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Abstract

Understanding the environmental impacts of roadway management strategies is essential not only to the
estimation of construction cost, but also the protection of the environment and the conservation of the global
ecological system. Vehicle speed and fuel consumptions may vary with driving conditions. Vehicle emissions can
be estimated based on the speed, acceleration rate, and Vehicle Specific Power (VSP), which could normally be
listed in an Operating Mode Identification (OMID) table. The relationships between pavement roughness (indicated
by International Roughness Index or IRI) and speed/fuel consumption could be reflected by linear models, while the
IRl is nonlinearly correlated to the emissions. It is recommended further identifying the relationships between IRI and
emissions with more on-road tests for all types of vehicles on different types of roadway systems, so as to minimize
the environmental, ecological, and even public health impacts through proper roadway management strategies.
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Introduction

Minimizing the environmental impacts of roadway construction
and maintenance is essential to comprehensive design, planning and
management of roadway infrastructure system for the optimistic goals
of balanced sustainability, mobility, and safety. The vehicle emission
related environmental costs during roadway pavement management
are influenced by pavement-surface type, pavement condition, roadway
geometrics, weather, temperature, vehicle operation speed, and so on.

The life cycle assessment (LCA) is normally used to evaluate air
pollution from vehicle exhaust and the energy consumption under
different pavement management strategies [1]. The major pollutants
emitted from motor vehicles mainly include volatile organic compounds
(VOC), carbon monoxide (CO), and nitrogen oxides (NO ), which
have several adverse health effects on human lives and even the global
environment. As long term pavement conditions deteriorate, road
roughness increases and predictions based on fuel consumption and
therefore vehicle emissions will increase. It is therefore very important
to understand the relations between pavement roughness and vehicle
emissions.

Pavement Roughness and its Relationships with Vehicle
Speed

The pavement roughness, which is also called “smoothness’, is
the deviation of a pavement surface from a true planar surface, with
wavelength deviations ranging between 0.5 and 50 m [2]. The World
Bank defines the pavement roughness using the so-called International
Roughness Index (IRI), which is now in worldwide use [3] (Figure 1).

Pavement roughness affects vehicle speeds after maintenance and
rehabilitation (M&R) activities [4-6], even though several studies did
not report out such change [1,7-9] under certain conditions.

An early study [10] observed the increases in the mean speed after
resurfacing: 2 km/h for private cars, 2.3 km/h for light goods vehicles, 2
km/h for medium goods vehicles and 2.6 km/h for heavy goods vehicles.
Anund [11] investigated the relationship between surface quality (in
IRI) and vehicle speed. The results showed that there was a statistically
significant speed reduction of 1.6 km/h for passenger cars between 3.00

Erosion, gullies and
14 4 deep depressions 4
50

£

12 + _
£ Frequent shallow &
W 10 Ldepressions, some deep Lo 2
E =
=< y =
£ T Frequent minor + 5
= 80 S
= Ldepressions 153
=3

b [ Surface 1

imperfec Jmm 100

n n .
0 T T T

Airport New Older \’Lnnl un(-d Damaged Rough
Runways & Pavements Pavements Unpaved Pavements Unpaved
Superhighways Roads Roads

Figure 1: The scale of international roughness index [12,22].

p.m. and 9.00 a.m. if the rut depth increased by 10 mm and a reduction
of 2.2 km/h for an increase of one IRL

Fuel Consumption Model and Cost
Considering Pavement Roughness

Function

While the pavement condition affects the vehicle travel speed, it
further affects fuel consumption and vehicle emissions. Rougher roads
will lead to greater fuel consumption [12] and stiffer pavements could
reduce fuel consumption up to 3 percent for the U.S. pavement network
with a savings of 273 million barrels crude oil per year, and an annual
decrease in CO, emissions of 46.5 million metric tons (CSHUB) (2014).
Various models have been developed to quantify fuel consumption
based on the operational speed. The World Bank’s Highway Design and
Maintenance Standards Model (HDM) is one such model, considering
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for the impact of pavement vehicle interaction (PVI) as part of the rolling
resistance forces. Zaabar and Chatti [13] calibrated the mechanistic
HDM-IV model for vehicles in the United States, which is showing in
Figure 2.

Ozbay et al. [14] developed emission function to estimate the
quantity of pollutant generated by motor vehicles, where the cost
function is the multiplication of the unit cost values of each pollutant
by the amount of pollutant emitted. The emission cost model assumes
that the amount of pollutant released during motor vehicle operation is
proportional with the amount of fuel consumed in quadratic form in
Equation (1).

