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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Background	

PredicBng	asphalt	pavement	performance	
• Key	element	in	pavement	design	

• minimum	layer	thicknesses	to	support	loading	
in	funcBon	of	material	properBes		

• ranking	of	materials	
• esBmaBon	of	residual	value	

• Key	element	in	pavement	management	
•  life-cycle-analysis	

•  residual	value	
• maintenance	intervals	
•  budgetary	needs	 re
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

(a) Mechanical	Empirical	Pavement	Design	(MEPD)	

PAVEMENT	MODEL	
geometry,	layer	thickness,	

material	properBes	

TRAFFIC	MODEL	
axle	loads,	number	
of	heavy	axles	

CLIMATE	MODEL	
layer	temperatures,	
subgrade	saturaBon	

Inputs	

time  
increment 

RESPONSE	MODEL	
stress	&strain		

Analysis	

DAMAGE	MODEL	
damage	increment	ΔD	

cumula;ve	damage	Σ(ΔD)	

PREDICTED	PERFORMANCE	
expected	life-;me	

Design	decision	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

(a) Mechanical	Empirical	Pavement	Design	(MEPD)	

• German	pavement	design	guide	
RDO	Asphalt	09	“Richtlinien	für	die	
rechnerische	Dimensionierung	des	
Oberbaus	von	Verkehrsflächen	mit	
Asphaltdeckschicht”	

• basic,		tradiBonal	pavement	
design	approach	as	in	many	
other	countries	



M	Wistuba	|	5	

Institut für Straßenwesen 
T U  B r a u n s c h w e i g German	pavement	design	guide	

MulBlayer	ElasBc	Theory	
•  layered	elasBc	model		

•  homogeneous,	isotropic,	linear	elasBc	
•  infinite	horizontal	layer	extension	
•  infinite	verBcal	subgrade	extension	
•  sBck	or	slip	layer	interfaces	

•  limited	number	of	input	data	
•  layer	thicknesses	
• material	properBes	(elasBc	modulus,	Poisson	raBo,	layer	fricBon)	
•  force	(magnitude	of	wheel	load)	and	load	geometry	(Bre	patch	load)	

• materials	are	not	stressed	beyond	their	elasBc	ranges	
•  suitable	for	short-term	loading	at	low	to	moderate	(?)	temperatures	

(Burmister, 1943) 
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g German	pavement	design	guide	

• simple	model	applicable	for	high	numbers	of	load	repeBBons	
• E.	g.,	German	design	guide:	

11 load classes for consideration of truck traffic 
13 characteristic temperature distributions 
= 143 loading cases for design analysis (advantage: short calculation time) 
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g German	pavement	design	guide	

Fatigue law: 
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Miner rule (linear accumulation 
of incremental damage): 

Dominant	deterioraBon	mechanism	considered	
• material	faBgue	is	crucial	design	criterion	to	avoid	structural	failure	
• Wöhler	curves	are	derived	from	laboratory	faBgue	tesBng	
•  linear	summaBon	of	the	damaging	effects	of	individual	loads	(Miner)	

Wöhler curve 
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

PAVEMENT	MODEL	
geometry,	layer	thickness,	

material	properBes	

TRAFFIC	MODEL	
axle	loads,	number	
of	heavy	axles	

CLIMATE	MODEL	
layer	temperatures,	
subgrade	saturaBon	

time  
increment 

RESPONSE	MODEL	
stress	&strain		

DAMAGE	MODEL	
damage	increment	ΔD	

cumula;ve	damage	Σ(ΔD)	

PREDICTED	PERFORMANCE	
expected	life-;me	

staBsBc	variaBon	 coupling	of	Bme	increments	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Stress	analysis	in	Bme	increments	

• Bme-accurate	superposiBon	of	traffic	&	temperature	
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T U  B r a u n s c h w e i g 

50 km 

10 km 

200 km 
•  10 km grid, hourly resolution in time 
•  112 climate parameters per box 
•  hourly time variation curves for air temperature, 

global radiation, wind speed, humidity 

Nesting techniques: 

Regional	climate	model	(REMO)	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g 

global radiation [W/cm²] 

humidity [%] 

wind speed [m/s] 

air temperature [°C] 

Climate Stations 

station 

(DWD, 2012) 

Regional	climate	model	(REMO)	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g 

heat transfer at pavement surface 
energy balance law 

heat flux within pavement layers 
Fourier heat balance law 

climate data: meteorological observations at climate station 

road 

4 4
net a air b surf K air surf

TQ (1 )	G 	F 	T 	F 	T (T T ) 0
d
Δ

= − α + ε − ε − λ + α − =

CT	=	 -div	q&
q	=	 -k	grad	T

= 0T(x,t=0 ) T (x)

∞= −nq 	 (T T )α

C ... vol. heat capacity  
q ... heat flux vector 
k ... heat conduction coeff. 
α ... heat transfer coeff. 
T∞ ... ambient temperature 

[Krebs & Böllinger, 1981; Wistuba, 2002; Villaret et al., 2007] 

Pavement	temperature	distribuBon	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Pavement	temperature	distribuBon	
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T U  B r a u n s c h w e i g 
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Soaware	for	incremental	stress	analysis	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Soaware	for	incremental	stress	analysis	

Extended	analysis?	→	addiBonal	incremental	damage	
for	limited	number	of	criBcal	load	cases	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g 

A2	Pack	2007,	Foto:	Wistuba	

low	temperature	cracks?	

