Grading: 
  
            A.    Attendance and participation in class……………………….       5% 
            B.    Homeworks…………………………………………… ……     10% 
            C.    2 Midterm Exams……………………………….……………..     
                    - First Midterm………………………………………………..   25% 
                    - Second Midterm……………………………………………..   25% 
            D.    Final Exam…………………………………………………….   35% 
  



INTRODUCTION TO INTRODUCTION TO 
PAVEMENT PAVEMENT 

STRUCTURESSTRUCTURES

Why do we need pavements?  DiscussionWhy do we need pavements?  Discussion



























































































A pavementA pavement is a structure is a structure 
composed of structural elements, composed of structural elements, 
whose function is whose function is to protect the to protect the 
natural subgradenatural subgrade and to and to carry the carry the 

traffic safely and economicallytraffic safely and economically..

Functions of a Pavement

1. Load Bearing Capacity: Distribute load 
from tires to Subgrade

2. Seal Roadbed from Moisture, Prevent 
Dust/Loss of Soil

3.  Smooth Surface for Comfortable Ride

4. Safe Ride “Friction with Tire,” Skid 
Resistance



Rigid PavementRigid Pavement

A pavement structure of A pavement structure of 
which the surface course is which the surface course is 
made of Portland cement made of Portland cement 

concreteconcrete

Rigid pavement tend Rigid pavement tend (work as (work as 
slab)slab) to distribute the load to distribute the load 
over a relatively wide area of over a relatively wide area of 
soil. soil. Why? Why? 

(High modulus of elasticity)(High modulus of elasticity)



Flexible Pavement Flexible Pavement 

A pavement structure of which the A pavement structure of which the 
surface course is made of surface course is made of asphalticasphaltic
concreteconcrete, that maintains intimate , that maintains intimate 
contact with and distributes loads to the contact with and distributes loads to the 
subbasesubbase or subgrade and depends upon or subgrade and depends upon 
aggregate interlockaggregate interlock, , particle frictionparticle friction, , 

and and cohesioncohesion for stabilityfor stability



Def.Def.

Flexible pavement is one which can Flexible pavement is one which can 
adjust its position to the shape of adjust its position to the shape of 
the underlying layers without the underlying layers without 
sustaining significant damage.sustaining significant damage.



The The essential differenceessential difference between between 
Flexible pavement   and Rigid Flexible pavement   and Rigid 

pavement is the manner in which pavement is the manner in which 
they   distribute the loadthey   distribute the load



Pavement SectionPavement Section
A layered system designed to A layered system designed to 
distribute concentrated traffic distribute concentrated traffic 

loads to the subgrade. loads to the subgrade. 

Structural Model



Typical flexible pavement cross-section.

:KeyKey
1:  A.C. surface course
2:  base
3:  sub base
4:  compacted road
5:  subgrade
7:  roadbed

Wheel Load

Cross Slope
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Typical rigid pavement cross-section.

Wheel Load

Pavement     Shoulder

Cross Slope

5

6

2

4

:KeyKey
1:  A.C. surface course
2:  base
3:  sub base
4:  compacted road
5:  subgrade
6:  concrete surface
7:  roadbed





In Flex. Pavement As a wheel In Flex. Pavement As a wheel 
passespasses::

elastic deformations occurelastic deformations occur
plastic deformations occurplastic deformations occur

elastic deformations may lead to elastic deformations may lead to 
fatigue crackingfatigue cracking

plastic deformation deformations plastic deformation deformations 
may lead to excessive rutting.may lead to excessive rutting.





Pavement TypesPavement Types

*Low*Low*Intermediate*Intermediate*High Type*High Type

-- UnUn--surfacedsurfaced-- dense cold mixdense cold mix-- Asphalt concrete surfacedAsphalt concrete surfaced

-- Dust oilDust oil-- Cold mixCold mix-- Portland cement concretePortland cement concrete

-- Penetration macadamPenetration macadam-- Open cold mixOpen cold mix

-- Surface treatmentSurface treatment-- Lime treated baseLime treated base

-- Soil cementSoil cement



High Pavement Types

• Flexible (Asphalt Pavements)
- Conventional
- Full-depth
• Rigid (Concrete Pavements)
• Composite

•Flexible pavements: Bituminous (asphalt) 
and granular layers. First road in NJ in 
1870.

•Rigid pavements: Portland Cement 
Concrete and usually drainage layers. First 
road in Detroit-Michigan in 1908.



