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Key Drivers of Excess Fuel Consumption

Surface condition:

1. Texture-induced PVI*:
* Mechanism: dissipation in tire
» Parameters: vehicle type, pavement texture

2. Roughness-induced PVI*:
— Mechanism: dissipation in suspension
— Parameters: vehicle type, pavement roughness.

Structural properties:

3. Deflection/dissipation-induced PVI**:
— Mechanism: dissipation in pavement

— Parameters: vehicle type, speed, pavement =
viscoelasticity, stiffness, thickness, temperature [~

*Zaabar, |., Chatti, K. 2010. Calibration of HDM-4 Models for Estimating the Effect of Pavement Roughness on Fuel Consumption for U.S. Conditions.

Transportation Research Record: Journal of the Transportation Research Board, No. 2155. Pages 105-116.
** Akbarian M., Moeini S.S., Ulm F-J, Nazzal M. 2012. Mechanistic Approach to Pavement-Vehicle Interaction and Its Impact on Life-Cycle Assessment. I\CﬂéTI_I b
u

Transportation Research Record: Journal of the Transportation Research Board, No. 2306. Pages 171-179.
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Pavement-induced fuel consumption research

Deflection Induced PVI

Roughness Induced PVI

Probabilistic PVI Implementation




Key research findings

We can quantify excess fuel consumption
due to pavement-vehicle interaction

Probabilistic analysis provides useful
estimates even with limited data

== Surface and structure matter
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Pavement-induced fuel consumption research

Deflection Induced PVI
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Deflection-induced PVI: empirical studies

Zaniewski et al. 1982 (Trucks)
Zaniewski et al. 1982 (Cars)

De Graaff 1999 (Car) | 90

Taylor et al. 2000 (Truck) (100
Taylor et al. 2000 (Truck) | 60

NPC 2002 (Truck) | 80

Taylor et al. 2002 (Truck) | 100
Taylor et al. 2002 (Truck) | 60
Taylor and Patten 2006 (Truck) | 100
Taylor and Patten 2006 (Truck) | 60
Taylor and Patten 2006 (Car) | 100
Hultqvist 2008 (Car) | 90

Ardekani and Sumitsawan 2010 (Car) | 60
Zaabar and Chatti 2011 (Cars) | 56
Zaabar and Chatti 2011 (Trucks) | 72
Bienvenu and Jiao 2013 (Car) | 100
Bienvenu and Jiao 2013 (Truck) | 72
Hultqvist 2013 (Car) | 90

Hultqvist 2013 (Truck) | 90

Speed
lawh
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Relative Change in Fuel Consumption (liter/100km)

Deflection-Induced PVI Parameters:
Vehicle load & speed; pavement
viscoelasticity, thickness, modulus,
temperature

5.0

Main findings:

Asphalt is more
dissipative than
concrete

Highly influenced by
vehicle load, speed,
temperature.

Shortcomings:

High variability in
impact

Binary material view
No structure and mat.

Fuel
Consumption | “5hus
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Deflection-Induced PVI: Mechanistic Model

« Dissipated energy due to pavement
viscoelasticity results in slope under the
wheel and must be compensated by the
engine power to maintain a constant
speed:

dw

8E = —P—
dX

* Finding key parameters and invariants via  (Adapted from Flugge, 1975)
dimensional analysis:

SEL2bk ¢ c TC Winkler Length ¢, = 5/El/k
1=—02:; =F(My=—;1; =—~ e
P2 ¢, Cor £ Cer = £5(k/m)

« Scaling relationship of deflection-induced PVI:

OE (CT)_1P2E‘°-25h‘0-75k‘0-25

c: Speed; t. Relaxation time; P: Vehicle load; E: Top layer modulus;h: Top layer thickness; k: Subgrade modulus

>



Recreating the deflection-induced PVI mechanism

Top Layer: Bound asphalt. concrete, composite

Substrate: Unbound base, sub-base, subgrade

‘n‘i:x—ct

dw dw
= —pP— Fg=—P— =0
OF e >0 H dX
oo 6E 08 FH
PVI Parameters:
Vehicle:
Fy: Horizontal Force P: Wheel load c: Vehicle speed
Pavement: MIT
7: Relaxation time h: Top layer thickness  E: Top layer modulus Cshub
k: Subgrade modulus /




Experimental Measurement

Moving Average |

END ALL

”.FleFhI

File Name: [mat]_[thck]_{load] [speed]_{run #]

Pause Motor Set Speed (cm/s)

W [

e
Speed Reading (emis)

q C:\Users\,.\184 on 3-4207 Lubricated\d241-10mm-2n-Scms-1 xlsx |[bj|

Record Data @ Data Saved

i)

DAQ Sampling Frequency (Hz) Loadcell Sample Freq. (Hz)

DAQ Filter Frequency Cut-Off (Hz) Fv Sample rate  Fh Sample rate

Vertical Load

Fy

. ‘ R —}—-—-._.-.4......“.}\.__.._\7_,__
B

" v v
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Sample Number

Load (N) || 074 Horizontal Load [N
=

Load (M)