Longitudinal	low	temperature	top	down	cracking	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Longitudinal	low	temperature	top	down	cracking	

• QuesBon:	can	low-temp.	
stress	be	explained	from	LE	
calculaBon?	
Ø due	to	a	negaBve	temperature	

gradient	(drop	in	temperature)	
and		

Ø  low	stress	relaxaBon	at	low	
temperature	

Arand 1995 

(A)	in	wheel	path		 (B)	beside	wheel	path		

(A)	

(B)	

traffic	induced	
stress	

thermal	stress	

total	stress	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Longitudinal	low	temperature	top	down	cracking	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Longitudinal	low	temperature	top	down	cracking	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Longitudinal	low	temperature	top	down	cracking	

• can	not	be	explained	from	LE	calculaBon	of	low-temperature	
stress	(only	in	very	rare	cases	and	for	extremely	hard	bitumens).	
Generally,	this	type	of	crack	is	supposed	to	be	driven	by	other	
crack	mechanisms	(shear	at	moderate	and	high	temperatures?)	
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Walther, A. & Wistuba, M. 2012. Mechanistic Pavement Design Considering Bottom-Up And Top-Down-
Cracking. Proc., 7th RILEM Int. Conf. On Cracking in Pavements, 20-22 June, 2012, Delft. 
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T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

Molenaar, Keynote MCD 2016 Nantes  
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

Molenaar, Keynote MCD 2016 Nantes  
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

PAVEMENT	MODEL	
geometry,	layer	thickness,	

material	properBes	

TRAFFIC	MODEL	
axle	loads,	number	
of	heavy	axles	

CLIMATE	MODEL	
layer	temperatures,	
subgrade	saturaBon	

time  
increment 

RESPONSE	MODEL	
stress	&strain		

DAMAGE	MODEL	
damage	increment	ΔD	

cumula;ve	damage	Σ(ΔD)	

PREDICTED	PERFORMANCE	
expected	life-;me	

staBsBc	variaBon	 coupling	of	Bme	increments	

rheology:		
linear	visco-	

elasBcity:	E*,	φ
&	

consideraBon	of	
associated	
phenomena	

	
Fracture	Mech.,		
Cont.	Damage	Th.	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Linear	visco-elasBc	bitumen	behavior	

 

phenomena	in	mixtures 	

fatigue	thermal	cracking	 rutting	

									use	of	 E*		or	G*	

mixing	
compaction	

	britt le	    	duct ile	

     E*	and	G*	
≈T	g	 					0°C	 					≈80°C	 			180°C 	

       

lεl 

T	

			failure		

  σ p 

E	and	G	

   K c 

linear	elastic	
non-linearities	

purely	viscous	
(Newtonian)	

 η 

10%	

100%	

LVE	Behavior	

[Di	Benede:o]	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Domains	of	asphalt	mix	behaviour	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Associated	phenomena	

•  Linear	
viscoelasBcity	

•  Non	linearity	
•  FaBgue 		
•  Healing		
•  Thixotropy	
•  Crack	propagaBon	
•  Permanent	
deformaBon	

•  Brifle	failure	
•  ViscoplasBc	flow	
•  Thermo-
mechanical	
coupling	

•  transfer	to	3D	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Fracture	mechanics	

• Low	temperature	cracking	represents	a	serious	distress	
for	asphalt	pavements	in	cold	regions.	Crack	failure	
properBes	of	asphalt	mixture	are	crucial	for	design.		

• They	are	used	as	input	in	the	Thermal	Cracking	model	
which	is	part	of	the	current	MechanisBc	Empirical	
Pavement	Design	Guide	acc.	to	AASHTO	2008.	

• Fracture	strength	properBes	of	asphalt	mixture	can	be	
successfully	predicted	from	SCB	fracture	tesBng	without	
performing	IDT	tests	at	low	temperature.		
	See	paper	N°	66860	(Cannone	FalcheNo,	Moon	&	Wistuba:	

Numerical	correla;on	between	low	temperature	SCB	fracture	and	

IDT	strength	of	asphalt	mixture	using	FEM	analysis)	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g ConBnuum	Damage	Theory	

• CharacterisBc	curve	represenBng	the	evoluBon	of	internal	damage	
D	in	the	mixture	in	funcBon	of	pseudo	strain	energy	WR	and	of	a	
material	property	α		
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g ConBnuum	Damage	Theory	

EvoluBon	of	damage	(internal	micro-cracks)	