F=0.0723-0.00312v+5.403x10° v* (1)

where F is fuel consumption at cruising speed (gallons/mile) and V
is average speed (miles/hour). The total air pollution cost C_, for a one
mile long link, with a traffic volume Q (vehicles/hour) is calculated in
Equation (2).
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Figure 2: Effects of pavement roughness on fuel consumption by Zaabar and
Chatti [13].

C,,=Q(0.01094+0.2155F) )

where C ,_is measured in dollars per mile per hour.

Vehicle Specific Power and Emission Rates of Operating
Mode Bins

In another study, the Highway Economic Requirements System-
State Version (HERS-ST) [15] defines the emissions of a single pollutant
per vehicle-mile of travel according to different average speeds and
roadway section types. A common variable used in vehicle emission
simulation is Vehicle Specific Power (VSP), which is a function of
vehicle speed and acceleration. VSP is defined as the instantaneous
tractive power per unit vehicle mass. The main advantages of using
VSP as an independent variable for studying the stabilized emissions
of passenger cars and light-duty trucks are: it can be directly calculated
from roadside measurements; it captures most dependence emissions
on engine operating parameters; and the certification driving cycles
are defined as a speed versus time trace and can also be specified in
terms of VSP. The commonly used unit of VSP is Kw/Metric Ton. VSP
distributions not only represent well the driving characteristics but also
are highly correlated with the vehicle emission characteristics. VSP is
calculated using Equation (3).

VSP=vx[1.la+9.81xgrade(%)+0.132]+0.000302v* (3)

where v is the vehicle speed (m/s), a is the vehicle acceleration (m/
s?) and grade(%) is the vehicle vertical rise divided by slope length. The
VSP-based emission modeling approaches have been used to quantify
a vehicle’s emissions during its regular operations [16]. As shown in
the formula above, vehicle emission is directly affected by the travel
speed and acceleration. Table 1 illustrates details of the operating mode
binning, where the Operating Mode Identification (OMID) refers to

Operating Mode ID Operating Mode Description Vehicle s(?:l\(l:litfzi;::;ver, VSP, Vehic:l:n?:lt)éed, v, Vehicle ?r:;ﬁllz;ation, a,
(a,=£-2)
0 Braking or
(a,s-tanda,<-1anda,<-1)
1 Idling -1sv<

1 Low Speed Coasting VSP <0 1<v<25
12 Cruise/Acceleration 0=<VSP<3 1<v<25
13 Cruise/Acceleration 3<VSP<6 1<v<25
14 Cruise/Acceleration 6 <VSP<9 1<v<25
15 Cruise/Acceleration 9<VSP<12 1<v<25
16 Cruise/Acceleration 12 < VSP, 1<v<25
21 Moderate Speed Coasting VSP<0 25 <v<50
22 Cruise/Acceleration 0<VSP<3 25 < v,<50
23 Cruise/Acceleration 3<VSP<6 25 <v,<50
24 Cruise/Acceleration 6 <VSP<9 25 <v<50
25 Cruise/Acceleration 9 < VSP<12 25 < v<50
27 Cruise/Acceleration 12 <VSP<18 25 <v,<50
28 Cruise/Acceleration 18 < VSP <24 25<v,<50
29 Cruise/Acceleration 24 < VSP<30 25 <v<50
30 Cruise/Acceleration 30 < VSP, 25 < v<50
33 Cruise/Acceleration VSP <6 50 <v,

35 Cruise/Acceleration 6 <VSP<12 50 =v,

37 Cruise/Acceleration 12<VSP<18 50 <v,

38 Cruise/Acceleration 18 < VSP <24 50 <v,

39 Cruise/Acceleration 24 < VSP<30 50 <v,

40 Cruise/Acceleration 30<VSP, 50 =v,

Table 1: Operating mode characteristics [21].
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Operating Mode

Identification (OMID) CO,(g/s) | CO(mg/s) HC (mgl/s) | NO, (mg/s)
0 0.89 1.83 0.85 1.3
1 0.75 0.84 1.04 1.71
1 1.08 3.9 1.49 1.3
12 1.84 8.19 2.77 2.38
13 3.44 22.41 4.24 3.97
14 4.6 22.04 7.04 572
15 5.67 23.11 7.51 9.92
16 6.83 324 2.72 18.25
21 1.25 2.57 1.38 1.93
22 1.97 3.51 3.94 2.36
23 2.83 6.65 4.72 4.59
24 3.92 9.31 3.51 6.55
25 4.87 9.65 3.39 10.49
27 6.3 12.51 5.31 20.28
28 7.41 11.17 9.26 31.05
29 7.89 11.35 14.09 35.42
30 5.17 13.74 2.35 11.5
33 2.46 4.1 1.64 3.47
35 4.56 9.25 1.92 7.1
37 5.68 10.51 4.24 13.05
38 6.64 9.82 3.98 18.99
39 7.44 18.68 5.66 28.62
40 5.20 9.03 4.74 13.09

