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Rutting and unevenness in roads have
been a problem in many thousand years
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Road building
Error
costs
10 %

Unnecessary
costs 10 %

System 
costs

5%Investment cost
New technique
3 % per year or   
15 % in 5 years

saving POTENTIAL 
(inside 5 years) 40 %!

Investigation
from Chalmers 
University of 
Technology
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Implementation
of new technique
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ResearchResearch

Real design and construction of roadsReal design and construction of roads

Where are the resources here?Where are the resources here?
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Decreased 
construction 
costs 

Engagement Knowledge and 
competence

EducationWin -
win

IncitementActive Design

LCC Calculated 
life cycle cost

Test methods and 
prediction models

Functional contracts 
and Functional demands

Program for 
calculation 
of function

Excavation masses
Technical 
development 
on projects
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IMPLEMENTATION MEASURES

Training course in road design and practical 
road building: 30 consultants and contractors

Measuring methods used: Triaxial test, Plate 
loading and Instrumented roller compactor

New design models: VägFEM and newly 
developed Excel programs to calculate rutting

Incentives for better quality: reduced 
asphalt thickness – better bearing 
capacity on top of unbound material 

Necessary measures in order to succeed 
with implementation of research results



8

2008-02-21
Swedish Road Administration

Active Design
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Road length: km5 10

4

8

12

16

Planed life length

Real life 
length

“Life length” in years 
to first resurface
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5 10

4

8

12

16

Real life length 
after active design

Improved life length: 
possible bonus

Road length: km

Real life 
length

“Life length” in years 
to first resurface

Planed life length
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5 10

4

8

12

16 Savings

Cost or benefit?

Road length: km

Real life 
length

“Life length” in years 
to first resurface

Planed life length

Real life length 
after active design
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FATIGUE OF 
PAVEMENT

εt1

εt2

+ 2cm 
asphalt

150 MPa

5 ton

5 ton 5 ton

εt2

Improved life 
length of; lower
εt1 to εt2

200 Mpa
(+50 Mpa)

Alt 1: Thicker pavement,    
2 cm, cost ca 2 Euro/m2

Alt 2: Extra compaction, cost
ca 0,2 – 0,4 Euro/m2

N heavy 
loads

ε = strain in 
bottom of 
asphalt
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Swedish standard before 1974

Thickness highest class
(second highest class)

29 cm 
(24 cm)

Rock subgrade

19 cm 
(16 cm)

Soil subgrade
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79000 83000 87000 91000 95000 99000

Trafik(ÅDT) 1) 2) 3) 4) 8640 5) 6630 6) 7)
1)8130,2)3530,3)8310,4)5040,5)4900,6)3250,7)9640,

Tung traf(ÅDT) 1) 2) 3) 4) 1000 5) 770 6) 7)
1)1080,2)540,3)1010,4)610,5)800,6)650,7)1110,

Hastighet 110
NYBYGGAR . 1996 2000
Bel.lager 1 1) 2) 3) 4) 5) 6) 7)

1)20TSK1604,2)45ABD1600,3)40ABS1600,4)40ABS1601,5)45ABS
6)40ABS1600,7)40ABS1601,

Spårdjup
(mm)

Ojämnhet
IRI(mm/m)

1999-04-22 2000-05-22 2001-05-08 2002-05-08 2003-05-10 2004-05-07
2005-07-13

E6 Ljungskile - Torp
Göteborgs och Bohus län , Väg: 6.00 

Sträcka: 79000 - 99000, Körfält: 10, Riktning: Framåt, Sida för vägdata: 1 

VÄGVERKET
PMS
20060223, 16.58

Vägversion: 20051211

FuUpph.BST

20

15

10

 5

 0

0
1
2
3
4
5
6

Analyse of rutting (laser car) during 5 years

Lerbo Bro TorpLjungskile

5 – 6 year

Plate loading:     ca 90 MPa 250 – 500 MPa ca 150 MPa
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TO BUILD A ROAD; TODAY

CLAY

MORAIN

EXCAVATION

EMBANKMENT
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SUERSTRUCTURE H1

H2

TO BUILD A ROAD; TODAY
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PAVEMENT 10 CM

TO BUILD A ROAD; TODAY
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TO BUILD A ROAD;
HOW DID IT GO?

PAVEMENT 10 CM

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
7 YEARS

NEW SURFACE 
LAYER AFTER   
7 YEARS

TOTALLY 22 CM 
ON 20 YEARS

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS
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TO BUILD A ROAD; ALT 1

SUPERSTRUCTURE H1

H2

MEASUREMENT OF CERTAIN 
CHARACTERISTICS, AND 
PREDICTION OF RUTTING 
AND CRACKS ETC. 
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TO BUILD A ROAD; ALT 1 2 CM EXTRA 
ASPHALT 

PAVEMENT 10 CM
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TO BUILD A ROAD;
HOW DID IT GO? 2 CM EXTRA 

ASPHALT 

NEW SURFACE 
LAYER AFTER  
10 YEAR

TOTALLY 19 CM 
ON 20 YEAR

SAVING 15 %

PAVEMENT 10 CM

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS
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TO BUILD A ROAD; ALT 2

CLAY

MORAIN

EXCAVATION

EMBANKMENT
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TO BUILD A ROAD; ALT 2

EXTRA EXCAVATION 
AND MORE BASE 
MATERIAL

MEASUREMENT OF CERTAIN 
CHARACTERISTICS, AND 
PREDICTION OF RUTTING 
AND CRACKS ETC. 