Flexible Pavements

1. Conventional Asphalt Pavement

Layered systems with better materials at top and lower 
quality materials at bottom.  High stress intensity is at 
the top and it decreases with depth.

1-2” 1. Surface Coarse (wearing coarse), HMA:  strong, 
smooth, skid resident and 

waterproof.

tack coat

2-4” 2. Binder Coarse (Asphalt base coarse), HMA:  larger 
agg., less AC, lower Q

Prime coat

4-12” 3. Base granular, untreated or stabilized, open 
graded

4-12” 4. Subbase lower quality, more fines, usually local 
agg.

6” 5. Compacted
Subgrade/Stabilized

usually compacted approximately 6”, 
sometimes it is a borrowed material

6. Subgrade

Allow use of local materials and therefore less 
expensive layers.



2. Full Depth Asphalt Pavement

22--44””
2.1 Surface Coarse2.1 Surface Coarse HMAHMA

tack coattack coat

22--2020”” 2.2 Base Coarse2.2 Base Coarse HMAHMA

Prime coat

2.3 Prepared 2.3 Prepared 
SubgradeSubgrade

(compacted)(compacted)

2.4 Subgrade2.4 Subgrade (natural)(natural)

- Less construction time.
- Uniformity of pavement structure.
- More effective waterproof for subgrade.



Discussion:
1. Why binder course ?

a.
b.

2.  Why subbase and base ?
a. 
b. 

3. Why in flexible pavements better 
materials are placed on top?



A) Flexible pavement  B) Rigid Pavement 
 

Flexible pavements

Asphalt Concrete (AC)
Granular or stabilized base 

Subbase

Subgrade

80% + of pavements worldwide
Full depth = AC on subgrade

Deep strength = AC on subbase  
 

 
Rigid Pavements

Concrete slab

Subbase

Subgrade

With or without steel, dowels and tie bars.

 

(2) Can adjust its position to the shape of 
the underlying layers without damage. 

 One which will bridge minor 
undulations in underlying layers 
without failing. 

 
(3) Based on layered system concept (Ch. 

2). 

  
Westergard theory or slab on elastic 
foundation. 

   
(4) Asphalt cement  + Mineral agg.  Portland cement + Mineral agg. (+ 

steel) 

   
 (5) Failure types 
  bleeding 
  polishing 

deformation 
fatigue 

 polishing 
scaling 
joint need filling 
fatigue 
pumping 

   
 



- Wheel can be single or dual
- Axle can be single, Tandem or Triple
- Legal axle load  is (18 kip , 8 Ton) on 
Dual Axle. for more load add more axles
- For tandem-axles, the maximum 
allowable is 32 kip with spacing of 40"-48".

Wheel load:

TRUCK AXLE DISTRIBUTION

SINGLE
AXLE 
SINGLE
TIRES

SINGLE
AXLE
DUAL
TIRES

TANDEM
AXLE

TRIDEM













TIRE PRESSURETIRE PRESSURE

If tire is inflated correctly, then the If tire is inflated correctly, then the 
contact pressure between pavement and contact pressure between pavement and 

tire is equal to the tire pressure. tire is equal to the tire pressure. 

If tire has low pressure, then edge If tire has low pressure, then edge 
pressure is higher than center. pressure is higher than center. 

If tire has high pressure, then center If tire has high pressure, then center 
pressure is higher than edge pressure.pressure is higher than edge pressure.

For correct inflation, and assuming a For correct inflation, and assuming a 
uniform contact pressure, the tire imprint uniform contact pressure, the tire imprint 
may be assumed circular. The radius of may be assumed circular. The radius of 

contact iscontact is



 * Circular imprint:  
π

=
p
Pa  

 
    P = 4500 lb 
    p = 80 psi ,   a =????? 
 
 where:   a = radius of contact 
   P = total load 
   p = tire pressure 

   * Rectangle and 

      semi-circle      
5227.0
A

=l     ,    A = 

 
 

       
p
PA =  

=
a

P

Contact Pressure = Tire pressure = p



Airport: 
 
  0 Single  00 dual  Nose wheels 
 
 
  0  0 (1) single gear  Main gear 
 
 
  00  00 (2) dual gear 
 
 
 
  00  00 (3) twin-tandem gear 
  00  00  
 
 
 
 
 
                        00 
                   00 
 00 00                                    (4) Double twin-tandem gear 
00 00   

00 
                   00 
                                                                                   

5 %
95 %













Importance  Of  Stresses in pavement?Importance  Of  Stresses in pavement?