B S,
0 5000 10000 15000 20000 25000 30000 35000 41908
Sample Number

Equivalent to 180 miles of road testing with varying: P, c and

T,E. h




Photo-elasticity: asymmetry of the response

1: Analyzer 3: Wheel 5: Green Filter
2: Quarter Wave-Plate4: Polarizer 6: Light Source

. wonuw
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Experiments validate model behavior
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c: vehicle speed; P: vehicle load; h: top layer thickness  siide 11 /



PVI deflection implementation-ready model

Dimensionless dissipation (simulation):

_ SE£%bk ¢

=F(n
Pz ., (

£ I
1= y iy =
Cer

TCcr
¥

)

Winkler Length £, = Y/El/k

Cor = ¥s (k/m)l/z

Dimensionless dissipation (simplified model fit):

log,o(IT) = logqg

=51/ =3 '
YiZo Xj=oPijlT1" ¥

SEct?bk

P?c,,
logyo(115)7*

Winkler Length £, = Y/EI/k

* Mechanistic Approach to Pavement-Vehicle Interaction and Its Impact in LCA - Journal of the

Transportation Research Board. 2014.

Cor = 1s (k/m)l/z

Iy
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Pavement-induced fuel consumption research

Roughness Induced PVI
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Roughness-induced PVI: Mechanistic Model

« Dissipated energy in suspension due to m,
roughness must be compensated by the :
%kﬁ Edc

engine power to maintain a constant 10
speed: |
CE[7] ., _ =

Cc
E[6E] = — ’ mEURl] @
« Finding key parameters and invariants via $(t)

dimensional analysis )
SE

mews WYw-2c

S(Q) = 0.38 x 10702

II =

g

my Wy Cs {Ew‘?—
=F H1:—=]/,H2=—=ﬁ’"3= =( =
mg Wg 2wgmg @

« Scaling relationship of roughness-induced
PV l ! 61100’2 10 10° 10 107

) (rad/m)

E[ 8E] ~ E[IRI]? V"2 [
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Mechanistic roughness model calibrated with

HDM-4

0.1 . T T r r
Mechanistic model V = 70 km/h
H . . 0.09} ammms HDM4 model V = 70 km/h -
[ ] -
MeChanIStIC MOdel o0sl—=" Mechanistic model V = 100 km/h e

— Two parameter model: IRl and w
— Quadratic relationship with IRI
— Dynamic interaction

E[ 8E] ~ E[IRI]? VW2

e HDM-4:
— One parameter model: IRl (w=2)
— Linear relationship with IRI
— Vehicle speed dependency

E[ 8E |~E[IRI]

*Zaabar, ., Chatti, K. 2010. Calibration of HDM-4 Models for Estimating
the Effect of Pavement Roughness on Fuel Consumption for U.S.
Conditions. Transportation Research Record: Journal of the
Transportation Research Board, No. 2155. Pages 105-116.

Change in fuel consumption

Normalized SRCC

[ HDM4 model V = 100 km/h

=" Articulated Truck |

2 2.5 3 3.5 4 4.5 5 55 6

IRI (m/km)

I \Vaviness number
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I Speed

s = 5§ £E¥ BT
0 2 > o) R 3
w - = =
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Pavement-induced fuel consumption research

Probabilistic PVI Implementation
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PVI Model Inputs and Uncertainties

Deflection-induced PVI

TITTIT Y TN
Input:

1: Top layer modulus

2: Top layer thickness

3: Top layer relaxation time (AC/PCC)
4: Subgrade modulus

5: Vehicle load

6: Vehicle speed

7. Temperature

Roughness-induced PVI

(t))

(t,)

Input:

1: IRI(Y)

2: Reference IRI,
3: Vehicle type
4: Vehicle speed
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Probabilistic deflection model
implementation with limited data

1- Top layer modulus:
LTPP distributions for similar

material and traffic condition.

2- Top layer thickness:
LTPP distributions for similar

. DryF
§ J‘i
fashingt ;R
- b o Helena
fem N (

material and traffic condition.

3- Subgrade modulus:
LTPP distributions for similar
regional condition.

LTPP Distributions
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Monte Carlo Procedure:

Calculate

E(u;o) h(uo) )

N\

4 Sample Data N

Fuel Consumption
per PM of Section

J

=)

/" PVI Deflection
Fuel Consumption
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Probabilistic PVI implementation with limited
data

Extra Fuel Consumption {gallons/mile)
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Probabi

listic roughness model

implementation with MEPDG

IRI ,
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Probabilistic PVI implementation with MEPDG

AZ case study: contributions of use phase components
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Identifying drivers of PVI uncertainty - MEPDG

AZ case study: contributions of use phase components

Contribution to variance for GWP
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Key research findings

We can quantify excess fuel consumption
due to pavement-vehicle interaction

Probabilistic analysis provides useful
estimates even with limited data

== Surface and structure matter
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