EXCAVATION

MORAIN

CLAY

EMBANKMENT
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TO BUILD A ROAD; ALT 2

SUPERSTRUCTURE H1

H2
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TO BUILD A ROAD;
HOW DID IT GO?

PAVEMENT 10 CM

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE 
LAYER AFTER  
10 YEAR

TOTALLY 18 CM 
ON 20 YEAR

SAVING 20 %
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TO BUILD A ROAD; ALT 3

EXCAVATION

MORAIN

CLAY

EMBANKMENT
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TO BUILD A ROAD; ALT 3

EXTRA EXCAVATION 
AND FILL WITH 
GOOD SOIL FROM 
THE CONSTRUCTION

A MASS DISPOSAL WITH A 
LITTLE LONGER TRANSPORT 
LENGTH OF EXCAVATED SOIL 
COULD GIVE A CONSIDERABLY 
IMPROVED SUBGRADE

ALTERNATIVELY 
STABILISATION OF THE CLAY

EXCAVATION

MORAIN

CLAY

EMBANK
MENT
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TO BUILD A ROAD; ALT 3

SUPERSTRUCTURE H1

H2=H1
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TO BUILD A ROAD;
HOW DID IT GO?

PAVEMENT 10 CM

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE LAYER 
AFTER  10 YEAR

TOTALLY 18 CM ON 20 YEAR

SAVING 20 %
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TO BUILD A ROAD;
HOW DID IT GO?

PAVEMENT 10 CM

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

NEW SURFACE 
LAYER, 4 CM 
ASPHALT AFTER 
10 YEARS

Win - win
USE ONE PART OF THE 
SAVINGS AS INCITEMENT 
FOR A BETTER QUALITY
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ACTIVE DESIGN
Soil and rock, used in road construction has an 
uneven quality: Design after real quality!

Use the best material close to the subgrade
surface to get better bearing capacity

Calculate future function from test results on 
site in order to choose the optimal alternative

Incentive for better quality gives resources for 
improvement of the competence and technical 
development, and it also gives a strong 
motivation to produce with an improved quality
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Asfalttjocklek - mht obunden överbyggnads bärighet 
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Active design in the work
with embankment

CLAY
CLAY

SILTY MORAIN

ROCK

Surface of base layer

Excavation 0.5 to 1.0 meter 
over base surface

Drilling 1.5 to 2.0 meter 
under road surface
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Active design in the 
work with 

embankment

CLAYCLAYROCK

SILTY MORAINSANDY MORAIN

”Lowest meter” of 
rock excavation
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CLAYCLAY
ROCK

Active design in the 
work with embankment

Measurment with 
plate loading

SILTY MORAINSANDY MORAIN
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Active design the work
with base layers

CLAYCLAY
ROCK

BASE AND SUB BASE LAYER

Measurment with plate loading

SILTY MORAINSANDY MORAIN
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Active design in order to 
decide pavement thickness

CLAYCLAY
ROCK

Asphalt pavement
thickness, adapted to 
bearing capacity etc.

SILTY MORAINSANDY MORAIN
BASE AND SUB BASE LAYER
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Test Projects
• Initial agreement between client and contractor
• Incitement to use the soil and rock in order to improve 

bearing capacity during embankment
• Plate loading test on top of subgrade
• Triaxial test on subbase material (permitted stress 80 % 

of shake down load, or classified in accordance to the 
standard for triaxil tests)

• Improved compaction with instrumented roller 
compactor

• Plate loading on top of the subbase
• Choose asphalt thickness from plate loading results
• The benefit is shared between client and contractor
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TEST METODS TEST METODS 
Unbound layersUnbound layers
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Measurement with instrumented
roller compactor with GPS
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Test: Plate loading

Equipment for measuring bearing capacity with plate loading
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Diagram of result from plate loading

Test: Plate loading



43

2008-02-21
Swedish Road Administration

Triaxial test
Rubber membrane  

Rings to fix the mould 

Rubber membrane 
b

ICT-mould

Screw to eject the sample 

Vacuum 

Bottom platen with O-ring 

0.1 sec

 σd

SWEDISH STANDARD 
SS-EN 13286-7:2004 

Appointed 2004-02-13



44

2008-02-21
Swedish Road Administration

Equipment for Triaxial tests



45

2008-02-21
Swedish Road Administration

Treaxial test ”Fatigue load”

N = Number of loadings

εp = Permanent 
deformations

σa

σb

σc

σdσa < σb < σc < σd

or “Shake Down load”
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Decision of critical stress conditions in 
unbound layers

• Shakedownkoncept
– Stable state (little rutting)
– Unstable state (severe rutting)

• State A (stable behaviour)

• State B (unstable behaviour)

• State C (collapse)