11-- to understand the mechanism of load to understand the mechanism of load 
distributiondistribution

22-- to use in improved design methodsto use in improved design methods

33-- to evaluate the performance of to evaluate the performance of 
materials.materials.



Types of analysis:Types of analysis:

A.  Flexible Pavements:A.  Flexible Pavements:
.1.1Layered elastic theoryLayered elastic theory
.2.2Finite element analysisFinite element analysis
.3.3ViscoVisco elastic analysiselastic analysis

B.  Rigid PavementsB.  Rigid Pavements::
.1.1Slab on elastic foundation (Slab on elastic foundation (WestergardWestergard))
.2.2Others (finite element).Others (finite element).

MultiMulti--layer theory layer theory –– OutlineOutline
A)  StructureA)  Structure2 or more layers2 or more layers

B)  LoadsB)  Loads1 or more circular U.D. 1 or more circular U.D. 
loadsloads

C)  MaterialsC)  MaterialsE, E, µµ for each layer.for each layer.



 
Differences – Highway and Airfield Pavements 

 
Highway Airfield 

1-  Size of loads 
 

80,000 lb (40 ton) 750,000 lb 

2- Tire pressure 100 psi 
 

250 psi  

3- Gear configuration S, D, T 
 

Varies S,D,T and twin T 

4- Load applications Millions 
 

L 50,000 

5- Wander Ignored (wheel load is 3-
4 ft from edge) 
 

Not ignored (75% of loads 
within 7.5') 

6- Geometry Ribbon Strip of limited length and 
500' wide 
 

7- Pavement vehicle  
    interaction  

Roughness acceptable 
 
 

Not acceptable 

8- Type of structure Thin Thick 
Runway end is thicker than 
Runway (.95 T) 

 
(see Fig 2.12 & Fig 2.13) 
 
 
* What is the  effect of Tire Load ?  
 
*  What is the effect of Tire Pressure.? 
 











Serviceability:Serviceability:

Present Serviceability Index (PSI) was Present Serviceability Index (PSI) was 
developed during the AASHTO road test.  It is developed during the AASHTO road test.  It is 
based on rating scale to designate the condition of based on rating scale to designate the condition of 

the pavement at a certain time.the pavement at a certain time.

0  0  --very poor pavementvery poor pavement

5  5  --excellent pavementexcellent pavement

PSI is based on satisfaction, comfort, roughness, PSI is based on satisfaction, comfort, roughness, 
skid resistance etc.  The index can be correlated skid resistance etc.  The index can be correlated 
with objective with objective measurements done with objective with objective measurements done 
on the surface of the pavement such as Roughness on the surface of the pavement such as Roughness 
cracking, and Rut depth in the case of flexible cracking, and Rut depth in the case of flexible 

pavement.pavement.

A Highway pavement is usually designed for a A Highway pavement is usually designed for a 
terminal PSI (TSI) of 2.5terminal PSI (TSI) of 2.5



   flexible 
 PSI = 5.03 – 1.9 log (1 + SV) – 0.01 pc +   - 1.38  RD 
 
  SV = roughness 
  c = cracking  p, patching 
  RD = Rut depth 
  
 for rigid pavement  RD = 0. 
 
 

GOOD

BAD

VERY BAD

AVERAGE

CRITICAL
PERIOD

TIME

USER COSTSUSER COSTS

200%

150%

100%

RO
AD
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DI
TI

ON

 



Types of distress:Types of distress:

Distress are caused by:Distress are caused by:
(1)(1)Traffic loading (overloading, tire Traffic loading (overloading, tire 

pressure, and repetitions) (Rut, fat pressure, and repetitions) (Rut, fat 
crack)crack)

(2)(2)Environmental conditions, Temp., Environmental conditions, Temp., 
Rainfall Rainfall …… (volume change due to (volume change due to 

wetting and drying)wetting and drying)
(3)(3)Materials.Materials.



Distress types:
a) Functional:  where pavement will not carry out 
its intended function without causing discomfort.

Ex. Flex
Rigid

• bleeding
• polishing

• polishing
• joint need filling

• raveling
• scaling

• deformation
b) Structural:  a breakdown of one or more of the 
pavement components.  Pavement will be incapable of 
sustaining the loads.