[Di	Benede:o]	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

PAVEMENT	MODEL	
geometry,	layer	thickness,	

material	properBes	

TRAFFIC	MODEL	
axle	loads,	number	
of	heavy	axles	

CLIMATE	MODEL	
layer	temperatures,	
subgrade	saturaBon	

time  
increment 

RESPONSE	MODEL	
stress	&strain		

DAMAGE	MODEL	
damage	increment	ΔD	

cumula;ve	damage	Σ(ΔD)	

PREDICTED	PERFORMANCE	
expected	life-;me	

staBsBc	variaBon	 coupling	of	Bme	increments	

rheology:		
linear	visco-	

elasBcity:	E*,	φ
&	

consideraBon	of	
associated	
phenomena	

	
Fracture	Mech.,		
Cont.	Damage	Th.	

rotaBng	axes	
shear	analysis	
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T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

Molenaar, Keynote MCD 2016 Nantes  
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g RotaBng	axles:	stress	paths	in	layers	
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[Di	Benede:o]	

Isotropic	&	Elas;c	(Alisé)	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

PAVEMENT	MODEL	
geometry,	layer	thickness,	

material	properBes	

TRAFFIC	MODEL	
axle	loads,	number	
of	heavy	axles	

CLIMATE	MODEL	
layer	temperatures,	
subgrade	saturaBon	

time  
increment 

RESPONSE	MODEL	
stress	&strain		

DAMAGE	MODEL	
damage	increment	ΔD	

cumula;ve	damage	Σ(ΔD)	

PREDICTED	PERFORMANCE	
expected	life-;me	

staBsBc	variaBon	 coupling	of	Bme	increments	

rheology:		
linear	visco-	

elasBcity:	E*,	φ
&	

consideraBon	of	
associated	
phenomena	

	
Fracture	Mech.,		
Cont.	Damage	Th.	

rotaBng	axes	
shear	analysis	
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Institut für Straßenwesen 
T U  B r a u n s c h w e i g Key	issues	in	pavement	design	
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(accumulaBon	of)	
permanent	deformaBon	

(low	temp./faBgue)	
cracking	&	crack	
propagaBon	

sBffness	and	evoluBon	
with	Bme	and	temp.	

interlayer	
bonding	
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T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

Molenaar, Keynote MCD 2016 Nantes  
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T U  B r a u n s c h w e i g PredicBng	asphalt	pavement	performance	

(b)	Pavement	management:	Empirical	Perform.	FuncBon	
Pavement	condiBon	parameters	are	measured	in	Bme	intervals,	
and	a	Bme-correlaBon	funcBon	is	derived	describing	the	temporal	
change	of	the	condiBon	parameter	
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Empirical	Performance	FuncBon	(EPF)	
• EPF	do	not	incorporate	structural	parameters	but	are	based	on	
surface	characterisBcs	/	defects	only	

• EPF	do	not	work	for	innovaBve	materials	and	structures	(new	
products,	recycled	materials)	

• few	effort	has	been	made	to	incorporate	a	material	science	based	
approach	for	performance	predicBon	in	the	frame	of	PMS	

• need	for	analysis	of	pavement	condiBon	in	funcBon	of	
incremental	distress	mechanism	→	linked	with	MEPD	approach	



M	Wistuba	|	39	

Institut für Straßenwesen 
T U  B r a u n s c h w e i g Linking	empirical	with	mechanical	informaBon	

• use	informaBon	obtained	from	material	tesBng	in	the	laboratory	
and	from	structural	performance	modeling	

• calibraBon	of	empirical	performance	funcBon	
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PMS Data Lab Data

Material Model  
Pavement Model

Performance Model

PMS analysis
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Calibrated 
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Function

Performance 
Function

Holistic PMS approach: 
linking data obtained 
from empirical analysis 
to data obtained from 
mechanistic analysis 
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Performance Indicator PI [%]

Load Repetitions N

Non Calibrated EPF (PI(N))

Section Calibrated EPF
EPF’(Nmeas,t,PImeas,t)

PImeas,t

Nmeas,t

Laboratory Calibrated EPF
EPF’’(Nmeas,t,PImeas,t,Xf)

NPI’,D Nf,D

PIf,D

PI’’ PI',D meas,t
f

f,D meas,t

N N
X

N N
−

=
−

PI’’t+N = PImeas,t + EPF’’(ΔN) = PImeas,t + Xf � EPF’(ΔN) 

where ΔN = Nt – Nmeas,t 

PI’’t+N = PImeas,t + EPF’’(ΔN) = PImeas,t + Xf � EPF’(ΔN) 

where ΔN = Nt – Nmeas,t 

• ERAnet-Road-Project	“InteMat4PMS”	(2012)	
• PROMAT	project	(2016)		
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Concluding remarks 
• need for consideration of thermo-mechanical behavior of 
bituminous mixtures and pavement structures 

• the influence of load and temperature on damage 
evolution is a key issue 

• for life-cycle-analysis of pavement structures linking 
empirical and mechanical information is of advantage 

 
Thank you for your contribution! 