εp

N

From studies of 
triaxial tests
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The Shake Down concept
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Triaxial test on 
different materials

Humid

Dry
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Triaxial tests on unbound layers

Gives following data / material 
characteristics:

• Unlinear static elasticity modulus (resilient
modulus)

• Unlinear dynamic elasticity modulus
(resilient modulus)

• Fatigue strength (”Shake Down” load)
• Input data for calculation of permanent 

deformations
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Plate loading in combination 
with compactor measurment

Gives accepted bearing capacity and 
following data:

• Unlinear elasticity modulus (resilient modulus)
• Deflection in bottom of the asphalt layer –

Fatigue (cracks)
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TEST METHODSTEST METHODS
bituminous bound layersbituminous bound layers
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Triaxial test
Rubber membrane  

Rings to fix the mould 

Rubber membrane 
b

ICT-mould

Screw to eject the sample 

Vacuum 

Bottom platen with O-ring 

0.1 sec

 σd

0.1 sec

 σdεd

Phase displacement at 
different  temperatures
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Time, t

φ/ωσosinωt

εosin(ωt-φ)

σ, ε
σ0 ε0

0

0|*|
ε
σ

=E
itωφ =

Compressive Dynamic Modulus (|E*|) 
and Phase angle (φ)



54

2008-02-21
Swedish Road Administration

Dynamic Modulus Master Curve
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• TIME-TEMPERATURE SUPERPOSITION



55

2008-02-21
Swedish Road Administration

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05

TIME

D
YN

A
M

IC
 M

O
D

U
LU

S

12 F
40 F
70 F
100 F
130 F

log( *) (log )E
e tr

= +
+ +δ

α
β γ1

• SIGMOIDAL FUNCTION

Dynamic Modulus Master Curve
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1000

E Modulus

5000

10000

15000

Temperature0
20 40

Asphalt A

Asphalt B 
polymer 
modified

The influence of the 
Master Curve on the real 
elasticity modulus
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Asfalt

Obundna 
Lager

hi

5o E Modul 15 000 MPa
40o E Modul 1 000 MPa

40o E Modul 3 000 MPa
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Compaction
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Compaction

Do not loosen 
up the subgrade

Base layer

Upper base

The first 
compaction; Adjust 

the compactors 
vibrators for 

compaction on a 
certain deepth
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The second 
compaction; Adjust 

the compactors 
vibrators for 

compaction on a 
less depth

Compaction

Upper base

Base layer
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The third 
compaction; Do not 
use the compactors 

vibrators for 
compaction of the 
upper base (2 last 

times)

Compaction

Upper base

Base layer
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In the project “Active Design” SRA 
co-operates with the contractors 

(SBUF) and consultants in order to 
use new knowledge for mechanistic 

design.

This knowledge is taken from 
research in Sweden and other 

countries above all from SAMARIS 
and Design Guide
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MATERIAL MODELSMATERIAL MODELS
unbound layersunbound layers
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Unbound layer: Simulated E-modulus

Mr = k1Θk2 (Seed et al.)

Θ kPa

Mr MPa

35
VagFEM

The Swedish Code: 
Linear elasticity

M r  = 10.9θ 0.5066

M r  = 9.5004θ 0.5336

M r  = 6.8005θ 0.5761

M r  = 9.5914θ 0.5437
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USER FRIENDLY 
PROGRAMS
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VagFEM

VagFEM is a 3D finite element program, built on ABAQUS, 
and run in a large computer. The result is coming back as 
a PDF-file inside 20 minutes. The input data is very easy to 
handle, it could be done in 3 minutes on a working site.
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Resilient Module

Mr = k1Θk2

f(k1)

f(k2)

Test: Plate loading

Measured Mr1 in subgrade is used as input 
data in calculation of Mr2 in subbase

Result from Plate loading
and simulation in VagFEM
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Calculation
of rutting
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Elastic deflection from a heavy vehicle
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Elastic deflection from a heavy vehicle
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Elastic deflection from a heavy vehicle
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Elastic deformation
εe = (h2-h2*)/h2

h1

h2

h3

h4

h5

h2*

Elastic deflection from a heavy vehicle
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Permanent rutting from heavy vehicle

h1

h2

h3

h4
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h1

h2

h3

h4

Ruts in the road after N 
passages with heavy vehicle

Permanent rutting from heavy vehicle
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h1

h2

h3

h4

Permanent deformation in 
one layer εp = (h2-h2*)/h2

h2*

Ruts in the road, X mm, 
after N passages with heavy 
vehicles

X = The sum
of all (hn-hn*)

hn hn*

Permanent rutting from heavy vehicle
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Triaxial test – Real ruts

N = Number of load cycles

εp = Permanent deformations

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastic
deformations

εp = Plastic 
deformations
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10

2006-12-03
Swedish Road Administration

Elastisk nedböjning av tungt fordon

Elastisk deformation
εe = (h2-h2*)/h2

h1

h2

h3

h4

h5

h2*
εe

11

2006-12-03
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Permanent spårbildning av tunga fordon

h1

h2

h3

h4

Permanent deformation
εp = (h2-h2*)/h2

h2* εp

=

16
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Treaxial test – Verkliga spår