Ex. • fatigue
• fatigue cracks

• deformation
• pumping

• expansive soils
• overload

• drainage problems
• temp effect

• poor construction
• frost

etc.



Principles of design:
(1) Must provide for

• loading
• environment

such that the pavement 
will function.
(2) Some failure is acceptable if 
the pavement continues to function 
& if the cost of repair is not too high.
(3) Routine maintenance is an 
integral part of the highway system, 
and is becoming increasingly 
important as the need to keep the 
existing network in good order 
exceeds that for new construction.
The most extreme rehabilitation 
measure is the application of an 
overlay this may be time as follows:



Design Methods:-
Types:

• based on strength tests
• empirical approaches 
• analytical ( Mechanistic ) 

Approach
• combination

Factors influencing design:
(1) Paving mixtures
(2) Structural design needs:

• traffic
• environment
• materials
• construction methods
• maintenance methods
• construction costs



Design process: 
 

The basic elements associated with pavement design are: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  Yes 
 
 
 
                                       Yes               No 
 
 
 
 
                 Yes 
 
 
 
 

Evaluate Traffic – ESWL/EWLF 

Determine Material Properties 

GUISS Structure Dimensions 

Calculate Critical σ’s, ε’s 
Adjust 
dimensions 

Adjust materials or 
strategy 

Is Fatigue or deformation a 
problem? 

Temp. A problem? 

Economics 

Accept 



Chapter 2
STRESSES IN 

FLEXIBLE PAVEMENT 



Pavement Design History 

•What is pavement design? 
Pavement section profile (Thickness of layers),
Materials used in layers, design life, drainage, 
shoulders, joints, reinforcement, 

•Prior to the 1920s, thickness was based purely on 
experience regardless of the soils encountered. 

•It gradually evolved from art to science. However, 
empiricism still plays an important role. 



Pavement Design Methods
Flexible 

1.Empirical – No shear test: Based on subgrade soil
classification. Group Index Method. Not used widely. 

2.Empirical- with shear test: Based on CBR (California
Bearing Ratio) values. Very popular after the World War II.

3.Limiting Shear Failure Methods: Determine thickness 
required preventing shear failure of granular materials and
subgrade soils.  Ignores ride comfort.  

4.Limiting Deflection Methods: Determine thickness to limit
deflection of subgrade.  Boussinesq’s equation, Burmister 2-
layer method, Computerized methods.  Ignores stresses and
strain in individual layers.

5.Regression methods: Based on analysis of road test
performance.  (AASHo –AASHTO road test).  Design
equations are useful only for conditions included in the test.
New materials, new combinations cannot be reliably
designed.  

6.Mechanistic – Empirical Methods: Mechanics of materials 
are used to relate wheel load to pavement response
(stress/strain/deflection).  Relation between response and
performance is based on correlation to field performance.



Rigid 

1.Analytical: Simple closed form formulas to estimate 
stresses and strains in slabs. Goldbeck solution, 
Westergaard’s liquid foundation, Pickett’s old 
foundtaion.  Assume full conatct between slab and soil. 

2.Numerical solutions: Discrete elements, finite 
element.  WESLIQID, WESLAYER, ILLI-Slab, JSLAB, 
RISC.



Recent Developments:

•Computer programs: Multi-layer Elastic theory --
CHEV, DAMA, BISAR, ELSYM5, PDMAP.  Finite 
Element – SAPIV, ILLI-PAVE, MICH-PAVE (non-
linear).  
•Serviceability and Reliability: Index for 
serviceability, probabilistic computer programs.  
•Dynamic Loading: No inertia effects.  Dynamics 
of vehicle. 
•Fatigue of Concrete: PCA method, stress ratio 
of 0.45.
•Control of Pumping in Concrete pavements.