Table 2: Emissions rates of operating mode bins [17].

operating mode bins that represent braking, idling, and varying levels
of the vehicle’s VSP and speed. The operating modes are broken down
into 23 bins that range from 0 to 40. As shown in Table 1, bins 0 and 1
represent braking and idling. Bins 11 to 16 represent driving behavior
with lower speeds. Bins 21 to 30 represent driving behavior between 25
mph to 50 mph. Bins 33 to 40 represent driving behavior with speed 50
mph and greater.

Once VSP is determined, the vehicle emissions can be calculated
based on the operating mode binning approach. Tao et al. [17]
conducted a research study and determined the emission rates in
each operating mode bin using the real emission data of one light-
duty vehicle collected by a Portable Emission Measurement System
(PEMS). Those emission rates are shown in Table 2. Therefore, the
total emissions can be calculated by combining the emission rates in
Table 2 and the operating mode bins. Emission indexes analyzed in this
study were Carbon Monoxide (CO), Carbon Dioxide (CO,), Oxides of
Nitrogen (NO,) and Hydrocarbons (HC). The specific values in Table
2 should vary if a different type of vehicle with different mileage and
vehicle age are measured.

Recent Studies on Pavement Roughness and Vehicle
Emissions

Li et al. [18] found that, the pavement roughness can be specified
into four categories in terms of the characteristics of emission factors.
They used the average Normalized Emission Factor (ANEF) to describe
such classification. The ANEFs are 0.051, 0.032, 0.030 and 0.039
at levels of (1) IRI between 0+ and 1.99 m/km (category A), (2) IRI
between 1.99 and 3.21 m/km (category B), (3) IRI between 3.21 and 6
m/km (category C), and (4) IRI being greater than 6 m/km (category
D). They found that, the pavement categories C and D would induce
higher exhaust emissions, higher interior noise, and higher driving
stress (measured by drivers’ higher heart rates), which should not be
recommended in pavement management.

Recently, based on the on-road measured emission data on one
dedicated light duty vehicle from the PEMS and the related pavement
roughness information with a sampling interval of 5 m along more than
1,000 miles road tests in Texas, USA, Li et al. [19] developed several
nonlinear models such as the K-nearest neighbors (K-NN) and Neural
Network models, for four major exhaust emission indexes (COZ, CO,
HC and NO,.) The estimated emissions from those identified models
are highly correlated to the real measured values. This study revealed
that the relationship between pavement roughness and emission factors
is complicated and nonlinear. While the rougher pavement would result
in higher emissions, but the very smooth pavement would also induce
higher emissions. Such findings should however, be further verified
through larger scale tests and modeling studies.

In another study reported by Li et al. [20], an on-board emission
test from four light duty vehicles was conducted in year 2016 with 12
subjects driving along several weaving areas (with very frequent on- and
off-ramp operations) along State Highway 288 in Houston, Texas, USA
during weekdays’ peak and nonpeak hours. Speed, acceleration, IRI,
second-by-second vehicle emissions from PEMS were recorded, while
five feature selection algorithms were used to identify the importance
of dependent variables for a Normalized Emission factor (NEF). The
predictive power of the four data mining algorithm based emission
models was tested by a 10-fold cross validation procedure. The bagged
decision tree algorithm was finally selected to construct the exhaust
emission model with 50 grown decision trees. The predicted NEFs are
highly correlated to the observed NEFs for both training and validation
datasets (R =0.91 and 0.90, respectively.) While those results were
from the limited tests on four light-duty vehicle, a very promising
nonlinear modeling possibility is illustrated in the connecting pavement
roughness with vehicle emissions.

Summary and Recommendation

In this paper, the impacts of pavement roughness IRI on vehicle
speed, fuel consumption, and vehicle emissions are scanned. With the
change of driving conditions including pavement roughness, the vehicle
speed, fuel consumption, and emissions may all change. While some use
the linear model to characterize the relationships between speed (as well
as fuel consumption) and IRI, the models to reflect the impacts of IRI
on vehicle emissions are normally complicated and nonlinear. Based on
recently studies, both very smooth and very rough pavement would be
associated with higher emissions. However, such findings were based
on the measurement from one dedicated vehicle. It is recommended
further investigating the relationships between IRI and vehicle emissions
through even large scale on-road measurement for all types of vehicles.
Such relationships are highly related to not only the understanding of
environmental cost of roadway management system, but also the health
of the public and even the entire ecological system.
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