N = Antal lastcykler

εp = Permanenta deformationer

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastiska
deformationer

εea

εeb

εec

εp

17

2006-12-03
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Treaxial test – Verkliga spår

N = Antal lastcykler

εp = Permanenta deformationer

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastiska
deformationer

εea

εeb

εec

εe

εp εp

f(σ,εe) f(σ,εe)
Real ruts Triaxial test
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MATERIAL MODELSMATERIAL MODELS
RuttingRutting
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Calculation of permanent deformations

( )N,εfε
irp =

field
r

field
p

lab
r

lab
p

i

i

i

i

ε
ε

ε
ε

= field
rlab

r

lab
pfield

p i

i

i

i
ε

ε
ε

ε ⋅=
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NCHRP 1-37A Pavement Design Guide Prediction Models

∑
=

⋅=
nsublayers

i

ii
p hPD

1
ε

PD – Permanent deformation
Nsublayers – Number of sub layers
εp

i – Total plastic strain in sub layer i
hi – Thicnness of sub layer i

Calculation of permanent deformations
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MATERIAL MODELSMATERIAL MODELS
Rutting in  unbound materialsRutting in  unbound materials

SAMARIS
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Permanent 
deformations 
depending on 
moisture
content
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Calculation of permanent deformations – LCPC

ε1
p : permanent axial strain; N : number of load cycles;

pmax, qmax : maximum values of the mean normal stress p and deviatoric stress q;

2
max

2
maxmax qpL +=

Pa : reference pressure equal to 100 kPa;
ε1

p0, B, n model parameters;
m,s parameters of the failure line of the material, of equation q = m.p+s; 
(from experience, m=2.5 to 2.6 and s=20 kPa)

Samaris
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Result: Prediction of permanent 
deformation, rutting
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MATERIAL MODELSMATERIAL MODELS
Rutting in unbound materialsRutting in unbound materials

Design Guide
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Theoretical background
Original model for calculation 
of permanent deformations, 

Tseng and Lytton

( ) heN v
N

r
GBa ε

ε
εβδ

βρ
⎟
⎠
⎞

⎜
⎝
⎛−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 0

Problems with some strange results 
made that the choice in Design Guide is 
a more empirical and statistical model
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Modeling permanent deformation – Unbound material

modified models for ε0/εr, β and ρ developed in NCHRP 
Project 1-37A for granular and subgrade materials

Granular

rc
r

EW ⋅+⋅−⋅−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
000003.0003077.006626.080978.0log 0

θσ
ε
ε

( ) rc EW ⋅−⋅+⋅+−= 0000015.0001806.003105.09190.0log θσβ
( ) rcc EWW ⋅−⋅−⋅+⋅+−= 0000105.0002074.00003784.045062.178667.1log 22

θθ σσρ

Subgrade
rdc

r

EW log91219.011921.009121.069867.1log 0 ⋅+⋅−⋅+−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
σ

ε
ε

( ) θσσσβ 22 0000338.0017165.00000278.09730.0log cddc WW ⋅−⋅+⋅−−=

( ) θσσσρ 22 0000545.040260.000068.0009.11log cddc WW ⋅+⋅−⋅+=
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Influence from moisture; Design Guide
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MATERIAL MODELSMATERIAL MODELS
Rutting in bituminous bound Rutting in bituminous bound 

materialsmaterials

Design Guide
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Modelling permanent deformation

32
1

aa

r

p TNa ⋅⋅=
ε
ε

Asphalt layer – Design Guide

εp – Accumulated plastic strain at N repetitions of load
εr – Resilient strain of the asphalt material
N – Number of load repetitions
T – Temperature (10°C)
ai – Non-linear regression coefficients (from NCHRP 1-37A)
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Calculations
in practice
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Resilient Module

Mr = k1Θk2

f(k1)

f(k2)

Test: Plate loading

Measured Mr1 in subgrade is used as input 
data in calculation of Mr2 in subbase

Result from Plate loading
and simulation in VagFEM
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Calculate the dynamic resilient
modulus in the suggrade material?

Subgrade

Pavement

Mr = K1SΘK2S



96

2008-02-21
Swedish Road Administration

Calculate the dynamic resilient
modulus in the base material?

Base

Subgrade

Pavement

Mr = K1BΘK2B

Mr = K1SΘK2S
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1.0E+04
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log( *) (log )E
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+ +δ

α
β γ1

• SIGMOIDAL FUNCTION

Calculate theDynamic Modulus 
Master Curve in Asphalt
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1000

E Modulus

5000

10000

15000

Temperature0
20 40

Asphalt A

Asphalt B 
polymer 
modified

Calculate the correct elasticity 
modulus for each temperature 
interval in asphalt
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VagFEM
Calculate stress, strain and resilient

modulus with VagFEM
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Bituminous
bound
layers

Elastic
strain: εe

Input data for 
calculation of 
permanent 
deformations

Unbound
Layers

Elastic response, 
resilient modulus, 
as digital output 
data from VagFEM

Stress: σ

Deviatoric
stress: q

Resilient 
modulus: Mr

hi
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Calculation of parameters from triaxial tests
Rubber membrane  