CLASSICAL DESIGN APPROACH:
Relies on empirical 

characteristics and observations

Disadvantages of empirical design models
Difficult to extrapolate to other conditions than those that 

were used to generate the performance models

Advantage of the mechanistic approach
Predict future performance of 

new materials and new type of loading

EVOLUTION EMPIRICALEMPIRICAL MECHANISTICMECHANISTIC



MECHANISTIC APPROACH

REQUIRES TO CHARACTERIZE THE REQUIRES TO CHARACTERIZE THE 
FUNDAMENTAL PROPERTIES OF MATERIALSFUNDAMENTAL PROPERTIES OF MATERIALS

WITH LAB OR SITE TESTS THAT SIMULATE WITH LAB OR SITE TESTS THAT SIMULATE 
FUTURE LOADING CONDITIONSFUTURE LOADING CONDITIONS

MATERIALS  = MIXTURE OF RHEOLOGICAL BEHAVIOUR MATERIALS  = MIXTURE OF RHEOLOGICAL BEHAVIOUR 
ELASTIC, PLASTIC, VISCOUSELASTIC, PLASTIC, VISCOUS

TEMPERATURETEMPERATURE
LOADING RATELOADING RATE

LOADING LEVELLOADING LEVEL



As a wheel passes:
•elastic deformations occur
•plastic deformations occur
•elastic deformations may lead to fatigue
•plastic deformation deformations may 
lead to excessive rutting.



BURMISTER MODEL 
BASED ON SIX (6) 

ASSUMPTIONS
1. Homogeneous 

layers
2. Isotropic layers
3. Friction between 

layers
4. Infinite radially
5. No surface shear
6. μ & E



GENERAL CONCEPT OF MULTI -LAYER STRUCTURAL SYSTEM

Interface 1

Interface 3

Interface 4

Interface 2

P
p

h1, E1, μ1

h2, E2, μ2

h3, E3, μ3
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STRESSES ON EACH LAYER

3 NORMAL STRESSES  : σz σr σt 

6 SHEAR STRESSES : τrt τtr τrz τzr τtz τzt

DEFORMATION EQUATIONS:

( )[ ]ε σ μ σ σt t r zE
= − +1

( )[ ] ε σ μ σ σz z r tE
= − +1

( )[ ]ε σ μ σ σr r t zE
= − +1

If  μ = 0.5 then   σ σr z=



Elastic rebound

Recovered strain

Permanent or 
residual strain

F = 0
F = F0

F = 0

F = 0

tT

F(t)

0
Strain (t)

0 T t

Flow under static load

Rheological behavior of AC



One layer Theory

R

r

Z

P= p * A

h1, E1, μ1





Two Layer system

Interface 1

P
p

h1, E1, μ1

E 2, μ2

2a
Z r



Interface Deflection



Three layer theory

use with Figure 2.10

Function of 



use with Table 2.3 

( )[ ]ε σ μ σ σt t r zE
= − +1

( )[ ] ε σ μ σ σz z r tE
= − +1

( )[ ]ε σ μ σ σr r t zE
= − +1









Effect of Tire Load and Pressure



 
Typical Structure: 
 

..

Flexible pavements

Asphalt Concrete (AC)
Granular or stabilized base 

Subbase

Subgrade

80% + of pavements worldwide
Full depth = AC on subgrade

Deep strength = AC on subbase
 

 
 
 
For most rational design procedures εt, εc are required.  Their levels are limited to keep
fatigue and rutting from occurring too soon. 
 



Development of layered elastic 
theory:
1)  1848 Kelvin – elastic half space
2)  1885 Boussinesq – elastic half 
space
3)  1926 Westergard – 2 layers
4)  1943 Burmister - > 2 layers
5)  1948 Fox – solution for two 
layers
6)  1961 Jones & Peattie – 3 layers
7)  1963 Commercial programs - ≥
5 layers



Layer theory general rule:

1. Increase in flexural stiffness of any layer (E) 
will decrease the stresses and strains in 
layers below.

2. Stiff layers attract stresses. (may lead to 
failure)

3. Elastic linear theory is valid, providing 
temperatures are not high, speed is not low, 
and the pavement has > thin stabilized layer.



Computer Programs:
1- CHEV5L (CHEVRON)

≤ 5 layers, 1 load, Linear 
elastic.
2- PSAD (CHEVRON)

As CHEV5L but Non-
linear
3- PSAD2A (CHEVRON)

As PSAD with 2 Loads.
4- ELSYM5 (Univ. of California)

≤ 5 layers, ≤ 10 loads, 
linear elastic.
5- BISAR (SHELL)

≤ 10 layers, ≤ 10 loads, 
linear can include shear forces.
6- BOUSS (OSU)

≤ 10 layers, 1 load, 
approx. linear.



MULTI-LAYER STRUCTURAL ANALYSIS

E4 u4

E1 u1

E2 u2

E3 u3

FHWA (ELSYM5)

18,000 Lbs = 80 KN

1 22 POINTS TO VERIFY 