Rings to fix the mould 

Rubber membrane 
b

ICT-mould

Screw to eject the sample 

Vacuum 

Bottom platen with O-ring 

σ = σO SIN(ωt)

ε = ε Ο SIN(ωt-

φ

0.1 sec

 σd

Asphalt material

Unbound material
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Evaluation of triaxial tests

Triaxial
test 

results

Excel 
program 

LCPC

Excel 
program 
Dresden

Parameters for 
calculation of 

permanent 
deformations, LCPC

Parameters for 
calculation of 

permanent 
deformations, 

Dresden

Elastic properties
resilient modulus MR
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Calculate future rutting with VagFEM

32
1

aa

r

p TNa ⋅⋅=
ε
ε

Parameters for 
calculation of permanent 

deformations, LCPC

Parameters for 
calculation of permanent 
deformations, Dresden

Parameters for calculation
of permanent deformations, 
Design guide, unbound mtrl

Parameters for calculation
of permanent deformations, 
Design guide, asphalt mtrl

Elastic response, resilient 
modulus, as digital output 
data from VagFEM

Excel programs for 
calculation of 
future rutting

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟

⎠
⎞

⎜
⎝
⎛⋅= 1eC
1000

NANε 1000
ND

B

p
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Bituminous
bound
layers

Elastic
strain: εeUnbound

Layers Stress: σ

Deviatoric
stress: q

Resilient 
modulus: Mr

hi ∑
=

⋅=
nsublayers

i

ii
p hPD

1
ε

PD – Permanent 
Deformation
Nsublayers – Number 
of sublayers
εp

i – Total plastic strain 
in sublayer i
hi – Thickness of 
sublayer i
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Bituminous
bound
layers

Unbound
Layers

hi

4 cm
12 cm

8 cm
80 cm

12 ton
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Results from VagFEM
Permanent deformation v.s. number of load 

repetitions.

-0,05

0

0,05

0,1

0,15

0,2

0 20000 40000 60000 80000 100000 120000

layer A Centre
layer A Edge
layer B Centre
layer B Edge
layer C Centre
layer C Edge
layer D Centre
layer D Edge
layer E Centre
layer E Edge
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MATERIAL MODELSMATERIAL MODELS
unbound layersunbound layers
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Unbound layer: Simulated E-modulus

Mr = k1Θk2 (Seed et al.)

Θ kPa

Mr MPa

35
VagFEM

The Swedish Code: 
Linear elasticity

M r  = 10.9θ 0.5066

M r  = 9.5004θ 0.5336

M r  = 6.8005θ 0.5761

M r  = 9.5914θ 0.5437

0

100

200

300

400

500

600

700

0 500 1000 1500 2000
Stress Invariant, θ  [kPa]

R
es

ili
en

t M
od

ul
s,

 M
r [

M
Pa

]

BC1

BC2

BC3
BC4

425
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821596461298Visnes knust fjell
0 – 32 mm

521397320222Steinskogen knust fjell
0 – 32 mm

560422337230Hedrum knust fjell
0 – 32 mm, 

432326260178Hovinmoen knust grus
0 – 32 mm, NGI gradering

353264210141Hovinmoen knust grus
0 – 32 mm, orig.

373293242174Hovinmoen grus
0 – 32 mm 

θ=400 
kPa

θ=300 
kPa

θ=200 
kPa

θ=100 
kPa

Resilientmodul (MPa)
Materiale

Exemple
from Norway 
and Finland

Different material 
gives different 
resilient modulus
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C
on

ta
ct

 fo
rc

e,
  F

ΔF

Displacement,  δ

ΔF

ΔF

F = k* ⋅ δ3/2

F = 0

S3

S2

S1

2r

r

F = ΔF

2r - Δδ 1

0

1

2
F = 2⋅ΔF

2r - (Δδ 1 + Δδ 2 )

3 2r - (Δδ 1 + Δδ 2 
0

1

2

3

Δδ 1 Δδ 2 Δδ 3

F = 3⋅ΔF

 + Δδ  3 )

P Kolisoja

Material consisting of grains
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The grains gets more contact surfaces
when they are pressed together

Loose compacted material Hard compacted material
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M = k1Θk2 (Seed et al.)

ν = A + B(σ1/σ3) + C(σ1/σ3)2 + D(σ1/σ3)3

Mr = k1 (σ1 + σ2 + σ3)k2

σ3

σ2

σ1

M = k1p0(Θ/p0)k2

Unlinear elastic response
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Calculation
of rutting
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Triaxial test
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Cyclic loadings
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εp

Number of loadings: N

10 100 1 000 10 000 100 000

1

2

3

4

Evaluation of triaxial tests

Hyperbolic modelled curve

εp = aNb
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Triaxial test – Real ruts

N = Number of load cycles

εp = Permanent deformations

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastic
deformations

εp = Plastic 
deformations
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10

2006-12-03
Swedish Road Administration

Elastisk nedböjning av tungt fordon

Elastisk deformation
εe = (h2-h2*)/h2

h1

h2

h3

h4

h5

h2*
εe

11

2006-12-03
Swedish Road Administration

Permanent spårbildning av tunga fordon

h1

h2

h3

h4

Permanent deformation
εp = (h2-h2*)/h2

h2* εp

=

16

2006-12-03
Swedish Road Administration

Treaxial test – Verkliga spår

N = Antal lastcykler

εp = Permanenta deformationer

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastiska
deformationer

εea

εeb

εec

εp

17

2006-12-03
Swedish Road Administration

Treaxial test – Verkliga spår

N = Antal lastcykler

εp = Permanenta deformationer

σa

σb

σc

σa < σb < σc < σd

εpa

εpb

εpc

εe = Elastiska
deformationer

εea

εeb

εec

εe

εp εp

εe εe

Real ruts Triaxial test



121

2008-02-21
Swedish Road Administration

MATERIAL MODELSMATERIAL MODELS
Rutting in  unbound materialsRutting in  unbound materials

SAMARIS
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Permanent 
deformations 
depending on 
moisture
content
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εp

Number of loadings (1000): N

5 10 15 20 25

1

2

3

4

Evaluation of triaxial test
Hyperbolic modeled curve

2
1

k

r

p Nk ⋅=
ε
ε
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εp

5 10 15 20 25

1

2

3

4
σ4

σ3

σ2

σ1

Different a and b for different σ

Evaluation of triaxial test

Number of loadings (1000): N
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Calculation of permanent deformations – LCPC

ε1
p : permanent axial strain; N : number of load cycles;

pmax, qmax : maximum values of the mean normal stress p and deviatoric stress q;

2
max

2
maxmax qpL +=

Pa : reference pressure equal to 100 kPa;
ε1

p0, B, n model parameters;
m,s parameters of the failure line of the material, of equation q = m.p+s; 
(from experience, m=2.5 to 2.6 and s=20 kPa)

Samaris
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Result: Prediction of permanent 
deformation, rutting
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MATERIAL MODELSMATERIAL MODELS
Rutting in bituminous bound Rutting in bituminous bound 

materialsmaterials

Design Guide
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Primary TertiarySecondary

Number loadings

Pe
rm

an
en

t s
tr

ai
n 

ε p

Flow limit

Development of permanent deformations 
at typical periodic load
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Permanent deformation test; Parameters

log (N)

lo
g 

ε p
(N

)

Intersection
“a”

Slope
“b”

εp = a N b
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Modelling permanent deformation

32
1

aa

r

p TNa ⋅⋅=
ε
ε

Asphalt layer – Design Guide

εp – Accumulated plastic strain at N repetitions of load
εr – Resilient strain of the asphalt material
N – Number of load repetitions
T – Temperature (10°C)
ai – Non-linear regression coefficients (from NCHRP 1-37A)
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Future
development

NordFoU
Sweden, Norway, Denmark and Island
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Tensile stress in the bottom of 
unbound layers?

Base

Subgrade

σpress

σtensile

Pavement
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Tensile stress in the bottom of 
unbound layers?

Base

Subgrade

σpress

σtensile

Pavement
Which is the real stress distibution?

Or something else
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Unbound layers with large difference
in resilient modulus?

Base

Subgrade

σpress

σtensile

Pavement

Mr=600 MPa

Mr=40 MPa
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Unbound layers with large difference
in resilient modulus?

Base

Subgrade

σpress

σtensile

Pavement

Mr=600 MPa

Mr=40 MPa

Mr=150 MPa

Old experience: Insert a layer with medium resilient modulus!
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Difference/connection between static and 
dynamic resilient modulus?

Base

Subgrade

Pavement
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Horisontal stress depending on 
compaction and traffic ?

Base

Subgrade

σpress

σtensile

Pavement

σpress
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Difference/connection between resilient
modulus measured with triaxial test and 

on site with plate loading etc.?

Base

Subgrade

Pavement

Mr=700 MPa

Mr=400 MPa
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Material models different for 
crushed and uncrushed material?

Subgrade
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79000 83000 87000 91000 95000 99000

Trafik(ÅDT) 1) 2) 3) 4) 8640 5) 6630 6) 7)
1)8130,2)3530,3)8310,4)5040,5)4900,6)3250,7)9640,

Tung traf(ÅDT) 1) 2) 3) 4) 1000 5) 770 6) 7)
1)1080,2)540,3)1010,4)610,5)800,6)650,7)1110,

Hastighet 110
NYBYGGAR . 1996 2000
Bel.lager 1 1) 2) 3) 4) 5) 6) 7)

1)20TSK1604,2)45ABD1600,3)40ABS1600,4)40ABS1601,5)45ABS
6)40ABS1600,7)40ABS1601,

Spårdjup
(mm)

Ojämnhet
IRI(mm/m)

1999-04-22 2000-05-22 2001-05-08 2002-05-08 2003-05-10 2004-05-07
2005-07-13

E6 Ljungskile - Torp
Göteborgs och Bohus län , Väg: 6.00 

Sträcka: 79000 - 99000, Körfält: 10, Riktning: Framåt, Sida för vägdata: 1 

VÄGVERKET
PMS
20060223, 16.58

Vägversion: 20051211

FuUpph.BST

20

15

10

 5

 0

0
1
2
3
4
5
6

Why does high plate loading values
give small rutting? 

Lerbo Bro TorpLjungskile

5 – 6 year

Plate loading:     ca 90 MPa 250 – 500 MPa ca 150 MPa
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Connection between aggregate
characteristics etc. and 

permanent rutting?

• Grain maximum size
• Aggregate gradation
• Rock material, Geology
• Moisture content
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Wheel Tracking Test
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Wheel tracking; Result

Is it possible to backcalculate parameters from 
Wheel track tests in order to get parameters for 

calculation of permanent deformations in asphalt?
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Uniaxial tensile testing
Connection 

between 
tensile 

strength 
and 

fatigue?
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Effect of stabilisation
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So, why do we not use 
this knowledge, test 
methods and models?
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Mechanistical
background
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y
x

z

Subgrade E3, ν3

σz
ε1

p

P

hasphalt

P = Wheel load
p = Wheel 
pressure

E = Elasticity moduli
ν = Poissons figure

hbase layers

ε2

ε1 = Strain in bottom asphalt 
layer
ε2 = Strain on subgrade

E1, ν1

E2, ν2
σx

σy
τ

Linear elastic multilayer models
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MULTILAYER MODELS

Prerequisites:
• The material is linear elastic
• The material can take tensile stress, 

even if it is wrong (unbound material)
• The material has no weight
• The material has infinite extension in 

all directions
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FINIT ELEMENT MODELS (FEM)

τ τ

σ

σ

Every little part must be in stress equilibrim and deform
in such a way that all pieces fits together.
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FINIT ELEMENT MODELS (FEM)

Prerequisites:
• Different material models could be used
• The material can take tensile stress or not 

(unbound material)
• The weight of the material could be 

included in the calculations
• The real geometry of the road can be 

simulated
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SOME MECHANISTICAL 
FACTORS
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Aggregate size F

F

F/k2F

F
F/k2

( A ) ( B ) ( C )

n 
pa

rti
cl

es

k 
· n

 p
ar

tic
le

s

P Kolisoja
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Influence from aggregate size

P Kolisoja
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Reversed direction of shear stress 

τ τ

σ

σ
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Reversed direction of shear stress

σ

σ

τ = 0
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Reversed direction of shear stress

σ

σ

τ
τ

Large influence on permanent deformations
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Influence from moisture
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Loading gives pore water 
pressure, which decrease 

the contact pressure 
between the grains, and 

with this, the inner friction

Influence from moisture
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DURABILITY DURABILITY 
Unbound layersUnbound layers
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Rock material, fitness 
for the use as base

material

Decomposed
rock in a rock 
excavation
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Base material of rock, which has decomposed in a road under trafic

The fitness of the rock material for the use as base material
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Triaxial test on 
different materials

Humid

Dry
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TEST METHODSTEST METHODS
bituminous bound layersbituminous bound layers
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Triaxial test
Rubber membrane  

Rings to fix the mould 

Rubber membrane 
b

ICT-mould

Screw to eject the sample 

Vacuum 

Bottom platen with O-ring 

0.1 sec

 σd

0.1 sec

 σdεd

Phase displacement at 
different  temperatures
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Time, t

φ/ωσosinωt

εosin(ωt-φ)

σ, ε
σ0 ε0

0

0|*|
ε
σ

=E
itωφ =

Compressive Dynamic Modulus (|E*|) 
and Phase angle (φ)
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Dynamic Modulus Master Curve
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• TIME-TEMPERATURE SUPERPOSITION
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• SIGMOIDAL FUNCTION

Dynamic Modulus Master Curve
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DYNAMIC MODULUS MASTER CURVE

1.0E+04

1.0E+05

1.0E+06
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• TIME-TEMPERATURE AGE SUPERPOSITION
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Dynamic Modulus Master Curve
• MASTERCURVE EQUATION

MODULUS AS A FUNCTION OF REDUCED TIME

o REDUCED TIME
TIME-TEMPERATURE-AGE SUPERPOSITION

log( *) (log )E
e tr

= +
+ +δ

α
β γ1

FOUR MIXTURE DEPENDENT PARAMETERS

Expressed as a function of binder 
viscosity (stiffness) to include both 
temperature and age effects

( ))log()log()log()log(
rTr ctt ηη −−=
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1000

E Modulus

5000

10000

15000

Temperature0
20 40

Asphalt A

Asphalt B 
polymer 
modified

The influence of the 
Master Curve on the real 
elasticity modulus
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Asfalt

Obundna 
Lager

hi

5o E Modul 15 000 MPa
40o E Modul 1 000 MPa

40o E Modul 3 000 MPa
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USER FRIENDLY 
PROGRAMS
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VagFEM

VagFEM is a 3D finite element program, built on ABAQUS, 
and run in a large computer. The result is coming back as 
a PDF-file inside 20 minutes. The input data is very easy to 
handle, it could be done in 3 minutes on a working site.
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Road surface deflection

Strain in the lower surface of 
asphalt pavement

Stress as a function of the 
depth under the wheel

Strain as a function of the depth 
under the wheel

de
pt

h
de

pt
h
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VagFEM – Plate 
Loading – Resilient 
modulus

Geometry for 
plate loading test

Deflection under the plate 
at various load stepsDeflection beside the plate 

at full load (compare FWD)
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Resilient Module

Mr = k1Θk2

f(k1)

f(k2)

Test: Plate loading

Measured Mr1 in subgrade is used as input 
data in calculation of Mr2 in subbase

Result from Plate loading
and simulation in VagFEM
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MATERIAL MODELSMATERIAL MODELS
Rutting in unbound materialsRutting in unbound materials

Shake Down load 
(Dresden)
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Decision of critical stress conditions in 
unbound layers

• Shakedownkoncept
– Stable state (little rutting)
– Unstable state (severe rutting)

• State A (stable behaviour)

• State B (unstable behaviour)

• State C (collapse)

εp

N

From studies of 
triaxial tests
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The Shake Down concept
0 1 2 3 4 5 6 7 8 9 10

10

1
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Permanent deformations, depending on 
shear stress
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MATERIAL MODELSMATERIAL MODELS
Rutting in  unbound materialsRutting in  unbound materials

SAMARIS
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Increase in permanent deformations per load cycle
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Connection between load cycles
– permanent deformations
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Permanent 
deformations 
depending on 
moisture
content
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UNBOUND

LAYER

Calculation of stress (σ), deviatoric stress (q), strain (ε)  
and resilient modulus (Mr) with VagFEM

Sub layerhi
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εp

Number of loadings (1000): N

5 10 15 20 25

1

2

3

4

Evaluation of triaxial test
Hyperbolic modeled curve
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p Nk ⋅=
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εp

5 10 15 20 25
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σ4

σ3

σ2

σ1

Different a and b for different σ

Evaluation of triaxial test

Number of loadings (1000): N
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Calculation of permanent deformations – LCPC

ε1
p : permanent axial strain; N : number of load cycles;

pmax, qmax : maximum values of the mean normal stress p and deviatoric stress q;

2
max

2
maxmax qpL +=

Pa : reference pressure equal to 100 kPa;
ε1

p0, B, n model parameters;
m,s parameters of the failure line of the material, of equation q = m.p+s; 
(from experience, m=2.5 to 2.6 and s=20 kPa)

Samaris
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Loading to maximum load in one step
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Same final permanent deformations as for one load step

Loading to maximum load in several steps
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Permanent deformations proportional to 
shear stress, q (and also p)



195

2008-02-21
Swedish Road Administration

Comparison between model and 
result in triaxial test
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Tested sections
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Lateral wander of wheel load
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Result: Rutting
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Result: Cracking
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Ruts and 
cracks
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Result: Prediction of permanent 
deformation, rutting
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MATERIAL MODELSMATERIAL MODELS
Rutting in bituminous bound Rutting in bituminous bound 

materialsmaterials

Design Guide



203

2008-02-21
Swedish Road Administration

Primary TertiarySecondary

Number loadings
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ε p

Flow limit

Development of permanent deformations 
at typical periodic load
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Permanent deformation test; Parameters

log (N)

lo
g 

ε p
(N

)

Intersection
“a”

Slope
“b”

εp = a N b
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 εp = εr .f (T, N)
 
where:

εp = total plastic strain
εr = resilient (elastic) strain
T = temperature
N = total number of loading cycles

Calculation of Permanent Deformations; 
The form of the Model
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Ground equation for rutting

R2 = 0.73

Se = 0.309

Se/Sy = 0.522

Ntests = 3476
(>300 mixes)

1 2log log( ) log( )p
o

r

a a N a T
ε
ε

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠

Function from material characteristics,
but these are less important than N and T

Similar equations for permanent 
deformations in unbound material

Effect from real stress level
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Model for calculation of 
permanent deformations

)log(02755.2)log(4262.074938.3log TN
r

p ++−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ε
ε

R2 = 0.73

Se = 0.309

Se/Sy = 0.522

Ntests = 3476
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Modelling permanent deformation

32
1

aa

r

p TNa ⋅⋅=
ε
ε

Asphalt layer – Design Guide

εp – Accumulated plastic strain at N repetitions of load
εr – Resilient strain of the asphalt material
N – Number of load repetitions
T – Temperature (10°C)
ai – Non-linear regression coefficients (from NCHRP 1-37A)
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MEPDG – Summation of deformations

32 39937.0734.115552.3
11 10 rr NTk r

r

p βββ
ε
ε −=
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MEPDG – Calibration to Mnroad
depthdepth 328196.0) C  (C  k 211 ∗∗+=342.17*4868.2*1039.0 2

1 −+−= acac hhC

428.27*7331.1*0172.0 2
2 +−= acac hhC
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Calculation of stress (σ) and strain (ε) with VagFEM

ASPHALT

εεr1εr2εr3

εr4

εr5

εr6

εr7

εr8

Sub layerhi
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All parameters is strongly 
dependant of the moisture content!

How is it possible to measure 
moisture content in the road 

structure?

One important problem to solve!
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Test metods!

• It is important that the test methods is 
syncronized to the design models.

• It must be possible to use results from 
the test methods as input data in the 
design models.


